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Part |

Au/polysilicon reactions and the in-situ

sheet-resistance measurement



Chapter 1

Introduction

1.1 Introduction

This thesis is organized into two parts. Part | investigates the
thermodynamics and kinetics of the reaction between Au/polysilicon, and
describes a useful technique for studying thin film reactions: the in-situ
sheet resistance measurement. In Part I, the common theme for discussion
is interface problems, such as ohmic contacts to GaAs and the growth of W
on Al. The introduction in chapter 7 details the objectives of the studies in
Part Il.

The first topic discussed in Part | (chapter 2) focuses on the in-situ sheet
resistance measurement technique. First, a description of the physical
apparatus for the measurements is given. Following this, the methodology
and uses of the system are outlined, including examples of qualitative and
quantitative experiments.

The remaining chapters of Part | are concerned with the different aspects
of the reaction between Au/polysilicon. Chapter 3 discusses the overall
morphological process of Au and silicon redistribution during the anneal,
using XRD and the SEM to identify the Si crystals. Chapter 4 describes the
kinetics of the reaction by using the results of in-situ resistance as well as
SEM measurements. Engineered crystal growth is the topic of chapter 5,
this chapter shows the results of a few experiments which were prompted by

the resulis of the two previous chapters. Finally. in chapter 6, emphasis is
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given exclusively to the redistribution of the Au during the Au/polysilicon
reaction. The importance points of this chapter are related to real reliability
problems associated with metal spiking through polysilicon layers.  This
problem currently has a high profile because of spiking problems of PtSi
contacts to polysilicon, where shunting occurs in shallow bipolar emitters.

The work on Au/polysilicon was initially motivated by the desire to
understand a the stability of metals on polysilicon. Au was chosen, rather
than other metals, for three reasons: Au doesn't easily oxidize, it has a
heavier mass as compared with Si making analysis easier, and it reacts with
polysilicon at relatively low temperatures.

The Au-Si bulk phase diagram (Fig.1.1), shows two interesting things
about the Au/Si system: (1) they are essentially immiscible in the solid phase
(they don't like each other), and (2), they form a very deep eutectic at 360°C,
several hundred degrees below the each component's melting temperature.
The extrapolated values for the concentration of Au in Si at temperatures
below the eutectic is on the order of 101%/cm3 , an immeasurable quantity for
most standard techniques (SIMS etc.). The concentration of Si in Au is
higher, but still too low to be measured via AES, EDX or RBS analysis. To
date, the author has not found value in the literature, for the solubility limits
or the diffusion coefficient.

This finishes the introduction chapter. This chapter is somewhat
abbreviated due to the format of the thesis, which has an introduction section

within each chapter.
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Chapter 2

The in-situ resistance measurement

2.1 Introduction

Many thin film characterizations tools have been used throughout this
work, including RBS, TEM, SEM, XRD and AES. One method which is
particularly useful in the study of thin film reaction-kinetics is the in-situ
sheet resistance measurement. It has been a useful technique for studying
the reaction-kinetics of systems many thin-film systems. The first time the
author used the in-situ resistance method was for the investigation of
stoichiometry changes of Cu,_S' during thermal annealing in oxidizing and
reducing ambient gases. Discussions with Ottaviani2 and Tu revealed that
this method could be used in investigations of phase formation and grain
growth in thin-films.

In the following section, a description is given of the physical apparatus
which was built for the purpose of monitoring the sheet resistance of
samples (in-situ) measurements during vacuum furnace anneals. Several
experiments will then be described which illustrate the usefulness of the
technique. This technique is not exclusive to vacuum furnace or ambient
gas anneals but can also be used to monitor reaction kinetics during ion
beam mixing. An example of the ion beam in-situ resistance measurement

will be described in the last section of the chapter.



2.2 In-situ sheet resistance apparatus

The in-situ resistance measurement apparatus, used for this work, was
designed and built by modifying an already existing vacuum furnace system
built by E. Colgan3 . The vacuum furnace is heated by a single-zone
resistive heater coil that surrounds a quartz tube that houses the sample. A
turbomolecular pump is attached to one end of a five foot quartz tube, the
sample exchange port is attached to the other end. This system is capable
of maintaining a pressure of 1077-10°8 Torr, as measured by an Varian™ ion
gauge that is located on the pump side of the quartz tube. The furnace and
sample mounts are capable of anneals up to 950°C.

Samples were mounted onto a mechanical stage having four pressure-
contact probes, which is used in obtaining sheet resistance measurements.
This four-point probe assembly had the following characteristics:

(1)  each probe has adjustable, independent, pressure contacts

(2) the probe tips can be easily interchanged (i.e. W, Mo, Ta etc.)

(3) constant pressure is maintained by a spring (piston) system

located outside of heat zone, and

(4) only high temperature material (ceramic,stainless steel)

and probe metal is exposed to the heat.

Sample temperature is monitored by a thermocouple (type K -
chromel/alumel) mechanically attached to the sample base holder. Kinetics
studies during thermal anneals are performed either at constant temperature
or at a constant heating rate. However, any temperature algorithm could be
programmed, since the furnace temperature was controlled via the
computer.

The entire experiment was controlied (see Fig. 2.2) by an AT&T 6300™
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personal computer PC expanded with several interface boards. Control of
the t.emperature of the furnace was accomplished via a Eurotherm™
temperature control unit. The analog output/input signals are interfaced to
the PC via a Data Translation™ D/A and A/D board. Sample temperature is
monitored through an Omega™ digital thermometer/cold-junction, which
communicated (digitally) with the PC through the RS232™ serial port.

The resistance measurement are made by applying a given current, via
a Keithley™ 200 constant current source, to two adjacent probes of the four
probes. On the two remaining probes, the voltage was sensed using a
Keithley™ 197 digital multimeter DMM. In order to obtain more accurate
resistance values, the data averaged with both polarities of current. Both
the current source and the DMM was interfaced to the PC via a National

Instrument™ IEEE 488 interface board.

2.3 Examples of in-situ sheet resistance measurements

The author has collaborated on a number of projects that employs the
in-situ sheet resistance measurement. It is the intent here in this section to
discuss these projects in terms of methodology, and to demonstrate the
potential of the resistance method as a measurement tool.

The first subsection, entitied "Semiquantitative analysis”, describes
various experiments which use the resistance method to semiquantitatively
understand general details of a particular process. In the second
subsection entitled "Quantitative analysis using the resistance method ",
examples are described where the resistance method is used in a more
quantitative mode, the results of which yield specific (kinetic) parameters

such as reactions rates and activation energies.
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2.3. Semiquantitative analysis

The first example of the semi-qualitative use of the resistance method is
the investigation? of the amorphization and recrystallization of Al/Pt bilayers
during thermal annealing. This system is interesting because the two
separate (Al and Pt) layers are initially polycrystalline, but after annealing at
low temperatures (=150°C) the interdiffused, reacted layer is amorphous.
The following discussion of the Al/Pt system exemplifies the way, which the
resistance method can be used semiquantitatively for general thin film
investigations.

Typically, the first experiment of any unknown reaction using the in-situ
measurement, is done, while annealing the sample at a constant rate
(2°C/min). For example, in the case of Al-Pt (Fig.2.3), a sharp increase
resistance is observed (factor of =15) as the temperature increases to
150°C. This abrupt change in resistance indicates possible abrupt changes
in structure and/or composition of the bilayers. After further annealing of the
samples, a sharp decrease in the resistance is observed at approximately
250 °C.

In order to relate these changes in resistance to a material property (s),
several samples were annealed for intermediate times (A,B,C and D Fig. 2.3
and 2.4.), and then analysed by RBS, TEM and XRD techniques. The
increase in resistance at =150°C is due to the interdiffusion of the layers,
resulting in an intermediate layer, which is shown to be amorphous by XRD
and TEM analysis. If the anneal is continued to higher temperatures (points
C and D on Fig. 2.3), the resistance abruptly decreases, due to the
recrystallization of this amorphous layer, forming polycrystalline Al-Pt

compounds.
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The Pt/Al reaction has been further analysed quantitatively by B.
Blanpain5 by performing experiments at constant temperature anneals.
Froﬁ these data, information on the mode (time dependence) of the
amorphization and recrystallization processes is obtained®. Additional
experiments over a range of temperatures yields the activation energy of
these processes.

It is useful to digress at this point, and note an important feature of the
resistance method; the capability of monitoring a system continuously, as
shown in the heat-up and cool-down curves in Fig. 2.3.. This capability
provides a qualitative way of checking reversibility of a particular state, and a
means by which the temperature-dependent parameters can be separated
from the time dependent parameters. Most other measurements (e.g..RBS)
performed after the anneal only provide snap-shot analysis of the systemn
after it cools down.

In continuing our general discussion of the resistance method, another
investigation is described. This study of compares the stability of Pd,Si
formed on polysilicon with Pd,Si formed on a SOS (Si On Sapphire). The
data in Fig. 2.5 was generated by annealing the samples at a rate of
5°C/min. It is can be deduced from the data, that the Pd,Si silicide forms at
200°C for both polysilicon and single crystal samples. After annealing to
higher temperatures, the silicide layer on the polysilicon becomes unstable
(625°C), whereas the silicide layer on the single crystal substrate remains
relatively stable until 725°C.  The instability is thought to be due to the
instability of the polysilicon layer, in the same way as metal/polysilicon
system are unstable, which is the main topic in chapters 3 and 4.

There were other investigations using the resistance method during the
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course of this thesis work, including experiments designed to test the
effectiveness of an amorphous CoW diffusion barrier in the Al/CoW/Si

system”-8. The reaction of Cu and Si was also evaluated®.

2.3.2 Quantitative analysis using the resistance method.

As illustrated by the Al-Pt reaction in the previous section, the
resistance of a thin film can be a strong indicator of changes in the film, but
care must be taken when attempting to relate resistance data to other critical
parameters of the reaction. Resistivity of a thin film is a complex parameter,
dependent on many factors, for example; grain size, grain boundaries,
impurities etc.. To make matters worse, in many cases these properties
(grain size, grain boundaries, impurities, etc.) are not uniform; typically, a
polycrystalline sample has a wide distribution of grain sizes and the
impurities are most likely to be distributed in a nonuniform way.
Furthermore, the newly created, reacted layers (with their own set of
impurities, grain sizes,etc.) produce a whole new set of unknown
characteristics of the system.

Given the uncertainty in the variables which control the resistance, it is
somewhat surprising that the method is useful at all. Fortunately, it is the
relative changes in resistance which are most important. In most cases,
changes in resistance are substantial and can be easily measured The
(relative) raw data are usually very precise and reproducible from sample to
sample. However, It is the interpretation of these data which gives rise to
the difficulties in quantitative analysis.

The core of the problem resides in relating the measured parameter

(resistance) to the key parameter of interest. For example, in evaluating
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the reaction between bilayers "A" and "B", which produces a new phase "C",
we seek an analytical expression relating the resistance to the rate at which
"C" is formed. Although, the resistance may change in a straightforward and
progressive manner, the resistance data, alone, may have only marginal
value. Without specific knowledge of the geometry and mode of reaction of
the transformation, the data can lead to ambiguous interpretations. Using
the resistance data alone is an invitation to disaster, leading to models,
which generate self-consistent nonsense.

Not all is lost though, it is simply necessary to adopt simple, verifiable
models which relate the physical parameter of interest (for example the
volume of the "C" phase), with the resistivity of the film.  Typically, this
relationship is established using other independent measurements (i.e.
hBS, XRD, etc.), of only a few of the samples from the experiment..

One may ask, that if other methods are needed to “calibrate” the
resistance method, why not just use these other methods in evaluating the
reaction? The answer lies with the strengths of the resistance
measurement: the simplicity of the measurement, the ease of manipulating
the data, the sensitivity and precision (+/- 0.1%) of the measurement, and the
ability to easily measure the state of the system semi-continuously over a

wide range of temperature (20-950°C) and time (1 -10° sec) constraints.
2.3.3 Quantitative experiments
Several quantitative studies have been done during the course of this

thesis using the resistance method, including the investigation of the

reaction between Au and polysilicon, which will be discussed in chapters 3
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and 4, but because of its simplicity, we choose reaction between Pt and Si-
Ge to demonstrate the applicability of the resistance method to quantitative
kinetic studies. This straightforward reaction was first characterized'! by
others (using RBS and XRD), and is similar in many respects to the well
known reaction of Pd,Si silicide. The study'® shows that the reacted layer
(a mixture of Pt,Si and Pt,Ge) forms via layer-by-layer growth.

This investigation proceeds as follows, the sheet resistance of the
Pt(2000 A)/Si-Ge sample was monitoring (Fig.2.6) during constant
temperature (T= 235°C) anneal. Now, since we know that the reaction
proceeds layer-by-layer, it is possible to model the reaction in terms of three
parallel, layered regions (Pt/Pt,Si-Pt,Ge/Si), each layer with their given
specific resistivities ( Ppy, Ppiosi-prage aNd Pg;) and thicknesses ( dpy, dpyyg;.
Proge aNnd dSi ). Assuming that the layers act as paralle! resistors the total
measured Ry can be expressed as .

1/Ry = dpy/Ppy + dprasiprace/Prisipice + dsfPs; (2.1)

Since the sheet resistance of the Si substrate (at these temperatures) is
much larger than the Pt or Pt,Si-Pt,Ge layers, the effects of the substrate are
neglected. The extent of the transformation of the reaction Xg(t), which is
the fraction of the initial Pt layer consumed during silicide formation, can be
quantitatively related to the resistance of the sample by coupling the
thickness of the Pt with the thickness of the silicide layer, via the relationship

1- Xg(t) = Apy/dpy(t=0) = 1 - Apiagi proge®Iprasi-Pragelt==) » (2.2)
where dpt=0) is the initial Pt thickness and dp,g; progelt==) is the final PtSi-
Pt.Ge thickness. The transformation factor factor, Xg, can then be explicitly
written in terms of the measured quantities,

Xalt = [ (Re-R)/ (R,-Re) 1 ReRw | (2.3)
where R, and R are the initial and final values of resistance respectively.

Data from four isothermal anneals are shown in Fig. 2.7a and plotted in
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the form of Xg(t) Xg(t) vs. t. The reaction has a parabolic time dependence,
indicative of a diffusion-limited reaction. This result was confirmed by
RBST0 analysis of several samples, annealed for different times. Assuming
that the activation energy E, for the process can be expressed as
Xg(t) Xg(t) =< exp(-Ep/KT) t, (2.4)
then E, can be evaluated from the slope Xg(t) Xg(Ht. By plotting (Fig.2.7b)
the logarithm of the slope vs 1/T(°K) the activation energy E, = 1.3, which
compares well with the value (E, = 1.2) obtained with the RBS data'®.
It is noted that the results of this study (diffusion limited growth and E, =
1.3) were the same as those obtained from RBS analysis, yet were obtained
with fewer than five 1.0 cm? samples, in less than three days, and
consumed less than 6 hours of the experimenter's time (given that the initial

samples were already made).
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2.3.4 Evaluation of the stability of Al lines

The final example application for the resistance method, involves the
evaluation of the structural stability of Al fine lines (1 um)'"12,  (Samples
were prepared for the author by Prof. C.Y. Li's group). Al was deposited
onto a thermally oxidized Si substrate. Fine lines of the Al were made by
standard lift-off techniques. After evaporation, there was only little residual
stress within the Al lines, since the processing was done, near equilibrium
conditions. The samples were then thermally cycled and there will be stress
induced in the Al lines, due to the difference in the thermal expansion
coefficient between Al and the substrate. Now, after the samples return to
ambient temperature, the lines will be under stress, and eventually voids
form, which reduces the stress in the film. The dimensions of these voids
are on the order of a um, thus voids extending the full width of the line, will
cause narrow lines to become discontinuous ( "opens").

In order to measure the void formation with resistance methods, special
samples, containing a digitated set (50 to 100) of parallel grid lines (Al),
were fabricated. The lines were connected together at the ends by large
pads, which served as probe pads for the four- point probe assembly.
Resistance was measured across the pads for extended periods of time at a
given temperature. Abrupt, discrete increases in the resistance, as shown
in Fig.2.8 were observed. These changes are deduced to be caused by
voids being formed in a line, which creates a discontinuity, ("open" line).
This discontinuous line will then cease to carry current, thus reducing the
number of lines (by one), which contribute to the parallel set of resistors.

By using the resistance method, it is conceptually possible to monitor

the kinetics of individual void formation. The plot in Fig. 8a shows the
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change in resistance at the time of a discrete event (data acquisition rate =
1/2 min). Faster data acquisition could give a more continuous picture of
the individual void formation.

One particular concern, associated with this measurement, is the
current density, it must remain low throughout the measurement, in order to
eliminate the effects of electromigration®.  Since the resistance of the
structures are inherently low, due to the high conductivity of Al, and because
the lines are thick on the order of 1 um, the voltage signal due to the applied
(small) current across the sample is exceedingly small. This may produce
signal to noise problems. To increase the signal to noise ratio a Stanford™

Lockin-Amplifier has been used.

2.4 In-situ resistance measurement during ion beam mixing

In-stu resistance measurements have also been applied in the kinetic
study of reactions during ion beam irradiation (ion beam mixing). A special
probe assembly shown in Fig.2.9 was fabricated on the suggestion of J. Li'4,
and it serves the same function as the contact probe assembly built for the
vacuum furnace system. Typical results of the in-situ resistance technique
are shown in Fig.2.10 for the Au/polysilicon reaction during ion beam mixing.

The in-stu resistance measurements during ion beam mixing has been
used successfully for several other experiments including oxygen
implantation of high Te (YBCO) material‘s(at‘ liquid nitrogen temperature),

and ion beam mixing® of thin films of Cu on Si substrates.
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Fig. 2.8 A plot (a) of resistance vs. anneal time of a grid of (1 um wide) Al
lines. The abrupt increases are speculated to be due to voids forming in
individual lines causing a complete break (discontinuity) within that line. A
plot (b) of the change at t=2678 min on an expanded scale shows the
individual data points and indicates that the break (void formation) in the line
occurs in short period of time (=1 min).
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Fig. 2.9 In-situ resistance apparatus used for monitoring ion beam mixing.
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Chapter 3

Two dimensional Si crystal growth during thermal annealing of

Au/polysilicon bilayers.

3.1 Introduction

The reaction between Au and polysilicon is related to two topics of
interest in the study of electronic materials. The first area relates to the
stability of metal/Si contacts, which is associated with reliability issues in
electronic devices. This is particularly relevant in VLSI applications of
PtSi/polysilicon contacts to the emitter of bipolar transisters!. The second
area of interest is the growth of Si crystals in the solid phase'32, which is
related to work on Si lateral solid-phase-epitaxy growth, currently being
investigated for possible applications in three-dimensional integrated
circuits3. There are two general classes of metals in metal/polysilicon
systems45: those metals which form stable silicide phases (e.g., WSi,,
MoSi,, PtSi, etc.,) and those which form eutectics with Si inciuding
Au(360°C), Ag(830°C) and AI(577°C). Reactions in the eutectic systems
result in the formation of large grained Si€-8

Most work involving thermal reactions in the Si eutectic systems has
been done on the Al/polysilicon system®. Experiments!?-12 have
demonstrated the growth of Si crystallites during thermal anneals of Al and

polysilicon over a wide range of Al/Si thicknesses. The Al/Si system was

28
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configuration of amorphous Si /Al/Si substrate.

This study investigates the structure of the Si crystallites formed during
thermal annealing of Au/polysilicon bilayers, where the thickness of the Au
layer is less than the polysilicon layer. This reaction '8:'7 produces large-
grained Si crystals, as was found in the Al/Si system. The unique
characteristic of the Au/Si system is that the grain growth of Si occurs at
relatively low temperatures (=300°C), as compared with the typical
crystallization temperature of amorphous Si (=500-600°C)'2. We focus the
analysis on the Si by characterizing the location, size, shape, and
orientation of the crystals. Analyses include x-ray diffraction (XRD),
scanning electron microscopy (SEM), and planar and cross-sectional
transmission electron microscopy (TEM).

This chapter?® deals with the end state of the reaction, describing the
process in terms of the redistribution and other time-independent
characteristics of the components: Au, polysilicon and crystal-Si (c-Si). The
following chapter investigates the time and temperature effect on crystal
growth and discusses the rate-limiting processes that control the kinetics of

the reaction.!8

3.2 Sample Preparation

Au/polysilicon bilayers were fabricated on inert substrates including
quartz wafers and thermally oxidized single-crystal Si substrates.
Polysilicon was deposited by the low pressure chemical-vapor-deposition
process (LPCVD) at 620°C to a thickness of 100 to 400 nm. The polysilicon

thin films had columnar grain structure, which is typical for films grown with
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LPCVD at this temperature'®. After cleaning the surface of the polysilicon
with a buffered hydrofluoric-acid solution, Au was thermally evaporated onto
the polysilicon thin films at a pressure of 5x108 Torr to a thickness of 80 to
250 nm.

Samples fabricated on quanz substrates were used in obtaining XRD
data since diffraction from this substrate would not interfere with the XRD
intensities generated by the polysilicon and crystal-Si thin films. Samples
needed for planar TEM investigations were made by first removing the
polysilicon from the SiO,/Si substrate prior to Au deposition. This was done
by lifting off the polysilicon by using a concentrated hydrofluoric-acid
solution. Cross-sectional TEM analyses were made on the Au/polysilicon

layers that were deposited on thermally oxidized Si substrates.

3.3 Si crystal growth during thermal annealing

The Au/polysilicon bilayers were annealed in an vacuum system
maintained at a nominal pressure of 1x10°7 Torr at 270°C. The appearance
of Si crystal was easily observable via SEM imaging using a JEOL™ 35
system. SEM micrographs of a partially annealed sample are shown in Fig.
3.1. The Si crystals appear as faceted dark patches; the contrast is due to
the two different elements at the surface (Au and Si). The area of each
crystal depends on the duration of the anneal, but eventually, they impinge
on one another, displacing the entire original Au layer, leaving the top layer
as a "patchwork-quilt" network of crystal-Si plates.

A cross-sectional TEM micrograph of a partially annealed sample is

shown in Fig. 3.2. The initial thickness of the Au was 170 nm and the
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SEM photograph of Au(=170 nm)/polysilicon(=400 nm)/SiO,

after 270°C vacuum furnace anneal for 240 min.

Figure 3.1
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polysilicon was 400 nm thick. The Au appears as the dark areas in the TEM
micrograph. The Si crystal, shown in the micrograph, has the shape of a flat
plate’having a thickness equal to the original Au layer and is supported from
below by the underlying polysilicon layer. During the anneal the Au/Si
interface at the edge of the crystal moves laterally in the direction of the Au
layer; the velocity of this interface determines the growth rate of the crystal.
There are no observable inclusions of Au within the crystal.

During the growth of the Si crystals the Au redistributes by vertically
penetrating the polysilicon layer and accumulating at the bottom of the
polysilicon layer.  Accumulation of Au at the bottom polysilicon/SiO2
interface is expected since the Si at this interface is more disordered
(smaller grains) and should dissolve more easily into the Au as compared to
the subsequent layers of Si that eventually form larger columnar grains.
The three-dimensional distribution of the Au after annealing was directly
observed by etching the entire sample in a hydrofluoric- and nitric-acid
solution. This solution dissolved the Si and SiO, releasing the Au from the
substrate as an isolated, free-standing, completely intact Au film , which was
then analyzed via SEM. The Au and Si displace each other in such a way
as to keep the entire thickness of the composite layer constrained to the
original geometry of the sample. No voids or "hillock" formation were
observed.

The Si crystal plates can also be observed in planar view via SEM by
removing the Au layer using a potassium iodide (KI) solution. The crystal
shown in Fig. 3.3a was grown with Au/polysilicon bilayers deposited onto a
flat substrate. The crystal shown in Fig. 3.3b was prepared on a substrate
that had a stepped surface, and it demonstrates that the shape of the crystals

follows the contour of the original Au/polysilicon bilayer deposited across the
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(b)

Figure 3.3 SEM micrograph of Si crystals on polysilicon after Au was
selectively etched. Au(=250 nm)/polysilicon(=400 nm)/SiO, samples were

fabricated on flat (a) and stepped-surface (b) substrates.
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step. Preliminary cross-sectional TEM investigation of this type of obtuse
crystal indicate that it is one complete crystal. Apparently, the lateral growth
of thé crystals is not restricted to flat surfaces. This conformal crystal-growth
process may provide possibilities for growing single crystais of unusual
shapes.

Si crystal growth was also observed during in-situ annealing in the
TEM. The redistribution of the Au during the annealing allowed the Si
crystals to be seen via bright-field (BF) imaging. Two samples, with different
Au thicknesses where made. As expected, the sample with the thicker (200
nm) Au layer produced thicker Si crystals (Fig. 3.4a), as is evident from the
presence of Kikuchi patterns (Fig. 3.4b) This is compared to the diffraction
pattern of the thin Si crystals (Fig. 3.4c) formed with a thinner (80 nm) Au
layer which shows a diffraction spot pattern (Fig. 3.4d).

The redistribution of the Si was also analyzed on annealed samples
which had the Au chemically removed using a Kl solution. A TEM pianar
view micrograph (Fig. 3.5c) shows three distinct regions in the vicinity of a
crystal. The first region is the polysilicon area far away from the crystal. The
selected-area-diffraction (SAD) pattern of this area, shown in Fig. 3.5a, is
simitar to the SAD pattern obtained from the original unreacted polysilicon
layer, indicating minor, if any, change in the polysilicon layer in this area.
The second region is the crystal area. The SAD data taken from this area
with an aperture much smaller than the crystal are shown in Fig. 3.5b,
consisting of Debye rings generated by the polysilicon superimposed on a
Kikuchi pattern generated by the Si crystal. Both Kikuchi and Debye-ring
diffraction patterns appear together because both the crystal and the
underlying bed of polysilicon diffract the electron beam. Because of the size

of the aperture, only the polysilicon under the crystal will diffract the beam.
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©) (d)

Figure 3.4 BF image and diffraction micrographs of thick (a,b) and thin (c,d)
Si crystals. The sample were made with thick (a,b) (200 nm) and thin (c,d)
layers of Au on Si(100 nm). The Au/polysilicon samples were annealed
(250°C-300°) in-situ in the TEM.
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Figure 3.5 Planar TEM data of Au(200 nm)/polysilicon(100 nm) in-situ
annealed sample after Au was etched showing Si depletion in area adjacent
to crystal: Debye rings (a) from the polysilicon, Kikuchi pattern and Debye
rings (b) from the crystal and polysilicon, and (c) BF micrograph.
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The third region is the area laterally adjacent to the crystal. The variation of
the BF intensity near the edge of the crystal, shown in Fig.3.5¢, qualitatively
indicates the extent and lateral range of Si depletion from the polysilicon film
due to the lateral transport of Si from the polysilicon layer to the crystal. The
Si that makes up the crystal was transported over distances of several
microns.

The Si crystais grown from the Au/polysilicon bilayers did have
crystalline imperfections.  Bright-field (Fig 3.6a) and dark-field (DF) (Fig.
3.6b) images of an annealed sample, after the Au was removed, indicate the
presence of defects (e.g., twins) in a thin (100 nm) Si crystal.

Throughout this investigation no metastable phases of Au-Si were
identified. The major phases present via TEM and XRD evaluations were

Au and Si.

3.4 Orientation of the Si crystals.

The Au/polysilicon reaction was also analyzed with XRD using a
SCINTAG™ diffractometer. Analysis was complicated by the condition that
both the Si crystals and the polysilicon had preferred orientation.
Consequently, the relative tilt of the sample during XRD experiments is
important when comparing different samples and different peak intensities.
One particular method which analyzes peak intensity as a function of sample
orientation is the pole figure method?°. This method maps the intensity of a
given set of {hkl} poles as function of the orientation (tilt V¥ and rotation o) of
the sample.

Pole figure data were taken with the Si 220 reflection on unannealed
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Figure 3.6 BF (a) and DF (b} TEM micrographs of Si and polysilicon after
Au selective etch. The Au(=100 nm)/Si(=100 nm) samples were annealed
in-situ with the TEM.
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samples and showed that the distribution of the {110} poles was not random
but concentrated at zero tilt ( v = 0°), indicating that the grains had a (110)
preférred orientation.  This result was expected since polysilicon films
grown at 620° typically have (110) preferred orientation.’® The same pole
figure routine was applied to annealed samples and showed that the new
crystals have the same (110) orientation as the as-deposited sample. The
intensity of the 220 reflection is highest at zero tilt ( y = 0°), as shown in Fig.
3.7a, with the majority of the grains aligned to within 13 degrees ( Ay = 13°)
of the normal to the surface. The pole figure method was also applied to the
annealed samples using the Si(111) reflection and the distribution of
intensity is shown in Fig. (3.7b). The maximum intensity for the (111)
reflection occurs when the sample is tilted ( v = 30-40°) off normal, which
again confirms the (110) preferred orientation since the (110) and (111)
poles in the crystal are separated by an angle of 35.3°. The uniformity of the
intensity vs. rotated angle o indicates that the Si plate crystals are randomly
oriented about the (110) pole, indicating [110] fiber texture.

The (110) preferred orientation of annealed samples was confirmed
qualitatively with TEM by a random inspection of crystals. The (110)
diffraction pattern was the most frequently obtained pattern when the sample
tilt was restricted to a limited range about the sample normal. The BF image
(Fig. 3.8a) and diffraction pattern [Fig. (3.8b)] were obtained from one
particular (110)-oriented crystal, where the sample was tilted =11° off the
sample normal. The same (110) diffraction pattern was obtained at all
tested locations of this crystal without any additional changes in tilt, which
confirms that the crystal is indeed a single crystal. The features in the
micrograph in the area framed by the crystal are not due to the crystal, which

is essentially transparent, but are due to the material beneath the crystal:
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Figure 3.7 (220) and (111) Pole figure data showing [110] fiber texture of
' the annealed Au(=200 nm)/polysilicon(400 nm) sample. The {220} poles

are concentrated near the vertical y=0° and the {111} poles concentrated at
an off axis tilt angie (y=30-40°).
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(b)

Figure 3.8 TEM planar micrograph (a) and diffraction pattern (b) of the (110)

pole of crystai oriented within 12° from the normal of the sample surface.
Au(150 nm)/polysilicon(400 nm) sample after in-situ anneal in TEM.
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the remaining polysilicon and Au which has penetratéd the polysilicon film.
There were crystals which did not have the (110) orientation, but they Were
the exceptions.

Although the orientation of the unannealed and annealed samples
were similar, there were two significant differences in the XRD data between
the annealed and unannealed samples: an increase of XRD intensity
(increase) and a small shift (decrease) in the 26 position of the 220
reflection. The increase of peak intensity (Figs. 3.9b and 3.9c) is attributed
to the increase size of the Si crystal during annealing. The decrease in the
26 (A28 = 0.12°) position of the (220) reflection was observed [Fig. (3.9b)]
when unannealed and annealed samples were compared. All XRD data
were taken with a collimated beam to ensure reproducible sample areas.
To reduce other measurement errors, the raw data were corrected for the
Ko, and Ka, doublet convolution and adjusted to obtain absolute peak
position by using the Au(111) reflection generated by the Au in the sample
(an internal reference source). Additional confirmation of changes in peak
position were obtained from XRD data collected from a partially annealed
sample which shows (Fig. 3.9d) two resolvable (220) Si peaks (A26 = 0.08°).
Assuming that the instrumentation effects have been eliminated, the peak

shifts are then attributed to a change in the Si crystal lattice parameter(s).

3.5 Discussion

Large, 2-dimensional, platelike Si crystals are formed from fine-grained
polysilicon when bilayers of Au/polysilicon films are thermally annealed.

The discussion focuses on the thermodynamic factors in the system which
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Figure 3.9 XRD data of annealed and as deposited samples (a) near (220)
peak with sample at w=0°, (b) near (111) peak with y=35° and a partially
annealed sample at y=0° Data indicate shift in peak position.
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drive the reaction and the origin of the large crystals.

In discussing the thermodynamic factors, we begin by noting that the
main result of the reaction is the increase (by a factor of = 10,000.) of the size
of the Si grains. The composition of the starting reactants and the final
products are the same: Si crystals. Therefore, the thermodynamic factors of
the reaction must center on a discussion of the microstructure of the initial
polysilicon film.

The CVD (620°C) method forms crystals under extremely non-
equilibrium conditions.  The free energy of these films is higher than that of
a single crystal because of the internal interfaces (grain boundaries, twins,
etc.,) present in the initial polysilicon layer. This difference in free energy is
quantified by modelling the polysilicon film as a mosaic of small crystals
(300 A diameter) interfaced with one another at large-angle twist/tilt grain
boundaries. The internal interface energy o, at a large-angle grain
boundary can be estimated, given a value for the surface energy o= 1 Jim?
for Si, by using the relationship21 o, = 13 o,. From this calculation, we
estimate the normalized (over all atoms in the film) free-energy difference
due to the internal interface energy to be of the order of =0.01 eV/atom. We
believe that this difference in free energy is responsible for the overall
recrystallization process.

Recrystallization does not readily occur in the as-deposited polysilicon
films when annealed at temperatures below 1000°C. In contrast, when Au
is deposited on the polysilicon surface, recrystallization occurs at
temperatures as low as 200°C. The difference is due to the kinetic factors in
the bilayer system, where the Au layer provides a fast diffusion path for the
transport of Si.

We have shown that the crystal growth proceeds via the lateral
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transport of Si through the Au. Consequently, there must be differences in
the chemical potential p;. of the Si from place to place (laterally) across the
film. This gradient Vi is believed to be present in the as-deposited film
and occurs because of physical differences (shapes) between the crystals,
which are exposed to Au at the Au/polysilicon interface. There is a wide
variation'? in the size of crystals that form the polysilicon layer. Assuming
that smaller crystals have a larger surface curvature than the larger crystals,
it can be deduced from the Thomson-Freundlick?'! relationship that the
chemical potential of the Si at the small-grained crystal surface should be
higher than for the large- grained Si. This reaction then can be viewed as a
form of Ostwald ripening. The Si concentration in the Au will be higher near
the small-grained (high curvature) crystals as compared to the large-grained
(lower curvature) crystals. The small-grained crystals will dissolve and the
large-grained crystals will grow.

The final topic of this discussion deals with the initial stages of the
reaction and analyses the origin of the growing crystals. Although it would
seem possible for nucleation of Si to occur since there are areas of local
supersaturation of Si in the Au, we do not think nucleation of Si grains plays
a significant role in this reaction for two reasons. First of all, it does not
seem reasonable from energy considerations that a nucleated Si crystal
could grow faster than the much larger Si grains that already exist. The
second reason deals with the orientation of the growing crystals. If the
reaction proceeds with only grain growth and negligible nucleation, then the
orientation of the initial set of grains would be the same as the final set of
large grains. This is what was observed experimentally with the XRD pole
figure data. The distribution and orientation of the (110) poles of the as-

deposited sample were the same as the annealed large-grained sample.
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To further investigate the orientation relationship between the growing
crystal and the substrate on which it grows, another experiment was
peﬁdrmed22. A special sample was made for this experiment. Starting with
the same polysilicon/SiO,/Si substrate, the polysilicon and SiO2 layer were
removed (etched) from half of the sample, which exposes the (100)Si wafer
on the other half of the sample. Au was then deposited over the entire
wafer, allowing for a continuous Au film to laterally connect the polysilicon
side of the sample with the single-crystal (100) wafer side of the sample.
During thermal annealing of this sample, Si was transported laterally (via the
Au layer) from the poly Si side to form individual Si crystals on the Si(100)
side of the sample. These crystals are in the shape of right-angle prisms,
which is the form expected of a growing (100)Si crystal, where the (111)
prism faces are the slowest growing sides of the crystal. All these crystals
have the same physical orientation with respect to the substrate..

In both cases (Au/polysilicon or Au/single crystal) the orientation of the
growing crystals emulates the orientation of the crystal at the surface it grows
on. We deduce from these data that the origin of these crystals is due to the
growth of already existing grains at the initial Au/Si interface and that
nucleation is not significant.

A description of the overall process of the formation of the large-grained
Si crystals in the Au/polysilicon is now suggested. After Au deposition the
top-surface Si crystals begin to interact with each other. The Au layer acts
as a short-circuit diffusion path for the Si. The average Si concentration in
the Au will be below the solubility limit for the small grains (large curvature),
so they will begin to dissolve, but Si concentration will be beyond the
solubility limit for the large grains (small curvature) and they will begin to

grow. The sequence for the growth process is illustrated in Fig. 3.10.
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Figure 3.10 A diagram showing the stages of grain growth of Si crystals.
The initial structure is a bilayer of Au (top) and of polysilicon with various
grain sizes (bottom). Note that the resultant large crystal has the same
orientation as the initial grain.
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Initially, the already existing large grains grow upward from the interface in a
3-D manner until they impinge on the top Au surface, and then they grow in
a 2-D manner radially to form two-dimensional platelike crystals. The
growing Si crystal displaces the Au. Competition between the large grains
will determine the final number/size of the grains.  This topic will be
investigated in the following chapter which focuses on the kinetic

characteristics of this reaction.'®

3.6 Conclusions

We have observed and analysed the interaction between bilayers of Au
and polysilicon. The grain size of the Si can increase by a factor of 10,000
from the fine-grained polysilicon to large two-dimensional single crystals
upon thermal annealing at temperatures between 200 and 300°C. The
large crystals have the same (110) preferred orientation as the fine-grained
polysilicon.

Ostwald ripening (grain coarsening) is the basic process responsible
for the formation of the crystals. Large grains of the initial polysilicon film
grow at the expense of the small grains. The Au film provides a fast
diffusion path for Si transport. Si from small grains dissolves into the Au
layer, and then diffuses to the large crystal, which may be several microns
away. The Au/polysilicon bilayer configuration allows for a unique two-
dimensional growth process to occur, which gives rise to the possibility of
growing arbitrarily shaped, two-dimensional, nonflat Si crystals.

The driving force for this small-grained to large-grained transformation

is attributed to be the reduction of the free energy associated with the
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interface energy at the polysilicon grain boundaries. The origin of the

crystals is concluded not to be nucleation, but rather the growth of already

existing large grains (small curvature) initially at the Au/polysilicon interface.
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Chapter 4

Kinetic study of Si recrystallization in the reaction between Au and

polysilicon films

4.1 Introduction

The formation of large Si crystals has been observed ! during thermal
anneals of Au/polysilicon bilayers. These Si crystals are formed at much
lower temperatures (T =300°C) than the typical recrystallization
temperature? of the polysilicon (1000°C) without gold. Experiments have
shown that Si dissolves into Au and diffuses rapidly through Au at
temperatures well below the Au/Si eutectic3 (365°C) to achieve
recrystallization.

it was shown in the accompanying paper' that thermal annealing of
Au/polysilicon bilayers produced flat, two dimensional Si crystals (c-Si), of
thickness equal to the thickness of the original Au layer. These crystals
are the result of the growth of an already existing grain located at the initial
Au/polysilicon interface which grows upward into the Au until impinging the
top surface, and then grows radially in the shape of a two dimensional plate-
like crystal. Supply of Si from the surrounding polysilicon layer to the
crystals occurs through the long range transport of Si through the Au layer.
One to one displacement of the Au by the Si keeps the total thickness of the
sampie constant and uniform. The final configuration consists of a top layer

of large Si crystalline plates on a composite layer of Au and polysilicon
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where the Au is distributed in a network of spikes and sublayers within the
polysilicon layer.

This work'2 investigates quantitatively the growth kinetics of the Si
crystals by in situ sheet resistance measurements? and scanning electron

microscopy (SEM) measurements.

4.2 Experimental

Polysilicon thin films 4500 A thick were deposited via low-pressure
chemical-vapor-deposition (LPCVD) process at 620°C, on thermally
oxidized single crystal Si wafers. TEM cross-sections and x-ray diffraction
(XRD) of the these films indicated that the grains were columnar and had
[110] fiber texture.’

A total thickness of 2500 A of Au was deposited onto the polysilicon
films via resistive thermal evaporation with base pressure of 5x10 Torr.
Samples were subsequently annealed in a vacuum furnace at a pressure of
1x10°7 Torr. The temperature control had a precision of +/- 0.5 °C.

Sheet resistance measurements were obtained in situ via a Van der
Pauw type arrangement of 4 molybdenum spring loaded probes. A JEOL™
35 scanning electron microscope (SEM) was used to obtain images of the Si
crystals, and quantitative dimensions of the crystals were obtained via image
processing techniques. Rutherford Backscattering Spectroscopy (RBS) was

used to determine the thickness of the Si and Au films.
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4.3 Sheet Resistance Measurements

When Au/polysilicon bilayers are isothermally annealed (Fig. 4.1), the
sheet resistance R(t) of the sample increases with time. In order to relate
the changes in resistance to the kinetic process of the reaction, we adopt a
physical model which represents the sample as two regions: the top region,
outlined by the original Au film, and the bottom region, framed by the
original polysilicon film. Initially, the top region contains only Au; the volume
fraction of Si in this region is zero. As the reaction proceeds and the Au is
replaced by the formation of isolated Si grains, the layer becomes
progressively more resistive.  The bottom layer, which was initially
electrically semiconducting, becomes more conductive with the anneal, as
the displaced Au penetrates the polysilicon, forming a complex, conductive
network of vertical spikes and sublayers. Since Au and Si are immiscible at
these temperatures, the Au and Si remain separate. The redistribution
changes the geometry of the effective conductive path which results in the
increase of the overall resistance.

The reacted system is quantitatively related to the measured resistance
by modelling the top and bottom regions of the sample as two parallel
resistors. The conductance of each region is assumed to be proportional to
the amount of Au in each region. By coupling the conductance of the two
regions via conservation of Au, we can relate the volume fraction Xg ot Si
crystals in the top Au layer with the measured resistance R(t),

Xgy = [ (Ro-Rw) / (Ro-RF) ] RF/R) , (4.1)
in terms of the initial (R,), and final (Rg) values of resistance.

Equation (4.1) can be applied directly for analyzing a layer-by-layer
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Figure 4.1 Normalized resistance measured in situ during 300°C
isothermal anneal. Solid line represents model (Egs. 4.1, 4.2 & 4.3) with

n=2.0, Ro/RF = 2.5, and 7 = 87.7 s. The diagram (inserted) represents
effective model of the measurement.
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growth process® where Xg(t) would be proportional to the thickness of the
growing layer. However, Eq. (4.1) must be modified in the latter stages of
the reaction, in systems where crystal growth is influenced by the
impingement of adjacent crystals and percolation prevails. The transformed
fraction Xg. of the reaction which includes impingement is related to the
actual volume (area) fraction Xg by using the Avrami equationb,

Xg = 1-exp(-Xg) . (4.2)
At the initial stage of the reaction, where there is no impingement, Xg. is
small so that Xg = Xg. .

Equations (4.1) and (4.2) were applied to the resistance data in order to
obtain the time dependence of the transformed crystal volume fraction Xg. in
the initial stage. The parameter R was used as a fitting parameter in Eq
(4.1), because the final resistance of the system was not well defined, since
the resistance continued to change even after the reaction was completed
due to further redistribution of the Au in the underlying layer of crystal
platelets. By plotting the resistance data (Fig. 4.1) in the form of In(Xg.) vs.
In(t) (Fig. 4.2), we observe the general relationship

Xq = 1/2(t17) . (4.3)
where tis a time-independent constant. A value of n=2.1 was obtained
from the slope of the curve, indicating that the reaction proceeds with
approximately a t? dependence. A comparison of the calculated time
dependence using Eq. (4.1) (n=2 and R¢/R, =2.5) are compared with original
data in Fig. 4.1 and shows good agreement through =80% of the reaction.

The parameter n is the mode parameter in the reaction process; it can
have various values depending on the rate-limiting process(es) in the

system. Tables generated by theoretical models have yielded various
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Figure 4.2 Resistance data from Fig. 1 reduced to a from which accounts for
crystal impingement. The plot In(Xg) vs. In (t) indicates the relationship

Xpr o< 1" where n=2.1 is the slope.
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values of n for particular combinations of nucleation and growth processes’"
%, For example, in the case of a constant number of spheres growing in a 3-
dimensional manner, where the interface (surface of the sphere) limits the
rate of growth, the time dependence would be t* (n=3). In the 2-dimensional
case, where plates are growing, the time dependence would be t2 (n=2).
However, we cannot uniquely identify the rate controlling process based
solely on the value of n, since multiple processes (i.e., growth and
nucleation) may individually control the rate of reaction. Although the origin
of crystals is due to grain growth and not to nucieation, this does not
preclude the possibility of the number of grains changing during the anneal.
In order to separate the time-dependent effects of growth from the number of
crystals, we measured the number and volume (area) of the crystals using

SEM.

4.4 SEM Measurements

The growth process of Si crystals was measured directly via SEM
analysis. The Si cryétals in the top layer were easily observed by SEM,
appearing as dark patches in the film. The data presented in this section
were obtained from different samples from the same substrate. Each
sample was isothermally annealed only once, at a specific temperature (T)
for a given anneal time (t). The number of crystals, as well as their size,
were measured using the image-processing capabilities of the SEM system.
The average crystal size was determined by dividing the fraction of the area
covered by crystals by the total number of crystals. Data collection was

limited to the first 30% of the reaction so as to avoid significant crystal
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impingement.  During the first 30% of the reaction, the crystals were
observed to grow independently of each other.

SEM micrographs (shown in Fig. 4.3) were obtained from samples
annealed isothermally at 270°C and 290°C for various anneal times. We
first investigate the number of crystals during the anneal. The average
number (N) of crystals vs anneal time is plotted (Fig. 4.4) for two (270°C and
290°C) anneals. The data indicate that at a given temperature the number
of crystals is fixed at the beginning of the reaction and does not appreciably
change during the anneal. However, the number of crystals does depend
on temperature, N(T). The average number of crystals during the 290°C
anneal (=0.07/um?) is three times higher than the number observed during
the 270°C anneal (=0.02/um?).

Although the number of crystals does not change during the anneal, the
crystal area increases significantly with time. The average crystal area is
plotted as a function of time (Fig. 4.5) for anneals at 270°C and 290°C . The
data indicates that at the early stages of the reaction (<50%) there is a linear
relationship between the square root of the crystal area (A) and time t

AC=nR vt (4.4)
The factor v, referred to as the linear growth rate (velocity), is constant, and is
obtained by measuring the siope of the A" vstcurve. The parameter v(T)
does depend on the anneal temperature, increasing from 0.2 Assec at 270°C

to 1.25 A/sec at 290°C.
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- and temperature. The 290°C anneal is plotted vs time on the top axis and
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4.5 Temperature dependence of growth rate v and the number of

crystals N

To determine the temperature dependence of N(T) and v(T), the crystal
area and the number of crystals were measured over a range of
temperatures. The data shown in Fig. 4.6a and Fig. 4.6b indicate that both
parameters follow the Arrhenius-type relation; N (T) = Nc,e'EN/kT andv=v,e
BT , where N, and v, are constants. Two separate activation energies (Ey
=1.0 eV and E, =1.9 eV) were experimentally determined from the data.
The activation energy E, is associated with the number of crystals at a given
temperature and E, is associated with the crystal-growth rate at a given
temperature.

Having analyzed the reaction in terms of the individual process
components, the crystal number (N) and growth rate (v), we can now
construct an expression for the reaction. The total area fraction Xggy, of the
surface covered by the crystals at any time and temperature as determined
from SEM data can be expressed as the product of the number (N) of the
crystals per unit area and the average area (A) per crystal:

Xeem = N AT . (4.5)

By using the experimentally determined relationships between the

parameters, Xggyy Can be expressed explicitly in terms of time and
~ temperature as

ey =N v,2 @ EW 2T 2 (4.6)

The results obtained from the SEM data can be summarized as follows.

The accumulative process of replacing the Au layer with Si crystals is a

product of two separate factors: the number of crystals, which is independent



64

(a)‘\ 10!

Ex =10 + 02 eV

[
S

Number of Crystals (No./um
g e
Q (-]
[ s

!

1.9 £ 03 eV

b b
s &

Linear Rate (X/sec)

o
[

W S 2.0

1.8
1000/T(°K)

Figure 4.6 (a) The number of crystals per unit area (N), and: (b) the linear
rate of growth (v) are plotted vs 1000/T°(K).



65

of time but thermally activated, and the crystal-growth process, which has a
given (A"2 = w12 v t) time dependence where the rate constant v is time

independent but thermally activated.

4.6 Comparison of Resistance and SEM Results

We compare here the results obtained from the SEM data with the
resistance data. This is accomplished by utilizing a parameter t, which can
be related to both resistance and SEM measurements. The parameter 1 is
defined as the time of anneal at which the reaction is 50% completed. For
the resistance measurements, t is extracted directly from the data with the
requirement that Xg = 0.5. In the case of the SEM data, tggy is calculated
from the SEM data using the relation tgg, = (2nNv?)'"2 which is derived from
Egs. (4.4) and (4.5). with the condition that Xgg(t=t) = 1/2. The values for
1ggm and tg obtained from both SEM and resistance data are plotted
together in Fig. 4.7, and show good agreement. This confirms the claim that
the methods, although independent of each other, are equivalent [Xgg\y (1) =
Xg(7)]. The difference is that the SEM measurement is able to separate the
overall process of transformation into its components.

The resistance and SEM data shown in Fig. 4.7 correspond to an
Arrhenius plot with a characteristic activation energy. Typically, the
characteristic activation energy of a system is analysed via an Arrhenius plot
(Fig. 4.7), by measuring the slope of the data and using the general
phenomenological relation

| Tl (4.7)
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where 1, is temperature independent. From the analysis of the data, we
obtain values of ETSEM = ETR=2.4 eV for the activation energies measured
by two the independent methods. This specific activation energy represents

the activation energy of the entire process.

4.6 Comparison of activation energies.

It is useful to relate the phenomenological parameter ETSEM with the
specific process which determines the number of crystals (Ey) and the

process of grain growth (E,). Since the activation energy E was

T
obtained from the same set of data as the values Ey and EV,S;N:S not
surprising that the parameters are dependent on one another.  The
relationship between the activation energies can derived by evaluating Eq.
(4.6), and setting Xgg)y = 1/2 attime t= Tggy,. -
Ty = (27N, v, % )" expl-(Ey+2E,)/2KT] . (4.8)
Given that the phenomenological relation is defined by
Tsem = Togey exp(EtSEM/kT), the expression in Eq. (4.8) can be further
reduced to the the following equation:
Eey,, = En2+E, - KT2In(2eN, V2 Teen) - (4.9)
Since all of the parameters ETSEM' En: Euv N Vo, @and T,ggy are temperature
independent, it can be shown that the term kT/2 In() in Eq. (4.9) will be zero,
and therefore
ETSEM = Ey2+E, . (4.10)
To confirm this result, values for Ey and E, have been compared with E,

(EtSEM = (1.0/2 +1.9) eV = 2.4 eV) and again show good agreement.
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The factor 2 in Eq. (4.10) is a consequence of the growth mode of the
system. In general, given a reaction of interface-limited-growth with
instahtaneous nucleation (or, as in our case, a constant time-independent
number of crystals), the factor will equal the number of degrees of freedom of
growth. This factor would be equal to 3 if the crystals were growing in three
dimensions, and would be one if the crystals were limited to one

dimensional growth.

4.7 Effects of Various Polysilicon Substrates

The rates of the reaction for three separate polysilicon substrates
(LPCVD 620°C) are plotted in Fig. 4.8 in terms of the parameter t. The data
show that the reaction rate varies considerably, by a factor of = 50, from one
substrate to another, although the activation energies are comparable (E_ =
2.13, 2.21 & 2.38 eV). It was determined from several measurements that
the variation in reaction rates is mainly due to variations in the polysilicon
deposition: substrates within a particular deposition batch gave similar
reaction rates. On the other hand, the variation in the Au deposition process

did not produce significant variations in the reaction rate.
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4.8 Discussion

The growth of Si crystals is a thermally activated process, with the rate
of the total transformation proportional to exp(E,/kT). Beeause the crystals
are large and separated from each other, it is possible to describe the total
transformation as a product of two processes which control the the number
of crystals and their growth rate. This discussion analyses the time and
temperature dependence of each process and relates the individual
activation energy (E, and Ey) to basic physical mechanisms.

Individual Si crystals grow at a rate which has an activation energy of
E, = 1.9 eV. The number of growing crystals is fixed at the beginning of the
reaction and remains the same throughout the anneal, but the number of
crystals depends on the temperature of the isothermal anneal, having an
activation energy Ey=~ 1.0 eV. The relationship among these activation
energies is given as E, = E, +Ey/2

The rate of growth of the crystal area was established by experimental
dataas A = w2 vt. Ifthe crystals had the shape of circular disks, the
parameter v (um/min), would be easily interpreted as a constant growth
velocity of the circumference of the crystal. Since the crystals in this study
have faceted shapes, a simple relationship between v and the growth rate of
the edges of the crystal cannot be directly established. The physical
meaning of v is assumed to be an average velocity of all the edges of the
crystal, each growing at a constant rate.

The condition of a constant growth rate that is independent of crystal
size and shape is consistent with an interface-limited growth process.

Therefore we conclude from this result that the growth of the crystal is limited
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by the interface (Au/c-Si) and is not limited by the diffusion of Si through the
Au.

Since the number of crystals does not change during the reaction, we
-can further evaluate the reaction-rate parameter n [(Eq. (4.3)] obtained from
the resistance data. From Dormeus’ the factor n would have values of 1/2
(plate-shaped crystals) or 3/2 (spherical-shaped crystals) in a diffusion-
limited growth mode. If the system were controlled by an interface-limiting
process, the factor n would have a value of 2 (plate-shaped crystals) or 3
(spherical-shaped crystals). The measured value of n in this study was 2.1,
which agrees with previous analysis in that the reaction is controlled by the
interface-limited growth of plate-shaped crystals This localized interface
process is speculated to be a process of fitting an atom to the growing
interface of the crystal. The activation energy E, = 1.9 eV is associated with
growing Au/crystal Si interface. We expect the energy E,tobe 2eVor
slightly higher since it should be close to the energy needed to add or
remove a Si atom from a low index surface of Si crystal'®.

Although diffusion does not limit the growth rate of the crystals, it does
play an key role in determining the distance between the crystals, and will
be discussed later.

An interesting result for Au/polysilicon is the unusually large size of the
Si crystals. Since the size of the crystals is inversely proportional to the
number of the crystals N, it is useful to discuss those factors that may control
the value N. A key result of this investigation is that the number of growing
crystal is fixed at the initial stage of the reaction and is time independent.
The origin of these crystais has been investigated', and it was concluded

that each crystal is the result of the growth of an already existing grain
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located at the initial Au/polysilicon interface whiéh grows in a 3-D manner
until impinging the top surface, and then grows in a 2-D manner radially to
form two-dimensional platelike crystals. The growing Si crystal displaces
the Au. Given the wide initial distribution of grain sizes? at the interface,
only the larger grains are expected to grow (Ostwald ripening). These
grains grow at the expense of the smaller grains. The relationship between
the driving force for growth and the size of the grain is a simplification of the
Thomson-Freundlick relation, which relates the driving force in the system
to the radius of curvature of the particle.  Since the polysilicon is an
accumulation of columnar grains with a wide variation of diameters, we
assume the simple relationship that the size/diameter of the grain is directly
(inversely) related (on the average) to the curvature of the exposed surface.

Ideally, there would be only one largest grain for the entire sample, and
this grain would grow at the expense of all other grains, which dissolve into
the Au at a rate prorated according to their size. But the diffusivity of Si in
Au is finite and thus restricts the transport of Si from distances far away from
the growing crystal. The area from which the crystal draws the Si is limited
to the immediate vicinity of the crystal. The extent of this affected area
depends on two factors: the local dissolution rate of the polysilicon crystals
and the diffusion of Si through Au. The size of this local region determines
the final size/number of crystals.

Since the diffusivity of Si in Au is finite there will be a concentration
gradient of Si in the Au perpendicular to the growing interface. The
dissolution rate of the the polysilicon grains near the growing crystal will be
higher than those far away from the crystal. This was verified from TEM

data!, which clearly shows that more of the polysilicon grains were dissolved
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in the region near the crystal. A schematic diagram of this process is shown
in Fig. 49

A quantitative analysis of the dissolution and diffusion of Si to the
crystal is treated in the appendix A. From this analysis we obtain an
expression for the radius (L) of the affected region,

L2<D/B , (4.11)
in terms of the diffusion coefficient (D) of Si in Au and the average
dissolution rate (B) of the polysilicon grains. This parameter L sets the initial
boundaries of the affected area at the early stages (<5%) of the reaction. At
the latter stages of the reaction the affected regions of the crystals will
overlap, suppressing to an even greater extent the growth of other grains in
the region between crystals. Therefore it is the initial value of L that
determines the distance between the crystals (see Fig 4.9) and,
consequently, the number of crystals per unit area N, since

201N =AyD/B , (4.12)
where Ay is a constant. The value for N is expected to be constant
throughout the anneal, as is experimentally observed.

" Assuming a simple dependence of B = Ag exp(-Eg/kT) and D = Ap exp(-
Ey/kn on temperature T where Ag and Ay are constants, it follows from Eq.
(4.11) that

N, exp(-En/kT) = (Ag/Ayhp) exp(-Eg/kT)/ exp(-Ep/kT). (4.13)

Since N, Ag, Ay, Ap, Ey ,Ep and Ep are all assumed to be temperature

independent it can be shown that 1 = A\yApN,/Ag and we can set the
coefficients of T (on each side of the equation) equal to each other,

En= Eg-Ep- (4.14)

Consider the dissolution factor B, the rate at which Si atoms are
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Figure 4.9 (a) A diagram of the two dimensional model describing the
dissolution of Si from the polysilicon layer and the diffusion of Si toward the
crystals, and (b) the Si concentration profile C(r) within the Au.
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removed from the small-grain Si. For a given crystal at equilibrium, the
dissolution rate will equal the growing rate. It can also be shown that for the
same crystal the activation energy of the growth rate is equal to the
activation energy of the dissolving rate. We argue that the activation energy
of dissolution rate Eg of the small-grained crystals will be approximately
equal to the activation energy of the growth rate of the large-grained crystal
(c-Si), E,, since the chemicai potential difference of small vs. large Si grains
is small (+/- 0.1 eV)'. Therefore we have

Eg=E,=~1.9eV (4.15)

We could not obtain data regarding the activation energy E, of Si in Au,
so we assume a value'' of E;=0.8 eV from the Al/Si system, which is
another eutectic system that reacts with polysilicon in much the same way
(Si crystal growth) as in the Au/Si system. Now we can evaluate the term E
(Ey=Eg - Ep=E, - Ep = 1.1 eV) and find good agreement with the measured
value (Ey=1.0 eV).

At low temperatures the distance L will be large ( L? o exp( 1.1eV/KT) )
and the largest crystal will dominate, suppressing the growth of all other
crystals within the region. At higher temperatures L, will be smaller and the
affected region will also be smaller, allowing additional grains outside of this
region to grow. This process is diagrammed in Fig. 4.10.

We conclude from this analysis that the thermal activation energy (E,)
for the total transformation process depends on two basic processes: the
exchange of Si atoms from the Si surface (E,) and the diffusion (Ep) of Si
through Au. By combining Eq. (4.10,4.14 & 4.15), E; can be rewritten
explicitly in terms of E, and E,.

Er=32E, -12Ej (4.16)
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Figure 4.10 A diagram of the initial stages of crystal growth with (a) no
thermal anneal, with (b) low temperature anneal (large diffusion length L),

and (c) high temperature anneal (short diffusion length L) Note, only grains
A & C grow at low temperatures while A,B,C &D grains grow at the higher
temperature anneal.
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Large differences in transformation rates, but comparable activation
energies, were observed in a given set of polysilicon samples. It is
speculated (and qualitatively supported via x-ray data) that the difference in
reaction rate from sample to sample is due to differences in the average
grain size. The rate of reaction at any given temperature would be expected
to be strongly dependent on microstructure (i.e. average size of grains).

The driving force for this reaction Aug; depends strongly on particle size: The
insensitivity of the activation energy to the type of polysilicon is expected
since the basic mechanism (adding/removing Si atoms from Si and Si

diffusion in Au) are insensitive to polysilicon microstructure.

4.9 Summary

This investigation characterizes the time and temperature depends of
the formation of Si crystals during isothermal anneals of Au/polysilicon
bilayers by using in situ resistance measurements and SEM analysis.

This reaction is controlled by two separate processes: the growth rate of
the individual crystals, and the total number of growing crystals. Individual
Si crystals grow with an interface-limited growth process within the Au layer
at a constant linear growth rate (v) with an activation energy of E, = 1.9 eV.
The number of growing crystals is fixed at the beginning and remains the
same throughout the anneal, but the number of crystals depends on the
temperature of the isothermal anneal, having an activation energy Ey= 1.0
eV. The relationship of these activation energies to the activation energy of

the total reaction, E,, is given as E, = Ey/2 +E,.



78

The number of crystals during an isothermal anneal is determined by

the dissociation constant of the fine-grained polysilicon and the ditfusion

coefficient of Si in Au.

Further analysis of these separate processes show that they can be

related to the more basic processes: the process of adding/removing Si

atoms from a Si surface, and the diffusion of Si in Au. The activation energy

of the overall process can be written as E, = 32E, - 12 Ep,.
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Chapter 5

Conformal growth of Si crystals and low temperature

(300°C) Si homoepitaxy

5.1 Introduction

Thin film crystal growth via deposition (MBE,CVD, etc.) has been been
characterized by many workers'. An alternative method of crystal growth is
solid phase? recrystallization. Lateral solid phase crystal growth is of
current interest because of the implication related to 3-dimensional
electronic circuits3.

In our earlier work%> we observed the solid phase crystallization of
large, two-dimensional Si crystals when bilayers of Au/polysilicon were
annealed at temperatures below the eutectic (360°C). In this chapter, we
look at two tangent issues related to the overall crystal growth process.

The first part of this chapter analyzes the Si crystal growth in the
Au/polysilicon system when the initial support substrate has a patterned
(stepped) topology. Unusual shapes of crystals occur in this system. Si
crystals can apparently grow around corners (steps), yet maintain their
single-crystallinity. TEM and SEM data are used to characterize shape and
the quality of the crystals. The shape of the crystals conform to the topology
of the Au layer, so it is referred to in this paper as the conformal growth
process.

The second part of this chapter deals with homoepitaxial Si growth in

80
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the Au/polysilicon system where the growing crystals have been seeded
from the exposed (100) substrate. This is unusual because of the low

température of the epitaxial growth (=300°C).

5.2 Experimental - conformal crystal growth

Si wafers served as the supporting substrate for the experiment. Two
types of non-flat samples were used. The first type consisted of the
unpolished back side of a electronic grade Si wafer. The second type
sample was fabricated by etching a pattern on the smooth side of the wafer
using standard photolithographic and RIE methods.

All wafers underwent RCA cleaning process prior to thermally oxidation
using which resulted in a = 0.5 um thickness of SiO2. The fine grain
polysilicon was deposited on the SiO2 layer by low pressure chemical vapor
deposition (LPCVD) at 620°C with the resultant polysilicon thickness of =
3000 A. After cleaning the surface of the polysilicon with a buffered
hydrofiuoric acid solution, 3000 A of Au was evaporated onto the polysilicon
thin films at a pressure of 5x10 Torr.

Samples were then annealed at 290°C in a vacuum furnace with a
base pressure of 107 Torr. This is below the Au-Si eutectic temperature of
360°C. |

Cross-sectional TEM specimens were prepared by standard ion milling
thinning techniques. JEOL™ 400Ex and 1200Ex electron microscopes

were used to analyze the samples.
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5.3 Results-conformal crystal growth

SEM micrographs shown in Fig. 5.1 were taken of samples after
annealing and stripping the top layer of Au with a Kl solution. Fig.5.1a
shows single grain Si crystals situated on a layer of fine grain polysilicon.
The initial substrate in this case was the smooth side of the Si substrate.
Fig.5.1b shows a Si crystal formed on the rough side of a Si wafer where the
topology of the substrate is not flat. It appears that the crystal originates at
the bottom of the depression and grows laterally and scales the side wall of
the depression. The growth apparently follows the contour of the substrate.

Crystals grown on the second type of (stepped) samples (patterned
with RIE) were analysed with cross-sectional TEM. Fig. 5.2 shows dark field
micrographs (2 beam condition) of the stepped region of the crystals where
the Si crystal conforms to the topology of the step.  The continuous pattern
of the thickness fringes of the micrograph (Fig. 5.2a and Fig. 5.2b) show that
the single crystals are continuous across the step and that the orientation of
the crystal does not change going from one side of the step to the other.
Selected area diffraction patterns were also obtained from the region on
both sides of the step and confirm the continuity of crystallinity across the
step. of the region. We deduce from this that crystal growth over the step is
not interrupted due to twin or stacking fault defects.

Shown in Fig. 5.2¢ are two adjoined independent Si crystals which
form the step. Note that only one of the crystals shows a bright contrast

since the other crystal has a different orientation.



83

Figure 5.1 SEM micrograph of Si crystals on polysilicon of annealed
Au/polysilicon/SiO2 sample after Au was selectively etched. Samples were
fabricated on flat (a) and stepped (b) surface substrates. (from Ref. 5).
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Figure 5.2 Dark field cross-section TEM micrographs (a) and (b)) of an
annealed Au/polysilicon/SiO2 sample showing the continuity of crystal
growth across a step. Note the continuity of the bend contours, indicating a
continuous single crystal. Two adjoined, independent Si crystals are shown
in (c). Note that only one of the crystals shows bright contrast since the
other crystal has a different orientation.
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5.4 Discussion - conformal crystal growth

The two dimensional Si crystal growth on a stepped surface is
apparently the same as the crystal growth on a flat surface. A purposed
model! of the growth sequence for the stepped surface is shown in Fig. 5.3.
The cross-hatched marks in the crystal represent the equilibrium growth
planes of the Si which are expected to be the (111) planes.

The shape of the Si crystal replicates the shape of the Au layer in a
process which we refer to as conformal growth. An interesting and what
unexpected feature of this phenomena is that the lateral growth is
continuous at region near the step, where there is an abrupt change in the
net direction of growth.

We seek to explain the apparent lack of sensitivity of crystal growth
characteristics to changes in the direction of growth. To begin we note that
the abruptness of the step is a matter of scale. Given the magnification at
which the micrographs (Fig. 5.2) were taken, the step appears to be abrupt.
But on a finer scale (e.g. the surface roughness (200 A ) of the Au layer) the
patterned step appears as smooth, gradual, long-range perturbation of the
original Au surface.

In deciding which scale is important in order to understand conformal
growth, it is useful to discuss and speculate the mechanics of the growth
process itself. It was concluded from earlier work4 that the growth is
interface-limited, localized at the crystal/Au interface at the growing face of
the crystal®. We speculate that growth of the crystal face occurs via a layer-
by-layer process, perhaps in monolayer increments. Each new monolayer
of the crystal originates at a point (defect) on the crystal face (or edge) with

subsequent completion (growth) of the monolayer. Given this method of
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Figure 5.3 Model of the crystal growth sequence for a stepped surface.
The cross-hatched marks in the crystal represent the (111) equilibrium
growth planes.
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growth and the scéle at which it occurs (monolayer thickness ~ 5 A) | it is not
surpr_ising that the surface roughnéss or the long range shape of the Au
layer (step) is not a critical factor for the growth and quality of the crystal.

The implications of this work (conformal growth) is that it provides for an
additional degree of freedom in designing the shape of thin film crystals.
Shapes which can not be fabricated with standard (MBE, etc.) methods
could be generated using this conformal solid state recrystallization
technique.. In principal, any shape of Si single crystal can be made given

that a templet of Au can formed.

5.5 Experimental - homoepitaxial Si growth

The goal of the homoepitaxy experiments is to show that Si can grow if
seeded on a Si substrate where the source of Si is the polysilicon layer. In
order to connect the source (polysilicon layer) to the seed area (Si (100)
substrate), special samples were fabricated. A schematic diagram shown in
Fig. 5.4, describes the structure. (100) Si wafers are thermally oxidized
which results in a = 0.5 um thickness of SiO2. Fine grain polysilicon is then
deposited on the SiO2 layer by low pressure chemical vapor deposition
(LPCVD) at 620°C with the resultant polysilicon thickness of = 3000 A.
Selected areas of the polysilicon/SiO2 regions are removed by first
patterning with photoresist techniques and then an RIE etch. This exposes
the (100) Si substrate. Then 3000 A of Au is thermally deposited over the
entire surface, thus providing a continuous diffusion path (Au) between the
source(polysilicon) and the seed area (exposed Si substrate). These

samples ,are then thermally annealed at = 300 °C.
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Epi Growth at Low Temperatures
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Figure 5.4 Epitaxial growth of Si, seeded on Si (100) substrate. The SEM
micrograph shows a truncated pyramid crystal of Si on the Si substrate after
the Au was removed by chemical etching.
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5.6 Results and discussions -homoepitaxial Si growth

Individual crystals begin to grow over the entire surface during thermal
annealing of samples. As expected crystal growth occurs in the region
containing the polysilicon in the same way as described in the previous
chapters (3 & 4 ). But crystals also grow in the region where the Si
substrate is exposed. These crystals, shown in Fig. 5.4, have the geometry
of a truncated pyramid having (111) planes as faces. The height of the
crystals will be equal to the thickness of the Au layer. For thick Au layers (>1
um), larger untruncated pyramid structures are observed, as shown in Fig.
5.5.

Two growth characteristics of the homoepitaxial crystals which are of
special interest is the origin and the resultant (pyramidal) shape of the
crystals. First we must question the term "homoepitaxial” as applied in this
case. These crystals seed on the (100) substrate at particular (partially
random) places on the substrate. It is not a uniform planar process whereby
monolayers of Si is epitaxially grown over the entire exposed Si substrate.
The reason why the entire Si substrate surface is not involved in the growth
process is not known. Perhaps the native oxide on the surface prevents
initimate contact between the Au and the Si and therefore the crystals grow
at particular pinholes through the native oxide. Or possibly the growth
process initiates at particular point defects on the original Si surface. In any
case it appears that the crystal initiates at small areas at the Si surface and
then grows from the surface of the new crystal rather than at other areas at
the original Si surface.

The pyramidal shape of the crystals can be qualitatively explained with

the following argument. Given that the crystals are growing at equilibrium
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Figure 5.5 Homoepitaxial growth of Si on a (100) Si substrate. The height
of the pyramidal crystals is equal to or less than the original Au layer. SEM
micrographs in (a) were taken with the Au removed. The micrograph in
5.5(b) shows a planar view of a (dark contrast) large crystal (40 um?2) where
the Au has not been removed from the sample.
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conditions and the growth is rate limited by a process at crystal face it seems
reasonable that the resultant crystal faces which be the slowest growing
(planes) faces of the crystal. It has been shown? in the case of Si that the
rate of (homoepitaxial) regrowth of an amorphized Si layer grows slowest on
a [111] substrate and fastest on a [100] substrate. Therefore it is expected
that the crystal will assume a shape using only [111] surfaces of the crystal.
The pyramid structure is the simplest of these structures.

Given the characteristic properties of crystal growth in the
Au/polysilicon system it is interesting to imagine some practical applications.
One possible use of the Au/polysilicon growth process is the fabrication of
silicon on insulator (SOI) structures. It was shown in section 5.3 that crystals
can be grown (conformally) over a step. Based on this and the fact that the
crystals can be seeded via a selected area on the substrate, the process
sequence outlined in Fig. 5.6 is suggested for the construction of SOI
structures. This process would produce individual (100) Si crystals isolated
from each other via an insulating (SiO2) layer.

Another possible set of applications use the resuilt that the crystals grow
initially in the shape of pyramids. The sharpness of the tip of the pyramids is
the characteristic of interest. The first application is for use as the primary tip
in indenting machines. These tools are used for the analysis of the
mechanical properties of material. The second use for these sharp
pyramids is for field-emitting cathode tips used in micro-vacuum-electronics
devices8.® shown in Fig. 5.7 (e.g. flat panel displays, transistors, etc.).
These devices work on the principle that the tip will emit electrons when

voltage is applied to the pyramid because of the high electric field at the tip.
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Possible Applications
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Figure 5.6 Diagram of possible process using the Au/polysilicon system to
produce SOI (Si On Insulator) type structures.
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Figure 5.7 SEM micrograph (a) of Si pyramid grown from a seed area on
the substrate. The crystal was grown in a thick (>1um) layer of Au.
Schematic diagram (b) of a possible application of the pyramid crystal if the
tip of the pyramid is sufficiently sharp - a field-emitting cathode device.
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Chapter 6

Au redistribution during thermal anneals of

Au/polysilicon bilayers

6.1 Introduction

In the analysis of Si'-2 crystal growth process in chapters 3 and 4, little
was said concerning the role of the Au layer in crystallization process. This
section focuses on the characteristics of the Au layer during thermal
anneals. Three topics will be explored in this chapter. The first section
deals with the changes in the Au layer (grain growth) occurring at the initial
stages of the anneal before Si crystallization is significant. The second
section deals with the morphological rearrangement of the Au layer,
changing from a relatively fiat uniform layer to a complex three dimensional
structure. Finally, the topic of diffusion paths of the Si through the Au layer

iS reviewed.

6.2 Changes in Au microstructure during initial stages of anneal

in an earlier section, it was explained that the Si crystal growth process
was monitored via the change in sheet resistance. In analyzing the data,
the resistance values are normalized to the value measured at the time the

sample had reached the anneal temperature. As the temperature of the
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sample is increased during the heat-up period the resistance of the Au layer
increases, this is expected since Au has a positive temperature resistance
coefficient ( (Ar/AT)/r = 0.004°C™"). But upon immediate cool down of the
sample, the resistance-temperature curve did not retrace itself. The room
temperature value of resistance of the annealed sample will be lower than
the as deposited sample. This effect is demonstrated in Fig. 6.1, where the
as-deposited sample is cycled to and fro the anneal temperature (270°C) for
short periods of time. There is a 24% decrease in room temperature sheet
resistance value, most of which occurs in the first stages of the heat-up. The
total accumulative anneal time is less than 1 hour.

The change in resistance is not due to the change in shape of the Au
layer as a consequence of Si crystal growth, since the Si growth process is
only in the initial stages (21%) of completion. RBS and the SEM inspection
of the free-standing Au films showed no significant changes in the shape of
the layer. Therefore it is concluded that the decrease in resistivity is due to
the internal properties of the Au film. To further investigate this effect, XRD
was used (Fig. 6.2) to compare the as-deposited sample with a sample
annealed for a limited time (1 hour 270°C). The annealed sample shows a
marked increase in XRD peak height intensity and a decrease in peak width,
both of which are indicative of grain growth of the Au. Samples annealed
for additio_nal times (up to 4 hours) did not shown any additional changes in
XRD characteristics.

In order to verify that grain growth was occurring in the Au film, a TEM
study was initiated. New samples (500 A of Au on single crystal Si) were
prepared and annealed at 200°C for an hour. XRD analysis of these type
samples also showed an increase of peak height intensity after thermal

annealing. The data showed that the films had a strong (111) preferred
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Figures 6.1 In-situ 4-point probe resistance of Au film (Au/polysilicon/SiOz2)
during thermal cycling (25°C-250°C) experiment. The temperature
coefficient of resistance is a factor in determining the value of resistance but

the net decrease of resistance (-24%) is due to the increase in size of the Au
grains.
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Figures 6.2 XRD diffraction of (Au/polysilicon/SiOz2) samples as deposited
and samples with 1 hr. 250°C anneal. There is an increase of peak
intensity and decrease in peak width for the Au peaks indicative of grain
growth. The shape of the (220) Si peak from the polysilicon does not
change since there is minimal interaction between the Au and polysilicon at
this early stage of the anneal.
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orientation for both the as-deposited and annealed samples. TEM' plane
view_micrographs, shown in Fig 6.3, show significant grain growth as the
result of the anneal. A plot of the frequency vs. grain diameter is also shown
in the figure. Low temperature grain growth has been investigated for Au
thin films deposited on SiO2 substrates by other investigators® where
substantial grain growth was observed in the Au even at 25°C.

The 24% increase in the conductivity of the annealed sampies is
speculated to be due to the increased effective average mobility of the

carriers due to the increase in the average grain size of the Au.

6.3 The redistribution of Au during thermal anneal

Substantial changes in the shape of the Au layer occurs after extended
thermal annealing, when Si crystal growth occurs. There is a one to one
exchange between Au and polysilicon, no hillocks or voids are observed.
The initial exchange between Si the Au is not symmetric. Si displaces the
Au from the original Au layer in the form of two dimensional crystals,
whereas the Au displaces the Si in the form of vertical spikes.

If the reaction between the layers proceeded via a layer by layer
process the analysis would be straightforward, but because the
redistribution of the Au is laterally and vertically nonuniform, analysis using
the typical methods (RBS, AES, etc.) proved to be difficult. For example,
RBS spectra of a series of Au/polysilicon/SiO2/Si samples annealed for
different times are shown in Fig. 6.4-a. The Au peak for the as deposited
sample is well defined, but as the reaction proceeds a broad tail develops at

the trailing edge of the peak. Deconvolution of the RBS data by itself is
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Figure 6.3 Planar TEM micrographs of as-deposited and annealed (250°C
for 60 min.) samples. The histogram details the frequency vs. grain size of
the films and shows that there is substantial increase in grain size as a result
of the anneal.
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Figure 6.4 RBS spectra of Au/polysilicon samples annealed at different
times and temperatures.
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almost impossible as it yields a variety of possible different interpretations,
o) dther methods of analysis are used in parallel with the RBS technique.

The most useful and direct method of determining the shape of the
reacted Au film is via SEM analysis of free standing Au films.  This
technique involves the separation of the entire Au film from the polysilicon
layer and the substrate. This is accomplished by submerging the entire
sample into a solution of HF (48%) and HNOs (1%) acids. The polysilicon,
SiO2 and Si dissolves easily in this solution releasing the entire Au film
intact, which is then retrieved from the solution using a standard TEM
sample grid. A three dimensional model of the shape of the film can then be
reconstructed from SEM micrographs taken of sample from different angles.
For example, in Fig. 6.5 pictures of both the top (a) and the bottom [(b) and
(c)] of the Au layer were obtained from the same sample by simply flipping
the TEM grid (which supports the free standing Au film) during the SEM
examination.

By analyzing the RBS and SEM data, a three dimensional model of the
physical shape of the Au can be reconstructed. Shown in Fig.6.6 is a cross-
sectional, time-sequence model of the Au layer as the reaction progresses.
Note that the Au initially penetrates into the poly Si layer via sharp (1000A
diameter) vertical spikes. Then as the spikes extend to the bottom of the
polysilicon layer, at the polysilicon/SiO2 interface, the Au spreads along the
bottom of the polysilicon. A SEM picture which simultaneously shows the
top and bottom view of a partially annealed sample is displayed in Fig. 6.7
(a). (This particular sample folded onto itself as the sample was retrieved
from the acid solution.) Note that Au forms an almost continuous layer at the
bottom, polysilicon/SiO2 interface. The observation of Au at this interface is

confirmed by RBS spectrum shown in Fig. 6.8. This Au interface layer has a
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Figure 6.5 SEM micrographs with view from the top (a) and bottom [(b) and

(c)} of partially annealed samples.

These free-standing Au films were

obtained removing the Au film from the Au/polysilicon/SiO2 structure by

etching the samples in an acidic solution of HF and HNO3.
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Figure 6.6 Mode! of the sequence of redistribution of the Au and Si during
therma! annealing.
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Figure 6.7 SEM micrographs of free standing Au films. of partially annealed
sample (a) of both top and bottom view of a film folded on to itself showing
the spikes of Au penetrating the polysilicon region.. Also shown (b) is the
bottom view of a fully annealed sample, note the smooth surface of the mass
of Au, smooth because it was located at smooth Si interface.
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Figure 6.8 RBS spectra of partially and fully annealed samples with inset
diagram identifying the location in the structure with position of RBS signal.
Note that the Au diffused through the polysilicon (via spikes) to form a thin
Au layer at the original polysilicon/SiOz interface. -



107

thickness of a few thousand A and is smooth on the SiO2 side as shown in
Fig.6.7 (a) and (b).

Given that the sequence of Au redistribution is known, what can we
deduce from this data regarding the basic parameters of the reaction (i.e.
driving forces, diffusion paths, etc.). For example, why does the Au form a
layer at the polysilicon/ SiO2 interface. One idea suggests that the chemical
potential of the Si at the polysilicon/ SiO2 layer is high due to interfacial
energy between the polysilicon and SiOz. In fact it has been speculated
that this interfacial energy is responsible for the main driving force of the
entire reaction, that the Au/SiOz is lower than the polysilicon/SiO2 interfacial
energy. Inspection of samples in the final state, after extended annealing
[Fig. 6.7 (b)], shows that the Au at the polysilicon/ SiO2 continues to
redistribute (upon continued annealing) into isolated Au islands. Therefore
it is concluded that the interfacial energy is not the key parameter (driving
force). ,

It is believed that the Si at the initial polysilicon/ SiOz is different than
the Si in the remaining polysilicon layer in terms of the degree of crystalline
order. CVD Si is essentially a nucleation and growth process where the
initial Si layers consists of small grains. Continued deposition results in
fewer but larger grains tending toward a columnar structure.  Texturing
occurs? as the film thickness increases and for films grown at 620°C the
grains develop a [110] preferred orientation. It is deduced from this that
there are, on the average, more defects (grains boundaries) in the initial
layers of the ploy-Si film than on the subsequent layers. Because of this the
chemical potential of the Si is higher in the region of the interface because it
consists of the initial layers of the deposition. ~The average chemical
potential of the Si decreases as the film thickness increases in a continuous

way as the gain size increases.
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6.4 Diffusion paths of Si through Au layer

Si crystallization is a result of long range lateral transport of Si through
the Au layer. This description of the Si diffusion process is stated in general
terms because the mechanism of atomic transport is not known. The
possibilities include bulk diffusion through the grains and diffusion via the
grain boundaries. Surface diffusion may also play a role but the top surface
of the Au is probably not a free surface since SiOz is most likely covering the
entire Au surface. A small Si surface peak has been observed routinely on
as deposited Au/polysilicon samples, in fact this SiO2 layer is easily
observed qualitatively by visual inspection when the samples are left
exposed to ambient air at room temperature for a few months.

A different diffusion path which is schematically pictured in Fig. 6.9 is
one which is related to the Au/Si interface. This type of two dimensional
diffusion path'is considered important because of the unusual nature of
system. Au melts at 1337°K and Si melts at 1683°K but together they melt
at approximately 640°K (eutectic temperature). The large difference in the
melting temperature between the components and the combination of
components is a curious characteristic of deep eutectic systems but perhaps
even more interesting in the case of the Au and Si system because of the
extremely low solubility of each component in each other.

The Au/Si interface has been studied using AES and XPS on thin
layers (<500A) of Au on single crystal Si. It has been concluded®® that the
interface is not abrupt but is a diffuse region having a width of approximately
50-100 A. The Si atoms in this region form metallic bonds with the Au,
similar to the case of Si in metastable Au-Si compounds. This diffuse

region at the Au/Si interface is not unique, it is also observed’ in the Al/Si
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system which also forms a eutectic system.

To estimate the feasibility of this layer as a conduit for the Si flux
meaéured in the earlier chapter we estimate the diffusion constant D. The
flux rate of the growing crystal is of the order 1A/sec. |If we assume for the
sake of argument that the width of this region is 100A and concentration
gradient is 1022 atoms/1um then the diffusion coefficient D is calculated to

be of the order 10°1! cm?/sec, which is a reasonable value.

6.5 Conclusions

Changes occur in Au films during thermal annealing of Au/polysilicon
bilayers. The first measurable change occurs within the Au layer and is
probably not directly related to the bilayer structure. In the initial stages of
the anneal before the Au and Si interact, the grain size of the Au increases.
This is observed in three ways: an increase in the grain size (TEM), a
decrease of resistance, and a sharpening of the diffraction peaks (XRD).

After extended anneal times, the bilayer components Au and Si begin
to interact resulting in the second major change in the reaction. Si
recrystallization occurs with the subsequent redistribution of the
components. The Au interchanges with the polysilicon using a one-to-one
displace mechanism which conserves the morphology of the composite
layer. Spikes of Au protrude the polysilicon layer as the Si dissolves and
recrystallizes.

The path of the diffusion is not known but is expected to be due to a

combination of bulk, grain boundary, and interface processes.
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Figure 6.9 Model of interface diffusion path of Si through the Au layer. This
model proposes that Si diffusion may occur via a thin (50-100 A) interface
layer which is shown in the diagram by the region in cross-hatched marks.



111

6.6 References

1 L.H. Allen, J.R. Phillips, D. Theodore, R. Soave, C.B. Carter, J. W. Mayer
and G. Ottaviani, Phys. Rev. B Vol. 41, 8203 (1990)

2. L.H.Allen, K.N. Tu, L.C. Feldman, J.W. Mayer, Physical Review B 41,
8213 (1990)

3. C.C.Wong, H.L.Smith and C.V. Thompson, Appl. Phys. Lett. 48,335
(1986)

4. T.Kamins,Polycrystalline Silicon for Integrated Circujt
Applications, (Kluwer, Boston, 1988)

5. A.Hiraki,Progress in the Study of Point Defects,Conference
in Tokyo,Univ. of Tokyo Press(1977)

6. H.S.Jin, T. Ito, and W.M. Gibson, J.Vac. Sci. Technol. A 3, 942 (1985)
7. J.C. Phillips,Thin_Films-Interdiffusion an ions, edited

by J M. Poate, K. N. Tu and J. W. Mayer (Wiley, New York, 1978),
Chap 3



Part Il

Interface contact resistance studies

112



Chapter 7

introduction

7.1 Introduction

The importance of interfaces and surfaces has paramount importance
in many applications. Surfaces are of importance because many of the
interfaces of interest are created by depositing thin films of material onto the
surface. This initial surface, which later becomes an interface, is almost
always of primary importance. The region at an interface may be extremely
thin, consisting of only a few layer(s) of atoms, but may dominate the
outcome of the entire reaction kinetics, adhesion and/or the electrical
characteristics.

Interest in interfaces for this paper falls into two general areas : surface
contamination prior to CVD W deposition (chapter 10), and ohmic contact
formation at the metal/ n-GaAs interface (chapter 11). In both cases the thin
region at the interface controls the characteristics of the device/reaction.

Direct methods for analyzing the interface include RBS, AES and
SIMS. An indirect method, which also can be used to probe the interface, is
the measurement of contact resistance. This method can be extremely
sensitive to thin layers (e.g. insulating) or small changes at the interfaces, it
has the advantage of having a broad measurement range (10€). It's major

disadvantage is that it is an indirect method, and usually requires models
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and/or critical assumptions in order to interpret the data.

Typical methods of measurement of contact resistance will be reviewed
in the chapter 8. A new method of contact resistance measurement, which
in some cases has definite advantages over the other methods, will be
introduced in chapter 8.

One problem with any contact resistance measurement is concerns the
assumption of current uniformity. This problem is addressed and
analytically solved (chapter 9) for a particular type measurement structure -
those with radial current symmetry (circular vias).

These contact resistance methods are used to evaluate the interface
(chapter 10). Here we seek to evaluate the problems related to the
selective CVD growth of W on Al surfaces. The study combines the
electrical information with SEM and preliminary AES results.

The final chapter in the thesis presents some of the work done with
GaAs. Here again, the interface is of primary importance. Relatively good
contact resistance values ( p,=10-7 Q cm? ), were obtained early on in the
study. The material analysis of the reaction required more time and has not
been published yet.  Most of the difficulty in the analysis was due to the
nonuniform morphology of the top metal (indium and palladium) surface,
which disabled most analysis tools (RBS, AES,etc.). Indium, as deposited
(25°C), grows in large crystals producing a very rough surface. Smooth
surfaces were eventually obtained by evaporating the indium at liquid
nitrogen temperatures, and these samples were useful for channeling
experiments. Two other techniques were also very useful; XRD and
backside SIM profiles.

As was the case for Part 1, each chapter includes an introduction

section, which addresses each set of problems in more detail.



Chapter 8

New thin film contact resistance measurement

8.1 Introduction

Several methods! are currently being used to measure contact
resistance of metal/metal and metal/semiconductor interfaces including
Kelvin method? and the Stack and Cox method3. Recently another method*
similar to Stack and Cox was proposed and used to measure the contact
resistance between thin film metal and a bulk semiconductor. Based on this
idea, we developed a new method® which can be applied to thin film/thin film
contacts. In order to verify the accuracy of the new method, referred to here
as the spreading resistance "SR" method, a comparison is made with the
standard four terminal Kelvin structure. The comparison is made on two
layer Al/Al contacts.

The new SR method serves to compliment the standard Kelvin method.
In some cases the new method circumvents some of the fabrication and
analysis problems associated with the Kelvin method, while in other cases
the new method is expected to be less sensitive to low contact resistances.
The Kelvin method essentiaily requires two independent pairs of narrow
lines to be connected to the top and bottom of the via. Because these lines
need to be carefully aligned to each other, there is a need for strict
tolerances in both the photolithographic process and the level to level

registration specifications of the photomasks. Furthermore the analysis of
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the data from the Kelvin structures is in some cases difficult® (e.g., current
crowding) because of the lack of symmetry in the basic design of the
structure. A complete analysis of current crowding in Kelvin structures
would require 3-dimensional numerical analysis techniques which are very
difficult.

The structures needed for the SR method do not require strict
tolerances and therefore are easier to fabricate. In contrast to the Kelvin
structures, the SR structures are designed to have cylindrical symmetry
which simplifies data analysis in the case of current crowding.

In this chapter the Kelvin and the SR method described and compared
noting the advantages/disadvantages of each method. The problem of
current crowding in circular vias is analyzed in the folowing chapter and we
obtain analytical solutions which predict the correct value for the contact

resistivity parameter P_.

8.2 Experimental

The devices discussed in this study were fabricated by a three level
process. The bottom layer pattern was produced using the lift-off technique,
3,000 A of Al was sputter deposited onto a thermally oxidized Si wafer which
was patterned with photoresist. A blanket layer of SiO, (0.5 um) was then
sputter deposited onto the sample and patterned by etching with a RIE
process to form the circular contact vias having radii of 1.0, 1.2 and 1.3 mm
(+/- 0.1 mm). For the top metallization the sample was first sputter cleaned
and then Al was again sputter deposited using a lift-off technique. The

resultant layered structure consisted of two layers of Al separated by an



117

insulating SiO, layer, the two metal layers being directly connected to each
other by a small via through the insulating layer. The Al/Al contact was
chosén for this study in order to obtain the smallest possible values for the
interface resistivity P, which should be low in this case. Low resistance
contacts were needed to evaluate the sensitivity of the new method.

In order to increase the accuracy of alignment between levels, the
photomasks were fabricated with electron-beam technology with level to
level registration of +/- 0.2 mm. Sheet resistance measurements of both top
and bottom Al layers are critical for the SR method. Four equally spaced
vias, arranged in-line were used to determine the bottom Al layer sheet
resistance in an analogous way the standard 4-point in-line probe
measurement is made. In order to measure the sheet resistance of the top

metal layer a serpentine structure was used.

8.3 Kelvin Resistance Structure

A common problem in any type contact resistance measurement is the
separation of the contact resistance R, of the via, which is ot most interest,
from parasitic resistances. These parasitic resistances are extrinsic to the
via and are due mainly to the voltage drops along the current path which
connect the vias to the probe pads. Kelvin structures (Fig. 8.1) are designed
so that only the contact resistance of the via is measured. In the ideal
structure, the sense (voltage V,) leads measure only the vertical voltage
difference across the via. The contact resistance R, is then directly
evaluated using Eq. (8.1).

R, =Vy/I (8.1)
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Figure 8.1 Kelvin resistance structures used in this study, (a) side view and
(b) top view. The width of the lines is "w" and the rac.us of the via is "a".
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where | is the total current to the via.

. To obtain accurate values for low contact resistances small via
diameters (1-10 mm) are required. Furthermore, in the case of the Kelvin
structure, it has been shown 2 that for imp:oved accuracy the sense and
drive lines must be of the same size as compared to the via. It is also
necessary that the via level be accurately centered with the top and bottom
metallization lines. To satisfy these requirements it is essential to precisely
align the levels to one another. |t is especially important in certain types of
metallization processes such as the CVD selected tungsten deposition
where misalignment may cause unexpected growth characteristics of the via
(plug) metal. In practice, to insure complete overlap between via and lines,
the width of the lines are made slightly larger than the via. This is done at
the expense of the accuracy of the measurement. Two types of Kelvin
structures KA and KB were fabricated for this study, line widths (w) exceeded
the via diameter (2a) so that (w-2a) was 1 mm (KA) and 2 mm (KB). All

critical dimensions used in this paper where measured using an SEM.

8.4 Spreading Resistance Structure

The new contact resistance method SR provides, in some cases, an
alternative to the Kelvin method. Choosing which method to use will
depend on the system that is being tested. The Kelvin method should
always be applicable but the structures will be more difficult to process and
the data will be more difficult to analyze in the case of current crowding.

In contrast to the Kelvin structures where the current is confined to a

narrow path to and from the via, the current path in the SR structure is open.
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The combined via and parasitic resistance are measured together.
Because of the design and symmetry of the SR structure the parasitic
resistance can be accurately determined and then subtracted from the total
resistance yielding the via resistance.

Many different types of SR structures could be used to measure R,.
The structure used in this study (Fig. 8.2a) consists of a chain of vias
connected in series. Also shown in Fig. 8.2b is the equivalent resistance
network containing the contact resistance R_ and the parasitic resistances
Rgpo and R

top and bottom metallizations. The total resistance for each unit of the chain

sp2 which are due to the spreading resistance near the vias at the

can be expressed as _

Rr = 2R;+Ry0+Repo2 (8.2)
Atter the total resistance Ry and the sheet resistances Ry, (bottom) and
R0 (top) of the Al layers are measured, the spreading resistance factors
can be calculated and subtracted. The key feature which makes SR method
easy to apply is that the spreading resistance is well defined by the
geometry of the structure and can be easily evaluated. The spreading
resistances R, for two vias of radius "a", separated by a distance "s" situated

on a planar thin film (Fig. 8.2¢) is given by
Ry = KRy, In(s/a) /n (8.3)
where K is a correction factor determined by the geometry of the lamina. |f
the vias are situated on a pad which is much larger than the spacing "s" then
K=1. In our particular structure the vias are placed within a square (98
mm)2 pad and have a spacing of 50 mm. Using 2-dimensional numerical
techniques, the correction factor was found to have a value of K=1.07. By

using Egs. (8.2) and (8.3) the contact resistance R can be obtained.
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|

Figure 8.2 The resistance chain (a) used in the SR method with the
equivalent resistor network (b). The dimensions (c) of a segment of the
chain are also shown.
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8.5 Results

A demonstration in the use of the SR method is shown in Fig. 8.3.
Using the chain structure (Fig. 8.2a), current was applied to endpoints of the
chain, the voltage difference was sensed for each individual chain segment.
Values for the total resistance R; = V/| for the individual segment were
consistent across the chain, varying less then 2% over the entire chain.

Spreading resistance values were evaluated using Eq (8.3) with the
values for sheet resistance obtained from structures adjacent to the via
chains. By subtracting the spreading resistance from the total resistance we
obtain the values for the contact resistance per via as a function of via size
(Fig. 8.3). The solid line in Fig. 8.3 is a plot of R_ vs via radius given that R_ =
PJ(n’) and P, = 0.07 Q-mm".

We also note the disadvantages of the SR method by observing that a
large fraction of the total resistance is due to the spreading resistance factor.
Since both the resistance parameters Ry & R, have a measurement error
associated with them, if the two have comparable values the difference R,
may be extremely small, accompanied by a large error, and therefore highly
uncertain. In effect, the sensitivity of the measurement of R, is limited by the
value of spreading resistance, for example the minimum detectable value for
R, would be some fraction (e.g., 5%) of R,

When the SR measurements are compared with the Kelvin structure
measurements in Fig. 8.4 and Table |, good agreement is observed. The
error bars in Fig. 8.4, represent the standard deviation of measurements
taken at different locations on the wafer. From the data it can be seen that
the variation in the measured contact resistance for a given via radius is

larger for the Kelvin measurement and decreases as the via increases.
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Figure 8.4 Contact resistance using the Kelvin structures type KA (a) and
KB (b), and the spreading resistance (c) structure.
in the data for the Kelvin structures which is due in part to misalignment of

the levels.

Note the wide variation
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Table 8.1 Comparison of the average contact resistivity P calculated from
the contact resistance R, (P, = Rcl(naz)), from the Kelvin (KA & KB) and SR

structures of two wafers processed separately.

Kelvin Kelvin Spreading

(KA) (KB) Resistance

(milli-Q-pm?) (milli-Q-um?) (milli-Q-pm?)
Sample 1-3 118 +-10 138 +-14 114 -1
Sample 1-1 82 +-9 92 412 70 -2

This effect is possibly due to misalignment between the top and bottom
layers which is critical for the Kelvin structure. Samples 1-3 and 1-1 had
misalignments of 0.3 mm and 0.6 mm respectively, these were determined

by measuring (SEM) the displacements of the a vernier alignment marks.

8.6 Discussion and Conclusions

The SR method for the measuring contact resistance (< 0.1 Q-um?) was
presented and compares well with standard Kelvin measurement. In
comparing the two methods, the SR method has the advantage of relaxing
the photolithographic alignment constraints required in fabrication of the
structures: the levels may be misaligned by several microns yet the
measurement would yield approximately the same results.  Unfortunately

because it uses a subtraction technique the SR method is limited in
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sensitivity to higher values of contact resistance, the limits being determined
by the sheet resistance of the system. Another advantage of the SR method
is the ease of analysis of the data when current crowding conditions are

present.
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Chapter 9

The solution to current crowding in circular vias.

9.1 Introduction

The contact resistance R, for a particular contact via is by itself useful,
but in many cases the parameter of greater interest is the contact resistivity
P¢, the area independent parameter used for scaling purposes. In general
the contact resistance contains many components including the interface
resistance and the effects of resistance of the metallizations within the via.
Our main interest is to obtain a value for the interface resistance Ps. It is
assumed for our discussion that in all cases the interface and metallization
characteristics are spatially uniform.

It would seem obvious that the connection between contact resistance
and contact resistivity is trivial, since we could obtain the value for P by
multiplying the measured contact resistance R_.by the area of the via.
However this may not be the case due to the nonuniformity of current within
the via.

Two dimension modelling of Kelvin structures! shows that there is a
large error, due to current crowding, in the value for P, using the above
relation. A complete analysis of current crowding in Kelvin structures would
require 3-dimensional numerical analysis techniques which are very difficult.

Current crowding analysis is much easier for structures which have

circular vias, designed so as to have the current radially symmetric with
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respect to the via. The spreading resistance (SR) structures? discussed in
the preceding chapter are designed with (approximate) radial current
distribution, which simplifies the data analysis for the correction for current
crowding. The goal of this chapter is to obtain analytical solutions which
predict the correct value for the contact resistivity parameter P,. In order to
verify the accuracy of the analytic solution, a comparison is made with

computer based solutions, using 2-dimensional numerical techniques.

9.2. The current crowding problem

Assuming the thin film approximation, which will be discussed in the
following section, and given that the current density is uniform throughout
the via (Fig. 9.1a), the contact resistivity can be expressed as foliows.

P.=R,Area (9.1)

However, if the via is sufficiently large the current will not be uniform,
but will be concentrated near the edges of the via as shown in Fig. 9.2a.
This effect of current crowding is a consequence of the current seeking the
least resistive path through the structure and the values for P_ obtained
using Eq. (9.1) will be incorrect. For example in a case where there is
current crowding, given the measured resistance is R, = 6 (mQ) and via
radius is 10 um , we would calculate P_ = 1.9 (Q-um2) using Eq. (9.1). This

value is = 90% too high if the sheet resistance of the film is Ry, = 0.1 ().
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Figure 9.1 Current density distribution (a) in a via without current crowding.
The equivalent circuit of a via from the edge to the center of the via is shown
in (b).
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Figure 9.2 A cross sectional plot of the current density in (a) Sum radius via
(current crowding), and (b) 1um radius via (approximately uniform current
density). The data was obtained by 2-D numerical analysis.  The
Al(1.0pm)/W(0.2um)/Al(0.3um) structure had an interface (Al/W) resistivity of

P, =0.1 Q-um2
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Our objective in the following sections is to establish a simple analytical
method for determining the correct value for P, under any conditions of
current crowding.  Solutions which yield values for P, were obtained for

those vias which satisfy the thin film approximation.

9.3 Thin Film Approximation

We begin the analysis by assuming a structure with three layers and
two interfaces (Fig. 9.1a). Furthermore we require that the layers of the
structure be such that the effective "vertical -asistance"” along any vertical
path through the via is due to the interface contact resistance Py, and P,,.
A guantitative description of the thin film requirement is given as follows.

2+ rty + Ryt (9.2)

- Pe= Peoy + Peya >> Ryoty

P (©-cm?) the tota! contact resistivity

Peois Peip (2cm?)  contact resistivity of the two interfaces

Rehor Reha (@) sheet resistance of the top/bottom layers
py (Q<cm) resistivity of the plug material
tor by to (em) thicknesses of the layers

An equivalent circuit of this structure is shown Fig. 9.1b. The factors S,
are related to the sheet resistance of the layers and the P, factors are related
to the interface resistance. Our goal is to obtain values for the equivalent
total resistance R, of this network in terms of the values for sheet resistance
(Ry, =R+ Rgho)s interface resistance (P, = Py + Pgyp ) @and radius (a) of the

via.



132

9.4 Analytical solution to current crowding at circular vias

The solution of the circuit shown in Fig. 9.1b will be given in terms of a
equivalent resistance of the distributed network. To do this we analyze the
circuit in terms of a differential equation. The vertical current density J,(r) is
given by

J,=V/P, (9.3)
where V(volts) is the vertical voltage difference across the top and bottom of
the via. The horizontal current C(amps) is related to the derivative of the
voltage ( dV/dr = Vv ) by the following expression.

C=(2nRy)V (9.4)
The vertical and horizontal current components are related through the
continuity equation

C'=(2nn) 4, (9.5)
where the derivative of the horizontal current is noted as dC/dr = c.
Combining Egs. (9.3), (9.4) and (9.5), we obtain the differential equation

V' s ViIr -2 =0 (9.6)
where L2 =PR,.

The solution of this equation can be written in terms of a zero order
modified Bessel function | (r/L).

V() = V(@) | (L) /1 (at) (9.7)

By using Eq. (9.4) we obtain an expression for the current C
C(r)= [2rrV(a)/R,) [Io'(r/L)llo(a/L)] (9.8)
in terms of the derivative of the Bessel function dl /dr = Io'(r/L) = [1/L]
dl,(q)/dq . Since are goal is to obtain expressions for the (measured)

equivalent resistance R,
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R, =V(a)/C(a) (9.9)
we can evaluate V(r) and C(r) at r=a with the result
R, = [Ry/2ma] [ | (aiL) |, (a/L)] (9.10)
Equation (9.10) represents the exact solution of the problem, which relates
the measured parameters R_, Ry, and "a" to the factor P_. which is the main
parameter of interest. Bessel3 functions (and their derivatives) are
cumbersome expressions to manipulate algebraically and they are usually
expressed using polynomial functions with constant coefficients (o;,B;, etc.).
For small values of r/L the function has the form,
(L) = 1+ 0% + o)’ + ... (9.11)
And for large values of r/L the function can be written as
(L) = ()™ exp(riL) [1 + By(rL)" + Bp(r) + ...] (9.12)
By using Egs. (9.10), (9.11) and (9.12), rearranging terms, and making the

necessary approximations we obtain the first order approximation solutions

to P,
The expression for P, for small values of (r/L) is given as
P, = F R na? (9.13)
where
F,=1-Rg /(30R,) (9.14)

The term 30R, in Eq. (9.14) was changed from 8nR_, which was derived from
the first order approximation, in order to obtain more accurate values for P,.
Expression Eq. (9.13) is applicable over the range of

R4 /R, <120 (9.15)
For large values of r/L the contact resistivity P_ can be expressed as

P, = (R.2raFg)?Rg, (9.16)

where

Fg=1-29R /Ry, (9.17)
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This solution is applied over the range

Rg/R.>12.0 (9.18)
The term 2.9R, in Eqg. (9.17) was changed from =R, which was derived from
the first order approximation, so as to increase the accuracy for P,.

Together these approximate solutions estimate the value for P to
within =2% of the exact value which can be obtained (with difficulty) from Eq.
(9.10). To apply these solutions to a particular system, we first measure R_,
Ry, and "a", then decide which solution is applicable (from Egs. (9.15) and
(9.18)), and then calculate the value for P with either Eq. (8.13) or (9.16).

To demonstrate the accuracy of these analytic solutions over a wide
range of possibilities, we compare them with the more realistic two
dimensional model of the contact via. The comparison was made on an
Al/W/AI structure as shown in Fig. 9.3 with an interface contact resistivity of
the AI/W and W/AI of 0.4 Q-um2, For this particular structure, the thin film
conditions (Eq. 9.2) are satisfied and therefore it is appropriate to use the
analytical solutions. The numerical values for P in this case were obtained
by numerically solving the Laplacian using a two dimensional mesh. In
order to obtain the numerical results a computer program was designed.
The numerical results were obtained by the author's collaborators®. Two
dimensional plots of the current density for two particular vias are shown Fig
9.2. A comparison between analytic and numerical solutions is displayed in
Fig 9.3 and show good agreement. Note also, the effects of current
crowding for larger vias.

Although the analytical solution has been restricted to cases
constrained by the thin film approximation , these solutions can also be used
in more general situations. The motivation for the restriction is to simplify

the mathematics of the problem, converting the problem from 2-dimensional
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Figure 9.3 Comparison of contact resistance vs. via radius by 2-D
numerical techniques(+) and analytical (solid line) solution from equations
(9.13) and (9.16). Also shown is a plot (***) of Rc=0.07/ua2 where the effects

of current crowding are not taken into account.
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to 1-dimensional. A situation where the analytical solution can be modified
slightly so as to circumvent the constraints of the thin-film approximation is
as follows. Suppose the total (vertical) voltage difference in the via is not
only due to the voltage difference at the interface, but incorporates the .
additional (vertical) voltage drop within the metal. In this situation the
analytical solutions are used to obtain the value for P, but this value now
represents a combination of interface and metal resistance. To approximate
the correct value for the interface resistivity, the metal resistance is
subtracted from the total resistivity Pc(interface) = Pc - p.t,.

In summary, an analytical solution to the current crowding problem for
circular vias with radially symmetric current has been obtained. The

solution shows good agreement with the more rigorous numerical analysis.
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AChapter 10

Contact resistance study of selective tungsten CVD

process on Al surfaces

10.1 Introduction

Selective CVD deposition of metals used in integrated circuits promises
to be a viable technology for VLS| applications. Among the earliest
candidates having success in many laboratories is the (WFs) tungsten
system.

This study investigates the initial attempts of depositing W on Al for a
process in a startup operation' . The primary goal was to develop a contact
resistance photolithographic mask set which would be used for diagnostic
evaluation of the deposition process. In this chapter six samples of a startup
operation will be discussed. The W/AI interface of the samples is analyzed
with both electrical and material characterization techniques.

This study is not so much an investigation of the process of the
deposition of W on Al but a study of a characterization technique of the
deposition process. In fact deposition of W on Al using CVD processes has

been done successfully by other workers? using a variety of CVD systems.
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10.2 Experimental

Samples were fabricated on Si substrates: which were thermally
oxidized to form a buffer SiO2 layer between the substrate and the
subsequent metal layers. The contact resistance devices required a three
mask (level) metallization scheme. A schematic of the process sequence is
outlined in Fig. 10.1.

Using photolithography and the liftoff technique, patterns of 3000 A Al
or Al(Cu) were electron beam deposited onto the SiOz2 layer o form the
bottom metal layer - which will be referred to as the MO metal layer. These
patterns were configured for Kelvin and spreading resistance structures for
the purpose of measuring the contact resistance.

Following the bottom metallization , SiO2 was sputtered onto the
samples in order to form an isolation layer between levels M1 and M2 metal
layers. Vias of sizes ranging from 3 to 700 pm? were etched through the
SiOz2 layer using the reactive ion etching process.

Prior to loading in the W CVD system the samples were cleaned with
HCL, this system did not allow for in-situ cleaning before deposition. Six
samples were fabricated with the CVD W machine over a wide range of
process barameters, including various temperatures (330-550°C),
deposition times, and process gases (SiH4, H2). This middle level (of W
metallization) will be referred to as level M1. A log of these different process
conditions are given in Table 10.1

After W deposition, the final level M2 of Al (1um) was deposited using
the liftoff technique in a pattern useful for Kelvin and spreading resistance
measurements. These samples were in-situ sputter cleaned prior to the E-

beam Al deposition to insure an oxide free surface.
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10.3 Electrical characterization of via contacts

After final processing of the samples, they were characterized by
measuring the contact resistance of both Kelvin and spreading resistance
structures. The results, shown in Fig. 10.2a, are the values of contact
resistivity values Pc, which represent the contact resistance normalized for
the area of the via. Note the wide variation in the values, ranging over §
orders of magnitude.

The contacts for the small vias of size less than 10 um? were blocking
(Rc >20 MQ) and thus couldn't be measured. These blocking contacts
could be irreversible changed ("punched through”) subsequently reducing
the resistance from Rc > 20MQ to Rc < 10Q by applying voltages of greater
than 2 V (Fig. 10.2b). Also shown in Fig.10.2c is the voltage breakdown
characteristics of the SiOz layer obtained using a contact pad having a zero
via size. The resistance does not linearly scale with area.

It is deduced from these data that there is a thin layer of electrically

‘insulating material within the contact limiting the current from the top (M2) to
the bottom (M0) metal layers. The origin of this layer will be investigated in
a following section. lt*is speculated that this layer is continuous for small
areas (<5 um?2) accounting for blocking contacts, but for the larger areas
(>50 um2) there are discrete pin-holes through the insulating layer allowing
current conduction between the levels. From this we calculate the density of
these pin holes to be on the order of 1/50 um?2,

Given that this high resistance insulating layer exits, it is imperative to
identify the location of the layer. It is assumed that the layer is associated
with the interface. Since there are two interfaces in the stacked via , it is
possible that the insulting layer be associated with either MO/M1 or M1/M2

interface as shown in 10.4a. Determining which interface is responsible
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can be accomplished by an electrical measurement using structures on the
wafer which were specially designed for these type queries. From the
previous paragraph it is known that the contact resistance is strongly
dependent on the area of the interface. By comp;aring the total contact
resistance between vias which have differing MO/M1 and M1/M2 interface
areas it is possible to deduce which contact is blocking.

Compare the structures in Fig. 10.3b and Fig. 10.3c. The M1/M2
interface area is the same for both structures, whereas the MO/M1 interface
is 20 times the area for the structure in Fig. 10.3c. Since the resistance of
the structure in Fig. 10.3b is found to be greater than 106 that of the structure
in Fig. 10.3¢, it is deduced that the insulating layer which causes the high
resistance is located at the MO/M1 interface.  This interface is associated
with the exposed Al surface prior to growth of W occur. In order to further
investigate the origin of the insulating layer material characterization tools

are used including SEM and Auger.

10.4 Material characterization of via contacts

The samples were examined by SEM inspection and an unexpected
result was found: samples which had low contact resistance were not filled
with W and in some cases had only little W in the via. A comparison of
samples 3 and 8 in Fig. 10.4 show the contrast between the filled via (high
resistance sample 8) and the low partially filled via (low resistance sample
3). The bright contrast nodules in the vias (Fig. 10.4) were identified as W
using with wavelength-dispersive-spectroscopy (imaging mode)

Further analysis, using energy-dispersive-spectroscopy in the focused

beam mode, shows (Fig.10 5) that the W layer in the unfilled via is not
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SEM Analysis
Sample CU1-3 Sample CU 1-6

Figure 10.4 SEM micrographs of low resistance/unfilled via (left column)
and high resistance filled via (right column).
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Figure 10.5 Micrographs of via (low resistance) sample using (a) imaging
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laterally continuous. By comparing different structures on the same wafer it
is possible to show the W layer before (Fig. 10.6.a) and after (Fig. 10.6.b)
final 'Al metallization (M2). It is concluded that in the case of the low
resistance sample, the top Al layer (M2) is in direct contact with the bottom Al
layer (MO0), the current being shunted around the W nodules (islands)
through the Al.

To obtain more information about the (speculated) insulating layer,
Auger electron spectroscopy (AES) was used on sample structures which
did not have the top Al layer. This data was taken by Lynn Rathbun. The
data shown in Fig. 10.7 indicates that oxide and fluoride compounds and
carbon are present on the Al surface in places where the W did not grow.
Since this surface was exposed to the ambient air after taking the samples
out of the deposition reactor, the source of these contaminating compounds
can not be traced. Was the Al surface contaminated before, during or after
the W deposition process? Because in-situ surface analysis was not done
during the deposition the source of the contaminants can only be

speculated.

10.5 Discussion and conclusions

Electrical and material characterization of the six samples in this study
showed that some of the samples had high contact resistance due to an
insulating layer at the bottom AI/W interface. Since all the samples with
complete W coverage (filled vias) show the highest resistance, resulting from
the insulating layer, it is concluded that this insulating layer was formed prior
to and/or in the initial stages of the W deposition.

The oxide compounds, including Al203, are likely to be present prior to

deposition due to the native oxide on the Al. The oxygen can easily be
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supplied prior to sample loading and during the initial heat-up stages of
depqsition (from the walls of the reactor®). It has been shown that W
deposition will be suppressed by only 5 nm of Al203, allowing only a few
isolated grains of W to grow”.

Nonvolatile fluoride compounds such as AlF3 could be generated
during the initial stages of the W deposition? before the reaction between the
(deposited) W and WFg is self sustaining. 4

The carbon on the surface ( identified from Auger data) could be in the
form of insulating polymer compounds, formed prior to the W CVD
deposition during the SiO2 (RIE) etching process. Polymer compounds
have been shown to be formed on the surface during etching (RIE) of SiO2 if
CF4(gas) has been used. Apparently the polymer film forms at the end of
the etching process when there is no more SiO2 remaining, which allows a
competing reaction to dominate - the breakdown of the CF4 to form
polymers.

In all cases the insulating film at the interface produces two undesirable
effects: it inhibits nucleation of the W grains and produces a high resistance
interface barrier which yield the contact useless for interconnects.
Tungsten grains do nucleate even on the contaminated surface. This is
possibly due to small pinholes in the insulating layer, which may also act as
(current) shunting paths through the insulating layer. After nucleation of the
W grains, lateral growth occurs until impingement of adjacent grains occurs,
thus completely covering the insulating layer. A model of this speculated
process is shown in Fig. 10.8.

One problem with the model concerns the low resistance sample which
was analysed in the previous sections. This sample has limited W
deposition but low contact resistance. For the other high contact resistance

samples, this layer acts as a high.resistance barrier to current. |t is assumed
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Figure 10.8 Model of W nucleation and growth on an electrically insulating
(contaminated) surface layer with pinholes.
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that this layer was also present during the deposition for the low resistance
sample. From the earlier discussion this sample has the top Al layer
conn-ected to the bottom Al layer. The question is, what happened to the
insulating layer for the low contact resistance sample? This layer was most
likely was removed during the top Al metallization process because all
samples are in-situ sputter cleaned prior to e-beam deposition of Al.  To
verify this idea samples were formed without the CVD W process yielding
Al/Al interfaces. Samples formed using the top metallization process
without the in-situ sputter clean had high contact resistance (R>20 MQ)
whereas the in-situ cleaned samples had low resistance (R<10£Q) contacts.
It is suggested that a similar in-situ cleaning process be designed into the

new generation selective tungsten machines.
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Chapter 11

Ohmic contacts to n-GaAs using Pd/In metallization

11.1 Introduction

In this chapter the reaction between indium/palladium and GaAs is
discussed. The metal/semiconductor interface is important because it
controls the resistance of the device, it determines whether the |-V
characteristics are ohmic or diode-like. And like the W/Al interface the initial
contamination layer (oxides) is also important, but the critical factor in this
section regarding the formation of ohmic contacts is the reacted interface
layer, created by thermally annealing the sample. New compounds are
formed at the interface as the result of the reaction between the metal and
semiconductor. Although the initial oxide layer does effect the reaction, it is
the formation of the new compounds at the interface which is if most interest,
since it lowers the contact resistance at the interface by typically >6 orders of
magnitude. The contact resistance measurement provides a sensitive albeit
indirect tool in the study of interfaces.

Ohmic contacts to n-GaAs are conventionally made with a Au-Ge
metallization by thermally annealing the sample above the Au-Ge eutectic
point. The initial Au-Ge/GaAs interface, aé in the case of most metal, forms
Schottky diodes with typical barriers heights of ¢ = 0.8 eV (Fig. 1a). During

annealing, the alloy interacts with the GaAs and forms a low resistance

153
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Figure 11.1 Band diagrams for metal on (a) medium doped GaAs (Schottky
diode) showing typical 0.8 eV barrier height, (b) highly doped GaAs which
shows tunnelling through the barrier resulting in low resistance and linear |-
V characteristics, and (c) a modulated bandgap In,Ga,.,As having a

reduced barier height.
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contact, possibly due to tunnelling through the barrier to the highly doped
GaAs region near the contact (Fig. 1b).

This (Au/Ge) process has two major shortcomings. The first problem
relates to the morphology of the metal/GaAs interface, the reaction occurs in
the liquid state and leads to localized reactions resulting in spiking into the
substrate. These spikes can not be tolerated in some devices which have
shallow, multi-layer structures. The second problem for the Au/Ge contacts
is common for all tunnelling type ohmic contacts, that is, the value of contact
resistance ultimately depends on the doping level of GaAs substrate, the
higher the doping the lower the resistance. =~ However, GaAs has an
apparant upper limit to which it can be doped with Si. Higher
concentrations can be implanted into the substrate,but the concentration of
-3

activated sites is limited to values on the order of 10'% cm the standard

doping.

In order to circumvent these problems we investigated contacts using a
solid state reaction at the interface in order to reduce interface morphology
problems. We also used the idea of bandgap engineering, whereby we
form compounds the interfacecrearting a graded-bandgap junction rather
than the tunneling type junction.

Uniform ohmic contacts to n-GaAs have been fabricated with graded
In,Ga,.,As layers? (Fig. 1c) and abrupt InAs/GaAs interfaces3 (pc=1x10'6
Q-cmz2) grown by molecular beam epitaxy (MBE). However, MBE
techniques do not allow the use of photoresists for pattern definition during
deposition. Alternatively, more conventional techniques have been used
including thermal evaporation of indium onto GaAs substrates producing
contacts with resistance values of pg=1 x10° Q-cm2. As in the case of the

AuGe system, the reaction occurred in the liquid state which again preduced
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morphology problems at the interface. Improvements5 in the interface
morphology were made by adding a thin layer of Pt (400A) between the In
and GaAs. This decreased the contact resistance to 2 x10® Q-cm?,

Another type of contact currently being investigated is the Ge/Pd/GaAs
structureS,7.  This system forms a non-alloyed, uniform contact with
resistance values of 1 x10-6 Q-cm2. The initial reaction between Pd and
GaAs forms a Ga rich Pd,Ga,As compound at the interface?.

In this chapter we discuss the resuits?® of our study of ohmic contacts to
n-GaAs using an In/Pd metallization where the goal is to form shallow

graded-bandgap junction which are ohmic.

11.2 Experimental

Palladium(400A) and indium(4000A) were sequentially evaporated
with an electron beam deposition system (base pressure of 1x10°8 Torr)
producing an In/Pd/GaAs structure. Layers were deposited at a rate of =
5A/sec. The GaAs substrate material included both bulk Si-doped n-GaAs
(Ng=5x 10" cm-3) and a Si-doped epilayer grown by vapor phase epitaxy
on semi-insulating GaAs. The epilayer consisted of a top layer (1800 A
thick) with nominal Si-doping of 2x10'8cm-3 and a lower layer (4000A thick)
with Si-doping of 2x10'7cm3.

Electrical measurements were performed using the transmission line
mode (TLM)'0 method and the method of Cox and Stack!1. In both cases
samples were patterned with photoresist prior to deposition. Those samples
used for TLM measurements were first etched to form a mesa 100 um

wide with depth of =1 um. The contact pad spacing for the TLM pattern
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ranged from 5 um to 40 um. The diameter of the dots used in the Cox and
Strack method ranged from 9 um to 100 um. Final surface preparation
included an etch in a 1:1 HCI/H,O solution followed by an etch in a 1:15
NH,OH/H,0 sclution. After deposition the excess metal was lifted off by
soaking the samples in acetone.

The samples were annealed using a Heatpulse™ 410 flashlamp rapid-
thermal annealer (RTA). The system was purged (20cc/sec) during
annealing with either Ar/H, (3:1) or N,. At 500°C the heating and cooling
rate of this system was 90°C/sec and 10°C/sec respectfully.

Material analysis was made using 2.8 MeV 4He++ Rutherford
backscattering spectrometry (RBS) and Auger electron spectroscopy (AES).
X-ray diffraction measurements were taken with a Guinier camera and
Scintag™ diffractometer using Cu Ka radiation. The interface was
examined in cross-section by transmission electron microscopy (TEM) with a
JEOL 4000™ microscope operating at an accelerating voltage of 400 keV

and by scanning electron microscopy (SEM) using a Cambridge S200™.

11.3 Electrical measurements

As expected the unannealed metal/semiconductor contacts showed
rectifying (Schottky diode) |-V characteristics. After annealing at 500°C for
20 sec. the contacts showed linear, low resistance I-V characteristics. . To
obtain the values for the specific contact resistivity, the resistance between
adjacent contact pads on the TLM pattern was measured and plotted versus
the pad spacings. A least squares fit was applied to the resistance - pad

spacing data and the transfer length L= L,/2 (L, = intercept at R =0 in Fig.2)
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and sheet resistance R, (slope of the line in Fig.2) were extracted. A
value for p, was evaluated by the relation p,=Ly2 Rg,. Four samples
annealed separately under either N, or Ar/H, ambients gave values for p, of
1.5, 1.1, 0.76 and 0.67 x10°® Q-cm? Additional measurements on contacts
to bulk doped substrates using the method of Cox and Stack verified that the
resistance values were in the low 10°® Q-cm? range.

Thermal stability of these contacts was tested by continuous annealing
the samples at 400°C using the RTA system at 5 min intervals for an
accumulated time of 30 min. The resistance of the contact increased from

1.210 2.8 x10® Q-cm2 (Fig. 3).
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11.4 Material characterization

The top indium layer was laterally nonuniform before and after
annealing as verified by plan-view and cross-sectional SEM photographs.
This was expected since the melting temperature of In is = 155°C. Cross
sectional TEM micrographs of the interface shown in Fig.4 indicate that the
metal/GaAs interface is laterally uniform and that a thin = 200-500 A reacted
region had formed.

This interface was also probed via SIMS analysis. Because the
morphology of the top surface of the sample is nonuniform front side depth
profiling would not be very useful. So the technique of the back side depth
protiling was used. Samples were analysed by Chris Palmstrom at Belicore
Corp, the place where the technique was developed. Special samples
were made which consisted of an epi GaAs layer grown on an intermediate
Al-GaAs buffer layer, a GaAs substrate acts as a carrier substrate for the
layers. After metallization and annealing the thin GaAs, reacted layer and
metal film are removed intact from the supporting substrate using a special
processing technique.supports the layer. The results given in Fig 11.5,
show that the transition between the GaAs an metal layers is rather abrupt,
changing over a 500 A region. The leading tail on the indium curve is

attributed to microcracks in the film and not to the indium concentration in the

bulk GaAs.
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Figure 11.4 Bright field transmission electron micrograph of a [110] cross-
sectional view of a In/Pd/GaAs sample after an anneal at 500°C for 20 sec
and proposed sequence of the formation of compounds.
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11.5 X-ray diffraction analysis

X-ray diffraction data on as-deposited samples show that both In and
IngPd were present after deposition. This indicated that In reacted with Pd
during evaporation.

Pd/GaAs®7 does not form an ohmic contact to n-GaAs. Therefore the
results are understood via reactions with In. It is suggested that indium
diffuses through the InsPd layer to the GaAs interface region forming
In,Ga,.,As compounds at the junction which lowers the barrier for electrons,
producing an ohmic contact.

A proposed sequence of the reaction is shown in Fig.4. Although the
top In layer is molten during the annealing, the InzPd layer is expected to
remain in the solid state since it has a higher melting temperature (= 665°C).
Therefore any diffusion process between the In and the GaAs is expected to
occur in the solid state. Lattice imaging of the sample indicated that the
reacted region is aligned with the GaAs lattice but has a smaller lattice
spacing.

Indium reacts with GaAs at low temperatures to form (In-Ga)As alloy
compounds, where indium and gallium occupy the same lattice sites. Data
from one particular study, shown in the Fig. 6, illustrates the types of
compounds formed as a function of anneal temperature. At a given
temperature, two distinct groups of compounds are formed, those that are
indium rich (=In,.;GazAs) and those that are Ga rich (=In;Ga,.sAs). For
lower temperature anneals, the stoichiometry of the compounds tends
toward the two extremes of compositional range. Each individual crystal12

has a fixed, uniform, single composition and therefore are not graded.
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In order to identify these alloy compounds, x-ray diffraction
(diffractometer) was used. There were three main problems encountered in
obtaining the data. First, the peaks were extremely small, on the order of 10
cps (counts per sec) which required long scan times. Second, because the
d spacing of the alloy compounds is naturally close to that of the substrate ,
the alloy peaks are not easily resolved from the large signal of the substrate.
And finally, the alloy crystals are strongly oriented with the substrate, the
peaks only appear when close to zero tilt so subsequently the sample
orientation is of critical importance.

Nonetheless, two low intensity diffraction peaks were observed in the
region of the spectrum between the InAs and GaAs peaks, one near the
(200) GaAs peak and the other near the (400) GaAs peak. These peaks are
attributed to intermediate In,Ga;.,As compounds since the d spacing is
linearly related to composition parameter x. To gain more detail regarding
the relationship between electrical and material characteristics of the
reaction, samples were annealed at different temperatures and then
characterized with both eiectrical and diffraction techniques. Diffraction
data is collected with the sample a few degrees off the [100] axis in order do
reduce the large diffraction peaks produced by the substrate. In order to
avoid redundancy, only the diffraction data near the [200] peak will be
presented in this work.

For the as deposited sample the contact resistance is large (>20MQ)
and, as expected, the diffraction peak of the alloy was not observed (Fig. 6).
The only peak observed in the region is due to the In Pd layer which is
present in all samples (even those unannealed) because In and Pd react at
room temperature. After (RTA) annealing for 20s at 300°C a diffraction peak

of the alloy is observed and has composition very near to InAs. The
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resistance of this annealed sample is iowered from >20 MQ to 26 KQ as
compared to the unannealed sample. Samples annealed for 20 s at 400°C
show an even broader diffraction peak extending from the InAs composition
toward the intermediate compounds which have a stoichiometry which is
richer in Ga concentration. At this temperature anneal (400°C) the contacts
show ohmic behavior with a contact resistance of less than 10Q. This iow
resistance contact is speculated to be due to a reduction of barrier heights at
the interface between intermediate In,Ga,_,As compounds and the GaAs
substrate.

Gallium rich compounds of composition near GaAs were not observed
in the study, but this is not to claim they were not present. The problem of
observing these crystals, if they do exit, may be related to their orientation
with respect to the substrate. This topic of preferred orientation is now
addressed

To analyze the degree of (epitaxy) orientation between the GaAs
substrate and the In,Ga,  As compounds the samples were first
characterized using RBS channelling measurements . These
measurements, on 500A In/ 50APd, did not show significant amount of
channelling as shown in Fig.7.  This result was also supported with
diffraction data shown in Fig.7. X-ray rocking curves of the (200) peak of the
alloy crystals indicate that these crystals do have a strong pretferred
orientation with respect to the GaAs substrate. However, the tilt angle over
which the In, Ga,_,As crystals diffract (FWHM = 4°) is wide compared to the
rocking curve of the GaAs substrate (FWHM =0.5°). The 26 spectrum of the
(200) peak of an annealed sample is shown in Fig.7 for various tilt angles
and shows the sensitivity of the In,Ga;_, As peak to tilt angle. It also shows

the insensitivity of the lnan peak intensity to tilt angle, which indicates that
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Figure 11.7 (a) RBS spectra of channeling experiment showing little if any
alignment of In compounds with the GaAs substrate, and (b) x-ray rocking
curves of the (200) In,Ga,.,As compounds and substrate showing strongly

preferred orientaion yet not epitaxial alignment of compounds and substrate
and (c) a 20 spectra showing the sensitivity of the In;Pd, GaAs and In,Ga;.
«As peaks as a function of sample tilt.
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the In;Pd crystals are more randomly oriented.

Itis expected that the Ga rich alloys compounds (which were not
observed) would be even more closely aligned with the substrate and their
diffraction peak would be in close proximity to the substrate peak. Together
these conditions it would be difficult to resolve the alloy peak from the
substrate peak. A better diffraction tool for this application is the double

_diffractometer.

11.5 Conclusions

Low resistance (=10°® Q-cm?) contacts to n-GaAs were formed using
conventional deposition techniques with In/Pd/GaAs metallization. These
contacts were stable under a thermal stress test of 1 hr. at 400°C. The role
of the Pd is twofold. It possibly "cleans" the native oxide on the GaAs
sample allowing a more uniform reaction between the In and GaAs. It also
reacts with the In to form a stable solid state compound (inzPd) at the
interface and thus provides a buffer zone between the moiten In and the
GaAs, allowing the In to react with the GaAs in a solid state reaction. The
metal GaAs interface is relatively abrupt and shallow having a depth on the
order of 500-1000A.

The intermediate compounds In,Ga,.,As are most likely responsible for
the ohmicity of the contact. Only In rich In,Ga,.,As compounds were
experimentally identified but others may be present. These crystals had a
strong alignment with respect to orientation of the underlying GaAs
substrate. Preliminary RBS channelling results indicate that the crystals

were not epitaxial with the substrate.
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Chapter 12

Summary and Future Work

The work, presented in Part | of the thesis, can be summarized as a
study of crystal growth in an unstable eutectic system. One of the "new"
ideas developed here, is that the crystals originate from growth rather than
nucleation. This idea is supported by indirect reasoning. The second
"new" evaluation is the analysis of the kinetics of the reaction. Due mainly
to the simplicity (luck) of the reaction, it is possible to describe the total
process in terms of two, more basic, decoupled processes, one related to the
number of crystals and the other to the rate of growth. This leads to the
relation regarding the activation energies: E,= E, + 12 Ey. The analysis of
the parameter Ey and E, which are related to more basic parameters of
diffusion and of Si-Si bonding is based on models as well as data, so
however enlightening the results may be, it still is an indirect evaluation and
therefore suspect to later revision.

Future work on this subject branches into four areas. The first area is
the continued study of metal-polysilicon reactions from a reliability
standpoint. The spiking of PtSi into doped polysilicon is an important
problem. [t seems possible that the same driving forces, responsible for the
Au/polysilicon reaction, could also be involved in the PtSi problem.

The second area is the topic of solid state crystallization. The first thing
that should be done is to experimentally measure the diffusivity and

solubility of Si in Au. Also, crystals should be grown using the epitaxial
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seeding technique and the simplest type device should be fabricated on
them‘, in order to evaluate their electrical characteristics. SOl structures
should also be made, then electrically evaluated.

In the third area, it suggested that the field-emitting cathodes be made
from the pyramids. At least, the pyramids should be analysed with the TEM.
The tips could be looked at without making cross sections.

The fourth area involves g'rowing a crystals from a matrix of SiGe thin
films. Au forms another deep eutectic with Ge. Can a SiGe compound be
grown heteroepitaxially to a Si or Ge substrate? Does the same
phenomena occur in the Au/polygermanium system? One could take this
general concept to the ultimate obsession, can diamond be grown using a
metal/carbon eutectic system?

The contact resistance chapters of Part Il can be summarized as
follows. A new technique and analysis method for contact resistance of
circular vias has been developed. This system should be tested over a
greater range of via diameters, perhaps with the new photomask set
currently in use at IBM.

Selective W deposition on Al has proven to be a difficult process. The
results are probably very machine-dependent. However, a machine which
has the capability for in-situ sputter-cleaning should make a formidable
contribution to process control.

And finally, comments are now made on the GaAs study. Ohmic
contacts using In/Pd metallization were successfully made.  Analysis
indicated that InGaAs compounds are formed during thermal anneal.
Preliminary results show that these contacts are shallow, less than a 1000 A
deep. Real devices should be made with these type contacts to show if they

do provide any advantage in devices which require shallow ohmic contacts.
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Appendix A

Here we model the region near the growing crystal, relating the
dissolution rate (B) of the polysilcon and the diffusion coefficient of Si in Au
(D) with the relative concentration (C) of Si in Au at a position (r) relative to
the crystal position. It is assumed that the crystals have reached a steady-
state rate of growth and that the size of the crystals is much less than the
distance between the crystals.

Assume that the flux of Si, J,(r), dissolving from the polysilicon is
linearly dependent on the deviation of the local Si concentration C(r), we
obtain the relation

J,=B[C,-C], (A1)
where C, is the concentration far away from the crystal. The continuity
equation

()= 2nrd, (A2)
relates the total flux of Si I(r) to the local Si flux from the polysilicon, where
di/dr = I’ (). Using Fick's first law
J=-DC", (A3)
and the relation I= d,,2=r J,, where d,, is the gold thickness, we obtain the
differential equation
c’+ Ci-cn?=-cn. (A4)
The solution to this equation is a modified hyperbolic Bessel function K (x/L)
where L® = d,,D/B, and C, is the Si concentration at the crystal edge r,,.
The factor L (um) can be interpreted as an effective diffusion length. A plot

of the Si concentration and fluxes for this model are given in Fig. 4.10.



10.

174

PUBLICATIONS: August 1985 - February 1990

Effect of jonic electromigration on CuxS/CdS solar cell, L. H. Allen & E.
Buhks, J. Appl. Phys. 59(4), 1360 (1986), (This work was not done at

Cornell)

Ohmic contacts to n-GaAs using In/Pd metallization, L. H. Allen, L. S.
Hung, K. L. Kavanagh, J. R. Phillips A. J. Yu and J. W. Mayer, Appl.

Phys. Lett. 51(5), 326 (1987)

Reacti | Electrical Cl - £ | CoW Diffusi
Barrier batween Silicon substrates and Aluminum gverlayers, S. Q.
Wang, L. H. Allen and J. W. Mayer, SRC Techon 1988, Proceedings
Oct., 1988

ility of Silici n Pol lline Silicon, J. R. Phillips, L.
H. Allen and J. W. Mayer, SRC Techon 1988, Proceedings Oct., 1988

system, J. Li, L. H. Allen and J. W. Mayer, Nuclear Instruments and
Methods, B36, 153 (1988)

Au/Poly Si reactions during thermal anneals, L. H. Allen, D. Theodore, J.
R. Phillips and J. W. Mayer, NATO Advanced Study Institute-Aussois,
France, March 12-25, 1989

New thin-fil st | soluti
crowding in circular vias, L.H. Allen, R. Cook, R. Young, E. Colgan and
J.W. Mayer, submitted to J. Appl. Phys., (1990)

annealing, B. Blanpain, L.H. Allen, J-M. Legresy and J.W. Mayer, Phys.
Rev. B. 39, 13067 (1989)

Two-di ional Si tal th during 1 I i [
Au/polysilicon bilayers, L. H. Alien, D. Theodore, J. R. Phillips, G.
Ottaviani, C.B. Carter, R. Soave and J. W.Mayer, Phys. Rev. B. 41, 8203

(1990)

ineti f Si llizati
polysilicon films, L.H. Allen, J.W. Mayer, K.N. Tu, and L.C. Feldman,
Phys. Rev. B. 41, 8213 (1990)



175

11. Conformal solid phase crystal growth, L.H. Alien, D. Theodore, B.
Soave, J.W. Mayer, to be submitted for publication in 1990

12. Interfacial Oxygen Contamination in Selective Tungsten Deposition on
Titanium Disilicide, D. Stanasolovich, L.H. Allen and J.W. Mayer, to be
submitted for publication in 1990

13. Application for patent, Selective Deposition of Tungsten on TiSi,,
D. Stanasolovitch, L.H. Alien, J.W. Mayer, Cornell Research Foundation,
Inc.(1989)



