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Abstract

InP and InP-based compound semiconductors arc becoming increasingly important
materials in the clectronics industry, because of their unique combination of electrical and
optical propertics. The fubrication of rcliable ohmic contacts to InP has been a major
obstacle in the development of InP-based semiconductor devices. Pd-based metallizations

make un one type of ohmic contact sch ¢ to InP.

Three Pd-based metallizations have been systematically studied, i.e., Pd/InP,
AW/Ge/Pd/InP and Pd/Ge/Pd/InP. The Pd/InP metallization is studied in an effort to better
understand the role of Pd in Pd-based metallizations, while the other two metallizations are
actual ohmic contact designs. Pd reacts with InP to form an amorphous and an epitaxial
layer at low temperatures, which provides good metallization adhesion to InP substrates
and improves the contact morphology. Au reacts strongly with In to form Au-In
compounds, which creates more In site vacancies in the InP substrate and enhances doping
in the InP surface. Ge is not only a dopant but also a reactant in the contacts. Changing the
amount of Ge in the contact scheme can control the reaction products. Ohmic ccntacts to n-
type InP have been fabricated in both the Au/Ge/Pd/InP and Pd/Ge/Pd/InP systems. The
minimum specific resistances are 2.5x 10-6Qcm? in the Au/Ge/Pd/InP contacts and 1x10
5Qcm? in the Pd/Ge/Pd/InP system. The anncaling regime for chmic contact formation is
300-375°C for the Au/Ge/Pd/InP system and 400-425°C for the Pd/Ge/Pd/InP system.
The relationship between microstructural changes and electrical properties has been
investigated. The onset of ohmic behavior in the contacts follows the decomposition of an
cpitaxial layer at the metallization/InP interface. The degradation of the contact resistance is
duce to the overreaction between metals and InP, which consumes more InP and destroys

the heavily doped InP layer.
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Chapter 1  Introduction

InP, a direct band gap compound semiconductor, is becoming an important
semiconductor material because of its unique combination of electrical and optical
properties, c.g., high clectron mobility, high saturation velocity and superior radiation
tolerance. The primary application of InP and related alloys in the semiconductor industry

is in the fabrication of optoelectronic devices or lightwave devices.

During device operation, clectrical communication links between the active regions
of these semiconductor devices and the external circuit are provided by
metal/semiconductor contacts. Generally, when a metal and a semiconductor are brought
together, there exists a energy parrier for electron transportation from the semiconductor
side to the metal side at the metal/semiconductor interface, due to the difference in work
function between the metal and semiconductor. According to their current-voltage
characteristic, the contact can be divided into (wo categories. One type is called a Schottky
barricr or rectifying contact, which has a high contact resistance with respect to electronic
devices. The other is an ohmic contact, which has a linear current-voltage characteristic
due to a small contact resistance compared with the device resistance. Ohmic contacts on
InP-based materials are essential for electronic devices such as field effect transistors
(FET), junction field effect transistors (JFET), high electron mobility transistors (HEMT)
and heterojunction bipolar transistors (HBT), as well as for photonic devices, such as long-
wavelength laser diodes, light-emitting diodes (LED) and photoelectronic and solar cells.
With the remarkable progress in the current microelectronic industry, semiconductor
devices are to be further scaled down in size, and to be operated at higher current density
and clevated temperature. Therefore, the requirements for the ohmic contacts to these
devices are low contact resistance and high thermal stability, which are affected directly by
the microstructures of the contacts. [t is essential to understand the relationship between
the microstructure and the electrical properties of the metal/semiconductor contacts in order
to fabricate high quality and reliable ohmic contacts. Transmission electron microscopy
(TEM) combined with energy dispersive X-ray spectroscopy is one of the best techniques
to monitor and analyze the microstructural changes that occur during annealing. It allows
direct observation of interfaces and provides information on both crystal structures and
chemical composition with high spacial resolution in three dimensions. However, very
little work has been done by TEM, in this area, although hundreds of papers reporting
experimental results from metal/compound semiconductor contacts have been published,

due to the difficulty in TEM sample preparation.



In practicc, most ohmic contacts are basically Schottky badriers, but the barrier
width 1s narrowed, by high dopant concentration, so that a majority of the electrons can
tunnel throuzh the barrier. Therefore, the most conveational way of forming an ohmic
contact to InP-bsaed devices is by introducing an external dopant diffusion source, from
which the dopant will be driven into the semiconductor by anncaling. Although there is a
wide variety in contact structures, the metallizations usually consist of a dopant clement,
such as Si and Ge for n-type I11-V compound semiconductors or Zn and Be for p-type 11I-
V compound semiconductors, and an clectronegative metal, such as Au or Pd, acting as a
dopant medium to improve the metallization wettability and contact electrical propertics.
Based on the type of electronegative metal in the metallizations, contacts are classified into
three systems: Au-based contacts, near noble transition metal-based contacts and refractory
metal-based contacts. The refractory metal-based contacts are used in the devices operated
in high temperature environments (>600°C).

Au-based metallizations are the most widely used ohmic contacts to II1-V
compound semiconductors today because they present several advantages. But all Au-
based contacts suffer from the same gencral disadvantages:

1. Uneven depth of interaction (spikes of Au alloy penetrate into the substrates) and
spatial composition distribution, leading to nonuniform current density through the
contact.

2. Lack of long-term metallurgical stability.

3. Relatively high specific contact resistance.

These deficiencies make Au-based contacts incompatible with the fabrication of submicron
planar devices or higher current density application devices. Asa result, the ncar noble
transition metal-based contacts have been suggested as alternative contacts. Due to more
stable thermodynamic properties and a less reactive nature, the near noble transition metal-
based contacts provide a microstructure which is less reactive and degrades less during heat
treatment at higher temperature. Near noble transition metal-based contacts to GaAs have
been studied extensively. Some of these contacts have become industry standards for
GaAs devices, while very little work has been done on InP, because of the unstable nature
of InP. InP tends to decompose through heat treatment at temperatures as iow as 350°C
and loses the group V volatile element, P. This is reflected in a degraded contact interface
morphology, poor edge geometry definition and uneven penetration of both the metal and
the semiconductor elements. Therefore, it is considered that manufacturing an ohmic



contact to InP, with high quality to support both short- and long-term device operation, is
much more challenging and more difficult than to GaAs.

Since palladium has a number advantages for making contacts, such as ease of
deposition on 111-V compound semiconductors, reactivity with both GaAs and InP at low
temperatures, penctrability of thin native oxides on the semiconductor surface and
resistance to oxidation, Pd-based metallizations are considered to be one of the most
attractive ohmic contacts to both n-type and p-type 111-V compound semiconductors.
Conscquently, Pd-based metallizations on n-type InP are investigated systematically in this
rescarch. Elcctron microscopy techniques are used as the main tool to monitor
microstructural changes in the Pd/InP, Au/Ge/Pd/InP and Pd/Ge/Pd/InP contacts during
anncaling prccesses.  Contact resistances are measured to identify the effect of
microstructure on the contact electrical properties. The main aims of this research are:

I. To study the interactions between Pd thin films and InP over a fairly wide
temperature range in order to understand role of Pd in the formation of Pd-based
ohmic contacts on InP.

2. To investigate the relationship between the microstructure and electrical properties of
two practical Pd-based contact systems, i.€., Au/Ge/Pd/InP and Pd/Ge/Pd/InP

contacts.

This thesis is organized in cight chapters. A comprehensive literature review is
provided in Chapters 2 to 4, which consist of a brief summary of the properties of both InP
and the metal/semiconductor contacts, and the ohmic contact formation principles. A
comprehensive survey of published experimental results on metal/semiconductor contact
structures and electrical properties, with emphasis on the metal/InP contact systems, is
presented in Chapter 4. Chapter 5 describes the experimental procedures used for
fabricating the Pd/InP, Au/Ge/Pd/InP and Pd/Ge/Pd/InP contact systems, and the
techniques used for analyzing the structures and measuring the electrical properties. The
characterization and discussion about the relationship between the microstructures and

clectrical properties are presented in Chapters 6 and 7.



Chapter 2 Properties and Applications of InP

Semiconductors are generally classified by their clectrical resistivity at room
temperature, with values in the range of 102 to 10° ohm-cm [1]. Resistivitics are strongly
dependent on temperature. There arc 1wo types of semiconductors, i.c., clemental and
compound semiconductors. Elemental semiconductor consist of Si and Ge, which belong
to group IVA of the clemental Periodic Table. They arc sometimes called diamond-type
semiconductors, because they have the crystal structure of diamond. Compound
semiconductors are formed from various combinations of clements. They have the
chemical formula AB. If A is divalent and B is hexavalent, the compound is called a 11-VI
compound semiconductor. If A is a trivalent clement and B is a pentavalent clement, the
compound is called a I1I-V compound semiconductor. Common clements used in 111-V
compound semiconductors include Al, Ga, In (group II1A) and P. As, Sb (group VA).
The atoms in I1I-V compound semiconductors are tetrahedrally bonded in a zinc-blende

structure.

2.1. Energy band structure

The energy band structure of solid materials consists of a valence band and a
conduction band. For most semiconductors, the valence band structures are the samc,
consisting of a heavy-hole band (hh), a light-hole band (lh), because of their large and
small effective masses respectively, and a split-off hole band (soh) as shown in Fig. 2-1
[2]. The maximum in the valence band is located at K=0 (K represents momentum space),
i.e., the center of the Brillouin Zone. But the conduction band structures for various
semiconductors are different. The conduction band structure is comprised of scveral
minima, including a single minimum at K=0 and additional minima along the [100] and
[111] axes. The band gap is the diffcrence in cnergy between the lowest point of the
conduction band and the highest point of the valence band. If the conduction band
minimum at K=0 is lowest in energy as shown in Fig. 2-1a, this band structure is called a
direct-band gap structure, otherwise, it is an indirect-band gap structure, as shown in Fig.
2-1b.

The mobility and effective mass of electrons in a semiconductor strongly depend on
the band gap structure of the semiconductor. In a direct band gap semiconductor, an

4



clectron in the conduction band can fall directly to an cmpty state in the valence band,
giving off the energy difference Eg as a photon of light. On the other hand, an electron in
the conduction band minimum of an indirect semiconductor can not fall directly to the
valence band maximum but must go through a state within the band gap. In an indirect
transition, which involves a change in K, the energy is given up largely as heat to the lattice
rather than as an cmitted photon. The mobility of electrons (p) is higher and the effective
mass of clectrons (m*) is lower in direct band gap semiconductors than those in indirect
band gap semiconductors. The difference between direct and indirect band structures is
very important in deciding which semiconductor can be used in devices requiring light

output.

The calculated energy band structure of InP is shown in Fig. 2-2 [3]. InP has a
direct band gap structure. Both the valence maximum and the lowest conduction band
minimum occur at the center of the Brillouin Zone (I" point). The conduction band
minimum is doubly degenerate and is separated by an energy Eg from the valence band
maximum. Away from the zone center, the highest valence bands separate into two sets of
bands, referred to as the heavy-hole and light hole bands. The next set of valence bands,
referred to as the spin-split-off bands, also have their maximum at T, where they are
doubly degencrate, separated by an energy A from the maxima of hh and lh bands. Higher
conduction band minima occur in the [100] and [111] directions, as can been seen in Fig.
2.2, The minima in the [111] and [100] direction are, respectively, 0.4eV and 0.7eV above
the I' minimum.

2.2. Applications of InP

InP is becoming a semiconductor material of great importance because of its unique
combination of electrical and optical properties. The properties of InP, GaAs and Si are
listed in Table 2-1 [2, 4-6]. For high-speed electrons, a semiconductor with high electron
mobility and high saturation velocity is desirable. High thermal conductivity and high
breakdown fields are also desirable properties. All of these requirements are well met in
InP [7, 8]. Its many alloy forms, such as InGaAs or InGaAsP, provide a variety of energy
gaps and carrier mobilities. The primary use of InP and its alloys with Ga and As in the
semiconductor industry is in the fabrication of optoelectronic devices or lightwave devices
for optical fiber communication, such as lasers, photodetectors, solar cells, photodiodes
and optoelectronic integrated circuits. In addition, much attention has been given to InP
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due to its tolerance to radiation. Compared with Si and GaAs, InP is far superior in a
radiation environment.

At present, InP is still not as popular as Si or GaAs in industrial applications due to
its fragility, thermal stability and sensitivity to ion-induced damage compared with Si and
GaAs [9]. The binary nature of the InP lattice makes ion implantation damage removal and
dopant activation steps more complex than for Si. Amorphization of the In-based
semiconductor obstructs attainment of the best clectrical activation. Incongruent
evaporation of P from the sample surface upon high temperature anncaling is also a severe
problem for InP. In addition, becausc InP and its alloys are more cxpensive than Si and
GaAs, the cost of devices is several hundred times as high.



Fig. 2-1a has been removed due to copyright restrictions.

Fig. 2-1a E-K diagram for a direct gap semiconductor showing three hole masses: heavy
holes, light holes and split-off holes [2].

Fig. 2-1b has been removed due to copyright restrictions.

Fig. 2-1b E-K diagram for an indirect gap semiconductor Si, showing that the minimum
in the conduction band occurs at K values away from K=0 [2].



Fig. 2-2 has been removed due to copyri ght restrictions.

Fig. 2-2 Calculated energy band structure of InP in two principal dircctions in the Brilloutn

Zone [3].



Table 2-1 Propertics of InP, GaAs and Si [2, 4-6]

__ Property (300K) InP GaAs Si
Encrgy gap (Eg) ¢V 1.34 1.42 1.12
clectrons 0.073 0.007 m=0.97
f m=0.19
Effective mass (m*)  holes (hh) = 0.4 0.45 0.49
o holes (hl) 0.08 0.08 0.16
Intrinsic mobility electrons i 4600 8500 1500
(cm2/V-s) holes 150 400 450
Resistivity p (Q-cm) 2x 10’ 4x108 2.5x10°
- Electron affinity X (v) ! 438 4.07 4.05
o Crystal structure Zinc blende | Zinc blende Diamond
Lattice constant (nm) | 0.587 0.565 0.543
Density (g/cm3) 4.79 532 2.33
Thermal expansion coefficient 4.56x10°6 5.9%x10% 2.6x106
Thermal conductivity (W/cm-°C) 0.68 0.46 145
Melting point (°C) 1070 1238 1420




Chapter 3 Metal-Semiconductor Contacts

Based on their current-voltage characteristics, metal-semiconductor contacts can be
divided into two classifications. Contacts with rectifying characteristics are called Schottky
barriers or rectifying contacts, and contacts with lincar characteristics are called ohmic
contacts or nonrectifying contacts.

3.1. Formation of Schottky barriers

Fig. 3-1 [10] shows an energy-band diagram of a metal and an n-type
semiconductor separated by a large distance. In the figure, ¢m indicates the work function

of the metal, i.e., the energy nceded to remove an electron from the Fermi level of the metal
(Eg') to the vacuum level. The work function of the semiconductor is ¢¢ and

Ps=Xs +E (3-1)

where the electron affinity xs is the difference in energy between an clectron at the vacuum
level and an electron at the bottom of the conduction band; & is the diffcrence in encrgy

between the Fermi level in the semiconductor (E;}) and the bottom of the conduction band.

In the case where the semiconductor is n-type and ¢s < ¢m (Fig.3-1), if the mctal
and the semiconductor are brought together (the vacuum level is assumed to be the same in
both materials), electrons flow from the semiconductor to the metal, accumulating at the
surface of the metal and depleting the number of electrons in the surface region of the
semiconductor. The resulting dipole clectric field (due to the positive ions) opposcs further

electron flow, and in equilibrium,
EE = Eg (3-2)

In the Schottky model, the semiconductor is assumed to be homogencous right up to the
boundary with metal, so that the uncompensated donors give rise to a uniform space charge
of depth w, called the depletion depth, or depletion region (Fig. 3-2a [10,11}). The induced
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clectric field strength € therefore increases linearly with distance from the edge of the
depletion region (Fig. 3-2b), and the clectrostatic potential y increases quadratically (Fig.
3-2¢). The resulting parabolic barrier is known as a Schottky barrier, as shown in Fig. 3-
2d. The depletion layer width w is an inverse measure of the square root of the doping
concentration [4]. The energy barrier ¢y is the energy difference between the Fermi level
in the metal and the bottom of the conduction band in the semiconductor at the interface.

¢Bn = Pm- Xs (3-3)

where ¢pn is the Schottky barrier height of an n-type semiconductor, i.e., the energy
necessary for electrons in the metal to penetrate the semiconductor, and it is the single most
important parameter describing a Schottky barrier. The barrier for electrons in the
semiconductor relative to the metal is V, the diffusion potential or the band bending in the

semiconductor at equilibrium.
Va=¢m-¢s=¢Bn -5 (3-4)

The current-voltage characteristics of a metal-semiconductor contact are governed
by the transport of the charge carriers (i.e., clectrons or holes) across the metal-
semiconductor interface and its associated space-charge region. For a Schottky barrier, the
current transport mechanism is thermionic emission. The majority carriers, with kinetic
cnergies in excess of Vg, are emitted from the semiconductor over the top of the barrier into
the metal. If a negative voltage V is applied to the semiconductor with respect to the metal,
the semiconductor-to-metal barrier is reduced to Vq-V while ¢pn remains unchanged. The
reduction of the barrier on the semiconductor side makes it easier for electrons in the
semiconductor to move to the metal. This is the forward-bias condition, and a large current
can flow. On the other hand, if a positive voltage is applied to the semiconductor, the
potential barrier is raised to prevent current conduction and reverse bias is achieved. The
current-voltage relationship for an n-type semiconductor is an exponentially increasing
current under forward bias and almost constant current under reverse bias. This rectifying

characteristic is shown in Fig. 3-3 [2].

The energy band diagram of a metal and a p-type semiconductor pair, with ¢m<¢s,
before contact is shown in Fig. 3-4a. When the metal and semiconductor are joined, the
positive carriers from the semiconductor cross over to the metal until the Fermi level of the
metal-semiconductor system is aligned. This results in the band diagram depicted in Fig. 3-
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4b. Similar to the metal-n-type semiconductor case described before, there are a Schottky
barrier height ¢pp for current (or positive carriers) from metal to semiconductor and a
barrier V4 for current from the semiconductor to metal. When a forward bias V is applicd
to the contact (p-type semiconductor positive with respect to metal), which raises the
electrostatic potential on the semiconductor side relative to the metal side, the barrier Vg is
lowered to a smaller value (V4-V). Current can more easily flow from semiconductor to
metal. For a reverse bias (-V), the opposite occurs, the electrostatic potential of the
semiconductor side is depressed relative to the metal side, and the potential barrier
becomes larger (Vg+V). Therefore, it is difficult for positive carriers to pass the barrier
from semiconductor to metal, i.c., there is no current flow in the contact. The contact
shows a rectifying characteristic. For a given semiconductor and for any metal, the sum of
the barrier height on n-type and p-type substrates is cqual to the energy band gap [12] or:

¢Bn+ ¢Bp = Eg (3-5)

In practical metal-semiconductor contacts, the disruption of the crystal lattice at the
interface produces a large number of cnergy states called interface or surface states, located
within the forbidden gap. The interface states are usually continuously distributed in
energy and are characterized by a ncutral level Eq, The states below E, are positively
charged when empty; the states above E, are negatively charged when occupied. If Eqis
aligned with the Fermi level, the net charge of the surface is zero. Whenever Eg>Ef, the
net charge of the interface states is positive, or donorlike, so that fewer ionized donors are
needed in the depletion layer to reach equilibrium. As a result, the diffusion potential Vp is
effectively reduced, and according to Eq. (3-4), the barrier height ¢gn is also reduced (Fig.
3-5a [4]). Similarly, if Eo<EF, there is a negative charge in the interface states and ¢By 1S
increased to bring EF closer to Eq again. Thus, the change in the interface states has a
negative feedback effect which tends to keep Egcloser to Eo(Fig. 3-5b). If the interface
state density is large, the Fermi level is effectively pinned down at Eo and ¢pp becomes
independent of the work function of the metal and semiconductor. In most practical
Schottky barriers, interface states play a dominant role in determining the value of ¢y, and
the barrier height is essentially independent of both the work function difference and

doping level in the semiconductor.



3.2 Formation of ochmic contacts

If a metal and an n-type scmiconductor pair with ¢m< ¢s, the exchange of carriers
lcading to a constant Fermi level results in the band diagram depicted in Fig. 3-6b [10].
The potential barrier at the junction is almost nonexistent, so that carriers can freely pass in
cither dircction. As a result, this metal-semiconductor contact is ohmic. Also, it is shown
in Fig. 3-6¢ thata metal-to-p-type semiconductor with ¢m>¢s is also an ohmic contact . In
addition to the no potential barricr case, there are other possibilities for forming ohmic
contacts in metal semiconductor junctions. Since the width of the depletion layer decreases
with an increase in doping level, quantum-mechanical tunneling of electrons through the
barrier can occur. At very high doping levels, i.e., with an impurity density (Ng) of
1018em-3 or more, the barrier can be thin enough to permit electrons, with energies close to
the Fermi energy in the semiconductor, to tunnel through the barrier at low temperature.
This is known as "field emission". At moderately high doping levels (1017¢m-
3«Ng<1018cm-3 [13]), the barrier is somewhat wider. However, if the temperature is
increased, electrons can still gain enough thermal energy (Em) and tunnel near the top of the
barrier producing an appreciable current. This process is known as thermionic-field
cmission. Fig. 3-7 [11] shows both field and thermionic-field emission. Field emission is
independent of temperature, while thermionic-field emission is temperature dependent.
Both types of quantum-mechanical tunneling can lead to ohmic behavior in the contacts.
The current-voltage relationship of ohmic contacts is approximately linear as shown in Fig.
3-8 [4]. When the ohmic contacts are applied to 2 uniform semiconductor sample or a
device, the measured current-voltage relationship is determined by the resistivity of the
semiconductor sample or by the behavior of the device to which the contact is formed,
rather than by the characteristics of the contact. It is not essential that the current-voltage
characteristic of the contact itself be linear, provided its resistance is very small compared
with the resistance of the specimen or device. In addition, the contact should not inject
minority carriers and should be stable both electrically and mechanically.

3.3 Principles for forming ohmic contacts

Modern high-speed electronic and photonic devices are operated under a high
current density, with dimensions in the range of 2 to 150pum in width. They require a very

low specific contact resistance for the contact which links the active region of the
semiconductor device to the external circuit, in order that only a negligible voltage drop
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occurs after current passes it. Low resistance ohmic contacts can satisty this requircment.
From the preceeding discussions, the gencral principles for forming ohmic contacts can be
summarized as:

1) A metal with a work function less than the work function of an n-type semiconductor
or greater than the work function of a p-type semiconductor is onc possibility.

2) A semiconductor with an extremely narrow band gap, such as InAs (0.35¢V) which
can be epitaxially grown and lattice matched to an inP substratc is another
possibility. This semiconductor has high electron and hole mobilities (33,000 and
460 cm2/V.s respectively, at 300K) and has surface states pinncd in the bandgap;
thercfore, it forms an ohmic contact with almost cvery ractal that is deposited onto it
[91.

3) A third possibility is to provide a very heavily doped thin layer on the semiconductor
surface, which is to be immediately adjacent to the metal. The depletion region is
then so thin that field emission may take place and the contact has a very low
resistance at zero bias. The most conventional way of making doped surfaces 18 o
incorporate a high concentration of dopants into the initially grown cpitaxial
semiconductor layer, by introducing an external dopant diffusion source. The
dopants will be driven into the semiconductor by means of a heating process or by
ion implanting the semiconductor surface. The latter approach is rarely applied to
[nP and related materials because of the surface damage and loss of stoichiometry
associated with bombarding the InP surface.

Ohmic contacts to InP-based materials are essential for electronic devices, such as
field effect transistors (FET) [14,15], junction field effect transistors (JFET) [ 15,16}, high
electron mobility transistors (HEMT) and heterojunction bipolar transistors (HBT) [18,19],
as well as for photonic devices such as long-wavelength laser diodes, light-emitting diodes
(LED) [20-22] and photoelectronic and solar cells [23]. When designing an chmic contact
to such high-speed InP-based devices, operated under a high current density and elevated-
temperature conditions, a few constraints and requircments have to be met in order to
provide a suitable contact technology to support both short and long term device operation.
The main issues that have to be considered when selecting the metallization scheme and the
process conditions are: a) optimizing the contact design to yield an ohmic contact with the
lowest possible resistance; b) providing stable morphology over a wide temperature rangc,
i.e., only limited intermetallic reactions and an abrupt metal-semiconductor interface in the
contacts throughout contact processing; C) ensuring contact stability throughout the device
electrical and thermal operating conditions; d) excessive stresses in the metal films, the
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underlying dielcctric patterning layer, and the underlying semiconductor should be avoided;
¢) compatilility with the metal system used for the interconnection technology, and f)
fabrication with a robust process that fits as an integrated step into the overall device

manufacturing scheme.

3.4. Mecasurcment of the specific contact resistance re

The most often used parameter to characterize an ohmic contact is the specific

contact resistance re defined by
re= (D)oo (Q-cmd) (3-6)
aJ

where V is the voltage and J is the density of the current. The specific contact resistance, rc,
is considered as an important figure in evaluating the quality of an ohmic contact. Itisin
fact onc of the basic parameters by which different metal systems or metal preparation
procedures are typically examined, compared and selected. Moreover, rc can give
information on the surface doping level in the semiconductor, hence providing useful
insights into the contact formation mechanisms, or can be monitored to test contact stability
and reliability. For a homogeneous contact of area A having uniform current density, the
contact resistance Re is simply

Re= 2 3-7)

the measured resistance R will be approximately equal to Re for most sample geometries
when r.2 10-2Q-cm2. However, for smaller values of re, the spreading resistance of the

semiconductor Ry, and the series resistance R, of the connecting wires and semiconductor

substrate must be taken into account. Then in general
R=R¢+Rp+Ro 3-8)

where Ry, and R, depend on the particular geometry of the metal-semiconductor contact
being characterized. For [1I-V semiconductors accurate determination of r¢ is most often
carried out using one of four methods {10]: 1) the Cox and Strack technique, 2) the four
point method, 3) Shockley extrapolation technique or 4) the transmission-line model.
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3.4.1. Cox-Strack method

The method of Cox-Strack utilizes the structurc of Fig. 3-9, where the resistance of
a circular contact of radius a on an n-type film of resistivity p and thickness t is to be
determined. The current flow pattern is axial, through the layer to the heavily doped
substrate. This structure requires metallization of both the back and the front surfaces of the
semiconductor wafer, and can be used for cither p- or n-type materials and for cpitaxial or
bulk layers. The specific contact resistance of the circular contact is

fe= na?[ R- % F(%) -Rol (3-9)

where F is a function of the ratio &/t and was found experimentally by Cox and Strack to
have the approximate form

F(%) ~ Larcum(%) (3-10)
b1 9

In practice, if the resistance of an array of contacts with differing arcas is measured,

the Spreading resistance is calculated for cach contact by USing:
= L)_ F -

and a plot of R-Rp vs. 1/a2 is made. A straight line fitted to the data points yields the
values of reand Rg (rgx is the slope of the straight line and Ry, is the intercept of the R-Rq
axis). The minimum value of rcthat can be accurately determined by this technique
depends primarily on two factors: i) the accuracy in measurement of dimension a, and ii)
the error in taking the difference between the two almost equal quantities R and Rp,. For an
n-type GaAs epitaxial layer with a=5u, it is possible to measure rc values down to
approximately 1x 10-6Q-cm? with an error of about £25%.
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3.4.2. Four point method

The four point method for measurement of rc requires metallization of only one
surface of the wafer as shown in Fig. 3-10. The layer being contacted is of thickness t and
can be an cpitaxial layer on a nonconducting substrate or a uniformly doped bulk wafer.
The voltages V and V3 are measured for a known current I, assuming that the resistance of
the semiconductor film between contacts is the same everywhere. The potential distribution
in the plane of the semiconductor layer is logarithmic. The expression for the specific

contact resistance is

fo = ma2 [l - 2RSS0 L Ry (3-12)

If a<< s, t<<s and pa2 s rct, the contribution of Rp to R can ignored. The four point
method has been used to measure values of r¢ as small as 1.2x10-6Q-cm2 with about +10%

accuracy.

3.4.3. Shockley technique

For evaluation of ohmic contacts to thiri semiconductor layers on nonconducting
substrates, the Shockley technique can be used. As shown in Fig. 3-11, the technique
consists of measuring the voltage drop V (x) along the surface of the semiconductor film
between two planar ohmic contacts and using the extrapolated voltage V, appearing across

the contact to obtain the transfer length Lt by:

Vx = Vo exp(-x/L1) (3-13)
rc is then found from:
ro = RgL12 (3-14)

where R is the sheet resistance. The minimum value of 1 that can be accurately measured
using the Shockley extrapolation method is limited by the error in determination of L.
Assuming LT could be measured to within =1y, it should be possible to measure rc down
to about 5x10-7Qcm2 with +25% accuracy for ohmic contacts to n-type GaAs.

17



3.4.4. Transmission-line method

Another method to determine the resistance of ohmic contacts applied toa thin I11-V
semiconductor layer on a nonconducting substrate is the transmission line method (TLM).
As shown in Fig. 3-12a, in the TLM the planar contact is treated as a resistive transmission
line with uniform sheet resistance Rg and specific contact resistance re. In order to measure
rc using the TLM, one must first find experimentally the total resistance Re of the contact
and the epitaxial layer under the contact. This can be accomplished using the arrangement
of Fig. 3-12b, where three identical ohmic contacts are spaced at uncqual distance 1 and 12
along the surface of the layer. If Ry and Ra are the resistances measured, one can casily

show that
_-Ral1+R|L2 )
Re =30 3-19)
The specific contact resistance rc is
w2
fe= RJ—R—S (3-15)

The ultiraate accuracy of the TLM method is determined by the errors in measurcment of 1
and 13 of Fig. 3-12b. Values of rc of less than 3x10-7Qcm? have beecn measured to GaAs.
Finally the TLM has been extended to transmission lines of circular geometries and to
arbitrary shapes. The use of the TLM avoids the necessity of measuring the V(x)
distribution of the Shockley method and hence is somewhat simpler to implement.
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Fig. 3-1 has been removed due to copyright restrictions.

Fig. 3-1 Energy-band diagrams of a metal and a n-type semiconductor separated by a large
distance. The work function for the metal is ¢m [10].

Fig. 3-2 has been removed due to copyright restrictions.

Fig. 3-2 Variation of a) charge density, b) electric-field strength, and ¢) electrostatic
potential with distance from metal/semiconductor interface according to the

depletion approximation. d) Band diagram of an ideal metal-n-type

semiconductor interface [10,11].
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Fig. 3-3 has been removed due to copyright restrictions.

Fig. 3-3 Schottky barrier I-V characteristics for a circular metal film deposited on an n-type

semiconductor [2].



Fig. 3-4a has been removed due to copyright restrictions.

Fig. 3-4a Encrgy-band diagrams of a metal and a p-type semiconductor separated by a

large distance.

Fig. 3-4b has been removed due to copyright restrictions.

Fig. 3-4b Band diagram of an ideal p-type metal-semiconductor interface.
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Fig. 3-5 has been removed due to copyright restrictions.

Fig. 3-5 Pinning of the Fermi level by surface states. All encrgy states below Ej: are

occupied [4].

Fig. 3-6 has been removed due to copyright restrictions.

Fig. 3-6 Band diagrams describing the Schottky theory of the metal-semiconductor
interface. Four types of conductors are possible depending on the dif ference
dm-¢s and the semiconductor type. The arrows indicate majority-carrier current

flow [10].



Fig. 3-7 has been removed due to copyright restrictions.

Fig.3-7 Field and thermionic-field emission under forward bias. The diagram refers to a
degenerately doped semiconductor for which & is negative {11].

Fig. 3-8 has been removed due to copyright restrictions.

Fig. 3-8 I-V characteristics of an ohmic contact [4].



Fig. 3-9 has been removed due to copyright restrictions.

Fig. 3-9 Measurement of the specific contact resistance rc using the Cox-Strack method.
The circular ohmic contact has radius a [10].

Fig. 3-10 has been removed due to copyright restrictions.

Fig. 3-10 Measurement of the specific contact resistance rc by the four point method [10].
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Fig. 3-11 has been removed due to copyright restrictions.

Fig. 3-11 Measurement of the specific contact resistance rc by the Shockley technique.
The voltage applied to the coplanar ohmic contact is Va. The linear voltage
distribution between the contacts is extrapolated to obtain the transfer length LT

[10}.



Fig. 3-12a has been removed due to copyright restrictions.

Fig. 3-12a Measurement of the specific contact resistance r¢ by the transmission-linc model
(TLM) technique. R is the total resistance of the metal-semiconductor interface

and the epitaxial layer under the contact [10].

Fig. 3-12b has been removed due to copynght restrictions.

Fig. 3-12b A method of determining Re using a linear array of unequally spaced ohmic
contacts. The shaded regions are the contact areas [10].
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Chapter 4 Formation, Structure and Properties of
Metal/Semiconductor Contacts

The microstructures of metal/[II-V compound semiconductor contacts are entirely
dependent on the metallurgical system of choice and the contact process conditions. The
metal/semiconductor contact morphology contains various intermetallic compounds of
metal and A or B semiconductor element, and those compounds exhibit various geometrical
shapes and distributions because of the structural incompatibility. Each phase has dif! ferent
carrier-conduction properties. Therefore, the carrier-transport nature of contacts,
particularly in the cases of ohmic contacts to InP [6], is solely determined by the
metallization chosen and the interfacial microstructure. The specific contact resistance may
be reduced by several orders of magnitude simply by optimizing the thermal processing
conditions to achieve a low contact resistance microstructure [24,25]. Because of the
complexities of the reactions between metals and InP, and the lack of necessary information
such as phase diagrams for ternary and quaternary systems, thermodynamic data (heat of
formation, free energy change of formation, etc.), kinetic data (diffusibility, reaction rates)
and crystal structures, at present, the fabrication of contacts is still more of an art than a
science. Most of the publications in this field report the experimental results in particular
contact systems, i.e., the formation techniques, the structures of contact layer and the
corresponding contact properties. Thus, the review in this section is a collection of the
published results with emphasis on the metal /InP contact system. Reaction of metals with

other compound semiconductors are briefly summarized.

4.1. Gold-based metallizations

Au-based metallizations are the most widely used ohmic contacts to III-V
semiconductors today. Au-based ohmic contacts present several advantages: relatively low
specific contact resistance and low sheet resistance of the metallic layer, high resistance
against corrosion, compatibility with standard evaporation and photolithography
techniques, and quite good reliability at room temperature.



4.1.1. Aw/InP contacts

Gold is used extensively as a metallization for compound semiconductors such as
GaAs [26-31], GaP [32-35], InSb [36], GaSb [36,37] and InGaAsP [38,39]. For the
reactions in Au/semiconductor contact systems mentioned above, Au acts as an oxidizing
agent and displaces the group V elements in combining with group III elements to {orm
various kinds of compounds. Similarly, in Au/InP contacts the dominant reaction in the
ternary Au-In-P system is the one between the Au and the In, leading to formation of Au-In
compounds. From binary Au-P and Au-In systems, it is known that there is one
thermodyr amically stable Au-P phase (AuzP3) [40] and several binary thermodynamically
stable Au-In phases (summarized in Table 4-1 [41-43]). The reactions of Au thin films
with InP single crystal substrates have been reported by many groups (33, 34, 44-56].

The metallurgical reactions occurring in Aw/InP are presented in Fig. 4-1a. The
thermodynamic nature and the highly reactive nature of InP make reactions between Au and
InP possible at very low temperature. Several groups [37,44-46] have reported that
during gold deposition at room temperature, Au can react with both Inand P. [n and P out-
diffuse substantially into the metallization with different diffusion rates. Hiraki [44)
observed a fairly large amount of In atoms just after Au film deposition, and P atoms 1(X)
min. after deposition, by Auger electron spectroscopy on the surface of a Au film (Au film
was about 1C0Onm thick in this case).

During annealing at 250°C-450°C, even though different Au-In compounds are
observed by various research groups due to different processing cenditions applied, the
reaction process of Au-In-P can be divided roughly into three stages: i) Au-In solid solution
formation, ii) Auzln and AuzP3 formation and iii) Auzin-to-Auglng transition. Each stage
is controlled by a different mechanism. In the first stage (<300°C) the interaction of Au
and InP begins with the entry of In and P into the Au via a dissociative diffusion process.
Stage I continues until the In content in the Au reaches the solid solubility limit. This
process is controlled by the vacancy generation rate at the free surface of the metallization.
The P atoms, released when In enters the metal initially, remain unreacted and cither lcave
the system or occupy nonlattice sites in the metal. Stage I proceeds very rapidly even at
room temperature, but can be affected by the mechanical condition of the surface of the
contact metallization. For instance, a SiO; capping layer on the free surface of the gold
film suppresses the metal-semiconductor reaction rate by inhibiting the vacancy generation
rate at that surface [52]. In the second stage (320°C-370°C), individual islands of Auiin
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(or Au7inz) nucleate and grow more or less uniformly over the metallization layer. The
highly mobile In diffuses interstitially from the InP-metal interface to the front of Ausln,
and occupies substitutional sites in the metal lattice by displacing Au atoms. This is called a
"kick-out” mechanism that results in an elevated concentration of hi ghly mobile interstitial
Au. These Au atoms become substitutional again by annihilating the vacancies that have
been generated at the InP-metal interface during In diffusion into the metal. The Au atoms
then react with unbound P, remaining there to form interfacial AupP3. The rate-limiting
step in this stage is the rclease of In from the InP and its insertion interstitially into the Au
lattice. In entry continues until the me 'lization is converted from the saturated Au(In)
solid solution to the compeund Ausln. in the third stage, the Au-InP reaction takes place
with the result that Ausln transforms to Auglny (or Awln). This transition is controlled by
an Au-In exchange or kick-out process which takes place at the interface between the Ausln
phasc and the Auglny phase. Meanwhile, the P released during this stage leaves the system

unreacted.

In a closed Au/InP system, for a thin layer of Au (system composition is noted as
"x" in Fig. 4-1b [46]), there are three phases when the system reaches equilibrium, i.e.,

Auglng (or Auzin), AuzP3 and [nP. But for an open Auw/InP system, gas phase P will be
generated from the system, with the evaporation of P increasing very abruptly above 550°C

[57, 58]. The local composition near the contact area is changed. In rich Au-In
compounds (Aulnz or Augln) are observed, with no additicnal AuzP3 forming in the

system.

The Schottky barrier of a Au/InP contact remains stable up to 350°C annealing.

Above this temperature, the Schottky barrier is catastrophically degraded due to Au-In and
Au,P3 compound formation. A large two-to-three order of magnitude drop in the contact
resistance occurs when Au/InP contact is annealed at 400°C [32]. At this point, the

character of the contact changes from Schottky to ohmic [59].

4.1.2. Gold-based/InP contacts

Au-based metallization schemes provide the advantage of introducing an external
dopant (either p-type or n-type) source, which can alloy into the adjacent semiconductor
through solid or liquid phase reaction during annealing and form a p* or n* region. This
highly doped region would then reduce the width of the depletion layer associated with the
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potential barrier formed at the metal semiconductor interface. Tunneling of charged carriers
in both directions across the interface would then be possible, making the contact
essentially ohmic. The values of specific contact resistance re for several Au-based contacts
are summarized in Table 4-2. The rc of Au-based contacts is less than that of purc Au
contacts. Au has a high solubility for In and the dopant element and can react with Inand P
to form several kinds of compounds, which makes InP decompose and dopant
incorporation into InP relatively easy. Au-based contacts have to be anncaled at a
temperature between 350°C and 480°C in order to form a thin, heavily doped layer

between the metal and the semiconductor.

For contacts to p-type InP substrates, Au-Zn [60-65] and Au-Be [64-70] have been
commonly used. In the AuZn/InP system, the metallization layers arc made by cither
depositing Au and Zn metal layers separately or co-depositing a Au and Zn mixture. The
contact structures are Aw/Zn/InP or Au-Zn/InP in the as-deposited specimens. Zn reacts
with Au to form a AuZn phase during deposition. On annealing up to 340°C, both Au and
7n in-diffuse to the substrate and In out-diffuses to the metallization. It is found that Au
diffuses into InP more rapidly than Zn does. Au reacts with Zn and P. AuZn transforms
to AuzZn before Au-In phase formation (about 360°C). The contact resistance Jecreases
and the contact becomes ohmic at about 380°C. The optimum specific resistance
(rc=1.8x10-4Qcm? with a doping level of 5.5x1018cm-3 in InP) is associated with the
formation of a Au-In phase (Auzlnz or Auginy) and AuzP3 in the temperature range of
420°C and 480°C. Meanwhile, Zn occupies the lattice sites created by In out-dif fusion to
create a layer of higher carrier concentration required for achieving lower contact resistance
and also segregates in the AuzP3 clusters. At higher temperature (about 510°C), ZnPy

forms and contact resistance increases again.

Because of the great difference in the vapor pressure of Au and Zn, and a very low
sticking coefficient of Zn on III-V semiconductor surfaces, some specific technological
problems, associated with the deposition and ailoying of Au-Zn contacts can arise. Typical
examples of the problems are preferential evaporation of Zn prior to Au deposition, poor
adhesion, non-homogeneity of Au-Zn depositions and re-evaporation of Zn during the
alloying of Au-Zn metallizations. Asa result, Au-Be metallizations have been studied. The
interactions between Au, Be, In and P in the Au-Be/InP system are very similar to those in
the Au-Zn/InP system except no Au-Be and Be-P compounds form. To obtain ohmic
properties and low specific contact resistance values, it is necessary to alloy the contact at
elevated temperatures (above 400°C). The contact resistance decreases with increasing
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anncaling temperature. At about 420°C - 450°C, the contact is composed of Auglng and
AuzP3 phascs. Contact resistance can be as low as 8x 10-3 Qcm?2 with a doping level of
1%10!8cm-3 for p-InP substrates It is found that the Au/Be ratio influences the optimum
heat treatment time and temperature but not the value of specific resistance. The minimum
value of r¢ is independent of the method of sample preparaiion and the amount cf dopant

alloyed into the InP surface with the Au film.

in addition to Au-Zn and Au-Be metallizations, Au-Ma [70], Au-Mg [71] and Au-
Ni [72] systems have been applied to p-InP. The specific contact resistance for these
contacts are 6x10-+ Qcm?2 with a doping level of 2x1018cm-3, 1x104 Qcm? with a doping
level of 4x1017 cm-3 and 9x104 Qcm? with a doping level of 2x1018 cm™3 respectively.

Au-Ge metallizations are used for n-type InP substrates [67, 73-76]. The
metallizations are based on a Au-12.5wi%Ge eutectic alloy. The Au-Ge contact was
originally chosen for its low eutectic melting temperature (360°C). Alloying it at the
cutectic melting temperature, drives the dissolution of InP. Then, In out-diffuses into the
Au and Ge is likely incorporated preferentially on In sites, becoming a donor. When Au-
Ge/InP is annealed at temperatures between 320°C and 450°C, the phase changes in the
metallization are; GeP — GeP+Ausln = GeP+Ausln+AuzP3 — GeP+Auglng+AuzP3.
The contact becomes ohmic after annealing at 320°C. At 375°C to 400°C the lowest
specific contact resistance (rc=1x10-7 Qcm?, InP substrate doping level 3x1018m-3) is
observed. Alloying the contact at 450°C and higher results in significant out-diffusion of P
and cnhanced formation of P vacancies. This leads to degradation of the contact electrical

properties.

Au-Sn is another metallization that is used for n-InP contacts [77,78]. Au-Sn/InP
contacts have ohmic behavior in a narrow alloying temperature range between 380°C and
410°C. The minimum specific contact resistance, rc=1.8x10"6 Qcm?, is observed by
annealing at 390°C for 30s. Aualn, AuSn and polycrystalline InP are the main phases in
the contact at alloying temperatures between 380°C and 410°C. Above 410°C the contact

is composed predominantly of Auzln.

It seems that the reaction processes for Au-based/InP contacts are similar to that of
Au/InP contacts except for the formation of some M-Au, M-P or M-In binary phases
(M=Zn, Sn or Ge). For instance, Au-In and AuzP3 binary phases form in the same
temperature range as for the Au/InP system. The lowest values of specific contact
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resistance for Au-based/InP contacts arc obtained in those samples anncaled in the
temperature range of 390°C to 420°C, which is also the optimum temperature tor Au/lnP
contact processing. Comparison of values of specific contact resistance (Table 4-2), for the
n type InP specimens with the same doping level, shows that the re values of Au-based
contacts are 1-2 orders of magnitude lower than those for pure Au contacts. This implies
that doping by Sn or Ge is important in Au-based contacts.

Generally, there is a relatively thick Au layer on top of Au-based metallizations,
which provides a low resistance contact to the rest of the circuit and protects the
metallization from oxidation. On the other hand, the Au layer drives the undesired out-
diffusion of P and the dopant element, which can degrade the clectrical proprictics and
decrease device reliability. Some results have demonstrated that these contacts degrade
with time. Values of r. increase by about 20% several weeks after initially testing [79]. In
order to eliminate the problem, another metal layer is often deposited between the top Au
layer and the Au-based contact to serve as a diffusion barrier for P and the dopant clement.
For instance, Au-Be/Cr/Au [70, 79], Au-Zn/TiW/Au [80] and AuGce/Ti/Au [81]
metallization systems have been studied. [t has shown that the diffusion barricr layer (Cr,
TiW or Ti) not only prevents the out-diffusion of P from the semiconductor but also
prevents the migration of Au from the top layer into the semiconductor during hcat
treatment. With the diffusion barrier, the dopant remains at the contact-semiconductor
interface. The contacts do not degrade with time and, the reliability of devices indeed is
superior to those without diffusion barriers. The electrical properties of these contacts arc

also given in Table 4-2.

All the Au-based contacts suffer from the same general disadvantages:
.nonuniform depth of interaction (spikes of Au alloy penctration) and spatial

[y

composition, leading to nonuniform current density through the contact;

19

. lack of long-term metallurgical stability;
3. poor morphology and edge definition;
4. relatively high specific contact resistances.
These deficiencies make Au-based contacts incompatible with the fabrication geometry of

submicron planar devices or higher current density application devices.
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4.2. Near noble transition metal-based metallizations

Near noble transition metal-based metallizations are introduced into ohmic contact
schemes in order to overcome the deficiencies involved in the processing and performance
of Au-based contacts to both p-type and n-type semiconductors, in particular, their unstable
nature and lateral nonuniformity. Because of the more stable thermodynamic properties
and less reactive nature of these metals, the near-noble transition metal-based metallizations
provide a less reactive and more thermally stable contact microstructure during heat
treatment at higher temperature. Their ohmic nature is obtained by both heavily doping the
semiconductor layer under the metals and by the formation of narrow band gap intermetallic
phases in the metal/semiconductor interface through a limited reaction when annealing the

contacts.

4.2.1. Near noble transition metal element contacts

The first step toward understanding the behavior of a complex near-noble metal-
based metallization system is to investigate the interaction between single metal layer and
compound semiconductor substrates and to determine the role of the near-noble metal in the
metallization system. The commonly used near noble transition metals in contacts are Ni,
Pd, Co, Rh, Pt and Ir due to their particular properties, such as ease of deposition, low
reaction temperature with I1I-V compound semiconductors, resistance to oxidation and
compound formation with both A and B elements. It has been found that, in general, the
final phases in contacts, which are in equilibrium with the AB substrate, are M-A or M-B

(M=Ni, Pd, Co, Rh, Pt, or Ir).

Ni/GaAs contacts
The reactions between Ni and GaAs have received considerable attention since Ni is

commonly used in ohmic contacts in combination with Au and Ge. The evolution of
reactions of Ni films on GaAs is given by Fig. 4-2. Due to its low heat of vaporization
(370.4kJ/mol) [33] and weak bonds, Ni can react readily with GaAs even during
deposition [82,83]. At temperatures below 300°C, Ni penetrates a native oxide layer
between the Ni film and GaAs, and reacts with GaAs to form a temary phase NixGaAs that
is the first phase in the reactions. There is widespread disagreement in the literature as to
the composition of the ternary phase. It is reported to be NipGaAs [84-86], Ni3GaAs
[82,87.88] and to vary from Niz 5GaAs to NigGaAs [89,90]. The ternary phase has a
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hexagonal structure with a=0.387nm, ¢=0.503nm. It is characterized by an cpitaxial
relationship with the GaAs substrate:

[2110] NixGaAs Il [011] GaAs
(0112) NixGaAs Il (O11) GaAs

Ni atoms are found to be the dominant diffusing species during the ternary phase growth.
After Ni is consumed completely, the ternary phase is uniform and remains so until above
400°C. Above 400°C Ga and As become mobile, leading to the decomposition of
NixGaAs .nto NiGa and NiAs. The grains of NiAs and NiGa arc laterally spread, i.e.,
both NiAs/GaAs and NiGa/GaAs interfaces exist in approximately equal proportions
[86,91]. NiGa and NiAs both have epitaxial relationships with GaAs [84-86,91]:

{100} NiGa Il [100] GaAs
(011) NiGa Il (O11) GaAs
[2110] NiAs I [011] GaAs
(0112) NiAs I (011) GaAs

According to the Ni-Ga-As ternary phasc diagram at 600°C (Fig. 4-3) 87}, both NiGa and

NiAs are in equilibrium with GaAs overa broad range of composition.

Pd/GaAs contacts

The metallization reactions of Pd/GaAs are depicted in Fig. 4-4. Pd is the most
active element of all near-noble elements. It has the lowest value of heat of vaporization
(357kJ/mol) [31] and the weakest bonds. Pd begins reac g with GaAs during deposition
[92-94], forming a hexagonal ternary phase (a=0.672nm, ¢=0.340nm [92]). The reported
composition of the ternary phase is variable, with several different compositions reported:
PdGag3Asg.2 [92], Pd2GaAs [95], Pds(GaAs)z [93,96] and Pda(Ga).xAsx) (0.57<x=<1)
[94]. The orientation relationship of the ternary phase with GaAs is :

[0001] Pds(GaAs)z Il [011] GaAs
(2110) Pds(GaAs)2 Il (100) GaAs

Pds5(GaAs)> is the dominant reaction product in the as-deposited state and after annealing at
temperatures up to 315°C. Pd is the dominant moving species at these temperatures. It's

diffusion toward GaAs results in complete dispersion of the thin native oxide layer [83]. A
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sccond ternary phase, which is also hexagonal (a=0.92nm, c=0.37nm) [96], is the
dominant phase in contact with GaAs at higher temperatures (350°C - 410°C). The
composition of the sccond ternary phase reported by various groups is: Pd4(GaAs)
[93,96], Pd3 3Gaj 2As08 [83], PdGag 6Aso.4 [92] and Pds(Ga.xAsx)3 (0.16sx = 0.47)
[94]. This ternary phase exhibits the following orientation relationship with GaAs:

[0001] Pd4(GaAs) li [011] GaAs
(2130) Pd4(GaAs) Il (100) GaAs

Further anncaling results in the decomposition of the ternary phase and the subsequent
formation of binary compounds. From the Pd-Ga-As phase diagram (Fig. 4-5) [97], the
final equilibrium phases with GaAs are PdGa and PdAsy. If significant As loss occurs
during processing, only PdGa can be obtained in the contact [83,92,95,98-100].

Co/GaAs contacts
The reaction between Co and GaAs starts at 260°C. A thin amorphous layer forms

at the interface of Co/GaAs [101,102]. The amorphous phase is stable kinetically below
280°C because the diffusion of Co in GaAs is much faster than Ga or As in GaAs
[103,104]. Co rapidly diffuses through the amorphous layer into GaAs as an interstitial
species. The amorphous layer crystallizes, on annealing at 300°C for long times (over 3
hours) or at higher temperatures, forming a highly oriented ternary phase Co2GaAs with
the B3 structure (orthorhombic) at the amorphous layer/GaAs interface [101,102,105-
107]. The phase is sometimes called a solid-solution of CoAs [108,109] because it has an
orthorhombic structure with a lattice parameter similar to that of CoAs. The orientation of

CopGaAs with respect to GaAs is:

[010] CosGaAs Il [011] GaAs
(101) Co2GaAs Il (011) GaAs

Annealing at 400°C for longer times (>24hours), results in the formation of two distinct
layers. The one contacting GaAs is the ternary phase and the outer one is a mixture of
CoGa and CoAs with no unreacted Co (Fig. 4-6). Once the mobilities of Ga and As are
sufficient in the ternary phase (>500°C), the ternary phase will decompose into binaries,

i.e.. CoGa and CoAs. Both of these are found to grow epitaxially on GaAs:
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[001] CoGa Il [001] GaAs
(220) CoGa 1l (220) GaAs
[101] CoAs Il [001] GaAs
(020) CoAs It (220) GaAs

CoGa and CoAs are stable phases with GaAs until 700°C if As is not lost from the contact
surface. Fig. 4-7 shows the Co-Ga-As phase diagram at 600°C [110}.

Rh/GaAs contacts

Reactions of thin Rh films to GaAs have been investigated by several groups
[91,111,112). The reactions are schematically represented in Fig. 4-8. No reaction is
observed in as deposited specimens. At 200°C RhAs has formed at the interface of
Rh/GaAs. Initially this phase is supersaturated with gallium. Ga replaces As in RhAs
giving RhAsxGag s.x, where x=0.25-0.30 [111]. RhAs is highly textured and exhibits the
following orientation relationship:

(110]RhAs Il {011]GaAs
(001)RhAs Il (100)GaAs

It is believed that Rh is the predominant diffuser through RhAs at low temperature because
of the formation of Kirkendall voids at the Rh/GaAs interface. At tcmperatures above
300°C, RhAs decomposes, which is hastened by the formation of Kirkendall voids that
reduce the diffusion flux of Rh to the reaction interface. Nucleation of RhGa occurs at the
Rh/RhAs interface. The decrease in the diffusion flux of Rh through RhAs also brings
about the nucleation of RhAs; at the RhAs/GaAs interface. RhGa and RhAs; grow and
consume the supersaturated RhAs phase. Although RhGa is not in contact with GaAs, the
same orientation relationship for RhGa and GaAs is observed [91]:

[011)RhGa ll [011]GaAs
(011)RhGa ll (100)GaAs

The texture observed for RhGa may be due to nucleation from the highly textured RhAs
phase or may be a result of pref erred growth, perhaps due to anisotropy of the diffusion
kinetics. After annealing at S500°C and above, the Rh film is completely consumed and a

layered structure RhGa/RhAsz/GaAs is obtained {111,112). From the Rh-Ga-As ternary
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phase diagram (Fig. 4-9)[113], this layered structure is stable after annealing the contact at
800°C.

PY/GaAs contacts

Pt has a relatively high heat of vaporization (510kJ/mol) and stronger bonds than
cither Ni or Pd. Below 200°C, only an amorphous layer is observed between the Pt film
and GaAs substrate [114]. Fig 4-10 shows schematically the morphological development
during PY/GaAs interfacial reactions. The initial stage of reaction involves the diffusion of
Ga into the Pt layer, and reaction between Pt and As, resulting in the formation of an
interfacial layer of PtAsz above 220°C {115]. The dominant relationship between the

grains of cubic PtAs and GaAs is [116]:

[011] PtAss Il [011] GaAs
(132) PtAs; Il (100) GaAs

After annealing at 350°C Pt3Ga forms at the interface of Pt/PtAsj, giving a layered
structure sequence of PU/Pt3Ga/PtAsy/GaAs which remains until the unreacted Pt is
consumed. With further annealing (>450°C), Pt becomes the primary diffuser in the
contact. Pt diffuses through PtAs; from Pt3Ga or the Pt layer to the PtAsy/GaAs interface
to form PtAs;. After the Pt layer is consumed, the continuous diffusion of Pt and Ga
causes Pt3Ga to transform to PtGa. The final phases in this contact are PtGa, PtAs and
GaAs (Fig. 4-11) [117]. In contrast to Ni/GaAs and Pd/GaAs, there is no ternary phase
formation in the Pt/GaAs contact reactions. [t is noteworthy that the native oxide layer,
which is originally at PUGaAs interface, is located within the reacted film after the reaction.
This morphology indicates that both Ga and Pt are moving species in the reactions.

Ir/GaAs contacts
When Ir and GaAs are brought into contact at temperatures above 400°C, GaAs

decomposes at the Ir/GaAs interface, thereby releasing Ga and As as separate species. Ga
diffuses into Ir, whereas As remains at the Ir/GaAs interface and reacts with Ir to form
IrAss [118], which is the first phase in the system. (Fig. 4-12). Ga diffuses into Ir until
the solubility is exceeded locally whereupon IrGa nucleates and grows. Strong texturing is
obtained for the IrAs; phase with the orientation relationship:

[521]IrAs3 Il [100]GaAs
(113)IrAs; Il (011)GaAs
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In the 500°C to 650°C temperature range, Kirkendall voids are formed at the GaAs
interface rather than on the Ir side, indicating that Ga and As are the moving species in the
Ir/GaAs contact reaction. The layered sequence structure is Ir/[rGa/lrAs2/GaAs, which
indicates that Ga diffuses faster than As does. Above 700°C, the [rGa phasc transforms
into the more stable Ir3Gas phase in the presence of unrcacted Ir {91,119]. The Ir-Ga-As
ternary phase diagram is shown in Fig. 4-13 [120,121]. Instead of a ternary compound
only a limited solution of As in Ir3Gas is found. The final layered scquence in the contact
is Ir3Gas/IrAsy/GaAs until 1000°C.

In summary, there are indeed some similar characteristics involving the reactions of
near noble metal/GaAs contacts:

1. If the metal is the predominant diffuser in the initial reaction stage, the reaction
between metal and GaAs can occur at low temperatures. The first phase formed is
not the final stable phase with GaAs, and will decompose into the final stable phascs
after Ga and As become mobile in the contact.

If Ga and As are the predominant diffusers in the reaction, the first phase formed is

)

the final stable phase. The MAs phasc layer contacts directly to GaAs, which
indicates that Ga mobility is higher than As.
3. The first phases formed in the contacts have epitaxial relationships with GaAs
substrate.
Table 4-3 list some characteristics of those contacts.

A summary of the electrical measurements of five near noble metal/GaAs diodes 1s
given in Table 4-4 [122]. The values of ¢gp are the highest ¢pp of the diodes in a series of
annealed diodes for each system. From the annealing temperatures at which these diodes
are obtained, it is known that the contacts possess the highest Schottky barrier after the first
(or second) metastable phases form. Further annealing leads to degradation in the Schottky
barrier, which can be correlated to the formation of laterally irregular interface morphology,
decompositions of metastable phases or interdiffusion of metal, Ga and As atoms.

Ni/InP contacts

Nickel is a common metal in ohmic contacts to InP, not only because it is widely
used in the NiAuGe contact to n-type InP, but also because it shows potential on its own as
an ohmic contact to n-type InP. For instance, Appelbaum et al [123] reported that
evaporated Ni films exhibited low specific contact resistance on n-InP (re=3x 10-6Qcm2).
All binary and ternary intermetallic compounds of the Ni-In-P ternary system, reported in
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the literature, are listed in Table 4-5 [42, 124-129]. There are twelve Ni-In intermetallic
phascs, eight intermetallic Ni-P phases and three ternary phases in the Ni-In-P system.
Three isothermal sections of the Ni-In-P ternary phase diagram, at 470°C, 600°C and
800°C respectively, are given in Fig. 4-14 [129,130]. The diagrams differ from each other
because of two ternary phases with low melting points (526°C for Ni2InP and 736°C for

Nis7In22P21) at which most ohmic contacts are formed.

Several groups have investigated the reaction of Ni films on n-InP during annealing
at 200°C - 500°C in forming gas (5%Ha2, 95%I\Q ambient [123,131,132]. After the <
contact is annealed for 15min at 200°C, initial reaction of Ni/InP contact system produces
an interfacial amorphous layer. An electron diffraction pattern from this layer shows an
intense halo corresponding to a spacing of 0.21nm. The composition of the amorphous
layer, from cnergy-dispersive x-ray (EDX) analysis, is Nis 7InP. This amorphous layer
crystallizes at above 300°C to form a hexagonal phase with the same composition Nig 7InP
(defined as Nis7ln2aP2; by Shiau et al [129]). The lattice parameters for crystalline
Nip 7InP are a=0.412nm and c=0.483nm. After annealing at 360°C for 60min. 95% of
the reaction layer consists mainly of the ternary phase (Ni2InP), which is monoclinic with
a=0.68nm, b=0.529nm, c=1.28nm and B=95°. This phase exhibits a strong

crystallographic texture and orientation relationship with InP:
[0O1]NizInP Il [100]InP

The other 5% of the contact layer is partially oxidized thin In films at the NizInP grain
boundaries. The NizInP is stable at temperatures up to 500°C in specimens capped with
SiOs. A schematic presentation of morphology of Ni/InP contact described above is shown
in Fig. 4-15. The Ni-InP reactions are extremely sensitive to annealing ambient, for
cxample, the Ni-InP reaction is dominated by binary phases such as NisP and Nizln if
annealing takes place at temperatures above 300°C with direct exposure to a helium ambient
[123]. The layer sequence is Ni-In/Ni-P/InP. For annealing temperature above 400°C, the
contact structure is: In-O/NisP/InP. Stremsdoerfer et al [132] reported that if annealing is
done in an open-tube furnace in flowing dry nitrogen, the first phase is Ni3P which
changes to NipP. From Ni-In-P phases diagrams the final equilibrium phases with InP,
depending on the average composition of a given alloy, are In, NizInP, Ni2P or Ni2P,
NisP4 and NiP; below 526°C. Above that temperature binary phases, i.e., In, Ni2P,
NisP4 and NiP2 may be in equilibrium with InP. The electrical properties of Ni/InP
contacts consisting of only ternary phase morphology is not known yet, but for the Ni/InP
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contact consisting of binary phase morphology, ohmic behavior appears at above 300°C
with r¢ being of the order of 106 Qcm2. This value of ¢ remains constant for long times
even at 500°C [132]. It is proposed that the Ni/InP contact becomes ohmic due to the
existence of NisP. Appelbaum et al [133] investigated the interaction of sputtered NisP
films on n-InP and p-InGaAs substrates and found that sputtered NiaP layers form ohmic
contacts with low specific contact resistance on n-InP (3x 10-6Qem?2, n=8x10¥em-3) and
p-InGaAs (2x10-5Qcm?2, n=3x1018¢cm=3). As a result, the Ni contact does not require
additional dopants (Ge or Zn for n- or p-type respectively) to attain low specific contact
resistance, thereby eliminating the nced for a high temperaturc clectrical activation
treatment.

Pd/InP contacts

There has much interest in Pd thin films on InP substrates recently because several
well known Pd-In refractory compounds may be formed, such as InPd, In3Pd and In3Pd>
whose melting points are between 700°C and 1300°C. Pd or Pd based contacts on InP are
expected to achieve thermal stability both during processing and in rcal applications. In
contrast to Pd/GaAs contacts, very little has been done on the reactions between Pd and
InP, specifically investigating morphology changes in Pd/InP contacts during processing.
In Pd-In and Pd-P binary systems, there arc seven Pd-In intermetallic compounds and cight
Pd-P intermetallic compounds respectively [42, 129 134-138]. Mohney ct al [139] have
recently determined the Pd-In-P ternary phasc diagram at 600°C by investigating bulk
diffusion couples of Pd-InP specimens (Fig. 4-16). According to that phase diagram there
are three Pd-InP ternary phases. Table 4-6 lists the binary and ternary compounds in the
Pd-In-P system. In the limited work done on the Pd reaction with InP, similaritics with the
Pd/GaAs system are apparent. Diffusion of Pd into InP begins even before annealing
[140]. With subsequent annealing at 175°C an amorphous ternary phase of approximatc
composition Pd4 gInPg 7 forms at the interface of Pd/InP. For samples anncaled at 215°C-
250°C, the morphology and composition are similar. The amorphous ternary phasc
crystallizes and is identified as a tetragonal phase PdsInP by TEM, EDX and SAD analysis.
This ternary phase is the same as Pd72in14P14 (which has a PdsT1As-type structure)
reported by El-Boragy et al [141]. The PdsinP layer is polycrystalline in morphology but
shows a strong orientation relationship with InP substrate:

[020]PdsInP !l [022]InP
[110]Pdsinp Ii [010]InP
[110]PdsinP Il {002]InP
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(110)PdslnP Il (100)InP
(001)PdsInP Il (001)InP

Samples annealed with a SiOp capping layer have a variabie composition (Pd3_sInP) while
samples annealed without capping layer are more uniform (PdxInP x=4.5-5). With further
anncaling (>450°C) PdsInP decomposes, and PdIn forms with two preferential

orientations on InP:

[110]PdIn !l [022]InP

(110)PdIn il (100)InP
and

[001]PdIn Il [0O2]InP

(100)PdIn Il (100)InP

Presumably P is lost to the atmosphere during processing. The morphology of the Pd/InP
contact described above is shown in Fig. 4-17. Stremsdoerfer et al [142] investigated the
reaction between Pd and n-InP in the specimens where Pd films are deposited by acidic

bath. They reported that Pdin, PdzIn and PdIn3 appear in the contact but no ternary phase
is found and the best value of specific contact resistance is 5x 10-7 Qcm? in the temperature

range 300°C to 350°C. The rc remains low until an annealing temperature of 500°C.

4.2.2 Near noble transition metal-based/GaAs contacts

Near noble transition metal-based/GaAs contacts are multi-elemental metallizations.
There is a wide variety in contact structure, and the multi-elemental reactions to form the
contact structures are complex. Despite this complexity, these reactions have three features
in common: i) a group [V element, either Ge or Si, is a component of the metallization, ii)
an electronegative metal in which Ga has a high solubility (e.g. Au or Pd) is also a
component of the metallization and iii) the contact is annealed at a temperature between
300°C and S00°C. The result of the annealing treatment is expected to be the formation of
a thin layer of r* type GaAs between the metal and the GaAs substrate, so that the contacts

become ohmic.

41



AuGeNi/GaAs contacts

Of all the near noble transition metal-based contacts that have been reported in the
literature, the AuGeNi based metallization is one of the most widely used ohmic contacts to
n-type semiconductors (GaAs or InP). The contact structure of this traditional alloy
system, before annealing, consists of the deposition of an cutectic (12.5wt% Ge) Au-Ge
alloy and a nickel layer in various thicknesses with cither the Au-Ge alloy layer or the Ni
layer adjacent to the semiconductor. An cpitaxial regrowth mechanism has been postulated
to explain thermal reaction processes in this type of contact. Anncaling such configurations
at temperatures above or slightly below the eutectic temperature of the metallizauon-
compound semiconductor system would result in the dissolution of the compound
semiconductor and the subsequent precipitation or regrowth of a heavily Joped or alloyed
cpitaxial layer. Consequently, ohmic properties of the Au-Ge-based contact are attributed
to the formation of a Ge-doped GaAs layer by dissolution and regrowth. Ni was added
originally to maintain a smooth surface morphology during the alloying process, but it was
recognized later that Ni enhances the diffusion of Ge into the semiconductor, catalyzes the
reaction of Au with the semiconductor, changes the wetting characteristics of the melt and

improves the contact electrical properties.

A large number of papers have been published on the topic of metallurgical
structure and the electrical properties of the AuGeNi/GaAs contacts [143-152]. During
annealing at 250°C to 600°C, AuGeNi/GaAs contacts have a very complex structure.
Various intermetatlic compounds of Au, Ge, Ni, Ga and As are able to form, such as a-
AuGa, B-AuGa, Au7Gaz, NiAs, NisAsGe (or NiAs(Ge)), GagNi3, Ni3Ge and NiGe. The
thermal reactions in the contacts are rather complex, and very much dependent on the as-
deposited contact structure and the conditions used in the annecaling process. Actually, the
reported formation sequences, reaction products and their distributions in the literaturc are
quite different from group to group. On the other hand, however, some common features
for the reactions can be found by careful analysis of the reported experimental results. For
the sake of benefit to further study, these common features arc summarized in the
following. During the initial stage of annealing (<300°C), Ga and As are immobile,
whereas Ge diffuses rapidly toward the Ni layer to form NiGe or Ni3Ge, and the Ni and
Au diffuse toward the GaAs substrate. The contact is not ohmic at this slage. During the
middle stage of annealing (300°C - 400°C), Ga and As become mobile. Although GaAs
may be decomposed partially through its reaction with Ni, it is mostly decomposed through
the interaction between Au and Ga. This is because Ga moves toward the surface to a
larger extent than As does, creating Ga vacancies in the GaAs crystal. The products of
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reaction are Au-Ga (including Au(Ga,As), a-AuGa; Au7Gas), NiAs and NiGe. The
contact resistance is still high (>10-* Qcm?) at this stage. With annealing at temperatures of
400°C and 500°C, more Ge, which has been trapped in NiGe phase, diffuses toward NiAs
and GaAs to form Niz2AsGe or NiAs(Ge), or enters the Ga sites in the GaAs crystal
forming a heavily doped n-type layer. The morphology of the contact consists of binary B

AuGa grains and Ni2AsGe (or NiAs(Ge)) grains. The lowest contact resistance is
observed at this stage (about 10-6 Qcm?2 or 0.08 Qmm, n=1018cm-3). The mean values of

the contact resistance and their spreads are found to be strongly influenced by the interfacial
microstructure. The distribution of compounds in the contacts is found to be the key factor
in determining the electrical properties of the contacts. The NiAs(Ge)/GaAs interface is
important in lowering the contact resistance. The contact resistance is inversely
proportional to the area fraction of NiAs(Ge)/GaAs interface [145], because a heavily
doped n* GaAs layer can easily be formed at the interface by the diffusion of Ge across the
boundary. The spread in resistance value is affected by the uniformity of the contact
metal/GaAs interface. An ideal interface structure for a AuGeNi/GaAs ohmic contact with a
small spread in contact resistance value, according to experimental results [152], is
suggested to be a two-layer structure, with a high density of the NiAs(Ge) grains in the
bottom layer contacting GaAs and a homogeneous B-AuGa phase in the top layer. Further
annealing (600°C or 400°C for 90 hours) leads to the segregation of the NiAs(Ge) grains,
reduction in the contact area between the NiAs(Ge) grains and GaAs substrate, and liquid-
like flow of the B-AuGa phase due to the low melting point of B-AuGa (about 375°C).
This deteriorates the interface uniformity, so that the contact resistance increases and

clectrical properties become poorer.

In spite of providing low resistance and excellent reproducibility, AuGeNi contacts
have several disadvantages. For instance, the surface morphology of the contact is rough,
the diffusion depth of the contact materials is deep and thermal stability after contact
formation is poor above 350°C even though the contacts are prepared at temperatures
higher than 400°C [155]. A lot of work has been done to improve the quality of AuGeNi
contacts. One method to improve the morphology is to deposit a metal or alloy layer
between the top Au layer and the AuGeNi metallization to serve as a diffusion barrier to
reduce or prevent the in-diffusion of the overlayer metal (Au) into the interface region and
out-diffusion of Ga, As and contact compounds. Lakhani et al [153] used a film of SiO2 to
passivate the AuGeNi metallization. They found the passivated metallization produce a
smooth surface and interfaces, and consistent specific contact resistances of 3x10-6 Qcm?2
(n=2x1017 cm-3) over a wide range of annealing times and temperatures. Lustig etal [154]
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added only 6nm of Au to a contact with a W layer on the top (conventional AuGeNi
contacts contain Au layers thicker than 100 nm). The volume fraction of the low melting
point B-AuGa compound is found to be reduced by a factor of about 100 as compared with
conventional AuGeNi contacts (estimated from XRD results). The contact provides a
resistivity less than 0.2 Qmm after annealing at a temperature around 650°C for 30s. This
contact (AuGeNi/W/Au) remains almost unchanged both electrically and morphologically
after repeat heating to 400°C for 6 hours. In some other experiments, Ti, Mo, ZrB3 and
WSIN crystalline or amorphous layers have also been introduced as the diffusion barriers
in the AuGeNi contacts [155-160].

In addition, other near noble metals, Pd or Pt, are used to replace Ni in contacts to
improve the thermal stability of the contact. These clements and Ni belong to the same
column in the Elemental Periodic Table, and are believed to be similar in performance in
Au-Ge ohmic contact formation. Kazior et al [161] evaluated the temperature stability and
long term reliability of AuGePd and AuGeNi ohmic contacts to n-GaAs (n=1017 - 1018cm-
3). They found:

1. A low resistance (r=10"6 Qcm2) AuGePd contact can be achieved for a broad range of
furnace (370-470°C) and flash annealing (390-430°C in graphite susceptor)

temperatures.
. AuGePd contacts stored for 4000 hours at 280°C show a much slower rate of incrcase

t9

in contact resistance compared to AuGeNi contacts.

3. The current in gateless FETs with AuGePd contacts does not decrcase under bias-
temperature stress measurement conditions (The devices biased under constant drain
voltage were stored at a 200°C base plate temperature in a N2 ambient for exlended
periods of time and the drain current was monitored at two hour intervals). In
contrast, the current in the devices with AuGeNi contacts decreases more than 20% in
4000 hours at 280°C.

4. Failure analysis revealed significant electromigration along the drain fingers of devices
with AuCeNi contacts, but no appreciable electromigration with AuGePd contacts.
Therefore, the AuGePd ohmic contacts appear to be more thermally stable and more
resistant to electromigration. '

Zheng [162] found, in Au/Ag/AuGe/Pd/GaAs contacts, that Pd reacts with GaAs to form a
ternary phase Pd4GaAs at room temperature. Subsequent reaction of Ge with Pd4GaAs at
a relatively high temperature results in the decomposition of the Pd4GaAs phase and the
epitaxial regrowth of a Ge-doped GaAs layer. The contact resistance reaches re=2x10"6
Qcm?2 at 500°C for 30s. The experimental results indicate that using Pd to replace Ni as the

44



first layer in the contact considerably reduces contact resistance (re=10-5 Qcm?2 for a
Au/Ag/AuGe/Ni/GaAs contact in the same cxperiment) and provides good adherence to the

substrate.

Au/Ni/Ge, Au/Pd/Ge and Au/Pt/Ge contacts on n-GaAs (annealed at 400°C for
30s) have been compared with one another [163]. It has been found that AuGa and NiAs2
are present in Au/Ni/Ge contacts, GeAs and GegPdy; in Au/Pd/Ge contacts and AuGa3 and
Ge3Ptp in Au/PUGe contacts respectively. Au/Ni/Ge contacts have the largest grains (on
the order of microns), Au/Pd/Ge contacts have smaller grains with sizes from several
hundred nanometers to one micron and Au/Pt/Ge contacts have the smallest grains
(submicron) and are very uniformly distributed. The best specific contact resistance
obtained in the experiment is 9.02x10-7 Qcm? for Au/Pt/Ge contacts. Consequently,
AWPUGe contacts are considered to be the best in terms of electrical characteristics as well
as surface morphology in that investigation. A summary of specific contact resistances for
AuGeNi(or Pd or Pt) systems discussed above is given in Table 4-7. It seems that all these .
contacts have low contact resistance even with different "recipes”. However, the
morphology, reproducibility and long term stability of the contact depend critically on the
specific choice of layer sequence, layer thickness and processing conditions.

Pd-based/GaAs contacts:

Since AuGeNi contacts often result in a nonplanar interface morphology and the
fast diffusion of Au in GaAs often leads to reliability problems, nonspiking low resistance
ohmic contacts using Pd-based systems have been developed. In this contact system, the
regrowth mechanism of heavily doped GaAs on the substrate is based on the reaction-
driven decomposition of intermediate phases that occur in the solid state at temperatures
well below the melting point of the interfacial phases, thereby producing laterally uniform
regrown layers. The regrowth process can be described as follows [164]: Films of two
clements M (as a metallic transport medium) and M' are deposited on a compound
semiconductor substrate AB. The film adjacent to the substrate consists of a metal M that

reacts at low temperatures to form a temary phase MxAB
XM + AB = MxAB

The second film consists of an element M' that is chosen such that it reacts with MxAB to
form a compound MMy that is sufficiently stable so as to drive the reaction
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(XY)M' + M¢AB = AB +xMMYy

to the right . Because of the proximity of the crystalline AB substrate, cpitaxial regrowth of
AB is likely. Moreover, regrown AB may be doped or alloyed with M'. The contacts
formed by this mechanism are more suitable for shallow junctions since no lateral or
vertical spiking is involved and the coniact metallization can be placed arbitrarily close to
the gate region The Pd-based contact scheme involves the deposition of a metallic
transport medium, Pd, onto which a layer of amorphous Ge or Si is then deposited.
Usually, the contacts are annealed at temperatures between 300°C and 550°C in order to

form a good ohmic contact with the lowest specific contact resistance.

In Ge/Pd/GaAs contacts, the contacts are rectifying in the as deposited state. The
regrowth process begins with a limited low temperature reaction (about 100°C) between the
Pd and the GaAs substrate to produce an intermediate PdyGaAs phase. The thickness of
this phase is uniform and estimated to be about 10-15nm [165]. After anncaling at 225°C
for 30 min, the top Ge layer reacts with Pd to form PdGe at the interface of Pd/Ge. The
lateral structure of the contact is Ge/PdGe/PdyGaAs/GaAs at this stage. The contacts
exhibit poor ohmic behavior (r=103 Qcm?2, n=1018cm3) [166]. A subscquent rcaction at
325°C-350°C between the Ge overlayer and the intermediate Pd4yGaAs phase results in the
decomposition of Pd4GaAs phase and the epitaxial regrowth of a Ge-doped n*GaAs layer
(2nm thick) on the surface of GaAs substrate. The excess Ge is then transported across the
PdGe layer and epitaxially grows on the GaAs [165-170]. The contact structure consists of
PdGe/Ge/n+*GaAs/GaAs. A schematic represcntation of reactions in Ge/Pd/GaAs contacts
is shown in Fig. 4-18. The contacts exhibit good ohmic behavior with re=3x10-7Qcm?
[171]. Further annealing (over 450°C) deteriorates the electrical propertics of the contacts
because of the reaction between PdGe and GaAs, which consumes the n*GaAs layer and
forms a highly resistive layer. If processed by rapid thermal annealing (RTA), the contacts
show higher reliability. The lifetime of contact, defined as the time to 10% deterioration, is
estimated to be over 109 years at 70°C or 10* years at 150°C [172].

It is noteworthy that: i) Pd must initially be in contact with the GaAs substrate for
low rc ohmic contact formation with this system. In Pd/Ge/GaAs contacts, low
temperature reaction only occurs between Pd and Ge. During contact processing, the
reaction products are PdGa, PdAsz, PdyGe and PdGe. No ternary Pd4GaAs and regrown
n*GaAs appear in the reaction, so that the contact resistance only reaches 10-5 Qcm?

[173,174). ii) The ratio of Ge/Pd must be appropriate. The amount of Ge must be more
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than the amount necessary for PdGe formation in order to form a low resistance ohmic
contact. According to the Marshall et al [168] the ratio of thickness for Ge/Pd is 253:100.

The Si/Pd/GaAs contact system is in many ways similar to Ge/Pd/GaAs contact
system. Itis necessary that the Si/Pd atomic ratio be greater than 0.65 in order to obtain
ohmic contacts [175]. During low temperature annealing, Pd4GaAs and Pd2Si form at the
interfaces of Pd/GaAs and Si/Pd respectively. Ohmic behavior is obtained after annealing
at 375°C for 30 min, with re=2x10-6 Qcm?2 (n=1018cm-3) [175,176]. The contact consists
of Si/Pd;Si/n*GaAs at that stage. Schematic illustrations of the alloying sequence on
Si/Pd/GaAs are given in Fig. 4-19 [176]. Si atoms incorporated in regrowth of GaAs are
also realized by decomposition of PdsGaAs in which Si is dissolved. The difference in
morphology between the Si and Ge based contacts is that the excess amorphous Si layer
remains on top of Si/Pd/GaAs contact without being transported to the Pd»Si/n*GaAs

interface.

The Si/Pd contacts offer satisfactory thermal stability and smooth interface and
surface morphologies, but the contact resistance is a factor of about 10 higher than that for
the Ge/Pd contacts. In order to make a good ohmic contact in Si/Pd system with contact
resistance comparable to that Ge/Pd system, two modified Si/Pd contact schemes have been
investigated [177]. A thin (about 1.5nm) layer of additional Ge or Si embedded in the Pd
layer of the Si/Pd contact structure is used to reduce the contact resistance without causing a
loss of thermal stability. The modified contact structures are Si/Pd/Si/Pd/GaAs and
Si/Pd/Ge/Pd/GaAs respectively in the as deposited state. The contact resistance as a
function of annealing temperature for Si/Pd, Ge/Pd, Si/Pd(Si) and Si/Pd(Ge) contacts and
thermal stability for the Si/Pd(Si), Si/Pd(Ge) and Ge/Pd layer at 400°C are shown in Fig.

4-20[175]. The specific contact resistance values of Si/Pd(Ge) and Si/Pd(Si) contacts are
2.4%x10-7 Qcm2. The values increase to 4x10-6 Qcm? after annealing at 400°C for 50

hours, which indicates that thermal stability for these contacts is much higher than for the
Ge/Pd contacts. The specific contact resistances of Pd-based/GaAs contacts reported in the

literature are summarized in Table 4-8.

4.2.3. Near noble transition metal-based/InP contacts

Since near noble transition metal-based metallization have been employed
successfully to fabricate ohmic contacts on GaAs devices, similar metallizations on InP
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substrates have been investigated recently to dctermine the rclationship between
microstructural changes and electrical properties dunng processing.

AuGeNi/InP contacts

The situation for AuGeNi on InP is similar to that on GaAs. The interaction of the
metallization and InP substrate is complex, and no universally applicable current transport
model for this contact system has emerged yet. Since varying deposition contact structures
are studied, such as Au-Ge/Ni [178,179], Ge/Au/Ni [72,180-182], Au/Ge/Ni [180].
AuGe/Ni/Au [180,183,184], Ni/Ge/Au [185] and Ni/Ge/Ni/Au [64,186,187], the reaction
products, the morphology and electrical properties are different from cach other, as are the
controlling factors for low contact resistance. From the results reported in the literature the
characteristics of AuGeNi/InP contacts during processing are summarized in the following,
The usual migrating tendency of elements in the contacts are: i) Ge moves from the Au-Ge
layer to Ni layers during the initial reaction stage (200°C - 250°C); ii) Ni, scparated from
InP by other layers, in-diffuses to the surface of the InP substrate; iii) In out-diffuses to the
Au layer or the surface of the contacts; iv) Au migrates to the [nP substrate. The reaction
products are NiGe [72,183, 185], NixPy (including NiP, Ni2P, Ni3P, Ni4P)
[180,185,186], NixInP [185], Augln [185], AuzP3 [181,182], AuGeP [182], AuGeNiP
[186] and In203 [186]. The annealing temperature range for obtaining ohmic contacts is
300°C - 450°C, the minimum specific contact resistances observed are 10-5-10-8 Qcm?2
(Table 4-9). The contact surface becomes non-uniform after higher temperature or longer
time annealing, which leads to an increase and spread in contact resistance.

It is reported that no evidence of a Ge doped n* InP layer is observed, although Ge
was present several microns into the InP [181]. Since the sharp drop in r¢ for the Ni/InP,
Ni/AwInP and Ni/Ge/Au/InP contact systems occurred at the same temperature [72,180], it
seems that the addition of Ge to the Au-Ni system is not necessary to achieve re values in
the 10-® Qcm? range. Some investigators believe that it is NixPy phases that arc
responsible for the lower value of r¢ in the contact systems [72,180,186]. Morcover,
Anderson et al [182] suggested the appearance of a AuGeP layer at the interface acts as an
effective barrier to the growth of AuzP3, making the contact morphology more uniform, so
that the thickness and integrity of AuGeP are the principal factors controlling the contact
ohmic character and stability. The formation of AuzP3 [181,182] or Auxlny [185] phases
at the interface of contacts breaks the contact morphology uniformity and degrades the
electrical properties. In spite of the critical roles played by various reaction products in the
AuGeNi/InP contacts described above, our understanding of the mechanism responsible
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for AuGeNi/InP ohmic contact formation is far from satisfactory. Most of the recipes have
been empirically optimized for low contact resistance but are rarely reproducible from one
laboratory to another. Therefore, it is necessary to study systematically the details of
metallurgical and electrical behavior of the contacts during annealing.

Pd-bascd/InP contacts
Very few investigations have been done, thus far, concerning the reaction products

and electrical properties of Pd-based/InP contacts. Some of these have been carried out by
means of Backside Secondary lon Mass Spectrometry (sputter-etching from the
semiconductor side) and transmissiua-line mode (TLM) electrical resistance measurement
tcchniques [188-190]. The following reaction sequence is proposed in [188]. In
Ge/Pd/InP contacts, Pd>Ge forms during deposition. At 200°C a Pd-In-P alloy layer
forms at the interface of Pd/[nP. Subsequent processing at 350°C results in the dissolution
of Pd-In-P and regrowth of 10nm thick liberated InP. Ge is detected in the regrowth
region but not in InP substrate [188]. The contact structure is PdGe/Pd-In-P/n*InP/InP.
The specific contact resistance is 1.27x10-5Qcm? (n=53x 1018) [189]. In
Si/Pd/(2nm)Ge/Pd/InP contacts [190], annealed at 200°C, the contact consists of Pd2Si,
PdGe and Pd-In-P. The SIMS depth profile shows that Ge is rejected by the Pd-In-P
interfacial alloy and resides in the Pd-Ge layer. Upon further annealing (325°C for 30
min.), the profile shows a well-defined Pd-Si-Ge layer and intrusion of Si and Ge in Pd-
In-P layer. The contact structure is Pd2Si/Pd-Si-Ge/Pd-In-P/InP. No electrical results are
reported in the investigation. The details of the relationships between reactions and
electrical properties in Pd-based/InP contacts is not clear now. In addition, more work is
required in order to understand the ohmic contact formation mechanism in Pd-based

contacts.

In addition to application on n-type InP, Pd-based metallizations are employed to p-
type InP. For instance, Pd/Zn/Pd/Au metallizations have been used to fabricate ohmic
contacts on p-type InP [191]. Experimental results show a strong correlation between the
clectrical results and the microstructural changes that occurred during annealing. The initial
decomposition of InP is driven by Pd at the InP surface, and not by Au at the contact
surface at low temperature (<350°C). The first reaction product is an amorphous layer
with a composition of PdaInP at the Pd/InP interface. The amorphous layer crystallizes
and grows epitaxially on InP by 350°C. Meanwhile, Au in-diffuses to Pd2InP and InP, In
out-diffuses to the Au layer and Zn reacts with Pd forming a thin PdZn layer at the interface
of Pd and PdsInP. The contact structure is Au(In,Pd,Zn)/Pd/PdZn/PdzInP(Au)/InP, and
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the contacts are still Schottky barriers at this stage. At 450°C, Zn is liberated by PdZn
decomposition and dissolves in the Au layer, in PdaInP and presumably in [nP, which
leads to a transformation to ohmic behavior with a minimum contact resistance value of
7x10-5 Qcm?2. Pd liberated during PdZn decomposition reacts with InP, by diffusing
through the Pd»InP layer, forming PdP; and PdaInP. The contact structure consists of
Au(In,Pd,Zn)/PdP2/PdaInP(Au,Zn)/InP; the morphology is laterally uniform. Further
annealing results in formation of Au-In-Pd ternary layers at the contact surface and
PdP,/InP interface, which results in a break down of the uniform contact structure and an
increase in the contact resistance. The contacts exhibit Schottky behavior again. The
contact resistances of Pd-based metallizations on n- and p-InP substrates are also listed in
Table 4-9.

GaAs and InP are both 11I-V compound semiconductors and have the same zinc-
blende crystal structure. There are many similar features of the reactions in metal/GaAs
contacts and in metal/InP contacts as described in this chapter, but the diffcrences in
reaction processes in the two system are indeed apparent. For instance, the reactions
between Ni or Pd and InP result in the ohmic contacts. In contrast, the reactions of Ni or
Pd with GaAs result in Schottky barriers. Therefore, one can not simply apply the
experimental results of metal/GaAs contacts to metal/InP contacts. Compared with
metal/GaAs systems, our knowledge of the relationship between reactions and clectrical
properties of metal/InP systems, both element/InP system and multimetallization/InP
systems, is very limited. As the number of applications of InP increases, more techniques
are being used to carry out further research work on the formation, structures and
properties of metal/InP contacts.
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Fig. 4-1a Schematic representation of the reactions of Au films on InP substrates.

Fig. 4-1b has been removed due to copyright restrictions.

Fig. 4-1b Au-In-P phase diagram [47].
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Fig. 4-2 Schematic representation of the :cactions of Ni films on GaAs substrates

Fig. 4-3 has been removed due to copyright restrictions.

Fig. 43 Ni-Ga-As phase diagram at 600°C. Equilibria not determined by cxperiment are
denoted by dashed lines [87].

52



as deposired <250°C

Cpae e PAL

""" PA5(Gahs)2
Gaks Gahs

350 - 410°C

410 - 500°C

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

GadAs

Gahs

Fig. 4-4 Schematic representation of the reactions of Pd films on GaAs substrates.

Fig. 4-5 has been removed due to copyright restrictions.

Fig. 4-5 Pd-Ga-As phase diagram at 600°C [97].
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Fig. 4-6 Schematic representation of the reactions of Co films on GaAs substrates.

Fig. 4-7 has been removed due to copyright restrictions.

Fig. 47 Co-Ga-As phase diagram at 600°C. Equilibria not determined by experiment are
denoted by dashed lines [106].
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Fig. 4-8 Schematic representation of the reactions of Rh films on GaAs substrates.

Fig. 49 has been removed due to copyright restrictions.

Fig. 49 Rh-Ga-As phase diagram at 800°C. Equilibria not determined by experiment are
donated by dashed lines [109].
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Fig. 4-10 Schematic representation of the rcactions of Pt films on GaAs substrates.

Fig. 4-11 has been removed due to copyright restrictions.

Fig. 4-11 Pt-Ga-As phase diagram at 600°C. Equilibria not determined by experiment are
denoted by dashed lines {113].
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Fig.4-12 Sci:matic repre entation of the reactions of films on GaAs substrates.

Fig. 4-13 has been removed due to copyright restrictions.

Fig. 4-13 Ir-Ga-As phase diagram at 600°C. Equilibria not determined by experiment are
denoted by dashed lines [116,117].

57



a) at 470°C

Fig. 4-14a has been removed due to copyright restrictions.

b) at 600°C

Fig. 4-14b has been removed due to copyright restrictions.



¢) at 800°C

Fig. 4-14c has becn removed due to copyright restrictions.

Fig. 4-14 Ni-In-P phase diagram at a) 470°C, b) 600°C and c) 800°C. Equilibria not
determined by experiment are denoted by dashed lines [129,130].
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Fig. 4-15 Schematic representation of the reactions of Ni films on InP substrates[131].
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Fid. 4-16 has been removed due to copyright restrictions.

Fig. 4-16 Pd-In-P phase diagram at 600°C {139].
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Fig. 4-17 Schematic representation of the rcactions of Fu films on InP substrates [140].
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Fig. 4-18 Schematic representation of the reactions of Ge/Pd/InP contacts [165-170].
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Fig. 4-19 Schematic representation of the reactions of Si/Pd/InP contacts [176].
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Fig. 4-20a has been removed due to copyright restrictions.

Fig. 4-20a Contact resistance as a function of annealing temperature for the Si/Pd, the
Si/Pd(Ge), the Si/Pd(Si) and the Ge/Pd contact systems. The anncaling time at
350°C was 1 hour; 30s at 400°C and 10s at 500°C [177].

Fig. 4-20b has been removed due to copyright restrictions.

Fig. 4-20b Thermal stability for Si/Pd(Ge), Si/Pd(Si) and Ge/Pd contacts at 400°C. The
initial anneals are 450°C for 30s for Si/Pd(Ge) and Si/Pd(Si) contacts and
225°C for 30 min. for the Ge/Pd contact respectively. The solid line indicates

a degradation rate of t!/2 [177).
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_Table 4-1 Au-In intermetallic compounds [40-42]

Phase at %In Formula mp(°C) AH Pearson Structure Lattice Parameter
KJ/mole Au symbol type nm
a 0-12.7 Au(In) 649-1064 0- -8.78 CF4 Cu a=0.4106
a' 12-14.3 Augyingz 641-649 | -13.54- -9.20 hP16 Ni3Ti a=0.2909, c=0.95
13 13-23 Awln 492-641 -8.78- -17.56 hP2 Mg a=0.2917, c¢=0.4798
Ei 21.5-22.2 Auing -16.72 hexagonal a=1.053, ¢=0.4788
Aujying oC28 Cuj1Sby | a=0.4784, b=2.0437,c=0.5071
21.7-22.5 Auyoln3 hP26 CujoSbz | a=1.0539, ¢=0.4786
ee 24.5-25 Auzln 481-492 ! -16.72- -17.97 OP8 B-Cu3Ti | a=0.5864, b=0.4745, c=0.5165
Y 29.8-30.6 Augln3 457-487 -21.74 hP60 Awlng a=1.2215, ¢=0.8509
Y 28.8-31.4 Auglny CP52 CugAly a=0.9829
Awln
P 35.3-39.5 Auzlnp 454-458 | -28.84- -31.35 hP5 NisAl3 =0.4538, c=0.5645
Auln 50-50.1 Auln 510 -44.73 triclinic a=0.43, b=1.059, c=0.356
a=90.54°, $=90°,y=90.17°
_Aulnp 66.7 Aulnp 541 -76.08 CF12 Caby =0.6507
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Table 4-2 Au-based contact to InP

Meuallization %l InP | Doping level | Resistance re Processing Ref.
R l (cm3 ) (R em?) condition
40nmAw/A40nmZn/250nmAu p | 355x1818 21073 120°C, 3min. | 60
65nmZn/200nmAu p ] 1016 9.4x10-3 430°C, 6min. _| 61
20nmAw40nmZn/270nmAu p 5.5x1018 1.8x10% 320°C, 3min. | 64
250nm (Au-Be) | p_i 355x10!8 2.2x10+ 460°C, 3min. | 64
80nm(Au-Be)/210nmAu D 1x10!8 <8x 10-5 420°C, 10min. | 66
100nm(Au-Be) p 1.5x1017 1x1073 67
p %,_"1.3“018 2104
100 am(Au-Be)/200nmAu p 1 5.5x1017 710+ 420-430°C 68
p ! 2x 1018 4.5x10%4 3-4min.
20nmMrn/ 150nmAu p l1 2x 1018 6x 104 450°C, 15s 71
i
400nmMg/ 160nmAu ip 6x1017 110+ 446°C, 50min._| 72
40nmNi 1/40nmAu | p 2108 9x10 400°C, 30s 73
300nm(Au-Ge) n 3x 1018 1x10°7 375°C, 30s 74
100nm(Au-Ge)/ 100nmAu n | 1.7x0!7 *0.07Qmm | 420°C, 30-270s | 76
n 1.6x10'8 | *0.03Qmm
250nm(Au-Sn) n 3x10!8 1.8x10°¢ 390°C, 30s 77
60nmAuBe/50nmCr/300nmAu P 5.5x1017 1x104 420°C, 4min, | 69
p | 2x1018 3.5x 104 420°C, 3min.
80nmAuBe/20nmCr/200nmAu p 1x1018 5x 103 410°C, 3-4min._|_79
25nmAuZn/50nmTiW/1000nmAu p 1x10!8 3.7x10°3 410°C, 30s 80
450mGe/80nmAW 50nmTi/300nmAu | n ix1018 4x10°7 480°C, 90s 81
200nmAu n 1x10!8 5x10°3 400°C, 60s 33




Table 4-3 Date summary: Ni, Pd, Co, Rh, Pt and Ir on GaAs _

Heat of Starting First reacted Structure of 1 Orientasion reactionship of first phase Decumposed | Final phase
Vaporization reaction phase first phase with GaAs temperature of | with GaAs
kJ/mol temperature first phase
Ni 370.4 Asdeposited | Nip4GaAs | hexagonal [2110] NixGaAs // [011] GaAs 400°C NiAs
(0112) Ni,GaAs // (011)GaAs NiGa
Pd 3570 As deposited | Pds(GaAs), hexagonal [00C1] Pd5(GaAs), // [011] GaAs 250°C PdGa
(2110) Pds(GaAs), // (100) GaAs PdAs;
Co 376.4 260°C CoyGaAs | orthorhombic [011]CopGaAs // [011]GaAs 500°C CoGa
(101YCopGaAs I/ (011)GaAs CoAs
Rh 493.0 200°C RhAs orthorhombic [110]RhAs // [011]GaAs 400°C RhGa
(001)RhAs // (100)GaAs RhAs;
Pt 5100 220°C PtAs; cubic [011] PtAsy // [011] GaAs PtGa
(122) PtAs5 // (100) GaAs PtAs;
Ir 604.0 400°C IrAs2 monoclinic [521]IrAs; // [100]GaAs Ir3Gas

(113)IrAs, // (011)GaAs

IrAss
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Table 4-4 Summary of electrical measurements on five types of diodes after anncaling [122
Metal-GaAs Annealing temp. | Schottky barrier Leakage current at -0.4V

°C $Bn (V) (Alcm?)

Ni-GaAs 220 0.886 S5x10°6

Pd-GaAs 250 0.869 1.5x10-6

C0-GaAs <300 0.854 6x10-0

Rh-GaAs 300 0.848 1.5x10-5

Pt-GaAs 350 0.940 8x10-7




Table 4-5 Ni-In-P intermetallic compounds [42, 124-129]

Phase at%Ni mp pearson structure Lattice parameter
(°C) symbol type (om)
Nisln 745-755 | 850 hP8 Ni3Sn a=0.532, c=0.424
Nizln CP4 AuCu a=0.375
Nigln 66.7 670 hP6 Nialn 2=0.4179, c=0.5131
Nijzlng 595-625 | 876 hP4 NiAs
Niln 49.5-50.5 | 860 hP6 CoSn a=0.4545, ¢=0.4353
Niln cP2 CICs 2=0.3060
Nigln CI2 W ¢=0.2929
Nizlna mP22 a=0.74, b=0.426, c=1.046,8=90
Nigglna mC44 In3 Pty a=1.4646, b=0.8329, c=0.8977, f=35.35
Nizln3 40 - 40.1 870 hP5 Al3Nip a=0.4396, c=0.521
Niagln7a 29.5-30 | 410 ClI52 y-CusZng
Nizln7 Cl40 Geylrs a=0.918
Nilna 12 a=0.6199, c=0.6128
E- Ni-In 62 -66.97 monoclinic 4=0.418, c=0.512-0.518
NisP 75 970 32 NisP a=0.8954,c=0.4386
NisP2 71.7 1175 | hP168 a=1.322,c=2.4632
Nij2Ps 70.5 34 NijaPs a=0.8646.c=0.507
NisP 1106 hP9 FesP a=0.5864,c=0.3385
NisPy 850 | hP36 NisP4 2=0.6789,c=1.0986
NiP OP16 NiP a=0.605,b=0.4881,c=0.689
NiP2 CP12 FeSo a=0.54706
NiP» mCl12 PdP> a=0.6366,b=0.5615,c=0.6072,8=126.22
NiP3 CI32 As3Co a=0.80151
NigInP 526 | monoclinic a=0.681,b=0.529,c=1.280,8=95
NiajlnaPg CF116 Cra3Cg a=1.1112
Nis7In22P2 736 | hexagonal a=0.412,c=0.483
Nis 7inP
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Table 4-6 Pd-In-P intermetallic compounds [42, 128 134-138]

Phase at%Pd mp (°C) pearson structure Lattice parameter
symbol type (nm)
Pdy5P2 89.2 799 hP17 Pd 5Pz a=0.71067¢c=1.70867
PdgP
PdsP 819 771 mP24 PdoP2 a=0.500:4,b=0.7606,
Pdq4.sp ¢=0.8416,4=95.63
PdgP 855-875 792 mP28 PdgP a=0.5674,b=0.934409,c=0.821 f=110.4
Pdg¢P mC16 a=0.2837,b=0.94:41,c=0.7695,8=90.2
Pd3P 75 - 80 1047 OP16 CFe3 a=0.5947,b=0.7451,c=0.517
Pd7P3 69.2 814 hR20 Pd7P3 a=1.1976,b=0.7055,
PdsP2 860
PdP; 66.2 - 67.7 1150 mCl12 PdPp a=0.6207,b=0.5857,¢=0.5874,8=111.8°
“aP3 CI32 As3Co a=0.7705
Pdsln 74 - 75.2 | 1304-1365 2 In a=0.407,c=0.38
PdrIn 63.5 - 67.2 OoP12 CoaSi a=0.5611,b=0.4218,c=0.8237
PdsIng OP16 Ge3Rhg a=0.56,b=1.102,c=().424
Pdin 48 - 61.5 1285 cp2 CICs a=0.326
Pdoln3 39 - 39.5 709 hP5 AlNip a=0.453,c=0.55
Pdin3 25 664 cubic D8;.3 a=0.94144
Pds5InP P7 PdsT1As a=0.393,c=0.692
PdsIn,Pa tetragonal a=0.8376,c=0.8158
Pd3 gloP




Table 4-7 Resistance of AuGeM (M=Ni, Pd or P)/GaAs contacts

Metallizations Doping level | Contact resistance Processing Ref

cm3 Qcm? conditions
100nmA u-Ge/20nmNi/50nmAu 2x1017 9x10-7 410°C, 115s 145
20nmGe/20nmNi/200nmAu 1x1018 5.6x10-6 330°C, 100hrs 146
20nmGe-Aw20nmNi/200nmAu 1x1018 1.6x10-5 330°C, 100hus 146
100nmGe-Au/20amNi 1x1018 9.3x10°6 330°C, 100hrs 146
100nmAuGeNi/AuNi 7.8x1017 1.3x10°5 460°C, 3min. 147

6.6x1018 2.7x10°6

120nmA w40nmGe/1 SOnmNi/600nmAu 8x1017 8.6x10°6 380°C, 15min. 148
25nmNi/32.5nmGe/65nmAu/10nmT1/ 100nmAu 2.56x107 470°C, 60s 156
SnmGe/SnmNi/SOnmA uGe/30nmMo/1 10nmAu 6x1018 0.074Qmm 380-480°C, 20s 157
SnmNi/45nmA w/20nmGe/50nmZrB2/20nmAu 0.06Q2mm 440°C 159
5nmNi/20nmGe/25nmAu/100nm WSiN/75nmAu 2x1017 2.9x10°7 475°C,7s 160
130nmAu-Ge/36nmNi/200nmSiO2 2x1017 3x10-6 360-450°C, 30min. | 153
L 30nmPd/40nmGe/+00nmAu 2x 1017 1106 370-470°C 161
5nmPd/100nmAuGe/100nmA g/100nmAu 2x1017 2x10°6 450-500°C 162
43nmGe/30nmPU87nmAu 9x10-7 450°C, 30s 163
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Table 4-8 Specific contact resistance of Pd-based/GaAs contacts

Metallizations Doping level | Contact resistance Processing Ref
cm3 Qcm? conditions

47nmPd/150nmGe 1x1018 3-5x10-7 350°C, 30nim. 171
50nmPd/200nmGe 3x1018 7.5%x10°6 570°C, 10s 172
50nmGe/50nmPd 1.5x1018 3.5x10-5 500°C, 2hrs 174
41nmGe/125nmPd 2x1017 4x104 550°C, 20min 173
75nmPd/100nmSi 1x1018 2x106 375°C, 30min 176
12.5nmPd/1-2nmGe/62.5nmPd/130nmSi 4x10-7 500°C, 10s 177
12.5nmPd/1-2nmSi/62.5nmPd/ 130nmSi wxumﬂ 400°C, 30min 177
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Table 4-9 Resistance of near noble transition metal-based/In? coniacts

_

Mectailization Doning level Resistance Processing condition Ref
. cme3 Qcm?

150nm(Au-Ge)/30nmNi 8x 1017 0.09-0.16Qmm 360-630°C,30s | 178
125nm(Au-Ge)/25nmNi 8x10-6 375°C, 3min. 179
20nmGe/40nmAu/ ; 40nmNi 1.7x10'8 107 400°C,<20min. 180
40nmAw/20nmGe/140nmNi i.7x1018 108 400°C, <Smin. 180
50nmGe/S00nmAW/Snitdi 1015 1.5x10°6 330-390°C, 15min. 182
60nm(Au-Ge)/15nmNi/40nmAu 2x10!8 2x1077 430-450°C, 2s 183
50nm(Au-Ge)/75nmNi/ 100nmAu 8x 107 450°C, 25s 184
25nmNi/50n1i1Ge/40nmAu 1017 107 400°C, 10s 185
25nmNi/S0nmAw25nmGe/SnmNi 5-9x1013 104 450°C, 1min. 186
3N0nm(Au-Ge)/70nmNi 8x1017 1.2x10°6 350-400°C, 2min. 64

40nmNi/300nm(Au-Ge)/70nmNi 8x1017 2.3%x10°6 400°C, 2min. 64

_ 500mPd/115nmGe 53x1018 1.27x10°3 _3m0°C L i89
* |OnmPd/SnmZn/20nmPd/60nmAu 2x1018 Tx10°5 420-425°C, 30-70s _ 191

* Contact to p-type InP substrate
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Chapter 5 Experimental Methods
5.1. Experimental materials

Fe doped <001> oriented InP semi-insulating wafers were used as the substrates
for the contacts. Au (99.9999%), Pd (99.995%), Ge (99.999%), Ti (99.995%) and Pt
(99.995%) were used for multilayer metallization deposition.

5.2. Metal thin film deposition

Deposition of metal thin fiims on InP substrates was done at Bell Northern
Research, Ltd. (BNR). For the multilayer metallizations, a :.2um thick layer of InP,
doped to a level of 1x1017¢m-3 with Si, was grown on [nP using low pressurc
metallorganic chemical vapor deposition (MOCVD). The following conditions were used
in the MOCVD process:

Growth pressure = 75 torr
Growth temperature = 630°C
P source = PH3 @ 115 sccm
In source = trimethyl indium @225 sccm (660 torr)
Si dopant source = 100ppm SizHg in UHP Ha
total gas flow after Hz dilution = 8.5 slm
The relatively low doping level was chosen in order to allow for mcasurement he
contact resistance using a transmission line method. Prior to deposition, the substrates
were polished with 5%Br in CH3O0H solution and rinsed in methanol, degreased with a
solution of equal parts HCI and H20, rinsed again and then etched and cleaned in a 1%Br
in CH3OH solution. The metals, i.e., pailadium, gol! and germanium, were rinsed in
methanol. Metal layers were then deposited on the InP substrates by means of clectron
beam evaporation using a 10 kV beam at 100-500mA. The deposition sequences and layer
thicknesses for this research were:
1. 60nmPd on ser:- -insulating InP substrates,
2. 25nm Pd/50nm Ge/40nm Au on the grown InP layers,
3. 10nm Pd/Snm Ge/25nm Pd and 10nm Pd/20nm Ge/25nm Pd on tize grown InP layers.

Blanket layers were prepared for transmission electron microscopy, whilz other
specimens were patterned for electrical measurement using a lift off technique in the form
of circular contacts with gaps from 2.5um to 175um. After these specimens werc
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anncaled, a further sequence of 25nm Ti/25nm PY250nm Au was deposited on the circular
contact structure in order to reduce the influence of the metal layers' resistance on the

measurements of contact resistance.
5.3. Anncaling procedure

After deposition, wafers were sectioned into about lcmxicm pieces. The Pd/InP

samples were scaled in Pyrex glass tubes under a vacuum of 10-4torr and annealed at
temperatures between 175°C and 500°C for various periods. The Pd/Ge/Au and Pd/Ge/Pd

contacts were anncaled in a flowing nitrogen ambient at temperatures ranging from 250°C

1o 450°C for various times. The anncaling regime is listed in Table 5-1.

5.4. Microstructural characterization
5.4.1. X-ray diffraction expe :.: :nts

Prior to transmission electron microscopy (TEM) analysis, all specimens *-
characterized by x-ray diffraction with Cu-Kq radiation. The x-ray diffractometer is
compriscd of a Rigaku-Denki D-F3 generator, a Philips PW1380 goniometer, a Philips
PW1965/20/30 proportional counter, a PMB80GC/(36/077 chart recorder and a
PW/1370/00/01/60/61 circuit panel. The obtained x-ray spectra were identified by
calculating the interplanar spacings according to Bragg's law and comparing with data from
the JCPDS Powder Diffraction Files [192]. Phase growth and transforinations were
monitored by measuring chanzes in peak position and intensity in the x-ray specira.

5.4.2. Transmission electron microscopy (TEM)

The microstructural featurcs of the contacts after annealing were analyzed by TEM.
The microscopes used in this experiment were a Hitachi H-600 TEM/STEM equipped with
a Kevex, Be window Si x-ray detector; a JEOL-2010 TEM equipped wiih a Noran, ultra
thin window, Ge x-ray detector; a Hitachi H-7000 TEM with an accelerating voltage of
125KV and a Philips EM-400 with an accelerating voltage of 120kV.
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5.4.2.1. TEM specimen preparation

Both plan view and cross section TEM specimens were prepared using chemical

and ion-milling techniques reported in the literature {73, 193]. The procedure for plan view

specimen preparation included the following steps:

1.

o

5.

3mm discs were cut from wafers with an ultrasonic cutter,
discs were polished from the InP side down to a thickness of about 200pum with 600

grit SiC abrasive paper,

. the discs were dimpled from the InP side to a central thickness of about S0um using a

Gatan Dimple Grinder with Ipm diamond paste,

. the discs were chemically thinned from the InP side to the point of perforation with a

0.5%Br in methanol solution,
final thinnti:g vas done by ion milling in a Gatan Duo Mill 600CTMP.

One or two Ar: :on guns were cmployed to sputter the sample at an angle of 13° to the

horizontal, with an accelerating voltage range of 3-4kV; the ion gun current varied from

0.3mA to 0.4mA. The sputtering process depended on the location and thickness of the
laver to be studied in the contacts.

1.

(8]

The procedure for cross section specimen preparation was as follows [194}:
The samples to be examined were cut into 1.5SmmxSmm slabs. Some InP slabs were

also cut to the same dimensions to be used as filler malerials.

. Two slabs of each sample werc glued together (face to face) with a silver-loaded

gpoxy. Three filler slabs were glued to cach side of the sample piceces (Fig. 5-1)
[194].

. The structure was squeezed gently, to produce thin, bubbie free glue layers, using a

small vice. Most samples and vice were then cured in a furnace at 9C°C for 1 hour.

. After curing, the structure was polished with 600 grit SiC abrasive paper down to a

thickness of about 6:9um. A 3mm disc was cut from the structure using a Gatan
ultrasonic disc cutter. This sample was further ground down to a thickness less than
200um with 600 grit SiC abrasive paper.

_ One side of the disc was dimpled to about half the sample thickness, by means of a

Gatan Dimple Grinder, with lum diamond paste. This side of the disc was then
iished with the polishing wheel and the same polishing paste to produce a highly

r..ilective surface.
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6. The opposite side of the disc was dimpled until either a . ery small hole appeared or the
center of the disc became optically transparent. The sample was then polished using
the same method as in step 5.

7. The sample was ion milled using an lon Tech or Gatan Duo Mill 600CTMP lon Mill.
Mounted on a cold stage by vacuum grease, the sample was kept cold with liquid
nitrogen under a base pressure of <10-6torr. Two Ar+ ion guns were employed to
sputter the sample with the same angle as in the plan view sample sputtering process,
a 4kV accelerating voltage and a 0.4mA ion gun current for 45 minutes to 1 hour. The
sample was rotated during the whole process to obtain a relative large, thin and flat foil

of the desired arca.
5.4.2.2. Phase identification

Because of the comp.:xity of tne contact metallurgy, structural information from
selected area diffraction (SAD), convergent beam electron diffraction (CBED) and energy
dispersive x-ray spectroscopy (EDX) was combined to identify phases that formed at the
metal/InP interfaces. Tae Diffract v1.5b software, provided by Virtual Labortories, was
used for simulating the diffraction (SAD and CBED) patterns.

Sclected area diffraction (SAD)

One method of identi ing poly.rystalline and epitaxial growth phases was selected
arca diffraction (SAD). A single crystal diffraction pattern consists of a simple array of
bright spots; cach spot represents a set of lattice planes with the same d-spacing. A
polycrystalline ring diffraction pattern is formed by a large number of small discrete areas,
cach with exactly the same atomic array, but at different orientations to one another. If the
di-.rete areas have the same orientation, as with an epitaxial growth phase, the dif fraction

pattern is just like a single crystalline diffraction pattern.

Ring and spot SAD patterns were observed with the H-7000 TEM. The InP
substrate served as an internal calibration standard in order to minimize the systematic

Crror.
Convergent beam electron diffraction (CBED)

CBED patterns were obtained from both the H-7000 TEM and Philips E?-400
TEM. The smallest incident beam size obtained was 300nm in the H-700 TEM and 40nm
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in the Philips EM-400 TEM respectively. Camera constants were determined using the
same methods discussed above.

Energy dispersive x-ray spectroscopy (EDX)

The H-600 and JEOL-2010 TEMs were used for cnergy dispersive X-ray
spectroscopy to analyze the composition of individual layers and phases. The composition
in a given phase can be determined by:

C; Ia
=== Kap™ S5-1
Cp = B[ (5-10)
XA 1AWB

or ——XB = K,\B———IBWA (5-11)

where, C4 and X 4 are the concentration of clement A in weight percent and atomic percent
respectively, as are Cg and Xp for element B. 14 and Ip are the intensitics from element A
and B in the EDX spectrum. and Kg is the Cliif-Lorimer proportionality factor. The Kap
factors are independent of specimen composition and thickness but dependant on
instrument conditions. In this experiment, approximate compositions were determined
using appropriate Cliff-Lorimer "K" factors. These were determined using a standardless

appreach or from appropriate standards | 1961.

5.4.3. Specific contact resistance measurements

Electrical measurements were only made on multilayer metallizations; the Pd/InP
metallization was only studied to bette: understand its reactions with InP. Contact
resistances were measured at BNR using a modified transmission line method. In the more
commonly used transmission line model with rectangular contacts, the current flow at the
edge of the contacts can significantly affect the contact resistance measurement results due
to the nonuniform current {flowing. A mesa-etch is required to eliminate the unwanted
current flow pattern. By using the circular test pattern, all the current is confined and flows
uniformly from the positive to the negative, because of the inherent seif-isolation of the
circular symmetry, which eliminates the riced for the mesa and therefore simplifics the
fabrication procedure {197]. Measurements of specific contact resistance ro were carried

out with a circular transmission line resistor with varying gaps as shown in Fig. 5-2. The

76



geometry factors, in the circular contacts, for resistance measurement are listed in Table 5-
2. The voltage drop AV across the scparation d in the test pattern is given by Eq. (5-12)

[198]:

loRq 1 1
AV =92 inil+ LG+ 1] (5-12)

rld

where, i, is the test current, Ry is the semiconductor sheet resistance (Q/square), r and ri-
d are the radii of the contacts (um) and L is the transfer length (um). Eq. (5-12) can be

rewritten as:

AV_RSl(

mes = i
0

RqL’[ 1
g 1)

T d)

Where Rpes is the test structure resistanc,e ().
If y = Rmes, 8 = Rs, a1 = ReLT, Xo— ln( ) and X1= -1—(l + —), then
ax 1 Tl d

y = apXo(XL) + aiX1(XL) (5-14)

The method of least squares was then used to obtain the valres of a5 and ay, i.e., Rg and
RsLr. The specific contact resistance rc is obtained from the following:

re = LT2Rs (5-15)

The viability of Eq. (5-12) requires that rj and rq-d be greater than Lt by at least a factor of
4: otherwise, errors can occur due to the linear approximation. For contact structures with
finite circular pattern radii, smaller values of Ly can reduce error. This eliminates any

necessary correction, because of .ne relationship betvieen LT, rcand Rg:

Lt= ( )"2 (5-13)

A lower doping level in the semiconductor can reduce the vaiue of L. The contacts in this
experiment were deposited on the 0.2um thick layers of InP (10Y7cm-3 doped level),which

had been deposited on top of the semi-insulating Fe doped InP substrate. The contacts
consisted of a S0um diameter contact in the center surrounded by a second contact. The
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separation d between the two contacts varied from 2.5 to 175um. The test structure
resistances were obtained from i and the voltage drop across the contacts measured by a
four point probe (twe probes as a current source and two to measure the voltage drop).
The resistance values obtained from these four contacts were then used to extract the sheet
resistance R, transfer length and the specitic contact resistance re by the mecthod described

above.
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A slab sectioned from
specimen examined

Metallization

InP substrate

Fig. 5-1a Schematic showing a slab cut from an annealed specimen. The thicknesses for
both the metal film and InP substrate are not to scale [194].

InP subsn'a_m;_

Plain InP slabs

Epoxy

Fig. 5-1b Composite of specimen slabs, plain InP slabs and epoxy. The dimensions are

not to scale.
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Fig. 5-1c Schematic showing the dimpled and polished composite disc (not to scalc).

Fig. 5-2 Circular t2st pattern for contact resistance measurement.



Table 5-1 Annealigg_rggime

60nm Pd 25nm Pd/50nm Ge/ 10nm Pd/5nm Ge/ 10nm Pd/20nm Ge/
40nm Au _25nm Pd 25nm Pd
‘Temp. Time Temp. Time (s) Temp. Time (8) Temp Time (s)
) (min) °C) °C) (°C)
175 5 250 5 250 10 250 10
225 5 250 10 250 20 250 20
225 8 250 20 250 40 250 40
225 15 250 40 250 80 250 80
275 5 250 60 250 120 250 120
350 5 250 90 250 160 250 160
350 30 250 120 250 320 250 320
350 120 250 180 300 5 300 5
350 1440 325 5 300 10 300 10
400 5 325 10 300 20 300 20
400 30 325 10 300 40 300 40
400 90 325 60 300 60 300 60
400 180 325 % 300 90 300 90
400 360 325 120 300 120 300 120
400 720 325 180 300 180 300 180
400 1440 350 5 350 10 350 10
450 5 350 10 350 20 350 20
500 5 350 20 350 40 350 4
500 30 350 10 350 80 350 80
500 60 350 60 350 120 2N 120
500 1440 350 90 350 160 2R 160
500 21000 350 120 350 320 Y 320
350 180 400 5 400 5
400 10 400 10 400 10
400 20 400 20 400 20
400 10 400 40 400 40
400 80 400 60 400 60
425 10 400 90 400 90
425 20 400 120 400 120
425 40 400 180 400 180
425 80 400 360 400 360
450 10 100 720 400 720
450 20 425 5 425 5
450 40 425 10 423 10
450 80 425 20 425 20
425 40 42 40
425 60 425 60
425 90 425 90
425 120 425 120
425 180 425 180
425 360 425 360
425 90min
425 120min
425 180min
4225 300m:a
425 720min
450 60
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Table 5-2 Geometry factors in planar contacts

Dg (pum) Dy (um) d (um)
50 55 2.5
50 90 20
50 200 75
50 400 175
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Chapter 6 Reactions between Pd thin films and InP

6.1. Reactions between Pd thin films and InP

The Pd layer in the as deposited specimen: i m (=53 nm thick) and
cxhibited <111> preferred orientation perpendicular te i inP « urface. Palladium reacted
with InP during deposition, forming an amorphous layer (=13 nm thick) with a variable
composition - Pd-rich near the amorphous layer/Pd interface and Pd-poor near the
amorphous layer/InP interface. The overall composition was close to, but slightly less
than, Pd3InP (Fig. 6-1). Amorphous phase formation in the Pd/InP sysiem has been
reported previously, [140,199] as noted above. and the composition reported here lies
within the same range. Any compositional variations may be a result of different annealing
environments and/or relatively poor accuracy in determining k factors (at least in our

cxperiments). For convenience, the amorphous phase is rcferred to as Pd-iii-P.

P ‘aw and remained amorphous on annealing to about 225°C. The
amorpho. - - t this point was approximately 60 nm thick, while the remaining Pd layer
was about 3G . aick. The first sis s of crystallinity were detected in specimens annealed

for S min at 225°C. Crysialline islands, with a Pd content similar to that of the amorphous
phase, nucleated at the InP surface in the amorphous layer (Fig. 6-2a). It was not possible
to determinc the particle composition accurately, since the x-ray spectra, obtained from plan
view specimens, included information from the amorphous matrix as well as the particles.
The islands grew epitaxi "'y on InP with a crystal structure that matched very well with the
L1x-type structure. Five orientations were obtained; two of these are shown in Fig. 6-2b.
The lattice parameter and orientation behavior (with respect to InP) of the crystalline phase
were the same as reported previously for a Pd-In-P ternary phase (Pd2InP) in a Aw/Pd/Zn
contact to InP [191]. For this reason the crystalline phase is believed to have a composition
closer to PdaInP than Pd3InP and is, therefore, referred to as Pd2InP. A lattice parameter
of 0.415 nm was determined as well as the follow = “itaxial relationship:

(100) PdaInP Il (110) InP
(0011 Pd2InP Il [001] InP

The islands had a pyramidal shape, with the sides making an angle of =50° with thc InP

surface, suggesting preferred growth along {111} planes.
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The islands grew together with further anncaling, as is evident from the series of
micrographs and diffraction patterns ([001] orientation) shown in Figs. 6-2 and 3, from
samples annealed at 225°C for 5, 8 and 15 min respectively. There is no apparent change
in the composition of PdaInP. Several interesting features arc evident from Fig. 6-2 and 3,
however. First of all, the amorphous ring, which is quite prominent in the diffraction
pattern for the 5 min specimen, gradually disappears as the crystalline phase grows and
consumes the amoryhous layer. PdzInP forms a continuous layer (=40-50 nm thick) after
annealing for 15 min. (Fig. 6-3a). The amorphous layer has not been fully consumed at
this point (30-40 nm remain) and remnants of the original Pd layer (10-15 nm) are still
present. The PdaInP pattern appears to be present tor all the anncaling times shown, but
additional spots are prominent for the 15 min anneal (Fig. 6-3b). The additional spots are
interpreted as being from another phase, most likely the particles ¢ 5-15 nm in size)
shown in the im.x2 in Fig. 6-3¢ (15 min). The extra spots appcar to match with the
tetragonal PdsInP phase, which was discussed in chapter 4. Three oncntations ([001},
[110] and [110]) are superimposed on the PdzInP pattern, as demonstrated in the computer
generated pattern in Fig.6-4 We were unable to index some of the spots, although, overall
the match was quite good. One other oricntation ([013|Pd2InP - not shown) was obtained
and agreement with the calculated SAD pattera was also quite good. Assuming that this
phase is PdsInP, the following orientation relationships can be inferred:

[001]PdsInP It [001]PdzInP
(020)PdsInP 1l (020) Pd2InP
[110]PdsinP Il [001]Pd2InP
(003)PdsInP Il (110)PdpInP

[110}PdsnP Il [001]Pd2InP
(003)PdsInP Il (110)PdaInP

The limited spatial resolution of the microscope prevented any detailed composition
analysis of the particles, aithough they did contain Pd, In and P and were Pd-rich. We
were, therefore, unable to determine whether the particle composition matched that of
PdsInP. Also, in the image of the 15 min specimen (Fig. 6-3c), there is a 'boundary' type
structure, which may be remnants of the amorphous phase and represents regions of
contact of the growing crystalline islands. The majority of the particles appcear to precipitate
at these boundaries, as is evident from the dark field image in Fig. 6-3d.
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All of the Pd layer layer was consumed by 275°C and the amorphous layer was
fully crystalline. The microstructure at 275°C resembled that at 225°C (for 15 mun.),
although the extra spots (duc to PdsInP) in the diffraction pattern were more prominent,
indicating an increase in the volume fraction of PdsInP.  X-ray microanalysis of this
sample yiclded an average composition for this laver of Pda2 4InP (suggesting a volume
fraction of PdsInP =10-15%). This composition included contributions from PdalnP and
PdsInP, which we were unable to scparate because of the size and distribution of PdsInP
particles in the Pd2InP layer.

Structural changes began to oceur at 350°C for anncaling times greater than 5 min.
Gradual transtormation to another ternary phase of approximately the same composttion as
the first crystalline phase tock place (Fig. 6-5). This phasc is referred to as Pd2InP(ID)
here. The structurc (cubic) and lattice parameter (a= 0.830 nm), as well as the cpitaxial
behavior, were identical to those reported previously [199]. PdalnP(ll) was stable to about
400°C.

At 400°C, Pd>InP(Il) decomposed into Pdin (cubic) and PdP2 (monoclinic).
Decomposition was completed after anncaling for 3 hours at 400°C. Pdin and PdP2
continued to grow with further anncaling and were stable cven after anncaling at S0°C for
350 hours (verified by x-ray diffraction). The only change in microstructure was in the
size and distribution of the phases (Fig. 6-6). PdIn and PdP2 were, therefore, in thermal
equilibrium with InP (for a closed system). PdP2 was unstable in air, however, resulting
in phosphorus loss at room temperature. Fig. 6-7 shows micrographs of a specimen
annealed at 500°C for 30 min. Fig. 6-7a shows a micrograph, of the specimen, taken very
soon after annealing, and Fig. 6-7b shows a micrograph of the same specimen cxamined
several days later. The PdP2 regions have become quite porous, due to the loss of P.

6.2. Discussion
6.2.1. Amorphous formation
The first reaction product in the Pd/InP system is a Pd-In-P amorphuus phasc that

starts to form during Pd deposition and continues to grow when the contacts arc anncaled at
temperatures below 225°C. Usually an amorphous material can be produced by three

methods, i.e., a rapid quenching of a melt, chemical or physical vapor deposition, and low
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temperature solid state reaction. The Pd-In-P amorphous phasc is achieved by both ™'
vapor deposition and low temperature solid state reaction. From Refs. 201 and 202, solid
state amorphization is governed by a combination of two factors, i.c., rapid diffusion of
one constitute of a diffusion couple in the other and a large negative value for the heat of
mixing between the two constituents. Among the two factors, fast diffusion is considered
t be more important. In the Pd/InP case, both In and P atoms are cssentially immobile
whereas Pd can move casily when the system is anncaled below 250°C. This is because
InP has a zinc blende structure whose packing factor is 0.34 whereas palladium has a fcc
structure with a packing factor of 0.74. Therefore, InP has a more open structure. This
condition allows rapid diffusion of Pd into [nP substrate. Even though an accurate
diffusion constant of Pd in InP is not known, it can be roughly cstimated from the
following argument. From the ditfusion constant of Pd in the GaAs (2.36x10-12cm?/s at
450°C [202]), it may be inferred that the diffusion constant of Pd in InP should be
22.36x10-12¢m2/s. This is because the melting point of InP (1070°C) is lower than that
ol GaAs (1238°C). Morcover, the lattice constant of InP (0.587nm) is larger than that of
GaAs (0.565nm), while the density of InP (4.79g/cm3) is smaller than that of GaAs
(5.32g/cm3). All these comparisons suggest that the activation energy for Pd diffusion in
InP should be smaller than that in GaAs. As a result, Pd should have a larger diffusivity in
InP than in GaAs. On the other hand, the diffusion constant for In and P in InP are
3.8x 10-29%cm2/s and 7.6x10-28cm3/s at 450°C respectively [302]. Therefore, the diffusion
constant for Pd in InP at 450°C are 7 and 15 orders of magnitudes larger than those for In
and P, respectively. Although the heat of mixing for Pd-In-P formation is not known at
this point, according to the comparison of the diffusivities above, it is believed that the

formation of Pd-In-P amorphous is duc to rapid diffusion of Pd in InP.

The Pd/amorphous layer and amorphous layer/InP interfaces are quite smooth,
because patladium has a strong ability to penetrate the laterally non-uniform native oxide
layer which is always present under conventional device processing conditions. The
uniform amorphous layers at the InP surface are beneficial in the f; abrication of high quality
contacts. First of all, the amorphous layer provides good metallizatic . adhesion to the InP
substrate, which is necessary for producing a contact with good electrical and physical
properties. In addition, with further annealing, the amorphous layer transforms into the
crystalline phases, either cpitaxial growth of PdxInP or polycrystalline binary phases (PdIn
and PdP»), maintaining uniform contact morpholcgy.



Thus far, only palladium and nickel are known to be able to penetrate the native
oxide layer on InP surface duning low temperature anncaling. The study by Sands et al
[83] demonstrates that palladium is supenior to nickel in its ability to penetrate laterally non-
uniform native oxide layers. Thercfore, the use of palladium in the ohmic contact 1s more

desirable duc to the requirecment for uniform morphology.

Three different temary phases (as well as an amorphous phase) have been identified
in this study. Crystallographic data for these phases, as well as the binary phases that form
at higher temperatures, are summarized in Table 6-1. These are, in order ol formation,
Pd>InP, PdsInP and PdInP(lIl). All three phascs have been identified in previous studics
[140,191,199], although not in the same study (the Pd2InP and PdaInP(11) were identified
by our group, while the PdsInP was identificd by Caron-Popowich ct al [140}).
Differences in annealing cnvironments (vacuum vs. incrt or forming gas) and anncaling
temperature range may be, at lcast in part, responsible for any discrepancics.

The first ternary phase detected here (PdaInP) had been detected in ref. 191, after
low temperature annealing (200-400°C) of a Au/Pd/Zn contact metallization to [nP. The
structure is L12-type, with a lattice parameter and orientation relationship corresponding to
that in ref. 191.

The second ternary phase to form (PdsInP) was the only crystallinc ternary phasc
detected by Caron-Popowich et al in their study of Pd/InP reactions [140]. Their anncaling
was done over a similar temperature range as this study. In ref. 140, they show an indexed
diffraction pattern, consisting of three oricntations of PdsInP on [100] oriented InP, which
looks very much like the one shown in Fig. 6-3b (15 min at 225°C) and reproduced
schematically in Fig. 6-4. A schematic of their pattern is shown in Fig. 6-8a. The actual
SAD pattern could not be reproduced because of its poor quality. In fact, 1t is virtually
impossible to see the reflections, which are close to the transmitted spot, so there is some
question as to the exact posiuion of these spots. We agree with their indexing of the PdsInP
spots, but question their indexing of InP. Some of the diffraction spots that arc assigned to
InP cannot possibly match. These would have to be 100 and 110 spots, which are, of
course, forbidden reflections. It is more likely that the improperly indexed spots
correspond to lower order reflections from the three orientations of Pds[nP. The computed
pattern shown in Fig. 6-8 is proposed, with three orientations of PdsInP ([001], {110} and
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{110]) superimposed on [001] InP. Note, that the lower order reflections (those close to
the transmitted spot) are shifted slightly relative to the pattern shown in Fig. 6-8. Another
possibibity is that the two phases represented by the diffraction pattern, from ref. 140, are
PdsInP and PdaInP and not PdsInP and InP. From the information given in ref. 140, we

cannot distinguish between the two possibilitics.

The rcason PdsinP forms after Pd2InP is not clear. Presumably Pd»InP forms first
because of Kinetic considerations, i.c., it is closer in composition than PdsInP to the
amorphous phase. Pda2InP has a lower Pd content relative to the amorphous phase {rom
which it forms. Initial PdaInP formation takes place at the InP/Pd-In-P interface, wherc the
Pd content is the lowest compared with anywhere else along the thickness of the Pd-In-P
layer. Palladium is rejected and accumulates ahead of the PdyInP growing front. Itis
assumed that at the reaction temperatures involved (=225°C), Pd is the predominant
diffusing spccics. The last portions of the amorphous phase to crystallize are Pd-rich,
which results in the formation of PdsInP in the 'boundary’ region of Fig. 6-3c.

Pd-In-P — PdsInP + X Pd
X Pd + Pd-In-P — y PdsInP

The above cquations are not balanced. Additional Pd is provided through diffusion from

the original deposited layer, so that the following reaction is also likely:

2 Pd + InP — PdaInP

PdsInP and PdaInP later decompose, forming PdaInP(I1) according to the following:

2 PdsInP + 3 [nP — 5 PdaInP(11)
PdInP — Pd,InP(1])

The temary phase reaction sequence is shown.schematically in Fig. 6-9.

The structure of PdaInP(I1) (referred to as Pd2InP in ref. 199) has been studied in
detail [199]. PdaInP(II) has a complex cubic structure with 16 Pd atoms, 8 In and 8P
atoms per unit cell. Its structure very much resembles that of PdaInP, possessing a lattice
parameter twice that of PdalaP. The higher degree of order in PdaInP(II) shows up as the
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additional spots in the [013] oricnted diffraction pattern (see Figs. 6-2b and 6-5).
Pd>InP(I]) was the only ternary phasc identitied in ret. 199 due presumably (o the imited
annealing range (250-450°C) in that study. However, re-exanunation of SAD patterns
from the low temperature anncal (250°C) in ret. 199 indicate the presence of weak

diffracted intensity, which can be attributed to PdsInP.

In the 350-450°C range, PdaInP(I1) is the only phase remaining on [nP - the Pd

layer has been completely consumed and Pd2InP and PdsinP have decomposed.
Anncaling above 400°C, leads to PdalnP(11) decomposition to PdIn and PdP;.

2 PdalnP(I]) + [nP — 3 PdIn +PdP>

6.2.3. Pd-In-P phasc diagram

From our long term anncaling experiments, we cun draw, at least, the Pd-poor
portioi of the isothermal section of the Pd-In-P phasc diagram (Fig. 6-10). This portion is
excellent in agreement with that of the Pd-In-P phase diagram determined recently by
Mohney et at [139). They used Pd and InP powders as starting meterials. The samplcs
were annealed up to 600°C. The phases were determined by wavelength dispersive
spectroscopy and x-ray diffraction techniques. However, we arc unable, at this time, to
determine the Pd-rich portion of the diagram, because of the limitation in vanation of

sample's compositions.
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Fig. 6-1 X-ray spectrum from the amorphous Pd-In-P layer. This was taken from a plan
view specimen, providing an average composition through the thickness of the
layer.
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Fig. 6-2 Bright field micrographs and SAD patterns from specimens annealed at 225°C: a)
cross-section view, b) [CO1] and [013] oriented SAD patterns of PdzInP, c) and

d) plan views.
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1110}Pdsing

Fig. 6-3 a) Bright field image of a cross-section, b) SAD pattern of Pd2InP and PdsinP, c)
Bright field and d) dark field images of a plan view from the sample annealed for
15 min. at 225°C. The PdsInP particles show up bright in the dark field image.
The dark field image was taken using a (002) reflection from PdsInP.
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Fig. 6-4 Computed SAD pattern corresponding to Fig. 6-3c. Three oricntations of PdsInP
([001}], {110] and [110]) are superimposed on [001] Pd2InP. The PdzInP
reflections are underlined.
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Fig. 6-5 Brighi field image of a cross section, SAD patterns of PdyInP(II) and x-ray
spectrum of the layer shown in the cross section image from the sample annealed
at 350°C for 5 min.
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Fig. 6-6 Bright field micrographs (cross sections) from specimens annealed at a) 500°C
for 60 min. and b) S00°C for 24 hours. The light contrast regions are PdPs,

while the darker regions are PdIn.
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Fig. 6-7 Bright field micrographs (cross section) from identical regions of specimen
annealed at 500°C for 5 min. The porous areas in b) correspond to regions of P

loss to the atmosphere.
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a) Schematic SAD pattern from Ref. 140, showing three PdsInP oricntations
superimposed on [001] InP. Improperly indexed InP reflecticns arc shown. b)
Our interpretation of the diffraction pattern in a). PdsInP reflections arc indexed
with letters A, B and C used to distinguish between the three oricntations. InP

reflections are underlined.
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Fig. 69 Schematic representation of the reactions of Pd films on InP substrates.



Fig. 6-10 Isothermal section of the Pd-In-P phase diagram, showing the stable tic lines for
the Pd-poor portion. The dashed lines are inferred from the cxperimentally
determined solid lines.



Table 6-1 Summary of crystallographic data for terary and binary phases

__ Phase Structure Lattice parameters (nm)
__Pdn-P__ | _amorphous
PdsInP cubic (L17) =0.415
~__PdsInP tetragonal (PdsTIAs) a=0.393, ¢=0.692
PdsInP(1I) cubic a=0.83
PdIn cubic (CsCl) a=0.353
PdP, monoclinic | a=0.621, b=0.586, ¢=0.587,

B=111.8°
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Chapter 7 Reactions between multilayer metallizations and InP

7.1. Au/Ge/Pd/InP contacts

For the Au/Ge/Pd/InP contact system, the clectrical properties and microstructure
were studied in detail in the anncaling temperature range from 250°C to 450°C for times as

long as 320 seconds.
7.1.1. Resistance measurements

Ohmic behavior was obtaincd after annealing the metallizations at 300°C to 375°C
(Fig.7-1). Itis evident from Fig. 7-1 that the specific contact resistances of the contacts
decreased with increasing annealing times. The resistances dropped dramatically after
annealing for short times (<100s). For longer anncaling times, the resistance dropped at
much slower rates. The best contacts, i.e., those with the lowest resistance values, were
the ones annealed at 350 and 375°C. The specilfic ¢ »tact resistance r¢ reached a minimum
of 2.5x10-6Qcm? for an annealing time of 320s at 350°C. There was some scatter in the
curves. One source of scatter may be related to the distribution of phases in the
metallization. The r. values for contacts annealed below 300°C and above 400°C were also
measured. Since all these contacts cxhibited Schottky behavior, the re values are not

plotted here.
7.1.2. Microstructural evolution

Several observations can be made regarding the as-deposited specimen (Fig. 7-2a).
The metallization consisted of several layers, i.e., Au, Ge, Pd, native oxide and amorphous
layers. EDX analysis indicated significant interdiffusion between the metal layers. Traces
of Ge were detected in both the outer Au layer (Fig. 7-2b) and the inner Pd layer (Fig. 7-
2d). Traces of both Au and Pd were found in the Ge layer (Fig. 7-2c). A limited solid
phase reaction took place between Pd and the substrate, with Pd penetrating the oxide layer
and reacting with underlying InP to form a 15nm thick Pd-In-P ternary amorphous layer.
Approximately Snm of the Pd layer was consumed to form the ternary phase layer. This
layer was very similar in composition to the amorphous phase identified in reactions
involving a single Pd layer on InP described in Chapter 6.1.
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Significant changes in the microstructures of specimens annealed at 250°C are
cvident in Fig 7-3a. Only three layers existed in the contacts at this point. EDX, SAD,
CBED and x-ray diffraction analysis indicated that the outer layer (about 40nm thick)
consisted of Ge and two Au-based phases. One was Au-rich, containing In, Ge and Pd.
The crystal structure was similar to that of Aujglns, i.e., hexagonal structure with lattice
parameters of a=1.05nm and ¢=0.479nm. The other phase was a-Au with In, Pd and Ge
in solution. A bright ficld image of a plan view specimen from this layer is shown in Fig.
7-3b. Heavily twinned Augln3 grains (with sizes from 15nm to 75nm) are shown. EDX
analysis detected that In was present in the layer, which indicated that the InP substrate
decomposition was driven by the strong reaction ten-iency between In and Au. The middle
layer was about 40nm thick. Remnants of the oxide layer are visible throughout the layer
(Fig. 7-3a). The layer was identified as PdGe phase (orthorhombic, a=0.578nm,
b=0.348nm, ¢=0.626nm) with Au in solution. The average grain size was 3.5nm as
shown in Fig. 7-3c. Adjacent to the InP substrate was a fine grained polycrystalline layer
approximately 7nm thick. The bright field image of this thin layer is shown in Fig. 7-3d.
Accurate composition analysis of this layer was not possible because of its thin nature,
however, the presence of Au, Ge, Pd and P was detected by EDX (Fig. 7-3d). The phase
is referred to as Au-Ge-Pd-P in this experiment. Even though the Au-Ge-Pd-P phase
appeared to be polycrystalline, SAD patterns were single crystal (Fig. 7-3d), which
suggested that the Au-Ge-Pd-P phase was preferentially oriented with respect to the InP
substrate. The structure appeared to be an fcc type crystal structure with a=0.41nm. The
cpitaxial relationship, based on an fcc structure, is given below:

[001]Au-Ge-Pd-P Il [001]InP
(100)Au-Ge-Pd-P Il (110)InP

The formation of this quaternary phase was driven primarily by the inward dif fusion of Au
to the InP surface. In the Pd/InP contact system, the amorphous ternary phase (Pd-In-P),
which formed during deposition, crystallized and grew epitaxially on InP as described in
Chapter 6. This was not the case here, presumably because Au-Ge-Pd-P formation is
thermodynamically more favorable than Pd-In-P crystallization.

When annealed between 325°C and 350°C, Aujoln3 and PdGe grain growth
occurred. The PdGe grain size changed from 50-70nm at 325°C for 5s to 150nm at 350°C
for 180s. The two outer layers grew together, forming a single layer (Fig. 7-4a,b), whose

102



thickness was approximately 75nm. A bright field image of this layer in a plan view
specimen, annealed at 350°C for 180s, shows (Fig. 7-5a) that there arc two phases in this
layer. The grains with twinned features (dark contrast arcas) were identified as Augplng
(Fig. 7-5b) by CBED and EDX, while the other grains (light contrast) were PdGe (Fig. 7-
5¢). In addition, the epitaxial Au-Ge-Pd-P phase decomposed completely and transformed
into a single layer (inner layer in Fig. 7-4a,b) of two phases. This decomposition was
driven by the continuous diffusion ol Au and Ge from the outer layers to the InP substrate.
The two phases in the mixture (Fig. 7-6) are an Au-In phase (dark contrast) and a Ge-P
phase (white contrast), as determined by EDX (Fig. 7-6). Because the layer was very thin
and the grain sizes of both phases were very small, it was impossiblc to obtain SAD
patterns from this layer or CBED patterns from any single grain. Conscquently, the
structures of the phases have not becn identified at this point. It is believed that the
decomposition of the epitaxial Au-Ge-Pd-P phase corresponded to a decrcase in contact
resistance and subsequent ohmic behavior. No regrowth of the semiconductor (InP) was
observed in this study although regrowth of GaAs in similar metallizations to GaAs had
been reported in the literature [165,168].

Annealing at higher temperatures (400°C - 450°C) did not causc any further
changes in the outer layer, except for changes in the grain sizes and distribution of the two
phases (Fig. 7-7a,b). The outer layer was about 80nm thick. During anncaling, the grains
grew up to 230nm in size for Aujolnz and 160nm for PdGe respectively. Significant
changes were detected in the inner layer. As is shown in Fig. 7-8, this layer is continuous
and much thicker than in the 325°C to 350°C anncals. CBED analysis indicated that the
phase, which appeared as a continuous network, was GeP and the other phase was
Aujgln3. The Ge-P phase layer became a continuous layer adjacent to the outer layer. The
layer was about 20nm to S0nm thick (Fig. 7-7a) by 400°C. With further annealing
(450°C), the GeP region increased in volume, and the layer thickness of GeP varied from
25nm to 100nm. Meanwhile, spiking of Au-In phase became more and more prominent
with increasing temperature. The Aujgln3 grain size changed from 60nm at 400°C to
200nm at 450°C. The spiking and the formation of a continuous GeP nctwork
corresponded to an increase in contact resistance and eventual reversion to Schottky
behavior. The reason for this will be discussed in Section 7.3.

The microstructural changes which occurred during annealing are depicted in Fig.
7-¢  nd can be summarized by the following reaction equations:
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Pd + InP — Pd-In-P  (as deposited)
Au + Ge + Pd + Pd-In-P + InP — PdGe[Au] + Au-Ge-Pd-P + Aujoln3[Ge,Pd] (250-
325°C)
Au-Ge-Pd-P + InP = PdGe + Aujoln3 + GeP (2325°C)

The above cquations have not been balanced because of the uncertainty in the
concentrations of the amorphous Pd-In-P phase and Au-Ge-Pd-P. The overall or net

reaction is :
10Au + 4Ge + Pd + 3InP — Aujgln3 + PdGe + 3GeP

Mass balance calculations show that about 35nm-40nm of the InP is consumed and about
25% of the P relcased during InP decomposition is lost to the atmosphere.

7.2. Pd/Ge/Pd/InP contacts

The microstructural and electrical behavior of Pd/Ge/Pd/InP contacts have been
studied in detail. Two types of contacts were studied, i.e., those with Snm Ge layers and

those with 20nm Ge layers.

The contact resistance measurements are listed in Table 7-1. Most contacts
exhibited Schottky behavior except those annealed at 425°C for 180s to 360s, or at 400°C
for 360s to 720s. The lowest resistance values were 1x10-3Qcm?2 and 3x10-5Qcm? for the

Snm Ge and 20nm Ge contacts respectively.

Pd/Snm Ge/Pd Contacts

Examination of the as deposited specimen (Fig. 7-10a) revealed the presence of
three layers with a total thickness of 50nm. EDX and SAD analysis indicated that reactions
between Ge and Pd and Pd and InP occurred during deposition. An amorphous layer
(15nm thick) of Pd-In-P was visible, with the same composition as the amorphous layers
in both the Pd/InP and the Au/Ge/Pd/InP contacts. A second layer (approximately 10nm
thick), composed of both Pd and Ge, was detected by EDX (Fig. 7-10c). A bright field
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image of this layer is shown in Fig. 7-10c. The crystalline grains do not show up well due
to the presence of oxide and the amorphous layer. This layer was identified as Pd2Ge from
an SAD pattern (Fig. 7-10c) despite the presence of a diffuse ring from the underlying
amorphous layer. An oxide layer was present throughout this layer; it was at the original
interface of Ge/Pd. The approximately 25nm thick outer layer was the onginally deposited
Pd layer. A bright field image of this layer from a plan view specimen (Fig. 7-10b) shows
a Pd grain size ranging from 10nm to 40nm. No trace of Ge was detected by EDX in this
layer (Fig. 7-10b).

On annealing at 250°C, the Pd-In-P amorphous layer grew until it was
approximate 35nm thick (Fig. 7-11). The first signs of crystallinity were detected in the
specimens annealed for 10s. A series of micrographs and SAD patterns of this layer
obtained from plan view specimens annealed for 10s, 20s and 40s arc shown in Fig. 7-12.
The reaction products and reaction sequence for the crystallization process werce the same as
those observed in single Pd films on InP, except for the grain size. The PdaInP islands
nucleated first (Fig. 7-12a) at the amorphous/InP interface and grew with annealing time
(Fig. 6-12b). PdsInP nucleated at the PdaInP grain boundaries (Fig. 7-12¢). The cpitaxial
growth relationships between Pd>InP and InP and that between PdsInP and Pd2InP were
also the same as those described in Pd/InP system (Fig. 7-12). The grain sizes of the
PdInP and the boundary structure were smaller than those observed in the Pd/InP contact
system, because the annealing conditions were different in the two systems. The heating
rate was faster in the Pd/Ge/Pd/InP system. The middle Pd2Ge layer maintained the same
thickness and grain size. The outer Pd layer became thinner, about 15-20nm thick. Some
of the Pd diffused through the Pd2Ge layer to enter the Pd-In-P amorphous layer. The
contact structure annealed at 250°C was Pd/Pd2Ge/Pd-In-P/Pd2lnP+PdsInP/InP.

Diffusion of Pd from the outer layer, consumed the unreacted Pd. By 350°C, the
original deposited Pd layer had disappeared (Fig. 7-13a). The top layer in this figurc was a
very thin oxide layer containing Pd as the major component and traces of Ge, P and In
which could be detected by EDX (Fig. 7-13b). A bright field image of this layer from a
plan view specimen is shown in Fig. 7-13b. The underlying layer was a discontinuous
Pd,Ge layer. The thickness of the layer was a bit thinner than that observed in the low-
temperature annealed samples (about 8nm thick) but the PdyGe grain size became larger
than in the as deposited state. This can be seen in the micrograph of a plan view specimen
(Fig. 7-13c). The Pd-In-P amorphous layer had completely transformed at this point,
leaving a single crystal layer, i.e., no boundary structure or particles were observed by
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TEM. SAD analysis indicated that both Pd2InP and PdsInP had transformed into the
Pd,InP(1]) phase. The cpitaxial relationship of Pd2InP(IT) with the InP substrate was the
same as described in the previous chapter. The thickness of the PdaInP(II) single crystal
layer was 90-95nm. EDX analysis (Fig. 7-13d,e) showed traces of Ge in the Pd2InP(II)
layer close to the PdaGe/PdaInP(ll) interface, but no Ge in the area close to the
PdaInP(I1)/InP interface. This means that Ge had started to diffuse into the underlying

layer, driven by the following reaction:
Pd2Ge + InP — PdaInP(II) + [Ge]
The contact structure was Pd2Ge/Pd2InP(I1)[Ge)/InP at 350°C.

The first signs of decomposition of PdaInP(Il) to form PdIn and PdP; were
detected by SAD analysis at the Pd2Ge/PdaInP(I1) interface in the specimen annealed at
400°C. The crystal particles were visible from micrographs of cross section specimens -
(Fig. 7-14a). An SAD pattern from this area showed a spot pattern overlapping with a ring
pattern (Fig. 7-14b). Some of rings were from PdGe. The other rings were from PdIn
and PdP,. In addition to the diffraction spots of Pd2InP(II), there were some spots on the
PdIn rings beside the PdaInP(II) (400) and (440) diffraction spots. These spots were
(110) and (200) refections of PdIn, as demonstrated in the computer generated pattern in
Fig. 7-14c. This suggested that the PdIn grains had an initial weak preferred orientation

with respect to PdaInP(I1).

[001]PdIn Il [001]PdaInP(11)
(110)Pdin Il (400)Pd2InP(1I)

Dccomposition of Pd2InP(Il) at the Pd2Ge/Pd2InP(II) interface was caused by the
continuous outward diffusion of In and P from the InP substrate and the decomposition of
PdsGe. The freed Ge entered the underlying PdaInP(Il) layer. Traces of Ge were also
detected by EDX in the Pd2InP(Il) layer close to the PdzInP(II)/InP interface. In the
Pd,InP(11) layer close to InP substrate, SAD analysis showed some new features in the
diffraction pattern of the PdzInP(II). Satellite spots along <110> directions around the
principal reflections and streaking along <110> directions are visible in four SAD patterns
from different zone axes (Fig. 7-14d). According to previous investigations [200,201], the
satellite spots and streaking are characteristic of microstructural defects, such as microtwins
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or tweed structure. Therefore, it appears that additional micro-defects had been created in
the single crystal Pd2[nP(1l) layer during processing.

Significant microstructural changes occurred after annealing at 425°C, as shown in
Fig. 7-15. Signs of decomposition of PdaInP(Il) were detected not only at the
Pd>Ge/PdaInP(11) interface, but also within the PdaInP(II) layer and at the Pd2InP(I1)/InP
substrate interface. The contacts started showing ohmic character at 425°C (180s), with a
specific contact resistance of 1x10-3 Qcm2. It is belicved that the decomposition of
PdsInP(11) at the PdaInP(I1)/InP intertace to form Pdln and PdP3 is responsible for the
onset of ohmic behavior, which wil! be discussed later. From the image of the cross
section specimen (Fig.7-15a) annealed for 90 min, it can be scen that the outer layer is
uniform and contains three phases, i.c., Pd2Ge, PdIn and PdP>. Both the outer layer's
thickness and the grain sizes of these phases were larger than those in lower temperature
annealed specimens. The total contact thickness at this point was still 75nm, the same as
that at 400°C for 180s. By 425°C for 120 min, there was still some undecomposed
Pd,InP(Il) (Fig. 7-15b) and the contact morphology was no longer uniform. Somec arcas
of the contact consisted of Pdin, PdP; and Pd2Ge, but other arcas still consisted of
Pd>InP(1) and PdyGe phases. The PdaInP(1I) was fully decomposed after anncaling at
425°C for 180 min, with the contact consisting of only Pd2Ge, PdIn and PdPa. The grain
sizes of PdIn, PdP; and Pd3Ge were much larger than those obtained at lower iempcrature.
Mass balance calculations show that approximate 65nm of InP was consumed at this point.
Further annealing to 300 min, resulted in more InP decomposition, which led to more In
and P diffusion into the metallization layer, reacting with Pd2Ge to form PdGe, PdIn and
PdP; (Fig. 7-16a). Mass balance calculations indicated that another 7.5nm of InP was
consumed in these reaction. A bright ficld image of the outer layer, from a plan view
specimen is shown in Fig. 7-16b. The phase shown is PdP,. Examination, by bright field
imaging of a plan view specimen and EDX and CBED analysis (Fig.7-16c), suggested that
PdIn, PdP; and PdGe were distributed in a random way in the contacts. An image of a
plan view specimen from the contact shows that the PdP; phase was porous, due to the
loss of P when the TEM specimen was cxposed to the atmosphere. The SAD pattern
shows preferred orientation of PdIn in the contact although the PdzInP(II) had completely
disappeared (Fig. 7-16d). The contact thickness varied from 120nm to 180nm at this

point.

Microstructural changes which occurred during thermal annealing are schemntically
shown in Fig. 7-17 and can be summarized by the following reaction equations:
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Ge + 3Pd + InP — Pd-In-P + Pd2Ge (as deposited)
xPd + Pd-In-P — Pd3InP + PdsInP (250°C)
2PdsInP + 4InP + Pd2InP + Pd2Ge — 7Pd2InP(I1)[Ge] (350°C)
2Pd,Ge + 3InP +Pd2InP(11) — 4PdIn + 2PdP3 + 2[Ge] (400°C)
3Pd>InP(I]) + InP — 4PdIn + 2PdP; (425°C <120min.)
3Pd>Ge + 2InP — 3PdGe + 2PdIn + PdP; (425°C >300min.)

The above cquations have not been balanced because of the uncertainty in the concentration
of the amorphous Pd-In-P phase. The overall or net reaction is:

4Pd + Ge + 2InP — PdGe + 2PdIn +PdP;,

The amount of InP consumed, from mass balance calculations, amounts to 72.5nm.

Pd/20nm Ge/Pd Contacts

For annealing temperatures lower than 425°C, the reactions were similar to those
for the Snm Ge contacts. The only difference in contact morphology was in the thickness

of the Pd>Ge and PdInP(Il) layers. Fig. 7-18 show micrographs of cross section
specimens annealed at 250°C for 20s and 350°C for 10s. The contact structure at 250°C

was 15nm Pd/25nm PdyGe/20nm Pd-In-P/islands of Pd2InP/InP. The contact structure at
350°C was 50nm PdyGe/35nm PdaInP(I1)/InP. In both cases the Pd2Ge layers were much
thicker and the PdaInP(I1) or Pd-In-P layers were thinner than those in the Snm Ge
contacts. Moreover, the PdyGe grain size was much larger than in Snm Ge contacts.

At 425°C, the PdaInP(lI) phase was less stable than for the Snm Ge metallizations.
The microstructural changes that occurred for various times are shown in Fig. 7-19. Initial
signs of decomposition of PdaInP(II) were evident for the specimen annealed for 60s.
Further decomposition occurred with longer annealing times (Fig. 7-19b). The
Pd»InP(11)/InP interface had been broken down by the PdIn and PdP> particles. The Pdin
phase had the same preferred orientation with respect to PdInP(II) as in the Snm Ge
contacts. PdaInP(II) decomposed fully after annealing at 425°C for 180s (Fig. 7-19¢).
The contact structure consisted of two layers. The outer layer was uniform with a
thickness of 35nm. A micrograph and a SAD pattern of a plan view specimen (Fig. 7-20)
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suggested that this layer was Pd2Ge only, which is in contrast to the Snm Ge
metallizations. The average grain size of Pd2Ge was 75nm. The inner layer was a mixture
of Pdin and PdP; phase, giving a total contact thickness of 85nm. The contact
morphology was fairly uniform, with a specific contact resistance of 3x10-5 Qcm2. The
total amount of InP consumed for the above reactions was approximately 21 am, which
was significantly less than the amount of InP consumed for the Snm Ge contacts.

7.3. Discussion

Since the main objective of this study is to investigate the microstructure and
electrical properties of the Au/Ge/Pd/InP and the Pd/Ge/Pd/InP contacts, the discussion in
this section will be focused on the following aspects:

1. The processing/microstructure/electrical properties interrelationship with emphasis
on reaction processes and the corresponding microstructures that can either result in
good ohmic contacts or degrade ohmic behavior.

2. Comparison of Au/Ge/Pd/InP contacts with the Pd/Ge/Pd/InP contacts in terms of
contact properties such as contact resistance, uniformity of metallization layers and
contact thermal stability, etc.

3. The mechanism of ohmic contact formation based on the experimental results from
this study and proposed models from other researchers.

7.3.1. Reactions in the Au/Ge/Pd/InP contact system

From the contact morphology features and clectrical properties, the reaction process
in the Au/Ge/Pd/InP contact system can be roughly divided into three stages. During the
first stage (annealing temperatures <300°C), the contacts were rectifying, and their
morphology featured uniform layers. After the first stage, the contact was made up of three
layers, Au-In+Ge/PdGe/Au-Ge-Pd-P on InP (Fig. 7-3a). The as deposited structure
consisted of four layers, Au/Ge/Pd/Pd-In-P on InP (Fig. 7-2a). It appears that the Ge and
Pd layers in the as deposited structure had been replaced by a single layer, i.e., PdGe. The
thickness of the PdGe layer, measured from TEM micrographs, was about 40nm. Using
chemical stoichiometry and the density of PdGe, the amount of pure Pd and Ge, required to
produce 40nm of PdGe through the reaction

Pd +Ge — PdGe
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is estimated to be ~19nm and ~29nm respectively. In addition, comparison of the
thickness and composition of the Pd-In-P amorphous layer in the contact with the results
obtained in the Pd/InP system, suggests that approximately 6-7nm Pd had been consumed
to form the amorphous layer during the deposition process. As mentioned in the
cxperimental procedure section, the total thickness of Pd in the AwGe/Pd/InP contacts was
25nm. Therefore, it can be inferred that virtually all the Pd layer in the as deposited
structure was consumed by PdGe formation. The reaction between Pd and Ge to form
PdGe is, therefore, thermodynamically or kinetically, more favoured than the formation of
Pd-In-P. Therefore, the thickness of the Pd-In-P amorphous layer, which transforms into
an cpitaxial layer later on, can be controlled by the amount of Ge in the contact scheme.
This is important for the manufacture of planar devices. The unreacted Ge diffuses into
both the outer and the inner layers of the contacts. Inward diffusion is useful for doping

during higher temperature annealing.

From the experimental results, the original Au layer in the as deposited structure
had become, after annealing, a two phase mixture consisting of Aujoln3 and a Au-In solid
solution. It is interesting that the PdGe layer contained less In than the Au+Auigln3 layer.
Furthermore, very little In was detected in the Au-Ge-Pd-P layer. Considering that this
layer originated from the Pd-In-P layer, it seems that the top layer can extract In from
underlying layers. By way of comparison, no In was found, by EDX analysis, in the top
(Pd) layer of an annealed Pd/InP contact. Instead, it was found that an In concentration
gradient existed within the Pd-In-P amorphous layer in the annealed structure, with the
highest In concentration located at the Pd-In-P/InP interface and the lowest at the Pd/Pd-In-
P interface. The interaction between Au and In largely enhanced the outward diffusion of
In to form a Au-In solid solution and compound mixed layer. Substantial out-diffusion of
In might result in the decomposition of a thin InP layer at the interface of metallization/InP
substrate and produce more vacancies in the InP substrate. The In site vacancies are very
important in terms of doping the surface region of InP. Another significant change, during
the first stage of annealing, was that the original Pd-In-P amorphous layer was replaced by
an epitaxial Au-Ge-Pd-P layer. This was a strong indication of Au and Ge inward
diffusion as well as In outward diffusion.

At stage II (annealing temperatures ranging from 300°C to 375°C), the contacts

became ohmic, and their morphology featured two uniform layers, i.e., a Aujoln3+PdGe
layer and a GeP+Aujolns layer (Fig. 7-4a,b). It can be inferred that three reactions took
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place during stage Il annealing. They were Aujgln3 formation, which occurred both in the
outer layer and at the metallization/InP interface, the decomposition of the epitaxial Au-Ge-
Pd-P layer and the formation of GeP at the metallization/InP interface. Among these
reactions, the decomposition of the Au-Ge-Pd-P quaternary phase and the reaction between
Au and In at the metallization/InP interface arc considered to be crucial processes for
forming ohmic contacts. This was because the decomposition of the thin Au-Ge-Pd-P
layer at the metallization/InP interface released additional Au and Ge. The freed Au reacted
further with In forming Aujoln3, which created more In site vacancies in the InP lattice.
Moreover, some released Ge reacted with P torming GeP and some Ge diffused inward
occupying In sites in the InP lattice. Thus a very thin highly doped n*-InP layer at the
metallization/InP interface was formed, which resulted in a tunneling junction and a
decrease in the contact resistance, and ultimately an ohmic contact. About 10nm InP

substrate was consumed in the reactions at this point.

After the third stage of annealing (beyond 400°C), the contacts became Schottky
barriers again, while the contact uniformity was broken down. Afthough the reaction
products of stage I1I were the same as those of stage II, i.e., GeP and Auyoln3, the phasc
distribution and amounts were different. At stage III, with more Ge diffusing {rom the
outer layer to the metallization/InP interface, GeP grew forming a 20nm thick, continuous
layer at 400°C. By 450°C, the average thickness of this layer reached about 50nm. In
addition to Ge, Au diffused through the GeP layer, and reacted with In to form additional
Aujolns. Spiking of isolated Aujgln3 into the InP substrate occurred, breaking down the
uniformity of the contact. With increasing annealing temperature or annealing time, the
grains became bigger resulting in rougher contact morphology. For instance, the largest
Auyoln3 grain identified was 30nm in the specimen annealed at 400°C, while at 450°C, the
largest one reached 200nm (Fig. 7-7a,b). As a result, the metallization/InP interface was
rather rough at 450°C. Both the significant growth of GeP and the spiking of Aujoln3 into
the InP substrate were undesirable. It is believed that the undesirable growth and spiking
were responsible for reversion to Schottky behavior after stage I1I annealing, because these
reactions could consume the very thin n*-InP layer doped with Ge at the metallization/InP
interface and destroy the tunneling junction. About 25-30nm InP was consumed at this
stage. In addition, spiking of Augin3 in the InP substrate destroyed the uniformity of the
contact, likely resulting in non-uniform resistance values. From this point of view,
significant GeP growth and Aujoln3 spiking were considered to be the results of
overreaction and should be avoided by controlling the annealing to temperatures less than
375°C in order to obtain good ohmic contacts in the AwGe/Pd/InP system.
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7.3.2. Reactions in the Pd/Ge/Pd/InP contact system

As with thc Au/Ge/Pd/InP contact system, the reaction processes in the
Pd/Ge/Pd/InP system can be divided into thice stages.

Before the contacts became ohmic (<425°C), Ge and Pd reacted together to form
Pd,Ge. Based on experimental results, this reaction started during metallization deposition
and continued until all free Ge was consumed in the system. In this experiment, changing
the ratio of Ge to Pd in the contact scheme did not affect the reaction product, i.e.. Pd2Ge,
but the amount and grain size of Pd2Ge was affected. The higher the Ge/Pd ratio, the
thicker the PdaGe layer and the larger the PdaGe grain size. In the Au/Ge/Pd/InP system
investigated here and the Ge/Pd/InP and the Si/Pd/Ge/Pd/InP systems investigated by
Schware et al [190], the reaction products between Ge and Pd were PdGe. This was also
true for Pd/Ge/GaAs [164,168,175]. The difference between those results and the results
from this experiment might arise from the ratio of Ge/Pd. The ratio range in this
experiment was 0.14 to 0.57 (estimated from the thickness of Ge and Pd layers), whereas
the ratio of Ge to Pd used in the other investigations [164,168,175,190] changed from 2 to
2.6 (layer thickness ratio). It seems that PdGe formation is preferred if the Ge supply is
about twice the Pd supply and that Pd2Ge formation is preferred if Pd supply is about twice
the Ge supply.

Another feature of the PdyGe layer was the presence of a discontinuous oxide layer
or a void layer (possibly Kirkendall voids), which can be seen in Fig. 7-10a, Fig. 7-11,
and Fig. 7-13a, i.e., the line of tiny white spots in the Pd2Ge layers. Since the original Ge
layer was located between the two Pd layers, the growth of PdyGe occurred along two
opposite directions because of interdiffusion of Ge and Pd taking place at both the Pd/Ge
and Ge/Pd interfaces, which left the oxide (or void) layer between the interface of the two
layers. This layer acted as a marker layer, providing information on elemental migration
during annealing. In the specimens with a Snm thick germanium layer, the marker moved
toward the surface during thermal reaction (Fig. 7-10a, Fig. 7-11 and Fig. 7-13a),
indicating Pd inward diffusion from the outer layer through the Pd,Ge layer into the
underlying amorphous layer. When all the Pd was consumed, the top layer of the contact
was Pd2Ge and the marker was still within this layer. In the specimens with a 20nm thick
original deposited Ge layer, the inner Pd iayer had been completely consumed by Pd2Ge
and Pd-In-P formation during deposition. When the samples were annealed, the remaining
Ge reacted with the outer Pd layer until all the Pd was consumed. As a result, the Pd>Ge
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layer thickness above the marker was 33-38nm consuming approximately 22-25nm of Pd,
whereas the thickness of Pd2Ge layer below the marker was 3-4nm consuming about 2-
3nm of Pd. The marker maintained the same position in the PdyGe layer during the
annealing process, which indicated that the outer Pd2Ge layer was the product of reaction
between the outer Pd layer and Ge. After all the Pd was consumed, there was no more Pd
inward diffusion. In other words, almost all the Pd outer layer was constrained to form
PdyGe during deposition and initial anncaling and was restricted to Pd2Ge during
subsequent annealing. Moreover, from the experimental resuits obtained in the Pd/InP or
the Au/Ge/Pd/InP systems, approximately 13-15am of Pd-In-P formed during deposition,
which consumed about 7nm of Pd. Since the same procedure was used for Pd deposition
in these systems and the Pd/Ge/Pd/InP system, it is rcasonable to say that about 7nm ol the
inner Pd layer was consumed to form Pd-In-P in the Pd/Ge/Pd/InP system. From the
results discussed above, the reaction processes in stage | can summarized in the following

paragraph.

During the inner Pd layer deposition, an amorphous Pd-In-P layer forms, which
consumes about 7nm of Pd leaving about 3nm unreacted. During Ge deposition, the
unreacted Pd is consumed by Pd2Ge formation at the Ge/Pd interface. The amount of
unreacted Ge depends on the thickness of the deposited Ge. Another Pd2Ge layer
nucleates and grows at Pd/Ge interface during the outer Pd layer deposition. In contacts
with a 5nm Ge layer, almost all the Ge is alrcady consumed during deposition, so that
unreacted Pd in the outer layer can diffuse through the Pd2Ge layer and react with InP to
form more Pd-In-P during annealing. On the other hand, in contacts with a 20nm Ge
layer, part of the Ge is left unreacted after deposition. During stage I of anncaling, Pd
could only react with the unreacted Ge forming Pd2Ge. No f urther Pd-In-P amorphous
growth took place. Therefore, Pd2Ge growth competed successfully with Pd-In-P growth
for Pd. Since the reaction between Pd and Ge was strongly preferred (another example can
been seen in the discussion on the first stage of annealing of Au/Ge/Pd/InP contacts
above), Pd;Ge formation would occur and Pd-In-P growth would stop as long as
unreacted Ge and Pd existed. As a result, controlling the thickness of the Ge layer or the
Ge concentration in the contact scheme can affect the reaction beiween Pd and InP in the
Pd/Ge/Pd/InP contact system. For a given amount of Pd, the amount of Ge cffectively
controls the amount of Pd-In-P formed and the amount of InP consumed. For instance,
about 65nm of InP was consumed in the reactions between Pd and InP in the samples with
5nm of Ge, but only 21nm of InP was consumed in the samples with 20nm of Ge. The
reactions between Pd and InP were similar to those in the Pd/InP system, i.e., the Pd-In-P
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amorphous phase formed first during deposition. When the contacts were annealed, Pd-In-
P continued growing in the 5nm Ge contacts, whereas no further growth of Pd-In-P
occurred in the contacts with the thicker Ge layer. The subsequent reactions (Pd2InP,
PdsInP and PdzInP(Il) formation) in both contacts were similar to the Pd/InP
metallizations. Although the thickness of the PdaInP(II) layer was different in the contacts
due to the different Ge/Pd ratios, the contact morphology were quite smooth in all

specimens.

The most obvious difference in the contact microstructure after the second stage
{400-425°C), compared to the first stage, was the decomposition of epitaxial
PdsInP(11)[Ge]. After annealing at 400°C, PdaInP(11)[Ge] decomposed into PdIn and
PdP,, which were the same products as obtained in the Pd/InP system. From the
micrographs of the specimens (Fig. 7-14a and Fig. 7-19a), some features were
noteworthy, i.e., PdIn and PdP; were first detected at the PdyGe/PdaInP(II)[Ge] interface,
and PdIn and PdP, formed in different locations. However, in the Pd/InP case,
decomposition of PdaInP(II) was detected at the PdInP(11)/InP interface, and PdIn and
PdP; were always side by side (in the same region). Based on these observations, it was
inferred that decomposition in the Pd/Ge/Pd/InP contacts was driven by the reaction
between In or P and Pd2Ge. During decomposition of InP, both In and P out-diffused and
reached the Pd2Ge/PdaInP(I1)[Ge] interface. Since no Pd was available, In and P reacted
with Pd3Ge according to the following formula:

Pd;Ge + In + P — PdIn + PdP; + [Ge]

The reaction products were the PdIn and PdP2, because Pd>InP(I1)[Ge] was not a
thermodynamically stable phase in this temperature range. The diffusion rates of In and P
were not identical, so that PdIn and PdP; nucleated at different spots. The formation of
small PdIn and PdP; particles might enhance the decomposition of Pd2InP(I1)[Ge] to PdIn
and PdP, because no nucleation barrier existed. Therefore, as soon as the small PdIn and
PdP; particles formed at the Pd2Ge/Pd2InP(11)[Ge] interface, the PdaInP(II)[Ge] phase
around those particles decomposed into PdIn and PdP2. Meanwhile, Ge released from
PdaInP(I1)[Ge] rapidly diffused into the underlying layer. As Pd2InP(11)[Ge]
decomposition continued, the reaction front approached the InP surface, so that the Ge
released from the reactions could diffuse into InP. Consequently, a thin InP layer doped
with Ge formed at the metallization/InP interface, which resulted in a decrease in contact

resistance, i.e., the contact became ohmic.
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Stage III of annealing included reactions that took place after complete
Pd»InP(11)[Ge] decomposition (400°C to 425°C). After Pd>InP(I1){Ge] decomposed, the
contact consisted of Pd>Ge, Pdin and PdP,. The reactions in the contact did not stop at
this point because the system had not yet reached equilibrium. According to the results
reported in Ref. 164, 168, 175 and 190, PdGe not Pd,Ge is in cquilibrium with InP. With
longer annealing at 400 to 425°C, PdaGe reacted with In and P forming PdGe, Pdin and
PdP, This reaction degraded ohmic behavior because it consumed the highly doped InP
layer, resulting in an increase in contact resistance. For instance, the specimens with a Snm
original Ge layer were annealed at 425°C for 5 hours and approximatcly 7.5nm of InP was
consumed in the reaction between Pd2Ge and InP to form PdGe. The contact became
rectifying. If more Ge, at least more than the amount of Ge required for PdGe formation,
was deposited in the contact metallization, the initial reaction of Ge with Pd would be PdGe
rather than Pd2Ge. The PdGe would be in cquilibrium with InP, PdIn and PdP; after
Pd,InP(11)[Ge] decomposition and the formation of the heavily doped thin layer of InP.
As a result, no additional reaction involving InP would occur, so that the thin InP layer
doped with Ge would remain intact and contact reliability would be be improved
significantly. The ratio of Ge/Pd in this experiment was not the optimum for f abricating a
reliable ohmic contact. More Ge or less Pd should be used in the contacts.

7.3.3. Comparison of Au/Ge/Pd/InP and Pd/Ge/Pd/InP contacts

From the experimental observations of the two contact systems described above,
some common characteristics are apparent:

1. Both the Au/Ge/Pd/InP contacts and the Pd/Ge/Pd/InP contacts have strong
metal/InP adhesion, because the first reaction in both systems is the formation of Pd-
In-P at the metal/InP interface. This indicates that the presence of Pd in the
metallization scheme indeed improves the wettability of the InP surface.

2. The contact structures of both systems contain an epitaxial layer (quaternary phase in
the AwGe/Pd/InP contacts, ternary phase in the Pd/Ge/Pd/InP contacts) after the first
stage annealing of each respective system. Neither phase is stable on InP, i.c., they
are only transition phases.

3. In both systems, when the epitaxial phases decompose, the contacts become ohmic,
although the annealing temperatures required are different (300°C - 375°C for the
AwGe/Pd/InP contacts, 400°C - 425°C for the Pd/Ge/Pd/InP contacts).
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4. The optimum contact structure, i.c., the microstructure corresponding to ohmic
bchavior, consists of binary compounds only, e.g., PdGe, Aujpln3 and GeP in the
Au/Ge/Pd/InP contact system and PdIn, PdP2 and Pd2Ge in the Pd/Ge/Pd/InP

contact system.

There are also differences in terms of the electrical properties and contact
morphology characteristics between the two systems. One of the most significant
differences involves the specific contact resistances. The minimum contact resistance for
the Au/Ge/Pd/InP contacts is ~10-6 Qcm2, while a value of ~10-5 Qcm? is obtained for the
Pd/Ge/Pd/InP contacts. Thus the Au/Ge/Pd/InP contacts have better ohmic behavior,
which is in agreement with the experimental results reported in Ref. 172.

It is known that both Au and Pd can react with In and P forming various binary
compounds in the Au/InP system and Pd/InP system respectively. In the Au/Ge/Pd/InP
system, however, there is no Au-P compound formation because of competitive growth
between various compounds. Similarly, no Pd-P compound is found in this experiment
for the Au/Ge/Pd/InP system because Pd is restricted to the PdGe phase formation due to
the strongly preferred Pd-Ge reaction. The only phosphide formed during the whole
annealing process is GeP. The net rcactions between Au, Ge, In and P can be expressed

by the following equation:

10Au + 3Ge + 3InP — Aujoln3 + 3GeP

According to this equation, the volume ratio of GeP/Aujoln3 would be 0.54 if the reaction

process exactly followed the stoichiometry in this equation. In this experiment, the reaction
between Au and In starts at low temperatures (<250°C), but the reaction between Geand P

begins at relatively high temperatures (>300°C). From the micrographs of the specimens
annealed at 250°C to 375°C (Fig. 7-3a, Fig. 7-4a,b), the amount of GeP is much less than
that of Aujolnz in the contacts, which indicates the reaction rate for GeP formation is lower
than that for Aujolns formation when the temperature is lower than 375°C. More In is
consumed in the reactions than P. EDX analysis shows that P concentration in the
metallizations is very low, so that the ratio of P/In in the InP must be larger than 1 in the
area near the metallization/InP interface. In other words, outward diffusion of In from InP
leaves a large number of vacancies near the metallization/InP interface, which provides a
foundation for the Ge doping process. [t should be pointed out that some P is likely lost
through sublimation.
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In the Pd/Ge/Pd/InP contacts, Pd reacts with both In and P according to the
following equation:

3Pd + 2InP — 2Pdin + PdP>

The volume ratio of PdP2/PdIn is 0.36 if the amount of In and P, released during
decomposition of the Pd-In-P epitaxial layer, is the same and all the released In and P react
with Pd according to the above equation. In the Pd/Ge/Pd/inP contact system, the reaction
between In and Pd and the reaction between P and Pd take place at the same temperature
and the same time. Although the reaction rate is not known, from the micrographs of
specimens annealed at 425°C (Fig. 7-15b,c and Fig. 7-16a), the difference between the
actual volume ratio of PdP2/PdIn and the theoretical ratio of PdP2/PdlIn is less than that
between the actual ratio of GeP/Aujoln3 and the theoretical value of the GeP/Aujoln3 ratio,
This implies that the number of In sitc vacancies in the Au/Ge/Pd/InP contacts is higher
than in the Pd/Ge/Pd/InP contacts. Theretore, the doping level of Ge in the InP substrates
of the Au/Ge/Pd/InP contacts is higher than that in the Pd/Ge/Pd/InP contacts. As a result,
tunnelling in the Au/Ge/Pd/InP contacts should be easier than in the Pd/Ge/Pd/InP contacts
and, hence, the minimum contact resistance value for the Au/Ge/Pd/InP contacts should be
lower than for the Pd/Ge/Pd/InP contacts.

Comparing the two systems, the morphology of the Pd/Ge/Pd/InP contacts is more
uniform. Before the epitaxial layers decompose, i.e., during the first stage, the contact
systems are uniform and layered (three layers in the Au/Ge/Pd/InP contacts and two layers
in the Pd/Ge/Pd/InP contacts). After the second stage (300°C-375°C anncal for the
Au/Ge/Pd/InP contacts, 400°C-425°C anneal for the Pd/Ge/Pd/InP contacts), the
metallization/InP interfaces in both contact systems become rougher due to decomposition
of the epitaxial phase. In the terms of practical applications of the contacts, this nanoscale
roughness is tolerable so that this kind of morphology is still considered to be fairly
uniform. With further annealing, spiking of Aujgln3 into the InP substrates in the
Au/Ge/Pd/InP system becomes worse, and the contact morphology is rather rough. In
contrast, the morphology of the Pd/Ge/Pd/InP contacts is much better, although the
compound grains become bigger in the contacts with the further annealing. This indicates
that using Pd, instead of Au, in the ohmic contact metallization scheme can improve the

contact morphology.
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Another difference between the two systems is the optimum annealing condition for
forming ohmic contacts. When the Au/Ge/Pd/InP contacts are annealed from 300°C to
375°C for 5-180s, the contacts arc ohmic. The temperature range for the onset of ohmic
behavior in the Pd/Ge/Pd/InP contacts is 400°C to 425°C, and the optimum annealing
periods depends on the ratio of Ge/Pd in the metallization scheme. If the proper ratio of
Ge/Pd is used in the contact metallization scheme, the reliability and thermal stability of the
Pd/Ge/Pd/InP ohmic contacts would be better than that of the AwGe/Pd/InP ohmic contacts
under the same working condition because of the inactivity of Pd.

7.3.4. Mcchanism of ohmic contact formation

Ohmic behavior in the AuGePd metallizations and the PdGePd metallizations to n-
type InP is attributed to a doping mechanism based on solid state reaction-driven
decomposition of intermediate phases that occur at the metal/InP interface, producing a very
thin, heavily doped InP layer.

[t is known that there are three general principles for forming ohmic contacts, which
have been described in Chapter 3. Two of these are possible factors governing the
formation of Au/Ge/Pd/InP and Pd/Ge/Pd/InP ohmic contacts. The first one is that the
compounds that form at the metal/InP interface during annealing have a work function less
than that of the n-InP, so that no energy barrier exists at the metal/InP interface for electron
flow. In the Au/Ge/Pd/InP contact system, Aujgln3, GeP and PdGe form at the
metallization/InP interface. Aujgln3 and GeP do not have lower work functions than InP,
since both are present after stage [I (ohmic behavior) and stage I1I (Schottky behavior). In
the Pd/Ge/Pd/InP contacts, PdIn, PdP3, Pd2Ge and PdGe form during thermal reaction.
PdIn and PdP; are not the compounds responsible for the onset of ohmic behavior in the
Pd/Ge/Pd/InP contact system, for the same reasons that Aujolns and GeP are not. The
Pd>Ge phase is in the outer layer of the contact when the contacts became ohmic, i.e., it is
not in direct contact with InP at that point, so that this phase is also ruled out. The PdGe
phase only forms in the Pd/Ge/Pd/InP contacts with a Snm Ge layer, which takes place
after the third stage of annealing when the contacts become Schottky barriers again. In
addition, there is no PdGe formation in the contacts with a 20nm original deposited Ge
layer. Therefore, since PdGe is not responsible for the ohmic behavior in the
Pd/Ge/Pd/InP contacts, it is not likely to be responsible for ohmic behavior in
Aw/Ge/Pd/InP contacts. From the above analysis, it can be concluded that ohmic contact
formation in Au/Ge/Pd/InP contacts and Pd/Ge/Pd/InP contacts is not governed by the
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formation of zero energy barricrs (or lower cnergy barriers) at the metallization/InP
interface.

The other principle for ohmic contact formation is that a shallow InP surface layer,
which is much more heavily doped than the rest of the InP substrate, is produced during
the annealing process. As a result of the doping, the cnergy barrier at the metal/[nP
interface is narrowed, so that electrons can casily tunnel through the barrier without much
energy loss. In general, it is considered that the semiconductor doping process is realized
by either liquid phase regrowth or solid phase regrowth of the compound semiconductor.

Annealing of metal films on compound semiconductor substrates, at temperaturcs
above or slightly below the Au-Ge cutectic temperature can result in the dissolution of the
compound semiconductor and subsequent precipitation or regrowth of a heavily doped or
alloyed epitaxial layer. This process is called liquid phase regrowth of compound
semiconductor [204,205]. The ohmic properties of cutectic Au-Ge (12.5wt% Ge) based
metallizations to n-type GaAs have been attributed to the formation of a Ge-doped GaAs
layer by the dissolution and regrowth mechanism. This model fails, however, when itis
applied to the Au/Ge/Pd/InP contact system, because no sign of melting or dissoluti. .n and
regrowth of the constituents has been detected in the ohmic contacts formed during second
stage annealing. Even if the Au-Ge metal layers did melt during the anncaling, the InP
substrates would not dissolve in the Au-Ge eutectic alloy solution, because the [irst metal
layer next to InP substrate in the contacts is Pd rather than Au-Ge. Actually, cross
sectional TEM micrographs from this experiment show that the Ge reacts with Pd to form
PdGe, and Au reacts with In forming a Au-In solid solution or compound during annealing
of the contacts at 250°C. It should be pointed out that this temperature is well below the
eutectic point for Au-12.5wt% Ge (361°C). This is a strong indication that the reaction
between Ge and Pd as well as that between Au and In are cither kinetically or
thermodynamically preferred over the formation of a Au-Ge eutectic. Therefore, when the
contacts are annealed at 300°C to 375°C, there should not be any InP dissolution and
regrowth taking place in the AwGe/Pd/InP contact system.

The mechanism for solid phase regrowth of a compound semiconductor is based on
the assumptions that reaction-driven decomposition of an intermediate phase takes place at
temperatures well below the melting points of the interfacial phases, thereby producing
laterally uniform regrowth layers. This type of process can be described as follows [164]:
Films of two elements M and M are deposited sequentially on a compound semiconductor
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substratc AB. At low annealing temperaturcs, the film of metal M adjacent to the substrate
reacts with AB to form a ternary phase MxAB according to:

XM + AB — MsAB

The second film consists of an element M that is chosen such that it reacts with MxAB to
form a compound MM'y that is sufficicntly stable so as to drive the reaction

(Xy)M' + MsAB = AB + xMMy

to the right. Because of the proximity of the crystalline AB substrate, epitaxial regrowth of
AB is likely. Furthermore, regrown AB may be doped or alloyed with M'. This model is
usually used to evplain the ohmic formation mechanism of Pd-based or Ni-based
metallizations to n-GaAs or n-InP substrate systems, because the only metals (M) that are
known to react with GaAs and InP at low temperatures (s200°C) to form MxAB ternary

phascs arc Ni and Pd.

In the Au/Ge/Pd/InP and the Pd/Ge/Pd/InP contact systems, low temperature
formation of the quaternary phase (Au-Ge-Pd-P) and ternary phase (PdaInP(I1)), does
oceur in each respective system, as does the decomposition of these phases. The model of
solid phase regrowth of a compound semiconductor, however, cannot be applied to these
circumstances. According to the model, Pd is supposed to act as the element M, while Ge
acts as the element M' in the contacts. But, TEM observations of the Pd/Ge/Pd/InP
contacts indicate that the Ge reacts with Pd, rather than with Pd-In-P phase, to form Pd2Ge
during low temperature annealing (stage I). Because of the limited supply of Ge in the
metallization scheme, all deposited Ge is consumed by Pd2Ge formation before the
intermediate Pd2InP(II) phase starts to decompose, so that the contact has a structure of
Pd,Ge/PdsInP(I1)/InP at this stage. Consequently it is impossible for the following
re wtion, during further annealing of this contact (stage II), to take place according to the

following equation derived from the model:

Ge + PdaInP(11) — Pd2Ge + InP

Actually, the products of the Pd2InP(1) decomposition, observed in this experiment, are
Pdin and PdP, that form a mixed layer, replacing the Pd2InP(Il) layer, which is

120



sandwiched between the PdyGe layer and the InP substrate. From this result, it can be
inferred that PdaInP(I1) decomposition should occur through the following reaction:

3PdaInP(Il) + InP — 4PdIn + 2PdP>

During PdaInP(I1) decomposition, therefore, no precipitation of InP and no regrowth of
InP can take place. Instead, more InP is required and consumed to drive the Pd2InP(1l)
decomposition reaction. Moreover, of all reactions occurring in the Pd/Ge/Pd/InP contact
during annealing, which are described in Section 7.2., not one results in InP precipitation.
In addition, if any regrowth had occurred, it could be observed by TEM, because the most
prominent feature in the regrowth layer is a high crystalline defect density. In the TEM
micrographs obtained from the Pd/Ge/Pd/InP contacts, no such InP region can be found.

In the Au/Ge/Pd/InP contact system, the amount of Ge in the contact metallization
scheme is more than the amount required to form PdGe, i.¢., the volume ratio of Ge/Pd is
close to 2. According to the res..s from TEM observations, after Ge reacts with Pd to
form PdGe during low temperature anncaling (stage I), there is sull extra Ge in the
contacts. Instead of extracting Pd from Pd-In-P phase, most of the extra Ge diffuses and
dissolves in the Pd-In-P phase, while inward diffusion of Au and the outward diffusion of
In take place, transforming the Pd-In-P amorphous layer into an epitaxial Au-Ge-Pd-P
layer. When this epitaxial layer begins decomposing with further anncaling (stage ),
although Ge and Pd in the epitaxial phase indecd react to form PdGe, it is still impossible
for InP to precipitate. This is because the In concentration in the cpitaxial layer is close to
zero due to the out-diffusion of In at an earlier annealing stage. Morcover, from the
experimental results, Au and Ge, released during decomposition of the AuGePdP layer and
diffusing from the outer layer, react with In and P to form Aujgln3 and GeP respectively.
The reactions can be summarized in the following equation:

10Au + Ge + Au-Ge-Pd-P + InP — Aujoln3 + 3GeP + PdGe,

which is not balanced because the composition of Au-Ge-Pd-P is not known. From this
equation it is evident that InP is a reactant but not a product in Au-Ge-Pd-P decomposition.
Therefore, more InP is required to finish this reaction, which is similar to what happens in
the Pd/Ge/Pd/InP system. Again, there is no evidence of InP regrowth in the contact from
TEM observations.
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From the cxperimental results, it is believed that the onset of the ohmic behavior in
the Au/Ge/Pd/InP contacts and the Pd/Ge/Pd/InP is due to the formation of a shallow
surface layer in the InP heavily doped by Ge diffusion. The inward diffusion of Ge to InP
is cnhanced by epitaxial layer decomposition at the metallization/InP interface. At lower
temperatures (<300°C for the Au/Ge/Pd/InP contacts, <400°C for the Pd/Ge/Pd/InP
contacts), Ge diffuses into the epitaxial layer. The driving force for Ge inward diffusion in
the Au/Ge/Pd/InP contacts ariscs from the high Ge concentration in the contacts. The Ge
in-diffusion in the Pd/Ge/Pd/InP system is initiated by the reaction between Pd2Ge, In and
P which releases Ge atoms. The cpitaxial layer in each system acts as a diffusion barrier
that prevents Ge from diffusing into InP substrate. As soon as the epitaxial layer
decomposes at the interface of metallization/InP, the Ge atoms, released from the epitaxial
layer, rapidly diffuse into the underlying InP substrate and take vacant In sites forming a
n*-type doped InP layer. Because of the uniformity of the epitaxial layer, the thickness of
the heavily doped layer and the lateral distribution of the dopant are uniform.
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Fig. 7-1 Plot of contact resistance vs annealing time for contacts exhibiting ohmiic behavior.
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Fig. 7-2 a) Bright field micrograph of a cross section specimen and x-ray spectra from b)
the top layer (Au), c) the second layer (Ge), d) the third layer (Pd) and €) the

fourth layer (amorphous) of the as deposited sample.
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Fig. 7-3 Bright field micrographs of a) a cross section and plan views of b) the outer layer,
¢) the middle layer and d) the inner layer of the specimen annealed at 250°C for

180s. SAD pattern and x-ray spectrum obtained from the inner layer. The ring
pattern in the SAD pattern was from polycrystalline Pd,Ge.
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Fig. 7-4 Bright field micrographs of cross section specimens annealed at a) 325°C for 5s
and b) 350°C for 180s.
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Fig. 7-5 a) Bright field micrograph of a'pla'n view specimen from the outer layer of the
specimen annealed at 350°C for 180s. CBED patterns taken from b) dark

contrast area and ¢) white contrast area.
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Fig. 7-6 a) Bright field micrograph and b) x-ray spectrum of the layer adjacent to InP
substrate, from a plan view specimen annealed at 325°C for Ss.
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Fig. 7-7 Bright field micrographs of cross section specimens annealed at a) 400°C for 20s
and b) 450°C for 180s.
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Fig. 7-8 Bright field micrograph of a plan view specimen from the inner layer of specimen
annealed at 400°C for 20s. CBED pattern taken from the area indicated.
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Fig. 7-10a Bright field micrograph of a cross section specimen from as deposited contact.
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Fig. 7-10b Bright field micrograph of a plan view specimen and x-ray spectrum from the
outer layer of as deposited contact.
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Fig. 7-10c Bright field micrograph of a plan view specimen, x-ray spectrum and SAD
pattern of PdyGe obtained from the middle layer of as deposited specimen.
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Fig. 7-11 Bright field micrograph of a cross section specimen annealed at 250°C for 10s.
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Fig. 7-12 Bright field micrographs and SAD patterns from samples annealed at 250°C for
a) 10s, b) 20s and c)40s.
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Fig. 7-13a Bright field micrograph of a cross section specimen annealed at 350°C for 20s.
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Fig. 7-13b Bright field microgiaph of a plan view specimen and x-ray spectrum obtained
from the top layer of specimen annealed at 350°C for 120s.
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Fig. 7-13c Bright field micrograph of a plan view specimen from t! > second layer of
sample annealed at 350°C for 120s.
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Fig. 7-13 EDX spectra obtained from d) an area close to the Pd2Ge/Pd2InP(II} interface
and e) an area close to the PdyInP(II)/InP interface in the sample annealed at
350°C for 180s.
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Fig. 7-14a Bright field micrograph of a cross section specimen annealed at 400°C for 180s.
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Fig. 7-14 b) SAD pattern from a plan view specimen of the first layer ina sample annealed
at 400°C for 180s, and c) a computed SAD pattern corresponding to b). [001]

orientation of PdIn is superimposed on [001] Pd2InP(II).
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Fig. 7-14d SAD patterns of PdInP(II) taken from the inner layer in the sample annealed at
400°C for 180s.
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Fig. 7-15 Bright field micrographs of cross section specimens annealed at 425°C for a) 90

min. b} 120 min. and ¢) 180 mi=n.
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Fig. 7-16a Bright field micrograph of a cross section specimen annealed at 425°C for 5

hours.
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Fig. 7-16b Bright field micrograph and x-ray spectrum of a plan view specimen from the
top layer of sample annealed at 425°C for 5 hours.
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Fig. 7-16¢c Bright field micrograph, CBED patterns and x-ray spectra obtained from a plan
view specimen annealed at 425°C for 5 hours.

Fig. 7-16d SAD pattern taken from the plan view specimen annealed at 425°C for 5 hours.
The diffracted spots are from Pdin.
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Fig. 7-17 Schematic representation of the Pd/Ge/Pd/InP contact systcm.
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Fig. 7-18. Bright field micrographs of cross section specimens annealed at a) 250°C for
20s and b) 350°C for 10s.
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Fig. 7-19 Bright field micrographs of cross section specimens annealed at 425°C for a)
60s, b) 120s and c) 180s.
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Pd2Ge

Fig. 7-20 Bright field micrograph of Pd,Ge phase and SAD pattern from the outer layer
of the specimen annealed at 425°C for 180s.
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Table 7-1 Specific contact resistances in the Pd/Ge/Pd/InP contacts

Contact (nm) Temperature Time Resistance (Qcmz)
10nm Pd/5nm Ge/25nm Pd 350 80s diode
10nm Pd/Snm Ge/25nm Pd 400 60s diode
10nm Pd/5nm Ge/25nm Pd 400 180s diode
10nm Pd/5nm Ge/25nm Pd 400 360s diode
10nm Pd/50m Ge/25nm Pd 100 720s diode
10nm Pd/5nm Ge/25nm Pd 125 30s diode
10nm Pc/5nm Ge/25nm Pd 125 60s diode
10nm Pd/5nm Ge/25nm Pd 125 90s diode
10nm Pd/5nm Ge/25nm Pd 125 180s Ix10-5
10nm Pd/Snm Ge/250m Pd 425 360s >1x 104
10nm Pd/5nm Ge/25nm Pd 125 1.5 hrs diode
10nm Pd/5nm Ge/25nm Pd 125 3 hrs diode
10nm Pd/5nm Ge/25nm Pd 450 60s 3xio
10nm Pd/20nm Ge/25nm Pd 300 120s diode
10nm Pd/20nm Ge/25nm Pd 350 10s diode
10nm Pd/20nm Ge/25nm Pd 350 90s diode
10nm Pd/20nm Ge/25nm Pd 350 320s diode
10nm Pd/20nm Ge/250m Pd 400 90s diode
10nm Pd/20nm Ge/25nm Pd 400 180s diode
10nm Pd/20nm Ge/25nm Pd 400 360s >5x 104
10nm Pd/20nm Ge/25nm Pd 400 720s >5x 1074
10nm Pd/20nm Ge/25nm Pd 125 53 diode
10nm Pd/20nm Ge/250m Pd 425 30s diode
10nm Pd/20nm Ge/25nm Pd 425 60s diode
10nm Pd/20nm Ge/25nm Pd 425 903 diode
10nm Pd/20nm Ge/250m Pd 425 180s 3x10°5
10nm Pd/20nm Ge/25nm Pd 125 360s >5x 1074
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Chapter 8 Conclusions and Recommendation

8.1 Conclusions

In this rescarch, transmission clectron microscopy has been used to study the

microstructural changes in contacts on InP during thermal reactions. The role of Pd in

ohmic contact formation and the relationship between the microstructure and the electrical
propertics of Au/Ge/Pd/InP and Pd/Ge/Pd/InP metallizations have been investigated. A
number of conclusions can be made based on the experimental results.

t9

. Pd reacts with InP to form an amorphous and an epitaxial layer at low temperatures

(<250°C), which provides good metallization adhesion to the InP substrates and

improves the contact morphology.

. Ohmic contacts to n-type InP have been fabricated in both the Au/Ge/Pd/InP and the

Pd/Ge/Pd/InP systems.

. The minimum specific contact resistances were 2.5%10°6 Qcm? in the Au/Ge/Pd/InP

contacts and 1x10-3Qcm? in the Pd/Ge/Pd/InP contacts respectively.

4. The annealing regime for ohmic contact formation is 300°C-375°C for the Au/Ge/Pd/InP

system and 400°C-425°C for the Pd/Ge/Pd/InP system.

. The morphology of the Pd/Ge/Pd/InP contacts is more uniform than that of the

Au/Ge/Pd/InP contacts, especially after higher temperature annealing.

. The onset of ohmic behavior in the contacts follows the decomposition of an epitaxial

layer at the metallization/InP interface.

. Ohmic contact formation in the Au/Ge/Pd/InP and the Pd/Ge/Pd/InP systems is

attributed to the Ge doping mechanism based on the solid state reaction-driven
decomposition of intermediate phases, which occurs at the metallization/InP interface,
producing a very thin, heavily doped InP layer.

. The degradation of the contact resistance is due to the overrcaction between metals and

InP, which consumes more InP and destroys the heavily doped InP layer.

. The ratio of Ge/Pd in the contact metallization scheme can affect the reaction products

between Ge and Pd, the degree of reaction between Pd and InP, the thermal stability of
the Pd/Ge/Pd/InP contacis and the consumption of the InP substrate.
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8.2. Recommendation

From experimental observations, it is found that the amount of Pd and Ge in the
contact metallization schemes can ctfect the contact microstructure, the optimum anncaling
regime, the [nP substrate consumption and the thermal stability of the ohmic contacts. In
addition, from Ref. 172, the ratio of Ge/Pd can affect the value of the minimum contact
resistance. Because the ratio of Ge/Pd used in this experiment is not the optimum, further
investigation is recommended to find the optimum ratio of Ge/Pd the proper amount of Pd
for ohmic contact fabrication.
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