
Thin Films and Solid-Phase Reactions 

Traffic in a submicron world. 

James W. Mayer, John M. Poate, King-Ning Tu 

Thin films play a dominant role in mod- 
ern technology. They appear as vital ele- 
ments in integrated circuits as well as su- 
perconducting elements and solar energy 
conversion structures. Thin films are used 
both as active structures of precisely con- 
trolled thickness and area, and passive 
structures for connection to, or isolation 
from, the outside world. 

In almost every application it is required 
that the thin film layers maintain struc- 
tural integrity. However, it is generally ob- 
served that pronounced interdiffusion or 
phase formation can occur at remarkably 
low temperatures. Reaction temperatures 
as low as 23? to 200?C are found in some 
cases, while reactions in the range of 450? 
to 600?C are common. These reactions oc- 
cur well below the melting point of any of 
the components or their eutectics in the 
thin film system and hence are called solid- 
phase reactions. 

The impetus for much of the current 
work comes not only from technological 
imperatives but also from the accessibility 
of analytical techniques from such diverse 
fields as nuclear physics and surface sci- 
ence. These analytical techniques can pro- 
vide composition profiles on a submicron 
scale, and have been used in the past 5 
years for the study of solid-phase reactions 
in thin films. However, as early as 1935 
Dumond and Youtz (1) pointed out the ap- 
plicability of x-ray diffraction for studying 
low temperature, solid state diffusion in 
periodic thin film layers of Cu and Au. In 
their article they state, "it would seem like- 
ly that we have here an excellent way of 
studying intimately the diffusion of atoms 
in the solid state," and in a later work (2) 
they obtain the diffusion coefficients of Au 
through Cu at room temperature. 

Similar techniques to these (3) and di- 
rect x-ray diffraction measurement of 
compound formation (4) or changes in op- 
tical reflectivity of evaporated films (5) 
have been pursued in the intervening years. 
However, here we will deal primarily with 
techniques that give us a direct measure- 
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ment of reaction products in thin film sys- 
tems. 

As an example of a reaction which oc- 
curs at room temperature we show in Fig. 
1 a picture of an Sn whisker that has grown 
spontaneously from an Sn layer deposited 
on a layer of Cu (6). Since the sample was 
deposited at room temperature and held at 
room temperature, there is no apparent 
force that would cause whisker growth. 
However, examination of the sample using 
some of the analytical techniques de- 
scribed below revealed that a Cu-Sn com- 
pound was formed at the interface between 
Cu and Sn at room temperature. The for- 
mation of the compound induced a com- 
pressive stress in the Sn layer-a stress 
that was relieved by the extrusion and 
growth of whiskers. 

Crystal growth can be achieved in solid 
metal films at modest temperatures. The 
sketch and photograph in Fig. 2 show that 
Si can dissolve and form crystallites in an 
Au film (7, 8) at a temperature of 2500C. In 
the photograph in Fig. 2, the Au film has 
been etched away so that the Si crystallites 
are readily visible. Here the situation is 
analogous to growing crystals from a su- 
persaturated liquid solution. The solid 
metal film acts as the solvent, and the fine- 
grained, polycrystallite Si layer as the 
source. The driving force is the reduction 
in surface energy which can be achieved by 
dissolving the small Si crystallites in the 
deposited layer and by forming large crys- 
tallites in the solid metal layer. This phe- 
nomenon has been extensively documented 
for amorphous semiconductor films in con- 
tact with metal layers (9). 

The nucleation and growth of new 
phases in metal-semiconductor structures 
is so prevalent that they are used exten- 
sively in the formation of contact layers in 
Si devices (10). These silicide layers are 
formed at temperatures between 200? and 
550?C. The problem that is usually faced is 
the prevention of further reactions with 
other metal films placed in contact with the 
silicide layers. 

Comparison with Bulk Phenomena 

In order to understand these solid-phase 
reactions in thin film structures, it is natu- 
ral to attempt to relate them to phenomena 
in bulk samples. There is extensive experi- 
ence accumulated on metallurgical reac- 
tions in large-scale, bulk samples. How- 
ever, the very nature of the dimensions in- 
volved makes such comparisons difficult. 

The usual measurements made on bulk 
samples characterize regions that are typi- 
cally orders of magnitude larger than the 
submicron (100 to 1000 A) thin film struc- 
tures. Consequently, data on bulk samples 
are generally obtained at much higher tem- 
peratures or longer times than those char- 
acterizing reactions in thin films. Because 
of the relative scale one can reach equilib- 
rium faster and at lower temperatures in 
thin film systems than in bulk samples. 

There are several features that are 
unique to thin films that allow studies not 
readily achievable with bulk samples. 
Since distances are small, one can study 
not only reaction kinetics but also final 
states. In Au-Al thin films, for example, it 
is possible to monitor the growth and con- 
sumption of several distinct phases (Au-Al 
compounds) as the system approaches the 
final compound state (11). These reactions 
all occur at temperatures less than 2000C. 
Low temperature thin film reactions can 
also be applied (12) to determine the final 
state of a ternary system, especially when 
its phase diagram is not available. Next, 
since grain size in a thin film can be much 
smaller than that in bulk, grain boundary 
diffusion may dominate the kinetics in thin 
films. When grain size is about 100 A in di- 
ameter, nearly 5 percent of the total atoms 
can be associated with grain boundaries 
(13). Since at low temperatures grain 
boundary diffusion is often more than two 
orders of magnitude faster than lattice dif- 
fusion, it is possible to determine the influ- 
ence of grain boundaries on diffusion ki- 
netics (14). In addition, thin films offer an 
opportunity to study interfaces. Such stud- 
ies are often difficult to carry out in bulk 
systems where the interface can be buried 
deep within the sample. Conversely, in thin 
films the nature of the interface between 
two layers can completely dominate the 
behavior of the system. A thin (10 to 100 A 
thick) oxide layer can often block phase 
formation at the normal reaction temper- 
ature (15). 

Of course, these thin film systems in- 
troduce a whole set of problems that are 
often not encountered in bulk systems. We 
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Fig. 1. The spontaneous growth of tin whiskers 
on the free surface of Sn in bimetallic Cu-Sn 
thin films stored at room temperature. The di- 
ameter of the whiskers is larger than the thick- 
nesses of the Sn (2.5 mr) or Cu (0.6 im) layers. 
[From Tu (6)] 

have mentioned the key role of interface 
properties. In addition, because of the rela- 
tively small dimensions involved, oxygen 
or other impurities can diffuse into the 
structure and thus influence reaction rates 
(16). 

In almost all studies of thin films, the 
structures are formed by vacuum deposi- 
tion techniques. The films can be deposited 
on substrates by evaporation from fila- 
ments, by use of electron-gun evapOration 
techniques, or by sputter deposition. Un- 
less stringent precautions are adopted, im- 
purities can be incorporated within the 
structure during deposition. Also, the very 
fact of different thermal expansion 
coefficients between film and substrate can 
lead to high stress levels in the film. It has 
been shown that application of hydrostatic 
pressure to thin film structures can influ- 
ence the reaction kinetics (17). 

Characterization of Thin Films 

From the considerations listed above, it 
is clear that it is necessary to characterize 
the properties of these thin film structures. 
It is also necessary to use techniques that 
have the requisite depth resolution, so that 
the kinetics of reactions occurring on a 
submicron scale can be measured with 
some precision. Therein lies the problem. 
The thickness range of 0.1 to 1 Mm lies in a 
difficult region as far as conventional ana- 
lytical methods are concerned. These thin 
film structures are too thin to apply con- 
ventional sectioning or x-ray analysis 
methods that have been used so successful- 
ly in metallurgical investigation of bulk 
samples. Conversely, the films are typically 
too thick to apply conventional transmis- 
sion electron microscopy techniques. 

Fortunately, over the past 5 years, ana- 
lytical techniques have been developed 
which are capable of analyzing films in the 
thickness range of a few hundred ang- 
stroms (0.01 qm) to a few micrometers in 
thickness. Some of these techniques, such 
as backscattering spectrometry (18), have 
been known for over 20 years, but have 
only recently received serious attention as 
analytical tools. Other techniques, such as 
Auger electron spectroscopy, are primar- 
ily tools for surface analysis but have been 
adapted to depth profiling measurement 
by use of controlled layer removal (19). 

The schematic diagram in Fig. 3 illus- 
trates two general approaches to obtaining 
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depth profiles. For the case in which nucle- 
ar techniques [backscattering (20), ion-in- 
duced x-rays (21), or nuclear reactions 
(22)] are employed (Fig. 3a), depth infor- 
mation is deduced from the energy loss of 

Au Film deposited 
on polycrystalline Si 

the energetic particles (usually protons or 
He ions) along their inward or outward 
tracks (or both). The depth resolution ca- 
pability varies with the different techniques 
with about 0.02- ,m depth resolution over 
depths of 0.5 Am for backscattering, and 
about 0.1 m over 1- Mm depths for ion-in- 
duced x-rays. The sensitivity to impurity 
concentration levels depends on the tech- 
nique, with backscattering sensitive to high 
mass impurities and nuclear reactions sen- 
sitive to low mass impurities. 

The other general approach to obtaining 
depth profiles is to use a surface analytical 
tool to determine the composition of the 
surface region and then to use a layer re- 
moval technique to expose underlying re- 
gions. Layer removal is generally accom- 
plished by sputter etching, in which a beam 
of kiloelectron volt Ar or other gas ions is 
directed at the target to cause ejection of 
surface atoms (Fig. 3b,). Depth profiles 
are now routinely generated in com- 
mercially available instruments which use 
sputtering for layer removal and generally 
one of three surface analytical tools: 
Auger electron spectroscopy (AES) (23), 
secondary ion mass spectroscopy (SIMS) 
(24), or low energy backscattering tech- 
niques (Fig. 3b2) (25). 

Au 

-=> 

o0C Substrate 
hours u 

Poly Si dissolves in Au, 
forms large crystallites 

I 
Au yer removed to expose Si crystllites Au layer removed to expose Si crystallites 

Fig. 2. Dissolution of a 0.3-Mm-thick polycrystalline Si layer into a 1-rm-thick Au film and sub- 
sequent formation of large silicon crystallites. The scanning electron microscope view in the lower 
portion was obtained after the Au layer was removed. [From Nakamura and Lau (8)] 
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In order to compare the two analytical 
approaches we shall describe the data ob- 
tained from a silicide sample in which 2000 
A of Ni was deposited on an Si single crys- 
tal substrate and the composite structure 
annealed at 250?C for 24 hours (26). Fig- 
ure 4 shows a backscattering spectrum for 
2-Mev 4He ions incident on the structure 
and Fig. 5 shows an Auger depth profile 
for which the primary electron beam (anal- 
ysis beam) energy was 5 kev and the sput- 
tering ion beam (layer removal beam) 
energy was 2 kev. In Fig. 4, the number of 
backscattered He particles incident on a 
particle detector is plotted versus the 
energy of the backscattered particles. The 
backscattering spectrum shows that the 

Fig. 3. Schematic diagram of two approaches to 
obtain depth profiles in thin film structures. (a) 
With nuclear techniques, the thickness of the 
layers is determined from the energy loss of 
energetic particles. (bi and b2) A two-step 
process in which controlled thicknesses of the 
layer are eroded away by sputtering with Ar ion 
beams (bi) and then the composition of the sur- 
face layer is analyzed by surface-sensitive 
techniques (b2). 
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silicide layer (shaded portion) has not 
completely consumed all the Ni (unshaded 
portion). The energy width AE of the 
shaded portion of the spectrum gives the 
width AX of the silicide region [energy 
loss tables (20, 27) can be used to convert 
from AE in kiloelectron volts to thick- 
ness in atoms per square centimeter or in 
angstroms if a density is assumed]. The Ni 
to Si ratio of 2: 1 in the silicide is de- 
termined from the ratio of the number 
of counts in the Ni and Si portions of the 
silicide spectrum using a straightforward 
correction for scattering cross section (20). 
In the Auger spectroscopy profile (Fig. 5) 
of the annealed sample, the outermost 
layer (from 0 to 6 minutes of sputtering 
time) is seen to be Ni and the composition 
ratio of the underlying silicide layer can be 
calculated from the Auger signals from 
pure Ni and Si surfaces. The conversion 
from sputtering time to thickness must be 
determined from similar samples of 
known thicknesses. 

On a more general basis, we can com- 
pare nuclear techniques which rely on en- 
ergy loss of the probing energetic ions for 
depth information, and surface analysis 
techniques that rely on sputtering rates for 
depth profiles. Sputtering techniques re- 
quire calibration to establish the erosion 
rate. Preferential sputtering effects in al- 
loys or compounds can lead to changes in 
the composition of the near surface layer 
which is analyzed, and variations in the 
erosion rates across the surface of a poly- 
crystalline region result in significant deg- 
radation of depth resolution. In addition, 
the surface analysis techniques require cal- 
ibration by use of standard samples of 
nearly identical composition for absolute 
concentration measurements. However, 
relative measurements can be made of the 

depth variation of the host atoms and im- 

purities on a routine basis. 
Nuclear techniques, while more straight- 

forward, require a somewhat large invest- 
ment in equipment, typically, a million- 
electron-volt accelerator, a particle detec- 
tion system, and a data processing system. 
All of these are common in most nuclear 
laboratories. Nuclear techniques do not 
require sample erosion, and by their na- 
ture provide absolute measurements of the 

target composition as a function of depth. 
Data acquisition is faster, about 15 min- 
utes per sample, than with sputtering 
methods. 

Recent investigations have shown that it 
is advantageous to use both nuclear and 
surface plus stripping analytical techniques 
(28). Nuclear techniques provide a calibra- 
tion of the sample thickness and composi- 
tion, while surface analytical techniques 
give relative concentrations and impurity 
distributions. However, even on an indi- 

vidual basis, both methods have been used 
with great success in investigations of thin 
film reactions. 

These two microanalytical methods give 
composition and impurity depth profiles 
within thin film structures. However, we 
also need information on phase identifica- 
tion, crystal structure, and stress. For this 
purpose it has been possible to adapt con- 
ventional x-ray techniques by using glanc- 
ing incidence as shown in Fig. 6. By using 
this approach we effectively increase the 
film thickness by an order of magnitude, as 
compared to the conventional normal in- 
cidence. Two systems, the Seemann-Bohlin 
diffractometer (29) and the Read camera 
(30), have been developed on this principle 
and are capable of identifying compound 
phases of thickness between 100 and 300 
A. The diffraction peaks shown in the low- 
er portion of Fig. 6 were obtained with a 
Seemann-Bohlin system and can be identi- 
fied with Ni and Ni2Si reflections (26). Fig- 
ure 7 shows the diffraction pattern ob- 
tained from a 2000-A superconducting 
Nb3Ge film on a sapphire substrate with a 
Read camera (31). The rings can be identi- 
fied with reflection from the A15 structure 
of Nb3Ge (in polycrystalline form) and the 
spots from the single crystal sapphire sub- 
strate. It is now well established that it is 
advantageous to use both depth profiling 
and x-ray diffraction techniques to charac- 
terize deposited and reacted thin film 
structures (32, 33). 

Of course, we do not neglect the more 
conventional tools such as scanning elec- 
tron microscopy or the electron micro- 
probe. These are routinely used to deter- 
mine lateral variations in the sample struc- 
ture. Then, too, with specially prepared 
samples, transmission electron microscopy 
gives insight into crystal and defect struc- 
tures, and may prove to be extremely use- 
ful in examination of interface regions. 

I I I I I 

Si NiSi Ni 2 Mev He 
10- substrate X 

x Particle 
8 - 2000 A Ni on <100> Si a detector C heat treated at 250?C 

o for 24 hours to form 

, 6 - Ni2Si 

124 - 1_ S WM Si Si 

2 - Si .Nin 
substrate i2Si 

~0 I~~~ 
0.6 0.8 1.0 1.2 1.4 1.6 

Energy (Mev) 

Fig. 4. Backscattering spectrum for 2-Mev He 
ions incident on a sample containing a layer of 
Ni2Si (shaded region) formed by depositing Ni 
on a Si substrate and then heat treating at 
2500C. [From Tu et al. (26)] 
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Fig. 5. Auger depth profile of the heat-treated 
sample analyzed by backscattering spectrom- 
etry in Fig. 4. Layer removal was made by 
sputtering with 2-kev Ar ions and surface anal- 
ysis by Auger electron spectroscopy. (a) Shows 
analysis of the sample as deposited and (b) 
analysis of the same sample after heat treat- 
ment. [From Tu et al.; courtesy of Thin Solid 
Films (26)] 

However, it is basically the development of 
the three tools-nuclear techniques, sur- 
face analysis plus layer stripping, and 
glancing angle x-ray diffraction-that has 
caused the surge of studies in thin film re- 
action studies. 

An example of the application of these 

techniques is the analysis of deposited su- 

perconducting films and correlation of 
their superconducting and structural prop- 
erties. The discovery that Nb3Ge film can 
have a superconducting transition temper- 
ature (Tc) 22? to 230K has given some 

impetus to the area. It is conventionally as- 
sumed that A15 thin films demonstrate 

high TC's when they are close to the A3B 
stoichiometry. However, x-ray diffraction 

(shown in Fig. 7) and backscattering inves- 

tigations of a wide variety of sputter depos- 
ited Nb-Ge films show that, although the 
films appear to be predominantly a single 
phase, composition can deviate significant- 
ly from the stoichiometric Nb3Ge value 
and yet they still possess high Tc's (31). It 
is hoped that studies such as these can lead 
to a better understanding of high Tc thin 
films. 
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Solid-Phase Reactions 

Silicides. One of our first observations of 
thin film reactions is that well-defined, lat- 
erally uniform layers can be formed in 
many systems where phase formation oc- 
curs. The laterally uniform nature of sili- 
cide formation, for example, is shown in 
photographs (Fig. 8) of samples cleaved at 
low temperatures to avoid smearing the in- 
terface. The upper view of the deposited 
structure shows a layer of amorphous Si 
on a 2000-A-thick Pd layer deposited on 
< 100> oriented single crystal Si. After re- 
action at 2800C, the compound Pd2Si is 
formed. Considering the polycrystalline 
nature of the silicide films, it is quite re- 
markable that uniform layers grow. 

Silicides are important as contact layers 
in microelectronic integrated circuit tech- 
nology, and consequently there have been 
many studies of metal film-Si systems 
(33). The initial work focused on growth 
kinetics and activation energy. One of the 
surprising features, in view of the high co- 
valent bonding energy of Si atoms, was 
that solid-phase reactions could occur at 
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Fig. 6. Glancing angle x-ray diffraction pattern obtained with a Seemann-Bohlin diffractometer for 
the sample analzyed by ion backscattering (Fig. 4) and Auger depth profiling (Fig. 5). The peaks 
have been indexed to identify the Ni2Si and Ni. [From Tu et al.; courtesy of Thin Solid Films (26)] 
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relatively low temperatures. For example, 
Ni, Pd, and Pt silicides form at 2000C, 
while the melting point of Si is about 
1400?C (and even the melting point of 
these silicides is well above 700?C). This 
low formation temperature has led one of 
us to propose (34) that the noble and near- 
noble metal atoms can be incorporated on 
interstitial sites in the Si lattice to suffi- 
ciently high concentrations that the Si 
bonds at the interface change from cova- 
lent to those resembling metallic bonds. 

Since an interstitial increases th 
of nearest neighbors of its host 
Si atom at the iteprface with a 
centratjqn of inter titials will h 
than fo'ury arest neighbors ar 
bonded by upsaturated rather t 
rated covalent bonds. The unsat 
valent bonds are similar to meta 
and can be broken with a much I 
quency at low temperature than 
covalent bonds. 

In studies of diffusion and ( 
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-Amorphous Si , Fig. 8 (left). Scanning electron I 
photographs of an edge view of a ch 
ple of I tAm of Si deposited on 0.02 
on a Si substrate. (A) Shows the A 
sample and (B) shows the sample 
treatment at 280?C to form the p1 
Fig. 9 (right). Concept of using 
rare gas ions as Kirkendall markers 
the diffusing species in formation 
layers. (a) Metal film M evapora 
silicon substrate implanted with a 
(b) if Si atoms are the moving spe( 

marker will appear near the silicide-silicon interface; (c) if metal atoms are the mov 
during compound formation, the Xe marker will shift toward the surface. The displacer 
markers can be measured by backscattering spectrometry. [From Chu et al.; courtes 
Phys. Lett. (36)] 
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ie number formation in bulk samples, diffusion mark- 
atoms, an ers have played a key role. Radiotracer 
high con- techniques were developed for studies of 

lave more host and impurity diffusion in crystals. 
id will be Kirkendall markers (35), usually fine Mo 
than satu- or W wires placed at the interface between 
urated co- two metals, are used to determine which of 
illic bonds the two metals diffuses through the com- 
higher fre- pound during phase formation. 
saturated For thin film systems, it is also necessary 

to find diffusion markers. Embedded thin 
compound wires are not the answer because the wire 

diameter would have to be of the order of 
100 A if we are to study phase formation in 
1000-A-thick films. However, it is possible 
to implant Xe atoms into the structures 
and to monitor the displacement of the Xe 
during compound formation (36). The con- 
cept of the use of markers is shown in Fig. 

ng agttern 9. By determining whether the Xe is dis- 
i a Read placed toward or away from the sample 
a 2000-A- surface, we can find whether Si or the met- 
Nb3Ge de- al atoms diffuse across the compound dur- 
i sapphare ing reaction. In many instances of silicide rings have 

to iden- formation, Si is the diffusing species, but in 
/crystalline others, particularly the phases which form 
the spots at lower temperatures, the metal atoms 
ingle crys- move. For example, Ni-Si forms at 200?C substrate. 
rdi et al by diffusion of Ni atoms, while Ti-Si forms 

at 600?C by diffusion of Si atoms across 
the compound (36). 

We find that kinetics are the major con- 
sideration in the initial stages of silicide 
formation. Although many phases are giv- 
en in the equilibrium phase diagram, usu- 
ally only one phase nucleates and grows 
(33). In the later stages (at higher heat- 
treatment temperatures or longer times), 
other phases form and the system ap- 
proaches its equilibrium state of a silicon- 

unreacted rich silicide (silicon-rich because there is 
only a thin metal film on a thick Si sub- 
strate). 

This section has been devoted to silicide 
formation; however, studies of metal film 

itoms move reactions with compound semiconductors 
are also providing a wealth of information. 
The situation is complicated because of the 
binary nature of the semiconductor, but 

M this complication can lead to some inter- 
esting results. For example, Pt thin films 
on GaAs show some features similar to Pt 
films on Si in that a stable PtAs2 layer can 
be formed (37). The reactions are initiated 

microscopy by the rapid out-diffusion of Ga and, on 
eaved sam- eaved samd completion, a layered structure of GaAs, 
s-deposited PtAs2, and PtGa results, with the GaAs, 
after heat PtAs2 interface being reasonably sharp. 

hase Pd2Si. In all of this work on compound forma- 
implanted tion by solid-phase reactions, the nature of to identify 
of silicide the interface must be considered. A thin 

ted onto a oxide layer, SiO2 in the metal-Si systems, 
Xe marker; is nearly always present at the interface un- 
cies the Xe less stringent precautions are taken. In 
ing species many silicide-forming systems, a thin oxide 

sy of Appl is sufficient to seriously influence the kinet- 
ic behavior of silicide formation. The pres- 
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ence of a thick SiO2 layer can actually 
change the phase of the silicide that is first 
formed. For V on Si, a silicon-rich silicide 
forms while for V on SiO2 a vanadium-rich 
silicide is found (38). It is interesting to 
note that the vanadium-rich silicide layer 
shows superconducting properties with a 
transition temperature of 15?K. 

Simple eutectic metal-semiconductor 
systems. We have devoted the above dis- 
cussion to phase formation because it rep- 
resents such a striking demonstration of 
low temperature reactions. There are 
many examples of low temperature reac- 
tions between metal and Si or between two 
metal layers that can occur without phase 
formation. We have shown in Fig. 2 that Si 
can diffuse in Au films at temperatures be- 
low the eutectic. Similar phenomena are 
found in Al-Si systems; in fact, the pres- 
ence of such reactions has plagued the 
semiconductor industry in the formation of 
contacts in integrated circuits (39). Figure 
10 shows the severe erosion that can occur 
on Si surfaces due to the dissolution of Si 
into the Al film (40). This condition is ag- 
gravated by the fact that the Al makes con- 
tact to the Si at only small-area, selected 
regions and the Si dissolves long distances 
into the surrounding Al film until the solu- 
bility value of Si in Al is reached at the re- 
action temperature. 

In contact with Al films, Ge also will dis- 
solve and migrate until the solubility value 
is reached at the reaction temperatures 
(41). The solubility values in the solvus 
curve depend strongly on temperature. As 
outlined in Fig. 11, this fact allows the pos- 
sibility of using solid-phase reactions to 
grow epitaxial layers incorporating Al to 
form transistors (42) and nuclear particle 
detectors (43). Here one dissolves Ge in the 
Al film during the heating cycle, and then 
regrows the Ge on the underlying Ge crys- 
tal substrate during the cooling cycle. 

Metal-metal reactions. The field of in- 
terdiffusion in metal-metal thin film sys- 
tems is also a subject of intense study. It 
has been highlighted in several recent con- 
ferences and most work has been directed 
at understanding and characterizing the 
conductor metal systems used in integrated 
and hybrid circuits. Gold, with its resist- 
ance to corrosion and low susceptibility to 
electromigration, is an ideal choice as a 
thin film conductor system. However, 
there is the distinct drawback that Au does 
not adhere very well to dielectrics such as 
SiO2. This is overcome by the introduction 
of a "glue" metal such as Ti or Cr between 
the Au and substrate. Unfortunately, Ti- 
Au or Cr-Au form fast corrosion couples, 
and to overcome this problem a third bar- 
rier, or passivating metal layer (such as Pd 
or Pt), is added. The interdiffusion charac- 
teristics of these multilayer metal systems 
have to be known, but it is only recently, 
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Fig. 10. Schematic diagrams and scanning elec- 
tron microscope photographs of the erosion of 
Si that can occur when heat treating Al films are 
in contact with Si devices used in integrated cir- 
cuits: (A) As-deposited structure with Al in con- 
tact with p-type layer of Si p-n junction; (B) 
after heat treatment at temperatures around 
4000C solid-phase reactions between Al and Si 
occur; and (C) view of the Si surface after the Al 
layer is removed. [From Bower (40)] 

with the advent of such techniques as 
Rutherford backscattering and Auger 
spectroscopy, that quantitative studies 
have been performed (16, 44). The inter- 
actions are quite complex; however, inter- 
diffusion between the Pd and Au has been 
shown to be dominated by grain boundary 
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Fig. 11. Schematic diagram of the dissolution 
and regrowth of thin layers of Ge by use of sol- 
id-phase reactions. The regrown Ge layer is 
doped p-type by the Al and can be used to form 
p-n junctions. [From Marrello et al. (43)] 

diffusion and defect-enhanced diffusion 
within the grains. The metals Pd and Au 
form a complete series of solid solutions 
and so the diffusion kinetics are not influ- 
enced by compound formation. 

It is possible to elucidate the role of 
grain boundary and bulk diffusion effects 
by comparing diffusion through single 
crystal and polycrystalline films. For ex- 
ample, couples of Ag-Au can be prepared 
in this fashion. With single crystal layers of 
Ag, Au exhibits minimal diffusion for tem- 
peratures of around 200?C, as compared to 
marked interdiffusion in corresponding 
polycrystalline thin films (45). This com- 
parison nicely demonstrates the role of 
grain boundaries in couples that form 
complete solid solutions. 

Aluminum enjoys widespread use, more 
so than Au, as a thin film-conductor met- 
allization for integrated circuits. It has the 
interesting propensity of forming inter- 
metallic phases with a wide variety of other 
metals. This was demonstrated graphically 
in the electronics industry by the appear- 
ance of "purple plague" when thin film Al 
and Au were contacted together (46). The 
most distressing symptom of this disease 
was the loss of mechanical strength of the 
metallic bond. Aluminum and Au form the 
intermetallic AuAl2 at relatively low tem- 
peratures with a characteristic purple col- 
or, and it is well known that intermetallic 
phases are often brittle. Backscattering ex- 
periments have now been carried out on 
both the Al-Au (11) and Al-Ag (47) thin 
film systems where discrete compound lay- 
ers are observed to grow in a fashion very 
similar to that of the silicides discussed be- 
fore. 

Metallic thin film reactions can also be 
applied to study the soldering process. One 
of the major techniques for interaction in 
microelectronics is the use of solder joints 
with low melting points. Since joining is 
basically a process of interfacial reaction, a 
controlled reaction with the formation of 
ductile and highly conductive intermetallic 
compounds is desirable. For example, Sn 
with Cu forms ductile and good conducting 
Cu-Sn compounds. However, Cu wires are 
commonly soldered by Pb-Sn solders that 
are Pb-rich. This is because Cu reacts ex- 
tremely fast with Sn but not with Pb, so Pb 
is used to limit the reaction so that not all 
the Cu is consumed and the integrity of the 
Cu conductor is maintained. 

Thin film reactions in couples of a layer 
of Pb or Sn and another layer of Cu, Ag, 
Au, Ni, Pd, or Pt have been studied by the 
use of glancing angle x-ray diffraction (48). 
Intermetallic compounds have been found 
to form and grow near room temperature. 
The compound formed is the one that is 
rich in Pb or in Sn, for example, Pb2Pd. 
The formation rates were so fast that they 
cannot be explained without a fast diffu- 
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sion process. Indeed, noble and near-noble 
metals have been reported to diffuse by an 
interstitial mechanism in Pb and Sn (49). 

Conclusion 

We have attempted to illustrate the na- 
ture of thin film reactions with some co- 
gent examples which have come principal- 
ly from the field of integrated circuits. Our 
objective has been to show that the occur- 
rence of low temperature solid-phase reac- 
tions can be analyzed by a variety of exist- 
ing techniques. We hope that, as we come 
to an understanding of the physical nature 
of these films and their interfaces, correla- 
tions can be made with other physical pa- 
rameters such as Schottky-barrier heights 
or superconducting transition temper- 
atures. 

In conclusion, therefore, we would like 
to emphasize that the study of solid-phase 
reactions in thin film systems and interface 
properties was prompted by the increased 
use of thin films in modern technology. 
The study of these systems was greatly fa- 
cilitated by the development of three ana- 
lytical concepts-depth profiling by nucle- 
ar techniques, the combination of surface 
analytical techniques combined with layer 
removal by sputtering, and glancing angle 
x-ray diffraction. These three, along with 
the more established tools of scanning 
electron microscopy, electron microprobe, 
and transmission electron microscopy, 
have provided pronounced new insights 
into the behavior of thin film systems. 

The development of analytical tools with 
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The development of analytical tools with 

capability for depth microscopy on a sub- 
micron scale offers a unique opportu- 
nity for the study of low temperature reac- 
tions. Although we have stressed the study 
of thin film systems, these same tools have 
been used in studies of oxidation and cor- 
rosion, ion implantation in metals and 
semiconductors, and front wall degrada- 
tion in fusion reactors. 
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pabilities and associated instrumentation 
provide a common ground for theoretical 
and experimental scientists and serve as a 
powerful integrating force between scien- 
tific specialties. 

At the present time, it seems that con- 
ceptual advances in the biological and bio- 
chemical sciences have temporarily outrun 
our ability to perform unambiguous mea- 
surements in real systems with regard to 
the nature, concentration, and time-depen- 
dent fate of chemical species on the cellu- 
lar and molecular level. Certainly, much of 
the experimental work being carried out 
now employs simplified "model" systems 
or relies upon highly indirect observations. 

This situation could be changed through 
the development of new instrumental tech- 
niques designed to permit selective and 
nondestructive measurements to be made 
in complex systems on a direct and, prefer- 
ably, continuous basis. There is reason to 
believe that several membrane electrode 
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