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Abstract— Narrow and short channel inversion-mode 

nMOSFETs with an accumulated body are experimentally 

demonstrated down to W x L = 17 nm x 37 nm scale. 

Accumulation of holes on the p-type body is achieved by applying 

a negative bias on an independently controlled p+ polysilicon 

side-gate structure surrounding the FET body. Affecting the 

channel from two sides, electrical characteristics of the transistor 

can be modified, especially the threshold voltage (VT). VT 

sensitivity to the side-gate bias (Vside) shows a strong dependence 

on the device width for W < 40 nm, exponentially increasing to 

above 1 V/V for W = 17 nm. This sensitivity is significantly larger 

than what is predicted by 3D TCAD simulations. The devices 

exhibit very low leakage, good subthreshold slope and improved 

drain induced barrier lowering with the accumulation of the 

body. 
 

Index Terms—Back biasing, Field effect transistors, Leakage 

currents, MOSFET, Silicon devices, Threshold voltage.  
 

I. INTRODUCTION 

CCUMULATED body MOSFETs incorporate a side-gate 

structure that surrounds the body of a conventional planar 

bulk MOSFET like a guard-ring to provide electrostatic 

control of the body (Fig. 1). Being independent from the 

transistor’s gate (top-gate), the side-gate can be biased to 

accumulate the majority carriers in the FET body to achieve 

an electrostatic doping effect, similar to threshold voltage (VT) 

tuning in back-biased silicon on insulator (SOI) devices [1-5]. 

The transistor action is still carried out by the top-gate in a 

conventional inversion mode. This means that the transistor is 

essentially a narrow-body n-channel MOSFET (on this paper’s 

context), with n++-doped source/drain and a p-doped body 

which gets inverted at the top surface to form a channel. The 

side-gate works around the body to modify its electrostatics by 

accumulation of holes, with an effect similar to body doping 

or body biasing.  

Initial experiments with SiN-based shallow trench isolation 

(STI) [6] showed reduced leakage currents and improved 

subthreshold characteristics, and that the VT of narrow channel  
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Fig. 1.  Conceptual drawings of (a) conventional bulk Si narrow channel 

MOSFET with STI and no side-gate, (b) an accumulated body MOSFET with 

polysilicon side-gate and the side-gate contact via from the top of STI, (c) 

cross-section along the channel width of an accumulated body MOSFET. SiO2 

gate dielectric for the top-gate is thinner than the side-gate for MOSFET gate 

control. 

 

Fig. 2.  SEM micrograph of (a) the cross-section of the channel of a narrow 

accumulated body FET along the channel width (W = 25 nm), and (b) a long 

FET after silicidation showing the contacts.  

 

Fig. 3. TEM micrograph of a cross-sectional cut in the source-drain direction. 

Physical gate length = 105 nm. Estimated channel length = 53 nm, based on 

electrical data. This cross-section is orthagonal to Fig. 2a, taken at the center 

of the device (for a much wider device (W = 645 nm), to enable sample 

preaparation using focused ion beam).  

accumulated body FETs can be dynamically controlled by the 

side-gate voltage (Vside) in a wide range [6, 7]. The term 

‘accumulated body’ has then been introduced to refer to 

‘turning-off’ of these parasitic transistors on the side surfaces 

of the channel through accumulation.  
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Interface defect and trap assisted leakage currents are 

significantly suppressed with the accumulation of the 

interfaces, as was also observed for larger structures 

(minimum feature size > 1 µm) utilizing polysilicon STI 

fillings [8-11]. However, the extreme VT tunability could only 

be achieved with ultra-narrow  

accumulated body devices that exhibited poor subthreshold 

slope and significant charge trapping at the SiN side-

dielectrics [7]. 

Through 3D TCAD simulations of nanoscale accumulated 

body MOSFETs using SiO2 STI, we have seen that the drain 

induced barrier lowering can be significantly suppressed and 

the VT can be electrostatically tuned even for aggressively 

scaled devices with appropriately scaled side dielectrics [12]. 

It was also compared to a FinFET, showing that although 

subthreshold slope is somewhat compromised due to reduced 

gate control on accumulated body MOSFETs, dynamic control 

of VT is much more sensitive, whereas FinFET’s VT response 

to body biasing is negligibly small [12].  

This work reports experimental results on short and narrow 

bulk silicon accumulated body n-channel FETs with SiO2 

side-gate dielectric (Fig. 2) [13]. The Vside needed for device 

operation is reduced significantly by utilizing a p+ polysilicon 

side-gate structure as opposed to an n+ side-gate reported in 

previous works [6, 7] and VT tunability is significantly larger 

than predicted by the simulations for W < 40 nm.  

The fabrication processes used for these structures are 

compatible with established front and back end-of-line CMOS 

processes. The details of the fabrication, as well as electrical 

results are discussed below. 

II. DEVICE FABRICATION 

The fabrication process of accumulated body n-channel 

MOSFETs is similar to that of conventional bulk transistors 

with SiO2 dielectric and polysilicon gate, based on IBM’s 65-

nm processing node [14, 15]. 

The overall process involves six levels of photolithography: 

Active area (Si fin), side-gate contact pad, side-gate 

polysilicon via, top-gate, vias, and metal. Two of these levels 

(side-gate contact pad and polysilicon via) are additions to the 

conventional MOSFET fabrication process flow. A 193-nm 

scanner (ASML) was used with light-field masks for active, 

top-gate, and contact pad levels, and dark-field for the rest. 

The main steps of the fabrication are summarized in Fig. 4.  

Process uses 200mm wafers with (100) surface and <110> 

orientation (notch-down). Before the active area definition, a 

deep ion implantation of Boron ensures adequate body doping 

(~1x1017cm-3, p-type). The mesa (fin) etch uses an HBr-based 

reactive ion etching (RIE) step with added Cl2 to create an 

average of 350-nm-tall structures (Fig. 4a).     

The polysilicon side-gate structure is formed using a spacer 

approach during the patterning of the side-gate contact-pad. 

The contact pad is patterned to be in close proximity to, but 

not overlap with, the active area and the side-gate (Fig. 4c,d).  

Following that, and taking advantage of reduced etch rate of 

the HBr-dominated RIE in the tight pitch between the contact 

pad photoresist and the mesa, vertical side-gate structures with 

horizontal contact pads were fabricated with high reliability 

and flexibility in overlay accuracy (Fig. 5). 

 

Fig. 4.  Drawings showing major fabrication steps for accumulated body 

MOSFETs. (a) Si fin definition (b) 9 nm side-gate dielectric growth. (c) 50 

nm in-situ doped p+ polysilicon film deposition and photoresist to protect 

polysilicon pad. (d) spacer-like side-gate structure after the polysilicon RIE. 

(e) STI SiO2 deposition, STI planarization, and forming of polysilicon via for 

electrical access to side-gate from the top of STI. (f) FET top-gate formation 

(3.9 nm oxidation for gate dielectric, SiO2 and Si3N4 spacer formation, 

source/drain formation via ion implantation and nickel silicidation are not 

shown) (g) Tungsten via formation (middle of line via liner, and subsequent 

copper contact metal formation steps are not shown). 

 

Fig. 5.  SEM micrograph of Si fin and the surrounding side-gate with the 

polysilicon contact pad connected to it. Design W x L = 120 nm x 200 nm. 

 

The polysilicon via brings the side-gate contact to the level 

(height) of the active region. As a result, the RIE process that 

forms the tungsten vias to all contacts does not require much 

modification or risk etching into the active area while making 

contact to the side-gate contact pad.  

Choosing in-situ doped polysilicon as the material for the 

side-gate via and the side-gate, as well as the fact that the side-

gate is encapsulated within the STI, ensure that front-end-of-

line processes can be safely used for subsequent fabrication 

steps. By the same token, FETs with the added side-gate 

formation steps are still compatible with high-κ dielectric and 

metal-gate processes, as well as stressors and SiGe 

source/drain, although these techniques were not employed in 

our fabrication. 

Source and drain are formed using ion implantation of 

Arsenic after the top-gate and its Si3N4 spacer definition. The 

final doping value on the source and drain are expected to be 

1x1020cm-3 (n++) [12]. This same process is also expected to 

counter-dope p+ side-gate interfacing source and drain, 

bringing it to close to intrinsic, reducing parasitic capacitance 

between them and the side-gate. Self-aligned silicidation of 

source, drain and top-gate is achieved by annealing a 

deposited Nickel-based alloy on those at 400°C for 5 seconds.   

Final fabricated devices were nMOSFETs with a wide 

range of dimensions. As-fabricated channel widths (W) and 

top-gate lengths (L) were estimated through the extrapolation 

of channel resistance to determine an offset value which was 

then subtracted from the design dimensions (Fig. 3). These 

values vary from W × L = 13 nm × 37 nm to W × L > 500 nm 

× 500 nμm. 
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Fig. 6. Threshold voltage of a narrow transistor (W = 17 nm) as a function of 

side-gate bias. VT is extracted by extrapolation of maximum transconductance 

curve. L = 37 nm, Vdrain = 1 V, Vsub = 0 V. 

 

Fig. 7.  Transfer characteristics (drain current as a function of top-gate bias) of 

a short and narrow accumulated body FET, comparing low and high drain bias 

conditions when the side-gate is floating, and when it is biased. Strong 

threshold voltage response and improvement in short channel effects are 

observed. 

Standard middle-of-line tungsten vias, and back-end-of-line 

Ta-encapsulated Cu contact pads (10 μm x 10 μm) were then 

defined with a damascene process to enable electrical probing. 

This is also expected to increase series resistance on electrical 

results. 

III. ELECTRICAL CHARACTERIZATION RESULTS 

Transfer characteristics for narrow accumulated body 

nFETs (W × L = 17 nm × 37 nm) show strong ∝	  

response, analogous to VT response to body doping (Fig. 6) 

[16].  

Accumulation also helps improve subthreshold slope (SS) 

and drain induced barrier lowering (DIBL) as illustrated in 

Fig. 7, comparing the floating side-gate with grounded and 

biased cases. Although it is certain that the body is 

accumulated for negative side-gate bias (Vside) values, for 

small positive side-gate biases (e.g. Vside = 0.5 V), the device 

maintains a very low off current, implying that the body is not  

 

Fig. 8.  Transfer characteristics (drain current as a function of top-gate bias) 

for a side-gate voltage sweep from 2 V to -2 V with 0.5 V decrements, (a) for 

a narrow device (W = 17 nm) (b) for a wider device (W = 53 nm). L = 37 nm, 

Vdrain = 1 V, Vsub = 0 V for both. Dashed lines indicate Vside = 0 V. 

 

Fig. 9.  Threshold Voltage (VT), transconductance (gm), subthreshold slope 

(SS), and drain induced barrier lowering (DIBL) as a function of side-gate 

bias for a wider device with a short channel. Vsub = 0 V. 

going into depletion at that stage. This is due to the work 

function difference of the p+ side-gate and the p-type body 

with a low doping level (~1×1017cm-3). Therefore, work 

function engineering for the side-gate could be used to achieve 

more precise VT control even when the side-gate is not biased 

[1-3, 5, 12]. 

For wider devices (e.g. W × L = 53 nm × 37 nm), the side-

gate’s electrostatic control of the body degrades, resulting in 

decreased VT sensitivity to side-gate bias (Vside) (Fig. 8b). On 

the other hand, wider devices still show considerable VT shift 

per volt applied on the side-gate (ΔVT/ΔVside ≈ 0.1 V), as well 

as improvements in mitigation of short channel effects, mainly 

due to reduction of leakage paths along the sidewall of the 

body (Fig. 9). SS and DIBL for these devices improve as a 

function of accumulation by the side-gate (i.e. negative side-

gate bias), with minimal effect on transconductance (gm).  

In this case VT was extracted through the extrapolation of  
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Fig. 10.  VT change per -1 V applied to the side-gate as a function of  

(a) effective channel width, (b) as a function of effective gate length. Different 

colors denote different dies on the same wafer. 

linear on-current, and DIBL was calculated as / .9 where VT-lin is VT at Vdrain = 0.1 V and VT-sat is VT 

at Vdrain = 1 V. SS was extracted from the steepest portion of 

the semi-log transfer curve, discarding fluctuations at very low 

current levels. 

To quantify the role of channel width on the effectiveness 

of the side-gate’s operation, for a given top-gate length (L = 

37 nm), VT values for a range of channel widths were 

extracted at Vside = 0 and at Vside = -2 V. ΔVT/ΔVside values 

were obtained by dividing the VT difference by 2. This method 

does not account for the fact that VT shift achieved when Vside 

goes from 0 V to -1 V is more than when it goes from -1 V to -

2 V [7], but it serves well to visualize the average shift. 

Results show a strong relationship between the channel width 

and the VT tunability achievable through accumulation by the 

side-gate (ΔVT/ΔVside ≈ 1.2 V) (Fig. 10a). 

When a similar analysis is carried out for the top-gate length 

for a given width (W = 55 nm), the correlation is weaker, 

which can be understood not as a change in the effectiveness 

of the side-gate but as a change in the FET top-gate’s 

electrostatic control of the channel (Fig. 10b). 

Output characteristics of an accumulated body device is 

presented on Fig. 11. Notable on that plot is the 

unconventional shape of the output curve when top-gate bias 

is at 0V. This can be understood as a combined effect of lower 

threshold voltage values and DIBL. Since the transistor is very 

close to turning on at Vg = 0V (VT < 0.1V, per Fig. 9), and 

since DIBL is more than 15mV/V (Fig. 9), the output current 

appears to follow drain bias. This effect is, then, expected to 

be reduced for a better-optimized device. The linear behavior 

for higher drain biases is due to series resistance introduced by 

the vias, the contact pads (100 μm2 in area), as well as the 

probing setup.  

When Vsub < Vside, the side-gate/body capacitor helps the 

substrate bias widen the body depletion depth. When the two 

voltages are comparable or Vside < Vsub, the mobile majority 

carriers (holes) brought by the side-gate bias are more  

 

 

Fig. 11.  Output characteristics of an accumulated body nFET for two side-

gate bias values, showing the degradation in on-current with increased side-

gate bias. Vsub = 0 V, W = 53 nm, L = 37 nm. Vgate values represent the top-

gate bias. 

 

 

Fig. 12.  Normalized minimum drain current (Imin) vs. normalized maximum 

drain current (Imax) for accumulated body nFETs of various dimensions. When 

Vside is ramped from 0 V (values in the orange ellipse) to -2 V (values in the 

green ellipse), minimum current goes down a few orders of magnitude 

whereas the maximum current level suffers only a small decrease. Vgate = -2 

for Imin, Vgate = 2 V for Imax, Vdrain = 1 V, Vsub = 0 V 

 

Fig. 13.  Threshold voltage as a function of side-gate and substrate biases for a 

short, narrow device (W = 17 nm, L = 37 nm). When the device is 

accumulated by the side-gate (as Vside  -2 V), any Vsub change leads to a 

greater VT shift. Vdrain = 0.1 V 

responsive to changes in substrate bias, thus increasing the VT 

sensitivity to Vside. 

Additionally, the VT shift and increased vertical fields [12] 

with biasing of the side-gate lead to some degradation in the 

on current (Fig. 11). However, a fuller picture appears when 

we plot the drain current at Vgate = -2 V (Imin) and at Vgate = 2 

V (Imax) with and without a side-gate bias (Fig. 12). Then, it is 

seen that the degradation in on-current is smaller when 
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compared to the improvement in the off-current, resulting in 

an overall gain in the Imax/Imin ratio. 

The side-gate’s control of the FET body affects the 

sensitivity to substrate biasing as well. When the body is 

depleted by the side-gate, VT sensitivity to substrate bias (Vsub) 

is minimal. However, as side-gate is used to accumulate the 

body (Vside < 0), substrate coupling to the body increases 

dramatically, enhancing the VT sensitivity to Vsub, hence 

increasing the VT tuning range (Fig. 13).  

IV. SUMMARY AND CONCLUSION 

A CMOS-compatible fabrication scheme for accumulated 

body nMOSFETs and their DC electrical performance were 

discussed.  

For the fabrication of the device, two lithography levels in 

addition to those for conventional bulk Si MOSFETs were 

introduced: one for the side-gate contact pad and one for the 

polysilicon via connecting the pad to the top of the STI, 

bringing the side-gate contact to the level of the source/drain 

contacts. The polysilicon side-gate was formed using a 

maskless spacer RIE process, similar to techniques employed 

in formation of solid-state doping sources in modern FinFETs 

[17], and its connection to the nearby contact pad was ensured 

by the low etching speed on the tight space between the two. 

The rest of the fabrication is based on established procedures. 

The experimental results for narrow channel devices show 

stronger VT tunability than what is predicted by device 

simulations [12], suggesting that physical mechanisms that are 

not accounted for in the simulations, such as confinement 

effects, enhance the sensitivity to the side-gate bias. Wider 

devices fabricated using the same procedures benefit from 

improved SS and DIBL, mainly due to reduction of leakage 

along the sidewall of the body by accumulating its interface 

with SiO2, but show little VT response to side-gate bias 

behaving more like conventional planar devices. 

The current drive degrades with the Vside due to VT shift and 

increased vertical field. However, the improvement in the 

leakage currents leads to an overall significant improvement in 

the on/off ratio. Accumulation of the body through the side-

gate bias also increases the VT response to the substrate bias. 

Also, when compared to similar geometries such as FinFETs, 

using only the top-gate for current conduction inherently 

reduces the current drive. A compromise on that front can be 

to extend the top gate to form a FinFET, while recessing the 

side-gate below where gate controls the channel. This, 

however, needs to be engineered well, since it was observed in 

numerical analyses that sensitivity to side-gate bias could be 

reduced as the channel area controlled by the gate increases 

[12]. 

Increased parasitic capacitance is a concern for these 

devices and this effect was quantified by 3D TCAD 

simulations on Sentaurus Device [18] (Fig. 14). The 

simulation assumes a narrow nMOSFET with p+ doped side-

gates overlapping source and drain, similar to the experimental 

devices. Increased gate capacitance leads to an intrinsic gate 

delay ( ) increase of around 250% [12]. Corresponding cut-off 

frequency (1/2π 	 is	 .9	 GHz	 for	 a	 simulated	 accumulated	body	 nMOSFET	 and	 . 	 GHz	 for	 the	 same	 geometry	without	side‐gates. Given this limitation, improved short  

 

Fig. 14. Simulated top-gate capacitance of a nMOSFET with and without 

side-gates, for 1 MHz and 1 GHz, showing constant increase of capacitance, 

after [12]. Body doping = 1x1018cm-3 (p-type), peak source/drain doping (n-

type) = 4x1020cm-3, side-gate doping (p-type) = 1x1020cm-3. 

channel characteristics may provide an acceptable 

compromise. 

On fabricated devices mentioned on this paper, counter-

doping of the side-gate during source/drain implantation helps 

reduce source/drain-side-gate capacitance. On a more modern 

fabrication scheme, the Si recess prior to source/drain epitaxial 

growth can be engineered to remove the side-gate polysilicon 

in its vicinity, to further help reduce parasitic capacitance.  

Accumulated body MOSFETs provide a needed VT tuning 

knob for nano-scale FETs [19-21], with low-leakage and 

improved short-channel performance. This approach also 

enables multi-input devices where drive current can be 

controlled independently by the FET top-gate, the side-gate 

and the substrate, even at aggressively scaled dimensions. 
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