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Abstract- This paper is study on the effect of oxide thickness (t,,)
on C-V characteristics for NMOS. The project being done by
using SILVACO TCAD software of using ATHENA and ATLAS
simulator in order to fabricate the NMOS, extract oxide thickness
and see the effect to C-V characteristics. Here, t,. of 10.13nm at
time = 11 minutes, and t,. of 10.42nm at time 50 minutes with
both HCl = 3% and temperature of 900°C being used for C-V
graph .The effect to C’,, will be decreased by 12.3% when t,, is
10.42nm. So,the t,.of 10.13nm produced high capacitance. There
also shown that there no defects in the C-V characteristics graph
and the suitable t,, to be used for NMOS.
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1. INTRODUCTION

The metal-oxide—semiconductor field-effect transistor
or known as MOSFET is the most used semiconductor
device today [1]. With high yield, low cost and dense
packaging are considerations that have pushed the
MOSFET to the status of the most widely used deviced in
information technology hardware. The MOSFET is a
device used to amplify or switch electronic signals with fast
switching time and most important device for very large
scale integrated (VLSI) circuits such as microprocessors
[2]. With demand increased for mobile communication and
computation, power consumption is a great value to be
considered, the MOSFET has become increasingly critical
used since it consumes little power [3]. In MOSFET, there
are three terminal such as source (S), drain (D) and gate
(G). The top layer of the MOS system is the metal , and it is
used to form the gate electrode. Central to the functionality
is the thin insulating layer, the gate-oxide. Gate oxide layer
or known as dielectric is to provide an isolation layer
between metal and semiconductor so that there is no current
flow between gate and substrate of the semiconductor as
shown in Figure 1 [1][3].
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Figure 1 : NMOS diagram

Up till now, the silicon dioxide (SiO,) has been
used as a gate-oxide due to its properties of high- quality
electrical insulator and its used as barrier material during
impurity deposition [2]. Besides, SiO, 1is a very good
insulator, typically having a resistivity greater than 10"°(Q-
cm) and large 8-9 eV energy bandgap. As integrated circuit
devices are scaled down for improved performance and
lower power consumption, the thickness of the gate
dielectric is also reduced [4][5]. The thickness of the gate
dielectric decreases with each technology generation
according to The National Technology Roadmap for
Semiconductor [6]. The purpose of this research is to
analyze the effect of oxide thickness on CV-characteristics
for the NMOS. The objectives to this project is to fabricate
the NMOS structure by SILVACO TCAD software,
analyzed the suitable t,, to be used for dielectric, to see the
effect on C-V characteristics when applied differences of
tox» to see if there are defects shown in C-V characteristics
curve and to get the parameter that can be analyzed from
the C-V measurements. The scope of the study as in Table
1.

Parameters Value
Temperatures(°C) | 500 °C - 1300 °C
Hcl (%) 1% -10%
Time(min) Imin - 500 min

Table 1: scope of study

2. THEORETICAL BACKGROUND

One of important consideration of the MOS structure is
the capacitance as a function of applied voltage. It is
provide an important characterization tool to check on the
quality of the structure. In C-V measurements, a dc bias
voltage is applied to the gate, and a small signal is applied
to obtain the capacitance at the bias applied. There are three
important regions such as accumulation, depletion and
inversion [6][7][8].

In accumulation region ,the holes accumulate at the
surface and creating a positive mobile interface charge .
There no depletion regions here. At this point, the MOS is
behave like a parallel plate capacitor with SiO, as the
dielectric with equation (1) [8][9].



C'=C,,perunitarea (l)
where C’, is the oxide capacitance per unit area.

As the gate voltage becomes positive and the channel is
depleted of holes, the depletion capacitance becomes. As
the devices gets more depletion, its will be an inversion
regions. The capacitance depends on measurements at low
frequencies (typically ~1 — 100 MHz) or high frequency
(typically ~1MHz) since in certain time is needed to
generate the minority carriers in the inversion layer. At low
frequency, capacitance equals the oxide capacitance since
charge is added to and removed from inversion layer and
the capacitance can be calculated by equation (2) [6][8].

cr= =i 2)

tO X
where &5 ; g is oxide permitivity.

For high freguency, capacitance obtained from series
connection of the oxide capacitance and depletion
capacitance with maximum depletion width. From high
frequency C-V characteristics in the inversion, the values of
parameter bulk or depletion capacitance C’z, the depletion
width W, and the doping concentration in the substrate @,
can be calculated as in equation (3), (4) and (5) [8][9].

Clp = (3)
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where ¢ is the magnitude of charge (1.602 x 107
Coulomb), & is the dielectric constant of Si (11.8), & is
Boltzman’s Constant (1.38 x 10%J/K) , N’ is the acceptor
concentration, and 7 is temperature. The C’inversion also
can be calculated by equation (6) [8][9][10].
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(6)
3. SILVACO SIMULATION AND DISCUSSION
A. Device Simulator

The process and device simulation has been done by
Silvaco TCAD tools such as ATHENA simulator and
ATLAS simulator. There are some operation involved to

fabricate NMOS structure such as developing a good
simulation grid, performing conformal deposition,
performing geometric etches, performing oxidation,
diffusion, annealing, and ion implantation, metallization,
structure manipulation, and loading structure information.
The NMOS structure can be plot by the ATHENA
simulator as Figure 2.
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Figure 3: Graph of t,, versus time when temperature = 900 °C

Figure 3 shows the graph of t,, when differences
HCI applied with the temperature of 900°C. It is shown that
when HCI 1, the graph increased drastically by 6nm when
time increased while for HCl 7 and HCl 10, the graph
increased drastically by 9nm and 7nm when time increased
from 1 min to 5 min, and it starts to constant when time
more than 5 min. This shown that when HCI applied too
little or too much, the t,, gives larger differences with less
time. For HCI 3 and HCI 5, the t, values gives small
differences when the time increases respectively.
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Figure 4: Graph of t,, versus time when HCI= 3%

Figure 4 shows the graph of t,, when differences
temperature used for HCl = 3%. When temperatures lower
than 900°C, the t,, increased proportionally by time of 1min
to 500 min. When time increased to 5 min, the t, is
increased by 25%, when time increased to 11min, the t,y is
increased by 16%, as time increased to 30 min, the t is
slightly increased by 3.5%, when time increased to 50 min
and 100 min, the t,, is increased by 30% and 28%, as time
increased to 250 min and 500min, the t,, is increased by 5.3
%. This graph also shown that when the temperatures more
than 900°C, the t,, increased drastically when time less. As
temperature increased to 1100°C  and 1300°C, the t,,
increased by 8nm and 9nm when time increased to Smin
and it starts to constant when time more than 5 min. For
temperature 900°C, the graph remains constant when t,,
increased proportional with time.

In order to achieve oxidation of silicon dioxide, high
temperature needed typically 900 °C to 1200 °C . When the
temperatures too large, the SiO, will melt due to its
properties. The dry oxidation that been used in fabricate the
NMOS required high temperature. Dry oxide has
acceptable properties, high quality for use as gate dielectric
and results in a higher density oxide than achieved with wet
oxidation. When the temperature applied too low, it is
causing oxide trapped charge where defect on SiO, and
leads to high current in oxide [12][13].

A small amount of HCI (3 %) being added to the
oxidizing gas. When its attack top silicon, it will etch away
the the top part of silicon wafer and the surface temperature
will increase, reaction will increase and time deposition
also will increase. Besides, it also noted that presence of
HCI during dry oxidation results in an increase both the
linear and parabolic rate constants.[12]

From Figure 3 and Figure 4, the analyzing had been done
and the to of 10.13nm and 10.42nm being chosen in order
to see the effect to the C-V characteristics. The t,, of 10nm
being chosen is because when t, below than 10nm,
current starts to flow by tunneling and this will cause the
oxide begins to lose its insulating qualities and if the ty
larger than 10nm, the device will be in unstable conditions
[13].

B. C-V characteristics curve
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Figure 5: C-V characteristics graph for difference SiO, thickness

of 1Hz
tox Calculated C’ox Slmu’latlon
C’ox
10.13nm | 3.407x 10°F/m | 4.5x10"F/m
10.42nm | 3.312x10°F/m 4.0x10F/m

Table 2: Values of C’,, of 10.13nm and 10.42nm

In Figure 5, the graph that being extracted is for the
low frequency of 1Hz. When V,= OV or less, the graph
shows that it is in accumulation regions. The C’,, value in
accumulation for t,, = 10.13nm is 4.5x10™"" F/m while C’
value for t,=10.42nm is 4.0x10" F/m. For V, range of OV
to 2.5V, the graph is in depletion regions and starts 2.5 V
above, the graph be in inversion regions. In inversion, the
capacitor depends on frequency. The capacitance for 1Hz is
equal to C’, per unit area where for V,= 5V, C’,, value for
toe = 10.13nm is 6.875x10"7 F/m and C’,, value in
inversion for t,,=10.42nm is 6.0x10"7 F/m. With low
frequency, the values of C’, can be calculated by equation
(2). In Table 2, the simulation values of C’y is from
Figure 5 when V, = OV for both thickness. For the
simulation value of C’ , its decreased by 12.3 % when t,
is 10.42nm while for calculated value, C’,, decreased by
2.79 %.
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Figure 6 : C-V characteristics graph for t,, =60nm

Figure 6 shows the C-V characteristics graph when
tox =00nm. As shown in Figure 6, C’ = 1.9x10"" F/m
when V, = 0. For comparison, the C’, decreased when t,,
increased as in Figure 5 and Figure 6 where C’, for to, =
10.13nm is 4.5x10"7 F/m while C’ « for t,,=60nm is
1.9x10""7 F/m. The inversion region for t,,=60nm starts
when V, = 4.5V while the inversion region for t, =
10.13nm is when V, =2.5V. This show that when t,,
increased to 60nm and above, the V, needed to start for
inversion also increased.
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Figure 7 : C-V characteristics graph for difference SiO, thickness
of graph IMHz

Figure 7 shows C-V characteristic graph with high
frequency of IMHz. When V, =0, the C’, value for t,, =
10.13nm is 4.1x10™" F/m while C’ .« value for t,,=10.42nm
is 4.0x10"7 F/m and its remains constant as V, increased to
3V.

By equation (3) , (4), (5) and (6), the C’g = 2.132x10”
F/m, Wg=0.049 m, and ®; =-0.9307 V. The value of
C’ inversion for 10.13nm is 1.7613x10° F/m while
C’inversion for 10.42nmis 1.769x10° F/m.

ATLAS CVERLAY

Data frarn mutiplo floc

% ¢ CatesSistrate (Fm)

Figure 8: C-V characteristics of high-frequency and low-
frequency at tox=10.13nm.

For comparison, the differences of low frequency and
high frequency is on its inversion regions. Here, the low
frequency have a larger C’y, than high frequency. This
because the generated electron have insufficient time to
enter the inversion regions before polarity changes. As
shown in Figure 8, when V, = 5V the C’,, = 6.75 x10™"
F/m for low frequency and C’ o, = 4.125 x10™"7 F/m for high
frequency. When the low frequency curve shows a
changing in shape at depletion regions , the graph shows
that the interface defect occurs in NMOS. Figure 8 shows
that the interface state defect not occurs since there no
difference in shape of the C-V curve. So, t, of 10.13nm
can be used as gate dielectric in NMOS since there no
defects detected. This is important to be considered since in
ideal system, if these may cause severe performance
limitations.

4. CONCLUSION

In this paper, a process and device simulator are
employed to see the effect of oxide thickness on C-V
characteristics and analyse the parameters by C-V
measurements. As in objectives,here shown that the C’
will be decreased when oxide thickness being increased.
When t,, is 10.13nm, the C’ increased with 4.5x10"7 F/m
while C‘ox decreased by 12.3 % when t. is 10.42nm .
Based on results, the t,, of 10.13nm is suitable thickness to
be used in NMOS. This because there no defects detected
in the C-V curve. This is important to be considered since it
may cause severe performance limitations effects to
NMOS. Since the integrated circuits being scaled down for
improvement in performance and lower power
consumption, so the gate oxide thickness also being
reduced. Due to these SILVACO software, there will be
increasing of tunneling current in dielectric and it is not yet
included in the C-V characteristics due to simulator
limitations. For future development, in order to improve
the effectiveness and reduced tunneling current on the
dielectric, the study on the effect of oxide thickness on C-V
characteristics can be used by using other software.
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Abstract- This paper is study on the effect of oxide thickness (tox) on C-V characteristics for NMOS. The project being done by using SILVACO TCAD software of using ATHENA and ATLAS simulator  in order to fabricate the NMOS, extract oxide thickness and see the effect to C-V characteristics. Here, tox of 10.13nm at time = 11 minutes, and tox of 10.42nm at time 50 minutes with both HCl = 3% and temperature of 900oC being used for C-V graph .The effect to C’ox will be decreased by 12.3% when tox is 10.42nm. So,the  tox of 10.13nm produced high capacitance. There also shown that there no defects in the C-V characteristics graph and the suitable tox to be used for NMOS.
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1.  INTRODUCTION

	The metal–oxide–semiconductor field-effect transistor or known as MOSFET  is the most used semiconductor device today [1]. With high yield, low cost and dense packaging are considerations that have pushed the MOSFET to the status of the most widely used deviced in information technology hardware. The MOSFET is a device used to amplify or switch electronic signals with fast switching time and most important device for very large scale integrated (VLSI) circuits such as microprocessors [2]. With demand increased for mobile communication and computation, power consumption is a great value to be considered, the MOSFET has become increasingly critical used since it consumes little power [3]. In MOSFET, there are three terminal such as source (S), drain (D) and gate (G). The top layer of the MOS system is the metal , and it is used to form the gate electrode. Central to the functionality is the thin insulating layer, the gate-oxide. Gate oxide layer or known as dielectric is to provide an isolation layer between metal and semiconductor so that there is no current flow between gate and substrate of the semiconductor as shown in Figure 1 [1][3].
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Figure 1 : NMOS diagram

	

	Up till now,  the silicon dioxide (SiO2) has been used as a gate-oxide due to its properties of high- quality electrical insulator and its used as barrier material during impurity deposition [2]. Besides, SiO2  is a very good insulator, typically having a resistivity greater than 1015(Ω-cm) and large 8-9 eV energy bandgap. As integrated circuit devices are scaled down for improved performance and lower power consumption, the thickness of the gate dielectric is also reduced [4][5]. The thickness of the gate dielectric decreases with each technology generation according to The National Technology Roadmap for Semiconductor [6]. The purpose of this research is to analyze the effect of oxide thickness on CV-characteristics for the NMOS. The objectives to this project is to fabricate the NMOS structure  by SILVACO TCAD software, analyzed the suitable  tox to be used for dielectric, to see the effect on C-V characteristics when applied differences of tox, to see if there are defects shown in C-V characteristics curve and to get the parameter that can be analyzed from the C-V measurements. The scope of the study as in Table 1.

		Parameters

		Value



		Temperatures(oC)

		500 oC - 1300 oC



		Hcl (%)

		1 % - 10%



		Time(min)

		1min - 500 min







Table 1: scope of study

2. THEORETICAL BACKGROUND



	One of important consideration of the MOS structure is the capacitance as a function of applied voltage. It is provide an important characterization tool to check on the quality of the structure. In C-V measurements, a dc bias voltage is applied to the gate, and a small signal is applied to obtain the capacitance at the bias applied. There are three important regions such as accumulation, depletion and inversion [6][7][8].

	 In accumulation region ,the holes accumulate at the surface and creating a positive mobile interface charge . There no depletion regions here.  At this point, the MOS is behave like a parallel plate capacitor with SiO2   as the dielectric with equation (1) [8][9]. 

 	(1)

where  C’ox is the oxide capacitance per unit area. 

 	As the gate voltage becomes positive and the channel is depleted of holes, the depletion capacitance becomes. As the devices gets more depletion, its will be an inversion regions. The capacitance  depends on measurements at  low frequencies (typically ~1 – 100 MHz) or high frequency (typically ~1MHz) since in certain time is needed to generate the minority carriers in the inversion layer. At  low frequency, capacitance equals the oxide capacitance since charge is added to and removed from inversion layer and the capacitance can be calculated by equation (2) [6][8].

                                      (2)

 where    is oxide permitivity. 

	For high freguency, capacitance obtained from series connection of the oxide capacitance and depletion capacitance with maximum depletion width. From high frequency C-V characteristics in the inversion, the values of parameter bulk or depletion capacitance C’B,  the depletion width WB and the  doping concentration in the substrate Φf can be calculated as in equation (3), (4) and (5)  [8][9].

	  	(3)

		(4)

		(5)

where q is the magnitude of charge (1.602 x 10-19 Coulomb), 𝛆Si is the dielectric constant of Si (11.8), k is Boltzman’s Constant (1.38 x 10-23J/K) , N’A is the acceptor concentration, and T is temperature. The C’inversion also can be calculated by equation  (6) [8][9][10].

		(6)

3. SILVACO SIMULATION AND DISCUSSION

A. Device Simulator

	The process and device simulation has been done by Silvaco TCAD tools such as ATHENA simulator and ATLAS simulator. There are some operation involved  to fabricate NMOS structure such as developing a good simulation grid, performing conformal deposition, performing geometric etches, performing oxidation, diffusion, annealing, and ion implantation, metallization, structure manipulation, and loading structure information. The NMOS structure can be plot by the ATHENA simulator as Figure 2.  

 (
t
ox
)[image: ]

Figure 2 : NMOS structure
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Figure 3: Graph of tox versus time when temperature = 900 oC

Figure 3 shows the graph of tox when differences HCl applied with the temperature of 900oC. It is shown that when HCl 1, the graph increased drastically by 6nm when time increased while for HCl 7 and HCl 10, the graph increased drastically by 9nm and 7nm when time increased from 1 min to 5 min, and it starts to constant when time more than 5 min. This shown that when HCl applied too little or too much, the tox gives larger differences with less time. For  HCl 3 and HCl 5, the tox values gives small differences when the time increases respectively.  
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       Figure 4: Graph of tox versus time when HCl= 3%

	Figure 4 shows the graph of  tox when differences temperature used for HCl = 3%. When temperatures lower than 900oC, the tox increased proportionally by time of 1min to 500 min. When time increased to 5 min, the tox is increased by 25%, when time increased to 11min, the tox is increased by 16%, as time increased to 30 min, the tox is slightly increased by 3.5%, when time increased to 50 min and 100 min, the tox is increased by 30%  and 28%, as time increased to 250 min and 500min, the tox is increased by 5.3 %. This graph also shown that when the temperatures more than 900oC, the tox increased drastically when time less. As temperature increased to 1100oC  and 1300oC, the tox increased by 8nm and 9nm when time increased to 5min and it starts to constant when time more than 5 min. For temperature 900oC, the graph remains constant when tox increased proportional with time.

     In order to achieve oxidation of silicon dioxide, high temperature needed typically 900 oC  to 1200 oC . When the temperatures too large, the SiO2 will melt due to its properties. The dry oxidation that been used in fabricate the NMOS required high temperature. Dry oxide has acceptable properties, high quality for use as gate dielectric and results in a higher density oxide than achieved with wet oxidation. When the temperature applied too low, it is causing oxide trapped charge where defect on SiO2 and leads to high current in oxide [12][13]. 

	A small amount of HCl (3 %) being added to the oxidizing gas. When its attack top silicon, it will etch away the the top part of silicon wafer and the surface temperature will increase, reaction will increase and time deposition also will increase. Besides, it also noted that presence of HCl during dry oxidation results in an increase both the linear and parabolic rate constants.[12] 

	

 From Figure 3 and Figure 4, the analyzing had been done and the tox of 10.13nm and 10.42nm being chosen in order to see the effect to the C-V characteristics.  The tox of 10nm being chosen is because when  tox  below than 10nm, current starts to flow by tunneling and this will cause the oxide begins to lose its insulating qualities and if the tox larger than 10nm, the device will be in unstable conditions [13].

B. C-V characteristics curve
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Figure 5: C-V characteristics graph for difference SiO2 thickness of 1Hz 

		tox

		Calculated C’ox

		Simulation C’ox



		10.13nm

		3.407x 10-3F/m

		4.5x10-17F/m



		10.42nm

		3.312x10-3F/m

		4.0x10-17F/m







Table 2:  Values of C’ox of 10.13nm and 10.42nm

       In Figure 5, the graph that being extracted is for the low frequency of 1Hz. When Vg= 0V or less, the graph shows that it is in accumulation regions. The C’ox value in accumulation for tox = 10.13nm is 4.5x10-17 F/m while C’ox value for tox=10.42nm is 4.0x10-17 F/m. For Vg range of 0V to 2.5V, the graph is in depletion regions and starts 2.5 V above, the graph be in inversion regions. In inversion, the capacitor depends on frequency. The capacitance for 1Hz is equal to C’ox per unit area where for Vg = 5V, C’ox value for tox = 10.13nm is 6.875x10-17 F/m and C’ox value in inversion for tox=10.42nm is 6.0x10-17 F/m.  With low frequency, the values of C’ox can be calculated by equation (2). In  Table 2, the simulation values of C’ox  is  from Figure 5 when Vg = 0V for both thickness. For the simulation value of C’ox , its decreased by 12.3 % when tox is 10.42nm while for calculated value, C’ox decreased by 2.79 %. 
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Figure 6 : C-V characteristics graph for tox =60nm

	Figure 6 shows the C-V characteristics graph when 

tox =60nm. As shown in Figure 6, C’ox= 1.9x10-17 F/m  when Vg = 0. For comparison, the C’ox decreased when tox increased as in Figure 5 and Figure 6 where C’ox for tox = 10.13nm is 4.5x10-17 F/m  while C’ox for tox=60nm is 1.9x10-17 F/m. The inversion region for  tox=60nm starts when Vg = 4.5V while the inversion region for  tox = 10.13nm is when Vg =2.5V. This show that when tox increased to 60nm and above, the Vg needed to start for inversion also increased.
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Figure 7 : C-V characteristics graph for difference SiO2 thickness of graph 1MHz

	Figure 7 shows C-V characteristic graph with high frequency of 1MHz.  When Vg =0, the  C’ox value for tox = 10.13nm is 4.1x10-17 F/m while C’ox value for tox=10.42nm is 4.0x10-17 F/m  and its remains constant as Vg increased to 3V. 

	By equation (3) , (4),  (5) and (6), the C’B = 2.132x10-9 F/m ,    WB = 0.049 m, and  Φf  = - 0.9307 V. The value of  C’ inversion for 10.13nm is 1.7613x10-9 F/m while C’inversion for 10.42nm is  1.769x10-9 F/m.
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Figure 8: C-V characteristics of high-frequency and low-frequency at tox=10.13nm.

	For comparison, the differences of low frequency and high frequency is on its inversion regions. Here, the low frequency have a larger C’ox than high frequency. This because the generated electron have insufficient time to enter the inversion regions before polarity changes. As shown in Figure 8, when Vg = 5V the C’ox = 6.75 x10-17 F/m for low frequency and C’ox = 4.125 x10-17 F/m for high frequency. When the low frequency curve shows a changing in shape at depletion regions , the graph shows that the  interface defect occurs in NMOS.  Figure 8 shows that the interface state defect not occurs since there no difference in shape of the C-V curve.  So, tox of 10.13nm can be used as gate dielectric in NMOS since there no defects detected. This is important to be considered since in ideal system, if these may cause severe performance limitations. 

4. CONCLUSION

	In this paper, a process and device simulator are employed to see the effect of  oxide thickness on C-V characteristics and analyse the parameters by C-V measurements. As in objectives,here shown that the  C’ox will be decreased when oxide thickness being increased. When tox is 10.13nm, the C’ox increased with  4.5x10-17 F/m while C‘ox decreased by 12.3 %  when tox is 10.42nm .  Based on results, the tox of 10.13nm is suitable thickness to be used in NMOS. This because there no defects detected in the C-V curve. This is important to be considered since it may cause severe performance limitations effects to NMOS. Since the integrated circuits being scaled down for improvement in performance and lower power consumption, so the gate oxide thickness also being reduced. Due to these SILVACO software, there will be  increasing of tunneling current in dielectric and it is not yet included in the C-V characteristics due to simulator limitations.  For future development, in order to improve the effectiveness and reduced tunneling current on the dielectric, the study on the effect of oxide thickness on C-V characteristics can be used by using other software.
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