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Abstract— This paper addresses the design and 

characterization of different architectures of novels high-

density multi-gate transistors manufactured in a 40 nm 

embedded Non-Volatile Memory technology. The proposed 

multi-gate architectures are based on vertical transistors 

integrated in deep trenches built alongside the main 

transistor. Thanks to the built-in trench, the proposed 

manufacturing process increases the transistor width 

without impacting its footprint. The electrical behaviour of 

the different multi-gate transistor architectures is studied 

and compared based on I-V characteristics.  Relevant 

physical and electrical parameters such as the device 

footprint, the ON and OFF currents along with the 

threshold voltage and subthreshold slopes are extracted in 

order to determine the best candidate among the three 

studied architectures.  

Keywords—Multi-gate, Triple gate transistor, Dual gate 

transistor, Trench, Non-volatile-memory. 

I. INTRODUCTION  

The continuous scaling of physical feature sizes of 
silicon-based MOSFET transistors is highly desirable in 
the semiconductor industry in order to increase 
functionality and reduce the cost of a large variety of 
integrated circuits and systems. However, continuous 
scaling has to solve physical limits and challenges 
imposed by the CMOS manufacturing process [1]. The 
latter are dictated by the optical lithography which 
requires new methods such as EUV laser when scaling 
down below 10 nm [2] and ultimately by the 
manufacturing cost. Scaling directly impacts the physical 
parameters of integrated devices such as the gate oxide 
thickness, the leakage current [3], and the short-channel 
effects [4]. Therefore, as most of conventional transistor 
parameters are now reaching fundamental limits, novel 
transistor architectures are highly desirable to meet cost 
and performances requirements of high-volume products. 
This is particularly true for embedded Non-Volatile 
Memory (e-NVM) technology which has generated 

interest as a potential solution for several key mass market 
including Internet of Things (IoT) applications. 

 In this context, alternatives to classical planar 
MOSFET have emerged in the last few years such as 
multiple-gate transistor [5], triple gate transistor [6], gate 
all around [7], FinFET [8]. Alternatively, and mostly for 
integrated passive devices, deep trenches are used in 
various ways, including as insulators, sensors, or 
capacitors to increase integration density [9]. 

The aim of this work is to compare the performances 
of three Multi-Gate Transistors (MGT) architectures 
manufactured in a 40 nm e-NVM. Multi-Gate Transistors 
are fabricated directly from a classical MOS transistor 
where lateral conduction channels are added by 
integrating deep trench transistors alongside the planar 
transistor channel. After fabrication, electrical 
measurements are performed for each MGT transistor 
configurations to assess their performances versus the 
equivalent planar transistor considered as the reference 
architecture. 

Section II presents the trench transistor concept, its 
manufacturing process and the novel MGTs architectures 
based on trench transistor structure. In Section III, we 
report an experimental analysis of electrical parameters 
for different MGTs. The section IV discusses the 
proposed MGTs architectures. Finally, Section V 
concludes this paper. 

 

II. TRENCH-BASED MGT 

A. Trench transistor manufacturing process  

The trench transistor uses a specific process steps 
already available in the targeted eSTMTM Non-Volatile 
Memory manufacturing process [10]. Trenches 
fabrication includes different actions. Firstly, the 
definition of active and oxide Shallow Trench Isolation 
(STI) regions presented in Fig. 1. (a) is realized. Then, a 
photolithography step is carried out and the trench etching 
is performed (Fig. 1. (b)). Trench oxide is grown at the 
bottom and along sidewalls of the trench which is then 



filled with an in-situ doped polycrystalline silicon (Fig. 
1c) to build the trench transistor gate. Finally, Chemical 
and Mechanical Polishing (CMP) is performed to remove 
the polysilicon excess. 

B. MGT transistor architectures 

In order to design the different MGT architectures, we 
started from a planar gate transistor denoted Single Gate 
Transistor (SGT) (Fig. 2. (a)). The SGT is integrated in 
the NVM cell environment (as already mentioned), so it 
uses the process flow of the NVM environment. No 
additional steps or masks are required to fabricate the 
device. Therefore, the SGT is processed from the Flash 
floating gate stack presented in Fig. 2. (a). It consists of a 
tunnel oxide, a first polysilicon layer (poly1), an 
oxide/nitride/oxide (ONO) inter-poly dielectric and a last 
polysilicon layer (poly2). Note that for this device, both 
poly1/poly2 are shorted, and the contact is performed 
through the poly2/ONO stack. Finally, source and drain 
are created with n+ implantations. 

For the MGT, trench transistors are integrated at both 
sides of the SGT architecture represented in Fig. 2. (b). 
This architecture is referred to as Triple Gate Transistor 
(TGT).  

The resulting TGT has three conduction channels, and 
therefore it can be considered as three MOS transistors 
connected in parallel. All the conduction channels are 
localized between the drain and the source. One is 
controlled by the planar gate (PG) (poly1+tunnel oxide) 
and its conduction path is represented by the blue arrow 
in Fig. 2 (c). The second and third channels are controlled 
by the gate trench (TG). The current path of one single TG 
channel is represented by the orange arrow in Fig. 2 (c). 
The second TG current path is not represented (hidden by 
the active region). Note that it is possible to integrate only 
one trench transistor into the SGT architecture. In this 
case, the final device owns two gates and so is referred to 
as Dual Gate Transistor (DGT). 

C. MGT samples design 

In this section, we describe the design of the studied 
devices. The first layout presented in Fig. 3. is the SGT 
structure which is the reference architecture, with only 
one planar gate width (WP) of 200 nm. The second 
architecture presented in Fig. 3. is the DGT structure 
which corresponds to the SGT with one integrated trench 
transistor. The DGT planar width is reduced to 180 nm 
because of vertical trench integration. One can notice that 
the final DGT width depends on the PG plus the vertical 

TG channel widths. The third architecture presented in 
Fig. 3. is the TGT1 structure which is composed of the 
SGT planar transistor and two vertical trench transistors. 
In this case the TGT1 width includes the widths of the two 
TG and the WP of the PG which is defined by the space 
between the trenches (160 nm). Finally, the fourth 
architecture is the TGT2 and corresponds to the TGT1 
architecture with a smaller WP=110 nm. For each 
architecture presented in Fig. 3, the equivalent electrical 
schematic is provided to highlight the number of 
transistors as well as the area. The SGT and the DGT have 
a similar footprint, 0.304 µm² and 0.338 µm² respectively. 
Thus, the integration of one trench has a slight impact on 
the area with respect to the SGT transistor. Regarding the 
TGT1 structure, the integration of a double trench results 
in an area increase. The scaling of WP in the TGT2 enables 
a gain of 10% in terms of occupied surface. 

 

         

   

           

     

      

     

  

  

  

  

       
     

           

   

     
     

     

      

   

Fig. 2.  Trenches integration. (a) Initial MOSFET SGT and (b) 

Triple Gate Transistor. (c) Conduction mode of TGT.  

Fig. 3.  Layout, electrical schematic, planar width (WP) and 

area of each multi-gate architectures. 

              

      

                   

                              

           

  

             
    

           

    

     

    

      

       

         

    

  

    

  

    

           
        

    

    

Fig. 1.  Trench patterning detailed with (a) STI/Active 

definition, (b) trench etching and (c) trench filling.  

 

      

   

           

     

       
     

      



III. EXPERIMENTAL RESULTS 

 The aim of this section is to study the performances of 
the three MGT architectures. This evaluation is conducted 
by analyzing drain current (ID) versus gate voltage (VG) 
electrical characteristics. Performance parameters 
extracted from the experimental results will be compared 
and discussed. The SGT being considered as the reference 
transistor. For the multi-gate transistors, TG and PG are 
shorted to study the equivalent transistor behavior. 

A. MGT transistors benchmark 

Fig. 4 shows ID-VG electrical characteristics in linear 

and saturated mode with drain voltages (VD) of 0.1 V and 

2 V respectively for: (a) SGT, (b) DGT, (c) TGT1 and (d) 

TGT2. A summary of the most relevant parameters in 

saturated mode is shown in Table I. The ON current 

parameter (ION) is extracted for VG = 4 V and the OFF 

current parameter (IOFF) for VG = 0 V. The threshold 

voltage (Vt) is measured at the maximum of the 

transconductance, while the subthreshold slope (Ss) is 

extracted on two decades of drain current characteristics 

from 0.1 nA to 10 nA.  

In Fig. 4, the standard SGT (Fig. 4. (a)) and the DGT 

(Fig. 4. (b)) characteristics are reported. The DGT 

conduction current is higher than the SGT as we can see 

on linear curves. This difference is due to the presence of 

the vertical trench transistor which leads to an additional 

conduction channel for the DGT architecture. This 

conduction current increase is also observed in Fig. 4. 

(c)-(d) for both triple gate transistor configurations TGT1 

and TGT 2. It is more pronounced because each TGT 

architecture benefits from a triple channel conduction.  

These observations are confirmed by the ION current 

parameter extracted in saturated mode presented in Table 

I. Indeed, we observe that the TGTs structures provide an 

ION driving current three times higher than the SGT ION 

and two times higher than the DGT one. One can notice 

that the driving current of the TGT1 is close to the TGT2 

with a smaller area.  

 

 Regarding the IOFF parameter in Table I which 

represents the leakage current, the SGT and DGT values 

are equivalent (IOFF = 3E-14 A). Thus, the integration of 

one trench transistor does not impact the device leakage 

current. However, we observe an increase of one decade 

for the TGT1 architecture and two decades for the TGT2 

architecture. These variations are due to the two trenches 

integration on the planar gate structure, inducing the 

hump effect. This effect is discussed in the next 

paragraph. Note that the leakage current increases when 

the planar width is decreased. 

 

In Fig. 4. (a)-(d) for drain current characteristics in 

logarithmic scale, we can notice a variation of 

subthreshold slopes (Ss parameter in Table I) for the 

different architectures. We observe that Ss decreases with 

the number of integrated trenches. Indeed, the Ss value of 

the DGT device is 95 mV/dec, lower than the SGT one 

which is equal to 107 mV/dec. Besides, both Ss values of 

the TGT architectures are lower than the DGT.  

 

In Fig. 4. we can note at the beginning of ID-VG 

characteristics on logarithmic blue curve, a hump effect 

for the TGT is present (Fig. 4. (c)-(d)) while is less 

pronounced in the DGT characteristics (Fig. 4. (b)) and 

absent for the SGT (Fig. 4. (a)). This hump effect is 

explained by the abrupt transition between the active 

region and the trench transistor [11]. This latter leads to 

an overconsumption of oxide at the active area corner, 

inducing a gate electric field modification at the channel 

edge. Moreover, this topologic modification can reduce 

the TG channel doping. Therefore, all these contributions 

activate the parasitic transistor at the active/trench corner 

with a reduced threshold voltage. This effect has an 

impact on the subthreshold region and can explain the 

IOFF leakage current increase for the TGT architectures 

[12].  

 

The following conclusions can be extracted from 

Table I.  A higher threshold voltage is measured for the 

SGT (Vt = 1.42 V) compared to the TGT architectures 

(Vt = 0.95 V for TGT1 and Vt = 1.06 V for TGT2). This 

variation can be explained by the different planar and 

vertical transistors parameters depending on the TGT 

architecture. Indeed, the PG width is reduced by the 

trenches integration. For the TG, its width corresponds to 

the source and drain implantation depth and its length 

corresponds to the source/drain space. Moreover, the 

Fig. 4.  I-V characteristics in linear and saturated conduction 

modes in log and linear scales for: (a) SGT, (b) DGT, (c) TGT1 

and (d) TGT2. 

Table I. Main parameters for the three MGT  architectures in 

saturated mode (VD = 2V). 

 



trench oxide thickness slightly decreases down toward 

the trench sidewalls and the TG channel implantation is 

non-uniform versus the substrate depth. On the other 

hand, the doping reduction of the active corner can 

impact both PG and TG channel conduction. Therefore, 

all these contributions can enable a Vt shift for the TGT 

transistors compared to the SGT transistor.  

B. Discussions 

Table II provides a comparison of the three MGT 

architectures with respect to the planar SGT transistor. 

Three device parameters are considered: the ION current, 

the Ss and the area.  Moreover, we consider two figures 

of merits for the multi-gate architectures: the ION/IOFF and 

ION/Area ratios. 

We can see in Table II a driving capability enhancement 

of about 96% for the DGT architecture and roughly 220% 

for both TGT architectures with respect to the SGT one. 

Regarding the Ss parameter, we observe that for the DGT, 

a 11% decrease is reported and for the TGT1 and TGT2, 

a 26% and 49% decrease are reported respectively. 

Concerning the area, all the MGT structures have a larger 

footprint than the SGT one. Two trenches integration 

leads to a 36% increase of the area for the TGT1 

architecture and a 23% increase for the TGT2. However, 

the one trench integration (DGT architecture) results in a 

lower increase of only 8% compared to the SGT one.  

According to the ION/IOFF figure of merit, the two TGT 

structures show a degradation of this parameter with a 

84% and 92% decrease. However, the DGT architecture 

shows a strong improvement of the ION/IOFF ratio by 96% 

with respect to the SGT architecture. 

Finally, the Ion/Area ratio increases versus the number of 

integrated trenches with an optimal value for the TGT2 

architecture.  

IV. CONCLUSION 

We have investigated the electrical behavior of three 

different architectures of a novel multi-gate transistor. 

The MGT is made of distinct conduction channels 

controlled by independent gates (PG and TG). Different 

MGT architectures have been manufactured with single 

and double trench integration (DGT, TGT1 and TGT2). 

Experimental results demonstrate the functionality of the 

MGT architectures. Moreover, the performances of the 

MGT architectures are compared to a regular planar 

transistor based on ION, IOFF, Ss, area and two figures of 

merit which are ION/IOFF and ION/Area ratios.  

Experimental results demonstrate optimal performances 

for the Dual Gate Transistor architecture (DGT) with 

improvements of 96% for the driving capability, 11% 

decrease of Ss, 96% for the ION/IOFF ratio and finally 81% 

for the ION/Area ratio, making it ideal for analog 

applications requiring high driving capability as well as 

low power applications due to its high ION/IOFF ratio. 
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Table II. Comparisons of multi-gate architectures 
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