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Introduction

i o

During this period, our activities included the following:
d@% The arrival of the General Ionex Tandetron accelerator. We are now
setting this machine up for backscattering experiments. We expect to be

on-lipe in a few mon%fi)

{

N

}2) Perfecting the technique of fabricating pit-free ErSi,

diofii;//
b e

GL)' Measurement of barrier heights of Er and ErS1 on p and n type Si.

For p- type Si the measurements were done at room temperature. For n-type

e, AL L)

Si, the measurements were done at 77“5;)

(?17/ Presentation of an invited paper entitled "Ion Mixing and Phase Diagrams"

A

at the international conference on Ion Beam Modification of Materials, Grenoble,

France, August 1982 (see Appendix A). This paper was written in collaboration

with Caltech (B. X. Liu and M-A. Nicolet)

i

(Zkﬁ’ Presentation of a paper entitled "Surface Morphology and Electronic
Properties of Erbium Silicide" at the annual MRS meeting held in Boston,

November 1982 (see Appendix B)
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X Summary of Recent Results

o

:5 (1) The barrier height, ¢g, of Er (before silicide formation) on p-Si has
§§ been determined to be 0.68 + 0.01 eV by I-V measurements at room temperature.
‘05’1

The Er layer is laterally uniform before silicide reaction.

(2) Pitting in the ErSi layer can be completely eliminated by using a sample

configuration of Si(a)/Er/Si(xtal). The amorphous Si layer on top also helps

~ in reducing surface oxidation during silicide formation.

N

'% (3) The barrier height, ¢§, of ErSi2 on p-Si has been determined to be

;j 0.76 + 0.2 eV for diodes without surface pits, and 0.70 + 0.2 eV for diodes
'? with surface pits. The details are presented in appended paper B.

B n

-éﬁ (4) We have made preliminary ¢, measurements on n-type Si at 77°K. Barrier
o .

’ﬂz heights of Er and ErSi2 are found to be ~ 0.38 eV and ~ 0.30 eV, respectively.
ey

3 (5) The reverse characteristics are much better for pit-free diodes than

‘? those with pits (for both n- and p-type Si).

-; (6) We face difficulties in growing good quality 5102 on p-Si for passivation.

The region in Si below the SiO2 layer is always inverted. We now attempt to

[

form channel stoppers by ion implantation and/or diffusion.

.t f-’a":"a

ety
.

(7) In spite of these difficulties, we believe we will be alble to fabricate

* YN

devices which are fully passivated and with a guard ring structure for photo-

response measurements (in collaboration with Hanscom AFB).
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Summary of Appended Papers

A. Ion Mixing and Phase Diagrams

This paper reviews the general correlations between the phenomenon of
ion mixing which is generally considered to be a non-equilibrium process
and binary phase diagrams which are determined by phase equilibria. As it
turns out, a number of interactions induced by ion mixing can be predicted
by inspecting the binary ﬁhase diagram in question. Due to these correlations
it appears that the phenbmenon of ion mixing can be looked upon from a thermo-
dynamical point of view rather than from a collisional point of view as

traditionally practised.

B. Surface 'Morphology and Electronic Properties of Erbium Silicide

This paper describes a novel technique to form pit-free ErSi2 layers.
The concept here is to utilize the fast reaction kinetics between Er and
amorphous Si, the resulting ErSi2 is pit-free as opposed to heavily pitted
ErSi2 formed between Er and single crystalline Si substrate. The electronic
properties as well as the optimizaiton of these properties of ErSi2 diodes
on p-type Si are reported. Pit-free ErSiz diodes are shown to be superior

in performance as compared to heavily pitted diodes.
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Appendix A

"

% JON MIXING AND PHASE DIAGRAMS
% 5. 5. Ltau®), B. X, Liw®)", and M-A. Nicoret®)
a) University of California at San Diego, La Jolla, California 92093, U.S.A.
b) California Institute of Technology, Pasadena, California 91125, U.S.A.
Interactions induced by ion irradiation are generally considered to be
4 non-equilibrium processes, whereas phase diagrams are determined by phase
3 equilibria. These two entities are seemingly unrelated. However, if one
assumes that quasi-equilibrium conditions prevail after the prompt events,
subsequent reactions are driven toward equilibrium by Fhermodynamical'forces.
%\ Under this assumption, jon-induced .reactions are related to equilibrium and
2 therefore to phase diagrams. This relationship can be seen in the similarity
that exists in thin films between reactions induced by ion irradiation and
reactions induced by thermal annealing. In fhe'latter case, phase diagrams
have been used to predict the phase sequence of stable compound formation,
notably so in cases of silicide formation.
ji Ton-induced mixing not only can lead to stable compound formation, but
also to metastable alloy formation. In some metal-metal systems, terminal
;g solubilities can be greatly extended by ion mfxing. In other cases, where
% the two constituents of the system have different érysta] st;uctures, extension
= of terminal solubility from both sides of the phase-diagram eventually becomes
;j sfructura]]y incompatible and a glassy {amorphous) mixture can form. The
? composition range where this bifurcation is likely to occur is in the two-phase
regions of the phase diagram. These concepts are potentially useful guides
: in selecting metal pairs that form metallic glasses by ion mixing. In this
é report, phenomenological correlation between stable (and metastable) phase

formation and phase diagram is discussed in terms of recent experimental data.

*Permanent Address: Ainghua University, Beijing, The People's Republic of China.
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z I. Introduction

2% When an ion impinges on a target, a sequence of ballistic
§§ collisions is initiated by the penetrating ion. This initial part
;é of the process has been refefred to as the prompt phase of ion
i; mixing and lasts about 10“12 sec. As'the energy of the primary
:\ particle is distributed over a progressively larger number of atoms,

iﬁ one reaches a state where an average local energy or temperature

%? may be defined. During the prompt event period, the displacement

E of atoms is presumed to be largely random, so that a correlation i
.51 between ion-induced mixing of two chemically_distinct species and j
%; their phase diagram is not expected. As the relaxation process |
f; proceeds, a guasi-equilibrium condition may exist locally. 1If

': phase diagrams were to be pertinent in this regime, one would expect

; that they should be diagrams for high pressures, on account of the

Ne confinement exerted by the surrounding material. After further

: relaxation of the excited regions, atoms and defects move toward a

E; configuration that is even closer to thermal equilibrium. The

; temperature and pressure eventually reach conditons near those of
'?\ commonly available phase diagrams. In this region a correlation

ég with available phase diagrams may be expected.

X

Along the path toward equilibrium, metastable states may exist

where atoms can be arrested. Without sufficient thermal energy to

s,
o~
" ...;

.

. provide mobility, the system may be frozen in thése metastable states
:: and form metastable phases. If a correlation between ion-induced
o reactions and phase diagrams exists, it appears; then, that this
}ﬁ correlation should result from effects that take place during the

'Q relaxtion of the system after the primary impact (delayed effects).
Y
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In the following, we shall examine if indeed there is experimental
evidence to indicate that ion-induced reactions between two elements
can be correlated to the commonly available binary phase diagrams

of the system in question.

II. Sample Configuration for Ion Mixing Experiments

In general, three types of sample configurations.have been used
to investigate ion mixing: (1) bilayered samples, where a thin film
is deposited onto a substrate. At the early stages of ion irradiation,
there is basically an unlimited supply of the top layer material and
of the substrate material to interact and form a mixture. Under the
conditions of unlimited supply of both components, there is a
possibility for the mixed region to seek a preferred composition
during the delayed phase of the mixing process; (2) multilayered
samples, where interposing thin films (< 100 i) of component A and B
are deposited onto an inert substrate (e.g. SiO2 or sapphire). The
average and final composition of the sample in this case is fixed,
barring sputtering effects. These samples are sometimes referred to as
having a limited supply configuration; (3) thin marker samples,
where a very thin marker (< 10 i) is imbedded in a matrix of host
atoms. The first type of sémples (bilayered, unlimited supply) are
usually used to compare ion-induced reactions with thin-film reactions
that proceed under steady-state annealing conditions. The second
type of samples (multilayered, limited supply) are usually used to
investigate metastable and amorphous phase formation of a given

composition. The third type of samples (thin marker) are used to

investigate the basic aspects of ion mixing.
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The presently accepted view is that for significant mixing to
occur at a given interface, the ions must have sufficient energy

to penetrate that interface.

III. The O-Curve

In ion mixing experiments, it is often observed, especially

in compound forming systems, that the amount of intermixing has

two relatively distinct temperature regimes. At low irradiation
temperatures, the mixing is insensitive to temperatures; Vabove

a certain transition temperature, Tc, the amount of mixing increases i
exponentially with temperature[l,2). This type of temperature

dependence is particularly convenient to observe in bilayered

(unlimited supply) samples, and is schematically shown in Fig. 1
(commonly referred to as a Q-curve). This behavior can be interpreted
as follows: at low temperatures, the mixing is dominated by basllistic
processes which depend mainly on the energy and mass of the colliding
atoms. These processes are temperature insensitive. Atomic distri-
butions that are nonuniform as a function 5( distance from the
interface are typical for this mixing process. 1In the high tempera-
ture regime, the displaced atoms have enough mobility and time to
migrate and relax into a lower free energy configuration as a result
of a chemical driving force. 1In this temperature regime, constant
atomic concerntration profiles are often observed at the interface.
Distinct compounds (if present in the phase diagram) form there due

to ion mixing. Although most of the samples are analyzed at room

temperature hours after ion irradiation, it is believed that the |
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upon warming to room temperature and that the results are thus
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typical of atomic distributions that have been extremely rapidly

¥ gy Ve

L

s -

b}
-

guenched. On the other hand, the high temperature-mixed layers
relax substantially due to delayed effects. Since relaxation

leads to equilibrium, a correlation between ion mixing and phase

diagrams should be strongest in the thermally activated regime of

5 the Q-curve.

The majority of the systems for which Q-curves have been measured
) so far are transition metal/Si systems[l,2,3}]. The value of the

5 transition temperature, Tc' depends on the system, but is typically
-7, around room temperature. The details of the Q-curve, such as the

: temperature-independent Q value and the activation energy in the
thermally activated regime, also depend on the systems considered

and on the irradiation conditions. Very few metal-metal systems

have been investigated so far, but the available evidence[4,5,6]

hﬁ seems to conform to the general behavior of the Q-curves found for
fz transition metal/Si system. To gain a general picture, additional
iij experimental results on metal-metal systems are vey much needed.
E; IV. Correlation Between Steady-State Annealing and Ion Mixing

T

;: The formation of equilibrium compounds by ion mixing at room
*; temperature has been investigated rather extensively in silicide
53 forming systems using bilayered structures. The results are

i; tabulated in Table I. The ion-induced silicide formation characteris-
?g tics can be compared with those obtained by thermal steady-state
Eﬁ annealing. The results of silicide formation by thermal anr-~aling
Eé are well-documented([7]) and summarized in Table I also. It can be
N

v

clearly secen from Table I that the first silicide phase induced by
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ion mixing in unlimited supply samples is the same as that obtained
by thermal annealing. Although some of the layers that were ion
mixed at R.T. do not exhibit a distinct crystal structure due to

weak x-ray diffraction pattefns, the composition of the mixed layer
deduced by backscattering is invariably the same as that obtained

by thermal annealing. BAs the temperature of irradiation is increased
to above R.T., the crystal structure of the phase can be - :ntified
even in those cases as being the same as that obtained by .crmal
annealing[8,9]. If we assume that ion mixing at room tem; .= |ure is
in the thermally activated regime of the Q-curve for all systems
sfudied, we can conclude that there is a direct one-to-one
correlation between thermal annealing and ion-mixing in the thermally
activated regime, at least in silicide forming systems. This being
so, searching for a correlation between ion mixing and phase diagrams
amounts to correlating the silicide formation\by thermal annealing

to phase diagrams. Such a correlation has indeed been established.

The correlation between the first silicide phase observed upon

thermal annealing of a bilayer sample and the phase diagram was first
proposed by Walser and Bené[10]. Their rule states that the first
silicide to grow upon thermal annealing of a bilayered sample is

the highest congruently melting compound next to the lowest-melting
eutectic in the phase diagram (for exampie, Ni2Si in the Ni-Si
system, or szsi in the Pd-Si system). This corfelation is about
80-90% accurate in predicting the first phase[7]. Based on this
correlation, we can thus state that the first phése induced by ion
mixing in unlimited supply samples is the highest congruently melting

compound next to the lowest eutectic in the phase diagram, provided
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] that ion mixing is performed in the thermally activated regime of
§ the Q-curve.
% Although this rule is quite successful in correlating ion-
induced silicide formation with phase diagrams, it is not clear if
such a correlation also exists in bilayered metal-metal systems.

Few ion mixing experiments have so far been performed on metallic
bilayers. Furthermore, thermal annealing of such sambles frequently

induces laterally nonuniform reactions[ll]. More work is required

in this area to clarify the issue.

V. Amorphous Alloy Formation and Phase Diagrams

ﬁ It has long been recognized that alloys having compositions
near deep eutectics in a binary phase diagram have enhanced glass-

forming ability by quenching techniques([12,13]. This type of phase

- diagram is schematically illustrated in Fig. 2, where the A-rich side

of the A-B diagram is shown. When ideal soiution theory is applied

to calculate the liquidus curve, the dashed line results. Experi-

. mentally, however, the liquidus curve bends down to much lower
temperatures afound the eutectic composition (see Fig. 2)}. This

deviation from ideal solution behavior is explained in terms of

ACAAY
NI

enthalpy of mixing AHm of the system, with AH; (heat of mixing in

the solid solution) > AHé (heat of mixing in the liquid solution) {14].

‘.

PENONCAR

Since AH; is larger than AHé, it is possible that the structure of
fﬂ the eutectic liquid near the eutectic temperature consists of two
distinct types of clusters which are microscopically bifurcated into

local regions with dimensions of a few atomic distances. In the
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eutectic ligquid just above the eutectic temperature, one might
expect to find that A-rich regions have the short range order of
solid A interspersed with B-rich regions having the short range
order of solid B. The atoms: surrounding these two types of local
régions are considered to be liquid-like and to retain a sub-
stantial entropy of mixing, provided that the cluster size is not
too large. A competition exists between entropy of mixing (which
favors small clusters) and enthalpy gained by bifurcation (which
favors large clusters). A balance between these two factors to
minimize the free energy of the system will determine the optimum
size of the clusters. If this bifurcated liquid is rapidly gquenched
below the glass transition temperature, Tg' a glassy alloy will be
produced.

Previous experimental investigations on ion-induced reactions
using multi-layered samples (limited supply) showed that ion mixing
is well-suited for metastable phase formation in metal-metal systems
[1,15]. 1In particular, when the two components of the binary system
have the same crystalline structure, but eihibit a miscibility gap
in the phasec diégram, supersaturated solid solutions are obtained
upon ion mixing. This situation is illustrated in Fig. 3. A
schematic phase diagram of a simple eutectic system is shown in the
upper portion of Fig. 3, where the two components have the same
crystal structure (for example, Ag-Cu, f.c.c. structure). The lower
proportion of Fig. 3 shows the sequence of events upon ion mixing
(with, say, Xe ions) of multilayered samples of various compositions.
At low-doses (or low dpa numbers), the multiple layers start to inter-

mix, but generally with little or no metastable phase formation. As

./’.




rapg gt S St it it ity S R IS B A G e e W 3 4 0% e e Tiee ThAn i i Sait i S sl endl audlt Al Jandl - Nadt- Gk indl-Sad
- - .- - . - L. - *

............ R e R PR R U T P oo - -

doses increase, the miscibility gap is closed and a metastable
crystalline phase (MX) with f.c.c. structure is formed across the
whole range of the miscibility gap with imperceptible traces

o§ non-crystalline phases. bn the other hand, when the crystal

structures of the two components are different (say f.c.c. for

component A and b.c.c. for component B), a tendency to form amorphous

alloys by ion mixing can clearly be detected in the existing

14

4

-

literature[l,15].

In view of the bifurcation concept discussed previously for

b

- an eutectic liquid, one is led to speculate that ion mixing can be
profitably used to produce metallic glasses by judiciously selecting
systems with the guidance of binary phase diagrams. In order to
bifurcate an alloy, it is desirable to choose a binary system with a
A deep eutectic located in a two-phase region where the phases on both
s sides have different crystal structures ( a condition easily met in
e phase diagrams). This concept was put to test in metal-metal systems
using multilayered samples with fixed overall compositions{16]. The
.o binary systems and compositions were chosén according to the
following criteria: (1) the two constituent elements have different
crystal structures; (2) the composition of the multilayered samples

is fixed near a deep eutectic, away from equilibrium compounds or

)

s pure metals; (3) some systems were chosen to have almost identical
E atomic sizes and others to have almost identical electronegativities,
E but always with different crystal structures. Xenon ions were usually

% used for irradiation because of the high efficiéncy in inducing atomic

- mixing. The full details of this investigation is presented here in

" this Conference as a contributed paper{l6]. The results are summarized

-l -
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- 0of h.c.p. structure (but with a different c/a ratio compared to that

here: It is found that in eight metal-metal binary systems with
multilayered sample configufation, irradiation leads to uniform
mixing of the interposed layers. An amorphous alloy is formed

in every case, irrespective of the atomic size and the electro-
negativity properties of the constituents, as long as the constituents
have different crystal structures. Figure 4 shows a schematical

phase diagram with different crystal structures of the elements

and the sequence of events as a function of dose (or dpa). Inter-
mixing of the two phases is observed at relatively low doses (< 2

x 1013

Xe/cm2 or < 20 dpa). For samples with compositions near
either A or B, extended solid solutions a' and B8' with structures
identical to their parent phases are observed at increasing doses
(a' has the structure of a, 8' that of B). As the composition
approaches from the A side (f.c.c. or h.c.p.) to the middle of the
two-phase region, the mixed layer (20 ¥ dpa ¥ 50-100) consists of

a mixture of an amorphous phase and a metastable crystalline phase

of A if A is also h.c.p.). On the B side, a mixture of an amorphous
phase and B' (b.c.c.) is observed in the mixed layer. Increasing
the ion dose leads to complete amorphization of the mixed layer in

a composition range near the eutectic composition. At even higher
doses, the amorphous phase may dissociate into metastable or

egquilibrium phases, possibly due to ion-beam demixing effects[17].
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VI. Thin Marker Experiments

The effects of ion mixing have been investigated with
thin markers in a number of systems([18,19,20,21]. The samples
generally consist of a thin layer of impurity (n 10 R) imbedded
in vacuum-deposited Si. Inert gas ions were irradiated into
the sample with a projected range exceeding the lqcation of the
thin marker in the matrix. The temperature of implantation
ranged from ~ 80 to 523°K. The mixing phenomenon can be
investigated by the spreading (approximated by Gaussian curves)
and the shift of the thin marker after irradiation. For this
discussion, we shall concentrate on the spreading of the thin
markers only. It was found that the spreadings after irradiation
at low teméeratures for an elemental markers such as Ni, Ge, Sn,
Ab, Pt and Au is insensitive to the mass of the marker[19). This
observation is strong evidence that the spreading is due primarily
to interactiéns o§ the marker atoms with atoms in the matrix, and
not with the incident ions themselves. Figure 5 shows 1.5 MeV

4He+ backscattering spectra for a Sn marker before and after

16 Kr+/cm2 of 220 keV in the temperature-

irradiation with 1 x 10
independent regime[l19). As the irradiation temperature is
increased to room temperature or above, marker elements that do

not form silicides (such as Ge, Sn, Sb and Au) exhibit Gaussian
profiles up to v 523°K. On the other hand, elements that form
silicides (Ni, Pd and Pt) exhibit non-Gaussian profiles, suggesting
a reduction in the efficicency of mixing compared to that obtained

at low temperature (see Fig. 6). This non-Gaussian profile can

be approximated by two superimposed Gaussian profiles: one whose
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standard deviation is broadened by the irradiation, and another

profile that is altered little. These mixing characteristics

of silicide forming elemental markers (two Gaussians or reduction
_in efficiency in mixing) can be interpreted as the result of

some compound formation. A hypothetical scenario is that the

effect of the prompt ballistic mixing is to initially spread

the thin marker. However, if the chemical driving force is

iﬂ strong enough and atomic mobilities are sufficient, a compound
BN

L . . .

O may form during the relaxation period of the impact (delayed

processes). The spreading may consequently be much reduced as

:fé " a thin layer of silicide would form with portions of the marker
;E atoms. Although the exact nature of the non-Gaussian behavior

- requires further clarification, particularly with TEM, these

{3% marker experiments offer ample evidence that compound formation
E% (hence phase diagram) plays a role in ion mixing.

oy As the thickness of a silicide forming thin marker increases,
-%g the mixing efficiency is observed to increase as well. For a

3§ Pt marker in Si, at a dose of 2 x 1016 Xe/cm2 at 300 kev and

- room temperature, the effective diffusion length, /Dt is 90 R

ii for a 5 X Pt marker, as compared to 180 R for a 30 i Pt marker
yﬁg in Si[18,19)]. As the Pt increases further to a bilayer configuration,
:; an even thicker Ptzsi is formed after a relatively low dose of
:al ~ 1015 Xe/cmz. This observation again indicafes the importance
§§ of thermodynamical forces in ion mixing.

v The influence of chemical forces is also evident in cases

é; where ion mixing is observed to be very reduced. It has been

%é observed that binary systems with very limited mutual solubility

- /5 -




in both the solid and the liquid phase (e.g. Cu-W, Ag-Ni)
show very little change upon irradiation as compared to other
4 _

binary systems[22].

*VII. Summary Remarks

When faced with a binary phase diagram, we can at this
time venture some guesses on the characteristics of ion mixing

of the system upon inspection of the phase diagram:

Fa A

3
.

1) For completely immiscible systems ifor example, Cu-W),
ion irradiation does not tend to cause significant
intermixing, even if the samples are composed of thin
interposed layers.

2) In systems that form compounds or solid solutions, ion
irradiation causes efficient intermixing.

3) For transition metal-Si systems and unlimited supply
samples, the first phase induced by ion mixing is the
same as that obtained by steady-state annealing. Since
the first phase formed by thermal annealing is related
to the phase diagram via the Walser-Bené rule, the same
rule applies to ion mixing of fransition—metal silicides.

4) For metal-metal systems and limited supply samples, if
the two constituents of the system have the same crystal
structure, much extended solﬁbility f;om either side of
the phase diagram is generally expected.

5) For metal-metal systems and limited supply samples, if
the two constituents of the system have different crystal

structures, an amorphous alloy is obtained upon ion mixing.

- /€ -

....................................
................
~~~~~~




Ty )

»
alat lilats

o

6)

If a deep eutectic is present between a two-phase region

in the phase diagram, the glass forming ability of the
system is expected to increase for samples with cémpositions
near the eutectic.

For thin marker samples where a thin impurity layer is
imbedded in a Si matrix, the spreading of silicide forming
markers at room temperature is non-Gaussian, suggesting

that phase formation may occur upon ion mixing, whereas
non-compound forming markers exhibit Gaussian profiles

after ion mixing.

Although the correlation between phasé diagrams and ion mixing

is evident, there are many unanswered questions. For example:

1)

2)

For the case of metal-metal systems and unlimited supply
samples case, the phase induced by ion mixing is not always
the Same as that obtained by thermal annealing. There are
only a few metal-metal systems investigated, and only one
system (Ni/Al)[l] gives the same phase by either ion mixing
or thermal annealing. An extenéive and systematic study

of metal-metal systems are needed.

For the case of metal-metal systems and limited supply
samples, no compound formation has been detected even at
very low doses although phase diagrams indicate the
presence of phases. As the dose increases, either solid
solution forms or amorphous alloy is obtained, depending

on ﬁhe'crystal structure of the constituents. It is not
clear at present why equilibrium phases are not observed

by ion mixing in limited supply cases.
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3) Certain simple eutectic systems such as Ge-Au[3l) and
Si-Auf 31) mix efficiently and uniformly, however, others
such as Si-Ag(31,32] and Ge-Al[31l] tend not to mix. All

four systems have'very similar phase diagrams. Therefore,

»

(4 APHTIN LA g

the difference in mixing characteristics cannot always be

LA A U

AL

interpreted in terms of phase diagrams.

' 4) In the formation of amorphous phase, there is no clear

o)

Ej picture of how bifurcation takes place (if at all) during
o

P ion mixing. The basic issue is how to model the ion

mixing process and the subsequent relaxation in the
delayed regime. Quite evidently, much more work is
needed to put the correlation between ion mixing and

phase diagrams on a solid basis.
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Figure Captions

Figure 1 Schematic Q-curve, where the amount of mixing per
incident ion is plotted against the reciprocal
absolute temperature of irradiation. This type of
mixing behavior is typically observed for bilayered

samples of silicide forming systems.
Figure 2 A schematic A-B phase diagram near the A side.

Figure 3 Schematic eutectic phase diagram (upper diagram) of
two constituents with the same crystal structure
(f.c.c.). The lower schematic diagram shows the
. sequence of events during ion mixing as a function of
dose or dpa number (typical values). Only a metastable
crystalline phase (MX) is formed in this case. The
crystal structure of MX is the same as that of the

parent phases.

Figure 4 Schematic eutectic phase diagram (upper diagram) of
two constituents with different crystal structures.
The structure of A is either f.c.c. or h.c.p. and
the structure B is b.c.c.. The lower diagram shows
the sequence of events as a function of dose or dpa
number. At medium dose, extended solid solutions
(«' and B') are obtained from both sides of the phase
diagram. As the composition approaches the middle
of the two-phasevregion frem the A side, a mixture of

an amorphous phase and a metastable crystalline phase
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Figure Captions (continued)

o (MX, h.c.p.) is obtained. Approaching the middle
~ of the twe-phase region from the B side, a mixture

of an amorphous phase and B' is obtained. At higher

AN F A SERAGE s S8 AL et WA P s W a R A R AR S e -

dose, an amorphous phase is obtained at compositions
near the eutectic. The amorphous phase may dissociate

. upon further irradiation.

Figure 5 1.5 MevVv 4He+ backscattering spectra of a very thin

Poui k]
RARNS
.n'l.l .

(v 10 i) Sn marker imbedded in an amorphous Si matrix
i before (a) and after (b) irradiation with 220 kevVv
kKrt ions to a dose of 1 x'lo16 ions/cmz. The result
is typical for irradiation temperatures ranging from

96 to 523°K. The fitted curves are Gaussians [from

o
RO MO

Ref. 19].

Figure 6 1.5 Mev 4He+ backscattering spectra of a very thin

(-]
" ' (v 10 A) Pd marker imbedded in an amorphous Si matrix

beforc (a) and after irradiation (b to d) with 220 keV
16

Kr+ ions to a dose of 1 x 10 ions/cm2 at three

A A

different temperatures. Only the marker signal of

the spectrum is shown [from Ref. 19].
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TABLE I. Ion-Induced Interactions 'in Transition Metal/Si Systems
(adopted from Ref. [3]).
. Compounds Observed Fhase Formed Reference
Metal/Si Ions ' by Thermal
Composition : Phase Annealing
1
]
i
. . + + . . 1 _ st
Ti/Si N, B T15513 : T1512 23
Ti/Si ar® ke’ laTisi, | - Tisi, 3
+ |
Xe :
v/si art, ke, WS, ) - vsi, 3
]
Xe :
cr/si ar’, ke, |~crsi, i - crsi, 24
Xet H
]
Fe/Si art ket [wFesi | - FeSi 9
Xet '
. + + . } . .
Co/Si Ar ,Kr , %C0251 ( C0251* C0281 9
Xe+ '
i
R + + e ] .o . e
Ni/Si Ar ,Kr , N1281 ( lesl* N1281 25
Xe+ |
|
Nb/Si art NbSi, i NbSi,** NbSi, 26
[}
[}
Nb/Si sit NbSi, | NDSi,t NbSi, 8
|
0 ' ] . »
Nb5513 : Nb5813+1 Nb812 8
|
Pd/Si ar’ xr®,| Pd,si I pd.si Pa.Si 24,27,28
3 2
Xet !
. + .+ . ' .
Hf/si Ar ,Kr ,| HfSi 1 - HfSi 25
Xet !
. + 4+ . ' : .
Pt/Si Ar ,Kr ,| Pt.Si 1 Pt Si Pt,Si 25
xet 2 H 2 2
:
W/Mo/si ast WSi,/MoSi, | WSi,/MoSi, 29
i
Mo/Si as¥,ce” | mosi, 5 Mosi, 30
]
Nb/Si as*,ce’ | Nbsi, 5 NbSi, 29
!
]
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! TABLE I.

AL REMARKS: *

weak crystalline reflection.

E; ** = phase observed for samples irradiated at ~ 300°C.

- = reflections too weak to be identified.

IR

REFRS

'IU .
-+
I

irradiation temperature ~ 300°C.

Y
ALy

Yelier

tt+ = irradiation temperature ~ 113°C,
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Temperature °C

a B
A % of B B
F.C.C.) B.C.C.
or
H.C.P _
*
0o
- <9‘“°
~ o) pee® Hio0
(8]
~ : Amor o
€ 5} s [Amor 1 | 450 £
:69 ala + | ;, BB S
g MX : o
@ 2 ' 20 ©
O
o Multilayered A+B
| 10
A % of B B

*
sometime amorphous phase
dissociates upon relatively high
dose irradiation.

different from the H.C.P

?

)

E 'MX is of h.c.p. structure but is °*
3 metal A in size.
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Appendix B

Surface morphology and electronic properties of erbium silicide
C. S. Wu, S. S. Lau

Department of Electrical Engineering and Computer Sciences, University

of California, San Diego, La Jolla, California 92093
T. F. xuech @) and 8. x. Liy (&)

California Institute of Technology, Pasadena, California 91125

Abstract

The surface of ErSiz, formed by the reaction of thin Er
layers with a single crystal silicon substrate, is typically
dominated by deep penetrating, regularly shaped pits. These
pits are shown to have detrimental effects on the electronic
performance of Schottky barrier height diodes. Surface pits
may be reduced in density or eliminated entirely by (i) the use
of Si substrate surfaces prepared under ultra-high vacuum
conditions prior to metal deposition, or (ii) by means of ion

irradiation techniques, or (iii) by reacting Er with an

(a) Present address: IBM Research Center, Yorktown Heights, NY 10598
(b) Permanent address: Quinghua University, Beijing, The People's

Republic of China
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amorphous Si layer. In this investigation, planar ErSi

2
layers (pit-free) are made using the third approach with a
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sample structure of Si(a)/Er/Si<crystal>. The fast
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reaction between amorphous Si and Er leads to a planar

.
!

sample structure of ErSiZ/Si<crystal> with Tittle or no

reaction between Er and the crystalline Si substrate. The
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¥ electronic performance of pit-free ErSi2 diodes made in

.

this manner is shown to be much superior to those made by

reacting Er with Si substrates.
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I. Introduction

The formation of rare-earth metal silicides is characterized by the

i following observations: (1) the solid state interactions between rare-earth
éé metals (such as Er and Tb) and single crystal Si exhibit a critical temperature
il phenomenon [1'3]. Below the critical annealing temperature, interactions are
ézj very sluggish. Above the critical anneal temperature, interactions are fast,

such that within minutes of annealing a layer of rare-earth metal (typically

a hundred to a few thousand R thick) deposited on Si is consumed completely

to form a rare-earth metal silicide; (2) Si is found to be the dominant
moving species during interactions; (3) the surface morphology of the silicide
is typically dominated by a heavy pitting and the pitting is often crystailo-
graphic in nature [2]; (4) the surface pits may be reduced in density or
eliminated entirely through either the use of Si substrate surfaces prepared
under ultra-high vacuum conditions prior to metal deposition and silicide
formation or by means of ion implantation techniques. Silicide layers formed
by these techniques possess an almost planar morphology [4]; (5) Silicide
formation behavior between Er and amorphous Si is distinctly different from
that between Er and crystalline Si. Erbium reacts with amorphous Si to form
ErSi2 in a layer by layer fashion at temperatures as low as ~300°C, as compared
to the critical temperature for reaction observed for crystalline Si (~390°C).

The reaction kinetics are observed to be diffusion controlled [5], and the

ErSi2 layer formed in this manner is laterally uniform without any surface

(4]

pits

Rare-earth silicides form low Schottky barriers, ¢g, to n-type Si with

¢g = 0.3 - 0.4ev [6’7]. This suggests the utility of these Schottky barrijer

L
ﬁ! diodes in infrared detecting applications. The presence of surface non-
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uniformities, such as surface pitting, could prove to have a detrimental effect
on the electronic performance of Schottky barrier devices as well as inaccurate
determination of barrier heights by I-V measurements.

The objectives of the present study were to form pit-free ErSi2 layers
using amorphous Si, without recourse to ion implantation or ultra-high vacuum
techniques; and to compare electronic performance of ErSi2 diodes with and
without surface pitting.

The approach we used to fabricate pit-free ErSi2 was to utilize the

[4’5]. In this case,

fast reaction kinetic rate between Er and amorphous Si
a layer of Er was first deposited on a <100> Si substrate followed by the
deposition of Si on top of the Er layer. A relatively low temperature
annealing (300 - 450°C) leads to the formation of pit-free ErSi, between the

Er layer and the amorphous Si, without silicide formation between Er and

crystalline Si. The situation is schematically shown in Figure 1.
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Il. Experimental
ll Silicon substrates (p-type, 1-10 Qcm, <100> in orientation) were used

[ 4
A
s

in this study to facilitate barrier height measurements, (¢g ~v 0.7 - 0.8V).

'
s a®

K
E

Crr e

The wafers were first cleaned by organic solvents, followed by an RCA cleaning

,‘

process with a final rinse in an HF solution. The wafers were loaded

NG

., 5
.8,
s

[}
immediately into an ion-pumped vacuum chamber. A layer of Er (500 R) was

Ty v w——
i H
~

deposited onto the substrates, followed by the deposition of Si (750 R n-type
0.002 Q-cm) on top of the Er layer. The Si layer thickness was chosen such
that a layer of ErSi2 would form after thermal annealing. The rate of deposition
was 0 R/sec for Er and 20 - 30 Z/sec for Si, at a pressure of %]0'7 torr.
A heavily doped n-type Si charge was used for evaporation to increase the
conductivity of the deposited Si (amorphous) layer so that electrical measure-
ments could be made before any silicide formation.

For electrical evaluation, diodes with sizes of 0.5 mm, T mm and 3 mm
in diameter were made on the wafers with mechanical masks. For comparative

purposes a similar set of diodes with only Er on p-Si was also made. The

samples were analyzed before and after vacuum (<5 x 10'7 torr) or flowing
forming gas (15% V' , 85% N2) annealing with x-ray Read Camera and MeV 4He+
backscattering techniques. The barrier heights and leakage currents were

determined by current voltage measurements.
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IIT. Results

The surface morphologies of ErSi2 layers formed on Si with the
conventional method and with the new approach are shown in Figure 1. It
can be seen from the optical micrographs that the ErSi2 layer formed by
reacting Er with amorphous Si on top of Er is much more uniform laterally
than that formed by reacting Er with the Si substrate.

¥ The forward and reverse I-V characteristics of these samples before
annealing (silicide formation) are shown in Figure 2 (only 3 mm diodes are
shown). The barrier heights, ¢g, of both Er/Si<p,100> and Si(a)/Er/Si<p,100>
samples are found to be 0.68 +0.01eV with an n factor of ~1.05, relatively
independent of the size of the diodes. Since these diodes have not been
passivated, the reverse currents cannot be determined accurately. However,
the lowest reverse currents measured at 10 volts are about seven times (7x)
higher than the theoretical reverse current, calculated from considering
only the effect of image force lowering.

After silicide formation, the barrier heights of both types of samples
are observed to increase. Figure 3 shows the I-V characteristics observed
on both types of samples after annealing at 450°C for 30 minutes in forming
gas.

The barrier height, ¢g, of ErSi2 diodes formed by reacting Er with Si
substrate is found to be 0.7%.02 eV with an n factor of ~1.1. The silicide
layer formed on this type of sample (Er/Si<100>) is not Taterally uniform as

shown in Figure 1. The reverse characteristics show soft break down behavior

(see Figure 3). The lTowest reverse current measured at 10 V is about 100 times
the calculated reverse current. The barrier height, ¢g, of ErSiz formed by
Fé reacting Er with amorphous Si is found to be 0.76 * 0.02eV with an n factor

of 1.05. The reverse currents for this type of sample (Si(a)/Er/Si<p,100>)
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after silicide formation are usually much smaller than those observed on

s

Er/Si<100> samples after silicide formation. The lowest reverse current
measured at 10 V is about 20 times the calculated reverse current (Figure 3).
It is also found that the barrier heights of both types of samples

change as a function of annealing temperature for a given annealing time.
This behavior is shown in Figure 4 (for a 30 minute annealing period). For
samples with a configuration of Si(a)/Er/Si<p,100>, the barrier height

- increases from an as-deposited value of ~0.68 eV to a maximum of ~0.77 eV

at 380°C and then gradually decreases to 0.74 eV at 500°C. The initial }
rise of ¢g is believed to be due to the reduction of the interfacial oxide

and other contaminations, between the Er layer and the Si substrate, by the

oA EER A

Er layer without silicide formation, thus allowing intimate contact between

2 L1c

Er and the Si substrate. A maximum value of ¢g is obtained when an ErSi2

layer is formed between Er and amorphous Si and is in contact with the Si
substrate. The temperature and time (380°C, 30 minutes) for this to occur

(5]

is consistent with reported kinetics , and confirmed by backscattering in
our case. The reason for the gradual decrease of ¢g after the maximum is

not clear at present. However, this could be due to the very rapid reaction
rate bethen Er and amorphous Si to form silicide at high temperatures, such

that the reduction of interfacial oxide could not be completed before the

L mm e s t_.cila M Ees Aol e el AN RS

total consumpticn of Er. For samples with an Er/Si<p,100> configuration,

¢g increases from 0.68 eV to a maximum of 0.75 eV at ~350°C and then decreases
relatively rapidly to ~0.68 eV at ~500°C. The initial rise of ¢§ can be {
interpreted as before. The decrease of ¢g after the maximum is likely to

be an effect of silicide formation between Er and the Si substrate. Because

of silicide formation, pits begin to form at the ErSiZ/Si<p,100> interface,

thus affecting the effective area for current density determination. Shallow
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pits are visible after annealing at 380°C for 30 minutes. As the annealing
temperature increases, surface pits become more pronounced. The barrier
height is observed to decrease rapidly between 400°C and 450°C, corresponding
to the appearance of a high density of deep penetrating surface pits.

The effect of annealing time at a given temperature on the barrier
height is shown in Figure 5 (380°C annealing). For samples with a Si(a)/Er/
Si<p,100> configuration, ¢g increases with annealing time until it reaches a
saturation value (0.77 eV) after 0.4 hours of arnealing. This corresponds
to the total consumption of Er to form ErSi, between Er and amorphous Si and
the Si substrate is now in contact with a planar ErSi2 layer. For samples
with an Er/Si<p,100> configuration, ¢g reaches a saturation value of 0.72 eV
after 0.1 hours of annealing. We believe that this is the time necessary to
reduce the interfacial oxide by Er at 380°C. Shallow surface pits begin to
develop after 30 minutes of annealing. The barrier height remains relatively
constant at ~0.72 eV even after 10 hours of annealing, although shallow
surface pits appear to increase somewhat after longer periods of annealing.
The electrical properties of Er silicide diodes formed on both types of

samples are briefly summarized in Table 1.
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IV. Discussion and Summary

The effects of lateral non-uniformity of ErSi2 layers can be clearly
seen by the lowered barrier heights and increased reverse currents (see
Figures 1 and 3). These observations can be explained by an increased
effective area of diodes for current transport and high electric fields
associated with pits in the ErSi2 layer. Using a sample configuration of
Si(a)/Er/Si<xtal>, laterally unitorm ErSi2 layers can be formed on single
crystal Si substrates. This approach takes advantage of the fact that Er
reacts with amorphous Si at temperatures much lower than the critical
temperature above which Er reacts with single crystal Si rapidly. Diodes
of ErSi2 with a planar structure are shown to have higher barrier heights
and much reduced reverse currents. At temperatures below the critical
temperature, the reaction between Er and single crystal Si to ErSi2 is
sluggish, however, we suggest that the Er layer can reduce the native oxide
layer and other contaminations located at the Er/Si<xtal> interface due to
the chemical activity of Er. The reduction of interfacial contamination
permits a more intimate contact between Er and the Si surface and leads to
increased barrier heights without silicide formation, as shown in the initial
rise of ¢g in Figures 4 and 5. This speculation is supported by the observation
that when an HF rinsed Si substrate is backside heated to 500°C - 600°C in a
vacuum of 1 x 10'8 torr and then cooled to room temperature before Er
deposition, the barrier height of such a sample is 0.8 eV which is much
higher than those obtained on samples without backside "+ .ting (n0.68 eV).
This heating resulted in the desorption of mainly flourine atoms (originating
from HF used on the Si surface), and should lead to a relatively contamination
free Si surface (4] (hence the high ¢§ value).

Although high barrier height Schottky diodes of Er on p-Si (hence low

barrier heights on n-Si) can be fabricated by proper preparation of the Si
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substrate without silicide formation, the elemental Er layer is extremely
active and normally oxidizes in room air. Formation of ErSi2 improves the
stability of these diodes significantly, since ErSi2 is stable up to 800°C
and above. Using a sample configuration of Si(a)/Er/Si<xtal> not only allows
the formation of laterally uniform ErSi2 layers, but also relaxes the
annealing ambient for silicide formation. In fact, functional planar diodes
of ErSi2 can be obtained by annealing the Si(a)/Er/Si<100> structure in air
at ~400°C. This is because the top amorphous Si layer protects the Er layer
from oxidation. Once silicide is formed between Er and amorphous Si, the
resulting ErSi2 layer is stable against oxidation at ~400°C.

In summary, we have shown that laterally uniform ErSi2 layers can be
easily formed by a simple method. The barrier heights determined by I-V
measurements on pit-free ErSiz diodes are believed to be more accurate.
Schottky diodes of ErSi2 are stable against oxidation and should prove useful

as reliable infrared detectors (on n-type Si).
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Figure Captions
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Upper portion: Optical micrographs (with Normaski contrast) of top

. b0 .
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—

views of ErSi2 layers formed by two different methods. Lower portion:

'
‘

o

c.,
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e
[

Schematic showing ErSi2 Schottky barrier contacts formed by conventional

method and the new approach.

2. I-V characteristics of Er/Si<p,100> and Si(a)/Er/Si<p,100> diodes before

annealing. The diode size is 3 mm in diameter.

3. I-V characteristics of Er/Si<p,100> and Si(a)/Er/Si<p,100> diodes
(3 mm in diameter) after annealing at 450°C for 30 minutes in forming
gas.

4, Barrier height vs. annealing temperature (30 minutes annealing time).

5. Barrier height vs. annealing time at 380°C.

L] >
PRIt

-.. S
1-0-141

- Wf¥a.

Kl

.......... |

. R P A . S e E R I IR TSI Y |
VI Y DRI, DS I E e 4 PR I RN P I W I W PP AP PSP Al il S R N S W

‘‘‘‘‘
........




........

£y [ sila) |
\ \

Er
. Si<I00> Si <I00>

::;:: 450°C
- 30 min

Y
A (Fee [
R <— pIts i

Conventional Method New Approach

no pits

Figure 1

- ¢85 =




( Er 7 | Before Anneal ( S)i(o) 7

: \__E A
M 3mm diodes LSL'(')OL-)

¢’ =0.68+.0lev ¢ =0.68¢.0lev

n=105 n=|,035




[ 20uA | 20uA
2V - 2V
| S W S | I | S S W U I W T | i | I T T T |
[ Er | ( Sil@ |
. _Er |

|

4>; = 0.70£.02V

n=xi,l

450°C
30min

3mm diodes

Figure 3

-43.

Si {I00)

qb;: 0.76 +.02V

n~1,05

3
e




RS I A e Ran T e Ao Ak Aubad e R e i I A

e ORAIC SRSt et gt Bt D S Y
e

S ¢

-

e

e

0.80

0.75

0.70

0.65 |

/L
T

ca o mtali®alal

A

X

Si(a)/Er/Si <p, 100>

Er/S <p, 100>

~.
~y

30 min annealing

loalatasa a’a et ata®

U PR

Figure 4
- 49 -

. ) ~',-‘ . N . . -
Lo

RS
LS. N

P
N
L

Vel iy =,

-_l’. -
- t® ., .

alala? w

- ..

25

.. . . e e

« . e AR LN A ‘
M- L Pt e s
e ' b P NP P PR

300

350

400

450

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

500

PR e U S
T AT . -
“alala®

»
aa’a’nla

‘..'
-t at

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

2

&

|,
-

.......



)
5
5
!

d A
rr

a Si(a)/Er/Si <p, 100> ——

0.80- x Er/Si<p, 100> e 380°C annealing

0.78F R

bg (V) z
Q.76 -

o— \
% (S
X
0.72} K== =X mmmXmmoXeg o e
0.70}
0,68 X aE=——y—t _ _ :

- ; -2 -
as -deposited 10 0 | _Oo .O_ 2

ARk IR . P -

PN L I J S LU | AP RO . ¢ ot « .\l.

"7 v e % e N AT R N rteT e ety ’ .. ' a0 &
A e 8 A . &. 8 L PRy A A 2 S & L. |3 »



