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ABSTRACT 

Long, Pengyu M.S.E.C.E., Purdue University, May 2015.  Design and Simulation of 

Two-dimensional Superlattice Steep Transistors.  Major Professor:  Gerhard Klimeck 

 

 

 

As modern metal-oxide-semiconductor field-effect-transistors (MOSFETs) scale to 

smaller dimension, the power density of microprocessors rises up quickly. The supply 

voltage has scaled with device dimension. To maintain an acceptable ON/OFF ratio, the 

subthreshold swing (S.S.) of transistors need to be reduced. 

 The 60mV/dec limit of MOSFET comes from the the e
-kT

 variation in  above the 

Fermi level. This limit can be overcome by changing the transmission probability T(E) so 

that it decades sharply above the source Fermi level. Such examples have been 

demonstrated. Tunneling FET (TFET) can have a steep S.S. , but its on-current (Ion) is 

limited by tunneling probability from conduction band to valence band. 

 Utilizing the high transmission of miniband and low transmission in the minigap, 

nanowire superlattice MOSFETs have been demonstrated to have been both steep S.S. 

and high Ion. Adding a superlattice between the N+ source and the channel suppresses the 

injection of high-thermal-energy electrons, reduces S.S., in simulations to 13mV/dec. 

However, high Ion per unit die area demands small nanowire pitch and such devices might 

be hard to fabricate. 

 In this work, a double-gate MOSFETs having InGaAs/InAlAs superlattices between 

the N+ source and a planar InGaAs channel is proposed. As with nanowire superlattice 

transistors, the 2-D superlattice bandgap reduces injection into the channel of electrons 

having energy above the source Fermi energy. Simulated ballistic transport 

characteristics of FETs using a three-well superlattice show 29-37.5mV/dec. minimum 
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subthreshold swing and 390 A/m on-current given 0.1 A/m off-current and a 0.2V power 

supply. 

  Utilizing the high conduction band offsets, InAs/InAlAs superlattice MOSFETs 

have higher ON/OFF ratios than InGaAs/InAlAs superlattice MOSFETs. Furthermore 

within the same length we can fit in more superlattice periods, so a steeper S.S. and even 

higher ON/OFF ratio can be achieved. 
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1. INTRODUCTION 

1.1. Limit of power dissipation in MOSFET 

In 1965 Gordon Moore pointed out that as transistor dimensions scale from one 

generation to the next, the number of transistors on a chip will double [1].  

As the number of transistors on a chip increase exponentially, power consumption of 

microprocessors becomes an increasing problem. As shown in Fig 1.1, continued scaling 

caused the power density on a microprocessor to increase together with the number of 

transistors and heat dissipation imposes serious problems for microprocessor designs. In 

the past decade, the supply voltage has been scaling with the device dimension. 

 

Fig. 1.1 Owing to the rapid increase in transistor count, in accordance with Moore's 

Law, the power density on a silicon chip has already exceeded 100 W cm-2..[2] 

(Figure taken from Jalali B. Teaching silicon new tricks. Nature Photonics, 2007, 

1(4): 193-195.). 
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One limiting factor of scaling today is the difficulty to reduce the power supply 

voltage even further. The threshold voltage has to be reduced as well to maintain an 

acceptable ON/OFF ratio, but the reduction of threshold voltage results in exponential 

increase in OFF-current [3 ], shown in Fig 1.2,. This causes the standby power of 

transistor to increase exponentially.  Reducing the standby power requires increased 

voltage or reduced transistor subthreshold swing (S.S.). 

 

Fig. 1.2 Left: Transfer characteristics of a MOSFET showing an exponential increase 

in Ioff as VDD decreases because of an incompressible subthreshold swing Right: If 

Subthreshold Swing gets steeper as VDD decrease, the Ioff can remain the same 

 To keep scaling the supply voltage down, steep S.S. is necessary for transistors. 

1.2. Steep subthreshold transistors  

1.2.1. Limit of subthreshold swing of MOSFET 

In a planar FET, the drain current  is proportional to  
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(1.1) 

where W is the channel width, a the lattice constant, and  the energy-dependent 

total transmission, i.e. the transmission probability per mode summed over all modes 

having energy  and transverse wave vector , and  the source Fermi distribution. 
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 MOSFET 60mV/dec. S.S. limit arise from the e
-kT

 variation in  above the Fermi 

level; 

1.2.2. Overcoming the subthreshold limit  

 The conduction band structure of a conventional semiconductor material such as 

GaAs or Si is continuous over the energy range so T(E) is usually on the same order of 

magnitude above the conduction band edge. 

 If we can change T(E,kt) so that it decays sharply above the conduction window, then 

it is possible that the S.S. can be lower than f(E) imposed 60mV/dec limit. 

 An example is Tunneling FET, where T(E) across the PN junction is highly energy 

selective. As shown in Fig. 1.3, in the off state(blue line), no states are available in the 

channel. In the on state(red line), tunneling only happen in the narrow energy window 

ΔΦ. Transmission above ΔΦ will decrease quickly because there are no states in the 

bandgap. It has been demonstrated both in simulation and in experiment that a steep 

subthreshold swing can be obtained [5]. 

 

Fig. 1.3. a) Schematic cross-section of a p-type TFET. b) Schematic energy band profile 

for the off state(dashed blue lines) and the on state(red lines) in a p-type TFET. c) 

Schematic transfer characteristics of a p-type TFET [4]. (Figure taken from Ionescu A M, 

Riel H. Tunnel field-effect transistors as energy-efficient electronic switches. Nature, 

2011, 479(7373)). 
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 However, the ON-current of TFET is limited by the maximum tunneling probability 

across the PN junction and is significantly lower than conventional MOSFET,  

Table. 1.1 Comparison of Ion for tunneling FET and MOSFET at Vds=1 V
[5]

. 

Device  Ion(μA/μm) 

Intel 32nm 

High 

Performance 

MOSFET 

1600 

Si TFET 12 

InGaAs 

TFET 

14 

Ge TFET 0.1 

 

 

1.3. Superlattice MOSFET 

 Unlike the continuous conduction band of conventional semiconductor material, the 

band structure of superlattice is made up of minibands and minigaps in the range of 

several meV . Within the minigaps there are no states to conduct, so the transmission 

 inside the minigap is orders of magnitude smaller than transmission inside the 

miniband. 

 

 Fig. 1.4. energy profile of the first subband of a superlattice MOSFET [6] . (Figure 

taken from E. Gnani, P. Maiorano, S. Reggiani, A. Gnudi, G. Baccarani, "Performance 
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limits of superlattice-based steep-slope nanowire FETs," 2011 IEEE International 

Electron Devices Meeting, pp.5.1.1-5.1.4, 5-7 Dec. 2011) 

 To obtain the steepest S.S. possible, the decay of T(E,kt) has to be aligned with decay 

of  f(E). T(E,kt)  decays from the upper edge of miniband, while f(E) decays above the 

Fermi level. So the source Fermi level should be aligned with the energy maximum of 

the 1st superlattice miniband,  will decrease more rapidly with energy than 

, and the subthreshold characteristics will be steeper than 60mV/dec.  

 It has been reported in the literature that if the superlattice structure is implemented 

in the GaAs/Al0.45Ga.55As nanowire MOSFET, subthreshold swing as low as 13mV/dec 

can be achieved [6].  

 

1.4. Device structure and fabrication process 

 Superlattice nanowire MOSFETs can be fabricated by deposition of a number of 

appropriate semiconductor layers within a manufacturing process of vertical 

nanowires[6]. 

 Here we propose a planar MOSFET process which might make fabrication easier 

than vertical nanowire MOSFETs and it might be easier to achieve a higher Ion per die 

area. 

 Such 2D superlattice transistors might be fabricated (fig. 1.5a,b) using processes 

similar to those used to fabricate nanowire and finFETs [7], the difference being the 

growth of the multi-layer source/drain. First an InGaAs fin is formed on InP substrate and 

then the superlattice is formed through MOCVD growth [8] of InGaAs and InAlAs 

layers.  

 If (fig. 1.5b) the superlattice is present in the drain, reflections from this may distort 

the output characteristics [ 9 ], or drain resistance increased because electrons must 

thermalize before crossing the drain superlattice; if necessary, this can be eliminated by 

separately growing a conventional N+ drain. 

  In fig. 1b, transport in the source superlattice is radial, whereas in fig.1.5c, source 

transport is planar; with radial transport, the varying lateral confinement with distance 



6 

 

 

from the channel will shift the superlattice energy levels relative to the case of a planar 

superlattice (fig 1.5c). These energy levels should be appropriately adjusted to maintain 

the desired transmission characteristics by adjusting the individual well and barrier layer 

thicknesses. Given available quantum transport simulators, we simulate the structure of 

fig. 1.5c; the structure of fig. 1.5b suggests how structures of similar characteristics might 

be fabricated. 

 

Fig. 1.5. Planar superlattice transistor: proposed fabrication by encapsulating a fin (a) in a 

dielectric and subsequently (b) forming the superlattice by MOCVD regrowth. Cross-

section of structure assumed in simulations (c) . 

1.5. Outline of this thesis 

 In this thesis, design and simulation of a 2D superlattice MOSFET with steep 

subthreshold swing will be discussed. The physics of steep subthreshold swing devices 

will be examined and detailed design method to obtain the best performance is proposed. 

 In Chapter 2, the details of design and simulation for InGaAs/InAlAs MOSFET will 

be discussed. Tight-binding method is used as atomic basis and quantum transmitting 

boundary method is used to calculate transport properties. The transverse wave vector k 

dependence of the 2D superlattice MOSFET will be examined in detail. Then we will 
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discuss how to adjust the layer thickness of superlattice structure to obtain a maximally 

flat miniband and maximum Ion. Transfer characteristics of the superlattice MOSFET will 

be discussed. 

 In Chapter 3, the design of InAs/InAlAs superlattice MOSFET will be discussed. 

First we will discuss effect of conduction band offset between wells and barriers, and 

then the number of barriers on the device performance and how with same length of 

superlattice, InAs/InAlAs superlattice MOSFET outperforms InGaAs/InAlAs superlattice 

MOFET. 

 The summary of this thesis will be presented in Chapter 4 . 
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2.  SIMULATION AND DESIGN OF INGAAS/INALAS 

SUPERLATTICE MOSFET 

2.1. Introduction 

 The purpose of this chapter is to validate and optimize design for InGaAs/InAlAs 

superlattice MOSFETs. First we will start with detailed specifications of the 2D 

superlattice MOSFET. After that, we will introduce the simulation methods used in the 

simulation. The transverse wave vector dependence in 2D superlattice MOSFETs and its 

impact to performance of the device will be examined. Then we will discuss how to 

obtain maximum ON-current by tuning the thickness of wells and barriers inside 

superlattice In the end we will show the transfer characteristics of the 2D superlattice 

MOSFET and compare it with a conventional MOSFET with same structure but the 

superlattice. 

2.2. Device specification  

 

Fig. 2.1 Cross-section of simulation domain. The length of the InGaAs wells stays 

constant. The length of the InAlAs barriers are modulated to minimize fluctuations in the 

1
st
 miniband. 



9 

 

 

 The device is based on a double-gate MOSFETs (fig. 2.1) with a 3.3nm thick 

undoped In0.53Ga0.47As channel, 20nm gate length, and a 2.56nm thick gate dielectric 

having .  

 Previous study has used 7 to 10 superlattice barriers [6]. Although this ensures 

excellent energy filtering characteristics, this adds to the total length of the device and 

fabrication complexity. In this study, a superlattice with three In0.53Ga0.47As wells and 

four undoped In0.52Al0.48As barriers lies between the cm
-3

 doped InGaAs 

source and the channel. In0.53Ga0.47As and In0.52Al0.48As are chosen because they are 

lattice-matched to InP substrate.  

 Doping the wells at cm
-3

 aligns, at ~0.2V, the source and superlattice 

well conduction bands, maintaining high transmission, hence high Ion; the well energies 

are then not aligned =0V, as will be shown subsequently. 

2.3. Simulation Method 

2.3.1. Overview 

  

 Ballistic transport properties are simulated by the quantum transmitting boundary 

method [10, 11], with N+ regions in thermal equilibrium [11], band structure described 

by tight binding with an sp
3
d

5
s* basis [12], and with the Schrödinger and Poisson 

equations solved self-consistently, using the NEMO5 nanoelectronics modeling software 

[13]. The simulations include source-drain tunneling.   

2.3.2. Tight binding method 

 

 Previously study were performed with effective mass approximation [6]. Under 

confinement of only a few nanometers, this approximation could be no longer accurate 

[14]. Also role of X and L valleys could be affect device characteristics, but were not 

described explicitly by effective mass approximation. Empirical Tight binding method, 

which can accurately reproduce the experimentally verified band gaps and effective 
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masses for the relevant bands and their response to confinement[15], have been widely 

used for quantitative modeling of electronic structure on a nanometer scale. Here sp3d5s* 

basis is used and parameters are taken from reference [16]. 

2.3.3. Quantum transmitting boundary method 

 

 Quantum transmitting boundary method is chosen is because under the ballistic 

assumption, it takes up less computation burden than standard Non-equilibrium Green’s 

Function Method by solving the quantum transport in the space of propagating lead 

modes instead of considering all the modes [12]. Furthermore, the QTBM equations are 

solved spatially distributed over multiple CPUs for different energy points, transverse 

wave vectors, and sections of the device. 

2.3.4. Self-consistent algorithm 

 

 The self-consistent solution of open boundary Schrödinger equation and Poisson 

equation numerically can accurately capture the effect of source-drain voltage and gate 

voltage on electrostatics. An inhomogeneous energy grid that resolves the band edge and 

sharp features is used to facilitate the convergence [14].The converged solution of the 

first bias point is used as initial guess for the second bias point to decrease the total 

number of iterations needed, therefore saving computation time. The program flow is 

illustrated in Fig 2.2. 

2.3.5. Other assumptions 

 Contact resistance and dielectric interface traps Dit are neglected; their effects can be 

small [16,17]. At 0.2V drain bias, band-to-band tunneling in the InGaAs channel is 

negligible [17]. Surface roughness and bulk defect scattering are not included in the 

simulation, which primarily focuses on modeling the superlattice energy filtering. 

2.4. Transverse wave vector dependence 

In a two-dimensional superlattice, the miniband energies vary with transverse 

momentum  (fig. 2.2), with  increasing as ~ . If  is large, the upper edge of the 
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miniband is no longer well aligned with the source Fermi level, so electrons with energy 

far above the source Fermi level may pass through the superlattice.  

 

Fig. 2.2 a), b) & c): Total mode transmission as a function of transverse wave vector kt, 

under on-state bias (Vgs=0.2V). d), e) & f): corresponding energy resolved current 

density for each kt, Efs is the source Fermi level. π/a is the boundary of 1st Brillion Zone. 

 

However, steep subthreshold slope can still be maintained because the channel 

barrier  also increases with . If , then 

with the FET biased below threshold, i.e. with  above the superlattice miniband 

maximum  for zero transverse momentum, the barrier energy will remain above the 

miniband with nonzero . This suppresses transmission. Also at energy several hundred 
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meVs above the source Fermi level, there are very few electrons conducting, which 

contribute little to the total current. 

 

Fig. 2.3 : Total transmission T at kt = 0 (a) and energy-resolved current density, W
-

1
dID/dE (b). In these plots, VGS=0.2V and VDS=0.2V. 

This can be proved by Fig 2.3. Fig 2.3a shows total transmission at , while fig. 

2.3b shows the energy-resolved current density, . Transport is still strongly 

confined to within the 1st superlattice miniband.  

Fig. 2.4 shows drain current density ( ), resolved as a function of the transverse 

wave vector , i.e. . With the transistor off ( =0V, =0.2V), leakage 

is dominated by resonant tunneling peaks, which arise (fig. 2.5) as the applied  

misaligns the superlattice well energies, distorting the transmission characteristics.  

With the transistor on ( = =0.2 V), the current is carried primarily by modes 

with small  within the 1st miniband. This is illustrated by fig 2.5. Therefore transverse 

wave vector resolved current is smooth.  

 



13 

 

 

 

Fig. 2.4 : Drain current density W
-1

dID/dkt resolved as a function of transverse wave 

vector kt, under both on-state (VGS=0.2V , VDS=0.2V) and off-state (VGS=0.2V , 

VDS=0.2V) bias. The lattice constant is denoted by a.  

In both OFF-state and ON-state of superlattice MOSFET, most of the current is 

always carried by modes with  close to 0. We can focus on design and optimization of 

the first transverse k vector. 
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Fig. 2.5 (a) Transmission for the wave vector kt = 0, and (b) conduction band profile 

across the device for gate voltages ranging from =0V to 0.20V with a step of 0.05V, at kt 

= 0 at a 0.2 V source-drain voltage VDS. 

Fig. 2.5a shows the total energy-dependent mode transmission , and fig. 2.5b 

the band diagram, as function of gate-source voltage , with  As  varies, the 

field within the superlattice changes, changing its transmission; at V, there is a 

narrow range of energies, ~0.05eV, at which the superlattice fails to strongly suppress 

injection.  

 

2.5 Maximizing the on-current 

 The on-current of the superlattice MOSFET is very sensitive to the choice of well 

and barrier thickness. The use of thin barriers will increase the transmission at non-

resonance states inside the miniband, thereby increasing the ON-current, but the 

transmission inside the minigap would increase as well. So using a uniform superlattice 

design, like reference [6], one has to compromise between off-state leakage and on-

current. 

 In wave filter design, the problem of designing a wave filter that has maximum flat 

transmission has already been well studied. To minimize the reflection of the waves, the 

resistance values of the network is usually decreasing to the two ends of the filter [19]. 

Because of the analogy of a wave filter and an electron energy filter [18], a similar design 
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strategy can be used here to design a maximally flat miniband. A graded superlattice, 

with barriers at two ends thinner than the barriers in the middle, is simulated and 

compared to homogenous superlattice with same number of the barriers[18,19]. 

 

Fig. 2.6 Three different designs for superlattice MOSFET 

 It is found that compared to homogenous superlattice, the transmission of graded 

superlattice can be increased, and so  increased as well. Fig. 2.7 compares 

transmission of three designs; all have 12 monolayer (ml) length wells, but design 1 has 

5ml barriers, design 2 has 3ml, 6ml, 6ml and 3ml barriers, and design 3 has 4ml, 6ml, 
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6ml and 4ml barriers (Fig. 2.6). Design 3 has the largest and most uniform miniband 

transmission. 

 

 

Fig. 2.7 Total transmission, versus energy, for the three superlattice designs, described in 

the text. On-state bias (VGS=VDS =0.2V). 

 

2.6. Transfer characteristics 

Because of the sharp decay of transmission at the upper edge of the 1
st
 miniband, the 

high energy electrons no longer limit the subthreshold swing of the MOSFET. For a well 

aligned superlattice MOSFET, the subthreshold swing is significantly steeper than 

60mV/dec. 

Fig. 2.8 compares transfer characteristics. Design 3, which shows the most uniform 

miniband transmission (Fig. 2.7), also exhibits the largest , at 390 A/m, with  

= =0.2V and  =0.1 A/m. A conventional FET, otherwise identical, but lacking the 

superlattice, shows =109 A/m and S.S. close to 60mV/dec, with  = =0.2V and  

=0.1 A/m. Minimum subthreshold swings are 29.4, 33.8, 37.5mV/dec. for designs 1,2, 

and 3 of superlattice MOSFETs.  

The barriers in design 3 differ from those of designs 1 and 2 by only 1 ml in 
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thickness; but Ion can vary as much as 100A/m. adequate control of Ion requires that 

superlattice layer thicknesses be held to within 1 ml of the intended value. Atomic layer 

epitaxy [8] may enable such precision.  

 

Fig. 2.8 : Simulated transistor drain current ID, in A/m, as a function of VGS, with 

logarithmic (a) and linear (b) scales, at VDS=0.2V for designs 1,2, and 3. Threshold 

voltages were adjusted for Ioff=0.1 A/m at VGS=0V and VDS=0.2V. 

 

2.7 Output characteristics  

Fig. 2.9 shows common-source characteristics of design 3. The current saturates at 

around 0.2V for Vgs=0.2V .This corresponds to the energy window of 1
st
 miniband, 

which is around 0.2eV wide. With a bigger bias applied, the current does not increase 

much because the high transmission window in the 1
st
 miniband is already fully utilized.  
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Fig. 2.9 : Simulated common-source output characteristics with the threshold set such 

that Ioff=100nA/m. 

2.8 Summary 

 Detailed device specifications of the InGaAs/InAlAs 2D superlattice MOSFET are 

discussed. Simulation methods used in this work, quantum transmitting boundary method 

and empirical tight binding method are discussed briefly. The effect of transmission 

dependence on transverse wave vector is discussed and we found that most of the current 

is carried by small kt. The analogy of designing a wave filter and electron energy filter is 

discussed and a similar design guideline is used. The transfer and output characteristics of 

an optimally designed superlattice MOSFET is shown and compared to conventional 

MOSFET. 
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3. DESIGN OF INAS/INALAS SUPERLATTICE MOSFET 

3.1 Introduction 

 The motivation to design a superlattice MOSFET with InAs/InAlAs is that the 

conduction band offset between InAs and InAlAs is much larger than the previously 

studied InGaAs/InAlAs. This gives rise to sharper subthreshold swing and lower leakage 

current. Then we will discuss the effect of number of superlattice barriers on the device. 

With the same length of superlattice region, we can fit in more InAs/InAlAs superlattice 

periods, creating a smaller transmission in the minigap, thereby having a bigger ON/OFF 

ratio than InGaAs/InAlAs superlattice MOSFET. 

 

3.2. Effect of conduction band offset on the device 

 

Fig. 3.1 : Conduction band offsets corresponding to the Valence band Maximum of InSb 
[20]. The offset between InAlAs and InAs is roughly 0.75eV, while InAlAs/InGaAs 
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offset is 0.52eV. (Figure taken from Vurgaftman I, Meyer J R, Ram-Mohan L R. Band 

parameters for III–V compound semiconductors and their alloys. Journal of applied 

physics, 2001, 89(11): 5815-5875. 

 Bigger band offset between superlattice well and barrier material would result in a 

wider minigap between the 1
st
 miniband and 2

nd
 miniband. This effect has been shown 

using Kronig-Penney model in [6]. As the minigap gets wider, the transmission 

probability within the minigap drops to even lower values.  

 It is reported [20] that the conduction band offset of In0.53Ga0.47As/In0.52Al0.48As is 

around 0.52eV, while band offset between InAs/ In0.52Al0.48As is around 0.75eV, as 

shown in Fig. 3.1. As a result, the minimum transmission in Fig. 3.2 for a 4-barrier 

InGaAs/InAlAs superlattice is 4x10
-3

, while 4-barrier InAs/InAlAs reaches 1x10
-3

. The 

InAs/InAlAs design have 3ml, 5.5ml, 5.5ml and 3ml thick InAlAs barriers, and 6.5ml, 

7.5ml 6.5ml thick InAs wells. 

 

Fig. 3.2 : transmission probability at kt = 0 for a 4-barrier InGaAs/InAlAs superlattice, 

a 4-barrier InAs/InAlAs superlattice  
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 The low minimum transmission would translate into a smaller leakage current than 

InGaAs/InAlAs superlattice MOSFET. Fig. 3.3 compares transfer characteristics with a 

low-power VLSI device off-current of 10
-5

A/m. With the same off-current, InAs/InAlAs 

superlattice MOSFET exhibits a higher ON-current than InGaAs/InAlAs superlattice 

MOSFET. At 0.3V supply voltage, InAs/InAlAs gives 180A/m current and a 

subthreshold swing of 46mV/dec , while the InGaAs/InAlAs only has less than 10A/m 

current and ~60mV/dec. 

 

Fig. 3.3 : Simulated transistor drain current ID, in A/m, as a function of VGS, in log 

scale, compared to 60mV/dec limit using the low power device limit(10
-5

A/m) 

 

3.3 Effect of number of barriers on the device 

 Because of InAs wells are lower in conduction band energy than InGaAs wells, to 

make sure that the upper edge of 1
st
 miniband is still aligned with source Ef, the wells and 

barriers have to be thinner compared to InGaAs/InAlAs superlattice. The thinner the 

wells are, the higher the resonance states are up from the bottom of the InAs conduction 

band. The thinner wells made it possible to fit in more superlattice periods. 
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 It has been reported more superlattice periods would result in a smaller transmission 

probability within the minigap, and steeper transition between the miniband and minigap 

[21]. Here a similar trend is observed in Fig 3.4. The 5-barrier design consists of  

3ml, 5.5ml, 5.5ml, 5.5ml, 3ml InAlAs barriers, and 6ml, 8ml, 8ml, 6ml InAs wells, still 

following the design guideline described in 2.5. The minimum transmission inside the 

minigap reaches as low as 2x10
-4

. 

 

 

Fig. 3.4 : transmission probability at kt = 0 for a 4-barrier InGaAs/InAlAs superlattice, a 

4-barrier InAs/InAlAs superlattice and a 5-barrier InAs/InAlAs MOSFET  

 The ultra-low transmission inside the minigap results in the low leakage current. 

Using the same 10
-5

A/m  for comparison, the 5-barrier design has the biggest  

200A/m and steepest S.S. of 30mV/dec out of all three devices. With a bigger band offset 

and possibility to put in more superlattice periods into the structure, InAs/InAlAs 

superlattice MOSFETs are more suitable for Low Power VLSI applications than 

InGaAs/InAlAs superlattice MOSFET.  
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Fig. 3.5 : Simulated transistor drain current ID, in A/m, as a function of VGS, in log scale, 

compared to 60mV/dec limit using the low power device limit(10
-5

A/m) 

3.4 Effect of strain on device performance 

 The strain comes from the lattice-mismatch of InAs and In0.52Al0.48As. InAs has a 

lattice constant of 0.6058nm, while In0.52Al0.48As has a lattice constant same as InP, 

0.5868nm. We note that there has been methods to model strained structure using 

valence-force-field(VFF) method[ 22 ] and strain might cause shift in conduction 

bandedges and 1
st
 miniband. So the optimum design for InAs/InAlAs superlattice 

MOSFET might be different from results not considering strain. 

 After relaxation using VFF method, there are both strain in InAlAs and InAs. Since 

InAlAs strain tight binding parameters are not available at present, a detailed simulation 

that relaxes the structure and then calculates transport will be done in the future. 

3.5 Summary 

 In this chapter, the design of InAs/InAlAs superlattice MOSFET is examined. We 

studied the effect of conduction band offset and superlattice period number on device 

performance, and found that with a bigger conduction band offset and more superlattice 
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period, InAs/InAlAs can outperforms InGaAs/InAlAs superlattice MOSFETs for low 

power VLSI applications. 
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4. SUMMARY 

 This thesis focuses on design and simulation of 2D superlattice MOSFETs. As 

supply voltage scales down with device dimension, a reduced S.S.  is necessary to 

maintain an acceptable ON/OFF ratio,  

 For conventional MOSFETs, its 60mV/dec is limited by e
-kT

 variation in  above 

the Fermi level. By changing its transmission probability T(E) to be highly selective (i.e. 

energy filter), the transistor can have a S.S. sharper than 60mV/dec. Tunneling FET, for 

example, uses Band-to-band tunneling as energy filter and has steep S.S., but Ion is 

limited by tunneling probability. 

  The properties of miniband and minigap can be utilized so superlattice MOSFET can 

have both steep S.S. and big Ion. The concept has been applied to nanowire MOSFET.  

 We propose a 2D InGaAs/InAlAs superlattice MOSFET with 20nm gate length, a 

3.3nm thick channel and 0.5nm equivilant oxide thickness (EOT) gate dielectrics in a 

double-gate configuration, 390 A/m is simulated in the ballistic limit, with a low 

0.2V supply and 0.1A/m .  

 A transverse  vector resolved current is calculated and we found Ion is carried 

primarily by modes with small .  Using a graded superlattice structure, a maximally flat 

superlattice miniband is designed.  

 Because of bigger band offset between superlattice well and barrier materials, an 

even higher ON/OFF ratio is achieved by using InAs/InAlAs for superlattice MOSFET. 

Meanwhile, it allows for thinner wells and barriers, so it becomes possible to fit in more 

superlattice periods within the same length. 4-barrier and 5-barrier designs are proposed, 
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and   200A/m and 30mV/dec is achieved with a 0.2V supply and10
-5

A/m  for a 

5-barrie InAs/InAlAs superlattice MOSFET. 
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