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Abstract

A new MOS device called Dual-Control Gate Floating Gate Transistor (DCG-FGT) is
used as a building block in analog design. This device offers new approaches in circuit design
and allows developing new functionalities through two operating modes: Threshold Voltage
Adjustable Mode, where the DCG-FGT behaves like a MOS transistor with an electrically
adjustable threshold voltage. Mixer Signal Mode where the DCG-FGT can mix two independent
signals on its floating gate. This device is developed to be fully compliant with CMOS Non
Volatile Memory (NVM) process. An electrical model of the DCG-FGT has been implemented in
an electrical simulator to be available for analog design. A DCG-FGT based ring oscillator is
studied in this paper.

1. Introduction

All modern communication systems require a stable periodic signal to provide time base
for synchronization, for alignment of clock sampling, for clock and data recovery and for
frequency synthesis. Monolithically integrated CMOS voltage controlled oscillators (VCO) are for
main interest in these domains. The key challenges in VCO development include: design of a
high-Q tank on a substrate tailored for CMOS, multiband operation using a single VCO,
enhanced manufacturability using digital frequency tuning, and optimization of the overall VCO
topology for low power operation. According to the targeted operating frequency and field of
applications, VCOs are implemented in Bipolar or in standards CMOS technology.

The solution presented here focuses on the integration of non-volatiie memory cell
(DCG-FGT), previously proposed by Regnier et al. in 2004 [1] which is diverted from their initial
functionality into simple analog circuit. Indeed, these devices which are intended primarily to
store information in the form of electric charges, can offer many advantages as well as simplest
topology for analog and/or digital circuit functional blocks. Independent dual-gate transistor can
provide interesting approach for basic solutions [2] as well as complex functions like Schmitt
triggers [3] while reducing the size of the circuit.

Generally, the VCO can be built using the LC resonator structure [4] or ring oscillator [5]
in the CMOS process. We will focus on the study of ring VCO. The ring oscillator VCO
constructed from a chain of delay cells and can achieve a wider tuning range. Nevertheless, due
to the required turn-on voltage to maintain the transistors of delay cells in proper operation
region, the control voltage of delay cells can not exercise the full range of the power supply
voltage. This will deteriorate the useful range of control voltage vastly as the power supply
voltage keeps scaling down. For extend the control voltage range, a differential delay cell with
complementary current control is proposed [6]. In this study we propose to increase the control
voltage range with the DCG-FGT transistor used in the delay cell.

We present in this paper a new DCG-FGT based ring VCO operating at wide frequency
range from few Hertz to 200MHz. The DCG-FGT transistor and the operating mode are
introduced in section 2. Section 3 deals with DCG-FGT model and the related calibration. The
new DCG-FGT-based ring VCO is presented in section 4, where the performances in terms of
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conversion gain, power consumption and robustness of the VCO are dealt with. Section 5
concludes the paper.

2. The Dual-Control-Gate Floating Gate Transistor Concept
2.1. Architecture

Figure 1 presents DCG-FGT architecture used in a memory cell, as proposed by
Regnier et al. in the previous work [1].
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Figure 1. a) DCG-FGT architecture, b) Cross section view of a DCG-FGT.

The first layer of polysilicon is used as a floating gate while the second one is used for
the two control gates. The small gate, called gate 2 (Vg,), has a weak coupling effect and the
large gate, called select gate (Vg,), has a stronger capacitive coupling with the floating gate.
The two polysilicon layers are separated by a 15 nm ONO inter-poly isolation. The first oxide
level is composed by thin tunnel oxide (< 10nm) upper the drain area and a thick oxide (20nm).
These dual gates are isolated by lateral oxide.

2.2. Operating Principle

This device offers very useful scheme due to its two operating modes allowing very
innovative approaches in circuit design [7]. This paper focuses on the threshold voltage
adjustable mode where the DCG-FGT behaves like a MOS transistor with an electrically
adjustable threshold voltage (Vt4). The DCG-FGT transistor threshold voltage V4 can be
controlled electrically by applying static bias into one of the control gate (G1 or G2). By applying
Gauss’s law on the floating gate, we demonstrated that V1 is given by [7]:

LGZ

Vg =V _Vez-L_
G1
Where V1 is the threshold voltage of the DCG-FGT transistor for Vg,=0V, Lg; and Lg;
are respectively the lengths of the gate G1 and gate G2. The threshold voltage variation clearly
depends on the gate G2 bias voltage (Vgz) and on the gate length ratio. To obtain this
expression, we assumed that the charge in the floating gate is constant. The transistor will be
used in a bias ranging (Vg2) from -5V to 5V. In these conditions, it overcomes the phenomena of
charge injection type Fowler Nordheim [8], which causes a change in the charge contained in
the floating gate. To validate the threshold voltage adjustable mode, measurements were
performed on various sizes of DGC-FGT transistor. DCG-FGT device has been successfully
implemented on 0.13um EEPROM CMOS technology from STMicroelectronics. Figure 2 shows
a good correlation between simulated and measured values of the threshold voltage V4 versus
gate 2 voltage value Vg, for various sizes of DGC-FGT transistor.

On the Investigation of a Novel Dual-Control-Gate Floating Gate Transistor for... (A. Marzaki)



214 n ISSN: 2089-3191

e ' L --he-- Lgy=0.5umLg,=0.250m |
5 +7 L --b--- L5=0.47um Lg,=0.28um
2T .
3 o mmpm== Lgm0.32um L= 0.2 pmy
4 l\‘:.\’\ _____ 1 =N 28 1 —=0-1
\' B ’N'IQI' U.20d1 I_GZ U TOdTT
. <L
3 .\ .Y ’ .\ﬁl\
S \l\’\.\ Ny
\TE 2 I~ I~ .\ﬁ
> \l \. '
1 I\'\
-
| ®  Measurement I\'
0 E Simulation I\ 1
\n
-1 . . i
-3 -2 -1 0 1 2 3
Vg, (V)

Figure 2. Measured and Calculated Threshold Voltage Values Versus Vg, for Different Length
Ratio Configurations

3. DCG-FGT Electrical Modeling

Charge neutrality approach coupled with the PSP formulation [9] has been used for the DCG-
FGT electrical modeling. In this approach, the charge neutrality, including the charge stored in
the floating-gate, is applied to determine the floating gate potential from which all the variables
can be computed in the PSP model formulation. The electrical equivalent circuit of DCG-FGT
transistor is shown in Figure 4.
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Figure 4. Electrical Equivalent Circuit of DCG-FGT Transistor

The model is running under electrical simulator (ELDO) and is characterized through
ICCAP software. It has been validated on 90nm FLASH technology from STMicroelectronics. An
accurate and scalable model is available in design framework [10]. The DCG-FGT transistor has
been implemented on a FLASH technology to get a uniform tunnel oxide (removal of thick
oxide).

4. DCG-FGT Used in Voltage Controlled Oscillator
4.1. Simulation Scheme

Figure 5 depicts an implementation of delay cell based ring oscillator with DCG-FGT
transistors. The delay cell is an inverting amplifier composed by DCG-FGT transistor where
gate 1 is connected to that of PMOS transistor and gate 2 allows VCO frequency control.
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Figure 5. Scheme of Ring VCO Using DCG-FGT Transistor

The oscillation frequency is determined by the delay time introduced by each inverter
and the inverter number. The ring VCO output frequency is usually controlled by the bias current
that changes the inverters switching threshold voltage (see Figure 7.a). In our case this is done
by gate 2 biasing which modify the DCG-FGT transistor threshold voltage and consequently the
oscillation frequency.

4.2.VCO Gain Analysis

Figure 6 shows the oscillation frequency of the VCO supplied by Vpp=1.2V versus the
tuning voltage Vg,, for different configurations of control gate lengths. The floating gate length is
kept constant at 1.3um while ® space of 0.2um is ensured between gate 1 and gate 2 in order to
avoid short circuit between them.
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Figure 6. Simulated Characteristics of a) Frequency(Vg,) for different gate length b) Kyco(Lez),
performed in DCG-FGT based ring VCO.

The set of transfer functions of the proposed VCO depicted in Figure 6a shows very
interesting properties:

a. The transfer function Frequency(Ve,) is quasi-linear for the full range of control voltage. In
fact, since the threshold voltage of the device is also controlled by the voltage applied to the
gate 2 which is the same than that used to control the frequency, a non saturated transfer
function is obtained. In order to underline this particular property, standard CMOS ring
oscillator (illustrated in Figure 7a) has been simulated in the same conditions and shows
clearly (Figure 7b) the saturation of the transfer function characteristic since there is no way
to the threshold voltage control in this topology. That is, when Vctrl is less than 0.4V (turn-on
voltage), control transistor is off and there is no current flowing in the inverter. The output
frequency is zero. When Vctrl is greater than 0.8, the control transistor switches from linear
mode to saturated mode and no more frequency control is achieved.
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b. The gain of the VCO can be easily adjusted only by acting on Lg,. Figure 6b shows a linear
control of the VCO conversion gain versus the control gate length.
The higher gain (Kyco=189 MHz/V) is obtained for a gate2 length Lg,= 0.1um where the
largest threshold voltage variation can be achieved resulting to a wide frequency range varying
from 2.5 MHz to 229 MHz under low power consumption of 12.8uA.
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Figure 7. a) Schematic of standard CMOS ring VCO and b) simulated characteristic of
Frequency(Vcm)

4.3. Robustness Consideration
4.3.1. Supply Voltage Variation

As process, voltage and temperature (PVT) variations are critical for analog
applications, the robustness of the oscillator over supply voltage as well as temperature
changes has been investigated. In the first time a change of £10% of Vpp has been taken into
account. As stated in Figure 8, only a slight variation of the characteristic Frequency(Vg,) is
showing the robustness of the design versus supply voltage change.
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Figure 8. Simulation of Characteristic Frequency(Vg;) for Different Supply Voltage

4.3.2. Temperature Variation
The impact of temperature variation has been carried out on the proposed ring VCO as

illustrated in Figure 9 where Frequency (Vgy) characteristics for different temperatures (-40 to
125 °C) are shown.
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Figure 9. Simulation of Characteristic Frequency(Vg,) for Temperatures Ranging from -40 to
125 °C.

The VCO gain decreases significantly with temperature. When the temperature
changes from -40 to 125°C, the gain fall down from 206 to 124 MHz/V. As expected, the current
VCO has strong temperature dependence like standard CMOS based ring oscillator. However,
as shown in section 4.2, the VCO gain can be adjusted by judiciously dimension the gate length
ratio of DCG-FGT.

5. Conclusion

A new DCG-FGT transistor concept based on EEPROM structure cell devoid of select
transistor has been presented in this paper. This device has been implemented on
STMicroelectronics 0.13um EEPROM technology. This transistor offers two operating modes
leading to new approach in circuit design. The design flow has been completed by the
extraction of compact model of DCG-FGT which is based on the PSP formulation [10]. This
model has been calibrated with dummy cell implemented on STMicroelectronics 90nm FLASH
technology. Ring VCO based on this new transistor concept exhibits good performance in terms
of gain, frequency range, linearity and power consumption. Good robustness over PVT variation
has been pointed out. Example of ring VCO has been developed in this paper, but many
applications including comparators, amplifiers, frequency modulators and so on would be
addressed by this new device.

References

[11 A Regnier, R Laffont, R Bouchakour, JM Mirabel. A New Architecture of EEPROM for High Density
and High Reliability Application. Non-Volatile Memory Technology Symposium. 2004: 143-148.

[2] Meng-Hsueh Chiang, et al. High-Density Reduced-Satck Logic Circuit Techniques Using Independent-
Gate Controlled Double Gated Devices. |IEEE Trans.

[3] Tamer Cakici, et al. A low power four transistor Schmitt Trigger for asymmetric Double Gate Fully
Depleted SOI Devices. IEEE International SOI conferences. 2003: 21-21.

[4] HC Chiu, CS Cheng, YT Yang, CC Wei. A 10 GHz low phase-noise CMOS voltage-controlled
oscillator using dual-transformer technology. Solid-State Electron. 2008; 52(5): 765—770.

[5] HQ Liu, WL Goh, L Siek. 1.8-V 10-GHZ ring VCO design using 0.18-um CMOS technology.
Proceedings of the IEEE International SOC Conference (SOCC). 2005; 77-78.

[6] ML Sheu, YS Tiao, Lin Jie Taso. A 1-V 4-GHz wide tuning range voltage-controlled ring oscillator in
0.18 um CMOS. Microelectronics Journal. 2011; 42(6): 897-902.

[71 A Marzaki, V Bidal, R Laffont, W Rahajandraibe, JM Portal, R Bouchakour. Dual-Control-Gate Floating
Gate Transistor: a new building block for circuit design. Electronics Letters. 2011; 47(20).

[8] RH Fowler, et al. Nordheim, Electron in intense electric field. Proc. Soc. London Ser. A. 1928;
119:173-181.

[9] G Gildenblat, X Li, W Wu, H Wang, A Jha, R van Langevelde, GDJ Smit, AJ Scholten, DBM Klaassen.
PSP: An Advanced Surface Potential BasedMOSFET Model for Circuit Simulation. IEEETrans.
Electron Devices. 2006; 53(9).

[10] A Marzaki, V Bidal, R Laffont, W Rahajandraibe, JM Portal, R Bouchakour. PSP Based DCG-FGT
transistor Model Including Characterisation Procedure. IEEE ICECS conference. 2011.

On the Investigation of a Novel Dual-Control-Gate Floating Gate Transistor for... (A. Marzaki)



