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This paper demonstrates a breakthrough for DRAM scaling: A vertically integrated gate-all-around (GAA) silicon nanowire (SINW)
channel-based dynamic random access memory (DRAM) without a cell capacitor for data storage, i.e., a zero-capacitor DRAM
unlike the conventional DRAM. Vertical integration of the SINW was attained by a one-route all-dry etching process (ORADEP),
resulting in stiction-free stability and simplicity in the fabrication process. High performance that is suitable for high packing density
integration is presented with vertically integrated multiple channels, which reveals a potential for an ultimate scaling of DRAM
toward the end of the roadmap.
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With the advent of 20 nm dynamic random access memory
(DRAM),! manufacturers of DRAM encounters the immense chal-
lenge of continuous scaling of a cell area, e.g., beyond 6F,> where F
denotes a feature size. In particular, the cell capacitor for data stor-
age in DRAM is a bottleneck that impedes continuous scaling. Under
these circumstances, reconsidering a zero-capacitor DRAM (ZRAM)
that consists of only one transistor (1T) is a timely approach.>* Com-
pared to conventional DRAM, the main advantages of the ZRAM is
cell size reduction and nondestructive reading. Moreover, one of the
greatest advantages of ZRAM is that there is no need to make a sense
amplifier for identifying a data state. This can allow a versatile core
and periphery circuit architecture that enhances the device perfor-
mance because the area presumably occupied by the sense amplifier
is no longer needed. Additionally, high sensing current or a sensing
margin (Ion/Iopr) as large as possible is preferred for stable memory
operation. In this regard, the notable increment of data sensing cur-
rent based on the vertically integrated multi-stacked channels is very
attractive for future DRAM technology.*

On the other hand, short-channel effects (SCEs) have been consid-
erably problematic in aggressive miniaturization of the transistor.>®
Such a trend cannot be exceptional in the scaling of a memory device.
With respect to the suppression of the SCEs, a structural optimization
of the transistor, i.e., multi-gated structures such as double-gate or tri-
gate structures, have been considered as a successful approach.” In
particular, the gate-all-around (GAA) silicon nanowire (SiNW) con-
figuration is reportedly the most superior for suppressing lopr due
to its excellent gate controllability,'® which enabled a demonstration
of extremely scaled transistors up to sub-10 nm.'"1? In addition, the
versatile SINW configuration itself has attracted attention for various
applications.'*"!> But, the extreme scaling of the SINW inevitably
sacrifices Iy due to a decrease in the cross-sectional channel area.
Accordingly, an implementation of such a configuration requires a
compromise between the controllability of Iorr and the drivability of
Ion.'® In this respect, a vertically integrated multi-stacked channel can
recover the sacrificed Ioy that occurs with the scaling of the SINW
without a sacrifice of the scalability.*!?

In this study, the vertically integrated multi-stacked ZRAM with
GAA SiNW channels (which is abbreviated as VI-ZRAM) is demon-
strated. The vertical integration of the SINW has been reported to meet
a high performance, effective suppression of SCEs, and excellent scal-
ability.Unlike previous studies,'®>? the one-route all-dry etching pro-

“E-mail: ykchoi @ee.kaist.ac.kr

cess (ORADEDP) in this study permitted a stable completion of the ver-
tically integrated multiple channels with reproducibility. To fabricate
the vertically integrated multiple nanowire channels, previous works
employed dual material-stacked structure, e.g., silicon for a structural
layer and silicon germanium for a sacrificial layer,'®?" and additional
processes such as oxidation and wet etching process.”? Such approach
is problematic in terms of process complexity and stiction fail. In ad-
dition, previous works still need to be further improved for uniformity
and clear separation of each nanowire.?'** Compared to those, due to
the removal of the wet etching and oxidation process in the ORADEP,
a stiction-free process was built up with process simplicity. Images
of the fabricated devices were clearly identified with the aid of high-
resolution transmission electron microscopy (TEM). The fundamental
performances of the VI-ZRAM including write/erase/read operations,
switching endurance for reliability, and data retention time were as-
sessed. For fair comparison, both a 1-channel (1-story) SINW device
and a 3-channel (3-story) SINW device were fabricated as a control
group. A 5-channel (5-story) SINW device was fabricated as an exper-
imental group. Furthermore, the ZRAM characteristics depending on
the number of SINWs were compared, resulting in broadened sensing
margin for memory window with the larger numbers of SINW.

Experimental

In the full processes, fabricating the vertically integrated SINW
structure is one of the most critical processes. As previously men-
tioned, the structure was completed by the development of the
ORADEP, which has high reproducibility and high stability.*!” As
shown in the schematic of Figure 1a, one cycle of the ORADEP con-
sists of two steps that are based on an in-situ process in a single etching
chamber. One is C4Fg polymer passivation and the other is an isotropic
dry etching process using SF¢ gas. During the isotropic dry etching
process, a passivated polymer created by the C4Fs process serves as a
protector for a pre-patterned SINW and the sidewall of the SINW to be
formed. The schematic shows that the number of cycles is equal to that
of integrated SiNW. Figure 1b shows scanning electron microscopy
(SEM) images of the SiNWs fabricated by the ORADEP. The images
demonstrate that unique integration of multiple SINW channels is
possible via control of the number of the cycles. Since the ORADEP
does not require the carving oxidation and subsequent wet etching
to separate the SiNWs, a stiction-free device was fabricated with-
out use of wet etching and with process simplicity. The full process
to fabricate the VI-ZRAM is illustrated in Figure 2. A boron-doped
(100) bulk-silicon wafer was used as a substrate. After the formation
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Figure 1. Fabrication of the vertically integrated SiNW structure. (a)
Schematic of the ORADEP. (b) SEM images conforming that iterative etching
cycles of the ORADEP permit multi-story SiNWs.

of the SINW by the ORADEP mentioned above, interlayer dielectric
(ILD) oxide for isolation of each transistor was deposited and then
planarized using a chemical-mechanical polishing (CMP) process.
Fabricating the gate electrode was another critical process owing to
the tall height of the vertically integrated SINW, which was resolved
by adopting an embedded gate structure. Unlike the fabrication pro-
cess of single SINW-based FET, in the proposed process, a “trench
hole” mask designed for the vertically integrated SiINW-based FET
enabled completion of an embedded gate structure. Thermally grown
silicon dioxide (SiO,) was formed to serve as the gate dielectric.
The ion implantation process to form source and drain (S/D) elec-
trode was done followed by rapid thermal annealing (RTA) process
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Figure 2. Schematic to explain the fabrication process of the VI-ZRAM.

to activate the implanted dopant and to cure the ion implantation-
induced damage. With the implementation of forming gas annealing
process (FGA) to improve Si/SiO; interface state, the fabrication of
the VI-ZRAM was completed. All processes are fully compatible with
silicon CMOS (complementary metal-oxide-semiconductor) process
and were progressed in clean FAB.

The schematic of the fabricated device are shown in Figure 3.
Figure 3a shows a schematic of the VI-ZRAM and its cross-sectional
images along with each direction, i.e., a-a’ (parallel to the gate length)
and b-b’ (parallel to the SINW length). Figure 3b concisely shows
the operation of the VI-ZRAM, which is based on an accumulation
of holes in the p-type SINW body. The cross-sectional TEM images
of the VI-ZRAM along the a-a’ direction of Figure 3a are shown
in Figures 4a and 4b, where the VI-ZRAMs with three- and five-
channels are respectively identified. With the aid of the ORADEDP,
uniform SiNW channels without stiction failure are completed, show-
ing a clear separation of the SiINWs. One of SiNWs in Figure 4b
is shown in Figure 4c. Poly-Si for the gate electrode fully wraps
the SiNW with thermally grown SiO,, demonstrating a complete
GAA configuration. The energy-dispersive spectrometer (EDS) map-
ping image in Figure 4d clearly shows the separation of each layer,
i.e., poly-Si for the gate, SINW for the channel, and SiO, for the
gate dielectric. Figure 4e shows the fast-Fourier transform (FFT) im-
age that identifies the crystallinity of each layer. The FFT image
of the SiNW, which shows an image of single-crystal, is obviously

(b)

Figure 3. Schematic of the VI-ZRAM. (a) Schematic of the VI-ZRAM including cross-sectional profiles along the a-a’ and b-b’ directions. (b) Holes stored in

the SINW channel that activates the VI-ZRAM.
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Figure 4. TEM images of the VI-ZRAM. (a) TEM image of the VI-ZRAM with five-SiNW channels. (b) TEM image of the VI-ZRAM with three-SiNW channels.
(c) Close-up image of the SINW. (d) EDS mapping image of the SINW. (e) FFT images of the SINW for the channel, poly-Si for the gate, and SiO; for the gate
dielectric.

distinguished from that of the poly-crystalline Si. Despite the iterative Results and Discussion
dry etching process during the ORADEP, which may be a somewhat
harsh condition compared to the typical one time dry etching process,
the FFT image of the single crystal-SiINW proves the stability of the

Figure 5a exhibits the drain current-gate voltage (Ip-Vg) charac-
teristic of the fabricated devices. The VI-ZRAM with five-channels
exhibits the most enhanced performance over the single-channel and

ORADEP. three-channel devices. The results correspond to the number of SINW
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Figure 5. Electrical characteristics. (a) Transfer characteristic of each device. (b) Comparison of current drivability. (c) ZRAM operation in the five-channel
device. (d) Double-sweep transfer characteristic of each device.
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Figure 6. The bias conditions of the ZRAM operation. “W0” and “R0” mean
the writing and reading operation of a data “0”, respectively. Similarly, “W1”
and “R1” denote such operations for a data “1”.
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channels, which is due to an increase of an effective channel width
without an increase of a footprint area. No notable degradation of other
device parameters was observed in such an enhanced transfer char-
acteristic. Current drivability with the number of the SINW channels
is compared in Figure 5b. The double-sweep transfer characteristic
of the VI-ZRAM with five-channels is shown in Figure 5c. While
the device had a normal I-V characteristic at low drain voltage of 1
V, its current abruptly increased at a high drain voltage, showing a
steep subthreshold slope (SS) of nearly 0 mV/dec. This result is due
to hot electron-induced impact ionization,>* which is the fundamental
mechanism of the ZRAM operation. A number of holes were gener-
ated by the impact ionization and thus accumulated in the SINW body.
Finally, the accumulated holes activated a parasitic bipolar junction
transistor (BJT) that consisted of the emitter (n*-source), the base
(p-SiNW body), and the collector (n"-drain). And the parasitic BIT
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sustained a high I even when the gate as in an off state. During for-
ward and reverse sweeps of Vg, the hysteresis curve shown in Figure
Sc results from a positive feedback mechanism due to the parasitic
BJT mentioned above, which is called the single transistor latch (STL)
behavior.> Figure 5d shows the ZRAM operation of the fabricated
devices. At a drain voltage that was enough to trigger impact ioniza-
tion, during the forward sweep of the V¢ (1), Ip rapidly increased due
to the impact ionization-induced parasitic BJT (2), resulting in the
retention of a high I at a subthreshold state during the reverse sweep
of the Vg (3). As a result, bi-stable state arose at a particular Vg,
e.g., —1 V for a read operation, where a difference in the current is
regarded as a sensing memory window. A return to a low current state
(1) is attained by removing the accumulated holes with application of
a negative drain voltage (Vp). In the ZRAM operation, the procedure
to trigger impact ionization (for high Ip) is a write operation of data
“1”, whereas removal of the accumulated holes (for low Ip) is an erase
operation of data “1” and simultaneously a write operation of data “0”.
Figure 6 shows voltage conditions for the VI-ZRAM operation men-
tioned above. While activating a parasitic BJT by impact ionization,
which accumulates the holes in the SINW body, denotes the opera-
tion of “Write 17, removing the accumulated holes denotes the erase
operation of data “1”, simultaneously resulting in the operation of
“Write 0”.

The periodic write/erase operation of each device is presented in
Figure 7a with a clear comparison of the sensing current (-Is). Note
that -Ig of the VI-ZRAM is superior to that of the single channel-based
ZRAM and thus is capable of identifying the data state without the
sense amplifier. In terms of chip size reduction, this feature becomes
increasingly important with continuous DRAM scaling. In addition,
an opportunity to newly implement other versatile circuit architectures
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Figure 7. Comparison of each ZRAM operation. (a) Transient measurement of each ZRAM with write/read/erase operation as a function of periodic pulse time,
where Alg denotes a sensing memory window. (b) Retention characteristic. (c) Multi-reading operations with the periodic hold state, where tyo1q indicates the hold
time. (d) Post-cycling endurance characteristic, where W/R/E represents write, read, erase operations, respectively.
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by replacing the area occupied by the sense amplifier is considerably
attractive. Figure 7b shows a stable read operation of the VI-ZRAMs,
when a BJT method was applied.?® The method is effective for stable
data retention with a wide sensing memory window and is beneficial
to a non-destructive data read operation. In Figure 7c, multiple read
operations showing a robust hold time, which is compared to the static
retention time in conventional DRAM, are allowed in the VI-ZRAM
without the loss of programmed data. This approach is useful for
determining the period of the read operation using the BJT method,
which improves the power efficiency. Figure 7d shows the switch-
ing endurance characteristic of each device. With regard to the hot
carrier injection (HCI) stress-induced damage during the switching
endurance test,”’ the sensing current of the zZRAMSs with the multi-
stacked channels tend to be more degraded than that of the zZRAM
with a single channel. It may be ascribed to the process variability and
an increase of total channel area originated from the multi-stacked
configuration. Nevertheless, the VI-ZRAM still maintains a higher
I even after iterative write/erase operation of 10! cycles, compared
to the ZRAM with single channel. Considering the multi-stacked con-
figuration, even with 5-story channels, this result proves the stability
of the full process including the ORADEP.

Conclusions

In summary, the ZRAM with the vertically integrated multi-
stacked SINW channels was developed for further scaling of DRAM,
where the ORADEP supported the completion of the device via the
fabrication of stable vertical integration of the SINW without stic-
tion failure. The VI-ZRAM exhibited a remarkably improved sensing
memory window with an increased number of integrated SINW chan-
nels, showing a high performance without sacrifice of scalability.
This result enables the removal of the sense amplifier, thereby show-
ing the feasibility of chip size reduction, high packing density, and
versatile circuit architecture. In addition, the fabricated VI-ZRAM
showed a reliable data retention characteristic controlled by the base
opened BJT operation and robust switching endurance. It demon-
strated high stability and high completeness of the fully compatible
CMOS process. With the advent of aggressive miniaturization of the
DRAM, our study provides a timely milestone toward ultimate DRAM
scaling.
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