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UNDERSTANDING AND CONTROLLING ELECTROPLATING

David Kahn

Corporate Technology
AMP Incorporated

P. O. Box 3608, Harrisburg PA 17105-3608

Abstract

We do not understand enough of plating bath chemistry to generate
a quantitative parametric model. Nonetheless, we can construct
empirical multivariate, quantitative models to predict the change
in plating structure(responses) with changing plating bath
parameters(factors) using only a limited number of designed
experimental runs. These models can then be used either to vary
the plating factors to obtain a desired response(s) or to detect
changes in plating factors or a change in the underlying model
from changes in the plating responses. Two of these methods,
principal component analysis(PCA) and partial least-squares in
latent variables(PLS), will be illustrated; and their adaptation
to general multivariate process control will be discussed.

Introduction

In spite of the fact that electroplating has been an important
technology in all parts of the world for many years, our
understanding of this process is still very imperfect. Some
reasons for this are the complicated reactions at the double layer
between the metal cathode and the electrolyte, the nonlinearity
of the bath reactions, the fact that baths are operated far from
equilibrium, the self organization properties of the bath and the
multivariate interactions that are possible. In many instances,
the baths in use are proprietary, so that we are prevented from
even knowing the bath contents. For any and all of these reasons,
a quantitative parametric model of the bath chemistry does not
exist for any commercial plating bath.

Nevertheless, a multivariate, quantitative model of the

electroplating bath, is necessary if we are to understand and
control this important technology. Fortunately, we do not lack for
data on the plating bath parameters(factors) and the corresponding
plating characteristics(responses). These data can usually be
obtained from previous production runs for an old bath or from
designed experimental runs for a new bath. The problem is to turn
these data into useful information.

The plating bath factors used in a designed experiment of N runs
may be represented as elements of a matrix of N rows(samples) and
K columns(factors). Similarly the corresponding plating responses
may be represented as a matrix with the same N rows and P columns
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may be represented as a matrix with the same N rows and P columns
corresponding to the P plating responses that are measured for
each run. The 16 by 11 factor(X) matrix for a nickel process
variation study for a two level fractional factorial Plackett-
Burman designed experiment is shown in Table I. A plus one refers
either to a high value of a plating factor or to one type of
anion. A minus one corresponds to a low value of the same plating
factor or to a different anion. If the two factor interactions are

included, this matrix becomes a 16 by 66 matrix. The original and
corresponding centered and scaled 16 by 9 response (Y) matrices are
shown in Table II. The values of the plating factors used in these
runs are deliberately chosen to be somewhat outside the normal
operating limits to ensure that any possible factor combination
that may arise during operation of the bath has been included in
the model. The variations in the responses in Table II due to the
change in plating factors are obvious and our first step is to
look for quantitative relations between them.

The measured components from each row of the response matrix
specify a point in the P dimensional response space. The
arrangement of these N points in this space reflects the relations
between the responses and will be discussed in more detail below.
Although it is very difficult to visualize patterns in a space
with more than three dimensions, the techniques described below
can be used to "project" these points in sample space onto a lower
dimensional space.1 In many instances it is convenient to project
these points in hyperspace onto two dimensional planes, which act
as windows into the hyperspace.

Since the plating responses are the result of a multivariate
process and may be correlated in ways that are unknown to the
plating engineer, separating these results into a smaller number
of uncorrelated components using principal component analysis (PCA)
is an important first step in developing a model for the plating
process. After these components are identified, our next task is
to relate these plating response components to the plating bath
factors using partial least-squares regression(PLS), thereby
creating a quantitative model of the plating process. If the
plating factors and responses arise from the same underlying
model, we will obtain a regression relation that is robust and can
be used with confidence over a wide range of plating conditions.

Principal Component Analysis

Principle component analysis has been described in a number of
books and articles and will be discussed here only in general
terms.1,2 The mathematical analyses used in this paper were done
using a variant of the Chemometrics Toolbox set of programs
developed for use with the MATLAB language.3 This is a high level
language especially designed for solving matrix algebra problems.
Some analysis techniques such as varimax rotation, cross
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validation and variance ratio F-tests are not included in the

Toolbox routines and have been written using the MATLAB language.

The essence of PCA is to extract from the response matrix the
important correlations between the various responses. This
analysis of the response matrix alone is related to the more
complete analysis of the response and factor matrices together
using PLS. A PCA analysis may be thought of as a zeroth order PLS
analysis, wherein the response or factor matrix is analyzed
alone.4

The PCA method consists of expanding the response matrix into a
sum of uncorrelated matrices, each of which is the outer product
of a single score vector(column) and a single transposed loading
vector(row). In vector notation, we can write this decomposition

Y = tl * Pl' + t2 * PZ'  '*' + E, (1)

where Y is the original response matrix, t is a score vector, p'
is the transposed loading vector, and the matrix E contains the
residual, i. e. the part of the data not "explained" by the
principal components. A primed vector or matrix is a transposed
matrix or vector, i.e. a.'=a...5 The loading vectors,p , are

11 , 13

eigenvectors of the covariance matrix Y' * Y and the score
vectors, t, are the eigenvectors of the association matrix Y * Y'.
If the response matrix has N rows(samples) and P

columns(responses), tis an Nx 1 column vector, p' is alxP row
vector and the outer product t*p'isanNxP matrix. The
orthonormal loading vectors in the response space are a new set
of axes that point in the directions of greatest variation and,
the P elements of p' are the direction cosines to the original
response space axes. The N elements of t are the coordinates of
each of the N sample points with regard to each loading vector
axis. If the N points in response space are projected
perpendicularly onto a plane defined by two of the loading
vectors, the coordinates of the projected points in the plane are
the elements of the corresponding score vectors.

The response matrix Y presumably contains some noise as well as
real variation. If we use all P loading vectors in Eq. (1), we
will reproduce the response matrix exactly, noise and all. The
object of PCA is to select a smaller number of principal
components that will explain almost all of the real variance plus
some imbedded error and leave a residual matrix that is almost all

noise. This is especially important when P is large. It can be
shown that the imbedded noise in the sum of a selected number of

eigenvectors is less than the noise included in the sum of all of
the eigenvectors.6 In this way some of the noise can be
eliminated from the data. A simple example of this from Reference
6 is shown in Table III. I f we construct a simple "pure data"
matrix D* and add to it a "noise" matrix N, we obtain a matrix
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containing real variation and noise, D. We can easily find the
principal components of this matrix using a one line MATLAB
language command:

[load,score,value,remvar,modpwr,explvar] = pcarow(D), (2)

where load is the calculated matrix of loading vectors, score is
the calculated matrix of score vectors, value is the column vector
o f eigenvalues, remvar is the remaining variance a fter subtracting
the variance explained by the current principle component, modpwr
is the modeling power or explained standard deviation per
variable, and explvar is a column vector containing the explained
variance for each response for each component.1

Although in this simple example it is obvious that the two columns
in D* are not linearly independent, this condition is recognized
automatically by the PCA analysis of D* and one of the two
eigenvalues and corresponding score vectors are zero. Because of
the added noise, the columns of matrix D are independent and two,
non-zero eigenvalues are found: 767.15 and 0.29. It is clear from
the size of the eigenvalues that the first outer product, tl*pl'
will explain almost all of the variation in D, and as Table III
shows, this matrix reproduces D* the "pure data" quite closely.
The second matrix factor t2*p2' contains mostly noise as can be
seen. Of course, the sum of the two factors reproduces D exactly.
This elimination of the noise rests on the fact that PCA is a

least squares procedure and random variations tend to average out.

The value of PCA lies in the fact that in most cases a matrix

containing a large number of columns can be approximated quite
well by only a few principal components. In the case of the nine
column response matrix shown in Table II, only four principal
components are needed to explain the important variation. Methods
for choosing the proper number of principal components are
available.7

Since each loading vector can contain contributions from several
responses if they are correlated, it may be difficult to relate
changes in the principal components to changes in the individual
variable values, although in many cases a particular variable is
responsible for most of the variation. Although PCA is a least-
squares procedure, the number of runs needed to determine the
principal components does not need to be large. In the case of the
eleven factor nickel process study described above, seventeen
sample runs were sufficient. As long as the number of principal
components needed to explain most of the variation is less than
about a third of the number of samples, the procedure is stable.8
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Partial Least Squares

The PCA analysis described above will analyze the factor and
response matrices separately, but is not able to construct a
relation between them. If the two matrices arise from the same

underlying model, we can find a relation between them using PLS.
This analysis is equivalent to a PCA of each matrix followed by
a small rotation of the X and Y matrices so that the distance

between the two matrices represented as points in sample space is
a minimum.9 In this new subspace, in addition to the principal
component factorization for each matrix, we can obtain a relation
between the matrices by means of a relation between the score
vectors o f the two matrices. These relations are summarized by the
equations:

X=T*P'+E,
Y=U*Q'+F,
U=B*T, (3)

where T is a matrix of the X score vectors, U is a matrix of the
Y score vectors, P' is a matrix of the transposed X loading
vectors, Q' is the matrix of the transposed Y loading vectors and
B is a diagonal matrix that connects the score vectors of the two
matrices.This last equation is commonly referred to as the inner
relation.10

If the conditions causing the variation in the two matrices arise
from the same cause, we would expect that the loading vectors for
both matrices would be parallel and that ti and ui would differ
only in length. A plot of the first two columns of U vs. T
calculated from the data illustrated in Tables I and II are shown

in Figs. 1 and 2. The Figures show that the score vectors are
indeed parallel and a linear equation of this type fits the
experimental data quite well. This means that we can express the
Y matrix scores in terms of the X matrix scores with some

confidence and that there is a good underlying model that relates
the plating factors to the plating responses.11

The calculated regression coefficients using the B matrix
calculated from the data illustrated in Tables I and II are shown

in Table IV. The value of PLS modelling is that we can obtain a
quantitative model of an electroplating process relating the
plating responses to the plating factors even though we do not
know the chemical reactions taking place in the bath. In a similar
manner we could just as easily have labeled the factor matrix as
the Y matrix and response matrix as the X matrix and obtain a
"backward" regression matrix relating the plating factors to the
plating responses. This would be useful in determining what
adjustments to the plating bath parameters should be made to
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achieve a desired set of responses.

Process Control

The reduction in the number of components needed to model a
multivariate process using PCA or PLS is especially valuable for
the design of a process control scheme. The usual method for
univariate control is to construct a Shewhart chart, as shown in
Figure 3, to monitor the variation of some response between an
upper and lower control limit. A multivariate analog of this type
of chart can be constructed using the first two or three score
vectors that in many cases are all that are necessary to model the
important variation in the plating process. If we use the score
vector components obtained from a previous set of runs we can
construct an area in two dimensional score space or a volume in
three dimensional space corresponding to the normal control range
of the score components. These two- or three dimensional control
limits can then be plotted in an analogous way to those on a
Shewhart chart.

Even if some of the process parameters occasionally stray outside
the control limits, the model will still be valid and we can still
predict the responses, although they will change accordingly. If
we compare the predicted and measured responses they should still
be close, and the sum of the squares of the differences between
the predicted and measured response matrices (PRESS) will be small.
On the other hand, if the model ceases to be valid because we have
left out an important process parameter which has since changed,
or some large change in the nonlinear bath behavior has occurred
as a result of a small change in the plating factors; the PRESS
will be large even if the process factors are close to their
normal range. If we alLO display the PRESS on the multivariate
Shewhart chart we are able to distinguish between these two
events.12 An example of a multivariate Shewhart analogue with two
principal components adapted from Reference 12 is shown in Figure
4.

In this way we can distinguish between changes in the process
variables and changes in the underlying bath chemistry. We can
identify any change in bath chemistry by constructing a new PLS
model from the current factors and new responses and comparing
this new regression matrix with the old one. Large changes in the
coefficients will point to the plating factors that have changed
in significance. It may be possible to correct for the new bath
behavior by calculating a new "backward" regression matrix as
discussed above, and calculating the new values of the bath
parameters needed to give the old responses.

The methodology described here is completely general and is not
limited to electroplating. These techniques can also be applied
to control of a rinse tank system, metal recovery system, etc.
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Applications of PLS to control of a fluidized bed reactor and an
extractive distillation column are illustrated in Reference 12.
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TABLE III NOISE ELIMINATION USING PRINCIPAL COMPONENT ANALYSIS

Pure Data Matrix Noise Matrix Pure Data plus Noise

D* E D=D*+E

1 1 0.2 0 1.2 1

2 2 -0.2 -0.2 1.8 1.8

3 3 -0.1 0.1 2.9 3.1

4 4 0 -0.1 4 3.9

5 5 -0.1 0 4.9 5

6 6 0.2 -0.2 6.2 5.8

7 7 0.2 -0.1 7.2 6.9

8 8 -0.2 0.1 7.8 8.1

9 9 -0.2 0.1 8.8 9.1

10 10 -0.1 0.2 9.9 10.2

First Factor Matrix Second Factor Matrix Sum of Factor Matrices

tl * pl' t2 * p2' tl*pl'+t2*p2'

1.0936 1.1052 0.1064 -0.1052 1.2 1

1.7904 1.8095 0.0096 -0.0095 1.8 1.8

2.9846 3.0163 -0.0846 0.0837 2.9 3.1

3.9288 3.9705 0.0712 -0.0705 4 3.9

4.924 4.9763 -0.0240 0.0237 4.9 5

5.9671 6.0305 0.2329 -0.2305 6.2 5.8

7.0118 7.0862 0.1882 -0.1862 7.2 6.9

7.9086 7.9926 -0.1086 0.1074 7.8 8.1

8.9033 8.9978 -0.1033 0.1022 8.8 9.1

9.9974 10.1036 -0.0974 0.0964 9.9 10.2



TABLE IV

ONE FACTOR INTERACTION REGRESSION COEFFICIENTS

Prim. Sec. Boric CU Fe

Ni Anion Anion Acid Imp. Imp.

Response X1 x2 x3 x4 x5 x6

R-Stress -0.0231 -0.0877 0.0205 -0.0780 -0.0599 -0.0194

I(111) -0.0796 0.0342 0.0234 -0.0840 -0.0261 -0.0335

I(200) -0.0456 0.0086 0.0076 -0.0639 0.0261 0.0551

I(220) 0.0809 -0.0247 -0.0239 0.1014 -0.0117 -0.0219

I(331) 0.0799 -0.0247 -0.0091 0.0919 0.0011 -0.0375

Duct. -0.0121 -0.0916 0.0266 -0.0643 -0.0027 -0.0378

Rough. 0.0376 -0.0606 0.0884 -0.0210 0.0744 -0.0970

P-Stress 0.0627 -0.1546 0.0005 0.0386 -0.0367 -0.0223

Con.Res. -0.0520 0.0594 0.0601 -0.0503 -0.0420 0.0564

Zn Curr.

Imp. pH Temp. Dens. Thick.

x7 x8 X9 X10 X11

R-Stress -0.1066 -0.0711 -0.0615 0.0618 0.0481

I(111) -0.0127 0.0194 0.0112 -0.0353 0.0202

I(200) -0.0876 0.0232 -0.1519 0.0808 0.0600

I(220) 0.0800 -0.0278 0.1160 -0.0489 -0.0601

I(331) 0.0769 -0.0341 0.1289 -0.0446 -0.0603

Duct. -0.0775 -0.0358 -0.0815 0.0438 0.0366

Rough. 0.0071 -0.0413 0.0440 0.0344 -0.0320

P-Stress 0.0437 0.0000 -0.1049 0.0012 -0.0574

Con.Res. 0.0373 0.0478 -0.0762 0.0584 -0.0454



NPV PLS ul vs. tl Four Components
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FIG. 1. Score plot for the first Y matrix score coefficients ul vs.
the x matrix score coefficients tl. The straight line is the inner
relation, ul = bl * tl.
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Ill'V u2 vs. 12 Four Components
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FIG. 2. Score plot for the second Y matrix score coefficients u2
vs. the X matrix score coefficients t2. The straight line is the
inner relation, u2 = b2 * t2.
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FIG. 3. A univariate Shewhart chart. The responses within the upper
and lower control limits (0) are in control, and those outside
these limits (*) are out of control.
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X *
PRESS 1 * *

In Control

Model Not Valid

b )3.<
\ Normal

t 1 \ - Control
1-1- Liinils

0O
0O
0

\ Out of Conlrol
Model Still Valid

In Conlrot

Model Valid

FIG. 4. A multivarate analog of a Shewhart chart for a process with
two latent variables. The orthogonal axes are the two corresponding
score vectors (tl and t2) and the squared difference between the
predicted and measured response matrix (PRESS). The data points
illustrate: (+), a process in control with a valid regression
model; (0), a process out of control with the same valid model; and
(*), a process with bath parameters within the normal operating
limits but with an invalid regression model.
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Advanced Surface Finishing Technology for Electronics Application
Tetsuya Osaka

Department of Applied Chemistry, Waseda University
Okubo, Shinjuku-ku, Tokyo 169, Japan

The surface finishing technology

used in advanced electronics field is

reviewed. In particular, topics in
the areas of printed wiring boards,
hybrid IC, and magnetic recording
fields will be discussed.

Printed Wiring Board Field

Electroplating and electroless-

plating methods are widely used in

the electronics application. Table 1

shows some classification of surface

finishing technology in electronics.

In the field of printed wiring
boards (PWB), total market in Japan
becomes 1,030 bilUon yen (8.2 billion
US$) in 1990 and will be 1,500 bil-
lion yen (12 billion US$) in 1995.

In order to increase the packing
density, the PWB reaches both

techniques to use higher multi-layer

and higher surface density. Thus,
solder-bonding technology, which

cannot decrease the pin hole pitch

less than 1.7 mm, changes to
surface mounting technology (SMT)

system, which can decreases pin

hole pitch to 0.3 mm. Such a

precise scale for SMT becomes to

place a plating technique as one of

the key technology. Electroless

copper plating for conductors is

widely used in the case of through-

hole plating, and recently not only

the subtractive method but also

additive one is gradually increasing
for high density PWBs. Direct

plating at through-hole instead of
electroless copper plating is also
proposed. For example, as is shown
in Fig. 1, the highest multi-layer
ceramic substrate (MLS) board for

high speed computer NEC ACOS
SYSTEM 3800 consists of three

levelsl ) ; the first level is tape

automated bonding (TAB) LSI and
its flipped TAB carrier (FTC), the
second level is MCP mounted on MLS

and its liquid cooling module (LCM),
and the third level is the high

multi-layer PWB mounted the second

level LSI ultra high density packag-

ing multi-chip package (MCP). The

second level MLS is more than 40

multi-layer ceramic board and

polyimide multinlayer, and the total
becomes almost 70 layers as is

shown in Fig.2. In the MLS, the

gold plating is used for 75 Bm pitch
with 25 1lm width.

LEVELL LEVEL2

IGC Sub. 8*i
Tnp bol C.•,•d/)

Mull'Imr Gl-· BOARD

0 A!26*Zy MLS CM....Li,er Substi-

FTC
M#Id TAIC..1,0 dCP (Mul,1.chip r.•,ie)

Fig.1 Packaging hierarchy for NEC
ACOS 3800 computer system.

Polyimide -
Tl,in-Fil„i m,R-LEmm111@ 1 Nrc
Layers-1--2EM&=e.r]11,

Gr-41 1--' ir - -' ,r' -L>'

=  i   i __Power,Groufld- & Clock
-

-EL U U- \ Base Substrate

1 Glass-Ceramic

1/0 Pin

Fig.2 Multilayer PWB using ceramic
and polyimide boards (70 layers) for
NEC ACOS 3800 computer system.
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Hybrid IC and Thin Film Resistors
As is shown in Table 1, plating

films are also used for connectors,
electrode connectors, resistors, and
EMI shielding. Electroless nickel

film is extensively used in this
field. For the thin film resistor,

NiWP and NierP films are attempted
for higher stability resistor film
than an amorphous NLP one against
heat shock atmosphere. Figure 3 is
an example of thin film resistor for
thermal head printer, which is
composed of electroless NiWP film
with higher thermal stability.2) A
nickel alloy system can be used for
an effective method of improving
thermal. stability of plating film.
Figure 4 demonstrates the stablity
of nickel aUoy films, where three
films of NiWP, NiMoP and NiRe P
works stably until around 5000C as
compared with the amorphous NiP
being stable until around 3000C.31

Magnetic Recording Media Fields
In the field of magnetic record-

ing devices, an electroless CoNiP

film is used for high density mag-
netic recording medium. An electro-

less plating has an advantage to

form homogeneously thin film on the

substrate, and its advantage made it

practical for use on the 8 inch magnet-
ic rigid disk of the PATTY head disk
assembly (HDA) shown in Fig.5 by
NTT company in 1981.4) At that

time, the PATTY has 400 MB capacity

with 8 disks for one HDA

(14 kBPI, 1.1 kTPI), and the total
capacity composed of 8 HDA was 3.2

GB, which was the highest magnetic

recording density in the world.

In the plated rigid disk, the NEC

corporation has continuously de-

10(Jum

:* XB,
%21

Fig.3 Thin film resistor for thermal
head printer made by electroless
NiWP.

Table 1 Application of platings to electronic materials.

Printed Writing Boards (PWB) PWC: conductor :Cu

bonding :Sn:Ni,Au
contact :Ag,Au

Hybrid IC: resistors :Ni

conductor :Cu,Ag,Au
--------

-------------.

Magnetic Recording Materials Magnetic disk: memory medium :Co,CoNi
underlayer :Ni P

Magnetic Tape: memory medium :Co,CoNi
Magnetic head: soft magnetics :Ni Fe

--------

Contact Materials Connector :Ni,Ag,Au
Bump :Ni,Ag,Au

------

1----

High Frequency Materials Micro wave conductor :Cu,Ni,Ag,Au
---------

Si Semiconductor Devices Solar cell connector :Ni

S€ device interconnector :Ni,Cu
----

GaAs Semiconductor Devices Ohmic contact electrode :Ni
- Ii----------------------------------

Display Devices LCD electrode :Ni

Electromagnetic Interference (EMI) Conductor and anticorrosion :Cu,Ni

2



veloped higher level HDA, i.e., 520
MB, 800 MB, 1.1GB, 1.4 GB, 3GB per
HDA.5) In the 3GB HDA, the linear
density and the track density
becomes 38 kBPI and 1.7 kTPI,

respectively. In the rigid dis k

process, the electroless NiP film

with amorphous state is used for
the underlayer plated on aluminum
alloy substrate. For future higher

density magnetic recording system,
the perpendicular magnetic record-
ing media are developed by electro-
less CoNiReP and CoNiP film s.

Figure 6 shows representative
properties of the CoNiReP media.

Such media demonstrate SO high

recording density D50= 172 kFRPI6)
and 134 kFRPI7) for CoNiReP/NiWP
floppy disk and CoNiReP/NiFeP rigid
disk, respectively, with a combina-
tion of ring-type head.

Magnetic Head Field
In the case of the thin film head

shown in Fig. 7, core material of
permalloy (NiFe) is plated by elec-
trodeposition with frame plating

method. In this process, the compo-
sition of permalloy must be con-

trolled so rigicLly within 0.1 wt%,
and the paddle agitation which
produces a laminar flow in the pla-
ting bath, depresses the composition
inhomogeneity to control the differ-
ence of metal ion concentrations at

the' interface and bulk regions. The
frame plating method is also used to
avoid the inhomogeneity of current
density distribution at the precise
area.8) The coil pattern for the
thin film head is formed by Cu
plating, where the coil width is 3.5
lim with 3 Bm pitch.9) For future

soft magnetic materials possessing
higher saturation magnetic flux
density, Bs, we are developing the

electroless-plated CoB and CoFeB

films, whose Bss' are 1.45 T; ca. 1.5
times large than NiFe permalloy
film.10) Figure 8 shows representa-
tive properties of the CoB films.

195 1@cm 0.1

190 pQ cm
% Ni ReParb.unit

 Ni Wp
R/Ro /

141 PQ cm 0000,-:ect; Ni MoP

D 200 400 600 8[

1

IO 1000

Temperature / 'C

Fig.4 Change in specific resistance
of electroless NiReP (annealed at
500OC,lhr), NiWP (annealed at 400OC,
1 hr), and NiMoP (annealed at 500OC,
1hr) films during heat treatment.

Fig.5 PATTY Head Disk Assembly using
plated disks [400MB/HDA] by NTT at
1981.

0.25emu I

10KOe
C032Ni 55Re6 P7 at%

-        Ms 250 emu/cc
Hc(1) 1200 Oe
Hc (//) 600 Oe

Fig.6 Representative magnetic pro-
perties of electroless CoNiReP per-
pendicular magnetic recording medi-
um.
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Optical Disk Field
For optical-disk field, the stam-

pers for ROM and erasable CDs are
formed by a Ni plating on sputtered
Ni on glass substrate. In these

disks, groove and signal are memo-
rized within 1.6 lim pitch track
width, and in the erasable photo
disk, tracing groove, sector mark
and address mark are also registered
within 1.6 pm pitch track width.11)

EMI Shielding Field
Recently, demand of shielding

for electronic devices is requested
for protection of miss-controlling
the computer devices. An electro-

less Cu and Ni plating on housing
of devices are interested in, and
the housing of lap-top personal
computer made by polycarbonate
plastics is plated by the electroless
Cu film with 1 pm and after Ni with
0.25 lim for EMI shielding.12)

Conclusion

Advanced surface finishing
technology in electronics application
is described. In this field, the
plating technique has become
an important key technology. In
the future there will be an increase
usage of more advanced plating

developed technique and also for
the field of using the advantages of
plating techniques.
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Anodic Oxide Films on Aluminum - Structure and New Applications

by Nobuyoshi BABA

Faculty of Technology, Tokyo Metropolitan University
Tokyo, Japan

INTRODUCTION

Porous type anodic oxide film on aluminum is a unique material

for its microporous structure. Isolated micropore array is open

perpendicicular to the oxide surface, and the size and number of

the micropores can be controlled by a electrolysis conditions.

The porous oxide film can be used as a supporting material for

separation membranes, sensors and other free-standing materials.

By replacing the porous alumina by other materials such as metals,

semi-conductors or plastics, a wide variety of new applications is

possible.

STRUCTURE of POROUS ANODIC OXIDE FILM on ALUMINUM

Anodic oxide film on aluminum formed in oxalic acid

electrolyte shows typical porous structure (Photo 1) and the pore

diameters can be controlled by immersion dissolution of the pore

wall with acid. This technique is well-known as the pore widening
method. By this technique a large pore size oxide film can be

obtained for the purpose of production of "multicolor anodizing

aluminum" 1 ) or "magnetic recording media „ 2).

On the other hand, the smaller pore size anodizing alumina film

can be obtained by impregnation of colloidal substances in the
3,4 5pore. The CVD method ) or chemical conversion method ) has

been reported.

1



It was however very difficult to impregnate the materials into

micropores deeply and uniformly. In most cases the impregnating

materials remained only near the opening of the pores.

6,7
MICROFABRICATION of POROUS STRUCTURE )

The structure of porous alumina film is very suitable for the

separation membrane or functional electrode because the pore size

and the number of pores can be controlled precisely. However the

anodized alumina is easily corroded by both acids and bases.

Therefore we tried to transfer the microporous structure of

anodized alumina films to the other materials, such as metals,

semiconductors and polymers. This method is known as the template

method.

Figure 1 shows the schematic procedure of several template

methods. We can duplicate the microporous structure of anodized

alumina film by [1] electrodeposition of metals, [2] electroless

metal deposition, [3] sol-gel impregnation method, and [4]

sputtering process.

PHOTOGRAPH 2 shows the SEM image of the microporous structure of

negative type Ni needles produced by electroless metal deposition.

It is clearly seen that nickel columns have grown perpendicular to

the substrate metal surface. This shape corresponds to the

negative structure of the porous anodic oxide film.

Electrodeposition of precious metals on the negative type nickel

columns show again the positive type porous structure of precious

metals. After this manner the porous structure of Au can easily be
obtained (Photo 3).

2



The porous metal surface impregnated with glucose oxidase enzyme

is electrochemically active to the reduction of molecular oxygen

dissolved in water, so that it is applicable to the glucose sensor.

Figure 2 shows the process of microfabrication of porous silicone

film on anodized alumina surface. Silicone is Ar - ion sputtered

on anodized alumina film and then the anodized alumina film is

removed by NaOH solution. The porous structure of the anodized

alumina surface is fairly good when reproduced on the sputtered

silicone surface as is shown in Photo 4.

Figure 5 shows the SEM image of the porous structure of polymer

film fabricated by the 2 step template method. Very fine and

parallel array structure is clearly observed. In this experiment,

methyl-m-acrylate (MMA) and epoxyresine were investigated.

FUTURE APPLICATIONS

The porous structure of duplicated thin film can be used for

1] Semi-transparent electrode for the photo-electrochemical
measurements.

8
2] Selective ion separation membrane )

9
3] Supporting electrode of enzymes or liquid crystals )

4] Separation membrane of microbaials or macromolecular
substances.

5] Composite film of microporous structure has possibility of
multi-functional devices.

3
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ENVIRONMENTAL EFFECTS ON ELECTRONIC MATERIALS

B.I. RICKETT AND J.H. PAYER

Department of Materials Science and Engineering
The Case School of Engineering
Case Western Reserve University

Cleveland, Ohio

With the incorporation of eleckonic
materials and devices into every facet of modern
technology, the reliability of a component within its
service environment has become a major issue.
Environmental attack can originate from a variety of
sources, including the action of ambient relative
humidity on processing contaminants, the corrosive
action of gaseous pollutants, and the deposition of
particulates from the atmosphere. A multitude of
environmental and material parameters control the
aggressiveness and rate of this degradation; thus, a
significant amount of research effort has been
focused on understanding the mechanisms
controlling the overal! process. Further research is
necessary in order to accomplish the long range
goals off predicting component tifetimes, creating
accurate accelerated tests, and designing methods to
mitigate the environmental effects on materials.

INTRODUCTION

Ensuring the reliability of electronic materials
has become an essential product design parameter.
Device failure can elicit a variety of reactions from
the mild irritation associated with an unreliable hand

held calculator to the immense aggravation and high
economic costs associated with malfunctioning
process control equipment or to the life-threatening
possibilities of a faulty automobile air-bag system.
One important factor which determines product
reliability is the debilitating action of the service

environment on electronic components. With the
integration of microelectronics into every aspect of
modern life, (ie. automobiles, paper mills and
processing plants, telecommunications, etc.) the
service environment for electronic materials has

shifted from benign, atmospherically controlled
locales to highly aggressive environments

experiencing higher temperatures, relative humidities,
and concentrations of particulate and gaseous

conodants. The service conditions encountered by
automotive electronics are typical of these new hostile

environments: readily available corrosive species from

multiple Nources, temperature variations between -40
and 150°C, and severe mechanical vibration.

In recognition of the need for product
i·eliabilit>' under these strenuous service conditions.

Inany Inanulacturers have instituted accelerated testing
programs for their Components: yet to locate,
understand, and predict environmental attack remains

a difficult undertaking. This paper will serve to
outline some of these important issues, including: the
sources of environmental attack, the phenomenology

of failure, the controlling environmental parameters,
the prediction of component lifetimes. and the
methods to prevent environmental attack.

SOURCES OF ENVIRONMENTAL ATTACK

The environmental degradation of electronic

materials, in particular metallic conduction pathways
and interconnects, often proceeds by means of an
electrochemical process. As this is the case, a

corrosive electrolyte is required in order to support
the oxidation of the underlying metallic substrate and
the formation of corrosion product layer, frequently
referred to as a "tarnish" film. Water from the

environment, as reflected by the surrounding relative
humidity, is readily avajlable for adsorption on the
surface. This water layer becomes corrosive through
the incorporation of various ionic species. which are
available from three principal sources: contaminants
from processing or handling, atmospheric pollutant
gases, and particulate deposition from the atmosphere.
Direct precipitaUon will not be treated as a potential
source of con-osive agents for materials utilized in
electronics; although, for the recovery of systems
which have experienced disastrous conditions, such as
fire or flood, this can certainly be an important
consideration.

The first source to be considered arises from

improper or insufficient cleaning procedures following
a processing step or handling either by the
manufacturer or the end-user. As an example,
military radio components utilized in Vietnam failed
when chloride containing flux residues combined with
the high humidities of the jungle to destroy the Fe-Ni-
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Co leads of transistors.2 In general. processing steps
such as the chemical cleaning of drilled through-holes
or immersion in electroless plating baths can
introduce surface contaminants which, when exposed
to a humid service environnient, can lead to the

formation of a thin corrosive electrolyte film. The
ionic species necessary to support the attack of
electronic materials can even arise directly from the
constituents of the packaging layers, as exemplified
by the potential release of acetic acid from RTV

silicone encapsulants:
The presence in the atmosphere of gases,

such as SOD H,S, HCL (02, 302, NH„ and 03,
provides a second source of corrosive species. Even
at low part per billion concentrations, these gases can
dissolve in the thin moisture film on the surface and

support electrochemical reactions. Atmospheric

compositions and concentrations will depend greatly
upon the local environment.4-9 The indoor levels of

most gaseous species are attenuated relative to their
outdoor concentrations; however, exceptions such as
higher indoor concentrations of NH, and HCHO can
arise from cleaning solvents, smoking, and other
indoor sources.4

Variability in pollutant gas concentrations
from one urban area to the next prevent the
assignment of "typical" values. In the case of sulfur
dioxide, levels are reported to range from 5 to 24
ppb: Similarly, urban areas can be characterized by
relatively high concentrations for some pollutants and
much lower concentrations for others, For a site in

Los Angeles, D.W. Rice et al. measured higher
concentrations of nitrogen dioxide and lower
concentrations of reduced sulfur gases than were
detected at a site in South Carolina. Furthermore,

these same measurements indicated great seasonal
fluctuations among individual gaseous species (1.01
g/mi in the summer versus 10.8 Bg/m in the winter
for reduced sulfur gases at the site in South
Carolina).7

A third source of corrodants arises with the

deposition of atmospheric particulates on free
surfaces.7.9-11

These ionic species frequenay consist of
fine ammonium sulfate particles as small as 0.1 pm in
diameter and coarse, calcium-rich particles up to 15
Bm in diameter.10 Particulates can also contain
species such as CaO, AIA, NOL Cr, SiO2, and
alkanes.9 Apart from providing ionic species for the
corrosive electroi· · f. these deposited particulates may
serve to increase the amount of water, and therefore

corrosivity, by presenung a greater surface area for
water adsorption and by exhibiting hygroscopic

characteristics. Similar to the situation for pollutant

gas sources, particulate compositions and fluxes
depend upon the location and season for both indoor
and outdoor measurements.7.1]

The incorporation of ionic species from any
or all of these sources into the adsorbed water film

produces a corrosive eleclrolyte capable of rendering
passive metal oxide layers ineffective and of
encouraging the formation of corrosion products. The
parameters which control the severity of this
environinental attack shall be dealt with later in

greater detail.

FAILURE MODES

With the creation of a thin corrosive

electrolyte film, electronic conduction pathways and
interconnects can fail by several modes, including:
electrical shorts through corrosion product bridging,
electrical opens due to excessive material loss, and

electrical losses between mating connectors. A
schematic of these various situations can be seen

below in Figure 1.

conduction corrosion

lines _ products

9 \ 7\ 1,

37 e
-

-

opens shorts losses

FIGURE 1. Illustration of Possible Failure Modes

The continual drive to miniaturize

microcircuitry has led to closely spaced, thin
conduction lines which are incapable of tolerating
even small amounts of matenal loss to corrosion.

The closer spacing of these lines has also dramatically
increased the electric fields which encourage
corrosion product bridging. Hence, as the technology
behind electronic materials advances, an

understanding of the role played by environmental
stresses will become even more essential.

PARAMETERS CONTROLLING

ENVIRONMENTAL ATTACK

Several parameters control the rate and mode

2



of environmental attack. Within this paper, these
important issues have been grouped in a manner

consistent with the natural structure of the

environment / substrate system. This organization is

illustrated by Figure 2.

particulates relative

h,imidity

Ltrolyte

substrate

FIGURE 2: The Various Parameters Controlling
the Rate and Mode of Environmental Attack on

Electronic Materials

The parameters of importance are as follows: A) mass
transport of pollutant gases and particulates. B)
surface adsorption of water vapor, C) physical
chemistry of the electrolyte, D) film growth
processes, E) the metallurgy of the underlying
substrate, and F) the external stresses, such as

mechanical, thermal, electrical field, and galvanic
factors.

MASS TRANSPORT OF POLLUTANT GASES AND

PARTICULATES

One parameter influencing the severity of an
environmental attack is the availability of the ionic
species necessary for the creation of a corrosive
electrolyte. For situations involvtng contamination
from processing or handling, the amount of a
particular- compound present, such as a chloride,

depends upon the amount originally deposited on the

surface and the effectiveness of the techniques used
subsequently for cleaning. In the case of gaseous or

par'ticulate pollutants, the species must first be
transported through the gas phase of the service

environment to the thin, adsorbed moisture layer on

the substrate surface. A tortuous air flow past other

susceptible materials can produce a "scavenging"
effect which significantly reduces the availability of
cotrosive species for the substrate of interesL L.

Volpe and PJ. Peterson demonstrated that the

tarnishing rate of silver exposed to a humidified gas

gases t.ft
B

elp,

mixture containing 40 ppb (parts per billion) hydrogen
sulfide was controlled entirely by gas phase transport,

even at their high experimental flow rates.'2 A
similar transport limitation arises during the
accumulation of particles on a surface. J.D. Sinclair

estimated the indoor deposition rate of fine sulfate

particles based upon the availability of species
outdoors. A 20 pg/ml concentration outdoors could
produce a sulfate particle deposition of 0.76 pg/cnf yr
indoors.1 ' These fine particles, which weigh a

fraction of a picogram. are not greatly attenuated from

outdoor levels, unlike the coarse particulates which

are readily filtered from the air.13
Kinetic restrictions are also placed upon the

rate of dissolution of these corrosive species into the

electrolyte and the rate of transport through the

electrolyte to the metallic substrate for reaction.

Protective layers, such as gold or polymeric coatings,

can serve to limit the transport of the pollutant

species, the atmospheric humidity, or both to the

surface of tile electronic materials, thus impeding the
corrosion reaction. Yet, complete separation of a
susceptible material from surrounding corrodants is
impossible. Moisture can still permeate through most
polymeric films, although at a restricted rate, and
coatings frequently have defects which provide

localized pathways for attack.

SURFACE ADSORPTION OF WATER VAPOR

As asserted for the pollutant gases and
particulates, access of water vapor to the surface of an

electronic device is an essential parameter in the
overall process of environmental attack. The amount
of water vapor present on the surface of a material is
a function of the relative humidity of the surrounding
environment, Likewise, tamishing rates have been

shown to depend very strongly on humidity. Figure

3 displays the infl uence exerted by relative humidity
as determined by D.W. Rice el.aL.6.14 Obviously,
wet-dry cycling will dramatically affect the rate of
atmospheric attack.

The amount of moisture adsorbed is partially
determined by the composition of the surface. Metal
oxide layers will adsorb a different amount of water

than the pure, unoxidized metal subslrate. S.P.
Sharma found by guam crystal measurement
techniques that Cu-0 adsorbs approximately twice as
much water at 80% relative humidity as metallic Cu.15
Furthermore, the formation of tarnish film products or

the presence of hygroscopic particulates can
encourage the adsorption of more water than would
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be otherwise present on the surface, Alumina

substrates contaminated with CuC12 were found to
adsorb moisture dependent upon the amount of
contamination placed on the surface.16 The substrate
with an order of magnitude greater mass of
contaminants also adsorbed an order of magnitude

greater mass of water.
'2.
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FIGURE 3: Influence of Relative Humidity as
Determined by D.W. Rice eral. A) Monolayers of
Water Adsorbed on Co 14 B) Corrosion of Cu 6

Although the amouni of water adsorbed on a

material is frequently expressed in terms of
"equivalent monolayers", real surfaces have a
roughness much greater than the thickness of these
adsorbed "layers". Thus, the potential for

heterogeneous adsorption of the water exists. Such
behavior would encourage the variation of corrosion
product thicknesses on a microscopic scale. K.-J.

Eichhom and W. Forker linked their observations of

heterogeneous $02 adsorption to the possibility of
heterogeneous water adsorption.17 Indeed, the action
of humidified sulfur dioxide on copper has been

shown by transmission electron microscopy to

•OC

.,SOC

40

CU

environment

environment

produce pits and protrusions on the order of 50-100
nm in diameter.'6

PHYSICAL CHEMISTRY OF ELECTROLYTE

With the adsorption of water from the

surrounding environment and the supply of corrosive

species to the surface either through gas phase
transport or from pre-existing contamination. a

corrosive electrolyte is formed. The composiuon of

this solution is determined by the flux of species from
the sun·ounding environment and their respective
solubilities. Using a combination of quartz crystal

microbalance and ion chromatographic techniques,
J.F. Dante and R.G. Kelly found nitrate to dominate

the electrolyte fonned on gold exposed K: 264 ppb

N02 in a humid environment.-9
The species which become incorporated in

the thin film electrolyte can encourage the growth of
a layer of corrosion products in several different

ways. Gases such as SO2. 302, and H are capable

of acidifying the solution, thereby increasing the

corrosivity. The pH will then be determined by the

concentration of these species within the solution.

Based upon thermodynamic calculations, S.K. Chawla

and J.H. Payer indicated that 100 ppb SO, should

produce an electrolyte dominated by the HS03 ion

with a pH of 4.5.20 As these ionic species undergo
incorporation into the thin electrolyte film, they will

increase the solution conductivity and, potentially, the
corrosion rate.

In addition to controlling the acidity of

solution, gaseous and particulate sources contribute

various species, such as chlorides, which are capable

of breaking down protective oxide films. The ionic

constituents of the electrolyte can also play a role by

participating in many possible redox reactions.
Hence, the addition of a cathodic depolarizer can
increase the corrosion current and become a

constituent in the growing film. S.K. Chawla, B.I.

Rickett, and J.H. Payer have found this process to
occur for the reaction between copper and moist

sulfur dioxide. As indicated by x-ray photoelectron
spectroscopic analysis (XPS), the resulting tarnish

film was composed of cuprous oxide and a small

amount of copper sulfide which would have required
the reduction of sulfur (+IV) to sulfur (-II).212

Further knowledge of the action of these gases
individually and in combination is important as
certain mixtures have been shown to function in a

synergistic manner, such as the behavior exhibited by

sulfur dioxide and nitrogen dioxide on nickel.23 XPS
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analysis has indicated the formation of significant

amounts of cupric species, as CuO and Cu(OH)2,

upon exposure of copper to a 75% relative humidity
and 23°C gas mixture containing 75 ppb SO2 and 120

ppb NO,·22
With the growth of a corrosion product layer,

the concentration of various species will change as a
function of location and time in the solution. This

process depends upon the consumption or production
of species by the reactions taking place at the
solution / substrate interface. The influence of

transport parameters will play a large role in
determining the amount of build up or depletion
which occurs. Furthermore, with the removal of

water from the surface during wet-dry cycling, the

con·osivity of the solution will increase dramatically,

allowing precipitation from solution at the relevant

Ksp values.

FILM GROWTH PROCESSES

In the absence of an adsorbed electrolyte

layer, metals are protected from further oxidation by

a passive, native oxide film. Several different models
have been advanced to describe the growth of a native
oxide film 00 a metal surface in a bulk electrolyte.
D.D. Macdonald summarized the Mott-Cabrera, Sato-

Cohen, and Fehlner-Mott models for growth of

passive oxides.24 The Mott-Cabrera theory proposes
metal cation transport with assistance from an electric
field which was constant through the thickness of the

film. Linking film growth to a coordinated flipping

of oxygen and metal layers so as to create an oxide
film structure, the Sato-Cohen model relies upon an

alternative "place-exchange" mechanism. The

Fehlner-Mott model alters the Mott-Cabrera model to

account for film growth by anton diffusion and to
place the rate limiting step for reaction at the film /

solution interface. Macdonald has advanced a point
defect model to account for passive film formation
with continued oxide growth dependent upon the
transport of vacancy sites.25 As proposed, the steady
state would be reached when the film formation

reactions balanced the film dissolution reactions.

Other researchers have presented theories for the

passive film formation processes controlled by cation
and anion vacancy mechanisms with the current

dependent upon the vacancy concentration.26.27
Before tarnish film structures can form on

the surface of a material, the native oxide film must

be altered or disrupted in some manner to allow

further oxidation of the underlying metallic substrate.

Two mechanistic possibilities for this disruption exist.
One process involves dissolution of the dense native

oxide film and replacement with a precipitated,
porous film structure. Alternatively, the native oxide

could remain in place on the surface. undergoing a

structural modification which would permit transport
of the species necessary for growth of a tarnish film.

Nordstrom has asserted that precipitated products will
be characterized by fine, amorphous particles:

whereas, product formation by a sorption process will

create crystalline structures.28
The composition and structure of the growing

product layer will control the corrosion rate and the

subsequent appearance of a terminal film thickness.
Growth of the initial film into more advanced stages
depends upon the continued transport of species to the
reaction interface. Certain factors can influence the

observed transport properties. Macdonald has

indicated that vacancy flux, thus mass transport,
through a film could be increased by the action of

chloride ions.24 Likewise, as many tarnish films are
characterized by non-stoichiometric, ionically

conducuve structures, illumination of a material could

alter the electronic and lonic transport properties and,
thus, the corrosion rate.

METALLURGY OF THE UNDERLYING METALLIC

SUBSTRATE

The metallurgy of the substrate subjected to
environmental attack can influence the composition

and rate of formation of the product layer.

Obviously, the particular composition of a material
has a direct impact upon the process. Copper

experiences tarnishing; whereas, gold is immune.

Alloying can dramatically alter normal film growth

characteristics by supplying an element which either

segregates to the surface and forms a more protective
oxide or becomes incorporated in the native oxide
film as a dopant, thereby altering the film transport
properties. G. W. Kammlott et.al found that the
severity of H2S attack was one or two orders of

magnitude worse for copper than for various brass
compositions.29

The structure of the substrate also determines

the impact of environmental attack. J.G, Bomstein
et. al. found significant differences between the
corrosion behavior of planar magnetron sputtered and

electroplated Ni-Fe thin films. The electroplated

films acted as though iron-rich, whereas the sputter
deposited films displayed nickel-rich characteristics.30
Mechanical working or residual stresses can severely
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impact the reactivity of the substrate by providing a
high energy surface containing a large number of
defects and dislocations. Even crystallographic
orientation can influence the oxidation rate of a
metallic substrate,31

EXTERNAL STRESSES -MECHANICAL, THERMAL,

GALVANIC, AND ELECTRICAL FIELD

Several external variables can affect the

environmental attack of electronic materials and

devices, including: mechanical. thermal, galvanic, and
electrical field stresses. The presence of mechanical
stress between two components at a solder joint can
encourage a stress corrosion cracking phenomena.
Mechanical parameters can also appear as fretting
con·osion with the relative displacement which occurs
between two mated surfaces continuall, breaking
down any protective oxide layers.

The temperature of the surrounding
environment can also play a significant roie.
Obviously, the kinetics of interfacial reactions, solid
state transport through the tarnish film, and pollutant
solubility in the thin adsorbed electrolyte will be
controlled by thermal considerations. Interestingly, it
has been found for temperature regimes near ambient
that the amount of water adsorbed as a function of

relative humidity is largely independent of
temperature.

The coupling of dissimilar metals or the
biasing of components within close proximity can
accelerate attack by creating well defined cathodic
and anodic sites. N.A. Stennett et.al. observed two to

three times greater corrosion for powered contacts
subjected to a severe environment (200 ppb H2S, 50
ppb Ck 200 ppb NO, 75% RH, and 50°C) than were
observed for unpowered contacts subjected to the
same conditions.32 Similarly, M. Iannuzzi and R.P.
Kozakiewicz found that anodic biasing increased
corrosion rates and that galvanic coupling at a gold /
aluminum wire bond accelerated the corrosion of the
aluminum.33

PREDICTING AND PREVENTING

ENVIRONMENTAL ATTACK

AreELERATED TESTING AND LIFETIME

PELDICTION

The parameters mentioned in the previous
section interact to control the rates and mechani%ms of

the environmental attack on electronic m,=ials.

Within actual service environments a great variability
arises as to the relative importance of each of these
parameters. For example, one site may be extremely
susceptible to particulate deposition. whereas another
location may be subjected prenarily to high pollutant
gas concentrations. This complex interaction of

environmental parameters makes the prediction of
lifetimes for electronic components extremely
difficult.

In order to subject coupons to well defined
environmental conditions. chambers have been

designed which permit careful control over many
exposure variables. including pollutant gas
concentrations, temperature, relative humidity, flow
rate, patticulate deposition, mechanical contact
between mating connectors, biasing of conduction
lines, and illumination.12,22,34.35 Attempts to mimic the
compositions and thicknesses found for field
exposures have been difficult as a result of the large
number of interacting variables. A better

understanding of the role of individual parameters,
such as the mechanism by which increasing relative
humidity increases the observed tarnishing rate, will
permit better implementation of accelerated testing
programs. Without a basic understanding of these
roles, the selection of acceleration factors and the

alteration of environmental parameters to produce
accelerated exposures are problematic. Improper
criteria could dramatically shift the composition
and/or growth mechanisms away from those active for
field coupons.

Models have been developed to evaluate the
influence of various exposure parameters upon
observed behavior with the ultimate goal of providing
information for the basis of prediction.
Thermodynamic calculations have been utilized to
explain the formation of particular film compositions.
E. Mattsson has approached the atmospheric corrosion
of steel, zinc, aluminum, and copper with potential-
pH and concentration-pH diagrams,36 The diagrams
were utilized to support observations of stable, basic
copper chlorides in the presence of a marine
atmosphere. Thermodynamic considerations have also
been applied to the prediction of thin, adsorbed
electrolyte film chemistries,20.37 Of course, kinetic
factors play a role as well and can cause deviations
from the expected outcome.

Models have also been developed along
empirical lines. S.P. Shanna et.al. developed an
accelerated test which consists of high / low
temperature and relative humidity cycling: The
acceleration factor for these exposures was based
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upon a kinetic equation which takes into account

relative humidity and temperature. Others have

developed relative humidity / temperature plots which

define contours of equal failure risk.3 Unfortunately,
the large number of interacting variables make this

approach extremely difficult, as a particular model

may fall to take into account all of the relevant

parameters.

APPROACHES TO MINIMIZING DAMAGE

The methods available for minimizing
environmental attack can be grouped into the

following five basic categories: modification of the

environment, application of a coating or barrier layer,
selection of an alternate material, redesign of the

component, and alteration of the electrochemical

potential.40 With the exception of controlling the

electrochemical potential of a component, one or

more of these traditional techniques can be applied to

the protection of electronic materials. As these

materials are electrically powered by design, the

application of anodic or cathodic protection schemes

to these structures is often not applicable.
Successful control of environmental attack

requires the reduction of the availability of the

moisture, pollutant gases, and particulates necessary

to support electrochemical corrosion. Electronic

enclosures, conditioning or treatment of the air

supply, and relocation of electronic packages to Inore

benign environments all serve to accomplish this goal.

Yet, with the increasing severity of the "typical"

service environment, this option has become much

less feasible. The application of a coating or barrier

layer also functions to reduce environmental attack by

separating the susceptible metallic substrate from the

available moisture and pollutants. This approach has

the additional advantage of becoming a protective

element transported with the overall electronic

package into the service environment. Yet, as

connections must be made between the conduction

pathways of mated devices, some parts and surfaces

will be exposed by necessity.

Improving tile resistance of a component to
environmental stress through a redesign process can

include provision for greater corrosion tolerances,

incorporation of redundant electronic functions, and

minimization of the amount of susceptible material.

Obviously, design considerations are primarily
dictated by the size and electrical function of the

device, and these parameters often lie counter to those
considered ideal from the perspective of corrosion

control.

A final method for minimizing the damage

caused by environmental factors lies in the ability to

modify or change the composition and structure of the
material under attack. Alloying an existing material

can result in greatly improved resistance to attack.

Alternatively, an entirely new material can be

developed. Proper selection can provide a material

with either a greater intrinsic nobility or a more

robust passive film. Control over parameters such as

the grain size and morphology. surface roughness. and
deposition conditions can provide the characteristics

necessary to improve the reliability of electronic

matenals subjected to environmental stresses.

SUMMARY

This paper has touched upon some of the
issues important to understanding the influence the

environment can have on the reliability of electronic

materials, including: the sources of environmental

attack, the phenomenology of failure, the controlling
environmental parameters. the prediction of

component lifetimes. and the methods for preventing

environmental attack. A multifaceted experimental

approach is necessary to elucidate the chemistry,
structure, and growth mechanisms relevant to the

corrosion products formed on electronic materials in

harsh service environments. The information gathered
from such studies will reveal strategies for locating,

predicting, and minimizing environmental attack.
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Endoor air over the samples at 2 5 m./se¢ parallel to the
surface. The location and chiracteristcs of the eight
mdfor test s:tes m Uus study ire given in Table Il
Samples were returned after 8, 12, and 18 month
exposure and reweighed after remonng benzene
soluble organ,c deposib. These orgimc deposi gen.
e/ally were only 10%40% of the inorginic weight
gen; however. for a few simples they were com-
paribk Pollulant and humidity measurement, were
concurrently measured ,t *1x of the e,ght sites. This
date hai been jummirized previously. as has the lugh
resolution x-rly photoeleetron spectroscopic inilysi
of the corrosion product on the samples returned dier
18 morth (18).

Re,ultl and Discussion

Relative humidity.-The corrosion rate, 1, depen-
denee on relauve humidity, RH. for both copper and
'Uver In two complex Lest engmnments are shown in
Fig. 2. Pollutant concentration• in these test, are
bted in TaMe III. ne rates ire the irutal linear rate
con/unti These were chosen because the total weights
•R more representat,ve of the Seld measurements
Theie rates will generany overestimate the amount of
Weight increase for long test Um/5, however. the sime
general dependence on •imo.pheric viriables will be
obwrved- Figure 3 5hows representative weight galn
t•. time curves *t vanous rtlauve hudities for
Copper.

The dierence between copper and silver is remark.
•ble. ne corrosion rite of copper i: atrongly dependent
on relative humidity. The approximate equition relat-
*4 rate and relitive humidity is , = 0.042 exp 4.8RH
for environment A w:th I correlation ¢oemcient equal
to 0.97. Environment B resulti in a rate that is more
unsitive to RH. These result, ire generally in agree-
mint with the work of Vernon (8) and othm (1.5) at
higher pollutant coneentratiou. Corrosion rates could
be menured over the entire ranie of RHi stidied.
There m no "critic,1 humidity·· in an absolute sense
At high SO: concentration, or m SO, environments
OUY, where equilibrium with iu]Zate surf,ce producti
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or condensed Iulfuric acid controls the amount of id-

wrbed water. the idea of * critical humidity may be
u.8eful. For complex environments, Core must be taken

in dn, the criticil humidity concept wlthout a pre-
else understanding of the corrosion products. The
abnosphene cosion mechanism for copper Is electro-
chenucal with the water-pollutint chemlstry providing
the medium for conic moblhty and surface product dis-
solution. There are many surface reactions that are

thermodynamically favorable for copper oxidation.
SAver, unlike copper, shows no significant rate de.

pendence on relative humld:ty. r = 0.37 exp 0.13RH. in
these complex environments. ThiE : evldence that
*queous dectrochelmcal intermediates have dimenent
mle m the mechanism of silver and copper corrosion-
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The upper ,pectrum & that of cobalt uln expoid
to labortory alr It 5016 FU{ for mmy da>1 Only
, sznall cobelt metal satellite i: s€en. but both oxygen
a.ociated w:th in oxide (529.3 eV) and hydronde
(531.3 eV) m ven. After 240 Rc of Ar ion iputter-
in, or appromm,tely 0.8 nm nuten, removal *
Quie cobalt me peak U apparent u -11 u I
dominint 0(li) oxide ped Continued Ar iputter-
ing completely -moves *11 0111.n and le.¥es only
• metallic cobt Idface. Flul expoiure of the cobalt
r etil iurlace to 1500 wc of 760 Tort air it 30% RH
41·4 *how• a dominant high BE OIls) peak, con-
*tured to be Co (OH). ind the emergence of i
Co(43/2) peak due to oxidat,ok

The ripid rtmovil of the 0(ls) peak -odited
with the hydroxide and the emergence of the cobilt
metal peak in :pectrum b lugge,t the hydroxide i
reduced directly to the metal rather than through
an oxide intermediate. ie, the cobdt hydroxide bond
B weer Ilm the oxygen hydmien bond. Purther-
more, Ipectmm d suilest, the rIpid inltial :urfice
reaction on cobalt Is hytoxlde lornition. Subie-
quently. in oude formi by either hydroxide di,-
sociation or oxygen :nterielion li any cue, the
cobikt iurfice ihit init,ate corrosion Ind admrb H,O
ire predominately complex bydroxylated itructures.

H,0 adsorption.-The adiorption of H,C on theme
complex hydrolated cobaR :urfice, i, charicter-
ized by the uotherms menured it three temper•tures
•lown in ry. 2 These utherms are typicd of those
seen on hydroxylated Fe,O, particles (20). F]gure 3
Bow, the Wtherms plotted w. p/po, the relative
humidity. The isotherm, exh,bited no hysteresis. lug-
gesting no chemisorpton during the £20 exposures.
ne wriates hd previou,ly been exposed w enouth
H:CO. u the surface studies demonstrited. to pre-
¢lude any further chemisorption The Emount of ad-
:orbed H,0 w,4 normelized when plotted Igimt p/P.
up to approxlmtely 0.30 RE Thls is characteratic
of ges-solid intiractiors (21). The wtherms atio
Bow that on cobalt riny apparent monotiyers of
water,re present at higher RH's. It is not surprising
that corm,ion /hould proceed readily via these rela.
dvely thick layers of water on the hydroxy surfaces.
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Table It iummides the heit of orption (AH„).
morolayer volume, and rel*Uve humity at apparent
monolayer coverage obtained by Bttlng the dau to a
BET uotherm over the Bterval p/p. = 0-0.4 The
heat of viporiation (,H.) of water was taken as 10.5
kcal/mole in thee cakilationi. The similanty be-
tween the AH., and aH. implies that the H,O mole-
cule shows no great preferenee for the surface as
compared to liquid water. It could just as well com-
bine wlth a neighboring H,0 molecuje to form a local
H:O clu5ter. De gl/ mewured in tha ztudy on cobot
is slghtly less than th*t reported on FeA p/rucles
(20). Cu surfaces (22). and Au surfaces (22}. but in
general agreement Klier et al. have demonstrated that
water cluiten on surfaces well below apparent mono-
layer coverage {23). In lacI they found v™ infrired
ipectroscopy thal Iihim surfaces at monolayer H,O
coverage coMisted of equivalent amount: of dutered
and surface adsorbed water. nese results suggest that
the apparent monolayer coverage. 8 measured in the
otheria for cobalt. may silidncantly undermtimate
the local surfice volume of H,0 due to clusterng.

To develop this morphology theme further, we ex-
posed Co thln films on TEM grids for short period' of
time to the reference atmosphere (Table I). Thu was
thought to be a good way to nierprint where H:0
wu or at mimmum where corrosion initiated. A
represent,tive micrognph al 50.000* magnihcation
01 a umple exposed for 18 hr ihow, 1 profound
hierarchy of phenomeni in Fi, 4. ne dark regions
are more den,e or thicker and ad,orb more electrons
in thi positlve TEM image. The surfice u clearly
corroding in avery heterogeneous way. Small nuclei-
bon *ites conifiung of exces, Ct- are ditabuted
unlfornly over the mdice with an Ireal deniity of
24 x 101 nuclei/cm:, a radius of 50 nm, and a center-
to-center ipacm, equil to 200 nm. Thae nuclei are

Till, Il. H-h d I,li.,0- {1H.), Mlili•, li-,lity {RH} /
-1010„1 ,-1„11, -d -CIO„F •01,-/ 1„ Hio - m.
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