
Copyright

by

Jer-Hueih Chen

2004



The Dissertation Committee for Jer-Hueih Chen Certifies that this is the approved 

version of the following dissertation:

Study of Germanium MOSFETs With Ultrathin 

High-κκκκ Gate Dielectrics

Committee:

Sanjay K. Banerjee, Supervisor

Supratik Guha, Co-Supervisor

Jack C. Lee

Joe C. Campbell

Paul S. Ho



Study of Germanium MOSFETs With Ultrathin 

High-κκκκ Gate Dielectrics

by

Jer-Hueih Chen, B.Eng., M.Eng., M.S.

Dissertation
Presented to the Faculty of the Graduate School of 

The University of Texas at Austin

in Partial Fulfillment 

of the Requirements

for the Degree of 

DOCTOR OF PHILOSOPHY

The University of Texas at Austin

December 2004



UMI Number: 3150560

3150560
2005

UMI Microform
Copyright

All rights reserved. This microform edition is protected against 
    unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company 
300 North Zeeb Road

P.O. Box 1346
     Ann Arbor, MI 48106-1346 

 by ProQuest Information and Learning Company. 



iv

Acknowledgements

I would like to thank my advisor, Dr. Sanjay Banerjee, for his kindness, guidance and 

support throughout my graduate studies here in Austin.  Without his guidance and 

encouragement, it would have been a long, impossible journey indeed.  I am also fortunate to 

have Dr Supratik Guha, from IBM T.J. Watson Research Center, as my co-supervisor.  During 

my time in T.J. Watson, he was a great boss to work under, always  generously providing  every 

necessary resource to me, and taking valuable time to discuss my work.  I have learnt much 

from him.

During my time in T.J. Watson, I was helped by many people, all experts in their fields, 

but all willing to help out an often-overwhelmed graduate student.  Special thanks goes to 

Nestor Bojarczuk, who conscientiously taught me the usage of the MBE equipment and 

graciously shared the equipment with me.  I am also indebted to Dr Huiling Shang for her 

guidance, patience and time spent in discussing my work.  Also, I would like to thank Dr. 

Edward Preisler and Joe Karasinski who were ever ready and willing to help. I am thankful to 

them all for their kindness and friendship.

I am grateful to my colleagues here in my research group, especially Dr. Xiao Chen and 

Dr. Tat Ngai, with whom I spent many hours in the clean room.  No one else but they can 



v

understand the joys and sorrows of upgrading an ultrahigh vacuum system with donated 

equipment parts!  I would also like to thank Sachin Joshi and David Kelly for their friendship.

I am blessed to have a close-knit community of friends in Austin with whom I have 

shared my life – the ups and downs, the stressful times, and the fun times.  My brothers and 

sisters in the Malaysian-Singaporean Christian Fellowship have been an unwavering source of 

strength, support, laughter and joy.  To Alex and Lois Koh, the Tuceks, Eric Sung, Bailey

Yeung, Malinda Chen, Jonathan Tan, Jon Tan Jr, Chee Kin Wan, Pip Tang, Nick Choo, Evi

Syariffudin, Siu Wei, Weng On, JK, Kian Tiong, Wayne Yeo, Audrey, Kimberly, Andre, 

Rebecca and the rest of the gang, thank you!

I would like to thank my family for their love and support.  I am truly blessed to have 

understanding and supporting parents. I am thankful to my dad for his advice and wise counsel 

and my mom for her daily persistent prayers on my behalf.  A special thanks to my kid brother, 

Jer Ming, for keeping me updated with things back home and stimulating, stress-relieving chats 

over the internet.  And to my nephew (Abel) and niece (Alethea, whom I have not yet met!), I 

love ya!

And finally, to my Lord and Savior Jesus Christ, to Him be the praise, honor and glory. 

Soli Deo Gloria!



vi

Study of Germanium MOSFETs With Ultrathin 

High-κκκκ Gate Dielectrics

Publication No._____________

Jer-Hueih Chen, Ph.D

The University of Texas at Austin, 2004

Supervisors:  Sanjay K. Banerjee and Supratik Guha

The continued scaling of Si CMOS devices has led to an increased attention to 

high-k  gate dielectrics as replacements for SiO2, where eventually the physical thickness 

of SiO2 cannot be scaled further before gate oxide leakage becomes prohibitively large.  

However, a major challenge of replacing SiO2 with a high-k  gate dielectric is that high-k 

Si MOSFETs exhibit degraded channel mobility.  It is for this reason that Ge has recently 

received renewed attention as a possible replacement for Si in high-k  CMOS devices, 

because its higher electron (2.5X) and hole (4X) bulk mobility relative to that of Si 

allows for the prospect of improved MOSFET channel mobility, while maintaining the 

potential to continue aggressive device scaling.  

Two high-k dielectric materials – Al2O3 and HfO2 – were studied .  These films 

were deposited on bulk Ge using reactive atomic-beam deposition. Germanium MOS 

capacitors, p-MOSFETs and n-MOSFETs were fabricated and characterized.
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Ultrathin Al2O3 films with equivalent oxide thickness, teq, of 23Å were deposited 

on surface-nitrided Ge, with gate leakage currents 3 orders of magnitude lower than a 

SiO2 film of equivalent thickness, and hysteresis of less than 5mV. Significantly thinner 

films were achieved with HfO2, with the most aggressive HfO2/Ge gate stack having a teq

~ 11Å and gate leakage current that was 6 orders of magnitude less than that for a SiO2

film of equivalent thickness. Surface nitridation and post-deposition anneals were 

important in improving the quality of the high-k/Ge gate stacks.  Surface nitridation 

reduced leakage current density, C-V hysteresis, charge trapping, interface state density, 

and inhibited interfacial layer formation which reduced the film’s equivalent oxide 

thickness. 

Germanium p-MOSFETs with ultrathin HfO2 films of varying thicknesses were 

characterized, with the thinnest HfO2 film having a teq of 10.5Å, and excellent gate 

leakage characteristics.  For Ge p-MOSFETs with thicker HfO2 films (teq ~ 32Å), we 

observed a clear enhancement in hole mobility of about 1.4-1.6 times that a Si MOSFET 

(with HfO2 gate dielectric) control.  However, hole mobility decreased with decreasing 

gate dielectric thickness, demonstrating that at ultrathin film thicknesses, additional 

mobility degradation mechanisms become significant.

Germanium n-MOSFETs with ultrathin HfO2 films of varying thicknesses, 

ranging from teq ~ 16Å to 36Å, were studied.  Extracted electron mobility of the Ge n-

MOSFETs were low, possibly due to high interface charge densities as well as high series 

resistances arising from incomplete source/drain phosphorus dopant activation.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

The scaling of CMOS technology continues to be crucial for the semiconductor 

industry in the constant drive for increased circuit functionality and performance at lower 

cost.  With the reduction in device dimensions of metal-oxide-semiconductor field-effect 

transistors (MOSFETs), silicon dioxide films used as a gate oxide have been scaled down 

dramatically to keep the same gate control over the channel.  Devices with the thinner 

dielectric exhibit improved short channel characteristics [1].  Therefore, the gate 

dielectric thickness must continue to be scaled for the continued MOS gate length 

scaling.

Figure 1.1 shows the predicted electrical equivalent oxide thickness, teq, and gate 

leakage, respectively, for high-speed microprocessor unit (MPU) and low-power 

applications by the International Technology Roadmap for Semiconductors (ITRS) 

published in 2003 [2].  By the year 2006, teq of 19 Å and gate leakage currents less than 7 

pA/µm, will be required for the MOSFET devices for low standby power applications.  

On the other hand, even more aggressive scaling of teq ~10 Å with the minimum feature 

size of 40 nm is needed for the MPU application which requires high current drives.  
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Figure 1.1 Predicted equivalent oxide thickness , teq and gate leakage currents 
for high-speed microprocessor unit (MPU), low power and low standby power 
applications by the ITRS published in 2003 [2].
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A physical thickness of 10-15 Å in a SiO2 layer corresponds to only around 3-4 

monolayers of SiO2. When the oxide thickness decreases to less than 20Å, the gate 

leakage current density becomes significantly high (>1A/cm2) because of the direct 

tunneling effect, as shown in Figure 1.2, which shows measured and simulated IG-VG

characteristics under inversion conditions of SiO2 n-MOSFET devices [3].  At a gate bias 

of 1 V in Figure 1.2, the leakage current increases from 1x10-7 A/cm2 to 1x10 A/cm2

when the gate SiO2 is reduced from 32 Å to 15 Å.  This is eight orders of magnitude 

change in leakage current for a thickness change of about a factor of 2! Although the 

leakage current at 15 Å is still tolerable for MPU applications, this value is too high for 

low standby power applications.

Figure 1.2 Measured and simulated Ig-Vg characteristics under inversion 
conditions of SiO2 N- MOSFET devices [3].
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Hence, it has become apparent that the continued scaling of Si CMOS devices 

would eventually lead to a physical roadblock, where eventually the physical thickness of 

SiO2 cannot be scaled further before gate oxide leakage becomes prohibitively large. This 

has led to an increased attention to high-k• gate dielectrics as replacements for SiO gate dielectrics as replacements for SiO2.  The 

ITRS indicates that for low-power applications where the allowable gate leakage is very 

low, high-k dielectrics may be needed as early as the 70nm technology generation in 

2006.  High-k dielectrics will be needed the following year for high performance 

applications, which require very low equivalent oxide thicknesses of less than 1nm.   

Much attention has been focused on various high-k dielectrics such as aluminum 

oxide (Al2O3), zirconium oxide (ZrO2) and hafnium oxide (HfO2) as possible 

replacements for SiO2, and  various research groups have demonstrated high-k dielectrics 

scaled down to approximately teq ~ 10Å with gate leakage currents significantly reduced 

compared to conventional SiO2-based gates.  However, many challenges remain to make 

high-k work, such as (i) the significant concentration of traps and fixed charges in the 

film or at the interfaces, leading to significant flat-band voltage shifts and voltage bias 

instability; (ii) reliability issues as channel hot carriers and carriers from gate tunneling 

traverse the gate dielectric resulting in trap generation; and (iii) the degradation of carrier 

mobility of carriers in the FET channel.    

In particular, the problem of carrier mobility degradation in high-k MOSFETs is 

severe, since it has been shown that mobility can be degraded up to a factor of 2 [4, 5] as 

a result of the implementation of high-k dielectrics.   It is therefore important to explore 

ways of obtaining enhanced carrier mobility.  Various schemes exist which enhance 
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electron and hole mobilities, such as the use of strained silicon germanium, SiGe, on Si, 

[6-8] or strained Si on relaxed buffer SiGe layers [9].  However, bulk Ge has recently 

received renewed attention as a possible replacement for Si in high-k CMOS devices, 

because its higher electron (2.5X) and hole (4X) bulk mobility relative to that of Si 

allows for the prospect of improved MOSFET channel mobility, while maintaining the 

potential to continue aggressive device scaling.   

Simultaneously, the use of high-k dielectrics on Ge also resolves a longstanding 

limitation of Ge, that its native oxide being water-soluble and thermally unstable at high 

temperatures [10] makes it unsuitable for integration into a conventional CMOS process.  

Germanium has had a long history in the semiconductor industry, although its lack of a 

stable native oxide has caused it to be sidelined by Si, which has a stable native SiO2 that 

has been very successfully utilized as a high-quality gate insulator, as well as for field 

isolation and etch protection.  

Over the last four decades, there has been work done to incorporate various 

dielectrics such as SiO2, Ge oxynitride and Ge nitride, and Al2O3 as replacement for the 

native germanium oxide on Ge, with varying success.  However, these are thick films 

with thickness greater than 100 Å.  

The overall goal of this work is to study ultrathin high-k dielectric films (Al2O3

and HfO2) on Ge through the electrical characterization of their MOS capacitors, and 

evaluating the performance of Ge n- and p- MOSFETs integrated with these ultrathin 

high-k dielectrics.
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1.2 HIGH-K GATE DIELECTRICS 

In order to overcome the physical limits, serious attention has been directed 

towards insulating materials with higher dielectric constant than SiO2.  This follows from 

Cox = kεo/tphys

where Cox is the capacitance per unit area, k (= 3.9 for SiO2) is the dielectric constant, εo is 

the vacuum permittivity, and tphys is the dielectric thickness.  Hence, the use of a high-k

dielectric (> 3.9) material allows a thicker physical film to be employed compared to that 

of SiO2 while maintaining the equivalent Cox, where

tphys,high-k = (khigh-k/3.9) tphys,SiO2   = (khigh-k/3.9) teq

Figure 1.3 compares the leakage current density of SiO2 (teq = 15 Å) over a high-k

dielectric with the same teq [11], showing that a physically thicker high-k gate oxide 

results in significantly reduced leakage current levels while achieving the necessary 

capacitance.

As near-term applications, silicon oxynitride and nitride/oxide stack films have 

been studied, showing reduced leakage currents, suppressed boron penetration and 

improved reliability [12-15].  However, because of relatively low dielectric constants, it 

is expected that the SiN-based gate dielectrics cannot be scaled down lower than 10 Å.



7

Figure 1.3 Gate leakage current density for a chip which has a 15Å thick SiO2

gate dielectric compared to an alternate dielectric exhibiting the same teq [11].

In recent years, a large number of alternative high-k gate dielectric materials have 

been examined as possible candidates to replace SiO2.  They include metal oxides such as 

Ta2O5 [16, 17], TiO2 [18, 19], ZrO2 [20], HfO2 [21], Y2O3 [22], Al2O3 [4, 23] and La2O3 

[24] as well as their silicates and aluminates.  Table 1.1 lists the possible high-k dielectric 

candidates and their dielectric constants.  While an obvious requirement is that the 

dielectric constants of the candidates need to be significantly higher than that of SiO2 to 

extend scalability, various other criteria need to be met before the high-k dielectric can 

become a viable replacement for SiO2. These requirements include thermodynamic 

stability with silicon, band gap alignment with respect to the silicon substrate and gate 

electrode, and stability under thermal conditions relevant to the CMOS process. Further, 

bulk and interface trap densities of the gate dielectric should approach that of SiO2 as 

closely as possible (~ mid 1010 cm-2 eV-1).  Charge trapping and reliability for the gate 

dielectrics are also particularly important considerations.
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Dielectric Dielectric 
constant

Bandgap 
(eV)

Leakage current 
reduction w.r.t. 

SiO2

Thermal stability 
w.r.t. Si

SiO2 3.9 9 N/A >1050oC

Si3N4 7 5.3 >1050oC

Al2O3 ~10 8.8 102-103 x ~1000oC RTA

Ta2O5 25 4.4 Not thermodynamically 

stable with Si

La2O3 ~21 6

Y2O3 ~15 6 104-105 x Silicate formation

HfO2 ~20 6 104-105 x ~950oC

ZrO2 ~23 5.8 104-105 x ~900oC

TiO2 ~80

Table 1.1 Selected material and electrical properties of high-k gate dielectrics. 
[5]

Many of the high-k candidates, such as Ta2O5, TiO2 and Ba(Sr,Ti)O3 [25], prove to 

be thermodynamically unstable on silicon, forming a relatively thick low-k interfacial 

layer.  Furthermore, as can be seen in Figure 1.4, Ta2O5 has a very small 0.3 eV electron 

barrier height and a 3.0 eV hole barrier height with respect to Si, while Ba(Sr,Ti)O3

shows an even less desirable conduction band offset of -0.1 eV.   A large silicon-to-

insulator energy barrier height is desirable because the gate direct-tunneling current is 

exponentially dependent on the (square root of the) barrier height [26].  In addition, hot-

carrier emission into the gate insulator is also related to the same barrier height [27].  
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Figure 1.4 Conduction and valence band offsets for various high-k materials 
with respect to Si [51].

On the other hand, ZrO2 and HfO2 [20, 21], with k greater than 20, were 

determined to be thermodynamically stable with respect to silicon and have sufficiently 

large conduction and valence band offsets with Si and show promise as possible viable 

high-k candidates.  Aluminum oxide, Al2O3, is another high-k dielectric material that has 

also been considerably studied, showing good thermal stability and having a bandgap and 

band alignment similar to that of SiO2.   However, its relative low dielectric constant (~9) 

compared to that of ZrO2 and HfO2, limits its scalability.  Various integration issues such 

as high fixed charged density and boron penetration have also been reported [4, 23].

In particular, there has been much interest in HfO2, which is a leading candidate 

with many desirable qualities.  The advantages include a high dielectric constant (~25), 

large heat of formation (-271 kcal/mol), and a relatively large band gap (~6 eV) [11].  

The calculated band offsets for electrons and holes are 1.5 eV and 3.4 eV, respectively.  

Hafnium oxide has the advantage over ZrO2 in that HfO2 remained thermally stable after 
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a high-temperature rapid thermal processing step (at 1000oC) [28], whereas reaction was 

observed for ZrO2 with the Si substrate and poly-Si [29, 30], which degraded the 

electrical properties.  Moreover, a very low teq of 12-15 Å has been reported for a metal-

gated HfO2 MOS capacitor which is five orders of magnitude lower than that of an 

equivalent SiO2 film [31].

1.3 INTEGRATION CHALLENGES OF HIGH-K DIELECTRIC ON SI

Many challenging issues exist when trying to integrate high-k dielectrics on Si.  

Firstly, flatband or threshold voltage (VT) shifts with respect to conventional SiO2 CMOS 

devices have been reported  for HfO2 n-MOSFETs and p-MOSFETS [32] .  This voltage 

shift has also been reported for Al2O3 [4], and is believed to be due to fixed and trapped 

charges in the high-k layer.  Charge trapping also causes VT instabilities, i.e., a continuing 

VT shift under device stress.  From charge trapping experiments, it was measured that the 

trap density in the Al2O3 and HfO2 high-k stacks was much higher than in SiO2 [32].  

Some studies indicate that the dynamics of electron trapping and detrapping in HfO2 bulk 

defects were responsible for VT instability in HfO2 gate dielectrics [33, 34].  Hence it is an 

important challenge to reduce the trap densities in the high-k material.

Secondly, there is low immunity of the high-k layer to oxygen and boron 

diffusion.  Oxygen easily diffuses through HfO2 during high-temperature annealing for 

source/drain activation, which results in a lower-k interfacial layer growth.  This lack of 

“stopping power” against O2 was reported as well for Al2O3 [35] and ZrO2 [36], with 

significant interfacial layer growth after anneals under low partial pressures of oxygen at 
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low (400-600oC) temperatures.  Boron penetration from p+-poly-Si gates through HfO2

into the Si substrate has been observed, causing threshold voltage shift and dielectric 

degradation [37].  Evidence of boron penetration through Al2O3 is demonstrated in Figure 

1.4 for a poly-Si/Al2O3 p-MOSFET annealed at 1000oC.  Diffusion barrier properties can 

be optimized with the help of nitride layers, such as silicon and aluminum oxynitrides 

[38], at the expense of a generally lower dielectric constant and the introduction of more 

trapped charge.

Of particular concern is the degradation of carrier mobility of carriers in the FET 

channel as a result of the use of a high-k gate stack. Figure 1.5 shows the lowered 

electron mobilities in long channel HfO2 and Al2O3 MOSFETs in comparison to that of an 

oxynitride control.   The cause of the mobility degradation is not totally clear at present.  

Coulomb scattering due to the fixed and trapped charges in the high-k film could be a 

source of mobility degradation [39-41].  Another source of mobility lowering may be due 

to remote phonon scattering.  The static dielectric constant of a  high-bandgap high-k 

material derives its high dielectric constant primarily from ionic polarizability, since the 

large bandgap results in  a small electronic polarizability. The ionic polarizability is 

associated with the “soft” metal-oxygen bonds with low-energy phonons.  Fischetti et al 

[42] studied the scattering of electrons in the inversion layer by surface optical phonons 

and suggested that there is generally an inverse relation between surface-optical-phonon-

limited mobility and the static dielectric constant: the higher the dielectric constant, the 

lower the surface-optical–phonon-limited mobility.  
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Figure 1.5 N-MOSFET channel mobility data showing electron mobility 
degradation of Al2O3 and HfO2 n-MOSFETs in comparison to an oxynitride 
control [32].

1.4 GERMANIUM AS A SUBSTRATE

In light of the inversion channel mobility degradation observed in high-k Si  

MOSFETs, it becomes very attractive to explore alternative substrate materials other than 

Si that may be able to provide any mobility enhancements.  Germanium is an attractive 

candidate because the mobility of holes in Ge is larger than that of any of the other 

common semiconductors, and the hole (1900 cm2/V-s) and electron (3900 cm2/V- s) 
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mobilities are much less disparate than in other semiconductors.  Specifically, Ge has a 

2.5 times higher electron mobility, and 4 times higher mobility for holes, as shown in 

Table 1.2, when compared with Si.  This gives it the possibility of providing drive current 

enhancements for both p- and n- MOSFETs, making it an attractive candidate for CMOS 

devices.  Furthermore, Ge has a bandgap of 0.66eV, compared to 1.12 eV of Si. This 

smaller bandgap serves to broaden the absorption wavelength spectrum, giving it the 

added advantage of being suitable for integration of fiber-optical communication device 

applications.

Ge Si

Electron mobility, µe

(cm2/Vs)

3900 1500

Hole mobility, µh

(cm2/Vs)

1900 450

Eg (eV) 0.66 1.12

Table 1.2 Electron and hole mobilities of bulk Ge vs bulk Si [26].

Germanium is certainly not an unfamiliar material to the semiconductor industry, 

with the first point-contact transistor (by Brattain and Bardeen, 1947) and the first 

integrated circuit (by Jack Kilby, 1958) both being fabricated on Ge.  The major 

drawback of Ge is that it lacks a stable native oxide that can be used as a high-quality 

gate insulator, or as field isolation, as is the case for Si with its stable SiO2. Prabhakaran 

et al [10] reported from photoelectron spectroscopy studies that low-temperature 

annealing of GeO2 resulted in the transformation of GeO2 to GeO on the surface (up to ~ 
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420oC) which thermally desorbs at around 420oC. This relatively low thermal stability of 

GeO2, and the fact that it is soluble in water, makes it an unsuitable for integration into a 

conventional CMOS process.

1.4.1 Thick dielectrics on Ge

During the last four decades, native dielectric materials (such as GeO2 [43, 44], Ge 

oxynitride [45] and germanium nitride, Ge3N4 [46]) and non-native dielectric materials 

(such SiO2 [47, 48], SiO2 on a thin Si cap [49], and Al2O3 [50]) have been grown or 

deposited on Ge substrates with varying degrees of success.  

For example, since GeO and GeO2 are volatile at relatively low temperatures (~ 

420oC) and are water soluble, the most successful efforts at using Ge oxide as a dielectric 

involved covering the layer of Ge oxide with a non-native insulator such as Al2O3[50].   

Chang et al reported the growth of thick films of Al2O3 ( ~800 Å) over native GeO2-

coated Ge substrate using  molecular beam deposition, with good interface properties, 

obtaining interface state densities as low as 1x1011 eV-1cm-2.

Germanium oxynitride as a native insulator on Ge had also been demonstrated 

[45]. The film was grown by a two-step thermal reaction process: atmospheric pressure 

oxidation in oxygen and nitrogen at 600oC , followed by atmospheric pressure nitridation 

in NH3, which resulted in native germanium oxynitride (Ge2N2O) films of low interfaces 

state densities (~1011 eV-1cm-2), ranging in thickness from 50 to 500 Å.

SiO2 had also been explored as a possible non-native insulator on Ge.  However, 

while deposited SiO 2 has been extensively studied and successful as a dielectric on Si in 
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terms of its excellent SiO2/Si interface, its use on Ge has been proven to be much less 

effective.  It was observed that the SiO2/Ge interface is of a poor quality. A reported 

solution by Vitkavage et al [49] was to deposit a thin layer of Si onto the Ge substrate as 

a buffer layer prior to SiO2 deposition.  The silicon buffer layer prevented subcutaneous 

oxidation of the germanium substrate during the low temperature remote plasma 

enhanced chemical vapor deposition (RPECVD) of the SiO2 film.  Compared with the 

direct deposition of SiO2 onto Ge, the interface trap density, Dit, was improved by more 

than an order of magnitude, going down to as low as 3x1010 eV-1cm-2.  

Most of these reported historical works concentrated on the deposition of 

dielectrics on Ge that would result in good interface and bulk characteristics.  However, 

these were thick films that would be unlikely offer a teq of less than 10Å to advance 

beyond the sub-20 nm regime.  

1.4.2 Recent ultrathin high-k studies on Ge

In recent years, the advancements in high-k dielectric deposition techniques have 

allowed ultrathin high-quality high-k films to be successfully deposited on Si.  Recently, 

work has been done to adapt these techniques to achieve ultrathin (teq < 20 Å) high-k 

dielectric films on Ge as well.  Table 1.3 gives a summary of the recent reported studies

of various ultrathin high-k dielectrics (GeON, Al2O3, ZrO2 and HfO2) deposited on bulk 

Ge. P- and n- MOSFETs have also been demonstrated.  Promising results have been 

reported of Ge p-MOSFETs, showing enhancements in extracted hole mobility over Si p-

MOSFETs with the same thin high-k dielectric.  
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As an example, Shang et al [52] reported  a Ge p-MOSFET with a thin gate stack 

(EOT 80Å) of Ge oxynitride and LTO on bulk Ge substrate without a Si cap layer, 

demonstrating a 40% hole mobility enhancement over a Si control with a thermal SiO2

gate dielectric.  Chui et al [53] reported ultrathin ZrO2 (6-10Å) on Ge p-MOSFETs with 

twice the low-field hole mobility of Si MOSFETs, while Ritenour et al [55] have reported 

HfO2 on Ge p-MOSFETs showing 40% hole mobility enhancement over a Si control with 

an identical HfO2 dielectric.

Dielectric GeON+LTO[52] ZrO2 [53] Al2O3 on GOI [54] HfO2 [55]

Gate Al Pt Al TaN

teq (Å) 80 6-10 (XTEM) 17 18

Jg @1V 

(A/cm2)

1E-7 Large 1E-3 1E-7 

µh (cm2/V-s) ~250-175

(0.1-0.25MV/cm)

(1.4x universal)

~300–200

(0.1-0.5MV/cm)

(2x universal)

110-90

(0.1-0.5MV/cm)

(2.5x Si control)

200-75 

(0.1-.5MV/cm)

(1.4x Si 

Control)

Dit (/cm2eV) 1E11 Cannot extract - -

SS (mV/dec) 82 - - 80

Table 1.3 Recent results for Ge p-MOSFETs with high-k gate dielectrics.
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However, Ge n-MOSFET with high-k dielectrics implemented have been far less 

successful.  Table 1.4 shows the recent Ge n-MOSFET results.  However, attempts to 

fabricate the n-MOSFETs have been problematic, showing very low electron mobilities 

compared to its Si counterparts.  It is postulated that this may be due to processing issues 

related to the dopant activation temperatures of the source and drain.  This will be 

discussed in greater detail in the following chapters.  

Dielectric GeON+LTO [56] HfO2 [55] HfO2 and ZrO2  [57]

Gate W TaN Pt

teq (Å) 80 22

Jg @1V (A/cm2)

µe (cm2/V-s) 100

@ Eeff=0.25MV/cm

Not extracted

(Lower than Hole mobility)

Not extracted

(Non-linear output 

characteristics)

Dit (/cm2eV)

SS (mV/dec) 150

Table 1.4 Recent results for Ge n-MOSFETs with high-k gate dielectrics.  Ge 
n-MOSFETs reported show poor device characteristics and very low electron 
mobilities. 
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1.5 CHAPTER ORGANIZATION

In this chapter, the background and motivation behind our work was discussed.  

An overview of the high-k dielectrics on Si and Ge was discussed.  This was followed by 

a review of the most recent works reported for Ge MOSFETs with ultrathin high-k 

dielectrics, which show much promise in enhanced carrier mobilities compared to Si 

high-k MOSFETs.

Chapter 2 details the reactive atomic-beam deposition of ultrathin Al2O3 on bulk 

germanium.  MOS capacitors were fabricated and the Al2O3/Ge gate stack electrically 

characterized.

Chapter 3 details the reactive atomic-beam deposition of ultrathin HfO2 on bulk 

germanium.  MOS capacitors were fabricated and the HfO2/Ge gate stack electrically 

characterized.

Chapter 4 details the fabrication and electrical characterization of self-aligned Ge 

p-MOSFETs, with ultrathin HfO2 films as the gate dielectric material.  

Chapter 5 details the fabrication and electrical characterization of self-aligned Ge 

n-MOSFETs, with ultrathin HfO2 films as the gate dielectric material.  

Chapter 6 summarizes the results obtained in this work and includes 

recommendations for future work.



19

1.6 REFERENCES

[1] S. Thompson, P. Packan, M. Bohr, “MOS Scaling: Transistor challenges for the 
21st century,” Intel Technology Journal, 3rd quarter 1998, from 
http://www.intel.com/technology/itj/q31998/articles/art_3.htm.

[2] The International Technology Roadmap for Semiconductors, 2003 Edition, 
Semiconductor Industry Association, San Jose, CA, 2003, from 
http://public.itrs.net/.

[3] S.-H. Lo, D. A. Buchanan, Y. Taur, and W. Wang, “Quantum-mechanical 
modeling of electron tunneling current from the inversion layer of ultra-thin-oxide 
nMOSFETs,” IEEE Electron Device Lett., vol.18, p.209 (1997).

[4] D.A. Buchanan, E.P. Gusev, E. Cartier, H. Okorn-Schmidt, K. Rim, M.A. 
Gribelyuk, A. Mocuta, A. Ajmera, M. Copel, S. Guha, N. Bojarczuk, A. 
Callegari, C.D’Emic, P. Kozlowski, K. Chan, R.J. Fleming, P.C. Jamison, J. 
Brown, and R. Arndt, “80 nm poly-silicon gated n-FETs with ultra-thin Al2O3 gate 
dielectric for ULSI applications,” in IEDM Tech. Dig., 2000, p. 223.

[5] H.-S. P. Wong, “Beyond the conventional transistor,” IBM. J. Res.& Dev., vol. 
46, p.133 (2002).

[6] R. People, “Physics and applications of GeSi/Si strained layer heterostructures,” 
IEEE J. Quantum Electronics, vol.22, p.1696 (1986).

[7] K. Ismail, J.O. Chu, and B.S. Meyerson, “High hole mobility in SiGe alloys for 
device applications,” Appl. Phys. Lett., vol.64, p.3124 (1994)

[8] Y.C. Yeo, Q. Lu, T.King, C. Hu, T. Kawashima, M. Oishi, S. Mashiro, and J. 
Sakai, “Enhanced performance in sub-100nm CMOSFETs using strained epitaxial 
silicon-germanium,” in IEDM Tech. Dig., 2000, p.753.

[9] K. Rim, S. Koester, M. Hargrove, J. Chu, P.M. Mooney, J. Ott, T. Kanarsky, P. 
Ronsheim, M. Ieong, A. Grill, and H.S.P. Wong, “Strained Si NMOSFETs for 
high performance CMOS technology,” in Symp. On VLSI Technology, 2001, 
p.59.

[10] K. Prabhakaran, F. Maeda, Y. Watanabe, and T. Ogino, “Distinctly different 
thermal decomposition pathways of ultrathin oxide layer on Ge and Si surfaces,”
Appl. Phys. Lett., vol. 76(16), p.2244 (2000).



20

[11] G.D. Wilk, R.M. Wallace, and J.M. Anthony, “High-k gate dielectrics: Current 
status and materials properties considerations,” J. Appl. Phys., vol. 89, p.5243 
(2001).

[12] A. Nakajim, Q.D.M. Khosru, T. Yoshimoto, T. Kidera, and S. Yokoyama, “NH3-
annealed atomic-layer-deposited silicon nitride as a high-k gate dielectric with 
high reliability,” Appl. Phys. Lett., vol. 80, p.1252 (2002).

[13] H. Hwang, W. Ting, D.L. Kwong, and J.C. Lee, “Electrical and reliability 
characteristics of ultrathin oxynitride gate dielectric prepared by rapid thermal 
processing in N2O,” in IEDM Tech. Dig., 1990, p.421.

[14] H. Yang and G. Lucovsky, “Integration of ultrathin (1.6~2.0nm) RPECVD 
oxynitride gate dielectrics into dual poly-Si gate submicron CMOSFETs,” in 
IEDM Tech. Dig., 1999, p.245.

[15] S.C. Song, H.F. Luan, Y.Y. Chen, M. Gardner, J. Fulford, M. Allen, D.L. Kwong, 
“Ultrathin (<20Å) CVD Si3N4 gate dielectric for deep sub-micron CMOS 
devices,” in IEDM Tech. Dig., 1998, p.373.

[16] H.F. Luan, S.J. Lee, C.H. Lee, S.C. Song, Y.L. Mao, Y. Senzaki, D. Roberts, and 
D.L. Kwong, “High quality Ta2O5 gate dielectrics with Tox,eq<10Å,” in IEDM 
Tech. Dig., 1999, p.141.

[17] A. Chatterjee et al, “CMOS metal replacement gate transistors using tantalum 
pentoxide gate insulator,” in IEDM Tech. Dig., 1999, p.777.

[18] S.A. Campbell, D.C. gilmer, X.C. Wang, M.T. Hsieh, H.S. Kim, W. Gladfelter, 
and J. Yan, “MOSFET transistors fabricated with high-permittivity TiO2

dielectrics,” IEEE Trans. Electron Devices, vol. 44, p.104 (1997)

[19] B.H. Lee, Y. Jeon, K. Zawadzki, W. Qi, and J.C. Lee, “Effects of interfacial layer 
growth on the electrical characteristics of thin titanium oxide films on silicon,”  
Appl. Phys. Lett., vol. 74, p.3143 (1999).

[20] W.J. Qi, R. Nieh, B.H. Lee, L. Kang, Y. Jeon, K. Onishi, T. Ngai, S. Banerjee, 
and J.C. Lee, “MOSCAP and MOSFET characteristics using ZrO2 gate dielectric 
deposited directly on Si,” in IEDM Tech. Dig., 1999, p.145.

[21] M. Balog, M. Schieber, M. Michman, and S. Patai, “Chemical vapor deposition 
and characterization of HfO2 films from organo-hafnium compounds,” Thin Solid 
Films, vol. 41, p.247 (1977).

[22] J.J. Chamber and G.N. Parson, “Yttrium silicate formation on silicon: Effect of 
silicon preoxidation and nitridation on interface reaction kinetics,” Appl. Phys. 
Lett., vol. 77, p.2385 (2000).



21

[23] J.H. Lee, K. Koh., N.I. Lee, M.H. Cho, Y.K. Kim, J.S. Jeon, K.H. Cho, H.S. Shin, 
M.H. Kim, K. Fujihara, H.K. Kang, and J.T. Moon, “Effect of polysilicon gate on 
the flatband voltage shift and mobility degradation for Al2O3 gate dielectric,” in 
IEDM Tech. Dig., 2000, p.645.

[24] S. Guha, E. Cartier, M.A. Gribelyuk, N.A. Bojarczuk, and M.A. Copel, “Atomic 
beam deposition of lanthanum and yttrium-based oxide thin films for gate 
dielectrics,” Appl. Phys. Lett., vol.77, p.2710 (2000).

[25] Y. Jeon, B.H. Lee, K. Zawadski, W. Qi, A. Lucas, R. Nieh, and J.C. Lee, “Effect 
of  barrier layer on the electrical and reliability characteristics of high-k gate 
dielectric films,” in IEDM Tech. Dig., 1998, p.797.

[26] S.M. Sze, Physics of Semiconductor Devices,Wiley, New York, 1981.

[27] T. Ning, C. Osburn, and H. Yu, “Emission probability of hot electrons from 
silicon into silicon dioxide,” J. Appl. Phys., vol. 48, p.286 (1977).

[28] L. Kang, Y. Jeon, K. Onishi, B.H. Lee, W.J. Qi, R. Nieh, S. Gopalan, and J.C. 
Lee, “Single-layer thin HfO2 gate dielectric with n+-polysilicon gate,” in Symp. 
VLSI Tech., 2000, p.44.

[29] M. Copel, M. Gribelyuk, E. Gusev, “Structure and stability of ulthathin zirconium 
oxide layers on Si (001),” Appl. Phys. Lett., vol.76, p.436 (2000).

[30] C. Hobbs et al, “Subquarter micron Si-gate CMOS with ZrO2 gate dielectric,” in 
Symp. VLSI Tech., 2001, p.204.

[31] L. Kang, K. Onishi, Y. Jeon, B.H. Lee, C.S. Kang, W.J. Qi, R. Nieh, S. Gopalan, 
R. Choi, and J.C. Lee, “MOSFET devices with poly silicon on single-layer HfO2

high-k dielectrics,” in IEDM Tech. Dig., 2000, p.35.

[32] E.P. Gusev, D.A. Buchanan, E. Cartier, A. Kumar, D. DiMaria, S. Guha, A. 
Callegari, S. Zafar, P.C. Jamison, D.A. Neumayer, M. Copel, M.A. Gribelyuk, 
H.Okorn-Schidmt, C.D’Emic, P. Kozlowski, K. Chan, N. Bojarczuk, L.A. 
Ragnarsson, K. Rim, R.J. Fleming, A. Mocuta, and A. Ajmera, “Ultrathin high-k 
gate stacks for advanced CMOS devices,” in IEDM Tech. Dig., 2001, p.451.

[33] L. Pantisano, E. Cartier, A. Kerber, R. Degraeve, M. Lorenzini, M. Rosmeulen, 
G. Groeseneken, H.E. Maes, “Dynamics of threshold voltage instability in stacked 
high-k dielectrics: Role of the interfacial oxide,” in VLSI Symp. Tech. Dig., 2003, 
p.163.



22

[34] K. Onishi, R. Choi, C.S. Kang, H.J. Cho, Y.H. Kim, R. Nieh, J. Han, S.A. 
Krishnan, M.S Akbar, and J.C. Lee, “Bias-temperature instabilities of polysilicon 
gate HfO2 MOSFETs,” IEEE Trans. Electron Devices, vol. 50, p.1517 (2003).

[35] M. Copel, E. Cartier, E. Gusev, S. Guha, N. Bojarczuk, and M. Popeller, 
“Robustness of utrathin aluminum oxide dielectrics on Si (001),” Appl. Phys. 
Lett., vol. 27, p.2670 (2001).

[36] B.W. Busch, W.H. Schulte, E. Garfunkel, T. Gustafsson, W. Qi, R. Nieh, and J.C. 
Lee, “Oxygen exchange and transport in thin zirconia films on Si(001),”  Phys. 
Rev. B, vol.  62, p.13290 (2001).

[37] R. Choi, C.S. Kang, B.H. Lee, K. Onishi, R. Nieh, S. Gopalan, E. Dharmarajan, 
and J.C. Lee, “High-quality ultra-thin HfO2 gate dielectric MOSFETs with TaN 
electrode and nitridation surface preparation,” in Symp. VLSI Tech., 2001, p.15.

[38] D.G. Park, H.J. Cho, I.S. Yeo, J.S. Roh, and J.M. Hwang, “Boron penetration in 
p+ polycrystalline-Si/Al2O3/Si metal-oxide-semiconductor system,” Appl. Phys. 
Lett., vol. 77, p.2207 (2000).

[39] K. Torii, Y. Shimamoto, S. Saito, O. Tonomura, M. Hiratani, Y. Manabe, M. 
Caymax, J.W. Maes, “The mechanism of mobility degradation in MISFETs with 
Al2O3 gate dielectric,” in VLSI Symp. Tech. Dig., 2002, p.188.

[40] L.A. Ragnarsson, S. Guha, M. Copel, E. Cartier, N.A. Bojarczuk, and J. 
Karasinski, “Molecular-beam-deposited ytrrium-oxide dielectrics in aluminum 
gated metal-oxide-semiconductro field-effect transistors: Effective electron 
mobility,” Appl. Phys. Lett., vol. 78, p.4169 (2001).

[41] S. Guha, E.P. Gusev, H.O. Schmidt, M. Copel, L.A. Ragnarsson, and N.A. 
Bojarczuk, “High temperature stability of Al2O3 dielectrics on Si: Interfacial metal 
diffusion and mobility degradation,” Appl. Phys. Lett., vol. 81, p.2956 (2002).

[42] M. Fischetti, D. Neumayer, and E. Cartier, “Effective electron mobility in Si 
inversion layers in MOS systems with a high-k insulator: the role of remote 
phonon scattering,” J. Appl. Phys., vol. 90, p.4587 (2001).

[43] Y. Wang, Y.Z. Hu, and E.A. Irene, “Electron cyclotron resonance plasma and 
thermal oxidation mechanismof germanium,” J. Vac. Sci. Technol. A, vol. 12 
p.1309 (1994).

[44] V. Craciun, I.W. Boyd, B. Hutton, and D. Williams, “Characteristics of dielectric 
layers grown on Ge by low temperature vacuum ultraviolet-assisted oxidation,” 
Appl. Phys. Lett., vol. 75, p.1261 (1999).



23

[45] D.J. Hymes and J.J. Rosenberg, “Growth and materials characterization of native 
germanium oxynitride thin films on germanium,” J. Electrochem. Soc., vol. 135, 
p.961 (1988).

[46] A.B. Young, J.J. Rosenberg, and I. Szendro, “Preparation of germanium nitride 
films by low pressure chemical vapor deposition,” J. Electrochem. Soc., vol. 134, 
p. 2867 (1987).

[47] T.O. Sedgwick, “Dominant surface electronic properties of SiO2-passivated Ge 
surfaces as a function of various annealing treatments,” J. Appl. Phys., vol.39, 
p.5066 (1968).

[48] R.S. Johnson, H.Niimi, and G. Lucovsky, “New approach for the fabrication of 
device-quality Ge/GeO2/SiO2 interfaces using low-temperature remote plasma 
processing,” J. Vac. Sci. Technol. A, vol. 18, p.1230 (2000).

[49] D.J. Vitkavage, G.G. Fountain, R.A. Rudder, S.V. Hattangandy, and R.J. 
Markunas, “Gating of germanium surfaces using pseudomorphic silicon 
interlayers,” Appl. Phys. Lett., vol. 53, p.692 (1988).

[50] R.P.H. Chang and A. Fiory, “Inversion layerse on germanium with low-
temperature-deposited aluminum-phosphorus oxide dielectric films,” Appl. Phys. 
Lett., vol. 49, p.1534 (1986).

[51] J. Robertson, “Band offsets of wide-band-gap oxides and implications for future 
electronic devices,” J. Vac. Sci. Technol. B., vol. 18, p.1785 (2000).

[52] H. Shang, H.O. Schmidt, K.K. Chan, M. Copel, J. Ott, P. Kozlowski, S.E.Steen, 
S.A. Cordes, H.S.P. Wong, E.C. Jones and W.E. Haensch, “High mobility p-
channel germanium MOSFETs with a thin Ge oxynitride gate dielectric,” in 
IEDM Tech. Dig., 2002, p.441.

[53] C.O. Chui, H. Kim, D. Chi, B.B. Triplett, P.C. McIntyre, and K.C. Saraswat, “A 
sub-400oC Germanium MOSFET technology with high-k dielectric and metal 
gate,” in IEDM Tech. Dig., 2002, p. 437.

[54] C.H. Huang, M.Y. Yang, A. Chin, W.J. Chen, C.X. Zhu, B.J. Cho, M.F. Li, and 
D.L. Kwong, “Very low defects and high performance Ge-on-insulator p-
MOSFETs with Al2O3 gate dielectrics,” in Symp. VLSI. Tech., 2003, p.119.

[55] A. Ritenour, S. Yu, M.L. Lee, N. Lu, W. Bai, A. Pitera, E.A. Fitzgerald, D.L. 
Kwong, and D.A. Antoniadis, “Epitaxial strained germanium p-MOSFETs with 
HfO2 gate dielectric and TaN gate electrode,” in IEDM Tech. Dig., 2003, p.443.



24

[56] H. Shang, K.L. Lee, P. Kozlowski, C.D’Emic, I. Babich, E.Sikorski, M. Ieong, 
H.S.P. Wong, K. Guarini, and W. Haensch, “Self-aligned n-channel germanium 
MOSFETs with a thin Ge oxynitride gate dielectric and tungsten gate,” IEEE 
Electron Dev. Lett., vol. 25, p.135 (2004).

[57] C.O. Chui, H. Kim, P.C. McIntyre, and K.C. Saraswat, “A germanium 
NMOSFET process integrating metal gate and improved high-k dielectrics,” in 
IEDM Tech. Dig., 2003, p.437.



25

CHAPTER 2

REACTIVE ATOMIC-BEAM DEPOSITION OF ULTRATHIN 
ALUMINUM OXIDE ON GERMANIUM

2.1 INTRODUCTION

Aluminum oxide is a possible high-k candidate for the replacement of SiO2 for Si 

CMOS transistors, since it is an inert, high-temperature material, with good thermal 

stability with Si, expected to withstand Si processing conditions.  Furthermore, it has a 

large bandgap of ~ 9 eV, and band alignments similar to that of SiO2, and it is a good 

barrier to ionic transport.   Recently, high-quality Al2O3 ultrathin films have been grown 

on Si using various deposition techniques, such as reactive sputtering deposition [1], low-

temperature atomic layer chemical vapor deposition (ALCVD) [2] and low-pressure 

chemical vapor deposition (LPCVD) [3].

In particular, Guha et al [4] reported the growth of high-quality ultrathin Al2O3

films with teq as low as 16 Å by reactive atomic-beam deposition.  Gate leakage currents 

were 5 orders of magnitude lower than a SiO2 film of corresponding electrical thickness.  

Using this deposition technique, it was observed that there was the absence of thick 

interfacial reaction layers that had been previously reported in other Al2O3 studies and 

device-quality Al2O3/Si interfaces with interface trap densities in the 1010 cm-2eV-1 were 

obtained.  
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We made use of the same reactive atomic-beam deposition technique to deposit 

ultrathin Al2O3 films on bulk Ge.  This chapter reports mainly the growth and electrical 

characteristics of ultrathin Al2O3 on bulk Ge. Section 2.2 details the experimental 

procedures involved in Ge surface preparation and the subsequent deposition of Al2O3 on 

Ge.  Section 2.3 details the fabrication and characterization of aluminum-gated Al2O3/Ge 

MOS capacitors.

2.2 EXPERIMENTAL PROCESS

2.2.1 Germanium Surface Preparation

Germanium surface preparation is an important step in obtaining ultrathin high-

quality low-leakage gate dielectrics and various methods have been proposed to remove 

the native oxide, surface contaminants and provide surface passivation [6-9] for the Ge 

surface.  The most common method is ion sputtering with 500 – 1000 Ar+ followed by 

annealing.  Although sputtering is effective in removing surface contamination, there is 

significant ion-induced defects which cannot be fully removed by annealing alone [5]. 

This makes it undesirable in our case where we need high-quality dielectric interfaces.  

Alternative methods involve wet chemical etching followed by the formation of a 

passivation layer.  The thermal desorption of the passivating layer in the an ultrahigh 

vacuum then leaves a clean surface.  The most commonly used passivation layer is GeO2, 

which can be grown by wet chemical methods [6 -8], or by UV- ozone oxidation [9].
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In our work, we have adopted the recipe developed by Dr. Huiling Shang from the 

IBM T.J. Watson Research Center.  (100) n-type Ge wafers with resistivity ~0.1 ohm-cm 

(1016 cm-3 Sb) were used as our substrates for our work. The Ge wafers were prepared by 

solvent cleaning in successive rinses of hot isopropanol, acetone and methanol (10 

minutes each), followed by a 15 minute deionized (DI) water rinse to remove the native 

oxide. To eliminate surface contamination, Ge surface etching was then performed using 

a cyclical rinse of H2O2 (30%), HCl/H2O (1:4) and DI water. The H2O2 oxidized the Ge 

surface while the HCl/H2O etched away the resulting GeO2. The HCl based etch has been 

shown by Okumura et al [8] to reduce the roughness of the Ge surface, as opposed to the 

use of HF as the etchant.  After repeating this etch three times, a protective layer of 

germanium oxide was then formed by dipping the wafer in a solution of 

NH4OH/H2O2/H2O (0.5:1:10) prior to loading into the load-lock chamber of an ultrahigh 

vacuum reactive atomic-beam deposition system.  

The Ge wafer was then transferred from the load-lock into the main deposition 

chamber, maintained at base pressures of 10-10 Torr.  The chamber is equipped with a 

boron nitride resistive heater capable of heating the wafer up to 700oC.  The cleaned Ge 

wafer was heated to 650oC for 30 mins, with the aim of thermally desorbing the 

protective oxide layer.  X-ray photoelectron spectroscopy (XPS) studies were carried out 

to determine the desorption temperature.  XPS was done in a UHV chamber with a Specs 

hemispherical analyzer and 300W Al anode.  It showed that a 650oC anneal in ultrahigh 

vacuum for 30 minutes resulted in complete removal of the residual surface oxygen as 

seen in the spectra of Figure 2.1 where the O 1s 531 eV core-level peak is no longer 
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observable after this heat treatment. The germanium surface is also carbon-free after the 

650oC anneal, as can be seen in Figure 2.2.

2.2.2 Al2O3 Deposition on Ge and MOSCAP fabrication

Following oxide desorption, Al2O3, was deposited on the Ge substrate in the 

within a modified molecular beam epitaxy (MBE) chamber equipped with a two radio 

frequency (RF) discharge sources, used to excite either O2 or N2 molecules flowing 

through them to produce beams of atomic oxygen or nitrogen directed at the sample 

surface.  Aluminum oxide was grown at 2500C to 300oC through simultaneous exposure 

of Al from a resistively-heated high-temperature effusion source and reactive atomic 

oxygen from the RF discharge source [10]. The Al2O3 film was deposited on either as-

cleaned or surface-nitrided germanium substrates.  Surface-nitridation of the Ge 

substrates took place at 350oC - 600oC by exposure to an atomic nitrogen beam from an 

RF source, at 350 W for 30s.  

Aluminum oxide films were treated to various post-deposition anneals (under 

forming gas or O2 ambients) before Al electrodes were evaporated through a shadow 

mask to define capacitor gates with areas ranging from 10-5 to 10-3 cm2.  
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Figure 2.2 XPS C1s profile taken of germanium wafer prior to heating and 
after heating for 30 minutes at 650oC.
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2.2.3 Electrical Measurements

High-frequency (HF) capacitance-voltage (C-V) measurements of the fabricated 

capacitors were carried out from 10kHz to 1MHz using a HP4284A LCR meter.  The 

extent of the voltage sweep beyond flatband voltage was maintained between all 

capacitors in order to make meaningful comparisons between the hystereses seen in their 

C-V plots.  This is because hysteresis is dependent on the extent of the gate voltage 

sweep.  This is demonstrated in Figure 2.3 where we observe that hystereses in the C-V 

plots increased as the extent of the gate bias was increased.  The leakage current (I-V) 

was measured with a Keithley 236 Source Measure Unit.  

The equivalent oxide thickness (teq) was calculated from high-frequency 

accumulation capacitance, taking the relative permittivity of SiO2.  Equivalent quantum-

mechanical thickness (tqm) was estimated using the method of Lo and Buchanan [11].

The interface state density, Dit, of the Al2O3/Ge stack was extracted using 

Terman’s method [12] from the high-frequency C-V measurements.  In the next chapter 

on the characterization of HfO2/Ge gate stacks, their lower leakage currents allowed Dit to 

be extracted using the combined high-frequency low-frequency method [12]. 
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Figure 2.3 High frequency (1MHz) capacitance-voltage (C-V) of Al/HfO2/Ge 
capacitors curves swept to different accumulation gate bias. Hysteresis 
increased as the extent of the gate bias sweep was increased.

2.3 ELECTRICAL CHARACTERIZATION OF AL/AL2O3/GE CAPACITORS

2.3.1 Effect of Ge surface nitridation 

Figure 2.4 shows the high-frequency (1MHz) C-V measurements taken for two 

Al/Al2O3/Ge capacitors – one with Al2O3 film deposited on an as-cleaned Ge substrate, 

and the other with Al2O3 deposited on a surface-nitrided Ge substrate.  The Ge substrate 

was heated to 350oC during surface nitridation. Surface nitridation significantly reduced 
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hysteresis in the C-V plot from ~500mV to ~20mV, implying a reduction in charge traps 

possibly at the interface.  Interface state density, Dit, reduced from 2x1012 eV-1cm-2 in the 

non-nitrided gate stack to 4x1011eV-1cm-2 in the surface-nitrided gate stack.  This shows 

that the surface passivation of Ge resulted in a better quality interface.  
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Figure 2.4 High-frequency (1MHz) capacitance-voltage (C-V) curve for as-
deposited non-nitrided and nitrided Al2O3/Ge capacitors.

One drawback however was that flatband voltage, VFB shifted ~-0.7V for the 

surface-nitrided sample, indicating that (i) either a positive charge was introduced at the 

interface during nitridation, or (ii) a dipole layer forms in the oxide as a result of the 

nitridation.  The SiO2 equivalent electrical thickness, teq, of the non-nitrided Al2O3 gate 
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dielectric is 24Å while the nitrided Al2O3 gate stack is reduced to 22Å. Both Al2O3 films 

were deposited under identical growth conditions except for the starting Ge surface.  This 

reduction in equivalent film thickness is due to the presence of the thin nitride layer on 

the nitrogen-passivated Ge which provides a sufficient barrier to interfacial reaction 

during dielectric deposition. This reduction in equivalent film thickness due to surface 

nitridation has been also observed for other high-κ dielectrics deposited on Si [13] and 

Ge [14] substrates.
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Figure 2.5 Current-voltage (I-V) characteristics for the same non-nitrided and 
nitrided Al2O3/Ge capacitors.
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Surface nitridation was also observed to reduce gate leakage current density, Jg, as 

shown in Figure 2.5.  The leakage current density for the non-nitrided Al2O3 capacitor at 

1V is ~7x10-3 A/cm2. To make a meaningful comparison between the leakage current 

densities of the two capacitors, we have to take note that flatband voltage for the nitrided 

Al2O3 was shifted by -0.8V.  The corresponding leakage current density of nitrided Al2O3

(at 0.2V) was ~10-5A/cm2, showing that surface nitridation reduced leakage current by 

almost 3 orders of magnitude.

The relative permittivity (κ) and interfacial layer thicknesses (teq0) of the Al2O3

dielectrics on both non-nitrided and surface-nitrided Ge were estimated from a series of 

capacitors with different dielectric film thicknesses.  Figure 2.6 shows the film’s 

equivalent oxide thickness (teq) as a function of Al2O3 physical thickness (tphy) measured 

by ellipsometry.  Since teq = (κ SiO2/ κ Al2O3) tphy, we derive κ Al2O3 ~ 9 from its slope and teq0  ~ 

10Å from the vertical intercept, for Al2O3 on non-nitrided Ge.  This is consistent with 

high-quality Al2O3 [4] grown on silicon. A similar slope (Figure 2.6) was obtained for an 

Al2O3 film deposited on surface-nitrided Ge, which indicates that nitridation did not affect 

its dielectric constant.  However we note a reduction in interfacial layer equivalent oxide 

thickness to 6Å.  This is consistent with the observation that surface nitridation reduces 

interaction between the dielectric and substrate.
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Figure 2.6 Equivalent oxide thickness as a function of the Al2O3 physical 
thickness. The slope yields a dielectric constant of κ  ~ 9 and an interfacial layer 
of 10Å for Al2O3 deposited on non-nitrided Ge. Surface nitridation resulted in a 
reduction of interfacial layer thickness to 6Å.

2.3.2 Effect of post- deposition anneals

Various post-deposition anneal conditions have been studied.  We show that post-

deposition O2 anneal at 550oC for 30mins further improved the nitrided Al2O3 film, with 

hysteresis in the C-V plot becoming less than 5 mV (Figure 2.7). Furthermore, the O2

anneal also resulted in a positive shift in the flatband voltage, pushing it towards -0.05V, 

which would be the ideal flatband voltage for this system.  
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Figure 2.7 C-V characteristics of nitrided Al2O3 gate dielectric after O2 anneal 
at 550oC for 30 mins.
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Figure 2.8 C-V measurements taken at 10kHz, 100kHz and 1MHz showing 
frequency dispersion behavior in a Al/Al2O3/Ge capacitor. A 550oC, 30 min O2

anneal was carried out prior to Al gate deposition.
Figure 2.8 shows frequency dispersion behavior in the C-V measurements taken at 

frequencies of 10kHz, 100kHz and 1MHz on the Al2O3 gate stack after O2 anneal at 

550oC.  We observe the presence of kinks in the depletion region of the C-V plots at 

lower frequency measurements.  Such structure is interpreted as the presence of ‘slow’ 

interface states near the n-type Ge valence band [15].  The slight frequency dependence 

in the accumulation region is due to series resistance through the substrate [16]. 

The leakage currents are found to vary significantly as a function of post-

deposition anneals, indicating different chemical interactions under different annealing 

ambients.  For instance, anneals carried out in oxygen and forming gas at the same 

temperature of 550oC result in significantly different leakage current densities.  An 

example is shown in Figure 2.9 which demonstrates that an O2 anneal at 550oC for 30 

minutes reduced leakage current density, Jg, by an order of magnitude compared to the 

as-deposited gate stack. Jg (measured in accumulation at VFB+1V) is around 2x10-6A/cm2. 

This is a significant leakage current reduction of around 3 orders of magnitude lower than 

SiO2 of the same equivalent thickness [17].  However, a post-deposition anneal in 

forming-gas ambient at the same temperature of 550oC for 30 mins produced the opposite 

effect of significantly increasing leakage current.  
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Figure 2.9 I-V measurements of the Al/Al2O3/nitrided Ge capacitors showing
the effect of different post-deposition anneals on leakage current density.

Figure 2.10 summarizes the effect of the different post-deposition anneals on the 

gate dielectric thickness. Forming gas anneal reduced the film’s equivalent oxide 

thickness, teq, slightly by 1Å. We postulate that hydrogen in the forming gas reduced the 

germanium oxide interfacial layer during the anneal, resulting in a decrease in equivalent 

oxide thickness. In contrast, O2 anneal increased teq by 1 Å as a result of oxygen diffusion 

and Ge oxide regrowth at the Ge interface. O2 anneal was restricted to 550oC, beyond 

which excessive Ge oxide regrowth was observed.  
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Figure 2.10 Equivalent oxide thickness of nitrided Al2O3 gate dielectric films 
after different post-deposition anneals.

2.3.3 Charge trapping study

Charge trapping measurements were carried out using a square pulse technique 

[18]. A series of voltage pulses were applied to the capacitor gate. During each pulse, the 

current density was measured to obtain an estimate of the injected current density, Qinj. 

Between each stress pulse, a C-V measurement was taken to estimate the shift in flatband 

voltage, ∆VFB.  Since ∆VFB is attributed to the trapping of injected charges in the dielectric 

film, trapped charge density, Nox, can be calculated where Nox=(∆VFB*•kSiO2εo)/(q*teq), 

assuming that the trapped charge centroid is located at the Ge/dielectric interface, q is 

elementary charge, εo is permittivity in vacuum and kSiO2 is the dielectric constant of SiO2. 

To further quantify the charge trapping characteristics, we 
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define trapping probability, Pn = (q∆Nox/∆Qinj) where ∆Nox is the change in trapped charge 

density and ∆Qinj is the change in injected charge.

Charge trapping measurements were carried out under substrate injection 

conditions at stressing voltage of 1V on the various Al2O3/Ge gate stacks following the 

techniques described above.  Figure 2.11 shows the trapped charge density, Nox, as a 

function of injected charge, Qinj, for the Al2O3 gate stack on non-nitrided and surface-

nitrided Ge, as well as after a 500oC O2 post-deposition anneal.   Surface-nitridation 

reduced Nox by approximately an order of magnitude, while the 550oC O2 anneal reduced 

trapped charge density even further to mid-1010 cm-2.  In comparing with reported Al2O3 

gate dielectrics on Si [17], our Al2O3/Ge gate stack is comparable in terms of its trapped 

charge density for the same injected charge density.  From Figure 2.12, we observe that 

the trapping probability, Pn, of surface-nitrided Al2O3/Ge gate stack is reduced by an order 

of magnitude compared with a non-nitrided Al2O3/Ge gate stack.  This indicates that 

possibly the charge traps are located in the interfacial layer, which is minimized by the 

surface-nitridation treatment.
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2.4 SUMMARY

Using reactive atomic-beam deposition, we have successfully deposited ultrathin 

Al2O3 films onto bulk Ge. These films were electrically characterized by fabricating Al-

gated MOS capacitors.  With the Al/Al2O3/Ge gate stack, we were able to achieve a gate 

dielectric with teq ~ 23Å, Jg ~ 2x10-6 A/cm2 (at VFB+1V) and hysteresis of less than 5mV by 

depositing the Al2O3 on surface-nitrided Ge, together with a post-deposition anneal in O2

for 550oC.  We have demonstrated that surface nitridation of germanium prior to Al2O3

deposition is a very important process step in improving the quality of the Al2O3/Ge gate 

stack.   Specifically, we have shown that surface nitridation reduced leakage current 

density, C-V hysteresis, charge trapping, interface state density, and inhibited interfacial 

layer formation which reduced the film’s equivalent oxide thickness. We have 

demonstrated that it was important to carry out post-deposition anneal of 550oC in an O2

ambient to further improve film quality.  This anneal reduced the flatband voltage shift 

introduced by nitridation, as well as reduced leakage current density by 1 order of 

magnitude. Some issues remain that need to be addressed.  Flatband voltage is ~ -0.75V 

and should be engineered more towards O V to give low threshold voltage if this gate 

stack were to be useful in a MOSFET. Also interface state density was high (~ 4x1011eV-

1cm2).

In the next chapter, we discuss the deposition and characterization of another 

high-k dielectric, HfO2, on Ge using the same reactive atomic-beam deposition technique.
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CHAPTER 3

REACTIVE ATOMIC-BEAM DEPOSITION OF ULTRATHIN 
HAFNIUM OXIDE ON GERMANIUM

3.1 INTRODUCTION

Hafnium oxide has received considerable attention as the leading high-k dielectric 

candidate for sub-100 nm technology due to its high dielectric constant (~ 21 - 25 ), 

reasonably large bandgap of 6 eV,  and superior thermal stability with conventional poly-

Si gates [1].  Kang et al found that even after a high-temperature anneal treatment at 

1000oC, no interfacial layer formation between HfO2 and poly-Si occurred [2].  This 

exceptional thermal stability of HfO2 separates it from other high-k candidates such as 

ZrO2 that has similar dielectric constants and bandgaps but lower thermal stability, where 

it has been shown to react with poly-Si to form silicides at temperatures above 900oC, 

which degrades device electrical properties [3, 4]. 

 Furthermore, it has been shown that it is possible to deposit ultrathin HfO2 films 

(teq ~10 Å) on Si that have leakage current levels more than 4 orders of magnitude lower 

than that of a SiO2 film with equivalent thickness [5].  The deposition techniques 

developed for growing ultrathin HfO2 films on Si have recently been adapted to growing 

similar HfO2 films on Ge.  Bai et al were able to obtain HfO2 films with teq of  ~13 Å 

using rapid thermal chemical vapor deposition [6] with low leakage currents (6mA/cm2 at 

gate voltage of 1V).
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Using the same reactive atomic-beam deposition technique that we used to 

deposit ultrathin Al2O3 films described in the previous chapter, we have deposited 

ultrathin HfO2 films on Ge.  This chapter reports the growth of ultrathin HfO2 films on 

Ge, and the fabrication and characterization of metal-gated/HfO2/Ge MOS capacitors.  

The experimental process is detailed in Section 3.2.  Section 3.3 details the fabrication 

and characterization of metal-gated HfO2/Ge MOS capacitors.  Two different metals were 

used and evaluated for the gate material – aluminum and tungsten. Section 3.4 

summarizes the results obtained from our study of these ultrathin HfO2 films, which are 

then compared to the previously studied Al2O3 films, to evaluate which would be a more 

promising high-k material for use in a Ge MOSFET.

3.2 EXPERIMENTAL PROCESS

3.2.1 Germanium surface preparation

(100) n-type Ge bulk substrates with resistivity ~0.1 ohm-cm (2x1016 cm-3 Sb) 

were used in this study.  The surface preparation steps for these Ge wafers prior to HfO2

dielectric deposition were identical to that applied to the Ge wafers used for our Al2O3

dielectric deposition, which has been described in detail in Chapter 2.  Briefly, the Ge 

wafers were degreased, deionized (DI) water-rinsed, and then subjected to the cyclical 

rinse of H2O2 (30%), HCl/H2O (1:4) and DI water (3 cycles). The H2O2 oxidized the Ge 

surface while the HCl/H2O etched away the resulting GeO2.  A protective passivation 

layer of germanium oxide was then formed by dipping the wafer in a solution of 
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NH4OH/H2O2/H2O (0.5:1:10) prior to loading into the load-lock chamber of the ultrahigh 

vacuum reactive atomic-beam deposition system.  The protective oxide was then 

removed in ultrahigh vacuum by thermal desorption by heating the wafer for 30 minutes 

at 650oC within the main chamber of the system.

3.2.2 HfO2 Deposition on Ge and MOSCAP Fabrication

Following oxide desorption, HfO2 was deposited either on as-cleaned or surface-

nitrided Ge substrates by the reactive atomic-beam deposition technique in the same 

modified MBE chamber used for our Al2O3 film depositions. Surface-nitridation of the 

Ge substrates took place at 350oC - 600oC by exposure to an atomic N beam from a RF 

discharge source, at 350W for 30s.  The N2 flow rate is maintained at 3sccm.  

During growth, the Ge substrate was heated to 50oC and exposed simultaneously  

to Hf from an electron-beam evaporation source and reactive atomic oxygen from a RF 

discharge source.  The growth temperature was kept low to minimize interaction between 

Ge and Hf. 

After HfO2 deposition, the Ge wafer was then withdrawn back into the load-lock 

and subjected to ultraviolet (UV) - ozone oxidation to further improve the stoichiometry 

of the deposited HfO2 film.  Room-temperature UV-ozone oxidation has been shown to 

be successful in producing good-quality oxide films, without significantly increasing the 

interfacial layer thickness [7].   The load-lock is equipped with a mercury (Hg) vapor 

lamp, operated at ~ 50 mW/cm2, which primarily emits light of wavelengths 185 and 254 

nm.   It is flooded with O2 gas at a pressure of 600 Torr for 60 minutes, in the presence of 
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UV light from the Hg vapor lamp.  The energies corresponding to these particular 

wavelengths of UV light are very close to the bond energies of O2 (~ 5 eV) and O3

(~1.1eV) [8] and interact with the oxygen gas to produce oxygen radicals and ozone, both 

of which are highly reactive species.  The possible reactions are shown below:

O2 + hν 2O (hν = 185nm)

O2 + O O3

O3 + O 2O2

O3 + hν O2 + O (hν = 254nm)

MOS capacitors were then fabricated, using either Al or W metals as the capacitor 

electrodes.  HfO2 capacitors with Al gates were treated to post-deposition anneals before 

Al gate deposition. The W/HfO2/Ge capacitors were formed by in-situ e-beam 

evaporation of blanket W films after the deposition of the HfO2, followed by standard 

photolithography and wet etch for defining the capacitor electrodes. Subsequent post-

deposition anneals were then carried out.
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3.3 ELECTRICAL CHARACTERIZATION OF METAL-GATED HFO2/GE 

CAPACITORS

3.3.1 HfO2/Ge capacitors with aluminum gate

3.3.1.1 HfO2 on non-nitrided Ge surfaces

The deposition of HfO2 on Ge results in the formation of an interfacial germanium 

oxide layer. We show this through carrying out medium-energy ion scattering (MEIS) 

analysis on an as-deposited HfO2/Ge sample.  By plotting the Hf and oxygen intensities 

as a function of depth, we see in Figure 3.1 (a) that the oxygen depth profile extends 

beyond that of Hf.  This indicates the presence of interfacial oxide. A quantitative 

modeling of the MEIS spectrum gives 6Å of interfacial GeO2 and 33Å of HfO2.  HfO2

deposited on a surface-nitrided Ge was also analyzed with MEIS, and had a thinner 

interfacial germanium oxide layer of 4Å, as shown in Figure 3.1 (b). This was consistent 

with our observation in our Al2O3/Ge samples that surface nitridation of Ge reduced the 

formation of interfacial oxide.

Capacitors made with HfO2 on Ge surfaces that were not nitrided showed 

significant hysteresis that was somewhat higher than the Al2O3 films.  An example is 

shown in the high-frequency (1MHz) C-V plot of Figure 3.2 for an Al gated capacitor 

where the hysteresis is ~ 0.7 V.  Post deposition anneals in forming gas at 450oC (30 

minutes) resulted in a slight decrease in hysteresis (to 0.5 V), and a large decrease in 

electrical thickness from 25Å (as-grown) to 18Å.  While Al2O3 capacitors exhibited the 
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Figure 3.1(a).   Hf and oxygen depth distributions for HfO2 deposited on non-
nitrided Ge. Oxygen extends deeper than the Hf, due to interfacial GeO2 layer. 
(b) Hf and oxygen depth distributions for HfO2 deposited on nitrided Ge. 
Interfacial GeO2 layer still present but reduced compared to (a).
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Figure 3.2 High-frequency (1MHz) C-V measurements for as-deposited 
Al/HfO2/Ge capacitors as well as after various post-deposition anneals. 

same trend in thickness reduction, the magnitude of reduction is significantly higher in 

the case of HfO2 than Al2O3.  The reason for this is not clear.  If we accept the hypothesis 

that the reducing environment of the forming gas reduces the unstable interfacial 

germanium oxide, then this points to a thicker interfacial layer being formed for the HfO2

samples.  Figure 3.2 also shows the C-V plot of the gate stack after being annealed in 

forming gas at 550oC for 30min. The C-V curve behavior, and the leakage current 

behavior shown in Figure 3.3 as a function of sample anneal temperature, allows us to 

establish the temperature stability of the Ge-HfO2 films.  We postulate that at this high 
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Figure 3.3 I-V gate leakage measurements for the same as-deposited 
Al/HfO2/Ge capacitors as well as after various post-deposition anneals. 

temperature, Ge and Hf may begin to interact, degrading the dielectric film.  From the I-V 

measurements shown in Figure 3.3, leakage current density of the as-deposited and 450oC 

annealed films were around ~1mA/cm2 at 1V.  However, leakage current across the gate 

stack after 550oC anneal increased by ~ 2 orders of magnitude.  The same forming gas 

anneal condition had also resulted in a large increase in Jg in our Al2O3/Ge gate stack, as 

had been observed in the previous chapter (Figure 2.9)  The films thus appear thermally 

unstable at 550oC and beyond.
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3.3.1.2 HfO2 on nitrided Ge surfaces

Surface nitridation of the Ge substrate prior to gate dielectric deposition was 

carried out at various substrate temperatures, ranging from 350oC to 600oC, at a N2 flow 

rate of 3 sccm, RF power of 350W, for 30s.  Surface nitrogen concentration was 

determined by nuclear reaction analysis to determine the uptake of nitrogen at various 

substrate temperatures.  Figure 3.4 shows that N incorporation onto the Ge surface 

increases with substrate temperature.  At 500oC, nitrogen surface density was 2.3x1015cm-

2, translating to a substrate coverage of 3 to 4 monolayers.
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Figure 3.4 Surface nitridation of Ge substrate.  Nitrogen surface density 
increases with increasing Ge substrate temperature, resulting in 3-4 monolayer 
nitrogen surface coverage.
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The effect of the surface-nitridation of Ge prior to HfO2 deposition can be seen in 

the C-V plots in Figure 3.5.  Comparing the 450oC forming-gas anneal samples, we 

observe a reduction in teq from 18Å to 14Å.  The nitridation however introduced a large 

negative flatband voltage shift, ∆VFB, of –0.7V (from VFB ~-0.5V to –1.2V), indicative of 

positive charge introduction, or the introduction of a charge dipole.  Finally, hysteresis 

was reduced from 500mV to 80mV.  These results also confirm the trends observed in 

our surface-nitrided Al2O3/Ge capacitors previously discussed. 
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Figure 3.5 High-frequency (1MHz) C-V measurements for Al/HfO2/surface-
nitrided Ge capacitors after they have undergone forming gas anneals at 450oC 
and 550oC. Nitridation introduced a ∆VFB shift of ~ -0.7V (when compared to a 
non-nitrided gate stack). This flatband shift is reduced by forming gas anneal at 
550oC, 30mins.
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Furthermore, the nitridation process afforded an increase in the post-deposition 

anneal temperature limit to 550oC, as observed by comparing the corresponding C-V plots 

in Figure 3.5. This is important, because at the higher temperature of 550oC, we observe a 

reversal of the flatband voltage (∆VFB ~ 0.4V) back towards O V, indicating charge 

compensation or reduction.  Also, C-V hysteresis reduced significantly to ~10mV after 

the 550oC forming-gas anneal.  The improvement in C-V hysteresis, indicating the 

reduction in charge traps, by surface nitridation and forming gas anneals, are summarized 

in Figure 3.6.
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Figure 3.6 Effect of surface-nitridation and forming gas anneals in reducing 
hysteresis in Al/HfO2/Ge gate stack.
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Figure 3.7 show the I-V measurements of non-nitrided and nitrided HfO2/Ge, 

where the nitrided gate stacks exhibit a leakage current density, Jg, ~2 orders of 

magnitude lower than the non-nitrided HfO2/Ge gate stack.  Although forming-gas anneal 

at 550oC raised Jg by slightly more than an order of magnitude compared to forming-gas 

anneal at 450oC, leakage current characteristics remained excellent. Jg is ~10-5A/cm2 (at 

Vfb+1V), which is 6 orders of magnitude less than SiO2 of the same equivalent thickness 

of 14Å [9]!  
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Figure 3.7 I-V measurements for Al/HfO2/surface-nitrided Ge capacitors after 
they have undergone forming gas anneals at 450oC and 550oC.  Nitridation 
reduced leakage currents by almost 2 orders of magnitude compared with non-
nitrided Al/HfO2/Ge  capacitors.
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While the surface-nitrided HfO2/Ge gate stack, after undergoing forming-gas 

anneal at 550oC, gave the most promising results of teq ~14Å, hysteresis ~10mV, and low 

leakage current density, Jg, of 10-5A/cm2, some issues remain which need to be addressed.  

Figure 3.8 shows that this gate stack still exhibits some frequency dispersion behavior in 

the depletion region of its C-V measurements due to large concentration interface states.  

Using the combined high-low frequency capacitance method, interface state density, Dit, 

was found to be around 8x1012eV-1cm-2 near the midgap.  
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Figure 3.8 C-V measurements taken a 10kHz, 100kHz and 1MHz showing 
frequency dispersion behavior in a Al/ HfO2/Ge capacitor. A 550oC, 30 min 
forming gas anneal was carried out prior to Al gate deposition
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A few conclusions may be drawn regarding the role of nitridation for both the 

Al2O3 and the HfO2 films.  Nitrided films are consistently thinner than non-nitrided ones, 

points to reduced interfacial germanium oxide formation as a consequence of the 

nitridation.  This is also consistent with what is observed in the case of nitridation of 

silicon surfaces prior to gate oxide formation.  Nitridation also substantially reduces the 

hysteresis observed in C-V plots.  The reason for this is not clear, though it may be tied to 

the reduction in germanium oxide formation. Finally, the thin nitride layer at the interface 

reduces leakage current across the film.

3.3.2 HfO2/Ge Capacitors with Tungsten Gate

The results shown so far are for the case of Al electrodes on the oxide.  However, 

Al electrodes are known to form an AlxOy-containing interface layer [10] and have been 

observed in the case of Al deposited on ALCVD HfO2 [11].  This interfacial layer would 

have increased teq.  We explored an alternative metal, tungsten, in order to examine 

whether a gate stack of even smaller teq could be achieved.   HfO2 layers grown on Ge 

were capped in-situ (without exposing the sample to the atmosphere) with a tungsten 

layer.  Figure 3.9 shows the high-frequency (1MHz) C-V measurements taken for 

HfO2/Ge capacitors with W gates, where the HfO2 gate dielectric had been deposited on 

surface-nitrided Ge substrate.  The surface nitridation condition (500oC, 30s, 350W) and 

film deposition condition were maintained identical to that for our Al/HfO2/Ge 

capacitors.  The resulting gate dielectric had an equivalent oxide thickness, teq, of 11Å.  In 

comparing with the HfO2/Ge film with an Al gate, this represents a reduction of 3Å in 
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equivalent oxide thickness.  Correcting for quantum-mechanical effects, which are 

significant in the case of very thin films, we estimate an equivalent oxide thickness [12], 

tqm, of 5.3Å. We postulate that a lower-permittivity Al/HfO2 interfacial layer had formed 

in our Al/HfO2/Ge gate stack while no interfacial layer formed between W and HfO2, 

hence giving the W/HfO2/Ge gate stack a smaller equivalent oxide thickness. It is 

unlikely that the in-situ capping of the HfO2 film on germanium by the tungsten film 

reduced interfacial germanium oxide formation since W has significant oxygen solubility. 

As expected from the differences in aluminum and tungsten metal work function, 

we observe from Figure 3.9 that the W/HfO2/Ge gate stack showed a more positive 

flatband voltage (VFB ~ -0.1V) with respect to that of the Al/HfO2/Ge gate stack.
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Figure 3.9 High-frequency (1MHz) C-V measurements for the W/HfO2/Ge gate 
stack, compared with Al/HfO2/Ge.  Both gate stacks underwent post-deposition 
anneals to minimize hysteresis.  

With the aim of reducing hysteresis, several post-deposition anneals of different 

conditions had been carried out.  The C-V plot for the W/HfO2/Ge gate stack in Figure 3.9 

showed that the best-case hysteresis of 120mV was achieved after a 450oC forming gas 

anneal. We note that the best-case hysteresis of 10mV for the Al/HfO2/Ge had been 

achieved at 550oC forming gas anneal instead. This difference probably arose because the 

post-deposition anneal step for the W/HfO2/Ge stack was done after the W gate had been 

deposited, while the post-deposition anneal step for the Al/HfO2/Ge stack was done prior

to gate deposition. After forming gas anneal at 450oC, the interface state density, Dit, of 

the W/HfO2/Ge gate stack was extracted by the high frequency-low frequency method to 

be around 6x1012 eV-1cm-2 near mid-gap.  This was similar to the Dit obtained for the 

Al/HfO2/Ge gate stack.
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Figure 3.10 I-V measurements for the W/HfO2/Ge gate stack, compared with 
that of Al/HfO2/Ge.  

From Figure 3.10, we see that the leakage current density, Jg, of the W/HfO2/Ge 

capacitor was ~0.1mA/cm2 (measured at VFB+1V), which remains 6 orders of magnitude 

less than that for SiO2 of the same equivalent thickness of 11Å [11]. 

3.4 SUMMARY

Using reactive atomic beam deposition, we have successfully deposited ultrathin

HfO2 films onto bulk Ge. These films were electrically characterized by fabricating metal 

gated MOS capacitors.  We have demonstrated an Al/HfO2/Ge gate stack (with surface 

nitridation, and 550oC forming gas anneal) that had a teq ~14Å, excellent leakage current 

density, Jg ~  10-5 A/cm2 (at VFB+1V) which is 6 orders of magnitude less than that for SiO2

of equivalent thickness, and a very small hysteresis ~10mV.  

We obtained our most aggressive HfO2/Ge gate stack using a W gate, which had 

an teq ~11Å, tqm ~5.3Å and Jg ~10-4 A/cm2 which remained 6 orders of magnitude less than 

that for a SiO2 film of equivalent thickness. Furthermore, with the use of a W gate, VFB is 

now –0.1V (instead of –0.8V for an Al gate), which is now reasonable for integration into 

a MOSFET.  The reduction in teq and improvement in VFB achieved by using W instead of 

Al suggests that W may be a better candidate for the metal gate in the dielectric gate 

stack.  

Finally, we evaluate the differences observed in the two different high-k 

dielectrics films we have deposited.  Table 3.1 summarizes the results of our capacitor 

studies of the Al/Al2O3/Ge, Al/HfO2/Ge and W/HfO2/Ge MOS capacitors.  
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Al/Al2O3/Ge Al/HfO2/Ge W/HfO2/Ge

teq (Å) 23 14 11

VFB (V) -0.75V -0.8V -0.1V

Hysteresis (mV) <5 10 120

Dit (eV-1cm-2) 4x1011 8x1012 6x1012

Jg @VFB+1V (A/cm2) 2x10-6 

(3 orders less)

10-5 

(6 orders less)

10-4 

(6 orders less)

Table 3.1 Summary of electrical properties of Al/Al2O3/Ge, Al/HfO2/Ge and 
W/HfO2/Ge MOS capacitors, with the high-k dielectrics deposited by reactive 
atomic-beam deposition. The shaded cells highlight the best properties.

The HfO2 film is superior to Al2O3  in terms of minimizing teq and Jg.  However, a 

major drawback of the HfO2/Ge gate stack is that its interfacial quality is poorer than that 

of the Al2O3/Ge gate stack, with Dit  ~ 6-8x1012eV-1cm2 which is about an order of 

magnitude higher than that with Al2O3.  

The next two chapters discuss the fabrication and characterization of Ge p- and n-

MOSFETs with ultrathin HfO2 as their gate dielectric material.
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CHAPTER 4

GERMANIUM P-MOSFETS WITH ULTRATHIN HAFNIUM OXIDE 
GATE DIELECTRIC

4.1 INTRODUCTION

We have noted that a main attraction for the renewed interest in Ge as a 

replacement substrate for Si is the promise of enhanced transistor performance due to 

higher channel carrier mobility.  Germanium had been sidelined by Si in the past few 

decades mainly because Ge does not have a high-quality, stable native oxide, unlike the 

SiO2 in the case for Si.  However, we have shown in the past two chapters that it is now 

possible to deposit high-quality, thermally stable high-k dielectrics onto Ge.  

Furthermore, these films that have been deposited are ultrathin and exhibit very low 

leakage currents, making it even more desirable as possible solutions to achieving 

continued device scaling down beyond the 70 nm technology node.

Hafnium oxide in particular seems very promising, as we were able to achieve 

ultrathin HfO2 films on Ge with equivalent oxide thickness, teq, of 11Å, showing very low 

leakage currents 6 orders of magnitude lower than that for SiO2 of equivalent thickness.

This chapter reports the fabrication and characterization of Ge p-MOSFETs, with 

gate dielectric being ultrathin hafnium oxide deposited by the reactive atomic-beam 

deposition technique that we have discussed in the previous chapters.  The goal is to 

evaluate the performance of the Ge p-MOSFET to see if we achieve hole mobility 
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enhancements.  Section 4.2 details the experimental procedures involved in the design, 

fabrication and measurement of the Ge p-MOSFETs.  Section 4.3 discusses the 

performance of these p-MOSFETs, especially in terms of the hole mobility of these 

devices.

4.2 EXPERIMENTAL PROCEDURE

4.2.1 Device Design

To simplify the p-MOSFET fabrication process, we used a self-isolated ring 

MOSFET design, which involves only two mask layers.  Figure 4.1 shows the top view 

of the ring MOSFET structure, which gives the layout of the 2 mask levels.  Mask 1 is the 

gate pattern mask and Mask 2 is the source and drain contact pattern mask.  We note that 

we can achieve self-isolation by tying the source ring potential to ground.

The isolation ring on Mask 1 serves to ensure, during self-aligned source/drain 

dopant implantation, that the source region in each ring MOSFET on the wafer is 

contained within the isolation ring and discontinuous from the source regions of its 

neighboring MOSFETs.  Without this isolation, the source region of the MOSFET would 

be practically the whole wafer beyond the gate ring, making junction leakage current at 

the source very large.
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Figure 4.1 Top-view and cross-sectional view of the Ring MOSFET structure.  
Mask Set from IBM T.J. Watson Research Center.

Device operation of a ring MOSFET is the same as a conventional rectangular 

MOSFET. However, the definition of the channel width is not straightforward.  By 

applying the Square-law Theory on a long-channel ring MOSFET, the effective channel 

width, Weff, could be extracted and shown [1] to be

Weff  =  2π(r2 – r1)/ln(r2/r1) 

where r2 is the outer diameter of the gate ring, and r2 is the inner diameter of the gate ring.  
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4.2.2 Ge P-MOSFET Process Flow

The Ge p-MOSFETs were fabricated using a self self-aligned MOSFET process. 

Tungsten metal was used as the gate electrode material, and Al was used as the source 

and drain contact metal.  The process flow is summarized in Table 4.1 below:

Process Detail
1 Wafer preparation • Degrease (IPA, acetone, methanol)

• Etch (H2O2, DI, HCl cyclical rinse)

• Passivation (NH4OH/H2O2/H2O)

2 Oxide desorption • 650oC, 30min

3 Surface nitridation • N: 500oC, 30s, RF 350W

4 HfO2 deposition

5 UV-ozone oxidation • O2, 600Torr, 60 min, room temp.

6 W deposition • W E-beam evaporation

7 W gate pattern (MASK 1) • Lithography

• RIE, CF4, 30mTorr,150W

8 Self-aligned S/D ion 
implantation

• B+, 10keV, Dose: 1x1015 cm-2 

9 Dopant Activation
(and post-deposition 
anneal)

• 450oC, forming-gas ambient, 30 min

10 S/D contact pattern 
(MASK 2)

• Lithography

11 HfO2 etch • Ar RIE damage: 100W, 20mTorr

• HF 10% etch

12 Blanket Al deposition • E-Beam evaporation

11 S/D contacts • PR liftoff

Table 4.1 Process flow of Ge ring p-MOSFET with HfO2 gate dielectric and W 
gate electrode.
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The  p-MOSFETs were fabricated using (100) n-type Ge wafers, of resistivity 0.1 

ohm-cm (2x1016cm-3, Sb).  The wafers were cleaned in a similar procedure to that for our 

MOS capacitor studies in the previous two chapters.  After loading the cleaned and 

passivated Ge wafer into the deposition chamber, the wafer was heated to 650oC for 30 

min to thermally desorb the oxide passivation.  This leaves a clean, smooth and carbon-

free (as shown in Chapter 2 by XPS study) surface for gate dielectric growth.  

We have seen from our capacitor study that surface nitridation of Ge was an 

important processing step in improving the electrical properties of the subsequently 

deposited HfO2, resulting in reduced gate leakage, charge traps and interfacial layer 

formation.  Hence we adopted this step in our MOSFET process.  Surface nitridation of 

the Ge surface was carried out at 500oC by exposure to an atomic N beam from a RF 

discharge source (350W) for 30s.  The N2 flow rate is maintained at 3sccm.  

Ultrathin HfO2 films of varying thicknesses, with teq ranging from 10Å to 32Å, 

were then deposited by UHV reactive atomic-beam deposition using e-beam evaporated 

Hf metal and atomic oxygen as described in Chapter 3 [2]. This was followed by UV-

ozone oxidation in the adjacent load-lock chamber in a 600 Torr O2 ambient at room

temperature to improve the dielectric HfO2 film quality. 

Tungsten, being a refractory, non-reactive metal, was chosen as the gate electrode 

metal.  600 - 800Å of W was blanket-deposited in situ by e-beam evaporation and

patterned as gates by lithography using Mask 1.   The W gates were subsequently etched 

by reactive-ion etching (RIE) using CF4, at a pressure of 30 mTorr and 50W RF power.  

Etch rate was approximately 100Å/min.



70

Self-aligned source and drain regions were then formed by ion-implantation of 

boron, B, at an energy of 10 keV and with a dose of 1x1015 cm-2. Projected range of B at 

10 keV was approximated to be 300Å.  Shang et al have shown that an anneal of 400oC 

for 5 mins in N2 was sufficient to activate the B dopants in Ge.  In our case, we have 

combined the source/drain dopant activation step with a post-deposition anneal step, 

which we have previously seen to be an important step in improving the gate stack 

quality.  The anneal was carried out at 450oC for 30 mins in a forming gas (5% H2 / 95% 

Ar) ambient.  

After the dopant activation anneal, source and drain contact windows were 

patterned using Mask 2.  The HfO2 films in the contact windows removed by a two-step 

etch.  First, a dry etch using RIE in an Argon ambient at 100W and 20 mTorr was carried 

out to damage the HfO2 film. Then the HfO2 was removed with a wet etch of 10% HF.  

After the contact windows were opened, a blanket film of Al (~ 1000 Å) was deposited e-

beam evaporation by and the source/drain Al contacts were formed by using the lift-off 

process.  The ring p-MOSFETs have an effective W/L = 5.7 and channel length, 

L=100µm.

4.2.3 Measurement methodology

The effective mobility, µeff, at low lateral fields is calculated using the gradual 

channel approximation such that



71

µeff (Vg) = Id / [(W/L) VdQinv(Vg)]

where Qinv is the channel inversion charge density (C/cm2), and Vd and Vg is the is the 

drain and gate bias respectively.  

Inversion charge density, Qinv, was conventionally calculated using the charge 

sheet model, where 

Qinv(Vg) = Cox (Vg - Vt).

The charge sheet model assumes that when Vg is larger than the threshold voltage, 

Vt, the surface potential ϕS is pinned to 2ψB and the rest of the gate bias voltage falls 

across the gate oxide.  However, this simple equation results in an error in Qinv, 

particularly in the low field regime where Vg is close to Vt, where the surface potential 

does not follow the charge sheet model.  Also, Vt is not uniquely defined and it is 

approximated that for tox ~ 10 nm, Vg must exceed Vt by about 0.5V for an error of less 

than 10% [3].  For thinner oxides, the error increases for a given Vg above Vt.

In our extraction of Qinv, we used a more accurate method known as the split C-V 

method.  Qinv is directly measured from capacitance measurements, where the mobile 

inversion channel density is determined from the gate-to-channel capacitance per unit 

area, Cgc, such that:

Qinv(Vg) = ∫Cgc (Vg) dVg, 
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where Vg is integrated from starting accumulation bias towards the inversion bias.  

In the case of p-MOSFETs, it would be from positive to negative bias.

We measure Cgc using the configuration shown in Figure 4.2, where the 

capacitance meter is connected between the gate and the source-drain connected together, 

with the substrate grounded.  The gate-to-substrate capacitance, Cgs, measures the 

accumulation capacitance across the gate, and is measured by connecting between the 

gate and the substrate, with the source-drain grounded.

(a)         (b)

Figure 4.2 Configuration for (a) gate-to-channel, (b) gate-to-substrate 
capacitance measurements.

It is important to note that in the measurement of Cgc, the drain-to-source bias, Vds, 

is obviously zero, whereas in the actual measurement of the drain current of the 

MOSFET, the drain bias, Vd, obviously cannot be at zero bias.  Hence, in order to 

minimize the error of the Qinv estimated, it is important to carry out the Id-Vg MOSFET 

measurements at a very small Vd.  In our work, we have carried out the mobility 

extraction calculations using Id-Vg measurements with Vd = -20mV.
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The extracted effective mobility is usually plotted against effective field, Eeff, 

where

Eeff = (QB + ηQinv)/εGe , 

where QB is the substrate charge density, εGe is the permittivity of the Ge substrate and η
is a dimensionless fitting constant.  It has been shown that Si n-MOSFETs exhibited a

universal relationship between µeff  and Eeff using a value of η =  1/2  [4], while p-

MOSFETs generally use an η of 1/3 -1/2.5 [5, 6].  For our Ge p-MOSFET, we use η = 

1/3, and η = 1/2 for the n-MOSFETs described in Chapter 5.

4.3 GE P-MOSFET CHARACTERISTICS

Ge p-MOSFETs with HfO2 gate dielectric of varying thicknesses were fabricated.  

Figure 4.3 (a) shows the split C-V characteristics of the p-MOSFET with the thinnest 

dielectric, whose peak inversion capacitance corresponds to an equivalent oxide 

thickness, teq, of 10.5Å (without quantum mechanical corrections). Similar C-V 

measurements were taken of two other Ge p-MOSFETs with thicker HfO2 films, from 

which we determine that the HfO2 oxide films have a teq of 21Å  (Figure 4.3 (b)) and 32Å 

(Figure 4.3 (c)) respectively.
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Figure 4.3 Split C-V measurements for Ge p-MOSFET with varying HfO2 film 
thicknesses. From the Cgc-V plot, equivalent oxide thickness was determined to 
be (a) 10.5Å, (b) 21Å, and (c) 32Å.  Gate area for all three p-MOSFETs was 
6.2x10-4cm2.
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Figure 4.3 (cont’) Split C-V measurements for Ge p-MOSFET with varying HfO2

film thicknesses. From the Cgc-V plot, equivalent oxide thickness was determined 
to be (a) 10.5Å, (b) 21Å, and (c) 32Å.  Gate area for all three p-MOSFETs was 
6.2x10-4cm2.
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Figure 4.4 Gate leakage current densities of the p-MOSFETs with varying 
dielectric equivalent thicknesses.
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 Once again, we observe that the gate leakage characteristics of these ultrathin 

HfO2 films are excellent (Figure 4.4).  For example, the gate leakage density, Jg, of the 

thinnest HfO2 film of teq ~ 10.5Å is ~0.1mA/cm2 at 1V, which is 6 orders of magnitude 

less than that for an SiO2 film of equivalent electrical thickness [7]. 

Next we show the transfer and output characteristics of the Ge p-MOSFET with 

the thinnest HfO2 gate dielectric.  The transfer characteristics of the p-MOSFET is shown 

in Figure 4.5 having a subthreshold slope, S, of 90mV/dec, and threshold voltage, Vt of –

0.35V. The deviation of the subthreshold slope from the ideal value indicates high 

interface trap density.   Note that the current was measured at the source (Is) to prevent 

the characteristics from being contaminated by the drain junction leakage to the substrate.  
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Figure 4.5 Is-Vg characteristics for Ge p-MOSFET with HfO2 film of teq ~ 10.5Å.  
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Figure 4.6 shows the output characteristics at room temperature of the same p-

MOSFET. 
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Figure 4.6 Is-Vd characteristics of the Ge p-MOSFET with dielectric teq ~ 10.5Å.

Low-field mobility (Figure 4.7) was extracted from the drive current at low drain 

bias –20mV, with integrated inversion charge obtained from the inversion-side of the 

split C-V. We observe a strong reduction of effective hole mobility with decreasing 

dielectric film thickness, with peak hole mobilities decreasing from 180 cm2/Vs (for p-

MOSFET with teq ~ 32Å) to 70 cm2/Vs (teq ~ 10Å).  At a higher effective field, mobility 

decreased from 86 cm2/Vs to 64 cm2/Vs (at Eeff = 0.3 MV/cm).  The reasons for this 

reduction of hole mobility with film thickness is not totally clear at this moment.  

Previously, mobility degradation with reducing gate oxides thickness (<30Å) have been 

observed in Si MOSFETs with polysilicon gates[8], and mainly attributed to remote 
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Figure 4.7 Comparison of extracted hole mobility for Ge p-MOSFETs with 
varying HfO2 gate dielectric thicknesses.  The universal curve for Si p-MOSFET 
(with SiO2) is shown.  Hole mobility for a Si p-MOSFET with HfO2 gate dielectric 
is also shown for comparison.

Coulomb scattering, where the charged centers in the depletion region of the poly-gate 

provide a source of Coulombic scattering [9].  However, this mechanism of degradation 

is clearly not at work in our case since W (and not polysilicon) gates were used. A second 

source of mobility degradation could be gate-oxide interface plasmon scattering which 

has been shown in Si devices to be significant at dielectric thicknesses below 3nm [10].  

Thirdly scattering due to local gate field variations caused by gate/dielectric interface 

roughness has been modeled for ultrathin gate oxides, showing that either a reduction in 

gate oxide thickness[11], or an increase in the amplitude of roughness of the gate-oxide 
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interface[12], had a direct impact on hole mobilities.  The latter two mechanisms could 

explain well the mobility reduction observed in the Ge p-MOSFETs.

In comparison with a Si p-MOSFET control with a HfO2 film of ~ 18Å which has 

a peak mobility ~ 70 cm2/Vs, we observe a mobility enhancement in the Ge p-MOSFET 

with similar teq (~21Å), which achieved a peak mobility of ~ 110 cm2/Vs. However, 

effective hole mobility at higher effective fields approached that of the Si control, making 

it difficult to say definitively that we had achieved improved mobility enhancement with 

the Ge MOSFET.  On the other hand, the Ge p-MOSFET with the thicker HfO2 film of teq 

~ 32Å achieved a significantly higher extracted hole mobility which is about 1.4-1.6 

times that of the Si control, over the entire range of Eeff.

In comparison with Ge MOSFETs with native oxide as gate dielectric, we observe 

that the use of high-k dielectrics resulted in a degradation of mobility.  Shang et al [14] 

had reported Ge p-MOSFETs with GeON and LTO as the gate dielectric with teq ~ 80 Å.  

Hole mobility was reported to be 1.4 times that of the Si-SiO2 universal curve.  The 

extracted hole mobilities of our p-MOSFETs are significantly lower in comparison, since 

our mobilities do not even exceed the Si-SiO2 universal curve values, even for our p-

MOSFETs with the thickest films.  

A few factors are believed to contribute to this reduction in mobility.  Remote 

phonon scattering has been shown to be a scattering mechanism present in Si high-k 

MOSFETs [15], and it is likely that this occurs with the use of high-k dielectrics on Ge as 

well.   Also, we note that the interface state density, Dit, of the GeON/Ge gate stack is 

~1011 eV-1cm-2, which is significantly lower than the Dit of our HfO2/Ge gate stack (Dit ~ 
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mid-1012 eV-1cm-2).   The poorer quality of the HfO2/Ge interface in the HfO2 Ge p-

MOSFET likely contributed to the degradation of the carrier mobility through increased 

Coulomb scattering.

4.4 SUMMARY

We have demonstrated Ge p-MOSFETs with ultrathin HfO2 films of varying

thicknesses, with the thinnest HfO2 film having a teq of 10.5Å, and excellent gate leakage 

characteristics (6 orders of magnitude lower than for an equivalent SiO2 film). Hole 

mobility was observed to decrease with decreasing gate dielectric thickness, 

demonstrating that at ultrathin film thicknesses, additional mobility degradation 

mechanisms may come into play.  Possible mechanisms could include gate-oxide 

plasmon scattering and gate-oxide interface roughness scattering which become more 

dominant as the gate-oxide interface approaches the inversion channel. 

For Ge p-MOSFETs with thicker HfO2 films (teq ~ 32Å), we observe a clear 

enhancement in hole mobility of about 1.4-1.6 times that of the Si MOSFET control.  

However, we begin to lose this advantage as the films become thinner.  More work needs 

to be done to further explore the reasons for this reduction in hole mobility, however it 

points to significant challenges that remain in implementing Ge-based highly-scaled 

MOSFET technology.
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CHAPTER 5

GERMANIUM N-MOSFETS WITH ULTRATHIN HAFNIUM OXIDE 
GATE DIELECTRIC

5.1 INTRODUCTION

While there has been a few reported studies on Ge p-MOSFETs to date, there has 

been almost no recent studies of Ge n-MOSFETs with thin gate dielectric films.  A 

particular difficulty with self-aligned Ge n-MOSFET fabrication is the narrow processing 

window required to maintain a stable gate stack, and achieve a well-activated phosphorus 

doped N+ source/drain.

In this chapter, we fabricate and characterize self-aligned Ge n-MOSFETS with 

ultrathin HfO2 gate dielectric films ranging from teq ~ 16Å to 36Å.  Section 5.2 details the 

n-MOSFET process flow.  In particular, we study the required temperatures for activation 

the source and drain phosphorus dopants, as well as the maximum temperature the 

HfO2/Ge gate stack can be annealed at before gate leakage currents increase significantly.  

Section 5.3 details the I-V,  split C-V, transfer and output characteristics of these n-

MOSFETs.  Electron mobility is extracted from these measurements. 
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5.2 EXPERIMENTAL PROCEDURE

The self-aligned n-MOSFET process flow is similar to that previously described 

for the p-MOSFETs (except Steps 8 and 9) and is summarized in Table 5.1.

Process Detail
1 Wafer preparation • Degrease (IPA, acetone, methanol)

• Etch (H2O2, DI, HCl cyclical rinse)

• Passivation (NH4OH/H2O2/H2O)

2 Oxide desorption • 650oC, 30min

3 Surface nitridation • N: 500oC, 30s, RF 350W

4 HfO2 deposition

5 UV-ozone oxidation • O2, 600Torr, 60 min, room temp.

6 W deposition • W E-beam evaporation

7 W gate pattern (MASK 1) • Lithography

• RIE, CF4, 30mTorr,150W

8 Self-aligned S/D ion 
implantation

• Phosphorus, 40keV, 

Dose: 4x1015 cm-2 
9 Dopant Activation

(and post-deposition 
anneal)

• 400 – 500oC, forming-gas ambient, 

30 min

10 S/D contact pattern 
(MASK 2)

• Lithography

11 HfO2 etch • Ar RIE damage: 100W, 20mTorr

• HF 10% etch

12 Blanket Al deposition • E-Beam evaporation

11 S/D contacts • PR liftoff

Table 5.1 Process flow of Ge ring n-MOSFET with HfO2 gate dielectric and W 
gate electrode.
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Self-aligned Ge n-MOSFETs with ultrathin HfO2 gate dielectrics were fabricated 

using the same ring MOSFET mask set previously used for the p-MOSFETs fabrication.   

We used (100) p-type Ge wafers with resistivity of  0.1 ohm-cm (5x1016cm-3, Ga).

The discussion of most of the process steps are omitted here, since they were 

identical to the p-MOSFET process flow and have been described in Chapter 4.  

However, in developing this n-MOSFET process, attention was given to the source and 

drain formation steps to ensure properly activated source and drain regions.  

Self-aligned source and drain regions were formed by ion-implantation of 

phosphorus, P, at an energy of 40 keV and with a dose of 4x1015 cm-2 with the projected 

depth of the source/drain regions to be around 400Å. 

Phosphorus is reported to have a higher activation temperature in Ge than boron, 

B.  Whereas an anneal at 400oC for 5 mins is sufficient to activate ion-implanted B 

dopants in the source/drain regions of a p-MOSFET [1], Shang et al have shown that P 

dopant activation is insufficient at 400oC.  This is illustrated in Figure 5.1 [2] from SIMS 

and Hall sheet carrier concentration measurements where dopant activation is shown to 

improve at temperatures above 500oC and reaches 100% activation at an anneal at 600oC, 

despite 50% dopant loss.
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Figure 5.1 Hall sheet carrier concentration and SIMS dose measured on 
phosphorus-implanted Ge samples that were annealed at 350oC to 600oC for 5 
min in N2.  Dopant activation improves for temperature above 500oC and reaches 
100% activation for samples at 600oC despite 50% dopant loss [2].

For our work, we carried out a series of anneals at 400 - 500oC on N+/P junction 

diodes, formed by P dopants ion-implanted in p-type Ge, to ascertain optimal 

source/drain  activation temperatures.  The concern is that while it has been demonstrated 

that an activation temperature of above 500oC is necessary for complete activation, we 

may be limited in the temperature we can subject our HfO2/Ge gate stacks to, before the 

dielectric gate stacks becomes thermally unstable. Figure 5.2 shows that a n+/p junction 

annealed at 400oC for 5mins still has significant reverse leakage, indicating insufficient 

defect annealing. Raising the annealing temperature to 450oC reduced the reverse 

leakage current by 2 orders of magnitude to below 1mA/cm2. No further reduction was 

observed when anneal temperature was raised to 500oC. At the same time, gate leakage 
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current density increased significantly after the 500oC anneal (Figure 5.3), indicating that 

the HfO2/Ge gate stack is thermally unstable beyond 500oC.  We have previously also 

observed this in our capacitor study of HfO2 films deposited on Ge  (Figure 3.7).
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Figure 5.2 I-V characteristics of Ge N+/P junction diodes annealed at various 
temperatures.  Anneal at 450oC for 5min resulted in good rectifying diode 
characteristics with reverse leakage current at 1mA/cm2.

Hence, all subsequent dopant activation anneals were carried out at 450oC. The 

reduction in the S/D junction leakage when activating at 450oC, instead of 400oC, resulted 

in a reduction of the offstate leakage current shown in Figure 5.4. 
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Figure 5.3 Gate leakage current densities of n-MOSFET with HfO2 dielectric 
teq of 36Å. Gate stack showed a slight increase in leakage current density after 
450o N2 anneal, but increased by 2 orders of magnitude when annealed at 500oC 
in N2 for 5min.
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Figure 5.4 Subthreshold characteristics of Ge n-MOSFETs with dielectric teq of 
36Å activated at different temperatures.  The offstate current is reduced by more 
than 1 order of magnitude comparing between activation at 400oC and 450oC 
because of reduced junction leakage. No significant improvement is seen 
comparing activation between 450oC and 500oC.       
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5.3 GE N-MOSFET CHARACTERISTICS

Ge n-MOSFETs with HfO2 gate dielectric of three different thicknesses were 

fabricated.  Split C-V measurements were taken for these three n-MOSFETs and are 

shown in Figures 5.5 (a) – (c).   The inversion capacitance plot (Cgc-V) would allow the 

inversion charge, Qinv, to be calculated, as detailed in the previous chapter.  At the same 

time, the maximum inversion capacitance of the Cgc-V plots of the three n-MOSFETs 

indicate that the HfO2 gate dielectric films have equivalent electrical oxide thicknesses of 

16Å, 22Å, and 36Å respectively.  
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Figure 5.5 Split C-V measurements for Ge n-MOSFETs with varying HfO2 film 
thicknesses. From the Cgc-V plot, equivalent oxide thickness was determined to 
be (a) 16Å, (b) 22Å, and (c) 36Å.  Gate area for all three n-MOSFETs was 
6.2x10-4cm2.
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Figure 5.5 (con’t) Split C-V measurements for Ge n-MOSFETs with varying 
HfO2 film thicknesses. From the Cgc-V plot, equivalent oxide thickness was 
determined to be (a) 16Å, (b) 22Å, and (c) 36Å.  Gate area for all three n-
MOSFETs was 6.2x10-4cm2.
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From the gate-substrate capacitance plots (Cgs-V), we observe the presence of 

kinks in the depletion region.  This is especially pronounced in Figure 5.5 (c), where the 

kink is rather pronounced.  This indicates a rather high concentration of slow interface 

states.  Interface state densities, calculated by Terman’s method, are high and range from 

5-8 x 1012 eV-1cm-2.

Leakage current densities of the deposited HfO2 films have been measured (Figure 

5.6), and show higher leakage currents than their counterparts in the p-MOSFETs.   For 

example, the gate leakage density, Jg, of the HfO2 film of teq ~ 16Å at a gate bias of 1V is 

~1mA/cm2.  This is roughly one order of magnitude higher than the measured gate 

leakage across the HfO2 film deposited on the p-MOSFET of thinner electrical oxide 

thickness (teq ~ 11Å).  It is unclear at the moment why the HfO2 gate dielectrics of the n-

MOSFETs was more leaky than the HfO2 films of its p-MOSFET counterparts, given that 

identical wafer preparation and dielectric deposition steps were applied.  

A possible explanation could be that, owing to process variation during the 

surface nitridation step, there was incomplete surface Ge nitride coverage of the Ge 

surface.  This is not unlikely as we expect only 2-4 monolayers of nitride formation by 

our surface nitridation step.  Gusev et al [3] recently have shown from TEM studies that 

epitaxial growth of HfO2 occurred on chemically precleaned  Ge surfaces, whereas 

amorphous HfO2 was obtained when the starting Ge surface was surface nitrided because 

the oxynitride layer screens crystalline order from the substrate.  It is therefore possible 

that in the event of incomplete nitride coverage of our Ge surfaces, polycrystalline HfO2
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may have resulted.  The presence of the grain boundaries in the polycrystalline HfO2 film 

present leakage pathways, hence resulting in the larger leakage currents that we observe.  
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Figure 5.6 Gate leakage current densities of the n-MOSFETs with varying 
dielectric equivalent thicknesses.

The transfer (Is-Vg) and output (Is-Vd) characteristics of the Ge n-MOSFET with a 

HfO2 equivalent thickness of 22Å are shown in Figures 5.7 and 5.8 respectively.  From 

the Is-Vg measurement, we determine that the n-MOSFET has a subthreshold slope of 

100mV, a current on-off ratio( Ion/Ioff ) of ~104 and threshold voltage, Vt,  of 0.7V.
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We have extracted the electron mobility from the split C-V and Is-Vg

measurements, where

Qinv(Vg) = ∫Cgc (Vg) dVg ,

µeff (Vg) = Is / [(W/L) VdQinv(Vg)],  with Vd = 20mV.

Figure 5.9 shows the extracted electron mobilities of the Ge n-MOSFETs with 

varying HfO2 gate dielectric thicknesses.  The overall extracted electron mobilities are 

much lower than expected, being even lower than the hole mobilities extracted from the 

Ge p-MOSFETs. This is unexpected, since electron mobility (3900 cm2/Vs) in bulk 

germanium is two times that of hole mobility (1900 cm2/Vs).  In our devices, the peak 

electron mobility of the n-MOSFET with teq ~36Å is only 130 cm2/Vs whereas the peak 

hole mobility for a p-MOSFET of comparable HfO2 film thickness (teq ~ 32Å) is 180 

cm2/Vs.  At a higher effective field (Eeff = 0.3 MV/cm), electron mobility of the n-

MOSFET is 80 cm2/Vs, while hole mobility of the p-MOSFET still remains higher at 86 

cm2/Vs.   It is likely that high interface charge densities contributed to coulomb scattering 

that reduced electron mobility.  Also, it is likely that there was incomplete P dopant 

activation in the source/drain regions, because we were limited to annealing at a 

maximum temperature of 450oC, when it has been shown that an optimal activation 

temperature was 600oC [2].  This resulted in high source/drain resistances, hence 

lowering output currents (and the resulting extracted electron mobility).
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Figure 5.9 Comparison of extracted hole mobility for Ge n-MOSFETs with 
varying HfO2 gate dielectric thicknesses.  

The poor electron mobility in Ge n-MOSFETs with high-k dielectrics have also 

been observed in recent reported works.  Shang et al [2] studied Ge n-MOSFETs with 

GeON of teq ~ 80Å, and reported low electron mobility µeff  ~ 100 cm2/Vs at Eeff =0.25 

MV/cm. It was postulated that the extracted electron mobility was low due to coulomb 

scattering from high fixed charge densities and high series resistance.  Ritenour et al [4] 

also reported electron mobility numbers in Ge n-MOSFETs with HfO2 gate dielectric 

films that were substantially lower than the hole mobility of their p-MOSFET 

counterparts.  It was postulated that poor n-type dopant activation in the source/drain 

regions contributed to this.  Chui et al [5] also attempted a self-aligned Ge n-MOSFET 

using either HfO2 or ZrO2 as gate dielectrics.  However, the output characteristics at low 
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drain voltages were non-linear, indicating that the presence of Schottky source/drain 

contacts.  Loss of ohmicity was suspected to be due to improper dopant activation.  All 

these independent studies seem to agree that there are serious processing issues that need 

to be identified and resolved before Ge n-MOSFETs incorporating high-k dielectric films 

become a viable alternative to its Si counterparts.   

Next, we observe that electron mobility decreases with decreasing dielectric 

thicknesses.  Peak electron mobility decreased from 130 cm2/Vs (for p-MOSFET with teq

~ 36Å) to a low 35 cm2/Vs (teq ~ 16Å).  At a higher effective field, mobility decreased 

from 80 cm2/Vs to 30 cm2/Vs (at Eeff = 0.3 MV/cm).  This trend is similar to that observed 

in Chapter 4, where it was shown that hole mobility in p-MOSFETs decreased with 

decreasing HfO2 thicknesses as well.  This confirms that additional mobility degradation 

mechanisms exist and become significant when the gate dielectric films become ultrathin.  

Presently, it is unclear what these mechanisms are exactly, although we have speculated 

in the previous chapter that sources of mobility degradation could be (i) gate-oxide 

interface plasmon scattering which has been shown in Si devices to be significant at 

dielectric thicknesses below 3nm [6], or, (ii) scattering due to local gate field variations 

caused by gate/dielectric interface roughness which has been modeled for ultrathin gate 

oxides, showing that either a reduction in gate oxide thickness[7], or an increase in the 

amplitude of roughness of the gate-oxide interface[8], had a direct impact on carrier 

mobilities.  
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5.4 SUMMARY

Germanium n-MOSFETs with ultrathin HfO2 films of varying thicknesses, 

ranging from teq ~ 16Å to 36Å, were fabricated and characterized.  Phosphorus dopant 

activation in the source and drain regions required a higher temperature (> 500oC) than 

that of boron (in S/D of p-MOSFETs).  However, we show that HfO2/Ge gate stack could 

only be subjected to a maximum temperature of 450oC, beyond which gate leakage 

currents increased significantly (1-2 orders of magnitude).  Hence, there may have been 

incomplete source/drain dopant activation due to this limitation.

Extracted electron mobility of the Ge n-MOSFETs were surprisingly low, being 

even lower than the hole mobility of Ge p-MOSFETs.  A possible reason could be that 

the source and drain regions were insufficiently activated resulting in high series junction 

resistances.  Furthermore, high interface charge densities (Dit ~ 5-8 x 1012 eV-1cm-2) may 

have contributed to additional Coulomb scattering of the channel electrons.

Electron mobility decreased with decreasing HfO2 oxide thickness, showing the 

same trend that was observed for Ge p-MOSFETs.

More work needs to be done to determine the sources of mobility degradation in 

the Ge n-MOSFET.  In particular, attention should be paid to processing issues such as  

the proper activation of the source/drain junctions, and the reduction of interface fixed 

and trapped charges.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 SUMMARY AND CONCLUSION

The continued scaling of Si CMOS devices has led to an increased attention to 

high-k  gate dielectrics as replacements for SiO2, where eventually the physical thickness 

of SiO2 cannot be scaled further before gate oxide leakage becomes prohibitively large.  

However, a major challenge of replacing SiO2 with a high-k  gate dielectric is that high-k 

Si MOSFETs exhibit degraded channel mobility.  It is for this reason that Ge has recently 

received renewed attention as a possible replacement for Si in high-k  CMOS devices, 

because its higher electron (2.5X) and hole (4X) bulk mobility relative to that of Si 

allows for the prospect of improved MOSFET channel mobility, while maintaining the 

potential to continue aggressive device scaling.  

Towards that end, it was the objective of our work to evaluate possible high-k 

candidates for deposition onto bulk Ge, followed by fabrication and characterization of 

Ge p-MOSFETs and n-MOSFETs, incorporating these ultrathin high-k films as gate 

dielectric.  Their performance in terms of transfer and output characteristics, as well as 

channel carrier mobility, was then evaluated.
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We have studied two high-k dielectric materials – Al2O3 and HfO2.  These films 

were deposited on bulk Ge using reactive atomic-beam deposition. These films were 

electrically characterized by fabricating metal-gated capacitors. 

For Al2O3, we were able to achieve a good quality gate dielectric film with teq ~ 

23Å, with gate leakage currents 3 orders of magnitude lower than a SiO2 film equivalent 

thickness, and hysteresis of less than 5mV by depositing the Al2O3 on surface-nitrided 

Ge, together with a post-deposition anneal in O2 for 550oC.  With HfO2, we were able to 

achieve electrically much thinner films and lower gate leakage currents.  Our most 

aggressive HfO2/Ge gate stack, using a W gate, had teq ~11Å and gate leakage current that 

was 6 orders of magnitude less than that for a SiO2 film of equivalent thickness. 

Surface nitridation of germanium prior to high-k deposition was found to be a 

very important process step in improving the quality of the high-k/Ge gate stacks.   In the 

cases of both Al2O3 and HfO2, surface nitridation reduced leakage current density, C-V 

hysteresis, charge trapping, interface state density, and inhibited interfacial layer 

formation which reduced the film’s equivalent oxide thickness. 

We have demonstrated Ge p-MOSFETs with ultrathin HfO2 films of varying

thicknesses, with the thinnest HfO2 film having a teq of 10.5Å, and excellent gate leakage 

characteristics (6 orders of magnitude lower than for an equivalent SiO2 film). Hole 

mobility was observed to decrease with decreasing gate dielectric thickness, 

demonstrating that at ultrathin film thicknesses, additional mobility degradation 

mechanisms may come into play.  For Ge p-MOSFETs with thicker HfO2 films (teq ~ 

32Å), we observed a clear enhancement in hole mobility of about 1.4-1.6 times that a Si 
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MOSFET (with HfO2 gate dielectric) control.  However, we begin to lose this advantage 

as the films become thinner.  

Germanium n-MOSFETs with ultrathin HfO2 films of varying thicknesses, 

ranging from teq ~ 16Å to 36Å, were also fabricated and measured.  However, extracted 

electron mobility of the Ge n-MOSFETs were surprisingly low, being even lower than 

the hole mobility of Ge p-MOSFETs.  High interface charge densities as well as high 

series resistances due to incomplete source/drain phosphorus dopant activation may be 

possible reasons for the low electron mobility numbers.

6.2 RECOMMENDATION FOR FUTURE WORK

In this work, we have been successful in carrying out a systematic study of 

integrating ultrathin high-k dielectrics onto Ge, studying the high-k/Ge stack through 

MOS capacitor characterizations, and ultimately fabricating and evaluating the 

performances of Ge p-MOSFETs and n-MOSFETs with ultrathin HfO2 gate dielectrics.

However, this study also has revealed many obstacles that need to be overcome 

before the Ge MOSFET, combined with ultrathin high-k gate dielectrics, can truly 

become a viable candidate to replacing Si MOSFETs in future technology nodes.

More work needs to be done to improve the quality of the high-k/Ge interface.  At 

present, Dit is unacceptably high (1011~1012 eV-1cm-2), and is possibly contributing to 

additional degradation of the channel carrier mobility.  It would be important to 

investigate alternative methods of passivating the Ge surface.  While nitridation has been 

shown by our studies to be very useful in improving the interface and gate stack 
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properties, there are concerns that nitrogen involvement has the potential for mobility 

degradation.  SiH4 treatment of the Ge surface has very recently been shown to be a 

promising alternative to improve the interface quality and device performance and could 

be an interesting area of future research [1, 2].

Incomplete phosphorus dopant activation in the source/drain regions of Ge n-

MOSFETs has remained an unresolved problem, due to the fact phosphorus activation 

took place above 500oC, but gate leakage currents across the HfO2/Ge gate stack started 

to increase significantly when annealed at temperatures beyond 450oC.  Alternative 

schemes of doping the source/drains should be looked into, such as dopant diffusion from 

doped oxide.  Also, perhaps alternative high-k materials, or some barrier layer at the 

interface, would allow for higher temperature activation anneals without causing the gate 

stack to lose its integrity.

We have seen in our work that hole and electron mobility degrades when the gate 

dielectric film becomes ultrathin.  It is important to identify the mobility degradation 

mechanisms that come into play when the gate dielectric film becomes highly scaled.  

This has important ramifications because if these mobility degradation mechanisms are 

not well understood, we will not be achieving the mobility enhancements hoped for at 

highly scaled dimensions for future technology nodes and hence would possibly negate 

the very reason for using Ge as the channel material. 
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