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Abstract: A brief comparison has been done for the uniform doped and steep retrograde doped Multi-

Gate Devices with High-k Dielectric Oxide Layer in comparison with the traditional Silicon Dioxide 

Oxide Layer. Analytical modeling has been done for the steep retrograde doping and it has been found 

that the effects of Threshold Voltage (Vth) Roll-Off have been suppressed up-to certain extent using 

Steep Retrograde Doping. The study also predicts that Hafnium Dioxide can be very good alternatives to 

the traditional gate oxide as it greatly suppresses high leakages and other problems. The device was 

carried out using Sentaurus 3D-TCAD Tools. 

 

Keywords: High-k dielectrics, retrograde doping, uniform doping, threshold voltage, oxide capacitance 

------------------------------------------------------------------------------------------------------------------------------ 

1. Introduction: The semiconductor industry has been driven by the continuous scaling of 

Complementary Metal-Oxide-Silicon (CMOS) technology over the past three decades [1, 2]. MOS 

transistor success source lies in the fact that a transistor can be scaled to an increasingly smaller 

dimension, which enables the microelectronics industry to meet many technological requirements: high 

circuit density, fast switching speed and low standby power [3, 4]. The traditional Si-based CMOS 

scaling includes gate length, Tox S/D extension, and depths of the S/D Junctions [5, 6]. Among them, the 

key element is the gate dielectric that has been employed for decades to separate the gate from the 

silicon channel: silicon dioxide (SiO2). Tox and Lg should be scaled in proportion in order to have an 

effective electrostatics control over the active region of the device [7, 8]. Since the gate leakage current 

exponentially increases with the decreasing of the physical Tox, the traditional Si02 gate dielectric has 

reached the fundamental leakage limit, due to tunneling [9, 10]. New material must be explored to 

replace the Si02 which can help us to suppress the tunneling through the gate oxide and thus improve the 

performance of the device [11, 12]. In this work, a comparative study was carried out between the 

commonly used Dielectric materials to study their properties using Steep Retrograde and Uniform 

Doping. The study shows that using steep retrograde doping we can control the effects of threshold 

voltage roll off. Also, the various simulations model of TCAD has been used to study the device. 

 

2. Device Structure: The simulated device cross-section has been shown in Figure (1). The drift 

diffusion and degradation model are used to analyze the quality of the Si-SiO2 interface. The structure 

depicts a Double Gate FinFET device with different types of doping in the active region of the device to 

suppress short channel effects associated with the device at a lower technology node. Due to the Carrier 

Quantization effects that took place at this node, the density gradient quantization model was used along 

with the various transport models for simulations. Due to the presence of the higher doping 

concentration in the simulated device we have also included the Auger Recombination and Band Gap 

 ASI 
Carbon – Science and Technology 

ISSN 0974 – 0546 

http://www.applied-science-innovations.com  

http://www.applied-science-innovations.com/


 

© Applied Science Innovations Pvt. Ltd., India                                Carbon – Sci. Tech. 10/4(2018)87-94 

88 

 

Narrowing model has been used. This device is compatible with the existing fabrication technologies 

which is an added advantage. 

Table (1): Simulations and calculations parameters used for the study. 

No Parameters Value 

1 Gate Length of the Device (Lg) in nm 22 

2 Length of the Source Region (Ls) in nm 35 

3 Length of the Drain Region (Ld) in nm 35 

4 Thickness of the Oxide Layer (Tox) in nm 1 – 5 

5 Gate to Source Voltage (Vgs) in Volts 1.2 

6 Acceptor Doping Concentration (Na) in cm-3 1017  

7 Donor Doping Concentration (Nd) in cm-3 1019 

8 Metal-Semiconductor Work Function (ϕms) in eV 4.4 

 

Figure (1): Simulated device cross-section. 

3. Mathematical Study of the Device  

Uniformly Doped Device Threshold Voltage is [13, 14]         
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For a constant Threshold Voltage, Acceptor Doping Concentration (NA) should not increase unless the 

oxide Capacitance (COX) is increased which indicates that the oxide thickness should decrease. The 

threshold voltage can be rewritten as:  
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The electric field on the surface can be given as:  
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For steep retrograde device Threshold Voltage is:  
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Comparing equations (1) and (5), we get:  
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Equating equations (9) and (4), we get:      
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where, Tld is lightly doped thin layer thickness. 

  

It can be shown that Tld must be scaled in the extent to Toxide if we do not want any fluctuations in the 

device threshold voltage. For a steep retrograde doping profile used in this paper, depletion width was 

found to be half of the uniform doping profile and at the same time no threshold voltage fluctuations are 

present in the device. This one of the major advantage we get in this new type of doping [8]. This helped 

us to calculate the threshold voltage for the steep retrograde device depending upon the concentration in 

the active region. For maintaining, the tradeoff between off-state leakage and channel length reduction, 

depletion width, as well as oxide thickness, should be scaled in proportion. For extremely small channel 

length devices which demands an increase in a doping concentration of the device. The consequence of 

increased doping concentration is increased threshold voltage for uniformly doped devices. The trade-off 

between the threshold voltage and supply voltage also needs to be maintained otherwise the device 

performance will decrease due to a large reduction of gate drive.  

4. Results and Discussion: 

The Id, Vs, Vgs characteristics of the device has been plotted in Figure (1.1). As it has been shown in the 

plotted graph that the leakage current is being suppressed greatly with the inclusion of the hafnium 

dioxide. Further, it is clear that the steep retrograded doping profile does not allow the current to be 

saturated. This also shows that the drain current has been greatly increased as compared to its 

counterpart in the plotted graph and further this indicates that the carrier random thermal velocity is 
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increasing slowly which help us to reduce the scattering near the interface of the device thus reducing 

the effect of the hot carrier in the device. 

 

Figure (1.1): Drain Current (Id) Vs. Gate to Source Voltage (Vgs) characteristics of the device. 

 
Figure (1.2): Variations of the Electric Field along the channel of the device. 
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Figure (1.3): Variation of electrostatic potential along the channel of the device. 

 

Figure (1.4): Variation of Electron Mobility along the channel of the device. 
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Figure (1.5): Variation of Electron Velocity along the channel of the device.  

 

Figure (1.6) Variation of Space Charge along the channel of the device. 
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The variations of the electric field along the channel of the device has been shown in Figure (1.2). The 

electric field is found to be increased compared to the traditional dielectric materials for the used 

hafnium dioxide and thus the increased field also suggests that the carrier can gain enough velocity to 

travel through the channel without being scattered to the gate oxide interface. The peak of the electric 

field near the source side of the device indicates that the carrier is getting enough accelerated at the 

beginning but their velocity gets reduced somehow in the middle of the channel due to the channel 

interface region being doped with lighter doping concentrations but as the carriers reach the drain region 

of the device there is a slight increase in the carrier velocity again in the region due to the pinch-off 

region near the drain but this is not that much affecting the device performance as the values are in the 

limit and thus it will not have much impact on the overall device operations. The variation of the 

electrostatic potential has been plotted along the channel for the simulated device in Figure (1.3). The 

plot reveals the electrostatic control of the gate over the channel and it is clear for the plot that the 

device with the steep retrograde doping profile and hafnium dioxide as a dielectric material is having the 

best control reason being that the region near the gate and oxide layer is highly insulated such that the 

carrier cannot easily penetrate through this region and thus the gate leakage is not affecting the device 

performance much in the steep retrograde device. The electron mobility has been plotted along the 

channel for the simulated device in Figure (1.4). The mobility as depicted by the plot for the steep 

doping profile is lower as compared to the uniform profile due to the presence of much lighter region 

near the channel which helps us to have higher channel inversion near the interface thus will give more 

current for the same device. Further, the effects of the higher velocity of the carrier i.e. scattering will 

not be found in the steep device. The variations of the electron velocity along the channel have been 

plotted in Figure (1.5). The electron velocity was found to be high enough at the source end of the 

device for all the doping profile but as we move towards the drain region of the device is was found to 

be decreased gradually and then again it started increasing near the drain end. The main reason for this is 

the reduction in the mobility of the carrier in the channel. The variation of the space charge along the 

channel has been depicted in Figure (1.6). The variations show that the channel is getting highest 

inverted for the steep devices and hafnium oxide-based devices as compared uniformly doped devices 

with silicon dioxide as a dielectric. 

5. Conclusions: The study shows how surface mobility of the device can be enhanced by reducing the 

ionized impurity scattering using a low-high channel doping profile in the device. Prevent dopant 

diffusion must be taken care of and thus the said doping profile is mostly used. For a required Vthreshold, 

this doping profile gives smaller depletion width as compared to its counterpart.  Also, the mobility of 

the carries in the channel can be improved using a low-high doping profile. Thus, a new type of doping 

profile named as Steep Retrograde Doping is needed in order to reduce gate controlled depletion width 

while maintaining the threshold voltage scaling trends for optimized device performance. This doping is 

a low-high channel doping which is vertically non-uniform and is used to improve the short channel 

effects and also increase the surface mobility simultaneously. 
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