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Abstract 

Metal Contacts on ZnSe and GaN 

Kristin Joy Duxstad 

Doctor of Philosophy in Engineering- 
Materials Science and Mineral Engineering 

University of California, Berkeley 

Professor Eugene E. Haller, Chair 

Recently, considerable interest has been focused on the development of blue light 

emitting materials and devices. The focus has been on GaN and ZnSe, direct band gap 

semiconductors with bands gaps of 3.4 and 2.6 eV, respectively. To have efficient, reliabIe 

devices it is necessary to have thermally and electrically stable Ohmic contacts. This 

requires knowledge of the metal-semiconductor reaction behavior. To date few studies 

have investigated this behavior. Much information has accumulated over the years on the 

behavior. of metals on Si and GaAs. This thesis provides new knowledge for the more 

ionic wide band gap semiconductors. The initial reaction temperatures, first phases 

formed, and phase stability of Pt, Pd, and Ni on both semiconductors were investigated. 

Pd reacts on ZnSe at 200°C to form an epitaxial, ternary phase, Pds-ZnSe. This phase 

is stable up to 450°C. Pt reacts at 575°C to form a layer of PtsSe4 at the WZnSe 

interface. After annealing at 675", the PtsSe4 phase is no longer observed. Annealing of 
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Ni on ZnSe at 425°C results in the formation of laterally separated grains of a metastable 

Ni,Se phase. After annealing at 450°C, grains of NiSe are observed. 

The near noble metals do not react with GaN during annealing up to 800OC. Instead, 

the low surface energy and strong bonding of GaN cause the metal films to island and 

delaminate. This is analogous to the behavior of metal thin films on ceramics. Metals 

which form metal-nitride phases will react with GaN to form new phases at the interface. 

The formation of TiN at the Ti/GaN interface was observed. 

The reactions of these metals on ZnSe and GaN are discussed in detail and correlated 

with predicted behavior. In addition, comparisons are made between these highly ionic 

semiconductors and Si and GaAs. The trends observed here should also be applicable to 

other II-VI and III-Nitride semiconductor systems, while the information on phase 

formation and stability should be useful in the development of contacts for ZnSe and GaN 

devices. 
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1. Introduction 

Recently, the scientific and technical communities have focused much effort on the 

development of materials for blue light emitting and devices. Wide band gap 

semiconductors are of interest for blue light emitting diodes (LEDs), lasers, and 

photodetectors. These optoelectronic devices have several desirable appIications in 

consumer electronics. For example, the development of a blue laser for use in opticat 

compact disk technology would increase the storage density and playing time of the disks. 

A blue light emitting diode, in conjunction with already developed green and red LEDs, 

has been used to make large fill-color flat panel displays. To make these applications 

commercially viable these optoelectronic devices must be efficient and highly reliabIe. One 

of the important components of any optoelectronic device is the contact between the 

semiconductor and the exterior circuit. This is generally made by a wire bonded to a thin 

metal film contacting the semiconductor. 

In order to develop structurally and electrically stable devices it is crucial to gain an 

understanding of the behavior of the metal thin filmhemiconductor contact. This entaiIs 

studying the thermal and electrical stability of the interface after annealing. The aim of this 

work was to investigate the thermal stability of the near noble elemental metals (Pt, Pd, 

and Ni) on ZnSe and GaN. The focus was to determine which systems would remain 

stable under operating and processing conditions as well as which would react at the 

interface. For the systems which were not stable, we wished to characterize the reactions 
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occurring to determine whether they may be suitable for engineered contacts. All of these 

topics will be discussed in more depth in the following chapters. 

1.1 Significance of ZnSe and GaN 

Current research interest focuses on GaN and ZnSe, direct band gap semiconductors 

with band gap energies of 3.4 and 2.6 eV, respectively. Blue light emission fiom these 

materials was observed as early as the 1960s. (Lagerstedt et d., 1978; Ludwig and Aven, 

1967) The band gap of these two materials can be tuned by alloying with other III-V or 

11-VI materials. Figure 1.1 shows the relationship between composition, band gap, and 

lattice parameter. 

LAl7lCE CONSTANT (A) 

Figure 1.1: Relationship between band gap energy and lattice constant. (Matsuoka et al., 1994) 

These materials have undergone a scientific and technical renaissance, due to the 

application of growth techniques such as molecular beam epitaxy (MBE) and organo- 
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metallic vapor phase epitaxy (OMVPE) and the first announcement of blue light emitting 

devices.(Haase et al., 1991; Nakamura et al., 1991) Haase, et aZ.(Haase et al., 1991) 

announced the development of a blue-green laser based on ZnSe at approximately the 

same time that Nakamura, et aZ.(Nakamura et al., 1991) announced the first blue LED 

developed fi-om GaN. The introduction of both of these devices hinged on breakthroughs 

in epitaxial growth and processing of the materials. 

Both GaN and ZnSe suffered from an inability to grow high quality bulk material, but 

the refinement of epitaxial growth techniques allowed growth of epitaxial layers with the 

necessary properties for optoelectronic devices. Stoichiometric material could be obtained 

through the non-equilibrium growth techniques, MBE and O W E .  

lattice parameter (A) 

band gap (ev) (@ 300K) 

crystal structure zincblende (cubic) 

a=5.668 

I 

melting point ("C) 1520 u 
(W/K*cm) 0.19 

11 

substrate (001) GaAs II 
lattice mismatch 

( & p i ' h b ) / h  (%) 3 

GaN 

3.4 
~~ 

wurtzite (hexagonal) 

a=3.189 

1700 (sublimes) 

1.3 

(0001) sapphire/ 6H- Sic 

13.81 4 

Table 1.1: Selected materials properties of ZnSe and GaN 
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Table 1.1 shows a comparison of the basic properties of GaN and ZnSe. The lattice 

mismatch between substrate and epitaxial layer is much greater for GaN than for ZnSe, 

however with the use of a GaN or AN buffer layer a layer of GaN with good emission 

properties can be grown. 

The inability to obtain p-type doped layers in both materials also had to be overcome. 

Both could be easily doped n-type, but p-type doping was very difficult due to 

compensation by native defect donors and passivation. H passivation in materials grown 

by OMVPE was determined to be a major problem, due to the observation of the H- 

acceptor local vibrational mode by infrared spectroscopy. (Gotz et al., 1996; Wok et al., 

1993) This problem was solved by using MBE growth (ZnSe) or rapid thermal annealing 

to remove the H (GaN). Thermal annealing cannot be used for ZnSe because it cannot be 

annealed at temperatures above 300°C without the introduction of a compensating n-type 

defect.(Chen et al., 1996) 

The use of epitaxial growth methods and the removal of hydrogen passivation allowed 

the development of optoelectronic devices. The ability to obtain high quality crystalline 

films also makes it possible to study the basic properties of these exciting mater&. 

Current progress in optoelectronic device development will be discussed in the following 

sections. 

1.1.1 ZnSe Devices 

Light emission from ZnSe was observed as early as 1967 under current 

injection.(Ludwig and Aven, 1967) The development of optoelectronic devices proved 
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dficult until consistent p-type doping was obtained through the use of nitrogen radicals 

in MBE growth.(Ohkawa et al., 1991; Park et al., 1990) It is easy to dope ZnSe n-type, 

but p-type doping requires growth by MBE to eliminate all compensating impurities and 

passivating H, and to allow the use of RF or plasma nitrogen sources for the p-type 

dopant. The p-type doping level is still limited to a maximum net hole concentration of 

approximately 1 ~ 1 0 ' ~  ~ m - ~ .  This limitation is attributed to the solid solubility limit for N 

in ZnSe.(Gunshor et al., 1995) 

Gold electrode 
Polyimide 

Figure 1.2: Schematic cross section of a ZnSe based laser diode. (Neumark et al., 1994) 
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The ability to dope ZnSe p-type allowed the development of heterojunction structures 

for LEDs and laser diodes (LDs).(Haase et al., 1991; Yasuda et al., 1988) Figure 1.2 

shows a diagram of the structure of the LD developed by Haase et aZ. The emitted light is 

from a CdZnSe quantum well. The amount of Cd incorporated adjusts the band gap 

energy and thus the wavelength of the light emitted fiom the quantum well. This first LD 

was operated only in pulsed mode at 77K. Higher operating temperature or duty cycle 

resulted in degradation of the light output. 

Further study determined that the degradation was caused by the generation of ‘dark 

line defects’ in the quantum well region.(Tomiya et al., 1995) These defects are 

dislocations. They are nucleated at stacking faults and dislocations which are generated 

during growth due to the lattice mismatch between the substrate and epitaxial layer. The 

dislocations multiply in the quantum well region during operation and act as non-radiative 

recombination centers thus degrading the device. Many approaches have been tried to 

minimize the strain between the layers, and thus the as-grown dislocation density. Several 

groups have attempted growth with varying compositions of ZnSxSel, or ZnxMg~,S,Sel, 

to find a compound which is lattice matched to the GaAs.(Okuyama et al., 1994; Qiu et 

al., 1993; Xie et al., 1992b) Other groups attempted to use Ir~~Gal-~As as a buffer layer 

(Xie et al., 1992a) or used a newly developed bulk grown ZnSe substrate for 

homoepitaxy. (Boney et al., 1996) These techniques have reduced the initial dislocation 

density and have improved the lifetime of ZnSe based devices. The most recent report 

indicates that Ishibashi and coworkers have obtained room temperature, continuous 

operation of an LD for up to 100 hours. (Nakano, 1996) 
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The lack of a good Ohmic contact for p-type ZnSe also contributes to the degradation. 

The problem is that the energy level of the valence band (p-type semiconductor work 

function) is larger than the work hnctions of elemental metals. According to the Schottky 

model, which will be discussed in the next chapter, to obtain an Ohmic contact on a p- 

type semiconductor the work function of the metal must be larger than the work function 

of the semiconductor. This is not possible for p-type ZnSe, resulting in a Schottky contact 

for any metal on p-type ZnSe. The presence of the Schottlq contact results in a Iarge 

voltage drop across the contact at LED operating currents. The power dissipated adds to 

the heating of the device and aids in the generation of the dark line defects. Up to this 

point, no metal based Ohmic contacts have been developed. The contact scheme which 

appears most promising is a ZnSeEnTe graded contact. An Ohmic contact to p-type 

ZnTe is easily formed, so by gradually changing the composition from p-type ZnSe to p- 

type ZnTe a contact without a large Schottky barrier can be formed.(Gunshor et aI., 1995) 

This scheme allows operation of the devices with a lower threshold voltage and less 

heating. This contact structure is used in the long lietime LD devices. 

1.1.2 GaN Devices 

The first GaN light emitting diode was fabricated in 1978 using a metd-insulator 

structure. This was done because of an inability to obtain p-type GaN. (Lagerstedt et d., 

1978) The first p-n junction GaN LED was announced in 1991 by Dr. Nakamura of the 

Nichia Corporation.(Nakamura et al., 1991) This development came soon after the 

discovery that p-type GaN could be obtained by Mg doping during growth followed by 
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P-Electrode 

N-GaN Layer. 
GaN Buffer Layer 

Sapphire Substrate 

pEtcdrodc 

Sapphire Substrate 

Figure 1.3: Cross sections of LED structures. a) Initial structure announced in 1991. b) 
Optimized structure currently used in commercial LEDs. (Nakamura et al., 1991; Nakamura et 

al., 1994) 

low energy electron beam irradiation (LEEBI). (Amano et al., 1989) Later it was 

reported that thermal annealing alone after growth was sufficient to activate the Mg. 

(Nakamura et al., 1992) Figure 1.3 shows schematics of the first LED structure developed 

by Nakamura and the optimized structure which is currently used. In the newer double 

heterojunction structure, the AlGaN layers, because of their wider band gap, act to confine 

the carriers in the active Zn-doped InGaN region, thus increasing efficiency. 

The GaN layer directly on the sapphire substrate is grown at low temperature and acts 

as a buffer layer to accommodate the 13% lattice mismatch between the sapphire and GaN 

active region. The addition of the buffer layer decreases the density of misfit dislocations 

in the layers, however the dislocation density is still typically around 10" an-'. (Heyhg et 
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al., 1996; Lester et al., 1995) The high efficiencies of these devices in the presence of 

large dislocation densities is an anomaly which is not yet well understood. Generally, 

dislocations act as non-radiative recombination centers, thus decreasing efficiency. In 

other III-V based LEDs dislocation densities on the order of lo6 cm-* are well known to 

practically eliminate light generation. (Lester et al., 1995) Obviously, the dislocations in 

GaN devices are less efficient as non-radiative recombination centers. The reasons for this 

are not yet known. The presence of dislocations also does not result in degradation of 

performance over time, as it does in ZnSe based devices. Extensive lifetime tests under 

high current and high temperature conditions have shown the GaN LEDs to be very 

robust. (Egawa et al., 1996; Osinski et al., 1996) Osinksi et al. have observed that the 

main mode of failure is metal migration along defect tubes which eventually causes a short 

through the device. 

The most recent development is the announcement of the GaN based laser diode (LD). 

(Nakamura et al., 1996a; Nakamura et al., 1996b) The LD has light output at a 

wavelength of 41 1 m with a full width half maximum of 0.1 nm. Nakamura recently 

announced up to 35 hours of continuous operation at room temperature. (Nakamura, 

1996) Nakamura speculates that the degradation is due to the large heat generation 

caused by high operating currents and voltages. Here the degradation problem mirrors 

that of ZnSe devices; the lack of a good Ohmic contact to p-type GaN results in a large 

voltage drop across the contact and sigruficant device heating. P-type GaN also has a 

work knction which is larger than any elemental metal and in addition, can not be doped 
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heavily p-type in order to form a tunneling contact. This again draws attention to the need 

for better Ohmic contacts. 

1.2 Interest in structural and electrical behavior of met&semiconductor contacts 

The inability to form Ohmic contacts with elemental metals to p-type ZnSe and GaN 

means that more elaborate contacting schemes must be investigated. The abiIity to 

engineer useful contacts requires an understanding of the thin film reactions that occur at 

the interface between the metal and semiconductor. Also, the characteristics of the 

contact must not change during processing or device operation. This is particularly 

important for GaN devices which may be operated at high temperatures because of its 

wide band gap. 

Knowledge of the reaction behavior of metals on semiconductors has proven to be 

essential in the development of devices. Silicide contacts on silicon and the more recent 

development of the Ge/Pd based contacts on GaAs formed by solid state regrowth are 

prominent examples. (Wang et al., 1995) Many studies have focused on the behavior of 

metals on Si, GaAs, and other 111-V compound semiconductors (see chapter 2). These 

studies were fbndamental for the development of stable Ohmic and Schottky contacts, 

improved theories for Schottky barrier heights, and increased understanding of thin film 

behavior. The focus of this work was to extend this knowledge to the more ionic wide 

band gap semiconductors, ZnSe and GaN. A better understanding of metal contacts on 

ZnSe and GaN may lead to novel insights which may also apply to other semiconductors. 

These two semiconductors are highly ionic and an understanding of the effects of this kind 
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of bonding may lead to new perspectives on semiconductor properties. Studying the 

reactions of thin metal films will also enhance the understanding of kinetics and phase 

formation in thin films, issues of great technological and scientific importance. As ZnSe 

and GaN based devices continue to be optimized, the properties of the contacts will 

become more important. With the understanding gained fiom basic studies of metal 

interactions and the corresponding electrical behavior, it should be possible to develop 

contacts which are thermally and electrically stable and provide the desired electrical 

behavior. 

1.3 Interest in R, PG?, and Ni for contacts 

The near noble metals are desirable for contacts because of their large work functions, 

relatively high reactivity with semiconductors, and resistance to oxidation and corrosion. 

Pt, Pd, and Ni contacts have been studied extensively on Si and GaAs. (Can& et al., 1978; 

Ho et al., 1979; Sands et al., 1987a) Their behavior on these two semiconductors has been 

well characterized and will be discussed in detail in chapter 2. In general all three metals 

react at fairly low temperatures compared to other metals. Pt reacts at the highest 

temperature of the three, requiring annealing at 200°C to react on Si and 250°C to react 

on GaAs. Since the reaction temperatures of the near noble metals are lower than other 

metals we expect them to also have the lowest reaction temperatures on ZnSe and GaN. 

In addition, because they have the largest work functions of the elemental metals, they 

also should have the lowest Schottky barriers on p-type ZnSe and GaN, thus being the 
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best candidates for low resistance contacts to these p-type materials. 

between work knction and Schottky barrier will be krther elucidated in chapter 2. 

The relation 

Our studies showed that while Pt, Pd, and Ni react on ZnSe, they do not on GaN. The 

surface of GaN behaves more like a very stable ceramic surface. This fhdmg indicated 

that the best candidates for metals which will react on GaN are Iikely to be those which 

form metal-nitride phases and which are known to react on other nitride ceramics, such as 

AZN. In order to find a metal which will react on GaN, we chose to investigate Ti which is 

a strong nitride former. Chapter 3 will hrther discuss the behavior of metals on ceramic 

surfaces. 
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2. MetaVSemiconductor Interfaces 

Metal contacts to semiconductors are one of- the basic components of every 

semiconductor device and have been studied for many decades, but are still not compIeteIy 

understood. One of the important criteria for a contact in a device is that it must be 

reliable. The contact must be stable and maintain the desired properties durins processing 

steps and operation. The properties of a contact can be broken into two main categories: 

structural and electrical. The behavior of the interface in both of these areas must be 

considered when choosing a contact metal. This chapter will discuss the theories behind 

expected structural and electrical behavior, the behavior observed at typicd 

metdsemiconductor interfaces, and predictions for the ZnSe and GaN system. 

2.1 Structural Behavior 

Certain structural characteristics are important for any contact to be used in a device. 

It is vital for the contact to provide good adhesion, high corrosion resistance, and to be 

compatible with any subsequent processing steps. Quality contacts are important for high 

yield and device reliability. To provide high yield and reliability, the thermd stability of 

the contact must be known. Any interdiffusion or reaction at the interface dmhg 

processing or use may result in a degradation of electrical or mechanical behavior, 

therefore it is important to study these systems. Alternatively, a reaction at the interface 

may form a new phase which may be more stable and/or give more desirable electrical 

properties. 
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The ability of two materials in contact to form a new stable phase at an interface 

depends on a competition between kinetic phenomena and thermodynamic driving forces. 

To form, new phases must overcome the thermodynamic barrier to nucleation. To grow, 

the kinetics of the system must allow enough of each reactant to diffuse to the interface. 

It can be shown that if the nucleation step is the limiting factor, the system is reaction 

controlled and follows the relationship X=Dt, where X is the thickness of the reacted 

layer, D the difksivity and t the time. If the di&sion of material to the interface is the 

limiting reaction, the system is diffusion controlled. In this case the layer growth folIows 

the relationship X2=Dt and the layer grows with the square root of time. We will fist 

consider in depth the thermodynamic factors governing new phase formation. 

2.1.1 Thermodynamics 

The thermodynamics of the system is concerned with the energy changes caused by 

the reaction at the interface. A good introduction to the science of thermodynamics can 

be found in (Swdin, 1962). The system always attempts to minimize its fiee energy. The 

free energy of an element or compound in a closed system at constant pressure is 

characterized by the Gibbs free energy, G. G is composed of two parts, the heat of 

formation, H, and the product of the temperature and the entropy of formation, -TS. H is 

a measure of the internal energy of the compound, while the entropy can be considered a 

measure of the disorder. A comprehensive reference for the Gibbs free energies of 

elements and compounds is (Kubaschewski et al., 1993). An additional term in the fiee 
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energy of an interfacial system is the surface energy at the interface due to broken bonds 

and strain at the interface. 

To determine whether a reaction may take place at an interface, the fiee energy change 

of the system can be estimated. This requires a knowledge of the Gibbs fiee energies of 

the products and reactants as well as the additional interfacial energy created by the 

addition of a third phase. If two elements are in contact at an interface, the formation of 

the product phase must create an additional interface. The energy involved in the 

formation of this interface is very difficult to determine and is generdy neglected in 

thermodynamic calculations. Instead, only the Gibbs fiee energies of the reactant and 

product phases are considered. By subtracting the Gibbs fiee energies of the reactants 

fiom the Gibbs fiee energies of the products, the overall energy change in the reaction can 

be determined. Further discussion of the method for calculating the fiee energy change is 

given in chapter 3. If this fiee energy change is negative then the reaction is IikeIy to 

proceed. The more negative the fiee energy change, the greater the driving force for 

reaction. In many cases the Gibbs fiee energies are unknown, however a method to 

estimate the enthalpies of formation of metal compounds has been developed. (deBoer et 

al., 1958) This method has recently been used to predict phase diagrams and thin film 

reactions in several Si and GaAs systems. (Beyers, 1984; Beyers et al., 1987; Beyers et d., 

1984; Bhansali et al., 1990; Schmid-Fetzer, 1988) This method has also been used to 

calculate ternary phase diagrams for several metal-GaN systems. (Mohney and L q  1996) 

These phase diagrams show which phases should be stable at particular temperatures and 

compositions in a closed system at constant pressure. 
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These calculated phase diagrams can provide an initial framework for determining 

which metals may react on semiconductor surfaces. The calculations however, assume the 

system is in thermodynamic equilibrium, which is unlikely. They also often assume that 

the system is closed, i.e., no constituents can be lost out of the system. This is not true for 

reactions on semiconductors such as GaAs or GaN, where the As or N can escape in a 

gaseous form. In addition, the accuracy of the thermodynamic data used in the 

calculations is not always known. Finally, in thin film systems it is often the case that 

kinetics plays a larger role in the reaction than thermodynamics. 

2.1.2 Kinetics 

The interdiffusion of elements at the thin film semiconductor inte~ace plays a Iarge roIe 

in the initial phase formation and the sequence of phases formed. Two good references 

for information on diffusion in thin films are (Gosele and Tu, 1982) and (Tu, 1985). The 

kinetics of thin film reactions tend to be much faster than in the bulk because of the 

cleanliness of the inte~aces, small grains, and fast diffusion along grain boundaries and 

interfaces. (Tu, 1985) Interdiffusion must precede nucleation in order to obtain the proper 

composition of the nucleated phases. Often the first phase formed is not the most stabIe 

phase, due to diffusion considerations. (Pretorius, 1981) The rate limiting step in these 

reactions is often outdiffusion of one of the semiconductor elements. (EJrillson, 1994) This 

is due to the dficulty in dissociation of the semiconductor which scales with its heat of 

formation. 
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One of the major differences between thin film and bulk diffusion couples is the 

A consumed fist  I 

sequence of phases formed. In a bulk diffusion couple all of the intermediate stabie 

B consumed first I 

phases in the phase diagram will be present, but in a thin film couple generally onIy one 

phase will be present at a time. The various phases may then form in succession if the 

amount of reactants permits it. Gosele and Tu (Gosele and Tu, 1982) have determined 

that this is due to kinetic instabilities. They determined that the first phase to form would 

be the one with the lowest nucleation barrier. Their evaluation then showed that while 

the first phase was growing in a diffusion controlled manner, no other phase wouId form 

until it reached a critical thickness. In thin film systems this critical thickness usually can 

not be attained because of a limited supply of one reactant. 

A/B diffusion couple 

1 

I 
&B forms and 

Figure 2.1: The three possibilities for second phase formation under different supply conditions 
of the component A and B in a planar AB diffusion couple. The compound 4 B  may coincide 

with either AjB or AJ3. (Gsele and Tu, 1982) 
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Figure 2.2: Schematic diagrams showing the phase formation in a Si-Ni thin fiIm and 
Si(crystal)/Ni film system. Initially the NizSi phase is formed and then after one of the elements is 

consumed the system is driven toward equilibrium by the formation of compounds richer in the 
remaining element. The indicated temperatures are rough guides for the formation of phases for 

films a few thousand A thick and an annealing time of 1 hour. (Ottaviani, 1979) 

Figure 2.1 indicates the sequence of phases through which the reaction will proceed. If 

the supply of a reactant is exhausted before the critical thickness is reached, the relative 

amounts of the semiconductor and metal determine the phase sequence and haI phase. 

Figure 2.2 shows an example of this phase formation behavior in the Ni-Si system. In this 

case it has been found that variations in the amount of reactants alters the phase sequence 

and final phases. (Ottaviani, 1979) While these studies can explain why, and in what 

situations, we can expect to see single or multiple phase formation, they can not predict 
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which phases will be formed. No method has been determined to clearly identifjl which 

phase will form first. and what the following sequence of phases will be. This sequence 

depends on a combination of thermodynamics and kinetics. 

2.1.3 Observed structural behavior of Pt, Pd, and Ni on Si and GaAs 

The reactions of Pt, Pd, and Ni on Si and GaAs have been studied extensiveIy and are 

well understood. Their behavior will be reviewed here and will later be compared to the 

predicted and observed reaction behavior of these metals on ZnSe and GaN. An extensive 

review of the reaction behavior of Pt and Pd on Si and GaAs can be found in (Dustad, 

1994) and will onIy be summarized here. The behavior of Ni will be discussed in more 

detail. 

Of the three metais, Pt requires the highest annealing temperature to initiate reactions. 

On Si, annealing at 200°C and above results in the formation of Pt2Si. (Muta and Shinoda, 

1972) This phase grows in a dfision controlled manner, Le., the thickness increases With 

the square root of time, until ail of the Pt is consumed. The Pt2Si then begins to transform 

to PtSi. Figure 2.3 shows Rutherford backscattering spectra (RBS) of the reaction 

sequence. Some studies showed the formation of PtSi before all of the elemental Pt was 

consumed. (Bindell et al., 1976; Muta and Shinoda, 1972; Poate and Tisone, 1974) This 

was shown to be due to the presence of impurities at the interface or in the Pt film. (Canali 

et al., 1977; Crider and Poate, 1980) Ifthe interface and Pt film are free of contamination, 

the PtSi phase does not nucleate until the PtZSi phase has consumed all of the elemental 

Pt. 
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The reaction of Pt on GaAs begins at 250°C with the diffusion of Ga into the Pt layer. 

This reaction is not inhibited by contamination at the interface. (Fontaine et al., 1983; 

Kumar, 1975; Murarka, 1974) The reaction forms a layered structure with RAs;! at the 

interface and P t 3 G a  in the film. As the reaction proceeds, more Ga diffused out into the Pt 

film and the phase changes to PtGa. If the Pt layer is thicker than 0.2 pm, the reaction 

may not go to completion because it becomes increasingly difficult for the Ga to difkse 

through the growing Pth2 layer. Figure 2.4 shows x-ray diffraction (XRD) spectra 

showing the phase change fiom PgGa to PtGa. Note that the Pt3Ga phase is present up to 

4 hours of annealing. The layered structure has been attributed to a lower interfacial 

energy between the GaAs and PtAsz (Fontaine et al., 1983) or the higher diffusivity of Ga 

in Pt than As in Pt. (Sands et al., 198%) 
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Figure 2.3: Backscattering spectra of samples annealed at 350°C for different times. The as 
deposited Pt layer is 2700 A thick. For clariiy in the silicon spectra, only a few cases are shown. 

(Canali et al., 1977) 

20 



v) 

z 
2 
>- 

a 
I- 

CL 

v) 
I- z 
3 
0 u 

!= 

a a 

m 
a 

- 
Y 

350°C-20 hrs. 
e pt 

8 Pt Go 

K 350°C- V2 hr. 

e 
e e 

+ 

40 50 60 70 80 9b 100 110 120 I30 140 I50 160 
4e (DEGREE) 

Figure 2.4: Glancing angle x-ray diffraction spectra of a 1000 A Pt/ GaAs sample before and after 
annealing. (Fontaine et al., 1983) 

Pd has been observed to react on Si even during room temperature deposition- 

(Buckley and Moss, 1972; Fertig and Robinson, 1976; Ho et al., 1979) The reaction 

begins with the formation of a PdlSi layer. This layer grows in a diffusion controIled 

manner and will grow epitaxially on < 1 1 P  Si. @ower et al., 1973; Hutchins and ShepeIa, 

1973; Sigurd et al., 1974) Figure 2.5 shows the reaction of Pd to form Pd2Si at different 

21 



temperatures. PdzSi is stable up to 700°C, when PdSi precipitates form. (Hutchins and 

Shepela, 1973) 

I 

0.75 .LO l.25 15 1.7 5 
BACKSCATTERING ENERGY ( Me V I 

Figure 2.5: RBS spectra for Pd on Si annealed at various temperatures for 30 minutes. 
(Clement et al., 1988) 

Pd on G a h  reacts at temperatures below 250°C to form a ternary7 hexagonal phase. 

This phase grows epitaxially on the GaAs, in the same manner as the PdzSi phase. The 

approximate composition of the phase is PQGaAs, but it exists over a range of 

compositions. (Sands et al., 1987a) Figure 2.6 shows RBS spectra of the formation of the 

ternary phase. Note that the very slanted profile makes it difficult to estimate 

compositions or determine if binary phases are present without the use of complementary 

characterization techniques. Above 25OOC a second ternary phase nucleates at the grain 

boundaries of the first ternary phase. (Lim et al., 1988a; Sands et al., 1987a) This second 

phase exists with compositions between Pd2Ga1.3Aso.7 and Pd4Ga1.3As0.7 and is not 
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Figure 2.6: RBS spectra for a P d G a h  sample before and after annealing at 500°C for 5 
minutes. (Olowolafe et al., 1979) 

epitaxial. Annealing above 400°C results in the formation of two binary phases, PdGa and 

PdAs2. The relative amounts of these phases depends on how much As is allowed to 

sublimate fiom the film. Ifthe sample is annealed with a Si02 cap, i.e., no As is lost, the 

final phases are both present. (Yu et al., 1986) Films annealed in vacuum without a cap . 

are dominated by the PdGa phase. (Kuan et al., 1985) 

Ni begins to react on Si to form Ni2Si at temperatures between 200 and 300OC. (Canali 

et al., 1978; Tu, 1975; Zheng et al., 1986) The formation of NiZSi is followed by the 

growth of the Nisi phase once all of the elemental Ni has been consumed. Interdiffusion 

of Ni and Si has been observed at 150°C. (Nemanich et ai., 1984) In both phases Ni has 

been determined to be the dominant diffusing species. (Chu et al., 1974; Zheng et aI., 
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1986) This was determined by observing the motion of a Ag or Xe. marker after 

annealing. The marker movement was detected through the use of RBS. The growth of 

the NizSi and Nisi phases is diffusion controlled, i.e., the layer grows proportionally to the 

square root of time. 

Nisi is stable up to 7OO0C, where it begins to transform to NiSi2. This silicon rich 

silicide grows in a interface controlled manner, i.e., the layer thickness increases linearly 

with time. (Tu, 1975) Contamination at the Nisi interface does not hinder the reaction 

behavior, however the annealing ambient does play a role. Canali el al. (Canali et d., 

1978) observed that when the system was annealed in' vacuum, the phases grew in 

sequence. Ifthe annealing ambient was N2 gas, they observed the coexistence of phases. 

Figure 2.7 shows RBS spectra for the two cases. They attributed this to the indifhion of 

impurities. None of the nickel silicides form with an oriented relationship to the substrate, 

however Nisi2 has been grown epitaxially on 4 1  1> Si by molecular beam epitaxy. (Hunt 

et al., 1986) 

Ni on GaAs has been observed by transmission electron microscopy ( E M )  to have 

formed either during deposition or during TEM sample preparation. (Lii et al., 1988b; 

Sands et al., 1987a) This indicates that formation takes place at temperatures beIow 

150°C. A ternary phase, N i & d s  is initially formed at the interface. The reaction is 

inhibited by oxides and this can result in a laterally inhomogeneous layer thickness. (Sands 

et al., 1987a) Figure 2.8 shows the experimental RBS spectrum of the reacted fiIm and 

the corresponding theoretical simulation. The simulation shows good agreement between 
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the composition determined by TEM and by RBS. The composition was estimated by 

"EM by determining how much of the GaAs was consumed in the reaction. 
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Figure 2.7: Backscattering spectra of samples of Ni deposited on Si showing (a) the sequential 
formation of Ni2Si and Nisi in vacuum-annealed samples and (b) the coexistence of Ni2Si, Nisi, and 

unreacted Ni in samples annealed in N2- ( C a d i  et al., 1978) 
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Figure 2.8: RBS spectrum and simulation for Ni/GaAs sample annealed at 220°C for 10 min. 
Simulation is based on input from a TEM study. (Sands et al., 1987a) 

The NiSGaAs phase is oriented with respect to the substrate. (Lin et ai., 1988b; Ogawa, 

1980; Sands et al., 1987a) This phase is stable up to 300°C. Above 300°C binary NiAs 

and NiGa phases begin to form. These are also oriented with the substrate and form in 

laterally separated grains. It is speculated that the lateral separation reduces the interfacial 

area between the NiAS and NiGa phases, thus reducing the interfacial energy of the 

system. (Sands et al., 1987a) 

2.1.4 Predicted structural behavior for metals on ZnSe and GaN 

Unlike the Si and GaAs systems, there is a dearth of information on metal-ZnSe and 

metal-GaN systems, but the studies which have been done will be reported in section 

2.1.5. The increased ionic character of the bonding in ZnSe and GaN provides a new 
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variable with regard to reaction and Schottky barrier formation. Briiison (Brillson, 1982) 

has predicted that this greater ionicity will lead to the formation of more metal-anion 

phases rather than metal-cation phases. Elements with more dissimilar electronic 

structures will be more reactive. (Sands and Keramidas, 1994) As the semiconductor 

becomes more ionic, the anion (Se or N) becomes more electronegative and more IikeIy to 

react with the transition metal. The cation (Zn or Ga), however, becomes more 

electropositive and less likely to react. A greater segregation between anion and cation 

phases in the reacted layer is also predicted. (Brillson, 1982) The strength of the chemical 

bonding between the metal and semiconductor anion will likely determine the extent of 

reactive anion outdfision and the concentration of dissociated cations near the interface. 

The temperature for reaction is predicted to depend on the heat of formation of the 

semiconductor (Brillson, 1982) and the strength of metal-metal bonding. (Sands, 1989) 

Brillson believes that the rate limiting step is the dissociation of the semiconductor, which 

scales with the semiconductor heat of formation. (Brillson, 1994) Sands argues that, in 

addition, metals with stronger metal-metal bonds will require higher temperatures for 

reaction because more energy is required to break the bonds. (Sands, 1989) Both of these 

trends have been observed in the reactions of metals on Si and GaAs. If these trends 

continue, R. should have the highest reaction temperature and Pd the lowest on ZnSe and 

GaN. In addition, because the heat of formation of both ZnSe and GaN is higher than that 

of Si or GaAs, these reactions should take place at higher temperatures. Reactions WiJI 

also take place at higher temperatures if the metal film is epitaxial to the substrate. 

(Palmstrom and Sands, 1993) This is because the interfacial energy of the system is low. 
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This may result in higher reaction temperatures for metals on GaN, because most rnetds 

have been found to be epitaxial or highly oriented in the as-deposited state. (Liu et d., ' 

1996) 

Better reaction predictions can be made if the ternary phase diagram of the 

metallcompound semiconductor system is known. In the ZnSe system these diagrams 

have not been experimentally determined or theoretically calculated. MetaUGaN phase 

diagrams have been predicted for a wide range of metals based on thermodynamic 

calculations. (Mohney and Lin, 1996) In the cases of Pt, Pd, and Ni a metal-& phase is 

predicted to form with the release of N2 gas. At 6OO0C, these three metals should react on 

GaN according to the thermodynamic data. Figure 2.9 shows cdculated NdGaN phase 

diagrams for various N2 pressures. Because the product of the reaction is a gas phase, the 

pressure of N2 in the annealing chamber will vary the extent of the reaction. A lower N2 

pressure will allow the reaction to proceed fbrther to form the more Ga rich binary phase, 

as shown in figure 2 .9~ .  Pt and Pd are not known to form metal-N phases and the known 

Ni-N phases are relatively unstable. 

These predictions are based solely on thermodynamics. The actual reactions which 

occur may be very different depending on the kinetics of the reaction. Newman et al. 

(Newman et al., 1993) have determined that GaN has a very large kinetic barrier to 

dissociation and therefore reactions may not proceed as predicted. In addition, the 

thermodynamic data which were used to calculate the phase diagrams may not be 

accurate. The heat of formation of GaN was determined by studies in the 1970s and early 
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(b) (4 
Figure 2.9: Calculated Ni-Ga-N phase diagram at 600OC. The nitrogen corner of the diagranl 

represents a) NZ at 1 atmosphere pressure, b) N2 at 10” atmosphere pressure, and c) NZ at 2x104 
atmosphere pressure. (Mohney and Lin, 1996) 

1980s (Karpinski et al., 1984; Madar et al., 1975; Thurmond and Logan, 1972) and the 

quality of the GaN and accuracy of the data is unknown. 

2.1.5 Observed structural behavior for metals on ZnSe and GaN 

The thermal stability of metals on GaN and ZnSe has not been studied as extensively as 

metals on Si and GaAs. As interest in these materials continues to grow, interest in and 

knowledge of metal reactions will continue to increase. Currently a significant amount of 

the information available is based on x-ray photoemission studies of monolayer coverages 
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of metal. Because of the ease of gas diffusion through such thin layers (Sands, 1989) and 

the influence of non-linear difision in layers less than 10 A thick (Tu, 1985), these 

studies may not be applicable to thicker layers. 

Observations of Al, Co, Cu, and Pd on ZnSe with photoemission spectroscopy 

indicated that these elements are disruptive to the surface when evaporated, even when the 

substrates are held at room temperature. (Vos et al., 1989) This means that deposition of 

the metal changes the bonding of ZnSe as measured by photoemission. Coy Cu, and Pd 

grow in a layer by layer mode, while Al exhibits island growth. All four materials show 

evidence of Zn atoms dissolving into the growing overlayer, but no new phases were 

observed by Vos et al.. 

Binding Energy (eV) , 

. Figure 2.10: Zn 3d emission as a function of deposition for Al, Coy Cu, and Pd. Surface 
disruption is reflected by the appearance of a low-binding-energy component which is related to Zn 

atoms dissolved in the surfhce and near-suhce region of the metal overlayer. (Vos et al., 1989) 
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Figure 2.10 shows the photoemission spectra for these four metds as a function of 

deposition thickness. The growing peak on the right side of the substrate peak is 

attributed to Zn dissolved in the overlayer. Further study of Co showed that there is 

segregation of Se to the surface of the Co layer. (Anderson et al., 1989) Anderson et al. 

observed that in layered AdCo structures with Au as the bottom layer, Co still diffused 

through to interact with the ZnSe. With Co as the bottom layer, Zn was extracted fiom 

the Co layer into the Au layer. Chen et al. (Chen et al., 1994) observed the formation of 

an A I ~ S Q  phase when depositing monolayers of Al on ZnSe. The photoelectron peak of 

the Ai 2p level shifted and the Se peak broadened, in addition they saw the peak attriiuted 

to Zn in the overlayer. This was interpreted as phase formation and agrees with the 

prediction of metal-anion phase formation. 

Ti and Ce were also studied with photoemission and were found to react with ZnSe. 

The photoemission spectra showed a peak indicating Zn dissolved in the overlayer, and a 

peak attributed to a reaction of Zn with the metal. (Vos et al., 1989) Au and Ag 

overlayers, however, do not react with ZnSe. (Chen et al., 1994; Vos et aI., 1989) 

Deposition of a few monolayers does not disrupt the surface and instead leaves an abrupt 

interface. All of these photoemission measurements were done with a maximum coverage 

of 15 

With thicker layers of 1000 bi to 2000 4 Ag was observed to maintain an abrupt 

junction with ZnSe after annealing up to 300°C for 30 minutes. (Fijol et aI., 1995) 

Secondary ion mass spectroscopy (SIMS) and auger electron spectroscopy (AES) both 

gave no indication of Ag diffision into the ZnSe. Thick Au layers, however, showed 
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diffusion of Au into the ZnSe and outdifksion of Zn and Se after annealing at 350°C for 

90 minutes. (Fijol et al., 1995) Figure 2.1 1 shows the A E S  depth profiles of AdZnSe 

interfaces both before and after annealing. Both SIMS and AES detected the presence of 

a ZnO layer at the surface. Indium also difhsed into ZnSe after annealing at 25OOC. 

pang and Holloway, 1992) The formation of a good Ohmic contact by In on n-ZnSe 

was attributed to an increased surface carrier density caused by the indifbion of In. 

0 5- 10- i$ 
sputter t l m e  (mln.) 

0 5 10 15 
sputter t l m e  (mln.1 

Figure 2.1 1 : Auger depth profiles for AdZnSe contacts a) asdeposited, and b) heated to 35OOC 
for 90 minutes. (Fijol et al., 1995) 
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More of the information on metaVGaN contact reactions is based on thick film 

(>500& studies. Most of the studies show little or no reaction between the metal and 

GaN unless anneals are done at very high temperatures. This is very reasonable 

considering the thermal stability of GaN. An interesting feature of most metals on GaN is 

that they tend to be highly oriented after deposition. Metals deposited by evaporation 

tend to be epitaxial on the GaN surface @iu et al., 1996), and this may partially expIain 

their thermal stability. 

Two studies have been performed using monolayer coverages of Al and Ni on GaN. 

(Bermudez et al., 1996; Bermudez et al., 1993) These two metals show very different 

behaviors. Ni is unreactive on the surface until it is annealed at temperatures above 600°C 

in ultra-high vacuum. Above this temperature the GaN begins to decompose and the N 

diffuses through the Ni. At the interface there is some intermixing between the Ni and Ga, 

but no phase formation is observed by x-ray photoemission spectroscopy. 

AI, however, reacts to form AlN even at room temperature. This, again, is a metal- 

anion phase as predicted. This reaction was observed by peak shifts in the Auger electron 

spectrum and it occurs onIy for the first monolayer of Al. Further deposited AI remains 

metallic, however metallic Ga is mixed into the overlayer. When the system is annealed at 

800°C in ultra-high vacuum, the GaN decomposes and more AIN is formed. Smith et al. 

(Smith et al., 1996a) also observed the formation of a new phase at the AVGaN interface 

after annealing at 650°C for 30 minutes. The Al layer was 2500 A thick. The new phase 

was observed by "EM, but was not identified. 
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1000 thick layers of Ni were investigated by Guo et al.. (Guo et al., 1996b) They 

found that a Ni3Gas phase was formed at the interface during deposition and that Ni,N 

phases were formed after annealing at 200°C. They determined the presence of these 

phases by x-ray deaction (XRD), however their interpretation of the XRD peaks was 

flawed. Figure 2.12a shows an XRD spectrum fiom their paper of the NiGaN system 

after annealing at 400°C. Figure 2.12b shows an XRD spectrum of an G a N / A l 2 0 3  sample 

with no Ni deposited. A comparison of the peaks indicates that the peaks indexed as the 

reacted phases are present in the substrate sample. The peak which they identfi as the 

(400) Ni3@ is simply the Kp peak for GaN. The peaks indexed as Ni,N phases are in the 

same location as the A i 2 0 3  substrate peaks. Clearly the occurrence of this reaction can not 

be determined solely through the use of XRD. 
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Figure 2.12: X-ray diffraction spectra of (a) Ni/W/A1203 annealed at 400°C for 30 minutes 
(Guo et al., 1996b) and (b) unannealed GaN/A1203. 
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Phase formation for metals on GaN has been observed in other systems. Cole et aZ. 

observed that annealing W at 900°C for 1 minute resulted in the formation of W2N at the 

interface. Sc reacts at the interface to form ScN during an initial deposition of 10 or 

less. (Kaplan et al., 1996) The thickness of the ScN layer increases with the substrate 

temperature, however no excess Ga build-up was observed by AES. The location of the 

released Ga has not been determined. 

Cordes et al. observed the formation of TIN after annealing Ti on GaN at 850°C. They 

also identified the presence of Ti2GaN by XRD. The formation of TN was also identified 

by TEM in Ti/AVNi/Au multilayer contacts. (Ruvimov et al., 1996b) 5 8, of TiN was 

identified at the TUGaN interface before annealing. After annealing at 900°C for 30 

seconds the TiN layer increased in thickness to 100-150 This phase is oriented to the 

GaN substrate. Luther et al. (Luther et al., 1997) also investigated the stability of Ti and 

TdAl contacts to GaN. They found no clear indication of phase formation after annealing 

at 400°C for 5 minutes. At this temperature a significant amount of interdfision 

occurred between the Ti and AI layers in the TdAI contact, but there was no indication of 

dissociation of the GaN. 

Trexler et al. (Trexler et al., 1995) observed the behavior of Au and Au/Ni contacts 

after annealing up to 600°C. They found no apparent decomposition of GaN for either 

system. In the A m i  system, there was some indication of Ni indiffusion through the Au 

into the GaN. This was measured by AES depth profiling. In this system there are no 

known Au-N phases, and this may help explain the lack of reaction up to this temperature. 
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The behavior which has currently been observed for metal reactions on ZnSe and GaN 

agrees reasonably well with the predicted behavior. The phases formed are exclusively 

metal-anion phases and the reactions are taking place at higher temperatures. Further 

studies of the reaction behavior of other metals on these semiconductors are necessary to 

ver@ these trends. 

2.2 Electrical Behavior 

There are two types of electrical behavior of metahemiconductor contacts; rectifjring, 

or Schottky, and nonrectieng, or Ohmic. A Schottky contact is one in which a barrier 

exists for the majority carrier to move from the metal into the semiconductor. An Ohmic 

contact is one in which carrier flow h both directions is easy because the barrier height is 

negligible. The basics of barrier formation will be discussed in the following sections. In 

these sections the descriptions will assume that the metal is contacting an n-type 

semiconductor with electrons as the majority carriers. The details of metdsemiconductor 

contacts are covered in many semiconductor device textbooks, for example see Sze (Sze, 

1981). A very complete review of the subject has been written by Rhoderick and Williams 

(1 988). 

2.2.1 Schottky-Mott Theory 

The behavior of the Fermi energy equilibrium in a metahemiconductor contact is 

similar to that of an abrupt p-n junction. When the metal and semiconductor come into 

contact, the Fermi levels must equilibrate. If we consider a metal whose Fermi level lies 
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below that of an n-type semiconductor, we encounter the situation appearing in figure 

2.13. 

t 
Figure 2.13: Formation of Schottky barrier. (Schroeder, 1990) 

4~ is the work fhction of the metal and is defined as the difference between the Fermi 

level in the metal and the vacuum level. When the metal and semiconductor are brought 

into contact, electrons will flow from the semiconductor into the metal to find lower 

energy states. This creates a region on the semiconductor side that is depleted of free 

carriers. The fixed positive space charge from the depleted donors results in band 

bending. Electrons will flow until the Fermi levels align. This situation has now created a 

potential barrier for electrons wishing to pass in either direction. The difference between 

the metal work function, &, and the semiconductor work function, @s, is the barrier 

height, @B. 

These barriers are called Schottky barriers, after Walter Schottky who developed the 

theory of the potential barrier between 1923 and 1938. (Schottky, 1923; Schottky, 1938; 
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Schottky and Deutschmann, 1929) Mott proposed the mathematical relation that the 

barrier height was due to the difference in the work functions in 1938. (Mott, 1938) The 

underlying theory has come to be known as the Schottky-Mott theory. The barrier height 

can be measured by several methods, two of these are described in appendix B. 

Schottky barriers are used to form diodes. The height of the barrier for carriers 

moving fiom the semiconductor to the metal can be adjusted by applying a bias. 

Depending on the polarity, the bias can make it easier or harder for electrons to flow out 

of the semiconductor. With the polarity in the reverse direction, the barrier is high and 

few electrons can pass into the metal; with the polarity in the forward direction, electron 

flow into the metal becomes easy. To first order, applying a bias does not affect the height 

of the potential barrier for electrons traveling from the metal to the semiconductor. This 

means the system can never provide a good Ohmic contact in both directions if the barrier 

is larger than a few kT. The current flow is asymmetric for positive and negative bias. 

Contrary to p-n junctions where electrons and holes flow in the forward bias state, in 

Schottky diodes only majority carriers flow. 

Ohmic contacts can also result from metallsemiconductor contacts with the proper 

relationship between metal and semiconductor work functions. Ohmic contacts are 

important for many semiconductor devices. When building a laser, for example, it is 

important that current be able to flow through the device without a significant voItage 

drop or power loss due to contact resistances. If the metal work function is smder than 

the semiconductor work finction (for an n-type semiconductor), the equilibration of the 

Fermi levels may not result in a barrier, as shown in figure 2.14. In this case, electrons can 
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flow easily in either direction and there is no potential barrier, the contact is Ohmic. 

Another method to create Ohmic contacts is to form a highly doped surface layer. A very 

highly doped layer results in a very narrow depletion region because of the high 

concentration of space charge. Electrons can tunnel through this narrow barrier, in either 

direction, with ease. This highly doped layer can sometimes be created by the reaction 

between a metal and the semiconductor. (Sands and Keramidas, 1994) 

Figure 2.14: Ohmic contact on an n-type semiconductor. 

2.2.2 Deviations from the Schottky-Mott model 

The previous section gives an idealized view of the electrical behavior of 

metdsemiconductor contacts. Barrier heights at metdsemiconductor contacts can not 

usually be predicted by the difference in the work hnctions. In reality, energy levels at the 

surfaces and interfacial layers must be considered. There are several competing theories 

which attempt to describe and predict the barrier height formed at an interface. The basic 

premise of all these theories is that electron states exist within the semiconductor band gap 
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near the metaVsemiconductor interface. When the semiconductor and metal come into 

contact the transfer of electrons to equilibrate the Fermi levels can occur between the 

metal and the surface, or interface, states of the semiconductor. If the density of these 

states is high enough the semiconductor bulk is not involved in the electron transfer and 

the Fermi level may be pinned. In this case the Fermi level energy is determined only by 

the energy of the interface states and is not dependent on the difference between the metal 

and semiconductor work functions. Barrier heights of many metals on Si and GaAs are 

pinned by this mechanism. 

There is no consensus on the source of these interface states. Bardeen (Bardeen, 

1947) suggested that the states evolved from surface states generated from the 

interruption of the bulk periodic potential. Heine (Heine, 1965) proposed that the states 

were due to metal electron wave functions. Some of the states in the metal lie within the 

band gap of the semiconductor and the wave functions for these states will decay 

exponentially into the semiconductor. These have been termed metal induced gap states, 

or MIGS. More recently, Spicer et al. (Spicer et al., 1979) proposed that the states are 

generated by defects formed by the interaction of the semiconductor surface atoms and the 

adsorbed metal atoms on the surface. To date there has been no concrete evidence to 

unequivocally prove that one of these theories is correct for all cases. 

2.2.3 Predicted behavior for ZnSe and GaN 

The ideal barrier height of a metalkemiconductor contact can be predicted by the 

Schottky-Mott model if the work functions of the metal and semiconductor are known. 
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The work function of a semiconductor is equivalent to the electron affinity plus the 

difference between the bottom of the conduction band and the Fermi level. For both ZnSe 

and GaN the electron affinity is approximately 4.1 eV. This results in a work finction for 

ZnSe which varies between 4.1 and 6.7 eV. For GaN the work function varies between 

4.1 and 7.5 eV. The work fbnctions for various metals are given in appendix A. For an 

Ohmic contact on n-type ZnSe or GaN the metal work function must be less than 4.1 eV. 

According to the Schottky model, Al is the only common metal which should form an 

Ohmic contact on n-type ZnSe or GaN. In order to form an Ohmic contact on p-type 

material the metal work finction must be greater than 6.7 or 7.5 eV for ZnSe and GaN 

respectively. No elemental metals have work finctions this large, therefore all: metals 

should form Schottky contacts on p-type ZnSe and GaN. 

The discussion above assumes that the ideal Schottky-Mott model will be obeyed. 

This assumption is predicted to be valid because of the large ionicity of GaN and ZnSe 

(see appendix A). It has been observed (Kurtin et al., 1969; Mead, 1969) that for very 

covalent semiconductors, such as Si and GaAs, the barrier height does not depend on the 

metal work function, while for very ionic semiconductors, such as CdS and ZnO, the 

barrier height varies linearly with the metal work function. Figure 2.15 shows the 

variation in Fermi level stabiliition with the electronegativity difference of the 

semiconductor. S is the measure of the change in barrier height over the change in metd 

work function. In the ideal Schottky-Mott model, S should be equal to one. 
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Figure 2.15: Dependence of S=d$ddb on the electronegativity difference between the 
components of the compound. (Foresi and Moustakas, 1993) 

Kurtin et al. speculate that the Schottky-Mott model is followed for ionic 

semiconductors because no surface states are generated within the band gap. Calculations 

show that there is little energy differential between an atom at the surface and an atom in 

the bulk, therefore ifthere are no energy states at a particular energy in the bulk, they will 

also be nonexistent at the surface. Calculations based on the MIGS theory (Louie et d., 

1977) also show that as the semiconductor becomes more ionic the penetration depth of 

the metal electron wave functions as well as the density of states decrease. Thus, as 

indicated in figure 2.15, barrier heights on GaN should closely follow the Schottky-Mott 

model, while the relation between barrier heights and metal work function on ZnSe will 

not have a slope of 1 - 
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From these calculations we can predict that the barrier height formation should 

approximately follow the Schottky-Mott model. If this is indeed the case, then it should 

be diflicult to form Ohmic contacts on both n- and p-type ZnSe and GaN. The Schottky- 

Mott model predicts that no elemental metals should form Ohmic contacts on p-type ZnSe 

and GaN and only Al should form a good Ohmic contact to n-type material. Ohmic 

contacts to n-type material could be formed by doping the surface layer heavily to form a 

tunneling contact. This is not possible on p-type material because in both systems it is 

difEcult to dope heavily p-type due to the formation of compensating defects. 

2.2.4 Observed electrical behavior of contacts on ZnSe and GaN 

ZnSe 

Table 2.1 lists measured Schottky barrier heights on ZnSe. Most experiments have 

been performed on n-type ZnSe because p-type material is difiicult to obtain. A complete 

review of the electrical behavior of metals on ZnSe can be found in (Duxstad, 1994) or 

(Fijol and Holloway, 1996). Recently a few studies have investigated the effect of surface 

preparation on the barrier height. Chen et al. (Chen et al., 1994) report that a 2-3 

monolayer thick interfacial Se layer in a Adp-ZnSe contact decreases the barrier height 

fiom 1.15 eV to 0.89 eV. They do not speculate as to the role of the Se in the contact. 

Ishikawa et al. (Ishikawa et al., 1996) found that after etching the surface to remove the 

native oxide the turn-on voltage of a Ndp-ZnSe diode is reduced. 
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Metal 
Al 

Au 

Ce 

c o  

c u  

~ S B  n-type (ev) 
0.58(Vos et al., 
1989) 
0.55(Chen et 
al.. 1994) 
l.OB(Vos et al., 
1989) 

1.45(Vos et al., 

1 -4 1 (Anderson 
et al., 1989) 

1.4(Marshall et 

1.5(Akimoto et 

1.55(Chen et 

1989) 

1.35- 

al., 1989) 

al., 1991) 

al., 1994) 
OSO(Vos et al., 
1989) 
l.O(Vos et al., 
1989) 
0.98(Anderson 
et al., 1989) 
1 .l(Vos et al., 
1989) 
1.1 (buw 
(Mead, 1965) 

~ S B  p-type (eV) 
2.15(Chen et 
al., 1994) 

1.15(Chen et 
al., 1994) 

Metal 
Fe 

Hg 

HgSe 

@SBn-type(e~) I 4 SB p-type (ev) 

(Continenza et 
al., 1990) 

1.4- 
lS(Marshal1 et 
al., i gw)  

OhmicOhmic (Hiei et 
al., 1993) 

(Lansari et al., 
1992) 

0.6-1.0 (calc) 

In Ohmic@reilus 

Pd 1.48(Vos et al., 
et al., 1990) 

1989) 

Pt 1.4 ( b u w  
(Mead, 1965) 

0.85(Vos et al., 
1989) 

ead, 1965 

Table 2.1: Measured barrier heights for various metals on ZnSe. 
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Figure 2.16 shows the correlation between metal work function and measured barrier 

height on n-type ZnSe. The work function for each metal is an average of the reported 

values shown in table 2.1. The data shows that in general the barrier height increases with 

metal work hnction, as predicted by Kurtin. (Kurtin et al., 1969) Figure 2.15 shows that 

the slope predicted by Kurtin is approximately 0.5 for ZnSe with an electronegativity 

difference of 0.8. Using a linear fit to the data in figure 2.16, an experimental slope of 

0.72 can be determined. This indicates that the barrier heights do not vary Imearly with 

the metal work function as predicted for an ideal Schottky-Mott diode, but that the 

greater ionicity of ZnSe decreases the effect of pinning at the interface. This correlation 

was also observed by Vos et al. (Vos et al., 1989) in photoemission studies of monolayer 

coverages of metals on ZnSe. 

Clearly, this behavior makes Ohmic contact formation by elemental metals on p-type 

ZnSe dficult if not impossible. No elemental metal has a large enough work fbnction to 

form an Ohmic contact on p-type ZnSe. The lowest resistance Ohmic contacts on p-type 

ZnSe are graded ZnSdZnTe structures. (Fan et al., 1993; Han et al., 1995) These are 

complicated MBE grown structures which either use a multiple-quantum well structure or 

a ternary compound layer which gradually alters the composition fiom p-type ZnSe to p- 

type ZnTe. It is then possible to make an Ohmic contact to p-type ZnTe using Au. While 

the contact resistance of these structures is quite low (-103-104 s2crn2), they are thermally 

unstable and the contact resistance degrades during operation due to resistive heating. 

(Fijol and Holloway, 1996) The problem of reliable low resistance contacts to p-type ZnSe 

has not yet been solved. 
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Figure 2.16: Barrier height versus metal work function for metal contacts on n-type ZnSe. 
S=d+$d+p 0.7175. 

There have only been a few reports which correlate the barrier heights observed to the 

microstructure or thermal stability of the metdsemiconductor interface. FUol et al. (Fijoi 

et al., 1995) found that the breakdown voltage of Au and Ag contacts on p-type ZnSe 

could be minimized by annealing. In the Au case, the minimum breakdown voltage 

occurred after annealing at 350°C for 30 minutes and was attributed to tunneling through 

deep acceptor levels formed by indifhsion of Au. In the case of Ag, the minimum 

breakdown voltage was obtained after annealing at only 150°C for 45 minutes. No 

diffusion was observed at this temperature. The lower breakdown voltage was attributed 

to the incorporation of interfacial 0 in the ZnSe, thus increasing the surface carrier 
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density. Good Ohmic contacts hhve been formed on n-type ZnSe with In after annealing 

at 250°C for a few minutes. (Wang and Holloway, 1992) There was some indiffusion of 

indium in this contact and the low resistance of the contact was attributed to near-surfiice 

doping by In. 

Recently two studies have reported on the spatial variation of AdZnSe barrier heights. 

(Coratger et al., 1995; Morgan et al., 1996) These measurements were performed using a 

specialized scanning tunneling microscope setup which allows the current voItage 

characteristics to measured on a very small area. Coratger et al. found barrier height 

variations between 1.48 and 2.15 eV on chemicaUy etched ZnSe surfaces. Using the I-V 

technique, they macroscopically measured the barrier height to be 1.6 eV. The maximum 

of the distribution of barrier heights is 1.65 eV, which agrees very well with the 

macroscopic measurement. Studies by Morgan et al. (Morgan et al., 1996) gave barrier 

height variations between 1.33 and 1.43 eV. These measurements were performed on 

ZnSe samples which were capped by Se before being removed from the growth chamber. 

This difference in surface preparation may explain the difference in measured barrier 

height. 

GaN 

The reported values for as-deposited Schottky barriers on GaN are given in table 2.2. 

These values are found for contacts which have been deposited by evaporation, have not 

had the surface ion-beam etched prior to metal deposition, and have doping levels below 

10" ~ m - ~ .  The effects of deposition, surface preparation, and doping will be discussed 
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further. Most of the measurements are again on n-type material because of the difficdty 

in p-type doping. 

Metal 
Al 

As 

i 

(ev>, n-type OB (ev>, P -type 
Ohmic (Foresi and 

Moustakas, 1993; Smith et 
al., 1996a) 

0.82 (Kampen and Monch, 

Au 

Cr 
Ni 

Pb 

0.87 (Schmitz et al., 1995) 
1.03 (Kalhha et al., 1996) 11 0.95 (G6tz et al., 1995) 
0.84 (Hacke et al., 1993) 

0.55 O(alinina et al., 1996) 
0.95 (Schm3z et al., 1995) 
1.12 (Kalhha et al., 1996) 
0.73 (Kampen and Monch, 

1.0 Kaulan et al.. 1996) I 
0.58 (Bhari et al., 1994) I 

Table 2.2: Measured barrier heights for various metals on GaN. 

According to the model of Kurtin (Kurtin et al., 1969), the barrier heights of me& on 

GaN should vary linearly with the metal work hnction with a slope of 1. Figure 2.17 
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graphs the relation between barrier height and metal work fhction. Using a linear fit the 

slope can be determined to be 0.44. The slope for GaN is lower than that for ZnSe, while 

the prediction is for the slope to be higher. 
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Figure 2.17: Barrier height versus metal work function for metal contacts on n-type GaN. 
S=dwd+p 0.44. 

This difference can be accounted for by using a different definition of ionicity. Kurtin 

bases his explanation of the difference in behavior on difYering levels of ionicity of the 

compounds. The definition used for ionicity is simply the difference in electronegativities 

of the two elements in the compound. This definition was originally established by Pauling 

in the 1930s. (Pauling, 1960) Pauling later adjusted his definition to account for 
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compounds which were not tetrahedrally coordinated, but had resonating bonds. As our 

understanding of solid state physics expanded, new definitions of ionicity were developed 

based on ionic and covalent potential energy contributions to the average energy of the 

band gap. Phillips (Phillips, 1973) developed a definition in which the fractional ionic 

character of the bond depends on the magnitude of the ionic (antisymmetric) potential 

compared to the covalent (symmetric) potential. This new definition correlates well with 

certain semiconductor behavior, such as the crystal structure of the solid (i.e., wurtzite or 

zincblende) and the cohesive energy. Using this delinition, the ionicity of ZnSe is 63%, 

while that of GaN is 50%. This revised ionicity scale also agrees with the observed 

behavior of Schottky barrier heights on ZnSe and GaN. Future revisions of some barrier 

height measurements may, however, alter the slope. 

Some of the tabulated values of barrier heights may change as our understanding of 

GaN continues to evolve. Recent studies have begun to indicate that the preparation 

techniques used prior to metal deposition or the metal deposition technique itself'may 

affect the measured barrier height. Surface preparation has been documented to affect the 

Schottky barrier height in other semiconductor systems. (Brillson, 1994) Ishikawa et aZ. 

(Ishikawa et al., 1997) investigated the change in electrical behavior for metal contacts on 

p-type GaN with or without buffered HF etching prior to metal deposition. They 

observed a slight improvement in the I-V characteristics. There was a slight decrease in 

the turn-on voltage for the diode after the etching. They did not determine barrier heights. 

They speculate that this improvement was due to the removal of a thin contamination Iayer 

at the interface. 
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Hirsch et al. (Hjrsch et al., 1996) also observed a similar behavior for Ti contacts on 

GaN. These contacts had an approximate as-deposited barrier height of 0.2 eV. The 

barrier height increased with annealing up to 230' C to a stable barrier of 0.45 eV. This 

increase could be due to the consumption of an interfacial contamination layer by the Ti. 

No macroscopic interfacial reaction was observed by Rutherford backscattering 

spectrometry or x-ray difiaction. Annealing also caused changes in the electrical behavior 

of Pd Schottky contacts on n-type GaN. (Schmitz et al., 1996a) The barrier height 

increased after annealing at temperatures above 300°C, however the interactions at the 

interface were not characterized 

Ion bombardment also appears to have an affect on the electrical properties of the 

contact. Ping et al. (Ping et al., 1995) have found that reactive ion etching (NE) prior to 

metal deposition creates damage which is detrimental to Schottky barrier formation. 

When the plasma bias exceeded 150 V or 0.3 W/cm2, the ideality factor of a Pun-GaN 

barrier began to increase and the barrier height began to decrease. Even higher plasma 

voltages caused larger ideality factors and smaller barriers. Fan et al. (Fan et al., 1996) 

have observed that by reactive ion etching the substrate prior to deposition of Ti 

multilayer contacts, the contact resistance is 2-5 times lower. Indeed, all of the reported 

very low resistance Ti-based contacts were fabricated using a R E  etch step. (Guo et al., 

1996a; Lin et al., 1994; Wu et al., 1995) It is speculated that the R E  process 

preferentially etches the N, leaving a highly N deficient layer at the surf-ace of the GaN. 

These N vacancies act as donors and provide a highly doped layer at the interface which 

allows for the formation of an electron tunneling contact. 
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This effect has been observed for Schottky contacts on GaAs. The sputtering depIetes 

the surface of As and generates a damaged n-type surface layer. (Wang and Holloway, 

1984) This is firther supported by the formation of Ohmic contacts on annealed GaN. 

(Lester et al., 1996) Lester et al. have determined that low resistance contacts can be 

formed simply by pre-annealing the GaN at 1120°C. It is believed that at this temperature 

the GaN begins to decompose and N vacancies are generated in the surface layer. (Vartuli 

et al., 1996) A TQAI contact deposited on unannealed GaN had rect iwg characteristics, 

while the same contact deposited on annealed GaN had a contact resistance of only 

Further evidence for the effect of surface damage comes fi-om the typicalIy poor 

behavior of Schottky diodes deposited by sputtering. Most reports of sputtered contacts 

indicate that the sputtered contact is either Ohmic or a leaky diode in the as-deposited 

state. (Cordes and Chang, 1997; Ingerly et al., 1997; Luther et al., 1997; Miller and 

Holloway, 1996) Studies by Hirsch @rsch, 1997) showed that deposition by sputtering 

resulted in a Ohmic contact. Figure 2.18 shows I-V curves for two Pd diodes on n-GaN. 

Both diodes were chemically cleaned in the same manner then the Pd was deposited either 

by sputtering or by evaporation. The sputtered Pd contact was also backsputtered prior to 

metal deposition using the parameters given in chapter 4. The linear dotted line was 

obtained by measuring between two Pd contacts, while the solid line was measured with 

one Pd contact and one Al contact. The evaporated Pd contact (solid line) clearly shows 

diode behavior with very low leakage current in the reverse direction. 
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Figure 2.18: I-V curves for sputtered and evaporated Pd contacts on GaN. The dotted line in the 
inset graph represents the sputtered contacts. 

Very low contact resistances are obtained for Ti based contacts on RIE etched GaN in 

the as-deposited state. However, the lowest contact resistance is obtained after annealing 

at 900°C for 30 seconds. (Fan et al., 1996) It has been observed that annealing at this 

temperature results in the formation of a TiN layer at the interface of the Ti and GaN. 

(Cordes and Chang, 1997; Ruvimov et al., 1996b) It is believed that the formation of the 

TiN layer removes N fiom the GaN, thus increasing the level of doping near the interface 

and improving the tunneling behavior. Contact resistances as low as lo-’ sZcm2 have been 
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reported. (Fan et al., 1996) This is the lowest contact resistance currently reported. Thus 

the combination of RIE etch and TIN formation gives very good Ohmic contacts on n- 

GaN. 

Ohmic contacts have also been formed using highly doped (>lo'' cme3) n- and p-type 

GaN. (Mori et al., 1996; Smith et al., 1995) The low resistance of these contacts is most 

likely due to tunneling. Ohmic contacts on 10'' cm-3 n-type GaN were formed by AI, Ti 

and TiN and had resistances between 650 ncm2 for as-deposited Ti and 9.9~10-~ acm2 for 

annealed Ti contacts. The contacts on 10'' ~ r n - ~  p-type GaN were formed by Au or a 

Au/Mg/Au multilayer and had contact resistances between 53 and 214 Qcm2. CoIe et al. 

(Cole et al., 1996) found contact resistances as low as 8x10" sZcm2 for sputtered W OR 

10" cme3 n-type GaN. The contacts were always Ohmic, however this low value of 

contact resistance was obtained after annealing at 600°C for 1 minute. This annealing 

resulted in the formation of W2N at the interface. They attribute the Iow contact 

resistance to the new phase formation, however the high doping and sputter damage at the 

interface make an exact determination difiicult. 

Mori et al. (Mori et al., 1996) measured the contact resistances of Pt, Ni, Au and Ti on 

p-type GaN doped with Mg to a concentration of lo2' crn'lj. The resulting carrier 

concentration was not specified. They found all four metals to have contact resistances in 

the range of 0.025 k 0.01 sZcm2. These contact resistances are much too high to act as 

good Ohmic contacts for devices. Lin et al. have obtained contact resistances as low as 

6x10" sZcm2 using an hiN/GaN superlattice to contact to n-GaN. The thermal stability of 

this contact has not been explored. The use of Ni, Pd, and Cr as contacts to p-type GaN 
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has also been investigated. (Trexler et al., 1996) All three metals were deposited on 

9 .8~10 '~  cm-3 p-type GaN and were capped with Au. Trexler et al. found that the 

contacts were rectifying in the as-deposited state but became increasingly Ohmic with 

annealing. The lowest contact resistance obtained was for the Cr/Au contact and was 

4.3~10" !Am2. They have observed the formation of a Cr:N phase and a Au:Ga phase at 

the interface. The reaction may result in the formation of the good Ohmic contact, whiIe 

the formation of both N and Ga phases may prevent the formation of N vacancies near the 

GaN surface. 

The studies of Schottky barriers of various rnetds on GaN have shown that the F e d  

level is not pinned at the interface, however the variation in barrier height is not as great as 

that predicted by Kurtin. This may be explained by our greater understanding of the 

definition of ionicity. There are, however, a number of questions which remain to be 

answered. The effects of surface damage on contact electrical properties has not been 

clearly identified nor have good Ohmic contacts been developed for p-type GaN. It 

appears that the TVAI contacts can provide good Ohmic behavior on n-type GaN. A 

greater understanding of the thermal stability of elemental metals on GaN may lead to an 

ability to engineer a good Ohmic contact to p-type GaN. 
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3. MetaYCeramic interfaces 

The behavior of metaVceramic interfaces subject to annealing tends to be much 

different fiom the behavior observed at metdsemiconductor interfaces. As described in 

the previous chapter, metal thin films tend to react with semiconductor materials to form 

new phases, however most metals do not react with, and usually have poor adhesion to, 

ceramic materials. Ceramics are generally considered to be stronger, more refiactory, and 

have a greater ionic character to their bonding than either metals or semiconductors. 

(Nkholas and Mortimer, 1985) They also tend to be less reactive and less thermaIIy and 

electrically conductive. There have been many studies of the properties and optimization 

of metdceramic inte&aces because of the wide variety of applications for ceramics fiom 

integrated circuit packaging to rotors and spark plugs. Several excellent reviews of 

metallceramic joining have been published, for example see (Kumar and Greenhut, 1991; 

Nicholas, 1990; Nicholas and Mortirner, 1985). This chapter will focus on the behavior 

observed at rnetdceramic interfaces which is typically not seen in metdsemiconductor 

systems. This includes surface energy and thermal expansion mismatch, which are 

observed in the metaVGaN system. The chapter will conclude with a discussion of the 

typical approach used for bonding metals to ceramics and how this can be applied to the 

GaN system. 

3.1 Surface energy mismatch 

Every solid and liquid is characterized by a surface energy due to the discontinuity of 

the bonding at the surface. This is really an interfacial energy as the surface is an interface 
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between solid and vapor, solid and liquid, or liquid and vapor. The surface energy can be 

defined as the energy required to form a new unit area of surface and a simple estimation 

of this energy can be made by calculating the energy required to break the bonds and 

remange the atoms at the surface. (Adamson, 1990) Because it depends on the number 

of bonds broken, the surface energy will be different for different crystallographic planes 

of a crystallime solid. In addition, the surface energy varies with the type of bonding. In 

general, the more ionic the bonding the lower the surface energy. (Naidich, 198 1; Nicholas 

and Mortimer, 1985) Table 3.1 gives values of the surface energy at a specific temperature 

for a number of different materials. It has a slight dependence on temperature due to 

& 0 3  

Tic  

Nl 
Pt 

entropy effects. Surface energy is also often described by the term surface tension. The 

two terms are often used interchangeably and have the same units, although surface energy 

905 1850 

1190 1100 

1778 1454 

1800 1769 

Table 3.1: Surface energies of various materials at specific temperatures. 

is usually expressed in the dimensions of energyhea and surface tension in the dimensions 

of forcdength. 

The most common method to measure the surface energy of a solid is to put a sessiIe 

drop of a liquid with a known surface energy on it, as shown in figure 3 1 By measuring 

57 



the contact angle, 0, between the liquid and solid, and utilizing the Young equation 

(equation 3.1) , the difference between the solid-vapor and solid-liquid surface tensions 

can be determined. The Young equation is simply a balance of the forces at the liquid, 

vapor; and solid contact point. 

Figure 3.1: Definition of the contact angle. 

ylv cos@= y, -Ysl 

In this equation y is the surface tension, while the subscripts refer to the interface: I, Iiquid; 

s, solid; and v, vapor. Three regimes of behavior are defhed based on the value of 6. 

e 9 0  nonwetting 

0<90 wetting 

6 4  spreading 

Nonwetting behavior indicates that the liquid will agglomerate on the surface. This is 

because the surface energy of the drop plus the interfacial energy between the drop and 
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solid is larger than the surface energy of the solidvapor interface. The system wants to 

minimize its total energy so the high surface energy material (liquid) agglomerates into a 

drop exposing more of the low energy solidvapor interface. If the surface energy of the 

drop plus the solidhquid interfacial energy is less than the energy of the solidvapor 

interface the liquid will want to spread out and maximize it’s surface area while minimizing 

the area of the solidvapor interface. Spreading is a special case of wetting and is 

undesirable because it results in excessive flow on the surface. 

Nonwetting behavior is very typical for liquid metals on ceramics, because liquid metals 

tend to have much higher surface energies than ceramics. This type of behavior is also 

observed after annealing metal thin films on ceramics. Ifthe annealing temperature is high 

enough the metal atoms have sufficient mobility to agglomerate and decrease the 

interfacial energy. (Maskell et al., 1987) Surface dfision can occur at temperatures as 

low as 0.3T,,lt. (Ohring, 1992) Figure 3.2 shows an example of Pt island formation on a 

ceramic substrate. The observation of this behavior gives a clear indication that the film 

has a higher surface energy than the substrate. This dewetting behavior is clearIy 

undesirable for metakeramic joining applications where agglomeration may cause voids in 

the bond and decrease adhesion. This is also detrimental for metal/semiconductor 

contacts because of deleterious effects on electrical properties. Agglomeration can easiIy 

result in metal iihs which are no longer continuous and thus do not electrically conduct. 
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Figure 3.2: Scanning electron micrograph of a sputtered 100 nm Pt film on a zirconia substrate 
after annealing for 4 days at 700°C. (Maskell et al., 1987) 

3.2 Thermal expansion. mismatch 

Another common problem at metdceramic interfaces results &om the difference in 

thermal expansion coefficients (a) between the metal and the ceramic. Table 3.2 shows a 

comparison of the coefficient of linear thermal expansion for metals and ceramics. The 

h e a r  thermal expansion coefficient is given in units of strain per degree Celsius, and is a 

measure of how much a material will expand upon heating. Note that most metals, with 

the exception of the refiactory metals, have much larger thermal expansion coefficients 

than the ceramics. Since a is much larger for metals, a metal thin film on a ceramic 

substrate will want to expand more than the ceramic substrate, however the metal film will 

be constrained by the substrate and a compressive stress will be generated in the metal 
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If the compressive stress generated is large enough, the metal may faiI and deIaminate 

fiom the substrate. This behavior is called spalling and an example is shown in figure 3.3. 

If the metal film was in tension, film cracking would be expected. 

a (x106 cm/cm OC) E (GPa) 

Ni 

Pd 

Pt 
Ti 

A 1 2 0 3  

ZnSe 

Ta 

GaAs 

GaN 

AN 
Si 

13.3 

11.7 

8.9 

8.4 

8 

7.7 

6.5 

6.9 

6 

5 

5 

206.9 

112.4 

146.9 

115.8 

- 
- 

186.2 
- 
- 
- 
- 

Table 3.2: Linear thermal expansion coefficients for various materials and elastic modulus, E, for 
metals. (Brandes and Brook, 1992) 
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c 

Figure 3.3: SEM image of a Ti film grow at 973K in the c-axis orientation on sapphire. 
(Peddada et al., 1990) 

The differential thermal strain generated can be calculated simply by multiplying the 

difference in thermal expansion coefficients, Aa,  by the difference in temperature, AT, as 

shown in equation 3.2. 

AE=Aa*AT (3-2) 

Thus the strain generated is a finction both of the thermal expansion coefficient mismatch 

and the temperature change. Note that this is a differential strain, since the initial strain 

state of the metal film is unknown. Some sources claim sputtered films tend to be under 

compressive stress (Westwood, 1988), while others claim an initial tensile stress state. 

(Thorton and HofEnan, 1989) It is clear from table 3.2 that while the thermal mismatch 
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between the near noble metals and GaN is rather large, it is even larger between these 

metals and other semiconductors, such as Si. Although the thermal mismatch between Si 

and the near noble metals is larger, thermally generated compressive stress is a much 

smaller problem because the systems are not heated to high temperatures. Because of the 

thermal stability of GaN and other ceramics, processing and operating temperatures can be 

very high. The large temperature difference between the metal deposition temperature and 

the annealing temperature then generates a large compressive strain in the metal a m .  

When determining whether the generated strain will result in compressive failure, the 

stress generated and the strength of the metal and the metaVGaN interface must be 

considered. The change in stress can be calculated by multiplying the change in strain by 

the elastic modulus, E, of the metal, and dividing by Poisson’s ratio, v, as shown in 

equation 3.3. 

E 
1-v do=- x A& (3-3) 

Table 3.2 gives values of the elastic modulus for various metals. Poisson’s ratio is usually 

around 0.3 for metals. The exact values are given in appendix A Obviously, the largest 

amount of stress will be generated in a Ni thin film, since it has the largest elastic modulus. 

To determine whether the stress generated is likely to cause failure, the stress must be 

compared to the failure limit of the metal. Unfortunately, there is little data avaiIabIe on 

strengths of metals under compression, the values available are for the uItimate tensile 

strength. These values can still be used for comparison and are given in table 3.3. A 

range of values is given for each metal, because the measured tensile strength depends on 
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how the metal was prepared and tensile strengths for sputter deposited metal films are not 

available. It is clear f?om this table that while Ni will have a large stress generated because 

of it's large elastic modulus, failure may not occur because of the strength of the material. 

Pt and Pd, however, while having low elastic moduli also have low ultimate tensile 

strengths, thus being more prone to failure. 

Ni Pd Pt Ti Ta 

Ultimate I 1 310-600 140-195 125- 145 240-700 205-485 Tensile 
Strength 

Table 3.3: Ultimate tensile strength of various metals. (Brandes and Brook, 1992) 

This behavior is detrimental to metallsemiconductor contacts because of the possible 

catastrophic mechanical failure of the contact as well as degradation of electrical 

conductivity. To minimize this, metals and substrates with similar coefficients of thermal 

expansion or high strength must be used. GaN has a thermal expansion coefficient of 6 

xlOd cm/cm°C, metals with similar expansion coefficients include Ta (6.5 xlOd cm/cm"C) 

and Mo (5.1 xlOd cm/cm"C). 

3.3 Typical approaches to bonding metals and ceramics 

One of the most common bonding methods is brazing. This involves putting a thin 

metal iilm on the ceramic and heating. The bonding can be caused by interdiffusion or by 

actual reaction at the interface. Bonding of metals to sapphire has been extensively 
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studied and recently there have been a number of studies on bonding metals to AIN. 

(Brow et al., 1991; Carter and Papageorge, 1992; He et al., 1996; Westwood and Notis, 

19) Several issues must be considered when determining which metals will form good 

bonds, including the two discussed in the prior sections. A metal with a similar coefficient 

of expansion is desired in order to avoid compressive stress Mure in the metal film, or 

cracks in the ceramic caused by tensiIe stresses. In addition, the metal should wet the 

ceramic surface, so that continuous coverage is obtained. It has been observed that if the 

metal has a strong afsnity for bonding with one of the two elements of the ceramic, it is 

more likely to wet. (Nicholas and Mortimer, 1985) This is attributed to bonding occurring 

at the interface of the metal and ceramic. Interfacial reactions and new phase formation at 

the interface can also lead to better wetting. 

The formation of an interfacial reaction product could lead to a lower intefiacial energy 

than between the ceramic and the elemental metal. The driving force for reaction in an 

interfacial system is the decrease of the total energy, therefore the decrease of intefiacial 

energy due to new phase formation can be an additional driving force for reaction in the 

system. If the interfacial reaction has a large enough negative free energy, the formation 

of the new phase may be more advantageous than agglomeration of the metal on the 

ceramic. Most brazing is done with a metal alloy which includes an active metaI. An 

active metal is one which is capable of changing the ceramic surface chemistry and 

enhances the ability of the alloy to wet and bond to the ceramic. (Nicholas and Mortimer, 

1985) The metal may just form a bond with one of the ceramic elements or it may react 

to form a new phase. Ti is a very commonly used metal, both on A I 2 0 3  and AlN. Several 

' ,  . 
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authors have reported that Ti forms TiN at the AlN/Ti interface at temperatures as low as 

300OC. (Carter and Papageorge, 1992; He et al., 1996; Westwood and Notis, 19) When 

Ti is one of the elements in a metal alloy, wetting of the ceramic is enhanced and 

segregation of Ti to the interface is observed. (Brow et al., 1991) Other exampIes of 

metals which are termed active and have been observed to enhance wettability of A&@ 

are niobium, tantalum, chromium, and zirconium. (Nicholas and Mortimer, 1985) 

Since chemical reaction is an effective means to improve wettability and adhesion, it is 

desirable to predict which metals will react on the substrate. Some guidance can be 

obtained fiom equilibrium thermodynamic data. The Gibbs fiee energy of the reaction can 

be calculated using equation 3.4 and tabulated thermodynamic data. (Kubaschewski et aI., 

1993) 

AG=A&g8-TASw8 (3 -4) 

This calculation is an estimate because it ignores the temperature dependence of the 

enthalpy and entropy. The tabulated thermodynamic data gives m298, the standard 

enthalpy, or heat, of formation, and the standard entropy, SW8, of each substance. AS298, 

the change in entropy for the reaction, can be calculated fiom the standard entropies with 

a knowledge of the chemical reaction. For example, if 

2M + N2 + 2MN 

the change in entropy equals the standard entropy of the product minus the standard 
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Figure 3.4: Gibbs free energy of formation for various nitrides. 
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Figure 3.4 gives a graphical comparison of the heats of formation for several nitrides. 

This type of diagram is called an Ellingham diagram. It provides a quick visual method for 

determining the relative stability of nitrides. Any nitride can be reduced by any metal 

whose nitride is lower in the diagram. For example, the flee energy of ZrN is much lower 

than that of TaN, this indicates that at a Zr/TaN.interface the Zr would react to form ZrN 

and Ta. From this diagram we observe that any of these metals should react with GaN 

over this range of temperatures. Not included in this diagram are several other metal 
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nitrides whose fiee energies of formation are higher than GaN. These include FegN, Fea,  

Mg3N2, N3N and Ca3N2. This type of diagram has proven useful for predicting which 

metals will react on AIN and Si3N4. Indeed, Ta and Zr have been observed to react with 

Si3N4. (Suganuma, 1990) 

The equilibrium thermodynamic data can only provide a guideline for which metals 

may react because the actual reaction will not be in thermodynamic equilibrium and the 

kinetics of the reaction are unknown. The reaction will not take place if the annealing 

temperature does not provide enough energy for diffusion of the constituents. In addition, 

the accuracy of the thermodynamic data is not always known. The thermodynamic data 

for the formation of GaN was determined in the 1960s and 1970s (Madar et al., 1975; 

Munir and Searcy, 1965; Thurmond and Logan, 1972), and the quality of the GaN used in 

these studies may not have been equivalent to that of the material in use today. AIso, GaN 

has been reported to have a large kinetic barrier to dissociation (Newman et al., 1993), 

indicating that interfacial reactions may be inhibited by kinetics. However, the 

thermodynamic data can provide an initial estimate of which metals are more IikeIy to 

react. 
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4. Experimental Procedures 

4.1 Surface preparation 

The intention of the surface preparation procedure was to minimize contamination at 

the interface between the semiconductor and metal. All samples were first degreased in a 

sequence of solvents. They were first boiled in xylenes for three minutes, then boiled in 

acetone for three minutes, and finally boiled in methanol for three minutes. Samples were 

blown dry with Nz. Various wet etching solutions were investigated for removing the 

remaining oxide on the surface. The results for the various solutions will be discussed in 

chapter 6.  The etching mixture which left the cleanest surface was one which included 

HF. Some samples were cleaned in 49% HJ? for 30 seconds and others were subjected to 

a buffered oxide etch solution (BOE) for 5 minutes. BOE is composed of 6 parts Coy 

volume) NH3F and 1 part 49% HF. This is then diluted for etching by a ratio of 10 parts 

(by volume) water to 1 part BOE. Samples were then placed immediately in the metd 

deposition system. 

Some samples were sputter etched prior to metal deposition. The experimental results 

section will c l f i  which samples were sputter etched and how that affected the reaction 

Samples were sputter etched in a model 2400 Perkin-Elmer sputtering system for 6 

minutes. A? ions were used with a forward power of 100 W. The ‘tune’ was set to 

1238, the ‘load’ at 860, and the ‘target bias’ was 650 V. The ‘tune’ and ‘load’ are used to 

match the impedance of the substrate table system with that of the coaxial cable bringing 

the Rl? power fiom the generator. The ‘tune’ controls the capacitance in the circuit, while 

69 



the ‘load’ controls the coupling between the primary and secondary circuits of the 

network. Profilometer measurements indicated that approximately 1 OOOA were removed 

during 6 minutes of backsputtering. 

4.2 Metal deposition 

Approximately SOOA of metal were deposited using one of two systems. MetaIs were 

either sputtered using the model 2400 Perkin-Elmer sputterer or they were evaporated 

using a Veeco electron beam evaporator. The parameters used for sputtering the various 

metals are shown in appendix C. The base pressure in the sputterer was generally 4x10d 

Torr after a minimum of 7 hours of pumping. The base pressure in the evaporator was 

generally 5x10-’ Torr after a minimum of 4 hours of pumping. The evaporator has a lower 

base pressure because the system is kept under vacuum between depositions. 

4.3 Annealing 

Two methods of annealing were used. For long annealing times (longer than 3 

minutes) a Type 54241 Lindberg Hevi-Duty tube furnace was used. During annealing 

either N2 or a mixture of 96% N2 and 4% H2 flowed through the hrnace. The Nz-Hz 

mixture is also called forming gas. It is used to minimize the formation of oxides during 

annealing. When annealing, the furnace was allowed to reach the specified temperature 

and then the sample, in a quartz holder, was inserted. The temperature would oscillate for 

a few minutes and then restabilize. At the end of the annealing period, the samples were 

placed at the end of the annealing tube, which was at room temperature. They were 

cooled in the flowing gas for approximately ten minutes. 
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For short annealing times a Heatpulse 210 rapid thermal annealer by AG Associates 

was used. This system allows a sample to be heated to high temperatures (<lOOO°C) for 

short times (a minutes). The temperature is measured by a thermocouple embedded in a 

Si wafer. The sample is placed on this wafer in the quartz chamber. N2 gas flows through 

the chamber to minimize oxidation. High-intensity tungsten-halogen lamps are computer 

controlled to heat to the desired temperature. When heating to temperatures above 8OOOC 

the system first heats the chamber to 4OOOC for 10 seconds. This step is intended to 

improve repeatability. 

4.4 Characterization 

Several complementary materials characterization tools were utilized to determine 

whether changes were occurring at the metahemiconductor interface and what those 

changes were. Appendix C gives an overview of each of the techniques. This overview 

includes a brief description of the theory behind the method, an explanation of what 

information can be obtained fiom the technique, and a discussion of the advantages and 

disadvantages. An excellent resource for information on materials characterization 

methods is “Encyclopedia of Materials Characterization”, edited by C. Brundle, C. Evans, 

Jr., and S. Wilson. a 

The two primary characterization techniques used were Rutherford backscattering 

spectrometry (RBS) and x-ray dfiaction (XRD). These two techniques were used to first 

determine at what temperature the reaction began taking place. RBS provided the 

information on when interdiffusion began to take place in the system, while XRD gave 
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information on new phase and solid solution formation. Auger electron spectroscopy 

(AES) and scanning electron microscopy (SEW were also used. AES can provide 

information on surface composition or give a depth profile of composition. SEM provides 

an image of the surface of the sample. While the SEM can not image the interface, it was 

useful in cases where delamination or agglomeration occurred. X-ray photoelectron 

spectroscopy (XPS) was used to determine surface composition and, in one case, to give 

composition information with depth. Transmission electron microscopy ("Em was a 

vital part of the characterization as it was the only method to visually observe the 

interface. In addition, it can provide composition and phase information. 

4.4.1 RBS 

R33S measurements were performed with a 1.95 MeV 4He" beam with a scattering 

angle of 165". The beam spot was 1 mm in diameter on the sample. A Si surface barrier 

detector was used with an acceptance angle of approximately 2 msr and an energy 

resolution of approximately 20 keV. 4 pC of charge was collected at a current of 6-10 

nA. A circular shield biased to -900V surrounded the sample to suppress any secondary 

electrons. 

4.4.2 XRD 

XRD was performed with a Siemens D5000 difiactometer in both the glancing angle 

and 8-20 geometries. Cu K, x-rays of energy 8 keV were used. Spectra were generally 

taken over a 20 angular range of 30-80O. This range was chosen because it included the 

majority of the peaks of interest. 
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For glancing angle measurements a 3" incident angle was used. 1" and 0.3' slits were 

used in slots 1 and 2 at the exit of the x-ray source. This combination was found to be 

most sensitive to the presence of new compounds in these systems. For 8-28 dfiaction, 

slits of 1" and 1' were used in slots 1 and 2 on the x-ray source and 1" and 0.1' in slots 3 

and 4 on the x-ray detector. The x-ray scans were performed with a 0.1" step size and 2 

seconds of data collection per step. Each scan took approximately 20 minutes to perform. 

This step size was small enough to resolve all peaks in the spectra. 

4.4.3 ms 

AES was performed with a Phi 660 scanning auger microscope with an electron beam 

voltage of 3 kV and an analyzer resolution of 0.6% of the peak energy. The beam current 

was typically near 90 nA. The sample stage was set at an angle of 50' for sputtering and 

data collection. A Ga" beam was used for sputtering with an energy of 20 keV, spot size 

of 1 pm, and beam current of 3 nA. The sputter rate was controlled by the magnification 

chosen for the ion gun beam. In most cases the sputter rate chosen was approximately 100 

A per minute. 

4.4.4 X P S  

X P S  was perfonned with a Phi 5300 system. A 1.1 mm diameter circular aperture and 

the &-line of a Mg x-ray source were used. A pass energy of 179 eV was used which 

gave an analyzer resolution of 4.5 eV. Data was acquired for 3 minutes with the detector 

at an angle of 15'. A 3kV Ar+ ion gun was used to sputter the samples with a sputter rate 

of approximately 100 A per minute over a 2 mm diameter area. 
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4.4.5 TEM 

TEM was performed using a JEOL 2OOCX high-resolution microscope operated at 200 

kV. Cross-sectional samples were prepared by gluing two one mm thick pieces face to 

face, followed by mechanical grinding, and finally ion milling on a liquid nitrogen cooled 

stage to obtain electron transparency. Energy dispersive spectroscopy (EDS) and selected 

area difEaction (SAD) were done in the TEM to identify composition and lattice 

structure, respectively. This work was done by several microscopists at the National 

Center for Electron Microscopy at Lawrence Berkeley National Laboratory. 
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5. Results and discussion 

5.1 Surface Characteristics 

In order to obtain accurate data on metalhemiconductor interactions and to obtain 

consistent reactions it is imperative that the interface be free of oxides or contaminants. 

Since metals could not be deposited in-situ after crystal growth in this study, chemical 

methods or sputtering had to be used to clean the surface prior to metal deposition. At 

the time that this study commenced there was little information in the literature regarding 

the effects of cleaning or etching on the morphology and composition of the surfaces. For 

this reason the surface characteristics of ZnSe and GaN were investigated as a finction of 

cleaning method. Recently, reports have been published discussing the surface 

composition and morphology after cleaning. (Edwards et al., 1996; Lee et al., 1996; Liu et 

al., 1995; Pearton et al., 1994; Shul et al., 1996; Smith et al., 1996b) These results wiIl be 

discussed and compared to the results obtained in this study. XPS measurements were 

performed on ZnSe and GaN surfaces prepared by a variety of methods. These 

measurements were intended to determine the amount of contaminants on the surface of 

as-grown layers and the changes after various surface treatments. 

The details of the cleaning study on ZnSe can be found in (Duxstad, 1994). The results 

will be summarized here. Measurements were taken on as-grown, Ar+ sputter etched, HF 

etched, and K2Cr207 etched samples. Table 5.1 shows the relative atomic concentrations 

of C, 0, Se, and Zn on the surfaces before and after cleaning. The sample which was 

sputter etched for two minutes. This was followed by an in situ X P S  measurement. 
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c 1s 
0 1s 
Se 3d 

Zn 2p3 
Se:Zn 

As grown Sputter 5 minute air K2Cx-207 HF etch 
Etched exposure etch 

5 1 .OO 18.56 46.85 58.67 50.27 
17.99 
24.09 
6.92 
3 -48 

2.12 
52.04 
27.28 
1.91 

6.67 
36.44 
10.05 
3.63 

7.3 1 
31.58 
2.44 
12.94 

13.50 
29.41 
6.82 
4.3 1 

Table 5.  I: Atomic concentration percentages for C, 0, Se, and Zn on samples prepared with 
various surfhce treatments. 

The sample was then removed to the loadlock and exposed to air for 5 minutes and 

remeasured. These results clearly show that sputter etching is the most effective method 

for removing C and 0 contamination. The sputtering does, however, affect the ratio of Se 

to Zn on the surface. It appears that Se is preferentially sputtered fiom the surface. 

Sputtering also causes some damage at the surface. The amount of damage was 

investigated by using channeling RBS and found to be not very significant. 

A recent study by Liu et al. (Liu et al., 1995) also showed that HF cleaning of the 

ZnSe surface can reduce the 0 concentration. HF does not etch the ZnSe. They found 

that some etching mixtures, such as 1% Br in methanol or boiling NaOH left the surface 

with a rough morphology. Their suggestion for the best cleaning is to etch with 

N€&OH/H202 followed by etching with CS2 to remove excess Se left on the surface by the 

first treatment. This sequence leaves a smooth and stoichiometric surface. 

Several cleaning methods for GaN were also characterized. None of the chemical 

cleaning steps etched the GaN, only Ar+ sputtering actually etched away the surface Iayer. 

Figure 5.1 shows an X P S  spectra for an as-grown GiN wafer. This wafer was not etched 

or cleaned prior to taking this spectrum. Note that there is an obvious presence of 0 and 
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C on the surface. Both X P S  and AES peaks are visible. X P S  peaks are labeled with the 

orbital fiom which the electron came, while the Auger peaks are labeled with the transition 

type (KLL, LMM, etc.). No appreciable amount of other contaminants is observed. Note 

that only the C KLL Auger peak is labeled. The C 1s peak (285 ev) overlaps the Ga 

LMM peak (281 eV). Unfortunately, this means that a quantitative determination of the 

amount of C on the surface is not possible because the sensitivity factor for the C Auger 

peak is not known. 

Figure 5.1: XPS spectrum of an as-grown GaN surface. 

Figure 5.2 shows XPS spectra for GaN samples which were treated with two different 

etching solutions. Both wafers were first cleaned in a sequence of solvents, as described 

in chapter 4. One was etched for 30 seconds in 49% €E, the other was etched for 30 

seconds in HCl. Both samples were M s e d  in distilled water and blown dry with N2. The 

spectra were taken after the samples had been in air for approximately 30 minutes. 

. .. 
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Figure 5.2: XPS spectra of a GaN sufice after a (a) 30 sec. HCI etch, (b) 30 sec. HF etch. 
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The 0 and C peak heights on the HC1 etched sample are approximately the same as 

that observed on the as-grown sample. Atomic concentration percentages are given in 

table 5.2. The 0 concentration is decreased only slightly by the HCl etch. A comparison 

of the C KLL peaks also shows that there is little decrease in C contamination on the 

surface. The HCl etch does cause the surface to become less Ga rich. After the HCI etch 

a small amount of C1 can be detected on the surface as indicated by the presence of the CI 

LMM Auger peak in figure 5.2a. The C concentration is not calculated because the Cls 

X P S  peaks are overlapped by Ga Auger peaks. 

As grown 

22.69 
0 19.80 
Ga 57.5 1 

Ga:N 

In-situ 
lmin.Ar+ 2min.Ar+ 

sputter sputter 
44.8 46.17 
10.19 3 -99 
45.01 49.83 
1 .oo 1.08 

Ex-situ 
HC1 etch HF etch BOE etch 

33.8 29.26 21.8 
19.6 11.78 19.7 
46.7 58.96 58.5 
1.38 2.02 2.69 

Table 5.2: Atomic concentration percentages for N, 0, and Ga on samples prepared with various 
surface treatments. 

The HF etching solution (figure 5.2b) and the buffered oxide etching mixture (BOE) 

(table 5.2) signrficantly decrease the percentage of 0 on the surface. BOE is a mixture of 

1 part (by volume) HF and 6 parts IWs. This is then diluted for etching by a ratio of 10 

parts (by volume) water to 1 part BOE. The HF and BOE etching solutions remove 

almost as much 0 from the surface as sputtering. They do not, however, remove a 

significant amount of C. The C KLL peak is still clearly visible in the spectrum. In 

addition, etching leaves some F bonded on the surface. In the spectrum for the HF etched 
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sample (figure 5.2b) the F KLL Auger peak is visible at 600 eV. On the BOE etched 

sample the F 1s XPS peak is also visible. This indicates that some bonds on the surface 

may be passivated by F. This wet etching removes more 0 than etching with HCI, but still 

does not remove much C. Smith et al. (Smith et ai., 1996b) also found that HCI and HF 

etching solutions were able to remove some 0 and C fiom the surface, but could not leave 

the surface free of 0 and C contamination. 

Figure 5.3: X P S  spectrum of a GaN surfkce after two minutes of Ar+ sputtering. 

Figure 5.3 shows a spectrum of a sample which was Ar+ sputtered for two minutes. 

The sample was sputtered using the parameters given in chapter 5. This sputtering cycle 

should have removed approximately 200 of GaN. Sputter etching significantly reduced 

the amount of 0 and C contamination on the surface. The 0 AES peak is no longer 

visible, and the 0 X P S  peak is almost unidentifiable. In addition the C Auger peak has 

also disappeared. Ar+ sputtering appears to be the preferred method for removing 
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contaminants from the surface. Note that there is very little change in the atomic 

concentrations between the sample sputtered for one minute and the sample sputtered for 

two minutes. Most of the contamination is removed within one minute of sputtering. 

A detrimental aspect of sputtering is that it can cause damage to the surface. The 

amount of damage after sputtering can be investigated using channeling RBS. When the 

incident ion is aligned with a channel in a perfect crystal very few ions wiil be 

backscattered. A comparison of the number of ions backscattered from a channel gives an 

indication of the degree of perfection of the crystal. Figure 5.4 shows 1.8 MeV RBS 

channeling results in a random direction and along the <0001> direction. The figure 

shows the random spectrum as well as channeled spectra for as-grown and sputtered 

samples. The sample was sputtered at room temperature using the Perkin-EImer 

sputtering system with the parameters given in chapter 4. The signal for the backsputtered 

sample increases only slightly, indicating very little damage at the surface. The small peak 

at 1.55 MeV is due to Pd contamination on the sufiace. This contamination came fiom 

backsputtering off the sample holder in the chamber. This can be reduced by careful 

mounting of the sample and use of clean sample holders. 
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Figure 5.4: 1.8 MeV RBS channeling experiments on as-grown and Ar+ sputtered GaN. 

The use of k+ sputtering provides a good method for removing contamination from 

the GaN surface without creating significant structural damage. This cleaning method 

does affect the ratio of Ga to N on the surface of the sample. Table 5.2 gives the Ga to N 

ratios. The Ga:N ratio decreases significantly after sputtering, with the surface becoming 

less Ga rich and approaching a 1 to 1 ratio of Ga to N. This is surprising since it has been 

speculated that N should be preferentially sputtered from the surface. &in et al., 1994) 

Preferential sputtering is common for compound materials and in most III-V 

semiconductors the group V element (As, P, etc. ) is preferentially sputtered. (Pearton et 
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ai., 1990; Wang and Holloway, 1984) It appears, however, that GaN behaves differentty. 

c 1s 
N 1s 
0 1s 

Ga 2p3 
Ga:N 

Pearton et al. (Pearton et al., 1994) have also observed that N is not preferentially 

13.34 17.80 
67.5 1 41.07 
7.05 24.98 
12.1 1 16.15 
0.18 0.39 

sputtered by Ar+. Their measurements were done using AES. Pearton and Lee (Lee et 

al., 1996) also report that sputtering does not increase the average surface roughness of 

the GaN. 

The affect of annealing on the bare GaN surface was also investigated. Vartuli et al, 

showed that after annealing for 10 seconds at 1000°C in N2, N was lost from the surfkce 

of the GaN. If the GaN begins to decompose at the temperatures used for annealing, this 

will affect the reactions at the interface. Possible surface decomposition was investigated 

after annealing at 800°C for 2 hours. 8OOOC was chosen because it was the highest 

temperature used in the study. The annealing was not done in-situ. 

Table 5.3: Atomic concentration percentages for various elements on the surkce of asdeposited 
GaN and GaN annealed at 800°C for 2 hours in flowing Nt. 

As-deposited and annealed samples were then analyzed using XPS. Table 5.3 shows 

the change in atomic concentration percentages after annealing. A significant increase in 

the 0 and C concentrations on the annealed surface indicates increased contamination and 

possibly increased oxide growth on the surface. Note that the C 1s peak is overlapped by 

a Ga LMM, thus some of the calculated increase in C concentration may be due to the 
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increase in Ga concentration after annealing. The ratio of Ga to N on the surface also 

doubled. This may indicate some loss of N fiom the surface. Ga particles on the surface, 

however, were not observed using SEM. This indicates that the surface stoichiometry 

change was not too radical. Surface decomposition should be even less when the surface 

is covered with an approximately 800 %i thick layer of metal. 

Of the wet etches studied, the HF and BOE etches removed the most contamination 

from the GaN surface. The most complete cleaning was obtained by Ar+ sputtering. 

Since the cleanliness of the interface is crucial for consistent reactions, almost all GaN 

samples in the study were backsputtered prior to metal deposition. The ZnSe samples 

were backsputtered prior to deposition of Pt and Ni. The Pd reaction occurs only if the 

sample is treated with just an HF etch. This may be because there is a difference in the 

ratio of Se to Zn on the surface. An HF etch leaves a higher percentage of Se on the 

surface than the sputtering and the Pd may react more strongly on a Se terminated surface. 

5.2 Structural behavior of pt, Pd, and Ni on ZnSe 

5.2.1 Results 

Pd/znSe 

As-deposited Pd was first seen to react after annealing for 10 minutes at 200°C, which 

is higher than the reaction temperature of Pd on GaAs, Si, or Ge. The reaction on ZnSe 

progresses quickly and after 30 minutes of annealing a 940 %i thick Pd layer has 

completely reacted. Figure 5.5 shows RBS spectra from samples annealed at 200°C for 

10 and 30 minutes compared to the as-deposited spectrum with an initial Pd thickness of 
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1040A. A second sample with an initial Pd thickness of 940A and annealed for 30 minutes 

is also shown. From these spectra it is clear that interdiffusion takes place between the Pd 

and ZnSe. After annealing for 10 minutes a small peak at the surface in the Pd signal 

indicates that not all of the Pd has &lly reacted. 

3000 as deposited, 1040 A Pd 

10 minutes, 1040 A Pd 

30 minutes, 1040 A Pd 

30 minutes, 940 A Pd 

A 
+ 

2000 

1000 

0 
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 

Energy (MeV) 

Figure 5.5: RBS spectra of PdZnSe annealed for various times at 200°C with different as- 
deposited Pd thicknesses. 

. After 30 minutes of annealing, a uniform Pd signal is obsemed indicating that all of the 

Pd lilm may be reacted with the ZnSe and the concentration of Pd throughout the reacted 

layer is uniform. Two different peak heights are observed after 30 minutes of annealing 

depending on the initial Pd thickness. This indicates that some of the Pd remains unreacted 
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in the thicker layer or there is a variation in composition in the reacted layer. E we assume 

that a ternary phase is forming, as in the PdGaAs system, a Pd-ZnSe ternary phase would 

have a nominal composition range of Pds*ZnSe, with x d l .  The formation of a ternary 

phase with variable composition is comparable to the formation of variable composition, 

ternary phases in the PdGaAs (Kuan et ai., 1985; Sands et al., 1987a) and Pd/InP (Caron- 

Popowich et al., 1988) systems. It is not possible, based on the RBS data alone, to rule 

out the presence of binary phases. 
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Figure 5.6: X-ray spectra of PdZnSe for asdeposited samples and samples annealed for various 
times at 200°C. 
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The 8-28 x-ray spectra in figure 5.6 provide crystallographic information on the 

PdZnSe reaction. After annealing for 10 minutes at 200°C, three new peaks have 

appeared and the intensity of the Pd diffraction peaks has decreased substantially. This is 

in agreement with the RBS spectrum in figure 5.5 which shows a partially reacted Pd fiIm. 

After 30 minutes annealing, the new peaks have more than doubled in intensity while the 

Pd peaks are no longer observable. The diffraction peaks from the reacted phase were not 

observed in XRD taken in the fixed glancing angle geometry, indicating that the reacted 

phase is epitaxial or well-textured with the substrate. Figure 5.7 shows a wide angle scan 

of the observed sequence of peaks. The presence of the sequence of high intensity (001) 

peaks also indicates that this phase is highly textured. Peaks for most other planes are not 

observable in the 8-20 geometry, because the ternary phase is oriented. The observed 

intense dfiaction peaks correspond to calculated (001) peaks of the ternary Pds+JhSe 

phase. Table 5.3 gives the measured and calculated lattice spacings for the observed 

peaks. This tetragonal phase was previously observed with a = 0.3952 nm and c = 0.6914 

nm and a composition of Pd&ZnSe. (El-Boragy and Schubert, 1970) This identification is 

corroborated by selected area dfiaction from TEM analysis. Pd also reacts to form a 

ternary, oriented phase on GaAs at temperatures below 25OOC. (Kuan et al., 1985; Sands 

et al., 1987a; Yu et al., 1986) PdzSi also forms with an epitaxial relationship after the 

reaction of Pd on Si. (E3uckley and Moss, 1972) 
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Figure 5.7: Wide range 8-28 scan of PdZnSe sample annealed at 2OOOC for 4 hours and 40 
minutes. Labels give (bkl) values for Pd&ZnSe. 

d (A) Relative 
hkl Calculated Measured intensity (measured) 

(001) 6.914 6.896 16 
(002) 
(003) 
(004) 
(040) 
(141) 

3.457 
2.305 
1.729 
0.988 
0.949 

3.450 
2.304 
1.727 
0.988 
0.947 

89 
79 
100 
4 
11 

Table 5.3: Summary of measured and calculated lattice spacings (d) for Pd&?hSe. 

The existence of the epitaxial ternary phase is substantiated by selected area difiction 

in transmission electron microscopy (TEM), presented in figure 5.8d. Dfiaction spots 

due to reflections fiom the ZnSe [110] zone axis are marked by black dots, while the 

principal reflections from the Pds+xZnSe [loo] zone axis are indicated by lines. The 
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orientational relationship between the two crystals is determined to be: ZnSe[l 101 // 

Pds,ZnSe[ 1001 and ZnSe (002)// Pds+JhSe(OOl). This diffraction pattern reveals that 

the PdscxZnSe (010) plane (indexed with outlined number) is parallel to ZnSe (220) 

(indexed with white number). Since the interplanar spacing of Pds-ZnSe (010) (dl = 

0.395 nm) is nearly twice that of ZnSe (220) (dZ = 0.200 nm), the lattice mismatch at the 

interface between Pd5,ZnSe and ZnSe is quite small (2 1.3%), which expIains why 

Pds,ZnSe tends to grow epitaxially on the ZnSe (001) substrate. TEM micrographs 

(figures 5.8a-c) reveal the morphology of the as-grown and reacted films. The 

micrographs show that the ternary phase forms in a complete layer and as the reaction 

proceeds the layer thickness increases and the grains become more oriented. The as- 

grown ZnSe surface is slightly faceted and the interface becomes smoother after the 

reaction occurs. The reacted layer above the ZnSe also becomes less uniform in thickness 

after annealing for thirty minutes. 

This ternary phase remained thermally stable during annealing up to 4.5 hours at 200°C 

and 30 minutes at 400OC. After annealing for 30 minutes at 300 and 4OOOC the x-ray 

peaks shift to slightly smaller d values with higher temperature annealing, indicating a 

slight variation in composition. The thickness of the reacted layer also increases sIightIy 

compared to the annealing at 200°C. This is different fiom the behavior of Pd on GaAs, 

where a second ternary phase nucleates at grain boundaries of the first ternary phase at 

temperatures just above 250°C. (Sands et al., 1987a) 
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Figure 5.8: TEM micrographs showing the progression of phase formation at the thin film 
PdZnSe interfhce, (a) Morphology of the asdeposited sample, (b) Pds+,ZnSe layer formed after 

annealing for 10 minutes at 2OO0C, (c) increase in thickness of the Pds+,ZnSe layer after annealing 
for 30 minutes at 200°C, (d) selected area diffraction showing orientational relationship of the 

reacted Pds+,ZnSe phase with the substrate, ZnSe [l 10]IIPdS+,ZnSe[1O0]. 
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RBS and XRD results show that the ternary Pds+JnSe phase is stable up to 450°C. 

Above 450°C the Pd fiIm begins to island on the surface and Pd d f i s e s  completely 

through the ZnSe layer to react with the GaAs layer below. Figure 5.9 shows TEM 

micrographs of the microstructure after annealing at 500°C for 30 minutes. The Pd 

remaining at the surface of the sample has formed a PdTSe4 phase, as identified by SAD 

and XRD. At the GaAs/ZnSe interface large precipitates have formed which are a Pd-Ga 

phase. In some locations large reacted areas, such as shown in figure 5.9b, are observed. 

These areas contain Pd, Zn, Se, Ga, and As, and are not a single phase, but a mixture of 

several phases comprised of these elements. The exact phases present have not yet been 

identified. 
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Figure 5.9: E M  micrographs showing interfhce deterioration after annealing at 500°C for 30 
minutes. (a) Pd-Ga precipitates at ZnSe/GaAs interface, (b) large reacted area at ZnSe/GaAs 

inkrfhce. 

In the Pt/ZnSe system no significant reaction or interdiffusion is seen by RBS or XRD, 

until it is annealed at temperatures of 55OOC or above. Pt agglomerates on the ZnSe 

surface after annealing at 450°C for 72 hours, but again there is no new phase formation 

detectable by RBS or XRD. Cross-sectional TEM analysis indicates that there is a small 

amount of interdiffusion and very small precipitates of a new phase after annealing at 
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450°C. The first evidence of phase formation by RBS and XRD occurs after annealing at 

575°C. Figure 5.10 shows RBS spectra for Pt films annealed at 575°C for 10 and 30 

minutes compared to the as-deposited spectrum. After 10 minutes some Zn has diffused 

through the Pt layer and after annealing for 30 minutes the Zn concentration has increased 

firther. Using RUMP, an RBS simulation program, (Doolittle, 1986) the concentration of 

Zn in the Pt is estimated to be 20% after annealing for 30 minutes at 575°C. Although 

there is a significant amount of Zn in the layer, no Zn-Pt compound can be identified by 

XRD. There may be little driving force for phase formation because Zn is soluble in Pt 

up to 20%. 

8000 . l . l . . . . , . . . . l . . . . l . . ’ i l . . . .  

A 575°C IO rnin. 

575°C 30 rnin. 

+ 650°C 30 min. 

6000 - - 
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c 
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I . . . .  
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Figure 5.10: FU3S spectra of Pt on ZnSe annealed at 575OC and 650°C for various times. 
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There is no in-diffusion of Pt to the ZnSe/GaAs interface, as in the case of Pd. The Pt 

dfiaction peaks do shift to lower d values after annealing indicating a decrease in the 

lattice parameter of 0.017A. The formation of a solid solution of Pt:Zn with the smaller Zn 

atoms substituting for the Pt can contribute to such a decrease in lattice parameter. The 

Pt dfiaction peaks also become narrower indicating grain growth in the film or a 

reduction of inhomogeneous strain in the layer. Most of the narrowing occurs in the first 

10 minutes of annealing. SAD verifies that no Zn-Pt compounds form. 

M e r  annealing for 30 minutes at 575"C, Rl3S shows that the onset of the Pt peak has 

moved to a slightly lower energy. RUMP simulation shows that this is due to an 

approximately 50A layer of Zn which accumulates on the surface, _thus showing that Zn is 

the main difksing species during the reaction. The RBS spectrum of the sample anneded 

at 650°C gives krther evidence that Zn is difising to the surface. In this spectrum we 

clearly see that the onset of the Pt peak occurs at a lower energy and there is large peak 

indicating the presence of Zn at the surface of the sample. 

While no Pt-Zn phases are detected, a binary Pt-Se phase does form. XRD identifies 

the presence of the PtsSe4 phase as shown in figure 5.1 1. PtsSe4 is a monoclinic phase 

with a=6.577 & b4.610 fi, c=11.122 fi, and p=101.59". After annealing for 10 minutes, 

the (302) peak appears at 28 = 48.5'. M e r  30 minutes, the (123) peak at 28= 50S0 

appears and the intensity of the (302) peak increases. There is also a decrease in the Pt 

peak heights, indicating that Pt has been consumed in the reaction. The small intensity and 

different orientations of the PtsSe4 peaks indicate that the phase is not epitaxially oriented 

with the substrate. 
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Figure 5.1 1: X-ray spectra of Pt on ZnSe for the asdeposited sample and samples anneaIed for 
various times at 575OC. 

The presence of this phase is verified by SAD as shown in figure 5.12~. The particuIar 

grain chosen for SAD gives an orientational relationship with the substrate of 

Pt5Se4[i20 JllZnSe[llO]. The grains are randomly oriented with respect to the substrate. 

The micrograph in figure 5.12b shows that after annealing for 30 minutes the Pt5Se4 has 

formed a continuous Iayer, although the thickness varies between 33 nm and 73 nm. The 

reaction of the ZnSe with the Pt seems to affect the ZnSe layer differently than the Pd 

reaction. It is observed that the ion milling, which is required to form the TEM samples, 
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results in some voids in the ZnSe near the interface, which is the light area directly below 

the Pt~Se4 layer in figure 5.12b. This would suggest a compositional variation in the 

region which is related to the outdiffusion of Zn or that the reaction between Pt and Se 

has weakened the ZnSe layer in this region. 

Pt\ 

Figure 5.12: TEM micrographs showing progression of phase formation in PtIZnSe system during 
annealing at 575OC. (a) morphology of as-deposited Pt on ZnSe substrate, (b) PtsSe4 layer formed 

after annealing at 575°C for 30 minutes, (c) selected area diffraction showing orientational 
relationship of PtSSe4 grain with substrate. PtsSe4[iZO] IIZnSe[ 1101 
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Increased Zn outdiasion and the formation of Pt-Zn phases occurs after anneding at 

higher temperatures. Figure 5.13 shows an XRD spectrum from a Pt film annealed at 675 

"C for 30 minutes. The exact Pt-Zn phases present have not been identified as there are a 

number of Pt-Zn phases to which these peaks may belong. The peaks for the PtSSed layer 

are no longer evident indicating that this phase no longer exists at the interface after this 

annealing cycle. It was not possible to perform TEM for the phase identification because 

the metal layer repeatedly peeled off during sample preparation. After annealing at 575°C 

the interface was weakened by the formation of voids. During annealing at the higher 

temperature the interface firther deteriorates and TEM sample preparation is no longer 

possible. 
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Figure 5.13: X-ray spectra showing peaks of various Pt-Zn phases appearing in the WZnSe 
system after annealing at 675°C for 30 minutes. 
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The reaction of Pt on ZnSe is very sensitive to contaminants. Consistent reactions 

could not be obtained without a comprehensive cleaning. Samples which were annealed 

for a longer time would be less reacted than those annealed for shorter times at the same 

temperature. More details can be found in (Duxstad, 1994). To get consistent behavior 

the samples must be solvent cleaned, etched in 49% HF for 30 seconds, and backsputtered 

with Ar' ions for 6 minutes. The backsputtering process removes approximately 350A of 

ZnSe. In addition, the Pt target was pre-sputtered for 2 minutes before deposition. This 

treatment cleans contaminants off the surface and reduces any contamination in the Pt film 

deposited from the target. The observed non-uniformity in the thickness of the Pt5Se4 

layer may be due to the presence of residual local contaminants on the ZnSe surface which 

slow down or inhibit the reaction. 

NiLnSe 

The outdiffusion of Zn and Se is the first indication of changes at the NiZnSe interface 

observed by RBS. This occurs after annealing at 350°C for 72 hours. No changes couId 

be detected by RBS or XRD after annealing for only 30 min. at this temperature. TEM, 

however, provides an indication that there is formation of up to 50A diameter precipitates 

at the interface after 30 min. of annealing at 300°C. (Ruvimov et al., 1996a) Figure 5.14 

shows RBS spectra of Ni thin films annealed for 30 minutes at 400' and 425°C compared 

to 1 hour at 450°C and an as-deposited Ni film. The initial Ni thickness was 70081. Zn 

has diffused out to the surface and Se has diffused partially through the layer after 

annealing at 400 and 425OC. Note that after the 4OOOC annealing the onset of the Ni 

signal has been pushed back to lower energy, indicating that Zn has accumulated on the 
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surface of the film. There is an increase in the amount of Se in the layer after annealing at 

425"C, although it has still not diffised completely through the Ni layer. This indicates 

that the reacted morphology is a layered structure. 
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Figure 5.14: RBS spectra of Ni on ZnSe annealed between 400°C and 45OOC for various times. 

After annealing at 425"C, new peaks are observed in XRD which correspond to a Ni- 

Se phase. Figure 5.15 shows XRD spectra fiom before and after annealing. The new 

peak at 20=35.6" corresponds to d=2.52 A. The advent of this peak is coincident with 

that of a second peak at 28=75.4" (d=l.26 A). This peak is not shown in the spectrum. 
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Figure 5.15: X-ray spectra of Ni/ZnSe for asdeposited sampIe and sampIes anneaIed at 425°C 
and 45OOC. 

S A D  indicates that these peaks are caused by Ni-Se precipitates formed at the NdZnSe 

interface. EDS in the TEM shows that the ratio of Ni to Se in this phase ranges fkorn 

between 1 to 1.5. The XRD and SAD patterns are consistent but can not be correIated 

with any Ni-Se phase in the literature. This phase forms as separated grains, as shown in 

the TEM micrograph in figure 5.16. The grains are approximately 100 nm wide and 
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protrude approximately 50 nm into the ZnSe. In plan View, the diameter of the grains 

varies between 50 and 100 run. This phase does not extend to the surface, which agrees 

with the RBS observation that Se has not diffused out to the surface. Between these 

grains and above them is a Ni-Zn solid solution. 

Annealing at 450°C results in the observation of two new XRD peaks at d=2.1 l A  and 

d=1.923W as seen in figure 5.15. This corresponds to the formation of NiSe. The observed 

peaks are the (002) and (012) peaks, respectively. The intensity of these peaks increases 

after annealing at 450°C for 1 hour, while the peak for the Ni,Se (1<x<1.5) phase 

decreases. EDS of the E M  sample shows that the ratio of Ni to Se in this new phase 

ranges between 0.6 and 1. This second NiSe phase has been observed previousIy in a Ni- 

Se thin film, (Singh et al., 1978) and is cubic with a 4 . 3  A. Peaks for both phases are 

observed in samples annealed at 35OOC for 72 hours with approximately equal intensities. 

The phase which forms initially is Ni,Se. With longer annealing or higher temperatures the 

phase transforms to NiSe as more Se is incorporated into the grains. This indicates that 

the Ni,Se phase may be metastable in the presence of excess Se. 

Figure 5.16~ shows that the NiSe phase also forms as separated grains. These grains 

are larger than those formed at 425"C, and have diameters in plan view between 100 and 

200 nm. Above this layer of separated gains and between them there is still a soIid 

solution of Zn in Ni and within this region are small inclusions of NiSe. The thin layer of 

Zn at the surface observed by RBS could not be found by "EM due to the high vapor 

pressure of Zn and the ion milling required for sample preparation. CarekI TEM 

observation of a plan view specimen annealed at 425°C for 30 minutes shows that the 
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NiSe phase is already present in small amounts at the lower temperature. A more detailed 

discussion of the microstructure can be found in (Ruvimov et al., 1996a). 

Figure 5.16: TEM micrographs showing the progression of phase formation in the Ni/ZnSe system 
during anneals at 425OC and 450OC. (a) asdeposited Ni on ZnSe, (b) grains of Ni-Se phase 

formed at interEace after annealing at 425°C for 30 minutes, (c) grains of NiSe formed at interface 
after annealing at 450°C for 1 hour. 
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5.2.2 Discussion 

The lowest initial reaction temperature of the near noble metals on ZnSe occurs for Pd 

which reacts at 200°C. The highest is found for Pt, which reacts at 575°C. This trend is 

also observed for Si and GaAs, as shown in Fig. 5.17. This figure compares the heat of 

vaporization of the metal to the initial reaction temperature for Si, GaAs, and ZnSe. The 

reaction temperature increases with the heat of vaporization of the metal, which is a 

measure of the binding energy between the metal atoms. This implies that more thermal 

energy is needed to begin the reaction when the metal is more strongly bonded. The 

reaction temperature also increases with the heat of formation of the semiconductor. Si 

has the lowest reaction temperatures and the lowest heat of formation. There are aIso 

trends regarding orientation, sensitivity to contaminants, and morphology, in the reactions 

of the near noble metals on Si, GaAs, and ZnSe. These will be discussed hrther. 
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Figure 5.17: Initial reaction temperature versus metal heat of vaporization for d o n s  of the near 
noble metals on Si, GaAs, and ZnSe. 

PaIIdum 

The layer of Pd5,ZnSe grows very quickly in the first 10 minutes of reaction and then 

the growth rate slows. This is typical of a diffusion controlled reaction, which is 

characterized by a growth rate of the reacted layer that is proportional to the square root 

of time. The proportionality factor is the interdiffusion coefficient which is exponentially 

dependent on the activation enthalpy of the reaction. This activation enthalpy can be 

determined from the change in reacted layer thickness during a series of i s o t h e d  

anneals. It is difficult to determine the exact layer thickness fiom RBS because of the 

compositional variation in the reacted layer, but the activation enthalpy for the reaction 

could be determined fiom a more detailed TEM study. 
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The reactions of Pd are characterized by oriented films which often form in a granuIar 

structure. PdzSi forms with an epitaxial relationship to a 4 1 1 >  Si substrate while the 

ternary compound on GaAs tends to form in slightly misoriented grains. (Kuan et d., 

1985; Sigurd et al., 1974) Pds-ZnSe also forms in oriented grains which become more 

epitaxial as the reaction proceeds. Also, as on GaAs, Pd on ZnSe forms an oriented 

ternary compound. In the GaAs system, a second ternary phase forms when anneaIed at 

higher temperatures. This is then followed by the appearance of MxGay and MX& binary 

phases. In the Pd/ZnSe system no second ternary phase is observed. Above 450°C the 

reaction is no longer controllable and Pd dffises to the ZnSdGaAs interface to form Pd- 

Ga precipitates in a non-planar reaction. Reactions of Pd metal on S i  G a h  and ZnSe, are 

not affected by impurities or surface cleanliness. 

The initial Pd reaction, which occurs at 2OO0C, may be useful for eIectricaI contacts. 

The reaction takes place at a low enough temperature that the electrical characteristics of 

the ZnSe film should not be affected. The reaction provides a pIanar, epitaxial interface 

which is desired for electrical contacts. In addition, the reaction is not very sensitive to 

contaminants or oxides and therefore the surface does not require special preparation, 

such as backsputtering or in situ metal deposition. This is because the Pd is able to absorb 

the contaminants into the metal layer. Detailed electrical measurements are needed to 

determine the Schottky barrier height or contact resistivity of the ternary phase on n- and 

p-type ZnSe in order to develop Pd-based contacts on ZnSe. The formation of this phase 

is very similar to the initial formation of the ternary phase on GaAs. This ternary phase 

formation on GaAs has been utilized to form Ohmic contacts using solid phase epitaxial 
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regrowth. This process may also be useful for Ohmic contacts to p-type ZnSe using Li, 

for example, as a dopint. 

PZatimm 

The reaction of Pt on both ZnSe and GaAs is characterized by the formation of a 

metal-anion phase at the metahemiconductor interface and outdiffusion of the cation. 

(Fontaine et al., 1983) In the GaAs case the outdiffusion of Ga also resuIts in the 

formation of Pt-Ga phases, but no metal-cation phases form in the ZnSe case. This may 

be due to the fact that the solubility of Zn in Pt is 20%. In both cases the main moving 

species appear to be the cation and the Pt. The cation d f i se s  out, while the Pt W s e s  in 

and reacts with the anion which remains at the interface. This vertical phase stratification 

is expected in films which have thicknesses greater than the grain size. (Sands et aI., 

198%) It is likely that the reaction will result in lateral phase separation ifthe thickness of 

the Pt layer is less than the grain size of the reacted phase. 

The Pt reaction is very sensitive to contamination or oxides at the interfice between 

the ZnSe and Pt, because Pt does not react with the contaminants. Consistent reaction 

behavior is obtained only if the samples are HF etched and Ar' backsputtered prior to 

deposition of the metal. An HF dip etch alone does not remove enough of the C and 0 

fkom the surface of the ZnSe. X-ray photoelectron spectroscopy measurements have 

shown that sputtering removes more of the C and 0 fiom the surface. The variation in 

thickness of the PtsSed layer is an indication that even after sputtering the sdace, the 

reaction does not proceed at a uniform rate across the sample. This may be due to area 

of contamination which remain on the surface. The reaction of Pt on ZnSe appears to be 
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more sensitive to contamination than the reactions on Si or GaAs. The reaction of Pt on Si 

is sensitive to impurities in the Pt film. (Crider and Poate, 1980) While the presence of 

oxygen in the Pt film was observed to change the temporal formation sequence of 

observed silicide phases, the reaction on GaAs is not sensitive to native oxides, (Sands et 

al., 1987a) but is slowed by the presence of thick oxides. (Kumar, 1975) 

The reaction of Pt on ZnSe is not amenable to contact formation by alloying. The 

temperature for reaction is too high and will adversely affect the electrical properties of 

the ZnSe. In addition, although the reacted Pt5Se4 layer is complete, the thickness is not 

uniform which will lead to inconsistencies in the electrical properties. 

Nickel 

In the reaction on ZnSe, no ternary phase is observed, rather separated grains of a Ni- 

Se binary phase begin to form initially. This is in contrast to Ni on GaAs which begins 

with the formation of a ternary phase Ni&k&, followed by the formation of laterally 

separated grains of binary Ni-Ga and Ni-As phases at higher temperatures. The formation 

of N i  grains is observed at a slightly higher temperature in the NdGaAs reaction and 

these are also separated, but by a Ni-Ga binary phase. The reaction of Ni on ZnSe is not 

extremely sensitive to the surface preparation, as Ar+ backsputtering is not necessary for 

the new phases to form. The reactions of Ni on Si and GaAs are also not sensitive to 

oxides unless they are thicker than the native oxides. 

This reaction is also not desired for electrical contact formation. Again the reaction 

temperature is too high to maintain the electrical characteristics of the ZnSe. Also, the 

reaction does not provide a laterally homogeneous film for a contact. The Iaterdy 
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separated grains that are formed will provide contacts in parallel with areas where no 

phase has formed, most likely leading to inconsistent and unpredictable results. 

5.3 Structural behavior of R, PrI, Ni, and Au on GaN 

5.3.1 Results 

PthGaiV 

Figure 5.18 shows RBS spectra of as-deposited and annealed Pt films on GaN. No 

change in the structure is observed after annealing of 30 minutes below 700°C. Between 

700°C and 800°C a significant change is observed. There is an increase in signal between 

the Pt signal tail and the Ga edge (1.45-1.65 MeV) in the RBS spectrum. This couid be 

interpreted by Pt indiffision taking place. However in this case there is an dternate cause. 

Ifit were a reaction we would expect the Pt peak to widen and the onset of the Ga signal 

&om the GaN substrate to be pushed back as GaN is consumed in the reaction. Neither of 

these indicators is observed. Moreover, the signal in this energy range is rather fIat 

indicating a uniform distribution of Pt. A normal depth diffusion profile should follow an 

error function distribution. Therefore, these RBS spectra must be interpreted as Pt 

coalescing on the surface of the film through lateral surface diffision. The formation of 

islands leads to much thicker metal coverage in some areas, resulting in the low signd 

extending beyond the main Pt peak as well as decreasing the height of the main Pt peak. 
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Figure 5.18: RES spectra of Pt on GaN asdeposited and annealed for 30 minutes at various 
temperatures. 

More of the film forms islands as the temperature increases as is indicated by the 

corresponding increase in the RBS signal in the 1.4-1.6 MeV range. The amount of the 

surface which is covered by particles can be estimated fiom the relative height of the main 

Pt signal and the signal between 1.4 and 1.6 MeV. Comparing these heights shows that 

approximately 4% of the surface is covered with particles after annealing at 7OO0C, 8.6% 

after 75OoC, and 14% after 800°C. The agglomeration also exposes the GaN surface 

beneath after annealing at 800"C, which then leads to the Ga signal at 1.5 MeV indicating 

Ga exposed at the surface. 
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The lack of reaction is evident from x-ray diffiaction. The x-ray spectra in Figure 5. I9 

show the as-deposited Pt on GaN and a sample annealed for 30 minutes at 800°C. The 

only new peaks observed correspond to different orientations of Pt. In the as-deposited 

case, the Pt is highly (111) oriented. During annealing, grain growth and reorientation 

occurs due to the agglomeration, which leads to the observation of x-ray peaks fiom many 

different planes. 
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Figure 5.19: XRD of Pt on GaN. a) annealed at 800°C for 30 minutes and b) as-deposited 

110 



Changes in the surface morphology were observed by SEM in samples annealed at a 

temperature as low as 600°C. Figure 5.20 shows a sequence of SEM micrographs 

showing the evolution of the surface morphology. Figure 5.20a shows that the as- 

deposited surface is smooth and featureless. M e r  annealing at 600°C for 30 minutes we 

begin to see small particles of Pt appearing on the surface of the Pt film. With fkrther 

annealing (up to 90 min.) at this temperature, the surface morphology does not change 

significantly. The size of the Pt particles increases only slightly. Increasing the annealing 

temperature to 725°C brings more dramatic changes, as shown in Figure 5.20~. This 

surface morphology is seen after annealing for only 5 minutes at this temperature. Much 

larger Pt particles are observed on the surface and the remaining film between the partides 

coalesces and begins to reveal dark areas of GaN between the islands. This behavior 

becomes much more pronounced in the sample annealed at 800°C for 90 minutes (Figure 

5.20d). This structure is evident after annealing for 30 minutes and remains the same for 

annealing times up to 150 min. This morphology coincides with the interpretation made 

from the RBS data. From these micrographs, we can calculate the percent of the area of 

surface covered by the Pt particles. The percentages determined by this method agree 

well with those determined by comparing the RBS signal heights. 
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Figure 5.20: SEM micrographs of the surface of pt on GaN; a) asdeposited, b) annealed at 600°C 
for 30 minutes, c) annealed at 725°C for 30 minutes, d) annealed at 800°C for 90 minutes. 
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Energy dispersive spectroscopy shows clearly that the bright particles are Pt and the 

black areas are exposed GaN. The gray film between the Pt particles may be a thin layer 

of Pt over the GaN or a solid solution of Pt and Ga. Unfortunately, the atomic radii of Pt 

and Ga are very similar, making it difiicult to determine by XRD whether a solid solution 

is formed. The Pt (111) peak does shift fiom an as-deposited vdue of d=2.27481 to 

d=2.258A after annealing at 800°C. The bulk value for the (1 11) spacing is d=2.2658L 

This shift is significantly larger than the measurement error of the diffiactometer. This 

indicates that the film is slightly under tension as-deposited and is either under 

compressive stress after annealing or it may have incorporated some Ga. 

By measuring the average distance between the Pt particles we can determine the 

necessary surface diffusion coefficient required to obtain this morphology. The average 

distance between particles after annealing at 725°C for 5 min. is 2.3 pm, therefore the 

average distance traveled by a Pt atom is half this value. Using the one dimensional, 

infinite source diffusion model, ~=2(Dt)'" , D is found to be 1.1~10'" cm2/sec. The 

diffusion coefficient calculated fiom an empirical model for FCC metds, D=O.OI4exp(- 

6.54TJT), (Ohring, 1992).is 2.1~10'~ cm2/sec. Thus the amount of observed df is ion is 

possible at this temperature. 

The agglomeration behavior of the Pt is very different ifthe surface of the GaN is not 

backsputtered prior to metal deposition. Figure 5.21 shows the change in the island 

structure. This structure looks very similar to the agglomeration of Pt on ZrO substrates 

after annealing at high temperature. An example of this behavior was shown in figure 3.2. 
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This change in behavior is therefore attributed to the presence of an oxide on the surface 

of the GaN. This oxide is removed by backsputtering. 

Figure 5.21: Pt on GaN after annealing at 750°C for 30 minutes. The surface of the GaN was 
not backsputtered prior to metal deposition. 

P&G& 

No changes in the structure of the interface or the Pd film are observed below 700°C 

by RES, as shown in Figure 5.22. Annealing at 700°C shows only a very slight thickening 

of the Pd film. After annealing at 725°C and above, a significant decrease in the height of 

the Pd peak and a large RBS signal, near 1.5 MeV, indicates the presence of Ga at the 

surface. This could be interpreted as phase formation, however x-ray dieaction shows no 

additional peaks corresponding to Pd-Ga phases below 800°C. SEM shows that instead 
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the GaN is exposed due to lateral inhomogeneity. Figure 5.23 shows micrographs of the 

as-deposited Pd surface and the surface after annealing at 725OC for 60 minutes. The 

morphology of the Pd lilm has become rougher and there are approximateIy 1 pn 

diameter areas where the Pd film has delaminated from the substrate. AES shows clearly 

that there is no Pd remaining on the GaN side of the fiacture surface and no Ga or N 

exists on the exposed backside of the Pd film. Some agglomeration is also observed. 
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Figure 5.22: RBS spectra of Pd on GaN asdeposited and annealed for 30 minutes at various 
temperatures. 
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Figure 5.23: SEM micrographs of Pd on GaN; a) asdeposited and b) after annealing at 725OC for 
60 minutes. 

Delamination in thin metal films is usually attributed to compressive stress being 

generated due to thermal expansion. The Pd layer has a higher thermal expansion 

coefficient than the sapphire substrate, thus when the system is brought up to high 

temperatures the sapphire substrate constrains the expansion of the metal film. This 

generates a significant amount of compressive stress in the thin film. The stress can be 

calculated using the equations given in chapter 3 and causes the thin film to buckle and fail 

by delamination. For Pd on GaN annealed at 725OC, the differential compressive stress is 

approximately -791 MPa. This is significantly larger than the ultimate tensile strength for 

Pd which is 168 MPa and can explain the delamination failure observed. 
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Annealing at 800°C gives an indication of possible phase formation between Pd and 

Ga. Since there are no known Pd-N phases, the only reaction which can be expected is 

that between Pd and Ga. Also, since Pd has the lowest bond energy of the three metals, 

we would expect to see a reaction at a lower temperature for Pd than the other metaIs. 

Figure 5.24 shows x-ray diffraction data fiom a sample which was annealed at 800°C for 

30 minutes. This sample also shows effects due to delamination in the RBS spectrum. 

There are several peaks in the XRD spectrum which can be attributed to the formation of 

GaZPds. This is an orthorhombic phase with a= 5.485 4 b= 18.396 fL, and ~ 4 . 0 8 3  
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Figure 5.24: XRD spectrum of Pd on GaN annealed at 800°C for 30 minutes. 
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The peaks observed correspond to a variety of planes, indicating that the phase formed 

is not oriented relative to the substrate. In addition, the low intensity of these peaks 

indicates that the amount of the phase formed is not very large. A number of these peaks 

could also be attributed to substrate peaks, however a glancing angle XRD spectrum 

verified the presence of peaks from the GazPds phase. 

Ni/GaN 

In the Ni system, no changes are observed by RBS after annealing up to 7OOOC as long 

as the sample is capped with a 1000 A layer of SiOz. Figure 5.25 shows an example of an 

uncapped Ni sample which was annealed at 500°C. 

as deposited 

1 hour - - - -  

Figure 5.25: RBS spectra of Ni on GaN asdeposited and annealed at 500°C for 1 hour. The 
spectra were obtained with a 45" sample tilt. 
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A signifcant amount of 0 is incorporated into the Ni layer. No changes are observed by 

RBS or XRD below this temperature. XRD at 500°C also shows peaks which correspond 

to NiO. Since no reaction with the GaN is observable up to this temperature, a capping 

layer must be used to investigate reactions at higher temperatures. 

Si02 was chosen as a capping material because it is very stable and shodd not be 

reduced by Ni. (Kubaschewski et al., 1993) Si02 can easily be etched using HF without 

removing the Ni. After annealing, the Si02 layer was always removed prior to sampIe 

characterization. The highest annealing temperature used in the study was 750°C. 

Following the annealing cycle the Si02 capping layer was etched off and the surface of the 

Ni was analyzed using AES. No Si was observed veriflmg that no reaction took place 

between the Ni and SiOz. The particle induced x-ray emissions (Pm) were also 

monitored during RBS measurements to verrfjr that no Si was detected. With the Si02 

capping layer, no changes were detected in the RBS spectra untiI the annealing 

temperature reached 700°C. At 700°C and above an RBS signal appears indicating the 

presence of Ga at the surface. This can be seen in the spectra in figure 5.26. Note that 

there is no 0 incorporation observed in these samples. 

Again, the RBS spectra alone are not sufficient to decide whether or not a reaction is 

occurring. The decrease in the height of the Ni peak and the onset of the Ga signal could 

be attributed to a reaction taking place, however SEM of the surface indicates that the Ga 

signal at the surface is due simply to islanding of the Ni. Figure 5.27 shows SEM 

micrographs of the Ni surface both before and after annealing. Annealing at 700°C for 30 

minutes results in a roughening of the surface and the appearance of some areas where the 
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Ni has islanded to expose the GaN surface. M e r  annealing at 750°C for 60 minutes the 

Ni film has agglomerated significantly and exposed the GaN surface in larger areas. Thus, 

the Ga signal observed at the surface in the RBS spectrum can be explained by this 

agglomeration. 
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Figure 5.26: RBS spectra of Ni/GaN samples annealed with an Si& cap. 
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Figure 5.27: SEM micrographs of Ni on GaN; a) asdeposited, b) annealed at 7OOOC for 30 
minutes, c) annealed at 750°C for 60 minutes. 
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XRD gives firther evidence that no phases have formed. Figure 5.28 shows an x-ray 

spectrum of a sample annealed at 75OOC for 1 hour. No new peaks are observed which 

would correspond to new phases. There is a slight possibility that NixN phases may have 

formed which had their signals overlapped by the A 1 2 0 3  substrate signals. For these 

phases to form and not be detected, the phase must have formed epitaxialIy to the 

substrate and no Ni-Ga phase must have formed. Since reacted Ni phases do not show a 

strong tendency for e p i t q  on Si and GaAs (see chapter 2), this is unlikely. In addition 

there would be very small driving forces for NixN formation as the heat of formation is 

almost zero. (Kubaschewski et ai., 1993) 

k'R PB 
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Figure 5.28: X-ray spectrum of Ni on GaN annealed at 75OOC for 60 minutes. 
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Ni has a thermal expansion coefficient which is over twice that of GaN. 

compressive stress is generated in the Ni thin film during annealing than in the Pd thin 

because of the larger differential in thermal expansion and the larger value of Young's 

modulus. 1.5 GPa of compressive stress is generated in the thin film using the estimation 

shown in chapter 3, but no delamination failure is observed in this case however. This can 

be attributed to two differences. Ni has a much higher tensile strength than Pd, therefore 

it may also be stronger in compression. More importantly, the Ni film is capped with 1000 

A of Si02 during annealing and this probably maintained the planarity of the film. 

More 

A cursory study of the behavior of Au on GaN was performed using one set of 

samples. This study sought to fbrther verifj the inert behavior of non-nitride forming 

metals on GaN. Au was expected to behave similarly to Pd and Ni because it has a fairy 

low surface energy (-1200 erg/cm2) and a high thermal expansion coefficient (14. lxlOd 

K-'). The Au was deposited by sputtering and annealed between 250" and 800°C. No 

phase formation was observed by RBS or XRD with annealing up to 800OC. 

The behavior of Au after annealing did indicate that compressive stress was being 

generated in the metal film. Figure 5.29 shows SEM micrographs of the as-deposited Au 

film and films annealed at 450' and 5OOOC. The hillock features begin to form at a much 

lower temperature (450°C) because of the higher thermal expansion coefficient and the 

lower melting temperature. It is not clear whether these are actual hills of Au or whether 

the film is beginning to delaminate and buckle at these locations. After annealing at 500°C 

the hillocks appear slightly faceted and some have entirely delaminated fiom the surface. 
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Between the large hillocks is a linear pattern of much smaller hillocks. The reason for this 

pattern is unknown. It may possibly be due to microscopic defects on the surface of the 

GaN which also follow this pattern and provide nucleation sites. However, no defects 

were observed by SEM. 

Figure 5.29: SEM micrograph of Au on GaN; a) asdeposited, b) annealed at 450°C for 30 
minutes, c) annealed at 5OOOC for 30 minutes. 
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The difision coefficient necessary to allow the hillocks to form can be estimated using 

the simple one dimensional diffusion model we used in the case of Pt on GaN. The 

average distance between the hillocks after annealing at 45OOC is 3.08 pm. This leads to a 

dfision coefficient of 3.3~10''~ cm2/sec. Using the empirical model developed for FCC 

metals, D=0.014exp(-6.54TJT), the estimated diffusion coefficient at this temperature is 

7.8~10' cm2/sec. This indicates that the amount of diffusion observed can be explained by 

surface difision of the Au. 

At 450°C the thermal compressive stress generated in the film is approximately 267 

MPa. This value is lower than that of Pd or Ni due to a lower annealing temperature and 

because the Young's modulus of Au is lower. However, failure is still likely because the 

ultimate tensile strength is lower as well. The compressive stress is twice the ultimate 

tensile strength (UTS) at 450°C and 2.75 times the UTS at 500°C. 

5.3.2 Discussion 

The lack of reactions for these metals on GaN shows that the systems are klfilling the 

prediction for a higher reaction temperature with a higher semiconductor heat of 

formation. GaN is even more stable than ZnSe, therefore reaction temperatures are still 

higher. The only possible reaction observed was the formation of a Pd-Ga phase after 

annealing at 800°C. It is not surprising that Pd would react at the lowest temperature, 

since it has the lowest metal-metal bond strength. 

The behavior observed for the near-noble and 'noble metals on GaN is very different 

No clear reactions have been from typical behavior of metals on semiconductors. 
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observed, rather the films have been seen to have poor adhesion, to agglomerate, and to 

delaminate from the surface. This type of behavior is more typically ascribed to metal 

films on ceramic surfaces. These are systems where the metal has a much higher surface 

energy than the ceramic substrate and the metal has a much higher thermal expansion 

coefficient than the substrate. Both of these cases appear to be applicable to these 

metaI/GaN systems, although the surface energy of GaN is not known. Further 

comparisons are made below. 

Platinum 

In the case of Pt on GaN the metal film tends to agglomerate on the surface of the 

GaN. This phenomenon of island formation is often observed for interfaces between thin 

metal films and ceramics. (Cawley, 1991; Maskell et al., 1987) The dewetting occurs 

because the ceramic has a low surface energy while the metal has a high surface energy. In 

order to minimize the total surface energy of the system, the metal agglomerates to 

minimize its surface area and exposes more surface area of the low surface energy 

ceramic. This indicates that GaN must have a low surface energy and that any bonding 

between the Pt and GaN does not significantly decrease the interfacial energy of the 

system. Bonding between the Pt and GaN could result in a decrease of the interfacid 

energy which could compensate for the high surface energy of the metal. This does not 

happen in this extremely unreactive system. 

This behavior is not amenable to contact formation if the system must be processed at 

high temperatures. This agglomeration degrades the electrical properties by decreasing the 

amount of continuous film available for conduction. Temperatures in excess of 600°C for 
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30 minutes will result in agglomeration of the contact. This agglomeration may also occur 

at lower temperatures if the system is annealed for a long time. This may cause contact 

degradation if the device is operated at high temperatures for long periods of time. 

Clearly, this system is also not a candidate for the formation of alloyed contacts. 

Palladium, Nickel, and Gold 

In the cases of Pd, Ni, and Au, behavior which is more commonly ascribed to 

metaVceramic than metdsemiconductor systems is again observed. This type of behavior 

in thin metal fildceramic systems is attributed to compressive stress generated in the 

metal film at high temperatures due to differences in the thermal expansion coefficients of 

the metal and substrate. (Peddada et al., 1990) In this case, GiN has a small linear thermal 

expansion coefficient compared to Pd, Ni and Au. (See appendix A for specific values.) 

The amount of strain generated in the film can be estimated by the product of the 

difference in thermal expansion coefficients and the change in temperature fiom deposition 

temperature to annealing temperature. The linear thermal expansion coefficient for Pt is 

lower than that for the other three metals, therefore less compressive strain is generated 

during annealing and delamination is not observed. 

The behavior of all of these metals on GaN indicates that the surface of GaN behaves 

more like a ceramic than a typical semiconductor. The surface energy and linear thermd 

expansion coefficient are low compared to most metals. The best candidates for reactions 

on GaN are likely to be metals which form M-N phases and which are known to react on 

other nitride ceramics, such as AIN. For this reason, the behavior of Ti was investigated. 

This metals forms a nitride with a large negative heat of formation (as indicated in figure 
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3.4) and there should be a large driving force for reaction on GaN. In addition, Ti has a 

low surface energy compared to other metals. It also has a low thermal expansion 

coefficient, so less compressive stress should be generated during annealing. 

5.4 Structural behavior of Ti on GaN 

5.4.1 Results 

The behavior of Ti on GaN is very different fiom that of the more noble metds. No 

dewetting or delamination is observed by SEM up to 7OO0C, however reactions do not 

take place until very high temperatures are reached. One of the difficulties in working 

with Ti is its afsnity for oxygen. Annealing at 500°C and above resuIts in the 

incorporation of a significant amount of oxygen in the Ti layer. Figure 5.30 shows RBS 

spectra of TVGaN samples annealed in flowing N2 in a tube furnace. The initial Ti layer 

thickness in these samples was 650 Note that after annealing for 30 minutes at 5OO0C, 

0 has been incorporated about h&ay into the film. After annealing at 600°C for 30 

minutes, 0 has diffused all the way through the Ti layer. The composition of the Ti-0 

layer can be estimated in both cases by using RBS simulation programs. The composition 

is approximately TiO. Because the 0 and N signals are very small in RBS and they are 

superimposed on the Ga signal it is very difficult to determine if there is any contribution 

from N difision. AES can not be used to do complementary depth profiling because the 

only N AES peak is overlapped by a Ti AES peak. 
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A 5OO0C, 30 min. 

600°C, 30 min. 

as deposited 

Figure 5.30: RBS spectra of Ti on GaN before and after annealing in flowing Nz. 

The only indication of possible phase formation fiom XRD is the shift of the Ti peak 

from d=2.358 A to d=2.389 A after annealing at 500°C for 30 minutes. This peak could 

be attributed either to Ti0 or TiN phases. A sign of possible TiN phase formation was the 

color change of the sample. After annealing at 500°C the sample became gold coIored 

which is the characteristic color of TiN. Annealing at 600°C resulted in a transparent 

sample, which is characteristic of the insulator TiO. Depth profiling by XPS, however, 

showed that the color change was due to TIN formation at the surface of the sample, not 

at the TVGaN interface. Figure 5.3 1 shows X P S  depth profiles of an as-deposited sample 
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and one annealed at 5OOOC. The Ti peak has been deconvoiuted into its metallic, oxide, 

and nitride components based on the slight energy shifts of the peak due to differences in 

bonding. The energies for the three different components are shown in table 5.3. These 

shifts agree well with tabulated values. (Briggs and Seah, 1990) The three Ti components 

are graphed separately. 

metal 
oxide 
nitride 

Ti Binding Energy (eV) 

464.4 458.6 
46 1.4 455.1 

Table 5.3: Binding energy chemical shifts of various Ti components. 

The Ti was deposited by sputtering and had an approximate thickness of 600 A. This 

gives an approximate sputter rate 0.7 &second for elemental Ti. Note that the XPS 

sputtering rate decreases after annealing when the Ti film has become oxidized. In the as- 

deposited sample there is some oxygen incorporated at the surface and the indication of a 

small layer of Ti0 .at the surface. The 0 and N levels in the Ti film are approximately 

10%. This contamination may be due to the presence of 0 and N in the Ar gas used for 

sputtering. At the interface in the as-deposited sample there is an approximateiy 80 A 

thick layer which exhibits a photoelectron peak with the energy ascribed to Ti bonded to 

N. This indicates that some of the Ti in this region may be bonded to N rather than to 

other Ti atoms. The peak shift for Ti bonded to Ga is unknown, however the resuIts from 

the annealed sample indicate that the peak observed at the interface can be assigned to Ti 

bonded to N. 
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Figure 5.3 1 : XPS depth profiling of Ti/GaN interbxs a) asdeposited, b) after anneahg at 
500°C for 30 minutes. The chemical shifts of the Ti in the metallic, oxide, and nitrides states are 

graphed separately. 
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After annealing, figure 5.31b, the 0 level in the Ti film rises from approximately 10% 

to almost 30%. In addition the N signal shows a peak up to 17% near the surface of the 

sample. The peak width indicates that an approximately 135 A thick layer of TiN has 

formed at the surface of the film. This is due to indiffusion and reaction with the N2 

annealing gas. The formation of this layer explains the gold-colored appearance of the 

film after annealing. The TIN peak near the interface has not widened as compared to the 

as-deposited sample indicating that reaction has not occurred at the interface. 

Ti has been observed to react to form TiN in Ti/AI and T d M i / A u  contacts on GaN. 

(Ruvimov et al., 1996b) TEM was used to characterize the Ti/GaN interface of these 

contacts both before and after annealing at 900°C for 30 seconds. In the as-deposited 

sample a thin layer of TiN was observed at the interface. TiN is a cubic phase which exists 

over a range of stoichiometry and lattice parameters. The lattice parameter for 

stoichiometric TiN is a= 4.242 A. The observed lattice parameter was a= 4.235 

Annealing results in significant metal interdiffusion and reaction as well as a thickening of 

the TiN layer. In the TVAI contact the TiN layer grew to 50 A in thickness, while in the 

Ti/AvNi/Au contact the T N  layer was 100-150 A thick after annealing. The TiN layer 

was oriented relative to the substrate with the following relationship: 

{ 1 1 1 }TiN//{ 0001 }GaN, [ 1 lO]TiN//[ 1 1 OO]GaN, and [ 1 123 T N /  [ 10 i OIGaN. 

The presence of this phase was also detected by XRD as shown in figure 5.32. The 

XRD peak was only observed for the annealed TdAI/Ni/Au sample, as the layer thickness 

in the other samples was too thin to detect. Peaks for other binary metal alloys were also 

detected. The TiN layer may have been able to grow thicker in the 4 metal layer sample 
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because less Ti reacted with Al. In the TVAI sample the amount of Ti availabIe for 

reaction was limited by the formation of Ti&. In the 4 metal layer system the AI prefers 

to react with the Au and Ni, leaving more elemental Ti to form TIN. To form TiN, 

nitrogen must be removed fiom the substrate. This leaves N vacancies and should Ieave 

some elemental Ga as well. No elemental Ga layer or precipitates or phase formation 

between Ti-Ga was observed. Some Ga was detected by EDS in the other metal layers, 

indicating some possible outdiffusion of Ga. 
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Figure 5.32: XRD spectrum of Ti/Al/Ni/Au contact after annealing at 900°C for 30 seconds. 
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5.4.2 Discussion 

This reaction follows the prediction of Brillson (Brillson, 1982) that the formation of 

metal-anion phases should be formed. This agrees with the trend established by the metal- 

ZnSe reactions. In the cases of Pt, Pd, Ni, and Au, no stable nitrides are known and no 

reactions were observed. The high temperature for reaction was also anticipated due to 

the large heat of formation of GaN. The initial temperature for reaction has not been 

determined. This requires carehl annealing in truly oxygen and nitrogen fiee 

environments. 

The reaction of Ti on GaN hrther supports the argument that GaN behaves very much 

like a ceramic in its interfacial reaction behavior. No dewetting or delamination is seen 

due to the lower thermal expansion coefficient and surface energy of Ti. In addition, the 

reaction at the interface to form TiN probably results in a lower interfacial energy, thus 

promoting the stability of the metal. 

metal on other nitride ceramics such as AN. (Carter and Papageorge, 1992) 

indicates that other nitride-forming metals may also react on GaN. 

Ti has been commonly observed to be a reactive 

This 
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6. Conclusions 

The thermal stability of the near noble metals on ZnSe and GaN has been determined. 

Solid-state reactions of Pt, Pd, and Ni on ZnSe are initiated by thermal annealing at 575O, 

200°, and 300-350°C respectively. The initial reactions of Pd and Pt on ZnSe are very 

similar to their reactions on GaAs. Pd tends to first form a ternary oriented phase, 

Pds*ZnSe, while Pt reacts to form a PtsSe4 layer at the interface. The Pd reaction 

appears to be dission controlled, as the growth of the reacted layer slows with time. The 

reaction of Pt is very sensitive to contaminants and oxides at the interface (as are its 

reactions on Si and GaAs), while the Pd reaction is uninhibited by small amounts of 

contamination or oxide. The Ni reaction on ZnSe, however, is rather dierent Born that 

on GaAs. Ni begins to react at 300-350°C to form separated grains of a Ni-Se phase at 

the interface between the Ni and ZnSe. This is in contrast to the reaction of Ni on GaAs 

which initially forms a ternary Ni&aAs phase. 

In the GaN system, the only reactions observed were the formation of Pd-Ga phases 

after annealing at 800°C and the formation of TiN. No phase formation occurred in the 

Pt, Ni, or Au systems with annealing to 8OO"C, or in the Ti system with annealing to 

500°C. Unlike other metaVsemiconductor interfacial systems, dewetting and delamination 

of the metal was seen. Agglomeration of Pt began after annealing as Iow as 600°C. This 

behavior is often seen at the interface of high surface energy metals and low surface 

energy ceramics. The isIanding tends to lower the interfacial energy of the system. 

Islanding was also noted in the Pd and Ni systems after annealing at 700OC. This behavior 
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strongly indicates that the surface of the GaN behaves more like a ceramic than a typical 

semiconductor. 

In the Au and Pd systems delamination occurred due to compressive stress generated 

during annealing. The stress was generated because of the difference in linear thermal 

expansion coefficients of the metal and substrate. This is also typically observed in 

metaVceramic systems. Significant compressive stress was also generated in the Ni thin 

films, however they did not exhibit failure because of the presence of a Si02 capping layer 

during annealing. 

The increase in reaction temperature on ZnSe fiom Pd to Ni to Pt parallels the increase 

in binding energy of the metal. This continues the trend observed in the reactions of these 

metals on Si and GaAs. This trend may also be followed in the GaN system. The reaction 

of Pd on GaN occurs at a lower temperature than those of Pt or Ni. Perhaps with even 

higher temperature annealing the reactions of Ni or Pt may be observed. This fulfills the 

prediction that the metal reaction temperature should vary with the binding energy of the 

met& Further studies of other metals should be performed to veri@ this. 

In addition, the reactions on ZnSe and GaN take place at higher temperatures than the 

corresponding reactions on Si and G a A s .  This trend follows an increase in the 

semiconductor heat of formation from Si to GaAs to ZnSe, as predicted. This indicates 

that dissociation of the semiconductor is an important step in the reaction. In most 

reactions, metal-anion phases were observed indicating that the driving force for formation 

of these phases is larger than for the metal-cation phases. This was predicted to occur 
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because of the greater ionicity of these compound semiconductors and therefore larger 

electronegativity differences between the metal and semiconductor anion. 

The lack of reactions on GaN does not agree with the predictions of thermodynamic 

calculations. These calculations predict reactions to form metal-cation phases at 

temperatures as low as 600OC. This discrepancy may be due to assumptions made in the 

calculations. The calculations assume that the system is in thermodynamic equilibrium and 

that no element will escape fiom the system during annealing. In addition, the data used 

for the heat of formation of GaN may not be accurate. Finally, kinetics may play a larger 

role in the reaction than thermodynamics. 

The information obtained from these studies should aid in the development of better 

quality and more highly reliable ZnSe and GaN devices. The stability and reaction data 

can be used to engineer contacts with better mechanical and electrical properties. The 

only reaction on ZnSe which provides an interesting possibility for the formation of 

electrical contacts by alloying is that of Pd. The Ni and Pt reactions take place at a 

temperature which is above the temperature at which a compensating defect forms and 

degrades the electrical characteristics of ZnSe. In addition these reactions do not result in 

a laterally homogeneous contact. The Pd reaction is particularly interesting because it is 

very planar and controllable and the ternary phase forms with an epitaxial relationship with 

the substrate. This type of behavior is similar to the Pd ternary phase formation on GaAs 

and may lead to the development of various Pd-based alloyed Ohmic or Schottky contact 

structures simiIar to those developed for GaAs. However, the electrical characteristics of 

the contact between Pds*ZnSe and ZnSe have not yet been determined. The stability of 
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Pt and Ni above temperatures at which ZnSe devices will be operated makes them suitable 

candidates for stable Schottky contacts. 

The metallceramic type behavior observed for noble metals on GaN indicates that a 

different approach must be taken than has typically been used in engineering metal- 

semiconductor contacts. The low surface energy and linear thermal expansion coefficient 

of GaN must be considered when determining which metals may act as good contacts on 

GaN. This will be important both when looking for metals which may react on GaN and 

when considering which metals may be stable at high temperatures. To obtain stable, non- 

reactive contacts at high temperatures it may be necessary to use metals with fairly low 

surface energies which will remain wetted on the surface. In addition, they must aIso have 

fairly low thermal expansion coefficients or high yield strengths to avoid failure under 

thermally generated compressive stress. The best candidates for reactions on GaN are 

likely to be metals which form M-N phases and which are known to react on other nitride 

ceramics, such as A N  A good example of this is the observed reaction of Ti to form 

TiN. The best candidates for non-reactive contacts which will remain stable at high 

temperatures are the noble and near-noble metals. Temperatures must remain low enough 

for agglomeration and delamination not to occur. 

The trends observed here should also be applicable to other II-VI and III-Nitride 

semiconductor systems, while the information on phase formation and stability should be 

useful in the development of contacts for ZnSe and GaN devices. The desire for blue Iight 

emitting devices and their commercial applications continues to encourage firther 

investigation of the ZnSe and GaN systems. As these devices continue to be optimized, 
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the properties of contacts will become more important. With the understanding gained 

fiom basic studies of metal interactions and the corresponding electrical behavior, it 

should be possible to develop contacts which are thermally and electrically stable and 

provide the desired electrical behavior. 
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7. Appendices 

Appendk A: ProperiieS of some semiconductors and metals 

General Semiconductor Properties 

m E IowTe 
crystal structure 
lattice 

Tmelt (K) 

m*e 

n-type dopant 
p-type dopant 

pZiKim.(A) 

m*h 

(ev) 

ther. ex . coeK I* 

ionicity 
aulin 

ionicity 

Data from (Kubaschewski et al., 1993; Phillips, 1973) and Landolt and Bornstein, 

Numerical Data and Functional ReIationships in Science and Technology: New Series. 
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General Properties of Metals 

AI1 data fiom (Brandes and Brook, 1992) except: 

a (Kubaschewski et al., 1993) 

b (Sze, 1981) 

c (Monch, 1993) 
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Work functions of clean metal surfaces in vacuum data from (Sze, 1981) 

ATOMIC NUMBER 
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Appendk B: Schottky barrier height measurement methods 

There are several methods for measuring the Schottky barrier height of a 

metahemiconductor contact. The most common methods, which will be described here, 

are current-voltage (I-V) and capacitance-voltage (C-V) measurements. Other methods 

include measuring the current density as a fbction of temperature or measuring the 

current resulting from irradiation of the diode with photons. Photons with energy larger 

than the barrier height can excite carriers from the metal into the semiconductor. 

Current-voltage (I-V) measurements 

Ideal I-V measurements are based on the assumption that carriers are able to cross the 

barrier only by thermionic emission, meaning that the carriers must be thermally excited 

over the barrier and no tunneling takes place. When this occurs the current flowing across 

the barrier can be described by: 

I = Is exp( -) qv { 1 - exp( -) - qY } 
nkT kT 

where 

In equation B.1, I is the measured current while I, is the saturation current. The applied 

voltage is V, q represents the electron charge, k is the Boltzmann constant, T equals the 

temperature, A represents the contact area, n is the ideality factor and 4~ equals the 

barrier height. The Richardson’s constant, A**, can be calculated from materials 

constants. The ideality factor, n, should be one for an ideal Schottky diode, however it 

increases if the current is due to other mechanisms than just thermionic emission. When 
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the applied voltage, V, is much greater than kT/q then equation B.l can be approximated 

by7 

The current is then measured as a fbnction of the applied voltage and In(1) is pIotted 

versus the voltage and yields a straight line. The slope equals nkT/q and the intercept 

yields I,. From this determination of I,, the barrier height can be calculated, according to 

4B =-ln(AA**T*)-ln(Is). kT 
4 

For the determination of the barrier height to be accurate, the current must be primarily 

due to thermionic emission, i.e., the ideality factor must be close to one. An ideality factor 

greater than approximately 1.1 indicates that the diode is not ideal and there may be a~ 

interfacial layer or recombination in the depletion region. Difficulties also arise if the 

diode has a large series resistance. This results in a very short h e a r  range in the h(I) vs. 

V plot, thus making accurate extrapolation to 1s difficult. Mathematical methods have 

been developed which can compensate for the series resistance (see references at the end 

of the section). Finally, erroneous measurements can arise if the contact is not 

homogeneous. In some cases, the contact formed may have areas of higher and Iower 

barrier heights in parallel, for example due to the presence of interfacial oxides. In this 

situation, the lower barrier height will be measured by this technique. 

Capacitance-voltage (C-V) measurements 

C-V measurements are not dependent on carrier transport across the barrier, rather the 

capacitance of the space charge region is measured as a bnction of the applied voltage. 
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The width of this space charge region changes with applied bias. In this measurement a 

reverse voltage is applied to the diode and the resulting capacitance is measured. The 

space charge region capacitance can be modeled using the simple planar capacitor. The 

width of the space charge region represents the distance between the plates in the 

capacitor. The capacitance is related to the voltage by 

In this equation C is the capacitance, V the applied reverse voltage, q the charge on an 

electron, k the Boltzmann constant, T the temperature, ES the dielectric constant of the 

semiconductor, ND the doping level, and Vbi the built-in potential. The width of the space 

charge region changes with applied bias, and it disappears if the applied bias equals the 

built-in potential. The built-in potential is the energy difference between the top of the 

conduction band in the bulk of the semiconductor and the top of the conduction band at 

the metdsemiconductor interface without any bias applied. 

The capacitance is measured for various applied reverse biases and 1/C2 is plotted 

versus V. The intercept on the voltage axis is then vbi and the barrier height is calculated 

by 

kT 
4 

4B = K i  +(E,  - EF)+-. 

ECEF is the difference in energy between the bottom of the conduction band and the 

Fermi level in the bulk semiconductor. This equation assumes that the semiconductor is n- 

type. 
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This determination of the barrier height assumes that the barrier height does not depend 

on the applied bias. This will not be true ifthere is an interfacial layer at the interface. 

Error in the barrier height will also result ifthe doping concentration, ND, is not constant 

with depth. If the contact is not homogeneous the C-V method will measure the barrier 

height of the largest area. This may result in differences between I-V and C-V 

measurements. There are other more detailed reasons why C-V and I-V measurements 

will differ, as explained in the references below. 

This section has given a brief overview of two Schottky barrier height measurement 

techniques. More detailed discussions can be found in the following references: 

(Rhoderick and Williams, 1988) 

(Schroeder, 1990) 

(Sze, 1981) 
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Appendrjc C: Characterization methods 

C.l Rutherford backscattering spectrometry (RBS) 

RBS is a very useful technique for thin film analysis because of its ability to provide 

quantitative information about composition, film thickness, and diffusion. Most 

importantly, this method is entirely quantitative and does not require any standards. A 

very comprehensive review ofRBS can be found in (Chu et al., 1978). RBS uses the very 

simple principles of energy and momentum conservation during the elastic collision of two 

ions and the energy loss of an energetic ion traveling through a solid. 

In a typical RBS experiment He+ ions (or in special cases other light or heavy ions) are 

accelerated up to an energy of around 2 MeV. These ions collide with the nuclei of atoms 

in the sample. The energy of the incoming ions is large enough to easily penetrate the 

electron cloud of the atoms and leading to Coloumb interaction between the nuclei of the 

energetic ion and the target atoms. The direct Coloumb interaction between the He* ions 

and the nucleus of the atoms leads to scattering of the He" ion all the way from forward 

to backscattering. The backscattered ions are collected by a detector which measures the 

energy of the ion. There are three basic pieces of information about the target which can 

be determined from the energy of the backscattered ions. These are: the mass of the 

target atoms, the relative amounts of different atoms in the target (composition), and a 

depth profile of the elemental distribution. 

C.l.l Elemental analysis 

The mass of the target atoms is the most basic piece of information derived from the 

experiment. The behavior of two particles in an elastic collision is governed by two 
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equations: the conservation of energy and the conservation of momentum. Using these 

two equations it is possible to find a relationship between the incoming energy of the ion, 

&, and the backscattered energy of the ion, El. This relationship, shown in equation C. 1, 

is dependent only on the masses of the two atoms and the angle at which the ion is 

backscattered. 

Torgel atom Projectile 

Figure C. 1: Schematic representation of an elastic collision between an ion of mass, MI, and 
energy, Eo, and a target atom of mass, Mz, which is initially at rest. 

The masses, angles, and energies are defined in figure C. 1. The square of the term in the 

brackets is called the kinematic factor, K. It is the ratio of the incoming energy and the 

backscattered energy. The incoming energy is set by the experimenter and the 

backscattered energy is measured by the detector. The detector is positioned at a specific 

backscatter angle, so 0 is known. The mass of the ion, MI, is also known. Helium is the 

most common gas used and there are tables giving the kinematic factor for all elements at 

various backscatter angles assuming the incoming ion is He. Measuring the energy of the 
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backscattered ion provides a straightforward method of determining the mass of the target 

atom. If the target is a compound with more than one type of atom, backscattered ions 

will be measured at various energies corresponding to the different masses. Difficulties 

can arise ifthe elements in the target are heavy and close to the same mass. As the mass 

of the target atom increases, there is less differentiation in the energy of the backscattered 

ion between two neighboring elements in the periodic table. This can create difficulty 

when attempting to discern the presence of two heavy elements with similar masses. 

Heavy ion backscattering improves the mass resolution. (Yu et al., 1985; Yu et al., 1986) 

C.1.2 Composition analysis 

The previous calculation allowed the determination of the type of elements in the 

target; it is also possible to determine their relative quantities. Because atomic nuclei are 

so small, most of the incoming ions are not backscattered. The number of collisions is 

predictable based on the number and type of atoms in the target and the number of 

incident ions. This requires a knowledge of the differential scattering cross-section, 

do/dR, equation C.2. 

In equation 4.2 dQ is the differential acceptance angle of the detector. The scattering 

cross-section can be interpreted as the probability that the incident ion will be scattered 

into the detector. The most important aspect of this equation is that the probability is 

, , -_ . 
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proportional to the square of the atomic numbers of the target and incident atoms. The 

totd number of backscattered ions, A, can be determined using equation C.3. 

do 
dsZ A = (-) x &x  Nt x Q 

N is the atomic density of target atoms, t is the thickness of the film, and Q is the totd 

number of incident particles. 

backscattend He energy 

Figure C.2: Sample RBS spectnun of a compound thin film, A,,,&. 

Figure C.2 shows a sample RBS spectrum for a compound, A&,,, where the mass of 

element A is larger than the mass of element B. The area under each peak is the total 

number of backscattered ions. This is equal to the number of counts, H, at each energy 

times the energy width, AE. 

In general, it is not necessary to calculate the total number of backscattered ions 

because the information desired is the relative amount of each element, Le., the 
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composition. This can be derived from the ratio of the areas A and B in the spectrum 

above and equation C.3. The differential cross section, d d d Q  can be estimated as 

(Z1&/E)2. Since ZI, E, t, and Q are the same for both areas these will cancel out in the 

ratio leaving the terms shown in equation C.4 for compound A&,,. 

The area is calculated by multiplying the height of the peak times the width of the peak. 

Since the width will be approximately the same for both elements, a simplification can be 

made to equation C.4 by substituting the height of the peaks for the area. This calculation 

allows the composition to be determined without the use of any standard. Complications 

can arise if there are overlapping peaks in the spectrum. 

C.1.3 Depth analysis 

Finally, the width of the signal can also provide significant information. The 

measurement of the width allows the determination of the thickness of the film, or the 

depth distribution of elements in the structure. Very few of the ions are scattered by 

atoms at the surface of the target, many of them travel into the film before undergoing a 

collision. When the ion travels through the material it gradually loses energy through 

interactions with the electron clouds of the target atoms. This process is called electronic 

stopping. These are inelastic collisions where electrons valence and core electrons of the 

target atom are ionized or raised to excited states. The incoming ion does not significantly 

change its direction, but just loses a small amount of energy. The amount of energy lost 

depends on the atomic density in the target, N, and the element, which is characterized by 
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a stopping cross-section, E. The energy loss per depth can be calculated as shown in 

equation C.5. 

dE/dx=&N (C.5) 

The values of E are tabulated for all of the elements for various He ion energies. When 

determining the thickness of a thin film the effective stopping cross-section must be used. 

This value, Q, takes into consideration the fact that energy is lost as the ion travels into 

the film, and also as the ion travels out of the 

thickness of the film is then calculated using the 

film, after the backscattering event. The 

measured AE as shown in equation C.6. 

If the target is a compound, Bragg’s law can be used to determine the stopping cross- 

section. The compound cross-section is an average of the stopping cross-sections for each 

element weighted by the composition ratio. 

C.1.4 Strengths and weaknesses of RBS 

RBS is a relatively simple, direct method to measure the composition and depth profile 

of a thin film system. It does not require quantitative standards and is a non-destructive 

measurement. No specimen preparation is required and data acquisition only takes 10-20 

minutes per sample. Spectra can be quite complicated, however there are two RBS 

simulation computer programs, RUMP and GISA, which can aid in deconvoluting the 

signals. This is possible because of the quantitative nature of RBS. 

Another advantage of RBS is the ability to measure damage to the crystal. When the 

incoming ion beam is aligned with a major axis of the crystal, the ions can travel down the 

open channels of the crystal. However if the crystal is damaged, these channels will be 
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blocked and there will be more backscattering of the ions. Thus a peak will be observed 

which corresponds to the degree and depth of the damage. This provides a method to 

determine damage caused by sputtering or ion implantation, for example. 

There are, however, some pitfalls for RBS which must be considered. The sample 

must be laterally homogeneous on a fairly large scale because the ion beam diameter is 

approximately 1 mm. If the sample is not homogeneous, misinterpretation of the data is 

possible. This is shown in chapter 5 for the case of Pt on GaN. Often, signals from 

various parts of the sample may overlap, which also complicates data interpretation. This 

is especially a problem for films with two similar heavy mass elements or when a very light 

element, for example N, is present. In addition RBS does not provide any information on 

microstructure or crystal structure and has a depth resolution of approximately 50-100 A 

C.2 X-ray diffraction 0) 

XRD provides a method to determine whether interfacial changes are caused only by 

diffusion or if new phases are forming at the interface. A new phase can not be detected 

until it grows to an approximate thickness of 50 A. Below this thickness the difEacted 

signal will be too weak to be detected. A good review of XRD can be found in (Cullity, 

1978). The basis of XRD is the ditfiaction of electromagnetic radiation from a periodic 

structure, in this case the crystal lattice. 

C.2.1 Theory of diffraction 

When an x-ray is incident on an atom, some of the radiation is scattered coherently by 

the electrons of the atom. Some of the radiation is also scattered incoherently, however 

these scattered x-rays do not play a part in difiaction. When x-rays are incident on a 
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periodic array of atoms, such as in a crystal, some of the scattered x-rays will mutually 

reinforce each other and generate a diEacted beam. The condition for this to occur 

requires that the path length difference for the various scattered x-rays be an integrd 

number of their wavelength, so that they will remain in phase. This requirement is shown 

graphically in figure C.3 and mathematically in equation C.7. 

Figure C.3: Diffraction of x-rays by a crystal. (Cullity, 1978) 

(C.7) h = 2 d ~ s i n 0 ~  

In this equation, h indicates the wavelength of the incoming radiation, dM is the spacing 

between the planes specified by the Miller indices, and 20 is the angle between the 

incoming x-rays and the detector. If the detector is not placed at 20, then the dfiacted 

beam will not be observed. 
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In order to determine the structure of a crystal, x-rays with a known wavelength are 

dieacted fiom a crystal. The most commonly used wavelength is 1.5404 A which is due 

to the K, characteristic x-rays generated by electrons impacting on Cu. The angles at 

which the diffracted beams occur are then measured by scanning the detector through a 

wide range of angles. This is called the 8-28 geometry. A large increase in x-ray intensity 

will be measured at an angle where there is a difiacted beam. By knowing the values of 8 

and A, a sequence of d values can be calculated. These d values can then be compared to 

tabulated values for known crystal structures and used to calculate the lattice parameter of 

the crystal. 

After an interfacial reaction, i fa  new phase is formed, new peaks should appear in the 

x-ray spectrum. These peaks can then be compared to observed or calculated peaks of 

known phases and the new phase can be identified. If only diffusion is taking place, no 

new peaks will be observed. Often, diffusion will result in the formation of a solid solution 

at the interface. The incorporation of the diffusing atoms into the crystal structure will 

result in a change in the lattice parameter of the crystal. This is observed as a shift in the 

dfiaction peaks as the spacing, d, between lattice planes changes. 

C.2.2 Strengths and weaknesses of XRD 

XRD provides an excellent method for detecting the formation of new phases, after 

they have grown to a minimum volume. It is the easiest way to observe the crystal 

structure of the different layers. The need for an approximately 50A thick film, means that 

the very first stages of reaction are not observable with this technique. 

Sensitivity can be somewhat improved by using a glancing angle technique. In this 

technique the incoming x-ray angle is set at 1 - 3 O  fiom the surface of the sample. The x- 
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rays then have a longer path length through the film. This method is also very useful if 

peaks fiom the substrate interfere with peaks from the new phase. Because the incoming 

angle is so small, the Bragg condition will not be satisfied for the epitaxial substrate planes 

parallel to the surface. If, however, the reacted phase is also epitaxial it will not be 

observed. 

The presence of epitaxial jilms can create difficulties in the usual 8-28 geometry as 

well. If the sample is not correctly oriented with the beam, an epitaxial film may not be 

observed or the intensity of the signal may be reduced significantly. To overcome this it is 

necessary to use a diffractometer with the ability to tilt along other axes. The sample can 

then be placed at the correct orientation with respect to the incoming x-ray beam, so that 

the peaks fiom the epitaxial film are observed. 

C.3 Auger Electron Spectroscopy (AES) 

A E S  is used to determine the composition of the sampIe surface. The measurement 

depth is typically around 104 however in combination with ion beam sputtering it can be 

used to obtain a depth profile of the composition. A review of this technique can be found 

in (Slaughter et al., 1992). AES is an ultra-high vacuum technique which requires an 

electron beam as a probe. 

C.3.1 Theory of AES 

The Auger process is an atomic process which produces an energetic electron but no 

electromagnetic radiation. In this process an electron beam is incident on the sample and 

the electrons in this beam ionize the target atom leaving a vacancy in one of the inner 

shells. This-inner shell vacancy is then filled by an electron fiom one of the higher levels. 
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The excess energy from this transition is transferred to a third electron, an auger electron, 

which is ejected fiom the atom. The second and third electrons are from the same 

electron shell. The energy transferred to the third electron is characteristic of the 

transition energy for that element minus the binding energy of the third electron. A 

detector is used to measure the energies of the electrons ejected or scattered fiom the 

target. The peak in the energy spectrum caused by the Auger electrons is labeled by the 

shells that the three electrons initially occupied, i.e., mL or LMM. This characteristic 

energy can be used to identq the element involved. Because the amount of energy 

transferred to the Auger electron is fairly small and the inelastic mean free path of 

electrons in solids is short, only electrons within the top 5-lOA of the surface usually 

escape. Thus this technique is very surface sensitive. 

Auger spectra are usually not plotted as the number of electrons detected, N@), versus 

energy, E, rather, the derivative dN(E)/dE is plotted. This is due to the properties of the 

energy analyzers and analog electronics used as detectors when this technique was first 

introduced. @rundle et al., 1992) Observing the data in the derivative form also removes 

the background due to secondary, or inelastically scattered, electrons. 

Determining which elements are on the sample surface is very straighdorward. A peak 

energy Will correspond to a tabulated characteristic energy for an element. Often more 

than one peak for each element may be observed, thus verifLing the element’s presence. 

The intensity of the peaks can be used to quantifj the composition. For quantification the 

relative sensitivity factors for the elements must be known. These sensitivity factors are 

tabulated, although to make a very accurate determination the sensitivity factors should be 

determined in the same experimental system. The sensitivity factor accounts, in part, for 
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the fact that not all of the Auger electrons will escape from the sample without energy 

loss. The proportion that escape depends on the material. 

A depth profile can be obtained by alternating measurement with sputtering by an ion 

beam. The ion beam is used to gradually sputter a crater in the sample so the composition 

can be analyzed versus depth. The sputter crater is generally much larger than the 

acquisition area. This prevents acquisition of signal from the side walls of the crater. The 

ion beam is not sputtering during data acquisition. The depth resolution is about 50& 

however the interface can be widened by knock-on of elements in the film by the ion 

beam. The energetic ions can actually push some target atoms deeper into the film, thus 

widening the interface. 

C.3.2 Strengths and weaknesses of AES 

AES is a very useful technique for identifling elemental composition, particularly 

because it can identifL very light elements, such as N. It has very good lateral spatial 

resolution since the probe size can be as small as 500 This is very useful when 

identifjing the composition of different areas on the sample. The ability to do depth 

profiling with the use of an ion beam makes it a good technique for observing interfacial 

diffusion and phase formation. 

One of the weaknesses of AES is that it is a destructive technique. In order to observe 

a depth profile, it is necessary to sputter away the material. In addition, it is possible to 

have preferential sputtering on a compound target which may leave the surface with an 

altered composition. Finally, to get truly quantitative information it is necessary to 

accurately determine the relative sensitivity factors. This involves using standards with a 

similar composition to that being measured and doing the measurements on the same 
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system being used for the experiments. Another disadvantage of AES is the occasiond 

overlap of peaks. Generally, there is more, than one peak which can be monitored for each 

element, so overlap is not a problem. One exception to this is the overlap of the Ti LMh4 

and the N KLL peaks. The N KLL peak is the only Auger peak available for N, so the 

presence of Ti and N can not easily be distinguished. 

C.4 X-ray photoelectron spectroscopy ( X P S )  

XPS has many similarities to AES. This technique has to be performed in ultra-high 

vacuum and detects an electron emitted from the sample. X S S  is also used to determine 

the composition of the sample surface, however it can give more information on the 

bonding of the element than AES. It is very useful for measuring nonconductive sampIes. 

XPS can be used to perform depth profling when combined with an ion beam sputtering 

system. A discussion of this technique can be found in (Slaughter et al., 1992) 

C.4.1 Theory of XPS 

In XPS an x-ray is used to ionize a core electron in the target atom. The kinetic energy 

of the ejected electron, the photoelectron, is measured. This energy is characteristic of the 

element since it is simply the energy of the incoming x-ray minus the binding energy of the 

electron in the atom. Thus this measured kinetic energy can be used to characterize the 

element on the sample surface. Often electrons from various shells (Is, Zp, etc.) will be 

ejected and this results in several characteristic peaks in the spectrum for each element. 

These peaks are labeled by the shell from which the electron escaped, e.g., IS. These 

electrons can only travel a I i t e d  distance through the solid before being inelasticaIIy 

scattered, therefore only photoelectrons from the near surface region can escape with their 
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characteristic energy. The sampling depth for XPS is on the order of 25 & Obtaining 

quantitative information is dficult because sensitivity factors should be determined using 

known standards on the same instrument. Tabulated values of the sensitivity factors are 

available. Note that this process is simply the first step in the Auger process, therefore 

some of these inner shell vacancies will be filled through the Auger process and Auger 

electrons are also detected by this method. 

When an atom bonds in a solid the energy levels of its core electrons change sIightIy 

due to the interaction. This change can be detected by a change in the energy of the 

photoelectron. The binding energy shifis for many compounds are tabulated and can be 

compared to the data obtained. Generally this shift is on the order of a few eV and can be 

difficult to resolve. X P S  can also be used for depth profiling. The procedure used is the 

same as in AES, however a much larger area must be sputtered because the probe size for 

X P S  is on the order of 1 mm. 

C.4.2 Strengths and weaknesses of XPS 

The main advantage of X P S  is the ability to identifjl the chemical state of the eIement. 

This can help determine, for example, if the Ti in the sample is in the form of Ti or TIN. 

In addition, there is no overlap of the Ti and N peaks in XPS, however there are other 

overlapping signals. The ability to detect light elements is also advantageous. Since there 

is no electron beam incident on the sample, there are fewer sample charging problems and 

nonconductive samples can also be analyzed. 

A disadvantage for X P S  is that the probe Size is rather large. It is not possible to 

identify and characterize small features on the surface of the sample. Accurate 

quantitative information is difficult to obtain because of the need for careful calibration. It 
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is much more accurate to compare relative compositions in similar samples. 

profiling by X P S  is a destructive technique because of the need to sputter. 

Depth 

C.5 Scanning electron microscopy (SEM) 

SEM is one of the two imaging techniques used in this study. The scattering of 

electrons fiom the surface of the sample allows the formation of a topographical image of 

the surface. The resolution can be as low as a few nm and magnifications range from 1Ox 

to 300,000~. A complete review of the SEM technique can be found in (Postek et al., 

1980). 

C.5.1 Theory of SEM 

An electron beam is focused on the sample and rastered over the surface. The energy of 

these electrons generally ranges fiom 5-25 kV. The electrons emitted or backscattered 

from the surface are detected and the output is mapped onto a cathode ray tube screen. 

The images are primarily formed fiom secondary electrons. These. are low energy (<50V) 

electrons which were generated in the solid by inelastic collisions with the primary 

electrons. Because of their low energy, only electrons fiom near the surface can escape to 

form the image. The detector has a small bias on it to accelerate the secondary electrons 

toward the detector. The yield of secondary electrons does not depend on the atomic 

number of the elements in the sample, but it does increase with decreasing angIe of 

incidence. This is one of the reasons why topography can be observed. 

The interaction of the primary electrons with the sample also results in backscattered 

electrons. These are electrons which have undergone elastic interactions with the nucleus 

of an atom in the sample. These electrons have much more energy, therefore their 
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trajectories are not affected by the bias on the detector. Some of the backscattered 

electrons will be detected in the secondary electron image. Measurements of the 

backscattered electron yield are useful because the yield varies with the atomic number of 

the element from which the electron was scattered. The higher the atomic number, the 

higher the yield of backscattered electrons. A backscattered electron image can be made 

by putting a grid with a -50 V bias between the sample and the electron detector. This 

will repel d of the low energy secondary electrons. The contrast in the image will then be 

due primarily to the different atomic numbers of elements in the sample. 

The interaction of the primary electrons with the sample also generates Auger 

electrons, photoelectrons, and x-rays. When an inner core electron is removed, the atom 

can relax via the Auger process or by emitting an x-ray with a characteristic energy. Many 

scanning electron microscopes are equipped with x-ray detectors in order to do elemental 

analysis. This technique is called energy dispersive spectroscopy (EDS). The primary 

electrons can generate x-rays quite deeply in the sample, thus the resolution of this type of 

elemental analysis is usually on the order of 0.5 pm. 

C.5.2 Strengths and weaknesses of SEM 

SEM is a good method for observing surface morphology of very small features. It is 

very intuitive because the observed image is similar to a visual image. The ability to do 

some elemental analysis using the backscattered electrons and x-rays is also useful. 

One disadvantage is that the thin filmlsemiconductor interface can not be observed 

without s i m c a n t  sample preparation. In addition, composition gradients can not be 

determined on a small scale. Samples must be electrically conductive to form a good 

image. If only an image is desired, then the surface can be coated with a thin Iayer of 
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metal to aid in conduction. This metal coating, however, will interfere with elemental 

analysis. 

C.6 Transmission electron microscopy (TEM) 

"EM is a very complex and highly powefil technique, however sample preparation 

and analysis is very time consuming. It can provide a great deal of high resolution spatial 

information, but it is usually better to use other techniques to first determine the basic 

characteristics of the system. TEM is the only technique available to directly observe the 

microstructure at the interface, and it can also verify phase formation and epitaxial 

relationships. Because it is such a high magnification technique, only a small area of the 

interface can be observed, therefore the lateral homogeneity of the sample can not be 

determined unambiguously. There are many books explaining the technique, one which 

gives a good overview is (Thomas and Goringe, 198 1). A very brief review will be given 

here. 

In the E M ,  a monoenergetic beam of electrons is incident upon a very thin sample. 

The electrons are diffracted. as they travel through the material. Electromagnetic lenses 

are then used to focus the electron beams forming a difiaction pattern or an image. The 

diffraction pattern provides information about crystal structure, much in the same way as 

x-ray diffraction. The image of the sample can provide information about morphoIogy, 

crystal structure, and epitaxy on an atomic scale. At the highest magdications, the 

epitaxial relationships between the substrate and film can be observed. Atomic resolution 

"EM allows the direct imaging of columns of atoms down to approximately 1.5 A. 
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Appendix D: Sputtmongparameters 

Metal 

Pt 

Pd 

Ni 

Au 

Ti 

Ta 

Mo 

load tune forward power (W) Target Bias (V) Deposition Rate (mmin) 

860 995 300 1450 523 

993 815 300 1350 475 

870 979 300 1500 3 84 

870 957 300 1500 696 

873 958 300 1450 230 

925 850 3 00 1375 178 

945 905 300 1350 287 
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