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A 1-Mbit Fully Logic-Compatible 3T Gain-Cell Embedded
DRAM in 16-nm FinFET

Robert Giterman

Abstract—Gain-cell embedded DRAM (GC-eDRAM) is a logic-
compatible embedded memory alternative to SRAM, offering higher
density, lower leakage power consumption, and an inherent two-ported
functionality. However, increased leakage currents and process variations
under technology scaling lead to a reduced data retention time (DRT),
resulting in increased refresh power and reduced memory availability,
currently limiting its implementation to planar 28-nm technologies and
above. This letter presents the first GC-eDRAM in 16-nm FinFET
technology, featuring a mixed-V7 3T gain-cell structure to minimize the
storage node (SN) leakage. The implemented 1-Mbit 3T GC-eDRAM is
fully logic-compatible and provides a 2x smaller bitcell size compared
to a 6T SRAM with similar design rules, offering the highest density
logic-compatible memory cell in 16-nm technology. Measurement results
demonstrate a 77-us DRT under a 600-mV Vpp, which is over 10x
longer than previously reported GC-eDRAMs in 28-nm technolo-
gies. The memory was fully operational at temperatures spanning
—40 °C to 125 °C and under a supply voltage as low as 450 mV,
providing the lowest measured Vppnpin, and widest temperature range
reported in the literature for GC-eDRAM.

Index Terms—Embedded DRAM, gain cell (GC), low voltage, retention
time, SRAM.

I. INTRODUCTION

With the increasing demand for memory capacity, the die size and
power consumption of modern Systems-on-Chip (SoCs) are often
dominated by memory. While 6T SRAM has been the topology of
choice for most systems, its size and poor energy efficiency often limit
the cost and performance of emerging applications such as machine
learning accelerators [1], [2]. 1T-1C eDRAM offers a denser memory
alternative to SRAM, however, its additional fabrication steps and
limited process-availability hinders its usage in the state-of-the-art
applications. Gain-cell embedded DRAM (GC-eDRAM) is a fully
logic-compatible alternative to SRAM, offering a smaller bitcell size,
nondestructive read operation, and inherent two-ported functional-
ity [3]-[9]. However, GC-eDRAM implementation has become more
challenging in advanced processes due to increased leakage currents
and process variations and reduced storage node (SN) capacitance.
These factors have led to a decreased data retention time (DRT),
causing a higher refresh power consumption and reduced memory
availability, with GC-eDRAM demonstrations only available down to
the 28-nm node [7], [8]. In this letter, we present the first GC-eDRAM
implementation in a FinFET process. The memory macro was imple-
mented in a standard commercial 16-nm technology, making it the
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first demonstration of GC-eDRAM beyond 28 nm. The implemented
array relies on a 3-transistor (3T) bitcell, which offers 2x better
density compared to 6T SRAM with similar design rules. The mea-
sured DRT of a 1-Mbit array was found to be 77 us, which is
over 10x better than recently reported GC-eDRAMSs implementa-
tions in 28-nm technologies [7], [8]. The manufactured arrays were
fully functional at temperatures between —40 °C and 125 °C and
at a Vppmin as low as 450 mV. These are the lowest measured
VDDmin and the widest temperature range reported in the literature
for GC-eDRAM.

II. IMPLEMENTATION

FinFET processes offer better channel control and less variabil-
ity compared to planar Bulk technologies. Therefore, carefull bitcell
device choices and assist circuitry are critical to achieve a good
compromise between the various leakage currents affecting the SN
to maximize DRT. Fig. 1(a) depicts the 3T gain cell (GC) imple-
mented in 16-nm FinFET technology with its main leakage paths
which deteriorate the stored level. While pMOS devices were tra-
ditionally used to implement the GC write port due to their lower
subthreshold (sub-VT) leakage compared to nMOS, the 16-nm pro-
cess used in this letter provides similar Ion/loff characteristics for
both transistor types and, therefore, an nMOS write device with
a single fin was used in order to better balance the leakage cur-
rents affecting the SN. The voltage of the write word line (WWL)
is lowered below GND (VNEG) to further suppress the sub-Vr
leakage, while a boosted supply (Vpp +300 mV) is needed to
transfer a full 1 level during write. pMOS transistors were cho-
sen to implement the read port of the 3T GC due to their lower
gate leakage. Moreover, high-Vr devices were selected in order
to suppress the current between the read bit line (RBL) and Vpp
during standby, leading to less leakage and a better read margin.
Fig. 1(b) shows the resulting SN degradations of both 1 and 0 as
simulated around a TT corner, including transistor mismatch using
10K Monte-Carlo runs, with VNEG set to —150 mV. The selected
3T structure helps to compensate the various leakage currents to
mitigate the average SN voltage deterioration, resulting in a bal-
anced degradation of both 1 and 0, contributing to the enhancement
of the DRT.

The implemented 1-Mbit GC-eDRAM, based on the 3T GC, is
composed of four 256-kbit macros, each containing 16 256 x 64
(16 kbit) subarrays, as shown in Fig. 2. The size of the full 1 Mbit
GC-eDRAM is 295 us x 446 um, while each 16-kbit subarray
measures at 34 us x 56 pum with the bit-cell array account-
ing for 76%. Each subarray contains local data-in (DI) latches,
read word line (RWL) and WWL enable logic and drivers, and
inverter-based sense amplifiers. The 3T GC layout was drawn accord-
ing to standard logic design rules and measures at a height of two
poly pitches (2PPs) and width of eight diffusion pitches (DPs), which
is 2x denser compared to a 6T SRAM drawn with the same design
rules.
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Fig. 1. (a) Implemented 3T GC. (b) Data degradation curves of “1” (red)
and “0” (blue) across process variations after write.
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Fig. 2. Layout views of the 1 Mbit 3T GC memory macro.

Figs. 3 and 4 depict the schematics of the write and read peripherals
of the memory and key waveforms illustrating their operating princi-
ple. Each 256-kbit macro contains write and read decoders and global
WWL and RWL pulsed latches to drive the GRWL and GWWLB sig-
nals to all subarrays. The global peripherals also generate local write
and read clocks (WCLK and RCLK) which delay the evaluation of
the local word-lines until the GRWL and GWWLB have been eval-
uated. The local (subarray) read peripherals, depicted in Fig. 3 with
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Fig. 3. (a) Schematics of the global (256-kbit macro) and local (16-kbit
subarray) read peripherals. (b) Waveform illustration of the read operation
obtained from simulations.

a corresponding waveform illustration, implement a self-timed read
control using dedicated replica cells, which are integrated in a single
column of each subarray. The replica cells are similar to the 3T GC
with an external reference voltage (VREF) connected to their SN. The
assertion of RCLK initiates a precharge (PC) pulse that discharges the
RBLs. As soon as the replica RBL (RBLREP) is discharged, it resets
the PC pulse using the DOREP signal, which is also used to enable
the selected RWL. The RWL is enabled until RBLREP is charged
above the threshold of the sense inverter, which de-asserts DOREP to
latch the data outputs and to disable RWL. The write cycle, illustrated
in Fig. 4, begins with the latching of the DI signals, which is enabled
during the GWWL evaluation and disabled upon the assertion of the

Authorized licensed use limited to: Bar llan University. Downloaded on December 27,2020 at 12:39:41 UTC from IEEE Xplore. Restrictions apply.



112

| e T T
| 5 | LWE_R |
3
S| Global WWL Latches | X256 256x64 |
3 Gain Cell
o D QB [{{GWWLB[255:0] Subarray
- |
| 2 —n
WWL Enable and Level Shifters .
|GWWL_LATCH_EN 3256 | i WBL[63:0] |
x64
| F—1]Q  DfWEe- |— LWweB —NQB D |
cLk: LWEB | piLatches
| Q
X64
| il
Qf |DI[63:0]
~WE-D WBL_LATCH |
| EN
L4
L

LWE[15:0]

GIohaIWWLPeriphEls - _SumyVMPeripTrals
(@)
CLK
0'6-m
o_
0.6 WWL LATCH EN _py
WCLK
oer—______ |
O_
LWEB
06
] v
> 0-01LWE RsT AN
(]
2
So6
S 0 ewwLB \
061 wwi ﬂ
0.6 wai 1aTcH en [
0_
06
0{ WBLO/WBL1 \Y/
0.6 sno/SNT K
0_

1 2 3 4 5 6
Time [ns]

(b)

Fig. 4. (a) Schematics of the global (256-kbit macro) and local (16-kbit
subarray) write peripherals. (b) Waveform illustration of the write operation
obtained from simulations.

WCLK. With the arrival of WCLK, the selected WWL is enabled
to transfer the levels on the WBLs to the SNs of the selected row.
Then, following a write delay set by the LWE_RST signal, WWL
is de-asserted and all write bit lines (WBLs) are charged to Vpp to
suppress the leakage of 1 s from the SNs.

III. TEST-CHIP AND MEASUREMENT RESULTS

An SoC with the GC-eDRAM was implemented in 16-nm
FinFET technology. The GC-eDRAM subsystem enables several
access modes to the 1-Mbit array, including L3 cache access using
a CEVA-X2 DSP core, direct built-in-self-test (BIST) access for
memory characterization, and access with EFLX eFPGA for addi-
tional tests. VNEG and VREF were supplied externally through
dedicated I/O pins. The test-chip microphotography and key features
of the GC-eDRAM are shown in Fig. 5. Measurement results of
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Test-Chip Summary

Process 16nm FinFET
Die Size 3.7mm X 3mm
Memory Capacity 1Mbit
Bitcell Type Mixed 3T Gain-Cell
Bitcell Size 52% of 6T SRAM
Periphery Type Mixed SVT/LVT
1Mbit Memory Size 295um X 446um =
Voltage Range 0.45V - 0.8V t—j
Frequency Range Up-to 400MHz @ 0.8V
Temperature Range -40C-125C

Retention Time
(99.9% bit yield)

77us @ 0.6V, 25C
8us@ 0.6V, 125C

105uW/Mbit @ 0.6V, 25C
276uW/Mbit @ 0.6V, 25C
2.58uW/MHz @ 0.6V, 25C
2.46uW/MHz @ 0.6V, 25C

Leakage Power

Refresh Power

Read Power

Write Power

Fig. 5. Microphotography and key features of the implemented test-chip.
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Fig. 6. DRT failure rate versus VWWL.

the developed 1-Mbit GC-eDRAM illustrate full functionality across
—40 °C to 125 °C and down to 450 mV (with a 44-us DRT). A
600-mV supply was selected for the remaining measurements as it
provided sufficient frequency and DRT for the L3 cache used in this
system. The targeted 99.9% bit-yield1 DRT was found to be 105, 77,
and 8 pus under worst-case WBL biasing, for —40 °C, 27 °C, and
125 °C, respectively. The DRT measurement was repeated on five
additional chip samples, providing the same or better results. To put
this into perspective, the measured 99.9% bit-yield of a commercial
1T1C eDRAM employing deep-trench capacitors in 14-nm FinFET
technology was 90 us at 85 °C under a —250 mV VNEG.

Fig. 6 illustrates the bit failure percentages under a WWL voltage
sweep during standby. As the WWL bias voltage of unselected rows
is lowered, the sub-VT leakage is decreased, however, gate leakage
compromising a stored 1 is increased. With a WWL bias of —150 mV,
the DRT is increased by over 5x compared to zero bias. Therefore,
—150 mV was selected as the optimal negative bias for the remainder
of the measurements.

Fig. 7 depicts the measured DRT and the maximum frequency
across varying memory supply voltages, with VREF = Vpp/3. The
maximum frequency of the 1-Mbit array was found to be 400 MHz
under 800 mV. The frequency can be further increased by integrating

IThe bit-yield is defined as the percentage of bits which maintained both
1 and O under the given refresh period. is defined as the percentage of bits
which maintained both 1 and 0 under the given refresh period.

Authorized licensed use limited to: Bar llan University. Downloaded on December 27,2020 at 12:39:41 UTC from IEEE Xplore. Restrictions apply.



GITERMAN et al.: 1-Mbit FULLY LOGIC-COMPATIBLE 3T GC-eDRAM IN 16-nm FinFET

TABLE I
COMPARISON BETWEEN THE PROPOSED DESIGN AND OTHER LOGIC-COMPATIBLE MEMORY OPTIONS
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2009'1SSCC [3] | 2010°VLSI [4] 2012'VLSI [5] | 20157SSC[6] | 20187SSC[7] | 2019'ASSCC [8] Proposed
RWL
- . % - - R __W‘% ot ww RaL B e % I
Cell Structure I—‘_,_a| [‘: ulg s . RBL
4 WBL}_‘ \_{5N SN [T
—\;% RWL weL RWL WBL " "
RWL RWL Vo, RWL RWLo
VDD
Technology Node 65nm Bulk 65nm Bulk 65nm Bulk 65nm Bulk 28nm Bulk 28nm FD-SOI 16nm FinFET
Redrawn Cell Size (um?)* 0.51um? 0.51um? 0.60um? 0.51um? 0.25um? 0.16um? 0.08um?
Cell Ratio to 6T SRAM* 0.44X 0.44X 0.51X 0.44X 0.71X 0.49X 0.52X
Memory Capacity 2Mbit 192kbit 34kbit 24kbit 8kbit 24kbit 1Mbit
Retention Time (@250) 10us** @ 1.2V | 110us** @ 1.1V | 1us @ 1.2V 50us @ 1.2V | 5us @ 0.9V 4.7us @ 0.9V 77us @ 0.6V
(100% bit yield) | (99.9% bit yield) | (100% bit yield) | (99% bit yield) | (99% bit yield) | (99.9% bit yield) (99.9% bit yield)
Min. Voltage 0.8V 0.8V 0.69V 0.9V 0.6V 0.7V 0.45V (44us data retention)
Min. Latency 4ns @ 1.1V 15ns @ 1.1V 1.8ns @ 1.3V 4.6ns @ 1.1V | 1.25ns @ 0.9V 2.5ns @ 0.9V 2.5ns @ 0.8V
Temperature Range NA 25C-85C 25C-125C 25C-85C 0C-85C NA -40C - 125€C
*Logic design rule  ** 85C
100 r _ 16nm, 25C 500 under —40 °C to 125 °C and down to 450-mV Vpp, which shows
—+—DRT that the leakage issue of GC-eDRAM can be kept under control even
80 —e—Frequency 400 for high temperatures and that GC-eDRAM is also an option for
N low-voltage operation.
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