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ABSTRACT

A fast and inexpensive technique is presented for estimat-
ing and, under favorable circumstances measuring, the
thickness of thin surface layers. The technique is based on
a combination of backscattered electron image analysis
with Monte Carlo simulation of the backscatter process.
Measurement of backscattered intensity offers an alterna-
tive analysis with good counting statistics, spatial
resolution, and by means of the accelerating voltage con-
trollable sensitivity. Application of the technique is
preferred but not limited to layer thickness ranges from
about 0.003 to about 1 pm (0.1 to 40 pinch), depending
on the materials. The validity of the technique was verified
on specially prepared test samples of tin and gold layers
on nickel substrates. Minimum detectable layer thickness
in measurements of phase area fractions at the surface of
aged tin and tin-lead coatings was estimated. Among appli-
cations of current interest discussed here are estimation of
the thickness of gold or palladium layers on worn surfaces,
estimation of depth of information in cross-sections re-
quired to avoid a systematic error, and others.

INTRODUCTION

trend of miniaturization of new connector designs, the nature of
the surface becomes even more important. Compared to the
generally known conventional connectors size, normal force,
current, and voltage are drastically reduced.

Frequently, the top surface layer of a contact differs in compo-
sition from the rest of the material. Of particular interest are the
cases where a thin layer of a metal (e.g. gold, palladium, tin) is
applied to a thicker layer of another metal (e.g. nickel, alloys
such as palladium-nickel, intermetallic compounds such as
copper-tin or nickel-tin). Because of the influence a thin surface
layer has on the contact properties, it is highly desirable to be
able to measure or at least to reliably estimate the thickness of
metallic surface layers down to fractions of a microinch. Often
such measurements require high lateral spatial resolution. The
commonly used scanning electron microscope (SEM) tech-
nique of energy dispersive analysis of X-rays (EDAX) suffers
from poor counting statistics at low energy and current, and
from diminished spatial resolution at high energy and current.
Other techniques for thin layer detection and measurement are
available, e.g., Auger and secondary ion mass spectroscopy
(SIMS). However, they require specialized, capital intensive
instruments which are usually not available in even well

The surface of the contact spring is the most important factor equipped general laboratories. Furthermore, if large surface
determining the contact properties, such as contact resistance,areas on many samples have to be routinely investigated, these

friction and wear. Presence of a thin film at the surface can

techniques are difficult to apply and become prohibitively ex-

drastically alter some or all of these properties. Considering thepensive.
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These disadvantages are avoided by the technique described scatter coefficienty;, becomes a function of the layer

here. It is a fast and relatively inexpensive technique for esti- thickness, t.

mating and, under favorable circumstances, measuring the

thickness of such layers. The technique is based on a combinatn order to estimate or measure the thickness of thin layers

tion of backscattered electron image analysis with Monte Carlousingr,, one must know how the coefficient varies with the

simulation of the backscatter process. The measurement of  layer thickness, t. This function can be determined either em-

backscattered intensity offers an attractive alternative for scan-pirically, by measuringy in a series of layers of known

ning electron microscope (SEM) analysis with good counting thickness on a substrate of interest, or theoretically, by calculat-

statistics, good spatial resolution, and controllable sensitivity toing m; as a function of the layer thickness. The second approach

layer thickness, which is accomplished by means of the acceleis preferred because it avoids time consuming and expensive

ating voltage. In general, the technique is most suitable when preparation of a series of standards of well-characterized thick-

the thickness of the surface layer ranges from about 0.01to  ness and composition. Although it is possible to formulate a

about 0.2 um (about 0.5 to about 10 pinch). The actual ranges transport equation describing all scattering in a solid, it may not

depend on layer properties such as average atomic number andave a closed-form solution for certain boundary conditions.

density. To verify the validity of the new technique special test Monte Carlo simulation provides a practical way for obtaining

samples of tin and of gold on nickel substrates were prepared a description of the electron beam interaction with a solid and

and exposed to the test. The technique was used to estimate thean be used to computg®.

minimum detectable surface layer thickness in terms of phase

area fractions at the surface of aged tin and tin-lead coatings. In the study presented here the variatiomptvith the thick-

Other applications included estimating depth of information in ness of the top layer was determined by a Monte Carlo

cross-sections in order to avoid a systematic error and estimat-simulation of electron scattering. The computer program used

ing layer thickness of gold or palladium on worn surfaces. was based on a plural scattering Monte Carlo model which is
known to be well suited for the case of a thin film over a bulk
substrate for accelerating voltages equal or less than 20V

MONTE CARLO SIMULATION OE ELECTRON simulation of 1000 electron trajectories was run 201 times for

BACKSCATTER FROM THIN LAYERS each value of layer thickness and accelerating voltage for each
layer-substrate system being studied. The large number of

Froma prgcft!cal(i expﬁnmer;]tal wewpc;mt bar(]:kscattelred ?lhec' trajectories was used to decrease the variation in the calculated
trons are de |neh ast bose t5 Oat \r/et_:_Jrr]n t:omkt € samg eIW|t value of the backscattered fraction of the electrons. In all cases
energy gregtgrt ana oqt eV. The backscattered electron o siandard error of the mean of the backscatter fraction was
(BSE) coefficienty, is defined as the number of backscattered approximately 0.0011, i.e. 0.2% to 0.4% of thevalue

electrons divided by the number of beam electrons incident on ' I ' '

the target. Generally, is found to increase with increasing The Monte Carlo simulations for tin layers over nickel sub-
atomic number, Z; it is a smooth function of. Z'he backscat-  gyrate and for gold layers over nickel substrate were performed
ter coefficient is nearly constant for primary beam voltage in ¢4 accelerating voltages of 5, 10, 20, and 30 kV. The results for
the 10 kV 10 50 kV range. Also, the backscatter process is Iess i are shown in Figure 1, for gold in Figure 2. In both figures
sensitive to the surface condition and surface texture than sec-ihq calculated values are represented by the points, the curves

ondary electron emission. It should be cautioned, though, that ttad to them are represented by a four-parameter sigmoidal
surface roughness will affect the backscattering. A phase with &, ;e

higher atomic number will generally appear brighter in a backs-

cattered electron (BSE) image. The BSE image then can be a

used to identify the phase or phases of interest, and to measure w=dt————— (1)

the areas occupied by these phases. The BSE image acquisition

procedure is relatively fast and allows processing of a large

number of images in relatively short time thus ensuring statisti-

cally valid results. which provided the best fit among several candidate expres-
sions. The confidence limits of the fits are shown for 5 kV.

Beam electrons penetrate some distance into solid before backSince these limits are very similar at all accelerating voltages,

scattering; they carry information about the specimen over a the rest are not shown. This pattern of data presentation is used

range of depth; this range is callddpth of informatioh If the throughout this paper.

thickness of a thin layer over a bulk substrate is much greater

than this depth, the electrons will be backscattered from the  Knowledge of the functional dependence of the backscatter

layer only, and the coefficient will be that of the layer material, coefficient versus the thickness allows one to estimate or mea-

ms Where the s subscript denotes a layer of saturation thicknesssure the thickness of the top layer simply by estimating or

If the thickness of the layer is much less than this depth, the  measuring the backscatter coefficient. The thickness can either

beam electrons will penetrate through it and then backscatter be calculated using equation (1) or determined graphically from

from the underlying substrate; the coefficieng, will be that of ~ Figures 1 and 2.

the substrate material. If the thickness of the layer is compa-

rable to thedepth of informationthe backscatter coefficient The simulations were also performed for other two substrate-

value will be between thgg and thens. In this case the back- layer systems of interest: Sn overdSms and Sn over NiSn.

1+ exp
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Figure 1. Backscatter coefficient n versus thickness of tin
049 9.02 o.04 9.08 098 020 layer on nickel substrate for various values of the accelerat-
ing voltage. Upper abscissa in um, lower abscissa in
038 pinch.—Points are generated by Monte Carlo simulation,
5 curve is sigmoidal fit; the dotted lines are confidence limits of
‘g 0.36 the fit at 95% confidence level.—(a): 5 kV; (b): 10 kV; (c): 20
“ kV; (d): 30 kV.
2 034
% 0.32
& 0.30 For binary alloys or binary intermetallic compounds (IMCs),
’ the effective atomic number was taken to be
0.28
- - - - ' Zo=\cZ + (1- 02 @
0.00
0.40 where c is the atomic concentration of component;laid 2z
are the atomic numbers of components 1 and 2, respectively
c 038 The effective atomic number was calculated in this manner for
2 CusSrs and NiSny. In each system the backscatter coefficient
8 o036 m was calculated for a sufficient number of values of layer
< thickness t. Simulations were performed for the same set of
g 0.34 accelerating voltages as above. The results are shown in Fig-
< ures 3 and 4. As before the calculated values are represented by
§ 0.32 points, the curves are fitted using equation (1).
X3
8 0.30
EXPERIMENTAL CONFIRMATION
0.28 OF SIMULATION RESULTS
A SEM is not designed to measure backscatter coeffiaient
0.0 . - . . . precisely. The collection efficiency differs among commonly
040 used detector systems. Therefore, the exact knowledge of the
calculated value ofy may not be sufficient, since the observed
g > signal would not be a linear function f®. For thin layers, the
H angular distribution of the backscattered electrons is a function
g ose of the film thicknes& The detector collects only a fraction of
3 backscattered electrons. This fraction lies within the range of
g %3 backscatter angles characteristic for that particular system.
] A
8 Consequently, the detector’s signal depends on the range of the
2 032 backscatter angles used by the system, i.e., on the detector’s
F- geometry. As shown in Figure 5, for the detector used in this
030 work? the maximum observed fraction of the backscattered
electrons is about 25.6% at 10 mm sample-to-detector distance.
028 This fraction was calculated assuming angular distribution of
an infinitely thick sample. Under the conditions given above,
ol the detector covers the rather narrow range of scattering angles
) of 120° to 147° as shown in Figure 6. This narrow range may
contribute to deviation from linearity of the observed signal
g versus the simulated backscatter fraction. The signal of semi-
H conductor and scintillation detectors depends on the energy of
5 036 the backscattered electrons. Generally, it is proportional to the
3 08 electron energy. The proportion of h|gh-e_nergy electrc_ms in the
& backscattered electron energy spectrum increases with the
3 atomic number Z. Thus, the heavier phases will appear propor-
£ 032 tionally brighter than expected from the increase)ialoné.
Q
@ 0.30
0.28 by 20 s I pos I 30 ;IiSE Detector Amplifier System Model 10-19, LeMont Scientific, Inc., State College,
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Use of measured backscatter intensities for the analysis of layer
thickness would require empirical calibration. Partially due to
lack of availability of suitable standards, this is expected to
result in time consuming, expensive experimental work. How-
ever, if the relative backscatter coefficient with respect to those
for bulk samples of the substrate and the coating, as derived
from Monte Carlo simulation, are shown to correspond to the
relative measured backscatter intensity, thickness values can be
inferred from measured intensity data. To demonstrate such a
correspondence, several specially designed thin film samples of
known thickness were prepared and measured. The two sets of
specimens tin and gold, both over nickel substrates, were pre-
pared by electrodeposition. As illustrated in Figure 7 each
specimen contained three areas, a thin layer, the bare substrate,
and a layer of saturation thickness. The samples were designed
so that all three areas would be present on a BSE SEM image
of a sample, thus making them suitable for image analysis.
Each thin layer thickness was measured at 50 separate points
by X-ray fluorescence calibrated with standards of known
thickness. The points were selected near the area where the
three regions converge. Since the layers were very thin, 50
similar measurements were taken on the uncoated region for
precise substrate correction. These thicknesses are given in
Tables 1 to 4, assuming densities of 7.3 gi¢an tin and 17.5

g/cne for cobalt-hardened gold.

The coatings were deposited from bright plating baths onto
polished substrates to yield smooth surfaces. This was done to
lessen the effect of the surface topography on the experimental
results. Although much less sensitive to surface features than
that of secondary electrons, the intensity of backscattered elec-
trons depends strongly on surface roughness. In fact, a thick,
i.e., saturation layer of matte tin that has a very rough surface
yielded a backscatter intensity that was less than that obtained
from a thin layer of matte tin over smooth nickel substrate. This
could be attributed to the greater surface roughness of the much
thicker saturation coating.

The backscattered images of the samples were acquired with an
AMRAY 1000 SEM at 10 mm sample-to-detector distance and

a magnification of 50X. Accelerating voltages were 30, 20, 10,
and 5 kV. Typical backscattered images are shown in Figure 8.
The brightness, i.e. the signal intensity from the thin layer lies
between that of the bare substrate and the infinitely thick layer.
Figure 8 also shows the pixel intensity histograms superim-
posed onto the backscatter images. The left peak corresponds to
the bare substrate area, the peak on the right represents the
thick, saturation thickness layer, the central peak corresponds to
the thin layer. The histogram has 256 levels because of the 8-bit
conversion of the analog intensity signal. In most cases this

Figure 2. Backscatter coefficient m versus thickness of gold
layer on nickel substrate for various values of the accelerat-
ing voltage. Upper abscissa in um, lower abscissa in
winch.—Points are generated by Monte Carlo simulation,
curve is sigmoidal fit; the dotted lines are confidence limits of
the fit at 95% confidence level.—(a): 5 kV; (b): 10 kV; (c): 20
kV; (d): 30 kv.
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number of levels provides for sufficiently high resolution. Gain

of the BSE detector amplifier and image brightness and contrast
were adjusted to maximize the separation between the substrate
peak and the thick layer peak, thus providing the best resolution

for the position of the thin layer peak.

The normalized thin layer peak position on the pixel intensity
histogram can be defined as

_ (It - |0)
' (ls_ IO)

where | is the position of the thin layer pealg,that of the
substrate peak, andthat of the thick layer peak. Assuming
that the backscatter coefficient of the thin layer is linear with
the layer’s normalized peak position, the backscatter coeffi-
cient of the thin layer is

®3)

Nt = Mo + Pi(ms — Mo). 4)

The layer can then be calculated using equation (1) with the
constants obtained by Monte Carlo simulation

th=a&—&-In

T]t_ao_l) ®)

The results of the measurements at 10 mm sample-to-detector
distance are given in Table 1 for tin and Table 2 for gold. For
tin samples some of the measurements were repeated two to

three times. Since no significant variations were observed, only
the averages are given in Table 1.

The measurements at 20 kV were repeated at the largest avail-
able sample-to-detector distance of 22 mm. This was done to
vary the backscatter angles to determine the effect of angular
distribution: the backscatter angle range in this case is 142° to
163°. The results of these measurements are given in Table 3
for tin and Table 4 for gold. They are nearly identical to those
obtained at 10 mm distance and a corresponding angle range of
120° to 147°. Thus, the normalized peak position is not a func-
tion of the sample-to-detector distance in 10 mm to 22 mm
range.

The thickness,, of the test samples obtained by the combina-
tion of Monte Carlo simulation and image analysis of
backscattered images, further referred to as MCS/BSEIA, are
higher than the thickness valueg,rheasured by X-ray fluores-
cence. To illustrate this difference, the ratios=R/t; are

entered in the last columns of Tables 1 through 4. For tin this
ratio ranges from 1.6 to 2.7, the weighted average and associ-

Figure 3. Backscatter coefficient n versus thickness of tin
layer on CugSns IMC substrate for various values of the accel-
erating voltage. Upper abscissa in wm, lower abscissa in
winch.—Points are generated by Monte Carlo simulation,
curve is sigmoidal fit; the dotted lines are confidence limits of
the fit at 95% confidence level.—(a): 5 kV; (b): 10 kV; (c): 20
kV; (d): 30 kV.
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Figure 4. Backscatter coefficient n versus thickness of tin
0.00 0.02 0.04 0.08 0.08 010 layer on NizSn, IMC substrate for various values of the accel-

039 erating voltage. Upper abscissa in um, lower abscissa in
pinch.—Points are generated by Monte Carlo simulation,

5 curve is sigmoidal fit; the dotted lines are confidence limits of

Z 038 the fit at 95% confidence level.—(a): 5 kV; (b): 10 kV; (c): 20

£ kV; (d): 30 kV.
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Figure 7. Diagram of MCS/BSEIA test sample: top (white)—
thick (bulk) layer; bottom right (gray)—thin layer; bottom left
(black)—substrate.

differ from the values determined by X-ray fluorescence, use of
the method described here requires calibration. However, if the
bias in the MCS/BSEIA is consistent, limited calibration may
be practical.

To ascertain consistency of the bias in the thickness values
from the MCS/BSEIA method, it is necessary to analyze the
uncertainties associated with the measurements. For the charg
terization of the layer thickness, the uncertainty was estimated
from X-ray fluorescence data and associated instrumental pa-
rameteré Since the areas analyzed by X-ray fluorescence and
by electron backscatter were not identical, the observed distri-
bution of thickness over the sampled area was taken as a direc
component of the total uncertainty. Uncertainty of the X-ray
calibration was taken as the usual certified tolerance of the
calibration standards, i.e;5% at the 95% confidence level.
Uncertainty of the relative electron backscatter intensity from
image analysis was estimated by assuming a single pixel stan-
dard deviation in the determination of peak positions. In
addition to the effect of the standard fit error the corresponding
uncertainty in the backscatter coefficient, assuming exact val-
ues of the coefficients for the bulk elements, was propagated t
a thickness uncertainty through the fit of the Monte Carlo simu-
lation results.

The thickness ratios R are plotted in Figure 9 for tin on nickel,
in Figure 10 for gold on nickel. The estimated uncertainties at
the 95% confidence level and the overall weighted average  Figure 8. BSE image for three values of the acceleration
ratio are included in the diagrams. Although some trends of thevoltage and gold layer thickness of a MCS/BSEIA test

R with thickness appear in the plots, the 95% confidence limits sample. Gold on nickel, with the pixel brightness distribution
fail to encompass the overall weighted average for only one of histogram superimposed. Top—thick (bulk) gold layer, bot-
the 31 experiments. This is within statistical expectation and is tom right—thin gold layer, bottom left—nickel substrate.
consistent with a constant bias in the MCS/BSEIA thickness forMagnification 50X.—(a): 20 kV, gold layer thickness—0.065
a specific coating material. Consequently, the MCS/BSEIA pm (2.6 microinch). (b): 30 kV, gold layer thickness—0.022
technique can be applied to coating layer thickness determina-pm (0.86 microinch). (c): 5 kV, gold layer thickness—0.012
tion by calibration with a single standard to establish the pm (0.46 microinch).

thickness ratio.
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Table 1. Tin Test Samples, Results of Thickness Measure-
ments, X-ray and BSE Image Analysis/Monte Carlo
Simulation. Sample-to-Detector Distance 10 mm (Working

Distance 12 mm).—First column by X-ray, fourth column by

Table 3. Tin Test Samples, Results of Thickness Measure-

ments, X-ray and BSE Image Analysis/Monte Carlo

Simulation. Sample-to-Detector Distance 22 mm (Working
Distance 24 mm). Accelerating Voltage 20 kV.—First column

MCS/BSEIA. by X-ray, fourth column by MCS/BSEIA.
Thickness  Normalized Peak Backscatter — Thickness Ratio Normalized
ty £ s [um] Position P, Coefficientv, t, £s[um] (t./ty) £s Thickness Peak Backscatter Thickness Ratio
ty £ s[u] Position B, Coefficient v, tm £ S [Um] (tw/ty) £ s
Accelerating Voltage 30 kV
0.060+ 0.003 0.059 0.297 0.094 0.017 1.57+ 0.30 0.017+ 0.002 0.053 0.299 0.046 0.012  2.80+ 0.82
0.080+ 0.006 0.116 0.303 0.16% 0.014 2.09+ 0.24 0.060+ 0.003 0.189 0.312 0.13t 0.008 2.19+ 0.18
0.140+ 0.007 0.227 0.314 0.288 0.011 2.06= 0.13 0.080+ 0.006 0.271 0.320 0.172 0.007  1.98+ 0.11
0.178+ 0.010 0.302 0.322 0.361 0.011 2.03* 0.13 0.140+ 0.007 0.509 0.344 0.278 0.007 1.98+ 0.11
0.379= 0.020 0.637 0.357 0.672 0.013 1.78+ 0.10 0.178= 0.010 0.573 0.350 0.306 0.007 1.72+ 0.11
Accelerating Voltage 20 kV
0.017+ 0.002 0.044 0.295 0.039 0.013 2.35+ 0.87
0.060= 0.003 0.205 0.312 0.140 0.007 2.33+0.18
0.080= 0.006 0.283 0.319 0.178 0.006 2.22+ 0.19 ESTIMATING MINIMUM RESOLVABLE
0.140= 0.007 0.491 0.340 0.278 0.006 1.93+ 0.10 THICKNESS: TIN OVER INTERMETALLIC
0.178= 0.010 0.629 0.354 0.332 0.007 1.87+0.11 COMPOUND
Accelerating Voltage 10 kV i . . . i
0.017+ 0.002 0.204 0.312 0.04# 0.002 2.68+ 0.40 This section describes the application of the MCS/BSEIA tech-
0.060=+ 0.003 0.696 0.36 0.118 0.003 1.97+ 0.12 nigue to measurement of residual free tin in aged samples of tin
0.080 0.008 0.799 0.37 0.1380.003 1.73£0.14 over copper alloys and over nickel. Some typical backscatter
Accelerating Voltage 5 kV . : : .
0,017+ 0.002 0.743 0.362 0.04% 0,001 2.48% 0.35 images of aged tin over copper alloy and of aged tin over nickel
i i i i i i i i underplating are shown in Figures 11 and 12. The light phase is

Table 2. Gold Test Samples, Results of Thickness Measure-
ments, X-ray and BSE Image Analysis/Monte Carlo
Simulation. Sample-to-Detector Distance 10 mm (Working
Distance 12 mm).—First column by X-ray, fourth column by

MCS/BSEIA.
Normalized
Thickness Peak Backscatter Thickness Ratio
ty £ s [pm] Position R Coefficientn,  t, = s[um] (tw/ty) £ s
Accelerating Voltage 30 kV
0.012+ 0.002 0.040 0.301 0.013 0.008 1.10* 0.72
0.022+ 0.001 0.084 0.309 0.02% 0.008 1.24*+ 0.37
0.043+ 0.001 0.171 0.324 0.055 0.008 1.28* 0.19
0.066+ 0.003 0.282 0.344 0.0983 0.009 1.41+ 0.14
0.091+ 0.003 0.381 0.362 0.129 0.009 1.41+0.11
0.127+ 0.004 0.528 0.387 0.189 0.011 1.49+ 0.10
0.211=+ 0.007 0.755 0.428 0.3190.019 1.52+0.10
Accelerating Voltage 20 kV
0.012+ 0.002 0.078 0.308 0.012 0.003 1.06* 0.32
0.022+ 0.001 0.182 0.326 0.029 0.003 1.35+ 0.14
0.043+ 0.001 0.352 0.355 0.068 0.003  1.39* 0.09
0.66+ 0.003 0.542 0.388 0.10% 0.004 1.53+0.09
0.091+ 0.003 0.665 0.410 0.1350.005 1.47+ 0.08
0.127+ 0.004 0.818 0.436 0.196 0.009 1.54* 0.09
Accelerating Voltage 10 kV
0.012+ 0.002 0.277 0.342 0.01F¥ 0.001 1.43+0.32
0.022+ 0.001 0.546 0.388 0.03# 0.001 1.57+ 0.09
0.043+ 0.001 0.810 0.435 0.062 0.003  1.44+ 0.08
Accelerating Voltage 5 kV
0.012+ 0.002 0.682 0.407 0.016 0.001 1.35+ 0.29

tin, and the dark phase is intermetallic compound (IMC). Such
images were used to estimate the surface fractions occupied by
tin and by IMC. The brightness of the tin phase in the image is
a function of its thickness. The thinner the tin layer, the darker
it will appear in the BSE image. A very thin tin layer might not
appear bright enough to be distinguished from the underlying
IMC. Because some of the tin phase at the surface of the aged
samples might be very thin, an estimate is needed for the mini-
mum thickness of a tin layer that can be resolved, i.e., can be
unambiguously distinguished from the IMC. If this estimate is
small, the surface fractions measured by the BSE image analy-
sis will be close to the true values, since only very thin areas of
tin will be confused with IMC.

This minimum resolvable thickness can be estimated using the
7t VS. t curves of Figures 3 and 4. For the thickness of a layer to
be observed by MCS/BSEIA, its peak in the intensity histo-

Table 4. Gold Test Samples, Results of Thickness Measure-
ments, X-ray and BSE Image Analysis/Monte Carlo
Simulation. Sample-to-Detector Distance 22 mm (Working
Distance 24 mm). Accelerating Voltage 20 kV.—First column
by X-ray, fourth column by MCS/BSEIA.

Normalized

Thickness Peak Backscatter Thickness Ratio

ty £ s [am] Position P, Coefficientn,  ty, £ s [mm] (tw/ty) £ s
0.012+ 0.002 0.085 0.309 0.013 0.003 1.16* 0.35
0.022+ 0.001 0.174 0.325 0.028 0.003 1.29+ 0.15
0.043* 0.001 0.313 0.349 0.053 0.003 1.22+0.08
0.066+ 0.003 0.500 0.381 0.09%1 0.004 1.38+ 0.08
0.091+ 0.003 0.639 0.405 0.128 0.005 1.39*+ 0.07
0.127+ 0.004 0.821 0.437 0.198 0.009 1.56* 0.09
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Figure 9. Thickness ratio t,/t, for tin layers on nickel sub-
strate plotted as function of the tin layer thickness. Vertical
error bars are estimated uncertainties at 95% confidence
level; dotted line is the overall, weighted average ratio. Hori-
zontal error bars are one standard deviation of t,. Ratios for
the same thickness t, are offset for clarity.

gram must be separated from that of a bulk material.

Overlapping peaks are expected to be resolvable when sepa-
rated by approximately three standard deviations. Since the

consequently, the uncertainty in the relative peak posi-
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Figure 10. Same as Figure 9 but for gold layers on nickel
substrate.

Figure 11. Backscatter SEM image acquired and stored by
image analysis system. Sample: hot air leveled tin over phos-
phor bronze. Aged 2000 hours at 125°C. Light phase—tin,
dark phase—CugSns IMC. Magnification 200X.

tion is expected to be approximately three times larger, i.e.,
about 0.1. Considering the case of tin oveg8uy at 10 kV
shown in Figure 3b, this resolution limit corresponds to a tin
thickness of approximately 0.03 pum (1.2 pinch). Anything

below that point can be considered to belong to the IMC phase,
observed standard deviations of the relative peak pOSitionS for anything above can be assigned to the tin phase_ For the lower
tin are approximately 0.01, resolution of a thin layer of tin from accelerating voltage of 5 kV in Figure 3a, this value is about

a nickel substrate requires a relative peak position of approxi- 0,013 pm (0.5 pinch). Corresponding values for the case of tin
mately 0.03 minimum. In case of tin over IMC, the difference
in the backscatter coefficients between the bulk materials is
approximately three times less than that for tin over nickel;

over NSn, are approximately 0.013 um (0.5 pinch) for 5 kV,

Figure 12. Backscatter SEM image acquired and stored by
image analysis system. Sample: electroplated matte tin over
nickel underplating over brass. Aged 4000 hours at 125°C.
Light phase—tin, dark phase—Ni3zSn, IMC. Magnification
500X.
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Figure 4a, and approximately 0.04 pm (1.4 pinch) for 10 kV,  As mentioned in the previous section, the actual limits of reso-
Figure 4b. Thus, the thickness of tin that would be confused lution, Av, will depend on instrumental capabilities but also on
with bare IMC is rather small. Therefore, this measurement  the materials, i.e., the magnitude of the difference in backscat-
effectively represents the tin area fraction corresponding to theter coefficients. For gold on a nickel substraig(Au/Ni) is

tin thickness at and above the intensity discrimination level. ~ 0.174 in the 5 to 30 kV range, for tin on nick&h(Sn/Ni) is

The minimum resolvable thickness is further reduced by apply-0-099, and for tin on IMQ\m(Sn/IMC) is considerably less.

ing the empirical correction factor, which for tin over nickel s From the observations on gold and tin, reasonable estimates of
about 2. With the correction, the minimum observable thick- ~ Cmin @re 0.02 for gold and nickel, 0.03 for tin and nickel, and

ness is about 0.02 pm (0.7 pinch) at 10 kV, and about 0.006 Ohl lf(or tinand IM(;. The values ,Gfmiﬂsnd“max correspond tod
pm= 6 nm (0.24 pinch) at 5 kV. thicknessesfi, and thax At any given beam energy expresse

in terms of the accelerating voltage V, layers thinner than
tmin(V) will be indistinguishable from the substrate. Layers

thicker than t,,(V) will be indistinguishable from the infinitely
ESTIMATING AND MEASURING THICKNESS thick layer.

OF THIN LAYERS
The estimate of minimum resolvable thickness described above
is one application of MCS/BSEIA. This technique can also be
used for experimental determination of the layer thickness. It
can be applied in a straightforward way if the samples are simi-

Au Layer Thickness (um)
0.001 0.01 0.1 1

lar to the test specimens described above, i.e., if all three areag 048 MTTTTITT T T T T T T T T T T T T 110
of interest can be made to appear in the same BSE image. = e
These areas are the bare substrate, the thin layer being mea- | ¢ g44
sured, and a layer of saturation thickness of the same .—E
composition. The normalized backscatter intensity of the thin =
layer can then be used to calculate the layer thickness from the| g o.40
relationshipn; versus t obtained by Monte Carlo simulation. g
The Monte Carlo results can be used directly to find a rough g o03e
estimate of the layer thickness. The results can be refined by %
applying an empirical correction factor based on calibration 3 o032
with a standard of known thickness.
[ 1Ll [ 1 1El]l |

The example discussed above is most suitable for the tech- 004 01 1 10 40
nique. However, most samples will not conform to this Au Layer Thickness (pin.)

configuration. Other contrast producing configurations are moré&
likely to occur. Some of them are

Figure 13. Backscatter coefficient v versus thickness of

gold layer on nickel substrate, combined plot for 5 kV to 30

(b) athin layer and a thick layer assumed to be of infinite kv accelerating voltage range. The curves are sigmoidal fits
thickness, to the simulated points.

(c) two or more thin layers of different thicknesses.

(a) athinlayer and bare substrate,

In none of these situations is it possible to determine directly

the normalized peak position of the layer or layers of interest  For gold over nickelti, and tn.x are plotted versus accelerating
because at least one of the reference areas is missing. In thesevoltage V in Figure 14. The thickness values obtained by
cases it is still possible to estimate the thickness of the layers Monte Carlo simulation were corrected using a factor of 1.47.
using the dependence of the backscatter process on the electrdiom the variation of{i, and tyax with V, limits on the thick-
beam energy. This is illustrated in Figure 13 using the results oness of the layer can be estimated. For example, using.the t
a simulation for a gold layer on nickel. With increasing beam ~ curve, a 0.1 um (4 pinch) thick layer of gold on nickel will be
energy the curves shift to the right to higher thickness. In order distinguishable from an infinitely thick layer at 20 kV and

to produce BSE contrast for a nickel substrate, the minimum  higher, but not at 10 kV and below. Using thg,tcurve a layer

backscatter coefficientymin, of a thin layer of gold must be that is 0.001 pm= 1 nm (0.04 pinch) thick will be distinguish-
able from the substrate at 10 kV and below, but not at 20 kV

and above. Thus, the thickness of layers ranging from about

Mmin = Mo F Cmin(*ls ~ Mo). ®  0.0003 to about 0.5 pm (0.01 to 20 pinch) can be estimated
using Figure 14. A similar plot for tin over nickel is given in
Similarly, to produce sufficiently high contrast with an infi- Figure 15. It is gin=0.03 and ga=0.97. The thickness values
nitely thick layerm; must be less than are corrected using a factor of 1.99. In this case the range of
thicknesses that can be estimated is from about 0.0015 to about
Mmax = Mo T CmaxMs ~ Mo)- (7) 0.7 pm (0.06 to 30 pinch).
J. Haimovich et al AMP Journal of Technology Vol. 5 June, 1996
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Figure 14. MCS/BSEIA detection limit, tyi,, and saturation
limit, tmax, Versus accelerating voltage, for gold layer on
nickel substrate.

Figure 16. MCS/BSEIA detection limit, tyi,, and saturation
limit, tmax, Versus accelerating voltage, for tin layer on CugSns
substrate.
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Figure 15. MCS/BSEIA detection limit, tyi,, and saturation
limit, tmax, Versus accelerating voltage, for tin layer on nickel
substrate.

Figure 17. MCS/BSEIA detection limit, tyi,, and saturation
limit, tmax, Versus accelerating voltage, for tin layer on NizSn,
substrate.

A plot of tin and t,ax Versus voltage for tin over 8y is

given in Figure 16. The limit in this case was assumed to be
10% of Am(Sn/CySre), i.e., Guin=0.1, and =0.9. The rea-
son for the larger resolution limit is the smaller total difference
An(Sn/CySry). Itis 0.038 in the 5 to 30 kV range, compared
to 0.174 for gold over nickel, and 0.099 for tin over nickel. A
similar plot for tin over N§Sn, using 10% limits is given in
Figure 17.An(Sn/NkSny) is 0.030. In both cases the thickness
estimates range from approximately from 0.006 to 0.58 um
(0.25 to 23 pinch). A correction factor of two, similar to that of
tin over nickel, was applied for both.

was used as a test system, and the results of a Monte Carlo
simulation are given in Figures 8, 13, and 14. Such simulations
were also performed for the system palladium over nickel. The
results are given in Figure 18. Thg,, andnmax for this system
are given in the Figure 19.

Another application of the MCS/BSEIA technique is related to
measurements of cross-sections. SEM BSE imaging of cross-
sections is used to measure layer thickness too small to be
resolved by optical microscopy. It is done by image anafysfis
the phases visible in SEM BSE images of the cross section.
Since the backscattered electrons are generated within a finite

Wear studies of contact surfaces are carried out frequently on depth range at and below the surface, the BSE signal contains

gold or palladium over a nickel underplating. Gold over nickel

AMP Journal of Technology Vol. 5 June, 1996

information from near-surface layers. The BSE signal depends
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Figure 19. MCS/BSEIA detection limit, t,, and saturation
limit, tmax, Versus accelerating voltage, for palladium layer on
nickel substrate.

not only on the thickness of the layer but also on the accelerat-
ing voltage and certain material properties of the layer. They
are its density and the atomic number of elements present. A
special situation exists when a thin layer of one phase covers
another phase. If the thin layer allows electrons to penetrate

it, the BSE signal will be a mixture of electrons from both
phases. For very thin layers the majority of the backscattered
electrons come from the underlying phase, resulting in an over-
estimate of the true area occupied by this phase. For samples
considered in this study, such a situation could occur at a tin/
IMC interface because of the irregular nature of the IMC layer.
To illustrate the effect, the cases of tin oversSns IMC and of
CusSns IMC over tin were considered. Figure 3c shows the
variation of the backscattered fraction, measured at 20 kV, as
function of the tin layer thickness applied to bulkdSus. In

order not to favor one of the phases over the other the discrimi-
nation level must be set at#P0.5. At a thickness of about 0.3

pum (12 pinch) the BSE coefficienmtis halfway between the

bulk tin value and the bulk GSns value. Consequently, any

area of tin over IMC with a tin layer thickness below 0.3 um

(12 pinch) will be considered an IMC area. Figure 20 shows the
variation of the backscattered fraction as function of thgStx
layer thickness over bulk tin; for this case the midway point is
at about 0.25 pm (10 pinch). Any area with less than 0.25 pm
(10 pinch) of CySns over tin will be considered a tin area.

Thus, the effective sampling depth is relatively small and

Figure 18. Backscatter coefficient n) versus thickness of
palladium layer on nickel substrate at various values of the
accelerating voltage 5 kV. Upper abscissa in wm, lower ab-
scissa in pinch.—Points are Monte Carlo simulation, curve is
sigmoidal fit; the dotted lines are confidence limits of the fit at
95% confidence level.—(a): 5 kV; (b): 10 kV; (c): 20 kV; (d):
30 kV.
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nearly equal for both cases. Since a random cross-section will A user of the MCS/BSEIA technique has several options
produce an equal incidence of both cases, the error resulting (a) use a series of standards,

from the first case will be nearly equal and opposite the error

from to the second case, and the two will mostly cancel each  (b) use a small number of standards, one or two,

other. For the above reasons, we do not expect a significant (c) use no standards.

error due to the finite depth from which the backscatter elec-

trons originate. The depth of information can be further reducedrhe standardless option (c) can speedily provide a reasonable
by using a lower accelerating voltage. In the 5 to 10 kV range itestimate of thickness with no effort of making or obtaining

is similar to that for optical observation. standards. This was proven using the test specimens, tin on
nickel and gold on nickel. Further improvements in the tech-
nique discussed above, such as a better Monte Carlo simulation
program, or a BSE detector that collects a larger fraction of

CugSng Layer Thickness (jim) BSE electrons, will improve the estimates given by the tech-
0.0 0.2 0.4 0.6 0.8 1.0 nique.

| | I | [
0.39 =% I | | A severe constraint on the implementation of this technique as
applied in the present study is the necessity of having areas of
the saturation thickness for substrate and coating materials in
the same image frame as the areas of interest on the sample.
This limits the range of applications for the technique. Stabili-
zation of the instrumental output will eliminate this restriction
by enabling sequential rather than simultaneous determination
of the backscatter intensities of the substrate and coating mate-
rials.

0.38

0.37

Backscattered Fractlon

SUMMARY

CugSn; Layer Thickness (pin.) MCS/BSEIA is a fast and relatively inexpensive technique for
estimating and/or measuring the thickness of thin surface layers
in the approximate range of 0.003 to 1 um (0.1 to 40 pinch),

Figure 20. Backscatter coefficient n versus thickness of depending on the materials. The technique combines Monte
CugSns layer on tin substrate, accelerating voltage 20 kV. Carlo simulation of the backscatter process with image analysis
Points are Monte Carlo simulation, curve is sigmoidal fit; the of backscattered electron image. The MCS/BSEIA method was
dotted lines are confidence limits of the fit at 95% confidence confirmed by measurements of test samples of known thick-
level. nesses of tin and gold on nickel substrates. The technique was

applied to measurement of surface area fractions of tin, lead,
and IMC in aged tin and tin-lead platings. In these platings
most of the tin was converted to an IMC and only a thin layer
DISCUSSION of tin remained at the surface. Other potential applications and
improvements of the MCS/BSEIA technique were discussed.

Measurement of thin surface layers is inherently important for
studies on contact surfaces. Such studies often require measure-

ments of a large number of samples at high Igteral resolutiqn. ACKNOWLEDGEMENTS
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