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[57] ABSTRACT

A method for measuring the width of structures in a
semiconductor wafer comprises the step of constructing
test structures on the wafer shaped to function as moats
for confining electrically conductive liquid. The moats
have an elongated shape. By measuring the electrical
resistance exhibited by the liquid within the moat, the
dimensions of the moat and, thus, the other structures
on the wafer can be measured.

14 Claims, 8 Drawing Sheets
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ELECTRICAL MEASUREMENTS OF
PROPERTIES OF SEMICONDUCTOR DEVICES
DURING THEIR MANUFACTURING PROCESS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to electrical measurements of
semiconductor properties during the manufacturing
process of integrated circuits and in particular to means
for measuring the dimensions (e.g. lengths and widths)
of structures in an integrated circuit.

2. Description of Prior Art

In-line measurements are an important method of
controlling semiconductor fabrication processes. Such
measurements enable a quick response to variations of
critical fabrication process steps. (As used herein, “in-
line measurements” are measurements made during the
fabrication process, i.e. prior to device completion.)
Also the feedback from in-line measurements reduces
the number of products damaged by defective process-
ing through the fast detection of problems. One of the
most important parameters to measure during produc-
tion is the width of lines which form electrical elements
in semiconductor devices.

A common sequence in semiconductor manufactur-
ing is a deposition of a thin layer of a material such as
polysilicon on a wafer followed by a deposition of a
photoresist layer on top of the polysilicon. The photore-
sist is then exposed to light through a patterned photo-
mask.

The transparent portion of the photomask permits
passage of light which interacts with the photoresist.
The photoresist is then developed and etched using a
chemical that removes the exposed portion of the pho-
toresist, thereby exposing a portion of the underlying
polysilicon. Then, the exposed portion of the polysili-
con layer is etched away, e.g. by reactive ion etching. It
is very crucial to accurately control the width of the
resulting polysilicon structure.

To achieve the required degree of control, both the
photoresist and the final polysilicon line widths are
monitored on a regular basis during the fabrication
process. Currently in-line width measurements use opti-
cal techniques. However, there are several problems
with such optical techniques, e.g. they cannot be used to
accurately measure small structures with great preci-
sion. Also, optical measurements are not very reproduc-
ible, and are dependent on the person performing the
measurements. Optical measurement techniques are also
slow, difficult to automate, and it is difficult to integrate
the optical data into a computerized data base.

It is also known in the art to perform electrical mea-
surements on integrated circuits. Most electrical mea-
surements are done only following fabrication, and can
be done only on conductive structures. Further, electri-
cal measurements on such structures can be done only
following irreversible definition of the conductive layer
used to build the structure. Further, the conductive
layer to be measured cannot be covered by any noncon-
ductive material such as oxide during the measurement.

Another very important parameter to control in semi-
conductor fabrication is the exact profile of lines being
etched. If, for example, polysilicon is used as a gate
electrode in an MOS transistor, the channel length of
the transistor is determined by the profile of the polysili-
con lines. Further the planarity of the wafer surface is
controlled by the profile of the structure formed
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therein. Currently line profiles are monitored by break-
ing wafers and examining the cross-section profile with
a microscope.

SUMMARY OF THE INVENTION

A method for measuring the widths and edge profiles
of structures in an integrated circuit in accordance with
my invention is accomplished by in-line electrical mea-
surements. These measurements are non-destructive
and can be used to evaluate the dimensions of both
nonconductive and conductive structures within the
circuit.

In accordance with my invention, when a first struc-
ture is being constructed in an integrated circuit whose
dimensions are critical, a second structure is formed
concurrently with the first structure which serves as the
walls of a moat. The moat is filled with an electrically
conductive liquid which is electrically contacted. As
described below, the electrical resistance of the liquid
within the moat is measured, and this measurement is
used to calculate the physical dimensions of the moat
which in turn track the dimensions of the first structure.

In another embodiment, a method in accordance with
my invention is used to measure the distance between a
pair of structures in an integrated circuit. During this
method, a test structure is formed concurrently with the
pair of structures and serves as the walls of a moat. The
moat is filled with an electrically conductive liquid
which is electrically contacted. As described below, the
electrical resistance of the liquid within the moat is
measured, and this measurement is used to calculate the
width of the moat, which in turn tracks the distance
between the pair of structures.

In accordance with another embodiment of my in-
vention, the liquid within the moat is used to facilitate
electrical contact to underlying semiconductor regions
so that the electrical properties of transistors, diodes,
resistors or other devices within the circuit can be
tested prior to completion of the circuit.

In accordance with yet another embodiment of my
invention, the moat walls comprise conductive material
such as polysilicon. An insulating layer such as an SiO»
layer is formed on the top but not the sides of the con-
ductive material. The conductive liquid is used to elec-
trically contact the sides of the conductive material, so
the electrical characteristics of the conductive material
can be measured.

One benefit of my invention is that line widths of
nonconductive or conductive materials, (such as oxides,
photoresist or metal) can be electrically measured.

My invention also provides the ability to accurately
measure line profiles of materials such as photoresist or
polysilicon. The profiles can be a straight line profile, a
concave profile or a convex profile.

Another major benefit is the fact that electrical prop-
erties can be measured very soon after a layer is defined
during the fabrication process. For example, oxide ca-
pacitors can be evaluated before the top electrode is
deposited. Similarly, semiconductor junction leakage
currents can be measured immediately following the
junction formation. Also, MOS transistors can be evalu-
ated immediately following gate electrode definition
but before formation of an electrical contact layer, and
before contact pad formation. Since these measure-
ments are all electrical they have the benefits of high
accuracy, reproducibility, and speed. Further, these
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measurements can easily be integrated into a computer-
ized data base.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a top view of an example of a line width
measurement structure comprising photoresist formed
on a dielectric layer in accordance with the present
invention.

FIG. 2 is a cross-section view along line 2—2 of the
line width measurement structure of FIG. 1.

FIG. 3 is a cross-section view of a structure having
the same shape as that of FIG. 1 along line 2—2, except
that the photoresist is formed on a conductive layer.

FIG. 4 is a top view of a line width measurement
structure in accordance with another embodiment of
the present invention.

FIG. 5 is a cross section view along line 5—5 of
structure of FIG. 4.

FIG. 6 illustrates a liquid dispensing syringe in accor-
dance with the present invention.

FIG. 7 is a cross-section view of a structure having
the same shape as that of FIG. 1 along line 2-2 of FIG.
1 during profile measurements in accordance with the
present invention.

FIG. 8 is a cross-section view of conductive liquid
extending over a thin oxide layer.

FIGS. 92 and 96 illustrate in plan view a first test
structure for detecting bridging in a semiconductor
wafer.

FIG. 10 illustrates in plan view a second test structure
for detecting bridging in a semiconductor wafer.

FIG. 11 illustrates in plan view a structure for detect-
ing openings in structures on a semiconductor wafer.

DETAILED DESCRIPTION

Several embodiments of my invention are described
below. These embodiments are merely exemplary.
Those skilled in the art will appreciate that changes be
made to the disclosed embodiments without departing
from the spirit and scope of the invention.

A method in accordance with my invention permits
measurements of the dimensions of structures in an
integrated circuit. The method of the present invention
also enables electrical in-line measurements during
semiconductor circuit fabrication. The measurements
can be integrated in the production flow without dam-
aging the circuits being tested. Both nonconductive and
conductive materials can be evaluated. One important
application of the method is measurement of the widths
and profiles of both conductive and nonconductive
lines. Since the measurements are electrical they are
accurate, reproducible, and fast. They also can be easily
integrated into a computerized data base. One impor-
tant feature of my invention is the measurement of de-
vice characteristics using a conductive liquid that serves
as a contacting medium. In a typical measurement, ini-
tially the liquid is applied to a patterned wafer. The
liquid conforms to the shape of the local patterns sur-
rounding it. Thus, the liquid forms a confined lake hav-
ing a shape determined by the structures previously
formed on the wafer which confine the liquid. Since the
liquid is conductive, the properties of the liquid having
that specific confined shape can be measured. Alterna-
tively, the liquid can be used to electrically contact the
material surrounding the liquid or to electrically
contact the layer beneath the liquid. The measurements
are non-destructive since the conductive liquid is re-
moved before any subsequent processing.
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One example of a measurement method in accor-
dance with my invention is used in a process for defin-
ing lines in a photoresist layer on top of an oxide-coated
polysilicon layer. The process sequence typically starts
with deposition of the photoresist layer on top of an
oxide layer, which in turn is formed on a polysilicon
layer. The photoresist is then exposed to light through
a patterned photomask in a conventional manner. The
transparent portion of the photomask permits light to
pass therethrough in order to expose portions of the
photoresist. The photoresist pattern is then defined
using a chemical that etches away only the photoresist
portions exposed to light. The oxide layer and polysili-
con layer are then defined using the patterned photore-
sist as a mask. Only the portions of the oxide layer and
polysilicon layer that are not covered by the photoresist
will be etched away.

The line widths of patterns on the photomask are
typically different from the line widths of the patterned
photoresist. Further, the line widths of the polysilicon
patterns are typically different from the photoresist line
widths that serve as a mask which define the polysilicon
lines. Those differences are due to the specific charac-
teristics of the etching chemical used and the etching
process parameters. It is desirable to be able to measure
the line widths of the photoresist pattern and the
polysilicon pattern during production.

The photoresist electrical line width measurements in
accordance with one embodiment are done in the fol-
lowing way. The photomask includes, in addition to
opaque and transparent regions which are used to de-
fine desired polysilicon structures, an additional region
which defines a test pattern 10 in photoresist 12 having
a shape shown in plan view in FIG. 1 and in cross sec-
tion in FIG. 2. The structure shown is of photoresist 12
on top of oxide layer 14, which in turn is formed on
polysilicon 16. (Polysilicon 16 is formed on an oxide
layer 18, which in turn is formed on a silicon substrate
20.) Photoresist structure 12 has a linear shape and in-
cludes four openings 21, 22, 23 and 24 that serve as
contact pads and an elongated opening 25 that extends
along the length of the photoresist structure. Pads 21, 22
are at the ends of photoresist structure 12. Pads 23, 24
are towards the middle of structure 12. The width w of
opening 25 in photoresist 12 is measured in the follow-
ing way. A conductive liquid 26 (FIG. 2) is applied to
the top of the wafer and fills openings 21 to 25 in photo-
resist structure 12. In one embodiment, liquid 26 may be
a solution comprising water and a surfactant such as
Photo-Flo 200 manufactured by Eastman Kodak Co. of
Rochester, New York, or Triton X100 manufactured by
Mallinckrodt Corp. of St. Louis, Miss. In addition,
other conductive liquids may also be used. Then, four
electrical probes are used to contact liquid 26 at pads 21,
22, 23 and 24. The resistance R of confined liquid 26 is
determined by forcing current I between pads 21 and 22
and measuring the voltage drop V between pads 23 and
24. From Ohms law the resistance is

R=V/I n
The resistance R relates to the resistivity of liquid 26
and to the shape of confined liquid 26. Resistance R can
be expressed as

R=(r/*(I/w) 2
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Where 1 is the resistivity of liquid 26, t is the depth of
liquid 26 from its top surface to its bottom surface (the
bottom surface coincides with the top surface of oxide
14), and 1 is the distance between corners 28 and 30 of
edge 32 of photoresist 12. The width w is the distance
between edges 32 and 34 of photoresist 12. Since length
1 is known and R can be calculated from equation (1),
there are two unknown variables in equation (2), i.e.
width w and the ratio r/t. One way of determining w
and r/t is by forming a second photoresist structure 12
on the wafer concurrently with photoresist 12 having a
shape identical to that of photoresist 12 except that the
elongated opening 25’ of the second structure has a
width w' that is different from width w. In first struc-
ture 12, the mask drawn distance between edges 32 and
34 equals W1. (As used herein, mask drawn distances are
the distances between the edges of opaque regions on
the photomask. As mentioned above, the mask drawn
distances are usually different from the corresponding
distances in the photoresist structure defined by the
photomask.) In second photoresist structure 12', the
mask drawn distance between edges 32’ and 34’ equals
W',

Equation (2) refers to the actual dimensions w, 1 of
photoresist structure 12. However, due to semiconduc-
tor processing, dimensions w, w’ are different from
mask drawn dimensions W1, WI'. Specifically, the
widths w, w' of photoresist structures 12, 12’ are smaller
by a distance s than the corresponding mask drawn
distance for both structures. Equation (2) can be rewrit-
ten in terms of mask drawn distances W1, W1’ adjusted
for process shifting by subtracting the process shift
distance s from the mask drawn width. The resistance of
liquid 26 in each structure can thus be represented by
the following equations

Ri=(r/0)*(1/(WI-s)) 3)

R2=(r/iy*(1/(WI' —s)) @
Since R1 and R2 can be measured and 1, W1, WI', are
known equations (3) and (4) can be solved for s. Width
w between edges 32 and 34 of photoresist 12 can be
found by subtracting the process shift distance s from
the mask drawn width WL

From width w, we can find the photoresist line width
wp. The process shift changes width wp between edges
32 and 38 of photoresist structure 12 from the corre-
sponding mask drawn width. As mentioned above, the
process shift also changes width w between edges 32
and 34 from the corresponding mask drawn width.
However, the pitch p between edges 34 and 38 can be
maintained to be the same both on the photomask and
on photoresist 12. The photoresist line width wp can be
calculated by subtracting width w between edges 32
and 34 from pitch p between edges 34 and 38.

The width wp of photoresist 12 tracks the width of
photoresist elsewhere on the wafer. In addition, width
w tracks the distance between photoresist structures
elsewhere on the wafer. Thus, photoresist 12, 12’ can be
used to measure the widths of and distances between
photoresist structures elsewhere on the wafer.

It will be appreciated by those skilled in the art that
although the above description pertains to photoresist
in which the exposed portions of the photoresist are
removed during the manufacturing process (i.e. positive
resist), the above-described method is also applicable to
photoresist in which the unexposed portions of the pho-
toresist are removed during manufacturing (i.e. nega-
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tive resist). This method can also be used to measure
dimensions of structures of materials other than photo-
resist.

The measurements described in relation to FIGS. 1
and 2 are applicable to photoresist on top of dielectric
material (oxide 14). For a case of photoresist on top of
metal such as metal 40 (FIG. 3), a pair of liquid layers
26, 27 are used. The top liquid layer 26 is conductive
and the bottom liquid layer 27 is nonconductive. Non-
conductive liquid 27 insulates top conductive liquid 26
from underlying metal 40. The electrical measurements
of liquid 26 in FIG. 3 are performed as described above,
i.e., the electrical resistance of liquid 26 confined by
photoresist 12, 12 is measured, and distances w and wp
are calculated. Liquid 27 prevents metal layer 40 from
distorting the electrical resistance measurement of lig-
uid 26.

The width of a conductive line such as a metal line on
top of a dielectric layer is measured in a manner similar
to that discussed in reference to FIG. 3. Specifically,
initially a thin layer of nonconductive liquid uniformly
coats all the exposed surfaces of the structure to be
measured. A conductive liquid is then deposited on top
of the first liquid. As in the previously described em-
bodiment, the conductive liquid may be a solution of
water and a surfactant, and the nonconductive liquid
can be a liquid polymer. In yet another embodiment,
instead of using non-conductive liquid 27, some other
non-conductive material may be applied to the wafer,
e.g. a solid material deposited by vacuum deposition or
other technique.

A method in accordance with a third embodiment of
my invention permits direct measurement of a conduc-
tive line width by contacting the conductive line from
the side, rather than from the top. This option is useful
for measuring conductive lines covered by a dielectric
layer. An example of such a structure is polysilicon
structure 50 covered by oxide 51 shown in plan view in
FIG. 4 and in cross section in FIG. 5. In this example,
it is desired to measure the width w of structure 50
between edges 54 and 56. Conductive liquid 58 is in-
jected into contact pad openings 60, 62, 64, and 66. Also
in this case a second polysilicon structure 50" having a
shape shown in FIG. 4 is also measured. The only dif-
ference between structure 50 and 50 is that width w in
structure 50 is less than width w’ of structure 50'. Using
equation (1) the resistance of polysilicon 50 is deter-
mined by applying current between pads 60 and 66 and
measuring the voltage drop between pads 62 and 64.
Using equations (3) and (4), the line width w of the
conductive line on the wafer is calculated.

In this embodiment, structures 50, 50’ do not contain
an elongated opening similar to opening 25 of FIG. 1 to
contain conductive liquid 58. Rather, liquid 58 is only
formed at openings 60 to 66 and 60’ to 66’ and is used to
facilitate electrical contact to oxide-covered polysilicon
50, 50'. It is the electrical resistance of the polysilicon in
structures 50, 50’ that is measured in this embodiment.
(The term R in equations 1 to 4 refers to the resistance
of the polysilicon in this embodiment.) It is noted that if
liquid 58 were not used in this embodiment, oxide 51
would make electrical contact of structures 50, 50’ diffi-
cult or impossible.

It is noted that the liquid 58 in openings 60 to 66
exhibits some electrical resistance. However, the volt-
age measurement probes which contact the liquid in
openings 62 and 64 exhibit high input impedance, and












