ELECTRON DEVICES SOCIETY

Received 4 March 2024; revised 7 April 2024; accepted 22 April 2024. Date of publication 25 April 2024; date of current version 13 May 2024.
The review of this article was arranged by Editor L. Wei.

Digital Object Identifier 10.1109/JEDS.2024.3393418

Physics-Based Compact Model of Independent
Dual-Gate BEOL-Transistors for Reliable
Capacitorless Memory

LIHUA XU 12, KAIFEI CHEN?3, ZHI LI?>3, YUE ZHAO “ 23, LINGFEI WANG “ 2 (Member, IEEE),
AND LING LI 23 (Senior Member, IEEE)

1 School of Microelectronics, University of Science and Technology of China, Hefei 230026, China
2 State Key Lab of Fabrication Technologies for Integrated Circuits, Institute of Microelectronics of Chinese Academy of Sciences, Beijing 100029, China
3 School of Integrated Circuits, University of Chinese Academy of Sciences, Beijing 100049, China

CORRESPONDING AUTHOR: L. WANG (e-mail: wanglingfei@ime.ac.cn)

This work was supported in part by the National Key Research and Development Program under Grant 2021 YFB3600704; in part by the National Natural Science Foundation
of China under Grant 62274178 and Grant 92264204; and in part by the CAS Interdisciplinary Innovation Team under Grant JCTD-2022-07.

ABSTRACT Capacitorless DRAM architectures based on Back-End-of-Line (BEOL)-transistors are
promising for long-retention, high-density and low-power 3D DRAM solutions due to its low leakage,
operational flexibility, and monolithic integration capability. Different from classical silicon-based devices,
in-depth studies on the performances of nanoscale multi-gate transistors (e.g., a-InGaZnO-FET) are still
barely conducted for physical description, due to the complicated multi-gating principle, finite-size effects
on transport, increased variation sources and enlarged parasitic effect. Hence, high-performance multi-
nanoscale (down to ~ 50 nm) dual-gate a-IGZO transistors are fabricated, and a physical compact model
is developed based on the surface potential for dual-gated coupling and the disordered transport with
finite-size-correction. The short channel behaviors on sub-threshold swing, mobility and threshold voltage
are investigated, and contact effects are validated by the transfer-line method (TLM). Regarding the
specific challenge of dual-gate alignment, possible misalignment and parasitic effects on multi-device
fluctuations are important of large-scale circuit design and analyzed by TCAD simulations. Besides,
the bias-temperature instability (BTI) has been comprehensively investigated. In awareness of the above
effects, this model bridges fabrication-based material properties and structural parameters, assisting in
a threshold fluctuation-resistant operation scheme for capacitorless multi-bit memory, showing a great
potential in future monolithic integration circuit design using BEOL-transistor.

INDEXTERMS BTI, compact model, contact effects, DRAM, independent dual gate a-IGZO-FET, disorder

semiconductor, hopping, transfer-line method.

I. INTRODUCTION

Amorphous In-Ga-Zn-O (a-IGZO) exhibits promising
attributes for Monolithic 3D integration (M3D), primar-
ily owing to its compatibility with the Back-End-of-Line
(BEOL) process [1]. The a-IGZO field-electric-transistors
(FETs) take advantage of moderate mobility and ultra-low
leakage current due to the disordered transport mechanism
and ultra-wide energy band [2], [3], [4]. This presents a
promising solution to circumvent the limitations associ-
ated with memory capacitance and cell coupling prevalent

in conventional 1T1C dynamic random access memory
(DRAM) technology [5]. By utilizing the gate dielectric layer
of the transistor as a storage node capacitor, it offers higher
storage density and longer data retention time in capacitor-
less memory design [6]. Due to the increasing demand for
dense memory design, the scaling down of BEOL-transistors
is highly required. However, the sub-threshold property
and reliability issues of a-IGZO-FET arise with the scaling-
down due to the inferior gate controllability [7], [8], [9].
Variations in material composition and fabrication process
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FIGURE 1. (a) Schematic illustration of the IDG a-1GZO FETs with a
thickness of ~5 nm. (b) Agreement between analytical and numerical
results of back gate surface potentials at different Vpg with errors in the
inset. Vyg & Vgg denotes DG-synchronized-sweep with the same voltage.

contribute to the changes in density of states, and fur-
ther induce reliability issues in sub-threshold region. It
hindered advanced large-scale applications, especially in
multi-bit data processing, which is sensitive to device
instability [10].

Recently, independent dual-gate (IDG) technology has
exhibited the potential to overcome the limitations [11], [12],
which are attributable to operational flexibility, adaptive
threshold and excellent gate controllability. Nevertheless,
when considering complicated effects of dual-gate coupling,
disordered transport and sub-threshold degradation at the
nanoscale, the compact modeling of BEOL-devices is still
incomplete to satisfy future reliable M3D circuit design [13].
To tackle with this issue, the high-performance dual-
gated a-IGZO-FET is fabricated and modeled to enable
cross-layer co-design. On the basis of Newton correc-
tion method and dual-gate coupling effects, an accurate
surface potential (SP)-based physically compact model is
developed to support three operation modes. Particularly, the
percolation-theory-based transport mechanisms have been
corrected considering the finite-size effects on the amorphous
channel [14]. With this model, the critical effects of
short channel effects, top gate misalignment, multi-device
fabrication variability, bias-temperature instability (BTI), and
parasitic effects are investigated. Based on the above effects,

1l. DEVICE FABRICATION AND MODELING

A. DEVICE FABRICATION

Fig. 1(a) shows the schematic illustration of the fabricated
IDG-IGZO FET with a channel width of 200 nm and a
channel length of 50 nm. Firstly, layers of 20 nm W (bottom
gate), 4.5 nm HfO;, and 5 nm a-IGZO were deposited and
patterned. The S/D patterns were lithographed by electron
beam lithography (EBL), then 10/30 nm Ti/Au was deposited
by the E-beam evaporator and lifted off. Next, dual stacks of
2/5 nm Al,O3/HfO, were deposited as the passivation layer
and top-gate dielectric. Finally, the top gate was patterned
and lifted off. Fabrication process details can be found in
our previous publication [11].

B. NANOSCALE SURFACE POTENTIAL CALCULATION

Due to the conduction band-edge fluctuations in the a-
IGZO material [15], disorders (e.g., localized states, etc.)
are generally present near or below the conduction band-
edge. Therefore, the amorphous channel carrier density is
dominated by the density of localized and extended states,
closely related to changes in IGZO composition [16]. Based
on the Fermi-Dirac distribution, the Poisson equation is
given as Eq. (1), shown at the bottom of the page where
Ora=koT/q, ®Ta=koTa/q. And ¢ is the potential in the
channel layer, g is the dielectric constant of semiconductor,
q is the elementary charge, Nt is the total concentration
of localized states, 7o is the lifetime of carriers, vy is
the attempt-to-escape frequency, ko is the Boltzmann’s
constant, and T is the characteristic temperature of the
exponential DOS. The first and second terms in the right
of Eq. (1) represent the localized state and the extended
state carrier concentrations, respectively. The defect-
related carrier concentration dominates the subthreshold
region [17].

Referring to the mathematic manipulation in [17], based
on boundary conditions of bottom/top channel surfaces (Egs.
(2), (3)), the original transcendental equation for IDG-FETs
can be obtained in Eq. (4). shown at the bottom of the page
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By = 2 gNtesvotg/ Pra, ts is the active layer thickness,
Opg and Q1 are charge densities, Coxt and Coxp are
gate capacitances, Vg and Vg correspond to the flat-band
voltages of the top and bottom gates, respectively, and « is
closely related to the interfacial coupled electric field.

The segmentation method is employed in the sub-threshold
and above-threshold regions to simplify the Coth/Csch
functions and decouple transcendental equations for the
analytical solution of surface potential at the nanoscale.
In the subthreshold region, the free charge density is
approximately zero, according to this equivalent capacitance
model, and ¢ can be obtained by

keq =1/(1+1/k1 + 1/k2) (@)
@5 = (k2(k1 Va1 + Va2) + keg(Var — Vi) [ka(1 + ky) (6)

where ki=Cox1/Cs, kro=Coxs/Cs, Vgi=Vtg-VTE, and
VG2=VBg-VBr. In the above-threshold voltage region,
Coth/Csch functions are approximated by zero, the transcen-
dence equation is transformed into Eq. (7), shown at the
bottom of the page and ¢, is easily obtained as Eq. (8),
shown at the bottom of the page here, g» can be expressed
as a function of ¢s1, g2 = (Vga-¢s1)/Pta +2In(k1q1). By
connecting ¢g, and ¢y, an initial analytic solution is given
by a smoothing function and its accuracy is further improved
by the 1st-order Newton’s correction series in

{ AF = —FF/FF®"
@s1 = smothf{¢ss, gsu}+AF

where smothf{x) is the smoothing function that connects
piecewise surface potentials. Finally, the analytical solutions
of the channel surface potential s at different Vpg agree
with numerical results, as described in Fig. 1(b), and the
error is less than 22.5 mV. And the numerical results were
obtained by iterative calculations of Eq. (1) using Wolfram
Mathematica numerical computation software.

9

C. MOBILITY WITH CONTACT EFFECTS AND CURRENT
MODEL

The fluctuation of the mobility edge in the amorphous state
of a-IGZO leads to localized states in the band gap and
potential barriers in the extended state [3]. As for the intrinsic
transistor properties, carrier density and 7-dependent trans-
port in an amorphous channel have been reported in [18].
As the size of TFTs scales down to the nanoscale, the
effects of the extended-state potential barrier, localized-
state characteristic temperature, and gate coupling become
increasingly significant and can no longer be ignored. On the
classical percolation and hopping mechanisms, the mobility

model (Eq. (12), (13), (14)) includes finite-size effects while
also considering the coupled carrier density for dual-gate
modulation [12]. Due to the obvious contact resistance
(Rc) effect in the ultra-scaled device [19], [20], the applied
voltage drop in the contact area is much larger than that in
the channel, which causes mobility degradation. The mobility
considering Rc is incorporated into Eq. (13).

up = upAp(Ver — Ve + Voo — Vp)*@="/D) (10)

wy = noAy(Var + V) (11)
Vper = 1/up+1/uy + 1/ tcoup (12)
wEFcoy = MEF/(1 +0uppRc(Ves — Vr)) (13)

where uy, and g are constant mobility terms for percolation
and hopping, W/D is the spatial coherence ratio of the
potential barriers, Vpj > is the transition voltage, Ap and Ay
are related to Nt and Ts, and 6 is related to the electrode
contact length. Moreover, based on Pierret and Shields’
theory [21], combined with ugpcon, the Pao-Sah current
integral equation is solved to obtain

Con [Vor(gna = vsa) + 3 (B, — )|+
I = MEFCON Cox2 VGf(QDD,2 - (/’S,Z) + %(‘/)12),2 - (pé,z) +

L/w Coxi(¢p,1 — ¢s.1) + Coxa2(ep,2 — <ﬂs.2):|

20
TA +AF - Nytse®mVoer

(14)

IIl. RESULTS AND DISCUSSION

A. MODEL VALIDATION

Transfer curves on a logarithmic and linear scale at different
Vi are simulated in Fig. 2(a), which shows the great
potential of threshold modulation. For IDG devices, under
the influence of the bottom gate, electrons accumulate at
the bottom interface of the a-IGZO and form the main
channel [22]. Due to the dual-gate coupling effect, the top
gate can flexibly control the energy band and current density
distribution of the channel, as shown in Fig. 2(b). The output
and transfer curves for DG-synchronized-sweep are shown in
Figs. 2(c, d). An excellent agreement between the model and
experimental data has been demonstrated. Due to the dual-
gate coupling effect, the carrier scattering induced by the
interface defects can be mitigated, resulting in a weakened
interfacial effect and better SS performance.

In order to explore the L-dependent device characteristics
at nanometer size, the model reproduces the IV charac-
teristics of IDG-FETs at different L (e.g., Fig. 3(a)). As
shown in Fig. 3(c), as L decreases (300 nm~50 nm), the SS
decays to 92.49 mV/Dec, the mobility decreases by 70%,

FF(ps1) = kiqi(kiq1 + k2q2) —AOEXP<

kiVe1 + kaVea

Psn =

— ®7 - Lam
ki + k2
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FIGURE 2. (a) Comparison of model and experimental transfer curves and
trans-conductance at different Vq¢. (b) Energy band diagrams and carrier
concentration distributions under different top-voltage conditions.
Agreement between our model and experimental data of the (c) transfer
curves, (d) output curves under the DG&BG synchronized sweep.
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FIGURE 3. (a)Agreement between model and measured results for
transfer curves for L from 300 to 50nm. (b) Comparison of model (w/o
contact effects) and experimental transfer curves in linear scale at L =50
nm. (c) SS increases and u.¢ decreases with L. (d) Mobility with and w/o
contact effects. (e) Total device resistance vs. L measured by transfer-line
method under different Vg conditions.

and the Vry is significantly shifted. The DIBL effect is
also not significant for the DG-FET as L decreases to 50
nm compared to the single-gate device [23], as shown in
Fig. 3(b). An extreme point of the channel potential may
shift and indicate short channel effects at small L and large
Vps. The SS performance of the short-channel device is
defined as ®1(In10)(1/6+Cp/Cox), where § is related to
the minimum value of the channel potential [12]. The SS
degradation leads to an increase in the leakage current, which
in turn affects the DRAM retention. There are non-ideal
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FIGURE 4. 1V curves of BG single-sweep and TG&BG synchronized-sweep
of BG stress measured under (a) PBTI for L¢yy;=100nm IDG-FET.
Degradation of AVyy at (b) PBTI was investigated using various sweeping
methods AVyy was subjected to fitting using a semi-classical model. (c)
Schematic of top gate misalignment and the potential distribution
diagram. (d) Band diagrams and carrier conc. corresponding to the surface
un- covered and covered by the top gate. (e) TCAD simulated A Vyy matrix
for different Vg and misalignment distances, with 30 nm-channel length
and 5 nm-thickness. (f) Distribution characteristics of 12 groups of devices
under different Vg and insert the variations of V. (g) Normalized
mobility properties extracted from I-V curves and average p is inserted.

ohmic contacts in short-channel devices, the effect of contact
resistance increases as the channel length decreases, and
the channel resistance (Rcy) divider decreases, resulting in
lower mobility and lower current. Furthermore, a comparison
of different mobility models (classical and contact-limited)
and experimental data is depicted in Fig. 3(d), where
the contact resistance leads to a significant decrease in
mobility and current when L=50 nm. Based on the TLM,
the total resistance (Rtor) was calculated for different L
corresponding to different Vgs and the 2Rc was extracted
from the intercept of the linear fit to the Rtor as shown in
Fig. 3(e) with 2Rc = 8602 - um.

B. RELIABILITY ASSESSMENT

The continuous scaling improves metrics of efficiency,

density, and area in circuits and architectures. However,

continued miniaturization leads to increasingly serious BTI

effects and non-uniformity of the manufacturing process.
Since a-IGZO FETs are inherently n-channel devices, the

reliability of positive bias temperature instability (PBTI)
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FIGURE 5. (a) Description of write operation and read mode in a 2T0C cell.
(b) Vsn compensation values corresponding to different Vgpg.

(c) Simulated Vg development over time for different storage states and
different Vyygg, where (1111),, (0111), and (0011), are different
binary-based input values. (d) 2T0C cell multi-bit operation waveforms,
and Input1 to Input7 correspond to hyp, input values of 0.1 xA to 0.7 xA
in steps of 0.1 yA, respectively. WWL: write word line, WBL: write bit line,
WBG: write back gate, RBL: read bit line, RBG: read back gate.

is very important. Here, Fig. 4(a) shows the PBTI with
measured IV curves (Vps=100 mV) for BG-sweep and DG-
synchronized-sweep. PBTI leads to a positive Vry shift, and
during synchronized-sweep, the BTI effect is mitigated due
to the dual-gate coupling effect, which leads to the bulk
accumulation of carriers away from the interface [24], thus
exhibiting more reliable threshold characteristics. PBTI in
IGZO is mainly due to charge trapping or relaxation kinetics,
which have different time kinetics, voltage acceleration
factors and activation energies. As reported in [7], [25], a
physics-based model is employed to reproduce stress and
relaxation traces recorded under various test conditions.
Here, we simplify the complex physics-based model to
a unified empirical BTI degradation model that can be
expressed as

Eq
AVry = AgtP Ve e o1 (15)
where, AVry is the threshold voltage offset due to BTI, ¢ is
the stress time, Vov is the stress voltage, E, is the activation
energy, Ag, ¢ and B are degradation fitting parameters.
The degradation fitting parameters are extracted by fitting
the AVrg measured from the experiment, as shown in
Fig. 4(b). Then, the above AVry is embedded into the
compact model via the effective gate voltage Vgerr=VgGs-
AVty, further capturing DRAM cell retention degradation
induced by stressing.

VOLUME 12, 2024

The source/drain asymmetry effect due to top gate
misalignment in an advanced process node is investigated
using TCAD simulation. For poorly aligned IDG-FET, the
offset area induces additional series resistance and weakens
controllability for the channel potential, and the increased
overlapping area aggravates the effects of overlap capaci-
tance and gate leakage, as shown in Fig. 4(c), which results
in degradation of the data integrity of the 2TOC DRAM cell.
The threshold adjustment feature based on IDG-FETs com-
pensates the data integrity by adjusting the Vg to alleviate
leakage current through the top-gate voltage. It facilitates
accurate and tolerant multi-bit programming. When applied
a negative top-gate voltage, conduction band decreases at
surface, which is not covered by top-gate. Correspondingly,
carrier concentration will increase, as shown in Fig. 4(d).
Moreover, Fig. 4(e) exhibits a relationship between top gate
offset distance and AVry at different Vtg.

We further investigated the device-to-device variations
of the nanoscale IDG-FETs, Fig. 4(f) shows the variation
of measured IV curves for 12 groups of devices using
the same process steps. The average Vry decreases as
V1G increases, accompanied by an increase in Vry varia-
tion. Additionally, the intrinsic parameters of the transistor
are extracted from transfer characteristics, demonstrating
mobility fluctuations among different devices, as shown
in Fig. 4(g). These fluctuations primarily originate from
variations in material composition and fabrication process
of a-IGZO, which lead to changes in density of states,
thereby affecting the extended-state potential barrier and
localized-state characteristic temperature. It will result in
fluctuations of retention time among cells, challenging multi-
bit computing.

C. NOVEL 2T0C CELL SIMULATION

This model is written in Verilog-A and compiled to commer-
cial circuit design simulator as new active components. For
the design of a high-density storage DRAM architecture, a
multi-bit storage current read/write operation scheme based
on IDG-2TOC was verified [26], and the novel capacitorless
circuit unit is shown in Fig. 5(a). This is mainly gate
voltage modulation that alters the DG coupling effect to
change the channel potential and carrier concentration, which
in turn stabilizes the threshold voltage of the read/write
transistor in the read, write and hold cases of the 2TOC
cell. During write operation, the write bit line (WBL) is
shorted to read bit line (RBL), the write transistor (7Tw)
and the read transistor (7g) forms a diode connection to
charge the storage node (SN) through WBL, the Vgn can
be adaptively changed to compensate for the Vg variations
of Tw. During read operation, different current values are
obtained at RBL depending on the Vsn nodes, as shown in
Fig. 5(a). Based on the Tr threshold regulation capability,
the Vrpg is adjusted so that the Vgn rises to a high level
after the write word line (WWL) is turned on and stabilizes
at the target value after the WWL is turned off, as shown
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in Fig. 5(b). This method effectively mitigates the current
degradation as well as compensates for the degradation of
the Vsn due to the coupling effect of the WWL turned-off
device. For the Tw, adjusting Vwpg increases the Vry value,
thereby reducing its leakage current and improving data
retention, as shown in Fig. 5(c). Flexible operation based on
the IDG-2TOC can be used to balance device fluctuations due
to short-channel effects. Fig. 5(d) demonstrates the timing
diagram for the multi-bit operation of the 2TOC memory
cell, where Iwgp is the write current, Irgy, is the read
current.

IV. CONCLUSION

In summary, a surface potential-based compact physical
model of ultra-scaled independent dual gate a-IGZO-FET
was successfully developed, which can be applied to
three modes of operation: single gate sweep, dual gate
synchronized sweep, and independent gate modulation. This
model considers gate coupling and finite-size disordered
transport from device physics, and characterizes the short
channel effect and contact resistance. The reliability issues
due to variations in material composition and manufacturing
processes have been addressed. It serves as a novel
methodology for evaluating device-to-circuit reliability,
thus accelerating the design-technology co-optimization
flow in ultra-large-scale integrated circuits using
BEOL-transistors.
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