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ABSTRACT

The lateral distribution of the effective contact potential difference (ECPD), often referred to
as the work-function difference ¢, was determined experimentally for the first time over the
gate area of a metal-oxide-semiconductor (MOS) structure. The photoelectric method for
measuring ¢,s in MOS devices was modified to characterize the lateral distribution of ECPD.
In square MOS gates, it is found that ¢, values were highest in the center area of the gate,
lower along the gate edges, and lowest at the gate corners. These results were confirmed by
several independent photoelectric and electrical measurement methods. A model is proposed,
in which the experimentally determined ¢s(x,y) distributions, are attributed to mechanical
stress distributions in MOS structures. Equations are derived allowing calculation of ¢@s(x,y)
distributions for various structures. Results of these calculations remain in agreement with
experimentally obtained distributions.

1. Introduction

Mechanical stress in a MOS structure is known to
influence its electrical parameters [1, 2]. Among the
parameters which are influenced by mechanical stress
is the effective contact potential difference (ECPD),
also called @ys. The influence of mechanical stress on
the @ys value of a MOS structure was quantitatively
estimated [3]. It is also known that mechanical stress
is nonuniformly distributed under the gate of a MOS
structure [2, 4, 5], and that it changes rapidly in the
vicinity of the gate edges as shown in Fig. 1. It is
therefore expected that ¢y will have different values
in the vicinity of gate edges and far away from them.
This lateral distribution of ¢,s values has not been
experimentally characterized to date because the
electrical parameters determined by conventional
techniques, including ¢, are averaged over the gate
area. In this work, the lateral distribution of the ¢@ys
values over the gate areca of MOS devices was
measured for the first time. These results were
obtained by modifying the photoelectric method for
the determination of ¢ [6]. The modifications of the
photoelectric method are described elsewhere [7].

The photoelectric measurement results and their
correlation with stress distributions in MOS
structures were also supported by the electrical
characteristics of these structures.
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Fig. 1. A qualitative one-dimensional distribution of stress
o($) in the oxide layer under the aluminum gate. Here
& designates a co-ordinate in any direction in the plane of the
gate, and w is the width of the gate in the & direction.
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A model of lateral distributions of ¢ys local
values over the gate area has also been developed and
is presented later. A range of measurement results
fully supports the validity of the model.

2. Experimental
2.1. Measurement methods

The photoelectric ECPD measurement method [6]
was modified by focusing the laser generated UV
radiation into a beam of small diameter D = 20 um,
as illustrated in Fig. 2 and discussed elsewhere in
more detail [7]. The gate area of a MOS capacitor is
scanned with this beam of wavelength Ay and the
photocurrent / vs gate voltage Vg characteristics are
measured, allowing the determination of the zero-
photocurrent voltage V. for each position of the UV

light spot over gate area.
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Fig. 2. Tllustration of the principle of the modified photo-
electric ¢ determination method.

Analysis of these characteristics allows determi-
nation of the local ¢y value in the illuminated
region, as described in [6] and references therein.
Hence, scanning the gate with the UV light beam
allows determination of the lateral ¢@ys distribution
over the gate area. Results obtained using this method
are verified using the purely electrical C(V)
measurements and using the photoelectric
measurements made on entire MOS capacitors of
different shapes and dimensions, as described later.

2.2. Measured structures

In this work, measurements were made on
Al/Si0,/n"-Si(100) and on Al/SiO,/n-Si(100) capa-
citors of different geometries, processed as described
in [3]. Although SiO; layers of current technological
interest are thinner than 3 nm, larger values of oxide
thickness: X, = 20, 60 and 160 nm were selected in
order to optimize the sensitivity of the photoelectric
methods [6]. Two aluminum gate thicknesses
Xa1 = 35 nm and 400 nm were used in this study. The

gates were square shaped with side @ = 0.1, 0.2, 0.5
and 1 mm, with the perimeter-to-area ratio R of 4, 8§,
20 and 40 respectively.

Besides, the photoelectric @5 measurements [6]
were made on Al/SiO,/n"-Si(111) capacitors with
widely different R values, processed similarly as
structures described above. The samples had an oxide
thickness X,, = 60 nm and aluminum gate thickness
Xa1 = 35 nm. The gates were either square-shaped or
strip-shaped. The square-shaped gates were 1 x 1, 0.5
x 0.5, and 0.25 x 0.25 mm®, with the perimeter-to-
area ratio R of 4, 8, and 16, respectively. The strip-
shaped gates were of two geometries. The first
geometry was a square frame 1 mm on each side with
the width of the aluminum lines being 0.02 mm, with
a 0.1 x 0.1 mm” contact pad in one corner. The area
of the aluminum gate was 0.0848 mm®, the perimeter
was 7.84 mm, and the perimeter-to-area ratio R of
92.5 mm™. The second geometry consisted of a set of
51 parallel aluminum lines 0.005 mm wide and
0.5 mm long. The separation between the strips was
0.005 mm. The strips were shorted at both ends with
perpendicular aluminum lines of the same width.
A 0.1 x 0.1 mm’ contact pad was located in one
corner of the gate. The area was 0.130 mm? the
perimeter 51 mm, and the perimeter-to-area ratio R of
392.3 mm™.

2.3. Measurement results

Typical results of measurements made using the
modified photoelectric method are shown in Fig. 3 in
which the zero photocurrent voltage V' is shown in
function of the co-ordinate £ which is measured along
the diagonal of the square gate or through the center

of the gate and parallel to the gate edges.
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Fig. 3. Typical dependence of the zero-photocurrent voltage
V! obtained at Ay = 244 nm on the position in Al/SiO/n"-Si
structures with X;= 400 nm and X, = 60 nm. The direction is
either (/) along the diagonal of the square gate, or (2) through
the center of the square gate and parallel to its edges.

The V. voltage can be expressed as:
Vo(Ayy)=@us +C(hy,) [6], hence for a constant
wavelength Ay used in the measurements, there is
only a constant (and small) difference C between the
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values of V! and ¢ys. In other words, the shape of
the V! (&) dependence, shown in Fig. 3, is identical
with the shape of the corresponding ¢@ys(E)
distribution. Hence, as shown in Fig. 3, the ¢ys
values are highest in the middle of the gate, lower at
gate edges, and lowest at gate corners. Such a distri-
bution suggests that ¢y values determined for the
entire MOS structures, which are equal to @ys(x,»)
distributions averaged over the gate area, should
depend on the ratio R of the gate perimeter to gate
area.

This expected dependence should be such, that
@dus decreases with increasing R. This has been
verified by making photoelectric ¢@ys measurement
[6], of MOS structures with widely different R
values. Typical results of such measurements are
shown in Fig. 4 fully supporting these expectations.
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Fig. 4. Dependence of the effective contact potential
difference ¢ys of Al/SiOyn’-Si MOS capacitors on the
perimeter-to-area ratio R. Results are shown for square-gate
MOS structures with R = 4.8 and 16 mm™", and for structures
with gates in form of narrow aluminum lines, with R = 100
and 400 mm™' respectively.

All the evidence presented above, of the
nonuniform ¢y (&) distributions is based on
photoelectric measurements. Hence to exclude the
possibility that the observed results are due to some
unidentified optical effect, taking place when UV
radiation illuminates the edges and corners of the
gates, the results were confirmed by electrical
measurements which do not involve the use of
radiation. Taking into account that the ¢ys value
directly influences the value of the flat-band voltage
Vrp, capacitance-voltage C(Vs) characteristics were
taken for MOS structures with different R ratio, and
Vrp values were determined from these characteri-
stics. This way Vg values were obtained for
thousands of Al/SiOy/n-Si capacitors, which were
identically processed as the Al/SiO/n"-Si structures
measured by photoelectric methods, as described
above. Results of these measurements consistently
show that flat-band voltage values decrease with
increasing values of R. Typical results obtained for
square gate capacitors, with R =4, 8, 20 and 40 mm'
are shown in Fig. 5, fully confirming the conclusions
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Fig. 5. Dependence of the average value and standard
deviation of Vg on the perimeter-to-area ratio R for square-
gate Al/SiO,/n-Si capacitors on the same silicon wafer. The
Vrp(R) dependencies are shown for capacitors with oxide
thickness X, = 60 nm and different aluminum-gate thickness
X, of 35 and 400 nm.

drawn from results

methods.

obtained by photoelectric

3. Model

Consider the one-dimensional stress distribution
o(x) in the SiO,-layer of a MOS capacitor, under the
square shaped gate of side length a. The x-axis is
assumed here to pass through the center of the gate
and to be parallel to two of the gate edges, with the
two other edges at x = 0 and x = a. Lets assume that
the stress distribution o(x) can be modelled as:

o(x)=oytAo(x)=cy+Ao{exp(— x/A)+exp[—(a—x)/A,]} (1)

where oy is the compressive stress in the central part
of the gate, Ao = Ao(0) = Ao(a) is the maximum
deviation of o(x) from the oy value which occurs at gate
edges (for x=0andx = a), and A, is the characteristic
length of the stress distribution. Assuming that the
lateral ¢y distribution is caused by lateral stress
distributions, in such a way that |A¢M5(x)| is pro-
portional to Ao(x), the one-dimensional ¢@ys(x)
distribution can be expressed as:

Pus(x) = o + Adustexp(—x/4,) + exp[—(a—x)/ o]} (2)

where @yso is the ¢y value far away from gate
edges, Adus = Adus (0) = Adus (@) is the deviation of
dus (x) from the ¢y value which occurs at gate
edges (for x = 0 and x = «), and as results from
experiment Adys is negative.

The one-dimensional analysis, presented so far,
can be applied to some of the MOS capacitors of
practical interest, e.g. to structures with gates in form
of long and narrow stripes, of width a and length /,
used in our experiments.
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The ratio R of the perimeter (P) to the area (A4) of
these gates is given by:

poP_2ath 2 3)
A a

when length / >>a.
The average value ¢us of one-dimensional distri-
bution is defined as:

s = ij% () “)
a 0

Substituting Eq. (2) and Eq. (3) in Eq. (4) leads to:

3 2
I

However, in most of the cases, the problem
considered is not of a one-dimensional nature. For
instance, for structures with square gates, of side
length a, lying in the x,y plane, the Ao(x) and Adys(x)
distributions are equally important as Ao(y) and
Adys(y). Assuming that the properties of the MOS
system are isotropic in the x,y plane, these distribu-
tions can be expressed by Egs. (1) and (2), and ana-
logous equations with the x variable replaced by y.
Assuming further that the principle of superposition
can be applied to stress and ECPD distributions in the
x,y plane, one obtains:

Adys(x,y) = Adus(x) + Adus(y), (6)

and:
Pus(xy) = duso T APus(x,y). (7

Equations (7) and (6), together with expressions
for Agys(x) and Adys(y), analogous to Eq. (2),
determine the ¢@ys(x,y) distribution in the x,y plane of
the gate area. Examples of dys(x,y) distributions,
calculated using the above equations, for structures
with square gates of different side lengths a are
shown in Fig. 6.

For such structures the average ¢ys value,
designated ¢, , is given by:

B s :izj s (x, y)dxdy - ®)
0

a

O

The integration of Eq. (7) yields:

b = b 4A¢_ﬂ[l p(_ﬂ o
a A

showing that ¢,, is a function of a/A, as clearly
seen in Fig. 6. Equation (9) can be transformed to
explicitly give the dependence of ¢,, on the
previously introduced perimeter to area ratio, R = 4/a
for square gates.

Pus =Puso + Abys - 44 'R{l_eXp[_ )»4RJ:| (10)

The ¢,,(R) dependence is reflected in the
dependence of the flat-band voltage V r (measured

on the entire MOS structure) on R. Assuming that the
effective charge of the MOS system does not

b) 0.25

Fig. 6. The ¢ys(x,y) distribution calculated using the model,
for square gate Al-SiO,-Si capacitors of different side length
a:a) a=1mm, b) a = 0.25 mm, c¢) a = 0.1 mm, and using
duso=0V, Agys =-0.1 V, A,=0.05 mm in the expressions
for Agys(x) and Adys(y).

significantly depend on R, the ¥V z(R) dependence
for square gate structures is:

Vis =Vigy+ AV -2, ~R|:l—exp(— inH (11)
where Vgg is the local Vep(x,y) value far away from
the gate edges, and |AVpp| is maximum deviation of
Vig(x,y) from the Vigo value (AVpp is negative).
Equations (5), (10), (11) are the equations of the
model which can be used to determine ¢, (R) and
Vs (R) dependencies in MOS structures, as verified
below.



Electron Technology — Internet Journal 35 (2003), 6 (http://www.ite.waw.pl/etij/) 5

4. Verification

To verify the model, experimental results were fit
with the model equations. The best fit of model
equations to the measurement results yields the
model parameters for a given set of experiments, i.e.
the values of @50, Adys and Ay, or Vg, AVig and Ao
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Fig. 7. Experimental results and model predictions of the
dependence of ¢ us ON the perimeter-to-area ratios R. For
square-gate MOS structures with low values of R, the
experimental data is plotted using solid circles o and the
model is given by Eq. (10), using d@yso = 0.236 V,
Agys=—0.106 V, and A, = 0.056 mm. For structures with
strip-shaped gates with large ratios R, the experimental
data is plotted using open circles o and the model is given by
Eq. (5), using dyso = 0.236 V, Adys = —0.106 V, and A, =
=0.096 mm.

As an example, model Eqgs. (5) and (10) were fit
to the ¢@ys measurement results obtained for MOS
structures with different gate shapes, made on the
same silicon wafer, as shown by the lines in Fig. 7. It
should be noted that for both the square and strip-
type structures the fit is obtained for the same @z
and Adys values, which strongly supports the validity
of the model. The (effective) A, value is different for
square and strip structures, since for strip structures
Ao 1s comparable to the width a of the aluminum lines
and the influences of both line edges overlap.

The model was further verified by fitting Eq. (11)
to the Vpp measurement results. As an example,
Eq. (11) is fit to the measurement results, as shown
by the lines in Fig. 8. It should be noted that the best
fit gives higher values of both Vg and |AVgg| for
structures with thicker gates. This is the result that
was expected since thicker aluminum layers cause
higher compressive stresses op in the SiO, layer and
larger Ao deviations at gate edges, supporting the
assertion that the lateral distributions of ¢@ys and Vpp
values are caused by lateral distributions of stress
o(Si0,), in the plane of the gate. Further support for
this assertion was gained from an experiment based
on the following reasoning. Any change in the stress
distribution under the MOS system gate, should be
reflected in changes of @5 and Vg distributions.
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Fig. 8. Experimental results and model predictions of the
dependence of the flat-band voltage V3 on the perimeter-to-area
ratio R for square-shaped MOS gates. Structures with an
aluminum gate thickness of X, = 35 nm, X,, = 60 nm are
plotted using solid circles e, these of structures with an
aluminum gate thickness of X,; = 400 nm, X,, = 60 nm are
plotted using open circles o, those of structures with X, =
= 400 nm — thick aluminum gate surrounded by protective
aluminum rings (p.r.) are plotted using solid squares m. The
model is given by Eq. (11) and the best fit was obtained using
for MOS structures:

o VFB,O = -0.530 V,

9} VFB,O =-0.400 V,

] VFB'O =-0.384 V,

AVFB: -0.115 V, ﬂyg = 0.17 mm,
AVpg= —0.148V, A, = 0.17 mm,
AVpg= -0.161V, A, = 0.12 mm.

A change of stress distribution can be introduced
if a gate of another MOS structure is placed close
enough to the gate of investigated structure. Hence,
a comparison was made between the Vzp(R) characte-
ristics of square gate capacitors, which were not
surrounded by other capacitors in their immediate
vicinity, with the characteristics of identical capa-
citors surrounded by protective aluminum rings of the
same thickness Xa; = 400 nm, at a distance of 10 um.
Similarly as in the case of capacitors with different
aluminum gate thickness (see Fig. 8), a considerable
shift is observed between the Vgp(R) characteristics
of structures with and without the protective
aluminum rings.

5. Conclusions

The lateral distribution of local ECPD values over
the gate area of a MOS structure was studied for the
first time. Photoelectric and electrical measurement
methods were used in this investigation. It was found
that @5 has a characteristic distribution over the gate
area, with local ¢y values being highest in the
middle of the gate, lower at gate edges, and lowest at
gate corners. To study these ECPD distributions, the
photoelectric ¢@ys measurement method was modi-
fied, allowing determination of local ECPD values
over dimensions that are small in comparison with
the gate dimensions of the MOS structure. The lateral
distributions of ECPD are attributed to lateral
distributions of mechanical stress under the gate of
a MOS structure. A simple model is proposed of the
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distribution of local ¢ values over the gate area.
The @ys(x,y) distributions calculated using this model
remain in agreement with the ones determined by the
photoelectric method. The validity of the model is
further verified by electrical measurements of the
flat-band voltage Vrp values of a range of Al-SiO,-Si
capacitors, differing in the ratio R, of the gate
perimeter to gate area.
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