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Abstract: Coined by Gordon E. Moore through its law, a proper scaling is enforced for optimum device
performance. Since 2k millennium, technology of metal gate on high-k dielectric was introduced to reduce the

impact of scaling ultimatum on a transistor.

In this letter, a 14nm planar p-type MOSFET device is virtually

fabricated using ATHENA module and characterized for its performance evaluation using ATLAS module where
both can be found in Virtual Wafer Fabrication (VWF) of Silvaco TCAD Tools. This is the continuance research
from our established 32nm device simulation using HfO/TiSi,. The findings show that the optimal value of
threshold voltage (V1w), drive current (Ion) and leakage current (jorr) are -0.231507V, 72.4534 pA/um and 6.58635
pA/um respectively. The performance results also present a good switching capability of the device since the
lon/lorr ratio value is =108 The results of this work demonstrate that this 14nm planar p-type device possesses a
good performance which can workhorse to future design and optimization.

Keywords: 14nm p-type transistor, high-k dielectrics, metal gate, HfO,, TiSi,, Silvaco TCAD Tools.

1. Introduction

Late 1970s was the touchstone of devices’ energy
conservation. It is when the semiconductor industry
responded aggressively towards the principle of scaling
published by R. Dennard [1]. The goal is to achieve high
integration density in a single chip which will results in
higher transistor drive current and lowering the
production cost at once. Unfortunately, at film thickness
less than 1.5nm, the conventional SiO./Poly-Si MOSFET
suffers from leaky gate oxide. Other problems such as
short channel effect (SCE) and drain induced barrier
lowering (DIBL) [2, 3] may affect the device
performance negatively due to high power consumption.
It could be easily predicted that if there was no new
invention, a conventional MOSFET with an extremely
small gate length down to 5nm may have performance
that is shoddier than 20nm gate length.

Innovations on device structure and variation of
material to replace conventional SiO,/Poly-Si were then
introduced to overcome the conventional MOSFET
detriment and at once, enhance the device performance.
These efforts include the replacement of materials SiO- to
high-k dielectric and Poly-Si gate to metal gate and
different structures such as double gate and FinFET.
These inventions are needed to allow rapid scaling and to
design not only a small transistor that switches fast but
has enormously small lore when it is turned off.
Furthermore, a V1u that is not too dependent on gate
length, device does not suffer too much from parameter-
induced fluctuations, and the possibility of devices to be

interconnected three dimensionally with multiple levels
of wiring are also the major advantages of downscaling of
MOSFET devices. To date, MOSFETs with a minimum
of 15nm gate lengths have been analyzed and
demonstrated. A small 12nm and 14nm gate length
modified double gate transistor which still utilized the
conventional SiO»/Poly-Si is discussed in [4] and [5]
while paper in [6] discussed on a performance of 14nm
gate length transistor utilizing a SOl FinFET structure.
Regardless of a very small gate length, their design
proved that the downscaling of a transistor is conceivable
besides showing a promising performances character
which can be set as a benchmark for advance research
analysis.

In our research, the design of planar 14nm p-type
transistor is downscaled from the established 32nm
transistor where the paper can be found in [7]. For
simplicity, the same high-k metal gate materials are
employed in this research using Hafnium Dioxide (HfO.)
as an insulator and Titanium Silicide (TiSi,) as a metal
gate. In addition, it is to attest that the downscaled of a
transistor from 32nm to 14nm gate length is not only
possible but achievable. The criteria of choosing HfO;
has been discussed in [8] where it is said to be
advantageous in achieving a low leakage current. TiSi, on
the other hand is chosen as it is capable to deliver high
drive current (lon) when a proper retrograde channel is
used [7]. However, a proper scaling on the device and
accurate doping concentrations should also be considered
as it will severely affect the device performance.
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A comprehensive study was carried out to investigate
the device performance before the optimization process
can be done in future research. The outcomes are as
presented in this letter and it is achieved by executing
variations in several implantation dosages of process
parameters. A 14nm-long HfO,/TiSi, gate was virtually
patterned  successfully  within  the International
Technology Roadmap for Semiconductor (ITRS 2013)
prediction. From the ITRS 2013 [10], V1w should be
within £12.7% of 0.230 V, drive current (lon) is expected
to be equal to or more than 1267pA/um for excellent
driving capability of MOSFET device [4] and lore IS
expected to be equal or less than 100nA/um for excellent
suppression of SCE. Despite of the tremendously fine
gate, this device also exhibits an excellent lon/iore ratio.
The structure of the paper is organized as follows:
Section Il clarifies the scaling procedure, Section Il
discovers the experimental materials and methods,
Section IV discusses the device’s performance analysis,
and Section VV summarizes the paper.

2. Scaling Procedure

Scaling is introduced back then to respond to the
Moore’s Law besides maximizing the device performance
as well as to meet the demands in mobile communication
and computation technology. Scaling can be done using
the scaling method stated in [11]. It suggests that the
horizontal and vertical dimensions are scaled down using
the same factor, o and the Si-substrate impurity
concentration is increased. This trend is also accelerated
by every update of the ITRS due to severe competitions
between the rival Large Scale Integrated (LSI) device to
produce such high performance device. The formula for
scaling is;

1

B=3 @

where a = 32nm/14nm, representing the ratio of 32nm
gate length to 14nm gate length, and P=0.4375. The
device dimension and mesh setting are scaled down
accordingly using the ratio value.

3. Experiment Descriptions

3.1 Virtual fabrication of p-type MOSFET using
ATHENA Module

14nm p-type transistor was virtually design using 2D
ATHENA module. It was where all the virtual deposition,
implantation, etching, and annealing take place and
analyzed for its doping profile. Since the design processes
were scaled based on our previous experiments [7-12],
the design structure which utilized HfO2/TiSi, materials
is the same except on several parameters such as the level
of doping concentration, energy and tilting angle due to
the difference in size and gate length of the transistor.
The summarized process data of 14nm p-type transistor
design is shown in Table 1.
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Table 1 p-type MOSFET fabrication recipe

gtré)sess p-type MOSFET Parameters
SSLIJIt;gt?gte e  <100> orientation
e 200A oxide screen by
970°C, 20 min of dry
Retrograde oxygen
well e  4.5x10'cm Phosphorous
implantation e 30 min, 900 °C diffused in
nitrogen
e 36 min, dry oxygen
e 130A stress buffer by
900°C, 25 min of dry
oxygen
N e 1500A  SisNs;, applying
STl isolation LPCVD
e 10 um photoresist
deposition
e 15 min annealing at 900 °C
. o (diffused dry oxygen for 0.1
Gate oxide min. 815 °C
e 1.8x10Y cm’3 Boron
Vi adjust difluoridg .
implant . t5”tKeV implant energy, 7
e 20 min annealing at 800 °C
High- e 0.002 um HfO;
K/Metal gate e 0.038 um TiSiy
deposition e 17 min, 900 °C annealing
LDD e 3x10% c¢m Phosphor
implantation o 20°tilt
Sidewall
spacer e 0.008 um SizNs
deposition
e 1.4x10' cm= Boron
S/D .
implantation e 10 I_(eV implant energy
o 7°tilt
PMD e 0.3umBPSG
deposition e 25 min, 850 °C annealing
Metal 1 e 0.04 um Aluminum
IMD e 0.04um BPSG
deposition e 15 min, 950 °C annealing
Metal 2 e 0.12 um Aluminum

The virtual 14nm p-type transistor design process
was considered complete once the metallization and
etching processes were done and the bonding pads were
opened. The virtual transistor will then undergo the
electrical characteristic simulation through ATLAS
module. The target was to extract the electrical
characteristics from the design such as the graph of drain
current (Ip) versus drain to source voltage (Vps) and the
graph of Ip versus Vgs. It was an important procedure
where the designed transistor was tested for its
functionality. The device performance parameters which
are Vru, lon, and lorr were also extracted from the
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graphs. The load profile of 14nm p-type MOSFET is
depicted in Fig. 1. From the figure, all the doping
concentration of input parameters can be seen clearly and
the separation between the source and drain can be
defined accordingly.

Fig.1 14nm Planar p-type MOSFET Design

3.2 p-Type MOSFET Characterization

The performance results of 14nm p-type MOSFET
should be within the ITRS 2013 prediction. It is a
guideline to follow world widely for a specific design and
technology node. Thus, it is crucial to vary process
parameters such as doping concentration wisely as they
affect the device performance the most. In fact, a good
doping concentration at certain level of energy and tilting
angle would ensure that the transistor will function
efficiently [2]. The input parameters which were varied in
our design covers almost all parameters such as diffusing
time, doping concentration, implantation energy and
tilting angle. Unfortunately, the value of V1 and lorr are
trade-off; meaning that a good value of V4 might cause
high leakage current and a lower leakage current might
cause Vr+ value beyond ITRS prediction. Thus, the input
parameters are varied precisely in order to get the
performance results near to ITRS prediction. In this
research, a high wvalue of Halo Implant dose and
Compensation Implant dose increase the Vrw value while
the increase in S/D Implant dose decreases the V14 value.
Thus, it was observed that one increase in input parameter
would compensate the other and there was an optimum
point that would produce an optimum device
performance.

4. Results and Analysis

A complete design of 14nm planar p-type MOSFET
was tested for its performance analysis through ATLAS
module. Graphs of electrical characterization were
generated from the simulations. The electrical
characterization graphs of the device are shown in Fig. 2,
Fig. 3, and Fig. 4 . Fig. 2 show the graph of Drain Current
(Ibs) versus Drain Voltage (Vps) at Ve =05V, 1.1V, 2.2
V and 3.3V, repsectively. Fig. 3 show the graph of Drain
Current (Ips) versus Gate Voltage (Vgs) at Vp = 0.05 V

and 0.1 V while Fig. 4 show the graph of sub-threshold
Ips versus Vgs at Vp = 0.1 V and 1.1 V. From Fig.3, the
extracted value of V14 is -0.231507 V and it is acceptable
since the value is still within the ITRS 2013 prediction.
lon and lore were extracted from the sub-threshold graph
shown in Fig. 4. From the graph, it can be observed that
the value of lon and lore are 72.45 pA/um and 6.58635
pA/um respectively. The value of lon is much lower than
that of ITRS prediction; however the value of lorr is way
better than the ITRS prediction. The details on the device
performance compared to the ITRS 2013 prediction are
summarized in Table 2.
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Table 2 Simulation results as compared to ITRS 2013

prediction.
Parameter ITRS 2013 | Simulation
Prediction Results
V1H -0.230+ 12.7% V | -0.231507 V
lon 1267 pA/pm 72.4534 pA/um
lore 100 nA/pm 6.58635pA/um
lon/lorr Ratio | =103 ~10°%

5. Summary

The design and characterization of a planarl4nm p-type
MOSFET which is downscaled from 32nm device was
succeeded and succinctly presented. In spite of having a
very small gate length, this transistor demonstrated an
excellent performance with nearly zero leakage. The V1u
value is reported to be well within the ITRS 2013
prediction and although the lIon is below the predicted
value. Thus, the device that is presented in this work can
serve as the touchstone for further research and
optimization for better functionality. In short, the overall
process of designing a 14nm gate length transistor is
possible and achievable.
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