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ABSTRACT 

This paper introduces future devices for multi-valued logic implementation. Quantum dot gate field effect transistor 
(QDGFET) works based on the change in threshold voltage due to stored charge in the quantum dots in the gate region. 
Quantum dot channel field effect transistor (QDCFET) produces more number of states in their transfer characteristics 
because of charge flow through the mini-band structure formed by the overlapping energy bands of the neighboring 
quantum dots in the channel region of the FET. On the other hand spatial wave-function switched field effect transistor 
(SWSFET) produces more number of states in its transfer characteristic based on the switching of charge carriers from 
one channel to other channel of the device. In this paper we discuss QDGFET, QDCFET and SWSFET in detail to ex- 
plore their application in future multi-valued logic circuits. 
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1. Introduction 

The basic building block to implement binary logic is the 
metal-oxide-semiconductor field-effect transistor (MOS- 
FET). The trend predicted by Moore’s Law has called for 
these MOS devices to shrink in half every 18 - 24 months 
[1,2]. As feature sizes have started to approach sub-22 
nm regime, several issues have begun to make further 
miniaturization difficult [3-5]. As transistors have de- 
creased in size, the thickness of the gate dielectric needs 
to be decreased to increase the gate capacitance, and 
thereby the drive current and device performance [6-9]. 
As the gate dielectric thickness is scaled down below 2 
nm, leakage currents due to the tunneling of charge car- 
riers increase drastically, which increases the unwieldy 
power consumption of the device and reduces device 
reliability [10-12]. Another approach to increase integra- 
tion is to increase the bit handling capacity of a fabri- 
cated device. Traditional MOSFETs can only process 
one bit at a time. 

Higher level of bit density can be achieved using 
multi-valued logic (MVL) [13]. Multi-value logic is de- 
fined as a non-binary logic and involves the switching 
between more than 2 states. 

Research is ongoing towards the development of de- 
vices that are suitable for multi-valued operation. Reso- 
nant tunneling transistors (RTTs) [14-16] and resonant 
tunneling diodes (RTDs) [17,18] are the major promising 

semiconductor devices for MVL applications. All these 
devices produce negative differential resistance (NDR) in 
the specific voltage range of operations.  

All the devices that have been proposed so far how- 
ever, until now are not matured yet for MVL circuit im- 
plementation. These devices have more serious problems 
than complementary metal-oxide-semiconductor (CMOS) 
devices, such as excess leakage current, being unable to 
operate at room temperature, or requiring complex fabri- 
cation processes. Research is ongoing to find a better 
combination of stack materials for resonant tunneling 
devices. A common problem in the NDR devices is to 
reduce the valley current, which is due to the uninten- 
tional excess leakage current. In this paper we propose 
some new devices which can be promising circuit ele- 
ment in future to implement multi-valued logic with bet- 
ter performance. Before discussing new devices, we will 
highlight other two existing devices like resonant tun- 
neling diode (RTD) and resonant tunneling transistor 
(RTT) in Sections 2 and 3. Three new devices, quantum 
dot gate field effect transistor (QDGFET), quantum dot 
channel field effect transistor (QDCFET) and spatial 
wave-function switched field effect transistor (SWSFET) 
are discussed in Section 4 which is followed by conclu- 
sions in Section 5.  

2. Resonant Tunneling Diode (RTD) 

A resonant tunneling device is similar in construction to *Corresponding author. 
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a p-n junction diode with two terminals [19]. The device 
has a quantum well layer separated from two conducting 
regions by quantum barriers (on the order of 50 Å to 100 
Å thick). The barriers can be higher bandgap AlGaAs, 
for example, while the well and conduction regions can 
be lower bandgap GaAs.  

Electrons tunnel through two barriers separated by a 
well when flowing from source to drain in a resonant 
tunneling diode, which is also known as quantum me- 
chanical tunneling [20]. The flow of electrons is con- 
trolled by diode bias. This matches the energy levels of 
the electrons in the source to the quantized level in the 
well so that electrons can tunnel through the barriers. The 
energy level in the well is quantized because the well is 
small. When the energy levels are equal, a resonance 
occurs, which allows electron flow through the barriers 
as shown in Figure 1(b). No bias or too much bias, in 
Figures 1(a) and (c) respectively, yields an energy mis- 
match between the source and the well, and electrons can 
not conduct. 

When the bias is increased from zero across the RTD, 
the current increases, then decreases, correspond to off, 
on and off states. Figure 2 shows the I-V characteristic 
of a resonant tunneling diode. This makes simplification 
of conventional transistor circuits possible by substitute- 
ing a pair of RTD for two transistors. The potential ap- 
plication of RTD is to reduce the component count, area, 
and power dissipation of conventional transistor circuits 
by replacing some, though not all, transistors. 

RTDs have allowed us to realize certain applications 
that will be beyond the capability of CMOS technology 
[21,22]. These low-power, high speed, and small devices 
are especially important as we continue to scale down to 
the size of atoms, where heat and parasitic effects are a 
major problem. However, in order for RTD to reach its 
full potential, more mature fabrication techniques are 
necessary. Precise barrier thickness control is required to 
ensure uniformity across the whole wafer. Also, the out- 
put power of RTDs is limited. More research is required 
to realize RTD circuits without an amplifier or other 
drivers. This will minimize the power and area of the 
integrated circuit (IC). 

3. Resonant Tunneling Transistor (RTT) 

A Resonant Tunneling Transistor [23] is similar to the 
resonant tunneling device which has source, drain and a 
gate electrode attached to its well region [24]. Electrons 
are injected into the device through the source electrode. 
An applied gate voltage adjusts the energy of the well 
levels with respect to the energy range of the occupied 
conduction states in the source region. Carriers tunnel 
through the barrier into the well from the source region 
when the energy of a well state falls within the energy 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Resonant tunneling diode (RTD): (a) No bias, 
source and well energy levels not matched, no conduction. 
(b) Small bias causes matched energy levels (resonance); 
conduction results. (c) Further bias mismatches energy lev-
els, decreasing conduction. 
 

 

Figure 2. RTD I-V characteristic. 
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range of the occupied conduction states in the source [25, 
26]. With a voltage applied from the source region to drain 
region, the charge then flows into the drain region. 

4. New Proposed Devices 

4.1. Quantum Dot Gate Field Effect Transistor 
(QDGFET) 

The device structure of a quantum dot gate field effect 
transistor (QDGFET) is shown in Figure 3(b). Unlike 
conventional FET (Figure 3(a)), a quantum dot layer is 
deposited on top of the gate insulator in QDGFET.  

FEI Strata 400S Dual-Beam FIB instrument was used 
to prepare the sample for cross-sectional TEM imaging. 
A 1 µm thick membrane having dimension of 10 µm 
across and 5 µm in height was cut through the sample 
using Ga+ ion beam. Platinum layer was deposited onto 
the surface of the FET to minimize the ion beam damage 
to the device during FIB machining.  

A JEOL 2010 FasTEM was used to examine the TEM 
specimens. This instrument is equipped with a high-re- 
solution objective lens pole-piece and operate at 200 kV 
and produce a point-to-point resolution of <0.19 nm in 
phase contrast images. Chemical microanalysis was also 
performed in situ using an EDAX Phoenix atmospheric 
thin window EDXS. TEM image (Figure 4) obtained 
from the experiment shows the deposition of two layers 
of SiOx cladded-Si quantum dots in the gate region of the 
QDGFET. 

QDGFETs exhibit an intermediate state between “ON” 
and “OFF” states in their transfer characteristic because 
of stored charge in the quantum dots in the gate region. 
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(b) 

Figure 3. Cross-sectional schematic of (a) conventional FET, 
(b) quantum dot gate FET (QDGFET). 

 

 

Figure 4. HRTEM picture of fabricated QDGFET, (inset) 
TEM image of fabricated SiOx-Si quantum dots. 
 
In the intermediate state the drain current (ID) is inde- 
pendent over a range of gate voltages, which is deter- 
mined by the thicknesses of tunnel gate insulator, quan- 
tum dot cladding as well as their core diameter [27-29].  

This novel three-state characteristic of QDGFET pro- 
vides new versatility in designing MVL implementation 
with significantly reduced FET counts. In previous work, 
we have shown the usage of these novel transistors in the 
construction of three state complement functions and 
memory cells [30]. Different ternary logics can be imple- 
mented using this three state property of the QDGEFT. 

Theory of Operation 
Figures 5(a)-(d) show the energy band diagrams and the 
carrier concentration plots in the quantum well channel 
and two quantum dot gate layers at various gate voltages. 
Figure 5(a) shows the state of the device at a gate volt- 
age before the dots are charged. In Figure 5(b), the first 
layer of dots closest to the channel is charged via tunnel- 
ing of charge carriers from inversion channel. The 
buildup of the charge in the first quantum dot layer as the 
energy levels in the second quantum dot layer are not 
lined up is shown in Figure 5(c). In Figure 5(d), the 
resonant tunneling occurs to the second quantum dot 
layer due to alignment of the bound states in the first 
quantum dot layer and the second quantum dot layer. 
Table 1 shows different simulation parameters for device 
simulation. 

4.2. Quantum Dot Channel Field Effect  
Transistor (QDCFET) 

Quantum dot channel FET (QDCFET) is another prom- 
ising circuit element to implement MVL. Jain et al. [31, 
32] already discussed the fabrication and theory of op-
eration of QDCFET. The structural difference between a 
QDCFET and a conventional FET is the presence of  
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(a)                                              (b) 

 
(c)                                             (d) 

Figure 5. Device simulation shows the tunneling of electron wave function from inversion channel to different quantum dot 
layers when gate voltage increases from (a) to (d) gradually [30]. 
 
Table 1. QDGFET parameters for charge control simula- 
tion. 

Parameters Value 

Channel Width (W) 

Channel Length (L) 

QD gate capacitance (Cox) 

Drain-source voltage (VDS) 

Mobility (µn) 

Si dot core diameter 

Si-SiOx Barrier height 

Threshold voltage without QD gate charge (Vth0) 

Total gate layer 

Effective dielectric constant εr 

Center of QD1 from gate 

Center of QD2 from gate 

15 µm 

5 µm 

4.4 × 10–7 F/cm2

0.5 V 

650 cm2/V-s 

12 nm 

3.27 eV 

–2 V 

26 nm 

8 

~18 nm 

~6 nm 

quantum dot layers between the source and drain region 
in the QDCFET. The presence of quantum dots in the 
channel region produces four states in the transfer char- 
acteristic of the QDCFET which can be used to imple- 
ment four state inverter and MVL. 

The device structure of a QDCFET is shown in Figure 
6(a). The presence of quantum dots in the channel region 
is shown in Figure 6(b). 

The current transport in a QDCFET depends on the 
carrier concentration in the inversion layer and their 
transport in the quantum dot channel as a function of the 
gate voltage [32]. Quantum dots inside the channel 
formed like a super lattice. The transfer of the charge 
carriers from the source to the drain region of QDCFET 
depends on the mini band structure formed by overlap-
ping of energy bands of different quantum dots in the 
channel region. These mini-bands are occupied by charge 
carriers based on the drain-to-source voltage (VDS). As  
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Figure 6. (a) The device structure of a QDCFFET, (b) 
HRTEM image of quantum dots in the channel region of 
QDCFET, (Inset) TEM image of GeOx cladded-Ge quan-
tum dots. 
 
VDS is increased, the next level of mini-band is filled and 
charge flows through both mini-bands. The quantum dots 
in the gate region change the threshold voltage of the 
device because of tunneling of the charge carriers from 
the quantum dot channel to the quantum dot layer in the 
gate region. The generation of the steps in the transfer 
characteristic of QDCFET is the cumulative effects of 
the quantum dots in the channel region as well as in the 
gate region of the device. Figure 7 shows the transfer 
characteristic of a fabricated QDCFET having four states 
in its transfer characteristic. The two intermediates states 
are at around 1.6 V and 2.15 V of gate voltage which is 
shown in Figure 7. 

The generation of four states in the transfer character- 
istic of a QDCFET can be used to implement quaternary 
logic in future. More research is necessary to explore this 
device as a circuit element to implement multi-valued 
logic in future. 

4.3. Spatial Wave-Function Switched FET 
(SWSFET) 

Spatial wave-function switched (SWS) FET is a promis-  

 

Figure 7. ID vs. VGS characteristic of a fabricated QDCFET. 
 
ing circuit element for digital integrated circuits. Based 
on the applied gate voltage, the charge flows through 
different channels in a SWSFET. When the gate voltage 
is low but above the threshold voltage (Vth1) of the device, 
charge carriers are confined in the lower quantum well 
channel and flows from source to drain region. As the 
gate voltage is increased (Vth2), charge carriers transfer 
from the lower channel to the upper quantum well chan- 
nel and current flows through the upper channel of the 
device. The device structure of a SWSFET is shown in 
Figure 8. Based on the applied gate voltage, the electron 
concentration as well as the electron wave function switches 
from one channel to the other channel and current flows 
through different drain terminals. 

The energy band-diagram of the SWSFET is sche- 
matically shown in Figure 9 [33]. Figure 10 shows the 
capacitance-voltage (C-V) characteristics of a fabricated 
two quantum well channel InGaAs-AlInAs SWSFET 
[33]. The C-V curves show distinct peak before the ac- 
cumulation regime (gate voltage less than –2V) where 
the capacitance becomes constant. The capacitance of the 
SWS device reaches to first maximum value at a gate 
voltage ~–0.1 V. This occurs when the holes are in the 
lower quantum well channel #1. When the gate voltage is 
reduced further, holes are transferred from the first quan- 
tum well layer (channel #1) to the second quantum well 
layer (channel #2). The capacitance increases as the car- 
riers are in the proximity of gate until total accumulation 
is reached. The detailed device operation is already pub- 
lished elsewhere [33]. 

The circuit model of a SWSFET is developed in 
Berkeley short channel IGFET model (BSIM 3). In the 
circuit model, SWSFET effect is introduced by modify-
ing the threshold voltage of conventional FET model in 
BSIM. The simulated transient characteristic of the 
SWSFET model is shown in Figure 11 [34,35]. Because 
of two drain terminals, a two-channel SWSFET is also  
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Figure 8. Device structure of SWSFET. 
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Figure 9. Energy band diagram of a SWSFET [33]. 
 

 

Figure 10. C-V characteristics of SWSFET [35]. 
 

 

Figure 11. Transfer characteristic of the SWSFET model 
[34,35]. 

known as a twin-drain SWSFET. In this simulation we 
connect two drains of the twin SWSFET and simulate the 
transfer characteristic (ID vs. VGS) of the device. The 
simulation result shows that the drain current initially 
flows through the lower channel which is farther from 
the gate terminal. When the gate voltage increases further, 
charge carriers transfer from the lower channel to the 
upper channel (closer to the gate terminal) and current 
flows decreases in the lower channel and increases in the 
upper channel and ultimately all current flows through 
the upper channel. 

5. Conclusion 

In this paper, we introduce three new devices to imple- 
ment multi-valued logic in future. These devices produce 
more stable output because of the cladded quantum dots 
in their structure. All these devices work based on dif- 
ferent mechanism of charge storage in their device struc- 
ture. In QDGFET, three states generate because of stored 
charge in the quantum dots in the gate region. Whereas in 
QDCFET, the multi-states generate because of formation 
of mini band structure in the channel region and the 
stored charge in the gate region. In the SWSFET, the 
multi valued logic can be implemented base on the 
charge in different quantum well channel in their device 
structure. The improved noise margin and the existing 
CMOS fabrication mechanism can make these quantum 
dot based devices as promising circuit element for multi 
valued logic implementation in future. 
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