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Chapter 1

Introduction

1.1 Emerging AI Computing

Artificial intelligence (AlI), particularly large language model (LLM)-based applications, has
dramatically increased the demand for computing [1]. The computational resources required
for Al applications continue to grow rapidly as model sizes and data volumes increase.
Consequently, future computing systems require evolution in computing architectures to
improve data processing capability [2].

Figure 1.1 (a) illustrates the conventional von Neumann computer architecture in which
the central processing unit (CPU) and memory unit are implemented on separate semicon-
ductor substrates (" chips”), so they are physically separated, and data is transferred between
them via a bus comprising metallic wires interconnecting the chips. For Al applications, data
transfer becomes a major performance bottleneck because large amounts of data must be
continuously exchanged between the processor and memory during training and inference
operations. Therefore, reducing communication overhead between processing and memory
units has become one of the key challenges for next-generation computing systems.



(a) von Neumann architecture

Central :
N . Memory unit
processing unit
Arithmetic-logic Bus DRAM
unit —
DRAM
SRAM DRAM
(b) Near-memory computing (c) In-memory computing
Near-memory eNVM-based
computing in-memory computing
Arithmetic-logic
i eNVM

SRAM eNVM
Peripheral circuit

Figure 1.1: Computing architectures adapted from [3]. (a) Conventional von Neumann
architecture, (b) near-memory computing architecture, and (c) in-memory computing archi-
tecture based on emerging nonvolatile memory (eNVM).

To alleviate the data-transfer bottleneck, near-memory computing (Figure 1.1 (b)), and
in-memory computing (Figure 1.1 (c)) architectures have been actively investigated [3]. In
near-memory computing systems, memory and computational units are placed physically
closer together to minimize communication overhead [4]. In contrast, in-memory computing
performs certain computational operations directly within the memory array itself [5]. Such
architectures are particularly suitable for neural-network-based Al applications, where re-
peated matrix operations and large-scale data movement dominate the computational work-
load.

In addition to these architectural approaches, advanced memory technologies have also
been developed to increase data transfer throughput. High-bandwidth memory (HBM) [6]
improves communication between processors and DRAM through three-dimensional (3D)
stacking, while high-bandwidth flash (HBF) memory applies concepts similarly as 3D NAND
flash memory to enable higher-bandwidth data storage. Together, these technologies enhance



both volatile and non-volatile memory performance, to meet increasing data-processing de-
mand.

Although these architectural innovations improve the efficiency of data transfer, the over-
all performance of Al systems ultimately depends on the performance and integration den-
sity of the individual transistors and memory devices, i.e. the basic integrated circuit (IC)
building blocks. Therefore, continued advances in semiconductor device technologies remain
essential for meeting the increasing computational demands of future Al systems. However,
as illustrated in Figure 1.2, transistor density scaling has slowed considerably beyond the
5 nm technology node because of fabrication complexity and the difficulty of maintaining
desirable electrical characteristics in short-channel devices [7]. As a result, sustaining future
computing performance requires innovations in semiconductor materials, device structures,
and fabrication technologies that enable higher integration density while improving energy
efficiency.
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Figure 1.2: CMOS technology scaling trend adapted from [7].

1.2 Scaling Challenges for Advanced CMOS Devices

One of the major challenges associated with further miniaturization of complementary metal-
oxide-semiconductor (CMOS) transistors, the predominant technology used for digital com-
puting, is the short-channel effect [8, 9], in which the capacitive coupling between the drain
and the channel region near the source increases as the gate length decreases. This results
in degraded gate control which worsens the tradeoff between high on-state current and low



off-state current.

Gate controllability is commonly gauged by the subthreshold swing (SS), which represents
the change in gate voltage required to change the drain current by one order of magnitude in
the subthreshold region of operation [10]. A steeper switching characteristic, corresponding
to smaller SS, enables lower threshold voltage while maintaining low off-state leakage current
(Iorr); this in turn allows for lower IC operating voltage (Vpp) to achieve the specified on-
state current (Ipy), for reduced energy consumption.

The subthreshold swing is determined by several parameters, as shown in Eq. (1.1). Here,
Coy is the gate-oxide capacitance, Cye, is the depletion capacitance, kp is the Boltzmann
constant, T" is the operating temperature, and ¢ is the elementary charge.

(1.1)

G <1 . cdep) 2.3 kT

Cox q

One approach to improve subthreshold swing is to increase the gate oxide capacitance
(C,e) by reducing the equivalent gate-oxide thickness (EOT). Early CMOS technologies em-
ployed heavily doped polycrystalline silicon (poly-Si) as the gate electrode material together
with silicon dioxide (SiO2) as the gate oxide material [11]. However, a depletion layer formed
within the poly-Si gate in the on-state effectively increases the EOT. Also, aggressively re-
ducing the physical thickness of SiO; results in excessive gate leakage current and degraded
oxide reliability. To overcome these limitations, dielectric materials with higher relative per-
mittivity (high-%) together with metallic gate materials (HKMG) were introduced to increase
Cor. Today, hafnium dioxide (HfO) is the predominant (high-£) gate-oxide material used
in leading-edge CMOS technologies [12]. The higher dielectric constant of HfO, enables a
physically thicker gate-insulating layer for a given low value of EOT, thereby suppressing
gate leakage current without sacrificing gate controllability. Metallic gate electrode materi-
als do not have the gate depletion effect. However, they present a challenge for gate work
function tuning to set the transistor threshold voltage. Metal gate material engineering and
unintended interdiffusion between layers within the metal gate film remains a HKMG process
integration challenge for advanced (fully depleted) transistor designs. Typically, to achieve a
low effective gate work function, n-channel (NMOS) transistors incorporate an ultrathin alu-
minum (Al) layer sandwiched between titanium-nitride (TiN) layers to suppress Al diffusion
[13].

To further improve gate controllability, thin-body (nanometer-scale) transistor struc-
tures such as FinFETs [14] have been adopted for sub-22 nm CMOS technology generations
("nodes”). By making the semiconductor ultra-thin, sub-surface off-state leakage current
paths are eliminated and the depletion capacitance (Cly,) is reduced. Furthermore, by hav-
ing the HKMG stack straddle the semiconductor channel region (as in the FinFET structure),
gate-to-channel capacitive coupling is enhanced. The most advanced transistor structures
used for high-volume chip production today are gate-all-around FETs (GAAFETSs) [15], in



which the HKMG stack wraps around four sides of the thin-body semiconductor channel re-
gion. To provide for higher on-state drive current per unit area, multiple channel regions are
stacked over each other, with two HKMG stacks back-to-back in-between them. For ease of
fabrication (i.e., for higher manufacturing yield), the spacing between adjacent semiconduc-
tor "nanosheets” is limited. Therefore, alternative approaches to tuning the effective gate

work function, which do not require a thick gate film, are of interest for future generations
of CMOS technology.

The SS is limited to be no smaller than 60 mV /dec at room temperature, due to the Boltz-
mann distribution (exponentially decreasing number with increasing energy) of conduction
electrons within the transistor source region [16]. To achieve even steeper switching charac-
teristics (SS | 60 mV /dec), the operating temperature can be reduced [17]. Cryogenic CMOS
IC operation has attracted increasing interest for future energy-efficient computing systems.
However, electrical behavior of advanced transistor structures under cryogenic operation are
not yet fully understood. In particular, as transistor miniaturization (gate-length scaling)
continues, the influence of individual defects becomes more significant, making reliability
analysis essential for advanced CMOS technologies operating at cryogenic temperatures.

In summary, improvements are needed for tuning the effective gate work function and
for ensuring reliable transistor operation, to facilitate continued scaling of advanced CMOS
devices.

1.3 Scaling Challenges for Advanced Memory Devices

Semiconductor memory technologies also face significant challenges for continued scaling to
increase data storage density. For dynamic memory (DRAM) bit-cells, maintaining sufficient
storage capacitance becomes increasingly difficult as bit-cell dimensions shrink, resulting in
reduced signal margin and degraded data retention. To address this limitation, various
3D-integrated DRAM architectures have been proposed, in which storage capacitors are
stacked to increase the effective capacitor volume while maintaining a small footprint per
bit-cell [18, 19]. As an alternative scaling strategy, capacitorless DRAM bit-cell designs
have also attracted considerable attention [20, 21]|. Capacitorless DRAM stores information
within the access transistor body region and thereby eliminates the need for a separate
capacitor, simplifying the bit-cell structure. However, technical challenges including reliable
data storage and readout still need to be addressed before capacitorless DRAM can be widely
adopted.

High-density non-volatile memory (NVM) with cells arranged in a NAND array architec-
ture and which can be erased, written, and read in blocks ("flash” operations) transitioned
from planar 2D arrays to vertically integrated 3D arrays more than a decade ago to enable
storage density to increase beyond the limits of lateral bit-cell scaling [22]. For every vertical
string of series-connected cells in a 3D NAND Flash memory array, the cells are formed
using the same conformally and sequentially deposited blocking-oxide, charge-trap nitride,



tunneling-oxide (ONO) and semiconductor-channel layers within holes formed through a
stack of planar individual gate electrodes and insulating oxide layers; thus each bit-cell gate
stack (comprising the gate electrode and ONO layers) wraps around the semiconductor layer
for independent local control of the channel electric potential.

Increasing the number of vertically stacked memory cells improves storage capacity for a
given 3D NAND array footprint. However, higher aspect ratio of the holes formed through
the gate electrode stack presents fabrication challenges and also can lead to degraded perfor-
mance. As the stack height increases, nonuniform layer thickness along the vertical direction
can cause variations in bit-cell program and erase characteristics, resulting in wider threshold
voltage distribution, making it more difficult to store multiple bits within each cell.

In addition to device-to-device variability, the unique string architecture of 3D NAND
flash memory introduces challenges for erase operation: hundreds of cells share a thin, vertical
semiconductor channel layer with only one heavily doped drain junction located at the top
of each string; to erase all the cells within a string, holes are generated in the channel layer
near the drain junction by gate-induced drain leakage (GIDL) and they must propagate
down the entire semiconductor layer to raise the local channel potential for each cell [23].
As the number of cells in the string increases, this hole transport becomes less efficient,
resulting in slower erase operation. Unlike variability issues, which can often be mitigated
through process optimization, this erase limitation is inherent to the 3D NAND architecture.
Therefore, improving erase performance requires innovations at the device level.

In summary, advances in 3D NAND flash memory device design are needed to facilitate
continued scaling of storage density while meeting performance specifications.

1.4 Outline of the Dissertation

This dissertation investigates reliability and performance enhancement techniques for ad-
vanced CMOS and memory devices to enable continued improvement in computing perfor-
mance and energy efficiency. The work covers defect-induced transistor reliability phenom-
ena, effective gate work function engineering, and advanced 3D NAND Flash device design.

Chapter 2 investigates random telegraph noise (RTN) in advanced MOSFETSs operating
at cryogenic temperatures. Experimental measurements using Samsung’s 14nm FinFETs
are combined with technology computer-aided design (TCAD) simulations to analyze the
dependence of RTN characteristics on temperature and operating voltage conditions. In
addition, RTN behavior in advanced transistor structures, including FinFETs and gate-
all-around FETs (GAAFETS), are compared to project the impact of device scaling on
defect-induced noise for cryogenic operation.

Chapter 3 investigates the effects of ultrathin aluminum incorporation within HKMG
stacks with HfO, gate oxide. The impacts of Al on the effective gate work function and gate-
oxide reliability are investigated through electrical characterization and material analyses.



In addition, the impact of post-HKMG forming gas anneal (FGA) is discussed.

Chapter 4 discusses oxygen insertion (OI) technology as an alternative approach for ef-
fective gate work function engineering in advanced NMOS devices. Unlike conventional work
function engineering methods based on metal-layer intermixing, the OI approach suppresses
intermixing while simultaneously enhancing electron mobility. This chapter introduces the
OI technology concept and investigates its effectiveness for gate work function reduction
through electrical characterization and chemical analysis.

Chapter 5 focuses on erase performance enhancement of 3D NAND flash memory. A
SiGe/Si heterojunction drain design is proposed to significantly enhance gate-induced drain
leakage (GIDL) for faster erase operation without degrading inhibit mode operation. TCAD
simulations are performed to evaluate the effectiveness of the proposed design by analyzing
band-to-band tunneling, erase efficiency, and inhibit mode operation in advanced 3D NAND
structures.

Finally, Chapter 6 summarizes the major contributions of this dissertation and discusses
future research directions for advanced CMOS and memory technologies.



Chapter 2

Study of Defect-Induced Noise in

Advanced MOSFETSs for Cryogenic
Operation

2.1 Introduction

Metal-oxide-semiconductor (MOS) field-effect transistors (FETSs) exhibit significantly en-
hanced on-state "drive” current at cryogenic temperatures due to higher effective charge-
carrier mobility and steeper subthreshold swing (enabling lower Vi at fixed Iprp) at lower
temperatures [24]. The drive current gain at cryogenic temperatures can be traded for a
lower operating voltage (Vpp) to improve energy efficiency.

With continued MOSFET miniaturization following Moore’s Law, the issue of defect-
induced noise, also known as random telegraph noise (RTN), becomes increasingly significant
[25, 26]. For instance, silent data corruption, an erroneous computational circuit operation
that often goes undetected by error reporting mechanisms, can manifest as application-level
problems [27]. In the context of preparing for cryogenic digital computing, it is urgent
to explore how RTN in short-channel MOSFETSs is affected by low-temperature operation.
Equally important is determining whether RTN will be alleviated in advanced MOSFET
structures, such as gate-all-around FETs (GAAFETS) being adopted for sub-3nm CMOS
technology nodes.

This chapter covers defect-induced noise in MOSFETSs as a function of temperature,
down to 77K, across different transistor structures. FinFETs fabricated using Samsung’s
14nm process technology [28] are used to study the dependence of defect-induced noise on
temperature and applied voltages (bias conditions). Unlike prior works that focused on
RTN for MOSFET operation in the linear regime, with applied drain voltage below 50 mV
[29, 30, 31, 32|, this work investigates RTN in the saturation region of operation, with
drain voltages ranging from 0.4 V to 0.8 V. Additionally, technology computer-aided design



(TCAD) simulation using Sentaurus (Synopsys, Inc.) [33] is employed to provide insight into
the RTN phenomenon and to compare RTN characteristics in advanced MOSFET designs.

2.2 RTN Theory

In the on state, with fixed applied voltages, a MOSFET exhibits drive current that fluctuates
over time. This fluctuation is caused by trapping and detrapping of charge carriers from and
to the inversion-layer channel due to defects that give rise to locally allowed energy states
for electrons and holes within the gate oxide. When a charge carrier is captured by a trap,
the transistor current drops; and when the charge carrier is emitted back into the inversion
layer, the transistor current returns to its high level. The capture and emission processes
occur repeatedly, resulting in current fluctuations over time under constant applied voltages.

Three RTN parameters are defined from the time-dependent current fluctuation shown
in Figure 2.1: current reduction (AI), capture time (7¢), and emission time (7g).

High Current level (carrier detrapped or emitted)

TC Te
+—pdt—p
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Low Current level (carrier trapped or captured)
Time (s)

« Al: Current degradation from trapping

. 1,
*  T.:mean capture time (— is capture rate)
Tc

T 1, -
*  Te:mean emission time (- is emission rate)
e

Figure 2.1: Parameters defining RTN characteristics.

AT is the amount of current degradation induced by carrier trapping. T'wo main theories
explain this degradation: the number fluctuation theory and mobility fluctuation theory.
The number fluctuation theory attributes the current reduction to a decrease in the channel
carrier density caused by trapping events. On the other hand, the mobility fluctuation
theory explains the degradation as a result of the columbic scattering induced by trapped
charges in the gate oxide. In most cases, the observed current degradation is described by a
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combination of both number and mobility fluctuation mechanisms.

To, and 7g are the characteristic times required for carriers to be captured by and emitted
from a trap. Since the capture and emission events follow a Poisson process with constant
transition rates, both 7o and 7z follow exponential distributions. Therefore, the mean values
of 7¢ and 7 extracted from time-domain measurements should agree with those obtained
by exponential fitting. Figure 2.2 confirms that the mean values and the exponentially fit
values extracted from the same measurement data exhibit good agreement for both capture
and emission. In this study, all 7¢, and 75 values are determined from exponential fitting
parameters, ensuring a sufficient number of events for reliable analysis.
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Figure 2.2: Comparison of (a) emission time (7x), and (b) capture time (7¢) extracted from
mean values and exponential fitting.

Charge carrier capture and emission rates, which are inverses of 7¢, and 7g, can be
modeled using Shockley-Read-Hall (SRH) recombination theory as follows [34]:

e Capture Rate = oun

. E—E
e Emission Rate = 2% exp | ==L
g kT

where o and v are the defect/trap capture cross-section and carrier velocity, respectively, and
n is the carrier density in the inversion-layer channel. g is a degeneracy factor. The capture
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rate becomes faster as the carrier velocity and carrier density increase. For the emission
rate, the alignment between trap energy level in the gate oxide layer and Fermi energy level
in silicon should be additionally considered. When the energy level difference between trap
level and Fermi level exceeds the thermal energy (kT'), carriers cannot overcome the barrier,
thereby suppressing the emission process.

2.3 RTN Measurement Results

Samsung 14 nm FinFET Device Structure

Figure 2.3 shows a schematic illustration of Samsung’s 14 nm FinFET technology. The device
dimensions were adapted from [28]. The gate length (L¢) is 30 nm, the fin width (Wy;,)
and fin height (Hy;,) are 8 nm and 37 nm, respectively. The interfacial oxide and HfO,
thicknesses are 7 A and 12.5 A, respectively, resulting in a total equivalent oxide thickness
(EOT) of 9 A. The substrate doping concentration is 1 x 10'> cm ™3, and the device consists
of two electrically connected fins. All RTN measurements in this study were performed in
the strong inversion region with |Vg| = 0.4 V - 0.8 V, where the threshold voltage is |Vr| =
0.25 V.
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Figure 2.3: Samsung’s 14nm p-channel FinFET structure and design parameter values used
in this work.

RTN Measurement Setup

RTN measurements were taken using a Keysight B1500A semiconductor device parameter
analyzer. Specifically, the transistor current was sampled at intervals of 2 ms (corresponding
to a frequency of 500 Hz), generating 100,000 data points per measurement instance. A
Lakeshore cryogenic probe station was utilized to probe the device under test, with cryogenic
conditions achieved by cooling the temperature down to 77 K using liquid nitrogen.

Figure 2.4 presents RTN measurements taken at 300 K, 180 K, and 77 K for a p-channel
FinFET. The data confirms the presence of a single trap in the device, exhibiting two discrete

current levels. The number of current levels (Njeyes) depends on the number of traps (n), as
follows:
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All RTN data presented in in this chapter were obtained from the same transistor and
originate from the same individual trap.
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Figure 2.4: p-channel FInFET RTN measurements taken at (a) 300 K, (b) 180 K, and (c)
77 K with Vg =Vp =-0.6 V.

RTN Comparison between n-channel and p-channel FinFETSs

The magnitude (AI) of RTN in Samsung’s 14nm FinFET is greater for p-channel FinFETs
than for n-channel FinFETSs, as can be seen from Figure 2.5.
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Figure 2.5: RTN measurements taken at 300 K for (a) n-channel and (b) p-channel FinFETs
with |Vg| = |Vp| = 0.6 V

According to [35], there are two types of RTN mechanisms: one is carrier exchange
between the silicon channel (Trap Typel) and gate oxide and the other is carrier exchange
between the metal gate and gate oxide (Trap Type2); these mechanisms can be distinguished
by the Vi dependence of capture and emission rates. If the trap is located near the channel
interface, exchanging carriers between channel and gate oxide (Trap Typel in Figure 2.6),
capture rate increases and emission rate decreases (7¢/7p decreases) with increasing |Vi|.
This behavior is attributed to the trap level shift below the Fermi level with higher |V,
making carrier capture more favorable and emission less likely. On the other hand, if the trap
is located near the metal gate, exchanging carriers between metal and gate oxide (Trap Type2
in Figure 2.6), the capture rate decreases and emission rate increases (7¢/7g increases) with
increasing |Vg|. In this case, the metal work function shifts with increasing |V| to suppress
the capture process and enhance emission.
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Figure 2.6: Schematic illustration of electron capture and emission behavior in an n-channel
MOSFET at (a) low Vi and (b) high Vi for two types of oxide trap: near silicon and oxide
interface (Trap Typel) and near metal and oxide interface (Trap Trap2)

Figure 2.7 shows that Samsung’s 14nm n-channel and p-channel FinFETs exhibit dis-
tinctly different behaviors with increasing [Vgl.
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Figure 2.7: 7¢ /7 as a function of |V| for (a) n-channel and (b) p-channel FinFETs.

For the p-channel FInFET, 7 /75 decreases with increasing |V|, indicating silicon chan-
nel side trapping, whereas for the n-channel FInFET, 7o /75 increases with increasing |Vg|,
indicating metal side trapping. Since traps located near the gate side have a weaker impact
on inversion-layer carrier mobility, Al is smaller for the n-channel FinFET. Therefore, this
study is focused on RTN in p-channel FinFETs and GAAFETSs.

Al Analysis

Figure 2.8 shows how AT depends on the applied gate voltage (V) and drain voltage (Vp),
respectively, at various temperatures.
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Figure 2.8: Measured AI for a p-channel FinFET at various temperatures as a function of
(a) Vg and (b) Vp. (¢) Measured g, of a p-channel FinFET as a function of Vi, at various
temperatures.

It should be noted that Vi does not vary much with temperature, as can seen from 2.8 (c)
and Figure 2.14, so that comparisons can be made for the same value of V5. AT increases with
decreasing temperature as Coulombic scattering becomes increasingly dominant, causing
a trapped charge to degrade inversion-layer carrier mobility more significantly. The non-
monotonic relationship between Al and V;—where AT increases asV; increases in magnitude
until Vo = -0.6 V, beyond which it begins to decrease—can be explained by the dependence
of the transconductance (g,,) on Vi (Figure 2.8 (¢)) which reflects the degradation of effective
carrier mobility for large transverse electric field. Vp has a relatively weak influence on A7
because it does not significantly alter the inversion-layer carrier mobility.

Capture and Emission Rates Analysis

As |Vg| increases, the hole capture rate increases due to increasing hole density (p) with
increasing gate overdrive voltage (|Vr| = 0.25 V). Conversely, the emission rate decreases as
|Ve| increases (Figure 2.9 (a)). It is because the trap energy level (E;) moves further away
from the Fermi energy level (Ey) in the inversion-layer channel as depicted in Figure 2.9 (b),
suppressing hole emission from the trap.
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Figure 2.9: (a) Measured mean capture and emission times of a p-channel FinFET as a
function of Vi (T = 300 K). (b) Energy-band diagrams illustrating increasing capture rate
and decreasing emission rate with increasing V| in a p-channel MOSFET.

Next, the mean values of measured capture and emission times are plotted in Figure 2.10
(a) as a function of temperature. Typically, hole velocity (v,) is approximated as thermal
velocity (vy,). Due to reduced thermal velocity (vy,) at lower temperatures, it takes longer
for a hole to be trapped or detrapped.

Interestingly, capture and emission times were experimentally observed to decrease sig-
nificantly with increasing Vp in the saturation region of operation (Figure 2.10 (b)). This
trend has not been widely reported in the literature.
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Figure 2.10: Measured mean capture and emission times of a p-channel FinFET as a function
of (a) temperature, and (b) Vp (T = 300 K).

A previous study [36] also reports a high dependence of capture and emission rates on
Vp in the saturation region of operation. Considering that higher V) reduces gate control, it
would be expected that capture rate deceases while emission rate increases with increasing
Vp. However, in the present study, both capture and emission rates increase with increasing
Vp at different temperatures (Figure 2.11), suggesting that a different underlying mechanism
is responsible. To describe this Vp trend, the formula for v,—previously approximated as
vgp,—should be reexamined. In nanometer-scale MOSFETSs operating with |Vp| greater than
50 mV, drift velocity (vq) can become comparable to thermal velocity. Moreover, it was
argued in [37] that carrier temperature (7},) should be incorporated into the carrier velocity
formula because it provides thermal energy for activating traps. Taking these factors into
account, the carrier velocity formula is:

Ty
vy = \/vfh?—i-vfl

From this formula, it can be deduced that an increase in |Vp| should increase vy, (and
hence the emission rate) due to increased drift velocity, and that this dependence on |Vp|
should be stronger at lower temperatures due to lower vy,. The experimental results in Figure
2.11 confirm a more dramatic change in capture and emission rates at lower temperatures.
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Figure 2.11: Measured (a) mean capture time and (b) emission time vs. Vp for a p-channel
FinFET at various temperatures.

RTN Power Spectral Density
The power spectral density (PSD) of a single RTN trap is described by a Lorentzian function,

4(AI)?T

Si(f) = T (2nfr)?

where AT is the current fluctuation amplitude and 7 is the effective time constant given by

TCcTE
T = .
Tc + T

At low frequencies (f < f.), the PSD approaches a constant value proportional to (AT)?
whereas at high frequencies (f > f.), it decreases following a 1/f? dependence. The corner
frequency f., which separates these two regimes, is given by

1 1 1 1
fo=—=—|(=4+=).
2t 2 \T¢  Tg

Figure 2.12 plots RTN power spectral density measured at 300 K, 180 K, and 77 K. It
is observed that f. decreases at lower temperatures due to reduced capture and emission
rates. Moreover, at low frequency range (f < f.), PSD is higher at 77 K than at 300 K due
to larger AI. For analog circuit applications, it is desirable to minimize AI to fully benefit
from the lower capture and emission rates at cryogenic temperatures.
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Figure 2.12: RTN power spectral density measured at (a) 300 K, (b) 180 K, and (c) 77 K
for a p-channel FinFET with Vg = Vp =-0.8 V.

2.4 RTN Modeling Results

The RTN modeling using TCAD simulation followed the procedure illustrated in Figure 2.13.

1. 2. 3. 4,
Calibrate models [> Set Trap Location [> Extract Parameters [> Calculate Capture & Emission Rates

Match simulated I5-Vg Find the trap location that Find the relevant carrier density, Use the extracted parameters to calculate the
to measured data results in the largest o velocity & temperature, Ey — Ep. trap capture and emission rates.
]

Figure 2.13: RTN simulation and modeling procedure.

First, the model parameters were calibrated so that the Ip—Vy characteristics for the
simulated structure (Figure 2.3) match the measured data, as shown in Figure 2.14.
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Figure 2.14: Measured and simulated Ip—V( characteristics of p-channel FinFET.

Further simulations are performed to identify the physical trap location that results in
the largest AI/I, which corresponds to the highest current density (Figure 2.15).
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Figure 2.15: Simulated current degradation (AI/I) and current density of p-channel FinFET
at 300 K with changing trap position in the (a) fin height and (b) channel length direction.

Parameter values for calculating the capture and emission rates are then extracted based
on the trap location and applied to the modified Shockley—Read—Hall (SRH) equation. Figure
2.16 compares the modeled and measured values of capture and emission rates as functions
of Vi, Vp, and temperature, respectively, showing good agreement between the RTN model
and measurements.
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Figure 2.16: Modeling results illustrating capture and emission rates as a function of (a) Vg
(T =300 K), (b) temperature, and (c) Vp (T = 300 K).

2.5 Comparison of RTN in Advanced MOSFETSs

TCAD simulation using models calibrated with measured data was employed to analyze
RTN in advanced MOSFETs: the 3nm-generation FinFET, 2nm-generation GAAFET with
30 nm nanosheet width (“Wide GAAFET”), and 2nm-generation GAAFET with 10 nm
nanosheet width (“Narrow GAAFET”) (Figure 2.17) [38].
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Figure 2.17: Simulated hole current density profiles showing the influence of a trapped hole
at the location marked with a star. T =77 K, Vo =Vp =-0.6 V.

Table 2.1 compares the simulated performance and RTN characteristics for the different
transistor designs and operating conditions. The Wide GAAFET operating at Vpp = -0.65
V has almost identical on-state current as the FinFET operating at Vpp = -0.7 V, while
the Narrow GAAFET operating at Vpp = -0.65 V has the same subthreshold swing as the
FinFET operating at Vpp = -0.7 V. Vpp was reduced to -0.6 V in comparing the three
transistors for 77 K operation.
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Table 2.1: Design parameters and operating conditions for advanced p-channel MOSFETS,
along with their simulated performance and RTN characteristics.

Splits

FinFET

Wide GAAFET

Narrow GAAFET

Design
Parameter

EOT (A)

9

9

9

Gate Length (nm)

16

14

14

Fin Width (nm)

5

Fin Height (nm)

48

Nanosheet
Thickness (nm)

Nanosheet
Width (nm)

30

10

Total Width per
Fin/Nanosheet (hm)

101

72

32

Number of
Fin/Nanosheet

3

3

Total Width (nm)

202

216

96

Work Function (eV)

4.85

4.816

4.874

Operating
Condition

Operating
Temperature (K)

300 77

300 77

300 77

Operating
Voltage (V,=V=V,)

-0.7 -0.6

-0.65 -0.6

-0.65 -0.6

Id-Vg

Characteristic

On-state Current per
Fin/Nanosheet (A)

8.10E-05|7.80E-05

5.16E-05|5.32E-05

2.53E-05|2.68E-05

Off-state Current per
Fin/Nanosheet (A)

5.13E-10(1.99E-14

3.54E-10|1.35E-14

3.33E-10(1.47E-14

Total
On-state Current (A)

1.62E-04|1.56E-04

1.55E-04|1.60E-04

7.60E-05|8.04E-05

Total
Off-state Current (A)

1.03E-09|3.97E-14

1.06E-09|4.05E-14

9.98E-10|4.41E-14

Threshold Voltage
V)

-0.20 -0.29

-0.21 -0.31

-0.20 -0.29

Subthreshold Swing
(mV/dec)

64 37

67 40

64 37

RTN

Characteristic

Al (A)

1.08E-06|1.61E-06

1.11E-06(1.53E-06

1.06E-06]1.66E-06

AI/I (%)

0.67 1.03

0.72 0.96

1.40 2.10

Capture Rate (1/s)

289 0.39

243 0.41

406 0.72

44 2.5E-05

Emission Rate (1/s)

31

9.6E-06

21 4.1E-06
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Consistent with the measured RTN trends, the simulations show a larger Al at lower
temperature. At 77 K, the Narrow GAAFET exhibits the largest AI, whereas the Wide
GAAFET exhibits the smallest AI. Since the nanosheet thickness (6 nm) is greater than
the fin width (5 nm), the influence of trapped charge is less extensive in the Wide GAAFET
than in the FinFET. However, the trapped charge influences the largest fraction of the
channel region for the Narrow GAAFET (Figure 2.18).

(a) FinFET (b) Wide GAAFET (c) Narrow GAAFET

hCurrentDensity (A cm®-2)
1.200a+08

4.814e+07
1.931e+07

F.746a+06
3.107e+06
1.244@+06
5.000e+05

Figure 2.18: Simulated hole current density profiles showing the influence of a trapped hole
at the location marked with a star. T = 77K, Vg = Vp =-0.6 V.

Calculated capture and emission rates in the advanced MOSFET structures are much
lower at cryogenic temperature than at room temperature, particularly for the emission rate.
This is because the capture rate only reflects the reduction in carrier velocity as temperature
decreases, whereas the emission rate is influenced not only by carrier velocity but also by
the thermal energy (k7') that enables carriers to overcome the energy barrier between the
trap level and Fermi level.
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2.6 Conclusion

The impact of RTN becomes more significant in scaled devices. Therefore, it is important
to predict RTN behavior in advanced technology nodes such as FinFETs and GAAFETs.
This study provides quantitative analysis of the current fluctuation amplitude (AI) as well
as the capture and emission rates in Samsung’s 14nm FinFET technology.

A new trend in the dependence of capture and emission rates on Vp is identified, which
is attributed to the carrier drift velocity becoming comparable to the thermal velocity in
short-channel devices. Based on this observation, a modified carrier velocity model that
incorporates both thermal and drift components is proposed.

Using this model, RTN behavior is predicted at cryogenic temperatures in advanced
transistors. Cryogenic operation of MOSFETs will reduce carrier capture and emission
rates and hence improve low frequency noise characteristics for analog circuit applications.
To mitigate the increase in RTN magnitude (Al) at low temperatures, the fin/nanosheet
channel region thickness and width should be increased within other design constraints.
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Chapter 3

Effects of aluminum in the metallic

gate of metal-oxide-semiconductor
(MOS) devices with H fOy dielectric

3.1 Introduction

Over the past two decades, the integration of high-permittivity (high-£) oxide and metallic
gate (HKMG) films into the gate stack of complementary metal-oxide-semiconductor field-
effect transistors (CMOSFETS) has provided for improved electrostatic integrity while main-
taining low gate leakage current, facilitating continued transistor performance and higher
inversion charge. Careful engineering of the metallic gate film is crucial for advanced CMOS
technologies employing thin-body transistor structures such as fin-shaped semiconductor and
“gate-all-around” (GAA) FETs, since their threshold voltage (V) is tuned by adjusting the
effective gate work function. Although details of the most advanced metallic gate films have
not been publicly disclosed by leading semiconductor manufacturers, multiple publications
[39, 40, 41] indicate that a titanium-aluminum (TiAl) alloy layer on top of a thin titanium ni-
tride (TiN) barrier layer is used to achieve the low gate work function required for n-channel
(NMOS) transistors. However, the mechanism by which aluminum (Al) affects the effective
gate work function, as well as tradeoffs associated with incorporating Al into the metallic
gate film, need further exploration.

This chapter presents a detailed study to elucidate the impact of intermixing at the
metallic gate/high-k oxide interface in a MOS system comprising a thin HfO, dielectric film
(2.5-8.0 nm thick). The metallic gate film comprises an ultrathin Al layer (1-3 nm thick)
sandwiched between TiN layers formed by atomic layer deposition (ALD). Unlike previ-
ous studies that focused on homogeneous TiAl alloy gate electrodes, this work investigates
an ultrathin Al insertion layer embedded within a TiN gate stack. This multilayer gate
structure more closely resembles the practical HKMG stacks employed in advanced CMOS
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technologies.

Using this gate structure, it is first shown that Al in the metal gate film results in electron
trap states in the HfO, film near the metal gate, as revealed by capacitance-voltage (C-V)
measurements.

Next, we investigated the effect of the ultrathin Al layer thickness on dielectric inter-
face properties, by tracking changes in flat-band voltage (Vrp) from C-V measurements
and changes in electron energy barrier height from -V measurements. Elemental depth
profiling and chemical state analyses of Al and Ti were performed using electron-dispersive
spectroscopy (EDS) and electron energy loss spectroscopy (EELS) in conjunction with high-
resolution cross-sectional transmission electron microscopy (HR-XTEM) of MOS capacitor
samples. The results show that the effective gate work function monotonically reduces with
increasing ultrathin Al layer thickness, due to an oxygen scavenging effect that reduces the
oxygen content in TiON. Furthermore, a forming gas anneal (FGA) at 350°C results in
tradeoffs of increased gate leakage and degraded dielectric breakdown voltage due to oxygen
redistribution out of the HfO, film.

Lastly, we examined dielectric degradation for MOS devices with Al gate. It is found
that a TiN diffusion barrier layer is essential to prevent upward diffusion of Si and Hf into
the Al gate, and thereby to mitigate increased gate leakage.

3.2 Experimental

Long-channel MOSFETs were fabricated on p-type silicon wafer substrates doped with
1.0 x 10 e¢m™3 boron, using a non-self-aligned source/drain (S/D) process and p-n junc-
tions for device isolation. Masked ion implantation of phosphorus (30 keV, 2.0 x 10'® cm ™2
+ 15 keV, 2.0 x 10" e¢m™?) and boron difluoride (30 keV, 4.0 x 10 c¢m™2) was used to
form heavily doped n-type S/D and p-type body contact regions, respectively, through a
screening oxide layer (10 nm thick). Dopant activation was achieved via rapid thermal an-
neal (RTA) at 1000°C for 5 sec in Ny ambient. Afterwards, the screening oxide layer was
removed using a dilute HF solution (25:1 Hy0:49 % HF by volume). Immediately following
oxide removal, 8 A chemical oxide was grown by immersing the substrate in a heated solu-
tion of HoO:NH,OH:H;0, (5:1:1) by volume. HfO, was subsequently deposited by atomic
layer deposition (ALD) at 250°C using tetrakis(dimethylamido)hafnium(IV) (TDMAHT,
Hf(NMey),) as the Hf precursor and H2O as the oxidant. Prior to the ALD cycles, 5 cycles of
H50 pulses were applied to improve the quality of the chemical oxide. For HfO, thicknesses
of 2.5, 3.5, and 8.0 nm, the deposition employed 29, 40, and 90 ALD cycles, respectively,
with each cycle consisting of sequential TDMAHf and H,O pulses. HfO, film thickness was
measured using spectroscopic ellipsometry. To form the gate film, a 1.5 nm-thick TiN bar-
rier layer was deposited by plasma-enhanced ALD at 300 °C using tetrakis-dimethylamido-
titanium (TDMAT; Ti(NMey),) as the Ti precursor and Hy /Ny plasma as the reactant, with
12 ALD cycles. Then, an ultrathin Al layer (1-3 nm thick) was deposited by electron-beam
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evaporation with an in-situ crystal monitor to measure the deposited layer thickness. Af-
terwards, another TiN layer (14 nm thick) was deposited by ALD, followed by a capping
layer stack consisting of 6 nm TiN and 40 nm Al-Si (2 % silicon) deposited using a 5 kHz
pulsed-DC sputter system. It should be noted that the surface of the ultrathin Al layer is
naturally oxidized upon exposure to air as the wafer is transferred from the evaporator into
the ALD tool. The metallic gate layer stack was patterned using lithography and reactive
ion etching (RIE), stopping on the gate-dielectric HfO5 layer. Subsequently, a 350 nm-thick
SiOy interlayer dielectric (ILD) was deposited over the patterned gate electrodes. Then,
contact holes were formed in the ILD and residual HfO, layer. Afterwards, the contacting
metal film (consisting of a 10 nm-thick Ti layer, 10 nm-thick TiN layer, and 40 nm-thick Al-
Si layer sequentially deposited using the aforementioned sputtering system) was deposited
and patterned. Finally, a forming gas anneal (FGA) was performed in a Hy/Ny ambient
at 350°C for 30 min. MOS capacitors (MOSCAPs) were fabricated using the same pro-
cess flow as the MOSFETs without the ion implantation, contact formation, and contacting
metal film deposition and patterning steps. The wafer backside was used for MOS capacitor
body contact.

Figure 3.1 shows schematic illustrations of the HKMG stack in the MOSFETSs (Figure 3.1
(a)), the corresponding top-view layout (Figure 3.1 (b)), and the typical measured electrical
characteristics of the fabricated MOSFETSs at room temperature (Figures 3.1 (¢)—(f)). With
an 8 A chemical oxide interfacial layer (IL), a 2.5 nm ALD-HfO, gate dielectric film, and a
TiN/1.0 nm Al/TiN gate film, the device exhibits an inversion capacitance of 2.6 yF cm™?
and inversion charge (Q;nv) of 5.38 x 107> C em™? at Vi = 1.5 V, in good agreement with
the quantum-mechanical C-V (QMCV) model yielding an equivalent oxide thickness (EOT)
of 1.02 nm (Figure 3.1 (c)). The transfer characteristics (Ip—Vs) in Figure 3.1 (d) exhibit a
threshold voltage of 0.52 V and a subthreshold swing of 68 mV /dec. Figure 3.1 (e) shows
a peak electron mobility of 200 cm?/V's. These results confirm the reasonable quality of
the fabricated HKMG film stack. Figure 3.1 (f) shows the relationship between ALD-HfO,
thickness and EOT, indicating a dielectric constant of 16.7 for HfO, and an EOT of 4.4 A for
the interfacial layer. The thin EOT of the IL suggests that the chemical oxide was converted
to hafnium silicate during the device fabrication process. Other possible explanations include
the formation of Si sub-oxide states within the interfacial transition region [42] or nitrogen
incorporation from TiN layer into the IL.
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Figure 3.1: (a) Schematic illustration of the HKMG of MOSFETSs. (b) Layout of the MOS-
FETs. Electrical characteristics of MOSFETs with HKMG stack (2.5 nm HfO,, Inm ultra-
thin Al), measured at room temperature: (¢) C-V curve compared against QMCV model;
(d) transfer characteristics; (e) field-effect electron mobility vs. effective transverse electric
field. (f) Equivalent oxide thickness vs. HfOy thickness.
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3.3 Impact of Al incorporation in the dielectric layer
(HfO,) on interfacial trap states

Figure 3.2 (a) shows typical measured C—V characteristics of the same fabricated MOSFETS,
for small-signal frequencies of 1 kHz and 500 kHz. A hump in the 1 kHz C-V curve suggests
the presence of electron trap sites within the oxide film.

The frequency dependence of C—V characteristics was further investigated for gate film
stacks with vs. without the ultrathin Al layer. Figure 3.2 (b) compares interface trap state
density (Dr) vs. energy curves extracted by comparing the ideal QMCV model and the
measured C-V curves (inset of Figure 3.2 (c)), for the two gate film stacks. For both, the
D1 peak appears at Er - E; = 0.4 eV which is approximately 0.15 eV below the conduction
band of Si, corresponding to the weak inversion region of operation. The extracted trap level
is consistent with previous reports of singly charged oxygen vacancies in HfO, [43]. Figure
3.2 (c¢) compares the frequency dependence of the D peak value (D1 mq.) for the two gate
film stacks, as a function of small-signal frequency. It can be seen that Dir 4, decreases as
frequency increases, with the Al-incorporated gate film stack showing higher Djr 4, across
most of the measured frequency range.
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Figure 3.2: Electrical characteristics of MOSFETs with HKMG stack (2.5 nm HfO,), mea-
sured at room temperature: (a) C-V curves for MOSFETs with a 1 nm ultrathin Al layer;
(b) interface trap density (D7) vs. trap energy (E7 - E;) extracted from 1 kHz C-V curves;
and (c) peak Djr vs. C-V measurement frequency for MOSFETSs with and without a 1 nm
ultrathin Al layer.

The trap density per unit volume, N7, was calculated assuming that the frequency de-
pendence of Djp 4, is due to the time-dependent electron wavefunction penetration depth
x(t). According to the tunneling front model [44, 45]:

o(t) = % In (%) (3.1)

where the decay constant
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2m* _q®
B= 1T (3.2)

Here, m},, q, and ®p are the electron effective mass in the dielectric, the elementary
charge, and the barrier height at the dielectric/Si interface, respectively, and ty = 10713 ~
10~ s is set by the phonon frequency, representing the electron attempt rate for tunneling
through the barrier. Using this model, the time required for penetrating through the 0.8 nm-
thick IL (Hf = 15 % silicate based on EOT = 0.44 nm) is approximately 9.3 ps; hence, the
traps are located within the HfO5 film for the entire measurement frequency range studied
herein.

Np was calculated by dividing the difference in Dy pq, by the difference in the penetra-
tion depth (cf. Eqn. (3.1)) between two frequencies, assuming m;, = 0.44, &5 = 3.1 eV for
the IL (SiOq), and m}, = 0.17 [46], o5 = 1.2 eV [47] for HfO,, respectively.

The volume density of trapped electrons for a given period 7 = 1/27f of the C-V
measurement, Nr(x), is dependent on the distance from the dielectric interface x:

Nrp(z) = Noe™®/* (3.3)

where Ny is the trap density in the film and A is the tunneling attenuation length [48,
49]. From Eqns. (3.1) and (3.3), the relationship between Np and 7 is given by:

1 T
log,o N1(7) = log,(No) — Qﬁ_)\ logy, <T_o) (3.4)

Figure 3.3 (a) plots Nt as a function of 7 on a log—log scale for devices fabricated with vs.
without the ultrathin Al layer in the metallic gate film stack. For high frequencies (7 below
1 us), the slopes are similar (A ~ 0.13 nm); however, at lower frequencies, the gate film stack
with the ultrathin Al layer exhibits a shallower slope, corresponding to a larger tunneling
attenuation length (A ~ 0.16 nm). This suggests that Al in the metallic gate film stack
resulted in an additional electron trap state within the HfO,. The SIMS depth profile of the
metallic gate film stack with the ultrathin Al layer (Figure 3.3 (b)) confirms the presence
of Al within the HfO, layer near the gate interface. It also shows a smaller Al peak in the
HfO, near the silicon interface, which likely contributes to interface traps, resulting in the
MOSFET subthreshold swing being larger than the ideal value of 60 mV /dec.
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Figure 3.3: (a) Volumetric trap density (Nr) vs. period of C-V measurement frequency for
MOSFETSs with and without 1 nm ultrathin Al (2.5 nm HfO,). (b) SIMS depth profiles
through the HKMG stack with 1 nm ultrathin Al (2.5 nm HfO,).

3.4 Impact of Al incorporation on metallic

gate/high-k electron energy barrier height and
effective gate work function

MOSCAPs with a relatively thick HfO, film (8 nm) were used to determine the electron
energy barrier height at the metal-oxide interface, from I-V measurements in the Fowler—
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Nordheim (F-N) tunneling regime of operation. Figures 3.4 (a) and 3.4 (b) show the mea-
sured gate current as a function of gate voltage before and after FGA, respectively, with
inset plots showing how the barrier height values were extracted [50].

(a) 40 (b) 40
Before FGA - After FGA - $5=08
107 ,_ 1075
D NoAl - —42
Al'lnm x FN fitting
1076+ A Al2nm U 44, 106
h < Al3nm ) y range

_— : . 3 _4 _—
< 1077 % FNfitting < < 10774
- —48 -~ —48
+— 7 +— $s=1.6
= C
o 1078 _ ¢ 10784 _
= 5%‘5 0.6 0.7 0.8 & ( 500‘5 0.6 0.7 0.8
] 10-9 1/Eox (1077 empV) 3 10-9 1 1/Eox (10~7 cm/V)
(] [}
+— +—
(.rg 10710 Lrg 10710_

10711 E 10—11 i

10-12 FN+TAT TAT Lo-12 FN+TAT TAT

-6 -5 -4 -3 -2 -1 0 -6 -5 -4 -3 -2 -1 0
Gate Voltage (V) Gate Voltage (V)

Figure 3.4: Measured gate current vs. gate voltage of a MOSCAP with 8 nm HfO, gate
dielectric in the FN regime of operation, for different thicknesses of ultrathin Al: (a) before
FGA and (b) after FGA. Insets plot In(Jg/E3 ) vs. 1/Eox, from which the slope is used
to extract the effective electron tunneling barrier height. FN fitting was performed over Vg
range of -4.3 V to -4.8 V for both before FGA and after FGA.

Figure 3.5 (a) shows how the electron barrier height at the metal/oxide interface decreases
with increasing Al layer thickness, as well as the impact of FGA. Before FGA, the barrier
height decreases from 2.2 eV to 1.8 eV for ultrathin Al thickness from 1 nm to 3 nm. The A1 0
nm sample is excluded from this trend because the fixed FN fitting range used for comparison
lies below its actual FN tunnelling regime, leading to an inaccurate barrier height extraction.
After FGA, the barrier height decreases significantly ranging from 1.6 eV to 0.8 eV as the
ultrathin Al thickness increases from 0 nm to 3 nm. In contrast, the flat-band voltage (Vipg)
exhibits only minor shifts following FGA (Figure 3.5 (b)), although it also decreases with
ultrathin Al layer thickness. Notably, the pre-FGA barrier height values agree well with
those estimated based on measured Vrp values (cf. Figure 3.5 (a)). This suggests that the
apparent change in barrier height induced by FGA is not primarily due to a change in the
effective gate work function.
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Figure 3.5: (a) Extracted barrier height, (b) flat band voltage (Vrpg), and (c¢) accumulation
capacitance (Caoc) vs. ultrathin Al thickness for a MOSCAP with 8 nm HfO, gate dielectric,
before and after FGA.

To elucidate the physical mechanism(s) underlying the observed changes in barrier height
and Vrp, the MOSCAP samples were analyzed using cross-sectional transmission electron
microscopy (XTEM) as shown in Figure 3.6 (e) and (f). Figure 3.6 (a)—(c) shows the elemen-
tal depth profiles through the HKMG film stack, obtained via energy-dispersive spectroscopy
(EDS). The data reveal that the Al and TiN layers nearest to the HfO, interface (positions
3-6 in Figure 3.6 (a)) contain oxygen at concentrations comparable to those in the HfO,
layer. The electron energy loss spectroscopy (EELS) spectra in Figure 3.7 further confirms
that the TiN barrier layer (position 4 in Figure 3.6 (a)) and ultrathin Al layer (position 6
in Figure 3.6 (a)) are in oxidized states—Ti** [51, 52] and AI** [53]—in contrast to the
metallic TiN (Ti*") and Al states observed in the upper layers (position 9 in Figure 3.6 (a)
for TiN and positions 12, 13 in Figure 3.6 (a) for Al).
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Figure 3.6: (a) MOSCAP HKMG stack with numbered labels for each layer. (b) EDS

analysis before FGA. (¢) EDS analysis after FGA. (d) XTEM used for EDS analysis before
FGA. (e) XTEM used for EDS analysis after FGA.
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Figure 3.7: MOSCAP (8 nm HfO,, 1 nm ultrathin Al) chemical analyses by EELS. (a) Ti
Ly s3-edge spectra, before FGA. (b) Ti L, 3-edge spectra, after FGA. (c) Al K-edge spectra,
before FGA. (d) Al K-edge spectra, after FGA. Reference peak positions for Ti**, Ti**, and
Ti** [51, 52], as well as Al and Al,Os spectra [53], are indicated in the plots.

Figure 3.8 illustrates the physical mechanism responsible for the observed changes in
barrier height and Vrp with the incorporation of Al in the metallic gate. For a previously
reported TiN/TiAlC gate film [54], the TiN exists as TiION, which exhibits a higher effective
work function than TiN. Al in the TiAlC layer scavenges oxygen from the TiON layer,
reducing the oxygen concentration and driving the TiON composition toward TiN, which
lowers the effective gate work function. In the current study, both Al and Ti at the HfO,
interface are observed in oxidized form, as confirmed by the XTEM EDS/EELS analysis. As
the ultrathin Al layer thickness is increased, the oxygen content in the TiON layer decreases,
resulting in a reduced effective gate work function. Figure 3.5 (c) shows that accumulation
capacitance (Cycc) decreases with increasing Al thickness, suggesting that a thicker Al layer
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promotes greater AlOx formation by scavenging oxygen from the TiON layer.
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Figure 3.8: Schematic illustration of oxygen scavenging by the ultrathin Al layer within
the HKMG stack, reducing the oxygen concentration in TiON layer and thereby shifting its
composition toward TiN with a lower effective work function.

It is interesting to note that FGA results in oxygen redistribution as shown by the EDS
analyses in Figures 3.6 (b) and 3.6 (c). Specifically, there is less oxygen (i.e. the formation
of oxygen vacancies) within the HfO, film (position 2) after FGA. Correspondingly, the
gate leakage current in the low-field regime increases after FGA for the devices with an
ultrathin Al layer (cf. Figure 3.4 (b)), indicative of trap-assisted tunneling (TAT). The
reduced apparent barrier height after FGA (Figure 3.5 (a)) is attributed to the increased
contribution of TAT, which causes the leakage current to deviate from ideal FN tunnelling
and consequently leads to an underestimation of the FN barrier height. In addition, all
samples after FGA exhibit dielectric breakdown around -5 V. These results suggest that a
reduction in effective gate work function achieved by incorporating Al in the metallic gate
comes at a tradeoff of degraded HfO, quality, due to oxygen redistribution during FGA.

With oxygen migration from the HfO, layer towards the metallic gate, a new oxygen
peak at the gate-HfO, interface (position 3 in Figure 3.6 (c)) is observed after FGA. At the
same time, the oxygen concentration in the ultrathin Al layer (position 6 in Figure 3.6 (c))
is reduced while it is increased in the TiN barrier layer after FGA. This redistribution of
oxygen results in slightly higher accumulation capacitance (Cxcc) after FGA, as shown in
Figure 3.5 (c), for ultrathin Al layer thickness greater than 1 nm. (The 1 nm-thick ultrathin
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Al layer is already completely oxidized before FGA due to air exposure, as explained above.)
This effect is more pronounced for a thicker ultrathin Al layer. On the other hand, the
MOSCAP without an ultrathin Al layer exhibits a reduction in C'yo¢ after FGA, likely due
to oxygen transport from HfO, into the (TiN) gate (cf. Figure 3.4 (b) showing slightly higher
TAT for 0 nm ultrathin Al after FGA).

3.5 HIfO, dielectric degradation due to excess Al in
the gate film stack

Finally, we investigated the degradation of HfO5 in MOS devices with a single thick Al layer
in the gate film. MOSCAPs with an 8.0 nm-thick HfO, layer were fabricated with a 40
nm-thick Al-Si layer (2 % Si) deposited via DC sputtering on top of a TiN diffusion barrier
layer (0 to 6 nm thick) deposited by ALD. Figure 3.9 shows measured C-V and gate leakage
characteristics before and after FGA for six devices on each wafer. As can be seen from
Figure 3.9 (a), devices without a TiN barrier layer fail to reach the expected accumulation
capacitance under high negative gate bias, indicating a high concentration of charge traps
in the gate dielectric. Correspondingly, high gate leakage is observed in Figure 3.9 (¢) and
Figure 3.9 (d). Both the accumulation capacitance degradation and the number of devices
exhibiting low gate leakage decrease with increasing TiN barrier layer thickness.
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Figure 3.9: Measured C-V curves for MOSCAPs with 40 nm Al gate, 8 nm HfO,, and differ-
ent interfacial TiN barrier layer thicknesses: (a) before FGA and (b) after FGA. Measured
gate current vs. gate voltage for six MOSCAPs each: (c) before FGA and (d) after FGA.

Figure 3.10 compares elemental depth profiles obtained via secondary ion mass spectrom-
etry (SIMS) for MOSCAP samples before and after FGA, with and without a 6.0 nm-thick
TiN diffusion barrier. Even before FGA (Figure 3.10 (a)), upward diffusion of Hf and Si into
the metal gate is observed in the absence of a TiN barrier, and interdiffusion of Hf and Si
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is also evident at the HfO,/Si interface. FGA further enhances interdiffusion (Figure 3.10
(b)). The TiN layer effectively limits the diffusion of Hf and Si to the TiN/HfO, interface
(Figure 3.10 (c) and Figure 3.10 (d)). The TiN barrier also suppresses interdiffusion at the
HfO,/Si interface. These results demonstrate that a TiN diffusion barrier is essential when
integrating Al into the metallic gate film, to maintain dielectric integrity while providing for
a means to tune the effective gate work function. The increased TAT leakage seen after FGA

(cf. Figure 3.4 (b)) is likely due to insufficient TiN thickness to prevent intermixing between
Al and HfO,.
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Figure 3.10: SIMS depth profiles through the HKMG stack with 40 nm Al gate and 8nm
HfO2, without vs. with an interfacial 8nm TiN barrier layer: (a) without TiN before FGA
and (b) after FGA; (c) with TiN before FGA and (d) after FGA.

3.6 Conclusion

The effective gate work function of HfOs-based MOS devices can be tuned by incorporating
an ultrathin aluminum layer within the metallic gate film, causing the flat-band voltage
to decrease with increasing Al layer thickness. This effect is attributed to oxygen uptake
by the Al layer, which lowers the oxygen content in the barrier TiON layer, shifting its
composition toward TiN. However, the incorporation of Al within the metallic gate film can
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also result in Al within the HfO,, which introduces an additional electron trap state near
the oxide interfaces. Furthermore, FGA promotes oxygen redistribution from the HfO, film
to the metallic gate film, leaving behind oxygen vacancies in the HfOy and resulting in TAT
leakage and degraded dielectric breakdown voltage. A sufficiently thick TiN diffusion barrier
is necessary to prevent upward diffusion of Hf and Si (toward the Al gate film), thereby
preserving dielectric integrity.

Table 3.1: Summary of key observations and physical mechanisms.

Topic Key Observation Physical Mechanism

Al scavenges oxygen from TiON,
shifting the TION/TiN ratio toward
TiN with a low WF

Vg decreases with

1. Al induced effective WF modulation | . - .
increasing Al thickness

Devices with Al exhibit higher | Al incorporation into HfO, introduces
2. Al induced trap generation D,r with larger tunneling additional electron trap states near
attenuation length the oxide/metal interface

Oxygen migrates from HfO, into the
metallic gate, leaving oxygen
vacancies in HfO,

Low field leakage increases

3. FGA induced oxygen redistribution after FGA

Devices without sufficient TiN
4. Role of TiN diffusion barrier show severe leakage and
degraded C-V characteristics

TiN suppresses upward diffusion of
Hf and Si into the Al gate
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Chapter 4

Work Function Engineering with OI
Technology for advanced CMOS

devices

4.1 Introduction

An oxygen inserted (OI) layer is a partial oxygen monolayer formed in crystalline silicon
during epitaxial growth, using Mears Silicon Technology (MST) [55, 56]. The details of this
growth process are not described in this dissertation because they are proprietary. Figure 4.1
(a) illustrates the atomic configuration of the OI layer in silicon. The inserted oxygen atoms
occupy interstitial sites and form covalent bonds with neighboring silicon atoms. Figure 4.1
(b) presents the O 1s X-ray photoelectron spectroscopy (XPS) spectrum of the OI layer [57].
The spectrum indicates that the oxygen atoms are in an intermediate chemical state between
the covalent oxygen in SiO, and an approximately 0.5 eV ionized oxygen state.
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Figure 4.1: (a) Schematic atomic configuration of OI layer in silicon. (b) O 1s XPS spectrum
of OI layer in silicon. Adapted from [57].

Previous studies have reported that the incorporation of an OI layer in the body of
bulk-silicon n-channel MOSFETSs with poly-Si/SiO, gate stack improves electron field-effect
mobility [58]. As shown in Figure 4.2, the effective electron mobility increases by approxi-
mately 10 % at 300 K and 50 % at 4 K compared with the control device. The enhancement
is most pronounced at high effective electric fields, suggesting that the OI layer results in
reduced surface roughness scattering.
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Figure 4.2: Electron mobility as a function of effective transverse electric field for control
and OI bulk-Si NMOSFETSs at various temperatures. Adapted from [58].

To investigate the mechanism responsible for the apparent surface roughness reduction,
an isotope tracing experiment was conducted [58]. Four OI layers were formed on a bulk-
silicon wafer using the 180 isotope, followed by dry oxidation at 900°C in a O ambient.
Because the SiO, layer was grown using only 10, the OI layer and the thermally grown oxide
could be distinguished by their oxygen isotopes. As shown in Figure 4.3, secondary ion mass
spectrometry (SIMS) analysis revealed that ¥0 was detected within the SiO, layer, while
160 was observed at the original OI layer position after oxidation. These results indicate
that oxygen exchange occurs between the OI layer and the growing SiOs during thermal
oxidation, which is believed to contribute to the reduction of surface roughness in silicon
containing the OI layers.
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Figure 4.3: Depth profiles of O and O after dry oxidation at 900°C. Four OI layers
were formed using 80, followed by dry oxidation in a **O ambient to grow the SiO, layer.
Adapted from [58].

Moreover, a recent study from San José State University analyzed the Si/SiO, interface
using high-resolution TEM images and extracted the interface roughness power spectral
density (PSD) [59]. The results showed that OI silicon exhibits lower interface roughness at
low spatial frequencies, which was identified as the origin of the enhanced surface-roughness-
limited electron mobility.

In addition to reducing surface roughness scattering, the OI layer has also been reported
to suppress Coulombic scattering in HKMG MOSFETSs as described in Figure 4.4 [60].
During thermal processing of HKMG devices, oxygen is transported from the HfO4 dielectric
to the Si substrate, leading to the formation of an interfacial SiO, layer. This oxygen
transport generates oxygen vacancies in the HfO, layer, which become positively charged
after electron transfer. The positively charged oxygen vacancies and negatively charged
oxygen ions across the interfacial SiOs layer form dipoles that act as Coulomb scattering
centers for channel carriers. When an OI layer is incorporated into the Si substrate, oxygen
required for interfacial SiOy formation can be supplied directly from the OI layer instead of
the HfO, dielectric. Consequently, fewer oxygen vacancies are generated in HfO,, reducing
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the density of interfacial dipoles and thereby suppressing Coulomb scattering.
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Figure 4.4: Band diagrams of HfO,, SiOy and Si illustrating charge-dipole formation in (a)
the control device and (b) the OI device. Adapted from [60].

Beyond mobility enhancement, MOSFETs fabricated on OI silicon have also been re-
ported to exhibit a lower flat-band voltage than control devices. However, the physical
origin of this voltage shift remains unclear. In this study, electrical characterization and
chemical analysis are performed to elucidate its underlying mechanism.

4.2 Experimental

Three types of MOS capacitor (MOSCAP) samples were fabricated, as illustrated in Fig-
ure 4.5. The first sample, referred to as the Control, was fabricated on a standard p-
type Si substrate. A chemical oxide interfacial layer was first formed by immersion in
heated HoO:NH,OH:H505 (200:1:1 by volume). Subsequently, HfO, was deposited by atomic
layer deposition (ALD) at 250°C using tetrakis(dimethylamido)hafnium(IV) (TDMAHTI,
Hf(NMesy),) as the Hf precursor and HyO as the oxidant. Before the HfO, deposition,
five HoO pulse cycles were applied to improve the quality of the chemical oxide. An 8.0
nm-thick HfOy film was deposited using 90 ALD cycles. A 3.5 nm TiN barrier layer was
then deposited by plasma-enhanced ALD at 300°C using tetrakis(dimethylamido)titanium
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(TDMAT, Ti(NMey),) as the Ti precursor and Hy /Ny plasma as the reactant. The TiN
deposition consisted of 30 ALD cycles. Finally, a 40 nm tungsten (W) gate electrode was
deposited using a 5 kHz pulsed-DC sputtering system.

The second sample, referred to as the OI sample, was fabricated on an OI Si substrate.
Five sequential OI layers were embedded in the Si substrate, with the uppermost OI layer
located 10 nm below the Si surface. The chemical oxide interfacial layer, HfO, gate dielectric,
TiN barrier layer, and W gate electrode layers were formed using the same process flow as
that for the Control sample.

The third sample, referred to as the Al sample, was fabricated on a standard Si substrate.
Unlike the control sample, the gate stack included an ultrathin Al layer inserted between
two TiN layers. The bottom TiN layer was deposited by ALD using 12 cycles, resulting
in a thickness of 1.5 nm. Subsequently, a 2.0 nm Al layer was deposited by electron-beam
evaporation, followed by deposition of a 10 nm top TiN layer and a 40 nm W gate electrode
by sputtering.

The gate stacks were patterned by photolithography and reactive ion etching (RIE), with
the etch process stopped on the HfO, gate dielectric. The fabricated MOSCAPs had an area
of 100 pm by 100 pm.
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Figure 4.5: Schematic illustrations of the three MOSCAP structures: (a) Control with a
standard Si substrate, (b) OI with an OI Si substrate, and (c) Al with an Al layer incorpo-
rated into the HKMG gate stack.

4.3 Results & Analysis

Figure 4.6 shows the C-V characteristics of the MOSCAPs measured using 100 kHz small-
signal frequence and using bidirectional bias voltage sweeps. The extracted Vpp values
are 0.37 V for the Control sample, -0.24 V for the OI sample, and -0.39 V for Al sample,
demonstrating that both OI and the ultrathin Al layer effectively shift the Vzg toward more
negative values.

Although the Al sample exhibits a slightly lower Vig than the OI sample, the OI sample
shows a steeper transition between accumulation to depletion. In addition, the hysteresis
voltage determined from the difference between the forward and reverse voltage sweeps is
smaller for the OI sample than for the Control and Al samples. These observations suggest
that the OI sample has a lower interface trap density [61], indicating that OI provides an
additional benefit beyond Vrp engineering.

A slight difference in the accumulation capacitance (Cacc) is also observed among the
three samples, despite the dielectric layers being fabricated with identical processes. Before
forming gas annealing (FGA), all three samples exhibited the same accumulation capaci-
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tance of approximately 1.32 uF/cm?. The difference observed after FGA therefore suggests
that the annealing process slightly modified either the effective dielectric thickness or the
effective dielectric constant of the gate dielectric stack, likely as a result of different degrees
of intermixing or oxidation.

—— Control
— Ol
— Al

Figure 4.6: C-V characteristics of the Control, OI, and Al MOSCAPs measured with a
small-signal frequency of 100 kHz using bidirectional bias voltage sweeps after forming gas

annealing (FGA).

To investigate the origin of the negative Vpp shift induced by OI, secondary ion mass
spectrometry (SIMS) was used to compare the elemental depth profiles of the HKMG stacks
in the Control and OI samples, as shown in Figure 4.7. Compared with the Control sample,
the OI sample exhibits more confined elemental profiles with more abrupt interfaces between
adjacent layers. These observations indicate that OI layer suppresses elemental interdiffusion
within the HKMG stack.
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Figure 4.7: SIMS depth profiles of Si, O, Hf, Ti, N, and W for the Control and OI samples.

Figure 4.8 presents the same SIMS data as Figure 4.7, with all elemental depth profiles
overlaid for the Control and OI samples to facilitate comparison within each HKMG stack.
In the Control sample, the oxygen profile extends broadly across both the HfO, and TiN
layers. In contrast, the oxygen profile in the OI sample is much more localized at the
HfO,/TiN interface. As discussed in Chapter 3, oxygen diffusion from the HfO, layer into
TiN promotes TiON formation, resulting in a positive shift in Vgg. The broad oxygen
distribution observed in the Control sample is consistent with oxygen diffusion into the TiN
layer and the associated TiON formation. In contrast, the confined oxygen distribution in
the OI sample suggests that oxygen diffusion into TiN is effectively suppressed because of
reduced HKMG intermixing. Consequently, TiN oxidation is mitigated, resulting in the
observed negative shift in Vpp.
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Figure 4.8: Overlaid SIMS depth profiles of Si, O, Hf, Ti, N, and W for the (a) Control and
(b) OI samples, highlighting differences in oxygen distribution within the HKMG stacks.

To further investigate the oxidation state of TiN in the Control and OI samples, oxygen
K-edge electron energy loss spectroscopy (EELS) was performed at six different positions
throughout the HKMG stack. Figure 4.9 compares the normalized oxygen K-edge spectra
obtained from the Control and OI samples at each location. At both the top and bottom
regions of TiN layer, the Control sample exhibits a stronger oxygen-related signal than the
OI sample, indicating a greater extent of oxygen related bonding within the TiN layer [62]. In
contrast, the oxygen K-edge spectra measured at the W/TiN interface, TiN/HfO, interface,
HfO, layer and HfO, /IL interface show little difference between the two samples, suggesting
that the oxygen state in these regions remains nearly identical.

The SIMS results in Figure 4.7 and 4.8 demonstrate that oxygen diffusion into the TiN
layer is reduced in the OI sample. Consistent with this observation, the EELS analysis
reveals a weaker oxygen-related signal within the TiN layer, indicating a lower degree of TiN
oxidation. Together, these results suggest that the OI layer suppresses TiON formation by
reducing HKMG intermixing and limiting oxygen diffusion into the TiN layer.
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Figure 4.9: Comparison of normalized oxygen K-edge EELS spectra measured at six locations
within the HKMG stack for the Control and OI samples.

Lastly, Figure 4.10 compares the Si Ly 3-edge EELS spectra of the Control and Al sam-
ples at three different locations near the gate dielectric. At the HfO5/SiO, interface, the
Control sample exhibits a more pronounced Si'’" feature than the Al sample, indicating a
higher degree of oxide stoichiometry at the interface [63]. In addition, the Si® feature at
the SiO,/Si interface and within the Si substrate is more pronounced in the Control sample
[63]. These observations suggest that oxygen scavenging by the ultrathin Al layer modifies
the stoichiometry of the gate dielectric and influences the local silicon bonding environment
near the Si substrate.
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Figure 4.10: Comparison of normalized Si Ly 3-edge EELS spectra acquired at the HfO5/SiO4
interface, SiO9/Si interface, and Si substrate for the Control and Al samples.

4.4 Conclusion

In summary, OI incorporation in the Si substrate provides for a significant reduction in
effective Vrp, comparable to that achieved by Al incorporation within the metallic gate.
However, the underlying mechanisms are fundamentally different. The OI sample suppresses
HKMG intermixing, thereby reducing TiON formation. In contrast, the ultrathin Al layer
lowers Vpp by scavenging oxygen from the TiON layer and converting it back to TiN.

Compared to ultrathin Al incorporation, the OI substrate approach offers additional
advantages. First, it has been reported to improve effective carrier mobility. Second, the
OI substrate approach provides for lower interface and dielectric trap densities, as reflected
in the smaller C-V hysteresis and steeper accumulation-to-depletion transition observed in
this work.

Despite these advantages, several challenges remain before OI can be adopted as a practi-
cal Vrp engineering technique. Most importantly, the primary process parameter responsible
for Vrp modulation must be identified and experimentally validated to precisely tune Vgp.
In addition, the OI approach has so far has been demonstrated only in bulk silicon devices,
and its effectiveness in advanced GAAFET technologies with silicon channels as thin as ap-
proximately 5 nm has yet to be experimentally validated. Therefore, future studies should
evaluate the effectiveness of the OI approach as a function of channel thickness in GAAFET
structures.
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Chapter 5

SiGe/Si Heterojunction Drain
Transistor for Faster 3D NAND Flash
Memory Erase

5.1 Introduction

The primary strategy for increasing the storage capacity of a 3D NAND flash memory
array is to stack more gates (cells) vertically (in the z-direction) [64]. Figure 5.1 shows the
cross-sectional view of a single 3D NAND flash string. In practice, the string is formed by
conformally depositing in sequence the oxide-nitride-oxide (ONO) layers of blocking oxide
(Box), charge trap nitride (CTN) and tunnel oxide (Tox), followed by the poly-Si channel and
inner oxide layers, after a vertical hole is cut through the gate electrode/insulating dielectric
multi-layer stack. The plates (shown in purple) surrounding the string correspond to metal
gates, and the spaces between the metal gates are filled with dielectric layers. Currently in
industry, more than 400 gates can be stacked within a single string.
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Channel

Tunnel Oxide (Tox)
Charge Trap Nitride (CTN)

Block Oxide (Box)

- Gate (~ 400 stacks)

Figure 5.1: Schematic cross-section of the 3D NAND string structure.

There are two main operation modes in NAND Flash: program and erase. Program
operation stores electrons in the charge trap nitride layer by applying a positive voltage to
the gate while grounding the channel. This creates a high electric field between the channel
and the gate, allowing electrons in the channel to move to the charge trap nitride through
Fowler—Nordheim (F-N) tunneling, as shown in Figure 5.2 (a). The stored electrons increase
the threshold voltage (V) of the cell, corresponding to a logic ‘0’. In contrast, the erase
operation removes the electrons from the charge trap nitride layer and returns them to
the channel, by applying positive voltage to the channel while keeping the gate at 0 V, as
illustrated in Figure 5.2 (b). After the erase operation, the Vi decreases, corresponding to a
logic ‘1.
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(a) Program (b) Erase

@% Gate (OV)

Channel (0V)

Tunnel

. Gate (18V)  Channel (18V)
Oxide

Box Tunnel
Oxide Oxide

Figure 5.2: Energy band diagrams illustrating (a) the program operation and (b) the erase
operation in 3D NAND flash memory.

There are two major erase schemes in NAND flash memory: bulk erase and gate-induced
drain leakage (GIDL) erase. The main difference lies in the method of applying a positive
voltage to the channel. Bulk erase is a straightforward method in which a positive voltage
is directly applied to the channel. However, this approach requires a p-type well (or p-well)
beneath the NAND string to transfer the positive voltage to the channel.

On the other hand, GIDL erase utilizes holes generated by band-to-band tunneling
(BTBT) at the drain junction. Figure 5.3 illustrates the hole generation mechanism in
GIDL erase. Figure 5.3 (a) shows a simplified 3D NAND string consisting of three drain
transistors at the top of the string, three cell transistors in the center, and three source tran-
sistors at the bottom. Figure 5.3 (b) illustrates the energy band diagram along the channel
near the bit line (BL) and drain transistors during GIDL operation. When a positive bias
is applied to the n-type bit line (BL) and a negative bias is applied to the gate of the drain
transistors, a strong reverse bias is established at the n-type region and the undoped chan-
nel. This condition induces band-to-band tunneling, generating electron—hole pairs. The
generated electrons are collected by the BL, while the holes remain in the channel, thereby
boosting the channel potential toward the applied BL voltage.
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Figure 5.3: (a) Simplified 3D NAND string. (b) Energy band diagram along the channel
near bit line (BL) and drain transistor during GIDL operation.
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Compared to bulk erase, GIDL erase is preferred because it simplifies the string structure
by eliminating the need for an additional p-type well. However, as the number of vertically
stacked cells increases, the length of the polycrystalline-silicon (poly-Si) channel layer shared
by the cells in a string also increases, which can result in slower erase operation [64]. The
longer the channel layer, the more gradually the channel potential is boosted with the same
amount of GIDL, and the slower the erase speed. Therefore, it is of great importance to
enhance GIDL current to maintain fast erase speed as more cells are stacked in a 3D NAND
string.

In this study, a silicon-germanium/silicon (SiGe/Si) heterojunction design for the drain
transistor is proposed to enhance GIDL and hence erase speed, leveraging the smaller energy
band gap of SiGe compared to Si to increase band-to-band tunneling current. TCAD simu-
lations (Sentaurus from Synopsys [65]) are used to confirm the effectiveness of the SiGe/Si
heterojunction for improving erase speed, and to optimize the drain transistor design while
preserving inhibit mode operation.
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5.2 3D NAND Flash Memory Simulation and
Modeling

Simulation Structure

Figure 5.4 is a schematic cross-section of the uppermost portion of a 3D NAND string, show-
ing the drain transistor (comprising three transistors in series, with their gates electrically
tied together) and topmost memory cell, used for TCAD simulation study in this work.
The undoped poly-Si channel region is indicated in dark blue, and the heavily doped n-type
poly-Si drain region is indicated in red. The dimensions of each layers used for simulation
are also include in the figure.

BL Pad

Position 0 Inner Oxide position

Positive

Z-Direction Drain Junction position

Layer Material | Dimension
25nm Block Oxide Si0, 8nm
26nm Charge Trap Nitride SigNg 6nm

Tunnel Oxide Si0, 5nm
25nm Channel Polysilicon 8nm
Inner Oxide Si0o, 76nm
Block Oxide
Charge Trap Nitride
Tunnel Oxide

Channel (Undoped)

Figure 5.4: Schematic cross-section of the uppermost portion of the 3D NAND string struc-
ture used in this simulation-based study.

GIDL operation modeling

To model the reverse-biased drain junction leakage during GIDL erase, both the Shock-
ley—Read-Hall (SRH) model, which accounts for trap-assisted tunneling (TAT), and the
band-to-band tunneling (BTBT) model, which accounts for direct band-to-band tunneling,
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were employed. For GIDL operation, which measures the leakage current and serves as a key
parameter determining the erase speed, the GIDL voltage (Vi) is defined as the voltage
difference between the bit line (BL, connected to the drain region) and the gate of the drain
transistor. Larger Vg induces steeper energy-band bending in the reverse-biased drain
junction depletion region, resulting in more leakage current. Figure 5.5 shows simulations of
the drain leakage current as a function of the BL voltage (V4;), with the drain transistor gate
biased at -1 V and the memory cell gate biased at 0 V. Both leakage mechanisms contribute
to GIDL current. However, band-to-band tunneling (BTBT) is the dominant mechanism
compared to Shockley-Read-Hall (SRH) leakage [66].

3.5 —— - :
—e— No Leakage Model
3l —*— SRH Model Applied
—e— SRH+BTBT Model Applied
25
< Drain Tr. Voltage=-1V
8 7 )
-
O 15}
)
.1 | .
0.5}

BL Voltage (V)

Figure 5.5: Simulated drain leakage current as a function of the BL voltage, depending on
different leakage models. BTBT primarily contributes to GIDL.

Inhibit operation modeling

The drain transistors are used not only to generate GIDL during the erase operation but also
to electrically isolate the string of memory cells in the inhibit mode of operation. In a 3D
NAND flash memory cell array, each gate layer is shared with many strings within a block.
Figure 5.6 shows a simplified illustration of two strings, represented by yellow lines. The left
and right strings share the bit line (BL, shown in blue) and the cell transistor gates (shown
in purple), while the drain transistor gates (shown in green) are independently controlled.
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To program a memory cell in the left string at the center gate (marked as a red star), a
high positive bias is applied to the selected gate. However, since the gate is shared by both
left and right strings, the corresponding memory cell in the right string (marked as a yellow
star) would be programmed unintentionally. To separate prevent this, the left string should
be in program mode (i.e., with the drain transistor turned on), while the right-unselected
strings should be in inhibit mode (i.e., with the drain transistor turned off).

BL=0V

Vdrain=0V

Vdralin=4'V

!

l Inhibit Mode
Program Mode

Figure 5.6: Simplified illustration of two strings, where a memory cell in the left string (red
star) is programmed, while a memory cell in the right string (yellow star) is inhibited.

Figure 5.7 (a) shows the voltage waveforms for program and inhibit operation simulations.
Figure 5.7 (b) compares the channel potential distributions for a string in program mode
and in inhibit mode. In program mode, since the drain transistor is turned on, the channel
region is grounded by the BL voltage. In contrast, in inhibit mode, the drain transistor
turned off, electrically isolating the channel region from the BL. As a result, the applied
program gate voltage (V,m,) and applied pass gate voltage (V,qss) raise the potential of the
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associated channel region, preventing a sufficiently large gate-to-channel voltage needed for
programming operation.

The drain transistor must have low off-state leakage in inhibit mode [67] to ensure effective
channel potential boosting, while it should generate high gate induced drain leakage (GIDL)
in erase mode, which leads to a design tradeoff. Therefore, it is important to assess the
impact of drain transistor design modifications on both the GIDL current during erase and
the leakage current during inhibit operation.

(a) (b)

20 — select Cell Tr. —_ { — Program Mode
— Pass Cell T > { = Inhibit Mode
Drain Tr. (Program) ~ 10!
—_ Drain Tr. (Inhibit) © :
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S — [
o o |
c .
> c [
s |
5~ U
0 I
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Time (us) Position (um)
Biasing Pad Program Mode Inhibit Mode Select Cell Tr
BL ov ov Drain Tr Source Tr
Drain Tr. Ay ov H
Select Cell Tr. Vg (20V) Vpgm (20V)
Pass Cell Tr. Vjaes (9V) Vijaes (9V) | |
—— o oV Pass Cell Tr
SL ov ov

Figure 5.7: (a) Voltage waveforms for program and inhibit operations. The values of peak
voltage applied to each electrode are indicated in the table. (b) Simulated channel potential
distributions for a string in program mode (red line) and inhibit mode (blue curve). The
channel region is grounded by the BL in program mode because the drain transistor is turned
on. In inhibit mode, the channel region potential is elevated by Vj,,, and V.. because the
drain transistor is turned off, disconnecting the channel from the BL.
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5.3 SiGe/Si Heterojunction Drain Transistor for
GIDL Enhancement

In this section, the efficacy of a SiGe/Si heterojunction drain transistor is evaluated in
comparison with other approaches for increasing GIDL. Additionally, the correlation between
increased GIDL and faster cell erase operation is studied.

The poly-Si channel region comprises crystalline grains and intermediary grain-boundary
regions with dangling and strained bonds that serve as electron and hole trap sites with
energy levels within the silicon energy bandgap, which can assist electron and hole tunneling
[68]. Therefore, one approach to augmenting GIDL is to place a grain boundary within
the aforementioned band-bending region. Figure 5.8 (a) shows that GIDL depends on the
position of the grain boundary and that it indeed is maximized when the grain boundary
is located within the high-field depletion region of the drain-channel junction. An increase
in GIDL by a factor of 7 occurs when the grain boundary is located at 22 nm depth, but
it diminishes dramatically with just 1 nm change in position. The random nature of grain
boundary formation during the poly-Si deposition process makes it practically impossible to
precisely control their position with respect to the doping junction.
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Figure 5.8: Erase mode: (a) Simulated GIDL as a function of polysilicon grain boundary
position. (b) Illustration of the grain boundary position corresponding to peak GIDL. (c)
Electric field contour plot. The electric field peaks at the drain (doping) junction; therefore
GIDL enhancement by trap-assisted tunneling is maximized by placing the grain boundary
at this location.

Another way to increase GIDL is to extend the heavily doped drain region into the thinner
poly-Si region [69]. Figure 5.9 shows that a long drain junction results in higher peak electric
field strength (Figure 5.9 (c)) and hence a higher BTBT rate (Figure 5.9 (d)) resulting in
enhanced GIDL (Figure 5.9 (a)). However, this benefit comes at the cost of deteriorated
off-state leakage current in inhibit mode, since a longer drain corresponds to shorter effective
channel length of the drain transistor.
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Figure 5.9: (a) Simulated GIDL dependence on drain junction position for Si (black curve)
and SiGe/Si heterojunction (red curve) drain transistor. (b) Illustration of different drain
junction positions. (c¢) Comparison of electric field profiles and (d) BTBT rate profiles for
the different drain junction positions.

As an alternative to increasing the drain length, the use of SiGe as the heavily doped
n-type drain material as well as a portion of the undoped thinner semiconductor region is
proposed herein, as illustrated in Figure 5.10 (a). Note that the drain junction depletion
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region resides mostly within the undoped side of the junction; this is why the smaller-band-
gap SiGe material must extend into the undoped portion of the semiconductor layer for
enhanced GIDL. At the same time, since a small-band-gap channel region can result in
higher off-state (inhibit mode) leakage current [70], the SiGe should not extend too far into
the channel region of the drain transistor; this is discussed in the following section. Herein
the SiGe/Si heterojunction is fixed to be 20 nm below the drain (doping) junction. Figure
5.10 (c) compares the energy-band diagrams and BTBT rates for the conventional Si and
new SiGe/Si heterojunction drain transistor designs, indicating that GIDL in erase mode is
much higher for the SiGe/Si heterojunction drain transistor design. Therefore the SiGe/Si
heterojunction drain transistor design eliminates the need for a long drain region to enhance
GIDL in erase mode at a tradeoff of higher inhibit-mode leakage current.
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Figure 5.10: (a) [llustration of drain transistor (left) with the SiGe/Si heterojunction located
20 nm below the doping junction to maximize BTBT (right figure) occurring inside the
SiGe. (b) Values of SiGe band-gap energy, dependent on Ge content, used in this study.
(c) Comparison of energy band diagrams and BTBT rate for Si and SiGe (20 % Ge)/Si
heterojunction drain transistor designs.

To further elucidate the benefit of the SiGe/Si heterojunction drain transistor, Figure 5.11
shows the relationship between GIDL current and the erased memory cell Vi for different
drain junction lengths and Ge contents. For the same GIDL current (compare the black
circle and red circle), the SiGe/Si heterojunction drain transistor achieves an erased Vi
approximately 0.35 V lower than that of the conventional Si drain transistor, demonstrating
faster erase operation.
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Figure 5.11: Simulated Vi value for an erased memory cell, as a function of the GIDL
current, for various drain transistor designs. Even for the same value of GIDL, the SiGe/Si
heterojunction drain transistor provides for greater erase speed (compare black circle and
red circle).

Figure 5.12 shows the two drain transistor designs selected for comparison: the Si long-
drain transistor and the SiGe/Si heterojunction drain transistor, both exhibiting the same
GIDL current of 10 pA (corresponding to the black circle and red circle in Figure 5.11).
These structures are compared to examine how the channel potential and trapped charge
distributions in the memory cell evolve during the erase operation.
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Figure 5.12: Two drain transistor designs that have the same GIDL of 10 pA: Si long-drain
vs. SiGe/Si heterojunction drain

Figure 5.13 (a) shows the waveforms applied to the drain (BL), drain-transistor gate,
and cell-transistor gate during the erase operation, defining five distinct time points. Figure
5.13 (b) compares the channel potential distributions for the Si long-drain vs. the SiGe/Si
heterojunction drain transistor designs at each of the five points in time. It can be seen
that the channel potential in the cell transistors increases more rapidly for the case of the
SiGe/Si heterojunction drain transistor (red lines). As a result, the voltage drop across the
ONO dielectric stack is greater so that electrons detrap from the nitride layer more quickly
in the case of the SiGe/Si heterojunction drain transistor design, as shown in Figure 5.13
(c). Thus, the erased memory cell Vr is lower (more negative) for the SiGe/Si heterojunction
drain transistor design.
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Figure 5.13: (a) Waveforms for the voltage signals applied to BL, drain transistor gate and
memory cell transistor gates during erase operation, defining five points in time. (b) Channel
potential distributions at each of the five points in time. The SiGe/Si heterojunction drain
transistor increases channel potential faster than the Si long-drain transistor. (c) Electrons
left in CTN at each of the five points in time. The SiGe/Si heterojunction drain transistor
provides for faster erase (fewer remaining electrons stored in the CTN) due to more rapidly
increased channel potential.

The faster increase in channel potential for the SiGe/Si heterojunction transistor can be
explained by the shape of the GIDL characteristics shown in Figure 5.14. Although both
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the Si long-drain transistor and the SiGe/Si heterojunction transistor exhibit the same final
GIDL current of approximately 10 pA at high BL bias of 8 V, the SiGe/Si heterojunction
produces a higher GIDL current in the lower BL bias region. During erase operation, the BLL
bias is gradually increased from a low voltage rather than being instantaneously applied at
its maximum value. Consequently, the cumulative GIDL-generated hole injection is greater
for the SiGe/Si heterojunction during the initial stage of erase. This larger early stage hole
injection accelerates the rise in channel potential, leading to a faster erase operation.
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Figure 5.14: GIDL current as a function of BL bias for the Si long-drain and SiGe/Si
heterojunction drain transistors.

Lastly, Figure 5.15 illustrates the process steps to form a SiGe heterojunction and the
doped drain region: (a) chemical-mechanical polishing (CMP) is used to planarize the sur-
faces of the ONO, poly-Si and inner oxide layers; (b) the inner oxide layer is recessed; (c)
the poly-Si layer is recessed; (d) undoped SiGe is selectively deposited over the poly-Si
using Dichlorosilane (DCS); (e) doped SiGe is conformally deposited and CMP is used to
planarize the surface. From a process integration perspective, the proposed approach is prac-
tical because it requires only one additional etch step (c¢) and one additional undoped SiGe
deposition step (d) compared with the conventional drain transistor fabrication process.
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Figure 5.15: Process steps to form a SiGe/Si heterojunction and the doped drain region. (a)
Planarization of the string through CMP. (b) Inner oxide is recessed. (c¢) Polysilicon channel
layer is recessed. (d) Undoped SiGe is selectively deposited over the polysilicon. (e) N+
doped SiGe is deposited and planarized.

5.4 SiGe/Si Heterojunction Drain Transistor Design
Optimization for Inhibit Mode Operation

In this section, inhibit-mode operation is studied in more detail. Figure 5.15 shows how
the memory cell Vp during inhibit mode operation depends on the location of the drain
junction, for three different semiconductor materials used in the drain transistor: Si, SiGe/Si
heterojunction, and SiGe. The cell V7 is initially set at -2 V; if the cell is disturbed in inhibit
mode, then the cell Vi increases (i.e., becomes less negative) due to unintended program.
For the Si and SiGe/Si heterojunction drain transistor designs with drain length below 60
nm, the cell Vt values are nearly identical, indicating that partial incorporation of SiGe does
not adversely affect inhibit mode operation. If the drain length exceeds 60 nm, the cell Vt
is significantly degraded, slightly more so for the SiGe/Si heterojunction drain transistor
design. If SiGe is entirely incorporated throughout the drain transistor, however, then the
memory cell V7 is significantly disturbed during inhibit mode operation, increasingly so with
the length of the drain region. This is due to the higher off-state leakage current associated
with a smaller band-gap energy semiconductor and/or shorter channel length transistor.



@

—— Si
—e— SiGe/Si
S 0.5
>
°
o 1
5
=
= -15¢
— & » 4
| Initial V, : -2V |
0 20 40 60 80
Drain Junction Position (nm)
(b)
Si Junction SiGe/Si Heterojunction
40nm 40nm 60nm

SiGe

Si

SiGe

SiGe Junction

40nm

Drain Tr.1
Drain Tr.2
Drain Tr.3

7

Figure 5.16: Inhibit mode: (a) Memory cell Vi dependence on the drain junction position,

for Si, SiGe/Si heterojunction and SiGe drain transistors. The Si and SiGe/Si heterojunction

drain transistors show similar cell Vt trend when the drain length is below 60 nm, while the
SiGe drain transistor shows significantly deteriorated cell V. (b) Ilustrations of Si (left),

SiGe/Si heterojunction (center two figures) and SiGe (right) drain transistors. Note that

the Si channel portion in the SiGe/Si heterojunction drain transistor is reduced as the drain
length increases since the distance between the drain junction and SiGe/Si heterojunction

is fixed at 20 nm.
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5.5 Conclusion

A practical SiGe/Si heterojunction drain transistor design is proposed to enhance GIDL for
faster 3D NAND erase operation, leveraging SiGe’s smaller energy band gap. With only
20 % Ge in SiGe, GIDL is projected to increase by 5x compared to the conventional Si
drain transistor design. Even for the same peak GIDL level, the SiGe/Si heterojunction
drain transistor design is projected to provide for faster erase operation. Optimal placement
of the SiGe/Si heterojunction can ensure that there is no negative impact on inhibit mode
operation.



79

Chapter 6

Conclusion

This dissertation investigated approaches to improve the reliability and performance of ad-
vanced CMOS and memory devices for future computing systems. As artificial intelligence
continues to increase the demand for computing capability, semiconductor technologies must
continue to improve transistor performance, power efficiency, reliability, and memory cell den-
sity. Addressing these challenges requires innovations in materials, device structures, and
fabrication technologies. This dissertation presented four studies covering defect physics,
high-k /metal-gate engineering, work function modulation through Oxygen insertion (OI)
technology, and advanced 3D NAND Flash design.

Chapter 2 examined random telegraph noise (RTN) in advanced MOSFETSs under cryo-
genic operation through electrical characterization and TCAD simulation. The study clar-
ified the dependence of RTN behavior on temperature, gate bias, and drain bias through
a modified Shockley-Read-Hall (SRH) recombination model. The analysis further demon-
strated how transistor geometry influences RTN characteristics. These findings improve
the understanding of defect behavior in advanced CMOS technologies and provide valuable
insight for the design and optimization of future cryogenic computing.

Chapter 3 focused on work function engineering through the incorporation of an ultra-
thin Al layer within the HKMG stack. Electrical characterization combined with chemical
analysis revealed that oxygen scavenging by the ultrathin Al layer reduces the oxygen con-
centration in the TiON layer, shifting its composition toward TiN and thereby reducing the
effective gate work function. The study also identified the tradeoff between work function
modulation and dielectric reliability associated with excessive Al incorporation into the gate
dielectric. These findings clarify the physical mechanisms governing work function engineer-
ing through ultrathin Al incorporation in HKMG technology and the associated reliability
tradeoffs.

Chapter 4 investigated oxygen insertion (OI) technology as an alternative approach for
work function engineering. The OI layer modulates the effective work function by suppress-
ing intermixing within the HKMG stack while simultaneously improving carrier mobility.
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Electrical characterization together with SIMS and EELS analyses showed that the OI layer
suppresses oxygen migration toward the metallic gate, thereby reducing TiON formation and
preserving a higher fraction of TiN. Unlike conventional work function engineering, which
relies on increasingly complex HKMG stacks, the OI approach enables threshold voltage con-
trol by modifying the silicon substrate, providing a potentially scalable approach for future

CMOS technologies.

Chapter 5 proposed a SiGe/Si heterojunction drain transistor to improve erase operation
in 3D NAND flash memory. TCAD simulation demonstrated that introducing a SiGe region
near the drain enhances band-to-band tunneling and increases gate induced drain leakage,
enabling a more rapid increase in channel potential during erase operation. The proposed
structure was further shown to maintain inhibit mode characteristics while improving erase
speed. These results demonstrate that heterojunction engineering provides an effective ap-
proach for improving erase performance without compromising inhibit mode operation.

Although each study addressed a different technological challenge, they collectively high-
light the critical role of material engineering and device physics in advancing semiconductor
technology. As device dimensions continue to shrink and fabrication complexity increases,
phenomena such as defect behavior, oxygen transport, work function control, and band en-
gineering will become increasingly important. The findings presented in this dissertation
provide a foundation for the continued development of high-performance and reliable semi-
conductor devices.

One important direction for future research is the experimental validation of OI tech-
nology in advanced gate-all-around CMOS devices, where increasingly narrow nanosheet
spacing makes conventional work function engineering more difficult. Moreover, continued
advances in materials engineering, process optimization, and device design will remain es-
sential for developing future CMOS and memory technologies that support next-generation
computing systems.
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