A 0 0 OO0 A

0 A2

=)\

411

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
7 June 2001 (07.06.2001)

OO0 A

(10) International Publication Number

WO 01/41190 A2

HOIL

(51) International Patent Classification”:

(21) International Application Number: PCT/US00/32593

(22) International Filing Date:
30 November 2000 (30.11.2000)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

09/451,652 30 November 1999 (30.11.1999)  US

(63) Related by continuation (CON) or continuation-in-part
(CIP) to earlier application:
Us
Filed on

09/451,652 (CON)
30 November 1999 (30.11.1999)

(71) Applicant (for all designated States except US): SEMI-
CONDUCTOR DIAGNOSTICS, INC. [US/US]; 3650
Spectrum Boulevard, Suite 130, Tampa, FL 33612-9401
(US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): LAGOWSKI, Jacek
[US/US]; 4908 Turnbury Wood Drive, Tampa, FL 33647
(US). WILSON, Marshall [US/US]; 1032 Wildrose

Drive, Lutz, FL 33549 (US). SAVTCHOUK, Alexander
[US/US]; 18909 Beliflower Road, Tampa, FL 33647 (US).

(74) Agent: OCCHIUT], Frank, R.; Fish & Richardson P.C.,
225 Franklin Street, Boston, MA 02110 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR,BY.BZ,CA, CH, CN, CR, CU, CZ,
DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR,
HU,ID,IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR,
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ,
NO,NZ,PL, PT,RO, RU, SD, SE, SG, SI, SK, SL, TJ, T™M,
TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ,BY,KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF,
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Published:
Without international search report and to be republished
upon receipt of that report.

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title:
INTEGRITY USING CORONA DISCHARGE

A METHOD FOR MEASURING STRESS INDUCED LEAKAGE CURRENT AND GATE DIELECTRIC

(57) Abstract: SILC characteristics and density of GOI defects of silicon wafers with thin dielectric films (e.g. SiO,) are determined
~~ using a non-contact method that does not require any test structures on the wafer. The method includes stressing a dielectric with a
corona discharge and measuring the dielectric current-dielectric voltage (I-V) characterisitics by monitoring under illumination the
corona charge neutralization after stress. An I-V measurement done as function of corona fluence gives SILC characteristics of the
wafer. The SILC characteristics are then compared at a constant dielectric field to provide a measure of GOI defect density. The I-V
characteristic corresponding to low fluence that does not generate measurable SILC are used to determine a thickness of dielectric

film.



10

15

20

25

30

35

WO 01/41190 PCT/US00/32593

A METHOD FOR MEASURING STRESS INDUCED LEAKAGE CURRENT AND
GATE DIELECTRIC INTEGRITY USING CORONA DISCHARGE

Background of the Invention

The invention 1is related ¢to semiconductor wafer
testing and more particularly to characterization of a
dielectric film on a semiconductor wafer.

As 1is known in the art, semiconductor devices often
contain dielectric films (e.g., silicon dioxide) grown/or
deposited on a semiconductor substrate (e.g., silicon). In
many devices dielectric films are sandwiched between a
semiconductor and a conducting gate metal electrode to form a
MOS capacitor. Contaminants and other defects at the
semiconductor/dielectric interface can cause premature
electrical breakdown of the gate dielectric, e.g., oxide, film
or increase the leakage current across the dielectric, thus
deteriorating performance of memory chips and other integrated
circuits. For example, such defects can originate from
precipitating impurities such as metals, often introduced
during oxidation processing, plasma deposition or etching or
other processing. The defects also can be formed by stacking
faults, interface microroughness, and crystal originated
particulates (COPs). The defects are commonly referred to as
the gate oxide integrity defects (GOI's).

Testing of oxide 1integrity (or more generally
dielectric integrity) and reliability is one of the most
expensive and cumbersome tests performed in an integrated
circuit fabrication process. Such testing requires a large
number of metal-insulator-semiconductors (MIS) or metal-oxide
semiconductor (MOS) test devices on the wafers, which are
expensive to fabricate and consume a large amount of time to
test.

One form of testing gate dielectric/oxide reliability

includes measuring the stress-induced leakage current (SILC).
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SILC is a major concern fcr modern MOS memory devices. This
measurement 1ncludes stressing the relatively thin gate
dielectric films by inducing fiow of electric current across
the dielectric. 1In the pricr art, cests requlired forming MOS
or MIS test capacitors on the wafer. To monitor CGOI defects,
the stress was then applied to capacitors until electrical
breakdown took place. The MOS and MIS test capacitors are
expensive and time consuming to fabricate. In addition,

testing until the breakdown occurs often takes a long period

of time.

Summary <©I the Invention

The present iInvention describes testirmx of the
dielectric f£ilm on a semiccnductor substrate wafer prior to
fabrication of the conducting gate. The dielectric £ilm is
tested by depositing a positive ionic charge (i.e., by corona
discharge in air) on the surface of the dielectric film and
then measuring the characteristics of the electron current as

electrons tunnel into the dielectric from an underlying

semiconductor substrate wafer. In this method, corona stress
causes large dielectric leakage without the dielectric film
necessarily breaking down. This stress induced _eakage
current (SILC) extends =to low electric fields and its

=+

magnitude provides a measure c<cf the GOI defects (or gate
dielectric integrity defects).

The present inventicn features a non-contacting method
for characterizing a semiconductor wafer having a dielectric
or more specifically an ox:de _laver disposed thereon. For
example, the dielectric laver can be characterized for 1its
Gate Oxide Integrity (GOI) and Stress Induced Leakage Current
(SILC) characteristics. As used herein, the term "dielectric"
includes but is not limitea to oxides, e.g., Si0O,, Ta,0., Al,O,,

nitrides, e.g., 8i,N.,, and barium strontium titanate (BST).

- 2 -
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Additionally, the term "GOI" refers to the integarity of th
dielectric layer cr film on the semiconductor substrate wafer.
In a general azaspect c¢I the 1invention, the method
includes ©positicning & semiconauctor  wafer, having a
dielectric layver dispcsed thereon, relative to z test device
for applications of ccrona charge on the dielectric surface,
and measuring the electric current across the dielectric layer
after application of charge with the measurement test device
spaced from the dielectric layer and the semiconductor wafer.
The measurement test device can be for example, a vibrating
Kelvin probe or a Monroe prcbe. The corona stress element of
the test device may inciude a needle-type, a wire-type corona,
or multiple needle-type and/or wire-type corona discharge
electrode spaced from the dielectric layer. The positive
corona charge applied to the surface of the dielectric on the
semiconductor substrate stresses the dielectric layer causing

a tunneling current between the semiconductor substrate and

the dielectric laver. The amount of stress is controlled by
the amount of corona crnarge, ..=., fluence (C/cm , deposited
on the dielectric layer. Tor extra-low fluence, typicailly

<2x10°% C/cm*, for a Si0O- film on silicen, the method provides
data on the initial tunneling characteristic and provides a
means for measuring the electrical dielectric thickness T, and
the dielectric capacitance C.,, where C_ = €.¢,/7., and ¢, is
the permittivity in vacuum and ¢. is the dielectric constant
of dielectric layer. For high fluence, typically of about 10 °
C/cm? or higher, the sequence produces data on corona stress
induced leakage current, 1i.e., the sequence produces a
tunneling current, and provides a means for measuring the gate
oxide integrity. The specific low and high fluence values may
be different for dielectric layers other than 8i0. and
semiconductor substrates other than silicon. In general, a

high amount of stress, i.=2., £Iluence, 1s applied to the

- 3 -
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dielectric layer to induce a tunnelling current at about room
temperature.

The measurement test device being spaced from the
dielectric layer, advantageously provides a non-contacting
approach for characterizing the wafer. Because the
measurement test device does not contact the wafer, the
approach is non-destructive so that, in many cases, tested
semiconductor substrate wafers can be reused. The method also

does not require test structure preparation thereby reducing

‘the cost of testing. The method is also very fast and suitable

for mapping the entire wafer surface and providing an
advéntage of rapid feedback of test results to manufacturing.

In another aspect, the invention features a method of
characterizing dielectric layer disposed on a semiconductor
wafer. The method includes positioning the semiconductor
wafer relative to a test device and measuring, with the test
device, the stress induced leakage current characteristic
across the dielectric layer on the semiconductor wafer with
the test device spaced from the dielectric layer and the
semiconductor wafer. The stress induced Ileakage current
characteristic 1is a current density across the dielectric
versus a dielectric field for a specific fluence of stress on
the dielectric layer.

Embodiments of this aspect of the invention can
include one or more of the following. Measuring the stress
induced leakage current includes using the measurement test
device to apply a charge to the dielectric laver of the
semiconductor wafer vat a 1level sufficient to stress the
dielectric layer by causing a tunneling current flow across
the dielectric, and measuring a current-voltage (I-V)
characteristic after stressing the dielectric layer. The
current, I, is the electric current density flowing across the

dielectric and the voltage, V, is the dielectric voltage,

- 4 -
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i.e., the voltage drop across the dielectric. The dielectric
layer of the semiconductor wafer is 1lluminated while
measuring the stress induced 1leakage current, e.g., while
measuring the current-voltage characteristic, to reduce the
surface barrier contributicn to the stress induced leakage
current. The dielectric surface of the semiconductor wafer is
also illuminated while applving the charge to the dielectric
layer to further reduce the surface barrier contribution to
the stress induced 1leakage current during subsequent
measurement. The charge is applied to the dielectric layer of
the semiconductor wafer with a corona stress element.
Measuring the current-voltage characteristic includes
measuring a surface potential difference between a probe and
the dielectric layer on the semiconductor wafer, i.e., the
contact potential difference, and the current density across
the dielectrié layer. The semiconductor wafer is silicon
wafer having a dielectric layer, e.g., SiO0,.

Measuring the stress induced leakage current may
include a precharging of a portion, e.g., an entire, a half,
or a small segment including the testing site, of the
dielectric layer with a charge of positive polarity and after
that, applying additional pcsitive charge on the testing site
only, stressing this site, and measuring the I-V
characteristic representative for this test site to determine
the stress induced leakage current.

In another aspect, the invention features a method of
measuring gate oxide integrity of a dielectric layer disposed
on a semiconductor wafer. The method includes illuminating
the dielectric 1layer to remove voltage drop across the
semiconductor space charged region of the semiconductor wafer,
e.g., during the entire measuring cycle, applying a charge to
the dielectric layer at a level sufficient to stress the

semiconductor wafer to induce a tunneling current flow, and
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measuring a current-voltage characteristic of the
semiconductor wafer after applying the charge to the
dielectric layer.

Embodiments of this aspect of the invention can
include one or more of the following.  Illuminating and
applying charge to the dielectric layer are simultaneous. The
method includes simultaneously illuminating and measuring a
current-voltage characteristic of the semiconductor wafer.
I1luminating and measuring a current-voltage characteristic of
the semiconductor wafer are simultaneous. Applying the charge
includes applying the charge to the dielectric layer of the
semiconductor wafer with a corona stress element. Measuring
the current-voltage characteristic includes calculating a
current density across the dielectric layer from a measured
time dependence of a surface potential difference between a
probe and the semiconductor wafer. The semiconductor
substrate can be made of any semiconductor. Typically, the
semiconductor wafer is a silicon wafer including a dielectric
film, e.g., S10,. Measuring the current-voltage
characteristic includes precharging the dielectric layer of
the semiconductor wafer. The method further includes
correcting the measured current-voltage characteristic for a
work function effect, i.e., the work function difference
between the reference electrode and the semiconductor wafer.

In another aspect, the invention features a method of
measuring a thickness of a dielectric layer disposed on a
semiconductor wafer. The method includes applying a charge to
the dielectric layer at a level sufficient to stress the
semiconductor wafer to produce a tunneling current between the
semiconductor wafer and the dielectric layer, e.g., to about
2 X 10°° C/cm?, the tunneling current being related to the
thickness of the dielectric layer, measuring a current-voltage

characteristic of the semiconductor wafer after applying the
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charge to the dielectric layer, calculating an oxide current
density as a function of dielectric field, and determining the
dielectric thickness from the calculated dielectric current
density and dielectric field.

In another aspect, the invention features a method of
measuring gate oxide integricy of a semiconductor wafer having
a dielectric layer thereon. The method includes moving the
wafer into position below a charge source, illuminating an
area of the wafer under the source with a first light source,
setting charging conditions of the charge source, turning on
the charge source to stress the area of the wafer, turning off
the charge source and the first light source, moving a probe
above the wafer over the area stressed by the charge source,
illuminating the area of the wafer under the probe with a
second 1light source, measuring the contact potential as a
function of time after turning off the charge source, and
calculating dielectric current density as a function of
dielectric field.

The method can further include determining a magnitude
of a stress induced leakage current at a constant dielectric
field.

The method also can include determining a magnitude of
a stress 1nduced leakage current, SILC, at a constant
dielectric field and at a constant stress fluence value, and
comparing the SILC values at different test sites on one or
many semiconductor substrate wafers in order to determine
corresponding values of GOI defect density.

In another aspect, the invention features a method of
measuring the gate oxide integrity of a semiconductor having
a dielectric layer thereon. The method includes measuring the
stress induced leakage current across the dielectric layer on
the wafer, induced by a known value of a stress fluence,

determining a magnitude of a stress induced leakage current at
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a constant field strength, and comparing the magnitude of
stress 1induced 1leakage current to that of a standard
dielectric with the same thickness and with known GOI defect
density.

The method can further include determining the

thickness of the dielectric layer.

Brief Description of the Drawings

Fig. 1 1is a schematic representation of a wafer
measurement system.

Fig. 2A is a graph of the contact potential decay.

Fig. 2B 1s a graph of the current density, J,
calculated from the contact potential decays of Fig. 2A.

Fig. 3 is a flow diagram of a method of determining
SILC and GOI.

Fig. 4 is a graph of the current density at low corona
fluence verse oxide electric field.

Fig. S5A is a graph of V_'*' decay curves measured with
illuminating the testing site.

Fig. 5B 1is a graph of current density, J, plotted
verses oxide field, E.,, calculated from the corresponding
contact potential decay curves of Fig. 5A.

Fig. 6A 1is a graph of the SILC Characteristics of a
wafer having low levels of GOI defects related to interface
microroughness.

Fig. 6B is a graph of the SILC Characteristics of a
semiconductor wafer having high levels of GOI defects related
to interface microroughness.

Fig. 7A is a graph of the SILC Characteristics of five
semiconductor wafers each having different levels of GOI
defect related to COP’'s (i.e., the crystal originating

particles).
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Fig. 7B 1is a graph of the SILC value for each
semiconductor wafer of Fig. 7A at an oxide field of 5 MV/cm?.

Fig. 8 is a graph of the systematic shift in the oxide
field strength.

Fig. 9 1is another flow diagram of a method of
determining SILC and GOI.

Fig. 10A is a cross-sectional side view of a portion
of a semiconductor wafer having an initial low dose of charge
distributed over a portion of the wafer as in the wafer
precharging procedure.

Fig. 10B 1s a cross-sectional side view of a portion
of the wafer of Fig. 10A having additional charge over a small
area of the wafer surface.

Fig. 10C is a cross-sectional side view of a portion
of a semiconductor wafer having charge over a small area of

the wafer surface.

Detailed Description

Referring to Fig. 1, a computer controlled test system
10 is used to measure the gate oxide integrity (GOI) and
stress-induced leakage current (SILC) characteristics of a top
dielectric layer 13a placed on a semiconductor wafer 5 on a
testing site 15a. Semiconducting wafer 5 includes a
semiconductor substrate wafer 11 (e.g., silicon) disposed
between overlying and underlying dielectric layers (e.g.,
Sio,, Ta,0;, Al,0,, Si,N,, and barium strontium titanate (BST))
13a, 13b. Semiconductor substrate wafer 11 is connected to
the ground potential via a back-contact device 17 1in
electrical contact with grounded wafer chuck 18. Test system
10 measures the GOI and SILC by depositing electric charge
onto a surface 15 of top dielectric layer 13a, and then

monitoring the charge neutralization due to current flow
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through this dielectric layer into or from semiconductor
substrate wafer 11.

Test system 10 includes a computer 12 that controls
components of the system to apply electric charge to and
measure charge neutralization of testing site 15a. Computer
12 also calculates parameters representative of the GOI and
SILC of testing site 15a. The system 10 includes a testing
device that contains a charging station 14 and a charge
measuring station 19 both of which are translatable, using a
solenoid 20, relative to a chuck 18.

Wafer 5 is held, e.g., by vacuum suction, onto chuck
18, which is formed of an electrically conductive material
(e.g, aluminum) and is connected to ground potential. A back-
contact device 17 protrudes through dielectric layer 13b
making electrical contact to semiconductor substrate wafer 11,
and connecting it to the ground potential. An eXample of a
back-contact device capable of protruding through dielectric
layer 13b can be found in U.S. Patent Application Serial No.
09/295,919 by Lagowski et al. which is incorporated herein in
its entirety by reference. Chuck 18 is mounted on a moveable
stage (not shown in Fig. 1) which can position wafer 11 under
charging station 14 (X.-position) and charge measuring station
19 (X,-position). Charging station 14 and the charge
measuring station 19 are spaced apart from each other on a
mount 21 at a fixed distance X., e.g., about 2 cm, between
their centers. Solenoid 20 is used to translate charging
station 14 and measuring station 19 by a distance X, such that
the measuring station is precisely above the wafer at the X;-
position, 1i.e., the position previously occupied by the
charging station.

Charging station 14 includes a corona discharge source
16 and a light source 23. Corona discharge source 16 includes

a corona charging wire 1l4a which receives a high voltage

- 10 -
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potential of either a positive or negative polarity as needed
and a corona-confining ring 14b, e.g., a metal ring, held at
ground potential so that corona charge 1s deposited on a
surface 15 of dielectric layer 13a preferably within a radius
of about 6 to about 10 mm. Charging station 14 1is able to
produce a controlled ionic discharge current suitable for
depositing charge ranging from about 10 ’ to about 10 * A/cm® in
a time period typically shorter than 200 seconds which results
in a measurable tunneling current flow across dielectric layer
13a. For tunneling current measurements of electrons injected
from semiconductor substrate wafer 11 into dielectric layer
13a, test system 10 uses a positive corona charging rather
than a negative corona charging. A negative corona stress can
cause growth of an additional oxide film during stressing and
can also generate a positively charged traps in the oxide that
cause nonuniform electric field in the oxide. Non-uniform
oxide field produces large errors in determining the tunneling
oxide thickness.

Charge measuring station 19 includes a light source 25
and a contact potential sensor 22, such as a Kelvin probe or
a . Monroe-type probe, which is used to measure the contact
potential of dielectric layer 1l3a with respect to a reference
electrode 30, 1i.e., the contact potential difference V_
respectively. Sensors of these types are described,

respectively, in G.W. Reedyk and M.M. Perlman: Journal of the

Electrochemical Society, Vol. 115, p. 49 (1968); and in R.E.

Vosteen: Conference Records, 1974 IEEE-IAS 9th Annual
Meeting, p. 799, the entire contents of which are incorporated
herein by reference. An example of a commercially available
device is the Isoprobe model 162 by Monroe Electronics,
Lyndonville, NY 14098. Typically, electrode 30 is separated
from the top surface of the dielectric film by an air gap of

about fraction of about a millimeter. The change of the

- 11 -
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contact potential difference, AV.,, caused by a dose of corona
charge on the wafer’'s surface is equal to the change in the
voltage drop across the dielectric layer (AV,,) plus the change
in the surface barrier (aV,);
AV, = AV, + AV,

The dielectric voltage V, decays with time, t, after charging,
i.e., V=V, (t), due to a neutralization of charge by current,
J(t), flowing across the dielectric.

Test system 10 calculates the current density, J from

the expression

J = Cox (dVMc/dt)

where C,. is the dielectric capacitance, i.e., Co, = (€,6.,/T..),

€, 1s the permittivity of free space, ¢, 1s the permittivity

5
of the dielectric film, and T., is the oxide thickness. The
current-voltage (I-V) characteristic 1s then obtained by
taking I equal to the current density J, and V equal to a
corresponding value of dielectric voltage, V,,. The electric
field, E., 1in dielectric corresponding to a given V_, is E,, =
Vor/ Tox- The method gives a set of three corresponding values
(J, V., and E,) determined for the same time, t, after
termination of charging. If dielectric thickness is not known
it is determined from I-V characteristic measured at very low
corona stress as discussed later on. Using illumination, the
measured values of V., as a function of time are made equal to
\Y
surface barrier V,, to zero, i.e., AV, = AV,.. The V., under

ox

as a function of time by reducing the contribution from the

illumination is also denoted as V..''-.

Test system 10 includes light sources 23, 25,
preferably blue light emitting diodes, to illuminate testing
site 15%5a during charging (light source 23) and during

measuring (light source 25) thereby reducing V., to about zero.

- 12 -
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Illuminating the dielectric surface is especially necessary in
the case of positive charging of an oxide, e.g., Si0,, on the
most frequently used substrate in IC-fabrication, i.e., p-type
silicon. This specific case of 8i0, film on p-type Si
substrate 1is used as an example for illustration of the
method. For p-type silicon substrates, positive corona charge
creates a very large depletion layer surface barrier, V,
ranging from 10 to 200 volts, which decays slowly after
terminating corona charge. Illuminating test site 15a
efficiently generates excess minority carriers (electrons in
the p-type Si) in a silicon depletion layer beneath the
Si/S810, interface to approximately eliminate the surface

i1l
cp

can be used to calculate

barrier contribution to V.. With illumination, V is

approximately equal to V., and V_***
the current density and oxide, i.e., dielectric, £field.
Without illumination, the potential drop would dominate in
contact potential measurements preventing reliable measurement
of the oxide current characteristic. For p-type silicon,
light with a wavelength less than 1,000 nm produces electron-
hole pairs to suppress V.. Typically, the green and blue
diodes emit light at about 400nm to about 350 nm. Shorter
wavelengths of light are not desired since they can cause
photoconductivity of the dielectric layer and thereby alter
the I-V characteristics. In general, the green and blue
diodes emit 1light of sufficient energy and intehsity to
substantially reduce V., such that V ' = V.

Referring to Fig. 2A, a graph 500 illustrates the
effect of illuminating the testing site surface. Graph 500
includes contact potential decay data collected after
terminating a positive corona charging pulse with fluence of
about 2X10°°C. Decay curve 520 corresponds to measurements
performed in the dark (i.e., the light sources 23, 25 off),

whereas decay curve 530 corresponds to measurements performed

- 13 -
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under illumination (i.e., light sources 23, 25 on). Without
illumination, the large V., leads to large deviations in
calculating the current density, J, versus oxide field
strength, E,.

Referring to Fig. 2B, a graph 600 of current density
versus oxide field strength includes a curve 540 calculated
with the data from curve 520 and a curve 550 calculated with
the data from curve 530. Curve 550 is in excellent agreement
with a theoretical tunneling current, e.g., Fowler-Norheim (F-
N) tunneling current, characteristic for electrons tunneling
from silicon into the SiO, conduction band. Due to the large
V., in the data from curve 520, part of the curve 540 deviates
from the theoretical tunneling current at high current values
and thus is not useful in interpreting the SILC and GOI
characteristics of the siligon wafer.

In operation, computer 12 sends a signal to move chuck
18 into position below charging station 14. Computer 12
presets these charging conditions, such as ionic current and
charging duration, (i.e., the fluence value determined by a
charging current multiplied by the charge time) and sends
signials to activate the charging station’s light source 23 and
to activate the corona discharge source 16. After depositing
the charge onto testing site 15a of dielectric surface 15,
computer 12 sends signals to turn the discharge source off, to
turn on the charge measuring station’s light source, to turn
off the discharge station’s light source, and to move the
charge measuring station, via the solenoid, to position the
contact potential sensor above the charged surface of the
wafer, i.e., above testing site 15a. This set of operations
is done fast enough, e.g., typically about 50 milliseconds, to
reduce the amount of charge neutralized prior to starting the

measurement.
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Once measuring station 19 is above charged testing
site 15a, the computer acquires the measured data of the

i1l

cp vs. time, ¢t,

contact potential wunder illumination, V
calculates the time derivative of V..~ and the oxide current
density J = C,(dv_'*/dt) as a function of the oxide field,
E

thickness of the dielectric layer either introduced into the

o/ Wwhere E_  1s equal to \@;H/Tm, and T,, 1s the nominal
computer by the operator or a preliminary default thickness
value, i.e., 100A, used by the computer. After measuring the
contact potential for a desired time, 1i.e., long enough to
measure the contact potential for a wide spectrum of oxide
fields, the computer sends a signal to the charge measuring

! monitoring.

station to terminate V_*

Referring to Fig. 3, if the oxide thickness is unknown
(810), extra-low corona stress fluence is used, i.e., =2X10°°
C/cm?, to produce tunneling current with no measurable stress
induced leakage current (S20). Computer 12 fits this contact
potential data to a theoretical tunneling expression, e.g.,
Fowler-Norheim or other analytical expressions, and calculates
an oxide thickness as a best-fitting parameter. The computer
then uses the calculated oxide thickness value, T, in
subsequent calculations of current density and electric oxide
fields (S30 - S50). Alternatively, the oxide thickness, T,
can.be determined by other methods know in the art and input
into the computer by the user. The computer uses the input T,
value in calculating the current density and electric oxide
field. ;
 The computer restarts the charging and measuring
sequence by sending simultaneous signals to the solenoid and
the translatable chuck causing the solenoid to move the
charging station back to the X,-position and the stress
measurement sequence is repeated using a second larger corona

stress fluence suitable to cause the appearance of the stress
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induced leakage current, i.e., a fluence typically > 10°
C/cm?. From the collected contact potential versus time data,
the current versus the oxide field is calculated using the
oxide thickness, T."™, determined from the extra-low fluence
measurement or input by the user.

The cycle of stressing the oxide and measuring the
contact potential can be repeated for higher stress fluences
and the resulting data used to determine SILC Characteristics
S30 and GOI S40 of the testing site, as described in detail
below. After completing the measurements on one testing site,
the wafer chuck translates the wafer and the
charging/measuring cycle is performed on the a new testing
site S850. The sequence continues until all selected sites on
the wafer are measured.

The basic measurement seguence has two important
implementations which depend on the corona charge fluence.
For extra-low fluence, typically =2 x 10° C/cm?®, (i.e.
negligible corona stress and thus a negligible SILC), the
sequence provides data on the initial tunneling characteristic
and provides a means for measuring the electrical oxide
thickness T, and the oxide capacitance C,,, where C,, =
€.,6.,/Tox and €, is the permittivity in vacuum and €, is the
dielectric constant of oxide. For high fluence, typically of
about 10* C/cm® or higher, the sequence produces data on
corona stress induced leakage current and provides a means for
measuring the magnitude of SILC and also for determining the
gate oxide integrity (GOI). In general, a high amount of
stress, i.e., fluence, is applied to the dielectric layer to
induce a tunnelling current at about room temperature.
TUNNELING CURRENT AND CORONA STRESS

System 10 uses positive charging of the dielectric

surface to produce stress induced leakage current. Monitoring

the magnitude of the stress induced current provides a measure
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of the SILC which by itself is an important parameter. The

magnitude of SILC at constant stress and constant dielectric

field is, 1in turn, used to characterize the GOI defects.
Deposition of an ionic charge, AQ., on the oxide

surface, produces a change of oxide electric field, AE that

ox /
according to Gauss’s law is:
AE  =(€,€e,,) ~* AQC.
For low AQ. values, and thus low field wvalues, there 1is
virtually no charge dissipation across the oxide into the
silicon and into the ground. With increasing positive corona
charge, the electric field in the oxide increases until the
oxide conduction band matches the silicon conduction band at
a distance from the $i/810, interface small enough (about 50A
or less) to produce a noticeable electron tunneling current
flow across the oxide. For electron tunneling in Si/Sio,
materials, the electron tunneling current from the
semiconductor into and across the oxide, typically, exceeds
about 10°A/cm’ when the oxide field exceeds about 6 MV/cm.
For oxides of about 40A or thicker, this current is described
by the Fowler-Nordheim (F-N) equation
Jen = A'E* -EXP(-B/E..)

where A and B are parameters with well-known values for SioO,.
For a Si0, film on silicon, A is 1.746 x 10° and B is 2.29 x
10°. J., 1s expressed in units of A/cm’ and E., is in V/cm.
The build up of ionic charge on oxide surface stops when the
tunneling current becomes equal to the corona ionic flux
arriving on the surface. In other words, when J.. = J_., there
is a steady-state between the current deposition density and
the tunneling current density. This steady-state condition
can be described by any one of the following interrelated
parameters: the oxide charge AQ.*"; the oxide field E_ 5%, and
the oxide voltage V_ j°. After ceasing the corona charging,

éharge on the surface of the oxide decays. The charge decay
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and the corresponding electric current can be monitored by
measuring the contact potential decay. The current density
decreases with time and it is calculated as

J (t) = C., (dv./dt) = C..- (dv..~*/dt)
where 1lluminating the semiconductor substrate near the

Si/810, interface is required to assure the equalities

AV - = AV, and

(dv,./dt) = (dv**/dt)
(As discussed in the previous section, in general,
AV, = AV, + AVg, where AV, 1is the semiconductor surface
barrier) .

During the corona stress, the steady-state condition
is maintained for the stress duration tg,... The parameter
describing the stress is the corona fluence, F.,.... i.e., the
product of corona current and t. ,..;

[C/cm?] = J. torece-

3

FSCI‘E‘SS

Determining the Oxide Thicknesses

After depositing charge with low corona fluence, F,...
< 10° C/cm®, experimental data on (dv..*/dt) vs. V. are
collected by the computer. This data 1is converted into J
verses E,, where an approximate value of T, or a default value
of 100A can be used in these calculations.

J = (dv_*/dt) (e.e../T.) and E, = V. */T,,.

Since low fluence charging does not cause any measurable
stress induced leakage current, the corresponding data of J
verses E,, 1s used to calculate an oxide thickness by fitting,
e.g., variational fitting procedures, the collected data to
the Fowler-Nordheim expression to determine the exact value of
the thickness oxide parameter T, = T. . T,.™ is then used to
recalculate new values of J and of E_.

The result of low corona fluence deposited on a
semiconductor substrate is plotted in a log J vs. E,, scale,

as shown in Fig. 4. The best fit T, value, (in this case
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82.34), is the calculated electrical oxide thickness. The
accuracy of this method of calculating oxide film thickness is
in the sub A region and is illustrated by comparing two sets
of data recalculated from F-N expression using T, values
differing from the best-fit T,, by + 1 A.

Referring to Fig. SA, a graph 700 includes V.''' decay
curves 710 measured with illuminating the testing site. Decay
curves 710 were taken after termination of the positivé corona
stress with: extra-low fluence of about 2x10 ° C/cm® for curve
710a; medium fluence of about 1x10* C/cm® for curve 710b; and
high fluence of about 2x10°® C/cm® for curve 710c.
Measurements were conducted on p-type Si wafer having a 101 A
thick oxide layer.

Fig. 5B is a graph of current density, J, plotted
verses oxide field, E,, calculated from decay curves 710 of
Fig. 4A. A best fitting line 750 calculated using the Fowler-
Nordheim electron tunneling expression from above is also
shown with a solid line. The fitting gave a very precise
tunneling oxide thickness T, = 100.53 A.

SILC and GOI DEFECTS

SILC is determined by repeating the measurement
sequence described above for different corona fluence levels
at the same site on the semiconductor wafer. For each corona
fluence level, the current density, J, 1is calculated as a
function of thes oxide electric fi=:d, E.,. Data fcr low corona
fluence is used to determine the electrical oxide thickness
which is then used along with the measured contact voltage
decay to calculate SILC values, J, for each corona stress
level. The set of curves for each different corona fluence
represents the "SILC Characteristic" of the semiconductor
wafer at the location of corona charging and contact potential
measuring. The lower the SILC values, J, after stress the

better the oxide integrity. For example, Figs. 6A and 6B are
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graphs of J verse E,, of two different semiconductor wafers
recorded with five different amounts of corona fluence. Note
that the semiconductor wafer used in the tests shown in Fig.
6B contains a large density of GOI defect, whereas the wafer
used in the tests shown in Fig. 5A contains a low density of
GOI defect. These GOI defects originated from a different
magnitude of the interface microroughness produced by chemical
treatment of the wafer surface prior to oxidation, as commonly
done in silicon IC fabrication cycles. Comparing Fig. 6A with
Fig. 6B reveals that semiconductor wafers including a
relatively 1lower amount of GOI defects have "SILC
Characteristics" that differ from wafers including a fewer
amount of GOI defects. For example, a large amount of GOI
defect leads to a larger stress induced current density, for
the same stress value. Furthermore, the large amount of GOI
defect results in more tunneling, at lower oxide fields.

According to the present invention the gate oxide
integrity defect density at different sites on a given wafer
or for different wafers is obtained by comparing the SILC
values at the same corona fluence and oxide field. Typically,
the corona fluence, i.e., amount of charge deposited on the
oxide surface, is both high enough so that low GOI densities
can be detected and low enough to avoid saturating the current
density so that any sensitivity to GOI density is lost.

The procedure for determining GOI defect density is
illustrated in Figs. 7A and 7B, using an important case of
GOI’'s related to COP defects, i.e., the crystal originated
particles. 1In Fig. 7A, the SILC curves 1, 2, 3, and 4, each
recorded at a corona fluence of 1x10°® C/cm’, correspond to
wafers having increasing GOI defect density, respectively. 1In
Fig. 7B, the SILC wvalues for each wafer at E,,= 5 MV/cm are

used as a measure of GOI defect density. As can be seen from



10

15

20

25

30

WO 01/41190 PCT/US00/32593

Fig. 7B, wafers having a higher GOI defect density have higher
SILC values.

The procedure for determining GOI can be wused to
determine absolute values of GOI defect density existing on
the wafer or created during wafer processing involved in
manufacturing of integrated circuits. For example, a SILC
Characteristic of a wafer having an unknown GOI defect density
recorded via the method described above is compared with a
standard library of SILC Characteristics from wafers having
known levels of GOI defect density and known oxide thickness.
The standard library can be generated, for example, by using
the above-described method to calculate the oxide thickness
and the SILC Characteristic from wafers having a standardized
type and amount of GOI defect. Alternatively, the method can
be used to compare the relative amounts GOI defect at the same
oxide thickness either from different regions of the same
wafer or from different wafers.

As described above, the light sources illuminate the
wafer surface to eliminate large errors caused by changes of
the semiconductor surface barrier. Additionally, systematic
errors can occur when calculating the oxide field, E,, due to
a work function ocffset effect, ¢, , between the metal reference
electrode of Kelvin or Monroe probe, and the semiconductor
substrate. Typically, the work function effect is a fraction
of 1 volt which causes a systematic shift, AE., = ¢../T., in
the measured oxide field strength, E.,.. For example, with an
often found ¢, value of 0.3V, e.g., for a platinum reference
electrode and 5Qcm p-type silicon substrate, AE., is 0.15 MV/cm
for a 200A thick oxide layer and 0.6MV/cm for a 50A thick
oxide layer. In the F-N tunneling range, shifts in oxide
field strength produce relative field errors of between about

2.5% and about 10%.
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The above-described method for determining oxide
thickness, SILC, and GOI can be modified to incorporate a
procedure to correct for the oxide field offset, AE, caused
by the work function offset ¢,. Correcting the data for the
oxide field ofifset increases the precision of the method. The
¢.. Correcting procedure can also be executed to account for
changes 1in ¢,, due to differences between individual contact
potential probes and occurring when the probes are replaced or
as the contact potential probe’s surface ages.

¢ns 15 determined by using the methodology described
above with respect to measuring the thickness of an oxide
layer. 1In this case, however, an oxide film with well known
thickness must be used. The thickness value must be larger
than 50A. The surface of the wafer is recharged with a low
corona fluence, F, ,... < 10° C/cm’ and experimental data on
(dv_/dt) vs. V. are collected by the computer. This data is
converted into J versus E_, where

J = e€.,/T, (dV./dt) and E, = V/T,.

Since, the oxide thickness, T.,, is already known, the data of
J verses E, 1s used to calculate AE,,. For the same oxide
thickness wvalue the ideal F-N current characteristic 1is
calculated J; , versus the oxide field E... Experimental values
of J is compared with calculated J.,. The shift between the
curves along the E,, axis equals the oxide field offset, i.e.,
AE,, = ¢ne/Tox, from which ¢, is determined.

Once ¢,, is determined such as for a specific probe or
periodically, e.g., once a month or day, the ¢, value can be
used by the computer to correct the oxide field offset when
testing oxide layers of any thickness.

Referring to Fig. 8, J verses E., data are shown for a
120A thick oxide on a 2Qcm p-type silicon substrate. Drns
causes a shift, i.e., by AEOx = 0.10 MV/cm, of the experimental

data points 800 to lower oxide field relative to an ideal F-N
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curve 850 of J., vs. E.. Ideal J., curve 850 1s generated
with the F-N equation and the known value of T, (i.e.,
determined by other methods). Using the values of AE,, and
T

to be 0.120V. A ¢, value for each contact potential probe can

o the work function efféct, i.e., ¢.=AE XT,,, 1is calculated
be determined periodically by running the ¢,. correcting
procedure and storing the ¢.. in the computer’s memory. The
computer uses the stored value for a given probe to precisely
calculate E, = (V. '*' - ¢,.)/T,.. The value can then be used
for SILC analysis instead of the less accurate value E, =
chill/TDx_

Additionally, correction to Prme values can Dbe
determined for different silicon substrate wafers to account
for Fermi energy shifts in the silicon substrate due to
different doping levels. These values can be incorporated
into the calculations using procedures well known in the art,
such as those analogous to ¢, correction verse silicon doping
used 1in the connection with measurements done on MOS
capacitors.

Referring to Fig. 9, 1in operatioﬁ, the computer uses
an algorithm S01 to collect SILC and GOI data. Algorithm SO01
begins by checking the computer’s memory to see 1f the oxide
thickness, T.., is known (S11). If T is unknown, i.e., the
user does not known the thickness, the computer initiates a
charging and measuring sequence (521), charging the oxide with
low fluence and determining the oxide thickness either via the
Fowler-Norheim expression for oxides thicker than S0A or other
analytical current tunneling expressions that include T, as
a parameter and are suitable for thinner dielectric
thicknesses whereby a direct tunneling takes place. Once T,
is determined or input by the user, the computer checks the
memory to see if ¢, is known. If not, the computer initiates

a charging and measuring sequence (S31), charging the oxide
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with low fluence and determining the work function offset.
Once the work function offset and oxide thickness are known,
the computer initiates a charging and measuring sequence
(841), charging the oxide with different amounts of fluence
(at least one of which procduces SILC) and determining the
oxide current versus oxide field characteristics (I-V). The
computer repeats S11-S41 on a number of test sites on the same
wafer or on a series of wafers using the same amounts of
fluence. The SILC values at a specific oxide field and a
specific fluence are compared to determine GOI density at
different sites either on the same wafer or on several wafers
(S61) .

In other embodiments, prior to measuring SILC and GOI,
a wafer precharging device, i.e., a corona wire electrode used
in photocopiers, or a coropa wire device, can precharge at
least a portion, e.g., an entire, a half, or a small segment
including the testing site, of the wafer surface to reduce
charge leakage along the surface. Reducing surface leakage
helps to minimize erroneous high SILC and GOI results. The
precharge must be done using charge of the same polarity as
that used in corona charge inducing dielectric stress.

For Si0O, on p-type silicon, corona wafer precharging
and corona stress charging on test site are done using
positive charge. The wafer charging device can be integrated
with or separated from the above deséribed test system. In
either case, the wafer chuck moves the wafer under the wafer
precharging device and the device deposits a precharge over a
portion of the wafer’s surface. .ifter precharging, the wafer
chuck moves the wafer beneath the charging and measuring
system for SILC and GOI analysis. Examples of wafer corona
precharging devices can be found in U.S. Patent No. 5,773,989
and in U.S. Serial No. 08/893,404 entitled "Measurement of the

Interface Trap Charge in an Oxide Semiconductor Layer
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Interface," by Lagowski et al., both of which are incorporated
herein in their entirety by reference.

Referring to Figs. 10A and 10B, a wafer precharging
device (not shown) is used to deposit corona precharge, AQ.°,
onto a surface 922 of a dielectric layer 920 to precharge the
wafer prior to GOI and SILC testing. During SILC and GOI
testing, the charging station (See Fig. 1) deposits additional
charge, AQ.’, onto a small area of the dielectric layer, i.e.,
on a test site 950, to achieve a total predetermined charge,
AQ., on the surface. Note that AQ. is equal to the precharge,
AQ.°, plus the additional charge, AQ.’ and the computer uses
the total charge, 4Q., deposited onto test site 950 in
calculating fluence condition for comparing SILC.

Referring to Fig. 10C, charging station (See Fig. 1)
deposits the total predetermined charge, AQ., onto test site
950. Due to the large charge density gradient between charged
test site 950 and the remaining uncharged surface 960, charge
in test site 950 dissipates or leaks (arrows) onto the
surrounding uncharged surface 960 causing a decrease of AQ. in
test site 950. Since the measuring station does not
discriminate between changes in AQ. by surface leakage and by
charge tunneling, surface leakage can lead to erroneously high
SILC and GOI.

What is claimed is:
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1. A method of characterizing a dielectric layér
disposed on a semiconductor wafer, the method comprising:

positioning the semiconductor wafer relative to a test
device; and

measuring with the test device, the stress induced
leakage current characteristic across the dielectric layer on
the semiconductor wafer with the test device spaced from the

dielectric layer and the semiconductor wafer.

2. The method of claim 1, wherein the stress induced
leakage current characteristic comprises a current density
across the dielectric layer versus a dielectric field for a

specific fluence of stress on the dielectric layer.

3. The method of ,claim 1, wherein measuring the
stress induced leakage current includes using the measurement
test device to apply a charge to the dielectric layer of the
semiconductor wafer at a level sufficient to stress the
dielectric layer by causing a current flow across the
dielectric layer, and measuring a current-voltage

characteristic after stress:ng the dielectric laver.

4. The method of claim 1, further comprising
illuminating the dielectric layer of the semiconductor wafer
while measuring the stress induced leakage current to reduce

the surface barrier contribution to the stress induced leakage

current.

5. The method of «c¢laim 3, further ~comprising
illuminating the dielectric surface of the semiconductor wafer
while applying the charge to the dielectric layer to reduce
the surface barrier contribution to the stress induced leakage

current.
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6. The method of «claim 5, further comprising
illuminating the dielectric surface of the semiconductor wafer
while measuring the current-voltage characteristic of the
semiconductor to reduce the surface barrier contribution to

the stress induced leakage current.

7. The method of claim 3, wherein applying the
charge includes applying charge to the dielectric layer of the

semiconductor wafer with a corona stress element.

8. The method of c<¢laim 3, wherein measuring the
current-voltage characteristic includes measuring a potential
difference between a probe and the dielectric layer on the
semiconductor wafer and calculating a current density across

the dielectric layer.

9. The method of claim 1, wherein the semiconductor

wafer comprises silicon.

10. The method of claim 9, wherein the dielectric

layer is SiO0,.

11. The method of claim 3, wherein measuring the
stress induced leakage current includes precharging the
dielectric layer with charge of the same polarity as the

charge for stressing the dielectric layer.

12. A method of measuring gate oxide integrity of a
dielectric layer disposed on a semiconductor wafer, the method
comprising:

illuminating the dielectric layer to remove voltage
drop across the space charged region of the semiconductor

wafer,
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applying a charge tc the dielectric layer at a level
sufficient to stress the semiconductor wafer to induce a
tunneling current flow, and

measuring a current-voltage characteristic of the
semiconductor wafer after applying the charge to the

dielectric layer.

13. The method of claim 12, wherein illuminating and

applying the charge to the dielectric layer are simultaneous.

14. The wmethod of c<laim 13, further comprising
simultaneously illuminating and measuring a current-voltage

characteristic of the semiconductor wafer.

15. The method of claim 12, wherein illuminating and
measuring a current-voltage characteristic of the

semiconductor wafer are simultaneous.

16. The method of claim 12, wherein applying the
charge includes applying a charge to the dielectric layer of

the semiconductor wafer with a corona stress element.

17. The method of claim 12, wherein measuring the
current-voltage characteristic includes measuring a current
density across the dielectric layer and a potential difference

between a probe and the semiconductor wafer.

18. The method of claim 12, wherein the semiconductor

wafer comprises silicon.

19. The method of claim 18, wherein the dielectric

layer is 5iO0,.
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20. The methcd of claim 12, wherein measuring the
current-voltage characteristic includes precharging the

dielectric layer of the semiconductor wafer.

21. The method of claim 12, further comprising
correcting the measured current-voltage characteristic for a

work function effect.

22. The method of measuring gate oxide integrity of
a dielectric layer disposed on a semiconductor wafer, the
method comprising:

moving the wafer into position below a charge source,

illuminating an area of the wafer under the source
with a first light source,

setting charging coq@itions of the charge source,

turning on the charge source to stress the area of the
wafer,

turning off the charge source and the first 1light
source,

moving a probe above the wafer over the area stressed
by the charge source,

illuminating the area of the wafer under the probe
with a second light socurce,

measuring the contact potential as a function of time
after turning off the charge source, and

calculating oxide current density as a function of

oxide field.

23. The method of claim 22, further comprising
determining a magnitude of a stress induced leakage current at

a constant oxide field.
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24. A method of measuring the gate oxide integrity of
a dielectric layer disposed on a semiconductor, the method
comprising:

measuring the stress induced leakage current across
the dielectric layer on the wafer,

determining a magnitude of a stress induced leakage
current at an oxide field strength, and

comparing the magnitude of stress induced leakage
current to a standard magnitude of stress current at the oxide

field strength.

25. The method of claim 24, further comprising

determining the thickness of the oxide layer.

26. A method of mea§uring a thickness of a dielectric
layer disposed on a semiconductor wafer, the method
comprising:

applying a charge to the dielectric layer at a level
sufficient to stress the semiconductor wafer to produce a
tunneling current between the semiconductor wafer and the
dielectric layer, the tunneling current being related to the
thickness of the dielectric layer,

measuring a current-voltage characteristic of the
semiconductor wafer after applying the charge to the
dielectric layer,

calculating an oxide current density as a function of
oxide field, and

determining the dielectric thickness from the

calculated oxide current density and oxide field.
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