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ABSTRACT 

As the semiconductor industry approaches the limits of traditional silicon 

CMOS scaling, introduction of performance boosters like novel materials and 

innovative device structures has become necessary for the future of CMOS. High 

mobility materials are being considered to replace Si in the channel to achieve higher 

drive currents and switching speeds. Ge has particularly become of great interest as a 

channel material, owing to its high bulk hole and electron mobilities. However, 

replacement of Si channel by Ge requires several critical issues to be addressed in Ge 

MOS technology. High quality gate dielectric for surface passivation, low parasitic 

source/drain resistance and performance improvement in Ge NMOS are among the 

major challenges in realizing Ge CMOS.  

Detailed characterization of gate dielectric/channel interface and a deeper 

understanding of mobility degradation mechanisms are needed to address the Ge 

NMOS performance problem and to improve PMOS performance. In the first part of 

this dissertation, the electrical characterization results on Ge NMOS and PMOS 

devices fabricated with GeON gate dielectric are presented. Carrier scattering 

mechanisms are studied through low temperature mobility measurements. For the first 

time, the effect of substrate crystallographic orientation on inversion electron and hole 

mobilities is investigated.  

Direct formation of a high-K dielectric on Ge has not given good results in the 

past. A good quality interface layer is required before the deposition of a high-K 

dielectric. In the second part of this dissertation, ozone-oxidation process is introduced 
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to engineer Ge/insulator interface. Electrical and structural characterizations and 

stability analysis are carried out and high quality Ge/dielectric interface with low 

interface trap density is demonstrated. Detailed extraction of interface trap density 

distribution across the bandgap and close to band edges of Ge, using low temperature 

conductance and capacitance measurements is presented. 

Ge N-MOSFETs have exhibited poor drive currents and low mobility, as 

reported by several different research groups worldwide. In spite of the increasing 

interest in Ge, the major mechanisms behind poor Ge NMOS performance have not 

been completely understood yet. In the last part of this dissertation, the results on Ge 

NMOS devices fabricated with the ozone-oxidation and the low temperature 

source/drain activation processes are discussed. These devices achieve the highest 

electron mobility to-date, about 1.5 times the universal Si mobility. Detailed interface 

characterizations, trapping analyses and gated Hall device measurements are 

performed to identify the mechanisms behind poor Ge NMOS performance in the past.  
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Chapter 1 
 
 
Introduction 
 

 

1.1 Motivation 
Since the first experimental demonstration in 1960 [1], Si-based Metal-Oxide-

Semiconductor-Field-Effect-Transistor (MOSFET) has become the driving force for 

the semiconductor industry in the last four to five decades. Although the architecture 

and working principle of the MOSFET have remained the same, the physical 

dimensions have been continually reduced to double the number of transistors on a 

chip every two years following Moore’s Law [2]. The exponential decrease in 

transistor dimensions has resulted in increase in microprocessor performance over 

technology generations. However, the conventional device dimension scaling cannot 

continue forever. As scaling reached sub-100nm regime, more non-silicon elements 

were introduced to Si technology at every generation (Fig. 1.1). At 90nm node, SiGe 

S/D was introduced to achieve uniaxial strain in the channel. That was followed by 

integration of high-K metal gate at 45nm node, which is then called “The Biggest 

Change in Transistor Technology in 40 Years” by Gordon Moore.  
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Fig. 1.1: Sub-100 nm CMOS technology scaling (source: Intel Corp.). 

At present, 32 nm technology node is very close to production with the 

physical gate length approaching 15nm. A more up-to-date figure shows the 

manufacturing-development-research pipeline for Si CMOS technology (Fig. 1.2). 

Beyond 32 nm and especially 22nm more changes in transistor architecture and 

materials used in CMOS technology are expected. Three-dimensional transistor 

architectures (FinFET, TriGate, MuGFET), high mobility materials, advances in 

interconnect technology and improvement in lithographic techniques are the main 

objectives of CMOS technology research. Non-Si materials considered in the research 

stage include Ge, III-V, carbon nanotubes, semiconductor nanowires and �rapheme.  

Beyond 22nm technology node, in addition to practical challenges, 

fundamental constraints will limit the maximum achievable performance by Si CMOS. 



3 
 

Once the traditional performance increase slows down, novel materials and device 

architectures will become necessary to boost the performance.  

 

Fig. 1.2: Silicon research & development pipeline (source: Intel Corp.) 

The strain technology, first introduced at 90 nm technology node, is 

approaching its limits as a performance booster. High mobility materials are being 

considered to replace Si in the channel to achieve higher drive currents and switching 

speeds. Ge has particularly become of great interest as a channel material, owing to its 

high bulk hole and electron mobilities. The fundamental physical properties of Ge are 

compared with Si and different SiGe compositions as well in Table I. Ge has a smaller 

effective mass (mt) for electrons and also a smaller effective mass in the heavy hole 

(mhh) and light hole (mlh) bands compared to Si. A smaller effective mass in Ge can 

potentially lead to higher carrier mobility and drive currents in Ge MOSFETs than in 

Si MOSFETs.  

65nm 45nm 32nm 22nm 16nm 11nm
2005 2007 2009 2011 2013 2015

Manufacturing                        Development                 Research
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Table I: The physical properties of Si, Ge, and SiGe [3], [4] are listed. 
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In Table I, * value was derived through linear approximation; ** value was derived 

through subjective observation of graph/diagram [3]; *** value was derived through 

quadratic approximation. 

Bulk mobilities of semiconductors including Si, Ge and III-V materials are 

compared in Table II. Ge has substantially higher bulk electron and hole mobilities, 

approximately two and four times higher than those of Si, respectively. By just 

looking at the mobility numbers, the best combination seems to be Ge for PMOS and 

III-V for NMOS. However, realizing a nanoscale III-V transistor on a Si platform has 

many process, integration and cost problems which may not have an easy solution. On 

the other hand Ge has the advantage of process compatibility and easy integration with 

Si technology. Integrating Ge as the channel material in the current CMOS technology 

would be straightforward, considering that SiGe has already been integrated into the 

source/drain regions of current MOSFETs. High mobility Ge PMOS has been 

successfully demonstrated in the past by several research groups. Therefore in this 

dissertation, more effort is spent to improve Ge NMOS performance and to benchmark 

its performance limits experimentally. 

 
Table II: Comparison of bulk electron and hole mobilities in different semiconductors 

Material ⇒
Property ⇓

Si Ge GaAs InAs InSb

Electron 
mobility

1600 3900 9200 40000 77000

Hole mobility 430 1900 400 500 850

Bandgap (eV) 1.12 0.66 1.424 0.36 0.17

Dielectric 
constant

11.8 16 12.4 14.8 17.7
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There has been significant effort in simulations to benchmark the performance 

of nanoscale Ge transistors. Different architectures, substrate orientations and strain 

effects are investigated by several research groups for Ge NMOS and PMOS. 

NMOS: Ballistic transport simulations have shown that Ge (111) can provide 60% 

higher drive current than Si (100) (Fig. 1.3 (a)). Strong quantum confinement can 

change valley population and modify the injection velocity as well as drive current [6]. 

Thinner body thicknesses in GOI structures can lead to increased occupancy in the 

lowest sub-band, which has the lowest transport effective mass resulting in a higher 

injection velocity. Fig. 1.3 (b) shows drain saturation current versus Vg characteristics 

for different materials and orientations in the ultimate limit of zero EOT. In this 

extreme situation Ge (111) with 3 nm body thickness shows the highest drive current 

due to the tradeoff between injection velocity and quantum capacitance. 

(a) (b) 

  
Fig. 1.3: (a) Drain saturation current of Si MOSFETs on (100) surface and Ge 

MOSFETs on (100) and (111) surfaces [6]. (b) Ultimate Isat-Vg characteristics under a 

limit of zero nm EOT [6]. 

The dependence of electron mobility on strain, channel direction and substrate 

orientation is studied for Ge n-channel MOSFETs [7]. The mobilities are calculated by 

Kubo-Greenwood formula for each subband. Intervalley phonon scatterings and 
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surface roughness scatterings are taken into account. The results have shown that Ge 

(111) MOSFETs have the highest mobility and the mobility can be enhanced further 

by introducing tensile strain to Ge NMOS channel. 

(a)                                                                 (b) 

  
Fig. 1.4: (a) Mobility as a function of effective field for different substrate orientations 

with and without uniaxial tensile strain [7]. (b) Mobility as a function of strain under 

different stress conditions, channel directions and substrate orientations [7]. 

 
Fig. 1.5: Performance comparison for nanoscale MOSFETs with different channel 

materials. Double gate [8]. 

A recent work performed in Saraswat Research Group compares nanoscale 

ballistic MOSFETs (Fig. 1.5) [8]. When density of states and quantum confinement 
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effects are taken into account, Si has the largest inversion charge density and the 

inversion charge is reduced due to low DOS in III-V materials. Ge lies in between Si 

and III-V materials in terms of inversion charge density. Injection velocity results 

show that Si has the smallest injection velocity and III-V materials have the highest 

because of low effective mass. Ge is again in between, better than Si but worse than 

III-V materials in terms of injection velocity. Combining inversion charge and the 

injection velocity, Ge shows the highest on current, especially for scaled body 

thicknesses.  According to off current simulation results, quantization helps Ge to 

reduce BTBT leakage and meet the off current requirements. 

PMOS: As opposed to NMOS, there have been encouraging experimental 

demonstrations of hole mobility enhancements in Ge p-MOSFETs. Strained ultrathin 

SiGe MOSFETs with high Ge fraction (80%) fabricated on SOI have shown mobility 

enhancements of ~4X over bulk bulk Si devices (Fig. 1.6 (a)) [9]. Ge P-FETs 

fabricated with strained Si/strained Ge double heterostructures grown on relaxed SiGe 

have exhibited hole mobility enhancement of 10 times (Fig. 1.6 (b)) [10]. 

(a)                                                             (b) 

     
Fig. 1.6: (a) Strained SiGe on SOI device [9] (b) Strained Si/ strained Ge double 

heterostructure device, grown on SiGe [10]. 
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The effect of surface/channel orientation, strain and band structure on drive 

current and switching delay is intensively studied by Full-band Monte Carlo 

simulations on nanoscale Ge double gate P-FETs [11]. The highest drive current and 

the lowest intrinsic delay is obtained for (001)/[010] surface/channel orientations 

under biaxial strain. Ge is shown to outperform Si under the best surface/channel 

orientations and strain conditions for the lowest delay.  

 

Fig. 1.7: Intrinsic delay is compared for Ge and Si P-FETs. Only best strain case is 

shown [11]. 

The performance simulations have shown very promising results for both Ge 

NMOS and PMOS. The very high channel mobility in strained-Ge combined with the 

advantage of process compatibility and easy integration with Si CMOS, makes it very 

attractive material for future nanoscale MOSFETs. 
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1.2 Thesis Organization 
The objective of this work is to develop various advanced technologies to 

fabricate high performance Ge CMOS. Two main issues targeted in the device level 

are: 

- High quality interface and gate dielectric stack development for Ge. 

- Performance improvement in Ge NMOS. 

This dissertation is organized as 6 chapters. Chapter 2 presents preliminary 

results for Ge MOSFETs with GeON gate dielectric, discusses the effect 

crystallographic orientation on Ge NMOS and PMOS mobility and examines the 

carrier scattering mechanisms in Ge MOSFETs through electrical characterizations. A 

brief review of interface characterization techniques in literature is given in Chapter 3. 

The low temperature conductance technique is proposed for accurate characterization 

of channel/gate-dielectric interface in Ge. Interface trap density distribution across Ge 

bandgap is illustrated.  

Surface passivation of Ge is a key challenge to achieve high performance Ge 

MOSFETs.   In Chapter 4, a novel technique is introduced to engineer Ge interface 

and reduce the trap density. A high quality Ge/dielectric interface with low interface 

trap density is presented. Electrical and structural characterizations and stability 

analysis are discussed. Chapter 5 focuses on performance improvement in Ge NMOS. 

The results on Ge NMOS devices fabricated with the interface engineering technique 

are discussed. Detailed interface characterizations, trapping analyses and gated Hall 

device measurements are elaborated in order to identify the mechanisms behind poor 

Ge NMOS performance in the past.  
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Finally, Chapter 6 summarizes the conclusions and the contributions of this 

work and recommends future research directions. 
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Chapter 2 
 
 
Ge MOSFETS 
 

 

2.1 Introduction 
Future CMOS scaling requires introduction of new channel materials and 

innovative device structures [1]. Recently, Ge has become of great interest as a 

channel material for future technology nodes, owing to its bulk electron and hole 

mobilities that are two and four times higher than those of Si, respectively. Ge has a 

small hole conductivity effective mass and hence can achieve higher inversion hole 

mobility.  High density of states (DOS) of Ge allows for it to support channel charge 

in its higher mobility valleys even with strong quantization attributed either to the 

spatial quantum confinement or to the high electric field. This makes Ge an attractive 

channel material for future high-performance N-MOSFETs. However, replacement of 

Si channel by Ge in these devices requires alternative processing methods at various 

steps in device fabrication. Two major challenges in realizing Ge MOS technology are 

surface passivation and n-type dopant activation. 

Ge MOSFETs with different gate dielectrics including HfO2 [2], ZrO2 [3], 

Al2O3 [4], LaAlO3 [5], GeON [6] have been demonstrated. Mobilities above 300cm2V-
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1s-1 have been reported for Ge PMOS [6]. However, Ge NMOS has exhibited poor 

drive current and low mobility, as reported by several different research groups 

worldwide [7], [8]. Detailed characterization of gate oxide/channel interface and a 

deeper understanding of mobility degradation mechanisms are needed to address the 

Ge NMOS performance problem.  

In this chapter, the details of Ge MOSFET fabrication techniques are 

presented. The Ge-GeON interface is investigated using the conductance technique at 

low temperatures to extract an accurate distribution of interface traps (Dit) across the 

bandgap of Ge.  Diode characteristics and non-idealities of the source/drain junctions 

of the Ge- MOSFETs are illustrated. The experimental findings on the effects of 

substrate crystallographic orientation on electron mobility (µn) and hole mobility (µp) 

are discussed. The 50% improvement in µn for the (111) orientation over (100) 

orientation is explained based on both measurements and band structure theory. 

Carrier scattering mechanisms and their effects on µn and µp are studied through low 

temperature measurements and the results are correlated with the interface studies.  

2.2 Ge MOSFET Fabrication 
The MOSFET fabrication process flow is summarized in Table I. N- and P-

type, 100 mm diameter, very lightly doped (~1014 cm3), Ge substrates with (100) and 

(111) surface orientations supplied by UMICORE were used as starting materials. The 

first part of the process involved the formation of the field isolation dielectric 

consisting of GeOxNy formation and SiO2 deposition. A modified pre-diffusion clean, 

including surface organics removal in addition to oxide removal by cyclic- HF clean 

[10], was used for these substrates. The removal of surface organics was done by 
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washing the wafers in PRS-1000 at 45 °C for 10 min followed by DI water dump rinse 

and a spin dry. The native oxides of Ge were removed by dipping the wafers in DI 

water. The sub-oxides, which cannot be removed in DI water etching, were etched by 

dipping the wafers in 2% HF solution for 30 s. A cyclic clean involving treating the 

wafers with DI water and 2% HF successively was employed 3 times to remove most 

of the oxides on the surface. The wafers were then immediately loaded in a rapid 

thermal processing (RTP) system for oxynitridation. This process was accomplished in 

two steps, first a short oxidation of the Ge at 600 °C for 5 s in dry O2 followed by a 

long purge of the system in N2. This was followed by a nitriding step accomplished by 

annealing the wafers in an NH3 environment at 600 °C for 3 min. The wafers were 

then loaded into a CVD system to deposit SiO2 using SiH4 and O2 at 400 °C. Active 

area lithography was done and the field stack was then etched in a 20:1 Buffered 

Oxide Etch solution. Subsequently, photoresist was stripped in O2 plasma.  

The modified pre-diffusion clean described above was performed again on 

these wafers followed by the same oxynitridation process to form the GeOxNy gate 

dielectric. A cap layer of CVD SiO2 was used to reduce the leakage current density 

across the gate stack. This oxide was deposited at a slightly higher temperature of 

450 °C and a reduced pressure of 200 mT compared to the isolation oxide deposition. 

Poly-Si0.4Ge0.6 was employed as the gate electrode. SiH4 and GeH4 were used as 

source gases for the CVD gate deposition, which was done at 400 °C and 400 mT. The 

gate was patterned using an anisotropic dry etch, achieving good selectivity between 

the poly-SiGe and the SiO2.  
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After stripping the resist, source/drain implants were done. P and BF2 were 

chosen as the implant species with a dose of 4x1015 cm-2 and implant energies of 

35keV and 50keV respectively. The p-type dopant was activated in a N2 environment 

in a tube furnace at 500 °C for 45 min and n-type dopant was activated in RTP system 

at 600 °C for 1 min. 

 

 

 

 

 

 

                                 

Table I. Si-CMOS like process flow 

Low-temperature SiO2 was again used as a backend insulator. The contact 

holes were patterned and 500nm of Al was used as a contact metal. Ti was employed 

as an interfacial material to remove any native oxide, which may be present at the 

interface between poly-SiGe and Al. The Al was patterned and finally; the wafers 

were annealed in a 4% H2 environment at 300 °C for 45 min. The final N-FET 

structure is shown in Fig. 2.1. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Pre-diffusion clean for Ge 

GeON growth & LPCVD SiO2 for isolation 

Active area lithography & oxide etch 

GeON growth & LPCVD SiO2 for gate stack 

Poly SiGe deposition 

Gate lithography & etch 

Source/Drain Implant 

Dopant activation anneal 

Backend dielectric 

Ti/Al  contact pads 

FGA anneal 
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                            Fig. 2.1: N-FET schematic 

2.3 Ge MOSFET Characterization 
2.3.1 Gate Stack Characterization 
 Direct formation of a high-K dielectric on Ge has not given good results in the 

past. A good quality interface layer is required before the deposition of a high-K 

dielectric. GeO2 was shown to provide a good quality interface with low density of 

interface traps [11]-[13]. Also, nitridation has been proposed to provide a stable 

passivation of Ge interface at higher temperatures [14]. Therefore, oxide growth 

followed by thermal nitridation with NH3 was chosen to form the gate stacks for 

MOSFET fabrication. The complete gate stack was formed by deposition of LPCVD 

SiO2 following GeOxNy growth. The physical thickness of GeOxNy layer is around 7 

nm and the thickness of LTO layer is 13 nm and 16nm for PMOS and NMOS 

respectively, measured by ellipsometer. 

The nitrogen composition of the GeOxNy layer is critical for its properties. A 

high concentration of nitrogen at the interface may cause an increase in the density of 

interface states, especially compared to pure GeO2 case [14], [15]. However, nitrogen 

incorporation helps to improve the temperature stability as well. The nitrogen 

Ge (p-type)

n+n+

SiGe GeOxNy + LTO

Ge (p-type)

n+n+

SiGe GeOxNy + LTO
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composition of the grown GeOxNy layer was determined to be 17% at the interface 

using angle-resolved x-ray photoemission spectroscopy (AR-XPS).  

The capacitance-voltage (C-V) characteristics obtained from Ge p- and n-FETs 

with (100) orientation are shown in Fig. 2.2 and 2.3. C-V characteristics were 

measured in 1 kHz-1MHz frequency range at 250K. Time constants for capture and 

emission processes of carriers through interface traps are much shorter for Ge than for 

Si, due to smaller bandgap.  Cooling down to 250K helps to prevent inversion 

response via thermal generation in the bulk region. It is noteworthy that C-V’s were 

measured on final MOSFET structures after going through several annealing steps as 

explained in device fabrication section above. C-V hysteresis was less than 100 mV 

for both NMOS and PMOS. C-V characteristics for NMOS (p-substrate) correspond to 

Ge surface potential in the lower half of the bandgap, which is closer to valence band 

(Ev), where the depletion takes place for the p-type substrate. C-V characteristics 

measured for PMOS (n-substrate) correspond to the upper half of the bandgap, closer 

to conduction band (Ec). Larger frequency dispersion was observed (e.g. a kink at low 

frequencies in the depletion region) for n-type substrates (Fig. 2.3)). A high density of 

interface states in the upper half of the bandgap can be responsible for the larger 

frequency dispersion in n-type substrate; this possibility was investigated through Dit 

measurements in this work. 
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Fig. 2.2: C-V characteristics for p-substrate, corresponds to lower half of the bandgap, 

closer to valence band edge. 

 
Fig. 2.3: C-V characteristics for n-substrate, corresponds to upper half of the bandgap, 

closer to conduction band edge. Frequency dispersion (kink at low frequencies) 

observed in depletion region.  

The conductance method is a reliable way to extract Dit but it cannot be 

directly applied to Ge. At room temperature, due to thermal generation and weak 

inversion response in the low band gap Ge channel, conductance does not show the 

interface trap behavior typical of Si MOS devices. The weak inversion response is the 
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bump commonly observed in CV curves in the weak inversion regime [16]. Time 

constants for capture and emission processes of carriers through interface traps are 

much shorter for Ge than for Si, due to its smaller bandgap. Hence, the conductance 

was measured at 77-250 K, to determine Dit distribution versus trap energy (Et) across 

the entire bandgap, including the proximity of the bandedges. The details of 

conductance measurements will be given in Chapter 3. The Dit distribution at the 

Ge/GeOxNy interface was extracted at several low temperatures on N- and P-FETs to 

cover the entire bandgap (Fig. 2.4).Measurements in the range of 77-250 K allow 

sampling of the Dit within the Ge bandgap, because each temperature monitors a 

limited part of the bandgap as pointed out in Fig. 2.4. The Dit distribution shows a 

minimum close to midgap and increases closer to the band edges. For the (100) 

substrate orientation, the upper half of the bandgap (energies near the conduction band 

edge) exhibits higher Dit than lower half of the bandgap (energies near the valence 

band edge), which is also consistent with the frequency dispersion measured in C-V 

curves (see Fig. 2.2 and Fig. 2.3). Dit distributions for (100) and (111) substrate 

orientations are compared in Fig. 2.4. For the upper half of the bandgap, especially 

closer to conduction band edge, (100) substrate shows higher Dit values than (111) 

substrate. However, the Dit distributions are very similar for (100) and (111) substrates 

from midgap to valence band. 
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Fig. 2.4: Dit vs. trap energy (Et) in Ge bandgap for MOSFETs fabricated on (100) and 

(111) substrates for 77K-250K temperature range. Dit is extracted for the same devices 

used in mobility characterization. N-substrate (PMOS) is used for the upper half of the 

bandgap while p-substrate (NMOS) is used for the lower half. Entire bandgap is 

covered with measurements done at 77,180 and 250 K. 

2.3.2 Source/Drain Characteristics 

 Fig. 2.4 and Fig. 2.5 illustrate the diode characteristics of the S/D junctions of 

NMOS and PMOS devices. The reverse current in the n+-p junction is much higher 

indicating that the implant defects resulting from ion implantation are either not 

completely annealed or the dopant activation was less than expected. By measuring 

the effective drive current in the MOSFETs as a function of gate lengths the sheet 

resistances in the S/D regions were calculated.  
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Fig. 2.5: Rectifying characteristics of n+/p junction in NMOS. High reverse bias 

leakage is observed in the n+/p junction. 

 

Fig. 2.6: Rectifying characteristics of p+/n junction in PMOS. 

Ideality factor can give valuable information on recombination component of 

diode current. For the ideal case where there are no defects, the diffusion current 

dominates the total current and the ideality factor is 1. In the presence of defects, the 

generation enhanced by the defects in the space charge region of the junction can 

cause the ideality factor to be greater than 1. The ideality factors of n+-p and p+-n 

diodes were determined as 1.9 and 1.2, respectively, from the linear part of the diode 
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I-V curves. The high ideality factor of n+-p diode is attributed to the implant defects 

or insufficient dopant activation. 

2.3.3 Transistor Characterization 
Transistor gate lengths and widths varying from 100 µm to 2 µm were 

fabricated. Fig. 2.7 shows typical output (IDS-VDS) characteristics. NMOS exhibits 

lower drain currents than PMOS even for shorter channel lengths. The reason for poor 

NMOS performance will be discussed in the later sections through interface and 

mobility characterization results.   

 
Fig. 2.7 (a): Id-Vd characteristics of NMOS. (b): Id-Vd characteristics of PMOS. 

 
Fig. 2.8 and Fig. 2.9 show transfer characteristics (IDS-VGS) of the NMOS and 

the PMOS transistors, measured on large area devices. As observed from the IDS-VGS 

characteristics, Ion /Ioff ratio is lower for NMOS than for PMOS. This can be due to 

poor n+-p junction and leakage through implant defects. N-type dopants have low 

solid solubility and high diffusion coefficient in Ge. If the S/D formation steps are not 

optimized, the over diffusion of phosphorus or the defects close to junction boundary 

which are not annealed out during activation annealing, can cause serious junction 
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leakage. For short channel length transistors, they can even result in subsurface 

conduction, degrading the Ion /Ioff ratio for Ge NMOS. 

 
Fig. 2.8: Transfer characteristics of NMOS. W/L is the same as in Fig. 2.7(a). 

 
Fig. 2.9: Transfer characteristics of PMOS. W/L is the same as in Fig. 2.7(b). 

 

 The split CV technique was used to measure the effective electron and hole 

mobilities of large area transistors (100x100 µm2 and 200x200 µm2) on (100) and 
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drain conductance (gD) characteristics for Ge (100) NMOS and PMOS transistors 

respectively. 

 
Fig. 2.10: Split-CV measurement results taken on large area NMOS. Gate to channel 

capacitance (left axis) and drain conductance (right axis) are shown. 

 
Fig. 2.11: Split-CV measurement results taken on large area PMOS. Gate to channel 

capacitance (left axis) and drain conductance (right axis) are shown. 

 Mobility versus effective field is plotted to compare it for different substrate 

orientations along with universal Si mobility curves (Fig. 2.12-13). The highest 
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inversion mobility for Ge NMOS reported to date and 2X improvement over universal 

Si mobility is obtained for PMOS. The peak µn for the (100) substrate orientation is 

around 400 cm2/V-s while it is around 550 cm2/V-s for (111) substrate orientation. 

The (111) substrate exhibited 50% higher µn than (100) substrate. The extracted µp 

does not show a significant difference between (100) and (111) substrate orientations, 

which is also the case for the Dit results summarized in Fig. 2.4. Although this is the 

highest inversion µn reported to date, it is still below the universal Si mobility curve 

for both (100) and (111) substrate orientations. To investigate the Ge NMOS mobility 

problem, carrier scattering mechanisms and their effect on µn and µp are discussed in 

the next section. 

 

Fig. 2.12: Effective electron mobility vs. effective field is shown. Compared to 

literature data, the highest µn to date is reported. (111) substrate shows 50% higher 

mobility than (100) substrate. Mobility vs. effective field is plotted since mobility for 

different substrates and universal mobility are compared. 
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Fig. 2.13: Effective hole mobility vs. effective field is shown. 2X improvement over 

universal Si mobility is obtained. (111) and (100) surface orientations show similar 

results. Mobility vs. effective field is plotted since mobility for different substrates and 

universal mobility are compared. 

2.3.4 Temperature and Field Characterization 
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effects which alter the temperature dependence predicted by simple semi-empirical 

models. But a careful study of the temperature and field dependence of the mobility 
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and compared with semi-empirical models in literature. Electron mobility versus 

inversion carrier density for (100) orientation is plotted in Fig. 2.14.  

 

Fig. 2.14: Effective electron mobility vs. inversion charge density is plotted in 77-250 

K temperature range for (100) substrate. Temperature dependency is fitted as µnα T. 

Ninv
-1/3 dependency of phonon scattering is plotted as reference for high Ninv. 

 

The electron mobility is observed to increase with increasing temperature. The 

temperature and inversion charge density dependence of the theoretical mobility 

assuming Coulombic scattering of electrons by surface oxide charges is [18], [19]:  
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where T is temperature and Ni is interface charge density. At higher inversion charge 
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temperature even at relatively higher inversion charge density can be related to charge 

trapping by interface states. Charge trapping, which becomes more severe at low 

temperatures, can decrease the number of mobile carriers in the channel and may 

result in that temperature dependence for the measured electron mobility. At higher 

temperatures, for inversion charge densities higher than 5x1012 cm-2, Ninv
-1/3 type of 

inversion charge dependence of mobility (plotted as reference in Fig. 2.14) is 

observed. This is attributed to the effect of screening on Coulomb scattering and to the 

contribution of phonon scattering [20].  PMOS mobility characterization results for 

(100) orientation have shown that mobility degradation mechanisms are different for 

electrons and holes (Fig. 2.15). 

 

Fig. 2.15: Effective hole mobility vs. inversion charge density is plotted in 77-250K 

temperature range for (100) substrate. Ninv
-1/3and Ninv

-1/5 dependencies are plotted as 

reference.  µp α T-1, also indicates the effect of phonon scattering.  
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In contrast to µn very little Coulomb degradation is observed in µp at very low fields. 

This is consistent with higher Dit values extracted for the upper half of the bandgap 

than for the lower half of the bandgap for GeOxNy passivated Ge (Fig. 2.4). For holes, 

µp is inversely proportional to temperature, which indicates that dominant mechanism 

is phonon scattering (Fig. 2.15) [21]. The theory of scattering for holes is more 

complicated, including warped bands, intra and interband scattering.  Also semi-

empirical mobility models are not as simple for holes as for electron mobility case. In 

general, mobility limited by phonon scattering is empirically modeled as: 

                                    µph α  T-n Ninv
-1/β                                                              (2.2) 

where T is temperature and Ninv is inversion charge density. But hole mobility does 

not typically exhibit a single power law over Ninv [21]. β is not constant in the 

temperature range and electric field investigated. The mobility limited by acoustic 

phonon scattering is modeled as µac α T-1 Ninv
-1/3.  Optical phonon scattering and 

intersubband scattering causes the inversion charge dependency of the mobility to 

change at different temperature ranges and at different fields. Therefore, the inversion 

charge dependencies of Ninv
-1/3 and Ninv

-1/5are plotted as reference (in Fig. 2.15). 

2.3.5 Effect of Surface Orientation 

Room temperature µn and µp of (100) and (111) substrates are compared to the 

universal silicon mobility in Figs. 2.12 and 2.13. The (111) substrate exhibited 50% 

higher µn than the (100) substrate. There are two factors behind 50% greater µn 

observed for the (111) substrate orientation:  1) Lower Dit for the (111) substrate 
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orientation in the upper half of the bandgap than (100) orientation, 2) Better transport 

properties of (111) orientation shown by reported simulations in [22, 23]. When the 

interface has a large number of traps and the Dit is comparable to the inversion charge 

density as it is in the case of the (100) Ge NMOS devices, charge trapping by interface 

traps and Coulomb scattering can degrade the effective mobility very significantly. In 

strong inversion, all the traps below the Fermi level in the upper half of the bandgap 

are occupied, producing a large difference in the trapped charge for the (111) and 

(100) substrate orientations when the total trapped charge under the Dit distribution 

curves are considered. The second cause of the superior transport properties of the 

(111) orientation is explained as follows: For Ge n-channel MOSFETs, (111) substrate 

can provide the highest electron mobility among the three orientations, because of its 

largest quantization mass and smallest conductivity mass in the L valley. In strong 

inversion for the (111) orientation case, most electrons occupy the central L-valleys, 

which leads to the highest electron mobility because of the smallest conductivity 

effective mass. The combination of these two factors can explain the observed electron 

mobility enhancement of the (111) orientation relative to (100). µp does not show a 

significant difference between (100) and (111) substrate orientations, which is also the 

case for Dit results given in Fig. 2.4.  

Field-temperature characterization was also performed for (111) N- and P-

FETs to investigate the dominant scattering mechanisms. The electron mobility for 

(111) channels decreases with temperature similar to the behavior observed for (100) 

orientation (Fig. 2.16). In the low field region or low inversion charge density, the 

(111) substrate orientation shows weaker temperature dependence and less mobility 
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degradation at low temperatures than does (100).  The hole mobility for (111) devices 

seems to be phonon scattering dominated, similar to (100) PMOS (Fig. 2.17). 

 
Fig. 2.16: Effective electron mobility vs. inversion charge density is plotted in 77-

250K temperature range for (111) substrate. µn increases with increasing temperature, 

similar to (100) case.  

Low temperature mobility-field characterization revealed that the Ge NMOS 

mobility decreases with temperature for both (100) and (111) orientations even up to 

~5x1012cm-2 inversion charge density, while it doesn’t affect hole mobility 

significantly. Possible causes of the observed temperature dependence of Ge NMOS 

mobility can be charge trapping at interface traps and scattering by interface charges. 

Therefore, we can conclude that in order to enhance electron mobility in Ge NMOS, it 

is essential to suppress trapping and Coulomb scattering by improving the quality of 

gate dielectric and the dielectric/channel interface. 
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Fig. 2.17: Effective hole mobility vs. inversion charge density is plotted in 77-250K 

temperature range for (111) substrate. Mobility values and temperature & inversion 

charge density dependencies look quite similar to (100) case, which also indicates that 

phonon scattering is the dominant mechanism. 

2.4 Summary 

Bulk Ge N- and P-FETs with GeOxNy dielectric were fabricated, showing the 

highest µn reported to date and ~2X improvement in µp (over Si universal hole 

mobility). For the first time, the effect of surface orientation on µn, µp and Dit on Ge 

MOSFETs was investigated. A 50% higher electron mobility was demonstrated for the 

(111) surface orientation compared to (100).  The carrier scattering mechanisms were 

studied through low temperature mobility measurements. Charge trapping and 

Coulomb scattering was found to be primarily responsible for the poor Ge NMOS 

mobility observed relative to that theoretically possible for Ge MOSFETs. The 

conventional conductance technique for Dit extraction was applied at low temperatures 
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to map out the Dit distribution across the Ge bandgap and in the proximity of the band 

edges. Higher trap densities near the conduction band edge of (100) Ge was observed, 

whereas, the (111) substrate exhibited a more symmetric Dit distribution. These 

findings are potentially important for better understanding of Ge-based transistors for 

future CMOS applications. 
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Chapter 3 
 
 
Interface Characterization 
Techniques For Ge 
 

 

3.1 Introduction 
Capacitance and conductance based techniques are extensively used in Si 

CMOS technology to characterize parameters of Si MOSFETs and MOS capacitors 

such as the flat-band voltage, effective oxide thickness, work function, fixed charge, 

doping level and density of interface traps. Among those, interface trap density (Dit) is 

very critical to quantify the electrical quality of semiconductor/dielectric (channel/gate 

dielectric) interface.  

Surface passivation of Ge is a key challenge to obtain excellent gate 

channel/dielectric interface and to achieve high performance Ge MOSFETs. Many 

attempts have been made to engineer Ge interface including ozone oxidation [1], 

thermal oxidation [2], fluorine treatment [3], Si passivation [4], [5], sulfur passivation 

[6] and nitridation [7], [8]. Accurate characterization of gate dielectric/channel 

interface is crucial for relative comparison of different passivation techniques. 
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Besides, a deeper understanding of surface passivation is needed to address interface 

related-performance problems, especially for NMOS transistors [9], [10]. However, 

the conventional Dit extraction techniques cannot be directly applied to Ge. The low 

bandgap of Ge makes the electrical interface characterization a big challenge. In this 

chapter, a brief review of interface characterization techniques in literature is given. 

Then, the low temperature conductance technique to extract Dit distribution at 

Ge/dielectric interfaces is illustrated. The low temperature conductance measurements 

discussed in this chapter, are based on Nicollian-Goetzberger (N-G) method, which is 

also known as the conductance technique for Dit extraction [11]. 

3.2 Overview of Interface Characterization 
Techniques 

3.2.1 Low Frequency (Quasi-static) Methods 
 The low frequency or quasi-static method is a common interface trap density 

measurement method. It provides information only on the interface trap density but 

not on their capture cross sections or time constants. The effect of interface traps on 

high and low frequency capacitance curves are explained in Fig 3.1 [12]. In the case of 

high frequency capacitance measurements, the interface traps cannot follow the ac 

probe frequency. However, they can follow dc gate voltage sweep speed. Therefore, 

interface traps are filled with carriers as gate voltage is swept from accumulation to 

inversion. Therefore, the charging of interface traps causes a stretch-out in the high 

frequency capacitance curves. The stretch-out in case of high frequency measurements 

is not a result of interface trap capacitance, but rather an effect of filling interface traps 

as gate voltage is swept. Interface traps respond to probe-frequency at low 
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measurement frequencies, and the capacitance curve distorts because the interface 

traps contribute to interface trap capacitance (Cit). From the contribution of Cit to low 

frequency capacitance, it is possible to extract interface state density.  

 
Fig. 3.1: Theoretical high frequency (left figure) and theoretical low frequency 

capacitance curves with and without Dit [12]. 

 The basic theory of quasi-static method was developed by Berglund [13].  The 

method compares low-frequency C-V curve with a theoretical curve. Dit can be 

extracted from the equation: 

                                                                      (3.1) 

where Cox is oxide capacitance, Clf is measured low-frequency capacitance and Cs is 

theoretical semiconductor capacitance. The quasi-static C-V measurements are 

practical and easy to implement especially for Si MOS capacitor samples. However, 

the comparison of measurement with the theoretical curves can have some accuracy 

problems if the semiconductor, oxide and metal parameters (such as doping, fixed 

charge, work function etc.) are not well-known or if there are parasitic effects which 

may not be included in theoretical curve simulations.  
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3.2.2 Terman Method 
 The room temperature high frequency capacitance method developed by 

Terman was one of the first methods to measure interface trap density [14]. The 

method includes measurement of high frequency C-V at a sufficiently high frequency 

that interface traps cannot respond. Therefore, they cannot contribute to the measured 

capacitance. Although interface traps do not respond the ac probe frequency, they 

respond to the slowly varying dc gate voltage and so, they cause a stretch-out in C-V 

curve along the gate voltage axis. The interface trap occupancy changes with the 

applied gate bias as illustrated in Fig. 3.2 [12].   

 

Fig. 3.2: Semiconductor band diagram explains the occupancy of interface traps at (a) 

VG=0, (b) VG>0, (c) VG<0. The occupied traps are shown with thick black lines [12]. 

 The stretch-out in C-V curve can be quantified by the variation of surface 

potential, φs, as a function of VG. The experimental φs versus VG curve is a stretched 

out version of the theoretical curve. By comparing two curves it is possible to extract 

interface trap density: 

                      1   ∆
                   (3.2) 
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where ΔVG = VG – VG(ideal) is the voltage shift of the experimental from the ideal 

curve and VG is the experimental gate voltage. 

 The method is generally considered to be useful for measuring interface trap 

densities of 1010 cm-2eV-1 and above. The limitations of the method include inaccurate 

capacitance measurements and insufficiently high frequencies, especially for the case 

of low bandgap semiconductors. This method also lacks of high accuracy because of 

the comparison of experimental and theoretical curves, as it is the case for quasi-static 

method.  

3.2.3 Combined High-Low Frequency Method 
 Both quasi-static and Terman methods have the limitation of comparison of 

experimental C-V curves to theoretical simulations. The extraction of theoretical 

curves versus surface potential is also very time-consuming. A simplified approach 

was proposed by Castagne and Vapaille [15] for determination of Dit. Their method 

eliminates the uncertainty arising from theoretical calculation of capacitance curves. It 

replaces the semiconductor capacitance, Cs, in equation (3.1) with measured 

semiconductor capacitance: 

                                                                                  (3.3) 

Substituting Cs into equation (3.1) gives: 

                                                      (3.4) 
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 Equation (3.4) enables the determination of Dit in a completely experimental 

way. However, it is only valid in a limited range of the bandgap, from the onset 

inversion to a surface potential towards majority carrier band edge where the ac 

measurement frequency is equal to the inverse of interface trap time constant. The 

higher the frequency the closer to the band edge we can probe. But, this equation is 

not valid in inversion. A comparison of Chf and Clf curves is shown in Fig. 3.3.  

 
Fig. 3.3: High and low frequency capacitance-gate voltage curves are shown. The 

ΔC/Cox offset is due to interface traps [12]. 

 This Dit measurement method is widely used for Si. However it is not directly 

applicable to low-bandgap semiconductors, such as Ge. Obtaining an accurate high 

frequency capacitance curve, which does not include any contribution from interface 

trap capacitance, is very difficult for Ge due to the low bandgap. The interface trap 

time constants are so short that most of them cannot be measured even at 1 MHz. Also 

thermal generation colors the capacitance measurements and causes inversion 
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response to be observed when high frequency capacitance is measured at room 

temperature.  

3.2.4 Charge Pumping 
 The charge pumping method, proposed by Brugler and Jespers [16], requires 

fully functional MOSFETs as test structures. The MOSFET source and drain are tied 

together and reverse biased with voltage VR. A time varying gate voltage is applied to 

drive the surface under the gate into inversion and accumulation. The pulse train can 

be square, triangular, trapezoidal, sinusoidal or trilevel. The charge pumping current is 

measured at the substrate, at the source/drain tied together or at the source and drain 

separately.  

The charge pumping technique is explained in Fig. 3.4. The MOSFET is biased 

in the inversion regime in Fig 3.4 (a). The corresponding energy-band diagram in 

inversion is shown in Fig. 3.4 (c). When the gate voltage changes from positive (at t1) 

to negative (at t2), the surface changes from inversion to accumulation (Fig. 3.4 (f)). 

However, the important process takes place during the transition from inversion to 

accumulation and from accumulation to inversion. During transition from inversion to 

accumulation, most electrons in the inversion layer are drifted to source and drain 

(Fig. 3.4 (d)) and the electrons at interface traps near the conduction band are 

thermally emitted into conduction band and also drifted to source and drain. The 

electrons at the deeper traps will not have sufficient time to be emitted and so they will 

remain at that deeper interface traps. Once the hole barrier is reduced, holes flow to 

the surface and some of them are captured by interface traps still occupied by 
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electrons (Fig. 3.4 (e)). The recombination of holes with trapped electrons results in a 

net charge pumping current, which is proportional to Dit.  

 

Fig. 3.4: Device cross-sections and energy band diagrams for charge pumping 

measurements [12]. 

 Charge pumping is one of the most reliable and sensitive techniques for Dit 

characterization. However, when it is applied on Ge at room temperature, only a very 

small part of the Ge bandgap, close to midgap region, can be scanned. The interface 

trap density can be underestimated because the traps near the bandedges are not 

measured. Besides, charge pumping technique requires a fully functional Ge 

MOSFET, which may not be very practical to characterize a large number of samples.  
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3.2.5 Deep Level Transient Spectroscopy 
Deep level transient spectroscopy (DLTS) is a well-developed technique to 

characterize bulk traps and interface traps. The characterization of interface traps with 

DLTS is different from bulk traps. Because interface traps are continuously distributed 

across bandgap energy while bulk traps have discrete energy levels. DLTS makes use 

of gate voltage pulses in combination with gate capacitance measurements as a 

function of time. Details of DLTS and its application to interface trap density 

measurements are given in Ref. [12]. Although DLTS provides high accuracy at each 

discrete energy level, it is very involved and time-consuming to obtain a full 

distribution of interface trap density across the bandgap using DLTS.  

3.3 Conductance Technique 
The conductance method, proposed by Nicollian and Goetzberger in 1967, is 

one of the most sensitive methods to determine Dit [10]. Interface trap densities of 109 

cm-2eV-1 and lower can be measured [12]. It is also the most complete method, 

because it can determine Dit in depletion and weak inversion portion of the bandgap, 

capture cross sections of majority carriers, interface trap time constants and surface 

potential fluctuations. The method is based on measuring equivalent parallel 

conductance (Gp) of a MOS capacitor as a function of gate bias and frequency. The 

conductance is measured as a result of the loss due to interface trap capture and 

emission of carriers. The magnitude of the conductance peaks relates to the interface 

trap density. 
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The equivalent circuit for a MOS capacitor is shown in Fig. 3.5 (a). It consists 

of oxide capacitance (Cox), semiconductor capacitance (Cs), and interface trap 

capacitance (Cit). The lossy capture-emission process of carriers is modeled as a 

resistor (Rit) in series with Cit. The circuit can be simplified as in Fig. 3.5 (b), where 

Cp and Gp are given as: 

                    ,                      (3.5) 

where   Cit= q2Dit, ω=2πf, f is measurement frequency and Tit is the interface trap time 

constant.  

 

Fig. 3.5: Equivalent circuit models for conductance measurements; (a) MOS capacitor 

with interface traps, (b) simplified circuit of (a), (c) measured circuit, (d) including 

series resistance and tunnel conductance due to gate leakage [12]. 

 In Fig. 3.5 (c), the measured circuit diagram is shown. Cp and Gp can be 

extracted from measured values of Cm and Gm, once Cox is known.  Parasitic series 

resistance arising from low substrate doping or contact resistances or leakage through 

gate dielectric, can contribute measured admittance. They need to be included in the 
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equivalent circuit model as rs and Gt (Fig. 3.5 (d)) to extract the accurate value of 

interface trap conductance and capacitance. 

Equation (3.5) is valid for an interface trap with single energy level in the 

bandgap. However, interface traps are continuously distributed across the bandgap. If 

the time constant dispersion and trap energy level distribution across bandgap is 

considered: 

                                1           (3.6) 

Equation (3.6) shows that conductance method is easier and more direct way of 

extracting Dit than capacitance based methods, which require semiconductor 

capacitance, Cs. When Gp/ω is plotted as a function of ω, it shows a maximum at 

ω=1.98/Tit and at that maximum 

                                         .  
 

                                                   (3.7) 

Gp/ω plots are repeated at different gate voltages to scan trap energies to obtain an 

interface state density distribution across the bandgap. 

 Generally experimental Gp/ω versus ω curves are broader than predicted due to 

surface potential fluctuations arising from non-uniformities in doping, fixed charge, 

etc. When surface potential fluctuations are taken into account: 

                  1              (3.8) 

where; 
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√

                  (3.9) 

P(Us) is the probability distribution of surface potential fluctuation, U  is the 

normalized mean surface potential and σ is the standard deviation.  

 Conductance technique, developed by Nicollian and Goetzberger, has been 

intensively studied on semiconductor insulator interfaces. All the details of 

conductance technique is well-documented [10]. Conductance technique has several 

advantages over other interface characterization techniques: 1) Sensitivity, 2) 

Simplicity and easy implementation, 3) It can measure both low and high levels of Dit, 

4) It doesn’t require MOSFETs, a simple MOS capacitor is sufficient. When 

conductance technique is used at room temperature, it is valid in the depletion regime 

and it requires multi-frequency capacitance (C-V) and conductance (G-V) 

measurements. However, in case of low bandgap semiconductors, low temperature 

measurements are needed to suppress the thermal generation affecting C-V and G-V 

measurements. Application of conductance technique on low bandgap 

semiconductors, specifically on Ge, will be discussed in the next sections. 

3.4 Ge: A low bandgap semiconductor 
The conductance method is a reliable way to extract Dit. However, for low 

bandgap materials such as Ge, time constants for capture and emission processes of 

carriers through interface traps are much shorter than for Si, due to their smaller 

bandgap. At room temperature, conductance does not show the interface trap behavior 

typical of Si MOS devices due to thermal generation and weak inversion response in 
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the low bandgap Ge. The complete inversion capacitance measured at room 

temperature is attributed to thermal generation while the humps observed in C-V 

measurements in the depletion or the on-set inversion regions are attributed the weak 

inversion response. The humps due to weak inversion response and their behavior with 

temperature and frequency is studied for Ge in detail [11]. In addition to weak 

inversion humps, the inversion response due to the thermal generation of inversion 

carriers is also shown in Fig. 3.6.   

 
Fig. 3.6: Temperature and frequency dependence of n-type Ge/GeON MOS 

capacitance. Weak inversion response and complete inversion due to thermal 

generation are shown [11]. 

For measurements done at temperatures ~250 K or above, conductance peaks 

are observed corresponding to weak inversion bias region. Weak inversion response is 

a result of interaction of interface traps with both majority and minority carrier bands 

[11]. The interaction with both bands is more prominent especially for the interface 

traps around the midgap region (Fig. 3.7 (a)). In the weak inversion regime at 
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Ge/dielectric interface, the interaction with both bands can be modeled as conductance 

components connected to the conduction band and the valence band (Fig. 3.7 (b)). 

However, in the case of wide bandgap semiconductors, such as Si, the interaction with 

minority carrier band can be ignored, because the time constants of that interaction are 

very large. The conductance method developed for Si does not capture the interactions 

with the minority carrier band. Therefore, in low bandgap semiconductors, such as Ge, 

directly applying conductance technique will lead to wrong interpretations of interface 

trap density.  

 

Fig. 3.7: (a) Interaction of interface traps with majority and minority carrier bands is 

shown for the interface traps in the onset inversion regime. (b) The equivalent circuit 

in the weak inversion regime is shown, including the interaction conductance, Gn and 

Gp, connected to the conduction and the valence bands.  
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3.5 Measurement of Distribution of Interface States in 
Ge by Low-T Conductance Technique 

3.5.1 Sample Fabrication 
MOS capacitors were fabricated on (100) lightly doped n-type Ge substrates. 

The gate stack consisted of GeOx as interfacial passivation and HfO2 as the top 

insulator.  GeOx is formed by ozone oxidation in the temperature range of 200 -400ºC. 

HfO2 is deposited by the atomic layer deposition. Pt is used as the gate electrode. 

Capacitance-voltage (C-V) and conductance-frequency measurements (G-V) are done 

at 77 K- 250K in 1 kHz-1 MHz frequency range. Low temperature measurements are 

performed at a Lakeshore cryogenic probe station. Agilent B1500A parameter 

analyzer is used for measurements.  

3.5.2 Low-T Conductance Measurements for Full Mapping of Dit 

In order to monitor the full distribution of Dit, Nicollian-Goetzberger (N-G) 

method is applied at low temperatures. Measurements in the range of 77 K-250 K 

allow sampling of the Dit within the Ge bandgap, because each temperature monitors a 

limited part of the bandgap (Fig. 3.8). Time constants of interface traps strongly 

depend on the energy separation of the trap from the band edge, the capture cross 

section and the temperature [10]. As the distance from the band edge gets shorter, the 

interface traps become faster and the time constants shorter. 



55 
 

 
     Fig. 3.8: Interface trap time constant is simulated across Ge bandgap.  

 In Fig. 3.8, time constants are simulated considering the effective density of 

states of the conduction and the valence bands, change in Ge bandgap and electron 

thermal velocity with temperature. Capture cross sections are measured as 1x10-16 cm-

2 and 1x10-17 cm-2 for conduction and valence band derived traps respectively. Since 

Ge is a low band gap material, very limited part (~0.15 eV around midgap) of the trap 

distribution is observable at room temperature for 1 kHz-1 MHz measurement 

frequency range. Fig. 3.8 clearly points outs the measurable window of the bandgap at 

each temperature in 1 kHz- 1 MHz frequency range. As temperature is decreased, Dit 

distribution of 0.06 eV proximity of band edges is measurable. Although midgap traps 

are ideally observable at room temperature, the measurements are still colored by 

thermal generation and weak inversion responses. 

3.5.3 Measurement Results  
C-V and G-V measurements are done at 250 K on Ge MOS capacitors with 

GeOx formed at 200 ºC (Fig. 3.9 (a)). Cooling down the sample to 250 K helps to 
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prevent thermal generation (inversion response) but humps due to weak inversion 

response are still visible in C-V measurements. Equivalent conductance (Gp/ω) peaks 

are observed in the same gate voltage range, [0.48 V - 0.84 V], as weak inversion 

response is observed in C-V measurements. The peak frequency where the maximum 

loss is observed shift towards 1 kHz and the magnitude of peaks increases as strong 

inversion is approached.  

 
Fig. 3.9: C-V and Gp/ω characteristics of 200 ºC oxidized sample is measured (a) at 

250 K, (b) at 77 K. The dashed circles represent the gate voltage range, in which the 

conductance peaks are measured. 
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Cooling down the sample to 77 K, the effect of weak inversion response on C-

V and G-V completely disappears (Fig. 3.9 (b)). C-V curves look steeper in spite of 

the frequency dependent flat-band shift in the depletion region. At 77 K, Gp/ω respond 

at higher frequencies as gate bias is swept towards accumulation, [0.92 V – 1.14 V], as 

faster traps closer to conduction band edge are probed.  

 
Fig. 3.10: C-V and Gp/ω characteristics of the 400 ºC oxidized sample is measured (a) 

at 250 K, (b) at 77 K. 

The frequency dependent flat-band voltage shift is a characteristic of high 

density of interface traps responding in the depletion part of the C-V curves. The 

sample in Fig. 3.9 is intentionally chosen with higher Dit to show its effect on C-V and 
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G-V. GeOx grown at low temperatures, e.g. 200 ºC, mainly consists of intermediate 

oxidation states resulting in a large number of traps at Ge/dielectric interface [1]. 

Increasing the oxidation temperature helps to improve the Ge interface passivation. A 

sample with an oxide stack consisting of GeO2 grown at 400 ºC and HfO2 as the top 

insulator is shown in Fig. 3.10 (a) and (b). Weak inversion response is also observed at 

250K measurements. The decrease in frequency dependent flat-band voltage shift is 

clear for the sample passivated at 400 ºC.  

Although frequency dependent flat-band voltage shift gives an idea about how 

good or bad the sample is in terms of interface traps, it doesn’t quantify the 

distribution of Dit across the bandgap. Dit distributions of samples oxidized at 200 oC 

and 400 oC are extracted using Gp/w at 77 K, 120 K, 180 K and 250 K (Fig. 3.11).  

 
Fig. 3.11: Density of interface traps vs. conduction band offset are shown for samples 

oxidized at 200 ºC and 400 ºC. 0 eV corresponds to conduction band edge. 

Measurements are done at 77 K, 120 K, 180 K and 250 K. 
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Minimum Dit at midgap for the sample oxidized at 400 oC is measured as 

~3x1011cm-2eV-1. The sample grown at 200 oC shows a minimum Dit of 1x1012cm-2eV-

1 at midgap and Dit increases to 5x1012cm-2eV-1 close to band edges. Dit distribution of 

two samples gives a quantitative comparison of interface trap densities which is 

consistent with the frequency dependent flat-band shifts observed in the C-V 

measurements (Fig. 3.9 and Fig. 3.10). It proves that low temperature conductance 

measurements give an accurate relative comparison for samples with different 

qualities of interface passivation in low bandgap semiconductors.  

The effect of weak inversion response shows itself in Dit numbers extracted 

using 250 K data. It results in over-estimation of Dit around the midgap and the weak 

inversion regions. In general, the Dit extracted in weak inversion and inversion 

regimes gives inaccurate numbers and distributions over the bandgap.  

3.5.4 Effect of Series Resistance on Dit Measurements 

Series resistance is very critical for accurate Dit measurements. Both 

capacitance and conductance measurements can be affected by series resistance, 

particularly at higher frequencies. Series resistance can originate from the bulk of 

lightly doped substrates, contacts or probes. Special care should be exercised both in 

preparation of samples and in techniques used during measurement. An important way 

to avoid series resistance can be to measure small area capacitors or transistors. 

Capacitors with area in the 10000 µm2 range generally have series resistance 

problems. If series resistance effect is not very strong, the results can be corrected 

[10], [12]. The conductance measurements are particularly sensitive to series 
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resistance. The equivalent conductance in the existence of series resistance can be 

written from the admittance of equivalent circuit of MOS capacitor in series with 

parasitic resistance:  

                  where;                                 (3.10) 

CT is total capacitance and Rs is series resistance, Cox and Cs are oxide and 

semiconductor capacitances respectively. The effect of series resistance on 

conductance, measured on GeOxNy/SiO2 gate stack of a Ge NMOS transistor, is 

shown in Fig. 3.12 (a). Peaks of conductance curves shift to higher frequencies as the 

gate is driven from accumulation to depletion. Because RC time constant (inset of Fig. 

3.12 (a)) of equivalent conductance decreases as voltage is biased from accumulation 

to depletion as a result of decrease in semiconductor capacitance, CT. 

 

Fig. 3.12: Gp/w vs. frequency is plotted in accumulation to depletion range. Inset of 

(a) shows extracted time constant vs. conduction band offset. (b) Density of interface 

traps vs. conduction band offset is plotted, showing the effect of series resistance. 
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Although the peaks look quite similar to the conductance response of interface 

traps, the voltage dependency of the peak shift and the time constant reveal that it is an 

artifact of series resistance. In the case of interface trap response, the shift should be 

towards lower frequencies under gate bias from accumulation to depletion.  Treating 

the peaks as interface trap response can cause misleading results in density of interface 

traps. Dit extracted using series resistance related conductance peaks is shown in Fig. 

3.12 (b). Linear trend of Dit can be an additional factor showing that conductance 

peaks are not a consequence of interface trap response. 

3.6 Summary 

In summary, we discussed interface characterization techniques and interface 

trap distribution measurements at Ge/dielectric interfaces in detail.  Nicollian-

Goetzberger conductance technique was applied in the 77 K - 250 K temperature 

range. It was demonstrated that low temperature conductance measurements give an 

accurate relative comparison for samples with different qualities of interface 

passivation. We showed that the temperature of 250 K is not sufficient to suppress the 

effect of thermal generation and weak inversion responses in conductance 

measurements. Measurable window of the bandgap at each temperature range was 

calculated using interface trap time constants. The effect of series resistance on 

conductance was clarified and the misleading Dit extractions were pointed. 
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Chapter 4 
 
 
Ge Interface Engineering 
 

 

4.1 Introduction 
Future CMOS scaling requires introduction of new channel materials and 

innovative device structures [1]. Ge has been considered as a promising candidate as 

channel material for future technology nodes because of its lower effective 

conductivity mass. However, passivation of Ge interface has been a critical challenge. 

Direct deposition of a high-K dielectric on Ge has exhibited poor electrical 

characteristics. Many attempts have been made with different high-K materials 

including HfO2 [2], ZrO2 [3], Al2O3 [4], LaAlO3 [5] to find a suitable dielectric for Ge. 

However, a good quality interface layer is required before the deposition of a high-K 

dielectric. GeON was proposed as an interfacial passivation layer in Chapter 2. Hole 

mobility above 300cm2V-1s-1 was demonstrated for Ge PMOS with GeON passivation. 

However, Ge NMOS exhibited poor drive current and low mobility both in our 

experiments and by several demonstrations worldwide [6]-[7]. Better characterization 

and understanding of interface traps can be helpful to investigate Ge NMOS problem. 

Also, an interfacial passivation layer with low interface state density and good 
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electrical quality is required before the deposition of a high-K dielectric to improve 

PMOS performance and to solve Ge NMOS problem.  

4.2 Overview of Ge Passivation Techniques in 
Literature 

4.2.1 Direct Deposition of High-K Dielectrics 
High-K dielectrics have been under research in the last two decades to replace 

SiO2 in CMOS technology. Significant progress has been made to improve the 

electrical quality of high-K dielectrics by academia and industry. In early 2007, Intel 

announced the deployment of hafnium-based high-K dielectrics in conjunction with a 

metallic gate for components built on 45 nanometer Si CMOS technology, and has 

shipped it in the 2007 processor series codenamed Penryn.  

A broad range of high-K dielectrics have also been tried on Ge to find a 

suitable gate dielectric for CMOS applications. HfO2 [2], ZrO2 [3], Al2O3 [4] and 

LaAlO3 [5] were deposited directly on Ge substrate after chemical cleaning. Native 

oxide was removed from Ge surface mostly by DI water or HF, or a repetitive 

application of both. Transmission electron microscope (TEM) images are shown for 

HfO2 and ZrO2 deposited on Ge (Fig. 4.1.). No interfacial layer formation was 

observed during the deposition of high-K dielectric. Although abrupt interface 

between Ge and high-K dielectrics looks quite good in TEM images in terms of 

surface roughness, that does not translate into the electrical quality of the interface. 

MOS capacitor results show that interface state density is high and gate leakage is 
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prominent for those devices. Besides, Ge MOSFETs with the gate stacks of high-K 

dielectric directly deposited on Ge exhibits even lower mobilities than Si MOSFETs. 

(a)                                    (b) 

              
Fig. 4.1: TEMs for Ge/high-K dielectric interface (a) HfO2 (b) ZrO2. 

4.2.2 Nitridation 
 GeON has been widely used to passivate germanium and fabricate MOSFETs 

[6]-[11]. The advantage of GeON over Ge oxides is the improved chemical and 

thermal stability. Nitrogen can be incorporated by either thermal [6] or plasma 

nitridation [9], [13]. We chose thermal nitridation with NH3 in a RTP system for Ge 

MOSFET fabrication in Chapter 2. However, it was shown that interface state density 

was high and MOSFETs had mobility degradation due to Coulomb scattering.  GeON 

synthesis and electrical characterization was discussed in detail in Ref. [12].  Interface 

state density above 1012 cm-2eV-1 and even as high as 1013 cm-2eV-1 of GeON  was 

measured using n- and p-type Ge substrates with (100) and (111) orientations. 

Nitrogen incorporation in GeON films was less than 30%. Fig. 4.2 shows that forming 

gas anneal helps to reduce interface state density. However, the effect of hydrogen 

passivation seems to be minor compared to the hydrogen passivation of  

Si dangling bonds, widely used in CMOS technology. 
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Fig. 4.2: Interface state density extracted by quasi-CV technique (a) p-type (b) n-type 

Ge substrates [12]. 

4.2.3 Si-Passivation 
 Si-passivation was suggested as an alternative way of forming a high quality 

gate dielectric for Ge. The intention of Si-passivation is to insert a Si/SiO2 interface 

into a Ge/high-K gate stack to bypass the interface passivation issues. Si can be 

successfully grown on Ge by epitaxy, as long as the thickness does not exceed the 

critical limit. Si thicknesses in the range of a few monolayers are deposited, then 

partially oxidized to form SiO2 passivation and capped with a high-K dielectric. The 

control of Si deposition and oxidation in monolayer sensitivity is very difficult and can 

result in a lot of variation issues, especially if this method would be applied to mass 

production.  

Si-passivation was investigated by several research groups [14]-[19]. In Ref. 

[17], improvement in inversion hole mobility is attributed to the reduction in interface 

charges and separation of mobile carriers and interface charges by increasing the Si-

passivation layer thickness. However, that creates a trade-off between device 

performance and scalability of gate dielectric.  

(a) (b)
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Detailed interface state characterizations revealed asymmetric interface state 

density distribution across Ge bandgap (Fig. 4.3). Interface state density reaches 1014 

cm-2eV-1 close to conduction band edge [19]. That is a potential problem which can 

degrade Ge NMOS inversion formation and drive currents. Hence, Ge NMOS devices 

fabricated using this passivation technique exhibited electron mobility less than 100 

cm2/Vs.  

 

Fig. 4.3: Interface state density extracted by conducatnce technique, showing very 

asymmetric distribution across Ge bandgap [19]. 

4.2.4 Sulfur Passivation 
 Sulfur was proposed as strong passivant to prevent uncontrolled interface 

reactions [20]-[23]. Sulfur is an attractive passivant, since it electrically passivates III-

V compound surfaces [21] and polycrystalline Ge [22]. Sulfur passivation was 

achieved using aqueous ammonium sulfide [20]. The sulfur passivation layer was 

preserved after the atomic layer deposition of HfO2, acting like a barrier between Ge 
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and HfO2 to prevent inter-diffusion and interactions. However, an intermixed GeOS 

layer formation was observed (Fig. 4.4 (b)). Also, interface state density measured by 

conductance technique shows Dit higher than 1012 cm-2eV-1, proving the poor electrical 

quality of interface (Fig. 4.4 (c)).  

 

Fig. 4.4: Cross sectional TEM (a) without sulfur passivation, (b) with sulfur 

passivation. (c) Interface state density extracted by conductance technique, showing 

poor electrical quality [20]. 

4.2.5 Fluorine Treatment 
Although hydrogen passivation by forming gas annealing (FGA) is an effective 

passivation technique for Si, it has been reported that FGA might not be a successful 

way to passivate dangling bonds on Ge surface [23]-[24].  Fluorine treatment was 

proposed as an alternative way for passivation of dangling bonds in Ge, taking 

advantage of the higher bonding energy of the Ge-F bond (5.04 eV)  than of the Ge-H 

bond (<3.34 eV) [25]. Fluorine was incorporated by CF4 plasma at different stages of 

gate dielectric stack formation, such as before and after high-K deposition [25]-[28]. 

Fig. 4.5 (a) shows that F is effectively incorporated in the high-K gate dielectric stack 

and its density peaks at around GeOx/HfO2 interface. The effect of F incorporation on 

c)
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the electrical quality of Ge interface is shown in Fig. 4.5 (b). The reduction in Dit 

proves that fluorine passivation can be a promising post-treatment for Ge devices after 

gate dielectric formation to passivate the remaining dangling bonds, similar to the 

FGA anneal used for Si CMOS technology.   

 
Fig. 4.5: (a) SIMS profile for TaN/HfO2/GeOx/Ge gate stack. (b) Interface state 

density reduction with fluorine treatment [25]. 

4.3 Ozone-oxidation to Engineer Ge Interface 
 GeO2 was widely investigated in 1980s and 1990s. Grown techniques, such as 

wet chemical oxidation [29], thermal oxidation [30]-[31], electron cyclotron plasma 

resonance oxidation [31], vacuum ultraviolet assisted oxidation [32] and plasma 

oxidation [33] have been tried on Ge. However, due to solubility in water and poor 

thermal stability, GeO2 was not accepted as an effective pasivation for Ge surface. 

Many attempts have been made to find a suitable passivation for Ge using different 

techniques as explained in the previous section. Almost all of them resulted in poor 

electrical quality and high interface state density. In most of the cases, unintentional 

surface oxidation and reactions, which occur during top dielectric deposition, were 

(a) (b)
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responsible for the poor interface quality. However, GeO2 is the most native material 

to passivate Ge. A thin native oxide layer, around 1 nm thick, can easily grow even 

when Ge is exposed to air. GeO2 can effectively passivate Ge surface similar to SiO2 

passivation of Si surface, if its growth is well-controlled.  

 We propose ozone-oxidation to grow GeO2 thermally. Ozone can be helpful in 

thermal oxidation of Ge at lower temperatures because it is more reactive than oxygen. 

High oxidation temperatures are not preferred because of thermal stability problem. 

Also it has been shown for Si that ozone oxidation at lower temperatures results in 

lower density of intermediate oxide states [34].  

4.3.1 Ozone-oxidation System 
 Ozone-oxidation is proposed for interfacial passivation before the deposition of 

high-K dielectric. In order to preserve the layer quality, interfacial passivation layer 

has to be in-situ grown right before high-K dielectric deposition. Therefore, atomic 

layer deposition (ALD) system, used for high-K dielectric deposition, was modified to 

perform controlled ozone-oxidation of Ge. The ALD system was converted from a 

Spectrum Model 202 W-CVD system. The schematic of the ALD system is shown in 

Fig. 4.6. It is a single wafer equipment with a loadlock. Sample is heated from the 

backside up to a maximum temperature of 700 ºC. The sample is held upside down 

against quartz window with thermocouples contacting the sample from backside. The 

thermocouples read the temperature continuously during the process.  
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Fig. 4.6: Schematic of ALD system, showing the gas flows and other chamber 

elements. 

 The ALD system is designed to have up to five precursor sources using a 

common source line to chamber. Temperature of the sources is controlled by heater 

blankets, controllable up to 150 ºC. Two oxidizer sources, water vapor and ozone are 

available in the ALD system. It has two pumps to prevent vacuum reaction of 

precursor and oxidizer in the vacuum line. The gas flow diagram of ALD system 

shows N2 carrier lines, oxidizer and precursor sources, their connection to the process 

chamber, valves controlling the gas flows and the connections to pumps (Fig. 4.7). 

The base pressure of the system is 180 mTorr. The pressure during the ALD process 

can rise up to 230 mtorr. The ALD system is controlled by a PC with Labview user 

interface. The atomic layer deposition process recipes are written by using the 
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Labview control program. The process parameters such as temperature, precursor 

choice, oxidizer choice, flow, transport and purge timings for gases needs to be 

defined in the process recipe.  

 

Fig. 4.7: Gas diagram of ALD system 

 The ozone-oxidation process is different from ALD process in many aspects. It 

is more like a thermal growth rather than deposition. In order to oxidize Ge efficiently, 

the ALD system has been modified. The pressure during ozone-oxidation process is 

increased to 15 Torr to increase the growth rate of GeO2. The ozone generator is 

disconnected from the PC control to manually set the ozone generation percentage to a 

higher value than the one used for ALD process. Temperature controller is also 
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reprogrammed for the suitable ramp-up speed for Ge wafers, considering thermal 

conductivity and expansion coefficient parameters of Ge. 

4.3.2 MOSCAP Fabrication  
 We have investigated Ge/GeO2 interface using ozone oxidation of Ge. MOS 

capacitors (MOSCAPs) were built on n-type Ge substrates with (100) surface 

orientation. Ge wafers were thermally oxidized with ozone at 15 Torr in the 200-450 

°C range to form a passivating interlayer. Oxidation was followed by depositions of 

either SiO2 or HfO2 on different samples. LPCVD SiO2 was deposited at 300 °C 

followed by Al sputtering and photolithography to make the MOSCAP patterns. HfO2 

was deposited by ALD at 150°C with precursor tetradiethylaminohafnium (TDEAH) 

and Pt was evaporated using shadow masking to form the gate electrodes. 

4.3.3 Interface Characterization with Low-T Conductance Technique 
In the MOS capacitor study, to target Ge NMOS problem we focused on n-

type substrate and measured Dit in the upper half of the bandgap. Dit distribution for 

various samples is shown in Fig. 4.8. Conductance method is a reliable way to extract 

Dit but it cannot be directly applied to Ge. At room temperature, due to thermal 

generation and weak inversion response, conductance does not exhibit typical 

interface trap behavior. Time constants for capture and emission processes of carriers 

through interface traps are much shorter for Ge than for Si, due to smaller bandgap. 

Hence, the conductance was measured in the temperature range of 77-250 K, to 

determine Dit distribution across the bandgap and close to band edges, as explained in 

Chapter 3.  
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Fig. 4.8: Dit distribution for samples ozone-oxidized in the 200-450°C range is shown 

(legend). Legend shows ozone oxidation temperature and the insulator deposited at the 

top of grown GeO2. Conductance is measured at 77,120,180 and 250 K to cover the 

bandgap. 

Measurements at several temperatures in the range of 77-250 K allow sampling 

of the Dit distribution within the bandgap because each temperature monitors a limited 

part of the bandgap as pointed out in Fig. 4.8. Dit distribution shows a minimum close 

to the midgap and increases closer to the band edge as expected theoretically. 

Minimum Dit of 3x1011 cm-2V-1 is obtained for samples oxidized at 400°C, both with 

LTO and HfO2 as top dielectric. These numbers are the lowest reported for Ge and are 

similar to the reported values for high-K dielectrics on Si.  Asymmetric Dit distribution 

or higher Dit close to the conduction band edge was reported previously for different 
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pasivation techniques like thermal GeON [12] and silicon passivation [19]. Such 

trends were not observed on these ozone-oxidized samples.  

 

Fig. 4.9: Dit distribution for samples ozone-oxidized at 400°C and NH3 nitrided at 

600°C. One order of magnitude decrease in Dit is achieved by moving from high 

temperature nitridation in RTP system to low temperature ozone oxidation in ALD 

system. 

  Dit distribution of ozone-oxidized at 400°C is compared with Dit distribution of 

our previous passivation technique, GeON grown in RTP system at 600°C. Dit is 

extracted by conductance measurements in the temperature range of 77-250 K. As 

seen in Fig. 4.9, ozone-oxidation achieves one order of magnitude decrease in Dit. 

Minimum Dit of 3x1011 cm-2V-1 is obtained for samples oxidized at 400°C while the 

minimum for GeON passivation is around 1x1012 cm-2V-1. Another significant 

difference between two passivation techniques is the interface state density close to 

conduction band edge. Dit measured close to the conduction band edge reaches 2x1013 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
10

11

10
12

10
13

10
14

Ec-Et(eV)

   
   

   
   

 
D

it(
cm

-2
ev

-1
)

n-Ge 77K
n-Ge 180K
n-Ge 250K
p-Ge 77K
p-Ge 180K
p-Ge 250K

400C GeO2

GeON



79 
 

cm-2V-1 for GeON passivation. However, for ozone-oxidation sample it is even lower 

than 7x1011 cm-2V-1.  

4.3.4 Structural Characterization of GeO2 

Oxidation can result in various Ge suboxide (GeOx) states [35] which can 

strongly affect the electrical quality of the interface. Controlling the early stages of 

oxidation is important to engineer the GeOx layer.  

 

          Fig. 4.10: GeOx suboxide layer between Ge substrate and GeO2 is shown.  

The quality of Ge interface passivation strongly depends on oxidation 

conditions, such as pressure and temperature, since they affect the surface bonding. 

Dependency of Dit values on oxide growth temperature, measured at the midgap and 

the conduction band edge, is shown in Fig. 4.11 [36]. Samples oxidized at 400 °C 

show minimum Dit at the midgap and the band edge. For growth temperatures lower or 

higher than 400°C, Dit increases. Comparison of the electronic structure and 

distribution of intermediate oxidation states can be useful to understand passivation 
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issues and also to investigate the reason for the growth temperature dependency in Fig. 

4.11. 

 
Fig. 4.11: Dit dependency on oxide growth temperature. 

 Obtaining higher oxidation states requires energy to break more Ge bonds, 

which can be supplied by thermal energy or activated oxygen. Therefore, use of ozone 

at appropriate temperatures can favor the formation of higher oxidation states. The 

synchrotron radiation photoelectron spectroscopy measurements are done on various 

samples and Ge 3d spectra are examined at 400 eV photon energy in order to find the 

distribution of oxidation states.  As shown in Fig. 4.12, the intensity of spectral 

component due to dioxide species increases with oxidation temperature while the 

intensity of the peak due to suboxide species (GeOx) decreases. This results in a shift 

of the overall oxide peak towards higher binding energy. Also, DI water etch removes 

the higher binding energy oxide peak, confirming that the grown oxide is GeO2, which 

is soluble in water. 
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Fig. 4.12: Ge 3d spectra obtained with synchrotron radiation at 400 eV are shown. 3d 

spectrum after DI water etch of 400 °C sample confirms that grown oxide was GeO2.  

Ge 3d spectra for the samples oxidized above 400 °C are examined at higher 

photon energy, 600 eV, due to the thick oxide layer growth at higher temperatures.  As 

opposed to Fig. 4.12, the oxide peaks shifts towards lower binding energies as the 

growth temperature is increased from 450 °C to 500 °C in Fig. 4.13. The process of 

obtaining higher oxidation states is competing with the stability of 2+ state. At higher 

temperatures, transformation of GeO2 (4+ state) to GeO (2+) state occurs at the 

interface [37]:  

GeO2 + Ge → 2 GeO 

which causes increase in Dit  (Fig 4.11, for 450°C).  
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Fig. 4.13: Ge 3d spectra obtained with synchrotron radiation at 600 eV are shown. The 

shift of oxide peak towards lower binding energies with increasing growth temperature 

(from 450 to 500 ºC) indicates the transformation of 4+ state to 2+ state. 

 The difference between the reaction with oxygen of Ge and Si interfaces can 

be explained as follows: For Si, only 4+ oxidation state is stable among the four 

oxidation states and the suboxides are easily converted to SiO2 with annealing. On the 

other hand Ge is known to form GeO as well as GeO2 (Ge in 2+ and 4+ oxidation 

states respectively). Annealing of Ge favors 2+ state.  This behavior is different from 

Si where it easily forms SiO2. At ~420 °C desorption of GeO from the interface takes 

place, leading to an increase in Dit.  

 Peak decomposition of Ge 3d spectra can be helpful to understand the relative 

contribution of oxidation states. Decomposing the oxide peaks into oxidation states 

[36] it is found that oxide grown at 400 °C (as compared to lower temperatures) has 

less intermediate oxidation states and more 4+ state (Fig 4.14).  
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Fig. 4.14:  Ge 3d spectrum is measured and fitting analyses are done. Main oxide peak 

and interfacial oxide is decomposed to oxidation states.   Intensities are compared to 

bulk Ge peak. (a) Oxide grown at 400° C has mainly 4+ state and less intermediate 

states while (b) oxide grown at 350° C has significant 3+ state and other intermediate 

states. 

Sample prepared at 350 ºC showed higher emission from 3+ state besides 1+ 

and 2+ states than the sample prepared at 400 °C.  The process of obtaining higher 

oxidation states is competing with the stability of 2+ state. So at higher temperatures 

such as 400 °C, no emission from 3+ is observed because the reaction at the interface 

favors 4+ states. As the contribution from higher oxidation states increases and the 
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intermediate oxidation states are suppressed, optimum passivation and Dit is reached. 

This occurs at 400°C for ozone oxidation of Ge.  

4.4 Thermal Stability Analysis 
Thermal stability of interface passivation is a very critical issue, considering 

the thermal treatments in a CMOS fabrication process. Stability and desorption 

pathways of GeO2 is studied using Ge 3d spectra with synchrotron radiation. Sample 

grown at 400 °C by ozone oxidation was in-situ high-vacuum annealed inside 

synchrotron radiation photoemission spectroscopy system. A 10 minutes anneal was 

done at each temperature step (Fig.4.15). 

 

Fig. 4.15: Ge 3d spectra of in-situ vacuum annealed-GeO2 
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Transformation of 4+ oxidation state to intermediate states is seen from the 

chemical shift of the oxide peak as the anneal temperature is increased. Although Ge is 

a column IV semiconductor like Si, chemical shift of oxide peak with anneal is very 

different from Si-SiO2 case [37]. Sub-oxide states convert to 4+ oxidation state with 

annealing of Si-SiO2. Complete desorption of GeO2 occurs above 400 °C in high 

vacuum conditions without a capping high-K layer as seen in Fig. 4.15. Desorption 

temperature is expected to shift higher values if GeO2 is capped with high-K dielectric 

and if the post-anneals are done at atmospheric pressures. 

4.5 Nitrogen Incorporation to Ozone-oxidation 
Nitridation is known to improve the thermal stability of GeO2. If the post 

processing requires higher temperatures than 400 °C, nitrogen incorporation can be 

used to improve the stability. According to our results in Chapter 2, high temperature 

NH3 nitridation gives Dit values above 1012 cm-2eV-1 while providing the stability 

against high temperature anneal. In this work, the low Dit advantage of ozone 

oxidation at 400 °C is combined with low temperature plasma nitridation to improve 

the stability without losing the high quality oxide interface.  

Ge 3d spectra with synchrotron radiation with in-situ high-vacuum anneal for 

plasma nitrided sample is shown in Fig. 4.16. Desorption pathway of GeON is through 

transformation to lower states as seen from oxide peak shift with annealing. 

Significant improvement in thermal stability is observed as desorption temperature is 

shifted above 550 °C with the effect of nitrogen incorporation. Thermal stability is 
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expected to improve more with an oxide cap layer and under normal processing 

pressures. 

 

Fig. 4.16: Ge 3d spectra of in-situ vacuum annealed-GeO2 

Thermal stability analyses show that plasma nitridation improves the stability 

of Ge-insulator interface. However, the electrical quality of the interface is a critical 

requirement which needs to be examined for the case of nitrogen incorporation.  

Capacitance voltage measurements results of the samples gone through ozone 

oxidation and plasma nitridation processes without and with forming gas anneal are 
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show less frequency dispersion and stretch-out in depletion and weak inversion 

regions. 

 

Fig. 4.17: (a) C-V without forming gas anneal (b) C-V with forming gas anneal 

The electrical quality of GeO2 layers are compared with GeON grown by 

ozone-oxidation and plasma nitridation in Fig. 4.18. Density of interface states (Dit) 

across the bandgap and close to band edges was extracted using conductance 

technique in 77 K-250 K temperature range for 400 °C ozone oxidation sample. 

Minimum Dit of 3x1011 cm-2V-1 is obtained for the sample oxidized at 400 °C, both 

with LTO and HfO2 as the top dielectric. Dit distribution of plasma nitrided samples n-

type substrate is done at 233 K to monitor Dit close to midgap. Minimum Dit obtained 

for the sample oxidized and nitrided at 400 °C is around 2x1012 cm-2V-1. It is found 

that forming gas anneal reduces Dit in the case of plasma nitridation as seen in Fig. 

4.18.  Minimum Dit decreases to 8x1011 cm-2V-1 after forming gas anneal. Hysteresis 

for the same gate voltage range also decreases from 100 mV to 20 mV with FGA, 

showing the effect of anneal on slow traps. Comparing Dit distributions in Fig. 4.18 for 
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all samples, it can be concluded that nitrogen incorporation by plasma nitridation to 

ozone-oxidized sample causes an increase in density of interface traps. 

 

Fig. 4.18: Dit distribution for GeO2 and GeON samples. 

Thermal stability analyses show that plasma nitridation improves the stability 

of Ge-dielectric interface. If post processing temperatures are relatively higher, plasma 

nitridation following ozone-oxidation can be preferred considering the trade-off 

between thermal stability and interface trap density.  

4.6 Band Gap and Band Offset Measurements of 
GeO2 

Bandgap and band offsets of GeO2 are measured by synchrotron radiation 

photoelectron spectroscopy (SRPES). Bandgap of GeO2 is measured from O 1s loss 

energy spectrum as ~5.1 eV (Fig. 4.19 (a)). Ge 3d spectra obtained with synchrotron 

radiation before and after oxide removal is shown in Fig. 4.19 (b). GeO2 is removed 

by in-situ annealing at 700 °C. Valence band spectra of GeO2 and oxide free surface 
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are compared (Fig. 4.19 (c)). Valence band offset of GeO2 is measured as ~3.8 eV, 

while conduction band offset is only ~0.6 eV, in consistent with literature results [38]-

[39]. Low conduction band offset of GeO2 (0.6eV), is a potential problem which can 

cause severe charge trapping by bulk traps. 

 
Fig. 4.19: (a) O 1s loss energy spectrum is shown. Bandgap of GeO2 is measured as 

~5.1eV. (b) Ge 3d spectra obtained with synchrotron radiation before and after oxide 

removal is shown. GeO2 is removed by in-situ annealing at 700 °C. (c) Valence band 

spectra of GeO2 and oxide free surface are shown. Valence band offset of GeO2 is 

measured as ~3.8 eV, while conduction band offset is only ~0.6eV.  

4.7 Review of State-of-the-art Research on GeO2 
Following our work [40], GeO2 has attracted a great deal of interest for the 

passivation of Ge surface. GeO2, grown by thermal growth [41]-[44], RF sputtering 

[45], [46] and plasma oxidation [47], also showed good interface quality with low Dit, 

~1011 cm-2eV-1. Different thermal treatments were carried out before deposition of 

gate dielectric and interface state densities were compared [48]. Among NH3, H2, N2 

and O2 treatments, O2 gave the best interface with low trap density. GeO2/Ge interface 
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strongly depends on growth conditions, such as temperature, pressure and oxygen 

partial pressure. For thermal oxidation of Ge surface, it was shown that minimum Dit 

was obtained at 550 ºC [49], depending on the growth conditions, especially oxygen 

partial pressure. 

 
Fig. 4.20: Dit distribution of thermally treated samples under various conditions [45]. 

Control of reaction kinetics of thermal oxidation using high pressure oxygen 

was studied in detail [50]. The high pressure oxidation was found to be advantageous 

to improve GeO2/Ge interface. The Dit of high pressure oxidation was also in the range 

of 1011 cm-2eV-1, comparable to state-of-art high-K/Si interface. 

 
Fig. 4.21: (a) Growth kinetics [50] (b) Dit for high pressure oxidation [51]. 
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4.8 Summary 
In summary, we discussed surface passivation techniques for Ge and electrical 

quality of Ge/dielectric interfaces in detail.  A new technique to electrically passivate 

the interface of Ge using thermal oxidation with ozone prior to a dielectric deposition 

has been developed to improve CMOS performance. Dit distributions over the 

bandgap and close to band edges were extracted using conductance technique at low 

temperatures. A minimum Dit of 3x1011 cm-2 V-1 was obtained for samples oxidized at 

400°C in ozone ambient, which is in the range of state-of-the-art Si/High-K dielectric 

interface quality. Lower or higher oxidation temperatures than 400°C showed increase 

in Dit values due to formation of Ge suboxide (GeOx) states. Physical quality of the 

interface was investigated through Ge 3d spectra measurements. We found that the 

interface and Dit is strongly affected by the distribution of oxidation states and quality 

of the suboxide layer. 
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Chapter 5 
 
 
High Mobility Ge NMOS 
 

 

5.1 Introduction 
Ge has become of great interest as a channel material for future technology 

nodes, owing to its high bulk electron and hole mobilities. Ge P-MOSFETs with 

mobilities above 300cm2V-1s-1 have been reported [1], [2]. Ge has a small hole 

conductivity effective mass and hence can achieve higher inversion hole mobility.  

High density of states (DOS) of Ge allows for it to support channel charge in its higher 

mobility valleys even with strong quantization attributed either to the spatial quantum 

confinement or to the high electric field. This makes Ge an attractive channel material 

for future high-performance N-MOSFETs.  However, Ge N-MOSFETs have exhibited 

poor drive currents and low mobility, as reported by several different research groups 

worldwide [2]-[4]. In spite of the increasing interest in Ge, the sources and the 

mechanisms of poor Ge NMOS performance have not been completely clarified yet. 

Passivation of Ge interface and activation of n-type dopants have been considered 

among major challenges to achieve high performance Ge CMOS.  
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In this chapter, we present Ge NMOS fabricated with the ozone-oxidation and 

the low temperature S/D activation processes, achieving the highest electron mobility 

to-date. Detailed interface characterization, trapping analyses and gated Hall device 

measurements are performed to identify the mechanisms behind poor Ge NMOS 

performance in the past. The effects of fast trapping by interface states, slow trapping 

by bulk traps and source/drain parasitic resistance on mobility measurements are 

discussed. Future directions are pointed out to further improve Ge NMOS 

performance.  

5.2 Overview of Ge NMOS Results in Literature 
The intrinsic mobility of carriers in Ge is substantially higher than in Si and is 

more symmetric.  

Intrinsic bulk mobilities in Ge  

Electron  - 3900 cm2/Vs 

Hole  - 1900 cm2/Vs 

However, that has not translated into inversion mobility results. Fig. 5.1 show 

the inversion mobilties reported using different Al2O3 (Fig. 5.1 (a)) and HfO2 (Fig. 5.1 

(b)) as gate dielectrics. PMOS inversion mobilities do not look outstanding and 

NMOS shows inversion mobility even lower than Si universal. In Fig. 5.2 (a), PMOS 

inversion mobility, measured on Ge PMOS fabricated using GeON passivation [5], 

seems to be higher than universal Si mobility. That result is consistent with what we 

measured on PMOS devices as discussed in Chapter 2. However, NMOS inversion 

mobility with similar passivation exhibits very low inversion mobility in Fig. 5.2 (b) 
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[6]. There is no fundamental reason for poor Ge mobility. Better results can be 

expected by improving several steps in fabrication process and Ge inversion mobilities 

can be improved. 

 
Fig. 5.1: Inversion hole and electron mobilities (a) with Al2O3 [3], (b) with HfO2 [4]. 

 
Fig. 5.2: Inversion hole and electron mobilities (a) with GeON/SiO2 [5], (b) with 

GeON/HfO2 [6]. 

PMOS

NMOS

PMOS

NMOS

(a) (b)

(a) (b)

NMOS
PMOS



103 
 

5.3 Ge MOSFET Fabrication 
 The process flow to fabricate Ge MOSFETs is summarized in Fig. 5.3. N- and 

P-MOSFETs were fabricated on lightly doped (<1e15 cm-3) p- and n-type bulk Ge 

substrates with (100) and (111) surfaces. A modified pre-diffusion clean, including 

surface organics removal in addition to oxide removal by cyclic- HF clean, was used 

for these substrates. The removal of surface organics was done by washing the wafers 

in PRS-1000 at 45°C for 10min followed by DI water dump rinse and a spin dry. The 

native oxides of Ge were removed by dipping the wafers in DI water. The sub-oxides, 

which cannot be removed in DI water etching, were etched by dipping the wafers in 

2% HF solution for 30 s. A cyclic clean involving DI water and 2% HF treatments was 

employed three times to remove most of the oxides on the surface. Following the cylic 

HF clean, the wafers were dipped in HCl:H2O (1:1) for 1 min to obtain an oxide-free 

surface. Thick LPCVD SiO2 was deposited for isolation. Active area lithography was 

done and the field stack was then etched in a 20:1 Buffered Oxide Etch solution. 

Subsequently, photoresist was stripped in PRX-127 solution.  

 The modified pre-diffusion clean described above was performed again on 

these wafers followed by ozone-oxidation process at 400 °C to form the GeO2 

interfacial passivation layer. A cap layer of ALD Al2O3 was deposited in-situ at 

350 °C, right after ozone-oxidation, to reduce the leakage current density across the 

gate stack. Al was sputtered as the gate electrode. The gate was patterned using an Al 

wet etch. After stripping the resist, source/drain implants were done.  
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Fig. 5.3: Ge N-MOSFET fabrication process flow is summarized. 

 P and BF2 were chosen as the implant species with a dose of 4x1015 cm-2 and 

implant energies of 18keV and 35keV respectively. S/D regions were formed by P and 

BF2 implantation. Activation anneals were done in the temperature range of 300 °C to 

400 °C for 30 mins. In Fig. 5.4, SIMS profiles show that junction depths are ~100 nm 

and dopants do not diffuse a lot during anneals at 300 °C-400 °C. Activation anneals 

in temperature range of 300 to 400 °C were tested by I-V measurements on n+/p 

diodes (Fig. 5.5). Activation anneal temperature range was kept low to protect gate 

stack integrity. Activation annealing at 350°C, providing the best on/off ratio, was 

used in fabrication of NMOS transistors.  
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Fig. 5.4: SIMS profile of P, implanted in (100) Ge, activated in 300-400 ºC range. 

Junction depth is approximately 100 nm. 

 
Fig. 5.5: I-V characteristics of n+/p diodes activated at different conditions. Annealing 

at lower temperatures provides excellent on/off ratio. Annealing in nitrogen or 

forming gas environment does not affect I-V characteristics.    

 Low-temperature SiO2 was again used as a backend insulator. The contact 

holes were patterned and Ti/Pt was used as contact metal. Ti was employed as an 
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interfacial material to remove any native oxide, which may be present at the interface 

between Ge and Pt. The final N-FET structure is shown in Fig. 5.3. 

5.4 Ge MOSFET Characterization 
The transfer characteristics (IDS-VG) of Ge P-MOSFETs and N-MOSFETs are 

shown in Fig. 5.6 and 5.7 respectively. The Ion/Ioff ratio for Ge N-MOSFETs at room 

temperature is about ~104 for both (100) and (111) substrate orientations.  

 

Fig. 5.6: Measured transfer characteristics of Ge (100) P-MOSFETs.  

  (a)                                                                (b) 

  
Fig. 5.7:  Measured transfer characteristics of Ge (a) (100) N-MOSFETs, (b) (111) N-

MOSFETs. 
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The Ion/Ioff ratio is slightly lower for Ge P-MOSFETs due to S/D junction 

leakage. Because the process conditions, especially activation anneal temperature, 

were optimized according to NMOS characteristics. The Ion/Ioff can be improved for 

PMOS by optimizing the S/D activation anneals. 

The effective inversion layer mobility is measured by split-CV technique on 

Ge PMOS (Fig. 5.8) and NMOS (Fig. 5.9). By improving surface passivation, 2.5 X 

improvement over universal Si mobility for Ge PMOS and ~30% increase in effective 

NMOS mobility are achieved. 

 
Fig. 5.8: Effective PMOS mobility is ~2.5 X of universal Si. No series resistance or 

trapped charge corrections are done.  

 
Fig. 5.9: Effective NMOS (100) mobility, measured by split CV, shows 30% 

improvement with the decrease in Dit but still lower than universal Si mobility. No 

series resistance or trapped charge corrections are done. 
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GeO2 has been proposed as interfacial passivation layer before deposition of 

high-K dielectric. Its success in passivation of Ge interface and decreasing the density 

of interface traps (Dit) was demonstrated [7]. Inspite of the decrease in interface state 

density by using ozone-oxidation, effective NMOS mobility improves only 30% and it 

is still lower than universal Si mobility (Fig. 5.9). In the next sections, we investigate 

the mechanisms behind poor Ge NMOS performance  the gate stacks of N- and P-

MOSFETs are characterized in detail to determine the effects of fast and slow traps. 

Three mechanisms, fast trapping at Ge/GeO2 interface, slow trapping by GeO2/Al2O3 

border traps and parasitic S/D series resistance, are distinguished as degradation 

factors for Ge NMOS.  Their contributions to the mobility degradation and their 

effects on the mobility extraction are evaluated. 

5.4.1 Fast Traps 
The fast traps, so-called interface traps, are located at the 

semiconductor/insulator interface. The time constants of the fast traps are so small that 

they can be measured at high frequency, such as 1 kHz- 1 MHz range. The magnitude 

and the frequency of conductance peaks in the conductance technique measurements 

give information on Dit distribution across the bandgap, while the peak frequency on 

trap time constant and capture cross section [8]. In MOSFET conductance 

measurements, minority carriers can be provided from S/D contacts. Therefore, 

conductance response is also observed in inversion regime. However, in conventional 

MOSCAP conductance measurements, only majority carriers are responsible for 

conductance response and conductance peaks are only observed in depletion regime.  
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The measurable part of Ge bandgap by conductance technique applied to MOSFET 

inversion regime is shown in the schematic (Fig. 5.10).  

 

Fig. 5.10: The measureable window of Ge bandgap by conductance technique applied 

at NMOS and PMOS inversion regimes.  

Conductance measurements were performed on Ge NMOS and PMOS at 

230K. Conductance peaks measured in PMOS inversion regime, corresponding to the 

valence band side of Ge bandgap, exhibit two distinct sets in different gate voltage 

ranges, shown with solid and dashed lines in Fig. 5.11 (a). Time constants extracted 

from peak frequency show two distinct types of traps, interacting with majority and 

minority bands. That results in the overall time constant behavior in Fig. 5.11 (b). 

 
Fig. 5.11: (a) Conductance peak response for PMOS inversion regime. Two sets of 

conductance peaks, corresponding to two types of traps, are observed. The difference 
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in time constants can originate from the existence of donor and acceptor type traps in 

the lower half of the bandgap. (b) Time constants of two distinct traps are measured.  

 

 As opposed to PMOS, conductance peaks of NMOS inversion regime exhibit 

only one set of conductance peaks in [-0.28, 0.02] gate voltage range (Fig. 5.12 (a)). 

That corresponds to single type of trap behavior (Fig. 5.12 (b)) in the conduction band 

side of the Ge bandgap.  

 

Fig. 5.12: (a) Conductance peak response for NMOS inversion regime. Only single 

type of trap behavior is observed. (b) Time constant of single type of trap is measured. 

Two types of traps in the valence band side of Ge bandgap is quite unusual, as 

opposed to the conventional conductance response known for the traps in Si bandgap. 

Similar trap time constant measurements are done on a different sample to ensure that 

this phenomenon is not a sample specific issue but a characteristic of Ge. A Ge 

MOSCAP sample is prepared by low-temperature HfO2 deposition. The deposition 

temperature is kept as low as possible, 150 °C, to avoid interfacial oxide formation 
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constant measurements were performed on HfO2/Ge interface to confirm that two 

types of traps is not sample specific but a property of Ge itself (Fig. 5.13).  

 

Fig. 5.13: Conductance peak response in different gate bias ranges (a) 77 K and (b) 

180 K. As temperature is increased to 120 K and 180 K, the trap range visible in 1 

kHz-1 MHz shifts away from valence band toward midgap and the conductance peaks 

shift to corresponding gate biases.   

Gp/w vs f is plotted in Fig 5.13. Two distinct set of conductance peaks are 

observed in different voltage ranges. At 77 K, conductance peaks in the [-0.44,-0.5] 

voltage range are closer to strong accumulation and consequently to the valence band 

edge than the peaks in the [-0.24,-0.34] voltage range. As temperature is increased to 

180K, the trap range visible in the 1 kHz-1 MHz range shifts away from the valence 

band side toward midgap and the conductance peaks shift to corresponding gate 

biases. For conventional oxide/semiconductor interfaces like SiO2/Si, only one set of 

conductance peaks is always observed at specific gate voltage ranges corresponding to 

the depletion regime [8]. However, for Ge two distinct set of conductance peaks are 

measured in the valence band side of the bandgap, showing the existence of two types 
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of traps with different characteristics (Fig. 5.13). The time constants (Tit) versus 

conduction band energy offsets of two set of interface states are shown in Fig. 5.14. 

 

Fig. 5.14: Time constants vs. conductance band offset. In the legend A and B 

correspond to distinct surface states. B states (closer valence band edge and smaller 

capture cross section) can be correlated to donor-like states. A states (~0.1 eV away 

from B states and larger capture cross section) can be correlated to acceptor-like 

states. Solid lines are the simulated time constants for corresponding band gap 

energies. 

Surface band bending obtained from thermal equilibrium C-V curves is used to 

derive conduction band energy offsets. Tit strongly depends on its energy separation 

from the band edge, capture cross section and temperature. It gets smaller closer to the 

band edge, for larger capture cross sections and at higher temperatures. In Fig. 5.14, 

two distinct time constant behaviors reveal the energy distance between two types of 

traps is less than 0.1 eV, similar to the predicted gap peak energies of acceptor and 

donor states, 0.11 eV and 0.05 eV away from valence band edge. Time constants are 

simulated considering the effective density of states of conduction (acceptor-like state) 

0.4 0.5 0.6 0.7

10
-6

10
-5

10
-4

E-Ec(eV)

Ti
m

e 
co

ns
ta

nt
(s

)

180 K 77 K

A B



113 
 

and valence (donor-like state) bands (Fig. 5.14). At 77 K, the capture cross section (σ) 

of states closer to valence band (B states in Fig. 5.14) is determined as ~5x10-19 cm2 

while it is ~2x10-17 cm2 for the states ~0.1 eV away from the other ones (A states in 

Fig. 5.14). Larger energy separation along with larger capture cross section results in 

similar time constants in spite of the ~0.1 eV energy separation between two states. 

One to two orders of magnitude difference in observed capture cross section of two 

distinct types of surface states is similar to what was measured for donor and acceptor 

states in Si. The energy separation and capture cross section difference between two 

distinct types of states can be explained by the existence of acceptor-like and donor-

like states close to valence band edge in Ge. 

The consequences of the existence of acceptor type traps in the valence band 

side of Ge bandgap can be explained by the energy-band diagram and the position of 

the charge neutrality level (CNL). The position of the CNL is determined by the 

weights of conduction-band (acceptor-like states) and valence-band derived states 

(donor-like states) [9]. If Fermi level lies below the CNL, ionized empty donor-like 

states build up a large positive interface charge. On the other hand if Fermi level is 

above the CNL, ionized occupied acceptor states lead to a negative interface charge. 

Energy considerations thus make it favorable for Fermi level to be located at the CNL. 

The CNL is theoretically [10] and experimentally [11] shown to be located ~0.1 eV 

above the valence band edge for Ge surfaces (Fig. 5.15).  
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Fig. 5.15: CNL level is located ~0.1eV from valence band edge. Grey region 

corresponds to occupied traps. (a) Net charge built up at interface is close to zero for 

Ge PMOS. (b) Negative charge builds up at interface for Ge NMOS, due to acceptor 

type of traps below Fermi level. Acceptor traps consumes electrons from inversion 

layer.  

In PMOS inversion regime, Fermi level is located in the valence band side, 

close to the CNL (Fig. 5.15 (a)). Hence, most of the acceptor traps above Fermi level 

are empty and not ionized. Also, most of the donor traps are located below Fermi level 

and not ionized. Therefore, net charge built up at interface is close to zero for Ge 

PMOS inversion. However, in NMOS inversion regime, most of the acceptor states 

are located below Fermi level and they are ionized. Occupied acceptor traps consume 

electrons from the inversion layer (Fig. 5.15 (b)). Filling acceptor type traps results in 

a net negative charge built up at interface that degrades NMOS inversion and causes 

Coulomb scattering [13]. In summary, the acceptor type traps located in the valence 

band side constitute a potential problem for NMOS but not for PMOS.  

Dit distribution across Ge bandgap is determined using conductance 

measurements performed at 77-250 K temperature range for GeO2/Ge and GeON/Ge 
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interfaces (Fig. 5.16). Total number of electrons trapped by the interface states is 

calculated by integrating the Dit distribution across the bandgap, with the assumption 

that all levels above the CNL are acceptor type. Although the total amount of trapped 

charge reaches 1.4x1012 cm-2 for high interface trap density distribution in GeON case, 

it can be reduced to 4x1011 cm-2 for the engineered interface in GeO2 case. The total 

trapped charge density of 4x1011 cm-2 is not very significant compared to inversion 

charge density. It can be easily screened by inversion carriers once NMOS devices are 

driven to strong inversion and the inversion charge density exceeds 1012 cm-2 levels. 

Besides, the effective NMOS mobility is still lower than universal Si mobility even for 

engineered interface (Fig. 5.9). Those two facts indicate that the fast trapping cannot 

be the only mechanism responsible for poor Ge NMOS mobility.  

 
Fig. 5.16: Dit vs bandgap for MOSFETs fabricated using GeO2 (400 oC) and GeON 

(600 oC). Area under Dit distribution gives the total number of trapped charge.  
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5.4.2 Slow Traps 
The slow traps can be located at the border of interfacial oxide and high-K or 

at the bulk of high-K dielectric (Fig. 5.17). The time constants of slow traps are so 

large that they can only follow the DC voltage sweep speed but not the AC frequency. 

They can be measured from hysteresis in C-V and ID-VG measurements. 

 
Fig. 5.17: Schematic explains the slow traps located at the interfacial oxide/high-K 

border and in the bulk of high-K dielectric.  

  The bandgap and the band offsets of GeO2 are measured by synchrotron 

radiation photoelectron spectroscopy in Chapter 4 (Fig. 4.18). Low conduction band 

offset of GeO2 (0.6eV), is a potential problem [13], which can cause severe charge 

trapping in bulk traps of  Al2O3 and the slow traps at GeO2/Al2O3 interface. 0.6 eV 

potential barrier is very low to prevent electron injection over the barrier and direct 

tunneling through the interfacial GeO2 layer (Fig. 5.18). The carriers trapped at the 

slow traps in Ge NMOS inversion regime can cause threshold voltage shift. 

Depending on the energy levels of slow traps, reemission of carriers may take longer 
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than gate voltage sweep speed, which will result in a flat-band voltage (Vfb) shift in C-

V characteristics. The shift will be proportional to the amount of the trapped charge. 

 

Fig. 5.18:  Schematic explains the effect of low conductance band offset on electron 

trapping by slow traps and bulk traps in NMOS inversion regime.  

 

Fig. 5.19: Full C-V measurements are carried out on (a) PMOS and (b) NMOS. Both 

cases hysteresis shows a positive Vfb shift once positive gate biases are applied. That 

confirms the existence of slow electron traps.  
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electron trapping is the cause of hysteresis (Fig. 5.19). Another technique to study 

charge trapping in MOSFETs is measuring the Vfb shift as a function of the extent of 

gate sweep. The Vfb shift as a function of the extent of gate sweep exhibits an 

asymmetric behavior, showing preferential electron trapping (Fig. 5.20 (a)). For 

NMOS, the density of trapped electrons reaches 6x1012 cm-2 (Fig. 5.20 (b)), which is 

comparable to the inversion charge density. This is much larger than the charge 

trapped by the fast states even for the high Dit distribution (Fig. 5.16). This result 

explains that the low conduction band offset of GeO2 is a critical problem for NMOS. 

Electron trapping takes place in the inversion regime of NMOS, retarding the 

formation of the inversion layer. Loss of inversion charge can cause lower Ion and in 

turn lower extracted mobility.  

 
Fig. 5.20: (a) Gate sweep is extended to ±4V. Vfb shift is measured as a function of 

extent of Vg sweep. NMOS inversion shows ~+1.1V Vfb shift while PMOS inversion 

shows only ~-0.2V. (b) Amount of trapped charge versus Vg-Vth is plotted. For NMOS 

trapped charge reaches to 6x1012 cm-2 levels.  
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Similar charge trapping behavior is also observed for Id-Vg characteristics with 

gate bias stress. For PMOS, the maximum Vth shift due to bulk trapping is measured 

~200 mV for 1 min -4 V stress (Fig. 5.21). Vth shift reaches ~1V for Ge (100) NMOS 

and ~1.5V for Ge (111) NMOS for 1 min +4 V stress (Fig. 5.22 (a)-(b)). Applying 

opposite stress can recover Vth shift in NMOS, proving that the responsible 

mechanism for the Vth shift is the slow traps in the gate stack.  

 
Fig. 5.21:  Drain current gate voltage characteristics of PMOS are plotted. -4V of gate 

voltage stress is applied for 1 min and total Vth shift is ~100-200 mV.  

 
Fig. 5.22: Drain current gate voltage characteristics of (a) NMOS (100) and (b) 

NMOS (111) are plotted for initial, +4V 1 min stressed and -4V 1 min stressed 

transistors. Fig. (a) shows that electrons trapped during +4V 1 min stress can be 

detrapped by applying -4V stress for 1 min. Fig (b) shows that electrons trapped 

during +4V 1min stress can be partially detrapped by applying -4V stress for 1 min.  
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Besides serious reliability problems, electron trapping can cause errors in split-

CV effective mobility measurements. It can be a significant factor responsible for the 

low Ge NMOS mobility observed experimentally. The slow trapping can be avoided if 

oxidation of Ge is suppressed and an abrupt interface is maintained between Ge and a 

high-K dielectric with high conduction band offset.  An abrupt interface can result in 

high Dit if dangling bonds are not satisfied, while GeO2 provides effective passivation 

of the Ge surface.   

5.4.3 S/D Series Resistance 
Low level activation of n-type dopants in Ge NMOS S/D is a critical issue that 

can affect device characteristics [14]. There has been increasing interest in solving 

parasitic S/D series resistance problem [15], [16]. The S/D series resistance is a 

common problem for all nanoscale transistors.   

 

Fig. 5.23: Components of parasitic S/D resistance 

The components of parastic S/D resistance are contact resistance (Rcsd), deep 

S/D resistance (Rdp), extension resistance (Rext) and overlap resistance (Rov) (Fig. 

5.23). A comprehensive study on those various components can be found in ref. [17], 

[18].  In nanoscale transistors it is predicted that parasitic S/D resistance becomes an 
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increasing fraction of the ON resistance of the transistor, hence posing a serious limit 

to drive current enhancement as gate lengths are scaled. The effect of serious 

resistance on drive current is included in the drain current expression in linear regime, 

at a low drain voltage: 

                                              (5.1) 

In split CV effective mobility measurements, the effective mobility expression: 

                                                                                    (5.2)  

where Qn is inversion carrier density, L is the channel length and W is the channel 

width. The drain conductance, gD, is: 

                          | ~                                    (5.3) 

The voltage drop across parasitic S/D resistance, IDRSD, causes a reduction in 

the drain current. Hence, measured mobility by split CV appears to be lower than it is 

original value. In order to eliminate the S/D series resistance and to measure the 

trapping free mobility, gated Hall devices are fabricated (Fig. 5.24). Additional 

voltage contacts (shown with Vd in Fig. 5.24) of the gated Hall devices allow for 

performing four-probe measurements of the transistor conductance, avoiding the effect 

of the S/D series resistance on the mobility extraction. Some of the applied drain 

voltage drops over the parasitic S/D resistance. However, the voltage drop across the 

channel needs to be known to calculate effective mobility using equation (5.3). The 
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exact voltage drop across the channel is directly measured from the Vd contacts in 

gated Hall devices.  

 

Fig. 5.24: Gated Hall devices are fabricated along with N-MOSFETs. Measuring drain 

potential drop across the channel using additional voltage contacts eliminates the 

effect of S/D series resistance. 

For short channel MOSFETs, S/D parasitic resistance can cause a significant 

reduction in the drain voltage falling across the channel because the channel resistance 

is small compared to S/D resistance. This will influence the drive current as well as 

the effective mobility extraction.  

Effective inversion mobility is measured with the split-CV technique on a short 

channel Ge NMOS (111) and gated Hall devices, which eliminate the S/D series 

resistance using the additional voltage contacts (Fig. 5.24). The electron mobility 

increases approximately two times the mobility of the short channel device, which 

suffers from parasitic S/D resistance (Fig. 5.25).  
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Fig. 5.25: Effective mobility is measured on short channel Ge NMOS (111) and gated 

Hall devices fabricated on the same substrate. Eliminating S/D resistance significantly 

increases the measured mobility.  

The S/D parasitic resistance issue is further investigated after observing its 

significant effect on effective mobility measurements. The total S/D parasitic 

resistance is measured in two ways: 1) Using both transistor channel length series, 2) 

Four-probe characterization on gated Hall devices. It is determined as 1500 ohms for 

the MOSFETs with a channel width of 200 µm.  

Spreading sheet resistance measurements are performed on the S/D regions of 

those devices (Fig. 5.26). The peak concentration of active dopants is found as 7x1018 

cm-3. The high S/D parasitic resistance can be originating from low level activation of 

n-type dopants which leads to high deep S/D resistance and also, high contact 

resistance due to Schottky barrier formation with the contact metal.  
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Fig. 5. 26: Carrier concentration measured with SRP in S/D region of (111) Ge 

NMOS. 

5.5 Hall Measurements on Ge NMOS 
The gated Hall devices have two additional contacts, VHALL, to measure Hall 

potential (Fig. 5.24). Hall measurement separates the mobile carriers from the trapped 

charge, which is immobilized by slow traps. Inversion mobility measured by Hall 

effect is series resistance and trapping free, representing the highest achievable Ge 

NMOS inversion mobility. The inversion mobility measured by Hall effect is shown 

in Fig. 5.27 (a).  

(a)                                                            (b) 

 
Fig. 5.27: (a) Inversion carrier density and mobility are measured by Hall effect on Ge 

NMOS (111). Ninv-Hall represents only mobile charge density in the channel. (b) Hall 
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mobility versus temperature is shown for constant gate bias voltage in (111) Ge 

NMOS.  

The temperature dependence of Hall mobility, accounting only for mobile 

carriers in the channel, is measured for (111) NMOS (Fig. 5.27 (b)). Above 100K, 

phonon scattering dominates and the Hall mobility, which scales as T-0.92 at an 

inversion charge density of 2.5x1012 cm-2. Since the substrate is very lightly doped, 

Coulomb scattering observed below 100K is attributed to the trapped charge at the 

interface and in the bulk traps (Fig. 5.27(b)).    

5.6 Mobility Spectrum Analysis  
Mobility Spectrum Analysis technique has become increasingly popular to 

identify and separate carriers in a multicarrier mixed conduction scenario [19]. While 

single magnetic field Hall measurements are useful to extract average carrier 

concentration and mobility, they are inadequate for characterizing multi-carrier mixed 

conduction, since the resultant mobility and density parameters are averaged over all 

carriers. Considering the low conduction band offset of GeO2 and the band alignment 

shown in Fig. 5.18, the triangular potential well formed between conduction band of 

high-K dielectric and GeO2 can act as a parallel conduction along with the Ge channel. 

In this section the mobility spectrum analysis technique, varying the magnetic field 

from 0-9T, is used to check for multicarrier conduction. The Hall coefficient and the 

resistivity are measured as a function of the varying field at a fixed temperature. The 

conductivity tensors σxx and σxy can be extracted from the Hall coefficient and 

resistivity using the equations below [20]: 
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                                                                        (5.4) 

            ,                      (5.5) 

     ,           (5.6) 

The conductivity tensor related to the charge and mobility of individual 

carriers in a N-carrier system is given as [19]: 

         ∑      ,       ∑                  (5.7) 

where, ni and μi is the sheet charge and mobility corresponding to the ith 

carrier. Fig. 5.28 (a) and (b) plot the conductivity tensors as a function of the magnetic 

field at 300K.  

(a)                                                               (b) 

 

Fig. 5.28: Conductivity tensors as a function of magnetic field (a) σxx. (b) σxy. 
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A least mean square fit algorithm is used to the fit the experimental data 

assuming one, two and three types of carriers as per equation (5.7). Good fit with 

experiment data is obtained assuming just one type of carrier. Hence, a parallel 

conduction path in the potential well between GeO2 and high-K, along with the main 

Ge channel is unlikely. 

5.7 High Mobility Ge NMOS 

Fig. 5.29 summarizes all the mechanisms and their contributions to effective 

inversion mobility in Ge NMOS (111). The inversion charge density is measured with 

split-CV technique and the mobility is extracted using equations (5.2) and (5.3).  

1) The effective mobility measured on short channel Ge NMOS (green curve, w/ 

RS/D w/ Qtrapped) is lower than universal Si electron mobility, similar to what was 

measured previously for Ge NMOS [21].  

2) The gated Hall devices fabricated on the same substrate can eliminate the 

effect of parasitic S/D resistance in the measurements, which significantly increases 

the measured effective mobility. The electron mobility is found to be ~1.5 times the 

universal Si mobility (RS/D free, red curve). To the best of our knowledge, this is the 

highest Ge NMOS inversion mobility directly measured.  

3) The trapped charge can be calculated using the Vfb shift in C-V measurements. 

The RS/D free NMOS mobility can be corrected for the trapped charge as well. The 

electron mobility is even higher, ~2 times the universal Si mobility (Qtrapped corrected, 

blue curve), if the trapped charge is accounted for.  
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These results are the highest NMOS mobility results reported in literature to-

date. 

 
 

Fig. 5.29: w/RS/D, w/Qtrappped, is measured on a short channel device where Rs/d 

dominates. RS/D data is measured on gated Hall sample (Fig. 5.24), which eliminates 

RS/D effect. Qtrapped corrected data is after trapped charge correction. Ninv, x-axis, is 

measured by split-CV and corresponds to total charge, including trapped charge. 

5.8 Summary  
Bulk Ge N and P-FETs with GeO2 interface passivation by ozone-oxidation 

were fabricated, showing the highest mobility for Ge PMOS and NMOS to-date, about 

2.5 X and 1.5 X of universal Si mobility respectively. Those results prove that Ge is a 

very promising candidate as channel material for future CMOS.  

Full Ge NMOS process flow with ozone-oxidation and low-temperature dopant 

activation was presented in detail. Mechanisms responsible for poor Ge NMOS 

performance in the past were investigated with detailed gate dielectric stack 
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characterizations and Hall mobility analyses for the first time. The acceptor type traps 

located in the valence band side of Ge bandgap were directly measured using 

conductance technique and trap time constant measurements. High S/D parasitic 

resistance, inversion charge loss due to trapping, and high interface trap density were 

identified as the mechanisms responsible for Ge NMOS performance degradation. To 

further improve the NMOS performance, reduction in S/D parasitic resistance and 

improvement in gate dielectric stack are required. These findings are potentially 

important for better understanding of Ge-based transistors for future CMOS 

applications. 
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Chapter 6 
 
 
Conclusions and Future Directions 
 

 

6.1 Introduction 
 Drive current saturation is fundamentally limiting the future scaling of CMOS 

technology. The carrier injection velocity from the source into the channel and the 

high density of states are accepted as the main factors affecting the drive current in 

nanoscale ballistic transistors. High mobility channel materials should be incorporated 

to overcome the scaling bottleneck and allow further improvements in transistor 

performance. Ge is a strong candidate as a channel material, owing to its high bulk 

hole and electron mobilities and high density of states in both conduction and valence 

bands. It also has the advantage of process compatibility and easy integration with the 

state-of-art Si CMOS technology. However, there are a few critical issues to be solved 

in device level before integration of Ge to Si CMOS: 

1) Ge does not have a stable native insulator, as Si has. A high quality interface 

and gate dielectric stack should be developed for Ge. 
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2) The low solid solubility and high diffusivity of n-type dopants in Ge make the 

source/drain formation challenging. A source/drain technology providing low 

parasitic resistance should be developed.  

3) In spite of the successful experimental demonstrations for Ge PMOS, Ge 

NMOS have exhibited low drive currents and poor mobility by several 

demonstrations worldwide. Performance improvement in Ge NMOS is 

mandatory. 

This dissertation focuses on the first and third challenges. It investigates them 

in detail and proposes solutions to move one step ahead in realizing Ge MOSFETs   

for future high performance CMOS applications. 

6.2 Dissertation Summary 
Bulk Ge N and P-FETs were fabricated with GeOxNy passivation, which was 

developed in Saraswat Research Group previously. They exhibited the highest 

inversion electron mobility reported to-date and ~2X improvement over Si universal 

hole mobility. The effect of surface orientation on electron and hole mobilities and 

interface trap density was investigated on Ge MOSFETs. A 50% higher electron 

mobility was demonstrated for the (111) surface orientation compared to (100) for Ge 

NMOS.  The carrier scattering mechanisms were studied through low temperature 

mobility measurements. Charge trapping and Coulomb scattering were found to be 

primarily responsible for the poor Ge NMOS mobility. The Dit distribution across the 

Ge bandgap and close to the band edges was measured. Higher trap densities near the 

conduction band edge of (100) Ge was observed, whereas, the (111) substrate 

exhibited a more symmetric Dit distribution. These findings changed the research 
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directions towards a more careful characterization of Ge interface and the 

development of a technique to engineer Ge interface and to obtain a high quality gate 

dielectric stack.   

All the interface characterization techniques and interface trap distribution 

measurements in literature were examined carefully to find a proper method to 

characterize Ge interface. Nicollian-Goetzberger conductance technique was applied 

on Ge devices at low temperatures (77 K-250 K). It was demonstrated that low 

temperature conductance measurements give an accurate relative comparison for 

samples with different qualities of interface passivation. The conventional room 

temperature characterization techniques were shown to give inaccurate results for Ge 

due to the effect of thermal generation and weak inversion responses. Measurable 

window of the bandgap at each temperature range was calculated using interface trap 

time constants. The effect of series resistance on conductance measurements was 

clarified and the misleading Dit extractions were pointed. 

A new technique to electrically passivate and engineer the Ge interface using 

thermal oxidation in ozone prior to a dielectric deposition was developed to improve 

CMOS performance. Dit distributions over the bandgap and close to band edges were 

extracted using conductance technique at low temperatures. A minimum Dit of 3x1011 

cm-2 V-1 was obtained for samples oxidized at 400 °C in ozone ambient, which is in 

the range of state-of-the-art Si/High-K dielectric interface quality. Ozone-oxidation 

process was characterized in detail. Lower or higher oxidation temperatures than 

400°C showed increase in Dit values due to formation of Ge suboxide (GeOx) states. 

Physical quality of the interface was investigated through Ge 3d spectra 
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measurements. It was shown that the interface trap density is strongly affected by the 

distribution of oxidation states and quality of the suboxide layer. 

Following the development of engineered Ge interface, bulk Ge N and P-FETs 

were fabricated using ozone-oxidation. They exhibited the highest mobility for Ge 

PMOS and NMOS to-date, about 2.5 X and 1.5 X of universal Si mobility 

respectively. Those results have proven that Ge is a very promising candidate as 

channel material for future CMOS.  

The mechanisms responsible for poor Ge NMOS performance in the past were 

investigated by detailed gate dielectric stack characterizations and Hall mobility 

analyses for the first time. The acceptor type traps located in the valence band side of 

Ge bandgap were directly measured using the conductance technique and the trap time 

constant measurements. High S/D parasitic resistance, inversion charge loss due to 

trapping, and high interface trap density were identified as the mechanisms 

responsible for the Ge NMOS performance degradation. These findings are potentially 

important for better understanding of Ge-based transistors for future CMOS 

applications. 
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6.3 Contributions and Impact of This Work 
• For the first time, the effect of surface orientation on Ge mobility is 

investigated experimentally. 

• Carrier scattering mechanisms are studied through low-T mobility 

measurements to identify Ge NMOS performance problem. 

• Low-temperature conductance technique is developed to examine Ge interface 

and extract full distribution of Dit across Ge bandgap. 

• Ozone-oxidation is introduced to engineer Ge/dielectric interface. 

• Gate stack engineered with ozone-oxidation is integrated with low-temperature 

S/D activation to fabricate Ge NMOS. 

• Poor NMOS performance is investigated with fast and slow trap 

characterizations and Hall mobility analyses for the first time. 

• For the first time, the existence of acceptor traps in the valence band side and 

the location of CNL close to valence band edge are shown by interface trap 

time constant measurements. 

• S/D series resistance and electron trapping are found to be the mechanisms 

responsible for poor Ge NMOS in the past. 

• Highest mobility for Ge NMOS to-date, about 1.5 X of universal Si mobility, 

is reported. 
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6.4 Future Research Directions 
o To further improve the Ge NMOS performance, reduction in S/D parasitic 

resistance is required. Conventional dopant activation techniques cannot 

provide higher active dopant concentrations than 5x1019 cm-3. Pulsed laser 

annealing techniques may be utilized to go above solid solubility limit.  

o Alternatively, Schottky source/drain contacts can be considered for Ge NMOS. 

Metal source/drain technologies with Fermi level unpinning may be 

investigated.  

o Another approach to improve the Ge NMOS performance is changing the 

source/drain material with Si or SiGe, which will also bring the benefit of 

tensile strain to Ge NMOS channel in addition to the increase in solid 

solubility limit. 

o The interface engineering techniques may be integrated to a Ge heterestructure 

FET (Ge quantum well, GeO2/thin Ge/Si). The performance improvement and 

strain effects may be investigated for Ge heterostructure P-FET. 

o Improvement in gate dielectric stack, especially to avoid slow trapping, can be 

achieved by an abrupt interface between Ge and a high-K dielectric with high 

conduction band offset.  An abrupt interface can result in high Dit. Therefore, 

extra dangling bond passivation techniques (post deposition treatments) need 

to be developed if this approach is followed.   

o Non-planar device architectures, such as Ge MuGFETs can be a strong 

direction of research for sub-20nm CMOS, taking the advantage of quantum 

confinement and superior electrostatic control.  
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o Ge nanowire surround-gate FETs with Si or SiGe shells can combine the high 

mobility transport with the superior electrostatic control. Ge nanowire devices 

can be fabricated by a top-down approach, utilizing Ge condensation 

technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


