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Abstract

Conventionally, the cross-bridge Kelvin resistor (CKR) is used for measurements of specific contact resistivity

between metal and silicon. However, this method involves unavoidable measurement errors. They are induced by

alignment margins of silicon active layers around contact holes. For the purpose of discussing their physical meanings, a

transmission line model approximation and physical considerations are employed. Using the results of these consid-

erations, a new method to avoid measurement errors is proposed. The results measured by using the conventional CKR

method and the new method are compared. It is shown that the new method gives physically reasonable re-

sults. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recently, the miniaturization of transistors has been

investigated intensively in many laboratories in accor-

dance with the demands for higher speed operation and

lower power consumption [1–7]. Therefore, not only

high current drivability but also low parasitic resistance

is indispensable. It is expected that specific contact re-

sistivity of a few times 10�8 X cm2 or below will be re-
quired for transistors of the sub-50 nm generation [8].

In order to realize extremely low contact resistance, it

is important not only to conduct investigations with a

view to achieving technical breakthroughs but also to

measure contact resistance as accurately as possible.

Usually, the cross-bridge Kelvin resistor (CKR) has

been used to measure contact resistance. However, it has

been pointed out that large measurement errors are

unavoidable if CKR is used [9–14]. In order to measure

contact resistance more accurately, we propose a new

measurement method based on a consideration of the

physical meanings of the measurement errors in the

CKR method.

2. Measurement errors in the cross-bridge Kelvin resistor

method

It has been pointed out that measurement errors in

the CKR method are induced by alignment margins

between active areas and contact holes [9–14]. Some

experimental results are shown in Fig. 1. These are for

contacts on nþ regions. The contacts were fabricated as

follows. After isolation and well fabrication process, As

was implanted with a dosage of 2� 1015 cm�2 at 50 keV.

Then, implanted As was activated with a rapid thermal
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annealing process at 1000 �C for 30 s. Following the
activation process, 800-nm-thick SiO2 was deposited on

a wafer and contact holes were opened with a reactive

ion etching technique. Next, Al–Si–Cu alloy was sput-

tered with Ti and TiN as barrier metal underneath it.

Then, metal patterning and sintering process were car-

ried out. The area around contact hole is schematically

shown in the inset of the figure. Four arrows show

alignment margins. All margins are equal. The figure

shows dependencies of the product of measured contact

resistance by contact area on length of alignment mar-

gin. From now on we call this product PMRA (Product

of Measured contact Resistance by contact Area). This

product agrees with specific contact resistivity in the case

that there is no measurement error. It is shown in the

next section that CKR without alignment margins gives

exact values. Hence, it is known from this figure that the

exact specific contact resistivity is about 4 or 5� 10�7
X cm2. Therefore, it is seen that measurement error may
be an order of magnitude in extreme cases.

Further, as shown in the next section, the CKR

method gives larger measurement errors in the case that

measured specific contact resistivity is low. Therefore,

measurement errors in the CKR method are serious for

measuring low specific contact resistivity.

3. Physical reasons for measurement errors in the cross-

bridge Kelvin resistor

We neglect inhomogeneity of electric current and

potential perpendicular to electric current, the thickness

of diffusion layer, and resistance of metal. With these

approximations, CKR can be treated with a one-

dimensional transmission line model, as shown in Fig. 2.

Here, qc is the specific contact resistivity between silicon
and metal, qs is the sheet resistance of silicon active
layer, L is the length of contact, L1 is the right alignment
margin, L2 is the left one, and W is a width of CKR. The

origin of coordinate, x, is the left edge of contact hole

and the origin of potential is that in silicon active layer

at the right edge of contact hole. The potential of metal

is V0. The measured resistance is the ratio of measured
voltage (Vm) to electric current (I). The measured voltage
is the average over potential measurement terminals.

The voltage between metal and silicon active layer,

DV , is given as

DV ¼ V0

cosh L
ffiffiffiffiffi
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Fig. 2. One-dimensional transmission line model approxima-

tion for CKR.

Fig. 1. Dependencies of contact resistance times contact area

on alignment margin for As implanted Al–Si–Cu/TiN/Ti/nþ Si.
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Hence Vm is given as

Vm ¼ 1

Lþ L1 þ L2

Z LþL1

�L2
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The electric current, I, is given as

I ¼ WV0ffiffiffiffiffiffiffiffiffi
qcqs

p tanh L
ffiffiffiffiffi
qs
qc

r� �
: ð5Þ

Hence, the measured resistance, R, is given as

R ¼

qc þ
ffiffiffiffiffiffiffiffiffi
qcqs

p
coth L
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r !
L1 þ qs

2
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In the case that both L1 and L2 are zero, R is equal to
qc=ðLW Þ which is the exact value of contact resistance.
However, in the case that either L1 or L2 is not zero, R is
not equal to the exact value.

Dependencies of the ratio of calculated PMRA to

exact specific contact resistivity on alignment margin are

shown in Fig. 3, in the case of L1 ¼ L2 and W ¼ 1 lm. In
this calculation, qc and qs were set to 1� 10�7 X cm2 and
100 X, respectively, and contact length was 1, 2, 5, and
10 lm. This qualitatively agrees with Fig. 1. It is known
from this figure that measurement error is larger in the

case of longer contact. The reason for this will be given

later.

In order to see effects of L1 and L2 on PMRA, mea-
surements were carried out. A schematic view of the

pattern is shown in Fig. 4. The fabrication process of

these contacts was the same as for those in Fig. 1, except

for the implantation dosage of As, which was 5� 1015
cm�2. Sizes of contact holes are 2� 2, 5� 5, and 10� 10
lm2. The dependencies of PMRA on L1 are shown in Fig.
5. L1 is varied from 1 to 50 lm, while L2 is fixed to 1 lm.
The dependencies of PMRA on L2 in Fig. 4 are shown in
Fig. 6. These results qualitatively agree with (6).

These results can be understood qualitatively as fol-

lows. It is seen from Eqs. (1)–(3) that voltage between

metal and silicon active layer in L6 x6 Lþ L1 is larger
than that in 06 x6 L and that voltage in �L26 x6 0 is
lower than that in 06 x6 L. Therefore, PMRA becomes

higher in the case of Fig. 5 and lower in the case of Fig.

6, as alignment margins increase. Further, the depen-

dence of measurement errors on contact length in Fig. 3

is understood qualitatively as follows. First, measured

contact resistance is lower in the case that contact length

is longer. Second, the measurement error caused by

parasitic resistance is larger in the case that measured

resistance is lower. Hence, the measurement error is

larger in the case that contact length is longer. From the

same consideration, it is also known that measurement

Fig. 3. Dependencies of the ratio of calculated contact resis-

tance times contact area on the alignment margin. In this cal-

culation, exact specific contact resistivity is 1� 10�7 X cm2 and
sheet resistance of silicon active layer is 100 X.

Fig. 4. A schematic view around contact hole.
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error is larger in the case that specific contact resistivity

is lower.

4. A new method

It has been shown in the previous sections that large

measurement errors in the CKR method are induced by

using average values for the measurements. Therefore,

not to use average values is important in order to avoid

measurement errors. We propose a novel pattern in

order to extract the correct specific contact resistivity.

In the extreme case that the length of the contact

hole, L, is sufficiently longer than ðqc=qsÞ
1=2
, the value of

current given by (5) can be described as

I ¼ WV0ffiffiffiffiffiffiffiffiffi
qcqs

p : ð7Þ

Because of Eq. (2), the voltage at the right edge of

contact hole in Fig. 2 is V0. Hence, if the ratio of voltage
at the edge of contact hole to electric current and qs are
known, qc is obtained by dividing the square of the ratio
with qs. In order to measure the ratio with as small an
error as possible, disturbance of the electric current and/

or potential near the edge of contact hole must be as

small as possible. Hence, there must be no measurement

terminal for potential in silicon active layer near the

edge of contact hole. Our pattern is schematically shown

in Fig. 7. The fundamental idea is the same as that of the

Shockley Pattern [15]. Electric current flows between the

‘‘current terminal of metal’’ and the ‘‘current terminal of

silicon active layer’’. The ratio of voltage at the edge of

contact hole to electric current is obtained by extrapo-

lating the ratio of voltage between the ‘‘potential ter-

minal of metal’’ and each ‘‘potential terminal of silicon

active layer’’ to electric current. Different from the

Shockley Pattern in [15], potential measurement termi-

nals are placed beside the silicon active layer. Hence,

their disturbance of electric current and potential can be

diminished by setting the width of silicon active layer

sufficiently wide. Further, for the approximation (7) to

be correct, the length of contact hole parallel to electric

current must be sufficiently long. In our experiment, the

width and length of contact hole are 10 and 500 lm,

Fig. 5. Dependencies of contact resistance times contact area

on L1 in Fig. 4 for As implanted Al–Si–Cu/TiN/Ti/nþ Si. Here,
L2 is fixed to 1 lm.

Fig. 6. Dependencies of contact resistance times contact area

on L2 in Fig. 4 for As implanted Al–Si–Cu/TiN/Ti/nþ Si. Here,
L1 is fixed to 1 lm.

Fig. 7. A schematic view of the new pattern.
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respectively. The alignment margins at top, bottom, and

left of contact hole in Fig. 7 are all 500 nm. The dis-

tances between the edge of contact hole and the center of

each ‘‘potential terminal of silicon active layer’’ are 12,

22, and 32 lm. Their widths are 4 lm. An experimental
dependence of the ratio on the position of ‘‘potential

terminal of silicon active layer’’ is shown in Fig. 8. This

is for a contact on an nþ region, in which As was im-

planted with a dosage of 5� 1015 cm�2 at 50 keV. The

metal is Al–Si–Cu alloy with Ti and TiN as barrier metal

underneath it. Linearity of the graph is good. Hence,

both approximations, which are used in our method,

and the extrapolation are justified.

Some PMRA are shown in Fig. 9. These are for

contacts on nþ regions, in which As was implanted with

a dosage of 1, 2, and 5� 1015 cm�2 at 50 keV. The metal

is Al–Si–Cu alloy with Ti and TiN as barrier metal un-

derneath it. Here, open and filled symbols show results

obtained by using CKR and the new pattern, respec-

tively. In the case of measurements with CKR, sizes of

contacts are 5� 5 and 10� 10 lm2 and all alignment
margins, which are shown in the inset in Fig. 1, have

equal lengths. For all implantation conditions, large

symbols show results of 10� 10 lm2 contacts and small
symbols show results of 5� 5 lm2 contacts. These are
averaged values over six chips in each wafer. In the case

of some data, error bars are shorter than the size of

symbols. Regression lines for results with CKR are also

shown with dotted lines. The horizontal axis shows the

length of alignment margin of CKR. The sheet resis-

tances of silicon active layers were measured by using

the conventional four terminal pattern and the values

were 108, 75, and 60 X for the cases of As dosage of 1, 2,
and 5� 1015 cm�2, respectively. Results for contacts on

pþ regions, in which B was implanted with a dosage of 1,

2, and 5� 1015 cm�2 at 30 keV, are shown in Fig. 10.

Fig. 8. Dependence of the ratio of voltage to electric current on

position of potential measurement terminal for As implanted

Al–Si–Cu/TiN/Ti/nþ Si. Fig. 9. Dependencies of contact resistance times contact area

on length of alignment margin for As implanted Al–Si–Cu/TiN/

Ti/nþ Si. Here, open and filled symbols show results obtained

by using CKR and the new pattern, respectively.

Fig. 10. Dependencies of contact resistance times contact area

on length of alignment margin for B implanted Al–Si–Cu/TiN/

Ti/pþ Si. Here, open and filled symbols show results obtained

by using CKR and the new pattern, respectively.
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Also in this figure, results with CKR and new pattern

and regression lines for results with CKR are shown and

sizes of contacts in CKR are 5� 5 and 10� 10 lm2. The
sheet resistances of silicon active layers were 97, 53, and

36 X for the cases of B dosage of 1, 2, and 5� 1015 cm�2,

respectively. In these figures, all filled symbols agree with

the extrapolated value of graphs of open symbols to the

point where alignment margin is zero. This is physically

reasonable.

5. Discussions

As shown in the previous section, the values of spe-

cific contact resistivity obtained by using the new pattern

agree with those obtained by extrapolating the results of

the CKR method. In the cases of results for contacts on

pþ regions, which are shown in Fig. 10, values obtained

with the new pattern agree quite well with those ob-

tained with linear extrapolation of CKR results. How-

ever, in the case of results for 10� 10 lm2 contacts on
nþ regions, which are indicated by the larger symbols in

Fig. 9, values obtained with the new pattern are slightly

higher than those obtained by linear extrapolation. The

reason for these discrepancies can be understood as

follows.

Within one-dimensional approximation, PMRA in

Figs. 9 and 10 can be estimated by putting L1 ¼ L2 in (6).
Within this approximation, PMRA increase faster than

linear function of alignment margin. To be precise,

graphs of PMRA dependencies on alignment margin are

not lines but curves. Hence, linear extrapolation of

PMRA, which is obtained with conventional CKR,

underestimates specific contact resistivities, i.e., exact

values of specific contact resistivities are higher than

values obtained with linear extrapolation. It is known

from Eq. (6) that linear approximation to PMRA de-

pendence on alignment margin becomes worse as lengths

of contact holes increase. Hence, the values obtained

with extrapolation are expected to be lower in the case of

10� 10 lm2 contacts than in the case of 5� 5 lm2

contacts. It is also known from Eq. (6) that linear ap-

proximation to PMRA dependence on alignment mar-

gin becomes worse as ratios of sheet resistance to specific

contact resistivity increase. In the case of this experi-

ment, the ratios in contacts on nþ regions are larger than

those on pþ regions. Hence, the agreement between ex-

trapolation and the new method is expected to be worse

in the case of contacts on nþ regions than in the case of

those on pþ regions. Therefore, the discrepancy between

values with extrapolation and values with the new

method is expected to be largest in the case of 10� 10
lm2 contacts on nþ regions. These reasons account for
the discrepancies between values obtained with the new

pattern and those obtained by linear extrapolation of

results for 10� 10 lm2 contacts on nþ regions and for

the fact that results with the new pattern agree well with

linear extrapolation of CKR in the cases of 5� 5 lm2

contacts on nþ regions and contacts of both sizes on pþ

regions.

It should be noted that in the case of measurement of

extremely low specific contact resistivities, the ratios of

sheet resistance to specific contact resistivity are large. In

those cases, it is difficult to estimate specific contact re-

sistivities by extrapolating results with CKR, since linear

extrapolation cannot be justified. Hence, it is difficult to

use the conventional CKR method for measurements of

extremely low specific contact resistivities. On the con-

trary, in the case of the new method, there is no re-

striction on the value of specific contact resistivities.

Hence, this proposed method is considered to be effec-

tive for measurements of low specific contact resistivity

without suffering from large measurement errors.

6. Summary and conclusion

The conventional CKR for the measurement of spe-

cific contact resistivity involves unavoidable measure-

ment errors. The errors are larger in the case that

measured contact resistance is low. Hence, the conven-

tional CKR is inappropriate for measurements of low

specific contact resistivity. The physical meanings of

measurement errors were considered. Using the results

of this consideration, we proposed a new method. The

values of specific contact resistivity obtained by using

this method are physically reasonable. Therefore, this

new method is effective for measurements of low specific

contact resistivity without suffering from large mea-

surement errors.
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