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Abstract 
 

The tremendous success of complementary metal oxide semiconductor (CMOS) 

technology over the past four decades and, as a result, the significant progress of 

information technology in general are based, to a large extent, on a simple gift of nature, 

the SiO2/Si system. This is especially true because ultrathin gate dielectrics in metal oxide 

semiconductor field effect transistors (MOSFETs) remain the key element in conventional 

silicon-based microelectronic devices. Since the very beginning of the microelectronics era, 

the SiO2 gate oxide has played a critical role in device performance and scaling. A potential 

barrier controlled by the gate field modulates the current flow from source to drain. Its 

simplicity, together with the fact that it is available in complementary n-FET and p-FET 

versions, is underlying basis for the success of CMOS technology.  

However, fundamental physical limits have heralded the end of conventional linear 

scaling of transistor dimensions, and a new era of MOSFET scaling constrained by power 

dissipation and process-induced variations is already here. Beyond the fundamental scaling 

method, high-k gate oxide materials, which were replacing SiO2, were strongly required. 

Scaling of the gate stack has been a key to enhance CMOS field-effect transistors (FETs) 

of past technology generations. Because the rate of gate stack scaling has diminished in 

recent years, the motivation for alternative gate stacks or novel device structures has 

increased considerably. Intense research during the last decade has led to the development 

of high dielectric constant (k) gate stacks that match the performance of conventional SiO2-

based gate dielectrics. However, many challenges remain before alternative gate stacks can 

be introduced into mainstream technology. From this stems, recently, Hf-based high-k 

metal gate (HKMG) process was introduced into the industrial technology from 45nm 

device generaton node. However, this remarkable application is still in challenge as 

technogy node goes down more, further engineering works for achieving the higher-k 

dielectric materials is strongly pursued.  

Moreover, beyond the 22 nm node, where gate lengths have almost less than 10 nm, it 

is still controversial whether planar CMOS devices would be a practical option because of 
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dopant fluctuations, control of SCEs, and other problems. Multigate MOSFETs such as 

FinFETs or Tri-Gate FET may provide better electrostatic control, Recenly, this 3D 

dimensional device is starting to come out in the business field, however, these devices still 

have their own limitations in terms of actual device fabrication difficulties and cost increase. 

Other engineering works that could give a relaxation room for scaling limitation are to 

implementing alnernative channel materials which has a high carrier mobility such as Ge, 

GaAs. Especially, Gemanium is a promsing candidate to replace Si in the future beyond 

scaling devices due to its narrow band gap, high mobility, and low dopant activation 

temeperatures. But, unlike with Si, it is difficult to grow an insulating oxide on Ge 

comparable to SiO2/Si, thus, the lack of thermodynamic stability at the high-k/Ge interface 

hampers the development of Ge metal-oxide-semiconductor (MOS) devices due to the 

desorption of GeO. Therefore, researches on surface treatment of Ge substrate or 

passivation layer implementation between Ge substrate and the high-k oxide are strongly 

required. 

In this works, from the stems of above engineering ingenuity, following 3 topics are 

investigated: (1) Phase control of HfO2-based dielectric films for the higher -K materials, 

(2) Passivation layer effects on the oxy-nitridation treated Ge substrate, (3) Fabrication of 

a nano-scaled tri-gate FET using step-down patterning and dummy gate processes. 

In the first part, attempts were made to increase the k values of the HfO2 film by 

transforming its structure from monoclinic to tetragonal phase. The tetragonal seed HfO2 

layer and multilayer approaches were tested based on the fact that the HfO2 film deposited 

via atomic layer deposition (ALD) using O2 as the oxygen source induced tetragonal-phase 

HfO2 after the post-deposition annealing (PDA) at temperatures higher than 700oC. Both 

approaches, however, failed to transform the monoclinic HfO2 layer grown via ALD using 

O3 as the oxygen source, which suggests that the driving force for forming the 

thermodynamic stable phase (monoclinic) overwhelms the interface energy effect between 

the two different phases, which would have induced the desired transformation. As another 

approach, the HfO2 films were alloyed with ZrO2 (HZO film), which was an effective 

method of changing the structure from monoclinic to tetragonal. While the k values of the 
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HZO film could be tuned by the Zr concentration and the PDA temperature, the increase 

of the PDA temperature to over 800oC induced the compositional segregation of HZO, 

which largely increased the leakage current. A critical Zr concentration was found (between 

50 and 70%), in which the k-value increase was quite abrupt but the increase in leakage 

was not very evident after the PDA at 700oC. 

Secondly, oxy-nitridation (GeOxNy) surface treatment by NH3 + O2 gas ambiment RTA 

(rapid thermal annealing) process on Ge substrate were investigated. 550℃, 1min 

annealing induced 0.5nm ultra-thin GeOxNy layer, and it gave remarkably reduced Vhy    

about 25~30% and Dit value of 9.8x 1011cm-2eV-1 on the Ge / GeOxNy / Hf-Zr-O / TiN, 

High-k metal gate stacks. In addition to GeOxNy implementation, passivation layer (PL) 

effects using SiO2, SiAlxOy and Al2O3 were studied with the various PDA temperatures 

from as-deposited (room temperature) to 650 oC. SiO2 PL groups shows most minimized 

Vhy (≒140mV), Dit (≒8.5x1011) in the without PDA condition, however, as PDA 

temperature went up to 650 oC, Vhy and Dit values of SiO2 PLs group were getting worse 

than Al2O3 PL group. From the XPS analysis and HR-TEM images, in SiO2 PL group, GeO 

redox is more intensively observed and thermally re-growth passivation layer was detected 

with the out-diffused Ge elements in the PL layer region. That means SiO2 oxide is more 

unstable in the passivation layer application, compared to Al2O3. This is also reason why 

oxygen bonding enthalpy of SiO2(≒368 kJ/mol) is smaller than that of Al2O3 (≒512 

kJ/mol). Therefore, Al2O3 has a high candidate for passivation layer application for 

maintaing device immunity by heat budget. 

Thirdly, the process sequence and device performances of the three-dimensional tri-gate 

field effect transistor (TGFET) were reported, where a fin-shaped Si channel with a 20 nm 

channel width and an 80 nm fin height was fabricated using the conventional i-line stepper, 

assisted by the double hard mask step-down (DHMSD) lithography process. The channel 

length was 150 nm. An atomic-layer-deposited Al2O3 and Hf0.51Zr0.49O2 film with an 

equivalent oxide thickness of 1.9, 0.9nm respectively, and a TiN layer grown through 

another atomic layer deposition process were adopted as the high-k and metal gate, using 

the dummy gate process. The device performance was compared with that of the planar 
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FET simultaneously fabricated on the same Si wafer. The ion implantation and Ni-silicide 

processes were also optimized for this process sequence. Both n- and p-type devices were 

fabricated. The TGFET showed a high on/off current ratio of ~106, a low subthreshold 

swing of 77mV/dec for the n-type device, and a small drain-induced barrier lowering of 35 

mV for the n-type device, which were remarkably improved device performances 

compared with the planar FET device. These improvements were due to the improvement 

of the electrostatic control of the fin-shaped channel by the tri-gates, which coincides with 

the theoretical expectation and previous experiment results. Nevertheless, the p-type 

devices showed inferior performances compared with the n-type devices due to the 

excessive dopant diffusion from the source and drain regions into the channel. 

As above, from the higher-k gate oxide engineering on Si and Ge substrate to 

investigations on its applicable 3D structure tri-gate FET fabrication, comprehensive 

activities were excuted with various analysis tools and knowledges.  

                                                                         

Keywords : High-k gate dielectrics, Hafnium Oxide, Aluminium oxide, Silicon oxide,     

HZO, Monoclinic, Tetragonal, Metal gate, Ge substrate, GeON,  

Passivation Layer, Planar FET, Tri-Gate FET, 3D structure. 
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Figure 4.2.10 X-ray photoelectron spectroscopy (XPS) spectra analysis of (a) Si2p in 

Hf0.51Zr0.49O2 / SiO2 / GeOxNy / Ge at the as- deposited, (b) Al2p in H0.51Z0.49O2 

/ Al2O3 / GeOxNy / Ge at the as-deposited, (c) Si2p in Hf0.51Zr0.49O2 /SiO2 / 

GeOxNy / Ge at the 600◦C TPDA, (d) Al2p in H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge 

at the 600◦C TPDA. (f) Germanium mono oxide (GeO) formation mechanism. 

Figure 4.2.11 Cross-section HR-TEM images and its EDS line plots of (a) Hf0.51Zr0.49O2 / 
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SiO2 / GeOxNy / Ge at the as- deposited, (b) H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge 

at the as-deposited, (c) Hf0.51Zr0.49O2  / SiO2  / GeOxNy / Ge at the 600◦C TPDA , 

(d) H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge at the 600◦C TPDA. Here, film thickness 

of Hf0.51Zr0.49O2 is 6nm, SiO2 and Al2O3 for passivation layer are 1.5nm-thick, 

and GeOxNy shows about 0.5nm-thick by standard conditions (1min, 550◦C 

RTA). 

Figure 4.2.12 Multi-frequency capacitance-voltage (CV) curves of (a) Hf0.51Zr0.49O2 / SiO2 

/ GeOxNy / Ge, as- deposited, (b) H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge, as-

deposited, (c) Hf0.51Zr0.49O2  / SiO2  / GeOxNy / Ge, 600◦C TPDA, (d) 

H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge, 600◦C TPDA. (f) Defect density (Dit) value 

plots of before and after GeOxNy surface treatment and different passivation 

layer implementation as a function of TPDA. 

 

Figure 4.3.1 (a) Process flow of the double hard mask step-down (DHMSD) patterning 

process. The 1st RIE etch is used to define comparatively bigger patterns 

through lithography, and the 2nd RIE confirms the final nano-scale fin 

patterns with the reduced SiO2 pattern width. (b) Image after the completion 

of the diluted HF (DHF) wet etching (STEP 4). (c) Nano-scale fin-shaped 

image after the 2nd RIE. 

Figure 4.3.2 (a) Process flow of the gap fill module for isolation from the Si substrate. The 

buffer SiO2 film and the reflow process are used for sustainable Si-SiO2 

interface layer properties to DHF chemicals during TEOS oxide leveling 

down. (b) Cross-section TEM image showing the failure of the TEOS oxide 

leveling down processed without a buffer SiO2 film and reflow. (c) Cross-

section TEM of the appropriate TEOS oxide gap fill and leveling down after 

applying a buffer SiO2 film and reflow. 

Figure 4.3.3 (a) Process flow of the dummy gate process. (b) Top-view SEM image after 

finishing the dummy gate process. (c) Vertical SEM image along the Y-axis 

direction. 
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Figure 4.3.4 (a) Ni-silicide resistance checks as a function of the RTA temperature. The Ni-

silicide conditions are optimized to 450◦C, 60 sec. (b) Top-view SEM image 

after the formation of a contact hole. (c) Top-view image after Al metal 

formation. 

Figure 4.3.5 (a) Schematic image of the TGFET. (b) Vertical cross-section TEM image of 

the fabricated TGFET through the Y-axis (b), and (c) Vertical cross-section 

SEM image along X-axis. 

Figure 4.3.6 Capacitance-voltage characteristics of the ALD (a) Al2O3 and (b) Hf0.51Zr0.49O2 

with different thicknesses. (c) Dielectric constant calculation of Al2O3 and 

Hf0.51Zr0.49O2 oxides from the slope of the EOT vs. physical thickness. 

Figure 4.3.7 (a) Transfer-curve (Id-Vg) characteristic comparison between the planar FET 

and the TGFET device. (b) N/PMOS transconductance (gm) behavior 

comparison of the planar FET and the TGFET. The gm was calculated from the 

1st derivatives of the logarithmic data of the drain current (Id). 

Figure 4.3.8 (a) Transfer-curve (Id-Vg) characteristic comparison between Al2O3 and 

Hf0.51Zr0.49O2 gate oxide films in the TGFET device. (b) N/PMOS transconduc 

tance (gm) behavior comparison of both oxide films. The gm was calculated 

from the 1st derivatives of the logarithmic data of the drain current (Id). 

Figure 4.3.9 Transfer-curve (Id-Vg) characteristic comparison between Vds=1.2 V and 

Vds=0.05 V. The inset graph shows the gate oxide leakage as a function of the 

gate bias. (Gox=Al2O3). 

Figure 4.3.10 Vth variation (∆Vth) by drain bias stress from 1.2 to 2.4 V, at Vg=1.2 V. (a) 

NMOS TGFET.  (b) PMOS TGFET. Feature size of Wfin=25 nm, Hfin=80 

nm, and Lg=150 nm. (Gox=Al2O3). 

Figure 4.3.11 Output characteristics of the fabricated TGFET as a function of the sweep in 

Vd from 0.0 to 1.2 V and Vg,step=0.3 V. 
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I. Introduction 

 

1.1 Introduction 

The advantage of MOSFET scaling are quite substantial: increase of the functionality per 

unit chip-area and its performance, reduction of the cost per functionality and the device 

switching power. Using the scaling guidelines industry has been able to continue Moore's 

law for more than five decades, mainly because of innovations in lithography or patterning 

in general.  

Until the 90 nm technology node, scaling was pretty straightforward: going from one node 

to the next device dimensions were scaled by a factor α and the voltages typically by a 

different factor k to keep the electric fields under control. However, scaling of the gate 

dielectric gradually became a concern because of the increasing gate leakage density(Jg). 

With a physical thickness of 1.2–1.3 nm at the 90 nm technology node, a limit of the SiON 

gate dielectric scaling was reached and new ways such as strain engineering had to be found 

to increase the device performance. The high-k metal gate technology, needed to replace 

the SiO2/poly based gate stack and continue the gate dielectric scaling, was finally only 

introduced in production at the 45 nm node. However, further scaling of the gate length 

required the introduction of new device architectures such as FinFETs which demonstrate 

better electrostatic control than the standard bulk devices [1]. The devices were first 

introduced at 22 nm and will be the main device architecture at 14/16nm and 10nm.  

To continue the scaling of transistors, various high-k oxide materials have been studied 

intensively for the past few decades, especially since 2000. Finally, to decrease the gate 
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leakage in highly scaled transistors, Hf and Zr-based high-k gate dielectrics have been 

considered to be the most promising candidates to replace SiO2 gate dielectrics [2–4]. 

Especially, Hf-based high-k gate dielectrics have already been employed in the current 

technology node, where several companies such as Intel and Samsung have used high-k 

gate dielectrics below 45 nm technology node [5]. However, the use of the high-k gate 

dielectrics do not cleared all the problems involved in the scaling of transistors for 

improving the performance. As a requirement to meet high performance continuously 

increases, Hf-based high-k gate dielectrics will be faced with a limit to the scaling of 

physical thickness like SiO2 gate dielectrics in the near future. For the occasion to encounter 

the limit of the scaling, various studies on high-k materials such as higher-k gate dielectrics 

and interfacial layer scaling need to be investigated very intensively.  

Recently, two basic approaches were introduced for the integration of gate stacks using 

high-k gate dielectrics and a metal gate electrode: a gate-first approach [7] and a gate-last 

approach [8]. In the gate-first approach, because of the formation of the gate stack before 

activation annealing of the source and drain, the high-k gate dielectrics as well as metal 

gate electrodes need to have high thermal stability, as in a conventional CMOSFET process. 

Recent research to modulate the Vt of gate electrodes has focused on applying a capping 

layer such as La2O3 for n-MOS and Al2O3 for p-MOS, between the high-k dielectric and 

gate metal, which helps to form interfacial dipoles to modulate the flat band voltage (VFB) 

after high thermal budget [9,10]. However, this approach has introduced several unintended 

issues such as the increase of equivalent oxide thickness (EOT) as well as EWF due to high 

thermal budget, mobility reduction, and increase of interface-state density (Dit) [11]. In case 

of the gate-last approach, the high-k gate dielectrics as well as metal gate electrodes can be 
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integrated widely without limit of materials, because of the formation of the gate stack after 

activation annealing of the source and drain. Therefore, recent research to integrate the 

metal gates on high-k dielectrics below 28nm technology node has based on the gate-last 

approach.  

For the progress, in this work, correlation between micro structure and dielectric constant 

of atomic layer deposited Zr-doped HfO2 gate dielectrics was comprehensivley investigated 

as for the first topic. The methodology for accomplishing the higher-k value which is reach 

to about 30 permittivity with a varity of PDA temperature and Zr contents were investigated 

in details. 

Over past 40 years of miniaturization, the scaling of classical bulk Si MOSFETs is 

approaching many fundamental limits, which mandates the integration of novel materials 

and innovative device structures to continue the historic progress in information technology. 

Among the various high-mobility channel candidates, germanium (Ge) has recently been 

suggested to alleviate the problem of MOSFET drain–current saturation by providing a 

higher source injection velocity [12]. Historically, Ge had been one of the most important 

semiconductors, and the instability of native Ge oxides (GeOx) was one of the key enablers 

in the first(point-contact) transistor demonstration [13]. 

Over the last four decades, a variety of grown and deposited dielectric approaches have 

been suggested for Ge MOS applications. Gate-quality germanium dioxide(GeO2) 

dielectrics have been studied with the various growth methods [14]-[17]. Alternatively, 

several different deposited dielectrics have been attempted including SiO2 [18], SiO2 on a 

thin Si cap [19], silicon nitride(Si3N4) [20], GeO2, germanium nitride (Ge3N4) [20], 

aluminum oxide (Al2O3) [21]. Nevertheless, none of these approaches has been previously 
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shown to hold promises as a dielectric for nanoscale Ge MOSFETs. 

From this stems, as for the second topic, highly stabilized GeOxNy treatmented Ge 

substrate with one-step annealing in the NH3 and O2 gas ambient was investigated. In 

addition to GeOxNy surface treatment, passivation layer effects using SiO2, SiAlO2 and 

Al2O3 in the PDA were studied with Ge/GeOxNy /PL/HZO/TiN gate stacks. 

The advantages of metal oxide semiconductor field effect transistor (MOSFET) scaling 

are quite substantial due to the increase in the functionality per unit chip area and its 

performance, cost reduction per functionality, and device switching power. MOSFET 

scaling in logic devices has been following the well-known Moore’s law, although the law 

itself has been modified several times during past several decades, and it was recently 

announced that the semiconductor industry will no longer follow the law. After the setting 

up of the fundamental configuration of the complementary MOSFET (CMOSFET) in the 

1960s, it was not changed in the next ~40 years, but the adoption of the high-k/metal gate 

(HKMG) process in 2007 was a remarkable technical breakthrough in the field. Another 

radical change in the MOSFET structure occurred in 2014, when the Tri-Gate FET (TGFET) 

or fin-shaped FET (finFET) started to be mass-produced. While the concept of adopting 

such three-dimensional FET structure had been suggested by Hu et al. [22] for silicon-on-

insulator (SOI) devices in the 1990s, its adoption in mass production has been hampered 

by the high cost of the SOI wafers and other technical issues. The later suggestion of Lee 

et al. [23],[24] on the use of the bulk Si finFET marked another critical improvement in the 

CMOSFET circuit, making the mobile information technology keep its growing pace. 

The fundamental idea of TGFET (or finFET) is to increase the channel width (W) for 

the given channel length (L) without increasing the Si surface area consumption, and the 
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tri-gate configuration is a highly feasible structure for achieving this goal. This goal can be 

accomplished by increasing the fin height (Hfin) for the given fin width (Wfin). Fabricating 

the fin-shaped Si channel, however, requires highly elaborate process optimization, and 

among the methods for such, the patterning of the tiny fin with a Wfin lower than ~20 nm 

is critically important to acquire the expected merit on the device operation due to the 

improved electrostatics compared with the planar-geometry devices. The currently 

available most advanced lithography apparatus adopts ArF laser with a 193 nm wavelength 

(λ), which is too long for patterning such small features. Therefore, the industry has 

developed numerous resolution enhancement techniques, including the immersion 

lithography process and the double or quadruple patterning techniques, which allowed the 

state-of-the-art level lithography to decrease to ~10 nm. While these are astonishing 

achievements in the industry, they are usually not feasibly available in the academe mainly 

due to the very high cost of the equipment and operation. Therefore, a feasible option for 

the academe is the electron-beam lithography, but optical lithography is still preferred 

method if it can provide the necessary feature size. If this process can be successfully set 

up in the academe, it will further accelerate the development of this critically important 

area.  

Therefore, in this works, as for the third topic, a specific line width decreasing technique 

was developed and investigated, which is called “hard mask step-down double patterning 

(HMSDP) process,” using SiO2/Si3N4 double hard mask layers. Moreover, using the 

dummy gate process, 3D strcutrual shallow fin-shaped channel is realized without any 

etching damage. The fabricated CMOSFETs with a tri-gate structure showed a far superior 

performance than the planar devices. 
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 As mentioned above, starting from the gate oxide engineering in Si substrate and high 

mobility Ge susbstrate to its application in the 3D dimensional TGFET, comprehensive 

investigation was excuted. This study will help understand key issues of logic device and 

trends and progresses.  
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II. Literature review 

 

2.1 High-k gate dielectrics 

 

2.1.1 Introduction of the high-k gate dielectrics  

With the advance of metal oxide semiconductor technology, Si-based semiconductors, 

with SiO2 as an outstanding dielectric, have been dominating microelectronic industry for 

decades. In the current version of the International Technology Roadmap for 

Semiconductors (ITRSs), the scaling of the metal-oxide-semiconductor field-effect 

transistor (MOSFET) is projected to the year 2016 when the channel length should be 9nm 

as shown in Fig. 2.1.1 [1]. Recently, some semiconductor companies have moved to the 

leading edge of the 16nm technology node and successfully realized advanced product 

development. Presently companies are continuing research and development the 10nm and 

beyond complementary metal oxide semiconductor(CMOS) technology [2]. MOSFETs 

have been scaled down, and the physical thickness of SiO2 dielectrics becomes as thin as 

1.4nm (just a few atomic layers) [3]. The simulated gate leakage current was expected to 

exceed the leakage limit on gate leakage current density, as shown in Fig. 2.1.2, so that 

high-k gate dielectrics became to need to replace SiO2 as a gate oxide by 2006. Oxide 

materials with large dielectric constants (so-called high-k dielectrics) have attracted much 

attention due to their potential use as gate dielectrics in MOSFETs. When the channel 

length becomes of the same order of magnitude as the depletion-layerwidths of the source 

and drain, a MOSFET device is considered to be short and the so-called short-channel  
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Figure 2.1.1 ITRS prediction [1]. In the current version of the International 

Technology Roadmap for Semiconductors (ITRS), the scaling of the metal-oxide-

semiconductor field-effect transistor (MOSFET) is projected for the y-axis by the 

nanometer unit, which is also represented by technology node or process. 
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effects arise. To offset short channel effects, the thickness of the gate oxide must be reduced. 

This causes a reduction in the on / off current ratios [4]. Moreover, the reduction of oxide 

thicknesses results in increased gate leakage current, which is a formidable problem, 

particularly for large density circuits [5]. In the nanoscale Si-based CMOS electronics, the 

interfaces present throughout a high-k gate stack are typically less than 1nm in thickness, 

serving as a transition between the atoms associated with the materials in the gate electrode, 

the gate dielectric, and the Si channel [6]. The benefits of high-k dielectrics can be clearly 

understood from equation (1), which represents an equivalent oxide thickness (EOT), a 

quantity used to compare performance of high-k dielectric MOS devices with performance 

of SiO2-based MOS devices. The EOT is the thickness of SiO2 gate oxide needed to obtain 

the same gate capacitance as that obtained with thicker high-k dielectrics: 

khighkhigh
khigh

0 t
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t

ε

3.9ε
EOT 



                                       (1) 

Direct tunneling current through gate oxide decreases exponentially with increasing gate 

oxide thickness.  

A CMOSFETs is a capacitance-operated device, where the source-drain current (Ion) of 

the FET depends on the gate capacitance (in Fig. 2.1.3) : 
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where Ion is the source-drain current of FET, 
eff is the effective mobility of carrier, Cox 

is the gate capacitance, W and L are the width and length of transistor and Vgs and Vth are 

the operating and threshold voltages of transistor. Hence, Ion depends on Cox,inv. 
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where 0ε  is the permittivity of free space, k is the relative permittivity (or dielectric 

constant), A is the area and t is the oxide thickness. Hence, the solution to the direct 

tunneling problem is to replace SiO2 with a physically thicker new material of higher 

permittivity (k). 

In the past ten years, significant progress has been made on the screening and selection 

of high-k gate dielectrics, understanding their physical properties, and their integration into 

CMOS technology. Now it has been recognized that the family of hafnium oxide-based 

materials (e.g., HfO2, HfSixOy, and HfSi xOyNz) emerges as a leading candidate to replace 

SiO2 gate dielectrics in advanced CMOS applications [7,8]. There are a number of high-k 

dielectrics that have been and/or are actively being pursued for replacing SiO2. Among 

them are gadolinium oxide Gd2O3, erbium oxide Er2O3, neodymium oxide Nd2O3, 

praseodymium oxide Pr2O3,cerium oxide CeO2, cerium zirconate CeZrO4, aluminum oxide 

Al2O3, lanthanum aluminum oxide LaAlO3, lanthanum oxide La2O3, yttrium oxide Y2O3, 

tantalum pentoxide Ta2O5, titanium dioxide TiO2, zirconium dioxide ZrO2, zirconium 

silicate ZrSiO4, hafnium oxide HfO2, HfO2-based oxides HfSiO2, HfScOx, hafnium silicate 

HfSixOy, strontium titanate SrTiO3, LaLuO3, and rare-earth scandates LaScO3, GdScO3, 

DyScO3, and SmScO3 [9–13]. Among these variants, HfO2 and HfO2-based materials are 

considered the most promising candidates combining high dielectric permittivity and 

thermal stability with low leakage current due to a reasonably high barrier height that limits 

electron tunneling [14–16]. The rare earth oxides, various lanthanides, and their silicates 

are also be counted as potentially promising candidates, despite the fact that in some cases 
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the permittivity increase is only moderate [17].  
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Figure 2.1.2 The ITRS roadmap of gate leakage current density on LSTP device. 

Figure 2.1.3 Schematic illustration of important regions in a CMOS FET gate stack. 
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2.1.2 Requirement of the high-k gate dielectrics  

Exchanging SiO2 with a ‘high-k’ material, which exhibits a higher dielectric constant εk, 

enables an increase in the gate capacitance (per unit area) εk/dk without decreasing the 

physical thickness of the dielectric layer. For a proper comparison with SiO2, an equivalent 

oxide thickness as descriped in equation (1), should be introduced again. This is basically 

the thickness of the gate dielectric if SiO2 was used instead of a high-k material. Hence, 

EOTs that are significantly smaller than 1nm can be obtained by choosing an appropriate 

high-k material. However, in order to be a viable alternaive to SiO2, appropriate high-k 

materials have to fulfill the following requirements. [18] 

1. It must have a high enough k value that it will be used for a reasonable number 

of years of scaling.  

: The k-value of the dielectric needs to be large enough in order to ensure at least 

two generations of technology nodes. If dEOT < 0.9nm is targeted, the k-value needs 

to be substantially larger than 15. 

2. It has a process compatibility with current CMOS technology and thermal 

stability on substrate material.  

: The high-k dielectric is in direct contact with silicon and th metal gate contact 

material (for example TiN). When the gate stack is fabricated first (gate-first process), 

this sandwich is subject to severe temperature treatements (up to 1050℃) to activate 

dopants in the source/drain regions. The gate stack can only maintain its properties 

if no chemical reactions take place beween substrate and gate oxide  

3. It has sufficiently large band offsets.  

: In order to provide appropriate insulating properties of the gate dielectric, the band 
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gap and in particular the conduction and valence band offsets must be large enough, 

as decriped in Fig. 2.1.4. Some of the materials show rather large band offsets such 

as SiO2, Si3N4, Al2O3. However, as shown in Fig. 2.1.5, these materials exhibit a k-

value that is too small. A general tendency of high-k materials to exhibit a decreasing 

band gap and hence also decreasing band offsets is observed. 

4. It must have a small impat on the carrier mobility in the channel 

: The high-k silicon interface leads to a degradation in mobility compared to the 

standard SiO2-Si interface, primarily due to a larger density of interface states 

compared to SiO2. A degradation of carrier mobility is a severe issue, since it reduces 

the benefit of scaling the channel length down that made the introduction of high-k 

material necessary.  

5. It must have interface state density close to SiO2. 

: The density of interface states at the gate dielectric-substrate interface needs to be 

as small as possible since otherwise the gate control deteriorates yielding and 

increased inverse subthreshold slope, thus causing and increase in subthreshold 

leakage for fixed operational voltage. Therefore, the density of interface states needs 

to be close to that of SiO2.  

6. It must have microstructural stability 

: The microstructure requirements of high-k materials are still the subject of debate. 

In principle, there are three possible microstructures such as epitaxial, poly 

crystalline, or amorphous. The structure should be stable throughout the full chp 

processing.   
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Figure 2.1.4 Conduction and valence band offsets in eV for various dielectric 

materials. As illustrated by the green dashed line, ∆WC and ∆WV should be larger 

than 1eV [19]. 

Figure 2.1.5 Optical band gap versus dielectric constant of various gate dielectric. 

In order to provide sufficient insulating properties, the band gap should be at least ≈

5eV [20]. 
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2.1.3 Characteritics of HfO2 and ZrO2 dielectric oxide 

 

2.1.3.1 ZrO2 and HfO2-Stable phases  

 Monoclinic, Tetragonal, Cubic (Fluorite) ZrO2 and HfO2 form continuous solid solutions 

with increasing temperature and decreasing hysteresis of phase transitions as figure 2.1.6. 

Continuous solid solutions are also common for Hf and Zr in ternary compounds. Figure 2. 

1. 6 demonstrates thermal expansion behavior of HfO2 and ZrO2. Hf4+ is just slightly 

smaller than Zr4+ (0.83Å vs. 0.84Å) [21] and unit cell volume of monoclinic HfO2 phase 

at room temperature is about 3Å3 smaller than that of ZrO2. The critical volume of the 

monoclinic phase at which transformation to tetragonal occurs is about the same for hafnia 

and zirconia. However, the smaller cell parameter of HfO2 and slightly lower coefficient of 

volume thermal expansion (21 × 10−6◦C −1 vs. 24 × 10−6◦C −1) [22], reflect an increase of 

HfO2 monoclinic-to-tetragonal transformation temperature (∼1650◦C for HfO2 vs. 1160◦C 

for ZrO2) [25]. The thermal expansion of the monoclinic phase is highly anisotropic (almost 

no expansion on b axis). There is a volume decrease on the monoclinic-to-tetragonal 

transition (about 3.4% for ZrO2 and somewhat smaller for HfO2). The transition occurs 

rapidly on heating and on cooling and the tetragonal phases cannot be quenched to room 

temperature. The tetragonal phases expand almost isotropically [22] and transform into 

fluorite-type cubic structures at about 2300◦C for ZrO2 and about 2700◦C for HfO2 [21]. 

The recent first-principles study of dielectric properties of HfO2 polymorphs [23] suggests 

that dielectric constant for the tetragonal phase is much larger than for the cubic and 

monoclinic forms. 

 



    19 

2.1.3.2 ZrO2 and HfO2-Metastable Phases  

Although the high temperature phases cannot be quenched directly, occurrence of 

tetragonal ZrO2 phase as nanocrystals at room temperature has been reported for along time.  

Stabilization of tetragonal over monoclinic in ZrO2 samples with high surface area was 

interpreted to be the result of a surface energy contribution. The critical particle size at 

which tetragonal–monoclinic energy crossover occurs for ZrO2 was reported to be around 

30 nm, but it is strongly dependent on the stresses present at any given temperature. This 

has been the basis for the wide applications of the zirconia monoclinic-to-tetragonal 

transition in high performance ceramics. Initially, it was thought that no such phenomena 

exist in the HfO2 system. However, synthesis of tetragonal HfO2 with particle size below 

10 nm by decomposition of hafnium chloride and hydroxide was later reported [24]. 

Thermal expansion of metastable tetragonal zirconia was reported [22] to be highly 

anisotropic below 900◦C. This, however might be related to coarsening in powders and not 

be relevant for thin films. No such data for hafnia are reported. 

Amorphous zirconia and hafnia can be synthesized in bulk by precipitation. Amorphous 

zirconia always crystallizes in the tetragonal modification and may partially or completely 

transform into monoclinic on cooling, depending on the fraction coarsened above critical 

size at the annealing temperature. However, in films thinner than 7nm, where coarsening 

is restricted, ZrO2 may retain the tetragonal modification after annealing. The exact critical 

sizes will depend on interfacial energies. Tetragonal hafnia is formed on crystallization of 

precipitates with high surface areas, while monoclinic is formed at lower surface area. 

Crystallization temperature in pure amorphous ZrO2 and HfO2 synthesized by precipitation 

depends significantly on particle size and in hafnia can be delayed up to 890◦C at surface  
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Figure 2.1.6 The thermal expansion of HfO2 and ZrO2 and volume change on monoclinic-

totetragonal phase transition (adapted from Wang et al. [25], data from Garrett et al. [26], 

and Patil et al. [27]. 

 

areas on the order of 200 m2/g. However, such crystallization temperatures might not be 

realized even in ultra thin films, since interfacial energies normally are smaller than surface 

energies, and for thin film geometry, the interface area is smaller than that achievable for 

nanoparticles of comparable dimensions. Gusev [28] reported that crystallization 

temperature of 5 nm thick HfO2 films on silicon was about 600◦C, which is 170◦C higher 

than for 40 nm films. 

Tetragonal and cubic (Fm3m CaF2-type) hafnia phases were reported to occur in HfO2−x 

400–500 nm films synthesized by ion beam assisted deposition (IBAD) using hafnium 
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vapor and an oxygen ion beam under conditions of oxygen starvation. In this case the 

stabilization of high temperature structures is not by surface energy but by oxygen 

vacancies. In the work cited, hafnia films transformed into monoclinic under annealing in 

oxygen at 500◦C but stayed cubic or tetragonal on annealing in a vacuum at the same 

conditions. The tetragonal phase in substoichiometric HfO2 was reported [29] to not be 

isostructural to tetragonal zirconia (P42/nmc) that occurred at high temperature or 

nanopowders. 

Cubic zirconia was also reported to occur in films synthesized by ion-beam induced 

chemical vapor deposition (IBICVD) when using O2
+ and Ar+ ions for the decomposition 

of the precursor. The authors concluded that its occurrence is related to Ar incorporation in 

the structure since it was not observed when only oxygen ions were used. About 2 nm 

critical size for stabilization of cubic ZrO2 at room temperature was suggested from first 

principles calculations and TEM observations. However structural identification of the 

cubic phase in such small particles is ambiguous.  

Since there is decrease in volume on high temperature monoclinic-to-tetragonal phase 

transition, its temperature decreases under high pressure conditions. Two high pressure 

orthorhombic phases for hafnia were identified stable above 5 and 15 GPa. Analogous high 

pressure ZrO2 polymorphs are known [30]. Their formation at atmospheric and 

lowpressures is unlikely. Though formation of orthorombic hafnia in thin films was 

reported, it apparently was misientified and is the tetragonal HfO2 which is thought to be 

isostructural to tetragonal ZrO2 [25]. However, to date, there are no entries for tetragonal 

HfO2 in commonly used crystallographic databases. Tetragonal HfO2 was synthesized in 

nanophase powders only in a mixture with the monoclinic phase, and, apart from high-
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pressure modifications, it cannot be quenched from high temperature. Structural 

refinements on tetragonal HfO2 phase at high temperature is hampered by its high transition 

temperature (∼1650◦C) [25], and, to our knowledge, has not been performed. 

Recently, high-temperature oxide melt solution calorimetry was used to measure excess 

enthalpies of nanocrystalline tetragonal, monoclinic and amorphous zirconia with respect 

to coarse monoclinic zirconia. Monoclinic ZrO2 was found to have the largest surface 

enthalpy and amorphous zirconia the smallest (see Table 4). The surface enthalpy of 

amorphous zirconia was estimated to be 0.5 J/m2. The linear fit of excess enthalpies for 

nanocrystalline zirconia as a function of area from nitrogen adsorption gave apparent 

surface enthalpies of 6.4 and 2.1 J/m2, for the monoclinic and tetragonal polymorphs 

respectively. Due to aggregation, the surface areas calculated from crystallite size (from X-

ray diffraction) are larger than those accessible for nitrogen adsorption. The fit of enthalpy 

versus calculated total interface/surface area gave surface enthalpies of 4.2 J/m2 for the 

monoclinic form and 0.9 J/m2 for the tetragonal polymorph. Thus, stability crossovers with 

increasing surface area between monoclinic, tetragonal and amorphous zirconia (Fig. 2.1.7) 

were confirmed. 

Using surface areas derived from XRD crystallite size, the tetragonal zirconia phase is 

calculated to be stabilized in particles smaller than 40 nm. Similar calculations for the 

tetragonal-to-amorphous crossover (Fig. 2.1.7) yield a critical particle size of 2 nm. From 

solution calorimetry, the amorphization enthalpy for monoclinic ZrO2 was estimated to be 

34 ± 2 kJ/mol. This value is close to that for HfO2, (32.6 ± 2 kJ/mol), which can be derived 

from crystallization enthalpy of low-surface area amorphous precipitate. Critical size for 

tetragonal-to-monoclinic transformation of HfO2 crystallites in a gel with 10 mol% silica  
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Figure 2.1.7 Excess enthalpy of nanophase zirconia vs. particle size (logarithmic scale) as 

calculated from BET surface area. The film thickness that would give similar interface 

areas are shown to illustrate the point that much higher surface area achievable in particles 

of similar dimensions. The exact critical thicknesses will depend on interfacial energies. 

 

was reported as 6 ± 2 nm. The thickness of the film which would provide similar interface 

area is about 2 nm. Calorimetric study of surface/interfacial energetics for HfO2 poly-

morphs is underway. 

 

2.1.4 Metal Gate on high-k dielectric oxide 
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2.1.4.1 Introduction of Metal gate 

The purpose of the gate electrode in CMOS is to shift the surface Fermi level EF of the 

channel to the other band edge, to invert the transistor. An NMOS FET consists of a p-

doped Si channel. A gate electrode of low work function (~4.05 eV) will move its surface 

Fermi level from the Si valence band to the conduction band (Fig. 2.1.8), inverting the 

channel. Similarly, a PMOS device has a ndoped Si channel, and a gate with a work 

function of 5.15 eV shifts its EF to its valence band, inverting the channel. This requires a 

work function change of 1.1 eV, the Si band gap. The work functions of metals are tabulated 

by Michaelson [31]. For previous MOSFETs with SiO2 dielectric, the gate electrodes were 

polycrystalline Si highly doped n-type or p-type respectively, for NMOS and PMOS 

respectively. This gives work functions of 4.05 and 5.15 eV, respectively. Poly-Si has the 

advantage that it is a refractory material, easily deposited, and compatible with SiO2 and 

the associated process flows. However, doped poly-Si has a limited carrier density, and so 

it adds a depletion length of ~3Å to the ECT, real metals have a depletion lengths under 

0.5Å, so using them lowers ECT by 3–4 Å. 

 

2.1.4.2 Definition of effective work function 

Firstly, let us consider how the WF of the gate electrode can affect flat band voltage (VFB) 

of a MOS capacitor, or threshold voltage (Vt) of transistor. The WF is important for design 

of the metal–semiconductor junction in Schottky diodes. The WF difference between metal 

and silicon in a MOS capacitor is related to the VFB (i.e. the voltage that induces zero net 

charge in the underlying semiconductor) and the equivalent oxide charge per unit area at 

the oxide-silicon interface. The WF difference (ϕms) of a MOS capacitor is given by (see 
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Fig. 2.1.8)  

smms                                                               (4) 

If the oxide and interface are ideal without fixed charges, the VFB of a MOS capacitor is 

determined by the WF difference, as shown in Fig. 2.1. 9 (a). It is given by  

mssmFBV                                                          (5) 

Also, the Vt is determined by the VFB.  

oxFFBt VVV  2                                                     (6) 

where φ F is the surface potential in the silicon, and Vox is the potential in the gate 

dielectric. Therefore, the WF of metal electrode is directly adjusting the Vt of transistor.  

From this equation (6), an effective work function (EWF) of the gate metal, ϕm,eff, can be 

derived from the measured flat band voltage of the CV plot of the MOS capacitor, by 

referencing to the WF of Si substrate (ϕs), ~ 4 .1eV and 5.1eV for a n-type and p-type Si, 

respectively.  

sFBeffm V  ,                                                           (7) 

However, for metal electrodes on an arbitrary high-k oxide, definition of EWF has to 

consider two factors, which can change the VFB shifted by EWF ; a Fermi level pinning and 

a fixed charge in gate stack. Fermi level pinning has been commonly known as a Fermi 

level pinning between the gate and high-k dielectric caused by high-k dielectrics such as 

HfO2. Therefore, EWF of gate metals is different with its expected value depending on the 

underlying high-k dielectrics. Researchers introduced a pinning factor (S) as the change of 

EWF divided by the change in the metal’s vacuum WF. S factor can be extracted from a 

slope of the vacuum work function as a function of the extracted EWFs of various metals 

on arbitrary oxide. Yeo et al extracted a slope of S on HfO2 and ZrO2 are 0.53 and 0.41, 
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respectively. [32] 

Also, changed by fixed charges in gate oxide and at oxide-silicon interface, the VFB 

become to sum of the fixed charge term with ϕms, as shown in Fig. 2.1.9 (b), 
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Figure 2.1.8 Band diagram of Metal-Oxide-Semiconductor (MOS) capacitor. 

Figure 2.1.9 (a) Ideal and (b) real C-V curves of Metal-Oxide-Semiconductor. 
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where Qox is fixed charge density, ε ox is permittivity of oxide, and dox is thickness of oxide. 

Like the preceding, using this equation (8), real EWF of the gate metal, ϕm,eff, can be derived 

from the plot (Fig. 2.1.10) of dox as a function of the VFB of the CV curves of the MOS 

capacitor, by referencing to the WF of Si substrate (ϕs), ~ 4 .1eV and 5.1eV for a n-type 

and p-type Si, respectively. For example, in Fig. 2.1.8, y-intercept is Φ ms value. 

1.5)(  mseVEWF    for p-type Si substrate and 1.4)(  mseVEWF    for n-type Si 

substrate. A slope of the plot (Figure 2.1.10) means also fixed charge density divided by 

the permittivity of oxide (in case of SiO2: 3.9 x εo) .  

Also, this equation (9) can be changed in terms of EOT (Fig. 2.1.10 inset), 

EOT
Q

C

Q
V

SiO

ox
ms

ox

ox
msFB

2


                           (9) 

where εSiO2 is permittivity of SiO2, which is 3.9 x εo.   

Figure 2.1.10 Plot of oxide thickness as a function of VFB from CV curves of Metal-

Oxide-Semiconductor (MOS) capacitors. 
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2.1.5 Gate first and Gate last processs 

 

2.1.5.1 Introduction 

The introduction of novel gate stack materials (high-k/metal gate) has enabled the 

resumption of Moore’s Law at the 45/32nm nodes, when conventional Poly/SiON gate 

stacks ran out of steam. However, different schemes to integrate those novel materials have 

been recently proposed, traditionally referred to as gate first and gate last. 

Since the advent of MOS devices over 40 years ago, SiO2 has served as the transistor gate 

insulator of choice. Electrical oxide thickness (EOT) was scaled at the rate of ~0.7x per 

generation up to around the 130nm node, but scaling slowed at the 90nm and 65nm nodes 

as SiO2 ran out of atoms and gate leakage power limited further scaling. 

HK/MG technology promises to enable conventional scaling of the transistor as well as 

reduced stand-by power due to a reduction in gate leakage. Switching to HK/MG at the 

45nm node enabled to resume the electrical gate dielectric scaling, while reducing the gate 

leakage by more than 10x. At the device level, the performance improvement achieved by 

introducing HK/MG is two-fold. Considering the equation in the long channel 

approximation (10), the drive current is enhanced with HK/MG through higher gate 

capacitance, resulting from higher permittivity ε0 of the high-k dielectric over SiO2, along 

with a scaling of Tinv thanks to metal gate (poly depletion suppression). 

where A is the area of the capacitor (WxL), ε0 the permittivity in vacuum. 

However, performance at high operating clock frequency can be negatively impacted by 

increased gate capacitance, even if the device drive current is improved. To minimize this 

	 , ) ,where C
ox,inv

 =     (10) 
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penalty when using HK/MG, it is mandatory to concurrently scale down the gate length of 

the transistor. This (minimization of penalty) can be readily achieved thanks to the 

intrinsically superior electrostatic control of HK/MG over Poly/SiON. 

 Concerning material options for high-k, extensive research has been undertaken for more 

than 10 years. Taking into account the many requirements for a gate dielectric (e.g., barrier 

height, permittivity, thermal stability, interface quality, gate electrode compatibility), a 

convergence towards Hf-based high-k films (like HfSiO and HfO2) has occurred. However, 

this is not really the case for the metal electrode, certainly due to the large sensitivity of 

various processing parameters upon the final effective work function of the gate stack. 

Among the many candidates, near-midgap nitrided metals like TiN or TaN are arguably 

among the most common materials considered today. 

In the early days of the quest for a HK/MG CMOS solution, a rather disruptive approach 

based on the complete silicidation of the poly-silicon gate electrode, called FUSI, was 

proposed [34]. This approach, very promising at first due to its integration simplicity, was 

abandoned later on due to the difficulty in controlling the silicide phase to achieve low VT 

devices. 

Today, two main integration options remain: gate-first (often referred to as MIPS, metal 

inserted poly-silicon) and gate-last (also called RMG, replacement metal gate). The 

terminology ‘first’ and ‘last’ refers to whether the metal electrode is deposited before or 

after the high temperature activation anneal of the flow. 

  

2.1.5.2 Gate first integration. 

The gate-first approach was initially developed by Sematech and the IBM-led Fishkill 
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Alliance. It relies on very thin capping layers — Al2O3 for the PMOS and LaOx for the 

NMOS transistors — to create dipoles that set the threshold voltage of the device. However, 

thermal instabilities in HK/MG devices were reported and can lead to threshold voltage 

shifts and re-growth in the gate stack. This issue is particularly acute for pMOS at scaled 

EOT. At the aggressive EOT, it is clear that RMG can deliver significantly higher EWF 

(meaning lower pMOS VT) than MIPS. Note that this specific issue impedes essentially the 

use of gate-first for high performance applications. For low power (LSTP) or DRAM 

applications, where VT and EOT requirements are typically more relaxed, gate-first remains 

a very viable and promising option for integrating a cost effective HK/MG CMOS solution 

[35,36]. 

Nevertheless, significant efforts to enable gate-first for high-performance applications are 

still under way. One promising work-around to the high VT issue proposed consists in 

forming by epitaxy a SiGe channel for pMOS devices [34]. This approach intrinsically 

lowers VT (through valence band off-set) and presents the additional benefit of higher hole 

mobility than in Si. However, the extra cost associated with this epitaxy tends to offset the 

process complexity advantage of gate-first over gate-last. Over gate first process is depicted 

in the figure 2.1.11 (a).  

 

2.1.5.3 Gate last integration. 

The second way of integrating HK/MG, with a so-called gate-last process, was initially 

developed by Intel, implementing it in its 45nm technology [37]. In that iteration, the 

hafnium dielectric was deposited early on in the flow, prior to a sacrificial polysilicon gate 

was created. After the high-temperature S-D and silicide annealing cycles, the dummy gate 
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was removed and metal gate electrodes were deposited last. More recently, Intel introduced 

in their 32nm technology a slightly different scheme where the high-k is deposited last, 

right before the metal gate electrodes, and after the complete removal of the dummy gates. 

One possible advantage with this new approach is to improve the device reliability and 

mobility at scaled EOT, which can be significantly degraded when the high-k dielectric has 

gone through the high thermal steps of the flow, just like in the gate-first approach case 

[38]. Recently, UMC disclosed a hybrid approach to integrate HK/MG, combining both 

gate-first (for nMOS) and gate-last (for pMOS) [39]. This allows the tackling of one of the 

main challenges of gate-first when targeting high-performance applications, which is the 

high pMOS VT at scaled EOT, while avoiding the full, complex CMOS gate-last integration 

that requires multiple CMP steps and dual metal gate deposition. Similar to Intel’s 45nm 

process, this approach is based on a high-k first scheme though, so unless significant 

progress is being made to improve the thermal stability of the high-k layers, the scalability 

of this approach to sub-32nm nodes might be difficult. At those advanced nodes, reliability 

and mobility typically degrade quickly at the target EOT. 

One of the concerns often brought up concerning gate-last is its process complexity. As 

described by figure 2.1.11 (b), the dual metal gates formation involved some critical CMP 

steps. To maintain sufficient process window, such approach requires more restricted 

design rules (RDRs), like the 1-D design approach (where gates are all aligned in a given 

direction). However, at the 28nm node, and more so at the 22nm node, this layout restriction 

is becoming mainstream anyway, due to lithography constraints. Therefore, the higher 

design flexibility of gate-first might fade away for the future nodes, as more and more 

RDRs will need to be implemented. Those differences of gate first and gate last process is  



    32 

 

(a) Gate first 

 

(b) Gate last 

Figure 2.1.11 Process flow and schematic diagram of (a) gate first and (b) gate last. 
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 LP HKMG (Gate First) LP HKMG (Gate Last) 

Vertical image 

  

Performance nMOS : better or equivalent pMOS : better 

Leakage/Power Comparable Comparable 

Process 

Complexity 

Lower 

Less complex integration, 

‘plug-in’ to existing CMOS 

flow 

Higher 

Added process complexity 

(dual metal, dummy gate 

removal, multiple front end 

CMP integration) 

Area 

scalability 

Good 

No drastic design restrictions 

for gate first.   

Poor 

Design restrictions 

Design 

complexity 

Low 

Preserves design architecture / 

layout style.  

High 

Major design restrictions, 

affects design style, portability 

of previous design difficult  

Table 2.1.1 Comparison data of gate first process and gate last process. 
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listed up in figure 2.1.12 

Looking beyond the 22nm node, the device architecture itself might change from 

conventional planar to multi-gate (like FinFET or Trigate), in order to improve further the 

electrostatic control of the device. Those 3D devices might have a significant impact on the 

integration strategy of HK/MG. Most certainly a CMP-based approach (as in today’s RMG 

flow) would become extremely complex, if not impossible, making the gate-first scheme 

the only solution. 

Today, two main paths to integrate high-k & metal gates, necessary for continuous 

performance scaling, are actively been developed. The so-called gate-first and gate-last 

approaches have both pros and cons, as summarized in Fig. 2.1.12. For low power 

applications (which do not require aggressive EOT and ultra low VT), gate-first is arguably 

the most appropriate choice. However, for high performance applications, complex 

solutions (like SiGe channel for pMOS) need to be considered in order to meet the 

performance requirements with a gate-first process. In conclusion, it is quite likely that we 

will see companies adopting different strategies for the integration of HK/MG, depending 

on their products portfolio. 
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2.2 Gate dielectric on Ge substrate 

 

2.2.1 Introduction of Ge substrate 

Despite earliest transistor and integrated circuit were fabricated on germanium, 

germanium was successively replaced by silicon along with the advent of the 

microelectronic industry owing both to economical reasons, and to the superior properties 

of the SiO2/Si interface and of SiO2 as gate insulator. Now that device miniaturization 

imposes severe constraints on the feature size according to a continuedMoore's scaling law, 

device performance can no longer be guaranteed by Si-based technology and alternative 

channel and gate materials should be taken into consideration for future logic devices [1]. 

While the introduction of high permittivity oxides (high-k) in the 45 nm technological node 

addresses the gate oxide scaling down to sub-1 nm SiO2 equivalent oxide thickness [2], the 

role of Ge as channel material for metal oxide semiconductor (MOS) field effect transistors 

(FETs) is going to be reconsidered as the mobility degradation induced by gate length 

shrinking can be faced by taking advantage fromthe intrinsically higher carrier velocity of 

the Ge channel [3,4]. This feature, together with the potentially lower operating voltages 

and the opportunity to co-integrate Ge with high electron mobility III–V semiconductor 

channels in a common dual logic platform, makes Ge or Ge-based channel (e.g. ultrathin 

body in germanium-on-insulator substrates) viable candidates for future p-MOSFET 

devices [4]. In this respect, Ge is used as a technology booster for the development of the 

planar Si-basedMOSFET architecture according to the so-called “More Moore” 

functionalities [1]. Ge integration into MOS capacitors is however jeopardized by several 

concerns pertaining to the selection of Ge-compatible and thermodynamically stable gate 
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oxide insulators and to the electrical quality of the semiconductor/oxide interfaces [5]. 

These issues make MOS structure the basic research unit to enable coupling between high-

k oxides and Ge substrates. The key-problems of a prototypical Ge-based MOS structure 

are pictured in Fig. 2.2.1. From the point of viewof the oxide stack, attention should be paid 

to a close control of the oxide deposition processing in order to achieve structural-

compositional homogeneity (including dielectric homogeneity), conformal oxide coverage, 

and low interface and surface roughness. 

 

Table 2.2.1 Properties of common semiconductor materials. 

 Si Ge GaAs InSb InP 

Electron mobility(cm2/Vs) 1400 3900 8000 77000 4600 

Hole mobility(cm2/Vs) 470 1600 340 1000 150 

Band Gap (eV) 1.12 0.67 1.42 0.17 1.35 

Electron affinity, χ(eV) 4.0 4.05 4.07 4.59 4.38 

Effective density of states 

in valence band, Nv(cm-3) 
1.04x1019 6.0x1018 7.0x1018 7.3x1018 1.1x1019 

Effective density of states 

in valence band, Nv(cm-3) 
2.8x1019 1.04x1019 4.7x1017 4.2x1016 5.7x1017 

Lattice contant, a (nm) 0.543 0.565 0.565 0.648 0.587 

Dielectric constant, k 11.9 16.0 13.1 17.7 12.4 

Melting point(K) 1685 1231 1510 527 1060 
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From those stems of Ge substrate properties, lots of efforts for Ge MOSFET applition 

were attempted. Further scaling of MOSFETs requires the scaling of device dimensions as 

well as the channel mobility enhancement. Novel channel materials such as germanium or 

III-V provide potential solution for mobility enhancement. Table 2.2.1 lists the properties 

of common semiconductor materials. 

Among these materials, germanium is the only material that provides mobility 

enhancements for both electron and hole with an appropriate bandgap and melting point. 

Germanium offers about two times higher electron mobility and four times higher hole 

mobility than that of silicon, which satisfies the ITRS transconductance/mobility 

enhancement requirement. In addition, germanium is suitable for highly scaled transistor 

working in quail- ballistics transport operation. It is expected for MOSFETs with ultra-

short gate length less than 20 nm that carriers flowing from source to drain region encounter 

little scatterings inside channel and, thus, are dominated by ballistic transport, where 

injection carrier velocity at the source edge, Vinj determines the drive current. Low effective 

mass along channel orientation is necessary in order to obtain high injection velocity at the 

source end of the channel. Compared with Si, Ge has smaller carrier transport mass and 

gap energy, giving rise to higher drive current Ion but also higher tunneling leakage Ioff. 

Encouraging results were reported from several research groups by quantum simulation to 

access the prospect of germanium channel in highly scaled advanced MOSFETs [6][7][8]. 

Low et al examined the performance limit and engineering issues of ultra-thin body double 

gate Ge channel nMOSFETs with different orientations [8]. Ge <110> channel exhibits 

highest Ion which increases with body thickness scaling. Band to band (BTB) tunneling 

due to the small bandgap of germanium imposes a limit on standby current Ioff and it can 
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be effectively suppressed by body scaling. A superior performance is obtained in 

engineered Ge <110 > device compared with silicon. III-V materials like GaAs, InAs and 

InSb are also considered as the channel material for high performance nMOSFETs whereas 

not recommended for pMOSFETs. It is vague whether germanium or III-V material 

exhibits best nMOSFET performance. To the author’s best knowledge, only two reports 

existed in the literature, which gave out contrary conclusions. Results of Pethe et al show 

that large bandgap III-V material GaAs outperforms other III-V materials and Ge which 

suffer from excessive BTB tunneling [9]. However, Rahman et al claimed that III-V 

materials offered no performance advantage at the scaling limit since very low conduction 

band density-of states compromised the high electron injection velocity [10]. Due to high 

density of-states for both electrons and holes in Ge, germanium is found to be the best 

choice for CMOS application. 

 

2.2.2 Issues of Ge substrate 

Although Ge has the excellent properties, the lack of stable passivation oxide and the 

necessity of a lower temperature process have hindered the fabrication of Ge-based devices. 

Moreover, Ge has lower thermal stability, thus it starts to melt at 938℃, which sets the 

maxium temperature that can be used in a Ge containing process. In addition, Ge is easily 

oxidized in various environments and form and oxide layer consisting of a mixture of 

minaly mono oxide (GeO) and dioxide(GeO2) species. GeO2 is a polymorph, and the 

characteristics of GeO2 obiously depend on the oxidation state and crystallinity. GeO2 is 

transformed from hexagonal phase to tetragonal phase at 1033◦C by themal energy. Since 

hexagonal or amorphous GeO2 is major phase at room temperature, GeO2 is soluble in 
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water. In contrast, GeO(s) is insoluble. The most important reaction is GeO2 + Ge  

2GeO(s) or 2GeO(g), which indicates that GeO2 consumes Ge at the interface. Moreover, 

GeO2 on Ge not only decomposes into GeO(s), but also desorbs as gas-phase GeO(g). In 

other words, the nature of the interface between Ge oxide and Ge substrate gives a decrease 

in the desorption temperature. 

 

The unstable native oxide on Ge was the biggest stumbling block in the past for very 

large-scale integration of CMOS devices in Ge. With high-k gate dielectrics the Ge/high-k 

interface still remains a concern if the native GeO2 is not controlled properly. During early 

stages, devices made by depositing HfO2 directly on Ge demonstrate significant hysteresis, 

Figure.2.2.1 Schematic picture of the most relevant effects, phenomena and problems 

occurring at the interfaces and in the oxide stack of a generic MOS capacitor incorpo- 

rating a high mobility substrate (e.g. Ge or III-V compounds) and a high-k gate insulator. 
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mainly due to the formation or growth of an unstable interfacial layer of GeO2 during or 

after the HfO2 deposition. Diffusion of Ge into HfO2 is also a problem. To achieve excellent 

electrical performance of Ge devices with high k gate stacks rigorous interface engineering 

work has been carried out. For example, O2 annealing of deposited HfO2 on Ge formed a 

stable hafnium germanate layer serving as an oxygen barrier compared to GeO2. Even 

though it forms a thinner interfacial layer compared to silicon this layer contributes to high 

interface state density.[11] When a thin GeOxNy film is deposited on Ge substrate prior to 

HfO2 deposition, Ge p-MOSFETs showed a twofold enhancement in mobility but the 

interface state density still remained very high.[12] Additionally, different gate stacks of 

Ge oxynitride (GeOxNy) using either thermal or plasma anodic nitridation[13],[14] or 

GeON with low temperature gate oxide was used to form Ge MOSFETs.[15] However, 

these gate stacks are not very scalable. 

In another example of interface engineering, surface-nitridation of the Ge substrates was 

done prior to HfO2 deposition by exposing the surface to an atomic N beam from a remote 

RF source.[16],[17] Significant dispersion in inversion region was observed for the nitrided 

sample as the frequency is reduced, indicating the presence of slow interface states. Similar 

dispersion was also observed by others [18] in the inversion region on p-type substrate after 

the Ge surface was treated with O and N beams. It was concluded that the dispersion 

observed in the accumulation region as a function of frequency is mainly because of the 

series resistance effect. An increase was observed in the accumulation capacitance of 

nitride devices by a factor of 3 at high frequency compared to non-nitrided devices. This 

observation implies that surface nitridation improved the quality of the gate dielectric and 

possibly helped in restricting further growth of the interfacial layer [19] but yet degraded 
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it by introducing a large number of interface defects. Surface treatment of Ge substrate 

prior to gate dielectric deposition seems to improve MOS device quality but it is not 

integration worthy. For example, Ge surface passivation was done by forming a thin Ge 

oxynitride film,[20],[18] by NH3 annealing,[19] by depositing Si and subsequently 

oxidizing it,[21] or by SiH4 annealing.[19] Ultra-thin SiO2 / GeO2 bi-layer passivation was 

used to reduce the interface state density.[22] It was also demonstrated that initial treatment 

of Ge surface by atomic N beam seems to improve the physical and electrical characteristics 

of MOS capacitors.[23] In most of the cases the interface shows a high trap density (Dit) 

regardless of the surface treatment. Exploring the interface through electron spin resonance 

measurement resulted in no evidence of Ge dangling bonds at the Ge/HfO2 interface and 

the dominant contributors to interface traps were the defect centers in the dielectric layer 

close to the interface. [24] It is, therefore, possible that the quality of the interfacial layer 

has significant impact on the interface state density and this notion has led to fine control 

the GeO2 interlayer by thermally growing it. 

Recently, it has been demonstrated [25] that when GeO2 is grown on p-type Ge surface 

by thermal oxidation, an improved Ge/GeO2 interface is obtained with Dit of 1011 cm-2eV-1 

without any annealing or interfacial passivation. As shown in Fig. 3a the interface state 

density decreased with an increase of oxidation temperature. However, when the tempe 

rature increased above 600◦C non-uniformity in GeO2 film was observed. In addition, to 

fabricate the transistor, a passivation or capping layer was required to protect the water-

soluble GeO2. Ozone-oxidized Ge/GeO2 interface [26] also reduced the Dit and once 

temperature increases above 400◦C, Dit started to increase. 

Theoretical calculation suggests that even if high-quality GeO2 results when the high k 
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dielectric is deposited, oxygen vacancies tend to migrate towards GeO2 degrading the 

interface. [27] This further leads to the existence of doubly-occupied Ge dangling bonds 

near the middle of the Ge band gap. [28] Incidentally, these were not detected by ESR 

because of their density lies below the ESR detection limit due to the viscoelastic properties 

of GeO2. These defects may trap electrons limiting the performance of the device. Various 

process optimization techniques are currently employed to make the interface superior. 

Excellent interface states were observed by scavenging the GeOx layer from the interface 

by low-temperature annealing. [29] On the other hand, a very short-term plasma oxidation 

through the high-k gate dielectric suppressed Dit while maintaining an ultrathin EOT. [30] 

Mobility enhancement in the Ge channel will be possible once the interface state density is 

significantly reduced and stable during normal operation. Given the above, it is imperative 

that a permanent solution with high quality sub-nanometer GeO2 at the Ge/GeO2 interface 

is required to integrate Ge into standard CMOS technology. Even though some works on 

negative bias temperature instabilities were reported [31] the jury is still out on reliability 

concerns associated with this interface. 
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2.3 Deffects in Gate Dielectrics 

 

2.3.1 Lists of defects in dielectrics 

Defects in gate oxides/insulators have been characterized by many techniques, e.g., 

electrical, electron beam, ion beam, X-rays, neutron activation analysis, electron spin 

resonance, and others. These methods played a crucial role during the early MOS 

development to determine the origin of oxide/interface charges that led to unstable MOS 

devices. Thermally-grown oxides on silicon are now quite well understood and very well 

controlled during manufacturing. High-K dielectrics, however, have proven to be less well 

controlled and more difficult to characterize.  

 

2.3.1.1 Fixed oxide charge 

Fixed oxide charge was identified early during MOS development and was attributed to 

excess silicon near the SiO2/Si interface in thermally-grown oxides. [1] The model was that 

as an oxide grows on a Si wafer, oxygen diffuses through the growing oxide to react at the 

interface forming SiO2. This leaves some excess Si in the oxide near the interface. As the 

growing oxide front moves into the wafer, the excess Si moves with it and defects 

associated with this excess Si become positively charged during negative bias stress. The 

fixed oxide charge is not in electrical communication with the underlying silicon. These 

positively-charged defects were given the symbol Qss and later Qf. They were originally 

referred to as slow states and later Deal called them fixed surface states. [2] Qf depends on 

the final oxidation temperature. The higher the oxidation temperature, the lower is Qf. 

However, if it is not permissible to oxidize at high temperatures, it is possible to lower Qf 
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by annealing the oxidized wafer in a nitrogen or argon ambient after oxidation. This has 

resulted in the wellknown "Deal triangle", which shows the reversible relationship between 

Qf and oxidation and annealing. [1] An oxidized sample may be prepared at any 

temperature and then subjected to dry oxygen at any other temperature, with the resulting 

value of Qf being associated with the final temperature. The nature of Qf is still not entirely 

clear. In one model, some of the trivalent Si interface traps are "tied up" in some form of 

Si-Si bonds that do not interact with the adjacent oxide network bonding. [3] During H 

annealing at moderate temperatures (400-500◦C), Si-Si bonds break, one terminated with 

H and the other free. The free bond interacts with a neighboring oxygen to form an over-

coordinated oxygen with a fixed positive charge. When the free bond of the Si atom bonds 

to a neighboring oxygen atom, the electron can tunnel to the adjacent Si substrate leaving 

behind a positively charged O3+ center. 

 

2.3.1.2 Mobile oxide charge 

Mobile charge in SiO2 is due primarily to the ionic impurities Na+, Li+, K+, and perhaps 

H+. Sodium is the dominant contaminant. Lithium has been traced to oil in vacuum pumps 

and potassium can be introduced during chemical-mechanical polishing. The practical 

application of MOSFETs was delayed due to mobile oxide charges in the early 1960s. 

MOSFETs were very unstable for positive gate bias but relatively stable for negative gate 

voltages. Sodium was the first impurity to be related to this gate bias instability. [4] By 

intentionally contaminating MOS capacitors (MOS-Cs) and measuring the gate voltage 

shift after biastemperature stress, it was shown that alkali cations could easily drift through 

thermal SiO2 films. Chemical analysis of etched-back oxides by neutron activation analysis 
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and flame photometry was used to determine the Na profile. [5] The drift has been 

measured with the isothermal transient ionic current, the thermally stimulated ionic current, 

and the triangular voltage sweep methods. 

 

2.3.1.3 Oxide Trapped Charge  

Oxide trapped charge is due to charge trapped in the oxide. This positive or negative 

charge may be due to holes or elelctrons trapped in the oxide. Trapping may result form 

ionizing radation, avalanche injection, Fowler-Nordheim tunneling, or other mechanisms. 

Unlike fixed charge, oxide trapped charge is sometimes annealed by low-

temperature(<500◦C) treatments, although neutral traps may remain.  

 

2.3.1.4 E’ Center 

The E’ center, usually observed in irradiated MOS devices, consist of two Si atoms joined 

by a weak, strained Si-Si bond with a missing oxygen atom, sometimes referred to as an 

oxide vacancy, shown in Fig. 2.3.1. It is one of the most dominant radiation-induced defects. 

E’ centers also pre-exist in oxide films due to the amorphous nature of SiO2 and 

thermodynamic considerations. Each Si atom is back bonded to three oxygen atoms. It is 

believed that when a positive charge is captured, the Si-Si bond breaks. Feigl et al. argued 

that the lattice relaxation is asymmetrical with the positively charged Si relaxing into a 

planar configuration, away from the vacancy and the neutral Si relaxing toward the 

vacancy.[6] The annealing characteristics of E’ centers have been correlated with positive 

oxide charge.[7] 
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2.3.1.5 Neutral Electron Traps 

Several models have been proposed to explain oxide breakdown. One of these is the 

electron trap generation model, based on the principles of percolation theory [8]. This 

model, originally suggested by Massoud and Deaton [9] and later verified by other 

groups,[10], [11], [12] assumes that neutral electron traps are randomly generated in the 

oxide during oxide stressing. It is assumed that traps are continuously generated during 

oxide stress until there is a sufficient number of traps somewhere in the device that a 

continuous, conducting path is formed across the oxide and breakdown occurs. The 

percolation model can explain the reduced trap density required for breakdown and the 

reduced Weibull slope as the oxide becomes thinner. The latter has an important influence 

on the area dependence of breakdown. If the neutral electron traps capture electrons, they 

lead to flatband and threshold voltage shifts. That is, in fact, how they are detected, by 

filling them with electrons. 

Oxide breakdown exhibits a surge in current or a sudden drop voltage during stress 

measurements. It has a “weakest link” character or extreme value statistics. [13]  The 

statistical description is based on the Weibull distribution model in which the cumulative 

failure probability F is given by[14]  

1                                             (1) 

where tBD is the time-to-breakdown, α the tBD at the 63rd percentile, and β the Weibull 

shape factor or the Weibull slope. Equation (1) is usually written in the form  

1 	 )                                       (2) 

with a plot of ln(-ln(1-F)) versus ln(tBD) yielding a straight line. Equations (1) and (2) also 
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apply when the time-to-breakdown is replaced by the charge-to-breakdown QBD. The area 

dependence is  

/                                             (3) 

where A1 and A2 correspond to two different areas. Equation (3) shows that the area 

dependence is not simply linear because it depends on the shape factor β, which in turn 

depends on the oxide thickness, i.e., as β decreases, the area dependence becomes stronger. 

This makes it very important to specify the area during breakdown measurements. The 

reduction of β with decreased oxide thickness is attributed to a reduced number of defects 

required to trigger a breakdown. Two techniques have been used to measure the neutral 

electron trap density. An indirect measure is stress-induced leakage current and a more 

direct measure is substrate hot electron injection followed by a measurement of the 

threshold voltage or flatband voltage shift. The nature of neutral electron traps is still 

somewhat ambiguous. A possible defect structure is the following. It is well established 

that the E’ center is formed by breaking the Si-Si bond in an oxygen vacancy defect, 

illustrated in Fig. 2.3.2 (a). The bond breaking is facilitated by capture of a hole (Fig. 2.3.2 

(b)), leaving a positively-charged trap and one Si atom with a dangling orbital containing 

one unpaired electron. The resonant flipping of the spin of this unpaired electron gives rise 

to the E’ signal in electron spin resonance. Upon electron capture, the center can return to 

the E’ center or the electron from one of the Si atoms decays to a ground state by joining 

the unpaired electron of the other Si atom forming a neutral amphoteric trap (Fig. 2.3.2 (c)). 

[15] Capturing a second electron leaves it negatively charged (Fig. 2.3.2 (d)). It is this 

electron trapping event that gives rise to the threshold voltage shifts associated with filled  

neutral electron traps following electron injection measurements [16]. Attempts to anneal 
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Figure 2.3.1 Model for hole trapping and E’ center formation in SiO2. [17] 

Figure 2.3.2 (a) Neutral hole trap (E’ center, weak Si-Si bond, oxygen vacancy), (b) 

positive charge (Eγ’ center), (c) neutral electron-hole trap, (d) negatively-charged trap, 

(e) hydrogen-annealed trap. 
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neutral traps have been only partially successful. The usual 400-450◦C /30 min forming gas 

anneal only anneals a portion of the traps. High-pressure forming gas was more successful 

in annealing most of the traps. The hydrogenanneal model is illustrated in Fig. 2.3.2 (e). 

Once such a trap is annealed by hydrogen capture, the Si-H bonds may break leading to 

trap creation, which may be a precursor to oxide breakdown. 

 

2.3.1.6 Interface Trapped charge 

Interface trapped charge, also know as interface states, interface traps, and fast surface 

states, exist at the SiO2/Si interface. They are the result of a structural imperfection. Silicon 

is tetrahedrally bonded with each Si atom bonded to four Si atoms in the wafer bulk. When 

the Si is oxidized, the bonding configuration at the surface is as shown in Fig. 2.3.3(a) and 

2.3.3(b) with most Si atoms bonded to oxygen at the surface. Some Si atoms bond to 

hydrogen, but some remain unbonded. An interface trap, is an interface trivalent Si atom 

with an unsaturated (unpaired) valence electron usually denoted by Si3≡Si•, where the 

“≡”  represents three complete bonds to other Si atoms (the Si3) and the “•” 

represents the fourth, unpaired electron in a dangling orbital (dangling bond). Interface 

traps, also known as Pb centers [18] are designated as Dit (cm-2eV-1), Qit (C/cm2), and Nit 

(cm-2). The Pb ESR spectrum was first observed by Nishi [19] and later identified by 

Poindexter et al. as a paramagnetic dangling bond.[20],[21]   

Interface traps are electrically active defects with an energy distribution throughout the Si 

band gap. They act as generation/recombination centers and contribute to leakage current, 

low-frequency noise, and reduced mobility, drain current, and transconductance. Since 
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Figure 2.3.3 Structural model of the (a): (111) Si surface and (b): (100) Si surface. 

Reprinted with permission of John Wiley & Sons, Inc. 

Figure 2.3.4 Band diagrams of the Si substrate of a p-channel MOS device 

showing the occupancy of interface traps and the various charge polarities for a p-

substrate with (a) negative interface trap charge at flatband and (b) positive 

interface trap charge at inversion. Interface traps are either occupied by electrons 

(solid circle) or holes, shown by the open circles. 
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electrons or holes occupy interface traps, they become charged and contribute to threshold 

voltage shifts. The surface potential dependence of the occupancy of interface traps is 

illustrated in Fig. 2.3.4.  

Interface traps at the SiO2/Si interface are acceptor-like in the upper half and donor-like 

in the lower half of the band gap. [22] Hence, as shown in Fig. 2.3.4 (a), at flatband, with 

electrons occupying states below the Fermi energy, the states in the lower half of the band 

gap are neutral (occupied donors designated by “0”). Those between midgap and the Fermi 

energy are negatively charged (occupied acceptors designated by “-“), and those above EF 

are neutral (unoccupied acceptors). For an inverted pMOSFET, shown in Fig. 2.3.4 (b), the 

fraction of interface traps between mid gap and the Fermi level is now unoccupied donors, 

leading to positively charged interface traps (designated by “+”). Hence interface traps in 

p-channel devices in inversion are positively charged, leading to negative threshold voltage 

shifts.    

Fig. 2.3.4 Band diagrams of the Si substrate of a p-channel MOS device showing the 

occupancy of interface traps and the various charge polarities for a p-substrate with (a) 

negative interface trap charge at flatband and (b) positive interface trap charge at inversion. 

Interface traps are either occupied by electrons (solid circle) or holes, shown by the open 

circles. 

 

2.3.1.7 BORDER TRAPS 

 In 1980, a committee headed by Bruce Deal established the nomenclature for charges 

associated with the SiO2/Si system, i.e., interface trapped, fixed oxide, mobile ionic and 

oxide trapped charge.[23] In 1992, Dan Fleetwood suggested that this list be augmented by 
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including border traps also designated as slow states, near-interfacial oxide traps, E’ centers, 

switching oxide traps, and others.[24],[25] He proposed border traps to be those near-

interfacial oxide traps located within approximately 3 nm of the oxide/semiconductor 

interface. There is no distinct depth limit, however, and border traps are considered to be 

those traps that can communicate with the semiconductor through capture and emission of 

electrons and/or holes.   

 

 

Oxide, border, and interface traps are schematically illustrated in Fig. 2.3.5(a). Defects at 

or near the SiO2/Si interface are distributed in space and energy and communicate with the 

Figure 2.3.5 (a) Schematic of oxide, border, and interface traps, (b) flatband, (c) 

capture of electrons by interface traps and tunneling of electrons to border traps 

from conduction band, (d) border and interface trap occupied by electrons (e) 

electron tunneling from border traps. The solid circles represent occupied and the 

open circles unoccupied traps. 
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Si over a wide range of time scales. While for interface traps, the communication of 

substrate electrons/holes with interface traps is predominantly by capture/emission, for 

border traps it is mainly by tunneling from the semiconductor to the traps and back. Figure 

2.3.5(b) shows the flatband diagram with interface and border traps occupied by electrons 

to the Fermi level EF. The border traps are shown over a wide energy range for illustrative 

purposes only. The band diagram in Fig. 2.3.5(c) applies immediately after VG1 is applied, 

before unoccupied border and interface traps have captured electrons. Interface traps now 

capture electrons from the conduction band, indicated by (ii) and inversion electrons tunnel 

to border traps, indicated by (i). Tunnel process (i) is followed by electron capture of lower 

energy border traps. In Fig. 2.3.5(d) interface and border traps up to EF are occupied by 

electrons through (ii) electron capture and (iii) tunneling. For –VG2 in Fig. 2.3.5(e), 

electrons tunnel from border traps to the conduction band (iv), interface traps (v) and the 

valence band (vi).  The insulator electric field, shown as constant in these figures, will, of 

course, distort as the border trap occupancy changes. Inversion electron tunneling is a direct 

tunnel process with time constant [26]  

exp ,	 	 	 ∗                                           (4) 

where τ0 is a characteristic time (≈10-10 s), λ the attenuation length (≈10-8 cm), mt* the 

tunneling effective mass, and φB the barrier height at the semiconductor/insulator interface. 

τt varies from 0.01 to 1 s (100 to 1 Hz) for x varying from 1.8 to 2.3 nm. Hence border traps 

can be determined to a depth of approximately 2.5 nm from the SiO2/Si interface by 

measurements for frequencies as low as 1 Hz. Lower frequencies, of course, allow deeper 

traps to be characterized showing that the trap depth that can be characterized depends on 

the measurement frequency. Such measurements include low-frequency noise, 
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conductance, frequency-dependent charge pumping, and others. The valence band hole 

tunnel times are longer than for electrons due to the higher effective mass and barrier height. 

Tewksbury and Lee give a more detailed discussion of tunneling. [27]   

Tunneling from the conduction band into border traps was questioned, as measurements 

did not support energy dissipation in the oxide. [28] Tunneling from interface traps is a 

two-step process: the electron must be captured from the conduction band before it can 

tunnel.[29] The capture time is 

                                                            (5) 

where σn is the capture cross section, vth the thermal velocity and n the inversion electron 

density. For strong inversion n=1018-1019 cm-3 and using σn=10-16 cm2 and vth=107 cm/s, 

τc=10-9-10-10 s. Since the capture and tunnel processes proceed in series, to first order the 

time constant is 

τit = τc + τt                                                                (6) 

and the tunnel time constant dominates for all but the shallowest border traps 

 

2.3.1.8 INTERFACE BETWEEN TWO DIFFERENT INSULATORS 

For a device consisting of two insulators of thicknesses t1 and t2 and dielectric constants 

K1 and K2 on a semiconductor, charge accumulates at the interface between the two 

insulators as a result of differing conductivities. When a gate voltage is applied to such a 

two-layer structure, the two dielectrics will begin to conduct with current densities J1 and 

J2. Since the conductivities of the two layers differ from each other, J1 ≠ J2 initially, 

leading to interfacial charge density Q accumulation at the interface. Eventually, the system 

reaches steady state with the same current density flowing through the entire gate stack.  
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This phenomenon is known as the Maxwell-Wagner instability. [30] With a Maxwell–

Wagner instability, it is not the usual static dielectric constants that determine the electric 

fields of the two layers in steady state, but rather the requirement that the same current 

density flow through each. Thus, the field in dielectric 1 may differ from VK2(t1K2+t2K1) 

by an amount depending on the magnitude of Q. The interfacial charge density Q, and from 

it the electric fields, could be calculated if the current densities J1 and J2 were known. 

Without this knowledge, VK2(t1K2+t2K1) is only an approximation. However, when the 

dielectric constants of high-k dielectrics are determined experimentally, the interfacial 

charge is usually ignored, with the two layers of the gate stack being treated as capacitors 

in series and the “effective dielectric constants” include the effect of the interfacial charge.   

 

2.3.2 Measurement of Interface State Density 

 

Interface states give rise to an extra capacitance in series with Cox. Traps respond to DC 

and AC voltages applied to the gate, but only the latter if the signal frequency is not greater 

than the associated response time of a trap. Traps respond in depletion and weak inversion, 

as the surface potential of the semiconductor changes in these regions. Several techniques 

are now described, which allow Dit or Nit to be measured. 

 

2.3.2.1 High-Low Frequency C-V Technique 

 This technique is applied to a MOS capacitor structure and exploits the finite response 

time of an interface trap. Consider a low frequency or quasi-static capacitance measurement: 

                                                    (7) 
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This can be rearranged to give Cit, from which Dit can be calculated: 

                                                               (8) 

The depletion capacitance is eliminated by making a high frequency measurement: 

                                                           (9) 

This gives a final expression for Dit, which requires only a single low frequency and a 

single high frequency capacitance measurement to be performed: 

⁄

⁄

⁄

⁄
                                         (10) 

Clf and Chf are a function of gate voltage and hence Dit is obtained as such. In accumulation 

the curves should tend to a common level Cox. In inversion the curves deviate as Clf → 

Cox and Chf → Cdm. Therefore, the band-gap is probed from the onset of depletion to the 

onset of inversion. Dit is obtained as a function of surface potential (zero corresponding to 

the flat-band condition) by: 

q 1 Δ                                            (11) 

Where ∆ is an integration constant equal to qψs at Vg = Vg1 and hence setting Vg1 =Vfb 

gives ∆ = 0. Therefore, the integral should be split into two parts, one integrating from flat-

band to strong inversion and one integrating from flat-band to accumulation. If performed 

correctly and the MOS capacitor is relatively uniform, with no significant gate leakage, 

then qψs will generally correspond to the valence band edge in accumulation (for an n-

MOS capacitor). Hence Dit can be plotted as a function of energy within the semiconductor 

band-gap. 

 

2.3.2.2 Conductance Technique 
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The conductance technique is one of the most sensitive methods of determining Dit 

[Schroder, 2006]. It relies on the process of filling and emptying interface traps being”

lossy”, so that the equivalent circuit in figure 2.3.6(b) is modified with a resistance Rit in 

series with Cit (figure 2.3.6(a)). The response time for an interface trap τit will now 

correspond to the RC value: τit = CitRit. The 4284A precision LCR meter simulates circuits 

as a parallel capacitance and conductance, and so far we have not looked at any technique 

that requires the measurement of the latter. However, here we require both capacitance and 

conductance for our equivalent circuit, which is a parallel conductance Gpa and capacitance 

Cpa, both in series with Cox (figure 2.3.6(b)). 

  

Assuming that only interface states with an energy equal to qψs respond, it is given that 

[Schroder, 2006]:  

Figure 2.3.6 The modified equivalent circuit for a MOS capacitor in depletion as used 

for the conductance technique (a) and the same circuit modelled as a parallel 

conductance Gpa and capacitance Cpa in series with the oxide capacitance Cox (b). 

Reproduced from Schroder [2006].  
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                                                  (11) 

                                                       (12) 

Where Cit is substituted for Ditq. However, generally traps kBT above and below qψs 

respond and hence equation (12) is modified to account for this: 

ln	 1                                               (13) 

	
.

                                                    (14) 

We now relate the capacitance and conductance of the equivalent circuit to those measured 

(Cm and Gm respectively): 

	
                                                  (15) 

Measurements are usually performed by a sequence of DC voltage sweeps, each with a 

superimposed AC signal of a different frequency. To ensure that the maximum Gpa/ω is 

observed, the frequency range needs to be large (≈100 Hz to ≈1 MHz) as does the number 

of frequencies used. Gpa/ω is plotted as a function of ω and the peak corresponding to Dit 

found. This is repeated at each applied DC gate voltage to obtain Dit as a function of gate 

voltage, which can be converted to Dit as a function of band-gap energy using equation (11). 

 

2.3.3 Subthreshold Slope Technique 

A MOSFET turns off through weak inversion to depletion and the rate at which the current 

decreases (the subthreshold slope) is strongly dependant on the interface trap capacitance, 

which is in parallel with the depletion capacitance. The subtrehold slope equation can be 

considered as equation (12) related to interface defect (Cit) torms into account: 

S
	

1                                               (12) 

The depletion capacitance can be measured using the gate body branch of the split C-V 

technique or estimated from the maximum depletion layer capacitance Cdm(≈ε0εse/Wdm) by 
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assuming Cd = Cdm, provided the substrate doping density is known.  

Hence, using Dit = Citq2, the interface state density can be obtained from the subthreshold 

slope of a MOSFET: 

	
1                                           (13) 

 

2.3.2.4 Threshold Voltage Technique 

At the strong inversion condition, any interface traps between mid-gap and the surface 

energy 2qψs will be charged. In a p-MOSFET, this will be donor-like states with a positive 

charge. Given that threshold voltage corresponds to the strong inversion condition, we will 

observe a negative threshold voltage shift ∆Vt in a p-MOSFET after inducing interface 

states. This is normally done by applying a high-voltage to the gate for an extended length 

of time. Assuming that before the pulse there are no states and after there are Nit charged 

states (per area) at strong inversion then: 

Δ                                                         (14) 

Note that only the donor-like states (p-MOSFET) contribute to the threshold voltage shift 

as at Vg = Vmg no interface traps are charged, hence ∆Vmg = 0. Anaverage value of Dit in 

the band-gap between mid-gap and strong inversion can be obtained: 

Δ                                                      (15) 

Where ∆E is the energy range from E(Vmg) to E(Vt): 

ΔE q                                                             (16) 

                    

2.3.2.5 Effect on Split C-V 

It has already been shown that MOS capacitor capacitance measurements are affected by 
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the presence of interface traps. Split C-V measurements performed on a MOSFET are also 

affected — the traps add an unwanted capacitance in parallel to the depletion charge 

capacitance and inversion charge capacitance in the gate-body and gate-channel branches 

respectively. This leads to an over-measurement of both charges, which in turn gives an 

under-measurement of effective mobility and an over-measurement of vertical effective 

field. The effect of interface traps is particularly noticeable in the gate-channel branch, 

where a shoulder will appear at low inversion charge density [Schroder, 2006].  

A reliable split C-V measurement can be performed by selecting a frequency high enough 

so that the signal period is greater than the interface trap response time. How ever, high 

frequency measurements are more attenuated by resistances (source/drain, channel, gate 

and substrate) and hence the chosen measurement frequency should not allow traps to 

respond but also not be significantly attenuated by resistances [Zhu et al.,2004]. 

 

2.3.2.6 Charge Pumping 

Charge pumping is a useful technique as it can be used to extract Dit as a function of 

surface potential in a MOSFET of any size. This is in contrast to the other techniques 

described above, which only apply to large MOS capacitors; or give an average interface 

state density or Dit at a single energy level, in a MOSFET.  

The source and drain are biased to attract inversion charge. A short voltage pulse that is 

applied to the gate, biases the MOSFET from inversion to accumulation and back again. 

At the start of the pulse, inversion charge carriers flow out through the source and drain. 

Interface traps of an energy close to the band edge also empty and the liberated carrier 

flows into the source or drain. However, those traps lying further from the band edge have 
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a longer response time and hence keep their charge. Note that this takes place before the 

surface potential reaches flat-band and at the onset of accumulation, majority carriers arrive 

at the surface and recombine with charges in the interface states. At the end of the gate 

pulse the surface is biased back to inversion and those majority carriers that have not 

recombined with traps, leave the surface. Thus, by comparing the number of majority 

carriers that enter and leave the MOSFET in a single pulse, one obtains Dit. The number of 

carriers is normally inferred from a measurement of the substrate current. By varying the 

height of the pulse, one probes the band-gap at different energies. 

 

2.3.3 Reference 

[1] Deal, B.E., Sklar, M., Grove, A.S., and Snow, E.H., Characteristics of the surface-state 

charge (QSS) of thermally oxidized silicon J. Electrochem. Soc. 114, 266, 1967. 

thermally oxidized silicon J. Electrochem. Soc. 114, 266, 1967. 

[2] Deal, B.E., Current understanding of charges in thermally oxidized silicon structure, J. 

Electrochem.Soc. 121, 198C, 1974. 

[3] Warren, W.L., Vanheusden, K., Fleetwood, D.M., Schwank, J.R., Shaneyfelt, M.R., 

Winokur, P.S., and Devine, R.A.B., A Proposed model for positive charge in Si02 thin films 

over-coordinated oxygen centers, IEEE Trans. Nucl. Sci. 43, 2617, 1996. 

[4] Snow, E.H., Grove, A.S., Deal, B.E., and Sah, C.T., Ion transport phenomena in 

insulating films, J.Appl. Phys. 36, 1664, 1965. 

[5] Pliskin, W.A. and Gdula, R.A., Passivation and insulation, in Handbook on Semicon 

ductors, Vol. 3(S.P. Keller, ed.), North Holland, Amsterdam, 1980 and references therein. 

[6] Feigl, F.J., Fowler, W.B. and Yip, K.L., Oxygen vacancy model for the E1′ center in 



    69 

SiO2, Solid State Commun. 14, 225, 1974. 

[7] Lenahan, P.M. and Dressendorfer, P.V., Hole traps and trivalent silicon centers in 

metal/oxide/silicon devices, J. Appl. Phys. 55, 3495, 1984. 

[8] Shklovskii B.I. and Efros A.L., Electronic Properties of Doped Semiconductors, 

Springer, Berlin,1984. 

[9] Massoud H.Z. and Deaton R. Percolation model for the extreme-value statistics of 

dielectric breakdownin rapid-thermal oxides, Extended Abstracts of the ECS Meeting, 287, 

1994. 

[10] Degraeve, R., Groeseneken, G., Bellens, R., Depas, M., and Maes, H.E., A consistent 

model for the thickness dependence of intrinsic breakdown in ultra-thin oxides, IEEE 

IEDM Tech. Dig. 863, 1995. 

[11] Degraeve, R., Groeseneken, G., Bellens, R., Ogier, J.L., Depas, M., Roussel, Ph., and 

Maes, H.E., Newinsights in the relation between electron trap generation and the statistical 

properties of oxide breakdown, IEEE Trans. Electron Dev. 45, 904, 1998. 

[12] Stathis, J.H., Quantitative model of the thickness dependence of breakdown in 

ultrathin oxides, Microelectron. Eng. 36, 325, 1997. 

[13] Wolters, D.R. and Van der Schoot, J.J., Dielectric breakdown in MOS devices, Part I: 

defect-related and intrinsic breakdown, Philips Res. Rep. 40, 115, 1985; Wolters, D.R. and 

Verwey, J.F., Breakdown and wear-out phenomena in SiO2 films in Instabilities in Silicon 

Devices, Elsevier, Amsterdam, 1986, Ch.6. 

[14] Wu, E.Y. and Suñé, J., Power-law voltage acceleration: a key element for ultra-thin 

gate oxide reliability, Microelectron. Rel. 45, 1809, 2005. 

[15] Lelis, A.J., Oldham, T.R., Boesch, Jr., H.E., and McLean, F.B., The nature of the 



    70 

trapped hole annealing process, IEEE Trans. Nucl. Sci., 36, 1808, 1989. 

[16] Walters, M.and Reisman, A., Radiation-induced neutral electron trap generation in 

electrically biased insulated gate field effect transistor gate insulators, J. Electrochem. Soc. 

138, 2756, 1991. 

[17] Oldham, T.R., Ionizing Radiation Effects in MOS Oxides, World Scientific, Singapore, 

1999. 

[18] Poindexter, E.H., and Caplan, P.J., Characterization of Si/SiO2 interface defects by 

electron spinresonance, Progr. Surf. Sci. 14, 201, 1983. 

[19]  Nishi, Y., Study of silicon-silicon dioxide structure by electron spin resonance I, 

Japan. J. Appl. Phys.10, 52, 1971. 

[20] Caplan P.J., Poindexter E.H., Deal B.E., and Razouk, R.R., ESR centers, interface 

states, and oxide fixed charge in thermally oxidized silicon wafers, J. Appl. Phys. 50, 5847, 

1979. 

[21] Poindexter E.H., Caplan P.J., Deal B.E., and Razouk, R.R., Interface states and 

electron spin resonance centers in thermally oxidized (111) and (100) silicon wafers, J. 

Appl. Phys. 52, 879, 1981. 

[22] Gray, P.V. and Brown, D.M., Density of SiO2-Si interface states, Appl. Phys. Lett. 8, 

31, 1966. 

[23] Deal, B.E., Standardized terminology for oxide charges associated with thermally 

oxidized silicon, IEEE Trans. Electron Dev. ED-27, 606, 1980. 

[24] Fleetwood, D.M., “Border traps in MOS devices,” IEEE Trans. Nucl. Sci. 39, 269, 

1992. 

[25] Fleetwood, D.M., Winokur, P.S., Reber Jr., R.A., Meisenheimer, T.L., Schwank, J.R., 



    71 

Shaneyfelt, M.R.,and Riewe, L.C. “Effects of oxide traps, interface traps, and border traps 

on MOS devices,” J. Appl. Phys. 73, 5058, 1993 ; Fleetwood, D.M., Fast and slow border 

traps in MOS devices, IEEE Trans. Nucl. Sci. 43, 779, 1996. 

[26] Christensson, S., Lundstrom, I., and Svensson, C., Low-frequency noise in MOS 

transistors: I-theory,” Solid-State Electron. 11, 797, 1968. 

[27] Tewksbury, T.L. and Lee, H.S., Characterization, modeling, and minimization of 

transient threshold voltage shifts in MOSFET’s, IEEE J. Solid-State Circ. 29, 239, 1994. 

[28] Burstein, E. and Lundquist, S., Tunneling Phenomena in Solids, Plenum Press, New 

York, 1969. 

[29] Fu, H.S. and Sah, C.T., Theory and experiments on surface 1/ f noise, IEEE Trans. 

Electron Dev.,ED-19, 273, 1972. 

[30] Jameson, J.R., Griffin, P.B., Plummer, J.D. and Nishi, Y., Charge trapping in high-K 

gate stacks due tothe bilayer structure itself, IEEE Trans. Electron Dev. 53, 1858, 2006. 

 

 

 

 

 

 

 

 

 

 



    72 

2.4 Approach of 3D structural Device: FinFET, Tri-Gate FET 

 

2.4.1 Introduction 

Conventional MOSFETs have inherent problems of large leakage currents from gate to 

channel and increasingly unreliable transistor characteristics. To cater these problems, 

FinFET transistor technology has been developed which has cast a profound impact on the 

semiconductor industry. Almost all the big players in the semiconductor eco-system are 

focusing and putting lot of efforts on this promising and disruptive technology. It provides 

a new pathway for Moore's Law beyond 20nm as they have much better performance and 

reduced power consumption compared to planar transistors. A 16nm/14nm FinFET process 

can potentially offer a 40~50% performance increase or a 50% power reduction compared 

to a 28nm process. The next few years should be very interesting as the benefits of this 

technology are seen in products from smart phones to servers. Although it has numerous 

benefits, the move to FinFETs comes with quite a few new challenges such as design-rule 

complexity and skyrocketing resistance, new Layout Proximity Effects. Routers face 

difficulty to connect efficiently to pins on standard cells. Furthermore, extracting parasitic 

from FinFETs is significantly different from regular planar CMOS devices. Thus FinFET 

processes should be made as transparent and smooth as possible for the designers. To 

achieve this, Semiconductor industries need to work behind the scenes to ensure that the 

tools understand and model the complexities involved. 

 

2.4.2 The FinFET: A Technology Primer 

FinFETs have their technology roots in the 1990s, when DARPA looked to fund research 
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into possible successors to the planar transistor. [1] UC Berkeley team led by Dr. Chenming 

Hu proposed a new structure for the transistor that would reduce leakage current. The 

Berkeley team suggested that a thin-body MOSFET structure would control short-channel 

effects and suppress leakage by keeping the gate capacitance in closer proximity to the 

whole of the channel. They proposed two possible structures (Figure 2.4.1). 

Rotating the DG structure, which has the potential to provide the lowest gate leakage 

current, enables easier manufacturing using standard lithography techniques as the gate 

electrodes become self-aligned and the layout is similar to that of a planar FET (Figure 

2.4.2). Modern FinFETs are 3D structures that rise above the planar substrate, giving them 

more volume than a planar gate for the same planar area. Given the excellent control of the 

conducting channel by the gate, which “wraps” around the channel, very little current is 

allowed to leak through the body when the device is in the off state. This allows the use of 

lower threshold voltages, which results in optimal switching speeds and power.  

 

2.4.3 The FinFET Promise 

Leading foundries estimate the additional processing cost of 3D devices to be 2% to 5% 

higher than that of the corresponding Planar wafer fabrication. FinFETs are estimated to be 

up to 37% faster while using less than half the dynamic power or cut static leakage current 

by as much as 90%. FinFETs also promise to alleviate problematic performance versus 

power tradeoffs. Designers can run the transistors faster and use the same amount of power,  

compared to the planar equivalent, or run them at the same performance using less power.  
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Figure 2.4.1 Thin-body MOSFETs are the origin of today’s FinFET transistors. 

 

 

 

 

 

Figure 2.4.2 From planar DG FET to FinFET. 
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This enables design teams to balance throughput, performance and power to match the 

needs of each application. [5], [6] 

To exploit different benefits of FinFET, it is fabricated into two types: (1) Dual-gate 

FinFET, which trims the excess silicon by fabricating the channel using an ultra-thin layer 

of silicon that sits on top of an insulator, therefore the electric field from the gate to the fin 

on the top is drastically reduced. (2) Tri-gate FinFET, in which the FET gate wraps around 

three sides of the transistor's elevated channel, or "fin". Since fins are made vertical in 

nature, high packing density can be achieved, by packing transistors closer together. 

Further, to get even more performance and energy-efficiency gains, designers also have the 

ability to continue growing the height of the fins. [7]   

One important feature of FinFET is the fin thickness, which needs to be smaller than or 

equal to the gate length. Their scaling does not depend on oxide thickness, which is a big 

advantage because it’s the process lithography that defines the FET characteristics at each 

new process node. Furthermore, only one extra mask is required to create the silicon fin. 

Designers also have a choice of extending the width in third dimension in tri gate FinFET 

without affecting layout area; as a result, the effective channel width can be significantly 

enhanced relative to a planar transistor. The advantage is greater for SRAM layouts, given 

their dense nature. It exhibits little or no body effect because FinFET channels are fully 

depleted. A 4-input FinFET NAND is equivalent to a 3-input planar NAND in terms of 

delay. Given the excellent control of the conducting channel by the gate, very little current 

is allowed to leak through the body when the device is in the off state. The FinFET can also 

be run at a lower operating voltage for a given leakage current, halving its dynamic power 

consumption (which is proportional to CV2f) for a 0.7 scaling in VDD.Some of these 
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advantages become more significant as the operating voltage is reduced. At 1V, the FinFET 

is 18% faster than the equivalent planar device, but at 0.7V, the advantage is 37%. This is 

attributed to the FinFET’s sub-threshold swing (the amount that the threshold voltage has 

to be changed to halve its leakage) which is lower than in a planar device. This enables the 

device to be operated at lower threshold voltages for the same leakage. The difference 

between the gate and threshold voltage at very low operating voltages is much greater, thus 

exaggerating the performance advantage of very low-voltage FinFETs. On account of its 

lower threshold-voltage variability, the channel is well controlled and hence does not need 

heavy doping, which in turn makes it less susceptible to random dopant fluctuations. Triple 

gate FinFET has reduced the doping concentration required in the channel to the extent of 

1015/cm3.Also, Fabrication of FinFET is compatible with that of conventional CMOS, thus 

making possible very rapid deployment to manufacturing. 

 

2.4.4 Drawbacks and Challenges 

 

2.4.4.1 Corner effect 

Corner Effects Though designers have flexibility in variation of height and width of tri-

gate, this variationposes different challenges. [2] Although decreasing the fin-width 

reduces the short channel effects, at the same time the performance of the FinFET may be 

degradeddue to increase in parasitic drain/source resistance which leads to reduction of 

drive current and trans-conductance of the device. Moreover, withsmaller fin width, heat 

cannot flow through easily and device temperature increases. The effect is more 

pronounced in case of SOI technology, where buried insulating layer causes severe self-
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heating effects due to low thermal conductivity of oxide layer. Cross-sectional view of a 

conventional Tri-gate FinFET is shown in Figure 2.4.3. (a).  Because of the proximity of 

gates, the charge sharing occurs in the corner region of the two adjacent gates. This gives 

rise to premature inversion at the corners. The gate-to-channel electric field is concentrated 

at the fin corners. As a result, as the gateto-source input voltage increases toward the device 

threshold, there will be a higher concentration of subthreshold leakage current at the corners  

Figure 2.4.3 Cross-sectional view of conventional (a) Tri-Gate FinFET and courved (b) 

Tri-Gate FinFET. 

 

of the fin, which is known as “corner effect”. This premature inversion at the corners of 

the triple gate FinFET degrades the subthreshold characteristics of the FinFET which 

results in higher off state leakage current. [3] 

Recent FinFET’s devices in production have a more tapered and rounded profile as shown 

in Figure 2.4.3. (b). In addition to being easier to fabricate, the (subthreshold) it current 

crowding effect at the corners is reduced, but introduce additional parasitic extraction 

challenges. Other techniques available to eliminate the corner effects are reduction in oxide 

(a) (b) 
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thickness and reduction in doping concentration in channel. It has been observed that sub-

threshold leakage current increases for fins with a smaller radius of curvature at the corners. 

 

2.4.4.2 Fabrication  

There are several challenges of FinFET fabrication. [4] Following are some observations 

from the recent experiments: (1) The Si surface of fins appears different than in bulk, 

therefore excessive Si loss was observed after the usual pre-gate-oxide clean. Thus wet 

cleans are optimized with dilute concentration and lower temperatures. Similarly, the 

oxidation of fin is also faster at corner and tip of fins. In addition, the dry etching on fins is 

more stringent due to the 3D structures and a bias plasma pulsing scheme may be viable 

for minimizing Si loss. (2) As a result of the fin shape, the low-doping in channel is 

preferred for minimizing subthresholdvariations. It also leads to costly implementation of 

multiple work-functions of gate; fortunately, the multi-Vcc scheme can be used for SOC 

applications. 

 

2.4.4.3 Extraction of FinFET parasitics 

The 3D nature of FinFETs and the multiple fins pose following challenges:(1) Establish 

and extend FinFET RC parasitic models to be closer to those extracted using a field solver 

(2.5D versus 3D). (2) Compact RCs around FinFET not to explode design TATs. (3) 

Convergence between pre-layout and postlayout by generating good-estimation parasitic 

RC models of FinFET. 

  Figure 2.3.4 shows some of the parasitics introduced by this technology. No longer can 

designers just model transistor length and width - the Registers and Capacitors inside the 
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transistor, including local interconnect, fins, and gates, are critical for predicting the 

transistor's behaviour. Yet another issue is layer resistance. The 20nm process added a local 

interconnect layer below the metal 1 layer, and its resistivity distribution is nonuniform and 

dependent on where the vias are placed. Further, there can be a 100X difference in 

resistivity between the top metal layers and the lower metal layers. BSIM-CMG is a 

standard model for FinFETs, but it uses an ideal single-fin model, so it isrequired to 

multiply thatby the number of fins and fingers, which makes it less accurate. BSIM-CMG 

model does not yetinclude layout-dependent effects. 

 

Figure 2.4.4 FinFET parastic capacitances. 

 

2.4.4.4 Quantum Effects 

The FinFET thickness is a key manufacturing parameter. If the FinFET is too thick, the 

electrostatic influence of the gate on the sides and top of the fin will be weaker, and the fin 

body will behave more like a (planar device) bulk substrate, losing the benefits of the 
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FinFET topology.      

On the other hand, if the FinFET is very thin, then density of available electron (or hole) 

states is reduced. Under normal circumstances, free electrons/holes have sufficient energy 

to reside at the conduction/valence energy band edges of the semiconductor material, and 

therefore conduct current in the transistor channel. The electron/hole energy and band 

levels in the semiconducting silicon are strong functions of the applied voltages and 

temperature, which are the basis for the FET model. Normally, there is no shortage of 

available “free states” for energetic electrons/holes at the band edges. However, for very 

thin fins, the quantum effect reduces the density of available states at the band edge. As a 

result, electrons/holes would need more energy to occupy available states higher than the 

band edge, and be free to conduct device current. 

 

2.4.4.5 Performance and Variability 

 Existing FinFETs struggle from a performance and variability perspective: (1) Fin 

profile shape. A slanted profile is desiredto makes it easy to fill the dielectric between the 

fins, butthis creates a design that drags down performance and introduces variability. (2) 

Too few fins can also cause variability. (3) Non-uniform fin doping is another problem 

which adds to variability. [8] 

 

2.4.4.6 Width Qantization 

 As we move to FinFET, one of the challenges is the discrete size of the fin. FinFETs 

work best as regular structures placed on a grid. So, the transistor width (W), which is one 

of the main variables for tweaking transistor sizes, is no longer a continuum. Standard cell 
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designers can change the width of a planar transistor, but they cannot change the height or 

width of a fin, so the best way to increase drive strength is to add more fins. This must be 

done in discrete increments - we can't fin infractions. Channel length variation and body 

biasing are also limited in value due to the intrinsic characteristics of the FinFET 

technology. 

 

2.4.4.7 Double patterning 

 There are also challenges that have more to do with the smaller geometries at 16nm and 

14nm than FinFETs themselves. [9] One is double patterning (the use of two masks to print 

alternating features), which is needed at 20nm and below to get features to print correctly 

with current lithography equipment. It requires extra masks, along with a colorized 

decomposition process that determines how layout features will be implemented by 

different masks. Layout-dependent effects (LDE) occur because layout features that are 

placed near to a cell or device will impact its timing and power. Electromigration becomes 

more of a concern as geometries shrink. While double patterning will make immersion 

lithography practical at 20nm, a new approach will be needed at 10nm.This will be sidewall 

image transfer (alsocalled self-aligned double patterning) and is much complexthan today's 

"litho-etch, litho-etch (LELE)"methodology. Layout dependencies Layout details have an 

impact on the stress profile of the FinFET, and hence on its carrier mobility. These details 

have different effects depending upon whether the fins are situated between two other fins; 

or are at the end of a row of fins; or are isolated. Si-Ge depositions in the source and drain 

areas cut the parasitic resistivity of the source and drain, and create strain that enhances 

carrier mobility. Fins that are not supported in all directions tend to ‘relax’ with the strain 
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induced by the Si-Ge lattice mismatch collapsing, reducing the mobility enhancement and 

leading to a potential significant deterioration of drive current. 

 

2.4.5 Electrical properties of FinFETs 

From the range of multi-gate MOSFETs, the finFET has emerged as the most promising 

candidate to replace the planar MOSFET due to processing simplicity. It follows 

conventional MOSFET processing and can be fabricated in any Si pilot line. A finFET can 

have multiple fins in parallel, all straddled by a single gate line, thus its effective width is 

given by; 

n 2                                                 (1) 

where n is the number of fins, Hfin and Wfin is the fin height and width respectively. 

Adequate suppression of the short channel effect and off state leakage current requires that 

Wfin ~ L/2. It is desirable for Hfin to be as large as possible to maximize Weff, therefore Id. 

Thus for the 22 nm node and beyond, the finFET can essentially be treated as a fully 

depleted double gate device where Id flows predominantly along its sidewall surfaces. Due 

to their vertical nature, a finFET’s sidewalls and top surface lie in the (110) and (100) 

planes respectively when the device is oriented parallel or perpendicular to the wafer flat 

of a standard (100) wafer. Id therefore flows along the <110> direction. In this orientation, 

the hole mobility is maximised but the electron mobility is minimised. The electron 

mobility could be maximised by rotating the fins 45° as then the sidewalls would be in a 

(100) plane. However, this incurs an area penalty on the wafer and increases complexity in 

circuit design, making it an unlikely option in VLSI circuits. 
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2.4.5.1 FinFETs in inversion 

The proximity of a second gate can modify the electrostatics significantly and therefore the 

inversion charge distribution compared to a bulk MOSFET. The basic principles are most 

easily illustrated by considering a double gate finFET. Consider the effect of decreasing 

Wfin whilst keeping Vgs constant. The corresponding change in the energy band diagram 

is shown in Figure 2.4.5. 

  

 

Figure 2.4.5 Energy-band diagram of two double-gate n-finFETs of different Wfin in 

inversion (Vgs>0, V applied to both gates). Ψc, the potential at the middle of the fin, increase 

with decreasing Wfin, increasing the electron concentration throughut the fin. The band 

diagram of a bulk n-MOSFET is shown for comparison. 

 

Figure 2.4.5 Energy-band diagram of two double-gate n-finFETs of different Wfin in 
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inversion (Vgs > 0 V applied to both gates). ψc, the potential at the middle of the fin, 

increases with decreasing Wfin, increasing the electron concentration throughout the fin. 

The band diagram of a bulk n-MOSFET is shown for comparison. 

Providing Wfin> 2Wdepm a neutral region exists between both the depletion regions 

separating the channels. When Wfin< 2Wdepm, the fin becomes fully depleted and Qdep 

decreases linearly with Wfin. As the charge on the gate, Qg is fixed, electrostatics requires 

that Qinv increases by the same amount to restore the total charge. (The electric field lines 

from Qg now uncompensated by Qdep are paired with extra inversion charges.) As Vgs is 

fixed, Vox and therefore ψs remain constant. The voltage drops inside the silicon, ψs-ψc 

which is mainly across Qdep will reduce with decreasing Wfin. The relationship of this 

voltage drop with Wfin and Na is given by; [10] 

	
                                           (2) 

Therefore, the potential in the centre of the fin, ψc will increase. As the Fermi level is 

constant for all Wfin, increased ψc means increased electron concentration (Qinv) throughout 

the fin i.e. Qinv is no longer confined at the interfaces. This is known as volume inversion. 

The onset of volume inversion in a finFET depends not only on Na and Wfin, but also Vgs. 

A quantum mechanical description is necessary in this case. Consider a finFET such that 

the electron wave functions are confined by the dielectric band offsets of the two sidewall 

interfaces. For small Vgs, the band bending ψs- ψc, is small enough that the two sidewall 

interfaces and conduction band edge create a square quantum well whose eigenenergies are 

well separated from one another (in contrast to the triangular well of a bulk MOSFET), as 

shown in Figure 2.4.5. The position of these energy levels above the conduction band edge 

is given by; 
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.
                                                  (3) 

In this instance, the lowest sub-band is predominantly occupied, whose wave function 

peaks at the middle of the well, and thus volume inversion occurs. As Vgs (therefore ψs-ψc) 

increases, the conduction band edge becomes more parabolic (shown in Figure 2.4.5). This 

change in shape of the well causes the energy levels to superimpose and shift up and pair 

(E1 with E2, E3 with E4, etc), resulting in the wave functions peaking closer to the interfaces. 

Further increase of Vgs (ψs- ψc) causes the conduction band edge to become strongly 

 

Figure 2.4.6 Four first energy levels and two first wave functions, ψ(z) in square, weak 

parabolic and strong parabolic potential wells formed by the two dielectric interfaces and 

conduction band edge in a double gate finFET. Note sub-wells are created at both interfaces 

in the strong parabolic case, confining the lowest energy states. The electron concentration 

is proportional to ψ(z)2. (adapted from [11]). 
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parabolic and the energy levels to become degenerate through pairing. The wave functions 

now peak close to the interfaces; i.e. surface inversion now occurs. [104] Volume inversion 

is maintained for higher Vgs by decreasing Wfin. (As ψs- ψc is reduced with decreasing 

Wfin (equation (1)) the well retains its square shape.) 

 

2.4.5.2 Confinement effects on Vt 

When Wfin or (tSi in a SOI MOSFET) is thinner than a critical value, typically 10 nm, Vt 

starts to increase instead of decreasing. [12] This is due to the strong energy quantisation 

between the two dielectric interfaces which effectively increases the Si band-gap. Thus the 

classical analysis of Vt is no longer valid. The smaller Wfin, the wider the separation 

between eigenenergies and the higher the value of the lowest sub-band energy. As the sub-

band energies, importantly the lowest sub-band energy, is further from the Fermi level, a 

higher Vgs is necessary for inversion.  

 

2.4.5.3 Carrier mobility in finFETs 

<Volume inversion> 

Carrier mobility in SOI MOSFETs and double gate MOSFETs/finFETs has been 

intensively investigated. In an SOI n-MOSFET, bulk phonon [13],[14] and interface 

roughness [15],[16] scattering rates increase for tSi less than 20 nm and 10 nm respectively. 

Depending on the interface charge density, Coulomb scattering from the BOX interface 

may also be significant when tSi < 10 nm. [17] For a finFET or double gate MOSFET 

operating in the volume inversion regime, carrier scattering is reduced. Simulations by 

Gamiz et al. [18] show the reduction in confinement due to volume inversion reduces bulk 



    87 

phonon scattering. Since the interface roughness perturbation potential and Coulomb 

potential are larger near the interfaces and decrease towards the center of the channel, 

interface roughness and Coulomb scattering are also reduced. [19] 

 

<Strain technologies> 

Straining silicon is an effective way to engineer its band structure and enhance the carrier 

mobility.    

The most effective strain configuration for electrons is uniaxial tensile along the <110> 

direction on the (110) orientation. This not only lowers the ∆2 sub-bands which exhibit mtran 

= 0.190m0, but warps the ∆2 sub-band energies reducing mtran and increasing mconf. This 

results in comparable mobility to that on the (100) unstrained orientation. Thus the worst 

current flow direction can be converted into the best direction.  

For hole mobility, uniaxial compressive strain along the <110> direction on the (110) 

orientation is the best configuration, increasing the already high mobility as compared to 

the (100) orientation. This increases the energy split between the LH and HH sub-bands 

reducing scattering between them. [20] 

Implementing these strains into the finFETs sidewalls to boost the poor (110)/<110> 

electron mobility and provide further enhancement to the hole mobility have been hot 

topics in recent years. Current methods utilize strained substrates (global strain), or 

individual stressors for each finFET (local strain). Since the required stress directions are 

opposite for n- and p-finFETs, these techniques differ.  

1. For n-finFETs;   

: a biaxial (2D) tensile strained SOI substrate is used as the starting wafer. The strain 
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perpendicular to the fins is relaxed during fin patterning resulting in uniaxial tensile 

strain (the lateral strain relaxation technique) [21], [22]    

: local strain techniques consist of tensile stress liners, e.g. SiN, deposited over the gate 

[120, 125-129] and SiC source drains. [23], [24]   

2. For p-finFETs;   

: a biaxial compressive strained SiGe OI substrate is used as the starting wafer. Lateral 

strain relaxation is performed during patterning resulting in uniaxial compressive 

strain [25]   

: local strain techniques consist of compressive stress liners [26] and SiGe source and 

drains[27].   

It is known that a thin metal layer intrinsically induces a certain amount of stress 

depending on its thickness, deposition method and temperature. [28] A stressed metal gate 

electrode, recently employed by Intel, has the advantage of applying stress, without 

requiring any additional processing steps. Thus its implementation into finFET technology 

is of great interests. [29]. However, due to the 3D nature of a fin, understanding the stress 

transfer is non-trivial. Furthermore, the effect of different stress distributions on electron 

mobility has only recently been understood. [30] 
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III. Experiments and Analyses 

 

In this section the main features of the experimental techniques are described. More 

detailed information can be found from the corresponding result section. 

 

3.1 Atomic layer deposition of high-k dielectrics  

The dielectric films were typically grown on 2x2 cm2 semiconductor substrates such as Si 

and Ge using atomic layer deposition (ALD, CN1 Corp., Suwon, Korea). Argon (Ar, purity 

99.999%) was used for source carrier and chamber purge.  

Figure 3.1.1 shows schematic diagram of the thermal ALD system used in these 

experiments. The ALD system has traveling-type chamber and four precursors (or canisters) 

and ozone generator. Four precursors for Hf, Si, Zr, Al can be used independently for 

various dielectric films and each source is controlled independently without disturbance 

during operation. For oxidant source, ozone generator can supply O2 gas with various ozone 

(O3) concentrations from 0 to ~300 g/Nm3, however, during process, O3 concentrations 

were stayed at 160 g/Nm3 

The reactants were evaporated from external canisters depending on the vapor pressure of 

sources. In case of hafnium (Hf) and zirconium (Zr) sources, because the vapor pressures 

are properly low at room temperature, these sources were heated at 60oC and carried by Ar 

gas with 200 sccm flow rate. Silicon (Si) and aluminum (Al) sources were cooled at 5◦C 

due to its relatively high vapor pressure at room temperature and the evaporated gas sources 

were also traveled into the chamber with Ar carrier gas. In this work, Hf and Zr sources 
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were used for Hf1-xZrxO2(HZO) film formation with various Zr contents (x) as gate oxides 

in the MOS capacitor devices. (Section 4.1, 4.2, 4.3) Si and Al sources were adopted for 

passivation layers between Ge substrated and HZO film (Section 4.2) 

 

 

Figure 3.1.1 Schematic diagram of the thermal ALD system used in this work. 

 

In this work, the HfO2 and HfxSi1-xOy (HfSiO) films were deposited directly on 

hydrofluoric acid (HF) cleaned Si wafers by ALD at a wafer temperature of 270 oC. 

Hf[N(C2H5)(CH3)]4 and SiH[N(CH3)2]3 and ozone (typical concentration of 170 g/m3) were 
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used as the Hf-/Si- precursors and oxidant, respectively, in the deposition of the HfO2 and 

HfSiO gate dielectric layers. The standard precursor pulse - precursor purge – ozone pulse 

– ozone purge time was 3 – 20 – 3 – 10 sec in HfO2 and 3 – 15 – 3 – 10 in SiO2, respectively, 

which was confirmed as within the well saturated ALD window. Physical and chemical 

properties of the two precursors are summarized in Table 3.1.1, and process conditions are 

summarized in Table 3.1.2. 

 

Table 3.1.1 Physical and chemical properties of the related precursors. 
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Table 3.1.2 Process conditions of ALD grown HfO2, ZrO2, SiO2 and Al2O3. 

 

 

3.2 Sputtering deposition of metal gates  

DC and RF magnetron sputtering system (SN-38, SNTek Corp., Suwon, Korea), which 

has 5-angle cluster-type and the modified cathode to enhance the magnetic field at the target 

surface compared to the general type, were used for various metal films as Fig. 3.2.1 

showed. Fig. 3.2.1 (c) depicted that installing the center and side magnets to the back-side 

of target and changing the magnets with higher magnetic field resulted in higher magnetic 
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fields at the target surface than that of a general type. Moreover, the magnetic housing of 

the cathode was designed to maximize the magnetic field on the surface of the target and 

to minimize the distance between the center and edge magnets.  

  

 

Figure 3.2.1 The sputtering system with 5-angle cluster module; (a) schematic diagram of 

sputtering equipments and (b) enhanced magnetic field structure of cathode (right) 

compared to the general type (left) and (c) schematic diagram of magnetic-field in quarter 

cathode system.  

 

The deposition of metal films was processed on a rotational substrate in the sputtering 

module at the static 110◦C temperature. The distance between the substrate and the target 

was about 10 cm. Mixed argon (Ar) and nitrogen (N2) gas ambinent was used for TiN metal 
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deposition and only argon (Ar) gas was used for Pt metal repectively. The base pressure 

before deposition was below 7.0× 10-7 torr and the sputtering pressure was used as 4.0×10-

3 torr (TiN) and 1.6×10-2 torr (Pt).  

In this work, the used metal films are TiN, Pt which were deposited under detail 

conditions in Table 3.2.1.  

 

Table 3.2.1 Process conditions of sputtered various metal films in this work. 
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3.3 Film characterizaton  

Dielectric film thicknesses were determined at center area of the 2x2 cm2 substrate using 

an ellipsometer (L116D, Gaertner Corp., US) with a single light source (633 nm) and 

spectroscopic ellipsometry (SE; M2000, Woollam Corp., US) with wide light source (193 

~ 1690 nm) on Si ans Ge substarte. The layer density and the vertical image analysis of the 

films were checked properly to get a high confinence of the physical thickenss. 

The layer density of the dielectric films as well as metal films was determined by X-ray 

fluorescence spectroscopy (XRF; Themoscientific, ARL Quant’x). 

The crystalline structure of the films was examined by glancing angle incidence X-ray 

diffraction (GAXRD, PANalytical, X’pert Pro). 

The atomic concentrations and depth profiles of the films were analyzed by Auger electron 

spectroscopy (AES). The AES measurements were carried out using a Perkin-Elmer PHI 

660 system.  

The chemical bonding states of the films were examined by X-ray photoelectron 

spectroscopy (XPS). The XPS measurements were carried out using a Kratos AXIS-HSi 

system equipped with a Mg K source (1253.6eV) for the excitation of photoelectrons. The 

positions of all peaks were calibrated to the surface carbon C 1s peak at 284.5eV. 

The microstructure and vertical image of the films was analyzed using a high-resolution 

transmission electron microscopy (HRTEM; Tecnai F20, field-emission, 200kV), Fast 

Fourier Transformation (FFT), and the electron energy loss spectroscopy (EELS ; GIF 

Tridiem 863). 

 

3.4 Fabrication of MOS capacitor  
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The high-k gate dielectrics such as HfO2, HfxZr1-xO2, SiO2, Al2O3 and ZrO2 with various 

thicknesses films were deposited directly on hydrofluoric acid (HF)-cleaned Si and Ge 

substate by ALD at a wafer temperature of 280oC. In case of Ge substrate application, Hf 

precleaning was performed with 5 times cyclic process with DI water to mitigate Ge 

substate damage. And oxynitride surface treatment were processed by a rapid thermal 

annealing (RTA) with the mixed NH3 + O2 gas ambient, 60sec, purposely before ALD film 

growth. When thermal budget on the high-k dielectrics was needed, post deposition 

annealing (PDA) was performed at various temperatures in a N2 ambient using RTA process 

for 30 sec. TiN/Pt stacking top metal electrodes were sputtered on the dielectric films using 

a shadow mask to define the gate electrodes. Finally, forming gas annealing (FGA) was 

performed in the mixture gas of N2 (95%) and H2 (5%) at 400oC for 10min.  

 

Figure 3.4.1 Schematic diagram of (a) a shadow mask used in this work and (b) Pt 

electrode on the dielectrics and (c) other metal insertion between Pt and dielectrics on Si 

substrate and (d) scope image of a dot.  
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Figure 3.4.1 shows the schematic diagram of a shadow mask and MOS capacitor used in 

this work. Various gate oxides were in-situ inserted for investigating electrical property. 

Dot-shaped electrodes were formed by the shadow mask with the size of 90,000 ~ 100,000 

um2.  

 

3.5 Electrical measurements  

A HP 4194A Impedance / Gain-Phase Analyzer for Capacitance-Voltage (C-V) curve and 

a HP 4140B pA Meter / DC Voltage Source for I-V characterization was used in the MOS 

capacitor devices (Section 4.1, 4.2) and Tri-Gate FET(TGFET) devices (Section 4.3).  

Interface trap density (Dit) from the MOS capacitor are also measured by using a Hewlett-

Packard (HP) 4155 semiconductor parameter analyzer and a HP 4284 LCR meter system. 

The measurement system and schematics of C-V, I-V and Dit measurement in MOS 

capacitor devices and TGFET were illustrated in Figure 3.5.1 and 3.5.2. The gate voltage 

(Vg) was swept from -1 to 1 V at 1,3,5,10,22,47,100,216,465,500sec during 500sec at 100 

kHz for measuring C-V. However, the inversion condition can hardly be achieved from the 

usual MOSCAP device due to the lack of source and drain, so the depletion/accumulation 

condition must be used to evaluate in C-V characteristics. Therefore, most of capacitance 

data were extracted from the accumulation C-V curves after gate bias stress were used 

instead of Vt values in MOSCAP.  

In case of TGFET analysis, devices were made with full process of channel engineering, 

dopant implantation for junction formation, gate module formation, silicidation formation 

for ohmic contact, metallization and so on, fabricated TGFET devices were analyzed with 

4-terminal measuring of source(S) / drain(D) / gate (G) / body (B) in the inversion mode.   
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Applied gate voltage (Vg) range is -1.0V ~ +4.5V (for NMOS), +1.0V ~ -4.5V (for PMOS) 

and drain voltage (Vd) range is 0V ~ +2.4V (for NMOS), 0V ~ -2.4V(for PMOS) 

 

 

Figure 3.5.1 C-V, I-V and Dit measurement system in these experiments. 

 

Figure 3.5.2 Schematic diagram of C-V, I-V and Dit measurement in MOS capacitor and 

TGFET devices. 
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3.6 Tri-Gate FET Fabrication 

All of fabrication activities of Tri-Gate FET device were executed in the fab which was 

maintained with class 100 and 20◦C atmosphere temperature. Process were composed of 

about 60 steps which included cleaning, etching, diffusion, deposition, implantation, 

patterning, and Chemical mechanical polishing(CMP). All sequencial processes were 

treated with following information.  

 

3.6.1 Layer information and Mask generation   

 Process flow of fabricated TGFET devices were followed by gate-last scheme as shown 

in Fig. 3.6.1. From Active layer to Al metal laye, totally 10(+2) layers were required for 

the finalized TGFET devices. Details process information of each step will be considered 

in followed next and section 4.3  

 In the full mask sets which have 10 layers, there were inclused lots of patterns with 

TGFETs, planar FETs, process maring check pattern, silicide resistance check pattern, OS 

(oxide side) check, and so on as in Fig. 3.6.2 depicted. 

 

Figure 3.6.1 Overall process flow with gate-last scheme. 
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Figure 3.6.2 Floor-plan of mask gerneration. 

  

Eventhough, tunnel FET device (TGT Mask SET) data were also put in the mask sets, it 

could not be realized as a functional chip due to limits of dopant activation annealing tool.  

 

3.6.2 Fabrication schematic diagrams of tri-gate FET devices  

Fabrication schematic diagrams of TGFET devices were depicted in Fig. 3.6.3. First, it 

was started with active process for channel layer formation. Active process is composed of 

hard mask step-down double patterning (HMSDP) process for nano scaled channel fin-

shape and gap fill process for electrical isolation with Si-substrate. (Fig. 3.6.3 (a)) And then, 

4 steps of dopant implantation were followed as channel P for NMOS Vth, channel N for 

PMOS Vth, P+ S/D for PMOS source/drain and N+ S/D for NMOS source/drain. (Fig. 3.6.3  
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Figure 3.6.3 Fabrication schematic diagrams of TGFET devices. 

 

(b)) Followed step is Gate module which is made up 2 steps process named dummy gate 

process using Gate_DM and Gate_TOP layers. Due to dummy gate process, 3 dimentional 

topographic channel wrapped gate module without any fin-shaped channel attack and 

collapse. (Fig. 3.6.3 (c)) Next, 500nm thick TEOS oxide film deposition and CMP process 
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for planarization of the top surface were followed. (Fig. 3.6.3 (d)). Thse steps are necessary 

to protect the channel from the atmosphere and appoint the following contact open areas.  

Contact open process is firstly executed in the source and drain area formation to make Ni 

silicidation for ohmic contact. Ni silicidation is process using RTA of 450◦C, 1min, with 

10nm thick Ni deposition. And then gate contact process is carried out to open gate 

electrode. (Fig. 3.6.3 (e)). Lastly, Al metal formation is processed for metallization line 

from contact open area to pad open area. (Fig. 3.6.3 (f)). As the final outcome, TGFET 

devices with 3 terminals of source, drain and gate were realized.   

Process conditions of each step will be dealt with details in section 4.3. 
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IV. Results and Discussions 

 

In this chapter, the results of the higher-k Hf-Zr-O dielectric oxide characteristics reported 

by the author are described. In addition to the published papers, more detailed results are 

included in this chapter.  

 

4.1 Phase Control of HfO2-based Dielectric Films for higher- 

k Materials 

 

4.1.1 Introduction 

The high-dielectric-constant (high-k) HfO2 thin film became the industry-standard 

dielectric film for the highly scaled complementary metal insulator semiconductor field 

effect transistor (CMISFET) when the design rule reached 45 nm.[1] The main impetus that 

drove such an industry trend was to increase the gate capacitance while keeping the gate 

leakage current at a sufficiently low level so as not to excessively increase the power loss. 

Although such targets have been effectively met by adopting the HfO2-based high-k 

dielectric film, and although this will be continued for the multigate devices, such as 

FinFET,[2-4] the further scaling of the high-k film thickness has already limitations 

because the thickness of the present HfO2-based high-k dielectric film is only ~2-3 nm.[5] 

he further thinning of the HfO2-based high-k dielectric film will result in an unacceptably 

high gate leakage current. Therefore, an even higher-k dielectric film, such as La2O3, is 

already being sought.[5-8] The La2O3-based higher-k dielectric film, however, has several 



    107 

critical problems for its application to the further-scaled CMISFET, such as hygroscopic 

reactivity,[9] high trap charge density,[10] and unavailability of stable-enough precursors 

for atomic layer deposition (ALD).[11] Therefore, increasing the k value of the highly 

matured HfO2 dielectric could be a viable option for the futuristic CMISFETs. 

An efficient way of further increasing the k value of HfO2 is to transform its crystal 

structure from monoclinic (P21/c, k~17) to tetragonal (P42/nmc) or cubic phase (Fm3m), 

where the k values of the tetragonal and cubic phases could be as high as 30-40.[12],[13] 

Although the thermodynamic stable phase of HfO2 at the ALD temperature (200-400oC) 

and at the typical post-deposition annealing (PDA) temperature (TPDA, up to 1000oC) is 

monoclinic,[14] there have been many reports on the formation of tetragonal- or cubic-

phase thin films by controlling the microstructure of the films.[12],[15-17] In this report, 

the higher-k HfO2 phase is considered the tetragonal phase because the clear distinction 

between the tetragonal and cubic phases in a very thin HfO2 (<<10 nm) film via laboratory 

X-ray diffraction is usually difficult. In addition, the k values of the two phases are not very 

different and are also dependent on the crystallographic directions.[18] Therefore, the 

higher-k phase could be tetragonal, cubic, or even a mixture of them, but clear distinction 

was not attempted as long as the phase was distinguished from the monoclinic phase. 

Although the detailed methods for such transformation of HfO2 to the higher-k phases are 

diverse,[16],[19] they basically rely on the grain size effect (a smaller grain size prefers the 

higher-k phase) because the surface (or grain boundary) energy of the higher-k phase is 

lower than that of the monoclinic phase.[17],[20],[21] Therefore, making the grain size 

smaller is an efficient method of achieving the higher-k phase, which has been achieved by 

doping aliovalent cations, adding impurities (carbon or hydrocarbon),[19],[20],[22] 
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alloying with ZrO2 (ZrO2 films generally have much smaller grain sizes than HfO2 films in 

ALD and thus tend to be tetragonal,[23] and using templates such as a rutile TiO2 film.[24] 

Cho et al. reported the transformation of monoclinic HfO2 to tetragonal phase after PDA 

by adopting O2 as the oxygen source during ALD[13] as it has lower oxidizing power than 

O3. O3 is the typical oxygen source for ALD as it produces highly pure monoclinic HfO2 

and tetragonal ZrO2 films. The adoption of O2 as the oxygen source during ALD, however, 

results in a high carbon impurity concentration,[19] which was actually the reason for 

making the grain size smaller and thus tetragonal phase, but the high carbon concentration 

largely degraded the electrical performance of the higher-k film. An alloyed film with ZrO2 

and Hf1-xZrxO2 (HZO) has shown various promising properties in terms of the k value and 

reliability considerations,[25] but the detailed evolution of the phase and the accompanying 

electrical properties as a function of x (Zr atomic concentration) have not been studied in 

detail. 

In this report, therefore, attempts to improve the structure (monoclinic  tetragonal) 

and electrical properties of the HfO2 film by combining the ALD processes using O2 and 

O3 as oxygen sources, where the films with O2 and O3 should be of the tetragonal and 

monoclinic phases, respectively, after the appropriate PDA were made. Two different 

configurations combining the O2- and O3-based ALD processes were adopted: the O2 layer 

seed approach, where a thin HfO2 layer of O2-based ALD was adopted first and a thicker 

main HfO2 layer was subsequently deposited using O3-based ALD; and the multilayer 

approach, where the HfO2 layers of O2- and O3-based ALD are alternatively deposited. In 

both cases, the O2-based ALD HfO2 layer was expected to crystallize into the tetragonal 

phase, which would promote the transition of the O3-based ALD HfO2 layer from the 
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monoclinic phase to the tetragonal phase. Such approaches, however, failed to attain the 

goal; the very thin (2 nm) O2 layer seed did not crystallize well into the tetragonal phase, 

or the crystallization of the O3-based ALD HfO2 layer on top of the seed layer was not 

influenced by the underlying layer. In the multilayer approach, the O2- and O3-based ALD 

HfO2 layers crystallize into the tetragonal and monoclinic phases, being quite independent 

of each other’s crystallization. Therefore, finally, the HZO films with x values ranging from 

0.1 to 0.9, in addition to the pure HfO2 and ZrO2 films, where all the ALD processes adopted 

O3 as the oxygen source, were prepared, and the evolution of their structural and electrical 

properties were examined for the different TPDA values. 

 

4.1.2 Experimental Processes 

4.1.2.1 O2 with O2- and O3-based ALD 

All the HfO2 films were deposited on deionized-water-diluted, hydrofluoric-acid-(HF)-

cleaned p-type Si(100) wafers with 10 Ωcm resistivity via ALD at a substrate temperature 

of 280oC, using tetrakis-ethylmethylamino-hafnium (Hf[N(CH3)(C2H5)]4, TEMAHf) as the 

Hf precursor and different oxygen sources (O2 and O3). O3 was generated by flowing a 

mixture of O2 (1,350 sccm) and N2 (10 sccm) into an ozone generator (Astex, AX8200). 

The ozone concentration was fixed as null (for the O2 oxygen source) and 140 g/m3. The 

optimized Hf precursor pulse, Ar purge, O2 (or O3) pulse, and Ar purge times were 3, 20, 3, 

and 10s, respectively, where an Ar purge gas flow rate of 200 standard cubic centimetre per 

min (sccm) was adopted. The Hf precursor vapour was achieved by heating the Hf 

precursor canister to 60◦C, and it was transported into the cross-flow-type ALD reactor, 

which is capable of processing an 8-inch-diameter wafer, with the help of Ar carrier gas 
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with a flow rate of 200 sccm. The HfO2 film growth rates (thickness increases per ALD 

cycle) using the O2- and O3-based ALD processes were determined to be 0.087 and 0.114 

nm/cycle, respectively, which were determined by the slope of the plot of film thickness vs. 

deposition cycles. The thin-film thickness was determined using a spectroscopic 

ellipsometer (J.A. Woollam Co.inc) and an X-ray reflectivity (XRR, Pan Analytical X-pert 

PRO MPD). 

For the experiment with the O2 layer seed approach, a 2-nm-thick HfO2 film was 

deposited first using O2 gas, and PDA was performed using a rapid thermal annealing (RTA) 

tool for 30s at temperatures ranging from 400 to 1000◦C under a N2 atmosphere, which is 

supposed to form tetragonal-phase HfO2, although direct identification of the crystalline 

phase via glancing angle X-ray diffraction (GAXRD) was not possible due to its extreme 

thinness. Then, an additional 8-nm-thick HfO2 layer was deposited using the O3 oxygen 

source to make the overall film thickness 10 nm. These thin films were again annealed via 

RTA at temperatures ranging from 400 to 750◦C under a N2 atmosphere. 

For the multilayer approach, three samples with alternative depositions of the HfO2 

layers with O2- and O3-based ALD were used, where the layer thicknesses were 2/4, 3/3, 

and 4 nm/2 nm, respectively. Such multi-step depositions were performed twice to make 

the overall film thickness 12 nm. As references, the 12-nm-thick HfO2 films with O2-only 

or O3-only processes were also prepared. The films were also annealed via RTA at similar 

temperatures. 

 

4.1.2.2 Hf1-xZrxO2 ALD 

Hf1-xZrxO2 films with varying x values were prepared by combining the ALD processes 
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of HfO2, described above with O3 as the oxygen source, and ZrO2, which was accomplished 

through a process similar to that for HfO2, except for adopting the tetrakis-

ethylmethylamino-zirconium (Zr[N(CH3)(C2H5)]4, TEMAZr) as the Zr precursor. The 

growth rate of ZrO2 using this specific process was 0.098 nm/cycle, similar to that of HfO2. 

The growth rates of the HfO2 and ZrO2 components of the HZO film were almost invariant 

from those in the component oxide films, which was probably due to the similar chemical 

structures of the precursors as well as the deposited films, allowing composition control to 

be achieved easily by controlling the cycle ratio of the two ALD processes. A similar PDA 

was also applied to the HZO films. 

The film microstructure and crystalline phases were examined using an atomic force 

microscope (AFM, JEOL JSPM 5200) in contact mode, and GAXRD. The depth profiles 

of the chemical composition of the HZO films were examined using Auger electron 

spectroscopy (AES, Perkin Elmer Model 660), and the overall Hf:Zr ratio of the films was 

examined with  X-ray fluorescence spectroscopy (XRF, Thermoscientific, ARL Quant’x). 

For the electrical-property examination, metal insulator semiconductor (MIS) 

capacitors were fabricated with sputter-deposited Pt top electrodes through a shadow mask 

with 300-m-diameter holes. Forming gas annealing was performed to passivate the 

dangling bonds at the interface between the oxide and the substrate under a 

H2(5%)+N2(95%) mixture gas atmosphere, at 450oC, for 10 min. The capacitance-voltage 

(C-V) was measured using an HP 4194A impedance analyser, at the frequency of 100 kHz. 

The oxide leakage current (Jg) was investigated using an HP 4140B picoammeter/DC 

voltage source. The Pt gate was biased while the Si substrate was grounded during the 

electrical measurements. 
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4.1.3 Results and Discussion 

4.1.3.1 Control of the HfO2 microstructure using the O2- and O3-based ALD 

processes 

Before the O2 layer seed and multilayer approaches were undertaken, the phase evolution 

behaviors of the HfO2 films using the O2- and O3-based ALD processes were examined via 

GAXRD, as a function of TPDA. Figures 4.1.1(a) and (b) show the variations in the GAXRD 

spectra of the 10-nm-thick HfO2 films grown through the O2- and O3-based ALD processes, 

respectively, with increasing TPDA (from 400 to 750◦C). Both as-deposited films showed no 

notable diffraction peak, except for the peaks originated from the Si substrate (2Θ~55o), 

suggesting that both films were amorphous. When the TPDA was 400-650oC, no significant 

changes were observed in the GAXRD spectra for the O2-based ALD films (Figure 

4.1.1(a)), suggesting retained amorphous structures in such cases. When the TPDA was 700 

and 750oC, clear peaks near 2Θ of 30.5o and 35.1o emerged, which were assigned to the 

(111) and (002) peaks of the tetragonal HfO2 phase. This is in good agreement with the 

previous report by Cho et al. [13], where the incorporated carbon-related impurities 

adversely interfered with the crystallization and grain growth of the films into the 

monoclinic phase, and enhanced the crystallization into the tetragonal phase when the TPDA 

was high enough. In contrast, the GAXRD spectra for the O3-based ALD films showed 

clear diffraction peaks corresponding to the monoclinic phase from the TPDA of 400◦C 

(Figure 4.1.1(b)), suggesting that the films were well crystallized into the monoclinic phase 

from such a low temperature. There was a small intensity near 2Θ of 30.5o, which implies 

that a small amount of tetragonal phase was formed in this case, but its intensity was general 
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Figure 4.1.1 Variations in the GAXRD spectra of the 10-nm-thick HfO2 films grown 

through the (a) O2- and (b) O3-based ALD processes, with 400-750◦C increasing TPDA (m: 

monoclinic; t: tetragonal). 

 

Figure 4.1.2 GAXRD spectra of the experimental attempts using the O2 layer seed 

approach, where (a) the TPDA of the O2-based seed layer (2 nm thick) was varied from 700 

to 1000◦C while the TPDA after the main-layer ALD using the O3-based process was fixed 

at 700◦C, and (b) the TPDA after the main-layer ALD using the O3-based process (8 nm thick) 

was varied from 400 to 1000◦C while the TPDA of the O2 layer seed was fixed at 700◦C. (m: 

monoclinic, t: tetragonal). 
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ly negligible compared with the peaks from the monoclinic phase, meaning that the HfO2 

film from the O3-based ALD process mainly crystallized into the monoclinic phase. Based 

on these results, the O2 layer seed approach was used to convert the main layer of HfO2 

film grown by the O3-based ALD process to the tetragonal-phase. Figures 4.1.2 (a) and (b) 

show the GAXRD spectra of the experimental attempts using the O2 layer seed approach, 

where the TPDA of the O2-based seed layer (2-nm-thick) was varied from 700 to 1000oC 

while the TPDA after the main-layer ALD using the O3-based process was fixed at 700◦C in 

Fig. 4.1.2 (a), and the TPDA after the main-layer ALD using the O3-based process (8 nm 

thick) was varied from 400 to 1000◦C while the TPDA of the O2 layer seed was fixed at 700

◦C in Fig. 4.1.2 (b). Contrary to what was expected, all the layers crystallized mainly into 

the monoclinic phase, although the most intense peak was (111) whereas it was (111) in 

Fig. 4.1.2 (b). The GAXRD spectra of the sample with no second PDA in Fig. 4.1.2 (b) 

showed no clear peaks from HfO2, suggesting that the 2-nm-thick O2 layer seed was not 

crystallized even after the PDA at 700◦C, or that its crystallinity was too low to show a clear 

diffraction peak in GAXRD. This result implies that the 2-nm-thick O2 layer seed was not 

efficient enough to transform the 8-nm-thick main HfO2 layer into the tetragonal phase. 

Increasing the thickness of the O2 layer seed could be an option to increase the 

transformation of the crystal structure to tetragonal, but this would inevitably increase the 

overall impurity concentration in the film, which must be accompanied by the degradation 

of the electrical properties. Therefore, an alternative method, the multilayer approach, was 

adopted, and the results are summarized in Fig. 4.1.3. 

Figure 4.1.3 (a) shows the schematic diagram and layer-depositing sequence of the 

multilayer approach. Five different samples with different portions of O2-based ALD, 100%  
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Figure 4.1.3 (a) Schematic diagram and layer-depositing sequence of the multilayer 

approach. (b) GAXRD results of samples S1-S5 after PDA at 700◦C. (c) AFM topographical 

images of the five samples, and (d) summary of the average grain size estimated via AFM. 
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in S1 to 0% in S5, were prepared, and the GAXRD results after the PDA at 700◦C are shown 

in Fig. 4.1.3 (b). S1 and S5 show almost pure monoclinic and tetragonal phases, as can be 

expected from the results in Fig. 4.1.1. Samples S2, S3, and S4 showed increasing portions 

of tetragonal-phase peaks as the O2-based ALD portion increased, but the formation of the 

monoclinic phase was not completely suppressed even when the portion of the O2-based 

ALD process was as high as 66% (S4). Figure 4.1.3 (c) shows the AFM topographical 

images of the five samples, and the variation in the average grain size estimated from the 

AFM images are summarized in Fig. 4.1.3 (d). With the increase in the portion of the O2-

based ALD process (therefore increasing the tetragonal phase), the grain size decreased, 

which is in agreement with the other reports.[25-27] These results suggest that the 

crystallization of the HfO2 layer grown through the O2- and O3-based ALD processes 

almost always crystallized into the tetragonal and monoclinic phases, respectively, with the 

presence of other phases nearby being irrelevant. Figure 4.1.3 (e) shows the variation in Jg 

measured at 1 V for the five samples. It can be understood that the films with a higher 

portion of the O2-based ALD process became electrically leakier, which precluded the 

accurate estimation of the C-V curves especially for S3-S5. Therefore, it can be concluded 

that adopting the two methods, the O2 layer seed and multilayer approaches, could not be 

a viable way of achieving improved electrical properties (higher-k with low Jg). This is due 

to the involvement of an excessively high impurity concentration in the film with a higher 

portion of the O2-based ALD process. Therefore, alloying the HfO2 film with ZrO2 was 

attempted in this study, as will be discussed in the next section. 

 

4.1.3.1 Hf1-xZrxO2 films grown through cycleric ALD processes of HfO2 and ZrO2 
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HfO2 and ZrO2 have similar structural characteristics and dielectric properties due to their 

identical chemical environments in the three crystallographic structures (monoclinic, 

tetragonal, and cubic phases). There are subtle differences, however, in the transition 

temperatures and surface energies between the different phases of the two materials, 

making the tetragonal-phase ZrO2 much easy to be formed under the usual ALD and PDA 

conditions. This was very well acknowledged in the fabrication of a high-k capacitor for a 

highly scaled dynamic random access memory, [28],[29] where the tetragonal-phase ZrO2 

with an approximate k value of 35-40 was maturely adopted by combining it with an ultra-

thin Al2O3 layer. The active adoption of ZrO2 in CMISFET, however, has been hindered by 

the possible chemical interaction of ZrO2 with the Si substrate or the polycrystalline Si 

(poly-Si) electrode, which was reported at the early stage of the abrupt surge of high-k 

research in the early 2000s.[30] This can be attributed to the slightly smaller oxide 

formation of ZrO2 compared with HfO2 (177.7 vs. 230.9kJ/mole at 1000 K).[30] The use 

of a metal gate (typically TiN), however, eliminates the possible direct contact between the 

high-k gate dielectric and poly-Si in the advanced gate stack structure.[31],[32] In addition, 

the almost omnipresent SiO2 layer (~1 nm thick) between the high-k gate dielectric and the 

Si substrate also largely relieved the concern about the serious chemical interaction 

between them.[33] Therefore, it is quite safe to adopt even pure ZrO2 as the high-k gate 

dielectric nowadays, but the relatively low thermodynamic stability of ZrO2, mainly due to 

the weaker bonding between Zr and O compared with that between Hf and O, can give rise 

to concerns regarding the long-term reliability of CMISFET.[25] Therefore, alloying it with 

HfO2 to achieve both a higher-k value and sufficient stability could be a viable approach 

for the next-generation higher-k research 
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Figure 4.1.4 (a) Variations in the HfO2 and ZrO2 film thicknesses as a function of the ALD 

cycle number, where the thickness growth rates of the HfO2 and ZrO2 films were 0.114 and 

0.098 nm/cycle, respectively. (b) Variation in the Zr content of the film, measured via XRF, 

as a function of the ZrO2 ALD cycle ratio. (c) Variation of the Zr and Hf concentrations in 

the Hf0.75Zr0.25O2 film as a function of TPDA. (d) AES depth profile of the as-deposited 

Hf0.49Zr51O2 film. 
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Figure 4.1.4 shows a summary of the ALD properties of the HZO film. Figure 4.1.4 (a) 

shows the variations in the HfO2 and ZrO2 film thicknesses as a function of the ALD cycle 

number, confirming the highly linear growth behavior under this condition. The thickness 

growth rates of the HfO2 and ZrO2 films were 0.114 and 0.098 nm/cycle, respectively. 

Figure 4.1.4 (b) shows the variation in the Zr content of the film, measured via XRF, as a 

function of the ZrO2 ALD cycle ratio (number of ZrO2 ALD cycles/total number of ALD 

cycles). Due to the similar growth rates of the two oxide films, the Zr concentration in the 

film varies linearly with the ZrO2 ALD cycle ratio. Figure 4.1.4 (c) shows the variation of 

Zr and Hf concentrations in Hf0.75Zr0.25O2 film as a function of TPDA. There is no notable 

change in the Zr/Hf ratio up to the TPDA of 1000◦C, which is certainly understandable due 

to the very low vapor pressure of both oxides at these TPDA values.[34] Figure 4.1.4 (d) 

shows the AES depth profile of the as-deposited Hf0.49Zr0.51O2 film, confirming the uniform 

composition along the thickness direction of the film. 

Figure 4.1.5 shows a summary of the evolution of the phases of the HZO films. Figure 

4.1.5 (a) shows the GAXRD spectra of the HZO films with different Zr concentrations after 

the annealing of the 10-nm-thick films via RTA at 700◦C. When the Zr concentration was 

up to 25%, the films mainly had monoclinic structures, as can be understood from the 

emergence of peaks corresponding to the monoclinic phase, although a peak near 2 of 

30.5o corresponding to the tetragonal phase slightly emerged as the Zr concentration 

increased. When the Zr concentration was higher than ~50%, however, the film structure 

suddenly changed to mainly tetragonal, as can be understood from the large increase in the 

peak intensity near 2 of 30.5o, and from the decrease in the intensities of the peaks 

corresponding to the monoclinic phase. Therefore, it can be understood that alloying the  
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Figure 4.1.5 (a) GAXRD spectra of the HZO films with different Zr concentrations after 

the annealing of the 10-nm-thick films via RTA at 700◦C. (b) GAXRD spectra of the 

Hf0.49Zr0.51O2 film with 400-1000◦C TPDA variation. 

 

 

 

 

 

 



    121 

HfO2 film with ZrO2 with a Zr concentration >~50% is an effective method of 

transforming the crystal structure from monoclinic to tetragonal. Figure 4.1.5 (b) shows the 

variation in the GAXRD spectra of the Hf0.49Zr0.51O2 film with a 400-1000◦C TPDA variation. 

It can be noted that even the as-deposited film was already crystallized with mainly the 

tetragonal phase, which well coincides with the low crystallization temperature of ZrO2 in 

the tetragonal phase.[23],[25] When the TPDA was lower than 600oC, the predominantly 

tetragonal structure of the film was retained. It came to be dominated by the monoclinic 

phase, however, when TPDA increased to over 700◦C, even though a portion of the tetragonal 

phase was retained. The transformation into the monoclinic phase can be understood from 

the grain growth of the film as TPDA increases, which must be accompanied by 

transformation into the stable monoclinic phase from the bulk energy viewpoint. There 

appears to be a slightly more complicated phase transition behavior, however, than what 

could be expected from the simple argument based on the competition between the bulk 

and surface energies. 

Figures 4.1.6 (a)-(d) show the AES depth profile results of the Hf0.75Zr0.25O2 film for the 

as-deposited film and after the PDA at 400, 600, and 800oC, respectively. It will be recalled 

that the overall film composition, which was checked via XRF, as shown in Fig. 4.1.4 (c), 

did not show any change upon PDA up to the TPDA of 1000oC. Figures 4.1.6 (a)-(c) show 

that there was no major change in the Hf and Zr concentration distributions up to the TPDA 

of 600◦C, but there was a sudden change in them at 800oC (Fig. 4.1.6 (d)). The film became 

clearly distinguished into two layers, where the interface region with Si became Hf-rich 

whereas the surface region became relatively Zr-rich compared with the original 

composition ratio. From the GAXRD data shown in Fig. 4.1.5 (a), it can be inferred that  
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Figure 4.1.6 AES depth profile results of the Hf0.75Zr0.25O2 film for the (a) as-deposited 

film, and after PDA at (b) 400, (c) 600, and (d) 800◦C. 
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the Hf-rich interface region should be monoclinic whereas the relatively Zr-rich surface 

region could be tetragonal. This can again be understood from the surface energy argument: 

the surface region has a higher portion of free surface so that the grains closer to the film 

surface could be more largely influenced by the surface energy rather than by the bulk free 

energy. As the surface energy of the tetragonal phase is lower than that of the monoclinic 

phase,[35],[36] and as ZrO2 has a higher tendency to be tetragonal-phase,[26],[17] 

presumably due to the larger surface energy difference between the two phases compared 

with that of HfO2, Zr atoms tend to move towards the surface region while Hf atoms have 

the opposite tendency of diffusion during PDA at sufficiently high temperatures. Such a 

characteristic move of the Zr and Hf atoms during PDA can explain the coexistence of both 

phases even at the highest temperature of 1000◦C. 

Figures 4.1.7 (a) and (b) show the three-dimensional plot of the typical GAXRD peak 

intensities of the monoclinic phase (2=32.0o, (111)) and the tetragonal phase (2=30.5o, 

(101)), respectively. It can be clearly understood that the tetragonal portion increased with 

the increasing Zr concentration and decreasing TPDA. The coexistence of the two phases in 

most of the conditions can be explained by the compositional segregation of Hf and Zr 

atoms, as discussed above. 

The analysis of the average grain size using AFM also confirmed the crystallographic 

evolution of the phases based on the grain size and the accompanying surface energy 

arguments, as shown in Figure 4.1.8. It can be understood that the grain size and surface 

roughness decrease with increasing Zr concentration at the same 700◦C TPDA condition. For 

the given Zr concentration, the increasing TPDA increases the average grain size and surface 

roughness values. (Table 4.1.1). 
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Figure 4.1.7 Three-dimensional plot of the typical GAXRD peak intensities of (a) the 

monoclinic phase (2=32.0o, (111)) and (b) the tetragonal phase (2=30.5o, (101)). 
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The electrical properties of the HZO films were examined when the TPDA was varied for 

the given Zr concentration (25%) in Fig. 4.1.9, and when the Zr concentration was varied 

for the given TPDA (700◦C) in Fig. 10. All the as-deposited films were 10-nm-thick. Figure 

4.1.9 (a) shows the C-V curves of the Hf0.75Zr0.25O2 film before and after PDA at 400, 600, 

800, and 1000◦C, respectively. All the C-V curves show well-behaved shapes, allowing the 

estimation of the capacitance-equivalent thickness (CET) from the accumulation 

capacitance value at -2.5 V without simulating them, which is usually required for very thin 

dielectric films due to the involvement of the leakage current. The Jg-V curves were also 

estimated (data not shown), and the Jg values at -1 V are summarized in Fig. 4.1.9 (b) as 

functions of CET and TPDA. The accumulation capacitance (CET) value generally decreased 

(increased) with the increasing (decreasing) TPDA, which can be ascribed to the increase in 

the interfacial-layer (IL, most probably the SiO2 layer containing some amount of Hf and 

Zr) thickness and the transformation of the crystal structure of the HZO layer from the 

mixture of monoclinic and tetragonal phases to a more monoclinic dominant phase, which 

has a lower k value (Figure 4.1.9 (c) for the variation of CET as a function of TPDA). Another 

notable finding is the gradual shift of the C-V curves into the negative voltage direction 

with the increase in the TPDA, which suggests increased positive fixed charges in the 

dielectric layer with the increasing TPDA. The inclusion of positive charges in the dielectric 

layer can be ascribed to the increase in the oxygen vacancy concentration in the HZO layer, 

where some of the oxygen ions diffused from the HZO layer to the interface region, with 

Si forming the IL. This can be confirmed from the AES depth profile results of the oxygen 

signal shown in Fig. 4.1.6, where the oxygen concentration at the interface clearly increased 

when the TPDA was 800◦C. The oxygen vacancies in HfO2 and ZrO2 tended to be positively  
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Figure 4.1.8 (a) C-V curves of the Hf0.75Zr0.25O2 film before and after PDA at 400, 600, 

800, and 1000◦C, respectively. (b) Three-dimensional plot of the Jg values at -1 V as 

functions of CET and TPDA. (c) Variation of CET as a function of TPDA. (d) Variation of the 

Jg values at -1 V as a function of TPDA. (e) Variation of the Jg values at -1 V as a function of 

CET. 

 

Table 4.1.1 Average grain size (G.S) and RMS roughness of HZO films with different Zr 

concentrations (left) and TPDA where the Zr concentration was 51% (right). 

 

Zr concentration dependency (x, Hf1-xZrxO2) TPDA dependency (Hf0.49Zr0.51O2)

x 0.0 0.25 0.51 0.85 1.0 TPDA (oC) No PDA 600 900

G.S(nm) 112.6 92.2 71.3 64.9 55.4 G.S(nm) 54.5 72.8 87.3

RMS(nm) 2.74 2.39 2.23 1.99 1.78 RMS(nm) 1.68 2.03 2.53
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Charged, [37] and as such, the increase in oxygen vacancy concentration induced the shift 

of the C-V curve to the negative voltage direction. Figure 4.1.9 (b) (and 4.1.9 (d)) shows 

that Jg stayed at a very low level up to the TPDA of 600oC, but it largely increased when it 

became higher than 700oC. This may also be understood to be due to the tendency of 

oxygen vacancy formation at a higher TPDA, but the compositional segregation and the 

accompanying formation of a layered structure composed of disparate monoclinic and 

tetragonal phases on the interface and surface regions can further aggravate Jg due to the 

possible stress effects between them. The abrupt increase in Jg at the TPDA of 800oC 

indicates that the latter has higher significance in determining Jg. Figure 4.1.9 (e) shows the 

relationship between Jg and CET. While Jg usually decreases with increasing CET,[13] the 

opposite was observed, especially when CET was >~4 nm, which must be ascribed to the 

formation of disparate phases and the accompanying stress effects. Therefore, the TPDA 

temperature should be lower than ~700◦C to ensure desirable dielectric performance from 

the HZO film. It must be reiterated that the physical thickness (10 nm), and thus the CET, 

in the present work was unreasonably thick to be directly applied to the actual CMISFET 

devices, but the primary aim of the present work was to examine the evolution of the 

crystalline phase with the Zr concentration and TPDA, which requires a film thickness of at 

least 10 nm. 

Figure 4.1.10 (a) shows the variations in the C-V curves of the 10-nm-thick HZO films 

with different Zr concentrations after PDA at 700◦C. As the Zr concentration increased 

(decreased), the capacitance (CET) increased (decreased) due to the higher incorporation 

of the tetragonal phase. Interestingly, there was no shift in the C-V curves along the voltage 

axis despite the different Zr concentrations. This suggests that there was no significant  
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Figure 4.1.9 (a) C-V curves of the Hf0.75Zr0.25O2 film before and after PDA at 400, 600, 

800, and 1000oC, respectively. (b) Three-dimensional plot of the Jg values at -1 V as 

functions of CET and TPDA. (c) Variation of CET as a function of TPDA. (d) Variation of the 

Jg values at -1 V as a function of TPDA. (e) Variation of the Jg values at -1 V as a function of 

CET. 
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difference in the oxygen vacancy concentration between the HfO2 and ZrO2 films. Figure 

4.1.10 (b) shows a summary of the Jg values at -1 V as functions of CET and the Zr 

concentration. Figure 4.1.10 (c) shows the variation in CET as a function of the Zr 

concentration, where an abrupt decrease in CET was observed at the Zr concentration of 

~50%, which is due to the abrupt increase in the portion of the tetragonal phase in the HZO 

film. In contrast, there was no abrupt increase in Jg, but it gradually increased with the 

increasing Zr concentration, as shown in Fig. 4.1.10 (d), which can be ascribed to the 

slightly lower bandgap of ZrO2 (5.5 – 5.6 eV) compared with that of HfO2 (5.8 - 6.0 eV).[38] 

Figure 4.1.10 (e) shows the variation in Jg as a function of CET, where it decreased with 

the increasing CET, which is consistent with the usual expectation. As the effective film 

thickness did not vary significantly, this was due to the increased bandgap of the HZO film 

with higher CET (higher Hf concentration). 

Finally, the k values of the HZO films with several Zr concentrations and TPDA values 

were inferred from the plot of CET as a function of the physical oxide thickness (POT), as 

shown in Fig. 4.1.11 (a), and the results are summarized in Fig. 4.1.11 (b). Here, the POT 

was varied from 3 to 14 nm under each condition, the TPDA values of 600, 700, and 800◦C 

were adopted, and CET was extracted from the accumulation capacitance values. As can 

be seen in Fig. 4.1.11 (a), the CET was from 1.0 to 1.5 nm when the HZO films were ~3 

nm thick, which is a reasonable result for a high-k film but does not correspond to the 

performance that could be expected from higher-k dielectrics (CET <<1 nm). The y-axis 

intercept for each condition was commonly 0.6-0.7 nm, suggesting that the IL formation 

and possible interface layer effect at the HZO/Pt interface are quite independent of the Zr  
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Figure 4.1.10 (a) C-V curves of the Hf1-xZrxO2 film after PDA at 700oC, where x=0, 0.25, 

0.51, 0.72, and 1.0, respectively. (b) Three-dimensional plot of the Jg values at -1 V as 

functions of CET and the Zr concentration. (c) Variation of CET as a function of the Zr 

concentration. (d) Variation of the Jg values at -1 V as a function of the Zr concentration. 

(e) Variation of the Jg values at -1 V as a function of CET. 
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concentration. [39] The experimental CET vs. POT plots for each condition showed a linear 

relationship in this experimental POT range, suggesting that there was no significant 

change in their structure along the film thickness. Figure 4.1.11 (b) shows that the k values 

of HfO2 and ZrO2 were ~15 and 29, respectively, which were estimated from the inverse 

slope of the best-linear-fitted graphs in Fig. 4.1.11 (a) when the TPDA was 700◦C. On the 

other hand, the k value of HfO2 was quite reasonable compared with that in the other reports, 

[40] while that of ZrO2 was certainly lower than the theoretical estimation for the tetragonal 

phase[41] or that from the metal-insulator-metal (TiN/ZrO2/TiN) structure,[23] which is 

~40. This may be ascribed to the inclusion of the low crystalline phase, such as silicates, 

through the diffusion of Si from the substrate, or to the unfavorable orientation of the 

tetragonal grains to produce the optimal k value. It must be noted that the reported k values 

in Fig. 4.1.11 (b) were free from the influence of IL and from the interface effects from the 

gate; they represented the sole film bulk properties. The k values of the HZO films were in 

between the two end members, as expected, while a slightly higher k value can be achieved 

as the Zr concentration increases. This can be understood from the higher content of the 

tetragonal phase. Interestingly, the higher the TPDA was, the lower the k value. This can be 

understood from the greater transformation of the tetragonal phase to the monoclinic phase 

with increasing TPDA for the three Zr concentrations that were examined. It also indicates 

that the possible increase in k value by the enhanced crystallization at a higher TPDA is not 

relevant for these HZO films and TPDA range. 

 

4.1.4 Conclusion 

In conclusion, an attempt was made to increase the k values of an HfO2 film by  
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Fig.4.1.11. (a) Variation of CET as a function of the physical oxide thickness for different 

Zr concentrations and TPDA. (b) Summary of the k values for the different conditions. 
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transforming its structure from the monoclinic to the tetragonal phase. For this purpose, the  

tetragonal seed HfO2 layer and multilayer approaches were used based on the fact that the 

ALD process using O2 as the oxygen source induced tetragonal-phase HfO2 after PDA at 

temperatures higher than 700oC. The 2-nm-thick (presumably tetragonal) HfO2 seed layer, 

however, was not effective in transforming the structure of the 8-nm-thick HfO2 layer 

grown on top using O3 as the ALD oxygen source. This was also the case for the multilayer 

approach even when the portion of the O2-based ALD was as high as 66%. This suggests 

that the driving force for forming the thermodynamic stable phase (monoclinic) 

overwhelmed the interface energy effect between the two different phases, which would 

have induced the desired transformation. 

Alloying the HfO2 film with ZrO2 was an effective method of changing the structure from 

monoclinic to tetragonal, where the bulk k values of pure HfO2 (monoclinic) and pure ZrO2 

(tetragonal) were 15 and 29, respectively, after PDA at 700oC. While the k values of the 

HZO film could be tuned by the Zr concentration and PDA temperature, the increase of the 

PDA temperature to over 800◦C induced the compositional segregation of HZO, which was 

highly detrimental to the leakage current. This was believed to have been induced by the 

tendency of forming a more tetragonal-like Zr-rich region near the surface and a more 

monoclinic-like Hf-rich region near the Si interface region. When the PDA temperature 

was limited to 700◦C, the CET could be decreased by 1.6 nm by changing the film 

composition from HfO2 to ZrO2, although the film thickness was identical (10 nm). There 

was also a general increase in leakage current, however, with the increasing Zr 

concentration, which can be ascribed to the smaller bandgap of ZrO2 compared with that 

of HfO2. Therefore, detailed optimization must be conducted to achieve the maximum 
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decrease in CET while minimizing the leakage increase. A critical Zr concentration was 

found (between 50 and 70%), in which the CET decrease was quite abrupt but the increase 

in leakage was not very evident. Therefore, further detailed research must be conducted in 

this Zr concentration range to further improve the gate dielectric performance of future 

CMISFET devices. 
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4.2 Oxynitride surface treatment and passvaition layer effect 

on Ge substrate using high-k Hf-Zr-O dielectric materials  

 

4.2.1 Introduction 

Further enhancement of Si metal-oxide-semiconductor field effect transistors(MOSFET) 

performances is becoming increasingly difficult because the traditional device scaling is 

approaching the physical limitations [1]. Ge is considered to be a promising material for 

replacing Si in complementary metal-oxide-semiconductor (CMOS) technology due to its 

high hole carrier mobility, appropriate band gap and low dopant activation temperature [2, 

3]. In the case of SiO2 /Si stack, the interfacial reaction at typical processing temperatures 

is little concern. A stable SiO2/Si interface enables the use of a wider temperature range for 

processing techniques. However, unlike Si, while gate stacks employing GeO2 as dielectric 

materials have been shown to achieve low interface state density (Dit) and carrier 

mobility(μ) higher than in Si, the low dielectric constant (5.5-5.9) and poor thermal and 

chemical stability of GeO2 makes it a difficult oxide choice for effective oxide 

thickness(EOT). The redox kinetic reactions of GeO2 + Ge  2GeO easily start to occur 

even in the 450◦C. [4, 5] In addition, in order to realize advanced Ge MOSFETs, high-k / 

Ge gate stacks with thin equivalent oxide (EOT) are mandatory. The direct high-k / Ge 

interfaces typically have a large Dit which causes significant degradation of mobility and 

gate oxide reliability. [6] The desorption of GeO from a high-k / Ge system deteriorates the 

surfaces and interface quality, which finally leads to the electrical characteristics 

degradation. [7] These degradation is accelerated in high temperature which is 
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accompanied by thermal budget of Ge MOSFET fabrication. Therefore, suppressing the 

GeO desorption is essential to improve the interface quality so as to fabricate the Ge-based 

devices for future applications. [8] 

Therefore, to achieve Ge MOS devices with good performances, it is necessary to 

overcome many challenges resulting from the thermodynamically unstable GeO2 / Ge 

interface. Many attempts, such as high-pressure oxidation (HPO) [9], O radical oxidation 

[10], surface and interfacial nitridation [11, 12], S- or F-passivation [13, 14], and rare earth 

capping [15], have been applied to improve the high-k / Ge or oxide / Ge system stability.  

Interfacial layer(IL) is necessary to passivate the high-k / Ge interfaces.   

Recently, by applying the abovementioned techniques, Ge-pMOSFET and Ge-

nMOSFET with remarkable electric characteristics have been reported in which the GeO 

desorption could be considerably suppressed and the Dit was reduced down to quite low 

values (mid 1010-1011 cm-2 eV-1).  Although currently some successes have ben archived 

through optimizing the process, much effort is still needed to apply it industrially with good 

performance endurance until high process temperature around 650◦C which is related to 

dopant activation annealing temperature. [3, 16] For further interface control and 

passivation layer applications on Ge substrate, the reactions among high-k / IL / Ge systems 

need to be systematically understood through the wide process temperature range 

In this contribution, firstly, properties of high-k / Ge system were verified using Hf-Zr-

O (HZO) dielectrics materials without surface treatment and interfacial layers in the various 

PDA temperature. In the previous work, we analyzed properties of HZO dielectric materials 

with Zr contents and PDA temperature on Si substrate.[17] On Si substrate, the smaller 

EOT was achieved, as the Zr contents increase and the PDA temperature decrease, and 
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electrical stability was confirmed up to 1000◦C. From the silimar stems, properties of HZO 

oxide on Ge substrate were checked by Zr contents and PDA temperature. Secondly, one-

step oxynitirde(GeOxNy) surface treatment is applied on HF cleaned Ge substrate. In 

general, for GeON film formation, 3 steps such as rapid thermal oxidation(RTO) for GeO2, 

rapid thermal nitration(RTN) for inserting nitrogen into GeO2 and post nitridation 

annealing(PNA) for in-diffusion of nitrogen are used [12, 18]. However, at this time, one-

step oxynitride method is considered by rapid thermal annealing(RTA) in the mixed NH3 

and O2 ambient at the same time, and it was processed in short time for 1miniute to derive 

an effect of surface treatment not to form rather thick film. Thirdly, ALD grown passivation 

layers of SiO2, AlSixOy, and Al2O3 were prepared with a various of film thickness and PDA 

temperature ranging from as-deposited to 650◦C enough high to demonstrate process 

induced heat budget effect on the top of GeOxNy surface-treated Ge substrate. Thermal 

stability by PDA temperature were verified as a difference of PLs and interfacial states of 

capacitance extracted thickness(CET), hysteresis voltage(Vhy), density of interfacial defect 

(Dit) were investigated in details.  

 

4.2.2 Experimental process 

Ga-doped p-type Ge(100) wafers with a 0.015-0.028 Ω∙cm resistivity were used as 

substrates. To remove the native oxide(GeOx) prior to surface treatment and dielectric 

deposition, the substrates were cleaned by cyclic rinsing using 100:1 HF solution and DI 

wafer[19]. Then, the wafers were dried in a high purified nitrogen(N2) gas and then 

immediately loaded into RTA tools or atomic layer deposition(ALD) chamber.   

Hf1-x ZrxO2 films with varying x values were prepared by combining the ALD processes 
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of HfO2 using the tetrakis-ethylmethylamino-hafnium(Hf[N(CH3)(C2H5)]4, TEMAH) as 

the metal precursor with O3 as the oxygen source, and ZrO2, which was accomplished 

through a process similar to that for HfO2, except for adopting the tetrakis-

ethylmethylamino-zirconium(Zr[N(CH3)(C2H5)]4, TEMAZ) as the Zr precursor. O3 was 

generated by flowing a mixture of O2(1350 sccm) and N2(10 sccm) into ozone generator 

(A stex, AX8200). The ozone concentration was fixed as 170g/m3. The optimized Hf and 

Zr metal source pulse, Ar purge, O3 pulse, and Ar purge times were 3, 20, 3 and 10s, 

respectively, where an Ar purge gas flow rate of 200 sccm was adopted. The Hf and Zr 

precursor vapor were achieved by heating the source canister to 60◦C, and these were 

transported into the cross-flow-type ALD reactor, which is capable of processing an 8-in.-

diameter wafer, with the help of Ar carrier gas. Prepared Hf1-x ZrxO2 oxide film thickness 

is precisely controlled by cycle numbers and Zr contents (x) were determined by cycle ratio 

change of ZrO2 vs HfO2 formation sub-cycle number. The thin-film thickness was 

determined using a spectroscopic ellipsometer (SE, J.A. Woollam Co. inc). After Hf1-x 

ZrxO2 films deposited, post deposition annealing(PDA) was performed using a rapid 

thermal annealing (RTA) tool for 30s at temperatures ranging from as-deposited (room 

temperature) to 650◦C under a N2 atmosphere.  

For oxynitride surface treatment, RTA was performed in the mixed NH3 and O2 gas 

ambient at 550◦C, for 60s as for the optimized conditions. During annealing process, NH3 

and O2 gas kept flowing as 100 sccm respectively, and process pressure was stayed in 400 

torr. After finished oxynitride surface treatment, following oxide deposition such as SiO2, 

AlSixOy, Al2O3 for PLs and Hf1-x ZrxO2 for bulk oxide were treated immediately in ALD 

chamber.  
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ALD grown SiO2, Al2O3 films were prepared by using (SiH[N(CH3)2]3, Tris 

[Dimethylanimo]Silane (TDMAS)) for the Si precursor source and (Al2(CH3)6, 

Trimethyaluminium (TMA)) for Al precursor and O3 was used for oxidant both. The 

optimized Al and Si metal source pulse, Ar purge, and O3 pulse, and Ar purge times were 

3, 15, 3 and 10s, respectively.  both Si and Al precursor vapor were carried out with Ar 

gas at the 5◦C. The AlSixOy films were prepared by alternating cyclic deposition between 

SiO2 and Al2O3 deposition procedure.  

The microstructure and crystalline phase of films were examined using an atomic force 

microscope (AFM, JEOL JSPM 5200) in contact mode, and GAXRD. The overall Hf : Zr 

ratio of the films was examined with x-ray fluorescence spectroscopy (XRF, 

Thermoscienctific, ARL Quant’x). The chemistry of the samples was examined by X-ray 

photoelectron spectroscopy (XPS) using a Sigma Probe (Thermo VG) system equipped 

with a monochromatic Al Kα sources. The angle between the source and the analyzer was 

90◦. The microstructure of the crystallized films and thickness change of interfacial layer 

after PDA treatment were estimated by the cross-section high resolution transmission 

electron microscopy (HRTEM). Element distribution by TEM energy dispersive 

spectroscopy (EDS) was also analyzed for checking Ge diffusion behavior by PDA 

treatment. 

For the electrical-property examination, metal insulator semiconductor capacitors were 

fabricated with sputter deposited TiN / Pt top electrodes though a shadow mask with 300㎛-

diameter holes. Forming gas annealing was performed to passivate the dangling bonds at 

the interface between the oxide and the substrate under a H2(5%)+N2(95%) mixture gas 

atmosphere, at 400◦C. The capacitance-voltage(CV), Dit were measured using an HP 4104A 
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impedance analyzer, at the various frequency ranging from 1 KHz to 1MHz. Dit values 

were analyzed using conductance method. The TiN/Pt gate was biased while the Ge 

substrate was grounded during the electrical measurements. 

 

4.2.3 Results and Discussion 

4.2.3.1 Properties of Hf1-x ZrxO2 / Ge stacks 

Firstly, ALD properties of Hf1-x ZrxO2 films were checked on the Ge substrate. Figure 

4.2.1(a) showed the HfO2 and ZrO2 film thickness as a function of the ALD cycle number, 

confirming the highly linear growth behavior and the saturated growth rate window. The 

film growth rates of the HfO2 and ZrO2 films were 0.104 and 0.983nm/cycle respectively. 

Figure 4.2.1(b) shows the variation in the Zr content of the film, measured via XRF, as a 

function of the ZrO2 ALD cycle ratio (number of ZrO2 ALD cycles/total number of ALD 

cycles). Due to the similar growth rates of the two oxide films, the Zr concentration in the 

film was varied linearly with the ZrO2 ALD cycle ratio. Totally, five samples of H1-xZrxO2 

films by Zr contents (x=0, 0.25, 0.51, 0.75, 1.0) with 7nm-thick film were prepared at this 

time.  

Electrical properties of the direct deposited H1-xZrxO2 oxide by Zr contents on the cyclic 

HF cleaned Ge substrate are investigated using CV curves as Fig. 4.2.2 (a) shown. As the 

Zr contents increase, the Cox (oxide capacitance) is more induced, but the increasing Vhy 

and the degenerated CV behavior in the depletion region were also observed. In the 

previous work [17], on Si substrate, capacitance enhancement by increasing Zr contents 

which is related to phase and grain size behavior was reported. This behavior is similarly  
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Figure 4.2.1 (a) Variations in the HfO2 and ZrO2 film thickness and growth rate as a 

function of the ALD cycle number. (b) Variations in the Zr content of the film, measured 

via XRF, as a function of the ZrO2 ALD cycle ratio. 
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maintained on Ge substrate too. In case of the Si substrate, a significant portion of the 

interface state density in Si-SiO2 or Si-HfO2 interfaces comes from the dangling bond 

defects or the Pb centers [20], at the interface. However, Afanas’ev et al [21] found no such 

center of Ge dangling bonds at the Ge / HfO2 interface. Exploring the interface through 

electron spin resonance measurement resulted in no evidence of Ge dangling bonds at the 

Ge / HfO2 interface and the dominant contributors to interface traps were the defect centers 

in the dielectric layer close to the interface [22]. The defect center is related to oxygen 

vacancy which is generated by bonding break of Hf-O. The broken oxygen bonds and 

oxygen vacancy are pre-existing in oxide films due to the amorphous nature of the oxide 

or are dominated in the grain boundary area when the oxide is in the poly-crystalline 

structure. [23]. Those generated defect centers by oxygen vacancies make trap sites near 

the interfacial area, and those come out to Dit and border traps. The recrementitious oxygen 

ions by bonding break move into near the interface area and make unstable GeOx by weak 

bonding with out-diffused Ge element from substrate. Border traps usually become charged 

and come out to hysteresis voltage (Vhy) in capacitance-voltage operation. Therefore, 

border traps density (Nbt) is also estimated using 

 	 ∙	                                                   (1) 

Where Vhy is the hysteresis in V, Cox is the oxide capacitance in F/cm2, and q is the 

elementary charge in C. The Nbt values are plotted in Fig. 4.2.2 (c) (blue line-symbol plot), 

where it corresponds well with Vhy behaviors. Devices made by directly depositing HfO2 

on Ge substrate without any surface treatment demonstrated significant hysteresis, mainly 

due to the formation or growth of an unstable interfacial layer of GeOx during or after the 

HfO2 deposition as Fig. 4.2.2 (a) shown. Compared to HfO2, ZrO2 oxide tends to make  
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Figure 4.2.2 Capacitance –Voltage (CV) curves of Hf1-xZrxO2 films by Zr contents (x) at 

(a) the as-deposited condition and (b) 500℃ PDA condition, where x=0, 0.25, 0.49, 78, 

and 1. (c) Hysteresis voltage (Vhy) and border traps density comparison between the as-

deposited condition and 500℃ PDA condition. 
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smaller grains when oxide film is formed. [24] Relatively, smaller grains induce larger grain 

boundary, and larger grain boundary has lots of sites that make oxygen vacancies. Therefore, 

Vhy increases along the increasing of Zr contents. Those unstable interfacial states were 

deteriorated rapidly by 500◦C PDA temperature as Fig. 4.2.2 (b) depicted. And Fig. 4.2.2 

(c) summarized Vhy behavior of before (as-deposited) and after PDA temperature. It was 

even shown non-ideal CV behavior from the Zr contents of 0.78 and over. 

It is, therefore, possible that the quality of the interfacial layer has significant impact on 

the interface state density and this notion has led to fine control to prevent of the GeOx 

generation at the interface area. Promising candidate which is capable of modifying 

interface of HZO/Ge stacks is oxynitride surface treatment as following next. Mainly, as 

for the standard stoichiometry of Hf1-xZrxO2 oxide, x=0.5 which was composed to 

Hf0.51Zr0.49O2 film was used for bulk oxide for metal-oxide-semiconductor capacitance 

(MOSCAP) structure. 

 

4.2.3.2 Oxynitride surface treatment on Ge substrate 

Oxynitride surface treatment is processed with RTA tools in the NH3+O2 mixture gas 

ambient. Each gas flow rate is kept with 100 sccm, respectively, and annealing is processed 

while process pressure is stayed in 400 torr. Figure 4.2.3 (a) shows film thickness which 

was formed by RTA process as a function of annealing temperature and time. It is observed 

that film thickness rapidly increases by heating temperature, while it is saturated along the 

annealing time. These characteristics of film formation is coincident with thermally grown 

oxide formation behavior.[25] Here, the finalized RTA condition is fixed as 550◦C, 1min, 

and measured films thickness by SE is about 0.5nm. It is so ultra-thin layer so that the RTA  
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Figure 4.2.3 (a) GeOxNy films thickness formed by rapid thermal annealing (RTA) 

treatment in the NH3 + O2 mixture gas ambient, as a function of RTA time and temperature. 

(b) Ge3d X-ray photoelectron spectroscopy (XPS) spectra of the GeOxNy surface treated 

Ge substrate. Inset plot is N1s XPS spectrum. AFM topography images of (c) before and 

(d) after GeOxNy surface treatment.   
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process is deserving to be called as a surface treatment on Ge substrate. The chemistries of 

the oxynitride surface treated film was investigated by X-ray photoelectron spectroscopy 

(XPS). The probing depth of XPS (with Al Kα source) is less than 5nm due to the short 

inelastic mean free paths of the photoelectrons, therefore, it has sufficient resolution depth 

that the analyzed data can cover thin film by oxynitride surface treatment. Peaks of Ge3d 

and N1s are depicted in fig 4.2.3 (b).  It is observed that nitrogen inserted germanium 

oxide, so called oxynitride (GeOxNy) is formed on the Ge substrate as the binding energy 

of 31.8eV is dominant within the peak decomposition. Surface topography images are 

checked for oxynitride surface treatment effect by contact-mode atomic force microscopy 

(AFM). Fig. 4.2.3 (c) shows surface image of after HF cleaned, but right before oxynitride 

surface treated, and Fig. 4.2.3 (d) shows image after oxynitride surface treated. Root mean 

square (RMS) roughness is effectively reduced from 0.312 to 0.271nm and it is clearly 

shown modified and smoothen surface topography by oxynitride treatment. Uniformed 

surface promotes more stable interface quality in the Ge / oxide stacks and mitigate electron 

or hole carrier scattering in the current flow.   

Electrical properties of GeOxNy surface treatment with 7nm-thick Hf0.51Zr0.49O2 film were 

investigated in Fig. 4.2.4. It was checked by TPDA ranging from as-deposited to 600◦C. 

Basically, high Vhy was observed and it was degenerated with increasing PDA temperature 

which was related to unstable interfacial states in the without GeOxNy, as shown in Fig 

4.2.4 (a). Even 600◦C PDA sample showed very unstable and floated CV curve. Otherwise, 

in Fig 4.2.4(b), the GeOxNy treated groups were shown improved Vhy and stable CV 

behavior through all PDA temperature range. Slightly lower capacitance was also detected 

due to physical GeOxNy film thickness of 0.5nm as checked above. Vhy and CET behavior  
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Figure 4.2.4 Capacitance –Voltage (CV) curves of (a) without(W/O.) GeOxNy and (b) 

with(W.) GeOxNy sample as a function of PDA temperature. (c) Vhy and CET comparison 

data of the W/O. and W. GeOxNy surface treatment. Sample stacks are Ge/ (W. or W/O) 

GeOxNy / Hf0.51Zr0.49O2_7nm-thick  
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of the W. (with) and W/O.(without) GeOxNy surface treatment with the PDA temperature 

variable was summarized in Fig. 4.2.4. (c). It was obviously observed the CET decrease by 

increasing PDA temperature, while Vhy increase, and about 25% Vhy improvement by 

GeOxNy surface treatment was confirmed.  

Dit status by PDA temperature and GeOxNy treatment were also investigated by multi-

frequency CV measurement in Fig 4.2.5. A sample of W/O. GeOxNy showed initially high 

hump curves in the depletion area by frequency dispersion and it was seriously getting 

worse when heat was applied to 600◦C PDA. Otherwise, GeOxNy treated samples showed 

a little modified hump curve and also tempered CV curve in the 600◦C PDA. These 

represented that GeOxNy surface treatment effectively modify that both interface states and 

border trap sites close to interfacial area.  

However, although GeOxNy surface treatment largely decreased the Vhy value and 

interfacial state density, those values were still too high (Vhy > ~ 600mV, and Dit >9.8 x 

1011), and CV curves in depletion region showed unstable behaviors. Therefore, further 

improvement in these performances were pursued by treating the Ge substrate surface and 

using RTA under the NH3 + O2 gas atmosphere, and adopting thin ALD SiO2 or Al2O3 layer 

as the interfacial passivation layers, as described in detail in the following sections derived 

lots of improvement in Vhy and interfacial states. 

 

4.2.3.3 Passivation layer effects on the top of GeOxNy surface treated Ge substrate. 

Film properties of ALD grown SiO2, AlSixOy and Al2O3 oxide were checked for 

passivation layer application. Growth rate of SiO2, Al2O3 were 0.097 and 0.103nm /cycle 

respectively. AlSixOy film was prepared by alternative sub cycle control of SiO2 and Al2O3,  
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Figure. 4.3.5 Multi-frequency capacitance-voltage (CV) curves of (a) without GeOxNy 

and as-deposited condition (b) without GeOxNy + 600◦C PDA (c) with GeOxNy and as-

deposited (d) with GeOxNy + 600◦C PDA.  
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and it showed 0.201nm/cycle growth rate. Those consistent growth rate enabled precise 

control of film thicknesses as 0.5, 1.0, 1.5, and 2.0nm. After GeOxNy surface treatment, 

samples were loaded in the ALD chamber for following passivation layer immediately, and 

Hf0.51Zr0.49O2 bulk oxide was deposited on the top of that sequentially with 4.0nm film 

thickness. Following PDA treatment ranging from as-deposited to 650◦C was also applied 

for investigation of interfacial stability window by neighboring process induced thermal 

budget effect.  

Figure 4.2.6 showed capacitance-voltage(CV) characteristics as a function of passivation 

layer(PL) thickness at the as-deposited ((a), (b) and (c)) and 500◦C PDA ((d), (e) and (f)) 

condition. All sample groups showed increasing oxide capacitance (Cox) by decreasing 

passivation layer thickness and overall Cox was increased by adopting Al2O3 oxide due to 

its higher dielectric constant than that of SiO2.[26] Within the SiO2 PL group, Fig. 6(a), the 

most reduced Vhy value was achieved as 140mV in the 2nm -thick PL sample,  however 

SiO2 PL group showed more rapid uplift in Vhy by decreasing passivation layer thickness 

than other PL group showed. It seemed that Al incorporated films hold on Vhy degradation 

by thickness difference although it had a little bit higher Vhy value in the 2nm-thick PL 

sample. In case of implementing PDA treatment with 500◦C temperature condition (Fig. 

4.2.6 (d), (e) and (f)), Cox was more enhanced than that of as-deposited samples. It was 

understood that capacitance increase by PDA temperature comes from Hf-Zr-O oxide phase 

change from amorphous to tetragonal structure.[17] Vhy increase was also observed by 

applying 500◦C PDA. It means that border trap sites close to interface area which are related 

to Vhy were generated and elevated by thermal heating. As shown in as-deposited samples, 

SiO2 PL group also had larger Vhy variations by decreasing passivation layer thickness and  
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Figure 4.2.6 Capacitance-voltage curves as a function of passivation layer thickness for 

(a) SiO2 PL, (b) AlSixOy PL and (c) Al2O3 PL at as-deposited (room temp.)condition, for 

(d) SiO2 PL, (e) AlSixOy PL and (f) Al2O3 PL at the 500◦C PDA condition.     

 

Figure 4.2.7 Hysteresis voltage (Vhy) as a function of TPDA ranging from as-deposited to 

650◦C in group of (a) SiO2 PL (b) AlSixOy PL (c) Al2O3 PL. Capacitive effective thickness 

(CET) as a function of TPDA ranging from as-deposited to 650◦C in groups of (d) SiO2 PL 

(e) AlSixOy PL (f) Al2O3 PL.  
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AlSixOy and Al2O3 PLs groups also showed smaller Vhy variations. Therefore, Al2O3 

incorporation in the PL application is expected to have a positive effect on sustaining its 

oxide quality even in the high temperature conditions. 

Characteristics of hysteresis voltage and Cox depending on passivation layer thickness and 

TPDA ranging from as-deposited to 650◦C were comprehensively investigated in Fig. 4.2.7. 

Within each graph of Fig. 4.2.7 (a), (b) and (c), it was commonly observed that increasing 

PDA temperature made Vhy high, however, degradation behavior was indicated otherwise. 

SiO2 group had the most minimized Vhy value in the 2nm -thick PL sample, however, as 

PDA temperature was getting higher, the Vhy value was rapidly getting higher. Al 

incorporated AlSixOy group samples showed a little bit decrementing Vhy slope, and Al2O3 

PL group represented the most sustainable Vhy value by PDA temperature, regardless of 

PLs thickness. It was understood that Al2O3 oxide was more stable than SiO2 by thermal 

heating as the above results indicated. But, it is worthy finding why SiO2 PL group has 

more Vhy variation than that of Al2O3 by TPDA. 

CET behaviors depending on PDA temperature were plotted with a various of passivation 

layer thicknesses. (Fig. 4.2.7 (d), (e) and (f)) All three plots showed step wise distribution 

related to thickness of passivation layers. Wider steps distribution of SiO2 PL group than 

Al2O3 PL group represented that SiO2 oxide films had a smaller permittivity than that of 

Al2O3 oxide film. In case of SiO2 PL group, CET showed down-ward behavior by 

increasing PDA temperature, however, passing through the 500◦C PDA temperature region, 

up-ward behavior appeared, where it was similar to V- shape. In case of Al2O3 PLs, 

otherwise, decreasing CET value by increasing PDA temperature seemed to be flatten from 

the point of the 500◦C PDA temp. It was observed definitely different aspect on Cox between 



    156 

 

 

 

 

 

 

Figure 4.2.8 GAXRD spectra of the 8nm-thick Hf0.51Zr0.49O2 films grown on the (a) stacks 

of SiO2 PL/GeOxNy/Ge and (b) stacks of Al2O3 PL/GeOxNy/Ge, as a function of TPDA 

ranging from as-deposited (room temp.)to 650◦C. SiO2 and Al2O3 films were maintained 

with the same 1nm-thick film and GeOxNy surface treatment was applied with the 

conditions (1min, 550◦C) concurrently.    
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the two PL group. Generally, when the dielectric oxide thickness increases, or, oxide film 

properties are degraded by internal or external factors, capacitance is getting declined. 

Therefore, it was alluded that SiO2 oxide, unlike Al2O3, served something degradation 

factor by thermal budget in the passivation layer application. AlSixOy PLs groups depicted 

intermediate behavior of the two due to mixed composition of SiO2 and Al2O3.  

GAXRD spectra of the 8nm-thick Hf0.51Zr0.49O2 films grown on SiO2 PL / GeOxNy / Ge and 

Al2O3 PL / GeOxNy / Ge were analyzed to check phase behavior, respectively, with 

increasing TPDA from as-deposited (room temp.) to 650◦C in Fig. 4.2.8. Both as-deposited 

films showed no notable diffraction peak, except for the peaks originated from the Si 

substrate (2Θ~55◦), suggesting that both films were amorphous originally. When TPDA was 

400℃, peaks near 2Θ of 30.5◦ and 35.1◦ emerged, which were assigned to the (111) and 

(002) peaks of the tetragonal phase of the Hr-Zr-O oxide.[17] Those tetragonal phase 

originated peaks were enhanced and sharpen as the TPDA increased to 450◦C, and after that, 

peak intensities were hold on and sustained by 650◦C TPDA. There was a small intensity near 

at 2Θ ~ 50.1◦, which implies that a small amount of monoclinic phase was formed in the 

both case, but its intensity was generally negligible compared with the peaks from the 

tetragonal phase, meaning that the Hf0.51Zr0.49O2 mainly crystallized into tetragonal phase 

within 650◦C TPDA range. Phase changes from amorphous to tetragonal, and somehow, 

maintain tetragonal phase by increasing TPDA were detected vary similarly in both 

passivation group. At this time, CET decrease and maintaining behavior of Al2O3 PL group 

which is shown in Fig. 4.2.7 (f), is well matched with phase change behavior by TPDA, 

however, CET rise from the 500◦C TPDA of SiO2 PL group (in Fig. 4.2.7 (d)) wasn’t 

explained by phase properties.   
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Figure 4.2.9 Ge3d X-ray photoelectron spectroscopy (XPS) spectra of (a) stacks of 

Hf0.51Zr0.49O2 / SiO2 / GeOxNy / Ge at the as-deposited condition, (b) stacks of H0.51Z0.49O2 / 

Al2O3 / GeOxNy / Ge at the as-deposited condition, (c) stacks of Hf0.51Zr0.49O2  / SiO2  / 

GeOxNy / Ge at the 600◦C TPDA condition, (b) stacks of H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge at 

the 600◦C TPDA condition. 
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The different gate stacks by PL and TPDA were characterized using X-ray photoelectron 

spectroscopy (XPS) spectra in Fig. 4.2.9. The Ge3d XPS spectrum shows the presence of 

oxygen bonding chemistries in the interfacial area. By peak decomposition, mainly 4 peaks 

of Ge bulk, GeO, GeOxNy / GeOx and GeO2 which were located in the binding energy 28.3,  

29.6, 30.2 and 31.9 eV respectively were identified. GeOxNy and GeOx peaks were located 

in the similar position. Because the electron counts were collected using the same photon 

source with the same collection time, the intensities of peaks can be compared directly 

within each core level. From the comparison of Fig. 4.2.9 (a) and (c), it was clearly shown 

that peak intensities of GeOxNy and GeO were adversely distributed. In the as-deposited 

condition, GeOxNy / GeOx peak is in the highest intensity and GeO peak is slightly lower 

than that, however, in the 600◦C TPDA condition, intensity of GeOxNy / GeOx peak was 

getting lower than GeO peak. Otherwise, in case of Al2O3 PL group (Fig. 4.2.9 (b), (d)), 

decomposed 4 peaks were remained with the similar peak intensities and positioning in 

both as-deposited and 600◦C TPDA condition. Ge3d spectrum analysis indicated that GeO 

generation which is main degradation source in Ge device was more dominant in the SiO2 

passivated Ge substrate than Al2O3.  

 Si2p and Al2p core-levels spectra were also investigated to find out bonding chemistry 

difference by TPDA in passivation implementation, as Fig. 4.2.10 showed. Si2p core level 

peak was separated into 2 peaks as SiO2 of 101.8eV and SiOx of 100.9eV. Here, x means 

number of below 2, where Si is combined with O which has below +4 electronic states. In 

as-deposited (a) and 600◦C TPDA treated (c), intensities of those 2 peaks were adversely 

changed. Amount of SiO2 bonding which has +4 electronic states was reduced, otherwise,  
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Figure 4.2.10 X-ray photoelectron spectroscopy (XPS) spectra analysis of (a) Si2p in 

Hf0.51Zr0.49O2 / SiO2 / GeOxNy / Ge at the as- deposited, (b) Al2p in H0.51Z0.49O2 / Al2O3 / 

GeOxNy / Ge at the as-deposited, (c) Si2p in Hf0.51Zr0.49O2 /SiO2 /GeOxNy/Ge at the 600◦C 

TPDA, (d) Al2p in H0.51Z0.49O2/Al2O3/GeOxNy/Ge at the 600◦C TPDA. (f) Germanium mono 

oxide (GeO) formation mechanism. 
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SiOx bonding which has below +4 states was increased so high by TPDA effect. In case of 

Al2O3 oxide film, Al2p core level peak was decomposed into 2 peaks which represented 

chemical bonding in Al2O3 of 74.1eV and AlOx of 73.5eV. x of AlOx is less than 1.5, so that 

Al is bonded to O with below +3 electronic states. Unlike Si2p, Al2p peaks were not 

influenced by PDA treatment as 2 peaks of Al2p were nearly stayed in the same intensities 

and binding energy (BE) as Fig. 4.2.10 (b) and (d) described.    

Ge3d spectrum peaks indicated that germanium monoxide (GeO) was generated, while 

peaks of GeOxNy / GeOx was declined, and data of Si2p peaks represented that SiO2 which 

had +4 electronic states of Si was reduced, while SiOx which had below +4 electronic states 

of Si was increased by 600◦C PDA treatment. Apparently, XPS spectra changes were not 

shown in the Al2O3 PL group. Different characteristics of the two oxides by PDA treatment 

in the passivation application were affiliated with oxygen bonding enthalpy(∆Hf)[27]. 

Comparatively, oxide which has a larger ∆Hf tends to form oxidation reaction or sustain its 

oxidation states than a smaller one has. Here, SiO2 (368 kJ/mol) has a smaller ∆Hf than 

Al2O3(512 kJ/mol), thus, as we observed above, SiO2 showed unstable states and 

unbalanced reactions (SiOx formation) by PDA treatment, while A2O3 oxide did not. 

Thermodynamically unstable properties of SiO2 films in the passivation layer region 

between Ge substrate and HZO oxide induced the undesirable GeO formation by the 

chemical reaction between diffused-out Ge from substrate and O atoms from near oxide 

films (GeOxNy, SiO2 and Hf0.51Zr0.49O2). In this reaction, various cases of reaction roots 

which were distinguished by the sources of elements were descripted in Fig. 4.2.10. (f). Ge 

from GeOxNy layer can react with O source from SiO2 (①), Ge from Ge substrate can react 

with O source from SiO2 (②), Ge from Ge substrate can react with O source from GeOxNy 
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Figure 4.2.11 Cross-section HR-TEM images and its EDS line plots of (a) Hf0.51Zr0.49O2 / 

SiO2 / GeOxNy / Ge at the as- deposited, (b) H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge at the as-

deposited, (c) Hf0.51Zr0.49O2  / SiO2  / GeOxNy / Ge at the 600◦C TPDA , (d) H0.51Z0.49O2 / 

Al2O3 / GeOxNy / Ge at the 600◦C TPDA. Here, film thickness of Hf0.51Zr0.49O2 is 6nm, SiO2 

and Al2O3 for passivation layer are 1.5nm-thick, and GeOxNy shows about 0.5nm-thick by 

standard conditions (1min, 550◦C RTA). 
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(③), Ge from Ge substrate can react with O source from upper Hf0.51Zr0.49O2 (HZO) 

oxide(④). At this time, cases of ③ and ④ are related to both SiO2 and Al2O3 PL group, 

otherwise, cases of ① and ② are only related to SiO2 PL group. When all the analysis 

of XPS spectrum were combined, it brought to conclusion that GeO formation is more 

prominent in the SiO2 PL than Al2O3 PL group. By means of the various GeO formation 

cases, oxide degradation near the interface and passivation layer area brought CET and Vhy 

rise further along the increasing PDA treatment 

Figure 4.2.11 shows the cross section HR-TEM images according to SiO2 PL implemented 

stacks with HZO on the GeOxNy treated Ge substrate at as-deposited and 600◦C PDA ((a) 

and (c)), Al2O3 PLs implemented stacks ones ((b) and (d)). Film stacks were 

Hf0.51Zr0.49O2(HZO)_6nm / PLs_1.5nm(SiO2 or Al2O3) / GeOxNy_0.5nm / Ge, respectively. 

Insets of each image were taken with a lower magnification mode to check overall stacks 

and EDS line profiles showed distribution of all elements taking form the indicated arrow 

lines. In physically, SiO2 PL group showed interfacial layer thickness increase from 2.16nm 

to 2.59nm in the before and after PDA treatment. However, it was not observed such a 

larger increase in Al2O3 PL group just as from 2.14 to 2.15nm. There was also some 

difference in the Ge element distribution. In case of Al2O3 PL group, Ge elements 

distribution is ended in the within Al elements distribution profile regardless of PDA 

treatment. Otherwise, in SiO2 PL group, Ge elements is detected in the inner line of Si 

distribution in the as-deposited film, however, Ge distribution tails was spread out over the 

Si element line after 600◦C PDA treatment as highlighted with the arrows. It means that Ge 

elements were effectively blocked by Al2O3 passivation layer even in the high temperature  
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Figure 4.2.12 Multi-frequency capacitance-voltage (CV) curves of (a) Hf0.51Zr0.49O2 / SiO2 

/ GeOxNy / Ge, as- deposited, (b) H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge, as-deposited, (c) 

Hf0.51Zr0.49O2  / SiO2  / GeOxNy / Ge, 600◦C TPDA, (d) H0.51Z0.49O2 / Al2O3 / GeOxNy / Ge, 

600◦C TPDA. (f) Defect density (Dit) value plots of before and after GeOxNy surface 

treatment and different passivation layer implementation as a function of TPDA. 
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conditions, on the other hand, Ge elements were easily diffused out from the source 

substrate through the SiO2 passivation layer due to its thermal instability in the high 

temperature circumstance. Diffused Ge elements reacted with O elements which was apart 

from SiO2, GeOxNy and HZO side, and then GeO oxide which played a role of oxide 

degradation source was generated. As outcome of this result, Vhy and CET increase by TPDA 

treatment in the SiO2 PL were detected more seriously. 

 As for the passivation oxide layer in Ge device, Al2O3 oxide were shown better passivating 

properties than SiO2 oxide to prevent GeO oxide formation in the high TPDA. This is 

confirmed from multi-frequency C-V curves and conductance method measurement. The 

multi-frequency dispersion in capacitance has been used for the indirect estimation of Dit 

in Ge device, where it is attributed to the response of interface defect states. In Fig. 4.2.12 

(a), (b), (c) and (d), the frequency dispersion in capacitance at accumulation region 

(positive bias) was similar irrespective of passivation layers and TPDA, but, that at depletion 

region was observed different Dit response ratio depending on passivation layer in the 

before and after 600◦C TPDA treatment. SiO2 PL group showed rather big increase of 

response ratio from 15.7 to 23.1%/dec by PDA effect, but Al2O3 PL group observed lower 

difference ratio from 18.8 to 19.6 %/dec. In the as-deposited condition without PDA 

treatment, SiO2 passivation layer implement induced lower Dit than Al2O3, but, after PDA 

treatment, Al2O3 passivation layer is more effective to suppress Dit states than SiO2. Direct 

measurement value by conductance method was plotted along with oxynitride surface 

treatment and passivation layer application in Fig 4.2.12 (e). Oxynitride surface treatment 

showed the most effective interface defect modification as the direct surface contact 

treatment which has a Dit reduction from 2.4x1012 to 9.8x1011 cm-2eV-1 in the as-deposited 
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conditions, and also it observed Dit increase by TPDA increase due to thermal instability. In 

following passivation layer applications, SiO2 PL implemented sample showed the most 

reduced Dit level as 8.5x1011 cm-2eV-1 in as-deposited conditions. And Al2O3 PL 

implemented sample showed a little bit higher than that of SiO2 PL as 9.3x1011 cm-2eV-1. 

However, as the TPDA went up, Dit level also was raised, SiO2 PL group showed more 

degradation rate than Al2O3 PLs group, finally, Dit value of SiO2 PL was getting higher than 

Al2O3 PL reversely. Those results of interfacial defect states were coincident with above 

investigations. 

 

4.2.4 Conclusion 

In order to realize advanced Ge device, high-k / gate stacks, where it could endure in high 

thermal budget, are surely required. Indeed, dopant activation annealing is processed at 

least in the 650◦C[3], thus, gate stacks should be confirmed its thermal stability till that 

process temperature. HZO oxide is characterized by direct contact on Ge substrate. As 

increasing Zr contents, Vhy is increased due to its interfacial states instability and, those 

degradation is severely raised by PDA treatment. One-step RTA surface treatment in the 

mixture gas of NH3+O2, 550◦C, 1min was formed ultra-thin GeOxNy film. Apparently 

modified RMS surface roughness was observed, improved Vhy and Dit were achieved. 

However, GeOxNy surface treatment was insufficient since Vhy was still nearly over 500mV. 

Therefore, passivation layer application for promising alternatives were considered, which 

was deposited by ALD tool on the top of oxynitride treated Ge substrate. SiO2, AlSixOy and 

Al2O3 implementation for PL were characterized with a various thickness from 0.5nm to 

2.0nm and TPDA ranging from as-deposited to 650◦C. SiO2 PL showed the most reduced Vhy 
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value in the as-deposited condition which has about 140mV. However, As the PDA 

temperature went up, SiO2 PL group showed more deteriorating Vhy and adversely 

increased CET behavior. XPS and TEM analysis indicated that thermodynamic properties 

of SiO2 was not good as that of Al2O3, so that oxygen sources from GeOxNy, SiO2 and HZO 

oxide were easily reacted with the out-diffused Ge sources from Ge substrate for GeO 

formation. Increased SiO2 physical thickness and out diffused Ge elements over SiO2 layer 

region by TPDA influence were observed. Defect density states of indirect method by multi-

frequency CV curves and direct method by conductance method also showed that SiO2 PL 

group had more deteriorating characteristics on interfacial area than Al2O3 PL regarding to 

TPDA. It was also related to GeO formations which make charge trapping sites in the 

interfacial area. After all the analysis, GeOxNy surface treatment and Al2O3 passivation 

layer application were effective method to keep stay in stability up to the high temperature 

(650◦C) condition by suppressing GeO formation   
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4.3 Fabrication of a nano-scaled tri-gate field effect transistor  

using the step-down patterning and dummy gate processes. 

 

4.3.1 Introduction 

The advantages of metal oxide semiconductor field effect transistor (MOSFET) scaling 

are quite substantial due to the increase in the functionality per unit chip area and its 

performance, cost reduction per functionality, and device switching power. MOSFET 

scaling in logic devices has been following the well-known Moore’s law, although the law 

itself has been modified several times during past several decades, and it was recently 

announced that the semiconductor industry will no longer follow the law.[1] After the 

setting up of the fundamental configuration of the complementary MOSFET (CMOSFET) 

in the 1960s, it was not changed in the next ~40 years, but the adoption of the high-k/metal 

gate (HKMG) process in 2007 was a remarkable technical breakthrough in the field. 

Another radical change in the MOSFET structure occurred in 2014, when the tri-gate FET 

(TGFET) or fin-shaped FET (finFET) started to be mass-produced. While the concept of 

adopting such three-dimensional FET structure had been suggested by Hu et al. [2] for 

silicon-on-insulator (SOI) devices in the 1990s, its adoption in mass production has been 

hampered by the high cost of the SOI wafers and other technical issues. The later suggestion 

of Lee et al. [3],[4] on the use of the bulk Si finFET marked another critical improvement 

in the CMOSFET circuit, making the mobile information technology keep its growing pace. 

The fundamental idea of TGFET (or finFET) is to increase the channel width (W) for 

the given channel length (L) without increasing the Si surface area consumption, and the 
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tri-gate configuration is a highly feasible structure for achieving this goal. [5],[6] This goal 

can be accomplished by increasing the fin height (Hfin) for the given fin width (Wfin). 

Fabricating the fin-shaped Si channel, however, requires highly elaborate process 

optimization, and among the methods for such, the patterning of the tiny fin with a Wfin 

lower than ~20 nm is critically important to acquire the expected merit on the device 

operation due to the improved electrostatics compared with the planar-geometry devices. 

The currently available most advanced lithography apparatus adopts ArF laser with a 193 

nm wavelength (λ), which is too long for patterning such small features. Therefore, the 

industry has developed numerous resolution enhancement techniques, including the 

immersion lithography process and the double or quadruple patterning techniques, which 

allowed the state-of-the-art level lithography to decrease to ~10 nm. While these are 

astonishing achievements in the industry, they are usually not feasibly available in the 

academe mainly due to the very high cost of the equipment and operation. Therefore, a 

feasible option for the academe is the electron-beam lithography, but optical lithography is 

still preferred method if it can provide the necessary feature size. If this process can be 

successfully set up in the academe, it will further accelerate the development of this 

critically important area. 

In this work, therefore, the authors developed a full process sequence to fabricate a tri-

gate CMOSFET with a 20 nm Wfin using an i-line stepper (NSR-2005i10C, Nikon, λ=365 

nm). Planar-geometry CMOSFETs were concurrently fabricated on the same wafers, which 

allow the precise assessment of the performances of two device types: planar and TGFETs. 

As the affordable resolution of the stepper is far lower than the intended pattern size (Wfin),  
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Table 4.3.1 Fabrication flowchart of the nano-scale TGFET fabricated through the double 

hard mask step-down patterning (DHMSD) and dummy gate patterning processes. 
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a specific line width decreasing technique was developed, which is called “double hard 

mask step-down (DHMSD) patterning process,” using SiO2/Si3N4 double hard mask layers. 

As the channel has a three-dimensional structure, conformal film growth techniques are 

required for the high-k gate insulator and gate metal. Therefore, atomic-layer-deposited 

Al2O3 and TiN were used as the gate insulator and metal gate, respectively, where the 

dummy gate process was adopted to minimize the adverse effects related with the gate 

etching process. The fabricated CMOSFETs with a tri-gate structure showed a far superior 

performance than the planar devices, as expected, but the p-type devices showed 

characteristics revealing the limitation of the adopted process, especially the dopant 

activation step, which requires further process optimization. 

  

4.3.2 Device Fabrication 

The fabrication of the TGFET process started with 6-inch p-type bulk silicon wafer. All 

the processes were performed in a clean room, and the class was 100. Table 4.3.1 shows 

the overall process sequences. The process flows are divided into four parts: channel 

formation (part (a)), implantation (part (b)), gate oxide (Gox)-gate metal (Gmetal) formation 

(part (c)), and metallization (part (d)). The fin-shaped channel formation part consists of 

the DHMSD process for achieving a small Wfin (20 nm) and the gap fill process for the 

isolation between the channel and the substrate. The dopant implantation part had four steps 

of doping for the n-channel, p-channel, n-type source/drain (n-S/D), and p-type 

source/drain (p-S/D). The Gox-Gmetal formation part consists of the dummy gate process on 

a high-fin-height structure to minimize channel damage by the etching processes. Lastly, 

the metallization part has Ni-silicide for the Ohmic contact formation and Al metal 
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formation for the contact pad open area. The entire process scheme was based on the gate-

last[7] integration scheme, which is characterized by the deposition of the HKMG stack 

after the high temperature dopant activation annealing. Each process will be described with 

a detailed explanation in the following subsections. 

 

4.3.2.1 Double hard mask step-down patterning process 

The p-type Si wafer was cleaned through sequential standard cleaning-1 (SC-1, NH4OH: 

H2O2: H2O = 1: 1: 5, 60◦C) and standard cleaning-2 (SC-2, HCl: H2O2: H2O = 1: 1: 7, 80◦C) 

for particle removal. SC-1 cleaning is effective for organic particle removal and surface 

conditioning, and SC-2 is efficient for metallic particle removal.[8] After cleaning, 

DHMSD patterning process was started with the hard-mask film stacks, as shown in Fig. 

1. The 50-nm-thick thermal SiO2 layer grown through dry oxidation and the 30-nm-thick 

Si3N4 layer grown through low-pressure chemical vapor deposition (LPCVD) were 

sequentially stacked on the top of the cleaned Si wafer. The LPCVD Si3N4 film was grown 

at 700℃ using dicholorsilane (DCS, SiH2Cl2) and NH3 gas ambient. The SiO2-Si3N4 

stacked films would play a role in the hard-mask etching for the following first lithography 

patterning. From those stacks, initial lithography by the i-line stepper was started using an 

800-nm-thick photoresist (PR) film. The first lithographic exposure of the PR film and the 

following reactive ion etching (RIE) of the hard mask (Si3N4-SiO2 stacks) could define the 

400 nm width pattern of the SiO2-Si3N4 stacks without any etching of the Si substrate, as 

shown by step 3 in Fig.4.3.1. RIE was performed with CHF3, CF4-Ar mixed etching gas, 

and 600 W plasma power. Then, the width of the SiO2 layer was decreased to the desired 

value (20 nm) through wet etching with diluted HF (DHF, HF: H2O = 1: 7) etchant for 100  
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Figure 4.3.1 (a) Process flow of the double hard mask step-down (DHMSD) patterning 

process. The 1st RIE etch is used to define comparatively bigger patterns through 

lithography, and the 2nd RIE confirms the final nano-scale fin patterns with the reduced 

SiO2 pattern width. (b) Image after the completion of the diluted HF (DHF) wet etching 

(STEP 4). (c) Nano-scale fin-shaped image after the 2nd RIE. 
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sec while the top Si3N4 layer played the role of the protection layer for the SiO2 hard mask 

being etched from the top portion. The established sideways wet etching process showed a 

1.4 nm/sec etch rate per side, meaning that the 20 nm width of the SiO2 layer must be 

remained after the 100-sec-long etching (step 4 in Fig. 4.3.1). After this step, the cross-

section of the sample was examined via transmission electron microscopy (TEM), as shown 

in Fig. 4.3.1(b), where the SiO2 hard mask with an 18 nm width at the middle portion was 

well formed under the 400-nm-wide Si3N4 mask layer. To remove only Si3N4, H3PO4 

stripping was carried out at 180℃, which is effective for removing only the Si3N4 layer, 

without attacking the SiO2 mask (step 5 in Fig. 4.3.1). After removing Si3N4, only the 

shrunk SiO2 pattern became exposed, which worked as the hard mask for the second RIE 

step for Si fin channel formation. This second RIE step was performed with HBr and O2 

gas and 900 W main power. The Hfin can be varied from 80 to 250 nm by varying the second 

RIE time from 20 to 60 sec. This RIE step also included the etching step for shallow trench 

isolation (STI). Figure 4.3.1(c) shows the TEM cross-section image of the fin-shaped Si 

channel formed through the process sequence mentioned above, where the 18-19 nm Wfin 

at the middle portion was clearly defined. 

 

4.3.2.2 Gap-fill process 

For STI formation, gap filling was conducted as described in Fig. 4.3.2. After finishing 

the DHMSD patterning process, a 10-nm-thick SiO2 thermal buffer oxide layer was grown 

on the fin Si channel through dry oxidation, and the entire wafer was deposited by another 

LPCVD SiO2 film using tetraethyl orthosilicate (TEOS) and O3 as the reaction gases (TEOS 

oxide) (step 2 in Fig.4.3.2). The 650-nm-thick TEOS oxide film was used as the STI gap  
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Figure 4.3.2 (a) Process flow of the gap fill module for isolation from the Si substrate. 

The buffer SiO2 film and the reflow process are used for sustainable Si-SiO2 interface layer 

properties to DHF chemicals during TEOS oxide leveling down. (b) Cross-section TEM 

image showing the failure of the TEOS oxide leveling down processed without a buffer 

SiO2 film and reflow. (c) Cross-section TEM of the appropriate TEOS oxide gap fill and 

leveling down after applying a buffer SiO2 film and reflow. 
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fill material[9], and the CVD TEOS oxide film was reflow-annealed at 950℃ for 30 min. 

Chemical mechanical polishing (CMP) of the TEOS oxide film was subsequently carried 

out for planarization, which is important to achieve a uniform leveling down of the STI gap 

fill oxide when the next DHF wet etching process is applied for fin-shaped channel 

exposure (step 4 in Fig. 4.3.2). At this time, the 10-nm-thick SiO2 buffer oxide played a 

critical role in the uniform wet etching of the STI gap fill oxide. If this buffer oxide is not 

adopted, the wet etchant will etch preferentially the interface between the TEOS oxide and 

the Si fin, causing a highly uneven etching profile, as shown in Fig. 4.3.2(b). By contrast, 

when the buffer oxide was grown before the CVD TEOS oxide deposition, such adverse 

effect was successfully prevented, and a uniform and flat STI oxide profile was achieved 

after the level-down wet etching, as shown in Fig. 4.3.2(c). The wet etching time defined 

the attainable Hfin, and the 60-sec-long etching resulted in an Hfin of 80 nm. 

 

4.3.2.3 Implantation process for junction formation 

The n-type MOSFET (NMOS) and p-type MOSFET (PMOS) device regions are defined 

with the same area. Usually, the implantation process needs to achieve amorphorization on 

the surface to prevent the dopant channeling effect[10], which is generally accomplished 

by Ge implantation with low energy. Ge implantation was not available in the current 

fabrication facility, however, and as such, thermally grown 5-nm-thick barrier SiO2 films 

were adopted, which were kept until the end of the implantation process. NMOS consists 

of a p-type well (Pwell) channel and an n+ source/drain (N+ S/D) whereas PMOS needs an 

n-type well (Nwell) channel and a p+ source/drain (P+ S/D). The four implantation steps 

were carried out with the Pwell  Nwell  P+ S/D  N+ S/D sequence, with each step 
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having its own PR patterning process. The dopants and their concentrations were B, 30 

KeV, 6x1012 cm-2 for Pwell; P, 80 KeV, 6x1012 cm-2 for Nwell; BF2, 30 KeV, 5x1016 cm-2 

for P+ S/D; and As, 20 KeV, 5x1016 cm-2 for N+ S/D. These implantation conditions are 

settled through simulation using the ATLAS package. One problem of such process is as 

follows. In the conventional planar FET fabrication with gate-first integration scheme, the 

S/D implantation is done with the gate pattern playing the role of the mask; as such, there 

is no concern about the misalignment between the channel and the S/D. In the more 

advanced gate-last integration scheme, which better fits to the HKMG structure due to the 

limited thermal budget to the gate stack, making the threshold voltage (Vth) control easier, 

the polysilicon dummy gate works as the mask for the S/D implantation. Therefore, there 

must be no misalignment issue either. In the current integration facility, however, the 

polysilicon dummy gate process is not provided, although a (modified) gate-last process 

was adopted in this work, and thus, a separate PR pattern must be used to mask the channel 

area during the S/D implantation. Such process inevitably induces a slight misalignment 

between the S/D and metal gate, although an attempt was made to minimize it through 

careful alignment, which was subsequently prepared through a separate gate patterning 

process and would adversely affect the device performance. Dopant activation annealing 

was performed in the rapid thermal annealing (RTA) process at 1050℃ for 5 sec after all 

the PR masks were removed. 

 

4.3.2.4 Dummy gate process 

After the fin-shaped channel and S/D regions are finalized, the next process is the gate 

formation process. As the TGFET has a three-dimensional structure, the conventional gate  
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Figure 4.3.3 (a) Process flow of the dummy gate process. (b) Top-view SEM image after 

finishing the dummy gate process. (c) Vertical SEM image along the Y-axis direction. 
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patterning process consisting of a film deposition PR patterning etching sequence 

cannot be performed, which will severely damage the thin channel region. Therefore, a 

dummy gate process was developed, whose process sequence is schematically shown in 

Fig. 4.3.3. It started with TEOS oxide deposition on the top of the exposed channel, 

followed by CMP for planarization, as shown by step 1 in Fig. 4.3.3. The next step is the 

first dummy gate patterning through lithography and the TEOS oxide etching through the 

sequential steps of dry and wet etching. Careful control of the dry etching is necessary so 

as not to expose the sensitive Si fin surface to the harsh etching environment. In this RIE 

step, CHF3-CF4 mixture gas was used to etch out the SiO2 layer, but this etching gas also 

has relatively low selectivity to Si, and as such, it must be carefully controlled so as not to 

etch away the tiny Si fin. Typically, 10 nm TEOS oxide remains after the RIE step, which 

is finally etched away by wet etching using DHF (step 2 of Fig. 4.3.3). Through this step, 

the gate length, Lg, is defined as the opening along the long axis of the fin Si channel. 

During the wet etching process, the interface between the fin Si channel and the TEOS 

oxide is vulnerable to the selective etching, as in the case of the non-optimized STI level-

down process shown in Fig. 4.3.2(b). As the lower portion of the Si fin was already well 

protected by the buffer oxide and reflowed TEOS oxide during the previous STI fill step, 

such adverse effect was minimized. By these etching processes, the Hfin is determined by 

the wet etch time. In this work, the typical Lg and Hfin were 150 and 80 nm, respectively, 

which were achieved with the wet etching time of 35 sec. The next sequences are the gate 

oxide and gate metal deposition. Al2O3 high-k oxide is prepared by the ALD system using 

trimethylaluminum (Al(CH3)3) and O3 as the Al precursor and oxygen sources, respectively, 

at 280℃.[11] As the metal gate material, an ALD TiN layer was prepared through another 
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ALD using tetrakis[ethylmethylamino]titanium (Ti[N(C2H5)(CH3))]4) and NH3 plasma as 

the Ti precursor and N sources, respectively, at 230℃. While the Al2O3 film thickness was 

varied from 3.5 to 9.0 nm by varying the ALD cycle number, the most typical thickness 

was 3.5 nm, and the TiN thickness was fixed at 45 nm. Step 3 in Fig. 4.3.3 shows the second 

lithography step called “top gate patterning.” The top gate pattern covers the intended gate 

area, and the following TiN metal etching process defines the gate electrode (step 4 of Fig. 

4.3.3). The TiN metal is etched with an inductively coupled plasma (ICP) etcher. It will be 

noted that through this process step, the fin Si channel is never exposed to the dry etching 

processes for the TEOS oxide and TiN metal layers, making the device work effectively. 

Figure 4.3.3(b) shows the top-view scanning electron microscopy (SEM) image of the 

finally formed gate pattern. Between the source and drain areas (indicated by dotted lines), 

the gate metal is well aligned at the middle position. Figure 4.3.3(c) shows the cross-section 

SEM image along the Y-axis (shown in Fig. 4.3.3(b)) cut. The well-defined fin-shaped 

channel stands straight, and the TiN metal film wraps the channel area uniformly and 

conformably. The Al2O3 gate dielectric layer is too thin to be seen in the SEM image. 

 

4.3.2.5 Ohmic contact and metallization 

The next sequences are Ohmic contact formation for the S/D contacts to Al 

interconnection wires. The Ohmic contact was mediated by Ni-silicide. To confirm the 

appropriate Ni-silicide formation process conditions, separate Si wafers with doping levels 

identical to that of the S/D region were prepared, and a 10-nm-thick Ni film was deposited 

through DC sputtering. Then the film was annealed via RTA at temperatures ranging from 

400 to 600℃ under a N2 atmosphere for 60 sec. From the morphological analysis and sheet  
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Figure 4.3.4 (a) Ni-silicide resistance checks as a function of the RTA temperature. The 

Ni-silicide conditions are optimized to 450◦C, 60 sec. (b) Top-view SEM image after the 

formation of a contact hole. (c) Top-view image after Al metal formation. 
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resistance tests, 450◦C was found to be the optimum RTA temperature (Fig. 4.3.4(a)), which 

is similar to the previous reports. [12] Rutherford backscattering spectroscopy showed that 

the optimized Ni-silicide has a composition of Ni0.98Si, which is a comparable 

stoichiometry for low resistance.[12] The main integration wafer was again deposited with 

a 500-nm-thick TEOS oxide film, and the S/D contact opening lithography (opening 

diameter: ~ 700 nm) was performed as shown in Fig. 4.3.4(b). Then, the optimized Ni-

silicide process was applied, and the remaining Ni layer on the oxide layer was removed 

through wet etching using a sulfuric acid-hydrogen peroxide mixture (H2SO4: H2O2: H2O 

= 2: 1: 4, 120◦C) strip. The final metallization process was accomplished through the metal 

deposition of the 30-nm-thick TiN/500-nm-thick Al/30-nm-thick TiN films stacked 

sequentially through the sputtering processes and the subsequent lithography patterning 

and metal etching processes. The metal width was 1 m. Figure 4.3.4(c) shows the top-

view SEM image of the device after the metallization. 

 

4.3.2.6 Finalized device feature 

Figure 4.3.5 shows the structure of the finally integrated TGFETs. Figure 4.3.5(a) shows 

the schematic figure of the TGFET, where the gate length and channel width are highlighted. 

The channel width was calculated by 2Hfin + Wfin. The y-axis cross-section TEM image 

(Fig. 4.3.5(b)) shows the three terminals (i.e., source, drain, and gate) located on top of the 

channel area. Figure 4.3.5(c) depicts the channel with a ~18 nm width, which was the 

smallest size achieved by these processes, well wrapped with the TiN metal gate on the top 

and both-side surfaces. 
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Figure 4.3.5 (a) Schematic image of the TGFET. (b) Vertical cross-section TEM image of 

the fabricated TGFET through the Y-axis (b), and (c) Vertical cross-section SEM image 

along X-axis. 
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4.3.2.7 Planar FET fabrication 

The planar FETs were also fabricated for comparison, which followed almost the same 

process flow as that of the TGFET. In this case, however, the dummy gate process was not 

necessary. Another difference is the leveling down of the TEOS oxide. In step 1 of Fig. 

4.3.3, when the CMP is processed, leveling down of TEOS oxide is performed until the top 

of the Si channel is open. At this time, the TEOS oxide film on the Si channel area has to 

be completely removed, without any remaining oxide film. This bared Si channel area plays 

the role of a channel area of the planar FET. After that, the following gate oxide and TiN 

metal film are deposited through the ALD processes. Then, the gate area is defined through 

the conventional PR lithography patterning and TiN metal film etching processes. The rest 

of the metallization process is identical to the TGFET process. 

 

4.3.3 Device Characteristics 

As the TGFET and planar FET were fabricated with the HKMG process, the dielectric 

performances of both Al2O3/TiN and Hf0.51Zr0.49O2/TiN gate stacks were verified using the 

MOS capacitor (MOSCAP) structure, as shown Fig. 6. In Fig. 4.3.6(a), the capacitance-

voltage (C-V) curves of the 3.5-, 5.0-, and 7.0-nm-thick Al2O3 films are included, and in 

Fig. 4.3.6(b), the C-V curves of the 3.0-, 4.6-, and 6.5-nm-thick Hf0.51Zr0.49O2 films are also 

verified. The EOT values calculated from the fitting of the C-V curve using the CVC 

program [13] taking the quantum mechanical confinement effect of the carriers into 

consideration are plotted as a function of the physical thickness (Tphy) in Fig. 4.3.6(c). The 

C-V curves showed a good saturation behavior in the accumulation region (negative bias 

for the p-type substrate), with an almost negligible hysteresis voltage, suggesting the high 
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Figure 4.3.6 Capacitance-voltage characteristics of the ALD (a) Al2O3 and (b) 

Hf0.51Zr0.49O2 with different thicknesses. (c) Dielectric constant calculation of Al2O3 and 

Hf0.51Zr0.49O2 oxides from the slope of the EOT vs. physical thickness. 
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quality of both oxide films. From the slope and y-axis cross point, respectively, of the best-

linear-fitting line of data points (black square) in Fig. 4.3.6(c), the bulk dielectric constant 

of the Al2O3 film was calculated to be ~7.4, and which is a reasonable value, and the EOT 

contribution from the interfacial layer was only 0.35 nm. In case of the Hf0.51Zr0.49O2 film, 

dielectric constant was extracted to 23.4, which was remarkable data compared to Al2O3 

film and it was already verified comprehensively in previous section, part 4.1. From these 

data, it could be understood that the oxide film of Tphy=3.5 nm had a suitable high-k 

performance, which explains why it was used to fabricate the TGFET and planar FET, 

whose EOT values of both oxide films were correspond to 1.9 nm(Al2O3) and 0.9nm 

(Hf0.51Zr0.49O2). 

The device performances of the TGFET and the planar FET were compared using their 

transfer curves with Al2O3 gate oxide application at this time: the drain current-gate voltage 

(Id-Vg) characteristics of both NMOS and PMOS, where the drain bias voltage (Vd) was 

1.2 V, as shown in Fig.4.3.7(a). For such plots, the Id is usually given as a current 

(A)/channel width (m); as such, for TGFET, the Id was achieved by normalizing the 

estimated drain current by (2Hfin + Wfin), where the Hfin was 80 nm and the Wfin was 25 nm 

for this specific case. For the planar FET, its channel width was 500 nm, and the gate length 

was 150 nm for both the TGFET and the planar FET. The TGFET showed a higher Id than 

the planar FET across the entire Vg region whereas the off current was almost invariant, 

which is the crucial merit of the TGFET over the planar FET. This improvement is mainly 

attributed to the improved electrostatic control of the channel from the three-dimensional 

surrounding gate electrodes, as the other three-dimensional structure transistor has also 
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Figure 4.3.7 (a) Transfer-curve (Id-Vg) characteristic comparison between the planar FET 

and the TGFET device. (b) N/PMOS transconductance (gm) behavior comparison of the 

planar FET and the TGFET. The gm was calculated from the 1st derivatives of the 

logarithmic data of the drain current (Id). 

 

 

 

 

 

Table 4.3.2. Summary of the device parameters of the fabricated TGFET and planar FET.  
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demonstrated. [14] The transconductance (gm) plots in Fig. 4.3.7(b) also show a higher peak 

for the TGFET in both the NMOS and PMOS devices compared with the planar FET. The 

transfer curves of the NMOS and PMOS devices show a slightly unsymmetrical shape. 

This difference is also shown in the transconductance curves, where the peak values of the 

PMOS are slightly lower than those of NMOS. The device parameters for the TGFET and 

the planar FET are summarized in Table 4.3.2. The threshold voltage (Vth) is extracted 

through extrapolation in the linear-region method, [15] which consists of finding the Vg-

axis intercept (i.e., Id=0) of the linear extrapolation of the Id-Vg curve at its maximum first 

derivative (slope) point (i.e., the point of maximum gm). The subthreshold slope (SS), which 

strongly affects the power consumption of the transistor by the off-state leakage current, is 

defined as SS=(dlogId/dVg)-1, which is of the necessary Vg value to lower the subthreshold 

drain current by a factor of ten. The extracted SS value of the NMOS device of the TGFET 

is 105 mV/dec, which is rather higher than the theoretical Boltzmann limit (60 mV/dec at 

room temperature). This non-optimal aspect of the device could be ascribed to the relatively 

high EOT value of the adopted Al2O3 gate insulator, which increases the body factor. 

Nevertheless, the simultaneously fabricated planar NMOS showed an SS value of 269 

mV/dec, meaning that the wrapping gate in the TGFET still holds much improved channel 

control due to the improved electrostatics compared with the planar-geometry devices. The 

SS values of the PMOS devices are generally inferior to those of the NMOS devices for 

both the TGFET and the planar FET, which may be related with the uncontrolled dopant 

(B) diffusion from the S/D region to the channel region during the activation annealing. 

This effect also adversely influenced the drain-induced barrier lowering (DIBL) effect, as 

described below. 
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 The device performance comparisons were also considered in the gate oxide differences 

between Al2O3 and Hf0.51Zr0.49O2 using their transfer curves in the TGFET devices. Both 

fabricated TGFET devices were applied with the same process conditions and Tphy=3.5nm, 

moreover, measured and analyzed device dimension were also kept in the same, where the 

Hfin was 80 nm and the Wfin was 25 nm for this specific case. Figure 4.3.8 showed transfer 

curves in the different oxides application. The Hf0.51Zr0.49O2 oxide device showed a higher 

Id than Al2O3 oxide device across the entire Vg region whereas the off current was almost 

similar, which is resulted in higher Ion/Ioff ratio and the better SS charateritics. 

Transconductance(gm) analysis indicates that electrostatic gate controllability was 

improved by increasing oxide capacitance as shown in Fig. 4.3.8 (b), (c). The device 

parameters of both oxides were listed in table 4.3.3. About 1.5 times increase of Ion was 

extracted at the applied |Vg-Vth|=1.2V and |Vd|=1.2V in N/PMOS devices and it induced 

smaller Vth value for device operation. Before all, remarkable gain from Hf0.51Zr0.49O2 oxide 

application in the TGFET was better SS value of 77mV/dec (NMOS), which is close to 

theoretical value of 60mV/dec in the field effect transistor. This outstandable value is 

related to increasing gate oxide capacitance (Cox) and SS has a relation with Cox as 

SS=(dlogId/dVg)-1≈(1+Cd/Cox)ln(10kT/q). DIBL value was also confirmed as similar level 

as shown in table 4.3.3.    

The DIBL effect in the two types of FETs was measured and analyzed in details at 

Vd=0.05 and 1.2 V while Vg was swept in both the PMOS and NMOS devices. The DIBL 

value reads out the Vg difference at the given Id of 10 /m. If there is no influence from 

the Vd on the Schottky barrier at the source/channel junction within the subthreshold region, 

the DIBL ideally must be zero, but in practice, the Vd always has a certain influence on the  
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Figure 4.3.8 (a) Transfer-curve (Id-Vg) characteristic comparison between Al2O3 and 

Hf0.51Zr0.49O2 gate oxide films in the TGFET device. (b) N/PMOS transconductance (gm) 

behavior comparison of both oxide films. The gm was calculated from the 1st derivatives of 

the logarithmic data of the drain current (Id). 

 

 

 

 

Table 4.3.3. Summary of the device parameters of Al2O3 and Hf0.51Zr0.49O2 gate oxide films 

in the TGFET devices.  
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Figure 4.3.9 Transfer-curve (Id-Vg) characteristic comparison between Vds=1.2 V and 

Vds=0.05 V. The inset graph shows the gate oxide leakage as a function of the gate bias. 

(Gox=Al2O3). 
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potential distribution of the channel region, especially when L is much shorter than ~500nm; 

as such, the DIBL is usually higher than zero. The NMOS devices of the TGFET and planar 

FET showed a highly promising DIBL property of ~30 mV, suggesting that the fabricated 

devices have optimally defined junction formation and positioning of the gate electrode 

between the source and the drain. The PMOS of the TGFET and the planar FET, however, 

showed a much higher DIBL value (~380 mV) compared to the NMOS device. As the DIBL 

is a representative example of the short-channel effect (SCE), it can be suspected that the 

effective channel length of the PMOS devices is shorter than that of the NMOS devices 

even though they were patterned with a nominally identical gate mask pattern. This could 

be a reasonable consequence of the non-optimal RTA process for the dopant activation 

offered by the fabrication facility. As mentioned in section II, RTA was carried out for the 

dopant activation at 1050℃ for 5 sec, which is not a too severe condition to effectively 

suppress the excessive dopant diffusion into the channel. The temperature-ramping-up and 

down rates, however, were only 50℃/sec, meaning that the total process time was almost 

1 min, which is too long to suppress the dopant diffusion. For the case of the NMOS device, 

the dopant in the S/D region was As, which has lower diffusivity than the dopant of PMOS 

devices, B. Therefore, the effective channel length of the NMOS device was minimally 

influenced, but that of the PMOS device must be much shorter than the designed value by 

the excessive B diffusion. 

To verify the dopant diffusion, the effect of the drain bias stress on the Vth was examined, 

as shown in Fig. 4.3.10. In these measurements, the variations in Vth (∆Vth) were measured 

as a function of time for the given Vd values of 1.2 V (-1.2 V), 1.8 V (-1.8 V), and 2.4 V (-

2.4 V) for NMOS (PMOS). To turn on the devices, Vg was set at 1.2 V (-1.2 V) for the  
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Figure 4.3.10 Vth variation (∆Vth) by drain bias stress from 1.2 to 2.4 V, at Vg=1.2 V. (a) 

NMOS TGFET.  (b) PMOS TGFET. Feature size of Wfin=25 nm, Hfin=80 nm, and Lg=150 

nm. (Gox=Al2O3). 
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NMOS (PMOS). As the stress time increased, ∆Vth increased (Vth increases with 

increasing stress time), with the degree of increase higher at a higher Vd. In general, such 

effect is related with the hot-carrier effect in the channel by the high source-drain bias and 

the accompanying electron-hole pair generation. [15] The hot carriers (electrons in NMOS 

and holes in PMOS) are trapped within the gate insulator during the operation, making the 

device Vth increased. For the given effective channel length, such effect must be more 

significant in NMOS, where the electron mobility is higher than the hole mobility in the Si 

channel; as such, the higher hot-carrier generation must be higher in the NMOS device than 

in the PMOS device. [17] In Fig. 4.3.10, however, the ∆Vth of the PMOS device shows a 

certainly higher variation than that of the NMOS device. This result indicates that the 

effective channel length of the PMOS device is shorter than that of the NMOS device, 

which corroborates the degraded DIBL and SS performances of the PMOS devices. Spike 

RTA or laser annealing may improve the PMOS device performance to the level of the 

NMOS device performance. The inset figure in Fig. 4.3.9 shows a gate leakage current by 

sweep in Vg at Vd=1.2 V. An almost similar leakage current was measured in both the 

NMOS and PMOS devices, suggesting that the dopant types did not influence the integrity 

of the Al2O3 gate insulator. 

In Fig. 4.3.11, the output characteristics of the TGFET using both Al2O3 and 

Hf0.51Zr0.49O2 are described, where the Id was plotted as a function of Vd for the given Vg 

values with a Vg step of 0.3 V. The highest Id was measured at the gate overdrive (Vg-Vth) 

of 1.2 V. The fabricated TGFET shows promising amplification characteristics by gate bias; 

i.e., the Id increases almost linearly with the Vg at a given Vd under these measurement 

conditions, which is an important property for analog-type transistor operation. The NMOS  
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Figure 4.3.11 Output characteristics of the fabricated TGFET as a function of the sweep 

in Vd from 0.0 to 1.2 V and Vg,step=0.3 V. 
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device showed more saturation behavior at a high Vd region, and a maximum Id of 

~500A/m in Gox=Al2O3 and ~750A/m in Gox=Hf0.51Zr0.49O2 were achieved at Vg-

Vth=1.2 V and Vd=1.2 V, repectively. Resultly, Hf0.51Zr0.49O2 gate oxide application in 

TGFET demonstrated 1.5 times higher Ion and better satuation curves of amplifying 

behavior, which is a promising result for high-performance logic application. The PMOS 

device, however, showed a less saturating shape, and the maximum achievable Id were only 

~450A/m (Gox= Hf0.51Zr0.49O2) and ~260 A/m (Gox= Al2O3) repectively. PMOS also 

showed higher Ion as NMOS indicated by application of Hf0.51Zr0.49O2. While the smaller Id 

could be mainly ascribed to the lower hole mobility than electron mobility in the Si channel, 

the non-saturating behavior also reveals that the SCE effect, induced by the unwanted 

dopant diffusion, is serious in PMOS. 

 

4.3.4 Conclusion 

A three-dimensional tri-gate field effect transistor (TGFET) was feasibly fabricated using 

the double hard mask step-down (DHMSD) patterning process for the formation of a 

narrow channel width (down to 20 nm) from the original 400 nm width, and the dummy 

gate process for covering the fin-shaped Si channel with an atomic-layer-deposited Al2O3 

gate dielectric and a TiN metal gate without imposing any etching damage to the Si channel 

surface. The entire integration process was developed using only i-line lithography 

equipment (λ=365 nm). The critical steps were Si fin formation, dopant implantation 

/activation, shallow trench isolation, dummy gate process, and Ni-silicide based Ohmic 

contact fabrication and subsequent metallization. The width of SiO2 hard mask layer within 

the double hard mask consisting of a 30-nm-thick Si3N4 layer and a 50-nm-thick SiO2 layer 
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could be decreased to ~18-19 nm through the appropriate sideways wet etching process 

with the presence of a top covering Si3N4 layer. This narrow hard mask allowed fin Si 

channel formation with a width as small as 20 nm even without using the state-of-the-art 

immersion lithography with an ArF laser source. The fin height was also controlled by the 

level-down wet etching process of the STI layer. Typical tri-gate metal oxide semiconductor 

field effect transistors with a 25 nm channel width, an 80 nm height, and a 150 nm length 

in both the n-type MOSFET and p-type MOSFET types were fabricated, and their 

performances were compared with that of the concurrently fabricated planar field effect 

transistor with a 500 nm channel width and a 150 nm channel length. As can be expected, 

the much improved electrostatics of the tri-gate configuration of the fin Si device showed 

a much improved device performance from the NMOS device, 500 μA/μm saturation Id at 

1.2 V (Vg-Vth) and 1.2 V (Vd), 105 mV/dec subthreshold slope, and 30 mV drain-induced 

barrier lowering in the Al2O3 oxide application. From this archivement, the better progress 

was demonstrated by invoking of Hf0.51Zr0.49O2, which has 750 μA/μm saturation Id and 

77mV/dec subthreshold slope. The PMOS devices, however, showed a much deteriorated 

performance in terms of the short-channel effect control most probably due to the excessive 

dopant (B) diffusion from the source and drain into the channel region. 

While the results of this work may not correspond to the state-of-the-art fin-shaped FET 

technology, and while the demonstrated device performances do not exceed the previously 

reported results, it is believed that the academia in this field can be helped in setting up 

their own finFET integration process using the process details reported in this work. 

Especially, the use of the conventional i-line stepper, without being helped by any other 

expensive lithography tool such as electron beam lithography, will greatly contribute to the 
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works of the academia in this important field. 
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V. Conclusions 

 

Over the last four decades, the performance of the modern CMOS device has been 

improved primarily by physical scaling. In particular, gate oxide and junction depths have 

been scaled together with gate length to avoid the short channel effects(SCEs) that 

accompany physical scaling. In this sense, gate stack technology is one of the key drivers 

in enhancing the performance of semiconductor devices. In Si-based device era, since the 

rate of gate stack scaling has diminished in recent years due to its physical limitations, the 

motivation for alternative gate stacks or novel device structures has increased considerably. 

Intense reseach during the last decade has led to the development of high dielectric 

constant(k) gate stacks that match the performance of conventional SiO2-based gate 

dielectrics. In parallel with gate oxide integrity(GOI) engineering with high-k oxide, high 

mobility channel applications such as Ge, GaAs, InP and InSb are also attracted many 

reseacher’s attentions. Both gate stacks and channel engineering are related to material 

science. Meanwhile, device structure engineering which adorn vertical or 3-dimensional 

tonot like conventional planar devices is also promising key technology to guide insights 

for future research.  

In this sense, from the stems of above engineering ingenuity which are related to both 

material and structure aspects, following 3 topics are investigated: (1) Phase control of 

HfO2-based dielectric films for the higher -K materials, (2) Passivation layer effects on the 

oxy-nitridation treated Ge substrate, (3) Fabrication of a nano-scaled tri-gate FET using 

step-down patterning and dummy gate processes. 

Firstly, attempts were made to increase the k values of the HfO2 film by transforming 
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its structure from monoclinic to tetragonal phase. The tetragonal seed HfO2 layer and 

multilayer approaches were tested based on the fact that the HfO2 film deposited via atomic 

layer deposition (ALD) using O2 as the oxygen source induced tetragonal-phase HfO2 after 

the post deposition annealing (PDA) at temperatures higher than 700◦C. Both approaches, 

however, failed to transform the monoclinic HfO2 layer grown via ALD using O3 as the 

oxygen source, which suggests that the driving force for forming the thermodynamic stable 

phase (monoclinic) overwhelms the interface energy effect between the two different 

phases, which would have induced the desired transformation. As another approach, the 

HfO2 films were alloyed with ZrO2, which was an effective method of changing the 

structure from monoclinic to tetragonal. While the k values of the Hf1-xZrxO2 (HZO) film 

could be tuned by the Zr concentration and the PDA temperature, the increase of the PDA 

temperature to over 800◦C induced the compositional segregation of HZO, which largely 

increased the leakage current. A critical Zr concentration was found (between 50 and 70%), 

in which the k-value increase was quite abrupt but the increase in leakage was not very 

evident after the PDA at 700◦C. 

 Secondly, The effects of ultra-thin GeOxNy by one - step oxynitride surface treatment in 

the NH3 + O2 mixture gas ambient were studied on HF cleaned Ge substrate prior to atomic-

layer-deposition (ALD) of Hf-Zr-O oxide with a various post deposition annealing 

temperature (TPDA) ranging from as-deposited to 600◦C. 25% hysteresis voltage (Vhy) 

improvement and the moderate interface defect density (Dit) of 9.8 x 1011 cm-2eV-1 were 

achieved by one-step oxynitride surface treatment. ALD grown SiO2, AlSixOy and Al2O3 

were implemented for passivation layer (PL) on the top of oxynitride surface treated Ge 

substrate with a various film thickness and post deposition annealing (PDA) treatment with 



    205 

temperature ranging from as-deposited to 650◦C. SiO2 PL group showed the most reduced 

Vhy value (~140mV) and Dit (8.5 x 1011 cm-2eV-1) in the 2nm-thick film and as-deposited 

conditions, however, as TPDA went up, Al2O3 PL group showed more stable and modified 

Vhy and Dit value than that of SiO2 PL group. Since Al2O3 oxide film retained 

thermodynamic stability even in the high temperature conditions, it efficiently passivated 

Ge out-diffusion from Ge substrate and O source not to form GeO oxide, otherwise, SiO2 

oxide film put out the broken bonding oxygen from itself and did not passivate Ge diffusion, 

so that GeO generation was easily occurred in high TPDA conditions due to its 

thermodynamic instability. It was demonstrated that Al2O3 film was better choice for 

passivation film to cover high temperature process conditions. 

 Thirdly, the process sequence and device performances of the three-dimensional tri-gate 

field effect transistor (TGFET) were reported, where a fin-shaped Si channel with a 20 nm 

channel width and an 80 nm fin height was fabricated using the conventional i-line stepper, 

assisted by the double hard mask step-down (DHMSD) lithography process. The channel 

length was 150 nm. An atomic-layer-deposited Al2O3 and Hf0.51Zr0.49O2 films with an 

equivalent oxide thickness of 1.9 nm and 0.9nm repectively, and a TiN layer grown through 

another atomic layer deposition process were adopted as the high-k and metal gate using 

the dummy gate process. The device performance was compared with that of the planar 

FET simultaneously fabricated on the same Si wafer. The ion implantation and Ni-silicide 

processes were also optimized for this process sequence. Both n- and p-type devices were 

fabricated. The TGFET showed a high on/off current ratio of ~106, a low subthreshold 

swing of 105 mV/dec for the n-type device, a small drain-induced barrier lowering of 30 

mV for the n-type device, and 500 μA/μm saturation Id at 1.2 V (Vg-Vth) and 1.2 V (Vd) , 
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which were remarkably improved device performances compared with the planar FET 

device. These improvements were due to the improvement of the electrostatic control of 

the fin-shaped channel by the tri-gates, which coincides with the theoretical expectation 

and previous experiment results. By adopting higher-k Hf0.51Zr0.49O2 which has a 23.5 value 

of permittivity derived further progressed device performance in TGFET, compared to 

Al2O3 applied TFGET devices. It derived higher on/off ratio, smaller Vth with comparable 

DIBL behavior and before all, 750 μA/μm saturation Id at 1.2 V (Vg-Vth) and 1.2 V (Vd), 

subthreshold swing of 77 mV/dec which is closed to 60mV/dec theoretical value of FET 

devices. Nevertheless, the p-type devices showed inferior performances compared with the 

n-type devices due to the excessive dopant diffusion from the source and drain regions into 

the channel.  

As above, from the higher-k gate oxide engineering on Si and Ge substrate to 

investigations on its applicable 3D structure tri-gate FET fabrication, comprehensive 

activities were excuted with various analysis tools and knowledges.  

 

 

 

 

 

 

 



    207 

List of Publications 

 

1. SCI Journals 

 

1. Jae Ho Lee, Il-Hyuk Yu, Sang Young Lee, and Cheol Seong Hwang, “Phase control of 

HfO2-based dielectric films for higher-k materials”, Journal of Vacuum Science & 

Technology B, 3, 32, 03D109 (2014)  

 

2. Jae Ho Lee, Dong-Gun Kim, Hyun-Jae Lee, and Cheol Seong Hwang, “Fabrication of 

a nano-scaled tri-gate field effect transistor using the step-down patterning and dummy 

gate processes”, Microelectronics Engineering, (submitted) 

 

3. Jae Ho Lee, Dong-Gun Kim, Hyun-Jae Lee, and Cheol Seong Hwang, “Characteristics 

of oxynitride surface treatment and passivation layer effect on Ge substrate using Hf1-

xZrxO2 high-k materials”, Journal of Vacuum Science & Technology B, (submitted) 

 

4. Sang Young Lee, Hyo Kyeom Kim, Jong Ho Lee, Il-Hyuk Yu, Jae-Ho Lee, and Cheol 

Seong Hwang, “Effects of O3 and H2O as oxygen sources on the atomic layer deposition 

of HfO2 gate dielectrics at different deposition temperatures”, J. Mater. Chem. C, 2, 

2558-2568 (2014) 

 

5. Sang Young Lee, Woojin Jeon, Jae Ho Lee, Donggun Kim, Tae Joo Park, Jung-Hae Choi, 

and Cheol Seong Hwang, “High-Performance TiO2/SiO2 Gate Dielectric Layers on a 



    208 

Ge Substrate Grown via Atomic Layer Deposition”, ACS Applied materials & Interfaces, 

(2013)  

 

6. Hyo Kyeom Kim, Il-Hyuk Yu, Jae Ho Lee, and Cheol Seong Hwang, “Interfacial Dead-

Layer Effects in Hf-Silicate Films with Pt or RuO2 Gates”, ACS Applied Materials & 

Interfaces, 14, 5, 6769-6772 (2013) 

 

7. Hyo Kyeom Kim, Il-Hyuk Yu, Jae Ho Lee, Tae Joo Park, and Cheol Seong Hwang, 

"Controlling the work function and damaging effects of sputtered RuO2 gate electrodes 

for sub-1 nm equivalent oxide thickness ", submitted in ACS AMI (2012) 

 

8. Hyo Kyeom Kim, Il-Hyuk Yu, Jae Ho Lee, Tae Joo Park, and Cheol Seong Hwang 

“Scaling of equivalent oxide thickness of atomic layer deposited HfO2 film using RuO2 

electrodes suppressing the dielectric dead-layer effect”, Applied Physics Letters, 17, 101, 

172910 (2012) 

 

2. Conferences 

1. Jae-Ho Lee, Dong Gun Kim, Hyun Jae Lee, Jung-Hae Choi, and Cheol Seong 

Hwang, “Characteristics of PDA temperature effects and electrical performance on 

Ge substrate with respect to passivation layers and Hf-based dielectrics.”, ALD, 

Dublin, Ireland, July 24-27 (2016), poster 

2. Jae Ho Lee, Dong Gun Kim, Jae Hyun Lee, and Cheol Seong Hwang, “Characterizations 



    209 

of electrical properties and phase behavior on Hf1-xZrxO2 high-k materials”, Materials 

Fair 2015, 서울대학교, Oct. 1st. 2015  

 

3. Jae Ho Lee, Dong Gun Kim, Sang Young Lee, and Cheol Seong Hwang, 

“Characterization of electrical properties and phase behavior on Hf1-xZrxO2 high-k 

materials(update)”, ALD 2014, Granvia Hotel, Kyoto, Japan, June 15-18 (2014), poster 

 

4. Jae Ho Lee, Il-Hyuk Yu, Sang Young Lee, and Cheol Seong Hwang, “Characterizations 

of electrical properties and phase behavior on Hf1-xZrxO2 high-k materials” AVS, Long 

beach, Califonia, United States, October 27-November 1(2013), poster 

 

5. Jae Ho Lee, Il-Hyuk Yu, Sang Young Lee, and Cheol Seong Hwang, “Dielectric 

characteristics of phase controlled Hf1-xZrxO2 high-k materials”, ALD, San Diego 

Marriott Marquis & Marina, San Diego, United States, July 28-31 (2013), poster 

 

6. Dong Gun Kim, Jae-Ho Lee, Hyun Jae Lee, Jung-Hae Choi, and Cheol Seong Hwang, 

“Investigation of Passivation Layer Effect on Ge Substrate using SiO2/Al2O3 Bi-Layer 

Grown via Atomic Layer Deposition” 제 23회 한국반도체학술대회, 강원도 

하이원리조트, 2016년 2월 22일-24일, poster 

 

7. Dong Gun Kim, Jae-Ho Lee, Hyun Jae Lee, Woo Jin Jeon, Jung-Hae Choi and Cheol 

Seong Hwang, “Investigation of passivation layer effect on Ge substrate using 

SiO2/Al2O3 bi-layer Grown via Atomic Layer Deposition” ALD 2015, Hilton Hotel, 

Portland, USA, June 28 - July 1 (2015), poster 



    210 

8. Dong Gun Kim, Jae-Ho Lee, Hyun Jae Lee, Jung-Hae Choi and Cheol Seong Hwang, 

“Investigation of passivation layer effect on Ge substrate using SiO2/Al2O3 bi-layer 

Grown via Atomic Layer Deposition”,1st International Symposium on Emerging 

Functional Materials, 송도 컨벤시아, November 4-6 (2015), poster 

 

9. Hyo Kyeom Kim, Sang Young Lee, Il-Hyuk Yu, Jae Ho Lee, Tae Joo Park, and Cheol 

Seong Hwang, “Comparison on physical and electrical properties of sputtered Ru and 

RuO2 gate electrodes grown on HfO2/Si for p-MOSFET”, 222nd ECS 2012, Honolulu, 

Hawaii, October (7-12), Oct. 9th (2012)-poster. 

 

10. Hyo Kyeom Kim, Sang Young Lee, Il-Hyuk Yu, Jae Ho Lee, Tae Joo Park, and Cheol 

Seong Hwang, "Scaling of equivalent oxide thickness using La-incorporated metal 

gates on ALD Hf1-xSixO2 gate dielectrics", ALD 2012, Dresden, Germany, June (17-20), 

June 18th (2012)-poster. 

 

 

 

 

 

 

 

 



    211 

Abstract (in Korea) 

지난 40여년간 반도체 산업은, 핵심 물질이라고 할 수 있는 Si/SiO2 물질에 의해 소

자의 미세화를 바탕으로 많은 기술의 진보를 이루어 왔다. 실제로, 채널내의 전위 장

벽을 조절하여 전류의 흐름을 유도함에 있어, Si 채널의 길이와 SiO2 게이트 산화막의 

두께를 지속적으로 축소하면서 소자 성능의 향상을 이루어 왔다.  

그러나, 이러한 소자의 미세화를 통한 기술적 로드맵은 보편적인 2차원적인 소자에

서는, 사이즈 축소의 단계를 벗어나는 Si/SiO2 물질의 물리적 치수의 한계에 봉착해 

있다. 따라서 지금까지 있었왔던 소자의 미세화에 의한 소자의 성능을 개선하는 방법

이 아닌, 물리적인 한계를 근본적으로 개선할 수 있는 새로운 방법이 필요로 하게 되

었다.  

그 첫번째로 SiO2를 대체할 수 있는 high-k 게이트 산화막의 개발이다. 최근 40nm 

급의 소자를 시작으로 Hf 기반의 High-k Metal Gate (HKMG) 공정이 이미 산업계에 

응용이 되고 있으나, 더 높은 유전율(k)를 유도하고, 전체 공정중에 유발되는 heat 

budget에 의한 내열성을 지니는 산화막의 개발이 꾸준히 요구되는 상황이다.  

두번째로, 채널의 길이가 10nm 급에 근접하는 22nm 급 이하의 소자에서는, 일반적

인 2차원 소자를 이용하여서는, 채널내에 dopant 변동, 단채널효과, Vth 조절의 어려

움 등, 소자 제작의 한계에 도달해 있기 때문에 FinFET 혹은 Tri-Gate FET (TGFET)

과 같은 다중 gate를 지니는 3차원 구조의 MOSFET 소자의 개발도 점차 시도가 되

고 있다. 그러나 3차원 구조의 특성상 소자의 제작의 어려움과 그에 따른 비용의 증

가는 지속적으로 응용소자를 개발하는데 있어서 많은 개선책으로써의 연구가 필요로 

함을 보이고 있다. 

 세번째로, 소자 미세화의 한계점을 좀 더 늦출 수 있는 것으로, 상대적으로 얇은 밴

드갭과 낮은 dopant activation annealing 온도를 지니며, 높은 carrier 이동도를 지니
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는 Ge, GaAs, InP, GaSb와 같은 Si과는 다른 기판을 응용하는 것이다. 이중에서 높은 

hole carrier 이동도에 큰 잇점이 있는 Ge 기판은, Si 기판에서의 SiO2 산화막과 같이 

안정적인 게이트 산화막이 존재하지 않고, 내열성이 낮은 GeO를 형성하여 oxide내의 

defect을 쉽게 유발하기 때문에, 계면의 낮은 결함 상태를 유지하고, 열적 안정성이 

우수하며, 동시에 높은 유전율을 지니는 gate stacks에 대한 연구가 필요한 상황이다. 

따라서, 본 연구에서는, 앞서 언급한 핵심 기술분야를 바탕으로 하여, (1) 고유전율 

물질을 위한 Hf1-xZrxO2 기반 물질의 상 변화에 관한 연구, (2) 고유전율 Hf-Zr-O 

(Hf1-xZrxO2, HZO)산화막의 Ge 기판 응용을 위한 질화산화막 표면처리와 passivation 

산화막의 응용에 따른 특성 연구, (3) Hard mask step-down double patterning과 

dummy gate 공정을 이용하여 고유전율 Hf-Zr-O oxide를 적용한 나노급 3차원 Tri-

Gate FET의 소자 제작과 그 특성에 관한 연구를 기술하고자 한다. 

 첫번째 연구과제로, monoclinic에서 상대적으로 더 높은 유전율을 지니는 

tetragonal 상의 변태를 유도하여 안정적인 고유전율의 HfO2 산화막 유도하는 방안을 

시도하였다. HfO2 산화막을 증착하는 과정에서 tetragonal 상을 만들 수 있는 O2 산

화제를 이용하여 형성된 tetragonal HfO2 산화막을 seed 막으로 이용하고, ALD의 

epitaxial 막성장 특성에 의해서 후속에 O3를 이용한 HfO2 산화막을 형성하여도 700◦

C 이상의 후속 열처리에 의해 tetragonal HfO2로 상으로 성장할 것으로 기대하였다. 

그러나, 열적 안정성이 우수한 monoclinic 상의 bulk energy term이 하부 tetragonal 

상에 의해 주어지는 interface energy term 보다 우수하여 하부의 seed의 구조에 영

향을 받지 않고, 그대로 O3에 의한 monoclinic 상을 유지하는 현상을 보여, 안정적인 

tetragonal상의 유도는 되지 않았다. 이에 다른 방법으로, 상대적으로 작은 입자 크기

의 막성장이 가능하며, tetragonal 상이 안정적으로 성장 가능한 ZrO2 산화막을 HfO2 

산화막에 alloy 형태로 첨가하는 방법을 고안하였다. 여기에 Zr의 농도와 후속 열처리 
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온도에 따른 monoclinc 상과 tetragonal 의 상의 변화를 확인하였고, 이에 따른 전기

화학적 특성을 확인하였다. Zr 농도가 증가하거나 후속 열처리 온도가 감소하면 

tetragonal 상의 성장이 우세함이 확인되었으며, 반대로, Zr 농도가 감소하고, 열처리 

온도가 증가하는 방향으로 monoclinic 상이 발달함을 확인하였다. 800◦C 이상의 열처

리 온도에서는 HZO 산화막의 compositional segregation 현상이 가중되어 산화막의 

누설 전류가 크게 증가함을 확인하였다. Zr 농도가 50~70% 사이에서 큰 유전율의 증

가 현상을 확인하였고, 700◦C 이하의 열처리에서는 누설 전류 증가 현상도 어느정도 

완화됨을 확인하였다.  

 두번째 연구분야로, Ge기판위에 혼합된 NH3와 O2 가스 분위기에서 RTA를 이용한 

열처리를 진행하여 질화산화물 표면처리를 진행하였다. 550◦C, 1min 열처리를 진행하

여 0.5nm의 두께의 GeOxNy 막이 형성되었고, G/GeOxNy/HZO(Hf0.51Zr0.49O2)/TiN 게

이트 구조에서 650◦C 후속 열처리 공정에서도 안정적인 C-V 형태를 보이며, 25~30% 

개선된 Vhy와 9.8 x 1011 수준의 낮은 Dit를 확보하였다. 여기에 더하여, ALD 증착 방

법을 이용한 passivation layer (PL)로 SiO2, AlSixOy, Al2O3 산화막을 0.5, 1.0, 1.5 and 

2.0nm 두께로 GeOxNy 표면처리가 진행된 Ge 기판에 형성하여, G/GeOxNy/PL/ 

HZO/TiN 적증구조를 이용하여 상온에서 650◦C까지 범위까지 후속 열처리 의한 열적 

안정성 특성을 확인하였다. 상온에서는 2nm 두께의 SiO2 PL을 적용한 시편 그룹에서 

Vhy (≒140mV), Dit (≒8.5 x 1011) 수준의 양호한 결과를 보였으나, 후속 열처리 온도

가 증가함에 따라 Al2O3 PL 그룹에 비해, 더욱더 열화되는 Vhy과 큰 Dit를 보였다. 

Al2O3 PL 그룹에서는 후속 열처리 온도가 증가함에 따라 tetragonal 상의 성장에 의

해 EOT가 점차 감소하는 형상을 보이나, SiO2 PL 그룹에서는, 초기에는 Al2O3 PL 그

룹에서 보여준 것처럼 EOT가 점차 감소하나, 500◦C 이후부터는 tetragonal 상이 그

대로 유지되는 상황에서도 점차 증가하는 현상을 확인할 수 있었다. XPS 분석을 통하
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여 SiO2 PL 그룹에서, Ge3d Peak분석에서 GeO binding energy peak의 증가가 확인

되었으며, Si2p 분석에서, SiO2 peak은 감소하고, 반대로 SiOx(0<x<2) Peak이 증가하

는 것으로 보아, 후속 열처리에 의해 Ge 기판과 GeOxNy 막에서 이동되어 온 Ge 원

자와 SiO2에서 나온 O 원자가 결합하여 GeO를 더욱 더 쉽게 형성되는 것으로 확인

이 되었다. TEM 분석을 통하여 SiO2 PL 그룹에서 SiO2 산화막 영역이 600◦C 후속 

열처리에 의해 0.43nm 수준으로 성장되는 것을 확인하였으며, EDS line profile 분석

을 통하여 기판으로부터의 Ge 원자가 SiO2 산화막을 지나 외부로 이동되었음을 확인

할 수 있었다. 결과적으로, Al2O3 PL이 SiO2 PL에 비해 EOT, Vhy, Dit 측면에서 열적 

안정성이 뛰어남이 확인되었고, 이는 산소 결합 엔탈피를 확인하여 보아도 Si-O (368 

kJ/mol)가 Al-O (512 kJ/mol) 보다 더 작은 것으로 보아, 소자 제작에서 있어 발생할 

수 있는 Thermal budget를 고려할 때, Al2O3 산화막을 PL로 응용하는 것이 더 나은 

선택임이 확인되었다. 

세번째 연구분야로, 3차원 구조의 TGFET을 제작하는 방법과 소자의 특성에 

대해서 연구하였다. i-line stepper를 이용하여, hard mask step-down double 

patterning(HMSDP) 공정을 고안하여 20 nm 수준의 channel 폭, 80nm 수준의 

channel 높이 그리고 150nm의 channel 길이를 지니는 나노 스케일의 소자를 

제작하였다. ALD 방법으로 증착된, 1.9nm, 0.9nm의 EOT 값을 지니는 Al2O3, 

Hf0.51Zr0.49O2 게이크 산화막과 TiN 게이트 전극을 적용한 HKMG 구조에 dummy 

gate 공정을 고안하여 3차원 구조의 큰 channel 높이를 지니는 소자를 안정적으로 

구현할 수 있었다. Ohmic contact 저항을 형성하기 위해 Ni-silicidation 공정도 

적용되었고, N/P MOS 소자 구현을 위한 Junction을 형성하기 위해 ALTALS 

시뮬레이션에 의한 최적화된 Implanation 공정도 적용하였다. 최초 Al2O3 게이트 

산화막을 적용하여, 같은 wafer 상에서 제작된 2차원의 평면소자 대비, 3차원 



    215 

TGFET 소자는, ~106 의 on/off 특성과, 105mV/dec (NMOS)의 우수한 SS, 500 ㎂/㎛ 

의 Id, 그리고 30 mV의 안정적인 DIBL 특성도 보여주었다. 여기에 k≈23.5의 

고유전율을 지니는 Hf0.51Zr0.49O2 게이트 산화막을 적용하여 한층더 개선된 

77mV/dec (NMOS)의 SS 와 750 ㎂/㎛의 매우 우수한 소자 특성을 확보하였다. 이는 

Cox 값의 향상에 의한 한단계 높은 소자 특성의 확보라 할 수 있다. 그럼에도 

불구하고, PMOS 소자의 특성은 NMOS 에 비해서 열화되는 현상을 확인하였는데, 

이는 낮은 승온 특성이 있는 RTA 장비를 이용한 dopant activation annealing에 의해 

과도한 공정 시간이 소자에 적용되어 channel 내부로 dopant가 확산하면서 단채널 

효과를 더욱 증대하여 발생하는 현상임을 확인하였다. 

이로써, Si 기판에서 고유전율을 보이는 HZO 산화막을 연구하였고, 이를 다시 high 

mobility channel인 Ge 기판에 적용하기 위한 다양한 표면 처리 기법과 PL을 

적용하여 보았으며, 최종적으로 나노 스케일의 3차원 TGFET 소자를 제작 및 

고유전율의 HZO 산화막을 적용한 소자의 특성을 확인하여 종합적으로 고찰하여 

보았다.  
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