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Abstract—Damascene gate technology has allowed to 

manufacture MOSFETs with crystalline high-k gate dielectrics 
and metal gate electrodes without damaging the gate stack by 
high temperatures or plasma etching steps. Mechanical stresses 
introduced by nitride layers of dummy gate required in that 
specific process are investigated using device simulation and 
measurements. The impact on charge carrier mobility and 
density of interface states is estimated. It is shown that 
mechanical stresses are one of the relevant degradation factors of 
device performance. 
 

Index Terms—Crystalline high-k gate dielectric, damascene 
metal gate, interface state density, stress simulation.  
 

I. INTRODUCTION 
Y now high-k materials have been considered as gate 
dielectrics in the standard CMOS process to further 

continue with the superior transistor performance all the while 
reducing the equivalent oxide thickness (EOT). However, the 
thickness of the gate dielectric is the main limiting factor at 
present. Scaling down for sub 32nm technologies will require 
an EOT well below 1nm. 

In order to replace SiO2, mainly amorphous and poly-
crystalline high-k materials, such as HfO2 and ZrO2, have 
been investigated as alternative gate dielectrics. However, a 
major drawback of these materials is the need of a SiO2 buffer 
layer between the silicon surface and the high-k dielectric, 
which increases the equivalent oxide thickness and eliminates 
the chance to achieve an EOT well below 1nm. Therefore 
epitaxially-grown crystalline dielectrics with a lattice constant 
near to silicon have been proposed as alternatives. 
Praseodymium oxide (Pr2O3) was the first epitaxially-grown 
rare-earth material which has been investigated as gate 
dielectric [1], [2]. Fully functional MOSFETs have been 
realized using conventional poly-silicon gate electrodes for 
the first time by our group [3], [4]. Electrical properties and 
discussion of device properties can be found in refs. [5-9]. 
Very recently, devices manufactured using a replacement gate 
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process have been successfully fabricated with crystalline 
gadolinium oxide (Gd2O3) as dielectric and metal gate 
electrodes [10], [11]. Metal gate electrodes do not suffer from 
gate depletion, like poly-silicon electrodes, thus remote 
coulomb scattering (RCS) is eliminated and carrier mobility is 
expected to improve. However, metal gates seem to introduce 
other undesirable effects, which negate the elimination of 
RCS. In [12] compressive strain in the channel induced by the 
metal gate and surface roughness are proposed to describe this 
behavior. Simulation data obtained from process and device 
simulations were fitted to electrically measured device 
characteristics in [13] showing how transistor parameters are 
dependent on interface state density and surface roughness.  

The impact of mechanical stress on device performance is 
shown in this work using the Sentaurus process and device 
simulation package by Synopsys. Mechanical stress is 
introduced by the use of the replacement gate manufacturing 
process. This process necessitates the deposition of a dummy 
gate stack consisting of silicon nitride layers serving as polish 
stop for the chemical mechanical polishing (CMP) step. The 
plasma enhanced chemical vapor deposition (PECVD) process 
used to manufacture the silicon nitride layers is described in 
detail in [14]. 

 

II. DEVICE FABRICATION AND STRUCTURE 
A brief outline of the replacement gate process is given in 

Fig. 1. According to the EXITGATE (i.e. gate first) approach 
[15], dummy gate structures are formed on blank silicon 
wafers covered with a silicon nitride / poly-silicon / silicon 
nitride sandwich. Subsequent to source / drain implantation, a 
SiO2 layer is deposited via PECVD and the ion implantation is 
activated by a brief rapid thermal annealing (RTA) step at 
1000°C, which also stabilizes the top nitride layer against the 
following CMP step. After the CVD oxide is polished down to 
the top of the dummy gate, the dummy gate itself is removed 
completely by wet etching and all harsh process steps like 
reactive ion etching (RIE) and high-temperature anneals are 
done. Now, the final gate stack with either high-k oxide or 
SiO2 reference dielectric is manufactured. Molecular beam 
epitaxy (MBE) is used for growing epitaxially a thin Gd2O3 
layer and subsequent in-situ metal deposition (tungsten) is 
performed. 
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Fig. 1.  Outline of the CMP-based metal gate damascene fabrication process: 
a) dummy gate stack formation, b) source-drain formation, c) alignment oxide 
formation, d) dummy gate stack removal, e) gate dielectric growth, f) metal 
gate formation, g) back-end processing. 
 
All devices manufactured are of n-type and feature a gate 
length of 4µm. The reference devices exhibit conventional 
SiO2 gate dielectrics (k ≈ 3.9) with a physical thickness of tox 
= 50Å. Gate electrodes were implemented with tungsten-
titanium. Devices with Gd2O3 gate dielectrics (k ≈ 10.1) were 
manufactured with EOTs of 21Å and 53Å and tungsten gate 
electrodes. 
 

III. STRESS SIMULATION 

A. Process simulation 
Devices were generated with the process simulator 

Sentaurus process [17]. Beginning with a blank p-doped 
silicon first all steps of the replacement gate process were 
computed for all devices on examination. After source / drain 
implantation and dummy gate removal the devices were 
provided with a SiO2 or a Gd2O3 layer respectively. 

The first batch of process simulations were performed 
without consideration of thermal mismatch of silicon and 
silicon nitride. 

After the application of stress models and material 
parameters, a second simulation cycle was conducted. 
Thermal expansion coefficients αref and thermal expansion 
coefficient rates αrate were set for silicon, silicon nitride and 

silicon oxide respectively. The total thermal expansion 
coefficient is then described by 

( )refrateref TT −⋅+= ααα      (1) 

Parameters were extracted with Sentaurus process simulator 
from experimental results described in [14] and [16]. 
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Fig. 2.  Computed mechanical stress in channel direction during replacement 
gate process: a) maximum stresses after deposition of nitride layers, b) after 
dummy gate formation and, c) after dummy gate removal and deposition of 
proper gate stack. Negative values indicate compressive stresses, positive 
values indicate tensile stresses. All stresses are given in Pascal [Pa]. 
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Fig. 2 shows process-simulated contours of mechanical 
stress in channel direction during the replacement gate 
manufacturing process of n-MOSFET devices. As one can 
see, a compressive stress of about -100MPa exists in the 
subsequent channel region at room temperature. At material 
edges much higher stresses of up to 1GPa can be observed. 
After dummy gate removal and formation of the proper gate 
stack compressive stresses drop down to -20MPa in the mid of 
channel and -200MPa at the source/drain edges. 

 

B. Device simulation 
Device simulation of the process simulated structures was 

performed with Sentaurus device simulator [18] and prepared 
with Inspect [19]. First the structure was simulated without 
any stresses by turning of the models of mechanical stress. It 
acts as reference with almost ideal sub-threshold and output 
behavior as can be seen in Fig. 3 for devices with 5nm silicon 
oxide gate dielectric and Fig. 4 for devices with high-k 
dielectric. After implementation of the stress models, the 
impact of the compressive stress of about 20 to 50 MPa shows 
only a very small shift in the sub-threshold behavior. Output 
characteristic is also affected only in minor degree. 

After manual alteration of the device simulation stress 
parameters, structures with 150MPa, 500MPa and 1GPa 
compressive stress in the channel region were simulated. Also 
a device with tensile stress in the channel region of 150MPa 
was simulated. Fig. 5 presents the output characteristics for 
VG-VT = 1.5V and stresses from 150MPa tensile to 1GPa 
compressive. 

 

IV. RESULTS 
Best transistor performance is observed, when 150MPa 

tensile stress is applied to the channel region. This conforms 
with theory where tensile stresses lead to better electron 
mobility. The consequences of increasing compressive stress 
appear in decreased electron mobility as can be clearly seen in 
Fig. 3 and Fig. 4. The simulated characteristics of the structure 
with 1GPa compressive stress in the channel region coincide 
very well with the characteristics of the electrically-measured 
structure. Indeed mechanical stress in the channel region is not 
considered to be greater than 40MPa, as was proven by 
process simulation depicted in Fig. 2. This sustains the fact 
that mechanical stress can not be one of the basic factors 
which directly influence device performance. 
However mechanical stress does influence the generation of 
point defects in silicon during the manufacturing process. Fig. 
2a shows a maximum compressive stress of 640MPa in the 
channel region, Fig. 2b even demonstrates a stress of up to 
1GPa at edges. This stresses may lead to an accumulation of 
point defects which decrease charge carrier mobility in the 
channel. [20] and [21] describe correlation between stress and 
device failures as a result of defects at similar stress ranges. 
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Fig. 3.  Comparison of sub-threshold characteristics gained by electrical 
measurement and device simulation: Devices with 5nm SiO2. 
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Fig. 4.  Comparison of sub-threshold characteristics gained by electrical 
measurement and device simulation: Devices with 13.5nm high-k dielectric 
(EOT = 5nm). 
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Fig. 5  Comparison of output characteristics gained by electrical measurement 
and device simulation: Devices with 13.5nm high-k dielectric (EOT = 5nm). 
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V. CONCLUSION 
Stress simulations show that compressive mechanical stress 

in the channel region is indeed one degrading factor for the 
transistors performance. But from the results it can be also 
seen, that this not one of the main impacts which influences 
channel mobility. Increased defect and interface state densities 
due to mechanical stress during the manufacturing process 
contribute to lower charge carrier mobility. On the other hand 
the stresses introduced by the nitride layers could be also used 
to improve transistor performance. 
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