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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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1. Introduction

I-VI compound semiconductors have been studied and used for decades. They have
been widely utilized in radiation detectors, CRT screens, and a myriad of other devices.
However, a 'm.xmber of difﬁcult.ies related to the growth of high quality bulk crystals a{nd
highly perfect thin films, doping limitations, and the rich spectrum of native defects have
limited the uses and scientific understanding »of these materials. In contrast, the ability to
grow and process high quality group IV and II-V semiconductors has allowed them to
become the key elements of tbday‘s electronics industry. Rgcently, II-VI materials have
undergone a scientific and technical renaissance, due to the application of-.growth
techniques guch as molecular beam epitaxy (MBE) and organo-metallic vapor phase
epitaxy (OMVPE). These methods allowed the development of thin films of high purity
and excellent crystallinity and opened the door to a much deéper scientific understanding
and many new uses. ‘The wide, direct band gaps of many of these materials make them
ideal candidates for blue/green lasers and light emitting diodes (LEDs). The drive for new

~devices has encouraged the continued development of II-VI thin films and increased
understanding of the fundamental behavior of this class of semiconductors. The ébility to
obtain high quality crystalline films makes it possible to study the basic properties of this
exciting class of materials. For example, practically no data exist on II-VI semiconductor-

metal solid phase reactions.



1.1 ZnSe

ZnSe, in particular, has generated a great deal of interest due to its direct bandgap of
2.7 eV at room temperature. Light generated by this material lies ih the blue region of the
visible spectrum and several groups have reported the development of blue lasers from
ZnSe systems (Bhargava 1992; Chung, et al. 1992; Gunshor, et al. 1993; Haase, et al.
1991; Han, et al. 1994; Neumark, et al. 1994; Xie, et al. 1993; Yu, et al. 1993). The

' ability to create useful devices from ZnSe requires the development and understanding of
good Ohmic and Schottky contacts. One of the key needs is a knowledge of the thin film
reactions that occur at the interface of these contacts. The thermal stability'over the range
of possible processing and operating temperatures.must be considered. Also important is
an insight into the effect these reactions have on Schottky barrier heights and electrical
characteristics.

Current _theories are unable to precisely predict the Schottky barrier that will be formed
at a contact and further study of the metal-semiconductof interface may aid in the
development of accurate predictions. The ionic character of II-VI materials is stfonger
than in other semiconductors. An understanding of the effects of this bonding difference
may lead to new perceptions about semiconductor properties. An evaluation of the
behavior of metal thin films on ZnSe will be applicable to other II-VI compounds because
of their similar ionic bonding characteristics. Schottky barrier formation may be related to
the degree of chemical reaction at the interface (Brillson 1994). This chemical reaction

between metal and semiconductor can result in regions with localized bonding, defect



formation, or new chemical phases. The driving force for reaction between the metal and
semiconductor decreases from group IV to III-V compounds, and is expected to further
decrease for II-VI compounds due to thé smaller electronegativity differences (Sands and
Keramidas 1994). Electronegativity differences between métals and II-VI
semiconductors are small because nearly every metal is electronically similar to either the
group II or group VI element. Semiconductors with more ionic bonding are more
sensitive to band bending due to metal deposition than covaleﬁtly bonded semiconductors
where the surface Fermi Energy is pinned (Brilison 1994). Schottky barriers on ionic

semiconductors have a stronger dependence on the metal work function.

1.2 Metal Contacts

Metal contacts to semiconductors are one of the basic components of every
semiconductor device and have been studied for many decades, but are still not well
understood. Only the very basics of ideal interfaces will be discussed here. The details of |
metal-semiconductor contacts are covered in maﬁy semiconductor device textbooks, for
example see reference (Sze 1981).

The behavior of the Fermi energy equilibrium in a metal to semiconductor contact is
similar to that of an abrupt p-n junction. When the metal and semiconductor come into
contact the Fermi levels must equilibrate. If we cbnsider a metal whose Fermi level lies
below that of an n-type semiconductor, we encounter the situation appearing in figure 1.1.

O is the work function of the metal, this is defined as the difference between the Fermi



level in the metal and the vacuum level. When the metal and semiconductor come in

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

(a}

[ 1 1 Vacuum level
I #s id," Conduction band
R Y
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Figure 1.1: Energy diagrams for a junction between a metal and an n-type semiconductor (¢M>¢s), (@)
before contact, (b) after contact the Fermi levels agree (Ey~=Ers) (Solymar and Walsh 1988)

E

states. This creates a region on the semiconductor side that is depleted of free carriers.
The fixed positive space charge results in band bending. Electrons will flow until there are
no longer lower energy states available, i.e., the Fermi levels align. This situation has now
created a potential barrier for electrons wishing to pass in either directidn. | The diﬁ'erence
between the metal work function, ¢y, and the electron affinity, ¢g, is the barrier height.
These barriers are termed Schottky barriers, after Walter Schottky who was the first to
propose a theory for metal-semiconductor junctions (Schottky 1938). Schottky barriers
can be useful as diodes. The height of the barrier on the semiconductor side can be

adjusted by applying a bias. Depending on the polarity, the bias can make it easier or
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harder for electrons to flow in out of the semiconductor. With the polarity in the reverse
direction, the barrier is high and few electrons can pass into the metal; with the polarity in
the forward direction, electron flow into the metal becomes easy. To first order, applying
a bias does not affect the height of the potential barrier forb electrons traveling from the
metal to the semiconductor. This means that this system cari never provide a good Ohmic
contact’ if the barrier is larger than a few kT. Instead, a highly doped surface layer is oﬁen
used to create an Ohmic contact. A very highly doped shallow layer results in a very
“narrow barrier which electrons can tunnel through, in either direction, with ease.
"When the relative sizes of the metal and semiconductor work functions are different
from the previous case, such as in figure 1.2, the equilibration of Fermi levels may not |

result in a barrier.
(a)
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Figure 1.2: Energy diagrams for a junction between a metal and an n-type semiconductor (0m<ds), (@)
before contact, (b) after contact the Fermi levels agree (En=Ers) (Solymar and Walsh 1988)

X
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In this case, electrons can flow easily in either direction and there is no potential barrier.
This condition is called an Ohmic contact. Ohmic contacts are important for many
semiconductor devices. When building a laser, for example, it is important that current be
able to flow through the device without significant voltage drop or power loss due to
contact resistances.

The barrier height of a contact can be measured in several ways. One of the easiest is
to measure the current-voltage (I-V) characteristics of the contact. The current flowing

through the contact under bias can be described by the equation below.

~Pspl( aV
[=A4**T2%¢ KT | nkT _ (1.1)

In this equation, A is the area of the contact, n is the ideality factor, ¢sp is the barrier
height and A** is the effective Richardson constant which is dependent on the material.
Data obteined for V>>kT/q and plotted as log(I) vs. V will be linear. The terms outside
of the parentheses define the saturation current, I, This current can be determined from
the yfintercept of the linear portion of the graph. The barrier height can then be calculated

using the following equation. - - - -

2

kT | AA**T .

?sB = ;““[’7“] 42
s . ‘

The above discussion gives a idealized view of the electrical behavior of metal-
- semiconductor contacts. Barrier heights at metal-semiconductor contacts can not actually

be predicted with the difference between the work functions. In reality, defects at the



surfaces and interfacial layers must be considered. At this time, all of the intricacies of
contacts are not understood, but there are several competing theories which attempt to
predict the height of Schottky barriers or where the Fermi level wili be pinned. Even
though barrier heights can not be predicted based on simple physical principles, they can
be formed reproducibly for many metal-semiconductor junctions and both blockage and
Ohmic metal-semiconductor contacts are used extensively on practically every
semiconductor device.

Certain characteristics are important for any cohtact to be used in a device. It is
important for a good contact to provide the desired electrical behavior, good adhesion,
high corrosion resistance, and be compatible with any further processing steps. Quality
contacts are vital for high yield and device relié.bility. To provide high yield and reliability,
 the thermal stability of the contact must be known. Any interdiffusion or reaction at the
interface during processing or use may result in a degradation of electrical or mechanical
behavior, therefore it is important to study these systems. |

Many studies have focused on the behavior of metals on Si and GaAs These studies
were fundamental for the development of stable Ohmic and Schottky contacts, improved
theories for Schottky barrier heights, as well as increased understanding of thin film
behavior. Studies of contact behavior on ZnSe and oth_er I1-VI semiconductors will aid
both in the dévelopment of new devices and in the basic understanding of contact

behavior.



1.3 Phase formation in thin films

The ability of two materials in contact to form a new stable phase at an interface
depends on a competition between kinetic and thermodynamic dﬁving‘forces. To form,
new phases must overcome the thermodynamic barrier to nucleation. To grow, the
kinetics of the system must allow‘enough of each reactant to diffuse to the interface. It
can be shown that if the nucleation step is the limiting factor, the system is reaction
controlled and follows the relationship X = D¢, where X is the layer thickness, D the
diffusivity and t the time. If the diffusion of material to the interface is the limiting
reaction, the system is diffusion controlled. In this case the layer growth follows the
relationship X = Dt and the layer grows with the square root of time.

An important added consideration for thin film systems is the supply of reactants. In
bulk systems, reaction under the proper conditions will allow all equilibrium éhases in the
| phase diagram to be observed at once. In thin film systems, many of the equilibrium
phases are not observed during a reaction s.equence. Moreover , those that are observed
usually do not exist simultaneously, but form in succession. An in-depth mafhematical
description of these interactions is covered in the work by Gosele and Tu (Gosele and Tu
1982).. They determined that the first phase to form would be the one that had the lowest
nucleation barﬁer. Their evaluation then showed that while the first phase was growing in
a diffusion controlled manner, no other phase would form until it reached a critical

thickness. In thin film systems this critical thickness usually can not be attained because of



a limited supply of one reactant. Figure 1.3 indicates the sequence of phases through

which the reaction will proceed.

[ A/B diffysion couple l

f

first compound AyB8
forms and grows

/\

X > xS before X< T when
Aor 8 consumed Aor B consumed

A
LA consuc‘ned 1m [ B consumed first ]

second compound second compound second compound
AygB forms and A;B (i<m) forms ond Ay B (n>m) torms ond
grows; A,B grows grows; A, B sheinks grows; A, B shrinks

Figure 1.3: The three possibilities for second phase formation under different supply conditions of the
component A and B in a planar A/B diffusion couple. The compound A,B may coincide with either A;B
or A,B. (Gosele and Tu 1982)

If the supply of a reactant is exhausted before the critical thicicness is reached, the relative
amounts of the semiconductor and metal determine the phase sequence and final phase.
-Figure 1.4 shows an example of this phase formation behavior in the Ni-Si system. In this
case it has been found that variatibns in the amount of reactants alters the phase sequence
and final phases.

Thin film reactions on compound semiconductors are more complicated because there
are two binary systems and one ternary system competing. Few of the ternary phase

diagrams are known. Studying the reactions of thin metal films on II-VIs will enhance the

understanding of kinetics and phase formation in thin films.
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7
END PHASE END PHASE

Figure 1.4: Schematic diagrams showing the phase formation in a Si-Ni thin film and Si(crystal)/Ni film
system. Initially the Ni,Si phase is formed and then after one of the elements is consumed the system is
driven toward equilibrium by the formation of compounds richer in the remaining element. The indicated
temperatures are rough guides for the formation of phases for films a few thousand A thick and an
~ annealing time of 1 hour. (Ottaviani 1979)

1.4 Issues to be resolved for Pt and Pd on ZnSe

The behavior of Pt and Pd on Si and GaAs has been studied in detail. The phase -

formation sequences have been characterized as well as the electrical behavior
corresponding to these phase changes. Very little research, however, has been done on
the thermal stability of metal contacts to ZnSe, or any II-VI compounds. A greater

understanding of these systems is necessary to develop good contacts. For example, many

of the Ohmic contact schemes on GaAs employ alloys or multilayers. An approach like | .
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- this may provide an Ohmic contact to ZnSe, but in order to develop a multilayer system
we must have a basic understanding of ternary phase equilibria in thin film M-II-VI
systems. A knowledge of the temperatures for phase formatiop and the morphology of the
resulting systems mu.st be pursued.

Pt and Pd provide a desirable starting point. Both metals react at low temperatures on
Si and GaAs to form distinct phases. They are good candidates for contact formation
because they may react at low temperatures (as on Si and GaAs), are corrosion and
oxidation resistant, and are easy to deposit. Also, since they are both relatively heavy
elements (compared to Zn and Se) the RBS profiles are more easily interpreted than for

other lighter elements.
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2. Characterization techniques for analysis of thin film systems

In this work, Rutherford backscattering spectrometry (RBIS) and x-ray diffraction are
the primary tools used to structurally characterize thin film interfacial reactions. RBS
provides composition information and a depth profile of the semiconductor-metal
structure in one dimension. X-ray diffraction provides information on solid solution and
phase formation. Transmission electron microscopy (TEM) and x-ray photoeiectron‘
spectroscopy (XPS) are utilized as complementary techniques. TEM furnishes
information on the morphology of the films and phase identification through electron
diffraction patterns. XPS is useful for measuring surface composition and bonding. The
information that these techniques provide can reliably describe the products of the

reactions that occur between the metal film and the substrate.

2.1 Rutherford Backscattering (RBS)

RBS can reveal the extent of diffusion, layer structure with depth, and the relative
composition of layers. It provides quantitative measurements without the need for
standards. Several articles and texts provide a more rigorous treatment of this technique

(Chu and Langouche 1993; Chu, et al. 1973; Chu, et al. 1978; Mayer and Tu 1974).

RBS is based on the very simple premise of energy and momentum conservation
during a two-body collision. To perform RBS, ions (usually He") are accelerated to an

energy of 1-4 MeV and is directed at the sample. Some of these particles will collide with

12



nuclei in the sample and will be backscattered at large angles, close to 180°. Figure 2.1

shows a schematic of the interaction.

Target atom ~ Projectile

-~ vo,E Mo M
¢z\\ 22 vo.Eo

# _—‘_\KQ: ______ bl

O

Figure 2.1: Schematic representation of an elastic collision between a projectile of mass M;, velocity v,,
and energy E, and a target mass M, which is initially at rest. After the collision, the projectile and the
target mass have velocities and energies, vy, E;, and v,, E; respectively. (Chu, et al. 1978)

4

In this figure, 9 is the backscattering angle. Using equations for the conservation of
‘momentum and the conservation of energy we can find a kinematic factor, K, which is the -

ratio of the energy after collision to the incident energy.

- 1 -2

(M% —Ml2 sin? ©)2 + M, cos@] 2.1)

M2+Ml

2

E
K ==L =
M. Eo

Values for K are tabulated for all elements for a variety of backscattering angles ().

Measuring the energy of the He ions backscattered from the sample allows the

13



composition of the sample to be determined because it is only a factor of the mass of the
target atom, mass of the backscattered ion and the angle. When a sample contains more
than one element and their masses differ by only a small amount AM,, interpretation of the
RBS spectra can be diﬁcult. Figure 2.2 shows the variation of K with target mass for ‘He

ions.

0.9

0.8

0.7

0.6

M2 0.5
o 0.4
03

0.2

0.1

0, | | |
0 s0 100 150 200

0, M2 200,

Figure 2.2: Kinematic factor versus target mass for “He projectiles calculated for a 170° scattering angle.

From this figure, it is clear that the difference in energy of the backscattered ion.will be
much smaller for two heavy elements than for two light elements or a light and a heavy
element. For this reason, it can be difficult to separate spectra resulting from two heavy

elements with similar mass.
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The composition ratio of a compound sample can be determined because the number of
. . . . . do
backscattered ions is dependent on the differential scattering cross section, ok of the

target elements. The differential scattering cross section is defined as the ratio of the
number of particles scattered into the direction, 6, divided by the incident flux and can be
estimated as shown in equation 2 for systems where the mass of the target atom is much

larger than that of the incident ion.

2\ 2 2
do = (Z'Z—ze) o| sin™* 9_ 2[ M, j 2.2)
dQ 4E 2 M,

If d€ is the solid angle spanned by the detector, then Z—; can be interpreted as the

probability that the incident particle will be elastically scattered into the solid angle of the
detector and therefore be detected. Equation 2.2 clearly shows that the backscattering
yield will be greater with ﬁeavier incident ions and heavier térget atoms. RBS is much
more sensitive for heavy target elements. The yield also increases with decreasing energy,

due to the inverse proportionality, and with decreasing scattering angles, due to the

inverse proportionality with sin“g . Because the probability for scattering, and therefore

the height of the signal, is proportional to the square of the atomic number of the target
element, the composition of the sample can be determined byv the ratio of the heights of the

- signals divided by the ratio of the atomic numbers.
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Hy Zs N, (2.3)

— 4 ¢ =
HB Zj NB

RBS can also provide a depth profile of the composition of the sample. This is
possible because as the He ion moves through the sample it loses energy through inelastic
collisions which do not greatly affect its trajectory. An ion which scatters off the surface

of the sample has more energy than an ion which travels a distance through the sample
before being backscattered. The energy loss, ’ of the ion is dependent on the

composition of the material through which it is passing. The energy loss is expressed as
the volume density of the material, N, multiplied by the stopping cross section, €. The
stopping cross section is tabulated for all elements for a range of incident energies.
Determining the energy losg in a compound requires the use of Bragg’s rule. The stopping

cross section and energy loss are calculated as follows for a compound AnB,.

A B
emn _med L y.B

AB AB
—dE(AB)=N”’”oa”’”
dax mn
‘e AE :
" AB AB (2.49)

N mneg mn

Figure 2.3 shows a schematic representation of backscattering from a multilayered thin

film system.
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(o)

(b)

YIELD

YIELD

KsEo  KgEo K;Eo
ENERGY

Figure 2.3: Schematic representation of the backscattering spectrum of a bilayered film on.a substrate S.
The monoisotopic element A is the heaviest, B is intermediate, and S is the lightest. (b) Spectrum for a
sample without the intermediate layer B. (c) spectrum for a sample without the top layer A. (Chu, et al.
1978)

This spectrum shows how the presence of an overlayer affects the speétra from the layers
underneath. The three labeled energies on the x-axis represeht tlhe backscattered energy of .
the incident ion if those layers were on the surface. The top layer is unaffected and the
measured energy is what is expected from the kinematic equation. In figure 2.3a, the

| energy of the backscattered ions frorh layer B is not the same as in figure 2.3c _when layer -
B is on the surface. This reduction in energy is due to énergy loss as the ions travel

through layer A to reach layer B. The ion no longer has energy E, when it reaches the

17



interface between layers A and B, therefore it is backscattered with less energy. The

backscattered energy can be calculated if the energy loss through the top film is known.
EI = K(EO - AEAM) - AEAoul (2'5)

The backscattered ion continues to lose energy as it travels back out of the sample, thus
decreasing the measured energy, E,, even further. Determination of the composition and

thickness are not affected.

Figure 2.4 shows an exarhple of how the RBS spectra can change as a new phase forms
in a multilayer sample. In this case, Ni was deposited on Si and then annealed at 250°C.

At this temperatures Ni,Si begins forming at the interface between the Si and Ni.

vt 1 1t t b 1T 1
2.0 MeV
7 si | NS0 e —
-
2 ol L nissi Mg —
x s %
- « As deposited 2 .
g « 250°C, 1 hour ! L
8 8 x 250°C, 4 hours ‘e s ' —
- i"?l' [}
5
> ot .
g °r 3 fT
8 t“" oy :
3 4 M._ " —
x [ Toe 3
& W ve .
g: ‘o. *
2 — q :.o . —
‘Kv l:. :
P W'Y e .
AN T A
0.4 0.6 0.8 1.0 1.2 1.4 1.6
Energy (MeV)

Figure 2.4: RBS spectra of a 2000A Ni film on Si before and after annealing at 250°C for 1 and 4 hours.
(Chu, et al. 1978) '
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The spectrum taken after annealing for one hour shows a very distinct step down at the
end of the Ni ‘signal and a new step at the front of the Si signal. This is a very clear
indication that a new layer has formed between the Si and the remainder of elemental Ni.
The composition of this new layer can be determined by a ratio of the heights of the two
new areas. The thickness can be determined by calculating the energy loss for this region.
The abruptness of the steps indicates that the interface is planar over the area within the
RBS beam and that t_here is littleidiﬁi.lsion beyond this ne\;v layer. The observation that the
height of the Ni peak did not decrease anywhere else also indicates that there is no
diffusion into the remainder of the Ni. After the sample has been annealed for an
additional three hours the new layer grows in thickness, however, the height ratio does not
change indicating that the composition 6f the new layer is still Ni;Si. The observation of
distinct steps in reacted samples is é useful tool for determining the presence and

composition of new phases.

2.2 X-ray diffraction

While RBS provides a convenient method for observing diffusion in thin film systems,
x-ray diffraction affords an easy method to determine whether the composition is changing
only by diffusion or if new phases are forming. The details of x-ray diffraction are covered

in depth in a text by B.D. Cullity (Cullity 1978).
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When x-rays are incident on a crystal they can be diffracted by the lattice planes of the
crystal. If the wavelength of the radiation is on the order of the spacing between the

planes, constructive and destructive interference will take place, as shown in figure 2.5.

plane normal

Figure 2.5: Diffraction of x-rays by a crystal (Cullity 1978)

Structure analysis involves using x-rays of a known wavelength and measuring the angle
of the constructively diffracted beam. This provides information about the lattice spacing
through the application of Bragg’s law: A =2dsin 8, where d is the lattice spacing. The
diffraction angles are determined only by the size and shape of the crystal cell and can
easily be calculated using Bragg’s law if the crystal structure is known. The intensities of
the peaks are more difficult to calculate, because they depend on the positions of the

atoms in the cell and the atomic scattering factors of the various elements.

The diagram and formula above give an idealized picture. In a real crystal there are
many imperfections which result in variations in peak width and location. The peak width

is affected by several variables including the x-ray source size and angular spread, defects, -
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and strain. The monochromatic x-ray beam which is used is never perfectly
monochromatic or parallel. This means that there is some spread in the diffracted beam
which increases peak width. Imperfections in the crystal also play a role. Defects, such as
dislocations, will cause the diffraction condition to be met for a small spread of angles.
Also, if the crystalé are too small there will be incomplete destructive interference adding
to the width of the peak. As the crystal géts smaller the peak width will increase. The
relation between peak broadening, B, and the diameter of the crystal particle, t, is shown

below.

094
t cos@

(2.6)

The broadening caused by the particle size, B, must be separated from other causes of
broadening. This can be done by measuring the peak breadth for the sample, By, and for
a standard, B,. The broadening due to particle size can then be determined from the

!

equation below.
B* =B}, -B: 2.7

Strain in the crystai also affects the peak. Uniform strain causes the lattice Spacing to
increase or decrease, thus shifting the peak, while nonuniform strain causes some lattice -
spacings to increase while others decrease or do not change. This result§ in an increase in
peak width. The relationship between the nbnuniform strain and the peak width is given

below.

B=A29=—2—4§tan9 (2.8)

21



i

Deconvoluting all of these contributions to the f)eak width is diﬁicult.' In most cases a
sample will .exhibit broadening due to the particle size and strain, in addition to the

inherent instrumental broadening. If the instrumental broadening is known, then these
contributions can be separated using a Fourier analysis technique initially develbped by

Scherrer (Klug and Alexander 1974; Warren 1969). These mathematical methods were

developed for powder diffraction.

X-ray analysis is used to determine whether new phases have formed or only diffusion
is taking place_. When a metal is deposited near room temperature it is generally
polycrystalline. An x-ray spectrum will show several peaks corresponding to different
lattice spacings. If diffusion is taking place, the peaks of the metal element will shift as the
addition of a new element causes an increase or decrease in the lattice parameter. If a new
phase forms, the peaks indicaﬁve of the metal element will decrease while new peaks
corresponding to the new phase will begin to grow. All of the experimentally measured,
and some calculated, x-ray spectra are catalogued in the powder diffraction data file. This
aids in the identification of phases because it is not necessary to calculate the spectrum

from the crystal structure in most cases.

Most x-ray structure analysis is performed in a diffractometer with the geometry shown
in figure 2.6. In a diffractometer, x-rays with a known wavelength are incident on a
sample with unknown crystal structure. The angles of the diffracted beams are then

measured and the crystal structure can be determined.
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Figure 2.6: The x-ray spectrometer, Bragg-Brentano configuration (Cullity 1978)

The 6onﬁguration shown in figure 2.6 is called a Debye-Scherrer camera or the Bragg-
Brentano configuration. The detector and sample are coupled so tﬂat rotating the detector
by 2x degrees causes the sample to rotate by x degrees. (For this reason it is aiso )
commonly called 6-20 diffraction.) This coupling preserves focusing conditions énd
assures that all diffraction peaks are measured. This geometry works well for most
applications, but it is not optimum for analysis of thin film systems on single crystal
substrates. Because the film can be very ‘thin., fhe diffracted intensity will be small and
perhaps undetectable. Also, when using a six;gle crystal substrate the diffracted intensity

from the substrate will be very large and overwhelm all other signals.

To overcome these disadvantages a Read camera is often used to analyze thin film
systems. ‘Figure 2.7 shows the glancing angle geometry of this diffractometer. In this case
the x-ray source and sample are held fixed and only the detector is rotated. The x-ray
beam is incident on the sample at a small (usually 1°-3°) angle. This increases the path

length of the x-rays in the thin film and thus increases the intensity of the diffracted
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Figure 2.7: Schematic diagram of the geometry of the Read camera (Lau, et al. 1974)

beam. The Read geometry still limits detection to films thicker than approximately 200-
500A (Lau, et al. 1974). This geometry also never satisfies the diffraction conditions for
the single crystal substrate, so these peaks will not overwhelm the signal from the thin
film. This can be a disadvantage. However, if the new phase is epitaxial with the

substrate the diffraction pattern may show no peaks at all.

2.3- Complementary techniques

RBS and x-ray diﬂ‘ractipn provide much useful infonﬁation regarding the development
of the thin film system. They do not easily provide information on lateral uniformity or
morphology at the interface, and the depth resolution is limitéd to approximately IOQ A
Also, these techniques can not identify low level contaminants in the system or on the

surface.
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~ 2.3.1 Transmission Electron Microscopy (TEM)

TEM is a very complex, far-reaching technique and it can provide a great deal of high-
Spatial-resolution information. It is, however, a very time and labor intensive technique
and it is much better to use other techniques first to determine the basic characteristics of
the system. It is also important to remember that it only analyzes very small volumes of
material. Only the very basic issues which apply to the characterization used in jthis study
will be discussed here. In the TEM, a monoenérgetic beam of electrons is impinged upon
a very thin sample. The electrons are diffracted as they travel through the material.
Electromagnetic lenses are then used to focus the electron beams into a diﬁ"raction pattern
or an image. This diffraction pattern provides information about crystal structure, much in
the same way as x-ray diﬁ‘raction. The image of the sample can provide information about
morphology, crystal structure, and epitaxy on an afomic scale. At the highest
magnifications, the epitaxial relations between the substrate and the film can be observed.
TEM provides a method to observe the lateral uniformity of the system and venfy phgse

formation and epitaxial rélationships.

2.3.2 X-ray Photoelectron Spectroscopy (XPS or ESCA)

In XPS, electrons are ejected from the sample due to bombardment by monoenergetic

x-rays. This is primarily a surface technique because the photoelectrons can only escape
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from approximately 2-20 atomic layers. The kinetic energy of the ejected electron depends

on the energy of the x-ray and the binding energy of the electron.
KE=hvo-BE - 2.9)

The binding energy differs depending on which element the electron was ejected from.
Thus, a measurement of the kinetic energy and a knowledge of the x-ray energy allows the
determination of the composition. The binding energy changes slightly depending on the
bonding configuration of the atom. By measuring the chemical shift it is possible to
determine what chemical environment the atom is in. Depth profiling can be done by
sputtering the sample and then sampling the newly exposed surface. This may not give a
valid picture of sample composition because of differential sputtering rates. The
sensitivity of XPS is between 0.01 and 0.3 % depending on the element observed. XPS is
a useful technique for observing the presence of contaminants or oxides on the surface of

a sample.
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3. Metal contacts on semiconductors

Contact behavior is interesting from a scientific standpoint because metal-
. semiconductor reactions affect the electrical behavior of the contact. The studies of Pt
and Pd on Si and GaAs have aided in the development of theories for determining
Schottky barrier heights. Gaining information on how these barriers form on ZnSe will
help determine which theories are correct and promote the development of new contacts.

Many characteristics affect the quality of a metal contact. A contact for a device must
provide the proper electrical behavior, have a shallow depth and lateral unifomﬁty, and be
resistant fo mechanical stresses. In the case of II-VI materials, the metal must be very
ductile or well-matched in thermoelastic properties to prevent injection of defects inoth
the II-VI material. The contact must also not‘ degrade due to thermal stresses or ambient
exposure. In order to understand how a contact will behave during use, it is _vital to study
its thermal stability and electrical behavior. Pt and Pd contacts on Si and GaAs have been
studied in depth because they have been widely used in devices. In-depth studies of
thermal stability and phase formation for contacts on ZnSe have not been done, partially
because of the lack of high quality material for practical device development. As more
devices are developed, it is essential to increase the understanding of contact systems on

this semiconductor.
3.1 Overview of Pt and Pd silicides

Aluminum provides low resistivity, good processability, and was until recently almost

exclusively used as a metal contact on Si until decreasing device dimensions caused
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‘problems due to electromigration and spiking of aluminum through the contact.
Investigations began to focus on the behavior of metal silicides as an alternative to
alurhinum contacts. Silicides are now often used for reliable Ohmic contacts and Schottky
diodes. They are used in a multilayer structure with Al. The silicide acfs as a contact layer
and diffusion barrier between the Si and the Al interconnect. Pt and Pd silicides in

particular have generated interest because of their good thermal and electrical stability.

3.1.1 Phase formation behavior

Pt has been observed to react with underlying Si to form Pt,Si at temperatures as low

as 200°C (Muta and Shinoda 1972). The Pt,Si grows until all of the Pt has been

consumed (Canali, et al. 1977; Cnider and Poate 1980; Hiraki, et al. 1971; Wittmer 1983).
PtSi then begins growing from the Pt,Si-Si interface, until all of the Pt,Si is consumed.

The RBS spectra in figure 3.1 show the stages of the reaction for isothermal anneals at
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Figure 3.1: Backscattering spectra of samples annealed at 350°C for different times. The as-deposited Pt
layer is 27004 thick. For clarity in the silicon spectra, only a few cases are reported. (Canali, et al. 1977)



The first distinct step down in the RBS spectra indicates the formation of a Pt,Si layer.
The final lower and wider step indicates a one to one ratio of Pt and Si in the final phase.
A thin layer of SiO, has been observed to cover the PtSi layer after annealing (Bindell, et
al. 1976; Poate and Tisone 1974; Rand and Roberts 1974). This has been observed in
RBS spectra, Auger spectra, and etching behavior. A slight depre_ssion m the Pt sigr;al at
the surface has been seen in RBS spectra and interpreted as‘an okide layer at the surface
(Bindell, et al. 1976). This interpretation is supported by an O surface signal which
appears in an Auger spectrum of annealed PtSi. Rand and Roberfs (Rand and Roberts
1974) propose that this is due-to fast Si diffusion along the érain boundaries to the surface
“where it'is oxidized. They observed that PtSi is easily etched by aqua regia only if this
oxide layer is first removed by a buffered HF etch. |
The activation energies for the growth of Pt,Si and PtSi are very similar and have been
reported between 1.3 and 1.6 eV (Bindell, et al. '1976; Canali, et al. 1977, Crider and
Poate 1980; Poate and Tisone 1974; Wittmer 1983). Figure 3.2 shows data for the
growth rates of the two phases as determined by several groﬁps. The growth rates are the

same regardless of the substrate orientation (Canali, et al. 1978; Poate and Tisone 1974,
Wittmer 1983). The growth of Pt,Si follows an X 2 = Dt relationship, where X is the
film thickness, D the diffusivity, and t the time. PtSi follows an X* =D(r—¢,)

relationship where t, is the time required for the growth of the Pt,Si layer (Crider and
Poate 1980). This square root of time dependence is indicative of a diffusion limited

growth process. The heat of formation of Pt,Si is higher than PtSi, therefore the initial
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growth process must be dominated by reaction kinetics rather than thermodynamics since
the Pt,Si grows first (Canali, et al. 1978). An experiment utilizing radioactive 3ISi

was used to determine that Pt is the diffusing species in this reaction (Pretorius 1981).
The radioactive Si decays by the emission of a beta-particle with a half life of
approximately 2.6 hours. This means that all experiments must be performed within a
time window of about 15 hours, while there is still enough radioéctivity to measure. A
layer of >'Si was deposited before the Pt layer and then the system was annealed. The
activity profile measured after annealing indicated that the majority of the *'Si was
segregated to the surface, indicating that the metal is the diffusing species (Comrie and
‘Egan 1988).

Some studies reported the initiation of growth of the second phase, PtSi, before the
complete consumption of Pt b'y Pt,Si (Bindell, et al. 1976; Muta and Shinoda 1972; Poate
and Tisone 1974). This was most likely due to the presence of impurities at the interféce
or in the depositéd Pt. Crider, et al. (Crider and Poate 1980), showed that as the Pt,Si
phase grew, impurities such as O and Al were segregated to the Pt-Pt,Si interface. Figure
3.3 is an Auger spectrum indicating the expulsion of O from the Pt,Si phase. Canali, et al.
. (Canali, et al. 1977), postulated that the accumulation of impurities may have hindered the
Pt,Si growth and allowed PtSi to begin growing before complete consumption of the Pt.
| Crider and Poate (Crider and Poate 1980) indicated that various surface conditions do not
greatly affect the phase sequence, therefore this effect must be due to impurities within the

Pt film. In their studies, higher O, contamination of the Pt resulted in lowered diffusivities
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(D) for both Ptzsi and PtSi, and therefore slower growth rates. A sufficiently high level of

contamination resulted in a PtSi layer growing before the Pt was completely transformed
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Figure 3.3: Pt, Si, O, and Al intensities versus sputtering time obtained by Auger spectroscopy in a Si
(bulk)/Pt,Si/Pt structure. (Canali, et al. 1977)

to Pt,Si.

A preferred oﬁentatiqn of PtSi films has been observed in a few studies (Nemanich, et
al. 1987, Sinha, et al. 1972). This orientation seems to be dependent on the thermal
history, mode of preparation, and orientation of the substrate. A preferred orientation

appeared in silicide films which were annealed at temperatures of about 300°C and

transformed directly to PtSi.
Pd silicides have also been used as Schottky barriers and Ohmic contacts. Pd,Si
provides an alternative to PtSi. Their electrical behavior is similar, however Pd,Si is stable

up to 700°C, it can be fabricated at lower temperatures, and the etchant used to remove

excess Pd is less corrosive and is compatible with photoresist. The formation of Pd,Si has
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been reported during deposition at room temperature (Buckley and Moss 1972; Fertig

and Robinson 1976; Ho, et al. 1979). Pd,Si is usually formed by annealing at 100-200°C.
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Figure 3.4: RBS spectra for Pd on Si annealed at 200, 250, 275, and 300°C for 30 minutes. (Clement, et
al. 1988)
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Figure 3.5: Auger spectra for Pd on Si annealed at 200, 250, 275, and 300°C for 30 minutes. (Clement,
et al. 1988)

The RBS and Auger spectra in the figures above show the growth of Pd,Si during

isochronal anneals. The distinct steps in the RBS spectra clearly indicate the composition

33



and thickness of the newly forméd phase. Note that the Pd,Si-Si interface remains very
abrupt during growth, while the Pd-Pd,Si interface becomes more sloped as the reaction
proceeds. The more sléped region indicates a diffusion gradient and thué a wider
interface. This may be due to differing growth rates between crystallites (Clement, et al.
1988).

Pd,Si is stable up to approximately 700°C, when PdSi nucleates at damaged areas
along the substrate surface. PdSi can also be formed directly from the Pd-Si structure by
annealing at temperatures between 735 and 840°C. Extended annealing at high
temperature résults in a microstructure of PdSi islands (Hutchins and Shepela 1973).

The activation energy for Pd,Si growth has been measured at. approximately 1.4 eV by

several groups (Fertig and Robinson 1976; Little and Chen 1988) as shown in the
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Figure 3.6: Arrhenius plot of the diffusion coefficient, D, characterizing the formation of Pd2Si on <111>
Si. The AES data is fitted by the solid line with slope proportional to E,=1.440.2 eV. for comparison, the
broken line and associated data points were found from the study by Bower, et al. (Fertig and Robinson
1976)
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Arrhenius plot above. The growth rate is independent of substrate orientation. The
presence of an oxide between the substrate and Pd caused a delay in the onset of silicide
formation, but once the silicide formed, the rate of growth was the same (Bower, et al.

1973).

AN
Pd,Si growth also follows a X* = Dt dependence. Figure 3.7 shows the linear

dependence of thickness squared with annealing time for various temperatures and

substrate orientations.
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Figure 3.7: The figure shows the square of the energy loss AE in the silicide region (left scale) and the
corresponding Pd2Si thickness (right scale) as a function of heat treatment time. Data points for four
temperatures and a variety of Si substrates are presented. The horizontal scale is segmented at two points.
(Bower, et al. 1973)

This dependence indicates that the formation of this silicide is also diffusion dependent.

Radioactive Si tracer experiments have shown that an initial layer of >'Si between the
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substrate and Pd results in a uniform distribution of *!Si in the silicide phase (Comrie and
Egan 1988). This indicates eith‘er Si diffusion during growth or a high self-diffusion rate
of Si in the Pd,Si. Supporting experiments show that Si does not have a high self-
diffusion rate at the temperatures used, therefore the *'Si must diffuse by the vacancy
mechanism during silicide formation.

Pd;Si films often grow with a preferred orientation. Oriented grains are observed in
silicides grown on <100> and <110> oriented substrates and Pd,Si grows epitaxially on
<111> oriented substrates. Channeling experiments have shown that the film is rhost
epitaxial on <111>, while the ﬁlm is least oriented when grown on amorphous

substrates(Bower, et al. 1973; Hutchins and Shepela 1973; Sigurd, et al. 1974). This
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scattering from surface atoms. (Sigurd, et al. 1974)
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epitaxial alignment becomes more pronounced for anneals at higher temperatures, as
_shown by the channeling data above. The varation in preferred orientation is also seen in
the relative full width half maximum (FWHM) of the primary x-ray peak. The FWHM is
only 1.3° for the silicide on the <111> oriented substrate, while it increases to 10.5° for
the <110> and <100> oriented substrates, and. 18° for a film grown on the amorphous
substrate (Bower, et al. 1973). The relative crystalline perfection of this silicide affects its
stability at high temperatures. PdSi nucleates at lower temperatures on Pd,Si grown on
<110> and <100> substrafes. It also nucleates uniformly along the sample surface,

whereas on the <111> oriented sample PdSi nucleates only at damaged areas.

3.1.2 Electrical Characteristics

The electrical behavior of PtSi is of special interest because it is stable up to high
temperature. The barrier height of Pt on n-type Siis 0.9 eV (Sze 1981). After annealing
the Schottky barrier height decreases to 0.87 eV when PtSi forms at the interface (LaVia, |
et al. 1988; Ohdomari and Tu 1980; Toyama, et al. 1985). The sheet resistivity of PtSi is
152:5uQcm (Sinha, et al. 1972). Annealing PtSi causes this reSistivity to decrease slightly
and then increase dramatically as shown in figure 3.9. The decrease is attributed to grain
growth and a decrease in the grain boundary contribution to resistivity. The final increase
is seen mainly in thin films (~20nm) and is due to agglomeration which causes voids in the

film.

37



One of the reasons Pd,Si can be substituted for PtSi is that their barrier heights are
similar. As deposited, Pd on n-type Si gives a barrier height of 0.86 eV. After annealing,

the formation of Pd,Si results in a decrease of the barrier height to 0.74 eV (Fertig and

80 . -
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Figure 3.9: Change in sheet resistance of PtSi films vs. annealing temperature. The annealing was done
for 10 minutes at 700°C, and 1 hour each at 800, 850, and 900°C. O represents 900A thick PtSi and O
represents 200A thick PtSi. (Sinha, et al. 1972)

Robinson 1976; Okumura and Tu 1983). This decrease may be due to part of the contact
initially being covered by a native oxide, which is reduced during annealing. Figure 3.10
shows typical C-V data for a Pd,Si contact. This data gives a barrier height of 0.74 eV.
The observed dependence of the current density on the applied voltage indicates that

thermionic emission is the dominant current flow mechanism (Kircher 1971). The
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measured sheet resistance for Pd,Si is 40 pQcm and the contact resistance is 4 uQcm’

(Kircher 1971) for a doping level of 2x10%° cm™.
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Figure 3.10: Capacitance-voltage data for reverse biased Pd,Si/Si diodes. (Kircher 1971)

3.2 Overview of Pt and Pd on GaAs

Contacts for GaAs applications have grown in importance as GaAs has become more
widely utilized. In order to guarantee the continued performance of these systems, it was
vital to understand the stability of these metal systems. Near-noble metals have been used
for contacts because of their ease of deposition, low reaction témperature with GaAs,

ability to form compounds with GaAs, and resistance to oxidation.

3.2.1 Phase formation behavior
Pt/GaAs contacts have been widely used as Schottky barriers in Impatt diodes for
microwave applications (Poate, et al. 1978). The degradation of these diodes and

increased barrier heights have been observed after annealing. This is due to the
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interdiffusion and phase formation taking place in the system. At temperatures as low as

~ 250°C shifts of the Pt x-ray peaks are observed as Ga diffuses into the Pt and changes the
lattice parameter. This is followed by precipitation of a PtAs, phase at the interface and
Pt;Ga in the Pt film (Fontaine, et al. 1983; Kumar 1975; Murarka 1974). The diffusion of
Ga slows down dramatically as it has to diffuse through the PtAs; layer. Ga continues to
slowly diffuse through into the Pt, and at completion of the reaction a layered structure
exists with PtAs; in contact with the GaAs, and a PtGa layer on top. Films greater than
0.2um do not react to completion beéause of the inability of Ga to diffuse through the
PtAs; layer. The x-ray spectra below shows the phase progression during the reaction and

the RBS data shows the depth distribution of the components.
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Figure 3.11: RBS spectra using 2.3 MeV ‘He" ions of 1000A Pt/<100> GaAs sample before and after
annealing. (Fontaine, et al. 1983) -

The RBS spectra in figure 3.11 shows that a large amount of GaAs is consumed in the

reaction. Several studies have shown that for a complete reaction, the thickness of GaAs
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consumed is approximately twice the thickness of the Pt film (Kumar 1975; Sinha and
Poate 1973). Fontaine, et al. (Fontaine, et al; 1983), suggested that the PtAs, may form
next to the GaAs because this interface has a lower free energy than a GaAs-PtGa
interface. Sands, et al. (Sands, et al. 1987b), postulated that this st'ratiﬁcaﬁon was simply
due to the relative diffusivities of the various elements. Ga diffuses much more quickly
than As, and thus can diffuse into the Pt in much greater quantity. They supported this by

the observation that if a native oxide is present, that oxide remains between the PtAs,
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Figure 3.12: Glancing angle Seeman-Bohlin x-ray diffraction spectra of a 1000A Pt/<100> GaAs sample
before and after annealing. (Fontaine, et al. 1983)
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layef and the PtGa layer. This indicates that the Ga is diffusing out of, while the Pt is
diffusing into the GaAs. The presence of a native oxide does not affect the rate of
reaction. Etched, unetched, and backsputtered samples all beh.aved similarly (Murarka
1974). The reaction was slowed, however, if the samples were pre-annealed in air
(Kumar 1975). Ellipsometry measurements of the oxide showed that the thickness only
increased by approximately 5 A, but the oxide became denser. This pre-annealing did not

change the final products of the reaction, it only slowed the onset.
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Figure 3.13: Arrhenius plot for the time to react a specified amount of GaAs with Pt. (Coleman, et al.
1974)
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Measurements of the activation energy are not in complete agreement. Coleman, et
al.(Coleman, et al. 1974), measured the growth rate for various thicknesses and
temperatures. The Arrhenius plot of their data is shown in figure 3.13. They determined
an activation energy of 1.63 eV. Kumar (Kumar 1975), however, found an activation

enefgy of 2.3 eV.
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Figure 3.14: Time for complete reaction of P/GaAs as a function of temperature. (Kumar 1975)
He observed that the reaction times do not all lie on a straight line, thus implying that this

is not a singly thermally activated process. Other groups also observed that at low

temperatures the reaction took a very long time (Murarka 1974). At temperatures
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between 200 and 250°C, the process was observed to take approximately 100 hours. The
reaction is seen to follow a X* = Dt dependence, indicating that it is also diffusion
limited (Coleman, et al. 1974). Some texturing of the PtAs, was observed, howevef the
film is not epitaxial (Fontaine, et al. 1983; Sands, et al. 1987b). |

A number of Ohmic contacts to GaAs have been developed using Pd as well. Early
studies of the Pd-GaAs interface system detected the presence of PdAs; and PdGa phases
after annealing at temperatures below 350°C (Olowolafé, et al. 1979; Oustry, et al. 1981).
These phases were identified through the use of x-ray diffraction. Figure 3.15 shows an
RBS spectrum after annealing at 500°C. The very slanted profile makes it difficult to

estimate compositions or determine if these binary phases are present.
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Figure 3.15: He-ion backscattering spectra for a Pd/GaAs sample before and after annealing at 500°c for
5 minutes. (Olowolafe, et al. 1979)

Further studies utilizing tools such as TEM and energy dispersive spectroscopy showed
that rather than PdAs, ternary PdGaAs phases were formed. At temperatures below
250°C a hexagonal, oriented ternary phase is nucleated (Delrue, et al. 1985; Kuan, et al.

1985; Lin, et al. 1988; Oelhafen, et al. 1983; Sands, et al. 1985; Sands, et al. 1987a). This

phase, designated phase I, has the approximate composition Pds(GaAs),. The x-ray



peaks from this phase coincide with the major peaks from PtAs, which may explain the
earlier misassignment. The exact composition is still under debate and the phase appears

to exist under a range of compositions (Sands, et al. 1987a). Sands, et al. (Sands, et al.

1987a), reported that this phase forms in grains which are each slightly misoriented and do

GaAs
as deposited *

Figure 3.16: Cross-sectional TEM micrograph of phase I layer formed during deposition of Pd onto (100)
GaAs. (Sands, et al. 1987a)

not make a complete layer at the interface. The native oxide layer is visible above this
ternary layer and does not inhibit the reaction (Lin, et al. 1988). Above 250°C a second
ternary phase, phase II, nucleates at large-angle grain boundaries in the phase I film (Lin,
et al. 1988; Sands, et al. 1987a). This phase is not epitaxial, and with annealing at higher
temperatures is the only phase observed. Its composition is not fixed and ranges between
Pd,GaAs and Pd,GaAs. Finally, at anneals above 400°C a PdGa phase grows as the
As:Ga ratio drops due to sublimation of As from the film. The final products in this
reaction are dependent on the énnealing ambient. Films annealed in vacuum lose more As
and are dominated by a PdGa phase, while films annealed in forming gas have more As

retained and the ternary phase is still observed (Kuan, et al. 1985). The final components
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of films annealed with an SiO; cap are PdGa and PdAs, (Yu, et al. 1986), because little
As is lost during annealing. Yu, et al., (Yu, et al. 1986) also repoft that there is some
stratification of the two phases, with the surface région being PdGa rich, while the

interface region is PdAs, rich.

Figure 3.17: Cross-sectional TEM images showing phase II penetration. (Sands, et al. 1987a)

Activation energies for these reactions were not measured. Tﬁe native oxide layer
which is seen above phase I disperses and voids are visible above the layer after annealing
* at 220°C. This indicates that the Pd is the moving species at low temperature (Sands, et
al. 1987a). Olowolafe, et al., (Olowolafe, et al. 1979) observed that there is
simultaneous interdiffusion of Pd, Ga, and As. Their Auger spectra, shown in figure 3.18,

indicate outdiffusion of both Ga and As along with penetration of Pd into the GaAs layer.
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Figure 3.18: A series of Auger sputter profiles showing contact reactions in Pd/GaAs junctions as a
function of annealing time at 300°C. (Olowolafe, et al. 1979)
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3.2.2 Electrical Characteristics

The electrical behavior of Pt on GaAs has been studied in great detail in an attempt to
help develop models of Schottky barrier formation. Unlike Pt on Si, the barrier height for
Pt on n-type GaAs increases after annealing. As deposited Pt on n-type GaAs has a
barrier height of 0.84 eV. After annealing, the barrier height increases to 0.89 eV due to
the formation of PtAs; at the interface (Sinha and Poate 1973; Sze 1981) and the
dispersion of any oxide (Yu, et al. 1987). Pt on p-type GaAs has been reported to form a
good Ohmic contact (Okumura and Tu 1987; Poate, et al. 1978). The barrier height has
also been reported at 0.48 eV (McCants, et al. 1987) for a 0.67 monolayer coverage.
Theoretically the barriers on n-type and p-type should add up to the band gap energy,
therefore the p-type barrier height is expected to be 0.5 eV. The lower barrier may mean
that the pinning levels are different between n and p type (Okumura and Tu 1987). The
initial barrier height on n-type GaAs has been observed in systems with a coverage of less
than one monolayer (McCants, et al. 1987). Aydinli and Mattauch (Aydinli and
Mattauch 1982) report that the barrier height is also dependent on the initial surface
termination of the GaAs. Surfaces which are Ga rich have a higher barrier height than
those that are As rich. The barrier height has also been measured using the photoresponse
technfque (Fontaine, et al. 1983; Okumura and Tu 1987), in this case the barrier height
was measured to be 0.9 eV both as deposited and after annealing. These groups argue
that this method is more accurate because it is not affected by defects at the interface.

Murarka (Murarka 1974) has shown that continued annealing of the system causes a

degradation of the barrier. This is not due to continued reaction at the interface, but
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instead to diffusion of oxygen through the Pt layer and into the GaAs. The oxygen acts as
a deep donor. Systems which are annealed in vacuum, rather than air, do not exhibit this
degradation. The sheet resistivity also changes with annealing time as shown in figure

3.19.

o I 2 3 4 5 6 7 8 9 0
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Figure 3.19: Sheet resistivity of platinum film on 7-GaAs as a function of time of anneal in air at
different temperatures. (Murarka 1974)

These results show that at 350°C the reaction to form PtAs, and GaPt; is very fast. The
resistivity then decreases slowly as the reaction proceeds towards completion and the final
products of PtAs; and GaPt.

The electrical behavior of Pd on GaAs has not been studied in as great a detail. Pd on
n-type GaAs forms a barrier height of 0.865 eV, which does not change during anneals up
to 350°C (Hokelek and Robinson 1981; Yu, et al. 1987). The barrier height is fixed
~ because the reaction at the interface has already occurred during deposition. Anneals
above 350°C cause the degradation of the Schottky contact (Vyatkin, et al. 1981; Yu, et
al. 1987). This is due to the precipitation of binary phases and the creation of a laterally
irregular interface morphology. Vyatkin, et al. (Vyatkin, et al. 1981), found that when
the contact was_annealed in a hydrogen atmosphere it could withstand anneals up to

500°C without any contact degradation. The barrier height on p-type GaAs has been
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reported to be 0.485 eV (Hokelek and Robinson 1981)_, and Olowolafe, et al.
(Olowolafe, et al. 1979), determined that Pd made a good Ohmic contact to lightly doped
(<10'® cm™) p-type GaAs. They reported the contact resistance to be 1.5mQcm. The Pd

sheet resistivity increases with annealing as shown in figure 3.20.
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Figure 3.20: A plot of sheet resistivity, p, versus annealing time at different temperatures. (Olowolafe, et
al. 1979)

The time required to reach the resistivity saturation point corresponds to the time required

to complete the Pd-GaAs reaction.

3.3 ZnSe literature review

Unlike the Si and GaAs systems, there is a dearth of information on metal-ZnSe
systems. The increased ionic character of the bonding in ZnSe provides a new variable
with regard to reaction and Schottky barrier formation. Sands, et al. (Sands and
Keramidas 1994), predict that the driving forces for reaction should be smaller-than the
driving fo;ces for reaction on GaAs. Brllson (Brillson 1982), however, reports that the

diffusion coefficients of metal in II-VI’s are generally greater than those in III-V’s and that
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interdiffusion can be substantial even at room temperature for metals on CdS. The
diffusion coefficients were measured in bulk ZnSe in the early 1960s and may not reflect
the behavior of pure single crystal epitaxial layers. The strength of the chemical bonding
between the metal and semiconductor anion will likély determine the extent of reactive
anion outdiffusion and the concentration of dissociated cations near the interface (Brillson
1982). Electrically,A the wide band gap causes problems for forming good Ohmic and
Schottky contacts. Ohmic contacts to p-type ZnSe are particularly difficult because of the
deep valence band of ZnSe. Because the valence band is deep, relative to the vacuum
level, the offset between the Fermi level of th;a metal and the Fermi level of p-type ZnSe
is very large. The figure below illustrates the large barrier on p-type ZnSe. This offset
lends itself to making Schottky barriers and makes the formation of Ohmic contacts very
difficult. This difficulty exists with all metals because the metal Fermi level is always much

higher than the ZnSe valence band.
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Figure 3.21: Band diagrams for (a) gold/ZnSe (b) gold/p-ZnSe/n-ZnSe heterojunction at zero bias.
Energy offsets are estimates obtained from literature. (L.ansari, et al. 1992)
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Most of the work performed on ZnSe systems falls into two categories: studies of the
interface reaction with monolayer coverages using photoemission spectroscopy, or brief
reports of barrier heights used in studies of electrical properties of ZnSe. No studies have -

been done on the thermal stability of contacts.

3.3.1 Metal contact behavior
Table 3.1 lists known Schottky barrier heights on ZnSe. Most work has been done on
- n-type ZnSe because until recently, p-type was not available. A large amount of interest in
contacts has been generated because of the new found ability to dope p-type using N
radicals in MBE (DePuyadt, et al. 1989). Au and In have been the most commonly used
contacts for n-type ZnSe. Indium has been in use since 1961 and provides an Ohmic
contact (Kaufman and Dowbor 1974; Livingstone, et al. 1973; Wang and Holloway |
1992), however annealing is required. It is stable and Ohmic after anneals up to 350°C,
but above 350°C, the contact resistance increases and it becomes rectifying (Dreilus, et al.
1990). The contact resistance has been measured to be 0.05 Qcm?® at a doping level of
2x10'® cm™ (Wang and HolloWay 1992). Au contacts have been used as Schottky
barriers. Photoemission spectroscopy has shown that deposition of a few monolayers of
Au does not disrupt the surface and that there is an abrupt interface (Anderson, et al.
1989). Mathematical modeling has shown that on p-type ZnSe Au should have a barrier
height of 0.6 eV (Suemune 1993). Au has also been used in more elaborate contact
systems. Several groups have reported that a Au/oxide/p-ZnSe contact, with 50 to 100A

of oxide, exhibits Ohmic behavior (Akimoto, et al. 1991). It has been speculated that the
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Metal | ¢sp n-type (eV) | dsg p-type (eV) || Metal | ¢sg n-type (eV) | dsp p-type (eV)
Al 0.58(Vos, et al. Fe 1.09 (calc)
1989) (Continenza, et
-al. 1990)
Ag 1.06(Vos, et al. Hg 1.4-
1989) : 1.5(Marshall, et
al. 1989)
Au 1.45(Vos, et al. HgSe Ohmic (Hiei, et
1989) al. 1993)
1.41 (Anderson, 0.6-1.0 (calc)
1.35- 1992)
1.4(Marshall, et
al. 1989)
1.5 (Akimoto, et -
al. 1991)
Ce 0.50(Vos, et al. In Ohmic(Dreilus,
1989) et al. 1990)
Co 1.0(Vos, et al. Pd 1.48(Vos, et al.
1989) 1989)
0.98(Anderson, et
al. 1989)
Cu 1 .1(Vos, etal. Pt 1.4 (bulk)
1989) (Mead 1965)
1.1 (bulk) (Mead
1965)
Ti 0.85(Vos, et al.
1989)
0.7 (bulk) (Mead
1965)

Table 3.1: Schottky barrier heights for metals on ZnSe

metal/oxide/semiconductor sequence allows a voltage drop across the oxide which raises

the valence band of the ZnSe above the Fermi energy of the metal as shown in figure 3.22

(Thompson and Allen 1990). Akimoto (Akimoto, et al. 1991) proposed that the oxidized

layer dopes the ZnSe and forms a heavily doped p-type layer at the surface. Considering

the difficulties encountered in attempting to dope ZnSe p-type, this explanation seems

implausible.
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Figure 3.22: Schematic diagram of creation of holes in the valence band of ZnSe by electrons hopping
between defects in an oxide layer. (Thompson and Allen 1990)

Ag has also been foﬁnd to have a nondisruptive behavior when evaporated on ZnSe
(Vos, et al. 1989). This means that the deposition of Ag does not alter the bonding of the
ZnSe as measured by photoemission. It grows as three-dimensional islands.
Photoemission has shown that the barrier height does not change if the Ag is ionized aﬁd
accelerated toward the surface at up to 300-400 eV (Vos, et al. 1990). The long range
order of the ZnSe surface degrades.much more quickly for the ionized deposition,
therefore the constancy of the Schottky barrier height indicaies that the pfoperties of the
metal overlayer are more important than the interface morphoiogy.

Observations of Al, Co, Cu, and Pd with photoemission show that these elements are
disruptive to the surface when evaporated, even when the substrates were held at room
tethperature (Vos, et al. 1989). Co, Cu, and Pd grow in a layer by layer mode, while Al
e?chibits island growth. All four materials show evidence of Zn atoms dissolving into the
growing overlayer, but no new phases are observed. Figﬁre 3.23 shows the photoemission

spectra for these four metals as a function of deposition thickness.
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Figure 3.23: Zn 3d emission as a function of deposition for Al, Co, Cu, and Pd. Surface disruption is
reflected by the appearance of a low-binding-energy component which is related to Zn atoms dissolved in
the surface and near-surface region of the metal overlayer.

.The growing peak on the right side of the substrate peak is attributed to Zn dissolved in
the overlayer. Further study of Co showed that there is segregation of Se to the surface of
the Co layer (Anderson, et al. 1989). Anderson, et al., found that by layering Au and Co
and varying the thicknesses of the layers they could alter the measured barrier height.

They determined that they could slightly lower both the Au and Co Schottky barrier
heights and observed that with Au as the bottom layer, Co still diffused through to

interact with the ZnSe. With Co as the bottom layer, Zn was extracted from the Co layer

into the Au layer.
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Ti and Ce were also studied ﬁsing photoemission and were found to reaét with ZnSe.
The photoemission spectra showed a peak indicating Zn dissolved in the overlayer, and a
peak attributed to a reaction of Zn with the metal (Vos, et al. 1989). All of these
photoemission measurements and the barrier heights determined were done with a
maximum coverage of 15A.

Some more complex, multilayered contacts have also been investigated. A Au/Pt/Ti
contact to n-type ZnSe, with an electron concentration of 2x10" cm™, was found to have
a contact resistance of 3.4x10™*Qcm? (Miyajima, et al. 1992). This contact was stable up

'to 300°C and had good adhesion due to the reactivity of the Ti. Miyajima, et al., put Au
on the contact to allow wirebonding to the device and used Pt as a diffusion bé.rrier.
Ohmic contacts to p-type ZnSe have been developed using graded Zn(Se,Te) or
ZnSe/ZnTe multiquantum wells (Fan, et al. 1993; Hiei, et al. 1993). Au is a good Ohmic
contact to p-type ZnTe and by gradually changing the semiconductor composition to p-
type ZnTe or using a multiquantum well structure it is possible to develop an Ohmic
contact. This structure must be grown in situ aﬁer MBE growth of the desired p-type
ZnSe layer.

Several studies have shown that annealing above approximately 300°C causes a
degradation of the contact (Dreilus, et al. 1990; Heuken, et al. 1992; Miyajima, et al.
1992; Wang and Holloway 1992). Photoluminescence has shown evidence of the
formation of point defects when ZnSe is annealed and it has been postulated that the deep

defects formed are Zn vacancies (Heuken, et al. 1992; Kaufman and Dowbor 1974). It is
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possible that capping the surface during annealing may decrease the formation of these

defects.

3.3.2 Surface preparation methods

Many different methods for the preparation of ZnSe surfaces have been used. Few of
these have been carefully characterized to determine the quality of the surface after the
etch or cleaning. In addition to those mentioned here, the list of ZnSe etchants from
Landolt and Bémnstein vis given in appendix I. Most etchants listed only clean the surface,
they do not actually etch the ZnSe. An actual etchant for ZnSe is a mixture of 1g.
K2Cr,07: 10 ml. H,SO,: 20 ml. H,0 (Dreilus, et al. 1990; Miyajima, et al. 1992). This
etches both ZnSe and ZnTe. ZnSe is etched at a rate of approximately 50-60 A per
minute. Wet etches for cleaning include HF:H,O (1:30) (Marshall, et al. 1989) and
HCLH,0 (1:1) (Dreilus, et al. 1990; Miyajima, et al. 1992) and are used to remove any
oxide or surface contaminants. A solution of Br in methanol has also been used (Al-
Bassam 1990; Livingstone, et al. 1973). ‘The Br in methanol etch has been reported to
leave Se and ZnO on the surface (Livingstone, et al. 1973). The photoemission studies
discussed earlier were performed on metals deposited on a dry etched surface. This
surface was sputtered with 500 eV Ar” ions and then annealed at 400°C for 20 minutes.

The annealing was intended to remove surface damage caused by the sputtering.
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4. Expverimental
4.1 Sample preparation

ZnSe samples were grown by OMVPE by Jim Walker and Edith Bourret at Lawrence
Berkeley Lab. Di-ethyl zinc (DEZ) and di-isopropyl selenide (DISE) were used as
precursors. All samples were grown at a Se/Zn ratio of 4.0, a growth temperature of
464°C, and a chamber pressure of 300 Torr. Growth times varied from 41 minutes to 60
minutes and thicknesses ranged from 0.47 um to 0.9 um . A more detailed specification

of the growth parameters is given in appendix II.

4.1.1 Surface preparation

Several cleaning methods were tri'ed, based on those reported in literature, to obtain
reliable contacts. Degreasing was done with a sequence of solvents. The samples were
first boiled in trichloroethane for three minutes, then boiled in acetone for three minutes,
followed by a final three minute boil in methanol. The samples were then rinsed in room
temperature methanol and blown dry with N;. Table 4.1 lists the variety of wet etches that
were tried along with the experimental parameters used. Only the potassium‘dichromate
etch actually etches the ZnSe, the remainder are for removing oxides or other

contaminants.
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HF vapor -~ - full strength

Quench

Etch ‘Composition l Time (seconds)

distilled H,O

20
HF dip full strength 5-25 distilled H,O
HF dip full strength 10 none
NH,OH:methanol 1:3 10 methaﬁol
NaOH 6M, 100°C 69 distilled H,0O
K>Cr,07:H;SO4H,O | 5 g:50 ml:100 ml 30 distilled H>O

Table 4.1: Wet etches used on ZnSe samples

One dry etch was used. The samples were backsputtered in a model 2400 Perkin-
Elmer sputtering system for 6 minutes. Ar ions were used with a forward power of 100
W. The tune was set to 1238, the load at 860, and the target bias was 650 V. The tune

and load are used to match the impedance of the substrate table system with that of the

coakial cable bringing the RF power from the generator. The tune controls the parallel

capacity in the target circuit, while the load controls the coupling between the primary and
secondary circuits of the network. Profilometer measurements showed that 1900A were

removed in a 12 minute backsputter, indicating that about 10004 should be removed in

the 6 minute backsputter.
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4.1.2 Deposition

Two systems were used for depositing approximately 800A thick Pt and Pd films.
Sputtered films were deposited using the model 2400 Perkin-Elmer sputtering system.

Base pressures were usually around 3x10® Torr. Parameters used for depositing Pt and

Pd are shown in table 4.2.

__L Pt Pd
~ load | 891 o14 |
tune 815 938
forward power (W) 300 300 0
target bias (V) 1500 1500
reflected power (W) 2.5 3.0
deposition rate (A/sec) 93 13.0

Table 4.2: Sputtering parameters

Films were also deposited using the Veeco electron beam evaporator. Base pressures in
the evaporator were usually 5x10” Torr. Pt evaporation was found to be difficult because
of the high temperature required. The Pt source would not give a uniform coating of Pt
unless the source was heated uniformly and the surface was cleaned of contaminants by
rastering the electron beam across it. Both methods gave polycrystalline films with similar

x-ray peak widths. The relative purity of the films was not investigated.
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4.1.3 Annealing

Samples were annealed in a Type 54241 Lindberg Hevi-Duty tube furnace in flowing
nitrogen. The furnace was allowed to reach the desired annealing temperature and then
the sample, in a quartz holder, was inserted. The temperature would initially drop and
then restabilize at the desired temperature in a few minutes. At the end of the annealing
period, the samples were placed at the end of the annealing tube, which was at room
temperature. They were cooled at room temperature in flowing nitrogen for

approximately ten minutes.

4.2 Characterization - experimental setup
42.1 RBS

RBS was performed with the system at LBL. Spectrometry measurements were
performed with a 1.95 MeV ‘He" beam with a scattering angle of 165°, as defined in
chapter 2. The beam spot was 1 mm in diameter on the sample. A Si surface baﬁer
detector was used with an acceptance of approximately 2 msr and a resolution of
approximately 20 keV. 4 uC of charge was collected at a current of 6-10 nA. A circuiar

shield biased to -900V surrounded the sample to suppress any secondary electrons. .
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4.2.2 X-ray diffraction

X—fay diffraction was performed with a Siemens D500 diffractometer. Cu Ka x-rays of
energy 8 keV were used. Both glancing angle and Bragg-Brentano geometriesvwere used.
Spectra were generally taken over a 20 angular range of 28-85°. This range was chosen
because it contains the majority of the peaks for Pt and Pd phases with Zn and Se that are
listed in the powder diffraction file data base. A listing of all of these phases catalogued in

the power diffraction file is in appendix III.

For glancing' angle measurements a 3° incident angle was used. 1° and 0.3° slits were
used in slots 1 and 2 at the exit of the x-ray source. This combination was found to be
most sensitive to the presence of new compounds in these systerhs. For 6-20 diffraction,
slits of 1° and 1° were used in slots 1 and 2 on the x-ray source and 1° and 0.1° in slots 3
and 4 on the x-ray detector. The x-ray scans were performed with a 0.1° step size and 2
seconds of data collection per step. Each séan took approximately 20 minutes to perform.

This step size was small enough to resolve all peaks in the spectra.

4.2.3 X-ray photoelectron spectroscopy

XPS was performed with a Phi 5300 system. A 1.1 mm diameter circular aperture and
the Ko-line of a Mg x-ray source were used. A pass energy of 179 eV was used which
gave a analyzer resolution of 4.5 eV. Data was acquired for 3 minutes and the detector
was at an angle of 15°. Sputtering was done with the Ar ion gun with'a sputter raté of

approximately 100A per minute over a 2 mm diameter area.
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S. Results and Discussion

5.1 Surface Characteristics

The surface characteristics of ZnSe were investigated because of the difficulty in
obtaining consistent reactions of Pt on ZnSe. Prior to deposition, samples were initially
treated with the degreasing steps and the HF vapor etch described in section 4.1.1. These

Pt coated samples would then react unexpectedly as demonstrated in figure 5.1.
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Figure 5. 1: RBS spectra of Pt/ZnSe samples cleaned only with a wet etch annealed at 575°C for various
times.
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Note that the sample annealed for 50 minutes appears to have reacted less than the one
annealed for 30 minutes. These/two samples were from the same wafer and were etched
and sputtered together. The dip and rise in the spectra at 1.15 MeV is due to the interface
between the GaAs and ZnSe. This inconsistency in the solid-state reactions was typical of
that seen in samples which were only wet etched. Pd samples which were treated in the
same manner had consistent reéction behavior. Pd is known to react more strongly on Si
and GaAs, as discussed in chapter 3, and is generally not hindered by contamination at the
surface. For this reason, it was speculated that the inconsistency in the Pt reactions was

due to contamination or an oxide at the surface. XPS was utilized to investigate the
surface characteristics of the ZnSe.
XPS measurements were performed on a variety of ZnSe surfaces prepared in different

manners. These measurements were intended to determine the amount of contaminants on

the surface of the as-grown layers and the changes after various surface treatments.

10 + + + + + ~+ $ t t — + T
g 1 T . é is
T O = y
Sk : Tz I
] | I
] T T T ; :§' 1
1S - A i
6 il < [e) i
5 1 & N3 . T
5T 5 o 2 = 1
; T N ,;:. ’ (E - "§ (2 ) T
4 T o '2 o T
Ps : | gl !
+ . i N 2 <f
1 sg g | s 3§
2+ s 2 o
] : ey
1 T i +
+ L

0 +— 4 + + + t ~+ + $ $ $

1600 8060 668 408 200 ]

BINDING ENERGY, eV
Figure 5.2: XPS spectrum of an as-grown ZnSe surface.



Figure 5.2 shows an XPS spectra for an as-grown ZnSe wafer. Wafer number 181 was
not etched or cleaned and was grown three months prior to taking this spectrum. Note
that there is an obvious presence of O and C on the surface. Both XPS and Auger peaks
are visible. The XPS peaks are labeled with the orbital from which the electron came,
while the Auger peaks are labeled with the transition type (KLL, LMM, etc.). No
appreciable amount of other contaminants is observed. Figure 5.3 shows XPS spectra for
samples from wafer 181 that were treated with two different etchants. One was etched for
25 seconds in 49% HF, the other was etched for 15 seconds in the K,Cr,07 etch described
in chapter 4. The K,Cr,0; etch removed approximately 750A of ZnSe. Both samples

" were rinsed in distilled water and blown dry with N,. The spectra were taken after the

samples had been in air for approximately two hours.
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Figure 5.3a: XPS spectrum from a sample etched for 25 seconds in HF.
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Figure 5.3b: XPS spectrum from a ZnSe sample etched for 15 seconds in K>Cr;0;:H,80,:H,0. '

These spectra show that the C peak is approximately the same as that observed on the as-
grown layer. Atomic concentration perceﬁtages for C, O, Se, and Zn on the various
samplé surfaces are shown in table 5.1. The o peak is diminished after both etching
techniques, however the peak is smaller on thé sample etched with the K,Cr,O; mixture.
The surface oxide inust be completely removed by the KoCr,O» etch since it consumes
approximately 750A of the ZnSe. Therefore, the measured O peak on this sample is due
to oxide regrowth in the two hour period between etching and measurement. The O peak
is higher on the HF etched sample which indicates that in addition to oxide regrowth, less

of the oxide was originally removed from the surface. In addition, the HF etch did not
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As grown | Sputter 5 minute air K,Cr,0, HF etch

Etched exposure etch |
Cls 51.00 18.56 46.85 58.67 50.27
O1ls 17.99 2.12 6.67 | 7.31 13.50
Se 3d 24.09 52.04 36.44 - 3158 2941
Zn 2p3 6.92 27.28 10.05 2.44 6.82
Se:Zn 3.48 1.91 3.63 12.94 431

Table 5.1: Atomic concentration percentages for C, O, Se, and Zn on samples prepared with various
surface treatments. '

reduce the C peak substantially. Although the K,Cr,O; etch adequately removed the
oxide, it also did not remove the C and introduced Ag contamination on the surface. This
contamination is likely due to impure K,Cr,0,. Neither of these wet etches provided an

adequate method for reducing both O and C contamination.

An in situ Ar” ion sputter was performed on an as-grown ZnSe sample from wafer 181.
The sample was sputtered for two minutes using the parameters given in section 4.2.3.
This sputter should have removed approximately 200A of ZnSe. Figure 5.4 shows the
XPS spectra from the sample immediately after sputtering and then after a five minute
exposure to air. The time of exposure may have been slightly greater due to time required

to load and unload the sample.
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exposure to air.
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Sputter etching significantly reduced the amount of O and C contamination on the surface.
The O AES peak is not visible, and the O XPS peak is almost unidentifiable. The C peak
is significantly reduced but not eliminated. After a five minute exposure to air there is a
slight increase in the amount of O on the surface and an increase in the amount of C. The
O AES peak is still,not visible. Ar” sputtering appears to be the preferred method for
removing contaminants from the surface. A detrimental aspect of sputtering is that it can
cause damag;a to the surface. The amount of damage after sputtering can be
investigatedusing channeling RBS. When the incident ion is aligned with a channel in a
perfect crystal very few ions will be backscattered. A comparison of the number of ions
backscattered from a channel gives an indication of the degree of perfection of the crystal.

Figure 5.5 shows 1.8 MeV RBS channeling results along the <111> direction from an
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Figure 5.5: 1.8 MeV RBS channeling experiments on as-grown and Ar" sputtered ZnSe.

as-grown and a sample backsputtered in the Perkin-Elmer sputtering system following the
parameters given in section 4.1.1. The signal for the backsputtered sample increases only
slightly, indicating very little damage at the surface. The small peak at 1.65 MeV is due to
Pt contamination and the peak at 1.55 MeV is due to Pd. This contamination came from
backsputtering off the sample holder in the chamber. This can be reduced by careful
mounting of the samples and the use of clean sample holders. The use of Ar” sputtering
provides a good method for removing contamination from thé sample surface without

creating a great deal of damage.
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The cleaning method also affects the ratio of Zn and Se on the surface of the sample.
Table 5.1 gives the Se to Zn ratio for each of the samples. The O and C concentratioris
are most reduced after sputtering. This treatment, however, also changes the ratio of Se
and Zn on the surface. An HF etch increases the Se to Zn ratio. It was found that Pt
reacted more consistently after an Ar” sputter treatment, but Pd would not react after this
same treatment. The Pd reacts better after the surface is treated only with an HF etch.
This discrepancy may be due to the difference in surface coverage of Se and Zn. Pd may
react more strongly on a surface with a higher percentage of Se while Pt may prefer to

react with a Zn terminated surface

The final cleaning method used to obtain consistent resuits for Pt reactions included the
Ar’" sputter as one of the steps, but it is not clear whether this single step improved the

consistency. This will be discussed in more detail in section 5.3.

52 Pd

Pd begins to react with ZnSe during annealing at 200°C. A series of isochronal anneals
was used to determine the onset of the reaction. Figure 5.6 shows the spectra from a

series of 10 minutes anneals.
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Figure 5.6: RBS spectra of Pd/ZnSe annealed for 10 minutes at various temperatures.

There is no observable diffusion at the metal/ZnSe interface in the samples annealed at
125° and 175° C, but annealing at 200°C results in a distinct change in the RBS spectrum
indicating solid-state reaction between Pd and ZnSe. This low temperature for reaction is
analogous to the low temperatures required for reaction of Pd on Si and GaAs. The
reaction progresses quickly at 200°C and distinct steps are nét visible in the RBS spectra.
The lack of distinct steps in the Pd signal in the RBS spectra is similar to the case of Pd
reactions on GaAs (Olowolafe, et al. 1979). This suggests the fbrmation of a ternary

phase, as in the Pd/GaAs system, the presence of mixed binary phases in a single layer
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without vertical separation, or non-uniformity in the plane perpendicular to the beam.

Figure 5.7 shows typical RBS spectra for a series of isothermal anneals at 200°C.
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Figure 5.7: RBS spectra of Pd/ZnSe annealed for various times at 200°C.

From this figure it is clear that there is interdiffusion between the Pd and ZnSe, but there is
no accumulation of Zn or Se on the surface. If a layer of Zn or Se had formed on the
surface, the onset of the Pd energy would be decreased by the energy lost as the ions
traveled through the Zn or Se layer. Since the onset energy does not change, there must
not be any segregation to the surface. The Pd signal from the 10 minute annealed sample
in figure 5.7 shows a small peak on the surface suggesting that a small layer of unreacted

Pd exists on the surface. After 30 minutes of annealing the uniform decrease in the peak
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height of the Pd signal indicates that there is no longer any unreacted Pd, while the
movement of the ZnSe edge to lower energies indicates that some of the ZnSe has been
consumed in the reaction. The lack of a layered structure makes it difficult to determine
whether a phase is forming and to estimate the composition from the RBS results alone.‘ If
we assume that a laterally uniform ternary phase has been formed, as in the Pd/GaAs
system, and that all of the Pd has reacted, the composition ratio between reacted Pd and
consumed ZnSe can be estimated. The amount of ZnSe that has reacted with the Pd layer
can be calculated from the change in the spectrum. Averaging over a number of samples
annealed for 30 minutes eabh, calculations show that the composition ratio between Pd
and ZnSe should be close to 6. This predicts a ternary phase of the composition Pd¢ZnSe.
An estimate of the composition can also be made by using RUMP, an RBS simulation
program (Doolittle 1985). The composition of the ternary Pd,ZnSe phase can be
simulated by varying the Pd and ZnSe concentrations until the simulated Pd peak height
matches the measured peak height. The simulation estimates the composition as PdsZnSe.

The x-ray results in figure 5.8 help clarify the amount of Pd reacted in the film.

74



600
400 |

200 |

600

2 400
g7
o
7] L
g 200
600
B
400 |- 4 As Deposited
200 f + pd
- & Pd ZnSe

0 N 1
35.0 40.0 45.0 50.0 550 60.0

2009
Figure 5.8: X-ray spectra of Pd/ZnSe for as-deposited and samples annealed for various times at 200°C
In the x-ray spectrum from the 30 minute annealed sample in figure 5.8 the Pd peaks have
disappeared indicating that all of the Pd has reacted. In the x-ray spectra, the as deposited
sample shows two polycrystalline Pd peaks in this angle range at 26 = 40.1° and 46.7°.
Note that these angles ‘are expressed as 26, not 0. After annealing for ten minutes at
200°C the Pd peak intensity decreases and two new peaks appear at 26 = 39.0° and 52.9°.
This is consistent with the RBS results which show a small é.mount of unreacted Pd
remains after a 10 minute anneal, but that no unreacted Pd remains after the 30 minute

anneal. After a longer anneal the Pd peaks almost completely disappear and the new
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peaks become very intense. This indicates that this phase is stable at this temperature and
that during the longer anneal either more of the phase is formed or it becomes more

epitaxial.

The identity of the new phase can be precisely identified By doing an x-ray scan over a
wide range of angles. A wider range x-ray scan provides more peaks with which to
identify the new phase. The relative peak intensities of the new phase are better

represented in figure 5.9. These x-ray scans were done in the Bragg-Brentano geometry.
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Figure 5.9: Wide range ©-20 scan of Pd/ZnSe sample annealed at 200°C for 4 hours and 40 minutes.
Labels give (hkl) values for PdsZnSe.
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The new peaks were not observed in scans using the glancing angle geometry. This
indicates that the new phase has a definite orientational relationship with respect to the
substrate. Figure 5.9 shows the x-ray spectra for a sample which was annealed for 4 hours
and 40 minutes at 200°C. This is the same phase which appears during shorter anneals
which indicates that this phase is very stable at this temperature. The high intensity of the
diffraction peaks is only possible if the new phase formed has a preferred orientation with
respect to the substrate. These peaks do not correspond to any Pd/Zn/Se phases in the
powder diffraction data file. Calculations based on the crystal structure and Bragg’s law
showed that the strongest peaks were due to the (001) reflections of the ternary PdsZnSe
phase. This is a tetragonal phase with a = 0.4005 nm and ¢ = 0.7042 nm. The details of

the crystal structure are given in appendix IV.

d (A) d () (hki) Relative
measured calculated ' Intensity
~ 6896 | 6914 | (0D | 6
3.450 3.457 ' (002) 89
2304 2305 (003) 79
1.727 1729 (004) 100
-0.988 0.988 (040) : 4
0.947 0.949 (141) ' 11

Table 5.2: Comparison of measured and calculated lattice spacings for PdsZnSe.
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Figure 5.10: TEM micrographs showing the progression of phase formation in the Pd/ZnSe system. (a)
morphology of as-deposited sample, (b) PdsZnSe layer formed in sample annealed at 200°C for 10

minutes, (¢) increase in thickness of PdsZnSe layer after annealing for 30 minutes at 200°C, (d) selected
area diffraction showing orientational relationship of PdsZnSe with substrate, ZnSe[110)//PdsZnSe[100].



A few smaller peaks, such as (040), also aligned with calculated peaks. Table 5.2 gives
the measured and calculated d spacings for the peaks. Selected area diffraction (SAD)
from TEM, as shown in figure 5.10d, verified that this was the phase. The formation of a
ternary phase with an orientational relationship to the substrate is analogous to the
formation of a ternary, oriented phase on GaAs at temperatures below 250°C (Sands, et

al. 1985). Pd,Si also forms with an epitaxial relationship (Bower, et al. 1973).

The lattice mismatch between the two materials in the orientation observed by SAD is
only 0.05 percent. Most of the grains have the same orientational relationship, but not all
are epitaxial with the substrate. Figure 5.10 shows the morphology of the as depoéited
lgyers and layers annealed at 200°C. ;l'he micrographs show that the new phase forms a
complete layer. The interface in the annealed sample is smoother than that in the as
deposited sample. As the reaction proceeds the grains become fnore epitaxial and the
interface seems to become deeper. The reacted layer above the ZnSe becomes less

uniform in thickness after annealing for thirty minutes.

The stability of this phase at higher temperatures was also investigated. Figure 5.11
shows RBS spectra for isochronal 30 minute anneals at temperatures above 200°C. Up to
500°C the spectra remain_fairly similar, although the depth of the reaction increases
slightly during the 300° and 400°C anneals as compared to the 200°C anneal. X-ray
results verify that the ternary PdsZnSe phase is still preseht up to 400°C. The inteﬁsities
of the P'd52nSe peaks increase with the 300° and 400°C anneals, also indicating that either
the amount of the ternary phase or the degree of orientation has increased. This increas¢

in degree of orientation is also seen in the Pd/Si system (Sigurd, et al. 1974). At 500°C
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Figure 5.11: RBS spectra of Pd/ZnSe samples annealed for 30 minutes at temperatures between 200° and
500°C

the RBS spectrum changes dramatically. The Pd peak is almost gone and the ZnSe has
migrated almost to the surface. This may indicate that the Pd has deeply diffused into the
ZnSe. The x-ray spectrum also changes dramatically after the 500°C anneal. A multitude
of new péaks appear as shown in figure 5.12. The two major peaks from the ternary

phase are still visible, although their intensities are much reduced.
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Figure 5.12: X-ray spectrum for Pd/ZnSe sample annealed at 500°C for 30 minutes.

The number of peaks which have appeared probably indicates that fnore than one phase
has formed. The lack of steps in the RBS spectrum indicatés that these phases are not
formed in a layered structure. The phases to which these peaks belong have not been
identified. If, however, this system behaves similarly to that of Pd on GaAs it is possible
that several binary phases may have formed during annealing. Some, but not all, of the
peaks can be assigned to PdSe,, Pd,Se, and PdZn,. The stability of the ternary phase up

‘to 500°C is similar to the stability of the Pd,Si phase and the formation of binary phases at
higher temperatures on GaAs (Hutchins and Shepela 1973; Yu, et al. 1986). There is,
however, no evidence of a second ternary phase forming at temperatures just above the
formation temperature for the first ternary, as in GaAs (Lin, et al. 1988; Sands, et al.

1987a).
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Reactions of Pd on ZnSe are not very sensitive to surface conditions. lBefore
deposition, cleaning consisted of the solvent clean and HF dip etch described in section
4.1.1. The small amount of O and C that remains, as indicated by the XPS results, does
not seem to inhibit the reaction, indicating that the Pd has a strong driving force to react
‘ with the ZnSe. In comparison, native oxide also did not hinder tﬁe.reaction in the
Pd/GaAs system, although it did Ipostpone the reaction in the Pd/Si case (Bower, et al.

1973; Lin, et al. 1988).

53 Pt

No significant reaction or interdiffusion is seen in the Pt/ZnSe systerﬁ until it is
annealed at temperatures of 550°C or above. The need for a higher temperature to initiate
| the reaction of Pt than Pd is a trend which is observed in the Si and GaAs systems as well.
The series of RBS spectra of isochronally annealed samples in figure 5.13 shows that after
a30 minute anneal at 550°C interdiffusion has occurred. After the 30 minute anneal at
650°C there is a signiﬁ.‘cant amount of Zn diffusion through the Pt film to the surface, and
after the 750°C anneal the onset of the Pt signal has moved to lower energy. This
observation indicates that the ions must be losing energy from travel through a layer on
top of the Pt and therefore the surface is covered by Zn,‘Se, or a combination. The peaks
in the spectra indicative of Zn at the surface (at an energy of 1.54 MeV) clearly show that
Zn must be incorporated into this surface layer. In the Pt/GaAs system, outdiffusion of
the Ga into the Pt is observed, just as Zn outdiffuses into the Pt, however accumulation of

Ga at the surface is not observed (Fontaine, et al. 1983; Kumar 1975; Murarka 1974).
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Figure 5.13: RBS spectra of Pt/ZnSe samples after 30 minute anneals, except where noted, at various
temperatures

Since interdiffusion occurs in the temperature range of 550° to 600°C, a series of
samples was annealed at 575°C. RBS spectra for samples isothermally annealed at 575°C
for 10 and 30 minutes are presented in figure 5.14. These show a more gradual

interdiffusion of Zn and Pt.
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Figure 5.14: RBS spectra of isothermal anneals of Pt/ZnSe samples at 575°C for various times.

After 10 minutes Zn has diffused part of the way through the Pt layer, but has not reached

the surface. This indicates that about half of the Pt layer has reacted. After 30 minutes

the entire Pt layer has reacted, but there has not been any build up of Zn at the surface.

Since Zn is seen to accumulate on the surface at high temperatures it is reasonable to

assume that Zn is the main

diffusing species during solid-state reaction. Although there is

a significant amount of Zn in the Pt layer, no Zn-Pt compound can be identified in the x-

ray results. Selected area diffraction in the TEM verifies that there is no phase formation

between the Pt and Zn. This behavior differs from that of Pt and Ga, which form PtGa



compounds (Fontaine, et al. 1983). The amount of Zn in the layer can be estimated by
matching the peak height simulated with RUMP to the experimental peak height. This

simulation gives an estimate of the Pt to Zn ratio of 5:1.
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Figure 5.15: X-ray spectra of PVZnSe samples annealed at 575°C for various times.

The x-ray spectra in figure 5.15 show that no new peaks for a Pt-Zn phase are present.
Figure 5.15 shows the progression in the x-ray diffraction spectra for anneals at 575°C for
times which correspond to those shown in the RBS spectra in figure 5.14. The Pt peaks

(indicated by A) shift to slightly higher angles in the annealed samples. This shift denotes a
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decreasé in the lattice parameter of 0.017A, which may b'e due to the incorporation of Zn
into tﬁe Pt lattice. The peaks for Pt and the Ptgzn‘phase can be difficult to distinguish
because they are in almost the same locations. They are separated by only 0.1° to 1.0°.
Table 5.3 shows the peak positions and relative intensities of the phases compared to the
measured peak positions. If the Pt;Zn phase had formed, the relative intensities of the
peaks should have changed, because in the Pt;Zn phase all four of the peaks that coincide

with Pt should have equal intensities. The relative intensities may also be affected by

texture in the film.
Meas. Pt PtsZn PtsSeq
d(d) d(A) Rel. (hkl) | d(A) Rel. (hkD) | d(A) Rel. (hkl)

Int. Int. Int.

2253 [ 2265 100 [@ain|226| 100 | (11)

1.953 | 1.962 53 (200) | 1.948 100 (200)

1.875 1874 | 100 | (302)

1.811 1.811 51 (123)

1383 [ 1387 | 31 | (220) [ 1378 100 | (220)

1.180 | 1.183 12 (222) { 1.171 100 (311)

Table 5.3: Comparison of measured lattice spacings to tabulated lattice spacings and relative intensities
from the powder diffraction file.

In addition the (300) peak should have appeared at 28 = 72.7°. Since the peak intensities
did not change, the (300) peak was not observed, and no phase was seen by selected area

diffraction in the TEM, it is clear that a solid solution of Pt and Zn is formed rather than a
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Pt-Zn phase. The Pt peaks also become narrower after annealing which implies grain
growth in the film (see section 2.2). Most of the narrowing occurs in the first 10 minutes
of annealing. The increase in grain size as estimated from equation 2.6 is approximately
145A, although some of the narrowing may also be due to the relief of strain in the layer.
After the 10 minute anneal, a new peak appears at 26 = 48.5° (indicated by a ) which
grows stronger after 30 minutes. A second peak at 20 = 50.5° (indicated by a e) may be
faintly visible in the sample annealed for 10 minutes and is definitely visible in the sample
annealed for 30 minutes. These two peaks coincide with the (302) and (123) peaks for the
PtsSe, phase, as shown in table 5.2. The formation of a binary anion-metal phase at the
interface is also observed in the Pt/GaAs system with the formation of a PtAs, layer
(Fontaine, et al. 1983). The identification of the PtsSes phase has been verified by selected

area diffraction as shown in figure 5.16c.

The presence of this binary phase is evident in the TEM micrograph presented in figure
5.16b shows that after a 30 minute anneal the PtsSe4 has formed a continuous layer,
although it is not of uniform thickness. The reaction of the ZnSe with the Pt seems to
affect the ZnSe layer differently than the Pd reaction. It is observed that the ion milling,
which is required to form the TEM samples, results in some holes in the ZnSe near the
interface, which is the light area directly below the PtsSe, layer in figure 5.16b . This
behavior is not normally seen after preparing ZnSe for TEM, and was not observed on the
Pd/ZnSe samples. It is possible that the outdiffusion of Zn or the reaction between Pt and

Se has weakened the ZnSe layer, or affected it in some other way.
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Figure 5.16: TEM micrographs showing progression of phase formation in Pt/ZnSe system during
anneals at 575°C. (a) morphology of as-deposited Pt on ZnSe substrate, (b) PtsSe, layer formed after
annealing at 575°C for 30 minutes, (c) selected area diffraction showing orientational relationship of
PtsSe, with substrate. PtsSe, [ 1 20)//ZnSe [110].



~The binary phase remains evident after annealing the sample for one hour at 575°C.
This annealing resulted in a decrease in the intensity of the Pt peaks, indi'c;,ating that more
of the Pt was consumed in the reaction. After annealing at 750°C for 30 minutes (RBS |
spectrum shbwn in figure 5.13) new aiﬁ'raction peaks‘in the x-ray spectrum appear. The
PtsSe, peaks are no longer evident and new peaks that align with those expected for PtSe,
appear. Several other peaks also appear which have not been attributed to any Pt-Zn, Pt-

Se, or ternary phase in the powder diffraction file database.

The Pt system is more affected by impurities than the Pd system. Consistent reactions
could not be obtained without a comprehensive cleaning. To get consistent reactions the
samples had to first have a 25 second etch in 49% HF, followed by a 6 minute Ar"
backsputter to remove apbroximately 1000A of ZnSe. Before depositing Pt, the Pt target
was pre-sputtered for 2 minutes. This treatment should cleah contaminants off the surface
and reduce any contamination in the Pt film deposited from the target. It is not clear
which of these two steps, or if both, are necessary to get consistent reactions. The Pt/Si
system was shown to be affected by contaminants in the Pt film (Canali, et al. 1977,
Crider and Poate 1980), while reaction in the Pt/GaAs system was hindered by the

presence of a dense oxide at the interface (Kumar 1975).
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6. Conclusions

Solid-state reactions of Pt and Pd on ZnSe are initiated by thermal annealing at 550°
and 200°C, respectively. In the Pt system, Zn outdiffuses to form a solid solution of Pt
and Zn while tlie remaining Se reacts to form a layer of PtsSe, at the interface. In the Pd
system, a ternary compound, PdsZnSe, is formed with an orientational relationship to the
substrate. This ternary compound is stable during further annealing at 200°C and at
temperatures up to approximately 500°C. The reactions of Pt and Pd on ZnSe are similar

in many ways to their reactions on Si and GaAs.

The reactions of Pd are characterized by oriented films which often form in a granular
structure. Pd,Si forms with an epitaxial relationship to a <111> Si substrate while the
ternary compound on GaAs forms in slightly misoriented grains. Pdsane also forms in
oriented grains which become more epitaxial as the reacticin proceeds. Reactions of Pd
metal on Si, GaAs and ZnSe, are not aﬁ'eéted by impurities or surface cleanliness. Also, as
on GaAs, Pd on ZnSe forms an oriented ternary compound. In the GaAs system, a new
ternary phase forms when annealed at higher temperatures. This possibility has not been
carefully investigated for ihe ZnSe system, but it appears that no new ternaries form up to
500°C when new binary phases form. As on Si and GaAs, the reaction of Pd with the
substrate takes place at a lower temperature than the Pt reaction. The reactivity of the

Pd/semiconductor interface is higher than that of the Pt/semiconductor interface.

The Pt/ZnSe system also behaves very much like the respective Si and GaAs systems.
Pt forms binary compounds on ZnSe as it does on GaAs. The reaction is characterized by

cation outdiffusion (Zn and Ga) and the formation of a binary anion-metal compound
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(Ptsse4 and PtAs;) near the interface. Unlike the Pt/GaAs case, no binary cation-metai
compound is observed in the Pt/ZnSe system. Pt is observed to have little orientational
behavior in most cases and forms layered structures. Some texturing was observed in the
GaAs system and also in the Si system, however this was dependent on the treatment of
the samples. Textured layers may be observed in the GaAs system with the proper
processing conditions. It was also found that impurities hindered the reaction at the
Pt/ZnSe interface as in the Pt/Si system. In the Si system the reaction was altered due to
impurities in the Pt film, in the ZnSe system it is not clear whether it is due to impurities in

the film or at the interface.

These systems are not yet fully characterized. Further studies should determine what
the final stable phases are in this system at a variety of temperatures. Also, the phase
stability of the PtsSe, system should be determined. Preliminary studies of the behavior of
Pd at higher temperatures indicates that other phases are formed. The barrier height and
changes in electrical behavior must be investigated in order to evaluate the possible use of
these systems for contacts. This information will also help verify or contradict some of the
theories of Schottky barrier height. Finally, there are a wide variety of other metals whose
thin film behavior should be interesting. The photoemission studies that have been done
have pointed to several metals which have a variety of behaviors with low coverages.
Investigating their behavior with thicker coverages and their thermal stability should prove

interesting.

The information determined from these studies should be vital to the development of

better quality and more highly reliable ZnSe devices. The desire for blue/green light
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emitting devices and higher storage capacity optical disk drive systems continues to
encourage further investigation of the ZnSe system. The knowledge derived from these
studies should also be applicable to other II-VI systems and should aid in the advancement
of devices for various applications. Moreover, theories .of Schottky barrier height,
ternary phase equilibria, and thin film interdiffusion and reaction should be improved based
on the influx of data from a new system. Comparisons between ZnSe, with more ionic
bonding, and the behavior of more covalently bonded semiconductors may lead to new
perceptions about semiconductor properties and a better ability to predict electrical

behavior and interfacial thermal stability.
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Appendix I: ZnSe Etchants

Adapted from Landolt and Bomstein, Numerical Data and Functional Relationships in

Science and Technology: New Series.

Etch Etching Conditions Remarks
concentrated NaOH solution hot polish [1]
dilute solution of Br in methanol room temperature different behavior of A and B
. surfaces [2]
HCI hot etch pits on A and B surfaces [2]

3 parts of H,SO,, 3 parts
concentrated K,Cr,0s, aqueous
solution

applied to (110) faces [3]

[1] Aven, M, et al.,, Journal of Applied Physics, 32 (1961) 2261.

[2] Sagan, A, et al., Journal of Applied Physics, 39 (1968) 5336.

[3] Park, Y.S., Applied Physics Letters, 21 (1972) 567.
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Appendix II: ZnSe OMVPE Growth Parameters

Parameter _I 145 167 181 201
DEZ temperature (°C) 15.00 1500 | 1500 | 1500 |
DEZ vapor pressure (torr) 9 9 9 9
DEZ flow (sccm) 25 25 25 25
DISE temperature (°C) 10.00 32.50 32.50 32.50
DISE vapor pressure (torr) | 10 22 22 22
DISE flow (sccm) 95 40 40 40
Injection pressure (torr) 500 500 300 500
Injection push flow (sccm) 500 1000 500 1000
Hydrogen shroud flow (sccm) 5200 5500 6500 5500
Chamber pressure (torr) 300 300 200 300
Growth temperature (°C) 464 464 464 464
Growth period (minutes) II 41 60 45 60
CALCULATED VALUES: "

DEZ molar flow (micro-moles/min.) " 20.58 20.58 34.72 20.58
DISE molar flow (micro-moles/min.) 82.58 82.22 141.37 82.22
Ratio Se/Zn 401 4.00 4.07 4,00
DEZn partial pressure (millitorr) 22 18 21 18
DISE partial pressure (millitorr) 87 73 84 73
Measured film thickness (microﬁs) 0.47 0.5 0.9 0.5

99




Appendix III: Powder Diffraction Data File Record Numbers for Pd/Zn/Se and

Pd

PdZn:
PdsZﬂn
PdZn
PdZn
Pdan
P dZIlz

PdSe:
PdSez
PdsSe
sz_SSe
Pd;;Se;s
PdSe
Pd;7Se;s
Pd7Se4

PdGaZn:
Pd7anGa4

ternaries:

Pt/Zn/Se phases

5-0681*

4-0883D
6-0620
6-0630Q
31-0942C
34-12151

11-0453
11-0498
11-0499Q
11-0508
18-0953
29-1437C
31-0939C

26-0675

None

Pt

PtZn:
PtsZn
PtZn
PtZn,,
PtsZny,
Pt:Zn;,
Pths

PtSe:
PtSe,

Ptsse4
PtsSe,

ternaries:

100

4-0802

6-0584
6-0604
6-0619
12-0612Q
23-0466
23-13111

18-09701
18-0971D
31-0950C

None



Appendix IV: Crystal Structure of PdsZnSe

Structure information is taken from Atlas of Crystal Structure Types, J.L.C. Daams, P.

Villars, and J.H.N. van Vucht, eds.

Pearson symbol: tP7

Structure type: AsPd;Tl

Space group: P4/mmm

Space group number: 123

a=0.4005 nm ¢=0.7042 nm

Number  Atom  Multiplicity Wyckoff  x y z Occupancy
: letter
1 Tl 1 a 0 0 0 1
2 Pd1 1 c Ya Ya 0 1
3 As 1 d Y2 Ya Y2 1.
4 Pd2 4 i 0 % 030 1
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