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Modeling the Bending of Probes Used in
Semiconductor Industry

Alain R. Comeau, Member, IEEE, and Normand Nadeau, Member, IEEE

Abstract—An analytical model for the bending of probes used
in the semiconductor industry is presented. It is shown that tip
sliding distance is twice as large as it was previously believed.
This difference is shown to be caused by the beam curvature
which increases the angle between the tip and the vertical, and
pushes the tip forward. Our model uses the probe shape and
the material elastic properties to estimate the beam curvature.
Tip sliding distance, force and tip angle variance are calculated
as a function of beam dimensions and overdrive. The model is
in agreement with sliding distance measured by scanning elec-
tron microscopy (SEM).

INTRODUCTION

OR most probe users, one basic parameter is of inter-

est: contact resistance. Those having to probe devices
with more than 20 pads are concerned with the force ap-
plied on the probes, because the force can bend the probe
card. Probe planarization is very important in this case,
and will not be discussed in this paper.

The tip forward displacement is an important parame-
ter; for long, it has been considered to be 0.1 um/um of
overdrive [1]. This value was obtained by considering the
beam length (Lg), about 5080 pum, and the beam angle
with the horizontal axis (6p), about 7°. Upon overdrive,
the beam was considered to behave like a rigid bar with a
pivot at its attach point.

Questions were raised when it was found that the actual
forward tip displacement lies between 0.2 and 0.3 um /um
of overdrive [2]. The model presented here shows that
bending the beam induces a forward displacement of 0.1
pwm /um of overdrive in agreement with Lee’s results [1].
However, we show that the tip angle is increased by the
beam bending. The tip angle increase pushes the tip fur-
ther ahead and increases the sliding distance, confirming
the results of Nadeau er al. [2]. This paper shows how we
arrive at such conclusion using conventional solid me-
chanics.

THEORY

The probe dimensions are defined in Fig. 1. We as-
sumed that the probe is cylindrical in shape and has a cone
beginning at a distance L¢ from the attach point (taper
length = Lz — L¢). The cone is considered to be regular
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Dy Beam diameter
Ly Beam length
Oy Beam angle
Lg-L. Taper length
Drp  Tip diameter
Lip Tip length
Orp Tip angle
Fig. 1. Probe shape parameters definition. It is assumed that cone is

regular up to tip.

X

Fig. 2. Perpendicular displacement (k) as result of vertical overdrive (A,,);
x-axis is rotated 65 from horizontal plane.

up to the tip. The probe material modulus of elasticity (£)
is believed to be constant over the beam length.

To insure contact during probing, an overdrive (4,, =
100 um) is applied after water surface detection by a sens-
ing device. This is small compared to the beam length (Lg
= 5000 wm). For such small overdrive distance, the probe
displacement along the y axis (k) is approximately given

by (1):

hl)l'
= —2 (1)

cos (6g)
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For an elastic material we have:
EI

M=— 2)
0

M = bending moment

E = modulus of elasticity
p = radius of curvature
I = moment of inertia.

Defining the x axis along the initial probe beam posi-
tion and the y axis in the vertical plane and perpendicular
to the beam (Fig. 2). The equations which give the probe
shape, after bending, are the radius of curvature (3) and
the bending (4):

P EESEECE A S (3)

*M
ax”

In our case, the force is concentrated at the tip, through
the external force (—F); we can approximate P(x) by

= P(x). P(x) = force per unit length  (4)

P(x) = —F - 6(x — Lp) (5)

where 6(x) is the Dirac function. Using (4) and (5), the
shearing force V(x) on the beam is

V(x) = = S F - &(x — Lg) dx
ox 0

Knowing that V(Lg) = 0, we have C; = —F. Integrating
again, we find M:

M=SFdx=—Fx+C3 N
0
using (2):
&
ax*
M = EI(x) - = —-Fx + C,. (8

T
ax

The beam curvature must vanish at Lz. Therefore, we have

for C, and M:

C‘v = FLB (9)

M = F(Lg — x) (10)

substituting (10) in (8), we find

d%y

ox’ F
a (L - ).

3y 32 | T E
{1 ! <ax> J

I(x) is the beam cross-section inertia along the y-axis,
taken at point x. /(x) can be simply expressed on the basis
that the beam is cylindrical at all points along the x axis
and by approximating the force direction as being parallel
to the y axis. Under these conditions, /(x) is given by
(12):

1(%) (11)

Ix) = é al(x)4 d(x) = beam diameter at point x

Using (11), we find

(12)
) 2-3/2
9y F(Ly — %) [ <6_\-‘> ]
ul JEETE . Ak =i . 8
ox* E mdx)* bt ax/ | (13

Equation (13) is the probe bending solution. It can be
simplified for small deviations from the horizontal plane.
In this case, the last term can be dropped as the first de-
rivative is small, and (13) becomes

y _ 64 F Ly — %)

ol 7 E dx)* )

This equation gives the probe shape as it is bent under
force F. If one were to keep the quadratic first derivative
term in (13), the correction to the second derivative would
be about 1%. Under the current approximations, the cur-
vature (1/p) is given by (14).

Our model does not impose a constant beam length;
therefore, we incorrectly elongate the beam (Fig. 3). To
correct this elongation, we calculate the resulting elon-
gated beam length (Lp), given by (15), and make the fol-
lowing calculation using this length instead of original
beam length:

Lp A2\ 172
= [+ ()
0 ox

To find the elbow displacement induced by the bend-
ing, we have to take into account the angle between the
beam and the horizontal plane (6g). The projected beam
length (Ap) at this angle is

o v\’
Ap = S cos <03 — atn <—> > dx.
0 0x

The elbow displacement (17) is the difference between
the bent beam length (Ap) and the beam length at rest
(Lp), projected on the horizontal plane (Fig. 4). This dif-
ference could be corrected for beam elongation, but the
correction would be proportional to the theoretical elon-
gation itself (less than 1%), and is neglected for relatively
small bending angles.

(15)

(16)
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L’g

Ly

Fig. 3. Comparison between beam length used (Lp) and resulting beam
length after bending (Lp) calculating using model. Model incorrectly elon-
gates beam; Correction to beam length is made by calculating beam elon-
gation.
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Fig. 4. Elbow displacement (Alp) under change in beam angle (A6,,) rel-
ative to horizontal plane. Ap is bent beam projected length on horizontal
plane. Lj is beam length at rest, projected on horizontal plane.

Therefore, the total displacement is separated in two
components:

a) The elbow displacement induced directly by the
overdrive (Alg), and given by (17):

Alg = A — Ly - cos (0p). (17)

This result agrees well with Lee [1].

b) The displacement, induced by the tip angle change
(Ab7;p) and caused by beam bending near the elbow, is
given by (19) for small angles (see Fig. 5):

a
AZTIP = an - sin <0TIP + atn <—‘y> > — sin (07-”:)
0x/,,
(18)
dy
Alpp = Lyp - <5>LB- (19)

The model asumes that the tip does not deform under
force and that the angle between the beam and the tip re-
mains constant under bending. The former is easily ac-
cepted, because of the large ratio Dryp/Lyp and because
the perpendicular force on the tip is small. The elbow an-
gle stability is less obvious and depends on manufacturing
quality; soft tips are known to have detrimental charac-
teristics because they suffer from cracks in the elbow.

Variation in beam slope at the elbow causes the tip an-
gle to change. This change may be such that the tip will
rest on its heel at the end of overdrive. The reduced con-
tact area, in this case, is detrimental to contact resistance

a1

Alrp

(AOyp)

Fig. 5. Tip-elbow displacement (Alzp) induced by tip angle change
(AO7p).
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Fig. 6. Condensed picture showing basic parameters (dimensions in Table
I) as function of seven basic geometric characteristics and overdrive. Effect
of each geometric characteristic is shown as simplified graph. Steeper slope,
more important effect is.

and may damage the pad. The final angle by which the tip
is raised is

ox/p, oxl,
This angle lifts the probe tip nose by a distance of
dy
Drpp - 3_ (21)
X |,

CASE ANALYSIS

The probe described in Table I is commonly used in the
semiconductor industry. We used (1), (14)-(17), (19), and
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TABLE 1
STANDARD AND IMPROVED PROBED DIMENSIONS
Characteristics Standard Improved

Material = tungsten  E 3.5 x 10" N/m* 3.5 x 10" N/m?

Beam angle Oy e . 4°

Beam length Ly 5080 um 5080 um

Beam diameter Dy 254 pum 152 pm

Taper length Ly-L- 2540 um 635 pum

Tip angle Orp 72 7

Tip length Lyp 254 pm 127 pm

Tip diameter Dyp 50.8 um 50.8 um

TABLE II
PROBE MOVEMENT SENSITIVITIES FOR PROBES DEFINED IN TABLE I
Parameters Standard Improved

Total sliding distance 0.24 pm/pm 0.09 um/um
overdrive overdrive

Elbow displacement 0.10 um /pm 0.05 pum /pum
overdrive overdrive

Tip-elbow displacement 0.14 um/pm 0.04 pm/pm
overdrive overdrive

Tip angle deflection 0.031°/pm 0.0173° /pum
overdrive overdrive

Force 0.0012 N /um 0.00020 N /um
overdrive overdrive

Improved probe shows reduced sliding distance and reduced force.

(20) along with the dimensions in Table I to compute three
important probe parameters, namely:

total tip displacement (Al + Alyp)
tip angle deflection (Af7p)
force perpendicular to the surface (F).

To better understand the mechanisms involved, we sep-
arated the total tip displacement into its two components:
the elbow displacement (Alg) and the tip-elbow displace-
ment (Alyp). For the standard probe we found the values
in Table II.

The elbow displacement is the value which was consid-
ered to apply to the tip by Lee [1]. We can see that our
results agree perfectly with the accepted value (.1
pm/pum). We also see the tip-elbow displacement is as
large as elbow displacement; this explains the results ob-
tained by Nadeau er al. [2].

Standard probe characteristics were varied 10 to 50%
about their targeted value and the four probe tip parame-
ters were studied to determine their relative sensitivity.
The results are summarized in Fig. 6.

Interesting features can be highlighted from Fig. 6:

1) Except for one case, the tip-elbow displacement and
the probe tip deflection vary in the same manner, as
expected from (19).

2) Because the tip is almost vertical, varying the tip
angle has little effect on probe characteristics.

3) Probe tip parameters are proportional to overdrive.

4) The tip diameter has a very strong influence on the

probe tip deflection. The tip diameter controls the
elbow diameter. Since bending depends on d(x) ¢,

Fig. 7. Gradual decrease in tip contrast surface and tip sliding. Substrate
was oxidized silicon wafer. A is at contact, B for 25-um overdrive, C for
50-um overdrive and D for 75-um overdrive. Vertical bar is 100-um long.
Sliding distance for 75-um overdrive is 14.2 + 0.5 pm.

beam bending (near the elbow) is reduced when tip
diameter is increased.

5) The beam angle (63) has a strong effect only on el-
bow displacement, as shown by (22):

AL, ~ h,, * sin (0p). (22)

6) Beam length and diameter mainly affect the force on
probe tip. These effects are explained by the cylin-
drical beam equation [3]. The force is proportional
to D} and inversely proportional to Lj. These are
very sensitive variables:

F 3w hDjy
— =28 (23)
E 64 Ly

7) The taper length (L — L) has intermediate effect

On most parameters.

Probe material change would only modify the force ap-
plied. All other parameters are of geometric nature and do
not change. The force will vary linearly with the modulus
of elasticity.

Fig. 7 presents SEM pictures of a typical probe taken
at different stages of overdrive. This probe had standard
dimensions except for tip length (140 um instead of 254
pm) and tip diameter (62 pum instead of 50.8 um). The
surface was an oxidized silicon wafer. The vertical white
bar is 100-u long. Using this bar as a reference, the tip
sliding is easily measured. From such SEM pictures taken
at overdrive increments of 10 um, we measured sliding
distance versus overdrive.



126 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING. VOL. 4, NO. 2. MAY 1991

25
C4
g 20 ©
=
[~
g +
b
= 15 r
O
Z
=
2 1 - A
U 4
z \ 7 4
) /Q
5 \
v 5 r 7/*
4
#
0o L : .
0 50 100 150
OVERDRIVE (MICRONS)
@ SEM — MODEL + PROBE MARK

Fig. 8. Tip sliding distance given by model (solid line), scanning electron
microscopy measurement (lozenges), and probe mark measurements. Probe
was standard (Table I), except for a shorter tip length (140 um). Agreement
between model and SEM measurements is excellent.

Fig. 8 shows sliding distance measured from SEM pic-
ture, versus the model calculation. Sliding distance mea-
surements from probe mark optical photographs are also
presented in Fig. 8. The agreement with the SEM picture
measurements is well within 1.5 um. The probe mark data
are more scattered because of measurement difficulty.

With this model, the geometrical parameters can be
varied to fit any requirements for sliding distance, force
or tip angle. For example, if one would like to decrease
the total sliding distance and apply less force, an im-
proved probe design could be used (Table I).

The improved probe response is shown in Table II. The
material used was tungsten. The force applied by the probe
was lowered by decreasing the beam diameter. The tip-
elbow displacement was decreased by using the a shorter
tip and a shorter taper. The elbow displacement was low-
ered by making the beam angle more shallow. Less dam-
age is expected from the improved probe because the me-
chanical work done on the pad is reduce (force X sliding
distance X friction coefficient).

DiscussioN oN CONTACT RESISTANCE AND PAD
DAMAGE

For probe users, the following criteria are most impor-
tant:

contact resistance
probe mark length
probe mark depth
pressure on the bonding pad.

Contact resistance is important for trivial reasons. A
low resistance must be achieved by the contact area at the
end of probe sliding, as postulated in Fig. 9. The slide
length should not extend outside the pad and should be as
small as possible to reduce the abrasion. The probe mark

HEEL

Fig. 9. Scraping of soft pad material like aluminum. Contact area is ex-
pected to remain nearly constant, as pile up of pad material at heel com-
pensates for increase in tip angle which lifts nose.

depth is important because the probing action pushes the
material off the pad. In such case, it is preferable to have
a very uniform and nearly flattened tip to spread the force
over the largest area [2]. A minimal sliding distance is
desirable in all cases. Too much overdrive will push more
metal off the pad. Decreasing the force applied by the
probe obviously helps.

Pressure, probe tip deflection and sliding distance are
determinant to contact resistance and to pad damage. The
distributed pressure on the pad is determined by local re-
sulting force and by the contact area. The contact area is
determined by pad material plastic deformation and con-
tact surface shape.

Slight tip rounding is desirable to avoid pad damage
caused by sharp edges on the tip. If the tip is too flat, the
force applied, at the end of overdrive, will be on a very
small contact area (tip heel in Fig. 9), and the pressure
on the pad will become very large (about 10° N/m?). In
these circumstances, damage to the aluminum, to the ma-
terial underneath or to the tip may occur (cracks, material
removal). Good tip rounding is obtained with proper
sanding technique and adequate choice of sanding paper
grain size [2].

Hard surfaces are usually not probed on device, how-
ever such surfaces are often used to verify contact resis-
tance on planarization and probe mounting equipment. We
found that this hard material is not sufficiently polished to
offer reliable resistance measurement. In Fig. 10, a typi-
cal hard surface is compared to aluminum, approximately
1-pum thick on silicon.

The typical surfaces found on these equipment is very
rough compared to the well polished tip contact area. In
this case, the probe tip makes contact only with bumps;
giving an erratic resistance, and damaging the tip. The
erratic contact resistance on hard surfaces is unaccep-
table. Probing on a silicon wafer coated with 1-um alu-

minum layer resolves this problem and is representative
of real pad material surface. The contact resistance on

aluminum decreases with increasing overdrive as the alu-
minum is pushed underneath the probe tip during the for-
ward displacement. This causes the contact area to grow,
as in Fig. 9.

CONCLUSION

It was shown that probes used today behaves like an
elastic beam. Our model showed that the tip displacement
and the tip deflection angle solely depend on probe shape
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Fig. 10. Contact resistance versus overdrive on hard surface (H.S.) and
on l-um thick aluminum layer on silicon (AL.). Left scale is for aluminum,
right scale is for hard surface.

and overdrive. We calculated the tip displacement for a
standard probe to be 0.24 um /um of overdrive, in accor-
dance with measured values. From probe sliding distance
and force requirements, the model can be successfully
used to design probes. We noted the importance of tip
angle deflection for contact resistance and pad damage.
We also showed that the use of poorly polished hard sur-
faces to verify contact resistance should be banned, as it
does not represent the reality of pad material being pushed
off underneath the tip and yield erratic contact measure-
ment.
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