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Abstract- The understanding of macro- and micro-scale
wafer shape changes during device fabrication gosteps

is becoming very critical in developing and optimg
advanced technology node devices in which new nadger
such as Ni, NiPt and/or Ge are introduced. We have
developed a non-contact, in-line process and/oremadht
property monitoring method which uses various forms
(reflection, diffraction, interference and scattg)i of
interactions between semiconductor wafers and ar las
beam. Laser spike anneal (LSA) induced changearéice
profiles in TiN/NiPt/Si.,Ge/Si (100) and Si,Ge/Si (100)
wafers are characterized using the newly developag
high magnification optical surface profilometry (®3S00)
system. Significant global and local changes of ewaf
surface profiles were observed after LSA. Multi-etngth
micro-Raman studies revealed significant changesG@n
content and lattice level stress in_&e/Si (100) wafers
annealed under various LSA temperatures and dinest

I. INTRODUCTION

The importance of understanding process induced
deformations and stresses at the wafer level, eiel|
micro-area level and device level is becoming cdhimgein
developing high performance, advanced technologyeno
devices [1-5]. An element of large atomic size, Ge,
intentionally introduced to create lattice stramSi up to
~35atm% for carrier mobility enhancement [6-9]. The
introduction of new materials and miniaturizatidrdevices
induces a high level of deformation and stress.

A wafer always experiences global and local (macrd
micro) surface profile and strain (or stress) cleasnduring
various process steps due to chemical reactionplaysical
changes under a specific (either uniform or norfiewmi)
process environment. In-line process monitoring hasn
playing a vital role in quickly identifying and msing
equipment and/or process problems which affect odevi
yield in semiconductor manufacturing environmets?].

Wafer level global flatness is strongly desired for
preventing pattern overlay problems in photolittagay
steps [1, 10]. In the case of,3Be/Si, intentional local
strain generation is introduced for enhancing devic
performance by adding tens of atomic percent ofirG8i
[6-9]. Process induced deformation of surface #atn
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and/or local strain can cause focusing problems in
photolithography steps and results in pattern ayerl
problems and critical dimension errors in nanomstale
devices [1, 10]. Characterizing, understandingrmadaging
process induced surface profiles and lattice straire as
important as process control for nanometer scaldcee
manufacturing.

Recently, the coherent gradient sensing (CGS)
interferometer has been introduced as a wafer bow&v a
warpage monitoring instrument and its applications
blanket and patterned wafer characterization betwee
process steps have been introduced [3-5, 10-18¢eShe
CGS technique utilizes an entire wafer image captiny a
1024x1024 CCD array and interference fringes fa\agis,
it has limited spatial resolution (>3@M) and height
resolution (~1/10 wavelength at best) [12]. For panmo
characterization of wafers in advanced device taiion
process steps, sub-micron spatial resolution and- su
nanometer height resolution are required. We have
developed a laser-based optical surface profilom@ESP-
300) system to realize the sub-micron spatial te&wi and
sub-nanometer height resolution required for adednc
semiconductor device research and developmentlf]3,

In this paper, process induced surface profiles in
TiN/NiPt/Si; ,Ge/Si (100) and Si,Ge/Si (100) wafers are
characterized before and after laser spike annedRA)(
using the newly developed very high magnificatigutiaal
surface profilometry (OSP-300) system. In additidhe
distribution of lattice stress/strain, Ge contenhda
crystallinity in the depth direction were measuresing a
multi-wavelength micro-Raman spectroscopy (MRS-300)
system.

II. EXPERIMENT
A. Optical Surface Profilometry

Optical wafer surface profiling techniques, usirgdr
beam reflection from the wafer surface, have beatelw
used in the semiconductor industry for rough inipacof
wafer flathess, wafer bow and process induced staéter
film deposition on blanket wafers. Due to the ogitic
sensing, wafer holding and wafer rotation/transhati



methods used in the system, fine measurement isube
micron range and precise pattern wafer inspectiennat
possible using conventional inspection systems.

To overcome the difficulties of conventional optica
reflection techniques (i.e., sub-micron level fine
measurement and pattern wafer inspection capaBbjlitia
new optical surface profilometry system has bearlkdped
[13, 14]. Figure 1 illustrates the primary compaiseof the
OSP-300 system. The system irradiates a wafer avigser
beam at a fixed incident angle and captures reftgct
diffracted and scattered images from the wafer to
characterize the wafer surface profile and pattiégstortions.
The system generates wafer maps of vector plad, got,
intensity, height contours, distortion and thremefisional
(3D) surface profiles. It also generates the hgigbfile and
estimated curvature along the major crystal ori@na, as
well as a histogram of wafer surface mis-orientatioom
the wafer stage. Process induced surface profites e
estimated by comparing wafer surface profiles kefand
after a process step or a series of process step®th
blanket and patterned production wafers. Wafer nodiplke
accumulated impact of these process steps on tffex’sva
surface profile can be generated. The OSP-300mys#ss
achieved both sub-micron spatial resolution and - sub
nanometer height resolution (from blanket and padte
wafers) required for advanced semiconductor device
research and development.

For very high magnification surface characterizatio
such as surface roughness measurements, an atoroe f
microscope (AFM) is often used. In an AFM, a consta
force is maintained between the probe and sample by
measuring the force with a “cantilever” (or lightver)
sensor and using a feedback control electronicuititto
control the position of the Z-axis piezoelectricsjioning
device. The motion of the probe over the surface is
generated by piezoelectric positioning devices thate the
probe and force sensor across the surface in tla@dXyY
directions [15]. The probe is raster scanned actbss
surface of a very limited area (typically few fmBy
monitoring the motion of the probe as it is scanaetbss
the surface, a three dimensional image of the seria
constructed.

The operating principles of the OSP-300 and AFM are
very similar. The OSP-300 is designed to charatetie
surface profiles of full size wafers (up to 300mm i
diameter) with very high magnification (sub-nanoenet
height resolution) and high spatial (sub-microrgotation,
while the AFM focuses on very high magnificatiorul{s
nanometer) surface characterization of a very smaah
using the light lever (cantilever). The sub-nananéteight
resolution and sub-micron spatial resolution of @&P-300
system were achieved by using appropriate optical
magnification and stage resolution. Full wafer acef

characterization with AFM-equivalent resolutionrésalized
by the OSP-300 system.
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Fig. 1. Schematic illustration of the primary compats of
optical surface profilometry (OSP-300) system.
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Fig. 2. Schematic illustration of the primary compats of
an atomic force microscopy (AFM) system. This figur
illustrates the similar operating principles of theM and
OSP-300 system.



B. Interpretation of OSP-300 Measurement Data

The Optical Surface Profilometry system (OSP-300)
irradiates a wafer with a laser beam at a fixedirt angle
and captures reflected, diffracted, and scattaredjés from
the wafer to characterize the wafer surface profifel
pattern distortions [13,14]. Graphical represeati of
surface profiles from blanket wafers, measuredhey@SP-
300 system, are shown in Fig. 3. Grid plots, veqtots,
intensity plots, height maps, beam position distign
plots, curvature plots along major crystal axes 3Ddolots
can be obtained from a single measurement. ltgdserates
the height profile and estimated curvature alorey rifajor
crystal axes, as well as a histogram of wafer sarfais-
orientation from the wafer stage. By comparing wafe
surface profiles before and after a certain prosésg or a
series of process steps, process induced surfatieeprand
the accumulated impact of these process stepsonéfer’s
surface can be estimated and displayed as wafes.map

The grid plot, vector plot and 3D contour maps [ev
visual images of global and local surface distoitioThe
intensity plot provides an indication of the diieot of
distortion (either concave or convex). The heightfife,
beam position distribution with histogram, curvatuand
height range along major crystalline axes offerveay
powerful tool for statistic process control (SPChda
valuable hints for process and/or equipment relatettlem
diagnosis.

C. Sample Preparation

Blanket Si wafers were prepared and their surface
profiles were measured as a reference. A number of
TiN/NiPt/Si; ,Ge/Si (100) and SiGe/Si (100) wafers
were prepared. TiN/NiPtY/§iGe/Si (100) wafers were
annealed by either a conventional lamp-based rifugidnal
processing (RTP) system or a laser spike anneéliSg)
system using 10rBn laser beam. A large number of
Si1Ge/Si (100) wafers with various Ge content and
SiiGe, layer thickness were prepared. The. ,Sie/Si
(100) wafers were annealed by LSA at various tangder
temperatures and dwell times to investigate thecefbf
target annealing temperature at a given dwell #me the
effect of dwell time at a given target annealingperature.

D. Sample Characterization

The surface profile measurement was performed on
various types of wafers, with or without thermaaiment,
using the newly developed very high magnificatioptical
surface profilometry system (OSP-300).

For Si.,Ge/Si (100) wafers, additional characterization
was performed using the WaferMasters’ Multi-Wavekbn
Micro-Raman Spectroscopy (MRS-300) system of Ge
content and lattice level stress for various LSAferatures
and dwell times. The details of the MRS-300 system its
applications can be found in previous reports 14,
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Fig. 3. Graphical representation of surface prefiteeasured from two blanket Si wafers by the OSPs§8tem.



Ill. RESULTSAND DISCUSSIONS

A. Blanket Si Wafers

As seen in Fig. 3, although it may look perfect, a
commercially available 300mm Si wafer has significa
localized surface distortions. We have seen a wadge of
variations, depending on wafer grade and suppliers.
Measurement repeatability of the OSP-300 system was
verified. Since the system is extremely sensitivéhe slope
change of a measurement spot, the existence ofl smal
particles, in the range of nin, can generate global
gravitational wafer deformation (sagging) and caatglly
different surface profiling results. Inspection ioEoming
wafers can be as important as process and equipment
monitoring.

B. TiN/NiPt/Sj_,Ge/SiWafers

TiN/NiPt/Si;,Ge/Si (100) and Si,Ge/Si (100) wafers
were annealed using either a conventional lampeb&3eP
system or an infrared (IR,=10.6im) LSA system [10].
Figure 4 shows wafer surface profiles of three veafdter
annealing. The first two wafers were annealed usimy
lamp-based RTP system at the same temperature and

pyrometer reading. For a wafer with a thin &e, layer
(40nm), the wafer surface was relatively flat, ewdter the
RTP step. In contrast, for the wafer with a thidk &6,
layer (120nm), the wafer surface was heavily distbiafter
the RTP step and took on a bowl shape. The hetgiges

of the two wafers were 12h and 32.5m, respectively.
The IR laser annealed wafer became distorted asiddo a
saddle shape. The height range was measured albBb4.
(~0.55mm). This level of wafer bowing and distontioan
cause severe pattern overlay problems during
photolithography steps, even with vacuum chuckirfg o
wafer. The LSA annealed wafer had a slightly thicke
Si; xGe layer (160nm), but the 40nm thickness difference in
the Si.Ge layer is not believed to cause both bowing
magnitude and direction.

We believe that both §iGe, layer thickness (optical
property difference) and photon energy distributidrboth
lamp-based RTP and IR LSA-based systems impactrwafe
shape after annealing. The raster scan of LSA aafar
might be the origin of the saddle shaped wafer hgwi
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C. Si.,Ge/SiWafers — Characterization by OSP-300

A large number of $iGe/Si (100) wafers with various
Ge content and B dopant levels were prepared and
characterized by their surface profile changes reefind
after LSA. The thickness of SiGe/Si layer varied from
40nm to 160nm. Figure 5 shows a few sample
characterization results of ;SGe/Si (100) wafers with
various Ge content before and after LSA. Due tocspa
limitations, OSP characterization results from Bpeld
wafers and wafers with SiGe/Si layer thickness other than
~60nm, are not shown.

As seen in the Fig. 5, before LSA, all wafers shdwe
fairly symmetrical convex shapes. The, . 8e/Si (100)
wafer with a Ge content of 20% showed the largesemw
bow (the smallest curvature) and the largest heighte
(81.eamm). As Ge content increases, the height range

Si;_,Ge, (~60nm)/p-Si(100)

gradually decreases to 361t at 28% of Ge and to 25t

at 32% of Ge. The shape of all wafers moved towards
concave tendencies after LSA. The wafer with 20% Ge
content remained convex after LSA, but the cuneatuas
significantly increased (the wafer became flatedter LSA.
The wafers with Ge content of 28% and 32% took on a
inverted saddle shape after LSA. The effect of waf@ape
change and stress change after annealing can dasily
recognized from the grid plots, vector plots, heigitofiles,
curvature plots and 3D maps. The shape changecmad |
distortion can easily be quantified from the heightfiles,
beam position distribution plots, histograms, ctuwe plots
and 3D maps. These intuitive and quantitative
characterization methods can provide extremely ald&
guidance to process optimization and troubleshgatimring
process development and manufacturing phases.
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To investigate the effect of target annealing terajpee
at a given dwell time and the effect of dwell tiatea given
target annealing temperature, a large humber OfG8}/Si
(100) wafers, with various Ge content and.Sie, layer
thickness, were prepared and annealed by LSA é@usr
target wafer temperatures and dwell times.

D. Si.,Ge/SiWafers — Characterization by MRS-300
Additional characterization of Ge content and d¢atti
level stress in the §iGe/Si (100) wafers with various Ge
content was performed using the WaferMasters’ Multi
Wavelength Micro-Raman spectroscopy (MRS-300) syste
after various LSA temperatures and dwell times.taile of
Ge content and stress/strain characterization uRigigan
spectroscopy can be found elsewhere [6-9, 17].
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Figure 6 shows 89 point line-scan Raman measurement
results corresponding to the 5 different annealoges.
Raman signals from three excitation wavelengthg @m,
488.0nm and 514.5nm), which have different penetnat
depths, were measured using an MRS-300 system.t®ue
space limitations, only 457.9nm excitation Raman
measurement results are shown. The Raman shifieofirt-
annealed region was measured at 520 3cmlicating that
the Si substrate is nearly stress free. As anmgalin
temperature increases, both the Raman shift oh&iSi-Si
in Si;,Gg, shifted to the lower wavenumber side. This
suggests that the tensile stress in the Si subsirateases as
the LSA temperature increases. While the full-widtHhalf-
maximum (FWHM) of Raman signal of Si remained
unchanged, the FWHM of the Raman signal and SRSi i
Si;«Ge fluctuated as the LSA temperature was increased.
This indicates crystallinity of the top S{Ge layer was
largely influenced by LSA temperature. The intgnsétio
of Isisflsi remained reasonably constant indicating the
Si; xGe layer thickness did not change much after the LSA.
However, Ge content in the top, 3Be, layer increased as
the LSA temperature was increased. This stronghgests
Ge concentration increase by some sort of Ge satipagor
precipitation in the top {iGe, layer or Si,Ge/Si (100)
interface. Details of Raman data analysis and pnétation
of Si.Ge/Si can be found in other literatures [6-9, 17].

E. Discussions

Both the OSP-300 and MRS-300 system can provide
information on wafer stress. The OSP-300 systenmictwh
mainly uses a reflected laser beam, can detectiqahys
change or deformation of the wafer surface withyJy@gh
magnification. The MRS-300 system, which detectaistic
light scattering (Raman scattering) from probed emals,
can provide lattice level stress/strain and chelmica
composition information. The surface flatness aatlide
level stress/strain have different physical measirand
implications. A perfectly flat surface can be undewere
stress. In this case, an OSP-300 or any other itpodmising
light interference, including CGS interferometryanaot
provide reliable information on stress. This is dse the
light reflection or interference is macroscopicenactions
between light and the wafer surface region. Simegastic
light scattering is the nanometer scale interactietween
light (photons) and wafer surface region (Si laimear the
surface), Raman spectroscopy, however, can provide
or nanometer scale lattice strain/stress regardiessrface
flatness. For understanding material propertiesbath
macro and micro scale correctly, the combinatiotheftwo
characterization methods should be used.

IV. SUMMARY
The importance of understanding macro- and micedesc
wafer shape changes during device fabrication osgeps

is emphasized. Two new, non-destructive in-linecpss
monitoring systems, Optical Surface ProfilometryS{
300) and Multi-Wavelength Raman Spectroscopy (MRS-
300) systems were introduced as process inducddcsur
profile and lattice strain characterization tools.

TiN/NiPt/Si; ,Ge/Si (100) and Si,Ge/Si (100) wafers
are characterized using the newly developed vegh hi
magnification OSP-300 system after annealing watimp-
based RTP or and LSA systems. Global and local gdsan
of wafer surface profiles were characterized anchpared
between the lamp-based RTP anneal and LSA. Changes
Ge content and lattice level stress in,&ig/Si (100) wafers
annealed under various LSA temperatures and dinedist
were measured using a Raman spectroscopy (MRS-300)
system. Significant changes in lattice strain/stresd
possible Ge segregation after high temperature Wwefe
found.
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