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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 unquestionably 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 electricity is intermediate and strongly depends 

on doping Le., the presence of specific impurity atoms. Electrical resistivity values at room 

temperature for semiconductors range fiom loe2 to lo9 R-cm. In contrast to metals the 

electrical resistivity of undoped semiconductors strongly depends on temperature. Si and 

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

compound semiconductors. 
i 

An intrinsic semiconductor is essentially “fiee of impurities”. Conduction results 
* 

from the thermal promotion of electrons fiom 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, fiom the valence band produces holes which act &e mobile 

positive charge carriers. This intrinsic conduction at room temperature 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. 
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Extrinsic semiconductors are materials to which impurities have been intentionally 

added. These impurity additions are called dopants, and the process of adding these 

components is known 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 h k  an extra or missing 

valence electron, respectively. For instance, for GaAs if a column V I  element (e.g., Se or 

Te) substitutes an As site, it is a donor. Likewise, ifa 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 

on an 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 

precipitates) (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 semiconductors (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 
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gettering schemes. Second, diffusion profiles are simple in nature (they can be typically 

described with complementary error or Gaussian finctions). For complex dopant 

concentration profiles other techniques must be utilized. / 

For applications where a high reproducibility and sophisticated dopant 

concentration profiles are required, ion implantation technology offers many 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 concentration 

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 be careklly controlled since high temperatures can lead to df is ion of 

dopants and redistribution of dopant profiles. However, temperatures are lower and times 

are shorter for ion implantation doping than dfision 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 dfision. SPE proceeds at relatively low temperatures and it is widely used for 

the electrical activation of dopants in extremely thin ion implanted 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. 
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Extensive work has been pefiormed on the SPE of Si using self-ion implantation 

(Si amorphized 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 Garno et al. 1977) is not as simple an epitaxial process 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 work, I report on 

detailed studies of solid phase epitaxial processes of stoichiometrically 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. G-e. and GaAs 

Si and Ge are covalently bonded materials while GaAs 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. 
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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 

diagrams 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 Ep The band gap is the energy difference 

between the conduction band minimum and the valence band maximum. Iflight is shone 

on the semiconductor with photon energy greater than the band gap energy (1 - 1 eV for Si) 

the covalent bond can be broken. Subsequently, the electron is fiee to move within the 

- 

crystal. Direct and indirect gap semiconductors will be discussed in section 1.13. 

Another parameter which can be derived fiom the band structure is the effective 

mass. An electron in a solid travels with an effective mass which is Herent fiom the 

mass of a fiee electron. The effective mass of the carrier is inversely proportional to the 

curvature of the band, ($E/&)-'. The band structures in figure 1.1 show that the 

curvatures 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 <loo> directions in the Bruillouin zone. 

The constant energy surf'aces near the conduction band fminima are six ellipsoids with the 

long axes oriented along the <loo> axes. The effective mass of the electron has a 

longitudinal effective mass (along the axes) of 0.92- and a transverse effective mass 

(perpendicular to axes) of 0 . 1 9 ~  (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). 
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the fiee 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 4 1  1> directions. The longitudinal and 

transverse effective masses of the electrons are 1.59% and 0.082% respectively. 

A few of the important properties of Si and GaAs at room temperature are 

' 

presented in table 1.1. 

1.1.2 Electronic 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 the influence of an applied field, an electron is accelerated along the field 

direction. The net carrier velocity 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). 

where m, * is the effective mass of the electron and Tis the mean scattering time. The 

effective mass may be substantially different than the fkee electron mass. As already 

mentioned in the previous chapter, this is a consequence of the band structure of the 

semiconductor and the quantum mechanical nature of electron transport. From eq.(l) we 

- see that the electron drift velocity is proportional to the electric field. The proportionality * 
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1 

electron mobility (cm21Vs) 1417 

hole mobility (an2/%) 471 

electron effective mass 1.08m, 

hole effective mass O.Slm, 
electron mass) 

bandgap (eW 1.124 

crystal structure diamond cubic 

GaAs 

8800 

400 

0.068m 

1.42 

zinc blende 

- Table 1.1 Properties of Si and GaAs at room temperature (see for example KBejer 1992). 
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factor is called the mobility p. The mobility is a parameter which reflects all the 

interactions between the carrier and the crystal. The magnitude of the mobility is 

determined by the nature of the scattering events which the fiee carriers experiences in the 

semiconductor. Free carriers in a lattice can be scattered by lattice phonons, 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 fiee carrier by the applied field is 

much less than the random thermal velocity. At room temperature 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 driR velocity with 

electric fields for Si (figure 1.2(a)) and GaAs (figure 1.2@)). 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 = (nve)E 

Where q is the charge of the carrier, n is the carrier concentration, and f i  is the electron 

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

positive charge carriers. 
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Figure 1.2 Drift velocity as a kction of the electric field for (a) electrons and holes in 
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’ 1.1.3 Optical Generation and Recombination of Carriers 

Photogeneration is a process whereby electrons and holes are created. In 

photogeneration photons with an energy greater than Eg impinge on the semiconductor 

and create electrons and holes by exciting electrons from the valence band into the 

conduction band. In terms of the bond model, this mechanism can be visualized as 
- 

breaking bonds in the lattice and subsequently fieeing electrons. 

In recombination processes electrons and holes are mutually annihilated. Two 

kinds of recombination processes exists, radiative and non-radiative. In a radiative 

recombination event a photon is emitted with a fiequency of v=E,fi while in a non- 

radiative event phonons are created. The radiative efficiency of a semiconductor material, 

Le., the ratio of radiative recombination events and 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 event the energy released is equal to the band gap Egap=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 ffom the minimum of the conduction band to the top of the 

valence band occurs with no change in wave vector (momentum) (figure L3(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 required for 

recombination (figure 1.3(a2)). For the recombination event in figure 1.3(a2), an indirect 
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semiconductor requires a phonon for the conservation of momentum. Consequently in an 

indirect band gap material, this recombination event is a three particle process. This three 

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 to band-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 emitted in such event is well defined and 

leads to sharp photo-luminescent lines. Their energy depends on the position of the 

shallow state within the band gap ( ~ V = E ~ ~ - ~ ~ ~ , + ) .  

* 

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 recombination 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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(d) (e) . 

Figure 1.3 E-k diagram of e l d o n  transitions fiom 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 1 

semiconductor materials: (6) band-to-shallow state transition; (e) recombination at a state 
deep in the band gap; (d) an Auger recombion process; (e). a mdtiphonon process 
(the first and last transitions are shown to be radiative) (Grovenor 1989). - 
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1.2 G a h  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 fiom 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 dffision 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. 

Ifa forward bias voltage (V,) is applied to the p-n junction the barrier (AE) is 

reduced (figure 1.4@)). It is found that under this forward bias condition the net current 

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

I=Io exp-- ( 2.9 (3) 

E a  reverse bias is applied to the p-n junction the barrier is increased (figure 1.4(c)). For a 

large reverse bias voltage the current in the p-n junction is limited by the reverse current 

(electron flow fiom 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 junction 

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

14 



n-type 

Figure 1.4 Band structure of a p-n junction (a) at equilibrium, @) 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 r e m  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 chosen 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 

conservation. Inversely, electron and holes can be injected into a GaAs diode and can 

recombine to generate photons. It is this efficient photon generation which has made 

GaAs and its many alloys one of the most important semiconductor 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 foIlowing diagram (figure 1.5). In a MESFET, the n-channel is 

fabricated by epitaxially growing a lightly n-doped GaAs layer on the semi-insuiating 

substrate. 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 
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/Schottky-barriar gate (under revem bias) 

Depletion regIon 

Figure 1.5 Schottky-bder gate, field-effi transistor. Current flowing &om drain to 
source is modulated by the gate voltage Vp The source &d 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 flowing through the undepleted 

region of the channel can be reduced by the applying a reverse bias at the gate electrode. 

With a sficiently 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 about 1.5 times that of the Si saturation velocity (Swaminathan 

1991). 

1.3 Solid Phase E D i t q  and 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 siigle crystal substrate serves as a template 

(Csepregi et al. 1975). In the process of turning amorphous semiconductors crystalline 

SPE also activates 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 filly amorphized by ion implantation and regrown by solid phase epitaxy 

(Crowder 1970) than when Si is only damaged but not amorphized. The implanted 

dopants are electrically activated at lower temperatures 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 undesirable impurities. Epitaxial regrowth of Si ion implanted 

amorphous layers on Si occurs at temperatures around 500°C (Crowder 1971). For 

<1 lo> and <100>oriented Si, a linear regrowth rate is observed for isothermal anneals. 

Studies have shown that the epitaxial regrowth of ion implanted (100) Si layers result in 

almost defect fiee material (Csepregi et al. 1975). 

In compound semiconductors, it has been found that the SPE process is more 

complicated. During reordering in the semiconduttor, the individual constituents must 

incorporate themselves on the correct lattice sites as the ciystalline/amorphous interface 

proceeds towards the surface. For SPE regrowth of GaAs, a 1: 1 &:As ratio is required 

at the crystallinehmorphous interface for perfect epitaxial regrowth to occur. During ion 

implantation, recoils fiom the Ga and As atoms display a different energy distribution 

because of the different masses of Ga and As. This leads to a stoichiometric imbalance at 

the crystallinelamorphous interface which affects the quality of the epitaxial regrowth. It is 

believed that the deviation fiom stoichiometry results in microtwins, stacking faults, and 

other defect structures (Narayanan i d  Kachare 1974; Kular et al. 1980; Grimaldi et al. 

1982; Bhattacharya et ai. 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 order 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 500OC (-10 min.). Temperatures greater than 7OO0C, however, are 

required for the fill electrical activation of the implanted ions (Ryssel and Ruge 1986). 

The optimum annealing conditions for GaAs (Rirnini 1995) are higher temperatures 

(90OoC-95O0C) 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 l~ lO '~ /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 Backscattering Spectrometry (RBS). The electrical activation was determined 

fiom 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 dopant species 

and one crystal sublattice species help in forcing the implanted impurities to one sublattice 

in the m-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 &:As is 

no longer maintained. Heckingbottom (Heckingbottom et al, 1973) proposed matched 

dual implants to circumvent this stoichiometry problem. 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 iniplant 
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quantitatively 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 specifled 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 5 ~ 1 0 ' ~ / c m ~  and 5 ~ 1 O ' ~ / c m ~  and 

various dose rates were eo-implanted with C. The authors observed that for each dose 

and a given dose rate the maximum sheet carrier concentration was obtained with the Ga 

co-implant s. 
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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 objective of this research was to understand the role of stoichiometry in the 

SPE regrowth of ion implanted GaAs. By understanding the epitaxial process, it may 

become possible to determine implant conditions which could lead to greater electrical 

activation of ion implanted DI-V layers. 

1.4 Previous Studies of SPE in GaAs 

Due to the different masses of the constituents of a compound semiconductor, the 

maximum energy transfer and the recoil ranges of each element are different. As a result, 

implantation 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 fiom stoichiometry. 

Two of the problems encountered with the SPE regrowth of III-V compound 

semiconductors are the evaporation of group V elements at temperatures 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, in principle, sit 

on either sublattice. This is a problem when one wishes to introduce a dopant onto a 

specific sublattice, and create either a p-type or a n-type layer. E 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 sufiicient condition for the electrical activity 

of the implanted layer. 

A firther 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 findamental 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 l0l6/cm2 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 fiee canier 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 diffbsion of the implanted species. 

Currently, one of the foci of ion implantation research is to devise better methods to 

. 

activate the implanted 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 fkee carriers and 

carrier mobilities are decreased. 

Energy loss processes 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 ions can be calculated accurately by the 

Lindhard, S c h a  and Schiertt ( L S S )  theory. This theory has been reviewed in detail in 

the literature (Malik 1988). This theory finds that nuclear stopping is more important than 

electronic 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 the characteristic 

energies El and E2 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 colIision problem between charged particles with an 

appropriate screening factor to take into account the surrounding electrons. Over the 

range considered, nuclear stopping is generally not a strong fbnction of the energy of the 

projectile. For an amorphous target, nuclear stopping results in a distribution 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: 
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Figure 2.1 .Rate of energy loss (Wdx) versus kdnergy)'/2 showing nuclear and electronic . 
loss contributions m y e r  1990). 
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Table 2. I Characteristic energies El and & corresponding to the msuCima in d e a r  and 
electronic energy loss distributions in figure 2.1 Wyer 1990). 
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where p is the implanted dose (atoms/cm2), o,is the standard deviation in the projected 

range, and Rp is the projected range. The above distribution assumes that the target is 

amorphous and ignores any channeling effects. The projected range 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 firther 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 nonchannelhg direction. In this manner, the crystalline target approximates 

an amorphous target. High dose 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 implant is crucial because it. affects the dfision of both the implanted ions and the 

defects. 

2.2 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 mobfity. In 

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



electrical activity of the dopants. Consequently, residual defects can S e c t  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 findamental types of defects, vacancies, self 

interstitials, and anti-sites. These are point or 0-D defects. A vacancy-interstitial pair is 

called a Frenkel defect, and a vacancy alone is called a Schottlcy defect. In compound 

semiconductors, there are two types (cation and anion) of vacancies, interstitials, and anti- 

sites. Point defects can foim 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 fi-om the 

clustering of seif-interstitials. Whereas, intrinsic stacking faults are due to the clustering of 

vacancies. Dislocations are non-equilibrium defects. After implantation and annealing, 

I 

dislocations can form dislocation networks and dislocation loops. These defects can be 

detrimental especially ifthey 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. 

2.3 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. Ifthe 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 

vacancies created in the target per incident ion. In ion implantation, the energy deposited 

in nuclear collisions is a measure of the damage primarily 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 and create 

vacancies (Wesch et al. 1989). The primary defects 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). 

For ion energies 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 fiom the center of the cascade 

leaving a zone rich in vacancies and a surrounding region rich in interstitials. Depending 

' 

on the target temperature, some reordering can occur by local diffusion of point defects. 

At low doses (less than 1012/cm2), bombardment with heavy ions results in individual 

isolated damage regions around each ion kack with a very small probability of cascade 

overlap. In the case of high doses (greater than 10'4/cm2), complete overlap of damage 
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Figure 2.2 Vzgieties 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 interf‘ace, isolated damage regions are formed called “end of range” 

damage. Figure 2.3 illustrates the damage upon bombardment with heavy ions at low 

doses and heavy doses. 

As stated previously, the displacement energy for Si can be estimated fiom the 

threshold energy for electron damage to be about 14 eV (Bauerlein 1962). The damage 

distribution can be calculated using the deposited energy density. Using the modified 

Kinchi-Pease relation (Kinchin et al. 1955), the total number of displacements in the 

implanted volume is given by: 

co 

0.85 v(E,x)clk 

where Ea is the displacement energy, t(E,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 2 E d  . 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 

ion. This is due to the fact that the ions come to rest beyond the range in which they 

displace the atoms. 



Figure 2.3 Damage produced by bombardment of heavy ions for (a) low doses and @) 
high doses (Rimhi 1995).. 
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2.4 Ion Implantation Damape and Amorphization of GaAs 

During ion implantation, if sufficient energy is deposited into nuclear collisions a 

phase transformation fiom crystalline to amorphous will take place. One model used to 

describe the amorphization process is the critical damage energy density (CDED) model 

(Stein et al. 1972). The threshold damage density (TIID) is the amount of nuclear 

deposited energy required for amorphization. Values of TDD derived from 20 keV Si 

(dose of l~ lO '~ /cm~,  LN2implant) implantation into Si and GaAs were reported as 

1.6~10~ '  keV/cm3 and 3.3~10~'  keV/cm3, 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 increased, the individual damage 

clusters overlap to form a continuous amorphous 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 fiom Rutherford Backscattering Spectrometry 

measurements. From the figure, it can be observed that at a dose of 5 ~ 1 0 ' ~  ions/cm2 

complete overlap occurs and an amorphous layer is formed, 

The critical dose for aqorphization depends on the ion mass and the implant 

temperature (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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Rgure2.4 The dose dependence of the lattice disorder as measured by channelbg RBS 
produced by 120 keV Se implantations at room temperature @hattachaya et d.,1982) . .  
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temperature implants (e.g., LN2) the damage is "fiozen in". The low temperature limits 

the mobility of point defects suppressing self-annealing. Whereas, in room temperature 

implants the damage decreases due to defect annealing. This has been discussed in the 

literature (J3hnhi 1995). In the case of light ions, for implantation at high substrate 

temperature (Le., higher than room temperature) the defect concentration may never 

reaches the critical defect concentration to produce the amorphous phase. 

consequence, at higher implant temperatures a higher energy deposition is required to 

create an amorphous layer than at Iower implant temperatures 

As a 

Summarizing there are two proposed mechanisms for amorphization. In the first 

model discussed amorphization occurs by damage accumulation. When the 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, W a n d  GaAs at room temperature (Ryssel and Ruge 

1986). 
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Semiconductor Element Massofthe IonEnergy Dose 

Si B 11 200 8~10'~ 
P 31 I200 6x10" 

main isotope &eV) (cm-2) 

Sb - 122 I300 1~10'~ 
GaAs zn 64 I 70 SXlO* 

Cd 114 I 60 3 ~ 1 0 ~  - 
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2.5 TransDort of Ions In Matter (TRIM) 

TRIM (Ziegler et 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 simulating the ion bombardment in solids. Both of 

which have been reported in the literature (Rimini et al1995). 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. Ifthe target structure is assumed to be random, 

the next collision atom for the incoming ion is found fiom a random selection process. 

In the Monte Carlo Method the individual collision cascades are simulated. The 

results are averaged fiom 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 are 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 interstitial (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 recoihg 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. 

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 deff ection 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. 

The incident ions are 

Consequently, lattice disorder due to the electronic collisions is negligible. The 

distribution of the deposited 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 account 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. 

I 

41 



12.00 0.001 0 

h. 
E 8.00 

5 

i5 
w’ 4.00 

s 
& 
8 
8 
0 
-I 

a 

0.00 

0.00 lOOO.00 - 2000.00~ 
thickness(A) ’ 

O.oo00 

3oO0.00 

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. 
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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 fiom the amorphous to crystalline phase. The driving force for the 

amorphous to crystalline transition is the lowering of the fiee energy of the material. 

3.1 Regrowth Kinetics in Si 

Solid phase epitaxial regrowth occurs in Si at about 5OOOC. The amorphous layer 

recrystallizes by a movement of the planar crystallidamorphous interface. Dopants 

become partially or totally activated as they get incorporated into the advancing 

recrystallized region. The regrowth velocity vg is given by: 

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

illustrates solid phase epitaxial regrowth Si layer amorphized by Si implantation on <loo> 

Si. The total dose was 8~10’~/crn~ and implants were done at LNZtemperature. The initial 

amorphous layer thickness was approximately 460 nm . The samples were preannealed at 

400°C for 60 min., then annealed at 500°C for various annealing times. 

Reported values of the activation energy for the SPE process of amorphous Si 

layer created by Si implantation in Si vary fi-om 2.76H.05eV (Olson and Roth 1988) to 

2.35a.leV (Csepregi 1978). It is interesting to note that the recrystallization of 

amorphous layer is strongly orientation dependent as demonstrated in figure 3.2. An 

Arrhenius plot of the regrowth velocities for the different orientation shows that SPE in all 

. 
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Figure 3.1 SPE regrowth of <lOO>Si self-implanted with Si. The total dose was 
8~10'~/cm~ and the implant was perf'ormed at LN2 temperatures. The samples were 
aimealed at 500°C for v&ous time intervals (Csepregi 1978). 
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' (Mayer 1990). 
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orientations have the same activation energy but significantly different prefactors (e.g. 

very different regrowth velocities). For the <110> and <loo> oriented Si, a linear 

regrowth velocity has been reported (Csepregi et al. 1977). The authors observed a 

nonlinear regrowth velocity for the <11P  oriented Si. 

Csepregi et al. (Csepregi et al. 1975) observed in Si implanted in < 1 1 P  Si, that 

the regrown layer contained a high density of defects. Transmission Electron Microscopy 

(TEMJ showed stacking faults and microtwins. 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 @inhi 1995). In the (1 11) 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 or with a 

twin orientation. 

3.2 Remowth Kinetics in GaAs 

Annealing is required for the dopants to become electrically active and to 

restore crystalline order. Post implantation annealing temperatures of about 80O-95O0C 

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 150-4OO0C, in this temperature 

range recrystallization takes place leaving behind microtwins and stacking faults. Stage 11 

occurs at 400-500°C. During this stage, microtwins and stacking faults are annealed out. 
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Stage III occurs at temperatures 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 epitaxy (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 (1OO)GaAs 

at two doses. The low dose and high dose were 5 ~ 1 0 ' ~ / c m ~  and Z~lO'~/crn~, respectively. 

The implants were done at LN2 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 18OOC for 10 minutes. The SPE behavior for the 

lower dose sample is similar to the SPE observed in Si, namely a planar 

crystalline/amorphous interface advancing to the surface. For the sample implanted with 

the high dose, annealing temperatures of 600°C were required to obtain good crystalline 

quality. From the RBS spectra from the sample annealed at 250"C, it appears that the 

crystalline/amorphous interface is nonplanar during SPE. 

Gam0 et al. (Gam0 et al. 1977) have suggested that the difference in regrowth 

behavior between Si and GaAs is attributed to 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 dfision of the Ga and As, necessary to 

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 regrowh 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 (a)5x10B Ar/cm2 and @ ) Z X ~ O ' ~  Ar/cm2 implanted 
(1OO)GaAs. The 13OOC anneal in (a) is for 15 min, all others are for 10 min. duration. 
The dotted curve in (a) is for unimplmted GaAs. The GaAs was encapsulated for the 
6OOOC anneal in (b). 
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4. Influence of Implantation Parameters on Damage Distribution 

Parameters which s e c t  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 semiconductors than in 

elemental semiconductors. 

Wender et al. (Wender et al. 1989) observed that for weakly damaged (not 

amorphous) ion implanted Ga& 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 10'4/cm2 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 effects the damage for room temperature implants 

of Si in Gah. 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 LN2 

implant temperatures the amount of damage does not depend on dose rate. This is 

attributed to the fact that at low temperatures the point defects are Yrozen in". At very 

low temperatures 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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Figure 4.1 Dose rate effects of the damage of Si implanted in GaAs at room temperature. 
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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 LN2 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 (figure 4.2), and alters the nature 

of the damage structure by the formation of defect complexes. 

For room temperature implants ifthe dose rate is too high, heating effects c q  

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 can lead to the formation of dislocation loops and defect clusters. The 

authors observed that these defects were much harder to 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 LN2 temperature implants. 

It has been observed that amorphous layers produced by LN2 temperature impltints 

are more easily reordered than similar layers produced by room temperature implants 

(Wiiams et al. 1980; Wrick et al. 1981). For the LN2 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 species is also an important parameter. W c k i  et al. 

(Krynicki et al. 1991) found for Cd implanted in GaAs at room temperature, as the ion 
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Figure 4.2 RBS spectrum for 100 keV Ar implanted in GaAs to a dose of 8 ~ 1 0 ' ~ / c m ~  at 
implanted at LN2 and room temperature (Poate et al. 1984). 
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energy decreased the critical energy density (CDED) for amorphization increased as 

illustrated in table 4.1. The authors suggest that a higher CDED is required at lower 

implant energies because the defects are closer to the sufiace. As a result, for room 

temperature implants the defects can d f i s e  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 @eW Critical Energy Density (eV/cm3) 
X l P  

20 1.75 

40 1.80 
1 

80 1.47 I 
120 L15 

TabIe 4.1 Values of critical energy density fir amorphidon as a hction of implant 
energy for Cd implanted in GaAs at room temperature (Krynicki et at. 1991) 

55 



5. Characterization 'Techniques 

5.1 Rutherford Backscattering Spectrometry @on-channeled and channeled) 

5.1.1 

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

Basic Principles of Rutherford Backscattering Spectrometry (RB SI 

the MeV energy range. The high energy beam (1-2 MeV) of monoenergetic colthated 

light ions @, 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 aerid density, and impurity distributions in thin films. 

Some of the advantages of this technique include the following: (1) it is 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 @BS) are Chu et 

al. 1978, Rimini 1995, Tesmer et al. 1995, and Schroder 1990. 

Channeling RBS on a single cry&l substrate allows for the determination of the 

lattice location of impurities, evaluation of crystalline quality, and the depth profile of 

lattice damage. For channeling RBS the sample is mounted on a goniometer. Figure 5.1 

is a schematic 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 4 

(rotation about the crystal normal). 

0 
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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 MI, atomic number Z1, and energy Eo. M2 and Z2 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 

small fiaction 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 ahd momentum the kinematic relationship can be computed. The 

kinematic factor is defied as the ratio of the projectile's energy after the collision to its 

energy before the collision @/EO) and is given by: 

where R is defined by M1/M2 and 0 is the scattering angle. In order to obtain high mass 

resolution the kinematic factor should be as large as possible. This can be achieved 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 E1 can be measured and 0, Eo and M1 are known parameters. 
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. Figure 5.2 Schematic illustration ofRBS setup. 
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The relative number of particles backscattered fiom a target atom into a given 

solid angle R for a given number of incident ions is related to the differential scattering 

cross section (Chu et al. 1978): 

E is the energy of the projectile particle immediately before scattering. Typical values for 

scattering cross section of He particles are 1 to 1 0 ~ 1 0 ' ~  cm2/sr. Since do/d!2 can be 

accurately calculated quantitative measurement can be achieved by RBS. The scattering 

cross section is proportional to the square of22 (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 called the backscattering yield) gives the total number of 

detected ions or counts. The backscattering yield can be calculated as follows: 

f 

A= &QNS (10) 

R is the detector 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 fiom the bulk will have Iess 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 

' 

60 



Figure 5.3 Schematic diagram of sample relative to the incident beam. The incident 
energy of the beam is &. The particles backscattered from a depth x f?om the sufface exit 
the sample with El(x). 
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traverse a distance x fiom the target surface. The projectile particle at a depth x below the 

sample surface loses energy on its way in (a) and on its way out after it is backscattered 

(E,,,,& Using these energy loss processes RBS can be used to determine the thickness of 

layers. The detected energy of the projectile ions backscattered fiom target atoms at a 

depth x which reaches the detector is given by: 

It is a ratio of the measured backscattered energy to the incident energy of the analyzing 

ion. The f lm thickness can be calculated fiom the energy difference fiom the projectile. 

ions backscattered from the surface and the interfkce AE: 

S is the backscattering energy loss factor. S=N[&] where N is the volume density and [E] 

is known as the backscattering stopping cross section factor. Values for the energy loss 

factor for He" ion in various materials are well Gown 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 [SI 

should be maximized. The backscattering energy loss fhctor can be maximized by using 

the glancing exit angle geometry where 62 is large. In this geometry, the detector is placed 
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at a glancing exit angle (O-lOOOwith 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 

sample measured perpendicular to the surface. 

5.1.2 Ion Channeling 

Channeling is a steering effect resulting fiom the Coulomb repulsion between the 

positive charged projectiles and the target atoms along rows or planes in a single crystal. 

Due to the steering action, 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 5.4. 

The critical angle for channeling is given by: 

Z1 and22 are the atomic numbers of the projectiles and target atoms, respectively. The 

spacing between the planes is given by d and e is the electronic charge (e~1.44~10-~”cm 

MeV). Ions entering near the center of a channel are steered within the channel ifthey 

are within the critical angle given in eq. 13. For MeV 4He 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 performed on a 

single crystal substrate. Channeling RBS has been used extensively to study solid phase 
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Figure 5.4 Illustration of channeling in a material. 
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epitaxial regrowth of ion implanted semiconductors. This technique has been reviewed in 

many references (Rimini 1995, Tesmer and Nastasi 1995). 

Whether the thin f3m is amorphous or single crystal can be determined fiom 

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 becoming 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 crystalline/amorphous interface where channeling begins. The channeling yield from 

the substrate appears greater than that of a perfect single crystal because a larger ii-action 

of the particles in the beam are dechanneled due to scattering when traversing the 

amorphous layer. 

An ion beam aligned with a single crystal can be dechanneled by defects in the 

crystal. The ratio of dechannehg 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 amorphous 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 

amo@hous layer, and a defective crystal. The surface peak for the aligned spectra 

corresponds to the scattering from the surf.ace oxide layer. 
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Figure 5.5 Channeling in (a) nearly perf i i  crystal, @) 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 (Y = 0) 
random yield (Y > Yc) x =  

x is a measure for the fiaction of dechanneled ions. The rate of change of x with depth is 

proportional to the concentration of displaced host atoms.- For an amorphous or 

polycrystalline material x is one. In channeling RBS, an abrupt interface is indicated by a 

sharp step in the aligned spectrum. 

5.2 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 scattering. 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 Stokes 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 are strongly temperature dependent, since the number of phonons depends on 

the lattice temperature. For a one phonon process, conservation of energy and momentum 

yields: 

w s = q  +wq (15) 
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where “s” is the scattered photon, ‘5“ is incident photon, and “q” is the phonon. “k” and 

“qYy are the photon and phonon wavevectors, respectively. “ay’ is the frequency. Due to 

the fact that photon wavevectors 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” 
I 

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 disorder, 

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 swing 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, 3~10’~/crn~, broad bands characteristic for amorphous material were 

observed. 

In another study (Braunstein 1989) where I MeV Si ions were implanted in GaAs 

at different doses (see figure 5.7), in addition to the LO peak, a transverse optical (TO) 

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 
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Figure 5.6 Raman spectrum for lOOkeV Si implanted in GaAs for various doses (Desnica 
et al. 1992). 
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Figure 5.7 Raman spectra for 1 MeV Si implanted in GaAs for various doses (Braunstein 
1989). 
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due to the pseudobackscattering geometry used andlor residual disorder. 

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). 

Our 

* 
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5.3 Transmission Electron Microscopy 

In Transmission Electron Microscopy (TEW 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 dEaction pattern in 

the back focal plane and an image is formed in the image plane. In the image mode, the 

daaction lens is focused on to the image plane. Lenses are used to ma@ the image. 

For the diffraction mode, the dfiaction lens is focused onto the dfiaction plane. 

There are two methods for imaging in the “FM, 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 many dfiacted beams are allowed to contribute 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 (HRTEIQ also called lattice imaging, yields structural information at the. 

atomic level. It is widely used for intefice analysis. Further information on TEM and 

HR.TEM can be found in the references @rundle et al. 1992; Schroder 1990, Loretto 

1994). In this work, cross-sectional transmission electron microscopy was used to 

determine the position of the crystallinelamorphous intefiace and to obtain a detailed 

structure of the interfacid region. 

73 

- .  



6. Experimental Conditions 

6.1 Sample Preparation 

6.1.1 ImDIant 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 fiom the sufiace (see 

figure 6.1). If the amorphous layer does not extend all the way to the surface, the 

regrowth can take place fiom both the surface and the bulk. As a result, a buried 

disordered layer can be formed. 

Substrates used for the experiment were commercial semi-insulating (100)- 

crystals grown by the liquid encapsulated Czochrdski technique. The samples were 

solvent cleaned prior to implintation. Some of the samples were epi-ready and no solvent 

cleaning needed to be performed. Any extra cleaning would introduce contaminants. The . 

samples which were solvent cleaned were boiled in trichloroethane, acetone, 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 implantation. 

Most of the samples were implanted at LN2 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. 

Furnace annealing was performed in a horizontal tube fbmace. For the high 

temperature anneals (greater than 5OO0C), 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 Nz. 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. Sealing was done with a hydrogen torch. All 

samples were annealed in flowing N2. For the high temperature anneals the sealed 

ampoules were annealed in flowing N2. 

6.2 Characterization 

. 

6.2.1 

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

Rutherford Backscattering; SDectrometrv (RB S 1 

Berkeley National Laboratory. The ion beam was generated by a 2.5 MeV Van de G r d  

electrostatic accelerator. In these eqeriments a 1.8 MeV He" beam was used. Two . 

silicon surface barrier detectors 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 <loo> or 4 11> diections. An electron 

suppression shield biased at -900V is used to suppress any secondary electrons. For each 

spectrum about 4pC of charge was collected at a beam current of about 1OnA. To 
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minimize ion damage, after obtaining the channel by tilting and rotating 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 fight. 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 fight 

normal to the sample was collected by a camera lens and the image focused onto to the 

entrance slit of a single monochromater. All Raman spectra were collected at room 

temperature. 

6.2.3 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEMJ 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 LN2 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 much 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 temperature SPE of 

the implanted GaAs layers. 

The critical damage density required to make a layer amorphous is called the 

amorphization threshold. The Iow 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 perfbrmed 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 Asy 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 3~10’~ions/cm~ is shown in figure 7.01 The total damage density (left y-axis of 

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 surfkce than the peak 
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Figure 7.0 Trim calculations for 185 keV Ga ions implanted in G a h  with a total dose of 
3x1OU/cm2. The total damage density distriiution (IeR y-axis) and the concentration of 
implanted Ga ions (right y-axis) are shown. 
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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 suf€icient 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-l)y "As only'' (Al-2) and 

"Ga only" (Al-3) were 3 . 2 ~ 1 0 ~  eV/cm3, 2.8x1OZeV/cm3, and 2.3~10~eV/cm~, 

respectively. It is .evident fiom these results that a higher deposited energy density is 

required to amorphitize the co-implanted sample than the "As only" and "Ga only'' ' 

samples. 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 (l3elay et al. 

1995). These authors found that this critical energy density was independent of most 

implant parameters. 

Cross-sectional "EM 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 <loo> aligned RBS spectra for the "As-onlf' implanted sainple (Al-2) with a 

total dose of 3x1013iondcm2 under various annealing conditions are shown in figure 

7.l(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 
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Sample amorphous Iayw thickness thickness of regrownlayer 
(nm) WithEghstaCkingfaut 

dcnsity(nm) 
Al-1 52 27 

A1-2 58 51 . 
A13 5% 31 
; 

Table 7. I Values of thicknesses for the amorphous layer and the regmM layer (a high 
stacking Wt density) fix the'% only" (AM), "Ga only" (A1-3), and c o - i m p m  (AI- 
1) samples. 

.. 
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Figure 7.l(a) 1.8 MeV He+ <loo> aligned backscatter spectra for "As only" (Al-2) 
sample annealed at low temperatures. The samples were implanted with 200 keV As ions 
to a total dose of 3~10'~/crn~. (b) HRTEM micrograph of "As only'' (Al-2) 25OOC 30 
min annealed sampIe. 
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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 iUn below the surface. HRTEM was performed on the 250°C 30 min. 

annealed sample (figure 7.1(b)). A high density of stacking faults is observed ranging 

fi-om 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 broad band 

is observed. The regrowth behavior observed in the “Ga only” (AI-3) sample (figure 

7.2(a)) is similar to the “As only” sample. SPE takes place at temperatures as low as 

150°C. For the 10 min. anneal at 250°C about 40 nm of defect-f?ee 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 appears not to improve the epitaxial quality of the layer. The TEM 

micrograph for the 250°C 30 min. annealed “Ga-only” (Al-3) sample is shown in figure 

7.2(b). From the surface to about 20 nm the regrown layer contains defects. A high 

density of stacking faults are observed in the layer from 20 to 70 nm from the surfhce. 

The RBS spectra for the co-implanted sample (Al-1) are displayed in figure 

7.3(a). Similar to the “As-only” (Al-2) and “Ga-only” (Al-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" <loo> aligned backscatter spectra for "Ga only" (Al-3) 
sample annealed at low temperatures. The samples were implanted with 185 keV Ga ions 
to a total dose of 3~10'~/crn*.(b) A cross-sectional TEM micrograph for the "Ga only" 
(Al-3) sample annealed at 250°C for 30 minutes. 
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Figure 7.3(a) 1.8 MeV He" <loo> aligned backscatter spectra for co-implanted sample 
(Al-1) annealed at low temperatures. The samples were implanted with 185 keV Ga ions 
to a total dose of 1.5x10"/cm2, and200 keV As ions to a total dose of 1.5~10'~/cm~. (b) 
HRTEM micrograph of co-implanted (Al-1.) 250°C 30 min annealed sample. 
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samples after the 5 min. 2OOOC anneal the co-implanted sample is no longer amorphous. 

Signiscant regrowth occurs in the 5 min. anneal at 2OOOC 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 temperaturey longer annealing times do not firther iniprove the quality of the 

implanted layers. The HRTEM micrograph for the co-implanted (Al-1) sample annealed 

at 25OOC for 30 min. is shown in figure 7.3(b). One of the most significant observations is 

that the stacking hult density in the co-implanted sample is much lower than in the “As- 

only (A1-2), and ‘‘Ga-onlf’ (Al-3) implanted samples. Figure 7.3(c) illustrates the 

Raman spectra for the co-implanted (Al-1) sample. The peak at 268 cm” is due to the 

transverse optical (TO) phonon. The TO mode is forbidden for the <loo> zincblende 

structures. The TO peak observed in the unimplanted sample is most likely due to the 

pseudo-backscattering geometry used. The as-implanted sampIe 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 Lon0 peaks in the 20 

min. annealed sample is about halfto that of the unimplanted sample. This indicates that 

perfect epitakially recovery has not been achieved. 

It was necessary to determine ifthe improved crystalline quality achieved in the CO- 

implanted sample was attributed to the warning up to room temperature in between the 

implantation of the two species. For this reason, another set of co-implanted samples was 

prepared which was maintained at LN2 temperature for the entire implantation process 

4 
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Figure 7.3(c) Raman spectra of co4mplanted (Al-1) samples annealed at 25OOC for 10 
and 20 minutes. The samples were implanted with 185 keV Ga ions to a total dose of 
1.5~10'~/crn~, and200 keV As ions to a total dose of 1.5~10'~/crn~. The spectra were 
obtained by a multichannel spectrometer with 10mW laser power and 200-s integration. 
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(Al-la). The amorphous layer was about 55 nm. This result confirms the finding that 

the co-implanted sample exhibits a 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 only" and the "As onlf', was due to the room temperature 

warming effects during the implantation process. The RBS spectrum for the Al-la 

sample is presented in figure 7.4. It must be noted that this substrate was different fiom 

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 25OoC anneal. Again as in the case of the Al-1 sample, most of the regrowth 

occurred in the first 10 min. of the anneal. Good epitaxid 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. Summarizingy both co-implanted 

samples (Al-1 and Al-la) exhibited improved low temperature SPE regrowth as 

compared to the non-stoichiometrically balanced implanted layers. 

In order to isolate the stoichiometric effects on the SPE regrowth of the implanted 

GaAs layers it is essential to take into account conditions which affect the regrowth, such 

as the previously discussed room temperature warming during implantation. Another 

issue of findmental concern is the thickness of the as-implanted amorphous layers. A 

correlation between thickness of the amorphous layer and the residual defects remaining 

afker 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- 
la) annealed at Iow temperatures. The samples were implanted with 185 keV Ga ions to a 

:total dose of l.5x10u/cm2, and200 keV As ions to a total dose of 1.5x1OU/cm2. 
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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 layer 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 lII- 

V materials, high quality single crystalline material can regrow about 60 nm fi-om the 

original crystalline/amorphous interfkce (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 

intefiace. Table 7.1 shows the thickness of the amorphous layer as measured ftoh TEM 

micrographs for 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 in 

the table. From these results, it is apparent that about 25 nm of "twin free" recrystallized 

material was observed only for the "Ga only" and co-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 f?om the "EM micrograph. 

Since the co-implanted layer had the thinnest amorphous layer, 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 stoichiometry on the SPE regrowth of ion 

implanted GaAs, it was necessary to create thicker amorphous layers. The implantation 

conditions for the thicker amorphous layer samples ("B" and "C" series ) are given in 

Appendix I. As noted in the table, the 'IB" and "C" series 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 (25OOC) SPE process for any of the 

samples. The spectrum for the ‘cGa-ody” (Bl-3) sample is illustrated in figure 7.5(a). 

The as-implanted amorphous layer thickness is about 132 nm. After annealing at 25OOC‘ 

for 10 min., regrowth occurred for approximately 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 filly regrow the ion damaged layers. 

The samples were annealed at 25OOC 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 ~7’1 the annealed layer is no longer amorphous. It is highly 

defective single crystalhe material. These temperatures were insufficient to repair the 

crystal damage. Samples were then annealed at higher temperatures (figure 7.5(c)). At 

5OO0C, the crystalline/amorphous interface is non-planar. This phenomenon is distinctly 

different fiom the SPE regrowth of <loo> and <110> Si which exhibits a planar 

crystahelamorphous interface proceeding toward the surface. The non-planar 

crystalline/amorphous interface may be due local variations of stoichiometry at the 

interface. It has been reported that local non-stoichiometric regions within the amorphous 

layer in compound semiconductors can lead to breakdown of the crystallinelamorphous 

interfkce (Hurle et al. 1994). Finally at 7OOOC 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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Figure 7.5 1.8 MeV He' <111> aligned backscatter spectra for (a) "Ga only" sample (Bl- . 
3) annealed at low temperatures. @) "Ga only" sample (Bl-3) annealed at 250'C and 
300OC. The samples were implanted with 185 keV Ga ions to a total dose of 6.0X10'4/m2. 
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Figure 7.5 (c) 1.8 MeV He' <111> aligned backscatter spectra for "Ga only" sample (Cl- 
3) annealed at high temperatures. The samples were implanted with 185 keV Ga ions to a 
total dose of 6.0~10'~/m~. 
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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 unimplanted 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 slightly higher in the annealed case. Nonetheless, it 

appears from this spectrum that the annealing conditions did not result in surface 

degradation. 

RBS was performed on the high temperature annealed "&-only" (Cl-2) samples 

(figure 7.7(a)). The samples were annealed at 500"C, 6OO0C, and 700°C for one hour 

each. Extensive regrowth occurred at the 5OOOC anneal as is evident &om 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@). 

The penetration depth of the laser is about 60 nm. Therefore, all of the signal should 

originate fiom 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 a qualitative indication of the 

disorder in the crystal is greater in the annealed case than in the unimplanted sample. 

Consequently, it appears as ifthere is small amount of residual disorder. In order to 

confirm the high single crystal quality achieved in the 700°C annealed sample, electron 

microscopy still needs to be performed on this sample. 
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Figure 7.6 Raman spectra of “C” series substrates. The unimplanted substrate was 
annealed for 1 hour at 700°C. 
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Figure 7.7 (a) 1.8 MeVHe" <111> aIigned backscatter spectra "As only" sample (Cl-2) 
annealed at high temperatures. (b) Raman spectra of "As only" samples (CI-2). The 
samples were implanted with 185 keV As ions to a total dose 0€5.6xlO'~/cm~. 
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The improved SPE regrowth behavior observed in the low dose stoichio-metrically - 

balanced samples at low temperatures (250°C) was not found for the high doses. 

Analogous to the “Ga only” and “As only” implanted samples high temperature annealing 

(>5OO0C) 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 LN2 temperature for the entire implant process (Bl-1) and the other was allowed 

to warm up to room temperature in between implant species (I3 I-Ia). The as-implanted 

thickness of the B1-la sample was about 10 nm less than the B1-1. This would be 

expected since some room temperature annealing occurred in the B1-la sample. 

A HRTEM micrograph for the B1-1 as-implanted sample 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-irnplanted and annealed sample. In perfect planar SPE an RBS 

spectrum will show a crystalliiekmorphous 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 25OOC 30 min. annealed sample at the ciystalline/amorphous 

interface, microtwins along the { 1 1 1 } 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 (Bl-1) %-implanted sample. The 
samples were implanted with 185 keV As ions and 185 keV Ga ions to a total dose of 
3.0x10'4/cm2 and 3. 1oX10'4/cm2, respectively. 
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Figure 7.9 (a) 1.8 MeV He" <I 11> aligned backscatter spectra of co-implanted (B 1-1) 
sample annealed at low temperatures. The samples were implanted with 185 keV As ions 
and 185 keV Ga ions to a total dose of 3.0~10'~/cm~ and 3.lO~lO'~/crn~, respectively. (b) . 
A cross-sectional "EM micrograph co-implanted @l-1) sample annealed at 250°C for 30 
minutes. 

99 . 

. 



The same regrowth behavior for low temperatures was observed in the B1-la 

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 the B1-la sample. Samples were annealed for longer 

times (4 hours and 20 min.) and slightly higher temperatures (3OOOC) in order to 

determine if the dam.age could be repaired 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 3OOOC 

annealed sample reveals a high density of microtwins extending up to the s u ~ a c e  (figure 

7.10(b)). In addition, stacking faults are observed fiom 90 to 120 nm below the surface. 

As is evident fiom 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 (Cl-1) were annealed at higher temperatures 

(5OO0C, 6OO0C, and 700OC) for 1 hour each. A large amount of crystal recovery was 

achieved after the 500°C anneal (figure 7.1 l(a)). M e r  the 7OOOC anneal only a small 

amount of residual defects remain. This result is confirmed by Raman spectroscopy which 

shows that the 7OOOC annealed sample has a higher TO to LO intensity ratio as compared 

to the unimplanted sample (figure 7.1 l(b)). As previously mentioned, the ratio of TOLO 

intensities can serve as indication of the crystalline 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" (CI-2) 
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Figure 7.10 (a) 1.8 MeV He' <I 1 I> aligned backscatter spectra of co-implanted (I3 1-1) 
sample annealed at 250°C and 300°C for 4 hours and 20 minutes. (b) HRTEM 
micrograph of co-implanted (€31-1) 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 
3.0~1O'~/cm~ and 3.10~1O'~/cm~, respectively. 
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figure 7.11 (a) 1.8 MeV He' 4 1  I> aligned backscatter spectra of co-implanted (Cl-1) 
; sample armealed at high temperatures. (b) Raman spectra ofco-implanted (C1-1) sample ' of as implanted and 7WC annealed samples. The samples were implauted with 185 keV 
i As ions and' 185 keV Ga ions to a total dose of 3.0X1014/~2 and 3.10X1014/m2, 

respectively. 
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700OC annealed sample (figure 7.7(b)) than in the “co-implanted” sample (Cl-l)y 

suggesting that the “As onlf’ annealed sample was of higher crystalline quality. 

The high dose study revealed that improved epitaxial recovery was not achieved in 

the stoichiometrically 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 the amorphous layer. (The Ga mobility is also 

greater than As during annealing.) This microscopic non-stoichiometry increases with 

increasing total ion dose (Hurle 1994). This correlation is evident in the results obtained 

in this study. 

Upon comparing the 700°C anhealed “As only” and “Ga only” samples (figures 

7.7(a)and 7.1 l(a))y it is apparent fiom 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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a. Conclusions 

This systematic study has shown that low temperature (25OOC) SPE of 

stoichiometrically balanced ion implanted GaAs layers can yield good epitaxial, 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, krther studies need to be performed at 

the lower annealing temperatures and at shorter annealing time intervals. ’ HRTEM 

revealed a much lower stacking fault density present in the co-impianted sample than in 

the “As only” and “Ga only” samples with comparable doses. M e r  low temperature 

annealing the non-stoichiometric samples exhibited a large amount of residual defects. 

The SPE regrowth of amorphous GaAs layers implanted with higher doses was also 

studied to determine ifthe 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 balanced 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 

which 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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mhorphous layer were investigated for the low dose study. The as-implanted amorphous 

layer thickness was measured within the time period of a year. It was found that only the 

co-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 

crystallization in (1OO)GaAs. Two crystallization processes for amorphous layers which 

have been proposed are nucleation and growth of randomly oriented crystallites @NG) 

and SPE. In pure amorphous Si, RNG becomes important only at extremely 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 amorphkation threshold dose there remained crystallites 

in the amorphous layer for all of the as-implanted samples. Annealing at 250°C showed 

recrystallization fiom the surface (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 elucidate the dominant recrystallization processes of 

amorphous GaAs layers. 
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Appendix I Implant Conditions 
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Appendix I Implant Conditions 

Bl-la* 
\ 

I 

G a  185 3.10~10'~ 

Ga 75 5.00~10" 

Ga 45 2.60~10'~ 

Ga 33 1.00x10'5 

As 185 3.00~10" 

As 75 4.90~10'~ 

45 2.50~10'~ As 

As 33 1.00~10~~ 

111 



Appendix I Implant Conditions 

Sample Implant Ion Energy (kev) Dose(atoms/cm2) 

B1-Z(C1-2) As 185 5.60~10" 

As 75 9.60~10'~ ' 

As 45 4.80~10'~ 

As 33 1 . 0 0 ~ 1 0 ~ ~  

B1-3fC1-3) G a  185 6.00~10'~ 

Ga 75 1 . 0 0 ~ 1 0 ~ ~  
I 

Ga ' 45 5.20~10" 

Ga 33 1 . 1 0 ~ 1 0 ~ ~  

@: 1)all implants are at entirely at LN, temperawes 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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