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Abstract—A bulk FinFET-based unified-RAM (URAM) cell
technology is demonstrated for the fusion of a nonvolatile-memory
(NVM) and capacitorless 1T-DRAM. An oxide/nitride/oxide layer
and a floating-body are combined to perform a URAM operation
in a single transistor. A buried n-well technology for NMOS allows
hole accumulation for the 1T-DRAM operation in a p-type bulk
substrate. The bulk FinFET URAM offers a cost-effective and
fully compatible process with a conventional FinFET SONOS,
and it also expedites heat dissipation. Highly reliable NVM and
high-speed 1T-DRAM operation are confirmed, and it was also
verified that there is no disturbance between the two memory
functions.

Index Terms—Bulk FinFET, capacitorless DRAM, FinFET,
nonvolatile memory (NVM), SONOS, unified-RAM (URAM),
1T-DRAM.

I. INTRODUCTION

INTEGRATION of various memory functions in a chip
is attractive for embedded systems. Nonvolatile memory

(NVM) and DRAM can be integrated in the memory block
in a single chip. However, fusion of these memories at a
system level is obstructed by poor process compatibility, high
cost, and low yield. Accordingly, various device level fusion
concepts have been presented [1]–[3]. Unified-RAM (URAM),
which operates NVM and capacitorless 1T-DRAM in a single
transistor, was proposed with a FinFET-based structure [3]. By
implementation of oxide/nitride/oxide (O/N/O) as an electron
trapped zone for NVM and a partially depleted floating-body as
a hole storage zone for capacitorless 1T-DRAM, URAM opera-
tion was realized. This memory was fabricated on a silicon-on-
insulator (SOI) wafer utilizing a conventional FinFET SONOS
process with minor modifications. However, SOI has an inher-
ent difficulty regarding heat dissipation, which degrades the
sensing window for 1T-DRAM operation [4]. Additionally, SOI
has a difficulty in cost-effective manufacturing.
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In this letter, a bulk FinFET-based URAM is presented.
In order to form the floating-body, a buried n-well layer is
employed in the bulk substrate. Highly reliable NVM and high-
speed 1T-DRAM operation are confirmed.

II. DEVICE DESIGN AND FABRICATION

A p-type (100) bulk wafer is used as a starting material.
After n+ deep implantation is carried out for the buried n-well
layer, the Si fin is patterned. High density plasma (HDP) SiO2

is deposited and planarized. The HDP SiO2 is then partially
recessed until the Si fin is exposed to a height of 100 nm.
Next, an O/N/O layer with a thickness of 4/6/4 nm and an
in situ n+ poly-Si is deposited sequentially. After gate pattern-
ing, source/drain (S/D) implantation and activation steps are
carried out. The device has a 30-nm fin width, a 100-nm fin
height, and a 180-nm gate length. Fig. 1(a) shows images of the
fabricated bulk FinFET SONOS. Fig. 1(b) shows the secondary
ion mass spectrometry (SIMS) profiles at the S/D region.

III. RESULTS AND DISCUSSION

Data states for NVM are identified by the existence of
trapped charges in the nitride layer. The program/erase (P/E)
can be carried out by Fowler–Nordheim (FN) tunneling or
channel hot-electron injection. In this letter, FN tunneling is
used for P/E. Fig. 2(a) shows the P/E transient characteristics
of NVM. The P/E conditions VG,PGM = 11 V with τG,PGM =
100 µs for programming and VG,ERS = −15 V with τG,ERS =
10 ms for erasing exhibit a 4.5-V threshold voltage window.
During the P/E, S/D/substrate terminals are grounded (VSUB =
VS = VD = 0 V). A retention period of ten years is obtained
with a 3-V threshold voltage window, as shown in Fig. 2(b).

Data states of 1T-DRAM are stored as the floating-body ca-
pacitance. In programming, holes created by impact ionization
are accumulated in the floating-body, and the channel potential
is lowered. In erasing, accumulated holes are eliminated by the
negative drain bias, and the channel potential is raised. As a
result, the data states are identified by the presence of excessive
holes. Generally, the silicon layer formed on the buried oxide
becomes a floating-body in the SOI platform. The valence-band
barrier height (at Si/SiO2 interface) can retain holes, and thus,
excess holes can be stored in the floating-body. However, as the
SOI substrate does not readily dissipate heat, diffusion current
is increased. Thus, the data retention time and the sensing
window tend to be degraded. In order to solve this problem, a
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Fig. 1. (a) Transmission electron microscopy images of a bulk FinFET SONOS structure. (b) SIMS profiles at the S/D region. O/N/O gate dielectric is used
as a charge trapping layer for an NVM operation, and a p-n junction barrier built with a p-body and a buried n-well is used as a hole accumulation region for
capacitorless 1T-DRAM.

Fig. 2. NVM characteristics. (a) Transient threshold voltage behavior for P/E.
(b) Retention characteristic.

buried n-well was employed in a bulk substrate as a hole barrier
layer [5], [6]. The body to buried n-well forms a p-n junction
potential barrier. Thus, the holes created by impact ionization
can be retained inside the body.

Fig. 3 shows the hole concentration biased at the program-
ming voltage, i.e., the impact ionization condition (VG = 1 V
and VD = 2 V). As the electron–hole pairs are created by
the impact ionization process, electrons are swept out to the
drain, and holes move toward the minimum potential region.

Fig. 3. Silvaco simulation profile of the hole concentration biased at read
condition (VG = 1 V, VD = 0.4 V) 1 ns after impact ionization (VG = 1 V,
VD = 2 V). The profile is cut-plane along the S/D direction at the center
of the fin. (a) Conventional bulk FinFET. (b) Buried n-well bulk FinFET. In
contrast with the case of the conventional bulk FinFET, holes created by impact
ionization are accumulated in the body region in the buried n-well bulk FinFET.

As shown in Fig. 3(a), most holes are collected by the substrate
contact in general case. However, if the buried n-well forms
a p-n junction barrier in the substrate, the created holes are
confronted with the junction barrier. Thus, holes can be accu-
mulated in the body, as shown in Fig. 3(b), which implies that a
capacitorless 1T-DRAM can be realized in the bulk substrate.
As a result of hole accumulation, a kink will appear in the
ID−VD characteristics. Fig. 4 shows the measured ID−VD

characteristics. The kink observed in the measured data verifies
that the holes were accumulated in the bulk substrate. Fig. 5
shows the P/E characteristics for the 1T-DRAM operation. The
tunable substrate voltage is an important feature in bulk devices.
Because the hole barrier (p-n junction) height can be modulated
by the substrate voltage, the 1T-DRAM operation characteristic
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Fig. 4. Measured drain–current (ID)–drain-voltage (VD) characteristics.
A kink appears as a result of excessive hole accumulation.

Fig. 5. Measured source current (IS) for 1T-DRAM operation (read at
VG = 1 V, VD = 0.4 V). Whereas two data states are clearly distinguished
according to the existence of the holes in the body, the difference between
these two states is increased as a small amount of positive voltage is applied
to the substrate terminal. However, as forward p-n junction diode turns on, the
1T-DRAM is not working.

would be improved. By applying a weak positive voltage (e.g.,
0.1 < VSUB < 0.3 V) to the substrate, an enlarged hole barrier
height enhances the sensing window, as shown in Fig. 5. The
sensing windows are ∆IS = 4 µA and ∆IS = 7 µA, and the
extrapolated data retentions (defined as time at ∆IS = 3 µA)
are 8 and 30 ms for VSUB = 0 V and VSUB = 0.3 V, respec-
tively. It means that the slight positive substrate voltage can
improve the performance of the 1T-DRAM operation. However,
in the case of strong positive voltage (e.g., VSUB = 0.5 V),
1T-DRAM cannot be operated because the forward-biased
source to the body junction diode is turned on.

It is important to note that the sensing window of SOI device
will be larger than that of bulk device because the higher barrier
height of hole (= valence band offset) can retain more excess
holes in the body. In addition, the data retention of SOI device
will be longer than that of bulk because the diffusion and
recombination can be limited due to the small junction area.
Even though the performance of bulk might not be superior
to that of SOI, the bulk can be still useful for 1T-DRAM in
terms of cost-effective manufacturing and heat dissipation with
moderate sensing window.

IV. CONCLUSION

A FinFET-based URAM is demonstrated in a bulk substrate.
The combination of an O/N/O layer and a floating-body pro-
vides URAM operation in a single transistor. The floating-body
in a bulk substrate is implemented by employing a buried n-well
layer. The bulk platform for URAM is an attractive approach as
it is cost effective. In addition, bulk facilitates heat dissipation,
which suppresses sensing window degradation for 1T-DRAM
operation. URAM is expected to see widespread use for fusion
memory and future embedded chip applications.
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