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Advanced InAs Quantum Well MOSFET:
Device Bandgap Engineering and Hysteresis Effect

Student: Ming-Huei Lin Advisor: Dr. Edward Yi Chang

Department of Materials Science and Engineering

National Chiao Tung University

ABSTRACT

This thesis focuses on two important issues in InAs quantum well MOSFETS:
the bandgap engineering of the InGaAs/InAs/inGaAs composite channel as well as
the hysteresis phenomena incurred by the-interface states at the high-k/semiconductor
interface.

With respect to the device bandgap engineering, the influence of device epitaxial
structures on carrier confinement and apparent _maobility was firstly investigated by
numerical simulations. The epitaxial = structures used for the fabrication and
characterization of the devices were introduced and reviewed. Through experimental
verification, we found that optimized composite channel thickness and sub-channel
indium (In) composition are beneficial to the drive current and the suppression of
short channel effects.

With respect to the hysteresis effect, we explored the physics origin and the bias
dependences of hysteresis phenomena. A mechanism was proposed to explain the
threshold voltage shift in hysteresis phenomena, and it was verified by experimental
results. Various bias dependences were also studied and emphasized by using the
derived equations. In addition, we also proposed a new method to extract the interface
state density of the transistor without using MOS capacitor like conventional methods.
The proposed method was able to evaluate the interface properties of the gate stack of
MOS transistors.



In addition, the physical models for the threshold voltage and gate capacitance of
InAs quantum well MOSFETs were developed in order to have a understanding of the

electrical behaviors of devices.

Keywords: Advanced MOSFET, InAs Quantum Well MOSFET,
Bandgap Engineering, Hysteresis Effect,
High-k Gate Dielectric/Metal Gate, Threshold Voltage Instability
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Chapter 1
Introduction

1.1 General Background

Semiconductor quantum heterostructures have drawn a great deal of attention of
scientists and engineers in the fields of solid-state physics, materials science, and
electronics. Engineered heterostructures not only incorporate new transport properties
and device operation principles into the emerging transistor technologies, but also
pave the way for future low-power and high-performance complementary
metal-oxide-semiconductor (CMOS) technology through this approach: IlI-V
MOSFET.

Driven by the Moore’s law, Si MOSFETs have dominated the CMOS technology
for over three decades with the-advance of lithography technology. However, scaling
of deep submicron MOS transistors encountered difficulties in device engineering,
including short channel effects (SCEs) [1], degraded- mobility [2], random dopant
fluctuation (RDF) [3], and random telegraph noise (RTN) [4]. Improved electrostatic
control had been realized though. device body engineering and new device
architectures, such as ultra-shallow" junction [5], retrograde doping [6], raised
source-drain [7], FinFET [8] and ultra-thin body silicon-on insulator (UTB-SOI) [9].
Moreover, partially/fully depleted devices [10] with lightly-doped/no-dopant channel
are expected to be a feasible solution to get rid of the RDF. Regarding the mobility
degradation, strained Si technology has been demonstrated in industrial products.
However, stress engineering approaches its limit since the injection velocity of Si is
insufficient to meet the requirements of sub-10 nm MOS transistors. Advanced
MOSFET technology utilizing 111-Vs and/or Ge channels emerges as the promising
candidates for nano-scale low-power and high-performance MOSFETSs. The strength
of 111-V-based channel comes not only from their superior transport properties that
strained-Si cannot achieve, but also from the art of device bandgap engineering.

I11-V materials’ low effective mass and hence high carrier velocity enable the

transistors to perform high drain current (Ip), impressive transconductance (gm), and
short gate delay at low supply voltage (Vpp). Scaling Vpp without the expense of
device performance is essential to the present and future CMOS technology. The Vpp

scaling is beneficial to the hot carrier effects and the power consumption, since the
1



power consumption of a MOSFET is given by P= 0.5 Ci x Vpp?, where C; is the gate
capacitance. Lower Vpp represents less power consumption and prevents the devices
from some reliability issues. There are two momentums that accelerate the pursuing
of high-mobility channel materials. The first one is: the ballistic transport and velocity
saturation phenomena in nano-scale MOSFETs make the I and g, depend on carrier
velocity instead of gate length (L) as the Ly below 100 nm [1]. The second one is: the
surface-channel Si MOSFETs suffer from severe surface scattering at
oxide/semiconductor interface during device scaling, due to large transverse electrical
field. In the perspective of the improvement in mobility and injection velocity,
InxGaz.xAs with In composition of 53% and above as well as InAs were taken into
consideration by the International Roadmap Committee [11]. Even though low
effective mass leads to high carrier velocity, but its drawback — low density of state
(DOS) has to be taken into considerations. Low DOS leads to the lower sheet electron
concentration in channel, so the transistor requires more gate overdrive (Vs - V1) to
sustain available carriers. Fig. 1.1 shows the electron injection velocity at virtual
source in InAs and InGaAs quantum-well- field effect transistors (QW-FETSs) as a
function of Ly at supply voltage Vpp = 0.5V [12]. It is apparent that 111-V-based
materials are suitable candidates for.n-channel MOSFETSs.

In addition to high carrier velocity, the flexibility of bandgap engineering has
been proven in various heterostructure transistors, such as high electron mobility
transistor (HEMT) (i.e., QW-FET) [13], IlI-V FinFET [14], 1I-V UTB MOSFET [15]
and I1I-V tunneling FET (TFET) [16]. The essence of bandgap engineering is,
according to the specific application, one can design and adjust the materials,
composition, and thickness of each layer in the heterostructure, so as to optimize the
required device performance. Take HEMT as an example, composite channel [17] has
been used to enhance the carrier mobility and the carrier confinement, leading to
improved gn, as well as current gain cut-off frequency (fr). Furthermore, the HEMT
with thin composite channel [18] have demonstrated record fr of ~710 GHz by
National Chiao Tung University, Taiwan in 2013. Another example is the vertical
heterostructure TFET [19] proposed and fabricated by Intel Corporation in 2011. The
inserted thin Ing 7Gag 3As layer served as a smaller tunneling barrier, which drastically
increased the drive current. These two examples illustrated the physics and

technology of the bandgap engineering in 111-V FETSs.
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Indeed, 11I-V MOSFET requires both pertinent gate dielectrics and good
gate-dielectric/semiconductor interface. Unlike Si, 1l11-Vs are lack of high-quality
native oxide, which makes Si as the mainstream ULSI technology. In recent years,
atomic layer deposition (ALD) realizes the deposition of high-k dielectrics on 111-V
materials along with the capability of ultra-thin interfacial layer to reduce interface
state density (Dj;) and gate leakage. Associated with the study of interfacial layer,
various surface treatments are also proposed to passivate the interface states. Even
though the researches on passivation techniques are under development, ALD
technology has opened up a frontier field in 111-V FET researches.

Regarding the device engineering, a controversial issue lies in the device
architecture of 111-V MOSFET: surface channel or buried channel. Surface channel
devices provide better gate modulation through the reduced gate-to-channel distance
and higher gate capacitance, but I11-V’s relatively higher Dj; will make the device
suffer from scattering and degraded subthreshold behaviors. In contrast, buried
channel ensures better high-k/semiconductor interface by using appropriate gate stack
(e.g., Al,O4/InP and TaSiO,/InP), in-which drastically reduced D;; preserves the high
mobility essence of Il11-V materials. However, the corresponding side effect is the
increased gate-to-channel distance, which makes the buried channel device prone to
the short channel effects. In short, the choosing of ‘surface channel or buried channel
is a trade-off between gate modulation‘and mobility.

To sum up, the combination of 11I-V nMOS and Ge pMOS on Si platform is the
ultimate scenario in the foreseeable future, if the following difficulties can be
overcomed: 1) optimized logic performance through device bandgap engineering, 2)
good high-k dielectric/semiconductor interface with Dy, in the order of 10 cm?eV™,
3) low resistive, refractory, and gold-free source/drain (S/D) contact, and 4) 111-Vs/Ge

on Si epitaxy technology, which is the corner stone of heterogeneous integration.

1.2 Motivations

Although many works had used In,Ga;.xAs/InAs/In,Ga;.xAs composite channel
structure in HEMTs/QW-FETs and QW-MOSFETSs, there is no complete research on
the bandgap engineering of InAs composite channels. Based on the flexibility of

composite channel, device performance can be optimized for different applications. In
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this work, the logic characteristics of composite channel QW-MOSFETs are
emphasized because of the emerging of I11-V MOS transistors in sub-10 nm regime.
Furthermore, InAs composite channel QW-MOSFETSs requires appropriate physical
models to describe the fundamental electrical properties, such as threshold voltage
(V1) and gate capacitance (Cg). The derived equations help us to look into the basic

electrical behaviors, and to have an in-depth understanding on hysteresis phenomena.

1.3 Thesis Outline

The objective of this dissertation is two-fold: 1) to deliver a comprehensive study
on the bandgap engineering of composite channel for future low-power and
high-performance logic application and 2) to examine the physical origin and bias
dependence of the hysteresis effect based on the derived models.

In Chapter 2, the literature review starts from the InAs composite channel and its
applications in HEMTSs. Then the:disadvantages of HEMT are discussed. Finally, the
InAs FETs with insulated gate are introduced and reviewed.

In Chapter 3, the process and characterization of InAs composite channel
QW-MOSFETs are introduced. :The  metrology ~methods for DC and RF
characterization are also briefly described. This chapter serves as the research
methodology of this work.

In Chapter 4, the investigation of bandgap engineering of InAs composite
channel is conducted through both theoretical and experimental approaches. In the
beginning, the influence of epitaxial structures on device performance is examined by
numerical device simulations. The experimental studies were also performed. InAs
QW-MOSFETs with three kinds of epitaxial structures were fabricated and
characterized. It was found that the devices with inverted thin channel structure
exhibit the best logic and microwave characteristics under low-power operation
conditions.

In Chapter 5, the mechanism of the hysteresis phenomena and the bias
dependence are explored. The trapping/de-trapping of the acceptor-like interface
states at high-k/semiconductor interface has proven to be directly related to the
hysteresis effect through electrical analysis. Moreover, a new extraction method is

proposed to evaluate the Dj; of MOS transistors.
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In Chapter 6, the conclusions of this dissertation are drawn.

In the Appendix, analytical models developed to describe the threshold voltage
(V1) and gate capacitance (Cg) are presented. Based on the Vr and Cg models, the
current-voltage (I-V) characteristics are then derived in an analog fashion to the
well-developed MOSFET equations. The derived models provide a fundamental
understanding on the electrical behaviors of devices. Moreover, the V+ model can also

be used to analyze the hysteresis effect.



4= (InAs)

A p =~13,000 cm’V-s
% 4 =~ 11,000 cm’V-s
(4] 2 (Ino 7Gao 3AS)
) u,=~9,500 cm’V-s
—_ R (Ing 5:Gag 47AS)
K .
& Strain-Si "*
1 SinFETs
; V=05V (Ve =11~13V)
10 100
Lg [nm]

Fig. 1.1 The electron injection velocity at virtual source in InAs and InGaAs
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Chapter 2

Literature Review

2.1 In,Ga;xAs/InAs/In,Ga;.xAs Composite Channel and Its Applications in High
Electron Mobility Transistors

Applying InAs channel to FETs is not a new technology. InAs FETs are often
accompanied with composite channel, in which InAs channel is sandwiched by upper
and lower cladding InGaAs sub-channels. The main purposes include: 1) the
accommodation of lattice mismatch; 2) lowered interface free energy, which yields
smoother interface and prevents the formation of defects such as misfit dislocations; 3)
better carrier confinement, which is obtained through the InyGa;xAs/InAs/InyGa;.xAs
heterostructure.

Due to the excellent transport properties and enhanced carrier confinement of
InAs composite channel, Nakayama et al. [17] demonstrated extraordinary electron
mobility of 18,300 cm?V s by using 1-nm No.53Gap47As/ 2-nm InggGag 2AS/ 4-nm
InAs/ 4-nm Ing gGap 2AS/ 9-nm Ings3Gag 47AS configuration, as shown in Fig. 2.1. The
inserted IngsGagAs layer between InAs and Inys3Gag 47As reduces the interface free
energy since the surface energy for Ings3Gags7AS/INAs is higher than
Ing.sGag 2As/InAs. The streak RHEED pattern confirms the smoother interface.

With respect to the design of InAs composite channel, the key parameters that
determine device performance can be categorized into two subjects: 1) the thickness
of the InAs-core and InGaAs sub-channels; 2) the In composition of the cladding
InGaAs sub-channels.

Regarding the thickness optimization of the upper sub-channel, Akazaki et al.
[20] optimized the thickness of the upper cladding Ings3Gag 47As and the InAs-core at
fixed total composite channel thickness of 30 nm. An optimized configuration was
achieved by using 2.5-nm Ings3Gags7As/ 4-nm InAs/ 23.5-nm  Ings3Gag.47AS
composite channel, which leads to the electron mobility of 12,800 cm?V?'s™. The
HEMT using this configuration with 0.6x150 umz gate exhibits fr of 58.1 GHz.

Regarding the thickness of upper and lower InGaAs layers, Lange et al. [21]

8



made comparisons of Ings3Gag 47AS/INAS/INg 53Gag 47AS with two kinds of sub-channel
configurations at fixed upper sub-channel thickness: tincaas(Upper) = tincaas(lower) and
tincaas(Upper) < tincaas(lower), where the tihcaas(upper) and tihcaas(lower) stand for the
upper and lower sub-channels, respectively. The electron mobility for the structure
with thinner lower-clad is 14,800 cm?V?*s?, while for the thicker one is 15,400
cm®Vis™. The HEMT with thicker lower-clad exhibits better DC and RF performance.
However, the device with thinner lower-clad has less impact ionization phenomena
and suppressed SCEs.

Regarding the optimization of the In composition of lower sub-channel, Xu et al.
[22] compared the In composition of the lower cladding layer at fixed
Ino53Gag 47AS/INAS/InyGa; xAs thickness of 2/3/7 nm, in which the compared In
composition are 0.3 and 0.7. The performance of the device with Ing3Gag7As lower
sub-channel was better than the Ing;Gag3As one. The performance improvement was
attributed to the improved carrier confinement caused by the higher potential of
Ino.3Gao 7As layer. Moreover, the tensile Ing3Gag7As layer is believed to compensate
the strong compressive strain in the InAs layer, resulting in a better epitaxial quality
of InAs layer.

The optimized composite channel has demonstrated impressive microwave
characteristics in HEMTs. In Kim.and Alamo’s.work [23], the heterostructure with
2-nm Ings53Gag47As/ 5-nm InAs/ 3-nm Ings3Gag47As has the electron mobility of
13,200 cm?®V's™; and their HEMT exhibits the fr of 491 GHz. On the other hand,
Fatah et al. [24] also used the same composite channel configuration to achieve the ft
of 615 GHz. Furthermore, Chang et al. [18] demonstrated the record fr of 710 GHz by
incorporating 1-nm Ing7Gag3As/ 2-nm InAs/ 1-nm Ing7Gag 3As ultra-thin composite
channel and low-resistive InggsGagssAS/ INgs53Gaga7AS /INgs2Alg48AS multi-cap, as
shown in Fig. 2.2.

Even though those researches on the composite channel in HEMTSs
demonstrated good result on the RF performance, yet they paid less attention on the
logic characteristics such as subthreshold swing (SS) and drain-induced barrier
lowering (DIBL). Moreover, a trade-off between device performance and gate leakage
exists in the Schottky-gated InAs HEMTSs: although device with thin-barrier-layer
structure are able to improve both logic and RF performance, the gate leakage is

relatively high. This trade-off comes from the Schottky gate, since the gate leakage
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for Schottky-gated devices is several orders higher than the devices with insulated
gate (i.e., Insulated Gate FET, IGFET). Therefore, the InAs transistors with insulated
gate are preferred and had been extensively studied in recent years, in order to
evaluate its performance and feasibility in ULSI applications.

2.2 InAs Quantum Well MOSFET

Above-mentioned works are HEMTs, which employ Schottky gate instead of the
insulated gate. InAs FETs with high-k dielectric gate stack is essential to low-power
CMOS, since it reduces the static power consumption of the transistors and the entire
ICs. As a result, InAs IGFET with engineered quantum heterostructure has attracted
much attention in several device-related journals and conferences such as
International Electron Device Meeting (IEDM) and Symposium on VLSI Technology
(VLSIT).

The primary concern on the.InAs MOS transistors is the high-k/semiconductor
heterointerface. Intel Corporation [25] reported two gate stacks with good interface
quality: Al,O3/InP and TaSiOy/InP. Both of them represent low frequency dispersion
(7%/decade) compared to conventional Al;O3/Ing s,Alg4sAS (27%/decade) gate stack.
This result indicates that InP 1s an ideal material for the high-k/I11-Vs integration.
Moreover, this research may also terminate the debate among surface channel and
buried channel. Although surface channel device like [26] are able to achieve high Ip
and gm due to its higher Cg, the poor subthreshold behaviors and frequency dispersion
due to high Dj; is unacceptable for digital applications. Furthermore, the InP layer can
also be used as the etch stop layer during the selective removal of heavily-doped cap
layer, giving rise to better process control and V+t uniformity [27]. Therefore, using
high-k/InP as the gate stack is beneficial to ULSI applications.

Finally, three impressive researches on InAs MOS transistors will be reviewed in

the following paragraphs.
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SEMATECH VLSIT 2012

Kim et al. [28] demonstrated the InAs QW-MOSFET with thin InP layer, low Dj;
Al,O4/InP gate stack, and optimized modulation doping concentration. The device
exhibited peak gm of 1730 uS/um, fr of 245 GHz, and SS of 105 mV/decade at Vp =
0.5 V. The optimized §-doping concentration of 1x10™ cm™ leads to high gy and good

SS since higher concentration limits the charge modulation (Fig. 2.3). The immunity

to SCEs is also attributed to the gate stack with minimum Dj; of 4x10™ cm?eV™,

MIT IEDM 2012
The InAs QW-MOSFETs with Ly = 30 nm and Lq = 22 nm [29] were realized
through the CMOS-compatible and self-aligned process, which gives rise to the scaled

gate-to-contact distance of 20-30 nm. The device employed the 3-nm Ing;Gag3As/
2-nm InAs/ 5-nm Ing7Gag3As composite channel, low-resistive Mo contact, and the
2-nm HfO; gate dielectric with the EOT less than 1nm. The 30-nm and 22-nm devices
exhibit peak g of 1420 uS/um and 1050uS/um; respectively. The SS of 30-nm device
is 114 mV/decade at Vp = 0.5 V.

UCSB VLSIT 2013
Lee et al. [30] reported the InAs QW-MOSFEET with record extrinsic peak gm of
2450 pS/um and excellent Ip of 1950 pA/um- at Vp = 0.5 V. The device consists of

regrown S/D, digital etching process, inverted-modulation-doped 5-nm InAs/ 3-nm
Inos3Gag47As composite channel, and substitution gate process. The device
architecture is shown in Fig. 2.4. We can see that the 0.5-nm interfacial layer/ 3.6-nm
HfO,/Ni/Au gate scheme is directly stacked on the InAs composite channel instead of
InP layer. As a result, the SS for the 40-nm device is about 400 mV/decade. The
epitaxial S/D gives rise to the reduction of parasitic resistance, achieving low
on-resistance Ry, of 214 Q-um. The digital etching was conducted to remove the
damaged semiconductor surface, which is introduced in the process of epitaxial S/D.
As a whole, although this device architecture provided very high Ip and gn,, the poor
subthreshold behaviors and low lon/logr still prevents this architecture from CMOS

applications.
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Fig. 2.1 The epitaxial structure consists of Ings3Gags7AS/ InggGagAs/ InAs/
Ino.sGap 2As/ Ings3Gag47As configuration, yielding electron mobility of 18,300
cm?V'is™. (Figure taken from Nakayama et al. [17])
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Fig. 2.2 Schematic view of the ultra-thin-channel InAs HEMT structure, which
incorporates ultra-thin Ing;Gag3As/INAs/Ing 7GagsAs composite channel. (Figure
taken from Chang et al. [18])
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Fig. 2.4 Schematic view of InAs MOSFET with InAs/Ings3Gag47As channel,
regrown S/D, and surface recess etching. (Figure taken from Lee et al. [30])
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Chapter 3
Fabrication and Characterization of Quantum Well MOSFET

3.1 Device Fabrication

The process flow for the INnAs QW-MOSFETSs of this work is shown in Fig. 3.1,
and the details of the fabrication steps are summarized in Table 3.1. There are 9 major
steps:

1) Device isolation,

2) Formation of the alignment marks for e-beam lithography (EBL),
3) Definition of cap-recess region by EBL,

4) Removal of the cap layer in the EBL defined area,

5) Deposition of high-k gate dielectrics by ALD,

6) Definition of contacts and the removal of dielectrics,

7) Metallization of S/D contacts and pads,

8) Gate definition by EBL;, and

9) Gate metallization.

The details and purpose of each step are elaborated individually as the follows.
The last paragraph evaluates the pros and cons of this gate-last process, and
summarizes the critical steps and their effect on device performance.

Device isolation was performed using phosphoric-based mixture and
hydrochloric-based solution; the former selectively etches InGaAs and InAlAs layers,
and the latter selectively removes InP etch stop layer. The area outside the defined
region was etched down to the buffer layer in order to achieve good electrical
isolation. Finally, the etch depth was measured by surface profiler after the removal of
photo resist (PR). Through mesa formation, the electrically conductive slice, called
“active” region, is isolated from the contact pads. Isolation not only restricts the
current flows within the active region, but also reduces parasitic resistance and
capacitance. The parasitic resistance comes from the current flow between source and
drain that does not pass under the gate, degrading device RF performance. Minimum

parasitic capacitance was achieved by placing gate stripe on the semi-insulating
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substrate, since the capacitance is associated with the doping concentration in
depletion region underneath the gate stripe.

The e-beam alignment mark was formed by lift-off process, in which the image
reversal technique realized the reverse-tapered PR (i.e., AZ 5214-E) profile that
enabled the lift-off process. This metallization step only served the purpose of EBL
alignment and the process control monitoring (PCM) pattern for the digital etching in
the cap-recess process. The design consideration of separating e-beam alignment
marks and contact pads in two different steps is that: high post-deposition-annealing
(PDA) temperature (400~500°C) after high-k deposition degrades ohmic contacts if
S/D contacts are formed before the dielectric deposition. Therefore the thermally
stable metal scheme, Ti/Au, is employed to prevent metallurgical reaction that might
deform the alignment mark and hence degrade the accuracy of EBL.

The EBL of cap-recess region was performed by using typical e-beam resist
(ZEP-520A) and the EBL system (JEOL JBX-6000FS). The cross-section of cap
recess EBL was shown in Fig. 3.2. Length of the opened area is about 150 nm with
resist thickness about 280 nm.-Thinner resist profile is advantageous to the scaling of
cap-recessed region, which 1is critical to improve the device performance, since
shorter cap-recessed length reduces the parasitic resistance.

Cap-recess was conducted by the selective etching of the InGaAs cap layer over
the InP etch stop layer. Citric-based and succinic-based mixtures were used for the
selective etching of the native oxide on the surface and the InGaAs cap layer,
respectively. We monitored the current of PCM pattern during wet etching, not only to
make sure the cap layer within the opened area was removed clearly, but also to
optimize the lateral etching, which determines the parasitic resistance and capacitance.
The optimized digital recess condition led to a clear removal of cap layer without long
lateral etching.

High-k gate dielectric was deposited by ALD (Cambridge NanoTech Fiji-202
DCS). In this work, 5-nm Al,O3 were used as gate dielectric. Before Al,O3 deposition,
the sample was passivated by in-situ trimethylaluminum (TMA) pre-treatment, which
has been proven to be able to reduce Dy [31]. In fact, other thinner high-k materials
with higher dielectric constant such as HfO, and La,O3 can also be employed in order
to decrease effective oxide thickness (EOT), which is helpful to boost device

performance including Ip, gm, on-off current ratio (lon/lorr), and SS. However,
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because this research focuses on device bandgap engineering, other high-k stacks and
the surface treatments were not used for convenience.

After the photolithography for contacts and pads, the dielectric within the opened
area was removed by dilute hydrogen fluoride (DHF) solution, and a treatment using
dilute hydrochloric acid was performed before ohmic metallization. The contacts and
pads were formed by alloyed Au/Ge/Ni/Au stack. The purposes of this conventional
ohmic metal scheme are two-fold: 1) Au/Ge alloy improves adhesion between
semiconductor and metal; 2) Ge diffuses into the InGaAs cap layer during the
annealing after metallization, and drastically increase the doping concentration few
nm underneath the metal. After the lift-off process, excellent specific contact
resistance of 1.27x107 (-cm? was extracted by transmission line measurement
(TLM). Although the extracted value is below the measurement limit of TLM, the
result still suggested a good ohmic contact.

Finally, gate EBL and the corresponding metallization were performed. The gate
width (Wg) and Lg of the InAs QW-MOSFETs are 40 pm and 250 nm, respectively.
The cross-sectional SEM image of the gate stripe.is.shown in Fig. 3.3. The gate metal
scheme used in this work was Ti/Au. After e-beam evaporation, typical e-beam resist
stripper, ZDMAC, was used in this: lift-off process. The device structure is shown in
Fig 3.4.

Finally, the device was passivated by the SiNy grown by plasma enhanced
chemical vapor deposition (PECVD). The via was formed after device passivation.

The key process steps can be divided into several categories according to their
effects on device: 1) cap recess EBL, cap etching, and source-drain spacing; 2)
surface treatment and PDA condition; 3) gate dielectric materials and thickness; 4)
gate EBL,; 5) gate stack (which includes the materials for gate metal and gate oxide).
They determine parasitic resistance, Di, EOT, Lg, and Vyrespectively.

In a nutshell, the devices employed a “gate-last” process. However, as we know,
the devices undergone ‘“gate-first” process have better metal-gate/high-k and
high-k/semiconductor interfaces. This is attributed to the fact that the interfaces
in gate-first process are kept way from the chemicals and deleterious processing
environments that introduce interface states during device fabrication steps. However,
because we only have contact aligner to define the S/D contacts and pads, if the gate

is formed before contacts, the gate might break during the photolithography using
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contact aligner. Therefore, we have to choose gate-last process, even though its

relatively higher Dj; may degrade the subthreshold behaviors.

3.2 Device Characterization [1]
3.2.1 DC Measurement

The 1-V behaviors of the transistors were characterized in terms of the output and
the transfer characteristics. The figures of merit (FOMSs) representing device logic
performance can be extracted and evaluated by DC measurement. The principles and
operational definitions of the extracted FOMs are briefly described in the following

paragraphs.

Threshold Voltage (V1)

The V7 is a fundamental parameter for MOSFET modeling and characterization.

This parameter, which stands for the onset of significant drain current flow, has been
given several operational definitions.-Most of the proposed procedures are based on
the measurement of the drain current versus gate voltage (Ip-Vs) characteristics of the
transistor. Typical extraction methods bias the transistor at low drain voltage, so that
the device operates in the linearregion.

There are three commonly used 'methods that bias device in the linear region: 1)
constant current (CC) method, which defines V1 as the gate voltage corresponding to
the constant drain current, Ip of ImA/mm; 2) transconductance linear extrapolation
(TLE) method, which defines V1 as the gate voltage axis intercept of the linear
extrapolation of the gm-Vg curve at its maximum first derivative point; 3)
extrapolation in the linear region (ELR) method, which defines Vt as the gate voltage
axis intercept of the linear extrapolation of the Ip—Vg curves at its maximum
transconductance point.

It is obvious that CC method determines V1 in a simple manner, but the CC
method has the severe disadvantage of being totally dependent of the arbitrarily
chosen value of the Ip level. On the other hand, the assumptions behind TLE method
are that: 1) in weak inversion region, gn increases exponentially with Vg; 2) in the
transition region between weak and strong inversion, gn increases linearly with Vg; 3)

in the strong inversion region, gn, decreases with V¢ due to the series resistance and
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mobility. In this work, we choose the most popular one — ELR method to extract

device V.

Subthreshold Swing (SS)
The SS is the FOM reflects the electrostatic control of the transistor. The SS is

defined as:

SS :(d log 'Dj (3.1)

The SS of surface channel MOSFETS can be expressed as:

OX

SS = (In 10)%T {1+ ﬂ} (3.2)

The theoretical limitation of SS is about 60 mV/decade, which is also called the
thermionic limit of MOSFETs. However, for nowadays nano-scale logic MOSFETS,
the SS increases with the scaled gate length ‘due to SCEs. Moreover, the SS
degradation is also attributed to the interface states between gate oxide and
semiconductor. The introduction of high-k gate stack makes the SS degradation more
significant, since the interface is poorer than Si/SiO, system. This issue is even worse
for 111-V MOSFETs with high-k‘gate stack, because of the large amount of interface
states on the I11-V surface. Note that the' SS of QW-MOSFETs is different from
surface channel MOSFETS. The equation and the details of derivation are presented in
the Appendix (A.3).

Drain-induced Barrier Lowering (DIBL)

The DIBL is also a parameter monitoring the short channel effects. The DIBL is

defined as:

DIBL = dVv
d

(33

D

The DIBL leads to a source-drain leakage and the loss of gate control. The
phenomenon can be understood from Fig. 3.5, in which the surface potential of long
channel and short channel MOSFETSs are plotted. As the Vp increases, the conduction
band edge near the drain side is pulled down. For long channel devices, this

phenomenon does not have strong influence on the leakage, since the pulled-down
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region does not reach the source side. However, for short channel devices, the surface
potential near the source side is pulled down by the Vp, resulting in a significant drain
leakage and a lowering in device V.

In practice, we prefer to use two drain biases, 0.5 V and 50 mV, to extract the
value of DIBL, since the devices studied in this work is for low-power logic

application, the Vp is expected to be lower than 1 V.

3.2.2 RF Measurement

The microwave characteristics are usually characterized by using vector network
analyzer (VNA) to obtain the scattering parameters. Typical FOMs, such as fr and
maximum oscillation frequency (fmax), Can be extracted by interpreting the scattering
parameters. The principles and operational definitions of scattering parameters and the

extracted FOMs are introduced as the follows.

Two-port Scattering Parameters

The scattering parameters, or called S-parameters, are the fundamental to
microwave characteristics of.a linear network. It is difficult to measure Z-, Y-, or
H-parameters since the deviceare unstable at open/short conditions. S-parameters
measurement uses the matched load (50€2) instead of open/short circuit conditions, so
it is easier to be obtained at high operation frequency. Therefore, the FOMs of device
RF characteristics can be extracted by S-parameters, such as gain, return loss, voltage
standing wave ratio (VSWR), and reflection coefficient and amplifier stability.

The relationship between the reflected, incident power waves and the

S-parameter matrix is expressed as:

m :E z} m (3.4)

The electrical field of the signal going into and leaving the ports are denoted as a and
b, respectively. And the subscripts, 1 and 2, represents the input port and the output
port respectively.

Therefore, si1 is the input voltage reflection coefficient, defined as bs/a; at a, = 0;
S12 IS the reverse voltage gain, defined as bi/a; at a; = 0; sy, is the forward voltage

gain, defined as b,/a; at a; = 0; s, is the output port voltage reflection coefficient,
21



defined as by/a; at a; = 0.Therefore, the properties of two-port network are then given
by:

scalar logarithmic gain, g = 20logs|s21| dB

input return loss, RLi, = [20l0g10|s11]| dB

output return loss, RLoy= [2010g10|S22|| dB

input VSWR = (1+[s1[)/(1-[s11])

output VSWR = (1+[s2])/(1-|s22])

Current gain cut-off frequency (fr)

The fr is a more appropriate FOM for digital circuits, in which speed is the
primary concern. The operational definition of fy is the frequency corresponding to
the current gain (h,1) becomes unity (0 dB), where hy; is given by:

2s,,

h,, = (3.5)
“ (1_ S11)(1_ S22) + 5,55,
For surface channel MOSFET, the fy can be approximated as:
g
f. = i 3.6
T 27(C'e+C' ) (36)

where C’yar IS the total input parasitic capacitance.

Maximum oscillation frequency (fmax)

The fqax IS more relevant for analog applications, since it is defined as the
frequency corresponding to the power gain/ unilateral gain becomes unity (0 dB). The

unilateral gain, U, is given by

2
— |2821 | 5 (37)
=15y, [)A=155. ")
For surface channel MOSFET, the fnax can be approximated as:
foo (3.9)
87RC'ep
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Table 3.1 The fabrication process of InAs QW-MOSFET.

Modules

Steps

Remarks

1. Device isolation

Photolithography

Mesa isolation

¢+ InGaAs/InAlAs etching
HsPO4: H,0O5: H,O =1:1:80

¢ InP etching
HCI: H3PO,: H, O =1:1:1

PR strip
AEI Etch depth: 220 nm (to buffer layer)
2. EBL alignment Photolithography
mark formation Metallization +  Native oxide etching
HCI: H,0 =1:10
+  Ti/Au=50/150 nm
¢+ 250°C annealing for 30 sec
3. Cap-recess E-beam Resist: ZEP-520A
lithography
Cap etching ¢ Critic acid-based solution
¢~ Succinic acid-based solution
PR strip ZDMAC
4. ALD high-k gate | Pre-deposition
dielectric TMA treatment
ALD 5nm Al,O3
gate dielectric
5. S/D contact Photolithography
formation Dielectric etching | HF: H,O =1:100
Metallization +  Au/Ge/Ni/Au=20/40/140/250 nm
+  Lift-off process
6. Gate formation E-beam Resist: PMGI/ZEP-520A
lithography
Metallization +  Ti/Au =50/250 nm
¢ Lift-off process
7. Passivation Device PECVD 100-nm Si3N4
passivation
Photolithography
Via etching
PR strip
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Device isolation

EB align. mark metallization
EBL: cap-recess region

Cap recess

ALD gate dielectric

High-k removal

S/D metallization

EBL: gate

Gate metallization

Fig. 3.1 Process flow of buried-channel gate-last QW-MOSFET.
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(a)

15.0kV 13.9mm x100k

(b)

15.0kV 12.2mm x80.1k

Fig. 3.2 Cross-sectional SEM image of cap-recess EBL (a) resist profile (b) resist
thickness. The resist used in this EBL is ZEP-520A.
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15.0kV 11.2mm x90.0k

Fig. 3.3 SEM image of the gat‘e : stripe.*"Fhe gate length of the fabricated
QW-MOSFETs in this work is about-250 am. . "~
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InAs channel
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InAlAs Buffer

S.l. InP Substrate

Fig. 3.4 Schematic device structure of the InAs QW-MOSFETSs in this work.

27



o |

Injection T '
barrier 1

Source >hort
Channel

Long channe
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Chapter 4
Device Bandgap Engineering

In order to investigate the bandgap engineering of composite channel, we used
both theoretical and experimental approaches. For the theoretical analysis, a
technology computer aided design (TCAD) tool, nextnano, was used to capture and
visualize the theoretical analysis. For the experimental study, three Kkinds of
QW-MOSFETSs with different epitaxial structures were fabricated and characterized.
Through DC and RF measurements, the experimental analysis was also conducted in
order to examine the effect of epitaxial structure on the performance of InAs
QW-MOSFETs.

4.1 Effect of Epitaxial Structure on-Carrier Confinement and Mobility
4.1.1 Thickness of InAs-core and InGaAs Sub-channels

In order to study the influence of InAs-core thickness on the carrier confinement
in the InAs-core and the apparent mobility of the entire epitaxial structure, two
INo 52Alg.48AS/INg 7Gag 3AS/INAS/INg 7Gag 3AS INg 5,Alp 48AS - structures  with  different
composite channel thickness (i.e., InGaAs/InAs/InGaAs of 5/5/5 and 5/2/5 nm) were
simulated. The band diagrams, the eigenvalues of sub-bands, and the wavefunction
(i.e., |[%) in each sub-band of these two quantum well (QW) systems were solved by
Poisson-Schrddinger solver. The numerical results are shown in Fig. 4.1 and Fig. 4.2.

In Fig. 4.1, we can see that the first sub-band “height”, which is defined as the
difference between first sub-band and the condition band of InAs, of thin-core
structure is higher than the thick one (i.e., 112 mV vs. 74 mV). Obviously, this result
is due to the thickness of center InAs layer. The InAlAs/InGaAs/InAs/InGaAs/InAlAs
structure is essentially a QW system, in which the thickness of composite channel
determines the “width” of this QW. The thinner InAs-core corresponds to higher and
more discrete eigenvalues (i.e., larger energy separation between sub-bands).

In Fig. 4.2, the electron distribution of the structures with thin-core (blue) and

thick-core (black) are shown. We can see that the thin-core structure has higher peak
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in the center. However, it does not lead to more electrons dwell in the InAs layer,
since the total number of the electrons in the core is the area under the probability
curve within the InAs layer. In this case, the thin-core structure has fewer electrons in
the high-mobility InAs layer due to the scaled InAs thickness. Therefore, the apparent
mobility of the simulated thin-InAs structure is lower than the thick one in this case.
This result suggests that the scaling of the InGaAs/InAs/InGaAs structure should
employ the scaling of both InAs and InGaAs layer; otherwise the reduced area in the
InAs region will slightly degrade the apparent mobility of the entire structure.

This suggestion can be verified by the experimental result. Three epitaxial
structures (shown in Tables 4.1, 4.2, and 4.3) with InGaAs/InAs/InGaAs of 4/5/4,
3/2/3, and 1/2/1 nm are grown by molecular beam epitaxy (MBE), and their Hall
mobility are characterized to examine the effect of the composite channel thickness on
the apparent mobility. It is shown that the measured Hall mobility of 4/5/4-structure is
13,500 cm?V's?, which is higher than 3/2/3-strucuture (11,500 cm?V*s™) and
1/2/1-structure (11,100 cm?V*s™). We can see that although the 3/2/3-structure and
1/2/1-sturcture has the same InAs-core thickness, thinner InGaAs sub-channel leads to
lower Hall mobility since® more carriers dwells outside the high-mobility
InGaAs/InAs/InGaAs composite channel. The previous deduction can also be verified
by simulations. The Ings,Alo4gAs/Ing 7GagsAs/INAS/INg ;Gag 3AS/ Ings2Alp4sAS QW
systems with two kinds of InGaAs/InAs/InGaAs thicknesses, 3/2/3 and 1/2/1 nm, are
shown in Fig. 4.3. Even though the peak population of in InAs region for
1/2/1-structure is higher than 3/2/3-structure, the 1/2/1-strcucture has more electrons
outside the composite channel, leading to the small mobility degradation. The result
of Hall measurements also manifested the fact that the thickness ratio (TR) of InGaAs
sub-channel to InAs-core, TR = tihcaas/tinas, Should be scaled during the optimization

of composite channel.
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4.1.2 Indium Composition of InGaAs Sub-channels

In order to study the influence of InGaAs sub-channel In composition on the
carrier confinement in the InAs-core and the apparent mobility of the entire epitaxial
structure, two Ings2Alg.4sAS/INGa1-xAS/INAS/INGay-xAS/INg 52Alp 48AS Structures with
different In,Ga;xAs sub-channel In composition (70% vs. 30%) were simulated. The
purpose of choosing the large difference in In composition in the simulation is to
easily visualize and address the effect of sub-channel In composition. The band
diagrams, the eigenvalues of sub-bands, and the wavefunctions of these two QW
systems are shown in Fig. 4.4.

In Fig. 4.4, the black line denotes the conduction band edge of the QW system
with higher In composition (high-In%), and the blue line is for lower In composition
(low-1n%); the wavefunction in the first sub-band for low-In% and high-In% are in
pink and red, respectively. We can see that there is no significant difference in the first
sub-band “height” (i.e., 0.19 V for low-In% and 0.18 V for high-In%), since the
thickness of every layers are the same.

In Fig. 4.5, the electron distribution of the structures with low-In% (blue) and
thick-core (black) are shown.We can see that the low=1n% structure has higher peak
in the center. Because the InAs-thickness of low-In%.and high-In% is the same, the
higher peak probability corresponds to the higher apparent mobility. This result
suggests that we are able to improvethe carrier confinement in the InAs-core and the
apparent mobility by using the sub-channel with slightly lower In composition.
However, the In composition cannot be too low; otherwise it will degrade the
apparent mobility since some portion of electrons travel through the lower-mobility
InGaAs sub-channel.

To sum up, not only the thickness of InAs and InGaAs layers but also the In
composition of InGaAs sub-channels should be optimized to achieve good
electrostatic control and carrier mobility. Although the buried channel QW-MOSFET
prevents the electrons from surface scattering and preserves the high-mobility-essence
of InAs channel, buried channel MOSFETSs usually has poor subthreshold behaviors
due to the increased gate-to-channel distance. Hence the immunity to SCEs is also an
important issue to QW-MOSFET.

The improvements in controlling SCEs can be obtained by the scaling of

gate-to-channel distance (i.e., gate-to-2DEG distance, more precisely for the case of
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QW-MOSFETS). This goal can be realized by reducing the thickness of InP etch stop
layer, InAlAs barrier layer, and InGaAs/InAs/InGaAs composite channel. The
epitaxial structures used for the fabrication of QW-MOSFETs with different
optimization strategies will be presented in the next section.

4.2 Experimental Epitaxial Structures

Three kinds of structures for the experimental study of the impact of epitaxial
structures on the performance of QW-MOSFETs will be shown and disused in this
section. According to the thickness of composite channel and the modulation doping
type, they are named regular channel (RC), thin channel (TC), and inverted thin
channel (ITC), as shown in Tables 4.1, 4.2, and 4.4, respectively. The Hall mobility
and sheet carrier density of all the experimental structures are summarized in Table
4.5.

The thickness of each layer of InGaAs/InAs/InGaAs composite channel structure
are (unit: nm), 4/5/4 for RC,-3/2/3 for TC, and 2/3/4 for ITC. Note that the total
thickness of RC is 13 nm, which is comparable to the “thin channel” works done by
Kim et al [28]. In ITC structure, the In-composition of two InGaAs sub-channels is
slightly lower than RC and TC (65% vs. 70%). The purpose of this design is the
formation of deeper QW that confines mare carriers in the high-mobility InAs core.

Compared to RC, TC structure features scaled gate-to-channel distance, reduced
composite channel thickness, and smaller potential drop in the barrier layer. The band
diagram of the RC and TC structures is shown in Fig. 4.6. The scaled gate-to-channel
distance was obtained by reducing the thickness of barrier layer and composite
channel. This factor is expected to have better electrostatic control. However, the
un-optimized scaling of composite channel resulted in a small degradation in the
carrier mobility as mentioned in Section 4.1.1.

Compared to RC, ITC structure features ultra-scaled gate-to-channel distance,
lower-In-composition sub-channel, and inverted-type modulation doping. The band
diagram of RC and ITC structures is shown in Fig.4.7. The ultra-scaled
gate-to-channel distance is also attributed to the inverted 5-doping. The elimination of
upper InAlAs barrier layer not only reduced the gate-to-channel distance, but also

reduced the S/D resistance Rgsp, since the intrinsic InAlAs layer is resistive. Moreover,
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the inverted modulation doping slightly makes the 2DEG away from the gate. On the
other hand, the InGaAs sub-channel with lower In composition is expected to have
better carrier confinement compared to the structure with higher In composition (i.e.,
if the thickness of each layer in the structures are the same) as discussed in Section
4.1.2. An observable difference near the InP layer is also shown in Fig. 4.7. This
difference is due to the different band alignment of heterojunctions. For RC structure,
the InP/InAlAs heterojunciton belongs to type 11, the staggered gap. For ITC structure,
the InP/InGaAs heterojunctions belongs to type I, the straddling gap. This difference
affects the V+ of QW-MOSFETSs. The comprehensive Vr calculation will be discussed
in the Appendix.

4.3 Result and Discussion

The QW-MOSFETs with RC, TC, and ITC epitaxial structures were fabricated
and characterized in terms of DC and RF performance. The Ly and Wy of the
QW-MOSFETSs are 0.25 um and 40 pm, -respectively; and the EOT of all devices is
about 2 nm. The output and transfer characteristics for RC/TC/ITC QW-MOSFETs
and RC HEMT are shown in'Figures 4.8, 4.9, 4.10, and 4.11. Summary of all device
performances is presented in. Table 4.6, in-which the DC performance of
Schottky-gated RC HEMT with gate length- of 60 nm is also shown for the
comparison of insulated-gate and Schottky-gate InAs FETs. Favorable current
saturations at low Vp of 0.5 V with good pinch-off behaviors are observed in all
typical devices.

RC QW-MOSFETs represents comparable Ip to 60-nm-gate RC HEMT (257
tA/um vs. 208 pA/um, respectively) with suppressed gate leakage current, as shown
in Fig. 4.12. The gate current of QW-MOSFET is about 2.5 orders lower than HEMT,
since the wide-bandgap of gate dielectric prevents gate leakage. The reason why we
compare HEMT with QW-MOSFET instead of MOS capacitor is due to the difference
in the high-k/semiconductor interface. The high-k/semiconductor interface of
transistors is worse than MOS capacitor, since the process of transistors is more
complicated than the capacitor. So the comparison among HEMT and QW-MOSFET
reflects the “real” difference in gate leakage. On the other hand, the g, of RC
QW-MOSFET is much smaller than that of RC HEMT due to the difference in gate
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length. Regarding the subthreshold behavior, the SS of QW-MOSFET is 684
mV/decade, while the SS of HEMT is only 110 mV/decade. The SS degradation is
due to the poor IlI-V/high-k interface. Those interface states not only affect the
subthreshold behavior, but also give rise to severe hysteresis phenomena, so the
surface treatment before gate dielectric deposition should be optimized.

Compared to RC device, TC QW-MOSFET exhibits 6% lower Ip and 11% lower
peak gm at the same bias condition, as shown in Fig. 4.13. This slight degradation can
be explained by the difference in mobility. The Hall mobility of RC structure is
slightly higher than TC structure since the RC structure has better carrier confinement
in InAs channel as mentioned in Section 4.1.1. However, the TC device has much
better electrostatic control (SS of 187 mV/decade) due to the scaling of barrier layer
and composite channel. The experimental results indicate that, even though thinner
composite channel is beneficial to suppress SCEs, interface states still play an
important role in the SS degradation. Furthermore, the TC device has higher V1. The
reason should be examined by. the derived V1 models in the Appendix. For

normal-type QW-MOSFETSs (i.e, not-inverted modulation doping), the Vr is given
1

by

AE
(AEC,HK/InP_AEC,InP/InAIAs A AEC,InAIAs/InGaAs+ ?g)
V, ~ ¢y — S — 0o + (Ao — Pn)
N qNox,bqu _ qut(EF) (41)
Cox C:ox

where,  AEc pr/inp: the conduction band discontinuity of high-k/InP interface;
AEc inpinalas: the conduction band discontinuity of InP/InAlAs interface;
AEc nalasincaas:  the conduction band discontinuity of InAlAs/InGaAs
interface;
AEq: AEg = Eg (InxGay.xAS)-E4(InAs);
¢p: the potential change in the barrier layer,
for delta-doping, ¢p = Nsh tharrier/ Ebarrier;
Nit : the effective charge density (/cm?) of the high-k /InP interface traps;
Noxbulk : the fixed oxide charge density (/cm?).

! The full derivation of V1 is shown in the Appendix. (A.1)
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Because the other materials-related parameters for TC and RC structures are the same
and the ¢, for TC is smaller than RC due to thinner barrier layer (i.e., smaller toarier),
the V1 of TC device is expected to be higher than RC device. The experimental result
also verifies our deduction: the V1 of TC QW-MOSFET is -0.09 V, and the Vt of RC
deviceis -1.12 V.

ITC QW-MOSFET demonstrates the best output and transfer characteristics (Fig.
4.14) among the three device structures: Ip of 505 pA/um, peak g of 412 uS/um. The
Io is about twice larger than RC device and the peak gn also has over 50%
improvement. The great improvement over RC and TC devices is based on the
reduced parasitic resistance and increased gate capacitance. The equivalent circuits
near the S/D side in term of resistance for normal-type and inverted-type
QW-MOSFETSs are shown in Fig. 4.15. The total parasitic source (or drain) resistance
of normal-type device is given by: Rs (norm.) = re+reaptretch stoptloarrier ; and the
parasitic resistance of inverted-type device is expressed as: Rs (iNV.) = re+reaptetch stop »
where rc is the contact resistance, and the other subscripts stands for the resistance
component in that layer. Clearly, the inverted-type device possesses smaller parasitic
resistance by the elimination of upper InAlAS layer, which is known to be the largest
resistance component. One the other hand, the egquivalent circuits of composite
channel QW-MOSFETSs’ gate stack.in term of capacitance is shown in Fig. 4.16. The
gate capacitance, Cg, can be expressed as?;

1

Bk
ox —t+—+
Cins CQ C

Cs =

(4.2)

centroid

where the subscripts ox, it, ins, Q, centroid stand for the capacitance component of
gate dielectric, interface states, insulator layer (i.e., InP and InAlAs), quantum
capacitance, and centroid capacitance. The insulator capacitance (Cins) of normal-type
device is the series combination of two capacitance components (i.e.,
Cins(norm.)*=Cip? + Cinaias 1). However, for inverted-type device, Cins has only the
InP component. Thus the inverted-type device has higher Ci,s and hence higher Ce.
Furthermore, ITC device exhibits SS of 312 mV/decade, which is better than RC
device. This improvement in SS is attributed to the ultra-scaled gate-to-channel

% The full derivation of Cg is shown in the Appendix. (A.2)
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distance achieved by inverted modulation doping. However, the SS of TC device is
still better than ITC. Moreover, the lon/lorr Of ITC devices is in the order of 102
which is far below the requirement for logic application (~10°). This poor ratio is
caused by higher modulation doping concentration, as mentioned in Section 2.2 (cf.
Fig. 2.3). The improvement in Ion/lorr can be realized by lowering the concentration
of &-doping or replacing the ohmic metal stack with Schottky metal scheme to
suppress off-state leakage (lorr). But the latter method is not preferred, since Schottky
S/D not only reduces logrr, but also reduces lon. However, the overall evaluation in
terms of Ip and gn, still indicates that ITC structure is a more suitable design for future
low-power and high-performance logic applications.

The on-wafer RF measurement of RC QW-MOSFET and ITC QW-MOSFET are
also conducted to evaluate their potential in high frequency applications. The
microwave characteristics of RC and ITC devices without de-embedding are shown in
Fig. 4.17. The extrinsic fr and fax are extracted by extrapolation with theoretical -20
dB/decade slope and the devices-are biased at low.Vp of 0.5 V. For RC device, the
extrinsic fr and fyax are 32 GHz and-53 GHz. The extrinsic fr and fmax of ITC device
are 70 GHz and 82 GHz. It is shown that ITC device exhibits better microwave
performance and the ITC structure -is also a preferable design for the RF and
microwave applications.

Finally, the ITC device is also benchmarked with the similar works done by other
research groups. The current drive at Vp of 0.5 V as a function of gate length of the
benchmarked devices is presented in Fig. 4.18. The ITC QW-MOSFET in this work
has good current drive and RF performance without using sub-100-nm-gate like other

works.
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4.4 Summary

A thoroughgoing investigation into the bandgap engineering of InAs composite

channel is obtained. The conclusions of this chapter are drawn and listed as follows:

*

The structure with lower-In-composition sub-channel improves carrier
confinement in the InAs-core. The better carrier confinement results in the
improved transport properties. However, the In composition of sub-channel
cannot be too low; otherwise the decreased mobility in sub-channel will
degrade the apparent mobility of the entire structure.

The device with thinner composite channel structure effectively suppresses
SCEs by reducing gate-to-channel distance. The TR should be optimized
during the scaling of entire composite channel. Moreover, the interface
states still play an important role in SS degradation, which is hard to be
compensated by simply using thin composite channel structure.

The device with ITC structure exhibits good Ip and gn, but mediate SS. The
improvement in Ip and g 1S due to the reduced parasitic resistance and
higher gate capacitance caused-hy the elimination of upper InAlAs layer.
The improved immunity to SCEs is attributed to the thinner composite
channel and ultra-thin InP:layer.

The experimental results shows that ITC InAs QW-MOSFET is a promising
candidate for future low-power high-performance logic and microwave
applications if the optimized surface treatment, scaled Ly, and reduced EOT

are realized.
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Table 4.1 Experimental epitaxial structure 1:

regular channel (RC).

Materials In % Thickness Dopant &
(A) Concentration
Cap n*-InGaAs 53 450 Si, 5x10* cm™
Etch Stop i-InP 100 50
Barrier I-InAlAs 52 80
§-doping Si - - Si, 4x10™ cm
Spacer I-InAlAs 52 50
I-InGaAs 70 40
Channel i-InAs 100 50
i-InGaAs 70 40
Buffer i-InAlAs 52 5000
3” semi-insulating InP substrate
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Table 4.2 Experimental epitaxial structure 2:

thin channel (TC).

Materials In % Thickness Dopant &
(A) Concentration
Cap n*-InGaAs 53 450 Si, 5x10* cm™
Etch Stop i-InP 100 50
Barrier I-InAlAs 52 50
§-doping Si - - Si, 4x10™ cm
Spacer I-InAlAs 52 30
i-InGaAs 70 30
Channel i-InAs 100 20
i-InGaAs 70 30
Buffer i-InAlAs 52 5000
3” semi-insulating InP substrate

39




Table 4.3 Experimental epitaxial structure 3:

ultra-thin channel (UTC).

Materials In % Thickness Dopant &
(A) Concentration
n*-InGaAs | 65 40 Si, 2x10" cm’
Cap n*-InGaAs 53 150 Si, 2x10"° cm®
n*-InAlAs 52 150 Si, 2x10" cm’®
Etch _
Stop i-InP 100 30
Barrier I-InAlAs 52 20
§-doping Si - - Si, 4x10% cm™
Spacer i-InAlAs 52 30
i-InGaAs 70 10
Channel i-InAs 100 20
I-InGaAs 70 10
Buffer i-InAlAs 52 6000
3” semi-insulating InP. substrate
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Table 4.4 Experimental epitaxial structure 4: inverted thin channel (ITC).

Materials In % Thickness Dopant &
(A) Concentration
Cap n*-InGaAs 53 250 Si, 2x10" cm’
Etch Stop i-InP 100 30
i-InGaAs 65 20
Channel i-InAs 100 30
i-InGaAs 65 40
Spacer I-InAlAs 52 30
§-doping Si - - Si, 3x10™ cm
Buffer i-InAlAs 52 5000
3” semi-insulating InP substrate
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Table 4.5 Summary of the Hall measurement.

Epitaxial Structure RC TC UTC ITC
Composite Channel Structure 4/5/4 31213 1/2/1 2/3/4
InxGa1-xAS/INAS/INxGa1.xAS

(unit: nm)
Sub-channel In % 70 70 70 65
Hall Mobility 13,400 11,500 11,100 12,400
(cm?Vvis?h
Sheet Carrier Concentration 2.95 3.24 3.02 2.81
(x10"2 cm?)
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Table 4.6 Summary of the DC and RF performance of QW-MOSFETs and HEMT
fabricated in this work.

QW-MOSFET HEMT
channel type RC TC ITC RC
gate length 250 250 250 60
Ip (LA/pm) 257 242 505 208
@ Vp = 0.5V
peak g (uS/um) 270 241 412 584
@ Vp = 0.5V
SS (mV/decade) 684 187 312 110
DIBL (mV/V) 198 170 183 137
V1 (V) -1.12 -0.09 -0.85 -0.35
lon/loee 1.27x10° 9.6x10° 5.73x10° 8.53x10°
fr (GHz) 32 N/A 70 N/A
frnax (GH2) 53 N/A 82 N/A
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Fig. 4.1 The conduction band. edge-profiles of ther QWs with different InAs-core
thickness in the composite~channels. The simulated QW structures consist of
INo.52Al0.48AS/INg 7Gag 3AS/INAS/INg 7Gag 3AS /Ing 5,Alg 48As with InGaAs/InAs/InGaAs
thicknesses of 5/5/5 and 5/2/5 nm.
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Fig. 4.2 The wavefunction in-first-sub-band of thee QWs with different InAs-core
thickness in the composite-channels. The simulated QW structures consist of
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with two kinds of InGaAs/InAs/InGaAs thicknesses, 3/2/3 and 1/2/1 nm.
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Inverted-type QW-MOSFET

Fig. 4.15 The equivalent circuits near the S/D side in term of resistance for
normal-type and inverted-type QW-MOSFETS.
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Fig. 4.16 The equivalent circuits of composite channel QW-MOSFETs’ gate stack in
term of capacitance, where the subscripts ox, it, ins, Q, centroid stand for the
capacitance component of gate dielectric, interface states, insulator layer (i.e., InP
and InAlAs), quantum capacitance, and centroid capacitance.
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Chapter 5
Hysteresis Effect

5.1 Hysteresis Phenomena

The hysteresis phenomena were observed in the transfer characteristics of the
InAs QW-MOSFETs by sweeping the gate voltage forth and back, as shown in Fig.
5.1 where the forward-sweep is defined as the gate biasing starts from negative value
to positive value. The hysteresis phenomena can be categorized into two facts: 1) in
the linear scale Ip-Vg curve (Fig. 5.1 (a)), the Ip in the reverse-sweep is higher than
forward-sweep; 2) in the semi-log scale Ip-Vg curve (Fig. 5.1 (b)), the SS of
forward-sweep is worse than reverse-sweep. Generally speaking, the Vtshift and the
SS degradation were found in the hysteresis phenomena.

There are several mechanisms that cause Vshift-[32-35], such as the fixed oxide
charge and the interface state generation. The former comes from the hot-carrier
injection, and the latter is also due to the hot-carriers. The hot-carrier injection causes
positive Vr shift for n-channel MOSFETs since negatively-charged carriers are
accelerated by the high electrical field and are injected from the channel to the gate
dielectric. The hot-carrier injection not only introduces a positive Vr shift, but also
degrades the quality of gate dielectric, causing a higher gate leakage by creating a
percolation leakage path. On the other hand, the impact ionization near drain side
leads to the generation of electron-hole pairs (EHP), and the electrons possessing high
energy are able to generate interface states at the high-k/semiconductor interface.
Once the generated-states are filled with carriers, the charged states manifest itself as
a cause of Columbic scattering, leading to the mobility degradation and hence the
degradation in device performance.

However, both Vr shift and SS degradation were observed in our experiment
(Fig. 5.1). This result suggested that the V+ shift is not due to the fixed oxide charge,
since the fixed oxide charge only gives rise to the Vy shift instead of the SS
degradation. Moreover, the gate leakage currents of the forward-sweep and

reverse-sweeps were the same (Fig. 5.2.) No observable change in Ig indicated that no
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percolation path is generated in the gate dielectric during gate bias sweeps, so the
hot-carrier-injection is not responsible for our hysteresis phenomena. Besides, even
though the interface-state generation is able to cause SS degradation, the generated
interface-states are impossible to recover by simply sweeping the gate voltage forth
and back. Therefore, neither the fixed oxide charge nor the interface-states generation

is the cause of our hysteresis phenomena in the transfer characteristics.

5.2 Physics Origin and Proposed Models

The physics origin of those phenomena is proposed to be based on the trapping
and de-trapping of the interface states, which modulate the Vr during gate bias
sweeping and hence affect the 1-V characteristics.

The mechanism of the charging and discharging of the acceptor-like interface
states is depicted by Fig. 5.3. The acceptor-like states lay between the Fermi level of
semiconductor (Ers) and the charge neutral level (Ecni). At equilibrium, those states
are filled with electrons and ‘are negatively-charged. The net density of the

acceptor-like interface states, Ni (/em?), can be expressed as:

N, = TDM(E) dE (5.1)
Er o

which is negatively-charged and corresponds to the area under the Di(E) vs. energy
curve shown in Fig. 5.3. The charged states manifest itself as the virtual negative gate
bias and hence increase the V1 by gN;/Cox, according to Eqg. (A.6). It implies that the
AVt caused by the charged states is proportional to the number of the charged
interface states. It is noticeable that N;; is a function of Eg, and Er can be modulated
by V. As the gate is biased at positive value (Fig. 5.3 (¢)), the difference between Er
and Ecn. increases compared to the condition of Vg = 0 V (Fig. 5.3 (b)); thus more
acceptor-like states are charged, resulting in a higher V1. On the other hand, as the
gate is biased at negative value (Fig. 5.3 (a)), the difference between Egs and Ecne
decreases. Hence less interface states are filled with electrons, resulting in a lower Vt
compared to the V1 at Vg = 0 V. Therefore, in the forward sweep, where Vs sweeps
from Vg < 0 to Vg > 0, the Vt increases dynamically as the gate bias moving toward
positive direction. In the reverse sweep, where Vg sweeps from Vg > 0 to Vg <0, the

V1 decreases dynamically as the gate bias moving toward negative direction.
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Consequently, the dynamics of Vr instability emerges: the filling process of
acceptor-like states occurs in the forward sweep, while the emission process takes
place in the reverse sweep.

The variation in Vt during Vg sweep results in the change in drain current. The

Io of long-channel MOSFET operated in the linear region can be expressed as:

Wg CG ,U V;
L,

1, (lin) = [(Ve Vi Vp —2 (5.2)

9

where Wy, Lg, p, and Cg stand for the gate width, the gate length, the effective
mobility of carriers, and the gate capacitance, respectively. The detail of the derivation
of Eg. (5.2) and Cg is presented in the Appendix. Based on Eqg. (5.2), the increase in
V1, which is caused by the charging of interface states in the forward-sweep, leads to
a reduction in gate overdrive Vg - V1, and hence decreased Ip (compared to the
situation without the charging of acceptor-like interface states). Conversely, in the
reverse-sweep, an increase in Ip_is observed due to the reduction in Vy. If the
difference in V1 between the forward-sweep and reverse-sweep is denoted as AV,
(i.e., AVT = V1 forward - VT, revérse)s-then the change in Ip, Alp= Ip, forward - D, reverse, €anN
be expressed as®:

W,Co 1V

L

9

Al (lin.)) =— AV, (5.3

In addition, the reduction/increase in Ip can be reviewed from the other
perspective: the reduction/increase in Ip corresponds to the charging/dis-charging of
acceptor-like states, which act as a parasitic capacitor. In the forward-sweep, a portion
of the drain current is used for the charging of the parasitic capacitor. And the
emission of electrons (i.e., the dis-charging of parasitic capacitors) in the
reverse-sweep gives rise to the increase in Ip, since the Fermi level is lowered by Vg
in the reverse-sweep.

Because AV is caused by the trapping/de-trapping of acceptor-like states, the
relation between AVt and AN; , the difference in the quantity of the
negatively-charged interface states between forward-sweep and reverse-sweep (i.e.,
AN;; = Nj; (forward)- N;j; (reverse)), can be simply deduced by using Eq. (A.6) and

expressed as:

3AID: Ib, forward = 1b, reverse= Ip (V1= V1 reversetAVT) — o (V1 =V reverse)
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av, = 9Ny (5.4)
Cox

It is noticeable that the ANj; is not caused by the interface-states generation; ANj; is
caused by the incomplete charging/dis-charging during Ve sweeps, since the deep
level states possess longer emission time and cannot respond to quick Vg sweeps.
Moreover, the forward-sweep SS degradation is attributed to the localized charge
storage, which is also the cause of SS degradation for the charge-trapping SONOS

devices [36-37].
To sum up, two physical parameters that monitor the hysteresis phenomena, Alp
and AV, are quantitatively described and their dependence on the charged interface
states is also discussed in this section. The bias dependence will be investigated by

examining these two physical parameters in the next section.

5.3 Bias Dependence

The investigations of the bias—dependence of hysteresis phenomena were
conducted on the InAs QW-MOSFET with ITC structure. Through the study of the
dependence of: 1) Alp-Vp; 2) AV1-Vp; 3) Alp-Vs sweep range; 4) AV1-Vg, the bias
dependences were not only studied, but also were consistent with our proposed

mechanism for hysteresis phenomena.

5.3.1 Alp -Vp Dependence

In order to examine the influence of the biased Vp on Alp in the transfer
characteristics, the Alp of various Vp conditions as a function of Vg was measured
and presented in Fig. 5.4. It shows that the hysteresis effect has more influence as the
device Vg is in the “linear” region of the Ip-Vs curves. According to Eq. (5.3), it is
not surprising that the Alp increase with biased Vp. However, it should be noted that
the effective mobility, the gate capacitance, and the AV are a function of V. Thus Eq.
(5.3) should be rewritten in a more precise manner to address the bias dependence of

every parameter.

Al (lin)) = Ce (VeL)ﬂ(VG)VD

g

AV; (Ve) (5.5)
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Clearly, we cannot simply divide Alp by a factor, WyCeuVp/Lg, to extract the AVr-Vg
dependence, since both the mobility and the gate capacitance depend on V.
Therefore we must use another method to extract the AVy-Vg dependence. The
dependence of AVt -V and the proposed method will be discussed in Section 5.3.4.

The maximum |Alp| as a function of biased Vp in the transfer curves is shown in
Fig. 5.5. The adjusted R? of the linear fitting line is 0.98. It shows that the maximum
Alp is almost proportional to the biased Vp. The small deviation from the linear
relationship demonstrates that the AV is still a function of Vp.

5.3.2 AV1-Vp Dependence

The AV as a function of the biased Vp is shown in Fig. 5.6, where the V1 in the
forward/reverse-sweeps is simply extracted by the linear extrapolation of Ip-Vg
transfer curves. In the regime of lower Vp (Vp = 0.05 and 0.1 V), the AV+ is about
0.12 V. However, in the regime of “higher” Vp(Vp.> 0.3 V), the AV is about 0.3 V.
The AV increases with Vp and then “saturates” at specific value. This result shows
that the Vp-accelerated channel electrons assist the charging process. Moreover, the
specific Vp corresponds to the onset of faster increase in AV is about 0.3 V. This
critical Vp corresponds to the required energy for electrons moving from the channel
to the high-k/InP interface, so the AV saturates as the biased Vp larger than the

critical Vp.

5.3.3 Alp- Vg Sweep Range Dependence

To investigate the reversibility of the Ip-Vg curves in forward/reverse-sweeps,
the transfer curves were measured with increasing Vg max. All the curves were swept at
Vp of 0.5V, with Vg starting from the same negative bias (-1 V) to different Vg max
and then reverse. The Ip-Vg curves with different sweep range were measured and
presented in Fig. 5.7. The overlapped forward and reverse curves shown in the Fig 5.7
(@) not only manifest that the AVy is recoverable upon Vs sweep, but also are the
direct evidence that AVr is caused by the charging/discharging of interface states,
since the generated-interface-states and the fixed oxide charge are impossible to

recover by sweeping V¢ forth and back. Fig 5.7 (b) shows that the maximum Alp
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increases with Vg sweep range since more interface states are charged as the Vg max

increases.

5.3.4 AV1-V Dependence

In Section 5.3.1, we mentioned that the difficulties in the extraction of AVr-Vg
dependence, since both the mobility and the gate capacitance depend on V.
Furthermore, the AV extraction method used in Section 5.3.2 (linear extrapolation of
Ip-V) discards the V¢ dependence; hence that method is inappropriate to explore the
AV+1-Vg dependence. Thus we must use a method to cancel out the term WyCeuVp/Lg
without losing the V¢ dependence.

A simple method is used to evaluate AVt-Vg dependence, which is considered to
be related to ANj:. It is noticeable that the term we want to eliminate is exactly the g,
which is given by:

dl, _ W, Co (Vo) Ve) Vo

5.6
dv, L (6)

On =

9

Therefore, the AVt preserving the V¢ dependence can be extracted by dividing Eq.
(5.5) by Eq. (5.6). This method features the simplicy of the extraction process. It does
not have to extract the Cg-Vg and-u-Vg dependence; the former are usually
characterized by typically capacitance-voltage (C-V) measurement, and the latter are
usually extracted by split C-V method.

The AV+1-V dependence is shown in Fig. 5.8. The AV increases with Vg, and
the adjusted R? of the linear fitting line is 0.97. This result suggests that the AV is
almost proportional to V. This result is also the strong and direct evidence that the
AV is caused by the charging/dis-charging of acceptor-like states.

The quantity of charged interface states of two Vg biases, Vg1 and Ve, as a
function of energy is presented in Fig. 5.9 where the Er; and Eg, correspond to the
Fermi level at the gate bias of Vg and Vg, respectively. The difference in Nj
between two gate biases, (i.e., dNit =Nit (Erz) - Nit (Er1)) can be approximated as:

SN, ~D, x(Eg, —Eg,) (5.7)
Furthermore, the difference in Fermi level between two gate biases (Er-Erp) is
proportional to Vgz-Vei, since (Er - Er1) = q (Va2 - Vei). Therefore, based on Eq.

(5.4) and Eq. (5.7), the AV is expected to linearly increase with Vg if the variation in
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Di: is small. Our experimental result is consistent with the theoretical analysis.
Therefore, the high linearity verifies the proposed physics origin of hysteresis
phenomena.

On the other hand, the AV vs. V¢ curves of various biased Vp are presented in
Fig. 5.10. The slopes of all fitting curves are almost the same (Fig. 5.11). Then we
must ask ourselves a question: what is the physical meaning behind this slope?

In order to answer this question, we start from the derivation of AVt with respect
to Ve

dAV, g dAN, 1 dAQ, AC,
dVG COX dVG COX dVG COX
q2
= Dit (5'8)
COX

From Eq. (5.8), we can see that the slope (dAV+t /dVg) is proportional to Dj;, since
Cox is constant for specific device. The reason why all Vp biases has the same slope
is revealed: the slope corresponds to the Dj; of the MOS transistor. Therefore, we find
out a new method to extract the Dj; value:in the gate stack of transistor.

C., dAV. ]
D, =29 =T (ynit :cm2J ¢ 5.9
it qz dVG ( ) ( )
= CﬂdAi(unit scm eV ) (5.10)
q dvg

In this case, the extracted Dj value is 1.86x10' cm™@eV™'. Since the proposed
extraction method is based on the measurement of hysteresis effect, in which the
value of Alp depends on the speed of Vg sweep, the extracted Dj; value in this case®
only corresponds to the deep level states which has emission time longer than the
measurement speed (about 30 ms). Therefore, pulse I-V measurement is required for
the detection of fast interface states. The key feature of the proposed method is: it
evaluates D;; without using MOS capacitor; hence it directly reflects the Dj; value in a
MOS transistor.

* In our DC measurement, the sweep rate and step are 0.6 V/s and 0.02 V.
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5.4 Summary

An understanding regarding the hysteresis effect is obtained in terms of the

exploration of its mechanism and bias dependence. Moreover, a new method to

evaluate transistor Dj; is proposed. The conclusions of this chapter are drawn and

listed as follows:

*

The origin of hysteresis phenomena is proposed to be based on the trapping
and de-trapping of acceptor-like states. The charging/dis-charging process
dynamically modulates the V-t so that the changes in Ip and SS occur in the
Ip-Vg transfer curves.

The change in drain current is due to the variation in V1 upon Vs sweeps, in
which the forward-sweep possess higher Vt and the reverse-sweep has
lower V1. Moreover, the change in SS is due to the localized charge storage
in the interface states instead of the interface-states generation. The
mechanism of SS degradation is similar to charge-trapping memory devices,
like SONOS.

Various bias dependences are characterized and explained. The reversibility
of different Vg sweep range and the linear relationship between AVt and Vg
confirms the proposed mechanism. It is shown that the Alp increases with
biased Vp and V¢ sweep.range, and the AV increases with biased Vp and
Ve.

A new Dj; extraction methodology is proposed. The proposed method is able
to extract the Dj; value of a transistor, so it can be used to directly evaluate

the interface properties of the gate stack of transistors.
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Fig. 5.1 The hysteresis phenomena in Ip-Vg transfer characteristics: (a) linear scale
(b) semi-log scale.
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Fig. 5.2 The gate leakage current of the forward-/reverse-sweeps.
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Fig. 5.3 The mechanism of how Vg modulates the amount of charged acceptor-like
interface states. (a) Ve > 0 (b) Ve =0 (c) Vs <0.

75



0.0000
-0.0005 —-
-0.0010 —-
-0.0015 —-
-0.0020 —-

00025 ITC QW-MOSFET
WIL = 40/0.25 um
000304 v =05V >

-0.0035- > w »’

| (foward)-l (reverse)} (A)

1l
hn'ed -
ZD -0.0040 ’Kb 05V >’P
-0.0045
I I T I I I
0.6 0.4 0.2 0.0 0.2 0.4

Fig. 5.4 Alp -Vp Dependence: the Alp-of various drain bias conditions as a function of
Vg, Where the Alp is defined as: Alp = Ip (forward) - Ip (reverse) in the transfer
characteristics.

76



0.0045 -
0.0040 -
0.0035 -

0.0030

0.0025 -

T Adj. R°=0.98
0.0020

0.0015 S

maximum | A 1| (A)

0.0010

0.0005 - w

0.0000 : : : , . , . , .
0.0 0.1 02 03 04 05

Biased V_in Transfer Curves (V)

Fig. 5.5 The maximum |Alp| as a function of biased Vp in the transfer curves. The
adjusted R? of the linear fitting line is 0.98.

77



044 ITC QW-MOSFET
W/L = 40/0.25 pm

03] - "=

0.2 4
]

—

V_(forward)-V_(reverse)} (V)

0.1 4

AV {

0.0 v T v T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

v, V)

Fig. 5.6 The AVt as a function of the biased Vp, where the V+ in the forward and
reverse-sweeps is simply extracted by the linear extrapolation of Ip-Vg transfer
curves.
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Chapter 6

Conclusions

This dissertation investigated two major issues in InAs QW-MOSFETs. A
gate-last process for buried channel InAs MOS transistors was developed, serving as
the foundation of the study of bandgap engineering of composite channel and the
investigation of the hysteresis effect. Contributions of each subject in this work are
summarized as follows.

Regarding the bandgap engineering in the composite channel, the simulation is
firstly conducted to explore the impact of epitaxial structures (in terms of the
thickness of InGaAs/InAs/InGaAs layers and the In composition of InGaAs
sub-channel) on the carrier confinement and ‘apparent mobility. The simulation
showed that optimized sub-channel In-composition and thickness ratio may improve
the carrier confinement and ‘hence transport properties. Next, InAs QW-MOSFETSs
with three kinds of epitaxial structures were fabricated and characterized. The
experimental results show that: 1) the device with thinner composite channel structure
effectively suppresses SCEs by reducing gate-to-channel distance; 2) the ITC device
demonstrates good DC and RF performance: Ip of 505 pA/um, peak gy of 412 puS/um,
extrinsic fr of 70 GHz, and extrinsic fn,x of 82 GHz. Consequently, the ITC InAs
QW-MOSFET is a promising candidate for future low-power high-performance logic
and microwave applications if the optimized surface treatment, scaled gate length, and
reduced EOT are realized.

About the hysteresis effect, a mechanism is proposed to describe the hysteresis
effect. The charging/dis-charging process of interface states is responsible for the
hysteresis phenomena. Furthermore, several bias dependences were discussed through
the electrical analysis. Besides, based on the measurement of hysteresis effect, a new
method that can directly monitor the high-k/semiconductor interface in the gate stack

of transistor is proposed.
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Appendix
Physically-based Models for Quantum Well MOSFET

A.1 Threshold Voltage Calculation

For the convenience of derivation, the device is assumed to be biased at flat band
condition. The schematic band diagram of normal-type InAs QW-MOSFET at flat
band condition is show in Fig. A.1, where AE¢ nk/np, AEc inprinaias, @Nd AEc inalas/inGaas:
are the conduction band discontinuity in high-k/InP, InP/InAlAs, and InAlAs/InGaAs
interfaces. The half of the difference in band gap AEg corresponds to the “depth” of
the InyGaiAs/InAs/In,Ga;.xAs sub-QW. The value of AE; can be calculated

according to the alloy composition of InyGa; xAs.
AE ;= (1-x)[E, (GaAs) - E (InAs)] (A

The difference between the eigenvalue of first sub-band and the conduction band edge
of InAs is denoted as ¢1sp.

#., = E (I sub-band) < E_(InAs) (A2)

And the difference between the conduction band edge of InAs and Fermi level is
denoted as @ch.

@, = E.(INAs)- E. (A3)
The V1 of QW-MOSFETs is the applied voltage that makes the Er and the energy
level of first sub-band exactly at the same level. Once the Fermi level is over the 1%
sub-band, electrons accumulate in the In,Ga;xAs/InAs/In,Ga;.xAs sub-QW. And the
sheet carrier density (ns) in the QW is a function of the degree of Fermi level over the
first sub-band. Thus, the V1 is temporarily given by:

AE,
(AEC,HKIInP_AEc,InP/InAIAs + AEC,InAIAs/InGaAs"‘?)
VT _VFB = ¢B - q

+ (¢1sb - ¢ch) (A4)
However, for 111-V MOS transistors, it is not reasonable to neglect the effect of

the fixed oxide charge and interface states. If we assume the fixed oxide charge is
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uniformly distributed within the high-k dielectric with charge density Nox pui (cm™),
the amount of change in threshold voltage is given by:

N
AVT,fixed oxide — m (A-5)

COX
Moreover, the change in V1 caused by interface states can be expressed as:

AV _ OGNy (Ee) (A6)

T ,acceptor-like states — C
0X

where Nj; is the net charge density of the interface states. It should be noticed that,
because the acceptor-like states are negatively-charged as long as it traps electrons
(i.e., Nit (Ep) is negative value, as shown in Fig. 5.3), the charged acceptor-like states
results in a positive shift in V. Moreover, Nj; is a function of Er. It means that the V+
fluctuates with the gate biasing. This phenomenon suggests that the dynamics of
interface states (i.e. trapping and de-trapping mechanism when the device operating in
transient state) affects the electrical behaviors through the variation in V1. The effect
of interface states on the transfer characteristics-has been discussed in Chapter 5.

Therefore, based on (A.4); (A.5), and (A.6), the modified expression for V1 is
given by:

AE
(AEC,HK/InP_AEc,InP/lnAIAs + AE C,InAlAS/Ir‘IGaAS+ ?g)
Vi Vi =¢5 — q + (o — en)
_qNox,bqu _qut(EF) (A?)
C C

0Xx 0oXx

On the other hand, the V+ of inverted-type QW-MOSFET can be deduced from

its band diagram (i.e., following the similar procedure), shown in Fig. A.2:
(AEC,HK/InP+AEc,InP/InGaAs + AEg/Z)

q

V; Vg =65 — + (b — )

_ ONgpun AN (Er)
C C

(A8)

0Xx 0oXx
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A.2 Gate Capacitance Calculation

The Cg of surface channel MOSFET in strong inversion can be modeled by the
capacitance components due to gate oxide (Cox), depletion layer in the channel (Cy),
and interface states (Cj;), as shown in Fig. A.3 (a). But the Cg of QW-MOSFETSs is
more complex. In this section, we will discuss its model in the sequence of the
multiple layers between gate oxide and composite channel, quantum capacitance, and
centroid capacitance (Ceentroid)-

For normal type devices, the equivalent capacitance of the InP etch stop layer
and InAlAs barrier layer can be modeled as insulator capacitance (Cins). The Cins
consists of two kinds of dielectrics (InP and InAlAs) within the capacitor, shown in

Fig. A.4 (a). The electric flux density D, within the capacitor is given by:

D=sE=p =2 (A9)

where ps is the sheet charge density, Q is the stored charge, and A is the area of the

capacitor. Thus the electrical field in each-dielectric is given by:

g _D_Q (A10)
InP 51 51A
D
EInAIAs = =i (A-ll)
g, &A

Hence the electrical potential is expressed as:

y=(t+t;) y=(t;+t) y=t;

V=— [Edi=— [Edl - [E,d
y=0 y=t, y=0
:Qtl+Qt2:Q 4 + b =Q ! + ! (A12)
A &A A &A Cip Cinans

Therefore, the Ci,s is the series combination of the capacitance component of InP and
InAlAs, shown in Fig. A.4 (b).
Q 1

Cins = (A'13)

Vv ( 1 1 j

+
CInP CInAIAs
Eg. (A.13) can be extended to the general form.
_ 1

C.tl=x— Al4
Ins i Ci ( )

The concept and calculations of the quantum capacitance was introduced by

Serge Luryi [38]. The 2DEG in a QW does not completely screen an applied
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transverse electric filed, and act as a capacitor in series. In other words, quantum
capacitance corresponds to the extra energy, Q/2Cq, to form a highly conducting
2DEG in the discrete energy levels in a QW with finite DOS. The quantum

capacitance is known as:

2
— gvmj_e

C
Q ﬂ_hZ

(A15)

where m, is the effective mass in the direction perpendicular to the plane of QW,
and g, is the valley degeneracy factor. For Si MOSFETs on (100) surface, the
quantum capacitance is much larger than the capacitance of gate oxide, so that the Cq
term in the series combination can be neglect. Nevertheless, it is important to consider
Cq in -V FETs, since I1I-Vs exhibit low effective mass and DOS. Thereby it
requires more energy for filling the QW with electrons.

The centroid capacitance Ceeniroig, Which is in series to quantum capacitance, is a
consequence of the bell-shaped electron distribution in the QW. The distance from
barrier interface to each charge is different. Similar to the modeling of Si MOSFET’s
inversion capacitance Ci, [39], the bell-shaped electron distribution can be modeled
by an average distance Zcentroid, and Ceentroid 1S thereby modeled as the parallel plate
capacitance:

— kch ‘90
centroid —
Z

C

(A.16)

centroid

, Where kg, is the dielectric constant of the channel materials. It is difficult to extract
precise Zcentroid, SO Some works employ the derivation of electron charge with respect
to the energy difference between E; and E.. However, this method introduces more
complexity upon extracting the sheet charge density as a function of E; - E.

The equivalent circuit of total Cg is shown in Fig. A.3 (b). The Cg of InAs
QW-MOSFET can be expressed by:

Cs = !

(A17)

1
B (o I
OX t i+i+ 1

Cps Co C

ins centroid

where Cox is the gate oxide capacitance, Cox= ¢ /tox.
Rearrange Eq. (A.17), we have
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(A18)

1+[Clt +

1 4
1
COX C i+i+ l
*lc. C, C.. .

ins Q centroid

From Eq. (A.18), we can clearly look into the effects of every capacitance component
on the total Cg. The terms within the square bracket of Eg. (A.18) manifest itself as a
reduction factor of Cg. The introduction of Ci;, Cins, Co, and Ceentroid inevitably reduces
Cc. However, the weighting of the first term and the second term in the square bracket
of Eq. (A.18) should be evaluated through the actual physical parameters of the
devices. Moreover, Eq. (A.18) also suggests the direction of bandgap engineering and
is consistent with the experimental results in Section 4.3: 1) The thinner etch stop
layer and barrier layer give rise to higher. Ci,s and Cg; 2) The thinner channel layer
results in a higher Ccentroig; 3) The higher EOT increases Cox; 4) The better interface

quality reduces Cj; since C;; is proportional to Dj;.

A.3 Current-Voltage Characteristics and Subthreshold Behaviors

Based on Eqg. (A.7) and Eq. (A.17), we are able to derive the I-V behaviors and
its related properties such as g, and SS by using charge control model and gradual
channel approximation in an analog fashion to the well-developed Si MOSFET

equations [1].

2
I (lin.) = ““ (Ve Vi Vo —2 (A19)
9
And the Ip in the saturation region, where Vp = Vg - V7, is given by
W.C
Io(sat) = =5V -V, ) (A20)

g

Note that Eg. (A.19) and Eq. (A.20) are very similar to the equations for Si
MOSFET, since they are under the same assumptions and approximations. The
differences between QW-MOSFET and Si MOSFET in the Ip equation are the V1 and
Cg terms. For Si surface channel MOSFET, the Cg term includes Cox, Cit, and Cq4 only.
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For InAs composite channel QW-MOSFET, the Cg incorporates Cox, Cit, Cins, Ccentroid,
and Co. Eqg. (A.19) also includes the description of the effect of the quantity of
charged acceptor-like interface states on the drain current.

By differentiating Eq. (A.19) with respect to Vs, we can obtain the g, of
QW-MOSFET under constant mobility approximation.

W.C.uV
g, (in) = o - Le=ello
A L

-5 (A21)
g G
In the expression of g, in Eg. (A.21), we not only neglect the fact that the Cg is a
function of Vg, but also emphasis the fact that the V+ is a function of Vg, since the
charged acceptor-like interface states modulates V and hence affect Ip and gn,. Based
on Egq. (A.21), we can see that the g, of the reverse-sweep is higher than
forward-sweep, since the dV+1/dVg is positive in forward-sweep, while dV+/dVg is
negative in reverse-sweep. If we neglect the term dV{/dVg, the g is reduced to the

well-known form.

W.C.uV,
g (lin) = ==S2=2 (A22)

However, for the analysis in this work, we prefer Eq. (A.21) instead of Eq. (A.22)
since it captures more details about how the charged interface state modulates V+ and
hence gm.

The SS describes how sharply the Ip rises with Vg, and is defined as the Vg
change needed to induce a Ip change of one order of magnitude. For Si MOSFET, the
Ip in subthreshold region is given by [1]:

-qVp q(Ve-Vr)

w

I, (subth.) = yl_—g(%)z(cd +C)(1-e ¥ )e &1 (A23)
g

where C, =1+ Gy +Cy (A24)

OX

And the SS is given by:

-1
d(logly) KT Cy +C,
SS=|————=>| =(n10)— |1+ ~ |=(In10)V,, C A.25
{dvG} ( )q{ c.. (In10)V,, C, (A25)

where Vy, is the thermal voltage given by kT/q. Eq. (A.24) can be understood by the
equivalent circuit of the MOSFET in terms of the capacitors (Fig. A.3 (a)). The
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expression of C; is the capacitor divider ratio. Eq. (A.25) also suggests a minimum SS
of the MOSFET at room temperature (300K): 60 mV/decade which is also called the
thermionic limit. The subthreshold current and SS for the InAs QW-MOSFET can be
expressed as follows by considering the capacitor divider ratio of INnAs QW-MOSFET
(Fig. A.3 (b)).

—qvp 9Ve-Vr)

W
I (subth) =yL—g(%)2<Cit +C(a—e ¥ e 1 (A26)
[¢]
$S = (In10) XT {1+ ﬂ} ~(In10)V, {1+ M} ~(In10)V,C, (A27)
q OX OX
1 1 1)’
where C, = —+ +— (A.28)
Cins Ccentroid C:Q
c, =1+ St Ce (A.29)

COX
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gate HK InP InAlAs composite InAlAs

metal , channel
AE sk me $1,=F (1t sub-band) - E (InAs)
¢3
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Era | ¥ /i M B (nas)
AE/2 ||
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vertical depth
‘l‘qut qn, P
)

Fig. A.1 Schematic band diagram and the charge density vs. position of normal type
InAs composite channel QW-MOSFET at flat band condition.
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metal , channel

AE. mxme ¢1=F (15t sub-band) - E(InAs)

Pz

E. mPinGaas ®=E.(InAs) - Er

—
-

vertical depth

Fig. A.2 Schematic band diagram and the charge density vs. position of inverted
type InAs composite channel QW-MOSFET at flat band condition.
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Fig. A.3 Equivalent circuit of the gate capacitance of (a) surface channel MOSFET
(b) InAs composite channel QW-MOSFET.
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