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In this study, we developed a capacitorless dynamic random-access memory (DRAM) (1T-DRAM) device based on a junctionless (JL) bulk-fin field-
effect transistor structure with excellent reliability and negligible variability against work-function variation (WFV). We investigated the variation in
the transfer characteristics and memory performance of the memory cell owing to WFV. In particular, to investigate the WFV effect, we analyzed the
transfer characteristics and memory performance of 200 samples using four metal-gate materials—TiN, MoN, TaN and WN. Consequently, we
discovered that the WFV affected the transfer characteristics of the JL bulk-fin field-effect transistor. However, the proposed 1T-DRAM
demonstrated that the sensing margin and retention time produced minimal effect owing to the adoption of a structure storing holes in the fin
region. Consequently, the proposed 1T-DRAM exhibited strong WFV immunity and excellent reliability for memory applications.

© 2023 The Japan Society of Applied Physics

1. Introduction

Recently, the high-k/metal-gate (HK/MG) technology has
been widely used in industries owing to its excellent gate
controllability.'™ The HK/MG technology can suppress the
short-channel effect and address the gate leakage current
issue caused by thin gate oxides, which presents a problem in
conventional SiO, transistors.” ' Thus, metal-gate materials
such as TiN, MoN, TaN and WN are used instead of poly-Si
gates. However, depending on the grain orientations of
metals, they have probabilistically different work-function
(WF) values.'>™' Thus, the grain orientation of a metal gate
causes a work-function variation (WFV), thereby affecting
the transfer characteristics including the threshold voltage
(Vin), subthreshold swing (SS), on-current (I,,) and off-
current (I g). This side effect is one of the critical issues
encountered in the implementation of the HK/MG tech-
nology, and it not only affects logic transistors but also
influences memory transistors.?* 2> So far, a few studies on
WEFV have been reported in the literature;lz’w) however, the
impact of WFV on memory characteristics is yet to be
investigated. Recently, Lee et al. studied and investigated the
effect of WFV on the transfer characteristics and memory
performance of a gate-all-around junctionless (JL) field-effect
transistor-based  capacitorless dynamic random-access
memory (IT-DRAM).*” In the aforementioned study, a
long retention time of more than 10ms was obtained.
However, owing to the WFV, poor retention times of
0.051 ms and 2.2 ms were obtained. Nevertheless, studies
on the effect of WFV are still limited, and no solution has yet
been presented.

In this study, we simulated 200 samples of a 1T-DRAM
based on JL bulk-fin field-effect transistor (FinFET) gate
materials, such as TiN, MoN, TaN and WN, to demonstrate
that the proposed 1T-DRAM devices exhibited excellent
immunity to WFV. The proposed 1T-DRAM demonstrated
that the sensing margin and retention time produced little
effect owing to the fin structure.
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2. Device structure and simulation method

Figure 1 presents a three-dimensional (3D) view and sche-
matic cross-section of the JL bulk-FinFET-based 1T-DRAM.
The gate length (L) is 20 nm, gate-to-source length (L) is
30 nm, height of the channel fin (Hg,) is 30 nm, fin width
(W4n) is 10 nm, height of the body fin (Hyody-fin) is 100 nm,
gate dielectric (HfO,) thickness (7,y) is 2 nm, and metal grain
size (Ggjze) 1S 5 nm. The doping concentrations of the source,
channel, and drain regions are 1 x 10*°cm > (n-type), 5 x
10" cm ™2 (n-type) and 1 x 10%° cm ™ (n-type), respectively.
Table I summarizes the device parameters for each of the
proposed devices. In our analysis, four different gate mate-
rials—TiN, MoN, TaN and WN—were simulated, and their
properties are listed in Table II.

A Sentaurus technology computer-aided design (TCAD)
simulation was used to investigate the transfer characteristics
and memory performances.® For the accuracy of the TCAD
simulation, various physical models such as the Shockley—
Read—Hall recombination model, Auger recombination
model, Fermi-Dirac statistical model, doping-dependent
and field-dependent mobility models, nonlocal band-to-
band tunneling model, trap-assisted-tunneling model,
bandgap narrowing model, and quantum confinement model
were considered.”®

3. Results and discussion

3.1. Effect of WFV on transfer characteristics
Figure 2 presents an example of one of the 200 samples. The
WF values of the grains in TiN, MoN, TaN and WN were
randomly generated. To investigate the change in the transfer
characteristics and memory performance owing to WFV, 200
sample gate materials were simulated and studied for JL
bulk-FinFETs. The Vg, values were extracted using the
constant-current method at 100 nA ym~"' 2"~

Figure 3 presents the transfer curves of the 200 JL bulk-
FinFET-based 1T-DRAM samples fabricated using the TiN,
MoN, TaN and WN gate materials. Note that each metal

© 2023 The Japan Society of Applied Physics
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Fig. 1. (Color online) 3D schematic view of the proposed JL bulk-FinFET-
based 1T-DRAM.

Table I. Device parameters of the proposed transistor used for simulations.
Parameters Values

Gate length (Ly) 20 nm
Gate-to-source length (Lgs) 30 nm

Height of the channel fin (Hg,) 30 nm

Fin width (Wy,,) 10 nm

Body fin (Hpody-fin) 100 nm

Gate dielectric (HfO,) thickness (7ox) 2 nm

Gate work-function —

Source/Drain doping concentration n-type, 1 x 10?° cm™
Channel fin doping concentration n-type, 5 x 10'7 em™
Body fin doping concentration p-type, 2 x 10" cm ™3
Substrate doping concentration n-type, 1 x 10" cm™

Table II. Physical properties of various metals.'?
Material Orientation Probability (%) Work-function (eV)
TiN (100) 60 46
(111) 40 44
MoN (110) 60 5.0
(112) 40 44
TaN (100) 50 4.0
(200) 30 4.15
(220) 20 4.8
WN (111) 65 45
(200) 15 4.6
(220) 15 53
(311) 5 42

material consists of two or more grains and each grain has a
different WF value depending on the grain orientation. This
phenomenon induces WFV in the JL bulk-FinFET-based 1T-
DRAM samples. Therefore, the 200 samples presented
different drain currents versus gate voltage (I3s—V,s) curves
and Vgs. In addition, the larger the deviation in the grains’
WF, the wider the dispersion of the graph, as depicted in
Fig. 3. For example, TiN metal-gate transistors presented a
narrow gV, distribution, whereas MoN metal-gate tran-
sistors demonstrated a relatively wide 14—V, distribution.
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Figure 4(a) presents the mean values of the extracted Vy,s
of three metal-gate materials—TiN, MoN and WN. Their V
values were 0.267 V, 0.479 V and 0.366 V, respectively. For
the TaN metal gate, all the Vi, values could not be extracted
because all drain currents in the I4—V,s curves were greater
than 100 nA um_l, which was a reference value.?’2” The
standard deviations (SDs) for the Vi, values were 14.8 mV,
46.0mV and 46.0 mV, respectively. The relative standard
deviations (RSDs) were 5.43%, 8.83% and 12.6%, respec-
tively. Note that the RSD is the SD divided by the mean and
multiplied by 100. In other words, when the RSD is large, the
SD and variance are greater than the average values. The
units of RSDs are percentages, and the RSD is a coefficient
that can be used to compare variances in datasets with
different means.” The RSD of the TiN metal-gate transistors
was approximately half that of the MoN and WN metal-gate
transistors. Therefore, TiN metal-gate transistors have better
robustness against Vy, variations resulting from WFV.

Figure 4(b) presents the distribution of the SSs of the three
metallic materials. The means of the SSs for the three metal-
gate transistors have similar values, 92.0 mv decfl, 85.6 mv
dec™! and 90.5mV dec', respectively. TiN metal-gate
transistors have SSs in the 84.0-104.0mv dec' range.
However, the SSs of MoN and WN metal-gate transistors
are in the 72.0-108.0mv dec”' and 80.0-108.0mv dec ™'
ranges, respectively. This phenomenon can be attributed to
the fact that TiN metal-gate transistors have a narrow Vg,
distribution. However, the MoN and WN metal-gate transis-
tors have a wide distribution of Vy,. Therefore, the SS also
follows the tendency of Vy,.

Figure 4(c) presents the distribution of /,s. The mean I,
values of TiN, MoN, TaN and WN metal transistors are
263 x 10° Apm ™', 1.85 x 107° Apum™', 3.51 x 1073
A pm ' and 229 x 107 A um ™', respectively. The mean
I,, values of the TaN metal-gate transistors appear greater
than those of the TiN, MoN and WN metal-gate transistors;
this is because the larger the WF of a metal gate, the higher
the Viy,. The effective WF for transistors is computed by using
the following equation

Effecitve WF = 2L x @y + 22 x @y 4+ 2 x Bpat-ov)
N N N
1)

where x; (i = 1 to N) is the probability value of the assigned
grain orientation, N is the number of the grain, and ®,; is the
WF value of the assigned grain orientation.'” The effective
WF values for TiN, MoN, TaN and WN were found to be
4.52¢eV, 4.76eV, 4.205eV and 4.62¢eV, respectively. The
higher the WF, the higher the valuel of V,, which also
implies a decrease in the [, value. Therefore, I, also follows
the tendency followed by Vy,.

Figure 4(d) presents the distribution of Ig. The I, values
of the TaN metal-gate transistors are the highest, followed by
those of TiN metal-gate transistors, WN metal-gate transis-
tors, and MoN metal-gate transistors, depending on the
effective WF. The mean of I follows the tendency of the
effective WF. The figures of merit (FOMs) of the transfer
characteristics are summarized in Table III. As shown in
Table III, the SD for MoN metal-gate transistors is greater
than that for the TiN metal-gate transistors; notably, the
larger the WF of the metal gate, the higher the Vy,.

© 2023 The Japan Society of Applied Physics
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(Color online) Examples depicting different orientations of grains in JL bulk-FinFET-based 1T-DRAM with TiN, MoN, TaN and WN gate materials.
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Fig. 3.
technology. The current is normalized by the total fin width (Wg, + 2Hgy).

3.2. Effect of WFV on memory performances

Figure 5(a) presents a contour map of the hole density in the
proposed 1T-DRAM cell in states “1” and “0.” Note that
most 1T-DRAMs store holes in the body region near the
metal gate.”” > However, the proposed JL bulk-FinFET-
based 1T-DRAM device stores holes in Hpggy.-n Tather than
Hg,, as shown in Fig. 5(a). Figure 5(b) presents the energy
band diagram of the proposed 1T-DRAM cell in states “1”
and “0.” The energy band was extracted from the center of
the channel. As depicted in Fig. 5(b), the electron potential
energy in the bulk-fin region was lowered by the stored hole.
Therefore, the storage region was located far from the metal
gate and was not directly affected by the metal gate. Thus, the
effect of WFV can be minimized using a structure that stores
holes in Hyogy-fin- The operating bias of the 1T-DRAM is
summarized in Table IV.
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(Color online) 4~V curves of the 200 samples of bulk-FinFET with (a) TiN, (b) MoN, (c) TaN and (d) WN gate materials based on the HK/MG

Figure 6 presents the memory performance of the 200 JL
bulk-FinFET-based 1T-DRAM samples with TiN, MoN,
TaN and WN. Although the sensing margins and retention
times appear to be affected by the WFV, all samples are
sufficient for RT to meet 64 ms, which is the memory
criterion set by the international roadmap for devices and
systems (>64 ms).>*>" Consequently, we can conclude that
the proposed JL bulk-FinFET-based 1T-DRAM is a reliable
memory cell immune to WFV. The FOMs of the memory
performance are summarized in Table V.

4. Conclusions

This paper presents the variations in transfer characteristics
and memory performance caused by the WFV in the metal
gate of a 1T-DRAM cell based on a JL bulk-FinFET. In
Ref. 20, as mentioned above, owing to the WFV, poor

© 2023 The Japan Society of Applied Physics
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(Color online) Histograms of the 200 samples of bulk-FinFET with (a) TiN, (b) MoN, (c) TaN and (d) WN gate materials based on the HK/MG

Comparison between the mean, SDs and RSDs of the transfer characteristics of the bulk-FinFET 1T-DRAM with different gate metals: TiN, MoN,

TiN metal gate

MoN metal gate

Threshold Voltage (Vy,) @ W/L x
1077

Subthreshold swing (SS)

On-current (/) @ Vo = 1.0V

Off-current (Iof) @ Vo = 0.0V

Threshold Voltage (Vy,) @ W L!
x 1077

Subthreshold swing (SS)

On-current (Ip,) @ Voo = 1.0V

Off-current (Iof) @ Vo = 0.0V

SD
RSD
Mean
SD
RSD

SD
RSD
Mean
SD
RSD

0.267 V

14.8 mV
5.43%
92.0mV dec™’
3.73 mv dec”!
4.05%

2.63 x 107 A pym™!
298 x 1077 A ym™!
1.13%

352 x 107" A pm™!
227 x 107" A pym™!
64%

TaN metal gate

351 x 107> A pym™!
8.78 x 1077 A pm™!
2.50%

141 x 1075 A pym™!
1.02 x 10°% A ym™!
72.1%

0.526 V

46.0 mV
8.83%

85.6 mV dec ™
6.89 mv dec”!
8.05%

1.85 x 107> A pm™"
9.85 x 1077 A ym™!
531%

9.40 x 107* A ym™"
487 x 107 A pym™!
517.6%

WN metal gate
0.366 V

46.0 mV
12.6%
90.5mV dec™’
5.61 mv dec™!
6.21%

229 x 107> A pym™!
1.04 x 10°% A pym™!
4.55%

3.65 x 1072 A ym™!
3.94 x 1072 A ym™!
107.8%

retention times were obtained. Unfortunately, studies on the
effect of WFV on memory performances are still limited and
no solution has yet been presented. However, our proposed
fin-shaped structure can be a good candidate for immunity to
WFV regarding memory performances. In our analysis, to
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investigate the WFV effect, we analyzed the transfer char-
acteristics and memory performance of 200 samples using
four metal-gate materials. Owing to the random distribution
of the metal-gate grain orientation, the 200 samples presented
different Vi, values. However, the proposed 1T-DRAM

© 2023 The Japan Society of Applied Physics
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(Color online) (a) Contour map of the hole density of the proposed 1T-DRAM cell in states “1”” and “0.” (b) Energy band diagram of the proposed 1T-

DRAM cell in states “1” and “0.” The energy band is extracted at the center of the channel.
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Fig. 6. (Color online) Comparison of retention time versus sensing margin

for JL bulk-FinFET-based 1T-DRAMs with TiN, MoN, TaN and WN.

Table IV. Operating bias scheme for memory application analysis.

Write “1” Write “0” Read Hold
Gate voltage (V) 2.0V 0.0V 1.0V 0.0V
Drain voltage (Vg) 1.5V —1.5V 0.5V 0.0V
Substrate voltage (Vyyp) 0.0V 0.0V 0.0V 0.0V

indicated that the sensing margin and retention time produced
minimal effect, owing to the adoption of a structure that
stored holes in the fin region. Thus, the proposed 1T-DRAM
is a bulk-FinFET structure with strong WFV immunity and

SC1016-5

Table V. Comparison between the mean, SDs and RSDs of the memory
performance indicators of the bulk-FinFET 1T-DRAM with different gate
metals: TiN, MoN, TaN and WN.

TiN metal gate MoN metal gate

Sensing margin Mean 22.24 pA pm~! 17.66 pA pm™!
SD 0.157 pA pm™! 0.990 pA pm™!
RSD 0.69% 5.59%
Retention time Mean 68.50 ms 74.47 ms
SD 0.668 ms 3.19 ms
RSD 0.98% 4.28%
TaN metal gate WN metal gate
Sensing margin Mean 23.63 pA pm! 20.64 pA pm!
SD 0.453 pA pm™! 0.771 pA pm™"
RSD 1.92% 3.73%
Retention time Mean 68.32 ms 70.37 ms
SD 1.55 ms 2.91 ms
RSD 2.26% 4.13%

excellent reliability for memory applications. Consequently,
when designing 1T-DRAMs while simultaneously consid-
ering the WFV, the devices should be implemented with the
JL bulk-FinFET structure.
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