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(57) Abstract: Methods and systems for monitor-
ing band structure characteristics and predicting
electrical characteristics of a sample early in a
semiconductor manufacturing process tlow are
presented herein. High throughput spectrometers
generate spectral response data from semiconduct-
or wafers. In one example, the measured optical
dispersion is characterized by a Gaussian oscillat-
or, continuous Cody-Lorentz model. The meas-
urement results are used to monitor band structure
characteristics, including band gap and defects
such as charge trapping centers, exciton states,
and phonon modes in high-K dielectric layers and
embedded nanostructures. The Gaussian oscillat-
or, continuous Cody-Lorentz model can be gener-
alized to include any number of defect levels. In
addition, the shapes of absorption defect peaks
may be represented by Lorentz functions, Gaussi-
an functions, or both. These models quickly and
accurately represent experimental results in a
physically meaningtul manner. The model para-
meter values can be subsequently used to gain in-
sight and control over a manufacturing process.
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MULTI-OSCILLATOR, CONTINUQUS CODY-LORENTZ MODEL OF
OPTICAL DISPERSION

CROS55 REFERENCE TO RELATED APPLICATION

X Lication for x C ms priority
e RITT 1 i o - N o - =
under 35 U.3.C. 119 from U.3. provisional patent
t ti-

application serial number 62/165,021, entitled “New Mul
c

illator Cody~Lorentz-Continucus-Lorentz-Gaussian Model

Defects, Excitonic States, and Phonon Modes in New
R TS e T T N Y N o £ A Mo O S0 A -
Technological Important Materials, filed May 21, 2015, the

subject matter of which is incorporated herein by
raference.

[0002] The described embodiments relate to systems for
optical characterization of structures and materials
employed in semiconductor manufacturing.

B

BACKGROUND INFORMAT
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[0003] Semiconductor devices such as logic and memory

~

i

devices are typilcally fabricated by a sequence of

processing steps applied to a substrate or wafer. The
various features and multiple structural levels of ths
semiconductor devices are formed by these processing steps
For example, lithography among others is one semiconductor

fabrication process that involve
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semiconductor wafer. Additicnal examplies of semiconductor

COr

fabrication processes include, cut are not limited to,

chemical-mechanical polishing, etch, deposition, and lon

implantation. ultiple semiconductor devices may be
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fabricated on a single semiconductor wafer and then
separated into individual
[0004] Inspection processes are used at various steps

during a semiconductor manufacturing proces
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defects on wafers to promote higher vield. As design rules

and process windows continue to shrink in size, inspection

defects on wafer surfaces while maintaining high

]

0051 Semiconductor devices are increasingly valued based
on their energy efficiency, rather than speed alone. For
example, energy efficient consumer productis are more
valuable because they cperate at lower Temperatures and for

longer periocds of time on a fixed battery power supply. In

another example, energy efficient data servers are in

- v - 5 4 5 ) 41 rv T pe 5 - < pe =
1s a strong interest to reduce the energy consumption of
semiconductor evices
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at The obnm technology node and below. In response,
electronic designers and manufacturers are adopting new

materials {(e.g., hafnium silicate (HEfSi04), nitrided

hafnium silicates (HEfSiCON}, hafnium dioxide (Hf02),
zirconium silicate (Zr3104), etc.) with higher dielectric
constants than traditional materlials (e.g., silicon

e
and enable the manufacture of smaller sized transistors.
[0007] Along with the adoption of new dielectric materials,

the ed has arisen for measurement tools to characterirze

-
,._

the dielectric properties and band structures of high-k
t

materials early in the manufac
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i

speci

ically, high throughput monitoring tools are required
to monitor and control the deposition of high-k materials
during wafer manufacture to ensure a high yield of finished
wafers. Farly detection of deposition problems 1is

important because the deposition of high-k materials is an
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process. In some examples, a high-k material is deposited
on a wafer at the beginning of a2 manufacturing process that

takes over one month to complete.

[0008]

rmance of a logic gate is commonly

characterized in terms of electrical characteristics such

as muivalent oxide thickness {(ECT), leakage current,
threshold voltage, leakage EOT, and breakdown voltage.
During device processing 1t is important to monitor and
control these paramefters. These electrical characteristics
may be studied by a variety of methods inciuding electrical

measurements, transmission electron microscopy, X-ray

measurement technologies suffer from any of a number of
Ilimitations. In some cases,; the measurements regquire

destruction of the sample. In some cases, many post-

~

deposition processing steps nmust be completed before

measurements can occur. In scme cases, Tthe measurement

o

technclogy is slow, and must be separated from the

of electrical characteristics of device materials and

structures, such as gate structures. n particular, the

5
1
1.

pectroscopic ellisometry

w
e~

includes a parametric representation of a measured optical
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e parameterized model

y-rJ
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alspersion. In gome examples, ©

represents a dielectric functi Aaving a direct relation
represents a dielectric f tion having a dire relatio

-

0C10] In some examples, The optical response of one or

more high~-K dielectric layers is predicted based on a

direct inversion method. These methods are described by

2 £t 3. I LR . 1 =2 R
interfacial defects in high-k gate stack films by

spectroscopic ellipsometry,” J. Vac. Sci. Technol. B 27
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(1), 310 (2009) and J. Price et al., “Identi
sub-band~gap absorption featur
interface via spectroscopic ellipsometry,” APL 81, 061925
(2007}, the subject matter of each 1s incorporated herein
by reference in their entirety. However, direct inversion

methods are computationally burdensome, very sensitive to

statistical measurenment errors, and do not Lrovice a

physically based model of the measured structure (i.e., the

optical functions do not satisfy the Kramers-Kronig
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applications. In addition, the direct inversion method

involves an ili-defined mathematical problem. SE
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g

ts provide twoe values (e.g., o« and [, ¥ and A,
etc.) for each measured wavelength, but the model inversion
nust generate estimates for three unknowns. For example,

the inversion might provide estimates for the real (g and
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;, both BEMA

accurately monitor band gap.

[O0131 In some other examples, a Tauc-Lorentz model or a
Cody~Lorentz model is employed as described by way of
example in A.S. Ferlauto et al

optical functions of amorphous semiconductors from the

53]

-

wear-infrared to ulfraviolet: Application in thin film
photovolt

aics,” J. Appl. Phys. 82, 2424 (2002}, the subject
matter efe

=rence in its
entirety. In these models, the imaginary part of the
dielectric function is represented by a parameterized

part of the dielectric
functicn is determined kased on enforcement of Kramers-
Kronig consistency. Model parameters (e.g., optical
function parameters and thicknesses) are evaluated by

fitting modeled spectra to measured spectra by numerical
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00141 Although Tauc-Lorenz and Cody-Lorentz models may be
successfully appliied to the characterization of defect free
semiconductor and dielectric films, band gap values as well

and Ttransport

i

- (= e e PIE o - s N Y ~ p— 3 e LR S -
as defeclt states are evident 1in Opt 1Cca

measurements of practical dielectric and semiconductor

effective for process monitoring. Unfortunately, the Tauc-

[

Lorentz and Cody-Lorentz models intrinsically fail to

represent such states. In one example, the sum of three
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Tauc~Lorentz functions 1s used to describe near band-edge
defects in HfO2 lavers, s described by N.V. Nguven et al.,

1829203 (2005); and N.V. Nguvyen et al., “Optical properties
of Jet-Vapor-Deposited TiA10 and HfAIO determined by Vacuum

Ultravioclet Spectroscopic Ellipsometry,” AIP Conf. Proc.

functions fall to describe sharp middle
noticeable in the absorption spectra of high-K stacks.

rentz model is unable to account for

Moreover, the Tauc-Lo

ow energy absorption tails characteristic of amorphous

2

-

materials.

[

[0015] Although, in principle, a Harmonic Oscillator model

2

may be emploved to represent defect states, there is an
indirect connection between model parameters and meaningful
physical wvalues (e.qg., defect activation energy, number of

proven feasible for the characterization of defect states.
[0016] Accordingly, it would be advantageous tTo develop

high throucghput systems and methods for characterizing

)
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structures and materis
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oy In the manufacturing
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, it would be advantageous to
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, and stable approach to 1n-ilne

f
"

SE metrology of gate stacks including high-K dielectrics.

a

characteristics of a sample early in a production flow are

presented herein. More specifically, optical models of
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model of the multi-layer semiconductor wafer. In some

embodiments, the optical band gap is determined based at

semiconductor devices is accurately predicted based on
the optical band gap derived from

a il
measurements of the target layer, or stack of layers, and

3

the measurement models described herei

L«

-

*‘?l
ﬁ
o
]
@
O
.
[62]

[0020] In another further aspect, device per
improved by controlling a process of manufacture of the
semiconductor wafer based at least in part on the
identified band structure characteristic. In one example,

layver thickness may be controlled based on band gap

1

characteristics identified from the parameter values of the
optical dispersion model.
[0021] The foregcing is a summary and thus contains, by

necessity, ?lTp] T3 Catljnf, generallzatic me,  anda omissi

,._

d in the art will

Iimiting in any wav. OQOther aspects, inventive features,

and advantages of the devices and/or processes described

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a simplified diagram illustrative of

Q

m

wafer inspection system 100 including thin film
characterization functicnality.
[0C23] ¥FIG. 2 iz a simplified diagram illustrative of a

emiconductor substrate 112 with attached thin film
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at may be characterized by methods and

(00241 ?PIG. 3 is a flowchart illustrative cof a method 200

of determining parameter values of a Gaussian oscillator,

J

continuous Cody-Lorentz model from spectral response data.
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based on the Gaussi

described with reference to FIG. 4.

[0027] Reference will now be made in detail to background

examples and some embodiments of the invention, examples of
1

[0028] Methods and systems for monitoring bandgap, defect

states, and other material parameters Lo predict electrical

characteristics of a sample early in a production flow are

presented herein.

[0028] More specifically, optical models of structures and
materials emploved in semiconductor device manufacture

based on a Gaussian Oscillator, Continuocus-Cody-Lorentz
{GOCCL) model are presented. In particular, models capable

of accurate characterization of band structure
characteristics in high-K dielectric lavyers, defect states,

excitenic effects and nanostructures such

(_..
]
\
’D
w
i
Q
ot
]
€3]
-

as guantum wells, quantum dots and nanowires embedded

10
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another amorphous dielectric slab or lavyer are presented.

These models guickly and accurately represent experimental

c

subsequently used to gain insight and control over a
manufacturing process. The optical models presented herein
are emploved to represent structures incorporating a
variety ©f new, technologically important materials. The
measurement results are used to control band gap and
defects such as charge trapping centers, exciton states,
and phonon modes.

[0030] FIG. 1 illustrates a system 100 for measuring a
spectral respon of 2 thin film of a semiconductor wafer,
in accordance with cone embodiment of the present invention.
As shown in FIG. 1, the system 100 may be used to perform
spectroscopic ellipsometry on one or more films 114 of a

semiceonductor wafer 112 disposed on a translation stage

‘,..J
O
N

spectroscopic ellipsometer equipped with an illuminator

and a spectrometer 104. The 1lluminator 102 of the system

ot
i..(
O
3
O

-+
)

100 is configured to generate and direct iillumina
selected wavelength range {(e.g., 150-850 nm} to the thin
film (e.g., HEfS1iON thin film) disposed on the surface of

the semiconductor wafer 112. In turn, the spectrometer 104

i..(
9]
@]

onfigured to receive illumination reflected from the

the semiconductor wafer 112. It is further
that the light emerging from the illuminator 102 is

] : 3
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1lilumination

film 114 disposed on the wafer 112 is passed through an
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of the illumination beam 106, allowing for spectral
analysis of the thin film 114,

(0031} In a further embodiment, the system 100 may include
one or more computing systems 116, The one or more
computing systems 116 may be communicatively coupled to the
spectrometer 104. 1In one aspect, the one or more computing
systems 116 may be configured toc receive a set of spectral
measurements performed by The spectrometer 104 on one or

more wafers. Upon receiving results of the one or more

process from The spectrometer, the one or more
computing systems 116 may then calculate parameters of an

optical dispersion model. n this regard, the computing

imaginary component (k) of the complex index of refraction

150~850 nm) for the acquired spectrum from the spectrometer

-

104. Further;, the computing system 116 may extract the n-

and k- curves utilizing a regression pre

ordinary least sguares regression) applied to a selected
dispersion model. n a preferred embodiment, the selected
dispersion model 1s a Gaussian Oscillator, Continucus-Cody-

Lorentz model as described herein.
[0032] In a further embodiment, the computing system 116
may determine a band structure characteristic indicative of
a defect of the film 114 based on parameter values of the
optical dispersion model. For example, The computing

system 116 may be confligured to automatically identify

Q.
o)
Hh
0]
Q
ot

s from parameter values of tThe opti
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[
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1ng system

16 may control a process of manufacture a semiconductor
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e

o

characteristic determined from parameter values of

optical dispersion model. For example, computing system

116 may be configured to communicate process control
parameter values To one or more manufacturing tools

the manufacture of the semiconductor wafers

g
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er 1148 is located between z semic

adhesion between the high-k material and
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for purposes of analysis employing the methods and systems

as described herein. In this example, the one or more
computing systems 116 may determine one or more parameters

of an optical dispersion model of the film lavyer 114

u I
ceach layer may be modeled separately. In this example, tThe
one or more computing systems 116 may determine one or more
parameters of an optical dispersion model of the high-k
insulative layer 114ARA and one ¢r more parameters of an

optical dispersion model of the intermediate layer 1148

Laninini J
<
<
{3
167]

Lt
|
t
[6)]
)
O
ot
-
(o
1
T
Q
(@]

G
[
0
s
N
O
9]
el
=
oy
j9)]
T
t
s
@
5
j9)]
=
[
O
ot
[6)]
4]
(it
[
[@]
4]

he
De

Q
®
]
@]
<
I_J
o
(T
Q
+
=
3
@]
O
-
-
ot
oy
(T
£®]
=
(T
O]
)
o]
ot
QDJ
[D
@]
l_a
]
€3]
ot
=
D
=1
Q
S
o}
®
@]
oM
[
=
P.
®
Q,

muitiple computer system 116. Moreover, different
subsystems of the system 100, such as the spectroscopic

eliipsometer 101, may include a computer system suitable

[
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for carrying

illuminater

another example,

102 mavy be

manner, the co

coupled to

[0037] The

illuminator

that may include

this mannexr,

be configured

be configured

In ancther

subsystem

illuminator subsystem

crometer 104 and the

[u.Y

Jter system

ngle ellipsom

Lve and/or

PCT/US2016/033613

, The one ¢or more computing

to perform any other step(s)

ethod embodiments described herein.

the computer system 116 may

to the spectrometer 104 or the
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zTer computer system.
116 of the system 100 may be

acgulre data or information

+ ' e — TN A
stem {e.g., spectrometer 104,

>} by a transmission medium

and/or wireless portions. In
medium may serve as a datlta

instance, the spectral results

sults may be ilmported from an
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[0038] Moreover, the computer system 116 may send data to

external systems via a transmission medium. Moreover, the

\.

computer system 116 of the system 100 may be configured to
- 3 - i/ T T T P . 3 oam 2 - 3 =g S S
recelve danc/or acqulre data or information from other

systems (e.g., inspection results from an inspection system

transmission medium that may include wireline and/or
wireless porticons. In this manner, the transmission medium

nay serve as a data link be
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fLransmission medium.
[0038] The computing system 116 may include, but is not
limited to, a personal computer system, mainframe computer

5
1
1.

system, workstation, image computer, parallel processor, or

any other device known in the art. In general, the term

AR - T T - 7 P I~ o - J 7 3/ IR 3 P Y S Y P = T
computing system” may be broadly defined to encompass any
device having one or more processors, which execute

instructions from a memory medium.
[0040] Program instructicns 120 implementing methods such
as Those descriked herein may be transmitted over or stored

on carrvier medium 118. The carri

-

ey medium may be a
transmission medium such as a wire, cable, or wireless

transmission link. The carrier medium may alsc include a

magnetic tape.

[0041] The embodiments of the system 100 illustrated in
FIG. 1 may ke further configured as described herein. In
addition, the system 100 may be configured to perform any

the method embodiment (s} described

15
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[0C42] ¥FIG. 3 illustraltes a process flow 200 suitable for
implementation by the system 100 of the present invention.

In one aspect, 1t is recognized that data processing steps
of the process flow 200 may be carried out via a pre-
programmed algorithm executed by one or more processors of
computing system 116. While the following description is

deposited on the wat
received from an eil
spectra may be recel
The spectral data ma
films 114 deposited

U

spectromefer 104, as
spectrometer 104 may

neasur

spectroscopic

ne or more comput

example, the spect

O

acqguired by importi

er, For example, spectra may be
ipscometer 101. In another example,
ved from a reflectomefer (not shown).
v be acquired from each of the thin
on the wafer 112 utilizing the
cmeter 101. For instance, the
inciude an illuminateor 102 and a

discussed previously herein. The
transmlt results asscociated with a
ement of the thin films of the wafer to
g systems 116 for analysis. In ancther
for multiple thin films 114 may be
g previocusly obtained spectral data.

In th egard, there is no reguirement that the spectral
acquisition and the subsequent analysis of tThe spectral
data need be contemporaneo or performed in spatial
proximity. For instance, spectral data may be stored in
memory for analysis at a later time. This may be
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desireable, for example, for diagnostic purposes, or

5

analvsis of large sets of measurement data. In another

o]

instance, spectral results may ke cbtained and transmitted

]

o an analysis computing system located at a remcte

-
1S

[0044] In block 202, a plurality of parameter wvalues of an

(_

e}
+
P
m
i_._
Q
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ispersion model of cone or more layers of the

muiti-layer semiconductor wafer are determined kased at

,
r
€

least in part on the spectral resgonse. n one example,
the optical dispersion model inciudes at least one
unbhounded Gaussian oscillator function. In addition, the
optical dispersiocon model includes a continucus Cody-Lorentrz
irst derivative function that is continuous
at The Urpbach transition energy of the model. In one
example, the optical dispersion mode
Gaussian oscillator functicons to account for defect states,
interface states, phonon modes, or any combination thereof.

n this manner, the optical dispersion model is sensitive

[0045] In general, the optical dispersion model as

described herein may be configured to characterize any

real (n) and imaginary (k) components ¢f the complex index

and imaginary (g2) components of the complex dielechtric
constant may be characterized by the optical dispersion
mocel. In other examples, any of the square root of gy,
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where is

the free space permeability, may be characterized by the
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optical dispersion model. In other examples, any

[

combinat:

0

on of the aforementioned optica
metrics may be characterized by the optical dispersion
model., The aforementioned optical dispersion metrics are
provided by way of non-limiting example. Other optical
dispersion metrics or combinations of metrics may be
contemplated.

100467 In cone example, the par

Iy

ameter values of an cptical

ol

vdel of the real (g1} and imaginary (&}

components of the complex dielectric constant across the

pelw]

selected spectral range are determined utilizing a
ssion process. In this regard, a regression method

re
may be appiled to the measured spectral data using a

[0C47] In one aspect, Tthe selected dispersion model
includes a continuous Cody-Lorentz model having continuous

first derivatives and one or more Gaussian oscillator

high-K dielectric layver. In one example, the imaginary
part of the dielectric function, & {E), 1s defined by
Fquation (1). The imaginary part of the dielectric

function is propcerticonal to the abscrption coeffi

+ G AEYL(ED, =
[0048] The first fterm in Eguation {1}
the sum of free {(unbounded) Lorentz oscillators as
illustrated in equation (2

A L

U, F
L[ 'z’{i\ — ‘g‘ fin 0 fm ™
J( ) ‘;:7_‘,(] -—L ) +l~2]ﬁz

/m’

N

yiii
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Bew, Eorm, and s are the ampli

frequency, and width of
the m-th free Lorentz peaks, respectively, where m 1 any

ue. As illustrated in eguation (1},

{unbounded) Lorentz oscillators. Any Lorentz oscillator
having a frequency larger than the band gap is assumed o
be bounded, i.e., Egp > Ey. Any Lorentz oscilllator having a
frequency less than the band gap i1s assumed to be free,

i.€e., Bour < Ego

[0042] The second term in Equaticn (1), Ge(E}), represents a

set of the Gaussian oscilllators as 1llustrated in equatlon
{3).

/

(3)
L0050 Ay, Eg, and C; are the amplitude, frequency and

width of the 1-th Gaussian oscillators, respectively, where
1 is any positive, integer value. The Gaussian oscillators

o the band gap. The Gaussian coscillators effectively

model amorphous and glassy materials as well as phonon
contribution to abscrption. Further detalls are described

Non-Crystalline Scolids 275, 72-82 (2000}, the subject

matter of each is incorporated herein by reference in their

19
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enerqgy, FE:, between the Urbach talls and the gap region
cannot be smaller than the band gap energy, Eg4, and cannct
be larger than the resonant energy, Egy, where the resonant
cnergy corresponds approximately to the maximum of the
absorption band. Moreover, the rate of attenuation of the
Urbach tail is constrained to be non-negative, Eyu,=0. An
important limitation of the conventional Cody-Lorentz model
formulation is that it has discontinucus derivatives over
cnerqgy, E, and resonant energy, Ey at the fransition energy,
[0054] In a further aspect, the dispersion function defined
by Equations (1}-{(6} 1s constrained such that the
constrained dispersion function has continucus derivatives
over B and Eg at the transition energy, E:. In one example,
he rate of attenuation of the Urbach function, E,, is

L Rt vl ) I
= ﬁj’ bl R A
U - m L7
OF,/OE, 2D Y
where,
A — - 2 -
E, ~E, L I,
[) _____ 4] i F 1
T a2 N 2~2+ ~ N 2 (8)
(g =K Y +T°E (E,-E Yy +E E-FE
& i o
[0055] As a result, the continuous Cody-Lorentz model
includes six fitting parameters in terms of enerqgy, {E; Eg,

A, Es, Iy Ei}, provided that Ey is de
and (8). Furthermore, as follows d
{8), E, 1ls constrained to ke a non—-n
transiti energy range E SE<Eg. Tl

Cody-Lorentz model is intrinsicalls
physically meaningful,

21
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[0056] The real part of the dielectric function, g (E), is
determined by enforcing Kramers-Kronig consistency To
arrive at the following expression for g1 (E):
(%,5)
3
! . ®’ /
£, (é.b,) &y JC’\) j ’BA ‘:'7 {93

(=~} is the high freqguency e

5
1
L

where g

%__4
-t
<
&
-
-
0}
G
h
ot
.}
®

dielectric constant, P is the principa.
integral, and b: represents all the parameters of the model
including Egi Ep/ Et/ EObrw EOfm; ;’l\“"\rw Zkim/ an/ r“m; ;’l\“l/ EO_'H "r\-'/
where n, m, and 1 run over all bounded Lorentz peaks, fr
Lorentz peaks and Gaussian peaks, respectively, provided
that the value of B, 1s defined by equations (7) and (8).
Eguation (2) can be reformulated from its integral form fto

an analytical expressicn as follows:

£ (D =g(0)+1,(I)+ 2 (X,0,) (10)

2 (E) 1s the Urbach integral and X, and ¢, are well-
defined functions of the model parameters.

FO0871 The GOCCL model described herein can be generalized
representation ¢of shapes of abscorption defect peaks 1is

Lorentz functions, or both. Absorption defect peaks

characterized by a

G2
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w
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representation ¢of a variety of physical features of

measured structures, lnciuding £xXcitonic and chaos effects.

¢

(00581 FIG. 4 is a plot 130 of a simulation of the

imaginary part of the dielectric function, £ {E), modeled in
accordance with the Gaussian Oscillator, Continuous-Cody-
Lorentz (GOCCL) model described herein. In this example,

the GOCCL model includes two bounded Lorentz oscillators
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laver, or stack of lavers, is determined based at least in
.

part on the parameter values of the GOCCL medel of the

muiti-layer semiconductor wafer. The parameters of the

b I " yvel ™ I N TN - ™ T bl
model ;s €.9., rigy h‘p/ Il 4 EJDbni Ei0fmy J-D\*brli A-im! I bns I fms Sls Hols
-4 oy B PR ] ~
Ci}, are not just fitting parameters, but are directly
related to physically measurable values. 1In particular, Eg,

represents the band gap energy, Buns, Een, and ., are

related to band-to-band ophtical transitions, Am, represents

the exciton transition strength or concentration of

)

5
1

nd

o

|__x
(’)
93]

(’J

defects, Egm, represents the corresponding energl
1w, are related to defect/exciton trap lifetime. Moreover,
tThe parameters related To the 1-th Gaussian oscillators, A,

Foi, and Cp, are related to particular phonon modes or in-

gap defects contributing to the absorption coefficient.

The derived optical functions represent optical features,

structural features, or both, from a variety of materials

16

et

ues of the

Ny

of technological importance. Parameter va

N

optical dispersion model are resolved based on measured
data and the measurements are emploved to monitor band gap

as well as defects including charge trapping centers,

fabrication processes

.

[0062] In one example, the GOCCL model described herein can
be applied to monitor band gap of high-K dielectric stacks.

)

loreover, The determined band gap is highly correlated to

the electrical performance test results of high-K metal
gate stacks. In one example, the GOCCL model described
herein can be used to determine band gap estimates based on

measured data that accurately predict the leakage current
>T semiconductor gate stacks before the semiconduct
device is fully fabricated. In addition to silicon based

semiconductor devices, similar results may ke obtained for

24
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a variety of semiconductor devices based on Germanium
Silicon and other narrow-gap semiconductors.

[0063] The aforementioned examples are provided for
illustration purposes and do not limit the tvpe of band
structure characteristics that may be contemplated. Many

other bhand structure characteristics that correlate with
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cal properties, and thus act as effective

indicators of the electrical performance of a finished
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the Off-line Spectral Analysis (OLSA) stand-alone

software designed to complement thin film measurement

N

systems such as the ARleris 8510 available from KLA-Tencor

Corpcration, Milpitas, California {(USA). Measurements

performed on test samples including high-K gate dielectric

stacks showed high precision and reliability at high

throughput. Fu

4

promise for monitoring and control

P..J
l_)
O
@]
)
63}
I~
Q
)
T
=
W
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T
FJ
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O

centers. In some examples, improved fitting of

ellipsometric data with a 2-3 times inmprovement in

5

throughput was observed in comparison to existing methods.

00651 In blcock 203, the plurality of parameter values of

o

the optical dispersion model determined from a fitting of

measurement data Lo the GOCCL model are stored in a memory

N

{e.qg., a memory of carrier medium 118

. The stored wvalues

5
H
}

may be used, for example, Lo perform further analysis o©

25
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the specimen, or to control manufacturing process

[0086] In ancther further aspect, device performance 1s
improved by controlling a process of manufacture of the

semiconductor wafer based af least in part on the

characteristics identified from the parameter values of the
optical dispersion model i1illustrated in Equations (1)-(8).
[0067] Although, the GOCCL model is described with

reference to modeling of high-K dielectric lavers, the

the model can be configured to describe the band structure

N N i T o ezt A e T e T e € ! f ey oy e ~ N1 T gt

of a varie Ly of nancstructures (e. G., nanow ires o Juantumm
(. b damel 174 P e o p 3 &
dots and quantum wells), 1ncluding any number of bands of

another example, the model can be applied to nanostructures

s, quantum dots and nanowires) embedded

in another amorphous dislectric slab or layer. In ancther
axample, the model can be applied to newly developed
photoresists such as molecular sists or copolymers, high-

K dielectrics such as Hf0Z, disordered materials, and
Jranium oxides (UDx) .
[0068] In ancther further aspect, separate determinations

of optical dispersion metrics and band structure

le;, a wafer under measurement may include a
semiconductor substrate 112, an intermediate layer 114B, a

high-k insulative laver 114A, and an additicnal film layer
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spectrometer 104 includes contributions from all of these
lavers. A stack layer model that captures the

associated with each different physical lavyer or group of
physical lavyers under analysis.

[0068] In ancother further aspeci, the stack model incliudes
a model of the intrinsic absorption peaks of the

semiconductor substrate 112 {e.g., silicon). In one

manner, the abscorption peaks of the semiconductor substrate
may be effectively removed from the spectral response of

~tral response of the

high~-k film from the semiconductor substralte, a more
accurate determination of defects and band structure
characteristics associated with the high-k film laver 1is

achileved.
[CO70] In ancther further aspect, band structure

characteristics {e.g., band gap and defects) are ussd to

grade wafers and microchips early in the production process
based on the quality of the gate insulator. This may avoild

d to grade wafers and microchips at the end of the

e
production process using expensive and time consuming
1
[0071] In one or nore exemplary enbodiments, the functions

N
firmware, or any combination thereof. If implemented in

P
t AL

software, the functions may be stored on or transmi

r-1-

over as one or more instructions or code on a computer-
readable medium. Computer-readab

computer storage media and

O
5
3
g:
P
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Q
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o
=
63}
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=
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any medium that facilitates transfer of a computer program

from one place to another. A storage media may be any

or special purpose computer

,
v
e

limitation, such computer-readable media can comprise RAM,

RCM, EEPROM, CD-ROM or other optical disk storage, magnetic

disk stocrage or other magnetic storage devices, or any

e}
Q

(

=
ot
oy
Q
-+
Q
NI
o]
o
]
jw
O]
D
O

other mediur

i to carry or store desired

program code means in the form of instructions or data

structures and thal can be accessed by a general-purpose or
special-purpose computer, or a general-purpose or special-

purpose processor. Also, any connection is properly termed
a computer-readable medium. For example, if the software
is transmitted from a website, server, or other remote

source using a ceoaxial cable, fiber optic cable, twisted

pair, digital subscriber line (DSL), or wireless

fTechnologies such as infrared, radio, and microwave, then
the coaxial cable, fiber optic cable, twisted pair, DSL, or

wireless technologies such as infrared, radio, and
microwave are included in the definition of medium. Disk
and disc, as used herein, includes compact disc (CD), laser
disc, optical disc, digital versatile disc (DVD), floppy

disk and blu-ray disc where disks usually reproduce data

cr
ol

As used herein, the term "wafer"” generally refers
[0072] used herein, the term "wafer” generally refer
substrates formed of a semiconductor or non-semiconductor
material. Examples of such a semiconductor or non-

semiconduct material inc

Al

lude, but are not limited to,

j—

nonocrystalline silicon, gallium arsenide, and indium
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phosphide. Such substrates may be commonly found and/or
processed in semiconductor fabrication facilities.

5

[0073] OCne or more lavers may be formed upon a wafer. Fox

zxample, such lavers may 1nclude, but are not limited to, a
resist, a dielectric material, a conductive material, and a

layers are known 1n the art, and the term wafer as u
herein 1s intended to encompass a wafer on which all types
of such layers may be formed.

[0074] One or more layers formed on a wafer may be

patterned or unpathterned. For example, a wafer may include

a plurality ¢of dies, each having repeatable patterned

material may ultimately result in completed devices. Many

different types of devices may be formed on a wafer, and

[Q075] A typical semiconductor process includes wafer
processing by lcot. As used herein a “lot” is a group of
wafers (e.g., group of 25 wafers) which are processed

=

together. Fach wafer in the lot is comprised of many

eventually becomes a single chip. One or more lavers formed

on a wafer may be patterned or unpatterned. For example, a

0

wafer may include a plurality of dies, each having

repeatable patterned features. Formaticon and processing of
such layers of material may ultimately result in completed
devices. Many different fLypes of devices may be

a
wafer, and the term wafer as used herein is intended to
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encompass a wafer on which any of device known in The

e - o
art is belng fabricated.

[0076] Although embodiments are described herein with

respect to wafers, it is to be understood that the
embodiments may be used for characterizing thin films of

ancother specimen such as a reticle, which may alsoc be

commonly referred teoc as a mask or a photomask,

art,
[0077] Although embodiments are described herein with

i
+
t

regspect to measurement of thin films applied tTo wafers, it

Ads

is to be understood that the methods and sysltems disclosec

critical dimensions

of semiconductor structures, overlay among layers of
semiconductor structures, and material composition of
semiconductor structures.

[0078] The embodiments described herein generally relate to

methods for determining band structure characteristi
.t_.

values at high throughput. For example, one embodiment
relates to a computer-implemented method for determining
band structure characteristics of multi-iayer thin films
based on optical model parameter values derived from
spectroscopilc ellipsometer data. However, in other
examples, measurement of critical dimensions, over]

e Yy .

material composition using the technigques described herein

et
6]
o
oot

so contemplated. Similarly, the methods described

herein are not limit

@

=d in the Types of metrology systems
from which cptical model parameter values may be derived.

For example, in one embodiment, the metrology system

30
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includes a reflectometer for thin film inspec

n general, the optical dispersion models described

rom a variety of broadband and narrowband

metrology tools. For example, spectroscopic ellipsometers

S

,..4

and reflectometers, mu.
reflectometers, including any number or Lype of

27 : - : ~ . - 3 5 - 3 ~ P ] o
iliumination scurces (e.g., lamp or laser based sources

SHINIES
vacuu

0079] In additicn, the metrology system may be configured

{involving data from one or more platforms simultanecusly)
and any other metrology or inspection teol that benefits
rmination of band structur

e
nulti-layer thin films based on ocptical mos
.t_.

values at high throughput. Thus, the terms “mefrology”
st am o w srect 1 e ouate MOy Py 17 e ot o~ o NI
system and “inspection” system may be used interchangeably.

[0080] Although certain specific embodiments are describe
above for instructional purposes, the teachings of this
patent document have general applicability and are not
limited to the specific embodiments described above.
Boccordingly, various modifications
combinations of varicus features of the describ:s

cmbodiments can be practiced without departing from the

31
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CLAIMS

What is claimed is:

an illuminator configured to provide an amount of
illumination to an unfinished, multi-layer semiconductor
walfer across a spectral range;
a spectrometer configured to collect an amount of

light from the unfinished, multi-layer semniconductor wafer

rided by the illuminator

one or more computer systems configured fo:

recelve the spectral response of the unfinished,

=
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ot
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optical dispersion model of one or more layers of the

derivative function that i1s ceontinuocus at the Urbach

transition energy of the continuocus Cody-Lorentz model and

o)
-
7" 1]
<
C
10}
=
o
{
.“
./
=
=
:f
,.
[OR
@
e

in a memory.

dispersion model is sensitive fto a kand gap of a layer of

the unfinished, multi-laver semiconductor wafer.
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9. The system of Claim €, wherein the first

-t
Q3
\/1

includes an intermediate layer between the semiconductor
1

.}

substrate and the electricall

5—-s
s
ey
jm
o
"
[
bt
(o
=
e
o
o
s
@]
~
o
—
—
e
j*n

10. The system of Ciaim 1, wherein

spectrometer are configured as any of an ellipsometer and a

recelving a spectral response of an unfinished, multi-

determining a plurality of parameter values of an

f one or more layers of the
muiti-layer semiconductor wafer based at least in part on
the spectral response, wherein the optical dispersion model

continucus Cody-Lorentz model having a first

i..(
-}
Q
I_J
c
Q.
0
6}

transition energy of the continuous Cody-Lorentz model and
at least one unbounded Gaussian oscillator function; and

storing the plurality of parameter val

Q
i_._
jw
®
o0
O
—
+
=y
®

optical dispersion model in a memory.
12. The method of C

dispersion model is sensitive to a kand gap of a lavyer of

the unfinished, multi-laver semiconductor wafer.

determining a band struct:

-
e
o
9!
-y
jab
D]
DJ
_r
D
P .
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ot
i._(
@]
I_J
]
Q.
}._I
0
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ct
}._I
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Ler
of an electrical performance of a first layer of the multi-
laver semiconductor wafer based at leastT 1n part
ues of the optical dispersion model of the

1+ 1 a4 5 1 3~ T a Ty
multi-layer semiconductor wafer,
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2/3

200

)

RECEIVE A SPECTRAL RESPONSE OF AN UNFINISHED, MULTI-
LAYER SEMICONDUCTOR WAFER ACROSS A SPECTRAL 201
RANGE

¥

DETERMINE A PLURALITY OF PARAMETER VALUES OF
AN OPTICAL DISPERSION MODEL OF ONE OR MORE LAYERS
OF THE MULTI-LAYER SEMICONDUCTOR WAFER BASED AT
LEAST IN PART ON THE SPECTRAL RESPONSE, WHEREIN THE
OPTICAL DISPERSION MODEL INCLUDES A CONTINUQGUS
CODY-LORENTZ MODEL HAVING A FIRST DERIVATIVE
FUNCTION THAT 15 CONTINUQGUS AT THE URBACH

TRANSITION ENERGY OF THE CONTINUOUS CODY-LORENTZ

MODEL AND AT LEAST ONE UNBOUNDED GAUSSIAN
OSCILLATOR FUNCTION

e 202

¥

STORE THE PLURALITY OF PARAMETER VALUES OF THE
OPTICAL DISPERSION MODEL IN A MEMORY

e 203

FIG. 3
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