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1. Introduction

The worldwide prevalence of computers and other information processing and
distribution equipment can be attributed to the availability of semiconductor devices,
especially integrated circuits contained on small single crystal chips of Si (integration of
individual resistors, capacitors, and transistors). Si is unquestionaﬁly the most widely used
member of a group of materials called semiconductors. As suggested by their name,
semiconductors are neither good electrical conductors (e.g. metals) nor good electrical
insulators. Instead their ability to conduct elgctricity is intermediate and strongly depends
on doping i.e., the presence of specific impurity atoms. Electrical resistivity values at room
temperature for semiconductors range from 102 to 10° Q-cm. In contrast to metals the
electrical resisti\}ity of undoped semiconductors strongly depends on temperature. Si and

Ge are elemental semiconductors, whereas GaAs and InP belong to a vefy large family of

compound semiconductors.

An intrinsic semiconductor is essentially “free of impurities”. Conduction results
from the thermal promotion of electrons from a filled valence band in which they _are\
immobile to an empty conduction band in 'which they can move. The removal of electrons,
the negative charge carriers, from the valence band produces holes thich act like mobile
positive charge carriers. This intrinsic conduction at room témperature is possible because
of the relatively small energy band gap between the valence and conduction band in

semiconductors. Semiconductors have a band gap of the order of 0.5 to 3 eV.



Extrinsic semiconductors are materials to which impurities have been intentionally
added. These impurity additions are called dopants, and the process of adding th_ese |
components is knowﬁ as doping. Dopant atoms produce energy levels within the band

‘gap. The energy of shallow dopants lie close to the band edges and are easily ionized at
room temperature. Each ionized dopant atom can contribute a free charge carrier.

| A dopant in a semiconductor acts either as a donor or an acceptor when it

occupies a substitutional lattice site, depending on whether it has an extra or missing
valence electron, respectively. For /instance, for GaAs if a column VI element (e.g., Se or
Te) substitutes an As site, it is a donor. Likewise, if a column II element (e.g., Zn) sits on
a Ga site, the dopant is an acceptor. Si can act as a donor on a Ga site or as an acceptor
_onan As site. Due to this dual role, Si is known as an amphoteric dopant. In theory, any
group IV element in GaAs is amphoteric. However, it has been observed that certain
group IV elements prefer one particular lattice site. For example, C in GaAs always acts
as an acceptor or remains neutral (i.e., it assumes an As site or it is electrically inactive in
precipftates) (Moll et al. 1993).

Diffusion is a technique which is widely used for the incorporation of dopant
atoms into a semiconductor. The diffusion of impurities in semiéonductors (e.g. Si) has
been studied in great detail since the performance of devices depends critically on the
impurity concentration and the impurity profile.

While diffusion can Be‘performed with relatively inexpensive equipment it has
some important shortcomings. First, very high temperature and long times are required.

This can lead to severe contamination which has to be controlled with sophisticated



gettering schemeg. Second, diffusion profiles are simple in nature (they can be typically
described with complementary error or Gaussian functions). For complex dopant
concentration profiles other techniques must be utilized.

For applications where a high reproducibility and sophisticated dopant
| concentrz;tion profiles are required, ion implantation technology offers fnany choices. In
ion implantation, a beam of dopant ions of fixed energy (typically keV) is rastered across
the surface of the semiconductor. The penetration depth of these ions is determined by
the mass and energy of these ions as well as the mass of the target atoms. Implants of ions
with different energies can be superimposed to yield complex dopant concqntratiofx
profiles. One of the disadvantages of this method of doping is that the energetic ions
displace target atoms, resulting in damage to the crystal structure (radiation damage).
Subsequently, high temperature processing is required to anneal the disorder. Thermally
annealing has to bc carefully controlled since high temperatures can lead to diﬁhsion‘ of
dopants and redistribution of dopant'proﬁles. However, temperatures are lower and times
are shorter for ion implantation doping than diffusion doping.

Solid Phase Epitaxy (SPE) is a crystal growth process which can be used to
remove lattice damage and activate implanted dopants, while minimizing the amount of
dopant diffusion. SPE broceeds at relatively low temperatures and it is widely used for
the electrical activation of dopants in extremely thin ion implanied layers and for sharp
interfacial doping profiles. The epitaxial regrowth behavior of an implanted layer plays an

important role in the electrical properties of that layer.



Extensive work has been performed on the SPE of Si using self-ion implantation
(Si amo;‘phized by Si implantation). A pure amorphous layer can be created for the study
of intrinsic SPE regrowth processes with this self-ion implantation technique. SPE
regrowth process is of considerable interest for GaAs devices which requires ion
implantation doping.

It has been observed that the reordering of amorphous ion implanted GaAs
(Sadana et al. 1984 and Gamo et al. 1977) is not as simple an epitaxial procéss as
observed in Si. Very few studies of pure amorphous layers formed by ion implantation
(e.g. Ga and As implantation) in GaAs have been reported. In this wqu, I report on
detailed studies of solid phase epitaxial processes of stoichiomeﬁiéally balanced ion

implanted GaAs layers.

1.1 Some Properties of and Processes in Semiconductor Materials

The performance of semiconductor devices is affected by a variety of physical
properties. The properties which are crucial for opto-electronic applications will be
reviewed and high speed digital integrated circuits will be emphasized.

1.1.1 Band Structures of Si. Ge_ and GaAs

Si and Ge are covalently bonded materials while Ga.As is mainly covalent
with some ionicity. Covalent bonding involves sharing of valence electrons between
atoms. The shared electrons orbit around both atoms. The overlap of bonding orbitals
lowers the energy of the system. Since the valence electrons form covalent bonds, no free

electrons are available for charge transport.



In the energy band'model, the valence band is associated with the covalently bound
electrons and the conduction band with the free electrons. The energy gap between these
bands corresponds to the energy required to break covalent bonds. Energy band
diagfams illustrate the relation between energy (E) and wave vector (k). The energy band
structures of Ge, Si, and GaAs are shown in figure 1.1. The bands above the gap are the
conduction bands and the bands below the gap are the valence bands. The minimum band
gap for each of the semiconductors is labeled by E,. The band gap is the energy difference
between the conduction band minimum and the valence band maximum. If light is shone
on the semiconductor with photon energy greater than the band gap energy (1.1 eV for Si)b
the covalent bond cén be broken. Subsequently, the electron is free to move within the
crystal. Direct and indirect gap senﬁconductors will be discussed in section 1.13.

Anpther parémeter which can be derived from the band structure is the effective
mass. An electron in a solid travels with an effective mass which is different from the
mass of a free electron. The effective mass of the carrier is inversely proportional to the
curvature of the band, (5°E/dk®)". The band structures in figure 1.1 show that the
curvature$ of the upper two valence bands are different. These are denoted as the heavy
hole (smaller curvature) and light hole (larger curvature) bands. In Si the conduction band
has six symmetry related minima points in the <100> directions in the Bruillouin zone.

The constant energy surfaces near the conduction band minima are six ellipsoids with the
long axeg oriented along the <100> axes. The effective mass of the electron has a
longitudinal effective mass (along the axes) of 0.92m,, and a transverse effective mass

(perpendicular to axes) of 0.19m, (see for example Kittel 1986) where m, is the mass of
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Figure 1.1 Energy band structures of Ge, Si, and GaAs. Plus (+) signs indicate holes in

the valence bands and minus (-) signs indicate electrons in the conduction bands (Sze
1981).



the free electron. The conduction band minima in Ge occur at the zone boundaries in the
<111> directions. There are four symmetry related conduction band minima. The
constant energy surfaces are ellipsoids along the <111> directions. The longitudinal and
transverse effective masses of the electrons are 1.59m, and 0.0ézm, respectively.

A few of the important properties of Si and GaAs at room temperature are
presented in table 1.1.

1.1.2 Electfonic Transport

In semiconductors, both negative (electrons) and positive (holes) charge carriers
can contribute to current flow. In materials doped predominantly with donors electrons
are the majority carriers. Similarly, holes are the majority charge carriers in p-type (doped
with acceptors) semiconductors.

Under t};e inﬂuéﬁce of an applied field, an electron is accelerated along the field
direction. The net carrier veiocity in the applied field is called the drift velocity. The
electron drift velocity at low fields (E) is given by eq. (1) (see for example Muller and

Kamins 1986).

T
\'Z| =—T_?1;;E =‘-,uE (1)

where m, * is the effective mass of the electron and 7 is the mean scattering time. The
effective mass may be substantially different than the free electron mass. As already
mentioned in the previous chapter, this is a consequence of the band structure of the
semiconductor and the quantum mechanical naturé of electron transport. From eq.(1) we

see that the electron drift velocity is proportional to the electric field. The proportionality



Si GaAs
electron mobility (cm®/Vs) | 1417 8800
hole mobility (cm*/Vs) 4711 400
| electron effective mass 1.08m, 0.068m,
| (m~free electron mass)
hole effective mass 0.81m, 0.50m,
bandgap (eV) 1.124 1.42
crystal structure diamond cubic zinc blende

- Table 1.1 Properties of Si and GaAs at room temperature (see for example K.Bser 1992).




factor is called the mobility 4. The mobility is a parameter which reflects all the |
intera;:tions between the carrier and the crystal. The magnitude of the mobility is

. determined by the nature of the scattering events which the free carriers experiences in the
semiconductor. Free carriers in a lattice can be scattered by lattice phbnpns, ionized
impurities, neutral impurities, and crystal defects. Eq. (1) is valid only for low electric
fields. In this regime, the drift velocity imparted to the free carrier by the.applied field is
much less than the random thermal velocity. At room temperatl\lre the random thermal
velocity is about 107cm/s‘.

Electric fields are high when the drift velocity becomes comparable to the random
thermal velocity. At this'point the energy of the carrier no longer increases significantly as
the applied electric field is increased. Carriers known as “hot carriers” lose energy
through new processes. The most important one is the emission of optical phonons, the
- most energetic lattice vibrations. Figures 1.2 shows the variation in drift velocity with
electric fields for Si (figure 1.2(a)) and GaAs (figure 1.2(b)). The electric field
independent drift velocity is called the saturation velocity.

The current density flowing in the direction of an applied electric field for a

semiconductor with electrons as charge carriers is given in eq. (2).
J = (nqu,)E )
Where q is the charge of the carrier, n is the carrier concentration, and . is the electron

mobility. The terms in the parentheses is the conductivity 6. Eq. (2) is also valid for

positive charge carriers.
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electrons in GaAs (Blackmore 1985). The bandstructure of GaAs

leads to the mobility maximum at the relatively low field of ~3.5kV/cm.
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1.1.3 Optical Generation and Recombination of Cam'ers "

Photogeneration is a process whereby electrons and holes are created. In
photogeneration photons with an energy greater than E,; impinge on the semiconductor
and create electrons and holes by exciting electrons from the valence band into the
conduction band. In terms of thé bond model, this mechanism can be visualized as
breaking bonds in the lattice and subsequently freeing eléctrons.

In recombination processes electrons and holes are mutually annihilated. Two
kinds of recombination processes exists, radiative and non-radiative. In a radiative
recombination _eveht a photon is emitted with a frequency of v=Eg,,/h while in a non-
radiative event phonons are created. The radiative efficiency of a semiconductor material,
i.e., the ratio of radiative recombination events aﬁd total events, depends strongly on band
structure and defects in the semiconductor.

We now briefly discuss the various kinds of recombination processes in
semiconductor materials (figure 1.3). Figure 1.3(a) shows band-to-band recombination.
In such a recombination évent the energy released is equal to the band ga;ﬁ Egp=hv. At
this point, it is instructive to define the meaning of a direct band gap semiconductor
material versus an indirect band gap. In a semiconductor with a direct band gap, the
transition of an electron from the minimum of the conduction band to the top of the
valence band occurs with no éhange in wave vector (momentum) (figure 1.3(al)). In the
indirect band gap material these band extrema are located at different positions in
momentum space (Brillouin zone) and one or more phonons are requirgd for

recombination (figure 1.3(a2)). For the recombination event in figure 1.3(a2), an indirect

11



semiconductdr requires a phonon for the conservation of momentum. Conseqﬁently in an
indirect band gap material, this recombination event is a th;ee particle process. This fhree
particle process is much less likely to occur than the two particle process in a direct band
gap semiconductor (GaAs). As a result, band-to-band recombination is less efficient in
indirect band gap than in direct band gap materials. In addition tolband-to_-band radiative
recombination one can observe photons generated in band-to-shallow state transitions as
shown in figure 1.3(b). The energy of the photon émitted in such event is well defined and
leads to sharp photo-iuminescent lines. Their energy depends on the position of the
shallow state within the band gap (hv=Eg.;~Eshatiow.)-

Recombination to a state deep in the band gap is illustrated in figure 1.3(c).
Because deep states are spread out in k-space the reco-mbination can occur between a
range of band states and the deep level leading to broad photoluminescence lines.

Auger recombination is a non-radiative transition (figure 1.3(d)). In this event, the
energy released by the recombination of the electron and hole pair does not lead to the
emission of a photon. The energy is transferred to another carrier which is excited high
into its band and returns to the band minimum through the emission of many phonons. A
recombination process exhibiting multiphonon transitions is illustrated in ﬁgure‘ 1.3(e). In
this multiphonon transition, the electron reaches the valence band and several phonons are

emitted.

12
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Figure 1.3 E-k diagrams of electron transitions from the conduction band to empty (hole)
states in the valence band for (al) direct band gap semiconductor and (a2) indirect band
gap semiconductor (Tu et al. 1992). Schematic illustration of recombination processes in -
semiconductor materials: (b) band-to-shallow state transition; (c) recombination at a state
deep in the band gap; (d) an Auger recombination process; (¢). a multiphonon process
(the first and last transitions are shown to be radiative) (Grovenor 1989).
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12 GaAs Device Basics

The basic building block for semiconductor devices is the p-n junction. As is
suggested by its name this device is a juncture between p-type and n-type semiconductor
material. The p-n junction diode is a two terminal device.

When n- and p-type materials are brought in contact, electrons will flow from the
n-type region to the p-type region and holes will diffuse from the p-type region to the n-
type region. As a result of this diffusion an electric field is generated and results in the
bending of the bands (figure .1 4(a)). At the junction a potential barrier is formed
inhibiting the net flow of electrons flowing from the n-type region to the p-type region
and the holes from the p-type to the n-type region.

If a forward bias voltage (V.,) is applied to the p-n junction the barrier (AE) is
reduced (figure 1.4(b)). It is found that under this forward bias condition the net current

that flows across the p-n junction increases exponentially with voltage:

I=I°(equ1:'IIE‘1 - ) 3)

If a reverse bias is applied to the p-n junction the barrier is increased (figure 1.4(c)). Fora
large reverse bias voltage the current in the p-n junction is limited by the reverse currént
(electron flow from p to n). The sources of the reverse current are the minority carriers in
the p and n-regions. Their concentration is independent of the magnitude of the applied
voltage but strongly dependent on temperature. The salient feature of the p-n jqnction

diode is its ability to conduct large currents in the forward direction while it blocks current

14
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Figure 1.4 Band structure of a p-n junction (2) at equilibrium, (b) under forward applied
bias, and (c) under reverse applied bias (Barrett et al. 1973).
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flow in the reverse direction. This nonlinearity is widely used to rectify alternating
currents.

A light-emitting diode is a p-n junction device which can efficiently convert
electrical energy into light (Grovenor 1989). The semiconductor materials chqsen for
these types of optical applications are selected based on the efficiency of the radiative
processes in the material and the wavelength of the light which is emitted.

Since GaAs is a direct band gap semiconductor photons can induce electron
transitions without the need of phonon creation and/or annihilation for momentum
conséwation. Inversely, electron and holes can be injected into a GaAs diode and cah
recombine to generate photons. Itis this efficient photon generation which has made
GaAs and its many alloys one of the most important sémiconductor materials for opto-
electronic applications.

For very high speed device applications (e.g. cellular phones), in order to reduce
the transit time of the carriers, high carrier mobilities resulting in high velocities at low |
electric fields are desirable. This is the second reason why GaAs is preferred over Si. An
example of a three terminal device making use of the high GaAs electron mobilities is the
n-channel GaAs Metal Semiconductor Field Effect Transistors (MESFET). An n-channel
MESFET is shown in following diagram (figure 1.5). In a MESFET, the n-channel is
fabricated by epitaxially growing a lightly n-doped GaAs layer on the senﬁ-insuiating
sub§trate. Between the metallic gate and the lightly doped n-type layer a depletion region
is formed. The depletion region extends partially through the n-channel. The channel

current between the source and drain is limited to the width of the undepleted region

16



Schottky—barrier gate (under reverse bias)

Drain I
ot

nghtl\j dSped n—type region

\ Depletion region

Figure 1.5 Schottky-barrier gate, field-effect transistor. Current flowing from drain to
source is modulated by the gate voltage V;. The source and drain regions are Ohmic and
formed by highly doped material (Muller 1986).
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between the depleted zone and the substrate. The current ﬂdwing through the undepleted
region of the channel can be reduced by the applying a reverse bias at the gate electrode.
With a sufficiently high reverse bias at the gate, the channel can be completed depleted up
to the substrate. Under these conditions, no current would flow through the channel.

In addition to the higher electron mobility in GaAs as compared to Si, the electron
peak velocity is also aboﬁt 1.5 times that of the Si saturation velocity (Swaminathan
1991). |

13 Solid Phase Epitaxy aqd Motivation of This Research

As mentioned earlier Solid Phase Epitaxy (SPE) is a crystal growth process in the
solid state which can occur when an amorphous layer is in contact with a single crystal
substrate. The amorphous layer recrystallizes epitaxially by rearrangement of atoms at the
crystalline/amorphous interface. The single crystal substrate serves as a template
(Csepregi et al. 1975). In the process of turning amorphous semiconductors crystalline
SPE also activafes dopant atoms which may be located in the amorphous layers. Such a
case are ion implanted layers which are both amorphous and doped after implantation.
The solid phase epitaxial recrystallization of an implanted layer appears most suitable for
achieving excellent crystallinity and high dopant activation.

It has been shown that higher activation of implanted dopants in Si can be achieved -
when Si is fully amorphized by ion implantation and regrown by solid phase epitaxy
(Crowder 1970) than when Si is only damaged but not amorphized. The irﬁplanted
dopants are electrically activafed at lower tem;h)eratures in the SPE process than when the

target is not amorphous. Lower annealing temperatures are attractive because they

~
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minimize diffusion broadening of impurity concentration profile and they minimize
contamination by undesiré,ble impurities. Epitaxial regrowth of Si ion implanted
amorphous layers on Si occurs at temperatures around 500°C (Crowder 1971). For
<110> and <100>oﬁented Si, a linear regrowth rate is observed for isothermal anneals.
Studies havelshown that the epitaxial regrowth of ion implanted (100) Si layers result in
almost defect free material (Csepregi et al. 1975).

In compound semiconductors, it has been found that the SPE process is more
complicated. During reordering in the semiconductor, the individual constituents must
incorporate themselves on the correct lattice siteé as the crystalline/afnorphous interface
proceeds towards the surface. For SPE regrowth of GaAs, a 1:1 Ga:As ratip is required
at the crystalline/amorphous interface for perfect epitaxial regrowth té occur. During ion
implantation, recoils from the Ga and As atoms dispiay a different energy distribution
because of the different masses of Ga and As. This leads to a stoichiometric imbalance at
the crystalline/amorphous interface which affects the quality of the epitaxial regrowth. vIt is
believed that the deviation from stoichiometry results in microtwins, stacking faults, and
other defect structures (Narayanan and Kachare 1974; Kular et al. 1980; Grimaldi et al.
1982; Bhattacharya et al. 1983). It is the aim of this study to understand the effects of
stoichiometry on SPE regrowth.

In order to obtain the proper prospective for SPE we will briefly review standard
thermal annealing procedures. Thermal annealing is a process necessary to restore the’
crystalline lattice to perfect'brder and to position the dopant atoms on electrically active

lattice sites after ion implantation. In the case of GaAs, extended defects can be removed
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by annealing at 500°C (~i0 min.). Temperatures greater than 700°C, however, are
required for the full electrical activation of the implanted ions (Ryssel and Ruge 1986).
The optimum annealing conditions for GaAs (Rimini 1995) are higher temperatures
(900°C-950°C) and short times (5-10 sec). Figure 1.6 shows the onset of carrier
activation for Si and Be implanted GaAs and the relative disorder remaining after
annealing at each temperature (Cummings et al. 1986). The doses used in these samples
were 1x10"/cm®. The standard thermal and rapid thermal anneals were of 10 min. and 5
sec. duration, respectively. The relative disorder remaining was measured by channeling
Rutherford Backgcatterin_g Spectrometry (RBS). The electrical activation was determined
from Hall measurements. The optimal annealing conditions occur at high temperatures
which can lead to dopant redistribution. |
Stoichiometry can have a strong effect on the lattice site occupation of dopant
atoms. One method used to increase the electrical activation of C implanted in GaAs is
the use of dual implants also called co-implants. Dual implants with one d_épant species
- and one crystal sublattice species help in forcing the implanted impurities to one sublattice
in the ITI-V compound (Malik 1988). Implantation of C in GaAs leads to an excess of |
atoms on the As sublattice only, resulting in non-stoichiometry. The 1:1 ratio of Ga:As is
no longer maintained. Heckingbottom (Heckingbottom et al. 1973) proposed matched
dual implants to circumvent this stoichiometry problefn. The authors suggested that when
a dopant is implanted for one sublattice of an AB compound, an equal amount of the host
atom of the other sublattice should also be implanted. Hence, the energy and the dose of

the dual implant is chosen so that the concentration distribution of the dual implant
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quantitati{'ely matches that of the dopant atom. In this manner, both sublattices are built
up equally. For C implanted in GaAs in order to improve the C substitution in the As
sublattice and become acceptors, a group III atom has to be co-implanted to build up the
Ga sublattice.

The type of substitutional site occupied by an amphoteric dopant and its electrical
activity are influenced by the kind of point defects which are available. Specifically, the
type and concentration of vacancies are determined by the local stoichiometry.and the
damage. Moll et al. (Moll et al. 1992) found that the co-implantation played a dual role in
the increase of the electrical activation of C. They found that it is essential that the co-
implant create sufficient damage and maintain stoichiometry to obtain maximum electrical
activation. The larger damage resulting from the co-implant leads to a higher
concentration of As vacancies. As a result, the C can move to As sites. The authors also
observed that maintaining the stoichiometry reduced the concentration of compensating
native donors and increased the electrical activation. As stated previously, dual implants
conﬁned the implanted impurities to the specified sublattice and decrease the effects of
self-compensation. Since, it was unclear to what degree the improvement in electrical
activation was due to the additional damage or the stoichiometry, a systematic study was
performed on various ion species co-implanted with C at room temperature (Morton et al.
1995). In this work, Ar, Ga, As, and Kr ions at doses of 5x10"/cm? and 5x10"/cm? and
various dose rates were co-implanted with C. The authors obseryed that for each dose
and a given dose rate the maximum sheét carrier concentration was obtained with the Ga

co-implants.
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In the research presented here, the effect of local stoichiometry on the solid phase
epitaxial regrowth of GaAs was studied in a systematic manner. Both Ga and As ions
were implanted into GaAs sequentially to create an’amorphous GaAs layer which was
locally stoichiometric. The SPE process of these layers was studied. By implanting only
Ga and As into GaAs any impurity effects were eliminated. Also, by implanting Ga only,
As only, or co-implanting Ga and As, a medium was provided to determine if the poor
recovery of ion implanted GaAs was due to the damage or the stoichiometry.

The objéctive of this research was to understand the role of stoichidmetry in the
SPE regrowth of ion implanted GaAs. By understanding the epitaxial process, it méy
become possible to determine irﬁpiant conditions which could lead to greater electrical
activation of ion implanted III-V layers.

1.4  Previous Studies of SPE in GaAs

Due to the different masses of the constituents of a compouﬁd semiconductor, the
maximum energy transfer and the recoil raﬁges of each élément ar;e »diﬁ'erent.‘ As a result,
-implantatioﬁ leads not only to damage as in elemental semiconductors but also to a
distribution of Ga and As which deviates from stoichiometry. The heavier host element
(As atomic mass 75) is displaced less than the lighter host element (Ga atomic masses 69
and 71) leading to these deviations from stoichiometry.

Two of the problems encountered with the SPE regrowth of III-V compound
semiconductors are the evaporation of group V elements at iemperatures greater than

500°C and the formation of residual defects.
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In addition, there are stoichiometry problems associated with amphoteric dopants.
In the case of amphoteric dopants in GaAs (e.g. Si), the dopant atoms can, vin principle, sit
on either sublattice. This is a problem when one wishes to introduce a ddpant onto a
specific sublattice, and create either a p-type or a h—type layer. If the dopant resides on the
wrong sublattice, it will form compensating centers. As a result, the electrical activation
of the implanted layer will decrease due to the compensation. Hence, the substitutional
lattice site occupation of an impurity is not a sufficient condition for the electrical activity
of the implanted layer. |

A further problem of technological importance is the inability to activate high dose
n-type implants in GaAs. This phenomenon has been attributed to the point defects which
remain after annealing. This is of fundamental interest since n-type GaAs is an attractive
semiconductor material for high speed devices due to the high mobility of electrons. The
relationship between the solubility of implanted dopants in GaAs and their electrical
activity has been studied for certain dopants (Pearton et al. 1987). For example, Te
implanted in GaAs to a dose of 10'/cm” and laser annealed, showed 90% of the dopant
atoms on substitutional lattice sites (as measured by channeling) (Barnes et al. 1979),
although less than 20% of the implanted atoms were electrically active. This was ascribed
to the presence of native defect complexes. As a result, this work shows that the
substitutionality of a dopant atom in ion implanted GaAs is not a sufficient condition for
its electrical activity. The presence of native defects.(e. g. anti-site complexes, vacancies,

etc.) can compensate dopants and reduce the free carrier concentration.
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2. Radiation Damage

2.1 Ion Implantation

The ion implantation technology is widely used for doping semiconductors. Some
of the advantages of ion implantation include: control of doping level, control of implanted
thickness layer, choice of dopant profile (good uniformity), and high throughput. In
addition, selective regions of the substrate can be implanted by using masking materials.
~ One of the most significant advantages of ion implantation is that it is a “low” temperature
process (relatively speaking) which limits the diffusion of the implanted species.

Currently, one of the foci of ion implantation research is to devise better methods to
activate the implahted dopants and remove the damage, while minimizing the amount of
dopant diffusion.

Ion implantation is also applicable to device isolation. In this case the technology
is used to form high resistivity regions in substrates. The implantation leads to regions
which are highly damaged. Deep level centers are formed which trap free carriers and
carrier mobilities are decreased.

Energy loss procésses determine the final penetration depth of a projectile into the
solid and -the amount of lattice disorder produced. There are two types of energy loss
processes, electronic and nuclear energy loss. Electronic energy loss involves the
interaction between the incident ions and the electrons of the host material. Owing to the
small masses of the electrons, electronic collisions lead to a negligible deflection of the ion

trajectory. Nuclear energy loss involves the nuclear interaction between the incident ions
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and the atoms of the host material. Nuclear collisions result in large angle deflections of
the ion trajectory and displacements of the target atoms resulting in crystalline damage in
the target.

- The range and distribution of implanted ion; can be calculated accurately by the
Lindhard, Scharff, and Schiztt (LSS) theory. This theory has been reviewed in detail in
the literature (Malik 1988). This theory finds that nuclear stopping is more important than
elgctroMc stopping for heavy ions and at lower energies. On the other hand, electronic
stopping is more important for lighter ions and higher energies. Figure 2.1 illustrates the
dependence of the nuclear and electronic energy loss rate on the energy of the projectile.
From the figure, it can be denoted that nuclear collisions dominate at low energies and
electronic collisions at higher energies. Table 2.1 reports values for thev characteristic
energies E; and E; shown in the figure Mayer and Lau 1990). In the energy range where
nuclear stopping dominates lattice atoms are displaced. Nuclear stopping is usually
treated as a classical elastic collision problem between charged particles with an
appropriate screening factor to takevinto account the surrounding electrons. Over the
range considered, nuclear stopping is generally not a strong function of the energy of the
projectile. For an amorphous target, nuclear stopping results in a aistﬁbution of implanted
ions which is to a first approximation gaussian. The atomic density of the implanted atoms

as a function of depth is given by LSS:

) ,
__ 9 ’(" - Rp) '
n(x) = - o exp 20p2 @
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Ion E, (S E; (GaAs) E; (S) E, (GaAs)
B 3 7 17 13
As 3 103 800 800
Sb. 180 230 2000 2000
Bi 530 600 6000 6000

Table 2.1 Characteristic energies E; and E; corresponding to the maxima in nuclear and

electronic energy loss distributions in figure 2.1 (Mayer 1990).



. where ¢ is the implanted dose (atoms/cmz),‘ opis the standard deviation in the projected
range, and R, is the projected range. The above distribution assumes that the target is
amorphous and ignores any channeling effects. The projected fange depends on the
velocity of the ion and the stopping power of the substrate material. For implants of a
given incident energy, a high mass ion (low velocity) will come to rest closer to the
surface, whereas, a lower mass ion (high velocity) will have a larger penetration depth.
Some further issues that must be addressed with ion implantation are channeling
and beam annealing. Channeling occurs in a single crystal when the ion beam is aligned
with an axis of the crystal and is steered into the open spaces (Tesmer et al. 1995). The
steering is due to the small-angle screened Coulombic collisions between the ions and the
host atoms along the channel.‘ Channeling results in a non-Gaussian implant profile (e.g.
long tail). To avoid channeling the crystal is generally misaligned, so that the ions are
incident in a nonchanneling direction. In this manner, the crystallihe target approximates
an amorphous target. High dosé rates can lead to a substantial rise in target temperature
due to the high power injection into the specimen by the ion beam. The temperature of
the implént is crucial because it affects the diffusion of both the implanted ions and the
 defects.
22 Defects in Semiconductors
It is essential to understand defects because they introduce electronic states in the
band gap of the semiconductor. Defects and crystalline disorder also lead to increased
scattering of charge carriers which result in a higher resistivity and lower mobility. In

addition, defects can interact with the dopants dufing thermal processing and affect the

- 29



electrical activity of the dopants. Consequently, residual defects can affect the overall
electrical activation of the implanted ions and affect the properties of the devices.

Defects have been reviewed and discussed in detail in the literature (see for
example Rimini 1995). There are three fundamental types of defects, vacancies, self
interstitials, and anti-sites. These are point or 0-D defc_acts. A vacancy-interstitial pair is
called a Frenkel defect, and a vacancy alone is cé.lled a Schottky defect. In compound
semiconductors, there are two types (cation and anion) of vacancies, interstitialé, and anti-
sites. Point defects can form complexes amongst themselves (i.e. divacancies). Other
defects which are present as a result of annealing an implanted layer are dislocations (line
or 1-D defects); stacking faults, twins, grain boundaries (planar or 2-D defects); and
precipitates and voids (volume or 3-D defects). Extrinsic stacking faults result from the
clustering of self-interstitials. Whereas, intrinsic stacking faults are due to the clustering of
vacancies. Dislocations are non-equilibrium defects. After implantation and annealing,
dislocations can form dislocation networks and dislocation loops. These defects can be
detrimental especially if they are located within an electrically active region.

The primary types of implantation induced damage are (1) isolated point defects or
point defect clusters, (2) local amorphous zones, and (3) a continuous amorphous layer.
These types of radiation damage will be discussed in the next section.

23 Radiation Damage in Semiconductors

During implantation, nuclear collisions between target atoms and incident ions lead

to displacement of host atoms. If the energy transferred is large enough, it will result in a

cascade of displacements or amorphous zones. If the dose is large enough, these
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amorphous zones will overlap and a continuous disordered layer (amorphous layer) will be
created (Wesch et al.. 1989). |

An important characterization parameter of the radiation.damage is the number of
va_canciesvcreated in the target per incident ion. In ion implantation, the energy deposited
in nuclear collisions is a measure of the damage primé.rily produced during bombardment.
The defects created are determined by the energy deposited into nuclear processes,
because such collisions can transmit enough energy to displace host atoms ana create
vacancies (Wesch et al. 1989). The primary ldefects produced are Frenkel pairs. In
addition to Frenkel pairs, upon annealing point defect clusters and extended defects can
form (Jones et al. 1988). figure 2.2 illustrates the varieties of defects which can be
created during implantation.

Radiation damage in semiconductors has been studied extensively (Rimini 1995).
~ Forion énefgies greater than the displacement energies the knock-on atom leaves the
lattice site. These are called primary collisions. -In Si, the displacement energy is about 14
eV. These knock-on Si atoms can recoil and collide with other atoms which in turn are
called secondary collisions. This sequence of collisions and displaced atoms results in a
collision cascade. In the cascade process atoms are ejected from the center of the cascade
leaving a zone rich in vacancies and a surrounding region rich in interstitia'lls. Depending
on the target temperature, some reordering can occur by local diffusion of point defects.
~ At low doses (less than 10'%/cm?), bombardment with heavy ions results in individual
isolated damage regions around each ion track with a very small probability of cascade

overlap. In the case of high doses (greater than 10'/cm?), complete overlap of damage
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Figure 2.2 Varieties of defects created by ion implantation (Mayer 1990).
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regions occurs. As a consequence, a continuous amorphous layer is formed. Beyond the
crystalline/amorphous interface, isolated damage regions are formed calléd “end of range”
damage. Figure 2.3 illustrates the damage ;xpon bombardment With. h;:avy ions at low
doses and heavy doses.

As stated previously, the displacement energy for Si can be estimated from the
threshold energy for electron damagq to be about 14 eV (Bauerlein 1962). The damage
distribution can be calculated using the depositéd energy .density. Using the modified
Kinchin—Peaée relation (Kinchin et al. 1955), the total number of displacements in the

implanted volume is given by:

0.8]° v(E, x)dx

Ng=—2 - 5
d 25, %)

where £, is the displacement energy, WE,x) is the nuclear deposited energy distribution,
and 0.8 is a correction factor. This model assumes that the average energy required to
displace an atom is 2E; . Upon calculation of the damage distribution, it is observed that
the vacancy depth distribution is different than the implanted ion distribution. The
vacancy distribution is considerably shallower than the projected range of the implanted
jon. This is due to the fact that the ions come to rest beyond the range in which they |

displace the atoms.
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Figure 2.3 Damage produced by bombardment of heavy ions for (a) low doses and (b)
high doses (Rimini 1995).
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2.4 Ion Iinplantation Damage and Amorphization of GaAs

During ion implantation, if sufficient energy is deposited into nuclear collisions a
phase transformation from crystalline to amorphous will take place. One model used to
describe the amorphization process is the critical damage energy dénsity (CDED) model
(Stein et al. 1972). The threshold damage density (TDD) is the amount of nuclear
deposited energy required for amorphization. Values of TDD derived from 20 keV Si
(dose of 1x10"/cm?, LN, implant) implantation into Si and GaAs were reported as
1.6x10” keV/cm® and 3.3x10% keV/cm’, respectively (Jones et al. 1991). According to
the CDED model, a lattice will spontaneously relax into an amorphous state when there is
a large enough density of defects.

Another amorphization model involves overlapping of amorphous zones, until full
amorphization is obtained. As the number of ions is incre;sed, the individual damage
clusters overlap to form a continuous émorphous layer. Figure 2.4 shows the dose
dependence of lattice disorder for 120 keV Se in GaAs implanted at room temperature.
The amount of damage was determined from Rutherford Backscattering Spectrometry
measurements. From the figure, it can be observed that at a dose of 5x10" ions/cm®
complete overlap occurs and an amorphous layer is formed.

The critical dose for amorphization depends on the ion ma§s and the implant
temperaﬁre (Wesch et al. 1989). As the ion mass is decreased, the critical dose for
amorphization increases because there is less nuclear deposited damage per ion. Critical

doses for amorphization increase as the implant temperature increases. For low
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Figure 2.4 The dose dependence of the lattice disorder as measured by channeling RBS
produced by 120 keV Se implantations at room temperature (Bhattacharya et al.,1982)
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temperature implants (e.g., LN,) the damage is "frozen in". The low temperature limits
the mobility of point defeéts suppressing self-annealing. Whereas, in room temperature
implants the damage decreases due to defect ahnealing. This has been discussed in the
literature (Rimini 1995). In the case of light ions, for implantation at high substrate
temperature (i.e., higher than room temperature) the defect concentration may never
reaches the critical defect concentration to produce the amorphous phase. Asa
consequence, at higher implant temperatures a higher energy deposition is required to
create an amorphous layer than at lower implant temperatures

Summarizing there are two proposed mechanisms for amorphization. In the first
model discussed amorphization occurs by' damage accumulation. When then material
reaches a critical threshold defect concentration the material becomes amorphous. The
other proposed model assumes that each ion produces a roughly cylindrical track of -
amorphous material along its track. A continuous amorphous layer is achieved when
amorphous regions overlap.

Table 2.2 shows the critical doses for the formation of amorphous layers for
several elements implanted in Si, GaP and GaAs at room temperature (Ryssél and Ruge

1986).

37



Semiconductor | Element Massofthe - | Ion Energy Dose
main isotope (keV) (cm®)

Si B 11 200 8x10'°
P 31 200 6x10™

Sb 122 300 1x10*

GaAs Zn 64 70 3x10”
Cd 114 60 3x10”

Table 2.2 Critical doses for the formation of an amorphous layer in Si, and GaAs at room

* temperature (Ryssel 1986).
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2.5 Transport of Ions In Matter (TRIM)

TRIM (Ziegler/ét al. 1985 and 1980) is a computer simulation program used to
calculate the distribution of the implanted ions, the energy deposition, and the .damage
profiles for energetic ions in solids. TRIM allows theoretical predictions over a wide range
of parameters.

There are two methods for simulatin; the ion bombardment in solids. Both of
which have been reported in the literature (Rimini et al 1995). The two methods are the
binary collision approximation (BCA) and the molecular dynamics (MD). Only the BCA
method will be discussed here\because TRIM is based on this method. The BCA method\
is also called the Monte Carlo method, because a random selection process is used for
each collision throughout the program. If the target sfructﬁre is assumed to be random,
the next collision atom for the incoming ion is found from a random selection procesé.

In the Monte Carlo Method the individual collision cascades are simulated. The
results are averaged from several hundred cascades. The Monte Carlo program follows
the collisions that individual ions undergo while in motion. Some important parameters
used in the simulation program aré the displacement and the binding energies. The
displacement energy is the amount of kinetic energy that the target atom must receive to
leave its lattice site and form a stable interétitial (Frenkel pair). The binding energy is the
amount of energy by which a target atom is bound to the lattice site. The values for these

parameters are not well established. The displacement energies obtained from the
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literature for Ga and As in GaAs are 9.0 'eV_and 9.4 eV, respectively (Haynes and
Stoneham 1985).

The TRIM procedure has been discussed by Dresselhaus et al. (Dresselhaus et al.
1992). The method is as follows: (1) an ion is shot in, (2) the ion collides with a target
atom, (3) the program calculates the kinematics of the collision, (4) it follows the
trajectory of the recoiling target atom, since the recoil atoms can displace other atoms, (5)
after all recoil atoms fall below a certain energy, the program goes back to the original ion,
(6) it repeats the above procedure until the ion energy falls below the displacement energy
and it can not displace any more atoms, and (7) it proceeds to the next incident ion.
Usually the simulation is done for over 1000 incident ions. The incident ions are
assumed to change trajectory at each elastic collision with the target atom and to move in
straight free path between collisions. Nuclear collisions result in large energy losses and
significant angular deflection of the trajectory of the implanted ion. Lattice disorder in
semiconductor crystal is attributed to the nuclear collisions. Electronic collisions involve
much smaller energy losses per collision and negligible deflection of ion trajectory.
Consequently, lattice disorder due to the electronic colﬁsions is negligible. The
distribution of the deppsited energy density into nuclear collisions can be converted into a
damage distribution, assuming only recoils receiving an energy greater than the
displacement energy are displaced. The energy transfers which are less than the
displacement energy generate phonons. One of the disadvantages of TRIM is that it
overestimates damage. It does not take into accounf annihilation of defects.

A TRIM simulation is shown for 185 keV Ga ions implanted in GaAs in figure 2.5.
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From the simulation, it can be noted that the damage distribution due to nuclear energy

loss of the ions has a peak at a shallower depth than the distribution of implanted ions.

41



12.00 — s ’ — 0.0010

Energy Loss (eV/Afion)
Implanted Ga Atoms( atoms/Afion)

0.0000
2000.00 13000.00

0.00 1000.00 )
thickness(A)

Figure 2.5 TRIM simulation for 185 keV Ga ions implanted in GaAs. The nuclear energy
loss distribution and the implanted range of Ga ions are shown.

42



3. Fundamentals of Solid Phase Epitaxy

A phase transformation occurs when it is thermodynamically advantageous and
| kinetically possible to reconfigure the materials. Solid phase epitaxy is a solid state
transformation from the amorphous to crystalline phase. The driving force for the
amorphous to crystalline transition is the loweﬁng of the free energy of the material.

3.1 Regrowth Kinetics in Si

Solid phase epitaxial regrowth occurs in Si at about 500°C. The amorphous layer
recrystallizes by a movement of the planar crystalline/amorphous interface. Dopants
become partially or totally activated as they get incorporated into the advancing

recrystallized region. The regrowth velocity v, is given by:

“‘Ea)
= ——a 7
Vg =V exp( T/ @)

where v, and E, are the prefactor and activation energy, respectively. Figure 3.1

illustrates solid phase epitaxial regrowth Si layer amorphized by Si implantation von <100>
Si. The total dose was 8x10"%/cm? and implants were done at LN, temperature. The initial
amorphous layer thickness was approximately 460 nm . The samples were preannealed at
400°C for 60 rmn, then annealed at 500°C for vaﬁous annealing times.

Reported values of the activation energy for the SPE process of amorphous Si
layer created by Si implantation in Si vary from 2.7610.05eV (Olson and Roth 1988) to
2.35140.1eV (Csepregi 1978). It fs interesting to note that the recrystallization of
amorphous layer is strongly orientation dependent as demonstrated in figure 3.2. An
Arrhenius plot of the regrowi;rth velocities for the different orientation shows that SPE in all
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Figure 3.1 SPE regrowth of <100>S§i self-implanted with Si. The total dose was
8x10'*/cm? and the implant was performed at LN, temperatures. The samples were

annealed at 500°C for various time intervals (Csepregi 1978).
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Figure 3.2 SPE regrowth rates of Si self-implanted with Si for various orientations
~ (Mayer 1990).
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orientations have the same activation energy but significantly different prefactors (e.g.
very different regrowth velocities). Forthe <110> and <100> oriented Si, a linear
regrowth velocity has been reported (Csepregi et al. 1977). The authors observed a
nonlinear regrowth velocity for the <111> oriented Si.

Csepregi et al. (ésepregi etal. .1975) observed in Si implanted in <111> Si, that
the regrown layer contained a high density of defects. Transmission Electron Microscopy
(TEM) showed stacking faults andvmicrotwins. Twin boundaries are planar defects. At
the twin Boundary, there is a misorientation of the lattice. Twinning in ion implanted
GaAs has been extensively reported (Rimini 1995). In the (111) orientation it is necessary
to simultaneously attach three adjacent atoms from the amorphous phase to a crystalline
atom for a growth step. The three atoms can add in the correct lattice positions of with a

twin orientation.

32 Regrowth Kinetics in GaAs

Annealing is required for the dopants to become electrically active and to
restore crystalline order. Post implantation annealing temperatures of about 800-950°C
are generally required for GaAs to minimize residual damage and to achieve electrical

activation of implanted ions.

Three annealing stages have been observed in amorphous GaAs (Sealy 1988; Kular
et al. 1980). Stage I occurs at temperatures between 150-400°C, in this temperature
range recrystallization takes place leaving behind microtwins and stacking faults. Stage II

occurs at 400-500°C. During this stage, microtwins and stacking faults are annealed out.
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Stage III occurs at terﬁperatures greater than 700°C. Dislocation loops are annealed out
above this temperature.

In GaAs, it has been observed that heavily damaged amorphous layers are harder
to regrow by solid phase ¢pitaxy (Williams et al. 1980). It was postulated that good
crystalline quality material could be obtained depending on the implant conditions and the
annealing temperatures. In the study by William et al. Ar* was implanted into (IOO)GaAs
at two doses. The low dose and high dose were 5x1.(\)13/cm2 and 2x10'/cm? respectively.
The implants were done at LN, temperature. The channeling spectra for the epitaxial
regrowth of the two samples are shown in figure 3.3. At the lower dose good epitaxial
quality was achieved after annealing at 180°C for 10 minutes. The SPE behavior for the
lower dose sample is similar to the SPE observed in Si, namely a planar
crystalline/amorphoﬁs iﬁterface advancing to the surface. For the sample implanted with
the high dose, annealing temperatures of 600°C were required to obtain gobd crystalline
quality. From the RBS spectra from the sample annealed at 250°C, it appears that the
crystalline/amorphoﬁs interface is nonplanar during SPE.

“Gamo et al (Gamo et al.1977) have suggested that the difference in regrowth
behavior betweeﬁ Si and GaAs is attributed fo the local variations in stoichiometry in the
implanted regions in GaAs. At the low temperatures where reordering takes place, the
temperatures are insufficient to allow for the diffusion of the Ga and As, necessary fo
adjust the local stoichiometry.

A marked dependence of the regrowth quality on the initial amorphous layer
thickness has been observed in GaAs (Grimaldi et al. 1981). The authors determined that

good quality regrowth of very thin (40 nm) GaAs amorphous layers could be achieved.
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They found that the number of extended residual defects after annealing increased linearly

with the initial amorphous thickness.
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Figure 3.3 Isochronal annealing of (2)5x10" Ar/cm? and (b)2x10™ Ar/cm’ implanted
(100)GaAs. The 130°C anneal in (a) is for 15 min, all others are for 10 min. duration.
The dotted curve in (a) is for unimplanted GaAs. The GaAs was encapsulated for the
600°C anneal in (b). '
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4. Influence of Ilr;plantation Parameters on Damage Distribution

Parameters which affect the properties of the ion implanted layers include ion
mass, ion dose, ion energy, implant temperature, stoichiometric imbalances, capping and
annealing temperature. The influence of implantation parameters on the kind and
concentration of defects is more pronounced in compound sémiconductors thanin
elemental semiconductors.

Wender et al. (Wender et al. 1989) observed that for weakly damaged (not
amorphous) ion implanted GaAs at high dose rates, the concentration of anti-site defects
and vacancies increase. In addition, the trapping of mobile interstitials is more likely to
occur at higher doses. As a result, the formation of defect complexes is more probable.
Moore et al. (Moore et al. 1990) observed that the electrical activation of Si implanted
into GaAs (room temperature implant) at a dose of 10'/cm? depended strongly on the
dose rate. For a given dose, the defect concentration increases with increasing dose rate.
Figure 4.1 illustrates how the dose rate e_ﬁ‘ects the damage for room'temperature implants
of Si in GaAs. Increasing the dose rate increases the number of defects and their
interactions resulting in an increase of damage. It is interesting to note, that at LN,
implant temperatures the amount of damage does not depend on dosé rate. This is
attributed to the fact that at low temperatures the point defects are "frozen in". At very
low tem;;eratures the point defects are not mobile.

In GaAs, a strong dependence of the amount of damage on implant temperature

has been observed. Since, the mobility of defects is temperature dependent, the creation
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of stable damage and the formation of an amorphous layer is also temperature dependent.
In ion implanted GaAs at room temperature, a significant reduction in the concentration of
defects is observed compared to LN, temperature implants. This is due to annealing and
transformation of the defect structure at room temperature. Dynamic annealing, annealing
at room temperature, leads to the diffusion and annihilation of Frenkel pairs. It is believed
that dynamic annealing decreases the degree of damage (ﬁgu;e 4.2), and alters the nature
of the damage structure by the formation of defect complexes.

For room temperature implants if the dose rate is too high, heating effects can
become important and the amount of damage may decrease with increasing dose rate.
Poate et al. (Poate et al. 1984) suggested that high temperature implants and high dose
rate implants cén lead to the formation of dislocaﬁon lobps and defect clusters. The
authors observed that these defects were much h_grder fo anneal than a continuous
amorphous layer. These point defects annihilate or associate into more complex defects
such as divacancies, and clusters of two or more interstitials. As a result, room
temperature implants are harder to anneal than LN, temperature implants.

It has been observed that amorphous layers produced by LN, temperature implants
are more easily reordered than sumlar layers produced by room temperature irnplanfs
(Williams et al. 1980; Wrick et al. 1981). For the LN, temperature implants, the

 crystalline/amorphous interface is more abrupt. As a result, a more perfect‘seeding for the
regrowth can lead to a better crystallization.

The energy of the implant sﬁecies is also an important parameter. Krynicki et al.

(Krynicki et al. 1991) found for Cd implanted in GaAs at room temperature, as the ion
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energy decreased the critical energy density (CDED) for amorphization increased as
illustrated in tabie 4.1. The authors suggest that a higher CDED is required at lower
implant energies because the defects are closer to the surface. As a result, for room
temperature implants the defects can diffuse to the surface and annihilate. Hence, a higher

CED is needed for lower energy implants of Cd into GaAs at room temperature.
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Energy (keV) C:iitiml Energy Density (¢V/cm’)
x

20 1.75

40 1.80

80 1.47

120 ;.15

180 : ‘ . 0.55

Table 4.1 Values of critical energy density for amorphization as a function of implant
energy for Cd implanted in GaAs at room temperature (Krynicki et al. 1991)
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5. Characterization Techniques

5.1 Rutherford Backscattering Spectrometry (non-channeled and channeled)
5.1.1 Basic Principles of Rutherford Backscattering Spectrometry (RBS)

For RBS typically a Van de Graaf accelerator is used to produce a He" ion beam in

the MeV energy range. The high energy beam (1-2 MeV) of monoenergétic collimated
light ions (H', He") is directed towards the sample. A small number of the light ions are
backscattered and are detected 'by a solid state detector that measures the energy of the
particles. Some of the 'applications of RBS include: accurate determination of
stoichiometry, elemental aerial density, and impurity distributions in thin films.

Some of the advantages of this technique include the following: (1)itis an
absolute method that does not require the use of standards, (2) this technique is quick with
typical acquisition times of about 10 minutes, and (3) it is nondestructive. One of the
disadvantages of RBS is that it has a poor sensitivity to light elements in heavy matrices.
Some references which discuss Rutherford Backscattering Spectrometry (RBS) are Chu et
al. 1.97'8, Rimini 1995, Tesmer et al. 1995, and Schroder 1990.

Channeling RBS on a single crystal substrate allows for the determination of the
lattice location of impurities, evaluation of crys;calline quality, and the depth profile of
lattice damage. For channeling RBS the sample is mounted on a goniometer. Figure 5.1
isa schen.matic diagram of the RBS setup for channeling experiments. The sample can be

rotated through a tilt angle 0 (rotation about the vertical axis) and azimuthal angle ¢

(rotation about the crystal normal).
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Figure 5.1 Schematic view of the setup for channeling experiments. The ion beam
impinges on the sample mounted on a two axis goniometer (Tesmer et al. 1995).
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A schematic diagram of the RBS process is illustrated in figure 5.2. The projectile
ions are of mass M,, atomic number Z,, and energy Eo. M; and Z, are the mass and
atomic number of the target (sample). Most of the incident ions lose their energies
through electronic collisions and are stopped at some depth below the sample surface. A
smali fraction of these projectile ions undergo nuclear collisions with the target atoms and
are backscattered. These ions lose energy traversing the sample, continue to travel
towards the surface, and are detected by the detector. USing the principles of
conservation of energy and momentum the kinematic relationship can be computed. The
kinematic factor is defined as the ratio of the projectile’s energy after the collision to ifs

energy before the collision (Ey/Eo) and is given by:

[\[1 ~(Rsin6)? + Rcose]2

®)
(1+R)?

k=

where R is defined by M;/M; and 6 is the scattering angle. In order to obtain high mass
resolution the kinematic factor should be as large as possible. This can be.achie_:ved by
placing the detector at a large angle with respect to the incident beam (close to 180°).

The unknown mass of the sample can be calculated using the above kinematic expression,

since E; can be measured and 0, E, and M, are known parameters.
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Figure 5.2 Schematic illustration of RBS setup.
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The relative number of particles backscattered from a target atom into a given
solid angle Q for a given number of incident ions is related to the differential scattering

cross section (Chu et al. 1978):

2
2 . 2
do [ 2122 q2 4 [\[l —(Rsin6)” + cose]

_ )]
a2 | 4E sin* @ \[1 ~-(R sin9)2

E ié the energy of the projectile particle immediately before scattering. Typical values for
scattering cross section of He particles are 1 to 10x10% cm?/sr. Since do/dQ can be
accurately calculated quantitative measurement can be achieved by RBS. The scattering -
cross section is proportional to the square of Z, (target atomic number). As a result RBS
is more sensitive to heavy elements than light elements. RBS allows one to determine the
aerial density of atomic species at a depth x by measuring the height of the spectrum. The
height of the spectrum (also ca.lled the backscattering yield) gives the total number of
detected ions or counts. The backscattering yield can be calculated as follows:
A =0QQN; ' (10)

Q is the deteétor solid angle in steradians, Q is the total number of ions incidents on the
sample, and N; is the aerial density. - |

| In addition to elemental and quantitative information, RBS is also depth sensitive.
A particle which is backscattered from the bulk will have less energy than a projectile ion
backscattered from the same element from the surface (see figure 5.3). This is because a

particle below the surface has to undergo electronic collisions and loses energy in order to
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Figure 5.3 Schematic diagram of sample relative to the incident beam. The incident
energy of the beam is E,. The particles backscattered from a depth x from the surface exit
the sample with E;(x).
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traverse a distance x from the target surface. The projectile particle at a depth x below the
sample surface loses energy on its way in (AE;,) and on its way out after it is backscattered

(AE.). Using these energy loss processes RBS can be used to determine the thickness of
layers. The detected energy of the projectile ions backscattered from target atoms at a

depth x which reaches the detector is given by:

dE X dE X ,
0= Eo-(5), ey (a0
1(x) [ ° \dx/;, cosel] dx/ 5t €0s 05 D

=KE, - K(dE) ! +(£‘P—) Ll
dx/;pcos0 ) \dx/,, cosO ;

It is a ratio of the measured backscattered energy to the incident energy of the analyzing
ion. The film thickness can be calculated from the energy difference from the projectile

ions backscattered from the surface and the interface AE:

, dE 1 dEY 1
AE =KE, - E;(x)= K(——) (—) =[S
| o ~Eu(x) [ dx/;, cos 0 ; " dx/ 5t €0s 6 z]x Sk a2

S-is the backscattering energy loss factor. S=N[e] where N is the volume density and [g]
is known as the backscattering stopping cross section factor. Values for the energy loss
factor for He" ion in various materials are well known and can be found in many reference

books (see for example Tesmer et al. 1995).

For solid phase epitaxial studies it is crucial to accurately measure amorphous layer -
thicknesses. To maximize AE for small change in x i.e., to improve depth resolution [S]
should be maximized. The backscattering energy loss factor can be maximized by using

the glancing exit angle geometry where 0, is large. In this geometry, the detector is placed

62



at a glancing exit angle (6~100°with respect to the beam). A small change in depth
measured along the normal corresponds to a large outgoing path and increased energy
" loss. The effect is to increase the ion path length required to reach a given depth in the
samﬁle measured perpendicular to the surface.
512 lonChanneling

. Channeling is a steering effect resulting from the Coulomb repulsion between the
positive charged prpjectiles and the target atoms along rows or planes in a single crystal.
Due to the steering actidn, the ions are directed towards the center of the channel. Since
the ions do not come closer than the screening distance of the atoms the probability of
large angle backscattering is reduced. A schematic illustration of the channeling
phenomena is shown in the adjacent ﬁgure 54.

The critical angle for channeling is given by:

2 ' .
Y, = w’_Z_Z_}EZdle_ (radians) s (13)

Z,and Z, are the atomic numbers of the projectilés and target atoms, respectively. The
spacing between the planes is given by d and e is the electronic charge (¢>=1.44x10"cm
MeV). Ions entering near the center of a channel are steered within the channel if they
are within the critical angle given in eq. 13. For MeV “He ions, the critical angle is usually
1 to 2 degrees. Channeling allows for the determination of the lattice location of
impurities and the depth profile of the lattice damage if the analysis is performeci ona

single crystal substrate. Channeling RBS has been used extensively to study solid phase
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epitaxial regrowth of ion impianted semiconductors. This technique has been reviewed in
many references (Rimini 1995, Tesmer and Nastasi 1995).

Whether the thin ﬁlrﬁ is amorphous or single crystal can be determined from
channeling RBS. When a sample is channeled the rows of the atoms are aligned parallel to
the incident projectile ions. Consequently, the projectile ions can penetrate deeply into the
sample and have a low probability of bécoming backscattered. When an ion beam is
aligned with an axis of the single crystal substrate with an amorphous or polycrystalline
overlayer, the channeled RBS spectrum shows the random yield (amorphous) for a certain
energy width corresponding to the overlayer and then decreases. The decrease occurs at
the crystallhe/émorphous interface where channeling begins. The channeling yield from
the substrate appears greater than that of a perfect single crystal because a larger frac':tion
of the particles in the beam are dechanneled due to sc'attering when traversing the
amorphous layer.

An ion beam aligned with a single crystal can be dechanneled by defects in the
crystal. The ratio of dechanneling to channeling»can be used to qualitatively gauge the
extent of perfection of a crystal. The height of the spectrum (number of counts) in the -
underlying crystalline region depends on the thickness of the amorphous layer and |
decreases with amorbhous layer thickness. In an amorphous layer, the aligned yield equals
the random yield. Figure 5.5 shows the spectrum for a nearly perfect crystal, an
amorphous layer, and a defective crystal. The surface peak for the aligned spectra

corresponds to the scattering from the surface oxide layer.
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Figure 5.5 Channeling in (a) nearly perfect crystal, (b) crystal with point defects, (c) an
amorphous material. The channeling RBS spectrum is for the three cases is shown in (d).
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The normalized yield is:

_ channeled yield (¥ =0)

~ random yield (¥ > '¥,) =

X is a measure for the fraction.of dechanneled ions. The rate of change of y with depth is
proportional to the concentration of displaced host ﬁtoms; For an amorphous or
polycrystélline material y is one. In channeling RBS, an abrupt interface is indicated by a
sharp step in the aligned spectrum.

52 Raman Spectroscopy

Raman scattering results from the interaction of incident light with optical phonons
in a solid. There are two types\of scattering which can occur, Stokes shifted scattering
and anti-Stokes shifted séattering. In Stokes shifted scattering, the incident photon gives
up part of its energy to the lattice in the form of an optical phonon. Hence, phonon
emission takes place. In this type of scattering, the scattered photon emerges with a lower
energy than the incident photon. The cross section for Stokés interaction is temperature
independent. In anti-Stokes shifted scattering, the incident photon absorbs a phonon.
Consequently, the incident photon emerges as a higher energy photon. Anti-Stokes
intensities aré strongly temperature dependent, since the number of phonons depends on
the lattice temperature. For a one phonon process, conservation of energy and momentum
yields:

@ = 0; +0g . (15)
ks=kjtq | (16)
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where “s” is the scattered photon, “i” is incident photon, and “q” is the phonon. “k” and
“q” are the photon and phonon wavevectors, respectively. “o” is the frequency. Due to
the fact that photbon wave\}ectors are very small, only optical phonons at the center of the
Brillouin zone are involved in Raman scattering. Depending on sample orientation,
selection rules determine which lattice vibrations are observed (Swaminathan 1991).
Table 5.1 shows the allowed modes for the various surface orientation for “ideal”
semiconductors with the diamond or zinc blende structures.

Raman Spectroscopy is a characterization technique which is sensitive to crystal
structure. It is a surface technique which can be used to probe the ion implanted layer.
Some applications include information on the film crystallinity and the degree of disbrder,
the presence of amorphous layers, and the identification of symmetries of molecular
structure and bonding. |

In a defect free GaAs crystal the longitudinal optical (LO) phonon appears at 292
cm™ (Desnica et al. 1992). Defects lead to broadening and shifting of the Raman lines as
demonstrated in figure 5.6. In this study 100 keV Si ions were implanted in GaAs. As the
dose was increased a shifting of the LO peak to lower frequencies was observed. At the
highest dose, 3x10"*/cm?, broad baﬂds characteristic for amorphous material were
observed.

In another study (Braunstein 1989) there 1 MeV Si ions were implanted in GaAs
at diﬁ“erer'lt doses (see figure 5.7), in addition to the LO peak, a transverse optical (Tb)
phonon was observed at 268 cm™.  The TO phonon is forbidden for the (100)

backscattering geometry. The authors suggested that the presence of this TO phonon is

68



Surface Orientation

‘Raman Active

Mode <100> <10> | <ns
Lo Allowed") Forbidden | Allowed®
TO Forbidden Allowed”® | Allowed®

Table 5.1 Allowed modes for Raman scattering in “ideal” semiconductors for <100>
<110>, and <111> surface orientations.
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Figure 5.6 Raman spectrum for 100keV Si implanted in GaAs for various doses (Desnica
et al. 1992).
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due to the pseudobackscattering geometry used and/or residual disorder. Our

- experimental observations support both propositions. We observe this peak in the
unimplanted sample indicating that it would be attributed to the geometry. But, the
intensity of the peak increases in the ion implanted and annealed layers, confirming that it
is enhanced by the disorder in the crystal. The presence of the TO peak related to damage

has also been suggested by Schroder (Schroder 1990).
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5.3  Transmission Electron Microscopy

In Transmission Electron Microscopy (TEM) a parallel beam of electrons
illuminates the specimen. It is essential that the sample be thin enough to transmit
electrons. The transmitted and forward scattered electrons form a diffraction pattern in
the back focal plane and an image is formed in the image plane. In the image mode, the
diffraction lens is focused on to the image plane. Lenses are used to magnify the image. |
For the diffracﬁon mode, the diffraction lens is focused onto the diffraction plane.

There are two methods for imaging in the TEM, conventional imaging and high
resolution imaging. In the conventional imaging mode, the objective aperture (located in
the back focal plane) is used to select one electron beam for imaging. For high resolution
imaging inany diffracted beams are allowed to éontribute to the image.

TEM has been extensively used to examine the crystal structure and the
microstructure of materials. It has extremely high resolution of the order of angstroms.
The high resolution achieved in the electron microscope is attributed to the extremely
small wavelengths of the electron beam. High Resolution Transmission Electron |
Microscopy (HRTEM), also called lattice imaging, yields structural information at the
atomic level. It is widely used for interface analysis. Further information on TEM and
HRTEM can be found in the referenceé (Brundle et al. 1992; Schrlodef 1990, Loretto
1994). In this work, cross-sectional transmission electron microscopy was used to
deternﬂﬁe the position of the crystalline/amorphous interface and to obtain a detailed

structure of the interfacial region.
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6. Ex_perime_htal Conditibns

6.1 Sample Preparation

6.1.1 Implant Conditions

The Ion Beam Profile Code was used to calculate the implant ranges and
determine the doses and energies for the implants. Multiple implants at different energies
were used to obtain a uniform profile-and suppress recrystallization from the surface (see
figure 6.1). If the amorphous layer does not extend all the way to the surface, the
regrowth can take place from both the surface and the bulk. As aresult, a bﬁried
disordered layer can be formed.

Substrates used for the experiment were commercial semi-insulating (100)GaAs
crystals grown by the liquid encapsulated Czochralski technique. The samples were
solvent cleaned prior to implantation. Some of the samples were epi-re.ady and no solvent
cleaning needed to be performed. Any extra cleaning would introduce contaminants. The
samples which were solvent cleaned were boiled in trichloroethane, acetdne, and then
methanol for a few minutes, rinsed in methanol, and dried in flowing nitrogen.

Ion implantation was done in a Varian Extrion model CF-3000 implanter. The
samples were tilted 7° away from the normal to prevent channeling during iniplantation.
Most of the saniples were implanted at LN, temperatures. One set of samples was
implanted at room temperature for a study of the effect of implant temperature on the

regrowth of the layers. For high dose rate implantations, the large flux of incident ions

can lead to an increase in the temperature of the substrate. To avoid this or to minimize
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Figure 6.1 Ion Beam Profile simulation for multiple implants of Ga and As in GaAs.
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this, it was important to have a good thermal contact between the substrate and the |
substrate holder. The implant conditions are shown in Appendix I.

6.1.2 Isochronal and Isothermal Annealing ’

Fumnace annealing was performed in a horizontal tube furnace. For the high
temperature anneals (greater than 500°C), the samples were sealed_in a quartz ampoule.
The ampoule was cleaned with 5% HF solution, rinsed with deionized water, methanol
and then blown dry with N,. The samples and pieces of solid As were cleaned in HCI and
rinsed with deionized water. The quartz ampoule was evacuated. An atmosphere of As
overpressure was used inside the ampoules. Seaﬁhg was done with a hydrogen torch. All
samples were annealed in flowing N,. For the high temperature anneals the sealed
ampoules were annealed in flowing N;.

6.2  Characterization

6.2.1 Rutherford Backscattering Spectrometry (RBS)

The RBS was performed at the Ion Beam Analytical Facility at the Lawrence

Berkele& National Laboratory. The ion beam was generated by a 2.5 MeV Van de Graaff
electrostatic accelerator. In these ekpeﬁments a 1.8 MeV He" beam was used. Two
silicon surface barrier detectofs are installed in the chamber. One is located at 165° and
the other at 100-120°. The samples are mounted on a two axis goniometer in the
experimental chamber for channeling in the <100> or <111> directions. An electron
éuppression shield biased at -900V is used to suppress any secondary electrons. For each

spectrum about 4uC of charge was collected at a beam current of about 10nA. To

76



nﬁninﬁze ion damage, after obtaining the éhannel by tilting and rota;cing the sample, the
sample was translated to a fresh spot for data collection.

6.2.2 Raman Spectroscopy

The Raman spectra were obtained with a 488 nm Ar laser light. A
pseudobackscattering geometry was used. The penetration depth of the laser light was
approximately 60 nm. The data was collected without polarization discrimination for the
scattered light. The laser was incident at 65° from the surface normal. The scattered light
normal to the sample was collected by a camera lens and the image focused onto to the
entrance slit of a single monochromafer. All Raman spectra were collected at room
temperature.

6.2.3 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was performed one the samples using a
JEOL 200CX high resolution electron microscope. Cross-sectional samples were

prepared by mechanical grinding, followed by ion milling on a LN, cooled stage.
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7. Results and Discussion

Good epitaxial recovery was achieved for stoichiometrically balanced ion
implanted GaAs layers (i.e., amorphous GaAs layers created by implanting equal amounts
of Ga and As ions in the same region). It was found that at low implantation doses, the
co-implanted samples exhibited rhuch better crystalline quality regrowth than the non-
stoichiometrically balanced GaAs layers. First, SPE results of the “As-only”, and “Ga-
only” implanted samples will be discussed, proceeded by the co-implanted samples. In this -
manner, one is able to compare the role of stoichiometry in the low femperature SPE of
the implanted GaAs layers. |

The critical damage density required to make a layer amorphous is called the
amorphization threshold. The low dose series was implanted at just above the
amorphization threshold. From TRIM calculations and by measuring the as-implanted
amorphous layer thicknesses, it is possible to calculate this amorphization threshold value.
TRIM calculations were performed for all the doses and implanted energies used in this
study. The displacement energies used in the calculations were 9.0 eV and 9.4 eV for Ga
and As, respectively (Haynes and Stoneham 1985). The damage distribution was
calculated for 18,900 ions. The distribution for the 185 keV Ga implanted GaAs to a total
dose of 3x10"ions/cm? is shown in figure 7.0. The total damage density (left y-axis .Jof
plot) and the concentration of implanted ions (right y-axis of plot) are plotted. The total
damage density was calculated by multiplying the vacancies produced by the ions and the
recoils by the displacement energies of the host atoms. It can be observed from the

calculations that the peak of the damage distribution is closer to the surface than the peak
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Figure 7.0 Trim calculations for 185 keV Ga ions implanted in GaAs with a total dose of
3x10%/cm’. The total damage density distribution (left y-axis) and the concentration of
implanted Ga ions (right y-axis) are shown.

79



of the concentration of implanted ions. This is due to the fact that near the end of the path ‘
of the ions, they no longer have sufficient energy to displace host atoms. As a result, the
range of the damage does not match the distribution of the implanted ions. The
amorphization threshold energy density for the co-implanted (Al-1), "As only" (A1-2) and
"Ga only” (A1-3) were 3.2x10% eV/cm®, 2.8x10%eV/cm®, and 2.3x10%eV/cm®,
respectively. It is evident from these reéults that a higher deposited energy density is
required to amorphitize the co-implanted sample than the "As only" and "Ga only"
samplés. This is probably due to room temperature annealing of the co-implanted sample.
These energy densities are in agreement with those published in the literature (Belay et al.
1995). These authors found that this critical energy density was independent of most
implant parameters.

Cross-sectional TEM indicates that the as-implanted layer is not totally amorphous
for all of the samples. The as-implanted layer is amorphous with regions of small
crystallites. This partial amorphization can be attributed to the doses chosen near the
amorphization threshold. Table 7.1 shows values for the amorphous layer for all three |

| samples. The co-implanted sample exhibited the thinnest amorphous layer compared to
the other samples. This thinner amorphous layer may be attributed to room temperature
annealing which was only observed for the co-implanted sample.

The <100> aligned RBS spectra for the “As-only” implanted sample (A1-2) with a
total dose of 3x10'%ons/cm? under various annealing conditions are shown in figure
7.1(a). The as-implanted was amorphous (i.e., the channel yield X~1). For the lower

temperature anneals (150°C and 200°C), the crystalline/amorphous interface proceeds

80



amorphous layer thickness

Sample thickness of regrown layer
(nm) with high stacking fault
: density (nm)
Al-l |52 27
Al-2 §8 S1
Al3 58 5

Table 7.1 Values of thicknesses for the amorphous layer and the regrown layer (with high

stacking fault density) for the “As

1) samples.
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Figure 7.1(a) 1.8 MeV He" <100> aligned backscatter spectra for "As only" (A1-2)
sample annealed at low temperatures. The samples were implanted with 200 keV As ions
to a total dose of 3x10%/cm?. (b) HRTEM micrograph of "As only" (A1-2) 250°C 30

min annealed sample. '
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toWards the surface in a planar manner. This is revealed in the relatively sharp drop in the
yield at the crystalline/amorphous interface indicating that the interface is sharp at these
anneals. Significant regrowth occurs in the five min. anneal at 200°C. After the first 10
min. of the anneal at 250°C the regrown layer was crystalline with a highly defective
region at about 30 nm below the surface. HRTEM was per'forméd on the 250°C 30 min.
annealed sample (figure 7.1(b)). A high density of st;lcking faults is observed ranging
from the surface to about 48 nm into the bulk. End of range damage is observed as dark
spots in the micrograph.

The as-implanted layer for the "Ga only" (Al-.3) sample is also amorphous with
small crystallites. This is confirmed by Raman spectra in which no amorphous broéd band
is observed. The regrowth behavior observed in the "Ga only" (A1-3) }sample (figure
7.2(a)) is similar to the “As only” sampie. SPE takes place at temperatures as low as
150°C. For the 10 min. anneal at 250°C about 40 nm of defect-free GaAs regrowth was
observed . This is consistent with the observation that about 40 nm of an ion implanted
GaAs layer can be regrown with zero residual disorder (Grimaldi et al. 1981). Additional
annealing time appéars not to improve the epitaxial quality of the layer. The TEM
micrograph for the 250°C 30 min. annealed “Ga-only” (A1-3) sample is shown in figure
7.2(b). From the surface to about 20 nm the regrown layer contains defects. A high
ldensity of stacking faults are observed in the layer from 26 to 70 nm from the surface.

The RBS spectra for the co-implanted sample (A1-1) are displayed in figure
7.3(a). Similar to the “As-only” (A1-2) and “Ga-only” (A1-3) samples, SPE is initiated at

temperatures of 150°C. It can be noted that in contrast to the “As only” and “Ga only”
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Figure 7.2(a) 1.8 MeV He' <100> aligned backscatter spectra for "Ga only" (A1-3)

sample annealed at low temperatures. The samples were implanted with 185 keV Ga ions
to a total dose of 3x10"/cm?.(b) A cross-sectional TEM micrograph for the "Ga only"

(A1-3) sample annealed at 250°C for 30 minutes.
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Figure 7.3(a) 1.8 MeV He" <100> aligned backscatter spectra for co-implanted sample
(A1l-1) annealed at low temperatures. The samples were implanted with 185 keV Ga ions
to a total dose of 1.5x10%/cm?, and 200 keV As ions to a total dose of 1.5x10%/cm’. (b)
HRTEM micrograph of co-implanted (A1-1) 250°C 30 min annealed sample.
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sa;nples after the 5 min. 200°C anneal the co-implanted sample is no longer amorphous.
Significant regrowth occurs in the 5 min. anneal at 200°C as can be observed from the
figure. The 250°C annealed samples showed good crystalline quality regrowth. It should
be noted that most of the regrowth occurs in the first 10 min. of the annealing process. At
this temperature, longer annealing times do not further improve the quality of the
implanted layers. The HRTEM micrograph for the co-implanted (A1-1) sample annealed
at 250°C for 30 min. is shown in figure 7.3(b). One of the most significant observations is
that the stacking fault density in the co-implanted sample is much lower than in the “As-
only” (A1-2), and “Ga-only” (A1-3) implanted samples. Figure 7.3(c) illustrates the
Raman spectra fqr the co-implanted (A1-1) sample. The peak at 268 cm™ is due to the
transverse optical (TO) phonon. The TO mode is forbidden for the <100> zincblende
structures. The TO peak observed in the unimplanted sample is most likely due to the
pseudo-backscattering geometry used. The as-implanted sample exhibits the amorphous
broad band which is in agreement with the TEM and RBS results. The LO peak in the
annealed sample is slightly shifted compared to that of the unimplanted sample. This is an
_ indication of the presence of defects. The ratio of intensities of the LO/TO peaks'in the 20
min. annealed sample is about half to that of the unimplanted sample. This indicates that
perfect epitaxially recovery has not been achieved.

It was necessary to determine if the improved crystalline quality achieved in the co-
implanted sample was attributed to the warming up to room temperature in b’etween the
implantation of the two species. For this reason, another set of co-implimted samples was

prepared which was maintained at LN, temperature for the entire implantation process
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Figure 7.3(c) Raman spectra of co-implanted (A1-1) samples annealed at 250°C for 10
and 20 minutes. The samples were implanted with 185 keV Ga ions to a total dose of
1.5x10"%/cm? and 200 keV As ions to a total dose of 1.5x10**/cm?. The spectra were
obtained by a multichannel spectrometer with 10mW laser power and 200-s integration.
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(Al-1a). The amorphous layer was about S5 nm. This result confirms the finding that
the co-implanted sample exhibits 2 thinner as-implanted amorphous layer than the "As
only" and "Ga only" samples. In addition it eliminates the possibility that the thinner
layer, as compared to the “Ga 6nly’ > and the “As only”, was due to the room temperature
warming effects during the implantation process. The RBS spectrum for the Al-1a
sample is presented in figure 7.4. It must be noted that this substrate was different from
the other ones in the A series. It was miscut by a few degrees and as a result it was very
difficult to channel the He" beam. The important features of the spectrum can still be
extracted, however. It is evident that the co-implanted sample regrew significantly during
the 250°C anneal. Again as in the case of the A1-1 sample, most of the regrowth
occurred in the first 10 min. of the anneal. Good epitaxial recovery was achieved for this
sample as indicated by the RBS backscatter spectrum. Analogous to the Al-1 sample
perfect crystalline quality material was not obtained. Summarizing, both co-implanted
samples (Al-1 and Al-1a) exhibited improved low temperature SPE regrowth as
compared to the non-stoichiometrically balapced implanted layers.

In order to isolate the ‘stoichi.ometric effects on the SPE regrowth of the implanted
GaAs layers it is essential to take into account conditions which affect the regrowtﬁ, such
as the previously discussed room temperature warming during implantation. Another
issue of fundamental concern is the thickness of the as-implanted amorphous layers. A
correlation between thickness of the amorphous layer and the residual defects remaining
after annealing has been suggested (Grimaldi et al. 1981). These authors observed that a

thinner amorphous layer regrows with less residual disorder. They extrapolated their
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Figure 7.4 1.8 MeV He" <100> aligned backscatter spectra for co-implanted sample (Al-
1a) annealed at low temperatures. The samples were implanted with 185 keV Ga ions to a
‘total dose of 1.5x10"3/cm?, and 200 keV As ions to a total dose of 1.5x10"/cm?.
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results and concluded that a 40 nm ion implanted layer can regrow "perfectly." More
recently reported values for this critical amorphous layér thickness are 30 nm ( Belay et al.
1995) and 60 nm (Hurle 1994). It has been observed that in the initial stage of SPE in III-
V materials, high quality single crystalline material can regrow about 60 nm from the
original crystalline/amorphous interface (Hurle 1994). In the subsequent stages, growth is
dominated by the formation of defects and dislocations, twinning, and by the nucleation of
randomly oriented crystallites in the implanted layer near the crystalline/amorphous
interface. Table 7.1 shows the thickngss of the amorphous layer as measured from TEM
micrographs fér the “As only”, “Ga only”, and co-implanted samples. In addition, the
thickness of the regrown layer which exhibited a high stacking fault density is shown m
the table. From thesé results,v it is apparent that‘ about 25 nm of “twin free” recrystallized ‘
material was observed only for the “Ga only” and éo-implanted samples. It appears that
the excess As in the “As only” sample was accommodated by stacking faults resulting in
the high density of these defects observed Ifrom the TEM micrograph.

Since the co-implanted layer had the thinnest amorphous layér, it can be argued
that the improved regrowth observed in the co-implanted samples was due to the thinner
as-implanted layer. To examine the effects of sfoichiometry on the SPE regrowth of ion
implanted GaAs, it was necessary to create thicker amorphous layers. The implantation
cqnditions for the thicker amorphous layer samples ("B" and "C" series ) are given in
Appendix I. As noted in the table, the "B" and "C" serjes samples have the same implant

conditions.
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It was observed that for the high doses chosen, high quality single crystal material
could not be obtained by the low temperature (250°C) SPE process for any of the'
samples. The spectrum for the “Ga-only” (B1-3) sample is illustrated in figure 7.5(a).
The as-implanted amorphous-layer thickness is about 132 nm After annealing at 250°C
for 10 min., regrowth occurred for approxilﬁately 10 nm. The regrowth is planar for the
10 and 20 min. anneal. ' After 30 min. the process is no longer dominated by a planar
movement of the crystalline/amorphous interface. Therefore, longer annealing times
(figure 7.5(b)) and higher temperatures were used to fully regrow the ion damaged layers.
The samples were anneaied at 250°C and 300°C for 4 hours and 20 min. each. The RBS
spectra show that the annealed samples still exhibited a large amount of residual disorder.
Since, the channeled yield x#1 the annealed layer is ﬁo longer amorphous. It is highly
defective single crystalline material. These temperatures were ir;suﬂicient to repair the
crystal damage. Samples were then annealed at higher temperatures (figure 7.5(c)). At
500°C, the crystalline/amorphous interface is non-planar. This phenomenon is distihctly
different from the SPE regrowth of <100> and <110> Si which exhibits a planar
crystalline/amorphous interface proceeding toward the surface. The non-planar

‘crystalline/amorphous interface may be due local variations of stoichiometry at the
interface. It has begn reported that local non-stoichiometric regions within the amorphous
layer in cpmpound semiconductors can lead to breakdown of the crystalline/amorphous
interface (Hurle et al 1994). Finally af 700°C the residual disorder is removed.

Since As is volatile in the high temperature range (greater than 500°C) it was

essential to determine if the annealing conditions result in degradation of the surface..
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Raman spectroscopy was performed on the high temperature annealed samples. An
unimplanted sample was annealed with the other 'samples (in the same ampoule) in order
to examine the effect the high temperature annealing had on the substrate. Figure 7.6
shows the spectra for an unimplanted sample. The ﬁnimplanted sample annealed for 1 hour
at 700;’C exhibits good crystalline quality. The ratio of the transverse optical (TO) to
longitudinal optical phonon (LO) is slightiy higher in the annealed case. Nonetheless, it
appearé from this spectrum that the anneaiing conditions did not result in surface
degradation.

RBS was performed on the high temperature annealed "As-only" (C1-2) samples
(figure 7.7(a)). The samples were annealed at 500°C, 600°C, and 700°C for one hour
each. Extensive regrowth occurred at the 500°C anneal as is evident from the spectrum,
though a large amount of residual disorder is still present. For the 600°C annealed sample
significant crystal defects are observed. For the 700°C annealed sample "perfect” epitaxial
recovery was achieved. The Raman spectrum for this sample is presented in figure 7.7(b).
The penetration depth- of the laser is about 60 nm. Therefore, all of the signal shoula
originate from the recrystallized layer. Valuable information can be extracted for
- comparison with the co-implanted sample which will be discussed later. The ratio of -
intensities of TO to LO peaks which is often used as 5 qualitative indication of the
disorder in the crystal is greater in the annealed case than in the unimplanted sample.
Consequently, it appears as if there is small amount of residual disorder. In order to
confirm the high single c&stal quality achieved in the 700°C annealed sample, electron

microscopy still needs to be performed on this sample.
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The improved SPE regrowth behavior observed in the low dose stoichio-metrically -
balanced samples at low temperatureg (250°C) was n;>t found for the high doses.
Analogous to the “Ga only” and “As only” implanted samples high temperature annealing
(>500°C) was required to remove the residual disorder in the co-implanted samples. Two
co-implanted samples were implanted with the same doses and energies. One sample was
kept at LN, temperature for the entire implant process (B1-1) and the other was allowed
to warm up to room temperature in between implant species (B1-1a). The as-implanted
thickneés of the B1-1a sample was about 10 nm less than the B1-1. This would be

_expected sincé some room temperature annealing occurred in the B1-1a sample.

A HRTEM micrograph for thei B1-1 as-implanted sar;lple is presented in .ﬁgure
7.8. The implanted region is completely amorphous, no regions of crystallites are present
as'in the case of the low dose samples. The RBS spectra (figure 7.9(a)) shows that the
regrowth proceeded in a planar SPE manner for the first 10 min.. This observation is
evident upon comparing the slope at the crystalline to amorphous interface step in the \
spectra for the as-implanted and ;mealed sample. In perfect planar SPE an RBS -
spectrum will show a crystalline/amorphous interface which proceeds to the surface with a
constant slope. After 20 min. of annealing roughening of the crystalline/amorphous
interface is observed. In the 250°C 30 min. annealed sample at the crystalline/amorphous
inferface, microtwins along the {111} were observed (figure 7.9(b)) in addition to

stacking faults in the recrystallized regions.
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Figure 7.8 HRTEM micrograph of co-implanted (B1-1) as-implanted sample. The
samples were implanted with 185 keV As ions and 185 keV Ga ions to a total dose of
3.0x10"/cm® and 3.10x10"/cm’, respectively.
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Figure 7.9 (a) 1.8 MeV He" <111> aligned backscatter spectra of co-implanted (B1-1)
sample annealed at low temperatures. The samples were implanted with 185 keV As ions
and 185 keV Ga ions to a total dose of 3.0x10"*/cm? and 3.10x10'/cm?, respectively. (b)
A cross-sectional TEM micrograph co-implanted (B1-1) sample annealed at 250°C for 30
minutes.
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The same regrowth behavior for low temperatures was observed in the B1-1a
sample as compared to the B1-1 sample. One of the differences between the two samples
is observed in the samples annealed at 250°C. At this low temperature the B1-1 sample
regrew about 10 nm further than fhe Bl-1a sample. Samples were annealed for longer
times (4 hours and 20 min.) and slightly higher temperatures (300°C) in order to
determine if the damage could be repafred given enough time at these temperatures. The
RBS measurements indicated that under these annealing conditions a large amount of
crystal disorder still remained (figure 7.10(a)). The HRTEM micrograph of the 300°C
annéaled sample reveals a high density of microtwins extending up to the surface (figure
7.10(b)). In addition, stacking faults are observed from 90 to 120 nm below the surface.

As is evident from these high dose results, low temperature annealing (250°C) is
insufficient to anneal the crystal damage in the co-implanted samples (in contrast to the
low dose case). The co-implanted samples (C1-1) were annealed at higher temperatures
(500°C, 600°C, and 700°C) for 1 hour each. A large amount of crystal recovery was
achieved after the 500°C anneal (figure 7.11(a)). After the 700°C anneal only a small
amount of residual defects remain. This result is confirmed by Raman spectroscopy which
shows that the 700°C annealed sample has a higher TO to LO intensity ratio as compared
to the unimplanted sample (figure 7.11(b)). As previously mentioned, the ratio of TO/LO
intensities can serve as indication of the crys£alline quality of the material. It is interesting

to observe that the ratio of the intensities of TO to LO is lower in the "As only" (C1-2)
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Figure 7.10 (a) 1.8 MeV He" <111> aligned backscatter spectra of co-implanted (B1-1)
sample annealed at 250°C and 300°C for 4 hours and 20 minutes. (b) HRTEM
micrograph of co-implanted (B1-1) sample annealed at 300°C for 4 hours and 20 minutes.
The samples were implanted with 185 keV As ions and 185 keV Ga ions to a total dose of
3.0x10"/cm’ and 3.10x10"/cm?®, respectively.
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Figure 7.11 (a) 1.8 MeV He" <111> aligned backscatter spectra of co-implanted (C1-1)
sample annealed at high temperatures. (b) Raman spectra of co-implanted (C1-1) sample
of as implanted and 700°C annealed samples. The samples were implanted with 185 keV
As ions and 185 keV Ga ions to a total dose of 3.0x10"/cm? and 3.10x10'¥/cm?, ‘
respectively.
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700°C annealed sample (figure 7.7(b)) than in the "co-implanted" sample (C1-1),
suggesting that the “As only” annealed sample was of higher crystalline quality.

The high dose study revealed that improved epitaxial recovery was not achieved in
the stbichiometrically balanced samples. These findings are in agreement with Belay et al.
(Belay et al. 1995). These authors reported that even though macroscopic stoichiometry
can be obtained by Ga and As co-implantation, due to the different recoils of the species
microscopic non-stoichiometry is present in tﬁe amorphous layer. (The Ga mobility is also
greater than As during annealing.) This microscopic non-stoichiometry increasés with
increasing total ion dose (Hurle 1994). This correlation is evident in the results obtained
in this study.

Uﬁon comparing the 700°C annealed “As only” and “Ga only” samples (figures
7.7(a)and 7.11(a)), it is apparent from the RBS spectra that the “As only” annealed sample
exhibited less residual defects. It has been found that excess Ga has more detrimental

effects on the SPE regrowth of amorphous GaAs than excess As (Belay et al. 1995).
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8. Conclusions

This systematic study has shown that low temperature (250°C) SPE of
stoichiometrically balanced ion implanted GaAs layers can yield good epitéxial' recovery
for doses near the amorphization threshold. For all of the samples annealed at 250°C most
of the regrowth occurred in the first 10 min.. In order to accurately determine regrowth
velocities and an activation energy for the process, further studies need to be performed at
the lower annealing tJemperatures and at shorter annealing time intervals. HRTEM
" revealed a much lower stacking fault density present in the co-implanted sample than in
the “As only” and “Ga only” samples with comparable doses. After low temperature
annealing the non-stoichiometric sémples exhibited a large amount of residual defects.
The SPE regrowth of amorphous GaAs layers implanted with higher doses was also
studied to determine if the enhanced epitaxial recovery observed in the co-implanted case
could be attributed to the thinner amorphous layer. For these high doses very high
temperatures (700°C) were needed to remove residual defects for all samples. The °
stoichiometrically balaﬁced layer did not appear to regrow better than the “Ga only” and
“As only” samples. This was explained by the effect of microscopic non-stoichiometry
whiéh is more pronounced at higher doses.

There are many issues which remain unresolved. For instance, it is unclear why
the co-implanted sample exhibited a thinner amorphous layer than the “As only” and “Ga
only” samples. It can be postulated that this may be attributed to room temperature

annealing. The effects of room temperature annealing on the thickness of the as-implanted
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amorphous layer were investigated for the iow dose study. The as-implanted amorphous
layer thickness was measured within th¢ time period of a year. It was fc;und that only the
ﬂco-implanted sample exhibited 'room temperature annealing effects. The amorphous layer
regrew about 5 nm. suggesting that stoichiometrically balanced amorphous layers can
regrow even at room temperature. This factor would indeed account for the disparity in
the observed amorphous layer thicknesses (see Table 7.1).

Another intriguing issue is the mechanism responsible for the solid phase
crystallizafion in (100)GaAs. Two cfystallization processes for amorphous layers which
have been proposed are nucleation and growth of randomly oriented crystallites (RNG)
and SPE. In puré amorphous Si, RNG becomes important only at extrémely high
temperatures. This is not observed for compound semiconductors. It has been reported
that these two crystallization processes in compound semiconductors compete at much
lower temperatures than in Si (Hurle 1994). For the low dose “As only” and “Ga only”
samples annealed at low temperatures, it appears that both of these mechanisms are active.
As mentioned previously for this amorphization threshold dose there remained crystallites .
in the amorphous layer for all of thé as-implanted samples. Annealing at 250°C showed
recrystallization from the surféce (RNG) and the bulk (SPE) for these samples. For the
co-implanted sample, the dominant mechanism involved is not as evident. More work
needs to be performed in this area to elucidaie the dominaqt recrystallization processes of

amorphous GaAs layers.
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Appendix I Implant Conditions

Sample Implant Ion Energy (keV) Dose(atoms/cm?)
Al-1% Ga 185 1.50x10"
Ga 75 2.50x10"
Ga 45 -1.75x10"
Ga 20 1.25x10"
As 200 1.50x10"
1As - {80 | 2.50x10
As . 50 1.75x10"
As 20 1.25x107
Al-la / Ga 185 1.50x10"
Ga 75 2.50x10% -
Ga 45 ~{ L.75x10"
Ga . 20 1.25x10"
. As 200 1.50x10"
. As 80 2.50x10"
As 50 1.75x10"
As 20 1.25x10"
| Al-2 As 200 3.00x10"
As 80 5.00x10"
As 50 - | 3.50x10"
As 20 — 2.50x10"
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Appendix I Implant Conditions

Sample Implant Ion Energy (keV) Dose(atoms/cm?)
Al-3 Ga 185 3.00x10"
| Ga 75 5.00x10"
Ga 45 3.50x10"
Ga 20 ~ 2.50x10"
B1-1(C1-1) Ga 185 3.10x10™
T Ga | 75 5.00x10"
Ga 45 2.60x10"
Ga , 33 1.00x10°
As 185 3.00x10"
As 75 4.90x10™
As 45 _z.so:.ao‘3
As 33 1.00x10"
Bl-1a* Ga 185 3.10x10*
B Ga ' 75 5.00x10”
Ga 45 2.60x10"
Ga 33 . 1.00x10"
As 185 . 3.00x10"
As 75 | 4.90x10"
As 45 2.50x10"
As 33 - | 1.00x10"
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Appendix I Implant Conditions

2

Sample Implant Ion Energy (keV) Dose(atoms/cm?)
B1-2(C1-2) As 185 5.60x10"

As 75 9.60x10"

As 45 4.80x10"

As 33 1.00x10"
B1-3(C1-3) Ga 185 6.00x10*

Ga 75 1.00x10*

Ga 45 5.20x10"

Ga 33 1.10x10"

note:  1)all implants are at entirely at LN; temperatures except "**. This implant was done at LN; but
the sample was warmed up in between implant species.
2)B and C series have the same implant conditions
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