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Abstract—Scaling bulk CMOS SRAM technology for on-
chip caches beyond the 22nm node is questionable, on account
of high leakage power consumption, performance degradation,
and instability due to process variations. Recently, two/three
transistor one gated-diode (2T/3T1D) DRAMs were proposed as
alternatives to address the SRAM variability problem, with an
emphasis on high-activity embedded cache applications. They
are highly competitive with an SRAM in terms of performance,
while having a smaller power and area footprint at lower
technology nodes. The current evolutionary trend in transistor
structures is toward an era of multi-gate devices, which makes it
necessary to identify design issues and advantages of gated-diode
DRAMs implemented in a multi-gate technology.

In this work, we address gated-diode DRAM design in FinFET
technology using mixed-mode 2D-device simulations. We revisit
the model of internal voltage gain in bulk gated-diodes and
extend it to provide quantitative insight into designing Fin
gated-diodes, i.e., gated-diodes in FinFET technology. To this
effect, we propose FinFET variants of the bulk gated-diode
configuration and identify parameters that are critical to en-
hancing the retention time and read current in 2T/3T1D FinFET
DRAMs. Additionally, we show the superiority of 2T1D FinFET
DRAM over 6T FinFET SRAM having pass-gate feedback (6T
PGFB) and 2T1D bulk DRAM under the effect of variations
using a quasi-Monte Carlo method implemented in FinE, an
environment we have developed for double-gate circuit design
that integrates Sentaurus TCAD from Synopsys with the Spice3-
UFDG double-gate compact model from University of Florida
under a single framework. Finally, we present a new tunable
threshold gated-diode FinFET amplifier which uses an n-type
gated-diode for voltage-boosting, along with a p-type gated-diode
for zero-suppression.

I. INTRODUCTION

Static random access memory (SRAM) is currently the
dominant memory architecture for caches in ICs, often occu-
pying as much as 70% of total chip area [1]. Increased scaling
has placed considerable stress on SRAM technology due to
the effects of process variations on performance, stability and
standby leakage power consumption. In order to circumvent
the SRAM scaling/variability problem, researchers have con-
sidered replacing bulk SRAM with 2T/3T1D bulk DRAM
[2], [3], or switching to a multi-gate implementation, such as
FinFET SRAM ([8], [9], [10]. 3T1D DRAM was shown to
meet the performance requirements of an .1 cache memory
in the temporal window of repeated accesses/writes, thereby
obviating the need for a static memory, in [2]. It is scalable,
robust to process variations, and has a smaller area footprint
than 6T SRAM, leading to higher density. However, to our
knowledge, there has been no attempt to explore the gated-
diode DRAM design space in a multi-gate technology.

In this work, we address the above design problem in
FinFET technology, in the light of process variations, by per-
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forming mixed-mode 2D device-level simulations in a double-
gate design environment, called FinE, that we have developed.
The main contributions of this work can be summarized as
follows:

o We extend the model of internal voltage gain () in
planar gated-diodes to Fin variants of gated-diodes. It
provides a good quantitative insight into optimum device
sizing, mode of operation and operating voltage.

o We explore the design space of 2T/3T1D FinFET DRAM
cells in an effort to enhance retention time and read
current, while minimizing cell leakage.

o We contrast bulk and FinFET 2T1D DRAM cells under
variations and compare them with 6T PGFB cells [8].

o We present a new tunable threshold gated-diode sense
amplifier that uses an n-type gated-diode for voltage-
boosting and a p-type gated-diode for zero-suppression.

The work is organized as follows. Section II reviews planar

gated-diodes and develops an augmented model of internal
voltage gain. Section III describes the simulation setup.
Sections IV and V analyze gated-diode DRAM design in
FinFET technology. Section VI draws comparisons between
2T1D bulk, FinFET cells and 6T PGFB cells under the effect
of process variations. Section VII deals with a new tunable
threshold gated-diode sense amplifier with zero-suppression.
Section VIII presents the discussion and conclusions.

II. OPERATING PRINCIPLE OF THE GATED-DIODE

A preliminary analysis of gated-diode operation in planar
single-gate technology is available in [3], [4], [5]. In this
section, we develop an augmented model of internal voltage
gain [3] to aid the design of fin gated-diodes for voltage-
boosting, show that it matches well with device simulation
in Section V and extend it to zero-suppression using p-type
gated-diodes in Section VIIL.

A. Internal Voltage Gain

A gated-diode (TG, Fig. 1) can be implemented in bulk
silicon either by shorting the source and drain of a FET or
fabricating a ‘partial’ FET with a source and no drain [3], to
form a two-terminal device. The nonlinear C-V characteristic
of TG can be leveraged to obtain internal voltage gain in gain
memory cells like 2T/3T1D DRAMs (Fig. 1), permitting low-
voltage bitline operation as well as non-destructive read-out.

In Fig. 2(a), node G is initially at Vg;gy. On raising the
source voltage by Vp, AQy Gy amount of charge is transferred
to Cy, (raising its voltage to VGf). This is indicated by the
area under the C-V curve. Hence, the voltage boost at node
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Fig. 1. Bulk gated-diode DRAM cells: (a) 2T1D and (b) 3T1D

G is AVyign = AQpigr /Cr. Fig. 2(b) shows the same with
Vs = Veow- As Cesion < Cosyign> AQLow < AQHIGH, SO
that AVrow < AVyigr. Hence, internal voltage gain enables
greater separation between ‘1’ and ‘0’ levels while the stored
voltage representing a ‘1’ is much smaller. In Fig. 1, read
transistor TR;, whose gate is tied to G, is significantly
overdriven while a ‘1’ is read and does not turn on when
a ‘0’ is read, by the above principle. In Fig. 2, when the
source voltage is lowered, AQyigy (AQrow) charge returns
to TG, raising its Vgs to Vyigy (Viow). This results in
the highly beneficial non-destructive read-out feature. An
important design decision is the choice of Vygy. It decides
the mode of TG operation as well as the internal voltage gain
which are quantified below.
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Fig. 2. AQuica (AQrow) charge transferred when storage node G is at
Vuica (Viow) and node S is raised by Vp

1) Constrained charge transfer mode: In Fig. 2, when
node S is raised by Vg, part of the stored charge is transferred
to Cp, raising its voltage to Vi,. We use a step model to
approximate the C-V characteristic for TG as well as Cy,
ie., Cos = Cgs,y, Vos > Vi and Cgs = Cgsyprs Vos < Vis
CL=Cr,y, V¢ >V, and Cp = Cp,., Vg <V,. If the initial
voltage at G is Vyjgy and final voltage VGf = Veuon =
Vuica + AVyiga, then

"VHIGH
AQnigH = / Cos(V)dV
JVg I —Vp (1)
~ Cosoy (Varon — (Yo, — Vs))
=CLyy (VGf — Vuicn)
We define internal voltage gain § as
¢ = Vuicr + AVaica — (Viow + AViow ) @)

(Va6 — Viow)
Assuming Viow =0, CGSOFF =N 'CGS()N’ CLOFF = K'CLON
and Cp,,, = x - Cgs,y- it can be shown that

C1+M~9 3)
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where 0, o are

o | L M _ | Vuin —Vi
I+xy n+x-x]’ Vi
Our assumption of partial charge transfer implies Vi, —
Ve > V;, which imposes the necessary condition:

Vg —Vi | X
el e

While the above approximates the true C-V characteristic
with a step model at V;, a better piecewise linear C-V model
would capture 1 (Vyigu) and x(Vuicu) at the expense of
mathematical complexity.

2) Complete charge transfer mode: In this mode, on
raising the source by Vp, all the charge stored in TG is
transferred to Cr. Using the earlier formulation, in the Vygy
case:

VHIGH Vi
Cgs(V)dV + Cgs(V)av
Vi Ve, —Vs (@)

= Croy (Y6, = Vuign)

AQnicH =~

Here, { and o have the same form as in Eq. (3) and 6 is
ez{a(b—n%+n}_{ n ]

n+x n+xk-x
In the complete charge transfer mode, Vs = Vyigy > Vi, and

on raising node S by Vp, Vg 5 —Vp < V;, which gives the
following necessary condition:

Q)

X

O<oa< |—— 7
{1+x} @

From the above model, there is a close correlation between
the design values chosen for Vg, Vy;gy and V;, and the gated-
diode, read FET configurations which dictate the on/off state

capacitances and hence, 1, ¥ and x.

III. SIMULATION SETUP

In this section, we briefly describe our simulation setup.
We have developed an environment called FinE (Fig. 3),
which integrates Sentaurus TCAD [6] and the Spice3-UFDG
[7] model into a single framework, thereby enabling de-
signers to perform high-level experiments with ease. Table
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Fig. 3. FinE simulation framework for double-gate circuit design space
exploration



I shows the parameters for a typical FinFET device used
in later SCCtiOHS, where LGF7 LGBa TOXF7 TOXB’ HGF7 HGB’
Lspr, Lspp, Tsi, Hrin, Lunperrap, Npopy, @G, Nsp, Vpp
are the front and back physical gate lengths, gate dielectric
thicknesses, gate thicknesses, spacer thicknesses, fin width,
fin height, gate-drain/source underlap, body doping, gate
workfunction, source/drain doping and the operating voltage,
respectively. Fig. 4(a) shows the X-Y cross-section that was
simulated in TCAD. The heavily doped extended source and
extended drain regions (Hcon X Lcon) aid in forming contacts
to the device. They lead into the source/drain regions in
the fin where the dopant concentration gradually decreases
progressing towards the relatively undoped body region. The
V; of FinFETs is typically tuned by directly adjusting the
workfunction of the gate material [11]. From a fabrication
standpoint, owing to a high Hpy/Ts; aspect ratio, we choose
a single gate workfunction for all devices. We also included
the effects of using high-k (&pign-x = 20) gate dielectric in the
FinFET structure shown in Fig. 4.

TABLE I
FINFET DEVICE PARAMETERS

PARAMETERS
LGF7LGB (nm) 30
TOXF,TOXB(nm) 1.2
Hgr,Hgp(nm) 20
Lspr,Lspg(nm) 20

TSI (nm) 15
Hrin (nm) 75
Lynpercap(nm) 12
Ngopy (cm™3) 101
Dg(eV) 4.4
NSD(CI’”73) 1020

Voo (V) 1

Fig. 4(b) shows the Ips vs. Vs characteristics for the
device in Table I predicted using TCAD and the Spice3-
UFDG model in FinE. Spice3-UFDG [7] is a physics-based
compact model that simulates double-gate devices accurately,
and shows excellent agreement with our device simulation in
weak as well as strong inversion regions. We have employed
device simulations using TCAD in FinE for all subsequent
results owing to better convergence behavior in TCAD.
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Fig. 4.
in Sentaurus TCAD and (b) Ipg vs. Vs for Vpg = 1V simulated in Sentaurus
TCAD and Spice3-UFDG

(a) Two-dimensional (X-Y) cross-section of an n-FinFET simulated

With shrinking geometries, the effect of physical parameter
variations during fabrication becomes important and is gen-
erally modeled through Monte-Carlo simulation experiments.
We incorporated a quasi-Monte Carlo (QMC) tool [12] based

on Sobol’s sequence in FinE to avoid the sample clustering
problem encountered in high-dimensional Monte Carlo sim-
ulation for time-consuming mixed-mode device simulations.

IV. FIN GATED-DIODES

Fin gated-diodes, like their bulk counterparts, can be im-
plemented as a FET with source and drain externally shorted
or as a fin with only a source region. There are three possible
modes of operation — front and back gates shorted [shorted-
gate (SG) mode], back gate tied to source [source-back (SB)
gate mode] and back gate biased at V}, [independent gate (IG)
mode], as shown in Fig. 5(a).

Using the step C-V models from Section II, we operate TG
in constrained charge transfer mode [SG, SB or IG (V, = 0)]
with Vyigy = 0.4V. We maximize { by minimizing 1, or
equivalently we minimize Cgs,,,, and maximize Cgs,,,, . Since
Cgs,py for a single-fin TG, with source and drain externally
shorted, is greater than that of a TG with a source region
alone, we use the latter configuration hereafter.
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Fig. 5. (a) TG in SG, IG and SB modes, (b) layout of a multi-fin SG-mode

TG, and (c) layout of a single-fin SG-mode TG
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Fig. 6. (a) Variation of N vs. Lg/Lg,, Lg, = 300nm and (b) variation of
n vs. TSI/TSIO» TSIO = 15nm

There are two ways to implement TG — multi-fin minimum
gate length or a single-fin elongated T'G, as shown in Fig. 5(b)
and 5(c). In the multi-fin case, using Lg = 30nm, n ~ 0.1.
In the single elongated fin case, n ~ 0.015 for Lg = 300nm,
which is chosen as the nominal 7 G gate length for subsequent
portions of this work. As 7 is primarily set by the gate length
(Fig. 6(a)), using multiple fins with minimum-sized gates is
disadvantageous, as 1 marginally increases in spite of the
increase in Cgs,,, owing to proportionately higher parasitic
capacitances. Therefore, using multiple minimum-sized gates
results in poor { as well as higher layout area. On the other
hand, with a single-fin elongated TG, 1 is small enough to
provide good { and layout area is much lower.

Fig. 6 shows the dependence of 1 on Lgs and Tg, for
SG, SB and IG (V}, = 0) mode TGs. For the SG mode, on



decreasing Lg, 1 increases as the inversion capacitance drops
while Cgs,,, remains unchanged. n is lower in the high-k
case owing to the fact that the gate dielectric has higher ¢,
leading to higher Cgs,,,, while the rest of the structure is
identical to the low-k case. SB and IG modes show nearly an
order of magnitude higher 7, and variation with Ls and Tyg;
is minimal as Cgg,,. scales proportionately with Cgs,,,
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Fig. 7. (a) Shift in low-k IG mode C-V characteristics with V}, and (b)
variation of 1 in IG mode vs. V}
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In the IG mode of operation, the C-V characteristic can be
tuned by varying Vj,, as shown in Fig. 7(a). The C-V curve
shifts to the left on increasing Vj, from —0.4V to 0.4V in steps
of 0.1V, as it progressively gets easier to invert the fin with a
higher V. The tub shaped n vs. V, curves in Fig. 7(b) result
from low Cgs,,,, at low Vj, and high Cgs,,.,. at high V}. In the
next section, we explore internal voltage gain in fin gated-
diodes and use them in 2T/3T1D DRAM configurations.

V. GATED-DIODE FINFET DRAM CELLS

Over the past decade, a lot of effort has been directed to-
wards integrating one-transistor one-capacitor (1T1C) DRAM
as an embedded cache memory. However, read-out in 1T1C
cells is destructive, requiring a write-after-read mechanism,
which increases the read cycle time. Also, high-speed, low-
voltage operation is difficult due to a low signal-to-noise
ratio. Gain memory cells like the bulk 2T/3T1D DRAMs
described in [3] (Fig. 1) score over ITIC cells due to their
non-destructive read-out feature, low read latency and high
signal-to-noise ratio even under low voltage operation. They
are ‘gain’ cells as the amount of charge stored is considerably
lower than the charge discharged in the bitline, and the storage
capacitor is smaller than the 1T1C trench capacitor. In this
section, we study the tradeoffs involved in 2T/3T1D FinFET
DRAM design.

Fig. 1 shows a dual-port bulk 2T1D (Type B1) and 3T1D
(Type B2) cell — BLW is the write port and BLR is the
read port. TW is asserted on raising WLW to write a ‘0’
Ves,ré = Viow) or a ‘1’ (Vgs,r¢ = Vuign) at node G. In
order to perform a read, WLR is raised and a stored ‘1’ is
boosted, thereby turning on TR;. A stored ‘0’ should typically
provide no gain. If { is high enough, the resulting read current
in the ‘1’ case can discharge the highly capacitive bitline very
quickly, and provide low-latency read access. An additional
transistor can be introduced along the read path of the 2T1D
cell to convert it to a 3T1D cell. In the 3T1D case, we can
connect the source of TR; to ground instead of Vpjas to
increase the gate overdrive on TR;. The read current can be
enhanced further, by using a low V; version of TRy [3].
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In order to design the optimal 2T/3T1D FinFET cell con-
figuration, we examined { under various modes of operation
of TG and TR;. We chose TR; as an SG-mode FinFET
with parameters in Table I, and used 7G in SG, SB and IG
(Vp, =0V) modes with Lg = 300nm for voltage-boosting (Vp =
1V, Vpsrr, = 1V) in the 2T1D configuration. Theoretically,

from Section II, {yax = 1+ VH‘;IZ:H =3.5.
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Fig. 8. (a) Variation of { with TG in SG, SB and IG (V,, = 0) modes vs.
Vuicu and (b) & vs. Vg for low-k SG-mode T'G predicted by TCAD and
the analytical model

From Fig. 8(a), high-k SG-mode TG offers the best ,
which approaches {y4x, due to the least 17, while SB mode
shows the worst { owing to highest Cesorr (Vo = VB).
While the difference in { between low-k and high-k gate
dielectric is minor for the SG mode, it is considerable for
IG and SB modes. Fig. 8(b) shows that the low-k SG-
mode § vs. Vyjgy measured in TCAD agrees well with
the analytical model described in Section II with parameters
x ~0.18, n ~0.015, k¥~ 0.44 and V; ~ 0.22V extracted from
ac simulations. { peaks at the boundary of the constrained
and complete charge transfer modes. Here, o = y/(x +1)
so that VHIGH'CMAX =V,+aVp ~ 022V +0.15V =0.37V. It
is important to note that the analytical model in Fig. 8(b)
is applicable only when Vgigg > V; or @ > 0. The step
C-V approximation breaks down as Vygy approaches the
neighborhood of V;.

TABLE II
OPERATING MODES VS. APPROXIMATE 6

TG TR] n X K 0

SG SG n X K [1+x]*17“+%]—1

SG 16 m k¥ A - (A
SB/IG SG 10m 2 x [1+2x]7'—[1+1% %)]71
SB/IG 1G 10n X 37’< [1+X}71_[1+% %)],1

For the sake of completeness, Table II shows the approxi-
mate § with TG in SG, SB and IG (V, = 0V) modes and TR;
in SG and IG (Vgps = OV) modes in the constrained charge
transfer case. From Fig. 9, for TRy in SG mode, k remains
relatively unchanged at high Vpg and decreases as Vpg < V;.
For TRy in IG mode, x is higher owing to higher Cy ., and
increases marginally when Vgps or Vpg is increased.

With NTR,,SG = 0.015, KTR,,SG = 0.44, XTR,,SG = 0.18,
and Vyigg = 0.4V, we find CTRI,SG ~ 2.72. The IG mode
configuration, however, operates in the complete charge trans-
fer mode owing to an increase in V;, as Vgps, g, = OV.
With 07, 16 = 0.015, x7r, 16 ~ XTR,,56/2 ~ 0.09, K7R) 1G ~



1.5xrR, .56 ~ 0.66, and extracted V;,, ~ 0.38V, using Egq.
(6), we obtain an upper bound ({rg, ;G ~ 1.3 which is in
good agreement with the respective measured { curve in
Fig. 8(a). For other combinations of TG and TR;, { is
lower, as the AVzow component increases. In the IG/SB mode,
x=xVe,Vs,Viicr), Vi = V:(Vp) and, hence, ¢ is difficult to
model analytically without externally extracting V;, especially
under the complete charge transfer mode. However, the step
C-V approximation is still reasonable for relative bounding
comparisons. Owing to poor { and increased layout area in
IG/SB modes, TG is chosen to be in SG mode hereafter. Next,
we proceed to the design of gated-diode FinFET DRAM cells
using the above insights.
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Fig. 9.  Variation of xj,, in SG and IG modes under various biasing
conditions, Vy;gy = 0.4V
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Fig. 10. Gated-diode 2T1D FinFET DRAM cells
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Fig. 11. Gated-diode 3T1D FinFET DRAM cells
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Fig. 12. Gated-diode 3T1D FinFET DRAM cells

Fig. 10 shows two possible configurations for a dual-port
2T1D FinFET DRAM cell. Figs. 11 and 12 show 3T1D
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TABLE III
CELL OPERATING VOLTAGES

Parameter 2T1D 3T1D
Verr(V) 1 1
Verw (V) 0.6 to 1 0.6 to 1
Wi = YWiwy,, (V) —03—-0.6 —03—-0.6
VWLRpy = YWiLRyg (V) 0—1 0—1
Vaias(V) 0.4 0

FinFET DRAM cells which are derived from 2T1D cells.
Here, TW, TR, and TR, are instances of FinFET described
in Table I and TG is in SG mode with Lg = 300nm. The
operating voltages for the cells are shown in Table III.

The metrics of interest for gain memory cells are standby
cell leakage (Ippak), cell read current (Irpap) and retention
time (Tgrer). The main contribution to Iy sk is sub-threshold
leakage along the read path. If Vy;gy is high enough, TR,
is strongly turned on irrespective of WLR, for a stored ‘1.
In the worst case, all cells of a column store ‘1°, and bitline
leakage is significant. In the 2T1D cells, this is alleviated
by setting Vpias = Viigr. If Vpias is increased further, Iy pag
decreases owing to the fact that Vg < 0 for TR;. However,
the gate overdrive during a read operation also decreases,
thereby reducing Irgap. In Types 3, 4, 5 and 6, Vpjss is set
to ground as with Type B2.

Trer 18 the time period upto which a degraded Vi pro-
vides sufficient read current upon voltage-boosting. Fig. 13(a)
shows the stored 1 — O transition for different Vy gy, for a
low-k Type 1 cell. As Vi approaches V;, the stored charge
decreases considerably and |dV/dt| increases.
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(a) Retention period for a stored ‘1’ for different Vygy at t = O0Os

Fig. 13.
in a low-k Type 1 cell with Vyypy,,, = —0.3V and (b) Tger vs. freap for
low-k and high-k Type 1 cells

It should be noted that Tggr is a function of the read
frequency freap, as freap sets the maximum sensing time
and, hence, determines the minimum Iggsp or Iy required
to maintain read fidelity. Fig. 13(b) shows the reduction
in retention time on increasing frpap for low-k and high-
k Type 1 cells. Tger can be as high as 500us even with
Sfreap > 2.5 GHz. While the high-k version shows nearly a
two-fold improvement in Tggr at low frequencies over the
low-k case, the difference erodes at higher frequencies. The
read current of the cell under a read operation competes with
the total leakage current due to the remaining cells in the
column. Fig. 14 shows the above graphically, with the zone
of retention determined by Ijyy for the operating frpap and
Vi . Hence, Ippax should be minimized as a large column
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Fig. 14. (a) Irpap and I gak Vs. Vi, showing the retention zone for a low-k
Type 1 cell and (b) Irgap VS. Vi, showing the retention zones for low-k Type
1 and 2 cells at frpap =2 GHz

components of parasitic leakage that discharge node G are
sub-threshold leakage in TW and the gate leakage currents
through 7W and TR;. While choosing an IG-mode TW with
a reverse-biased back gate helps reduce sub-threshold leakage,
it increases the write time of the cell. If TW is in SG mode,
Vivrw,, affects the gate leakage as well as sub-threshold
leakage in standby mode. Fig. 15(a) captures the dramatic
increase in retention time on varying Viyrw,, from —0.15V
to —0.3V. Higher reverse biases would imply larger voltage
swings on WLW, which is unfavorable from the perspective
of power consumption, and eventually gate-induced drain
leakage would limit further reduction in Ipg. Fig. 15(b) shows
that tailoring the underlap in TW is critical to controlling
leakage. While a higher underlap yields a lower leakage, Ipy
degrades as well and, hence, there exists a tradeoff between
write time, Viwrw,,,. Vwiw,, and leakage through TW. In
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Fig. 15.
Type 1 cell with Vyjgg = 0.4V and (b) Ips vs. Vs for TW showing the role
of underlap in suppressing leakage

(a) Retention time for a stored ‘1° at different Viyrw,,, in a low-k

order to improve Igrgap, TRy can be upsized. Here, the width
quantization property of FinFETs imposes a condition that
widths of FETs can be modified only in discrete intervals of
a single fin width. Hence, adding additional fins to increase
the electrical width increases the cell area considerably, as
consecutive fins are separated by a fin pitch. Also, using
multiple fins for TR; would yield the same { only if TG
is correspondingly sized up so that y remains unchanged, as
AViicr /Viice =< (14 x) "

Fig. 16 shows the layouts of Type 1 and 3 cells where
minimum feature size A = Tg;. Both Type 3 and Type 2 cells
suffer a 19% increase in cell area compared to Type 1 cells,
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Fig. 16. (a) Layout of a Type 1 cell and (b) layout of a Type 3 cell

layout area compared to that of Fig. 16(b).

TABLE IV
Low-k CELL CHARACTERISTICS, Vyjgy = 0.4V

*7 owing to TR, and IG-mode TR, respectively. Also, a multi-
fin TG implementation of the Type 3 cell occupies 1.97x

Type IREAD(,I.LA) ILEA]((HA) TRET (,U,Y) Area (/.Lmz)

1 81.4 4.0 935 @ 2GHz 0.137

2 64.2 0.03 1185 @ 2GHz 0.163

3 70.0 5.5 1284 @ 2GHz 0.163

4 80.7 33 1210 @ 2GHz 0.163

5 80.9 5.0 823 @ 2GHz 0.163

6 69.5 5.5 1847 @ 2GHz 0.163
B1 29.8 1.5 1.7 @ 0.5GHz 0.189
B2 423 1.3 4.2 @ 0.5GHz 0.235
6T 60.6 22.6 - 0.260

From Table IV, Type 1 cells show 26% higher Igrpap than
Type 2 cells. Owing to the IG-mode TR, Type 2 cells suffer
lower standby leakage as the V; of TRy is higher at Vg, -
While higher { implies better Iggap, it does not guarantee
a high retention time. This is demonstrated in Fig. 14(b),
where a Type 2 cell having lower Irgap at Vg = Vg shows
a larger zone of retention than a Type 1 cell, at frepap = 2
GHz. Overall, Type 2 cells appear to strike the best tradeoffs
in cell area, ILEAK7 TRET and IREAD at high fREAD~

VI. COMPARISONS UNDER PROCESS VARIATIONS

In this section, we draw comparisons between the Type 1,
Type Bl and 6T PGFB cells [8] under process variations.
Due to the time-consuming nature of mixed-mode device
simulations, we set the number of QMC samples to 1000 and
30/u ~ 10% for nominal variations of physical parameters
in Table L.

We compared Type B1 and Type 1 cells in order to show
the huge difference in performance by shifting to FinFETs
under approximate iso-area conditions and identical circuit
topologies. For Type Bl cells, we used a TG with Lg =
300nm, W = 150nm and V; ~ 0.22V. TW was minimum-sized
with Lg = 30nm, W = 30nm and V; ~ 0.3V. TR, was sized
with L = 30nm, W = 45nm and V; ~ 0.22V. From Table IV,
we can see that bulk cells fail to compete with corresponding
FinFET cells under approximate iso-area constraints owing to
poor §, Ireap and Tger (the operating freap is considerably
lower at 0.5 GHz compared to 2 GHz for FinFET DRAM
cells). Fig. 17 compares the retention times of Type Bl
and Type 1 cells. The Type 1 cell shows three orders of
magnitude higher retention time at a higher read frequency.
The spread in Tggr for Type Bl is very large, with cells
having retention time as high as few ms to as low as tens of
ps. This is mainly due to the high sensitivity of sub-threshold



leakage and gate leakage through TW to variations. It is
also partly due to the difficulty in designing highly scaled
planar, bulk gated-diode DRAM cells with cell areas close
to their FinFET counterparts and yet have FETs with good
electrostatic integrity.
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Fig. 17. Effect of process variations on Tggr of Type B1 cells at frpap =0.5
GHz and Type 1 cells at freap = 2.3 GHz

Figs. 18 shows the effect of variations on Iy gax and Irgap
for Type B1 and Type 1 cells, respectively. While the spread
in Iy pak is similar, Type 1 cells show 4x larger mean Iggap.
Hence, gated-diode FinFET DRAMs outperform their bulk
counterparts under iso-area conditions.
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Fig. 18. (a) Effect of process variations on Iy gax and Iggap for Type Bl
cells and (b) effect of process variations on I;gax and Iggap for Type 1 cells

In order to make a comparison with 6T PGFB cells, we
used the FinFET described in Table I (except Lynperrap =
6nm to improve Iggap, tipping the scales in favor of 6T
PGFB) to simulate the pull-down and access FETs and
complementary p-channel devices with identical parameters
for the pull-up FETs. Fig. 19 shows the layout, with cell area
1.9x that of Type 1 cells. Note that 6T PGFB cells can only
be implemented using FinFETSs, not bulk single-gate FETs.

Fig. 20(a) shows the variation in Iggap and I pag Vs.
D € (4.4eV,4.8¢V) for the 6T PGFB cell. Iggap is maximum
at @5 = 4.4eV and progressively decreases with increasing
;. Hence, we used @ = 4.4¢V, in an attempt to match
Irpap with that of Type 1 cells. This is not optimal from
a static noise margin (SNM) and I pax perspective. Also,
6T PGFB yields higher SNM than most FinFET SRAMs in
the literature, with minimal decline in Iggsp, for a given
(I)G. With LUNDERLAP = 12nm, ILEAK = 5.4nA and IREAD =
34.5uA, which is insufficient for operation at freap =2 GHz.
Decreasing Lynperrap to 6nm improves Iggap, but increases
Irpax as well. From Fig. 20(b), even with ®g = 4.4¢V, the
mean Igrgap under nominal variations is 25% smaller than that
of Type 1 cells, suggesting that gated-diode FinFET DRAMs
can outperform 6T FinFET SRAMs in terms of read current
as well as cell area.
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Fig. 19. Layout of an all-single-fin 6T FinFET SRAM with pass-gate
feedback. Cell area ~ 0.26um>
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Fig. 20. (a) Variation of Iggap and Iy pax with @ for 6T PGFB cells and

(b) effect of process variations on I;gax and Iggap for 6T PGFB cells

VII. GATED-DIODE FINFET AMPLIFIER

Gated-diode DRAMs employ gated-diode sense amplifiers,
which are designed based on the same principles of voltage-
boosting discussed in Section II. Fig. 21(a) shows a gated-
diode FinFET amplifier that modifies the configuration used
in [4], [5]. The amplifier consists of a pass-gate transistor and
gated-diode(s) for voltage-boosting/supression, which feed an
inverter whose output can be latched.

p=10@V,

TUNE=VDD=1V

=75@YV,

TunE = o8v

v, LI s 0z i
‘—|_| 15 -1‘ -05 0
Vagan Vano Vs V)
(@) (®)
Fig. 21. (a) Gated-diode FinFET sense amplifier and (b) p-type gated-diode

C-V characteristic. Operating points are shown for Vg = 0V

In the absence of the p-type gated-diode shown in Fig.
21(a), the sensing mechanism works by allowing Vs to charge
the n-type gated-diode on enabling V. Next, Vreap is asserted
and the boosted voltage at G trips the inverter if Vg = Viigy-

A significant problem with voltage-boosting at close-to-
zero levels is the inability to adequately suppress zeros from
being boosted. This can be resolved by connecting a p-
type gated-diode at G with its source terminal connected
to Vpp for the static case, and Vyynyg for the tunable
threshold case. Applying the step model to the C-V curve
in Fig. 21(b), we set Cgs = Cp,, Vis < —|th‘ and Cgg =
Cporr> Vs > —|V,,|. In the absence of the p-type gated-diode,
2= CgON /Caspys K° = CSOFF / CgON. With the p-type gated-
diode, Croy = C7,\ +Crypy and Crypp = KO- CP -+ Crpy.-
Setting Q = Cp,.;. /Cp,y and B = Cp,, /C}, . we have x =
2°(14+QBx°) and x = (k% + B)/(1 4+ QB). Therefore, 6,
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Fig. 22.  (a) Voltage-boosting for Viow = OV, Vyigu = 0.4V, with and
without zero-suppression and (b) tuning the voltage-boosting threshold with
Vrune for Vyiguy = 0.3V

under the complete charge transfer mode, is

9__[ o(l1-mn)+n ] 1

T An+x00+QB8x% | 2°(1+QB0)(x9+B)

n+x°(1+QBx°) 1+( s )
1— 1

N[O‘( n)0+r'] , Qf«1
n+x

1+ (lo(’j;)*ﬁ))
(®)
Comparing Eq. (8) with Eq. (6), we see that the AV, oy com-
ponent is suppressed as Kk — k + 3, while the AVy,;gy term
remains unchanged. Fig. 22(a), shows the above for Viow =
0V and Vgyjgy = 0.4V, with and without zero-suppression.
Typically, B ~ 10 and Q ~ 11 ~ 0.01, so that voltage-boosting
for the zero level is virtually eliminated. Furthermore, by
varying Vryng, different operating points on the p-type C-
V curve are chosen (Fig. 21(b)), resulting in different 8 and
thresholds for voltage-boosting. While Vyyyg sets B, Qf is
independent of Vryyg, and hence, from Eq. (8), if Qf <« 1,
the AVy gy component is unchanged on varying Vryng. Fig.
22(b) shows the effect of changing Vryyg on voltage-boosting
at node G. At Vyyye = 0.6V-0.8V = VGS, p-type = 0.3V-
0.5V, the voltage-boosting is considerable enough to trip the
inverter. This is consistent with the low capacitance seen in
Fig. 21(b). For Vyyyg = 0.8V-1.2V, the operating point shifts
to the inverted region in Fig. 21(b), resulting in a high .
Therefore, from the step C-V model, the voltage boost is
suppressed if Vyioy + \V,p\ < Vryng. Since zero-suppression
is controlled by f3, it is possible to use TGs with poor 1
as long as y is low enough to ensure that AVy;gy is high.
Hence, IG/SB mode T Gs, which have poor 7, can be used in
voltage-boosting applications with the option of tuning C-V
characteristics, and have a reasonably high .

The above style of using an additional p-type gated-diode
is not specific to either bulk or FinFET technology — owing
to the requirement of a second long gated-diode with Q ~ 1,
a FinFET implementation would be the most area-efficient.
The methodology can be adapted to other types of circuits as
well, where greater separation between high and low voltage
levels is required due to a low signal-to-noise ratio.

VIII. DI1SCUSSION AND CONCLUSIONS

Gated-diode FinFET DRAMs are an attractive choice for
low-power, high-activity cache memories of the future. Fin
gated-diode structures have a better chance of scaling, as
they can easily implement the storage capacitances needed
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for high internal voltage gain and retention time, under tight
area constraints. 2T/3T1D FinFET DRAMs offer a variety
of possible cell topologies (based on SG and IG modes of
FinFET operation), some of which have been explored in
this work. While SG-mode fin gated-diodes yield the highest
voltage gain, in the IG mode, the C-V curve can be tuned by
the back gate bias to vary gain. Also, the read access time
can be traded off with cell leakage along the read path, by
statically or dynamically biasing the back gate of the read
FET.

Overall, gated-diode FinFET DRAMSs demonstrate excel-
lent robustness to variations unlike their planar counterparts,
and show more than two-fold higher read current per unit
cell area, in comparison to 6T PGFB FinFET SRAMs,
under similar conditions. The retention time of gated-diode
FinFET DRAMs can approach millions of cycles, so that
the amortized impact of refreshes on memory performance
is negligible. Gated-diode FinFET amplifiers (and their vari-
ants) with a tunable voltage-boosting threshold and zero-
suppression can be used to combat variability in sensing low-
voltage swings under low signal-to-noise ratio scenarios. With
dual-port operation, non-destructive read-out, large retention
time, and high read current, gated-diode FinFET DRAMs
constitute a versatile class of memories that have the potential
to replace SRAMs in mainstream applications as well, with
appropriate support at the architecture level.
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