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CHAPTER 1

Introduction

With the goal of lower cost, better performance and higher efficiency, the integrated circuit

(IC) industry has made incredible progress following Moore’s Law in the past few decades, which

states that the number of transistors in a dense integrated circuit doubles roughly every eighteen

months [19–22]. Therefore, the key to sustain Moore’s Law is the scaling of single transistors, which

involves several significant innovations in materials and architecture of MOSFETs. Specifically,

strain engineering was introduced in 90 nm technologies to increase the electron and hole mobility

[23], Metal-gate/high-k gate stacks were brought in the 45 nm node to reduce the gate leakage and

eliminate poly-silicon depletion [24], [25]. As the requirement of channel length scaling entered the

sub-30 nm regime, the outstanding electrostatic control of multi-gate device structures makes them

preferable for the following generations of CMOS technology nodes.

Figure 1.1: Non-planar transistor pathway and illustration of the development in architecture, chan-
nel materials and the corresponding fabrication technologies (Source: Ars Technica UK, July, 2016)

Among the multi-gate architectures, FinFETs are highly promising due to their self-aligned

multi-gate structure, better compatibility to the conventional planar CMOS process [26], suppres-

sion of short channel effects [27–29], and wider application than gate-all-around (GAA) FETs with

1



current manufacturing technologies. Fig.1.1 shows the ongoing transistor pathway of the non-planar

topologies, indicating that advanced FinFETs featuring highly scaled dimensions and/or promising

alternative channel materials to silicon maybe be used.

Applying the electronics with these advanced FinFETs in space or other high-radiation envi-

ronments has been an very important topic as well as a significant concern for human beings. The

natural space radiation environment originating from galactic cosmic rays (GCR), solar events, and

particles trapped in the Earth’s radiation belts can temporarily or permanently degrade the perfor-

mance of electronic devices, circuits, and systems [30], [31]. These radiation-induced effects in the

electronics can be generally grouped into three types: Single Event Effects (SEEs), Total-ionizing-

Dose (TID) effects, and Displacement Damage (DD). SEEs occur when high energy particles pass

through the sensitive regions in semiconductor devices, and the energy would be lost to create

electron-hole pairs through Coulomb scattering. The TID effect is the cumulative damage caused

by ionizing radiation over the exposure time. It can cause long-term degradation in the gate/field

oxides due to the formation of oxide/interface charge near the active region of the electronic de-

vices [8], [32]. DD results from the non-ionizing process when energetic particles incident on

the semiconductor, displace atoms from their original lattice sites, creating vacancies and intersti-

tials [33].

Another big concern along with the evolution and development of electronic devices and ICs is

the defect generation in dielectrics and at channel-dielectric interface, as it can limit their electrical

performance, reliability and radiation hardness [8], [34], [35]. Over the past 30 years, plenty of

evidence has shown that the most important cause of low-frequency noise (1/f noise) in electronic

devices is the thermally activated interaction of carriers with the defects in the dielectrics [13], [36],

[37]. Therefore, low-frequency noise measurements are usually applied to provide deep insights

into the defect densities, energy-distributions, and microstructures in various semiconductor devices

[17], [18], [37–41]. For example, as defects responsible for low-frequency noise in MOS devices

vary with frequency, temperature, and voltage, the frequency and temperature dependence of 1/f

noise are often correlated via the Dutta-Horn model to estimate the defects’ energies [38], [39],

and the gate-voltage dependence of 1/f noise can help to evaluate the defects’ densities in different

region of the semiconductor and/or insulator band gaps [42–44]. A typical low-frequency noise

spectrum in electronic devices shows the noise magnitude inversely proportional to its frequency
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(∼0.01 Hz - ∼10 kHz). However, a single prominent defect in the dielectrics of the device can

perturb this shape and manifests through the Lorentzian shape of noise spectra in the frequency

domain and abrupt switching events between two or more current levels in the time domain. This

type of noise response is called Random Telegraph Noise (RTN) [45].

Given the important concerns mentioned above in the development of the electronic devices, the

objective of this work is to investigate two broad categories of radiation effects: single event effects

and total-ionizing-dose effects, in advanced FinFETs with highly scaled fin widths (sub-10 nm),

which either have alternative channel materials with enhanced electrical properties or are integrated

with an innovative structure for improved performance. In addition to that, low-frequency noise is

also explored in part of this work to provide a deeper understanding of defects in the corresponding

dielectric.

The first type of advanced FinFETs of interest in this dissertation is InGaAs FinFETs with sub-

10 nm fin widths. As MOSFETs scale down, they are increasingly limited by the power constraints

since the power density dissipated by logic chips has reached about 100 W/cm2 [46]. Therefore, the

increase of power density goes hand in hand with substantial packaging and cooling costs, which

makes these chips impractical for most applications. On the other hand, the reduction of operat-

ing voltage along with the scaling may compromise the switching speed [1]. The III-V compound

semiconductors with outstanding electron transport properties provide a promising solution to the

continued scaling, such as GaAs, InGaAs, InAs. Fig. 1.2 (a) and (b) show the low field carrier mo-

bility and electron injection velocity of different III-V compound semiconductors [1]. The electron

mobility of InGaAs is more than 10 times higher than that of silicon at a comparable sheet charge

density. Besides, its injection velocity is also more than twice that of comparable silicon MOSFET

at less than half of voltage. The injection velocity plays an important role in an nMOS transistor in

saturation, as ION is determined by the product of the sheet electron concentration and the electron

injection velocity. In addition, for sub-10 nm technology, transistors operate in the quasi-ballistic

region, where very few scattering events occur when the electrons travel from source to drain [47].

The drive current ION can be described as [48]:

Ion ∝ vin jQi ≈ vin jCi(Vgs −Vt) (1.1)
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Where Qi denotes the inversion layer charge, Ci is the capacitance of the gate dielectrics, and

Vgs −Vt is the gate overdrive voltage. Therefore, these properties make InGaAs a promising nMOS

channel material for future CMOS technology generation, and InGaAs FinFETs are important as

they also incorporate the advantages of FinFETs over planar architecture mentioned above. In

general, InGaAs FinFETs are constructed either on III-V substrates, such as InP, to reduce the

lattice mismatch [49], [50], or on Si to be compatible with current CMOS technology [51].

Figure 1.2: (a) Electron and hole mobility of group III-V compound semiconductors. Electron
mobility is marked red and hole mobility is in blue. The arrow indicates the increase of biaxial
compressive strain. (b) Electron injection velocity in III-V compound semiconductors [1]
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The second type of advanced FinFETs explored in this work is bulk Si FinFETs integrated

with through silicon vias (TSVs) near the active region. Although novel channel materials and

exceptional device architectures are introduced to extend Moore’s law in pushing the physical limits

of the oxide thickness, junction depth, and depletion width, the key challenge for these cutting-edge

integration and device options is the growing obstacles in their fabrication and the incompatibility of

various designs with planar structures [52]. Besides, the ever-expending and demanding electronic

market is highlighting the limitations of conventional two-dimensional (2D) ICs as they not only

have limited floorplanning choices, but also lack suitability for the integration of disparate signals

(digital, analog, and rf) and technologies like SOI, SiGe, heterojunction bipolar transistors, GaAs,

etc [53]. 3D IC technology is currently one promising solution to these problems, even in the

absence of continued scaling, which enables each transistor to access a greater number of neighbor

ones and increases the bandwidth of each circuit functional block. It is reported that compared to

its 2D counterparts, 3D ICs have shown improved wire efficiency (∼15%), significantly reduced

total active power (more than 10%) [54], decreased noise, enhanced signal integrity, and increased

transistor packing density [55].

There are several different types of 3D packaging according to the stacking method, including

on-chip 3D integration where the functional layers within a chip are built layer-by-layer; die-to-die

or package-to-package stacking; and TSV integration technology incorporated 3D ICs. Despite the

great maturity and excellent characterization, the traditional wire bonding technologies face their

limitation when it comes to 3D chip interconnection: long connections between the peripheries of

the devices restrict I/O density by the resolution of the wire bonders requiring increased volumes

to accommodate the wire bonds both vertically and horizontally [56]. However, TSVs, on the other

hand, can provide much shorter interconnection length, which are directly between different chips

and minimize the need for wire bonding, substantially reducing the distance of information flow on

a chip by up to 1000 times. It features higher density and higher aspect ratio connections, making it

possible for the integration of multi-chip systems entirely within the silicon and massive additional

pathways and channels other than wire bonding [56].

Based on the application, the vertical TSV integration technology can be classified into two

types: via-first and via-last TSVs, shown in Fig. 1.3. The former type typically has the diameter

ranging from 1 to 5 µm, while the diameter of the later type ranges from 5 to 20 µm [2].
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Figure 1.3: Via-first and Via-last TSVs with face-to-back bonding [2]

This work is organized as follows. Chapter II gives a brief background information on relevant

topics including single event effects, total-ionizing dose effects, and low frequency noise. The

basic charge collection mechanisms of SEE are discussed together with two main effects observed

in the experiments, the shunt effects and parasitic bipolar effects. Pulsed-lased induced SEE is

particularly illustrated with a concise explanation of single-photon absorption (SPA) and two-photon

absorption (TPA). The physical process of the TID effects is reviewed in detail which involves

the formation and effects of oxide and interface traps. Moreover, the origin of 1/f noise and its

temperature dependence are discussed with an emphasis of the Dutta-Horn model, which correlates

the frequency and temperature dependence of 1/f noise and enables the estimates of effective defect

energy distributions.

Chapter III investigates the single-event transient (SET) response and charge collection mecha-

nisms for advanced InGaAs FinFETs on InP substrates with sub-10 nm fin widths through pulsed-

laser irradiation. The SET dependence on irradiation position, fin-width, Vds, and Vgs are examined.

Quantum-well structures confine the charge collection in the InGaAs channel layer both in longitu-

dinal and transverse directions. Consistent with the conclusion in the previous research of InGaAs

FinFETs [15], higher peak current and more collected charge are observed in the devices with wider

fins. TCAD simulation is also implemented to explain this phenomenon. Besides, due to the mo-

bility difference of electrons and holes in the substrate layers, the holes left in the substrate can

modulate the channel potential and lead to the parasitic bipolar effect, which enhances the charge

collection in these devices. This effect is also illustrated by TCAD simulation for devices with
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different fin widths.

Chapter IV describes the impacts of TSV integration on TID effects and low-frequency noise at

room temperature in advanced bulk nMOS and pMOS Si FinFETs with SiO2/HfO2 gate dielectrics.

TSV integration has negligible impacts on threshold shifts and degradation of subthreshold swing

and Ion/Ioff ratios. The off-state leakage currents increase with the TID due to the radiation-induced

traps in the field oxide, the extent of which is affected by electric field in the corresponding oxide re-

gion. Similar low-frequency noise magnitudes and frequency dependences are observed before and

after TID irradiation for each device type, indicating the insignificant influence of TSV integration

on 1/ f noise.

Chapter V explores the defect densities, energies, and microstructures one step further in the

SiO2/HfO2 dielectrics of the bulk Si FinFETs for both nMOS and pMOS devices on the same

chips, through the measurements of temperature and gate-voltage dependencies of the 1/f noise,

which in previous work showed general opposite trends for the effective border-trap densities from

the midgap to the relavent band (conduction band for nMOS and valence band for pMOS) [17].

Within the temperature range we measured (80K-330K), the overall normalized noise decreases

dramatically for nMOS and increases slowly for pMOS transistors as the temperature increases. By

examining the gate-voltage dependences of 1/f noise at particular temperatures extracted from tem-

perature dependence measurements, the correlation of temperature and gate-voltage dependencies

is qualitatively explained in terms of the energy-dependent trap density for both types devices, con-

sistent with the conclusion of large planar MOS devices [57]. The similar temperature dependence

results of 1/f noise before and after irradiation in both types devices affirm the excellent radiation

hardness of the devices in [17].

Chapter-VI summarizes the conclusions of the dissertation.
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CHAPTER 2

Background

2.1 Single Event Effects

2.1.1 Charge deposition

When high energy particles (protons, neutrons, electrons, heavy ions, etc.) pass through the

sensitive regions in semiconductor devices, the energy they lose creates electron-hole pairs through

Coulomb scattering. The resulting effects on the devices are referred as single event effects (SEEs).

The energy loss per unit path for a particle is described by linear energy transfer (LET) [58]:

LET =− 1
ρ

dE
dx

MeV · cm2/mg (2.1)

Where ρ is the density of the target material. In silicon, a LET of 97 MeV ·cm2/mg corresponds

to charge deposition of 1pC/µm. The average LET always increases initially and then decreases

as the incident particle’s energy decreases, where the peak of the LET is called the Bragg peak

[59]. The location and magnitude of the Bragg peak are different for various materials in different

materials. Typically, for two ions with atomic number Z1 > Z2, incident on the same materials with

the same energy, the LET for Z1 will be greater than than for Z2. The distance that an incident

particle travels in the target material is defined as the particle range. Obviously, the average range

in the target material decreases as the particle’s energy decreases. In general, the particles with

energies near the Bragg peak have limited range [60].

Apart from Coulomb scattering, photon absorption is another efficient way to induce extra

charge in semiconductor materials. Specifically, lasers with different wavelengths are typically

used to irradiate the sensitive area of the semiconductor devices, in which the photons can give their

energies to the electrons in the valence band of the material and excite them to the conduction band,

forming electron-hole pairs. Based on the excitation mechanisms, this approach can be classified

into single-photon absorption (SPA) or two-photon absorption (TPA). Fig. 2.1 (a) and (b) depict the

SPA and TPA processes of exciting an electron from the valence band to the conduction band.
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Figure 2.1: Energy band diagram for illustrating the process of (a) SPA, and (b) TPA. hν is the
energy of the incident photon.

SPA occurs when the photon energy is greater than the band gap, and each photon absorbed

can create one electron-hole pair. This process is governed by Beer’s law [61], which claims the

intensity of light traveling through a material decreases exponentially with distance into the material

at a rate determined by the linear absorption coefficient, α:

I(z) = I0exp(−αz) (2.2)

where I0 is the intensity of the incident beam, and z is the laser penetration depth. Fig. 2.2 shows

this absorption coefficient as a function of wave length for silicon [3]. One thing to note here is that,

unlike heavy ions, laser light cannot pass through metals, and that’s why semiconductor devices are

usually irradiated from the backside to avoid the reflections from metal contacts on the top.

Figure 2.2: Room temperature absorption spectrum of silicon in the visible and near-infrared region
of the spectrum illustrating the common laser wavelengths used for above-bandgap single-event
effects measurements and also that for the subbandgap experiment [3]
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On the other hand, TPA occurs when two photons with energies less than the band gap are

simultaneously absorbed and create an electron-hole pair [3]. Therefore, TPA is highly dependent

on the incident laser intensity and only the region in focus can generate extra carriers, which makes

the spatial profiling of SEEs possible. Given these two types of photon generation methods, the light

propagation and charge deposition in a semiconductor material can be described as the following

equations [62], [63]:

dI(r,z)
dz

=−αI(r,z)−β2I2(r,z)−σexNI(r,z) (2.3)

dΦ(r,z)
dz

= β1I(r,z)− γ1N(r,z) (2.4)

dN(r,z)
dz

=
αI(r,z)
ℏω

+
β2I2(r,z)

2ℏω
(2.5)

where I is the laser intensity, N is the density of free carriers, α is the single-photon absorption

coefficient, β2 is the two-photon absorption coefficient, σex is the absorptivity of generated free

carriers, Φ is the phase, γ1 describes the refraction due to free carriers, and z is the depth in the

material.

Here in this work, we applied the pulsed-laser method to investigate the SEEs in the InGaAs

FinFETs instead of using heavy ions, because compared to the heavy ion SEE test, pulsed-laser

sources are easily accessible, inexpensive, non-destructive, and can provide the temporal and spatial

information which is very helpful to understand the mechanisms responsible for SEEs.

2.1.2 Charge collection mechanism

In terms of the failure types in devices, SEEs can be classified as destructive effects and non-

destructive effects. The former ones include single event latchup (SEL) where parasitic pnpn junc-

tions are triggered and a low resistance path between the power supply and ground is formed; single

event burnout (SEB) in which a single energetic-particle strike induces a localized high-current

state in a device that results in catastrophic failure; and single event gate rupture (SEGR) where a

conducting path is created in the gate oxide [64]. Non-destructive SEE, also known as soft error,
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includes single event upset (SEU) in a memory cell where the memory cell flips, which is recov-

erable compared to the first failure type. The fundamental reason for all of these failures is the

generation of single event transients (SET) that exceed the critical value that devices can tolerate.

The most sensitive regions in an electronic device are reverse-biased p-n junctions where a high

electric field exists in the depletion region. Fig. 2.3 illustrates an SET induced by an energetic ion

and the subsequent charge collection by drift and diffusion in a reverse biased p-n junction [4].

Figure 2.3: (A)Charge generation and collection processes in a reverse biased pn junction and (B)
the resultant current transient caused by the passage of a high-energy ion [4]

Electron-hole pairs are initially generated along the energetic ion path (a). Then, due to the high

electric field, the carriers in the depletion region are quickly collected through drift, creating a large

current transient Idri f t with a duration up to picoseconds. It is noticeable that there is a distortion of
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the depletion potential, which is a function of substrate concentration, bias voltage, and the particle

energy (b) [65]. After the drift collection, diffusion of the carriers in the vicinity of the depletion

region dominates the carriers’ collection process (c) with a relatively long time (up to hundreds

of nanoseconds). Generally, the farther the event occurs away from the depletion region, the less

charge will be collected. Fig. 2.3 (B) shows a representative current transient pulse, exhibiting a

prompt drift and a slow diffusion component.

2.1.3 Shunt effects

Along with Moore’s law, the electronic devices have been scaled down to a point that multiple

junctions in a device can be affected by one single ion track or laser beam. Then, the charge collec-

tion of each junction cannot be treated individually. A transient conductive path would be formed

between these junctions as a result of the high density of generated carriers. This phenomenon is

called a ”shunt effect” [5]. Fig. 2.4 shows an ion track passing through a N+-P-N-N+ structure. A

highly conductive ohmic-like region due to impact ionization connects the two heavily doped N+

layers. In nowadays advanced semiconductor devices, the shunt effects are more likely to take place

because of the shrunk dimensions. For example, the source-channel junction and drain-channel

junction can be easily connected as the channel length is getting smaller and smaller, forming the

source-drain transient currents [15], [14, 66–71].

Figure 2.4: Illustration of ion track shunt effect in two-junction experimental structure [5]
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Figure 2.5: Schematic diagram illustrating (a) the bipolar gain and (b) channel-modulation charge
enhancement mechanisms that contribute to the charge collection processes of GaAs FETs [6].

2.1.4 Bipolar amplification effect

Bipolar amplification of the SEE charge collection in semiconductor devices has been reported

in a significant number of studies [6], [15], [70, 72–78]. Fig. 2.5 illustrates the mechanism of this

effect in a GaAs FET [6]. A high density of electron-hole pairs is generated along the ion track

when the device is irradiated by a heavy ion strike. Due to the much higher mobility, electrons are

collected very quickly, while a large amount of holes remain in the channel layer or the substrate

underneath the channel because of their much lower mobility. As a result, the holes accumulated
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near the source region can reduce the source-channel barrier and facilitate the electron injection from

the source to channel, which are then collected by the drain terminal. This mechanism is similar

to a bipolar transistor operating at forward active condition, and is called the bipolar amplification

effect. More charges would be collected than were generated because of this effect.

2.2 Total Ionizing Dose (TID) Effects

2.2.1 Charge trapping and mechanism overview

Besides the semiconductor materials, oxides and insulators are also key components in elec-

tronic devices. Total ionizing dose (TID) effects usually occur in these regions where the ionizing

radiation can induce significant charge buildup, leading to parametric degradation and functional

failure [8]. In the radiation environments like space and nuclear power plants, TID effects can

severely impair system lifetime when exposed to high fluxes of electrons and protons. Take MOS-

FET for example. Fig. 2.6 illustrates an MOS band diagram for a p-substrate capacitor with a

positive gate bias. When this MOS transistor is irradiated under high-energy ionizing incident, a

large amount of electron-hole pairs are generated in the gate oxide immediately (within picosec-

onds). Due to the electric field, electrons will be swept toward the gate and holes will drift toward

the Si/SiO2 interface. During this process, part of the electrons will combine with holes before

they leave the oxide. This is called initial recombination, and the fraction of electron-hole pairs

that avoid recombination is referred to as charge yield. The charge yield is highly dependent on

the energy and type of incident particle, and the electric field in the oxide, shown in Fig. 2.7. For

all sorts of particles, the probability of recombination between holes and electrons decreases as the

electric field increases. Therefore, the charge yield increases.

The holes that survive initial recombination will hop through localized states in the oxide on

their way to the Si/SiO2 interface. Due to their low mobility, some of the holes will be trapped

by the microstructural defects and pre-existing traps, forming a positive oxide-trap charge. During

the ”hopping” and ”trapping” processes, hydrogen ions (protons) are possibly released, which can

also drift to the Si/SiO2 under the effect of electric field to form interface traps [7]. In nMOSFETs,

the interface traps are usually negatively charged, while in pMOSFETs, they are charged positively.

Detailed explanations will be given later.

Apart from the charge buildup in oxide traps and interface traps, TID effects will also take place
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Figure 2.6: Band diagram of an MOS capacitor with a positive gate bias. Illustrated are the main
processes for radiation-induced charge generation. After [7]

Figure 2.7: Experimentally measured fraction hole yield as a function of applied field, for a number
of incident particles. After [8].

in the field oxides. In the region near the channel, holes generated by the high-energy ionizing

incident are also likely captured by the defects in the field oxides, and this positive charge buildup

can cause parasitic leakage current to flow in the off state condition, which would increase the static
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power in ICs. This phenomenon in field oxides is actually becoming the dominant radiation-induced

degradation in modern advanced electronics as the gate dielectrics are scaled to a high level (several

nm) with very limited pre-existing defects.

2.2.2 Oxide traps

As holes generated by irradiation move through the gate oxide (e.g. SiO2), the local potential

field of the SiO2 lattice is distorted, which increases the trap depth at the local site, and in turn

confines the holes to its immediate vicinity [7]. This combination of a hole and its distorted field

is referred to as a polaron [79]. The mobility of the holes is decreased as their effective mass is

increased by the polaron, which is why the hole transport can occur over many decades in time after

the radiation [80], [81]. As holes drift to the Si/SiO2 interface under a positive gate bias, some of

them will be trapped by the oxygen vacancies near the interface, which are formed due to the out-

diffusion of oxygen in the oxide [82] and lattice mismatch at the interface. The number of trapped

holes is determined by the capture cross-section near the interface, which is a function of the electric

field and also affected by the device fabrication. Since the oxide traps are positively charged, in both

nMOS and pMOS devices, the threshold voltage would be shifted negatively. Fig. 2.8 shows the

threshold voltage shift due to oxide-trap charge as a function of electric field in gate oxide [9]. The

measured data adjusted for charge yield exhibits approximately an E-1/2 electric field dependence.

The oxide-trapped charge also undergoes neutralization as soon as they are formed, mostly

through: 1) the electron tunneling from the channel to either oxide traps [83–85] or electron traps

associated with trapped holes [86]; (2) the thermal emission of electrons from the oxide valence

band to oxide trap [84], [87], which will not remove the trapped hole. Typically, tunneling is the

dominant mechanism at or near room temperature, while thermal excitation will become the main

factor when the temperature is raised enough. The rate of charge neutralization is highly related to

the spatial and energy distributions of the oxide traps. Oxide traps physically closer to the Si/SiO2

interface are easier to neutralize through tunneling, and thermal excitation is more likely to happen

if the energy levels of the oxide traps are close to the oxide valence band. In addition, the gate bias

can also play a big role in the neutralization process, which usually manifests itself in the annealing

process after a TID test. For example, in the previous case, applying a negative gate bias can help

electrons tunnel back to the channel and partially restore the oxide-trapped charge.
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Figure 2.8: Threshold voltage shift as a function of electric field. Shown are the measured data
(circles) and the measured data corrected for charge yield (squares). After [9]

2.2.3 Interface traps

In addition to oxide traps, TID effects will also cause the formation of interface traps at the

channel-oxide interface. Although the detailed creation steps of interface traps are still under debate

by different models, a reasonable consensus has been reached about the general procedure. The

precursor of the radiation-induced interface trap is believed to be a Si atom bonded to a hydrogen

atom and three other Si atoms on the channel side or O atoms on the SiO2 side along the interface.

Under the effect of H induced by irradiation, the Si-H bond dissociates, forming H2, and a Si

unpassivated dangling bond as an electrically active defect, also known as a Pb center or interface

trap. Rashkeev et al. [88] proposed that the H+ is the only stable charge state at the Si/SiO2 interface

and depassivates the Si-H bonds directly instead of the neutral H through the reaction: Si-H + H+ →

D+ + H2, where D+ is a dangling bond. Fig. 2.9 shows the depassivation process. When the proton

gets close to the Si-H bond, the bond length increases and a ”bridge” between Si-H and H+ gradually

forms. Then both electrons from the Si-H bond flee and create a neutral hydrogen molecule. Once

the dangling bond is formed, it can exchange charge with the silicon substrate freely and that’s why

the charge of an interface trap can be changed easily by the external bias.

Based on the energy levels within the Si band gap, interface traps can be positive, negative,

or neutral. Traps in the upper portion of the band gap are mostly acceptor-like, while traps in the
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Figure 2.9: Electronic density at different stages of the reaction between H+ and a Si-H bond: (a)
a proton approaches a Si-H bond; (b) an Si-H-H+ bridge is created; (c) an H2 molecule and a D+

defect are formed. After [5]

lower portion of the band gap are primarily donor-like. For example, an n-channel transistor at

threshold is affected predominantly by the interface traps in the upper portion of the band gap, in

which case the Fermi level is usually above the trap energy levels. Therefore, these traps tend to

accept electrons from the silicon and are charged negatively, leading to a positive shift of threshold

voltage. In contrast, for a p-channel transistor, the interface traps mostly in the lower portion of

the band gap would affect the device at threshold. As the Fermi level is typically below the energy

levels of the traps, these interface traps are likely to donate electrons to the silicon and are charged

positively. Thus, interface traps in p-channel devices are usually positive, causing negative Vth

shifts. At midgap, interface traps are approximately neutral. Since oxide-trap charge is positive for

both nMOS and pMOS transistors, interface-trap charge and oxide-trap charge add to each other for

pMOSFETs and compensate each other in nMOSFETs.

2.2.4 Border traps

Apart from the oxide trap and interface trap charge, there is a layer of near-interfacial traps that

physically reside in the oxide, but electrically behave as interface traps communicating with the

channel. These traps are named ”border traps” by Fleetwood [89], which has been widely accepted

by the community as it resolves a lot of confusion especially in the study of 1/f noise. Fig. 2.10

illustrate the physical locations of the three types of traps, in which border traps lie within ∼ 3

nm of the interface. Compared to the faster interaction between interface traps and Si, the slower
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defect with a smaller capture cross section could well be a border trap [90]. The effective border

trap densities can usually be obtained by low-frequency measurements, which will be explained in

detail later in this section.

Figure 2.10: Schematic diagram of oxide traps, border traps, and interface traps in MOS structure
[5].

2.3 Low-frequency Noise in MOS Device

2.3.1 Origin of low-frequency noise in MOS devices

Noise is a spontaneous fluctuation in current or in voltage that exists in all semiconductor de-

vices. When current is passed through a resistor, three types of noise are normally observed: 1)

thermal noise, which is present regardless of whether current flows [91]; 2) shot noise, detected

whenever carriers are emitted from a cathode or cross a potential barrier [92]; and 3) low frequency

noise (or 1/f noise), predominantly caused by carrier number fluctuations due to charge trapping

in MOS devices. Specifically, it is the thermally activated interaction between carriers and border

traps located near the channel/oxide interface that causes the fluctuations in the surface potential

and inversion charge density, which in turn leads to the noise in the drain current. The characteristic

times of the border traps include times to capture and emit the carrier, whose distribution forms

the noise process in a distinct range of frequencies. As mentioned above, border traps have the

spatial distribution near the interface and the energy distribution within the band gap of the channel

material. Therefore, the effective border density obtained by low-frequency noise measurements is

dependent on the time scale and voltage bias conditions, and it is known that the ability of a bor-

der trap to communicate with the underlying Si decreases exponentially with its distance from the
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Si/SiO2 interface [90].

Figure 2.11: Excess voltage noise power spectral density Svd (corrected for background noise) as a
function of frequency for bulk Si FinFET with 220 fins at room temperature.

Low frequency noise is typically found to be proportional to 1/fα (with α in the range 0.7

∼ 1.3). Fig. 2.11 shows a representative low frequency noise in bulk Si FinFET with 220 fins.

As the dimension of transistors is scaled down, low frequency noise is increasingly important to

the performance of semiconductor devices, such as mixers and oscillators. Its magnitude is also

regarded as a diagnostic parameter to evaluate the quality and reliability of electronic devices [93].

For example, when electrons are captured by the border traps, the net voltage drop between gate

and substrate decreases, which therefore reduces the effective gate voltage as well as the drain

current. In reverse, emitting electrons from the charged border traps would increases the effective

gate voltage and the drain current. This random fluctuations component in currents can be included

in the equation of drain current as:

I(t) = I + in(t) (2.6)

where I is the average current, and in(t) is a randomly fluctuating current [10], which typically

shows in form like Fig. 2.12 (a). Fig. 2.12 (b) illustrates the noise in the MOS device when the

fluctuating component is converted by Fourier transformation: at high frequencies, the thermal and
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shot noise dominates, while in the low frequency region, the noise spectrum exhibits the 1/f form

as shown in Fig. 2.11.

Figure 2.12: (a) A typical noise waveform in the time domain (After [10]); (b) the schematic illus-
tration of noise power spectral density in the frequency domain (After [11]).

2.3.2 Voltage dependence of low-frequency noise in MOS devices

According to the McWhorter model, a number of researchers have been able to obtain first-order

estimates of effective trap densities in MOS devices by noise measurements at room temperature, for

defects with energy level that within a few kT of the Fermi level, which means we can sense defects

close to the conduction band for nMOS transistors and valence band for pMOS transistors, and its

simplest form attributes the noise to tunnel-assisted charge exchange between the Si channel and

defects in the near-interfacial SiO2 [39], [94]. Under constant drain current and gate bias condition,

in the linear region of MOS operation, the transistor with an evenly distributed border traps in space

and energy can be essentially regarded as a gated resistor, and the the excess drain voltage noise

power spectral density, SVd , is described as [39]:

SVd =
q2

C2
OX

V 2
d

(Vg −Vth)2
kBT Dt(E f )

LWln(τ1/τ0)

1
f

(2.7)

Here COX is the gate oxide capacitance per unit area Vth, Vd , and Vg are the threshold, drain, and

gate voltages, L and W are the transistor channel length and width, Dt(E f ) is the number of traps

per unit energy per unit area at the Fermi level E f , T is the temperature in Kelvin, k is the Boltz-

mann constant, f is the frequency, and τ0, τ1 are minimum and maximum tunneling times, respec-
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Figure 2.13: Energy bands for a pMOS Si/SiO2 transistor for (a) lower and (b) higher applied
electric field. The dots are a notional representation of trapping sites in the SiO2. The 1/f noise of a
MOS transistor is sensitive to defects within a few kT of the Fermi level, which means that changing
the bias enables one to probe a different range of defect energy levels in the near-interfacial SiO2.
(After Surya and Hsiang [12]).

tively [94–97]. Therefore, for a device with a uniform defect-energy distribution, the gate-voltage

dependence of noise β = ∂ lnSVd /∂ ln|Vg −Vth|, is supposed to be ∼ 2 [39], [41]. However, in real-

ity, defects responsible for low-frequency noise in MOS devices are not usually distributed evenly

in space or energy. Instead, they often change with frequency, voltage, and temperature. It has

been reported that varying the gate bias can help to probe different regions of the semiconductor

and/or insulator band gaps, even at room temperature [39], [41]. β values higher than 2 indicate

that the effective border-trap energy distribution increases as it moves away from the conduction
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band edge for nMOS devices (or the valence band edge for pMOS); while values of β less than 2

imply the opposite trends [39], [42], [57]. Fig. 2.13 illustrates the band bending of SiO2 insulator

as the gate voltage is altered [12]. Although the spatial distribution of the defects is not easy to

obtain, changing the gate bias can still serve as useful and complementary information to changing

the temperature [12], [57], [98].

Dutta and Horn [38] demonstrated that the low-frequency noise in a metal film is strongly tem-

perature dependent, resulting from a random thermally-activated process with a broad distribution

of energy relative to kT. This theory was initially used to analyze the low frequency noise in thin

metal film, and then extended to semiconductor devices with different gate oxides. Based on the

Dutta-Horn model, the measurements of temperature dependence of 1/f noise are often used to ob-

tain insights into the defects’ energy and microstructure [39], [18], [99], [100]. Dutta and Horn

have shown that if the low-frequency noise is caused by a random thermally activated process hav-

ing a broad distribution of energies relative to kT , the frequency and temperature dependences of

the noise are related by:

α(ω,T ) = 1− 1
lnωτ0

(
∂ lnSV (T )

∂ lnT
−1) (2.8)

Here SV is the excess voltage-noise power spectral density after the thermal noise is subtracted, τ0 is

the characteristic time of the process leading to the noise, which is usually chosen as 1.81×10−15s

to be consistent with MOS studies [39], [18], and ω = 2πf. For noise described by Eq. (2.8), the

shape of the defect-energy distribution D(E0) can be described via:

D(E0) ∝
ω

kT
SV (ω,T ) (2.9)

Where the defect energy can be expressed by the temperature and frequency via [38], [39]:

E0 ≈−kT ln(ωτ0) (2.10)

If the noise is the result of thermally activated processes involving two energy levels, then E0 is the

energy barrier that the system must overcome to move from one configurational state to the other

state [38], [39], [97], as shown schematically in Fig. 2.14.
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Figure 2.14: Schematic illustration of a system with two configurations with different energy lev-
els, charge states, and/or carrier scattering rates. E0 is the energy barrier for the system to move
reversibly from one configurational state to another. (After [13]).

2.4 Previous Work on The Radiation Effects on These Advanced FinFETs

There has been much effort in investigating the SEE particularly in InGaAs FinFETs due to their

very promising application in space [15], [70], [71]. These devices were built either on InP semi-

insulating substrates with an InAlAs buffer layer or on Si substrates with a GaAs buffer layer. Both

heavy ions and pulsed-laser measurements have been used to generate the single event transients in

the devices. InGaAs FinFETs with an InP substrate show a long SET tail current due to the charge

collection from the semi-insulating substrate, while a Si-based InGaAs FinFET exhibits a very quick

SET similar to other silicon substrate technologies [101] due to the conductivity of the substrate.

TCAD simulations also confirm that a large amount of holes pile up underneath the channel layer

in InP-based devices, which induces the bipolar amplification effect and enhance the SET charge

collection, but this effect is eliminated in the Si-based InGaAs FinFETs due to extraction of holes

through the substrate contact, reducing their SEE sensitivity. The shunt effect is also observed in

both types of devices, which contributes to the peak current as the incident particles cover the whole

channel, connecting the source and drain terminals. In addition, SETs in these devices increase with

the drain voltage (source grounded) because a higher electric field will provide an enhanced charge

collection. In contrast, the gate-voltage dependence of SETs in these InGaAs FinFETs is not as

obvious as that in InGaAs planar MOSFETs [77]. Moreover, wider-fin devices generally are able to

collect more charge in terms of SETs. However, in an even more highly scaled device in fin width

(sub-10 nm), the SEE responses have not been studied. On the other hand, radiation effects and 1/f

noise of advanced FinFETs with TSV integrated near the channel have not been revealed as well.
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CHAPTER 3

Pulsed-Laser Induced Single-Event Transients in Advanced InGaAs FinFETs

This chapter is adapted from “Pulsed Laser-Induced Single-Event Transients in InGaAs Fin-

FETs with sub-10-nm Fin Widths” published in 2019 19th European Conference on Radiation and

Its Effects on Components and Systems (RADECS), and has been reproduced with the permission

of the publisher and my co-authors En Xia Zhang, Stefano Bonaldo, Andrew L Sternberg, John A

Kozub, Andrew M Tonigan, Mahmud Reaz, Landen D Ryder, Kaitlyn L Ryder, Huiqi Gong, Sharon

M Weiss, Robert A Weller, Alon Vardi, Jesús A del Alamo, Robert A Reed, Daniel M Fleetwood,

Ronald D Schrimpf.

• K. Li et al., ”Pulsed Laser-Induced Single-Event Transients in InGaAs FinFETs with sub-10-

nm Fin Widths,” 2019 19th European Conference on Radiation and Its Effects on Components

and Systems (RADECS), 2019, pp. 1-5.

3.1 Introduction

The outstanding electron transport properties of InGaAs make it a promising nMOS channel ma-

terial for future CMOS technology generations in both planar and FinFET configurations [1], [49],

[102], [103]. In general, InGaAs MOSFETs are constructed either on III-V substrates, such as InP,

to reduce the lattice mismatch [49], [50], [104], or on Si to be compatible with current CMOS tech-

nology [51], [105]. For space applications, researchers have evaluated single-event effects (SEE) in

InGaAs FinFETs on both substrate types [15], [70], [71]. The single-event transient (SET) response

has been found to depend on gate length, drain to source voltage (VDS), gate to source voltage (VGS),

and fin width, as well as substrate material. However, all devices that have been evaluated to date

have fin widths of tens of nanometers or greater. As InGaAs FinFET technology is extended to

sub-7 nm nodes, fin widths are narrower than 10 nm, [49], [50], [104]. It is therefore important

to understand the effects of further size scaling and technology evolution of the SET response of

InGaAs FinFETs.

Photons and energetic particles both generate electron-hole pairs, but laser irradiation offers

control over the time and location at which the carriers are generated. Consequently, pulsed laser ir-
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radiation is a convenient, lower-cost (than ion testing), and non-destructive approach to assist in the

evaluation of single event effects in semiconductor devices [61], [106]. Photon absorption by semi-

conductors occurs primarily via single-photon absorption (SPA) when the photon energy is greater

than the band gap, or by two-photon absorption (TPA) when the photon energy is less than the band

gap. In this work [107], we investigate the SET response of InGaAs nFinFETs on InP substrates

with fin widths less than 10 nm via pulsed-laser irradiation. By examining different fin widths, bias

conditions, and irradiation locations, we evaluate the impact of each factor on the SET response and

examine charge generation and collection mechanisms. Higher peak currents and greater charge

collection are observed in wider fin devices as a result of larger active volumes, consistent with

trends observed in previous work on larger devices. The amplitudes of the SETs and the collected

charge also increase with Vds due to the enhancement of the electric field along the channel; the

transient tail increases as the overdrive voltage increases. Charge collection is influenced strongly

by the shunt effect from source-to-drain when the laser spot covers the channel region, and by the

parasitic bipolar effect caused by the accumulation of holes underneath the channel. In general,

the sub-10 nm fin-width devices show response trends that are generally consistent with those of

wider-fin devices [15], [70], [71]. In addition, we perform device simulations that provide insight

into parasitic-bipolar charge enhancement in narrow fin devices.

3.2 Experimental Details

3.2.1 Device structure

The devices under test (DUTs) are double-gate nMOS InGaAs FinFETs fabricated at MIT [50];

there are no p-channel devices in the technology examined here as InGaAs only shows exceptional

electron transport properties for potential applications. Schematic cross-sectional and side-view

diagrams of a single fin are shown in Figs. 3.1(a) and (b), respectively; layers are not drawn to

scale. Devices are constructed on a standard 4-inch semi-insulating InP wafer (with thickness ∼

625 m). A 50 nm thick In0.53Ga0.47As channel layer is grown on a 40 nm thick InP layer and a

300-nm thick In0.52Al0.48As buffer layer. The fin height is approximately 200 nm. On top of the fin,

there are 1 nm HfO2 and 90 nm hydrogen silsesquioxane (HSQ) layers. There are 34 fins in parallel

for each device with a spacing of 0.2 µm between each fin. Fig. 3.2 shows the device layout. The

middle metal pad is connected to the gate terminal, and the pads on two side are symmetrical, which
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Figure 3.1: (a) Schematic cross section and (b) side-view of InGaAs double-gate FinFET (not drawn
to scale).

are connected to source and drain terminals. Detailed fabrication information is given in [50].

The FinFETs of Fig. 3.1 operate as double-gate MOSFETs with the channel controlled by the

side gates, but not the top gate due to the isolation by the HSQ hard mask. The gate dielectric

materials, one monolayer of Al2O3 and 3 nm of HfO2 (EOT ∼ 0.8 nm), are deposited by atomic
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Figure 3.2: InGaAs FinFETs layout with 34 fins; The middle pad is connected to the gate terminal,
source and drain terminals are symmetrical.

layer deposition (ALD). The fin pitch is 0.2 µm. The fin widths of the devices used in this study are

5 nm, 7 nm, and 9 nm; gate lengths are 80-100 nm. There are 34 fins in these devices. As these are

double-gate FinFETs, the channel width W is twice the channel height (∼ 50 nm) multiplied by the

fin number, which is approximately 3.4 µm.

ID −VGS characteristics are monitored before and after each set of transients to make sure the

DUTs are in good condition before and after testing. Fig. 3.3 shows the transfer characteristics

of the DUTs with 80-nm gate lengths and different fin widths under 50 mV drain bias (source

grounded), which conforms with the proportional relationship between the on-state drive current

with the channel width. All exhibit typical nMOSFET characteristics with high on/off current ratios.

In the off-state region, it is found that the leakage currents increase as VGS is getting more negative.

This is a typical behavior in ID−VGS curves due to the gate-induced drain leakage (GIDL). It occurs

in the region where the gate overlaps the drain junction. As the gate is set more negative, the

depletion region forms in the n-type drain and the band bending occurs in the interfacial region.

When the band bending is more than the band gap, electrons in the conduction band are easily

tunnel through the band gap to the conduction band, creating electron-hole pairs, which are then

collected by the drain terminal as GIDL.
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Figure 3.3: IDS −VGS characteristics for devices with different fin widths. The gate lengths are all
80 nm. Vds = 50 mV.

Figure 3.4: A simplified block diagram of TPA test setup. In the figure, ‘L’ stands for lens, ‘M’
stands for mirror, ‘S’ stands for shutter, ‘P’ stands for polarizer, ‘BS’ stands for beam splitter, ‘PD’
stands for photodiode, and “BB” represents the broadband light source. The red line indicates the
optical path traveled by the laser beam. The blue line indicates the reflected light that is imaged by
the near infrared camera

3.2.2 Experimental setup

Pulsed-laser testing experiments were performed at Vanderbilt University using the system

shown in Fig. 3.4 [70], which generates 150 fs pulses with 1 kHz repetition rate. This tunable
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wavelength laser system can be optimized both for the two-photon (TPA) and single-photon (SPA)

absorption tests. The laser applied in the experiment has a wavelength of 1260 nm (energy of ∼0.98

eV) and spot size of ∼1.2 µm [3]. The sensitive region of the device is the InGaAs channel layer.

Figure 3.5: Schematic experimental setup of pulsed-laser-induced SET testing.

Figure 3.6: High-speed package for SET capture [14]

For pulsed-laser tests, DC bias are supplied by a semiconductor parameter analyzer (HP 4156A)

through bias tees with 50-GHz bandwidth for the ID −VGS measurements during the tests to make

sure the devices were not damaged, as well as contributing to the tests of drain or gate bias depen-

dences. A Teledyne Lecroy LabMaster 10-36Zi-A oscilloscope with 36-GHz front-end bandwidth

and 80 GS/s sampling rate is used to capture the transients at each terminal. The schematic ex-

perimental connection is shown in Fig. 3.5. Devices under test are mounted in a custom-milled
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high-speed brass package [108], shown in Fig. 3.6 [14]. Three terminals of the devices are wire-

bonded to impedance-matched strip lines and terminated with SMA- or K- connectors. A hole is

drilled in the center of the package and the devices are irradiated from the backside to avoid gate

metal effects. The best focus is determined by both metal-reflected and transmitted illumination

sources, confirmed by minimum laser spot size observed in the optical microscope image [3]. For

each location at which the laser is focused, 100 transients are recorded and averaged.

3.3 Experimental Results and Analysis

3.3.1 Representative laser-induced SET pulse

Relevant band gaps and corresponding charge generation mechanisms are summarized in Table

3.1. Since the photon energy of the pulsed-laser is 0.98 eV ( = 1260 nm), the charge is generated

in the InGaAs channel primarily via single-photon absorption (SPA) as the photon energy is above

the band gap, and from the InP and InAlAs layers via TPA as the photon energy is below its band

gap [61], [106]. Hence, more of the incident laser energy is absorbed in the channel layer than in

the InP or In0.52Al0.48As layers due to the higher density of carrier generation induced by SPA over

TPA.

Table 3.1: Charge generation mechanism for 1260-nm laser

Fig. 3.7 shows a representative transient when the pulsed-laser is focused on the center of a

device with 7 nm fin width under a bias condition of VD = 0.5 V, VS = 0 V, and VG = Vth, where Vth

is the threshold voltage and the initial values for all the devices are in the range of +0.35 ± 0.1 V.

The gate voltage is set at Vth here and in the following experiments because it (1) corresponds to

the maximum SET response in InGaAs planar devices [16], and (2) facilitates comparison with the

wider fin devices in [15] at the same gate bias. The spot size is approximately 1.2 µm, as determined

by a typical knife-edge optical spot size measurement at the beam waist [109], [110], and optical

pulses were focused onto the DUT using a 100 × (NA 0.45) microscope objective. The maximum
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Figure 3.7: Representative SET signal of an InGaAs FinFET on semi-insulating InP with 7-nm fin
width, LG = 80 nm, VDS = 0.5V, VG - Vth = 0 V.

peak currents are observed when the center of the laser spot is located on the fin. Because the fin

pitch is 0.2 µm, 6 of 34 fins are irradiated by each laser pulse.

The gate transient is almost negligible compared to those of the source and drain. This is due to

the potential wells that define the channel both in the fin width and fin height directions, as shown in

Fig. 3.8 (a) and (b), respectively. These wells effectively confine the carriers in the channel region

with minimal carriers tunneling to the gate oxide and being collected by gate terminal, making

the channel layer critical to the charge collection, similar to the behavior observed in the wider

devices [15]. The nearly symmetric source and drain signals also suggest that the collected current

is mainly from the channel. The quick rise and prompt peak of the current result from carrier drift in

the channel, while the tail of the transient is mainly due to the diffusion of carriers from the substrate,

and the deeper in substrate the charge is generated and collected, the longer the tail of the transient

would be, which is consistent with previous work on the InP-based FinFETs [15], [70], [77], but

differs significantly from the Si-based FinFETs with no tail currents observed in the SETs [67], [71]

due to the substrate contact collection through the conductive substrate. The total collected charge

for each SET is obtained by the integration of current vs. time beginning and ending at 10% of the

peak current.
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Figure 3.8: Band diagrams (a) across the fin width direction and (b) along the fin height direction.

3.3.2 Fin-width-dependence of pulsed-laser-induced SET

Figs. 3.9 (a) and (b) show changes of peak drain current and drain-collected charge along a line

scan of the laser spot from source to drain for devices with different sub-10 nm fin widths (5nm,

7nm, 9nm). The center of the gate metal is defined as x = 0 µm; the gate length of all DUTs is 80

nm. The energy of a laser pulse at the die surface is approximately 1.4 nJ, extracted according to

the calibrated energy peak relationship [111]. Devices are biased with VD = 0.5 V, VS = 0 V, and

VG - Vth = 0 V. The maximum SET responses are observed when the laser is focused in the channel

region of these devices (x = 0 µm). The laser spot size is larger than the distance between the source

and drain, so the laser-induced carriers shunt the channel [70], [69]. The response is small when

the laser is focused on the source and drain because the semi-insulating InP substrate limits the
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Figure 3.9: (a) Peak drain current and (b) drain collected charge change along a line scan of laser
spot for InGaAs FinFETs with 5, 7, 9-nm fin widths. (c) Peak drain current of InGaAs FinFETs
with 20-nm fin width from [15] with InGaAs FinFETs with 9-nm fin width.
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collection volume [15]. The peak drain current shows some spatial asymmetry where it’s higher in

the drain side. This is because the drain side has a higher electric field. In addition, the peak drain

current increases approximately linearly with fin width from 5 nm to 9 nm when the laser is focused

on the channel, and the collected charge decreases when the fin width decreases, consistent with

trends observed for devices with 20 nm and 30 nm fin width in [15]. In contrast to the peak drain

current, the collected charge is not directly proportional to the fin width when the laser is focused

on the channel, since the integral of the transient current with respect to time also includes carriers

generated outside the fin and collected via diffusion. A possible reason for this scaling trend in SET

response is that the charge generation by the laser pulse is nearly uniform over the small channel

volume. As the laser spot has a waist of 1.2 µm and a Rayleigh length of about 15 µm [70], [112],

the 50-nm thick InGaAs decreases the incident intensity less than 10% according to a Beer’s law

calculation [113]. Therefore, the laser intensity in the channel layer can be taken approximately

evenly distributed, and the sensitive region for charge collection is proportional to fin volume. This

scaling trend may also be related to the changes of the recovery time for source-channel barrier

lowering and the area of the source-channel depletion region.

Consistent with this interpretation, Fig. 3.9 (c) shows that for comparable photon energies and

the same gate length, the peak drain current of the device with 9 nm fin width (red dots) in this study

is smaller than that of the device with 20 nm fin width (black dots) in [15]. Moreover, the fin pitch

in [15] is 0.8 µm, while in this study, it is 0.2 µm. Since the radius of the laser spot is ∼0.6 µm,

only one fin is irradiated in [15], but several fins are covered by the laser spot in this study. Hence,

the SET response of a single fin for the device with 9 nm fin width is even smaller than it appears

in Fig. 3.9 (c), compared to the device with 20-nm fin width in [15]. A direct comparison of SET

response in the range of 5 nm to 30 nm is provided later in the discussion subsection.

3.3.3 Bias-dependence of pulsed-laser-induced SET

Fig. 3.10 (a) and (b) show changes of peak drain current and drain collected charge along a line

scan from source to drain for a device with Wfin = 9 nm under different drain biases with VG = Vth

. For VS = VD = 0 V, the transients are mainly from the junctions, since there is no electric field

along the channel, and transients are much smaller than when bias is applied between source and

drain. Therefore, when VD VS , the transients are mainly from charge collection in the channel. The
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Figure 3.10: (a) Peak drain current and (b) drain collected charge change along a line scan under
different source and drain biases.

peak drain current and collected charge increase with drain bias, because higher electric field along

the channel promotes enhanced charge-collection efficiency. This phenomenon is also observed in

devices with wider fin widths [15], [70], [71]. The transients are collected mainly because of the

laser-shunt and parasitic bipolar mechanisms discussed in [70]. Since the gate length is only 80 nm,

while the diameter of the laser spot is about 1.2 µm, the shunt effect plays a role when the laser

spot covers the channel, during which the photoexcited carriers short the source and drain, resulting

in a large prompt current [70], [69]. The parasitic bipolar effect also plays an important role when
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laser-induced holes accumulate under the channel due to their low mobility. This decreases the

source-channel barrier and induces a source-to-drain current pathway [70]. Consequently, when the

laser spot is away from the channel, for example, x = ± 4 m, significant transients are still observed,

which are much higher than those produced when the laser strikes the source or drain junctions

with VS = VD = 0. This phenomenon is also significantly different from what is observed in Si-based

InGaAs FinFETs [71], or Si and SiGe FinFETs [67], [69], [101], for which a large amount of charge

is collected when source and drain terminals are tied together, indicating that the junction plays a

big role in charge collection as there is no electric field along the channel.

Fig. 3.11 shows drain current transients for the device with Wfin = 7 nm at different gate biases

when the device is biased on. The laser spot was centered on the channel. VDS was fixed at 0.5

V. Here, the overdrive voltage VOV = VGS-Vth. The peak drain current does not change significantly

with the overdrive voltage, in contrast to planar III-V MOSFETs [77]. The small bump at ∼ 1.5 ns

is due to reflection of the signal from one of the components in the signal path between the DUT

and the oscilloscope.

Figure 3.11: Drain current transients for InGaAs FinFETs with Wfin=7 nm at several gate bias
conditions.

This occurs because the device is controlled by the two side gates and they have limited effect

on the substrate below the fin. However, in planar III-V MOSFETs [77], the excess electron density,

which is the absolute electron density difference between the post-strike and pre-strike condition,
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decreases substantially in inversion. That is because the post-strike electron densities are almost

same for different gate voltage due to a very large number of carriers generated during irradiation,

while the pre-strike electron density increases with the overdrive voltage in the planar devices. In

addition, the tail current is higher when the overdrive voltage is larger, similar to the responses of

wider fin devices in [70] and GaAs MESFETs in [75].

3.3.4 Energy-dependence of pulsed-laser-induced SET

Fig. 3.12 shows the peak drain current (left axis) and drain collected charge (right) dependences

on the pulsed-laser energy for the device with Wfin=5 nm. The bias condition was fixed at VGS=Vth

and VDS = 0.5 V. As energy increases, more carriers are generated, resulting the increases of peak

current and collected charge. The sublinear relationship shows that under the laser irradiation of

= 1260 nm, both single-photon absorption and two-photon absorption take place during the carrier

generation process.

Figure 3.12: Peak drain current (left) and drain collected charge (right) change with the pulsed-laser
energy.

3.4 TCAD Simulation

To further understand the charge collection mechanisms, 3-D technology computer-aided design

(TCAD) simulations were performed. All the key parameters of the simulated devices including
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Figure 3.13: (a) Drain current transients for InGaAs FinFETs with sub-10-nm fin widths in TCAD
simulations. (b) Evolution of conduction band energy along the channel. Charge was injected at 1
ns.

gate length, fin width and thickness of different layers are the same as the tested devices, except for

the thickness of the InP semi-insulating substrate which is truncated to 20 µm for efficiency. The

simulation structure included one fin; additional parallel fins exhibit the same trends and mecha-

nisms. The SETs were simulated by injecting charge with a Gaussian distribution in both time and

space. The characteristic width of the Gaussian distribution is 50 nm and the strike is centered at
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1 ns with a characteristic time of 2 ps. The amount of the deposited charge is 76 fC/µm along 8

µm vertically from the top of the gate to the substrate, centered at the middle of the channel. The

parameters used in the TCAD simulations are the same as those used in the previous work for wider

fin devices [70], [15], which allows us to establish consistency with the fin width dependence of the

SETs that was reported previously for the larger devices.

Fig. 3.13 (a) shows the simulated drain current as a function of time for devices with three

different fin widths (all less than 10 nm). The quick rise of the current, followed by a relatively

long tail is consistent with the experimental results shown in Fig. 3.7. Moreover, devices with

wider fins exhibit higher current peaks as well as more charge collection, which also agrees with

the experimental data shown in Figs. 3.9 (a) and (b). Fig. 3.13 (b) shows the time evolution

of the conduction band energy for the device with Wfin = 9 nm along the channel from source

to drain,before and after the charge injection. The source-channel barrier drops quickly when the

charge is deposited and recovers to about 0.1 eV at 10 ns. This barrier-lowering phenomenon, as a

result of the accumulated holes under the channel layer, demonstrates the parasitic bipolar effect in

the charge collection. These simulation results for devices with sub-10-nm fin widths are consistent

with those of wider fin devices [70], [15].

Figure 3.14: Conduction band energy along the channel layer for the devices with different fin
widths in the sub-10-nm region, at 1 ns (peak of the charge deposition).
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To extend the understanding of parasitic bipolar effects in previous work in [70], [15], [75],

[114] to smaller fins, Fig. 3.14 illustrates the conduction band energy along the channel for devices

with different fin widths in the sub-10-nm region. The time corresponds to the peak charge deposi-

tion. Lower source-channel barriers are observed in devices with wider fins, indicating a stronger

parasitic bipolar effect and more charge collection.

3.5 Discussion

To facilitate comparison to the wider-fin devices in [15] and illustrate scaling effects, the SET

response of the devices with sub-10-nm fin widths in Fig. 3.9 (a) is scaled empirically to account for

the laser energy, the gate length, and fin number to compare the two sets of devices more directly.

Scaling the results by the ratio of peak drain currents at x = 0 for the devices with Wfin = 9 nm in

Figs. 3.9 (a) and Fig. 3.9 (c) leads to excellent agreement of the curves.

Figure 3.15: Peak drain current along a line scan for InGaAs FinFETs with Wfin = 20, 30 nm
from [15] and scaled response of devices with Wfin = 5, 7, 9 nm in this work.

Fig. 3.15 shows the peak drain current along a line scan for the devices with fin widths from

5 nm to 30 nm incorporating the previous data in [15] and the scaled data in this study. Fig. 3.16

illustrates the scaled drain peak current for a single fin under irradiated at channel region x = 0 µm as

a function of fin width. The SET response varies directly with the fin width for the entire range of the
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devices tested in the two studies. This is a qualitative comparison to evaluate whether previously

observed trends in wider devices also occur in devices with narrower (and more technologically

relevant) fins. However, the two sets of devices were fabricated with different layouts on different

process runs. Testing conditions and laser calibrations were not exactly identical. To obtain an

accurate quantitative relation between fin width and SET response over the full range of widths

would require testing the same types of devices from the same test chip under identical experimental

conditions.

Figure 3.16: Scaled peak drain current for a single fin under irradiated at channel region x = 0 µm
as a function of fin width from 5 nm to 30 nm.

3.6 Summary and Conclusion

The laser-induced SET response is investigated for InGaAs FinFETs on InP with sub-10-nm fin

widths. Consistent with results of devices with 20 and 30 nm fin widths, more charge and higher

peak currents are obtained in wider fin devices, which is likely due to an increase of sensitive vol-

ume for charge collection. This scaling trend may also be related to the changes of the recovery

time for source-channel barrier lowering and the area of the source-channel depletion region. The

collected charge is mostly from the channel, when the source or drain is biased, with negligible con-

tributions from junction depletion-region charge collection. Higher drain-to-source bias produces

higher electric fields along the channel, creating larger peak currents and enhanced charge collec-
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tion. Larger overdrive voltage does not change the peak current in the channel a lot but increases the

tail current from the substrate. Charge collection is influenced strongly by the laser-shunt when the

laser spot is on the channel, and by parasitic bipolar effects caused by accumulated holes underneath

the channel. The TCAD simulations agree with the fin-width dependence of SETs observed in the

experiments and demonstrate that the parasitic bipolar effect is stronger in wider-fin devices. These

results significantly extend the range of scaling trends observed in wider-fin devices, and reinforce

the potential utility of highly scaled InGaAs FinFETs in space electronics.
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CHAPTER 4

Impacts of Through-Silicon Vias on Total-Ionizing-Dose Effects and Low-Frequency Noise in

Advanced FinFETs

This chapter is adapted from “Impacts of Through-Silicon Vias on Total-Ionizing-Dose Effects

and Low-Frequency Noise in FinFETs” published in IEEE Transactions on Nuclear Science, and

has been reproduced with the permission of the publisher and my co-authors En Xia Zhang, Mariia

Gorchichko, Peng Fei Wang, Mahmud Reaz, Simeng E Zhao, Gaspard Hiblot, Stefaan Van Huylen-

broeck, Anne Jourdain, Michael L Alles, Robert A Reed, Daniel M Fleetwood, Ronald D Schrimpf.

• K. Li et al., ”Impacts of Through-Silicon Vias on Total-Ionizing-Dose Effects and Low-

Frequency Noise in FinFETs,” IEEE Trans. Nucl. Sci., vol. 68, no. 5, pp. 740-747, May

2021.

4.1 Introduction

As scaling has pushed gate-dielectric and junction technologies closer to physical limits, three-

dimensional (3D) integrated circuits (ICs) have drawn much attention due to enhancement of chip

performance, functionality, and device packing density [55]. In 3D-IC technology, multiple layers of

chips are stacked vertically and electrically connected by through-Si vias (TSVs) and microbumps.

These provide shorter total interconnection length compared with 2D-ICs [2]. The reduced inter-

connection length can improve the wiring efficiency (∼15%), decrease the total active power (more

than 10%), and reduce fabrication cost [54]. However, the manufacturing process of TSVs may also

modify charge trapping properties of gate and field oxides. For example, local mechanical stress

and defects may be induced in the field oxide during thermal cycling and wafer thinning [115];

plasma-induced charging during TSV etching could lead to enhanced trap generation in gate or iso-

lation oxides [16, 116, 117]; or dose enhancement effects [32], [118] around the TSV filling metal

could increase doses in nearby oxides. Therefore, it is important to evaluate the impact of TSV

integration on the total-ionizing-dose (TID) response and low-frequency noise of these devices in

advance of potential use in high-radiation environments, such as space systems or particle acceler-

ators [32], [35].
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In this work [17], Total-ionizing-dose (TID) effects and low-frequency noise are evaluated in

advanced bulk nMOS and pMOS FinFETs with SiO2/HfO2 gate dielectrics. Otherwise identical

devices built with and without through-silicon via (TSV) integration exhibit threshold voltage shifts

of less than 25 mV and changes in maximum transconductance of less than 1% up to 2 Mrad(SiO2).

TSV integration negligibly impacts threshold shifts and degradation of subthreshold swing and

Ion/Io f f ratios. Similar low-frequency noise magnitudes and frequency dependences are observed

before and after TID irradiation for each device type. Effective densities of the near-interfacial elec-

tron traps responsible for the noise in the nMOS devices increase as the surface potential moves

toward midgap, while effective densities of the hole traps that cause the noise in the pMOS devices

increase as the surface potential moves toward the valence band edge.

4.2 Device and Experiments

Bulk FinFETs with/without TSV via-last integration near the transistor channel (∼1 µm) were

fabricated by imec [16]. The TSV has a diameter of 1 µm and a depth of 5 µm, isolated by a 100 nm

thick SiO2 liner, and filled with Cu. The FinFET features a replacement metal gate, in-situ doped

epitaxial junctions, and has 2-levels of Damascene tungsten local interconnects. Fig. 4.1 (a) shows

the cross-section of the technology [16]. There are 220 fins in the FinFETs with height = 26 nm,

width = 7 nm, and pitch = 45 nm. The gate length is 1 µm; the gate dielectric consists of a 0.5 nm

thick SiOx interfacial layer and a 2 nm thick HfO2 layer; the effective oxide thickness (EOT) is 0.9

nm. The gate metal is tungsten with a thin layer of work-function metal close to the gate oxide. Fig.

4.1 (b) shows the side-view schematic diagram of an individual fin.

Devices were irradiated at room temperature at Vanderbilt University using an ARACOR Model

4100 X-ray irradiator with peak energy deposition at ∼10 keV [32]. The dose rate was 30.3

krad(SiO2)/min. All devices were irradiated in steps to a cumulative dose of 2 Mrad(SiO2), fol-

lowed by annealing for 60 min at room temperature (RT). Ionizing doses and dose rates are referred

to equilibrium dose in SiO2 to be consistent in calibration and facilitate comparison with other

work [32]. During irradiation and annealing, devices are biased under conditions similar to those of

typical device operation: “+1 V” (Vgs = +1 V, Vds = 0 V), “0 V” (Vgs = 0 V, Vds = 0 V), and “-1 V”

(Vgs = -1 V, Vds = 0 V). Source, drain, and body contacts were grounded during irradiation.

Id −Vg transfer characteristics were measured at Vd = 0.05 V with an Agilent 4156B semicon-
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Figure 4.1: (a) Cross-sectional diagram of a bulk FinFET with 1×5 µm TSV via-last integration
[16]. (b) Side-view schematic diagram of an individual fin

ductor parameter analyzer. For each device, the IV curves were measured before irradiation, after

a accumulative dose of 30 Krad, 100 Krad, 200 Krad, 300 Krad, 500 Krad, 1 Mrad, 2 Mrad(SiO2),

and after annealing of 5, 15, 30, 60 minutes, respectively. The threshold voltage Vth is estimated

by calculating the x-intercept of the linear extrapolation of the Id −Vg curve at its maximum first

derivative and subtracting Vd /2 [119]. More than 24 devices were tested in this work. At least 12

included TSV-last integration; at least 12 were nominally equivalent but without TSV integrated.

At least two devices of each type were measured for all results reported here. For each condition,

device-to-device variation in radiation response is less than 10%; error bars denote ranges of device

responses.

The noise power spectral density SVd was measured at room temperature for a frequency range

from 2 Hz to 400 Hz with correction for background noise [39]. The drain voltage was 0.05 V. The

gate voltage varied from 0.1 V to 0.45 V above Vth for nMOS, and varied from -0.1 V to -0.45 V
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below Vth for pMOS; the source, body, and substrate were all grounded.

4.3 Experimental Results and Discussion

4.3.1 Impact of TSV via-last integration on TID effects

Figure 4.2: Id −Vg transfer characteristics at Vd = 0.05 V for an nMOS FinFET with TSV integration
at “+1 V”, “-1 V” biasing condition, for a duration (2h) comparable to that applied during TID
irradiation and annealing processes. All curves lie on top of one another.

That unirradiated devices biased with times and voltages similar to those applied during TID

irradiation and annealing is typically carried out to examine the stability of the devices and separate
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the effects of TID irradiation from the applied bias through the shifts in the IV curves [120]. For

example, Fig. 4.2 shows Id −Vg transfer characteristics at Vd = 0.05 V for an nMOS FinFET with

TSV integration at “+1 V” and “-1 V” biasing condition, respectively, for a duration (2h) comparable

to that applied during TID irradiation and annealing processes. All curves lie on top of one another,

demonstrating the excellent stability of unirradiated devices with TSV integration under different

bias conditions. Vth shifts less than 2 mV, and the on-state current changes less than 5%. Same

outstanding stability is also observed in pMOS and the devices without TSV integration under all

different bias conditions.

Fig. 4.3 shows Id −Vg curves at Vd = 0.05 V for nMOS FinFETs with TSV integration irradiated

up to 2 Mrad(SiO2) and annealed for 60 min at room temperature under “-1 V”, “0 V” and “+1 V”

bias conditions. Devices irradiated under the “-1 V” bias condition showed shifts comparable to or

smaller than those of the devices irradiated under the “0 V” bias condition, and devices irradiated

under “+1 V” bias condition exhibit the largest changes. Fig. 4.4 shows similar results for nMOS

FinFETs without TSV integration. For both device types at all bias conditions, off-state leakage

currents increase with the total dose. This is due to the increase of radiation-induced trapped charge

in the shallow trench isolation (STI) of the sub-fin region shown in Fig. 4.1 (b). As the devices were

under irradiation, the incident high-energy particles will also generate a large number of electron-

hole pairs in the STI oxide region, in which electrons can easily be swept out due to there high

mobility, while holes are likely to be trapped by the defects as they move very slow in the oxides.

Therefore, these trapped positive charges can invert the p-type silicon near the STI edge and create

a parasitic leakage path from drain to source [121–123]. Among these bias conditions, the leakage

currents increase most for the “+1 V” condition, indicating that the trapped-charge density in the

STI is highest for irradiation under this bias condition.

For each case, the off-state leakage current increases with the total ionizing dose, since the more

incident particles come into the STI region, the more electron-hole pairs are generated, thus form-

ing more positively charged traps. The 1-hour annealing after 2 Mrad(SiO2) under each condition

facilitates the positively charged traps to recover due to the neutralization of electrons, and that’s

why the dash lines (device after annealing) in all bias conditions show less leakage currents than

those in irradiated device after a total dose of 2 Mrad(SiO2). The changes of key parameters before

and after irradiation will be discussed and analyzed later.
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Figure 4.3: Id −Vg curves at Vd = 0.05 V for nMOS FinFETs with TSV integration near the channel
as functions of dose up to 2 Mrad(SiO2) and annealing at RT for 1 hour for the (a) “-1 V”, (b) ”0
V”, and (c) “+1 V” bias conditions.
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Figure 4.4: Id −Vg curves at Vd = 0.05 V for nMOS FinFETs without TSV integration near the
channel as functions of dose up to 2 Mrad(SiO2) and annealing at RT for 1 hour for the (a) “-1 V”,
(b) ”0 V”, and (c) “+1 V” bias conditions.
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Figure 4.5: (a) Vth shifts and (b) normalized maximum transconductance variations for nMOS bulk
FinFETs with TSV integration (solid lines) and without TSV integration (dash lines) irradiated and
annealed at RT in the “-1 V”, “0 V”, and “+1 V” bias conditions. Error bars denote the ranges of
device responses.

From the IV curves in Fig. 4.3 and Fig. 4.4, several key electric parameters of the devices

such as threshold voltage, maximum transconductance, substhreshold swing and Ion/Io f f ratio can
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be extracted to evaluate the property change of gate or field oxide during the irradiation. Fig. 4.5

shows (a) Vth shifts and (b) changes in maximum transconductance for the devices of Figs. 4.3 and

4.4 for all three irradiation bias con-ditions; Fig. 4.6 shows (a) degradation of subthreshold swing

and (b) changes in Ion/Io f f ratios. The parameters of devices with TSV integration are shown in

solid lines; dashed lines represent those without TSV integration. Vth shifts of less than 0.025 V are

found in all cases, and less than 10% variation in response is observed for device types irradiated

under similar bias conditions. Given that the gate voltage sweep step is 10 mV, a 25 mV of change

in threshold voltage is almost negligible under TID irradiation. This excellent TID response is

consistent with a low density of net radiation-induced trapped positive charge in the gate dielectric

layers and outstanding gate electrostatic control because of the FinFET structure [122–125].

In a typical nMOSFET, the drive current can be described as:

ID =
µ̄nWCi

L
[(VG −VT )VD − 1

2
V 2

D] (4.1)

Where µ̄n is the surface electron mobility (not the same as the mobility in the bulk material), W

and L are the width and length of the channel respectively, Ci is the capacitance of the insulator.

Obviously, µ̄nZCi
L = kN is proportional to the transconductance of the n-channel MOSFET, and this

also applies to FinFETs in general.

Therefore, for a given FinFET with fixed channel length, width and gate dielectric, the change

in transconductance can be the indicator of the variation in surface electron mobility, which can be

affected by the interface trap generation during the TID irradiation. From Fig. 4.5 (b), changes in

maximum transconductance are less than 1% for all devices and bias conditions. This also demon-

strates that the TID effects on the gate oxide for both types of devices are minimal. In addition,

considering the similarly small shifts in Vth and Gm change, the whole result shows that the impact

of TSV via-last integration on TID effects in the gate oxide is negligible.

The degradation of the subthreshold swing and Ion/Io f f ratios (here defined as Ion at Vg = 1

V and Io f f at Vg = –0.2 V) in both devices result from off-state sub-fin leakage [121–123]; less

than 3% decreases are observed in on-state currents in all cases. Fig. 4.6 confirms that the worst-

case degradation of subthreshold characteristics and off-state leakage current occur for “+1 V” bias

condition, with the “0 V” case showing the next highest, and the “- 1 V” case the least. These
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Figure 4.6: Changes in (a) subthreshold swing degradation and (b) Ion/Io f f ratios as functions of
dose and RT annealing for the nMOS devices and experimental conditions of Fig. 4.5. Error bars
denote the ranges of device responses.

trends in subthreshold response with bias evidently are observed because, when the work function

difference Φms of ∼ 0.6 eV is taken into account for the calculation of gate-oxide electric field,

the “+1 V” case has the highest electric field (6.4 MV/cm), the “0 V” case has the next highest

53



electric field (2.4 MV/cm), and the “-1 V” case has the lowest electric field (1.6 MV/cm). Trends

in electric field magnitude and direction in the STI regions in closest proximity to the channel

that determine the level of the observed subthreshold leakage scale similarly [121], [124], [125].

Hence, the highest charge yield and densities of trapped-oxide charge in the STI are found for

the “+1 V” case, and reduced yields and charge trapping densities are observed in the “0 V” and

“-1 V” cases [32], [41], [122], [123] [125–128]. Positive gate bias also enhances the density of

trapped positive charge at the interface of the STI and channel, relative to the “0 V” and “-1 V”

cases [32], [129]. Hence, the leakage path under the fins is affected the most in the “+1 V” case,

with the “0 V” case the next, and the “-1 V” case the least. Incorporating with the Id −Vg curves

shown in Fig. F.3 and Fig. 4.4, it can be inferred that the degradation in subthreshold swing and

Ion/Io f f ratio is the result of the increase of the leakage current in the off-state region. Therefore,

the changes of these two parameters can reflect the modification of field oxide (STI in the sub-fin

region) charge-trapping properties. The similar variations for both device types under the three bias

conditions shown in Fig. 4.6 demonstrate that the impact of TSV via-last integration on TID effects

in the field oxide is also minimal.

Similar as Fig.4.3 and Fig. 4.4, Id −Vg curves at Vd = 0.05 V for pMOS FinFETs with and

without TSV integration near the channel as functions of dose up to 2 Mrad(SiO2) and annealing at

RT for 1 hour for the (a) “-1 V”, (b) ”0 V”, and (c) “+1 V” bias conditions are shown in Fig. 4.7 and

Fig. 4.8, respectively. As seen with the nMOS device, similar TID responses are observed with and

without TSV integration. For both types of pMOS FinFETs, the threshold voltage shifts by less than

6 mV, maximum transconductance changes less than 10%, and subthreshold swing changes less than

10% before and after irradiation. These similar results observed for pMOS devices irradiated under

all three bias conditions again show that the impact of TSV integration on TID effects is negligible

in these devices. However, compared to the nMOS devices, the pMOS devices exhibit very limited

increase in leakage currents, regardless of different bias conditions they are applied with. This is

because, to form a leakage path in a pMOS device, the polarity of carriers in n-type substrate surface

have to be inverted to holes, which requires the trapped charge in the STI to be negative. However,

the positively charged traps are the dominant traps in the sub-fin STI as mentioned before as a result

of mobility difference of electrons and holes. Therefore, the leakage current does not change with

TID irradiation dose too much in pMOS devices, no matter what bias conditions are applied.
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Figure 4.7: Id −Vg curves at Vd = 0.05 V for pMOS FinFETs with TSV integration near the channel
as functions of dose up to 2 Mrad(SiO2) and annealing at RT for 1 hour for the (a) “-1 V”, (b) ”0
V”, and (c) “+1 V” bias conditions.
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Figure 4.8: Id −Vg curves at Vd = 0.05 V for pMOS FinFETs without TSV integration near the
channel as functions of dose up to 2 Mrad(SiO2) and annealing at RT for 1 hour for the (a) “-1 V”,
(b) ”0 V”, and (c) “+1 V” bias conditions.
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4.3.2 Impact of TSV via-last integration on 1/f noise

Because the physical thickness of the gate dielectric is ∼2.5 nm with an EOT of 0.9 nm, defects

in the gate oxide and/or near-gate STI introduced by TSV integration may also potentially cause

differences in 1/f noise before and after irradiation [90], [119], [125], [130]. Therefore, it is useful

to evaluate the impact of TSV via-last integration on low-frequency noise.

Figure 4.9: Excess voltage-noise power spectral density, SVd , vs. f at several values of Vgt = Vgs - Vth
for nMOS FinFETs without TSV integration (a) pre-irradiation, with slope α = 0.98 ± 0.09, and
(b) post-irradiation, with slope α = 0.96 ± 0.08. Error bars denote the ranges of device responses.
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Fig. 4.9 shows the excess voltage-noise power spectral density, SVd , for nMOS bulk FinFETs

without TSV integration for values of Vgt = Vgs - Vth ranging from 0.1 V to 0.3 V, (a) before and

(b) after 2 Mrad(SiO2) irradiation in the worst case “+1 V” bias condition. The 1/ f noise was mea-

sured at Vds = 0.05 V with source and body contacts grounded. The spectra exhibit 1/ f α frequency

dependences for most frequencies and values of Vgt . Deviations from a simple ∼ 1/ f frequency de-

pendence result from border traps with non-uniform energy distributions [38], [39], [41], [57], [100].

The frequency dependence α is estimated for the data of Fig. 4.9 by fitting the noise spectra from 3

to 30 Hz; values of α typically change less than 5% after irradiation.

Figure 4.10: Noise magnitude at f = 10 Hz as function of Vgt for nMOS devices without TSV
integration at pre-irradiation and post-irradiation. β = 3.2 ± 0.1. Error bars denote the ranges of
device responses.

Fig. 4.10 shows noise magnitudes at f = 10 Hz for the data of Figs. 4.9(a) and 4.9(b) as functions

of Vgt ; values of SVd differ by less than 10% in each case. For noise due to number fluctuations

with a uniform defect-energy distribution, the slope of the voltage dependence of the noise, β , is

expected to be ∼ 2 [39], [41]. However, in Fig. 4.10, β = 3.2 ± 0.1, with a change less than 10%

after irradiation. The significant deviation of β from 2 in Fig. 4.10 suggests that the border traps

responsible for the noise in these devices have a non-uniform defect-energy distribution [39], [41],

[42], [57]. That values of β are significantly greater than 2 is consistent with an effective border-

trap energy distribution increases as it moves away from the conduction band edge [39], [42] [57].
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Figure 4.11: Excess voltage-noise power spectral density, SVd , vs. f at several values of Vgt = Vgs -
Vth for nMOS FinFETs with TSV integration (a) pre-irradiation, with slope α = 0.95 ± 0.07, and
(b) post-irradiation, with slope α = 0.99 ± 0.08.

Noise magnitudes and voltage dependencies in these devices are similar to those observed in work

on early generations of bulk and SOI FinFETs with high-K gate dielectrics reported by Gorchichko

et al. [131].

Plots similar to those of Figs. 4.9 and 4.10 are shown for nMOS devices with TSV integration

in Figs. 4. 11 and 4.12. Values of α vary by less than ∼5% and values of SVd and β vary by less
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Figure 4.12: Noise magnitude at f = 10 Hz as function of Vgt for nMOS devices with TSV integra-
tion at pre-irradiation and post-irradiation. β = 3.2 ± 0.1.

than ∼10% for irradiated and unirradiated devices. Hence, the results of Figs. 4.9-4.12 show that

TSV via-last integration does not have a significant impact on the low-frequency noise, implying

that the border-trap densities of the two types of devices are also similar [39], [90], [97], [132].

Plots similar to those of Figs. 4.9-4.12 are shown for pMOS devices with and without TSV

integration in Figs. 4.13-4.16, irradiated to 2 Mrad(SiO2) in the “+1 V” bias condition. Again,

values of α vary by less than ∼5% and values of SVd and β vary by less than ∼10% for irradiated

and unirradiated devices. Hence, similar to what is observed for nMOS devices, neither the radia-

tion response nor the effective border-trap densities in pMOS devices is affected by TSV via-last

integration. In contrast to the nMOS devices, values of β are less than 2 in Figs. 4.14 and 4.16. This

is consistent with an effective border-trap energy distribution in these pMOS devices that increases

as it moves away from the midgap [39], [42] [57].

We now apply a first-order number fluctuation model to provide estimates of the effective

border-trap densities and energy distributions for the nMOS and pMOS devices of Figs. 4.9-

4.16 [39], [41], [131], [132]:

Dt(E f ) =
LW

q2kBT
C2

OX SVd f (Vg −Vth)
2

V 2
d

ln(τ1/τ0) (4.2)
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Figure 4.13: SVd , vs. f at several values of |Vgt | = |Vgs - Vth| for pMOS FinFETs without TSV
integration (a) pre-irradiation, with slope α = 1.10 ± 0.05, and (b) post-irradiation, with slope α =
1.10 ± 0.09. Error bars denote the ranges of device responses.

Here Dt(E f ) is the number of traps per unit energy per unit area available to contribute to the

noise process at a given gate bias and Fermi level, L and W are the transistor channel length and

effective width, q is the magnitude of the electron charge, kB is the Boltzmann constant, T is the

absolute temperature, COX is the gate-oxide capacitance per unit area, SVd is the excess drain-voltage

noise power spectral density, corrected for background noise, f is the frequency, Vth, Vg, Vd are the

threshold, gate, drain voltages, and τ0 and τ1 are the minimum and maximum tunneling times,
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Figure 4.14: SVd , vs. f at several values of |Vgt | = |Vgs - Vth| for pMOS FinFETs with TSV integration
(a) pre-irradiation, with slope α = 1.17 ± 0.05, and (b) post-irradiation, with slope α = 1.16 ± 0.07.
Error bars denote the ranges of device responses.

respectively [42]. For tri-gate FinFETs with 220 fins, W ≈ 220(FW + 2FH), where FW is the fin

width and FH is the fin height [41], [120], [122–124], [131]. We estimate the ratio τ1⁄τ0 ≈ 1012 to

be consistent with previous work [39], [90], [97], [132], [133].

Fig. 4.17 shows Dt(E f ) at f = 10 Hz as a function of Vgt for devices (a) without and (b)

with TSV integration. Consistent with trends in the voltage dependence of the noise of nMOS
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Figure 4.15: Noise magnitude at f = 10 Hz as function of |Vgt | for pMOS devices with TSV inte-
gration at pre-irradiation and post-irradiation. β = 1.4 ± 0.1. Error bars denote the ranges of device
responses.

Figure 4.16: Noise magnitude at f = 10 Hz as function of |Vgt | for pMOS devices without TSV
integration at pre-irradiation and post-irradiation. β = 1.3 ± 0.1. Error bars denote the ranges of
device responses.

devices in Figs. 4.10 and 4.12, the effective density of electron traps increases strongly as the

applied voltage is reduced in magnitude, corresponding to defect energies closer to midgap surface
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Figure 4.17: Effective border-trap energy distribution at f = 10 Hz as a function of Vgt for nMOS
and pMOS devices (a) without TSV integration and (b) with TSV integration, before and after 2
Mrad(SiO2) total dose irradiation.

potential [39], [42] [57]. Similarly consistent with trends in the voltage dependence of the noise

of pMOS devices in Figs. 4.14 and 4.16, the effective density of hole traps increases strongly

as the applied voltage is increased in magnitude, corresponding to defect energies closer to the

valence band edge [39], [42] [57]. For nMOS devices, effective border-trap densities range from

a high of ∼1.3 ×1013 cm−2eV−1 when Vg - Vth = 0.1 V to a low of ∼2 ×1012 cm−2eV−1 when
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Vg - Vth = 0.45 V. For pMOS devices, effective border-trap densities range from a high of ∼9

×1012 cm−2eV−1 when Vg - Vth = 0.45 V to a low of ∼3 ×1012 cm−2eV−1 when Vg - Vth = 0.1

V. These trap densities are typical of those observed in devices with high-K dielectrics in other

studies [39], [41], [100], [131].

Because the near-interfacial SiO2 layer in the devices of this study is only ∼0.5 nm thick, it is

unlikely that the majority of the electron and hole traps responsible for the low frequency noise are

located in the SiO2 layer. Charge exchange with traps in SiO2 so close to the interface occurs far too

rapidly to con-tribute to noise in the frequency range employed in this study [39], [41], [90], [132].

Hence, it is likely that the defects re-sponsible for the observed noise in the devices are located

within the bulk HfO2 or at the SiO2/HfO2 dielectric/dielectric interface [39], [131], [134–138].

Oxygen vacancies in HfO2 are known to have both electron and hole trap levels that may well be

responsible for the observed noise in these devices, and are often complexed with hydrogen [39],

[41], [134–140].

4.4 Summary and Discussion

The total-ionizing-dose response is reported for advanced FinFETs with and without TSV via-

last integration near the channel. The worst-case TID response in nMOS devices is the “+1 V” bias

condition, for which the highest electric field, highest charge yield, and thus the largest hole trapping

is observed in the STI. These charged traps in the STI degrade the subthreshold swing and Ion/Io f f

ratio. Off-state currents increase modestly with increasing TID. The shifts of the threshold voltage

in both devices are small because of the relatively few charged traps in the thin gate oxide and the

excellent electrostatic gate control of the FinFET structure. No significant changes in low-frequency

noise magnitude are observed during device irradiation, consistent with the small Vth shifts.

The effective border-trap densities responsible for the noise in the nMOS devices increase as the

surface potential moves away from the conduction band edge, consistent with the response of older-

generation FinFETs with SiO2/HfO2-based FinFETs. This similarity suggests that the 1/ f noise in

nMOS devices with SiO2/HfO2-based gate dielectrics is due most likely to electron traps in the bulk

HfO2 or at the SiO2/HfO2 interface. The effective border-trap densities responsible for the noise in

the pMOS devices decrease as the surface potential moves away from the valence band edge. These

defects also have been identified in previous studies as oxygen vacancies, and are known to be often
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complexed with hydrogen. Reducing the densities of these near-interfacial defects will therefore

improve the performance, reliability, and radiation response of integrated circuits built in this and

other technologies with HfO2-based gate stacks.

Finally, TSV integration does not significantly affect threshold shifts, maximum transconduc-

tance variation, degradation of subthreshold swing, low-frequency noise, or Ion/Io f f ratio in both

pMOS and nMOS devices, indicating that trapping properties of the gate oxide and STI are rela-

tively unaffected by TSV integration. If single-event effects are similarly unaffected (or perhaps

improved [141]), technologies that in-corporate TSVs will be highly promising for use in space and

other high-radiation environments due to their enhanced chip functionality without degradation in

radiation hardness.
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CHAPTER 5

Low-Frequency Noise and Border Traps in Irradiated nMOS and pMOS Bulk Si FinFETs

with SiO2/HfO2 Gate Dielectrics

This chapter is adapted from “Low-Frequency Noise and Border Traps in Irradiated nMOS and

pMOS Bulk Si FinFETs with SiO2/HfO2 Gate Dielectrics” submitted to 2022 IEEE Nuclear and

Space Radiation Effects Conference, and has been reproduced with the permission of the publisher

and my co-authors Xuyi Luo, Rony W Mohammed, Mariia Gorchichko, Gaspard Hiblot, Stefaan Van

Huylenbroeck, Anne Jourdain, Michael L Alles, Robert A Reed, En Xia Zhang, Daniel M Fleetwood,

Ronald D Schrimpf.

• K. Li et al., ”Low-Frequency Noise and Border Traps in Irradiated nMOS and pMOS Bulk

Si FinFETs with SiO2/HfO2 Gate Dielectrics,” submitted to 2022 IEEE Nuclear and Space

Radiation Effects Conference (NSREC), July, 2022.

5.1 Introduction

As electronic devices and integrated circuits (ICs) have evolved, defect generation and charge

trapping in dielectrics and at channel-dielectric interfaces are among the most important concerns

that limit their performance, reliability, and radiation response [8], [34], [35] [142]. The most

important cause of low-frequency noise in electronic devices is the thermally activated interaction

of carriers with defects in dielectrics; low-frequency noise measurements can provide significant

insights into defect densities, effective energy distributions, and microstructures in semiconductor

devices [18], [37–39], [99], [100]. Measurements of the frequency and temperature dependence

of 1/ f noise enable estimates of effective defect energy distributions via the theory of Dutta and

Horn [38], [39]. Estimates of effective defect densities and energy dependence may also be derived

from the number fluctuation model of low-frequency noise of MOS devices, within the limited range

of surface potentials accessible at a fixed temperature [42–44], [57].

In previous work, effective border-trap densities were evaluated for as-processed and irradiated

bulk Si nMOS and pMOS FinFETs built in the same process technology via gate-dependence mea-

surements of low-frequency noise per-formed (only) at room temperature [17]. For nMOS devices,
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the effective density of border traps was found to increase toward midgap. For pMOS devices, ef-

fective border-trap densities were found to increase toward the valence band. Here we perform a

detailed comparison of the low-frequency noise of these devices at temperatures from 80 K to 320 K.

The gate-voltage dependence of the 1/ f noise is investigated in both device types at several tempera-

tures after irradiation and annealing, with results similar to [17] in all cases. The nMOS noise gener-

ally decreases with increasing temperature, with three prominent individual defect-related peaks in

plots of noise magnitude vs. temperature identified at ∼ 95 K, 155 K, and 215 K. In strong contrast,

the pMOS noise magnitude generally increases with increasing temperature with no prominent in-

dividual defect-related peaks in noise magnitude vs. temperature. The noise and effective energy

distributions are only affected modestly when devices are subjected to bias-stress at 80◦C (353 K)

and/or irradiated up to 2 Mrad(SiO2). The applicability of Dutta-Horn analysis is demonstrated

in all cases, demonstrating that the noise is caused by thermally-activated processes with energy

distributions that vary slowly relative to kT, where k is Boltzmann’s constant and T is the absolute

temperature. Trends in energy distributions inferred from Dutta-Horn analysis of the temperature

dependence of the noise and from gate-voltage measurements of noise are qualitatively consistent

for both types of FinFETs.

5.2 Experimental Details

5.2.1 Device structure

Bulk Si FinFETs were fabricated by imec with 220 fins, fin height = 26 nm, fin width = 7 nm,

and fin pitch = 45 nm [16]. The gate length is 1 µm and the gate dielectric consists of a 0.5 nm SiOx

interfacial layer and 2 nm HfO2 layer, which provides an EOT of 0.9 nm. The gate metal is tungsten

with a thin layer of work-function metal between the W layer and the gate oxide. Fig. 1 shows a

side-view schematic diagram of an individual fin [17], [16].

5.2.2 Experimental setup

Drain current vs. gate voltage (Id −Vg) characteristics were measured with an Agilent 4156A/B

semiconductor parameter analyzer at Vds = ± 0.05 V for nMOS/pMOS devices. The threshold

voltage Vth is extracted by calculating the x-intercept of the linear extrapolation of the Id −Vg curve
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Figure 5.1: Side-view schematic diagram of an individual fin [17].

at its maximum first derivative and subtracting Vds/2 [119]. The low-frequency noise power spectral

density Svd was measured with correction for background noise; Vd was at 0.05 V for nMOSFETs

and 0.05 V for pMOSFETs, with source, body, and substrate grounded [39]. Temperatures ranged

from 80 to 320 K and frequencies ranged from 2 Hz to 400 Hz. The gate voltage varied from 0.1

V to 0.6 V above Vth for nMOS devices and 0.1 V to 0.5 V below Vth for pMOS devices. After

initial noise measurements were performed on as-processed devices, bias-temperature stresses were

performed at 80◦C (353 K) at Vg = ± 0.8 V for each device to check for stability [100], [143]. The

electrical connection for low-frequency noise measurement is illustrated in Fig. 5.2 [18].

TID irradiation was performed at room temperature at Vanderbilt University using an ARA-

COR Model 4100 X-ray irradiator with peak energy deposition at 10 keV [35] at a dose rate of 30.3

krad(SiO2)/min. All devices were irradiated in steps to a total dose of 2 Mrad(SiO2), followed by

annealing for 60 min at room temperature. Ionizing dose and dose rate are referred to equilibrium

dose in SiO2 for consistency in calibration and to facilitate comparison with other work [35]. De-

vices are biased under the worst-case “+1 V” condition (Vgs = +1 V, Vds = 0 V) during irradiation

and annealing [17], with source, drain, and body contacts grounded. At least three devices were

measured for each device type, with typical device-to-device variations in response less than 10%.
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Figure 5.2: Low-frequency noise measuring system (after [18]).

5.3 Experimental Results and Discussion

5.3.1 1/ f noise and border traps in irradiated nMOS FinFETs

Fig. 5.3 shows Id −Vg characteristics for nMOS devices that were (a) biased at Vgs = ±0.8 V

for 2 h at 80◦C and (b) irradiated in steps up to 2 Mrad(SiO2) and annealed at room temperature

for 1 h. In Fig. 5.3(a) Vth shifts less than 3 mV and the on-state current changes less than 5%

during bias stress, indicating high stability. Values of Vth shift less than 0.02 V and gm changes less

than 1% [17]. In Fig. 5.3(b), off-state leakage currents increase with dose due to radiation-induced

trapped charge in the shallow trench isolation (STI) of the sub-fin region (Fig. 5.1). Trapped positive

charges can invert the p-type silicon near the STI edge and create a parasitic leakage path from drain

to source [121], [122], [124].

For semiconductor devices, low-frequency noise is primarily caused by random thermally ac-

tivated processes having a broad distribution of energies relative to kT. Dutta and Horn showed

that the frequency and temperature dependences of 1/ f noise that results from such processes are

correlated via:

α(ω,T ) = 1− 1
ln(ωτ0)

(
∂SV (T )
∂ lnT

−1) (5.1)

Here SV is the excess voltage–noise power spectral density after the thermal noise is subtracted,

α =−∂SV/∂ f , τ0 = 1/ f0 is the characteristic time of the process leading to the noise, and ω = 2π f .
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Figure 5.3: Id −Vg transfer characteristics for nMOS FinFETs at Vds = 0.05 V (a) for unirradiated
devices, before and after devices were stressed at Vgs = ±0.8 V for 2 h at 80◦C, and then (b) as
functions of dose up to 2 Mrad(SiO2) and annealing at room temperature (RT) for 1 hour for the
“+1 V” bias conditions.

A value of τ0 = 1.81 × 10-15 s is chosen here to be consistent with previous MOS studies [18], [39],

[100], [144], [145]. For noise described by Eq. (5.1), the defect-energy distribution D(E0) can be

inferred from measurement of SV by the relation:
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D(E0) ∝ 1− ω

kT
SV (ω,T ) (5.2)

where the defect energy is related to temperature and frequency by the expression [18], [38], [39]:

E0 ≈−kT ln(ωτ0) (5.3)

If the noise results from thermally activated processes involving two energy levels, E0 is the

energy barrier that the system must overcome to move from one configurational state to another

with a different charge state and/or different carrier scattering probability [13], [38], [39], as shown

in Fig. 5.4.

Figure 5.4: Schematic illustration of a system with two configurations with different energy levels,
charge states, and/or carrier scattering rates. E0 is the energy barrier for the system to move re-
versibly from one configurational state to another. (After [13]).

Fig. 5.5 shows the evolution of the normalized low-frequency noise SV d f/T (left y-axis) and

corresponding effective border-trap energy distribution Dt(E f ) (right y-axis) for nMOS devices be-

fore and after the stability tests and irradiation/annealing tests of Fig. 5.3; here f = 10 Hz, Vg – Vth ≡

Vgt = 0.3 V, and Vd = 0.05 V. The noise magnitude generally decreases with increasing temperature

in all cases. Minimal changes are observed in SV d f/T at a given value of T with bias-stress and/or

irradiation to 2 Mrad(SiO2), affirming the excellent stability and radiation tolerance of these de-

vices. The effective border-trap density and energy distribution Dt(E f ) is estimated via a first-order

number fluctuation model [39], [41], [97], [131]:

Dt(E f ) =
LW

q2kBT
C2

OX SVd f (Vg −Vth)
2

V 2
d

ln(τ1/τ0) (5.4)
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Figure 5.5: Normalized 1/ f noise (left hand scale) and effective border-trap energy distribution
(right hand scale) as a function of temperature from 80 K to 320 K at f = 10 Hz and Vg – Vth = 0.3
V and Vd = 0.05 V for the nMOS bulk Si FinFETs of Fig. 5.3 before and after bias-temperature
stress and subsequent TID irradiation and annealing. Three devices were measured with similar
responses; the results of a typical device are shown here.

Here L and W are the transistor channel length and effective width. For these tri-gate FinFETs with

220 fins, W ≈ 220(FW + 2FH), where FW is the fin width and FH is the fin height [41], [120],

[122–124], [131]. τ0 and τ1 are the minimum and maximum tunneling times, respectively [11]. We

estimate the ratio τ1⁄τ0 ≈ 1012 to be consistent with previous work [17], [39], [90], [97], [132], [133].

Effective border-trap densities for nMOS devices range from ∼2 ×1012 cm−2eV−1 to ∼3 ×1013

cm−2eV−1.

Fig. 5.6 evaluates the degree to which the temperature- and frequency-dependences of the noise

are correlated via Eq. (5.1), which provides a test of the ability of the Dutta-Horn model to describe

the noise kinetics of these devices [38], [39], [100], [146], [147]. The consistency of the trends

in experimental and predicted values of α justify the use of Eq. (5.3) to estimate the effective

border-trap densities in Fig. 5.5 (upper x-axis) [38], [39].

Three peaks in noise magnitude vs. temperature curves are observed in Fig. 5.5 at ∼ 95 K (0.25

eV), ∼ 155 K (0.40 eV), and ∼ 215 K (0.55 eV), indicating three prominent defects. Fig. 5.7 shows

the frequency dependence of SV d for the irradiated and annealed devices at room temperature (295
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Figure 5.6: Comparison of experimental values of the frequency dependence of the noise, α =
−∂SV d/∂ f , estimated in the frequency range 5-20 Hz, for temperatures from 80 K to 320 K. Pre-
dicted values are extracted from the data of Fig. 5.5 using Eq. (5.1) of the text.

K) and the temperatures of prominent peaks and troughs in Fig. 5.5. At 125 K, 185 K, and 295

K (troughs in the distributions), SV d exhibits a ∼ 1/ f power law, while at 95 K, 155 K, and 215 K

(peaks in the distributions), deviations from the power law dependence are consistent with a single,

dominant defect that is active at ∼ 10 Hz in each case [39]. The 0.4 eV defect in SiO2 has been

identified with hydrogen shuttling near the interface [100], [148]; active defects at ∼ 0.25 eV and

∼ 0.55 eV are most likely O vacancies in the HfO2 [39], [41], [99], [149].

Gate-voltage dependence measurements of low-frequency noise can be used to obtain the energy

and/or space distribution of the effective border trap densities [17], [18], [39], [42], [150]. The

excess drain-voltage noise power spectral density SV d can be expressed via [7-9]:

SV d( f ,Vds,Vgs) = KV 2
ds f−α(Vgs −Vth)

−β (5.5)
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Figure 5.7: Frequency dependence of SV d at temperatures corresponding to the peaks and troughs of
the noise magnitude vs. temperature plots in Fig. 5.5 for devices that completed the full bias-stress
and irradiation/annealing sequence.

Here K is the normalized noise magnitude. For noise due to number fluctuations with a uniform

defect-energy distribution, the slope of the voltage dependence of the noise, β , is expected to be ∼

2 [18], [39]. The values of β are larger than 2 when the defect energy distribution increases toward

midgap. Values of β are less than 2 if the defect energy distribution increases toward the conduction

band for nMOS devices or the valence band for pMOS devices [17], [18], [39], [42], [99].

Fig. 5.8 shows noise magnitudes at f = 10 Hz as a function of Vgt = Vgs-Vth from 0.1 V to 0.6 V

at room temperature and the three temperatures at which peaks occur for the irradiated and annealed

devices of Fig. 5.5: 95 K, 155 K, and 215 K. In all four cases, the values of β for the full range of

Vgt fall within a band of β = 3.3 ± 0.5. That these values are significantly greater than 2 confirms

that, over the full range of temperatures investigated, the effective border-trap energy distribution

increases as energies approach midgap and decreases as the energy moves away from the conduction

band [39], [42], [57]. This is consistent with the overall decrease of the noise magnitude with

increasing temperature in Fig. 5.5, since increasing temperature probes defects that are closer in

energy to the corresponding band (conduction band for nMOS devices and valence band for pMOS

devices) [57].

As shown by the dashed lines in Fig. 5.8, values of β are close to 2 at higher and lower voltages,
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Figure 5.8: Noise magnitude at f = 10 Hz as a function of Vgt from 0.1 V to 0.6 V for the devices
of Fig. 5.7.

with higher values of β at mid-range voltages. Scofield et al. have shown that variations in voltage

dependence in noise magnitude in large planar MOS devices with thick SiO2 gate dielectrics can

be attributed to prominent individual defect-related peaks that are also evident in plots of noise vs.

temperature [57], as seen in Figs. 5.5 and 5.8.

5.3.2 1/ f noise and border traps in irradiated pMOS FinFETs

Similar to nMOS FinFETs, pMOS devices also exhibit excellent stability after being biased at

Vgs = ±0.8 V for 2 h at 80◦C prior to TID irradiation, as shown in Fig. 5.9(a). Vth shifts less than 2

mV, and the on-state current changes less than 5%. Fig. 5.9(b) shows Id −Vg curves at Vds = -0.05

V during irradiation and annealing at the “+1 V” (Vgs = +1 V, Vds = 0 V) bias condition. Changes in

threshold voltage of less than 15 mV and maximum transconductance of less than 1% are observed

in these pMOS devices, similar to the responses of nMOS devices to bias-temperature stress and

TID exposure in Fig. 5.3.

Fig. 5.10 shows the normalized low-frequency noise and corresponding effective border-trap

energy distribution Dt(E f ) as a function of the temperature at f = 10 Hz and Vgs = 0.3 V for pMOS

devices before and after bias-temperature stress and 2 Mrad(SiO2) TID irradiation and 1 h annealing.

Minimal changes in noise are observed at a given value of T with bias-stress or irradiation. The
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Figure 5.9: Id −Vg transfer characteristics for pMOS FinFETs at Vds = -0.05 V (a) for unirradiated
devices, before and after devices were stressed at Vgs = ±0.8 V for 2 h at 80◦C, and then (b) as
functions of dose up to 2 Mrad(SiO2) and annealing at room temperature (RT) for 1 hour for the
“+1 V” bias conditions.

inset shows agreement between the measured frequency dependences of the noise and calculated

values based on Dutta-Horn model. Unlike the nMOS devices, there are no obvious individual

defect-related peaks in the pMOS devices. This is due to the differences in the energy dependences

of near-interfacial electron and hole traps in SiO2/HfO2 gate dielectrics. The effective border-trap
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Figure 5.10: Normalized 1/ f noise (left hand scale) and effective border-trap energy distribution
(right hand scale) as a function of temperature from 80 K to 320 K at f = 10 Hz and Vg – Vth = -0.3
V and Vd = -0.05 V for the pMOS bulk Si FinFETs of Fig. 5.9 before and after bias-temperature
stress and subsequent TID irradiation and annealing. Inset: experimental values of α compared with
the values derived from Dutta-Horn model. Three devices were measured with similar responses;
the results of a typical device are shown here.

densities for pMOS devices range from ∼ 3 × 1012 cm−2eV−1 to ∼ 9 × 1012 cm−2eV−1, consistent

with previous work [17].

Fig. 5.11 shows the noise magnitude at f = 10 Hz as a function of Vgt from 0.1 V to 0.5

V at the same four temperatures as in Fig. 5.8 for the irradiated and annealed pMOS devices of

Fig. 5.10. In all cases, hole trap distributions increase toward the valence band edge [57], [100], in

contrast to electron trap distributions, which increase strongly toward midgap in Fig. 5.8 [17], [100].

This distribution is similar to that observed in NBTI studies of hole trapping in the near-interfacial

SiO2, in which a broad, relatively uniform distribution is observed of O vacancies complexed with

hydrogen near the Si/SiO2 interface and extending into the HfO2 [41], [139], [140], [151]. Note

that, under the conditions of the measurements shown, the normalized noise magnitudes are similar

near room temperature for the nMOS devices in Fig. 5.5 and the pMOS devices in Fig. 5.10. In

this region, prominent individual defects do not contribute as significantly to the nMOS noise as at

lower temperatures.
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Figure 5.11: The noise magnitude at f = 10 Hz as function of Vgt from -0.1 V to -0.5 V at the same
four temperatures as in Fig. 5.8 for the irradiated and annealed pMOS devices of Fig. 5.10.

5.4 Summary and Conclusions

The temperature and gate-voltage dependences of the 1/ f noise are investigated for complemen-

tary bulk Si FinFETs. Noise magnitudes and frequency dependence are not significantly affected by

bias-temperature stress or TID exposure to 2 Mrad(SiO2), emphasizing the stability and radiation

tolerance of these devices. Three prominent, individual electron traps contribute significantly to

the low-temperature noise of the nMOS devices. In contrast, no prominent defects are identified

in the pMOS noise measurements. These differences in response are strong evidence of differ-

ences in the effective energy distributions of near-interfacial electron and hole traps in SiO2/HfO2

gate dielectrics. The noise in nMOS devices is affected strongly by non-uniformities in the ef-

fective border-trap defect-energy distribution associated with prominent individual defects in these

devices. These results provide significant insight into the reasons for which nMOS and pMOS

transistors often show significantly different noise magnitudes and gate-voltage dependence, and

reinforce the significant role that prominent, individual defects can play in these comparisons and

in performance, reliability, and radiation response.
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CHAPTER 6

Conclusions

This dissertation investigates the radiation effects and low-frequency noise in advanced Fin-

FETs. The first type of advanced FinFETs explored are the devices with the promising InGaAs

channel material and highly-scaled fin widths. Single-event effects are studied in these devices

through the pulsed laser method. The nMOS InGaAs FinFETs are fabricated by MIT with the fin-

widths less than 10 nm. A 50 nm thick In0.53Ga0.47As channel layer is grown on a 40 nm thick InP

layer and a 300-nm thick In0.52Al0.48As buffer layer. The FinFETs operate as double-gate MOS-

FETs with the channel controlled by the side gates, gate length LG = 80, 100 nm, fin widths WF=

5 nm, 7 nm, 9 nm, fin height HF = 200 nm, fin number NF = 34 and fin pitch of 0.2 µm. The

gate dielectrics consist of one monolayer of Al2O3 and 3 nm of HfO2 (EOT∼ 0.8nm). Pulsed laser

measurements are applied in the single event transient (SET) tests due to their nondestructive, easy-

accessible and low-cost properties. Using a laser with 1260 nm wavelength (∼0.98 eV), charge is

generated from the InGaAs channel layer primarily via single-photon absorption (SPA), and from

the InP and InAlAs layers via two-photon absorption (TPA). The bias dependences of SET are ex-

amined through the line scans of the pulsed laser from source to drain direction with different drain

biases or gate biases. Devices with different fin widths within 10 nm were irradiated with the pulsed

laser to extend the study of the fin-width dependence of SETs from wider fin to sub-10 nm region.

3-D TCAD simulations of single event transients were performed by using the heavy-ion model in

Sentaurus TCAD to provide a further understanding of the charge collection mechanism.

The experimental results show that for InGaAs FinFETs on InP with sub-10-nm fin widths,

more charge and higher peak currents are obtained in wider fin devices, which is likely due to an

increase of sensitive volume for charge collection, consistent with results of devices with 20 and

30 nm fin widths. The amplitudes of the SETs and the collected charge increase with Vds due to

the enhancement of the electric field along the channel, while the peak drain current of SET does

not change significantly with the gate voltage. This is because the fins are thin and fully depleted,

and the two side gates have limited effect on the channel materials below the fins. Similar to the

response of planar III-V MOSFETs, the tail current of SET increases as gate voltage increases.
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Charge collection is influenced strongly by the shunt effect from source-to-drain when the laser

spot covers the channel region, and by the parasitic bipolar effect caused by the accumulation of

holes underneath the channel. The TCAD simulations demonstrate the dependence of the parasitic

bipolar effect on fin width via the source-channel barrier lowering.

The second type of advanced FinFETs studied are bulk Si FinFETs with through-silicon vias

(TSVs) near the active region, and highly-scaled fin width as well. The devices were fabricated by

imec with ate length LG = 1 µm, fin widths WF= 7 nm, fin height HF = 200 nm, fin number NF =

220. The TSV was integrated ∼1 µm away from the channel with a diameter of 1 µm and a depth

of 5 µm. Total-ionizing-dose effects and low-frequency noise at room temperature are evaluated

in both nMOS and pMOS FinFETs with SiO2/HfO2 gate dielectrics. Otherwise identical devices

built with and without through-silicon via (TSV) integration exhibit threshold voltage shifts of less

than 25 mV and changes in maximum transconductance of less than 1% up to 2 Mrad(SiO2). TSV

integration negligibly impacts threshold shifts and degradation of subthreshold swing and ION /IOFF

ratios. Similar low-frequency noise magnitudes and frequency dependencies are observed before

and after TID irradiation for each device type. Effective densities of the near-interfacial electron

traps responsible for the noise in the nMOS devices increase as the surface potential moves toward

midgap, while effective densities of the hole traps that cause the noise in the pMOS devices increase

as the surface potential moves toward the valence band edge.

The opposite border-trap energy distribution trends in nMOS and pMOS devices inspired a

further detailed investigation of the defects near the interface. The temperature dependence of low-

frequency noise from 80 K to 320 K is explored for these nMOS and pMOS bulk Si FinFETs with

SiO2/HfO2 gate dielectrics. The nMOSFET 1/ f noise generally decreases as temperature increases,

with three prominent individual defect-related peaks detected. These peaks in the noise magnitude

as a function of temperature are most likely due to hydrogen shuttling near the interface and/or O

vacancies in HfO2. In contrast, the 1/ f noise in the pMOSFETs generally increases with increasing

temperature without any prominent peaks in the noise magnitude as a function of temperature.

The gate-voltage dependence of low-frequency noise is evaluated at different temperatures for both

device types, showing the trends in border-trap densities that are qualitatively consistent with those

inferred from Dutta-Horn analysis of the temperature dependence of the noise.
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