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During the steps of semiconductor processing, a wafer goes through global 
and local (macro and micro) surface profile and strain/stress changes due 
to chemical reactions and physical changes brought about by changes in 
the wafer’s environment. In the case of Si1-xGex/Si, intentional local strain 
generation is introduced for enhancing device performance by adding tens 
of atomic percents of Ge in Si. Process induced surface profile changes in 
TiN/NiPt/Si1-xGex/Si (100) and Si1-xGex/Si (100) wafers are characterized 
before and after various annealing techniques and conditions using the 
newly developed, very high magnification optical surface profilometry 
(OSP-300) system. Spike anneal steps induced significant global and local 
changes of wafer surface profiles in TiN/NiPt/Si1-xGex/Si (100) and        
Si1-xGex/Si (100) wafers, which were compared to the conventional lamp-
based RTP step. 

Introduction 

In-line process monitoring has been playing an important role in screening 
potential equipment and/or process problems which affect device yield in semiconductor 
manufacturing environments. During the steps of semiconductor processing, a wafer goes 
through global and local surface profile and strain/stress changes due to chemical 
reactions and physical changes. Process induced physical deformation and/or local strain 
can cause depth of focus problems in photolithography steps and can result in pattern 
overlay problems and errors in critical dimensions and tolerances in nanometer scale 
devices. Miniaturization of devices and the introduction of new materials also induce a 
high level of deformation/stress and often cause unexpected device yield problems. 

Understanding process induced physical deformations and stresses at the wafer, 
chip, and device level are even more important in developing high performance devices 
at advanced technology nodes using new materials such as Si1-xGex. In the case of Si1-

xGex/Si, intentional local strain generation is introduced for enhancing device 
performance by adding tens of atomic percents of Ge in Si to create lattice strain in Si 
channel region of devices. Ge concentration up to ~35atm% is often for carrier mobility 
enhancement. 

We have developed a non-contact, in-line process and/or material property 
monitoring method which uses various forms of interactions (reflection, diffraction, 
interference and scattering) between semiconductor wafers and a laser beam. The laser-
based optical surface profilometry (OSP-300) system is capable of the sub-nanometer 



lateral distortion and sub-nanometer height variation required for advanced 
semiconductor device research and development.  

In this paper, process induced surface profile changes in TiN/NiPt/Si1-xGex/Si 
(100) and Si1-xGex/Si (100) wafers are characterized before and after various annealing 
techniques and conditions using the newly developed, very high magnification OSP-300 
system.  

Experiment 

A. Optical Surface Profilometry 
Laser-based optical wafer surface profiling techniques, using laser beam 

reflection from the blanket wafer surface, have been widely used in the semiconductor 
industry for rough inspection of wafer flatness, wafer bow and process induced stress 
after film deposition. However the application was limited to rough surface profile 
measurements of blanket wafers only. Due to the optical sensing, wafer holding and 
wafer rotation/translation mechanisms used in the system, fine measurement in the sub-
micron range wafer inspection are not possible using conventional wafer flatness and 
profile inspection systems. Device pattern dependant diffraction pattern of incident laser 
beam makes the surface characterization of patterned wafers using conventional optical 
wafer surface profiling techniques. 

For very high magnification surface characterization, such as surface roughness 
measurements, an atomic force microscope (AFM) is often used. In an AFM, a constant 
force is maintained between the probe and sample by measuring the force with a 
“cantilever” (or light lever) sensor and using a feedback control electronic circuit to 
control the position of the Z-axis piezoelectric positioning device. The motion of the 
probe over the surface is generated and controlled by piezoelectric positioning devices 
that move the probe and force sensor across the surface in the X and Y directions [15]. 
The probe is typically raster scanned across the surface of a very limited area (typically 
few mm2). By monitoring the motion of the probe as it is scanned across the surface, a 
three dimensional (3D) image of the surface is constructed.  

To overcome the difficulties of conventional optical reflection techniques (in sub-
micron level fine measurement and pattern wafer inspection) and the difficulties of AFM 
(in large area surface characterization), a new optical surface profilometry (OSP-300) 
system has been developed [13, 14]. Figures 1 (a) and (b) illustrate the primary 
components of the OSP-300 system and an AFM system, respectively. As seen in Figs. 1, 
there are many similarities between the OSP-300 system and AFM. 

The OSP-300 system irradiates a wafer with a laser beam at a fixed incident angle 
and captures optical (reflected, diffracted and scattered) images projected to the screen 
from the wafer (either blanket or patterned) to characterize the wafer surface profile and 
pattern distortions. The system generates wafer maps of vector plot, grid plot, intensity, 
height contours, distortion and 3D surface profiles. It also generates the height profile and 
estimated curvature along the major crystal orientations, as well as a histogram of wafer 
surface tilt (or slope) from the wafer stage. Process induced surface profiles can be 
estimated and traced by comparing wafer surface profiles before and after a process step 
or a series of process steps in both blanket and patterned production wafers. Wafer 



surface profile maps of the accumulated impact of these process steps can be generated 
for process control and diagnosis. The OSP-300 system has achieved both sub-micron 
spatial resolution and sub-nanometer height resolution (from blanket and patterned 
wafers) strongly desired for advanced semiconductor device research and development.  

The OSP-300 is designed to characterize the surface profiles of full size wafers 
(up to 300mm in diameter) with very high magnification (sub-nanometer height 
resolution) and high lateral (sub-micron) resolution, while the AFM focuses on very high 
magnification (sub-nanometer) surface characterization of a very small area using the 
light lever (cantilever). The operating principles of the OSP-300 and AFM are quite 
similar. The sub-nanometer height resolution and sub-micron lateral resolution of the 
OSP-300 system were achieved by using appropriate optical magnification and lateral 
resolution (stage resolution: 0.5mm/step). Full wafer surface characterization capability 
with AFM-equivalent resolution is realized by the OSP-300 system. 
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  (a)      (b) 
 
Fig. 1. Schematic illustration of the primary components of optical surface 

profilometry (OSP-300) system (a) and an atomic force microscopy (AFM) system (b).   
 
B. Examples of OSP-300 Measurement Data Analysis 
Graphical representations of surface profiles from blanket wafers, measured by 

the OSP-300 system, are shown in Fig. 2. Grid plots, vector plots, intensity plots, height 
maps, beam position distribution plots, curvature plots along major crystal axes and 3D 
plots can be obtained from a single measurement. It also generates the height profile and 
estimated curvature along the major crystal axes, as well as a histogram of wafer surface 



tilt (or slope) from the wafer stage for easy statistical process control (SPC) and data 
analysis. By comparing wafer surface profiles before and after a certain process step or a 
series of process steps, process induced surface profiles at a particular process step and 
the accumulated impact of these process steps on the wafer’s surface can be estimated 
and displayed as wafer maps.  

The grid plot, vector plot and 3D contour maps provide visual images of global 
and local surface distortions at the time of measurement. The intensity plot provides an 
indication of the direction of distortion (either concave or convex). The height profile, 
beam position distribution with histogram, curvature and height range along major 
crystalline axes offers a very powerful tool for statistic process control (SPC) and 
valuable hints for process and/or equipment related problem diagnosis.  

 
C. Sample Preparation 
 Two blanket Si wafers were prepared and their surface profiles were measured as 

references. A large number of TiN/NiPt/Si/Si1-xGex/Si (100) and Si1-xGex/Si (100) wafers 
were prepared. Ge content and Si1-xGex/Si layer thickness were varied. TiN/NiPt/Si/Si1-

xGex/Si (100) wafers were annealed by either a conventional lamp-based rapid thermal 
processing (RTP) system or a laser spike annealing (LSA) system using 10.6mm laser 
beam. The Si1-xGex/Si (100) wafers were annealed by LSA at various target wafer 
temperatures and dwell times to investigate the effect of target annealing temperature at a 
given dwell time and the effect of dwell time at a given target annealing temperature.  
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Fig. 2. Graphical representation of surface profiles measured from two blanket Si 

wafers by the OSP-300 system.  
 

 

 



Results and Discussions 

A. Blanket Si Wafers 
Most of commercially available blanket Si wafers may look shiny and perfect to 

naked eyes. Although it may look perfect, a commercially available 300mm Si wafer has 
significant localized surface distortions as seen in Fig. 2. We have seen a wide range of 
variations in flatness, bows and surface finish quality, depending on wafer grade and 
suppliers. Measurement repeatability and stability of the OSP-300 system was verified 
using standard wafers over a long period of time. Since the system is extremely sensitive 
to the slope change of a measurement spot, the existence of small particles on the back 
side of wafer, in the range of 1mm, can generate global gravitational wafer deformation 
(sagging) and completely different surface profiling results. Inspection of incoming 
wafers can be as important as process and equipment monitoring since wafers with a 
wide range of surface properties are delivered without any warnings. 

 
B. TiN/NiPt/Si/Si1-xGex/Si Wafers 
TiN/NiPt/Si/Si1-xGex/Si (100) wafers were annealed using either a conventional 

lamp-based RTP system or an infrared (IR, l =10.6mm) LSA system [10]. Only Si1-xGex 
sandwich layer thickness was varied between wafers. Figure 3 shows wafer surface 
profiles of three wafers after annealing. The first two wafers were annealed using the 
lamp-based RTP system at the same temperature (~350oC) and pyrometer reading. For a 
wafer with a thin Si1-xGex layer (40nm), the wafer surface was relatively flat, even after 
the RTP step. In contrast, for the wafer with a thick Si1-xGex layer (120nm), the wafer 
surface was heavily distorted after the RTP step and took on a bowl shape. The height 
ranges (from the lowest point to the highest point) of the two wafers were 12.0mm and 
32.5mm, respectively. The IR laser annealed wafer became distorted and took on a saddle 
shape. The height range was measured as 554.1mm (~0.55mm). This level of wafer 
bowing and distortion can cause severe pattern overlay problems during photolithography 
steps, even with vacuum chucking of wafer. The LSA annealed wafer had a slightly 
thicker Si1-xGex layer (160nm), but the 40nm thickness difference in the Si1-xGex/Si layer 
is not believed to cause both bowing magnitude and direction.  

We believe that both Si1-xGex layer thickness (optical property difference) and 
photon energy distribution of both lamp-based RTP and IR LSA-based systems impact 
wafer shape as a result of volume and lattice parameter change by chemical reaction 
between NiPt and Si thin films after annealing. The raster scan of LSA on a wafer 
seemed to be responsible for the saddle shaped wafer bowing after annealing. 
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Fig. 3. OSP-300 measurement summary of TiN/NiPt/Si/Si1-xGex/Si (100) wafers 

after lamp-based RTP anneal and LSA. 
  
C. Si1-xGex/Si Wafers  
A large number of Si1-xGex/Si (100) wafers with various Ge content and B doping 

levels were prepared and characterized by their surface profile changes before and after 
LSA. The thickness of Si1-xGex/Si layer varied from 40nm to 160nm. Figure 4 shows a 
few sample characterization results of Si1-xGex/Si (100) wafers with various Ge content 
before and after LSA. OSP characterization results from B doped wafers and wafers with 
Si1-xGex/Si layer thickness of ~60nm are only shown.  

All wafers showed fairly symmetrical convex shapes before LSA. The LSA 
temperature was in the range of 1190oC~1270oC. The Si1-xGex/Si (100) wafer with a Ge 
content of 20% showed the largest wafer bow (the smallest curvature) and the largest 
height range (81.6mm). As Ge content increases, the height range gradually decreases to 
30.1mm at 28% of Ge and to 25.9mm 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 curvature was significantly increased (i.e. the wafer became flatter) 
after LSA. The wafers with Ge content of 28% and 32% became an inverted saddle shape 
after LSA. The effect of wafer shape change and stress change after LSA can easily be 
recognized from the grid plots, vector plots, height profiles, curvature plots and 3D maps. 
The shape change and local distortion can easily be quantified from the height profiles, 
beam position distribution plots, histograms, curvature plots and 3D maps. These 
intuitive and quantitative characterization methods can provide extremely valuable 



guidance to process optimization and troubleshooting during process development and 
manufacturing phases. 
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Fig. 4. OSP-300 measurement summary of Si1-xGex/Si (100) wafers with various 

Ge content before and after LSA. 
  
 
D. Discussions  
The OSP-300 system, which mainly uses a reflected laser beam, can detect 

physical change or deformation of the wafer surface with very high vertical and high 
onwafer surface tilt (slope) magnification. The surface flatness and lattice level 
stress/strain have different physical meanings and implications. A perfectly flat surface 
can be under severe stress. The lattice level stress with or without external shape/profile 
change should be characterized using high resolution X-ray diffraction and/or high 
resolution Raman spectroscopy for cross verification. Multi-wavelength, high resolution 
micro-Raman system was designed by authors for this application. Examples of Si stress 
and Ge content measurement of Si1-xGex/Si wafers have been published elsewhere. 



Conclusions 

The importance of understanding macro- and micro-scale wafer shape changes 
during process development/optimization and device fabrication process steps is 
emphasized from the process and quality control point of view. A new, non-destructive 
in-line wafer surface profile monitoring system, OSP-300 system was introduced as 
process induced surface profile characterization tool. Operating principle of the system 
was introduced and compared with operating principle of AFM system. 

A large number TiN/NiPt/Si/Si1-xGex/Si (100) and Si1-xGex/Si (100) wafers are 
characterized using the newly developed very high magnification OSP-300 system after 
annealing with lamp-based RTP or and LSA systems. Global and local changes (or 
distortions) of wafer surface profiles were characterized and compared between the lamp-
based RTP anneal and LSA.  
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