
This paper briefly describes a technique for measuring thin
irregular IMC layers using backscatter electron scanning
electron microscopy and image analysis. Using this tech-
nique, IMC growth rates were measured at 50°C, 75°C, and
100°C. Because of the high precision of these measure-
ments we were able to observe features of IMC growth
heretofore not distinguishable due to lack of resolution.
The parabolic growth law used to describe IMC growth is
not applicable to HALT, particularly at lower temperatures
characteristic of storage and common service environ-
ments. This paper proposes an alternative two-parameter
equation for IMC growth under such conditions. The pa-
rameters are true parabolic growth rate K and equivalent
pre-aging time tO. By applying this description IMC growth
acceleration factors can be calculated and relevant accel-
eration aging tests can be developed.

Samples and Sample Preparation
Two HALT samples were used in the study. Substrates in
both samples were phosphor bronze: Alloy 510, .016 inch
thick (sample 510), and Alloy 521, .006 inches thick
(sample 521). Thickness of tin coatings was measured by
X-ray fluorescence, with correction for tin-bearing sub-
strates. Sample 510 is as follows: side A 225 ± 26
microinches; side B: 189 ± 23 microinches. Sample 521 is
as follows: side A is 166 ± 22 microinches; side B is 184 ±
26 microinches.

Both samples were aged in Blue M air circulating ovens at
50°C, 75°C, and 100°C. At 50°C and 75°C the aging times
were 25, 100, 225, 400, and 625 days. At 100°C, the aging
times were 4, 16, 36, 64, 100, and 144 days.

Aged samples were cold-mounted, cross-sectioned, pol-
ished, and coated with a thin layer of carbon for SEM
work.

IMC Thickness Measurement
The intensity of backscatter electron (BSE) signal of a
phase is a strong function of the effective atomic number of
the phase. BSE images therefore can be used for measure-
ments of areas occupied by the phases. Figure 1 shows a
typical BSE image of a cross-section acquired using image
analysis system; for the purpose of easier phase identifica-
tion the gray scale intensity was inverted. The details of the
BSE SEM technique are given in Reference 5. Three dis-
tinct regions were observed in all cross-sections: a tin
phase, an intermetallic phase (or two phases), and a cop-
per-rich phase (phosphor bronze substrate). The sequence
in which the data were acquired was designed to average
out any possible variations in magnification during the data
acquisition process. Twelve to 24 images were acquired for
each sample, temperature, and aging time; this ensured
high precision of the measurements. No thickness stan-
dards were used concurrent with the measurements;
however, SEM was calibrated shortly before the measure-
ments, and both SEM and image analysis system were
calibrated after the measurements.

Figure 2 shows a gray-level histogram of the image in Fig-
ure 1; there are four peaks in the histogram corresponding

Figure 1. BSE SEM image acquired and stored by image
analysis system. Inverse of the original gray scale is used.
a) tin, b) IMC, c) Alloy 510. Sample was aged at 100°C for
169 days.

to the four phases in the BSE image of the cross-section.
The area under each peak is proportional to the area of a
corresponding phase in the BSE image. The two peaks in
the middle correspond to the IMC phases; thus the shaded
area in Figure 2 is the region of interest (ROI) in the gray
scale. After the ROI on the histogram is identified and
entered into the image analysis system, the system deter-
mines the area of the image that corresponds to the ROI
on the gray scale. Figure 3 shows such an area after the
BSE image has been processed to remove the noise due to
surface imperfections. Next, the image analysis system
measured the are fraction fIMC occupied by the IMC. The
average thickness of the IMC layer t ave was calculated from
the area fraction as

where H and W are the height and the width of the image,
M is the magnification, and L is the length of the IMC-
substrate interface measured on the image. If the interface
is parallel to the width, W = L, and

The backscattered electrons originate from a range of
depth below the surface; therefore, unlike the optical mi-
croscopy where all the information comes from the surface,
the BSE signal contains information from a near-surface
layer of some finite thickness. This thickness is a function
of atomic number, density, and accelerating voltage. In a
situation where a thin layer of one phase (phase A) covers
the second phase (phase B), the layer of phase A is thin
enough for some of the electrons to penetrate it, the BSE
signal will be a mixture of electrons from both phases. If
most of the backscattered electrons come from the underly-
ing phase B, the area will be considered to be occupied by
phase B; this will result in an overestimate of the true area
occupied by phase B. In our samples, such a situation
could occur at the tin-IMC interface due to the highly
irregular nature of the IMC layer. We used a Monte Carlo
simulation of electron scattering to determine the variation
of the BSE signal (i.e., the backscattered fraction of elec-
trons) with the thickness of the top phase. The computer
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suits for sample 510. The thickness is plotted versus square
root of time; this is the conventional way of plotting IMC
growth since diffusion-controlled parabolic growth of IMC
is assumed. Also shown on these plots are linear fits to
data. Table 1 contains the slopes and intercepts of these
fits; the slopes are the conventional parabolic growth rates
k. Since linear regression analysis was used to determine
the growth rates, a normal distribution test was applied to
all data sets; out of a total of 32 sets only 4 deviated slightly
from being normally distributed. A t-test was applied to the
growth rates and intercepts to determine the confidence
limits at 95% confidence level. The confidence limits are
listed in Table 1; none of the confidence limits fork include
a value of zero. The coefficients of determination for the
curve fits (a measure of how good the fit is) are also listed
in Table 1.

Cu-Sn IMC Growth in Electroplated Tin and in HALT
Intermetallic compounds grow by diffusion mechanism. Figure 7. IMC growth in HALT over Alloy 521 at 75°C. Aver-
The diffusion controlled growth of the intermetallic layer ages and standard deviations. Line is a linear fit through the

averages.

Table 1. Conventional Cu-Sn IMC parabolic growth rates and
intercepts    confidence limits at 95% confidence level.
Linear fit, IMC thickness vs. t 0.5.

Figure 8. IMC growth in HALT over Alloy 521 at 100°C.
Averages and standard deviations, Line is a linear fit through
the averages.

of thickness W is described by an equation

where k is the parabolic growth and W0 is the intercept.
The intercept is zero or small for low temperatures, and it
increases with temperature. For electroplated tin over
copper it is typically about 1 µm at 100°C and is near zero
at room temperature.7 Parabolic growth rate k has the

Figure 6. IMC growth in HALT over Alloy 521 at 50°C. Aver- same kind of temperature dependence as the interdiffision
ages and standard deviations. Line is a linear fit through the coefficient, which is
averages.
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Figure 9. IMC growth in HALT over Alloy 510 at 50°C. Aver- Figure 11. IMC growth in HALT over Alloy 510 at 100°C,
ages and standard deviations. Line is a linear fit through the Averages and standard deviations. Line is a linear fit through
averages. the averages.

3 will usually produce an adequate estimate of thickness of
an IMC layer at a given time and temperature. However,
this equation will produce misleading estimates of growth
rate kin case of HALT.

Figure 10. IMC growth in HALT over Alloy 510 at 75°C.
Averages and standard deviations. Line is a linear fit through
the averages.

where Q is the activation energy of the IMC growth and k 0

is a constant. Q and k0 are parameters characteristic of a
specific diffusion mechanism. The activation energy for
lattice (bulk) diffusion growth was estimated to be about 15
kcal/mol; the activation energy for grain-boundary diffu-
sion growth was estimated to be only about 6.5 kcal/mol.8

Transition from lattice (bulk) diffusion to grain boundary
diffusion usually occurs anywhere between 190°C and 80°C,
depending on the type of coating.8 Generally, the smaller
the grain size, the higher the temperature of transition.

The above equations give a rather reasonable approxima-
tion of IMC growth for common electroplated tin and tin
alloy coatings. The growth rate k calculated using equation

The hot air leveling process takes place at a relatively high
temperature. The IMC growth at such a temperature is
fast, but the IMC layer thickness is restricted by the compe-
tition of growth and dissolution.9 Which is why only a thin
layer of IMC is present in HALT immediately following the
manufacturing process. The thickness of this layer, Wi ,
usually ranges from 15 microinches to 25 microinches.
When HALT is consequently aged at some lower tempera-
ture, the presence of an IMC layer at the onset of aging is
equivalent to its being aged for some time t0 before the
actual aging starts. This time is equal to the actual time
needed for the IMC layer to grow to thickness of Wi 

i 

in a
hypothetical case in which the manufacturing process does
not produce any IMC growth. Since due to HALT’s large
grain size diffusion in HALT is very slow, the linear reac-
tion-limited initial step of IMC growth10 is likely to be very
short, and t0 

0 

would be nearly equal to (W/k)2 (from Equa-
tion 3). If the aging time is corrected for the time t  (which
will be called equivalent pre-aging time), then

Figures 12 to 14 show the data for sample 521 with two-
parameter curve fits using equation 5; the linear fits are
also included for comparison. True growth rate K and
equivalent pre-aging time t0 are the fit parameters. Figures
15 to 17 show the data and curve fits for sample 510. Table
2 contains the fit parameters, confidence limits at 95%
confidence level, and coefficients of determination. The
coefficients of determination are higher for two-parameter
fits (Table 2) than for linear fits (Table 1), indicating a
better fit provided by the Equation 5. The confidence limits
for the true growth rates K are narrower than the limits for
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k, also indicating a better fit. The difference between the
growth rates k and the true growth rates K is the largest at
the lowest temperature, 50°C, and decreases as the tem-
perature increases; i.e., the effect of preannealing is
diminished as the aging temperature is increased.

Table 2. True parabolic Cu-Sn IMC growth rates and equiva-
lent times to ± confidence intervals at 95% confidence level.
Two-parameter fit, IMC thickness vs. (t + t0)

0.5.

Figure 13. IMC growth in HALT over Alloy 521 at 75°C. The
curve fits are as indicated on the plot.

Figure 12. IMC growth in HALT over Alloy 521 at 50°C.
The curve fits are as indicated on the plot.

Figure 14. IMC growth in HALT over Alloy 521 at 100°C.
The curve fits are as indicated on the plot.

The important implication of the point that equation 5 is
the proper one to use for IMC growth in HALT, rather
than Equation 3, is the resulting nonlinearity of the con-
ventional thickness versus square root of time plot: the
slope S of the curve is a function of aging time t. Indeed,
differentiating Equation 5 with respect to square root of
time yields,

The slope S is zero at t = O, and it remains near zero as
long as t     t0

0

. S is always less than K, and it asymptotically
approaches K as aging time t approaches infinity only
when t     t , is S nearly equal to K. Therefore, the conven-
tional growth rates k (slopes of the linear tits to data)
reported in Table 1 are not true constants; since the slopes
of the curves increase with time, so will the slopes of the

linear fits to data. Thus, when the conventional linear fits to
the data is used to determine the growth rate, the result
will depend on the duration of aging, and the measured
rate will be always less than true rate K. This might at least
in part account for the scatter in the reported values of the
conventional parabolic growth rate k.9

The two parameters, K and to fully describe the Cu-Sn IMC
growth in HALT on phosphor bronze. Unlike the linear
fit approach the two-parameter model allows a reliable
extrapolation of IMC growth to higher values of aging time.

The true IMC growth rates determined in this study are
summarized in Figure 18. Also plotted are true rates from
an earlier workl and relevant data from other studies.11-12

The growth rates for electroplated tin are given for com-
parison with rates for HALT. In the low-temperature
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Figure 15. IMC growth in HALT over Alloy 510 at 50°C. The Figure 17. IMC growth in HALT over Alloy 510 at 100°C.
curve fits are as indicated on the plot. The curve fits are as indicated on the plot.

Figure 16. IMC growth in HALT over Alloy 510 at 75°C. The
curve fits are as indicated on the plot.

region, at 100°C and below, the true rates for HALT are
lower than the rates for electroplated material; the rates
are about the same above 155°C for all types of coatings.
Figure 18 illustrates behavior common for low-temperature
diffusion. In electroplated tin the diffusion mechanism
switches at about 155°C. Below this temperature, grain-
boundary diffusion is dominant in electroplated tin. Above
155°C, the transport mechanism is lattice (bulk) diffusion.
For HALT, the diffusion mechanism is the same from
220°C down to 50°C, and possibly down to room tempera-
ture (22°C).

The persistence of lattice diffusion in HALT down to low
temperatures can be accounted for by the microstructure of
HALT, especially by its extremely large grain size.l The
large grain size means low density of defects, particularly
grain-boundaries. The low defect density leads to relative

Figure 18. True parabolic growth rates for Cu-Sn IMC in
various tin coatings. Lines are linear fits through data: for
grain-boundary diffusion, electroplated tin from 22°C to
125°C; for lattice diffusion, combined HALT (50°C to
220°C) and electroplated tin (155°C to 220°C).

contribution of grain boundary diffusion being insignificant
down to very low temperatures. According to the data
shown in Figure 18, the activation energy for grain-bound-
ary diffusion is 6.3 kcal/mol; this activation energy is valid
for a temperature range of 22°C up to 155°C for electro-
plated tin. The activation energy for lattice diffusion is 11.8
kcal/mol, and it is valid for a temperature range of 22°C to
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