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ABSTRACT
In this paper the structure effect on electrical characteristics of 60-nm double-gate Silicon-on-Insulator Metal-Oxide-Semiconductor Field Effect Transistor (DG-SOI-MOSFETs) is explored. These structures enable more aggressive device scaling in nano scale region because of their ability to control short channel effects. Established a scaling theory which gives guidance for the device optimization (Silicon film thickness Tsi (20nm); gate oxide thickness Tox (3nm); buried oxide thickness Tbox (200nm) and gate length LG (60nm). So that maintaining a subthreshold factor, the on/off current ratio, threshold voltage (Vth= 0.5V) and drain induced barrier lowering for a given gate length LG. Analog performance of device has been investigated interns of gm, gds, Av, ft and fmax. All these results have been simulated by using SILVACO TCAD
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INTRODUCTION
Miniaturization of the silicon MOSFET for higher chip density and performance is unavoidable according to International Technology Roadmap for Semiconductors (ITRS 2009). In particular, fully depleted double gate (DG) Silicon-on-Insulator (SOI) is regarded as near ideal technology, offering a higher drive current than its single gate (SG) counterpart due to larger channel width per unit silicon area (Ernst et al. 2003). The double gate design also gives better control over the channel region, and this strongly enhances the immunity towards the short channel effects (SCEs) and provides almost ideal sub threshold slop (Chen et all 2000, Jankovic and Armstrong 2004). The on/off current ratio is directly related to the high frequency performance and power consumption. Circuits with a higher on/off current ratio have a better high frequency performance versus power consumption tradeoff [1]. Sub threshold slop (SS) reflects the switching speed of the devices: a lower SS sustains digital circuits with high switching speed and high noise margin. 

According to the Brew’s scaling theory [l], the channel doping concentration in bulk MOSFET’s should be increased to alleviate the short-channel effects, leading to more than 1018 cm-3 for a gate length of less than 0.1 um [2]. This high-doping concentration degrades device performance due to decreased mobility and increased junction capacitance. A double-gate SO1 MOSFET, in which the potential is controlled by front and back gates as shown in Figure. 1, is proposed to circumvent the scaling limitations of bulk MOSFET’s. The characteristics of this device have been Studied [2], revealing its ideal sub threshold 
factor, High transconductance and short channel immunity. Since the potential distribution in double-gate SO1 MOSFET’s differs greatly from that in bulk and single- gate SO1 MOSFET’s because of symmetrical device Structure with quite low channel doping concentration [4],[7], the scaling theory developed for bulk MOSFET’s Cannot be applied to double-gate SO1 MOSFET’s. 

Yan et al. proposed a unique scaling theory for double- gate SO1 MOSFET’s [2]. According to their theory, the device should be designed maintaining.
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Where ƛ1 is called natural length which characterizes the short-channel effect and is given by 
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where
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 is the dielectric constant of  silicon, 
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 is the dielectric constant of  silicon dioxide, Tsi is the SO1 silicon thickness, and Tox, is the gate oxide thickness. This natural length is an easy   guide for choosing device parameters and has simple physical meaning that a small natural length corresponds to suppress short channel effect immunity. Although the authors showed that a small 
[image: image5.wmf]a

 gives a degraded S-factor, they did not show whether the same 
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with various device parameters gives the same S-factor. 

Figure. 2 shows the dependence of S-factor on 
[image: image7.wmf]1

a

 calculated using a two-dimensional device simulator [61. Although a smaller 
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gives a larger S-factor, the same 
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with various combinations of device parameters does not give the same S-factor, that is, the theory does not provide the same guideline for different gate lengths. The onset point where the S-factor degrades does not depend on the drain voltage, VD, although the value of the S-factor after degradation strongly depends on VD. Since the purpose of our analysis is to clarify the onset point, we restricted our analysis to VD, = 0.05 V  unless specified.     

Yan et al. [2] Assumed that the punch through current flows along the surface, which is invalid for a double-gate SO1 MOSFET for the following reasons. The maximum potential at the SO1 center, 
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 is more sensitive to gate length than that at the surface,
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 and, furthermore, the absolute value of 
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is smaller than that of 
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  (Figure. 4), meaning that the punch through current dominantly flows at the SO1 center. In this paper, we derive a scaling theory relevant to
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, and show that our scaling theory acts as a guide to design devices that hold proper S-factors.
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Fig. 1: Schematic Cross- Sectional View of DG-SOI-MOSFET.

Device Analysis

Due to the full depletion of the channel region, the threshold voltage of the thin body device is relatively low and hardly need to be adjusted by increasing the channel doping. The Poisson equation of potential is 
[image: image15.wmf]f

 is [7].
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Where NA is the channel doping consternation and the Y-axis is perpendicular and X- axis is parallel to the channel Figure. 1 using the same parabolic potential profile in the vertical direction as Young used [7] and applying the boundary condition of 
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as that in [2] given by.
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Where VG is the gate voltage and VFB is the Flat band voltage since
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 should be relevant to the punch through current, we obtained the 
relation between 
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and 
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from eq-4 by putting 
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And then expressed 
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Substituting (6) in to (3), we obtained.
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Where 
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is the natural length having the same physical meaning as 
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Note that
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 is always larger than that is the double gate SOI MOSFET suffering from the short channel effect more than predicted by Young’s model [2]. Exactly the same analysis as in [2] is then followed the key conclusion from this analysis is that the same
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 leads to the same S- factor where 
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double gate SOI MOSFET to design the free from short channel effect gate length LG should be five or six times larger than
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and
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should be less than 3. 
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 and 
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 can be calculated from the given relation.
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Now from the given equation, the device parameters are calculated which are shown in table-1 used to design the optimized device.

Result Analysis

Through this analysis, we fixed NA to 1015 cm-3 and VFB to 0.5V which correspond to P+ polysilicon gate. The threshold voltage is about 1.0V independent of device parameters and the S- Factor is also independent of VG in the sub threshold region when it has almost ideal value. 
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Fig. 2 Dependence of S Factor on Scaling Parameters. 
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Fig. 3 Sub Threshold Characteristics for Various Silicon Film Thickness Solid Lines 
Correspond to the Devices Adhering to the Scaling Rule and Dashed Lines to Those not Doing so.
Figure. 3 shows the sub threshold characteristics’ of the device for LG= 100 nm where solid lines correspond to
[image: image42.wmf]2
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 >3 and dashed lines to
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 <3 and VD = 1.0V which may be the supply voltage for LG = 100 nm we can expect almost an ideal S-factor with the device so, that is less than 3.we also verified the same numerical results with the device for LG= 0.05um.
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Fig. 4 Potential Distribution Along Channel at the Surface and Centre of SOI.
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Fig. 5 Effect of Silicon Film Thickness Variation.
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Figure. 5 shows Id-Vgs curves for different silicon thicknesses. Here, the back gate is held constant at 0.0 V while the front gate is swept from negative four volts to positive four volts. It is apparent that the thicker the silicon, the higher the threshold voltage.

Figure. 6 shows a little different picture of silicon thickness. Here, two curves for two devices are shown. The two devices chosen are the two with the greatest difference in silicon thickness, 0.02μm and 1.0μm. The first curve for each device is one where the back gate voltage is held at zero and the second curve is where the back gate voltage is held constant at approximately the value of the threshold voltage. In this fashion, information on the threshold control can be gathered. From the Figure, It can be discerned that the thinner the silicon, the larger the change in threshold voltage. This means that for thinner SI films, the effects of volume inversion can be seen.
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Fig. 6 Silicon Thickness Effects on Threshold Voltage 
Fig. 7 Effect of Variations of Silicon Oxide Thickness on Threshold Voltage.

The thickness of the oxide layers may also be changed to investigate the effects on threshold voltage. The oxide layer’s thickness is changed from 0.005um all the way to 0.03μm. Figure. 7 shows the results with the back gate tied to ground.

This Figure clearly shows that oxide thickness is directly related to threshold slope. The thinner the oxide, the steeper the slope. What this picture does not as clearly show however, is the effect on the dynamic threshold voltage that the oxide layer has.

Figure. 8 gives a clear picture of the threshold control that varying the oxide layer has. Here, it is more apparent that the oxide thickness affects the volume inversion effect. The thinner the oxide layer, the less the threshold changes with increasing back bias. The thicker the oxide layer however, the greater the change in threshold voltage. For example, 
consider that the transistor with the 0.005µm gate is being operated with both gates just below threshold. This means that if one gate is to be operated at this voltage and the other left tied to ground, the transistor would be off. However, it is possible, by picking the correct operating voltage, to apply a voltage less than threshold to both gates and turns the transistor on.

This is the type of control over the gate that is desired and would happen if the device is operated at 0.6V. This would yield some noticeable current through the drain, not much though; roughly the equivalent of operating one gate just past threshold. For this amount of current, Operating both gates at 0. 6V is the same as operating one gate with 1.45 times that voltage, or 0.875 volts. Ideally the value of the voltage with the back gate tied to ground should be twice that needed to operate both gates at the same voltage for any given drain current. Even though the threshold slope is not as great, the transistor with an oxide of 0.03µm performs better in this situation. If both gates on this device were to be operated just below threshold (around 1.4 volts) then the device bias would be considerably in the active region. With both gates at 1.4V, about four times as much current would exist in the device as compared to the thinner oxide transistor operating at 0.6V. This is roughly the equivalent of operating one gate at about 2.5V. This means that operating both gates at any given is the equivalent of operating with 1.78 times that voltage on one gate. This is 
indeed an improvement over the device with thinner oxide. Tradeoffs do exist with a device like this. In order to achieve control of the threshold voltage using both gates at a time, the transistor will have a lower transconductance. This of course would make a logic gate build with this device switch slower, which is undesirable. Close attention will have to be paid to this parameter when optimizing the device may be changed to investigate the effects on device performance.
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Fig. 8 Silicon Oxide Thickness

Figure. 9 shows the effects of changing the acceptor region doping concentration with the back gate tied to ground it is apparent that the acceptor region doping has an effect on the threshold voltage. With a larger acceptor doping comes a larger threshold voltage. This is intuitive; with more holes in a region it should take a larger voltage to induce a channel. At a certain point, the film can be considered undoped and this is seen to happen at about 1016cm-3 in Figure. 9. At concentrations lower than this, the silicon film will still act as if it is undoped and the 
threshold voltage will not change any further. Looking more closely, the affects of acceptor doping on the gate control can be analyzed.
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Fig. 9 Acceptor Region Doping effects on Threshold Voltage.
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Fig. 10 Effects of Acceptor Doping on Threshold Voltage.
Figure 10 provides the chance to investigate this relationship. Taking the two extreme values for acceptor doping, 1015 for the low value and 3*1017 for the high value, the Id-Vgs curves with different gate voltages are generated. For the higher doping concentration 
of 3*1017, the Id-Vgs curve is generated with the back gate at 0V and with the back gate slightly less than the threshold voltage, or about 1.5V. It should be possible to bias the device with both gates lower than threshold and operate it in the active region where as if only one of these gates is bias at this voltage and the other tied to ground, the device would be in the cut-off region. At 1.0V, the transistor would be in cut-off if either gate was biased at this voltage while the other was tied to ground. If both gates are allowed to be biased at 1.0V, then the device would operate in the active region, which would provide the desired channel control. If the device with an acceptor doping of 3*1017 is operated at 1.0V on both gates, the drain current that would flow through the device would be equivalent to operating the device with one gate at 1.8V and the other tied to ground. This is to say that operating the device with both gates biased below threshold yields the same results as operating the device with one gate at a voltage of 1.8 times the two gate value and the other gate tied to ground. If the acceptor doping concentration has an effect on the gate control, then setting up a similar Situation as described above with a device that has a different acceptor region doping will yield a different multiplier value than 1.8.

Looking back to Figure. 10, the threshold voltage for the device with an acceptor region doping concentration of 1e15 would be about 1.0V. If the device was operated at a voltage below Threshold, say 0.7V, it would operate in 
the active region only if both gates are biased at this voltage and would be in the cut-off region if just one of the gates is held at 0.7V. With both gates at 0.7V, the drain current would indeed be above zero. At this point, it would take 1.25V on just one gate to cause the amount of drain current that is yielded with both gates at 0.7V. Thus, operating the device with both gates causes the same amount of drain current as 1.78 times the voltage on just one gate with the other tied to ground.
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This analysis shows that the acceptor doping affects threshold voltage in a proportional relationship. When the doping concentration increases, the threshold voltage also increases. Below a certain point, the acceptor doping concentration does not have an effect on the threshold voltage because the silicon acts as if undoped. The doping has no effect on dynamic threshold voltage.

Fig. 11 Donor Region Doping

The effects of the other doping, the donor doping, on the device performance can be 
studied next. Figure. 11 shows the Id-Vgs curves for devices with different donor region doping. All the back gates are tied to ground. As it can be seen, there is little to no effect on threshold voltage, transconductance, or gate control. Only when the value of the donor doping approaches the value of the acceptor doping does the device behavior change. At this doping level, the device allows current to flow from drain to source when the gate voltage is less than the threshold voltage for a higher doping concentration. At voltages higher than this, the device allows no current to flow from drain to source.

Figure. 12 shows that gate length affects the transconductance of the device. As the length of the gate narrows, the transconductance, or slope of the Id-Vgs curves increased. Likewise, when the gate length increases, the slope of the Id-Vgs curve decreases.  Figure. 13 shows the Id-Vgs curves for two transistors, one with a 0.05µm gate and another with a 0.1µm gate. Both of these devices are plotted with their back gates tied to ground and with the back gate bias at threshold, or 1.2V.
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Fig. 12 Gate Length Variation Effects
Fig. 13 Effects of Gate Length on Threshold Voltage

Examining the device with a 0.05 µm gate, the back gate was tied to ground and then was biased at 1.2V. If both gates are operated at 1.2V, then the amount of current allowed to pass through the gate is equivalent to the amount of current allowed to pass through the drain with one gate at 2.1V and the other tied to ground. The amount of voltage needed on one gate to simulate two gate operations at 1.2V per gate is 1.75 times the two gate voltage. Ideally, this value should be 2.0. If gate length generates a change in dynamic threshold control, then for the different gate size a different multiplier would be expected.
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At a gate length of 0.1um, the device is biased with the back gate at both ground and 1.2V. With both gates biased at 1.2V the same amount of current was generated as when one gate is biased at 2.1V and the other gate tied to ground. This leads to the conclusion that it 
takes 1.75 times the voltage of a two gate operation point to produce the same amount of current with only one gate biased and the other tied to ground. The multipliers for the different gate lengths here are exactly equal. This leads to the conclusion that gate length has no effect on dynamic threshold control. Gate length does however affect the transconductance, an important parameter of device operation.

Using the information gathered from these simulations, parameters for an optimized device can be chosen. Table-1 displays the original device parameters and the optimized device parameters.

Table-1 Optimized Device Parameters

	Parameters
	Original
	Optimized

	Tsi
	0.04 um
	0.020 um

	Tox
	0.01 um
	0.003 um

	LG
	0.1um
	0.06

	Tbox
	0.2um
	0.2um

	NA
	2e17
	1e17

	ND
	1e20
	1e23


The thickness of the silicon is reduced to enhance gate control. Not only did this yield better gate control but it also reduced the threshold voltage as well. The oxide thickness was decreased to 0.003µm for each gate. This had the effect of greatly increasing transconductance and lowering threshold voltage. This did not yield any more gate control, but it did allow more current to be driven through the device at a lower voltage. The acceptor doping was decreased to help decrease the threshold voltage. The donor 

doping was increased because with such a thin silicon layer, there needed to be more free charge carriers. Lastly, the gate length was decreased this increased the transconductance of the device.

Fig.14 Shows an Id-Vgs plot of the Original Device Compared to an Optimized one. The Original Device was Biased With the Back Gate at Both Ground and Threshold Voltage.
It can be seen from Figure. 14 that the optimized device has a much higher transconductance, a lower threshold and greater gate control. With both gates at 1.0V, the optimized device has better gate control, a 120% increase over the original device. The optimized device allows for much more current to flow at a lower voltage. With both gates at 1.0V, the amount of current flowing through the channel is equal to biasing one gate on the original device at 3.75V.

 Figure 15 Shows the increase in transconductance. The double gate SOI design gives rise to the fact that the transconductance is over twice that of a single gate design.
Fig. 15 Tranconductance of Double -vs. - Single Gate SOI- MOSFET.

[image: image47.png]-
A
Fil i parasii ressiancss
Emply: winout prasticresstances

0 30

L EEEENFEEE]

v

=)




Fig. 16 Performance of the DG-SOI MOSFET, Unity Gain Frequency fT and DC Voltage Gain Av, With Gate Length LG= 60nm.

From the Figure. 16 it can be predicted that unity gain frequency fT increases as well as gate length decreases ‘and DC voltage gain also increases. 

CONCLUSION
In conclusion, by using a SILVACO atlas tools we have simulated sub-60-nm DG-SOI-
MOSFET and found that DG-SOI-MOSFET with thinner silicon film greatly suppress the SCE, a compromise between silicon film thickness and gate length should be maintained at the same time so that a optimized device characteristics’ could be obtained. The thickness of the silicon was reduced to enhance gate control. The acceptor doping is decreased to help decrease the threshold voltage. The optimized device has better gate control, a 120% increase over the original device. The optimized device allows for much more 
current to flow at a lower with both gates at 1.0V, the amount of current flowing through the channel is equal to biasing one gate on the original device at 3.75V. A natural length relevant to the scaling theory for double-gate SO1 MOSFET’s, and described how to design Tox, and Tsi for a given gate length maintaining a proper S-factor. According to the theory, almost the ideal S-factor value can be expected even with LG of less than 60 nm. The key factor that determines the shortest gate length device we can design is the thinnest Tsi we can produce a Tsi of less than 20 nm is needed at LG = 60 nm with Tox = 3 nm.
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