SISPAD 2012, September 5-7, 2012, Denver, CO, USA

Non-Hysteretic Negative Capacitance FET with Sub-
30mV/dec Swingover 10°X Current Range and loy of
0.3mA/um without Strain Enhancement at 0.3V Vpp

Chun Wing Yeung™*, Asif I. Khan'*, Jen-Yuan Cheng"?, Sayeef Salahuddin® & Chenming Hu'
'Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, CA 94720 USA

*Graduate Institute of Electronics Engineering, National Taiwan University, Taipei 10617, Taiwan
Tel: +1-510-643-2638, E-mail: tallwing@eecs.berkeley.edu, asif@eecs.berkeley.edu

Abstract—A new design for negative capacitance FET (NCFET)
is proposed. Simulation using 2-D drift-diffusion and 1-D Landau
Model exhibits hysteresis free 1p-Vg transfer characteristic with
low subthreshold swing (28.3mV/decade over six-orders-of-
magnitude current change). Without considering mobility
enhancement by strain, non-hysteretic NCFET can achieve |y of
333 uA/lJ.m at 0.3V Vpp (loppzlopA/um)
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I.  INTRODUCTION

The subthreshold current of a MOSFET varies at the rate of
one decade (at best) for every 60mV change in the gate
voltage. It can be overcome with different transport
mechanisms such as impact ionization [1], tunneling [2], or
positive feedback [3]. Another solution is to utilize negative
capacitance [4], which does not alter the transport physics and
rather seeks to ‘amplify’ the gate voltage electrostatically to
achieve sub-60mV/dec subthreshold swing (SS). It has been
shown that negative capacitance FET (NCFET) can be
operated in (1) hysteretic (2) antiferroelectric, and (3) non-
hysteretic modes [5]. Hysteretic operation has memory
applications. Antiferroelectric operation has recently been
proposed to dramatically reducing Vpp by enhancing oy and
lowering SS [5]. So far, non-hysteretic operation has been
overlooked because of the insignificant improvement in SS due
to a large mismatch between the ferroelectric negative
capacitance (Cge) and the MOS capacitance (Cyos) in the
subthreshold regime. Nonetheless, NCFET could be more
appealing to circuit designers without the complexity of
hysteresis. This paper demonstrates that by using body profile
engineering, non-hysteretic NCFET with sub-30mV/dec SS
over six-orders-of-magnitude current change can be achieved,
and is a candidate in the future for ultra-low power
applications.

Il.  STRUCTURE AND SIMULATION METHOD

The structure of the device is shown in Fig. 1(a). The
bottom layer is heavily doped p-type (NweL.), Which serves to
terminate the depletion region in the channel and to cut off the
sub-surface leakage path. The channel is a thin undoped silicon
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layer on heavily doped silicon or, in general, a thin
semiconductor on conductor (TSOC), which is the key to this
design. Similar to FinFET, the thin layer design also allows
scaling to extreme short channels [6,7] and reduces the effects
of random dopant fluctuation and mobility degradation. This
layer could be formed by epitaxial deposition as demonstrated
in [8]. A ferroelectric (FE) film is deposited over a metal/high-
k dielectric stack. The function of the electrically floating
metallic layer and the use of 1-D Landau model for the FE are
explained in [5].
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Figure 1 (a) Schematic cross-section views of a NCFET. (b) Simplified
capacitance representation of a NCFET.

IIl.  THE DESIGN CONCEPT

We use a simple capacitance model (Fig. 1(b)) to illustrate
the design concept, and then present detailed 2-D simulation
results.

One may consider NCFET as a MOSFET with an added
voltage amplifier. Because of the negative capacitance voltage
amplifying effect () (B=AVwmos/AVg), subthreshold swing is
reduce by a factor of B. In the subthreshold regime, B can be
derived from a simple capacitive voltage divider:

AVpos = AVg * Crg / (Crg + Cpios). (D
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B=AVwmos/ AVg = | Cel/(| Cre| — Cmos) - 2

In order to obtain a large B, the magnitude of Cgz and Cyos
needs to be relatively close. However, Cy,os iS not a constant
but varies with Vg (think the MOS CV curve); therefore B is
not a constant. If and when |Cyos|/>= |Crel, €.9. in strong
inversion, the “swing” is infinite and Ip jumps to another
branch of the hysteretic Ip-V¢ curve [5].

For non-hysteretic operation, |Crg| needs to be larger
than Cyos throughout the Vg range, meaning |Ceg| is larger
than Cpox. With uniformly doped substrate, the depletion
capacitance (Cpgp) and therefore Cyos could be much lower
than Cox. So from Equation 2, B cannot be significantly larger
than 1 over a large Vg range. The proposed TSOC structure
pins the depletion width at Ttsoc, making Cpgp large and
insensitive to gate bias. Therefore, (1) a small SS can be
achieved and (2) the SS remains small in the entire
subthreshold regime.

IV. SIMULATION RESULTS AND DISCUSSIONS

2D simulation includes all the usual effects in MOSFETS
such as parasitic capacitances between the metallic floating
gate and source drain, etc. For simplicity, source/drain contact
resistance and strain induced mobility enhancement is not
included. Fig. 2 shows Ip-Vg of non-hysteretic NCFETS at Vpp
of 0.3 to 0.5V. The average SS is 27.2mV/dec for 0.5Vpp, and
28.3mV/dec for 0.3Vpp, calculated from Ip of 1 pA/um to 1
HA/pm.
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Figure 2. 2-D Simulated non-hysteretic NCFET Ip-V transfer characteristic.
With FE, the IV curves show substantial improvements in both SS an lon
without any hysteresis. Note that the MOSFET has large SS of ~165mV/dec
because the structure is optimized for NCFET with a TSOC layer. The three
dash lines almost overlap on each other. Lg=100nm, Trsoc=5nm,
Nwer=2E20/cm”3. 1V curves shown are Vt adjusted with los=1E-6 at Vs=0.

Fig. 3 illustrates the effect of Cge to the design of a stable
non-hysteretic NCFET. The Tge required is dictated by FE
material characteristics. It is around 50nm using the FE
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reported in [9]. The optimal Cgg is defined as the minimal Cge
required for non-hysteretic operation.
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Figure 3. Ip-V; for different Cee values. +% refers to |Ceg| larger than the
optimal value and no hysteresis in the I-V curve. Optimal Cge refers to
minimum Cge without hysteresis. -% refers to |Cge| smaller than the optimal
value and hysteresis exists. IV curves shown are Vt adjusted with lors=1E-6 at
VG=O.

Fig. 4 shows that average SS changes almost linearly when
Cre is larger than the optimal value. It also indicates that
thicker EOT reduces SS even with Cgz optimized for Coy.
Since Tysoc and therefore Cpgp is not scaled with Cox in this
case, Cyos Stays in a narrower range from subthreshold to
inversion for thicker EOT, resulting in a larger B (Eqg. 1) and
therefore smaller SS.
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Figure 4. Effects of too large Cee on the average SS. When |Crg| exceeds the
optimal value, the SS degrades. Vps=0.5V, Trsoc=bnm, Lg=100nm,
Nwer . =2E20/cm”3. Average SS is calculated from Ips of 1 pA/um to 1
HA/uUm.

Fig. 5 demonstrates that the SS is lowered with increasing
Nwerr doping concentration. Higher doping concentration is
more effective in pinning the depletion region at Trsoc,



ensuring that Cpep and therefore Cyos in Eq. 2 stays in a
narrower range.
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Figure 5. Effects of NwerL (no hysteresis Ip-Vg).The inset shows the average
SS for different Nwer. doping. Vps=0.5, L=100nm, Trsoc=5nm. IV curves
shown are Vt adjusted with lorr=1E-6 at V=0. (except Nwe =1E17/cm”3)

Fig. 6 shows that, in order to maintain a certain average SS,
Trsoc should be reduced with EOT. For any fixed EOT, SS
decreases with thinner Tysoc, Which increases Cpgp, making
Cuos relatively constant and p very large from subthreshold to
inversion, resulting in a smaller SS. Note that when T1soc iS
below 10nm, the reduction of SS becomes more significant. In
this case, Cpgp could be larger than Cox.
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Fig. 6. Effects of Tisoc and EOT on SS. Vps=0.5V, Lg=100nm,
Nwe =2E20/cm”"3. Average SS is calculated from Ips of 1 pA/um to 1
HA/um.

Fig. 7 summarizes the oy and average SS at different Vpp.
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Figure 7. Summary of loy and average SS for various Vpp. Average SS is
calculated from Ips of 1 pA/um to 1 pA/um. EOT=3nm

V.  CONCLUSION

A non-hysteretic NCFET structure with simulated SS of
28.3mV/dec over six orders of magnitude, with log=10pA/um,
lon=0.3mA/um at Vpp=0.3V at Lg=100nm and without strain
mobility enhancement. Performance can be further improved
with shorter Lg or mobility enhancement. The thin Trsoc layer
design is responsible for the greatly improved performance.

REFERENCES

[1] K. Gopalakrishnan, P. B. Griffin, and J. D. Plummer, “I-MOS: A
novelsemiconductor device with a subthreshold slope lower than kT/q,”
in IEDM Tech. Dig., 2002, pp. 289-292.

[2] C. Huetal., Intern'l Symp. on VLSI Tech., Systems and Applications,
VLSI-TSA, p. 14-15, 2008.

[3] Chun Wing Yeung, Padilla, A., Tsu-Jae King Liu, Chenming Hu,
"Programming characteristics of the steep turn-on/off feedback FET
(FBFET)," VLSI Technology, 2009 Symposium on, vol., no., pp.176-
177, 16-18 June 2009.

[4] S. Salahuddin and S. Datta, “Use of negative capacitance to provide
voltage amplification for low power nanoscale devices,” Nano Lett., vol.
8, no. 2, pp. 405-410, 2008.

[5] Khan, A.l, Yeung, C.W., Chenming Hu, Salahuddin, S., “Ferroelectric
negative capacitance MOSFET: Capacitance tuning & antiferroelectric
operation,” Electron  Devices Meeting (IEDM), 2011 IEEE
International , vol., no., pp.11.3.1-11.3.4, 5-7 Dec. 2011.

[6] C.Wann, K. Noda, T. Tanaka, M. Yoshida, and C. Hu, "A Comparative
study of advanced MOSFET concepts”, IEEE Trans. Electron
Devices, vol. 43, pp.1742 1996.

[7] C. Hu, Modern Semiconductor Devices, p.272, Pearson Pub. (2010)

[8] Fujita, K., Torii, Y., Hori, M., Oh, J., Shifren, L., Ranade, P., Nakagawa,
M., Okabe, K., Miyake, T., Ohkoshi, K., Kuramae, M., Mori, T.,
Tsuruta, T., Thompson, S., Ema, T., , "Advanced channel engineering
achieving aggressive reduction of VT variation for ultra-low-power
applications," Electron  Devices Meeting (IEDM), 2011 IEEE
International , vol., no., pp.32.3.1-32.3.4, 5-7 Dec. 2011.

[9] Boscke, T.S., Muller, J., Brauhaus, D., Schroder, U., Bottger, U.,
"Ferroelectricity in hafnium oxide: CMOS compatible ferroelectric field
effect transistors,” Electron Devices Meeting (IEDM), 2011 IEEE
International, vol.,, no., pp.24.5.1-2454, 5-7 Dec. 2011.

259





