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Abstract

This work studies the behavior of both gate-to-channel capaci{@aeg and
source-channel-drain/well leakage in metal-gate/hitfhe PMOS technology
(W= 10um andL = 10; 5; 1um) under development at IMEC. The hole drift-mobility of
germanium is ~4X that of silicon, leading researchers to eealgarmanium as a
possible channel material replacement for PMOS expected 32 thie technology node.
In particular this study focuses on—but is not restricted to—ii&) gresence of a
parasitic gate-to-channel capacitanCed), the large non-ideal trap assisted conductance
which contributes to it, and its function versus Ge-PMOS architecture and ggite (@)
the existence of-V tool compensation error due @ c measurement technique resulting
in conductance measurement error; (3) the presence of large-sbarveel-drain/well
leakages characterized using a new MOS gated-diode measreechnique; (4)
extrinsic capacitanceCtxy), flatband voltage\gs), and effective oxide thicknesEQT)

parameter extraction with discussion on inversion layer quantization.

This study found that excessive current leakages from the GeSR3d@rce-and-
drain into the channel led to a chuck-dependent parasitic capeeitduringCsc
measurement. This excessive leakage is identified as adsigied leakage through both
AC and DC analysis. The chuck-dependent parasitic capacitaasxan unexpected side
effect of the PMOS architecture: namely the lack of N-Wadlation. The parasitic
capacitance—dependent on both applied bias and frequency—was sepatat®eb int
main capacitive components: a frequency-dependent source/well andvelatrap-

assisted leakage capacitan@pa(a sp and a frequency-voltage-dependent gate-induced



junction leakage capacitanc€pfra ciy). A third parasitic capacitance due to interface

trap (IT) contribution C;1) during channel depletion was also identified.

This study also found that the new MOS gated-diode measurencbniqee
designed to separate and evaluate the source, channel, antkakage components is
superior to typicalVgs versuslps methods when attempting to quantify tkc
measurement. The MOS gated-diode configuration allowed for tabperdependent
analysis and activation energy extractidi)( thereby providing a means to confirm
individual leakage components: diffusion; Shockley-Read-Hall (SRkép-assisted
leakage (TAL). TAL components include: Poole-Frenkel (PF); phonostaddiunneling

(PAT); trap-to-band tunneling (TBT).

In conclusion, it was found that the source-channel-drain/well |leskagd hence
parasitic capacitances of PMOS built on relaxed germanium-cossiian be minimized
by reducing the source/drain area, reducing the source/drgatdoeontact distance,
while increasing both the gate length and measurement frequeneyddominance of
SRH and TAL during Ge-PMOS operation disagrees with diffusion donenareclicted
by theory and as a result opens the door for future research. Fegaegch includes Ge-
PMOS fabrication on substrates free of dislocations—to mini®RE and TAL current

leakage contributions—so as to compare leakage performance.



“The solution is not to be found in the result anhad, but
in the way of achieving it.”

-André Bazin
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Chapter 1

Introduction and Motivation

1. The 32 nm Technology Node and Germanium PMOS

Since the invention of the semiconducting transistor nearly 60 yeps a
semiconducting technology has grown exponentially in both complexity @pictation.
To date — and in no small way due to ingenious advancements in falritathnology —
semiconductors are utilized in nearly every aspect of dadyfldm telling the time to
using a cell phone. Current research shows, however, that contiraveith gn this field
will encounter many challenges beyond the 32 nm technology node expeutedrbtte
years 2013 and 2015, the solutions to which will require the impletientz both new
materials and advanced non-classical Complementary MetalleOSemiconductor
(CMOS) capable of higher drive currents while at the same mmmémizing current

leakages and short channel effects [1-4].

At present most state-of-the-art facilities are capabl65oim production, with
Intel being the world’s first producer of 45 nm consumer technologysggond to Intel
is AMD currently deploying its 45 nm pilot line, expected to bailable in the second-
half of 2008 [6]. These state-of-the-art semiconducting technaslogiplement process
and global induced strain engineering [5,6], higmetal gate stackfg], and in some
cases—as in the case of AMD’s new 65 nm Barcelona processihgotegy—SiGe
hybrid source/drain replacemej®]. The replacement of Syas the gate dielectric of

choice in favor of highe dielectric stacks is a revolution in classical CMOS fabrication.



To meet device requirements at the 32 nm technology node whileamaigta
foundation in silicon, renewed interest in silicon-compatible gemmarp-type Field
Effect Transistor (PFET) and 1lI-V n-type FET (NFET) teclugpés has begun [1-7]. A
device trend-projection by Intel is shown in Fig. 1.1. Note the advanced|assical

CMOS technologies currently in use and projected beyond 2008.

This figure is reprinted by
permission of Intel Corporation,
Copyright Intel Corporatior

SiGe S/D
Strained SiGe S/D
Silicon Strained

Silicon

More Non-Silicon Elements Introduced

Fig. 1.1: Intel's 2006 device trend-projection adopted from Chau [4]. Note theltsInt
research projection is more aggressive than that of the ITREplates on researching
the 32 nm technology node starting 2009 versus 2013 for ITRS [2].

Most important to such technology and the main focus of this study, are the metltbds use
to characterize their electrical operation. This study focoseBMEC’s Ge-PMOSFET
technology and reveals that one must quantify source-drain-cHankatie and its effect
on Gate-to-Channel Capacitanc€g€) before usingCgc to extract critical device

parameters.



1.1. Silicon, Germanium, and llI-V

As was briefly mentioned, researchers are interested in Gil-Ahdhaterials for
the next generations of semiconducting technology. Such matpralidde an extra
degree of freedom—mobility enhancement—in the manufacturing of crmple
semiconducting technologies. With such freedom come complexities ssch a
characterization, fabrication, and integration of these advancediatgatdihis section
discusses the pros of increased electron and hole mobility véesuns of material
density, cost, and the creation of threading dislocations due to lattice mismatch.

The focus of research on Ge and IlI-V materials resides in ith@eased hole

and electron mobility, when compared to silicon. This is shown in Table 1.1.

Table 1.1: Si, Ge, and GaAs selected property comparison at 300K [1,8].
Si \ Ge | GaAs

Mobility [cm?/Vs]

Electron () 1,500 3900 8500

Holes () 450 1900 340
Density [g/cni] 2.33 5.32 5.32
Bulk Cost in 2007 (approx.) [USD/kg] 2.05 800 460(Ga)2.30(As)
Cost for 2um Thick by 200 mm - 0.27 0.15
Diameter [USD]
Lattice Constant [A] 5.431 5.646 5.653
Energy Gap [eV] 1.12 0.67 1.42
Intrinsic Carrier Concentration (Cth 1.0x 16" | 2.0x16° 2.1x10

It is quite clear from Table 1.1, that a 322% hole mobility enhanceedsts and a
467% electron mobility enhancement exists when changing the device nfabeni&i to
Ge and from Si to GaAs, respectively. Problems reside in the increased,darikitost,
and creation of threading dislocations due to lattice mismatd@eofind GaAs when
compared to Si. Wafer handling systems of 200 mm and 300 mm toalsli@rated for

Si. Both this calibration issue and the high cost of Ge and Galksmaterials indicate



that future technologies may not utilize 200 mm bulk Ge or GaAs stésstiBulk Ge
and GaAs are currently impractical from both a manufacturing and cost staindpoi

Researchers are developing solutions to the density, cost, arabitigre
dislocation problems associated with these new materials. Treetev@ main solutions
in place: first, the deposition of germanium on silicon wafers and subsequent annealing of
threading dislocations created due to the lattice mismatchebetthe two materials
(referred to as relaxed germanium-on-silicon) [9] and second, tpesitien of
germanium and llI-V infon trenched-silicon-dioxide upon silicones&f in which the
dislocations formed are contained in oxide trenches, resulting in a device laygfneea
of dislocations (referred to as Aspect-Ratio-Trapping) [10, 11bolh cases silicon is
used as the mechanical stabilizer thereby allowing germaandgnll-V processing on
200 mm and 300 mm silicon substrates. Since these mobility enhaneearsed in the
regions of interest only—namely as thin films within the chanegions of MOS
technology—wafer handling and expense becomes less of an issuel lasi®ws that
2 um of Ge and GaAs on a 200 mm wafer yields a bulk materialodda27 USD and
0.15 USD, respectively.

Due to these two solutions, the strength of silicon in the fuhag reside in its
mechanical properties first and its naturally stable, S&2ond. This was observed during
this study in which the devices under test were Ge-PMOS&bd through the use of a
200 mm silicon stabilizing substrate (the Ge PMOS gate intesaxs passivated using
SiO,/Si layers). Due to the trap-assisted leakage observed isttldg and the known
fact that dislocations generate recombination-generation (R+@rse this study also

indicates that researchers may exploit Aspect-Ratio-Tragptignology more so in the



future so as to minimize threading dislocations, their effect oegiation during
fabrication, and their effect on both electrical performance and charatiteriza

1.2. Present Study: Relaxed Germanium-on-Silicon

The devices in this study were fabricated on IMEC’s 200 mm siliclat jone
and were the Product of Record (POR) throughout this study. Theatatmidetails are

summarized in Table 1.2 so as to provide background for the following chapters.

Table 1.2: Summary of Ge-on-Si PMOS fabrication adapted from [7].
1.) Starting Wafers ~2 um epitaxial undoped Germanium-on-Silicon
Diameter 200 mm
Orientation <100>
Dislocations | 1x10cmi” and 1x16 cni”
2.) Well Implants (P V+ Adjust 1x10°cm® | 90 keV | 7° Tilt
Shallow Well | 2.5x1&cm® | 180 keV | 7° Tilt
Deep Well 1x16°cm*® | 570 keV| 7° Tilt
3.) Layer Anneal 600°C 5 min.,N
4.) Box Isolation 200 nm CVD SiO
5.) Ge Gate Passivation Epitaxial Si 6ML=0.8 nm partially oxidized
6.) Gate Dielectric 4 nm ALD Hf©
7.) Gate Metal 10 nm PVD TaN
100 nm PVD TiN
8.) Halos (P) 60 keV 4x16° cm“ 25° Tilt
9.) S/D Implant (BE) Extensions | 8x1dcm” | 11keV | 7°Tilt
10.) Spacer 90 nm wide3Bl, with SiG, Liner
11.) S/D Implant (Ge) Pre-amorphization (PAI) 35 keV
12.) S/D Implant (Boron) HDD |  4xiocm® | 7.5keV | 7°Tilt
13.) Activation Anneal 500°C 5 min.oN
14.) Metallization TiN/Ti/AI/TIN
15.) Post Metal Anneal 350°C 20 min, &hneal with cool down in H

The device fabrication details discussed in this section amyndentical and limited to
the details published in the works of Nicholes al. [7]. The small differences are
insignificant when considering the electrical behavior of the ldeygces (1Qum, 5um,

and 1um gate lengths with fixed gate width of i) in this study.
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Fabrication started with 200 mm <100> Germanium-on-Silicon wafetesnelal
from ASM. A Ge threading dislocation density between Ixt0? and 1x16cm? is
typical of these substrates—as discussed in previous works [7,9]—asdchsis
assumed for the devices investigated in this study. This epiGaikyer is undoped and

approximately 2.Qum thick [7,9].

The n-well is formed by implanting®Pthrough a 30 nm screening Si@yer in
three stages. The first stage consists of a threshold adjustm@ant, followed by a
shallow well implant, concluded with a deep well implant as showrabiell.2. The n-
well is annealed at 600°C for 5 minutes in &mbient. Note that the n-well is not
counter-doped as is the case with most silicon CMOS technoldigi®ss important for

device isolation and will be discussed in the electrical characterizatiotechap

After n-well formation, a 200 nm SpBox Isolation—field oxide isolation—is
formed by chemical vapor deposition (CVD) thereby defining thecdeactive region.
The surface of the active region is passivated with six monald@éfL) of epitaxially
grown silicon (~0.8 nm thick). The Si is partially oxidized with ozonatgd Fesulting in
a final Si thickness of 0.6 nm and Siickness of 0.4 nm [7]. After forming the SIO
layer it is immediately capped with 4 nm of Hf{Z] using an ASM Pulsar 2000 reactor
[9] so as to prevent any further oxidation, which is followed by hygdge formation
using physical vapor deposition (PVD) [7]. The metal gate conefsi® nm of TaN
capped by 100 nm of TiN [7]. One should note that active region passiv&ii partial

oxidation, and Hf@deposition are done without removing the wafer from vacuum.



After defining the gate, halos are formed by implant&dsB as to control short
channel effects. The source/drain extensions are formed by inmglaBf, and the
spacers are formed to a width of 90 nm: they consistzdl;Surrounded by a Sidiner
[7] so as to dampen additional stresses as seen by the &eesditie highly doped drain
is then formed by first preamorphizing the germanium surface thr@eyimplantation
and following it with a boron implantation: implanting Ge roughens sthigrce/drain
surface thereby controlling the subsequent boron implant depth. The junatens

annealed at 500°C for 5 minutes ia. N

Finally, the source drain regions are germanided through nickel depaositd
anneal. Back end processing consists of a TiN/Ti/Al/Ti mebaitacct stack [7]. The
devices are concluded with a final anneal at 350°C for 20 minutes [i@].NThe final

schematic of the fabricated Ge PMOSFET tested in this study is shown in Fig. 1.2.

S1/810,/HfO,

Halo . TiN
NiGe . - TaN
Si0, box
Ge
Si /_
—-—_—"_-—-__

Fig. 1.2: Ge PMOSFET adopted from [7]. Note that backend metallization has be
omitted.



According to the work of Nicholast al.[7], the simulated doping concentrations for the
Well; Halos; Extensions; HDD are approximately 5¥1@n?; 5x10° cm®; 5x1¢° cm®;
9x10° cm®, respectively [7]. For simulated doping concentration profiles ¢aeer is

referred to the work of Nicholat al.[7].

1.2.1. Architecture Modules D1, G3, J2

Three architectures were evaluated when conducting this study; afre
commonly referred to as D1, G3, and J2: all three have transistaesrgng 10um gate
widths. All three architectures have the same source/drain camzcfate contact layout

as shown in Fig. 1.3.

Source
Contac

| Contac

10 um x 10pum
Device

Fig. 1.3: 10pum x 10um (L x W) Ge PMOS source/drain contact and gate contact layout.
This layout is the same for D1, G3, and J2 architectures.



The device in the top of Fig. 1.3 is the same as the device in tioenbas noted. As one
moves device-to-device from left to right the gate lengthedesas: 1um; 5um; 1 um;
0.8 um; etc. Note in Figure 1.3 that the drain contact for thigrh® 10um (L x W) Ge
PMOS is also the source contact for the neighboripgnX 10um (L x W) device. This
is important when considering the reverse bias source and drain leakhge$Oum
device has in essence one source and two drains, whereagrthelm; and 0.8um
devices have two sources and two drains, indicating possible optoniZatiMOSFET

leakage performance.

The differences between the three architectures are indbweice/drain areas,
source/drain contact areas, and distance of source/drain metaltctntgate. The
differences are listed in Table 1.3. These differences plageghdicant role in the trap-

assisted leakages as observed in the devices. This will be discussed in Chapter 5.

Table 1.3: Difference between architectures D1, G3, and J2.

Arch | S/DArea um? | S/DeontactArea jum?] S/Deontactto Gate Distancaujm]

D1 2.20x10 2.10x1d 1.5
G3 74 43 3.0
J2 74 43 1.5

1.3 Statement of Problem and Thesis Contribution

The investigation presented in this study started in an attemipiendify the
source(s) leading to an abnormal behavio€da when measuring the devices described
in Section 1.2. Specifically, this unknown behavior was observed asrasitjgza
capacitance durinGcc measurement dependent on both applied bias and frequency: this

is shown in Fig. 1.4. Not only were the sources identified, but thecteffiinimized by



minimizing the Ge-PMOS source/drain area and gate to sourcefdnatact distance,

while maximizing both gate length and measurement frequency.

10x10pm’ Si Reference vs Ge-on-Si PMOS

2-5 I T T I T T T
SR IR . HPC
s - LPC -
20y TTrremmeeeseessenens b -
15} —
é Ge PMOS
Q 10k | % 1 MHz
o) .
@) —0— 100 kHz
S PMOS
05F | —v—1MHz :
|—v—100kH7 ~ \{ T laemET I
0.0 F—————— ARV
1 1 1 1 1 1 1 1 1 1 1
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Fig. 1.4: Gate-to-Channel Capacitand&sf) for two ~10um x 10um pMOSFETSs. Plot
reveals a large voltage and frequency-dependent parasitic capacita channel-
accumulation for the Germanium PMOS resulting in a positive shif€sc. This
behavior is contrary to theory as shown by the Silicon PMOS. The source of this behavior
was unknown prior to this study.

Fig. 1.4 shows the measurement of two PMOS technologies containitigcadie
TiN/TaN/HfO,/SiO,/Si gate stacks as outlined in Section 1.2. The Si-PMOS technology
behaves as predicted whereas the Ge-PMOS technology has avddiage and
frequency-dependent parasitic capacitance resulting int@ateshift of theCgc curve.

This raises concern in Ge-PM@%c values obtained in high channel-inversion, such as
those used to evaluate effective oxide thickn&S3T| and in Ge-PMOSCs¢ values

obtained in high channel-accumulation, such as those used to quantifyapove
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capacitance (oy). Prior to this study the parasitic capacitance was removed
mathematically at each frequency by subtracting the mininpanasitic capacitance
observed in accumulation at that frequency from the e@titecurve of that frequency.
This provided questionableeOT results and noCpy information (mathematical

subtraction results in@oy = 0.0 F) as observed in Chapter 6.

Initially, during C-V analysis reliable conductance information could not be
obtained. In all cases conductance was negative. To determine{A®QGS leakage a
new DC measurement technigue was created and called a MO$ate
measurement. The configuration of this measurement—designed toilze 8 theCgsc
configuration as shown in the inset of Fig. 1.4—shorts the Ge-P80O&e to the drain
and reverse biases them to the well, while sweeping the dai®.allowed leakage
mechanism evaluation and temperature-dependent analysis. It was fauedkhge was

architecture-dependent: in terms of reverse bias leakage maghiudie §=>1r c3>Ir J2

Using the best device (J2 architectureub®x 10um device), activation energy
extraction at eaclg of the MOS-gated-diode measurement indicated which leakage
components were contributing throughout @& measurement. When analyzing the J2
architecture, results show that a significant amount of trejgtad leakage (TAL) and
gate-induced-junction leakage (GIJL) existed at source/draielioreverse biases as
low as 10 mV. Results also reinforced why conductance informatidnirtiizally not

being obtained.

Obtaining reliable conductance information required the learning@fiessons:

first, that the parasitic capacitance was chuck-dependent eettars was no counter-
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doped well technology and second, that grounding the substrate resultsdluctance
measurement error. The MOS-gated-diode measurement led thdgata to the cause
of the conductance measurement error. This study revealsothabtaining reliable
conductance information the Ge-PMOS substrate must not be grounded @Gdeng
measurement. It was found that grounding the substrate during AGsianialguced a
compensation error in th€-V unit during measurement which remained—for at
minimum three re-compensations—thereafter. In extreme chsesapacitance would

shift to negative values.

This study links the trap-assisted and gate-induced-junctiG@deamechanisms
observed during DC analysis to trap-assisted and gate-induceadjurodnductance
observed during AC analysis. As a result the parasitic capaeitis broken into two
main components: a frequency-dependent source/well and drainhapHadsisted
leakage (TAL) capacitanc&gara sp and a frequency-voltage dependent gate-induced-
junction leakage capacitand@rbra_cioy)- A third component due to channel depletion and
generation by traps is also identifie@). TAL was identified as a major leakage
component instead of Shockley-Read-Hall (SRH), because the axtivatiergy
extracted during DC analysis was less than half the bandgap (@daBdgap of Ge is

0.66 eV).

Furthermore, the Conductance Method—first proposed by Nicollian and
Goetzberger in 1967 for use with capacitors but related t€¢haneasurement of this
study—was used, revealing a Gaussian distribution in conductance verguenty
attributed to trap-conductance. This trap-conductance is found to be tgeame gate-

length dependent. Specifically, data suggest that traps are dlomwdR architecture
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10 um x 10um devices and become faster for smaller gate lengths throughout a
architectures. The trend in trap frequency response also corredpoidsDC leakage

evaluation performed.

1.4. Organization of Thesis

This thesis is broken down into seven chapters so as to bettarucncate the
study. Chapter 1 is an introduction and motivation section discussinges®grchers are
interested in Germanium and IlI-V semiconducting technology and thisatechnology
actually entails. Chapter 2 describes the PMQ% measurement setup used in this
study, what equipment was used and why it was configured in theemé was. This
chapter also discusses the parallel model assumption, the rbkelafh probes, the role
of the low probes, theCsc regions of operation, and ide&gc behavior. The
experimental data in Chapter 2 is normalized so as to explgjrand support th€sc

results presented in Chapter 3.

In Chapter 3 th€sc results are presented for the Ge PMOS devices described in
Section 1.2 of Chapter 1. The frequency dependenc€gsefand conductance are
discussed. The capacitance and conductance of architectures D1nd32 aare
measured for 1am; 5um; 1 um gate lengths showing the parasitic capacitance behavior
as a function of both architecture and gate length. The Gaussiaibutich of
conductance versus frequency reveals trap-assisted leakage obelamally, the
parasitic capacitance is minimized using J2 architectute 1@fum gate length. Chapter
4 discuse<£-V tool compensation error due to measurement technique: grounding the Ge

substrate durin@sc measurement.
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Chapter 5 begins by discussing the typical leakage components—ediffus
generation/trap-assisted, and gate-induced junction leakage—obseres@rserbiased
p/n junctions so as to discuss the MOS-Gated-Diode Measuremerntubkedstudy. In
Chapter 5 the source/drain to well leakage components are comparederbet
architecture modules and identified on the J2 Module through activahergye

extraction of the MOS-Gated-Diode measurement.

Chapter 6 extracts the extrinsic and intrinsic capacitanCesr)(and Csco),
respectively. A new definition fdCexr is developed in considering the effectQa_sp,
Cpara_cuu, @andCyr. This definition relies on proper determinationVag. From Cgco the
inversion capacitance is determined and the effective oxide thickB€33 extracted.
This EOT is compared to theoretical. The results do not match. The disckejmn
explained through inversion layer quantization and compared to resultshedbiis
research. Finally, Chapter 7 is the conclusion of this work in wtashlts are briefly
revisited along with a discussion of the future work needed to ideatity further

minimize the source of the traps in this Ge-PMOS technology.
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Chapter 2

PMOS Gate-to-Channel CapacitanceQgc)

Equipment/Measurement

The goal of this chapter is to describe @/ equipment configuration used in
this study, theC-V measurement setup used in this study, and the ideal behavior of
PMOS Gate-to-Channel Capacitan€gd) so as to provide background for the deviation
in Ge-PMOSCgc behavior observed and discussed in the next chapter. During this study
three equipment configurations were briefly evaluated as shown ble TA1.
Configuration-3 was found to be the best due to both its open compensatieat(cgr
for stray admittance due to the test fixture) and short compamgabrrecting for stray
impedance due to the test fixture) capabilities [1]. The KeytKl4200 in Configuration-
1 and Configuration-2 allowed for open compensation only. As a resuliCgal

measurements presented in this study were performed using Configuration-3.

Table 2.1: The three equipment configurations available to medSgike
Configuration Probe Station C-V Meter C-V Control and Data
Acquisition
1 Cascade Microtech Agilent 4284A Keithley K4200
Manual Microchambey 20 hz-1 MHz through General
Precision LCR Purpose Interface Bus
(Agilent 4284A) (GPIB)
2 SUSS MicroTec Agilent 4284A Keithley K4200
PA300PS through GPIB
3 SUSS MicroTec Agilent 4284A Unix System through
PA300PS GPIB
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Besides the compensation capabilities of Configuration-3 in Tableit2nas
found that the lack of a switching matrix—utilized in both Keithdeyups—provided a
system with less Unknown Terminal to DUT separation. This mieast cable length
resulting in better cable calibration. Lastly, the Keith&t measurement program of
Configuration-1 and Configuration-2 grounded the Ge-PMOS substsatiimg in C-V
Meter compensation error. This will be described in more detaiClnapter 4.
Configuration-3 did not ground the Ge-PMOS substrate. As a resuifigQration-3 will

be the only configuration discussed in this chapter.

2.1. C-V Equipment and Configuration

The Suss MicroTec PA300PS probe station used in Configuration-3 itilg
and shown in Fig. 2.1 is a semi-automatic device characterization tool [2]s@umsif a
Semiautomatic Wafer Controller, iVista Microscope, Probe Shieddhiiology, and
PH110 SUSS Microtec Micromanipulators, this station is capablecofrately analyzing
devices located on single chips or on wafers as large as 300 mm in diameter.

The Semiautomatic Wafer Controller of the PA300PS allows for ba#ly e
movement die-to-die and probe lift/drop during measurement (providedetbbt and
location of the probe tips inside the probe shield housing are setttprio minimize
contact scratching). This allows one to map the die performanae eftire wafer. The
iVista Microscope allows one to zoom in on the contacts vertically view them
laterally thereby ensuring connection between the probe tip andedewintact. The
Probe Shield Technology provides an environment free from both ceteagnetic

interference (EMI) and radiofrequency interference (RFI) [1ttreby removing the
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requirement from an expensive EMI/RFI shielded ro8imelding is extremely importa

when performing precise no-free C-V analysis.

Semi-auto Controller,

iVista Microscope

Probe Shield
Technology
\

~ Wafer Entry

Image Reproduce

with Permissio,

Courtesy of SUS
Microtec

Fig. 2.1: A SUSS Microtec semiautomatic probe station PA300PS adopted frgn

Aside from the features above, the Probe Statimatslon hydraulic feet, there
protecting the wafer and probe tips from minor atlons, such as in those caused by
slamming of a door, making it perfect for ti-dependent electrical analysis. A ck
heater and chiller are attached to the stationpwatly temperatu-dependent
measurements. Finally, the wafer handling systerdesigned for wafer fragility [z

making it perfect for Germanium and-V devices.
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The C-V Meter used in this study ccists of anAgilent 4284A 20H-1MHz
Precision LCR Meter-shown in Fig. 2.2-eontrolled by a Unix Computer Syste

through a General Purpose Interface Bus (GF

¥ [y
A LOow rrome

/_' Contact (S)
D DUT

High Probe
Contact (G)

----------

Conneﬂnrg Plate

© Agilent Technologies, Inc. ( } ( } }
2001. Reproduced and Modified 2 3 4 (4
with Permission, Courtesy of < (1\’ >
Agilent Technologies, Inc. ’

Fig. 2.2: Front Panel of thAgilent 4284A 20 Hz — MHz Precision LCR Meter adaptt
from [3] showing location of the Unknown Terminalsd their connection/configuratic
with the ConnectoPlate through the Coax Cable Extensions. The ¢atiale length (1) i
composed of the triax cable extensions (2), in ectian with the coax cable extensic
(3) and the probe tips (4). The cable lengths atéascale. The cable length betwee-
3) is exaggerated here for illustration o

The configuration of the F-4284A Unknown Terminals with respect to the praps is
perhaps the most important aspect ofC-V equipment configuration when consider

measurement accuracy at low and high fencies. This is due to the need for softw



calibration of cable length and compensation of stray admittances and impedances due
the testing fixture.

In general the following conditions are sought and labeled in Fig. 2.2
appropriately. The signal path between the 4284A and the probelligbduld be as
short as possible; High Curremdyr), High Potential lpo7), Low Potential (po7), and
Low Current [cur) coax extension cables (2) should be as short as possible and they
should be connected as close as possible to the DUT (3+4); the dibs&nezn the
DUT and the shields of the coax extension cables (4) should be asshpassible [3].
Following these four conditions minimizes the cable lengthbeaion required. This
minimizes stray capacitive, inductive, and resistive componentsingxisetween the
Unknown Terminals and the probe tips thereby allowing for morarate open/short
compensation. By obtaining better parasitic admittance/impedampeosation, one
may obtain an effective capacitance value as close as possib&ettue theoretical value
of the DUT.

The terminal configuration shown in Fig. 2.2 is close to one known &s a
Terminal Pair Configuration used in typical frequency measureraeges of 10 mHz —
100 MHz [1], but different in the fact that, first, it contains twowLProbe Contacts
(labeled S and D) and, secondly, it does not contain shield shortimg ed of the coax
cables near the DUT (4). Shield shorting at the end of the @d&scnear the DUT was
not performed in any measurements conducted within the scope ofuttysdste to the

2 kHz — 1 MHz frequency range of interest.
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2.2. Measurement Setup of Capacitance and Conductance

To understand how capacitance and conductance are extracted fidiTthi is
important to understand the role of impedance. Impedadyeis( defined as the
measurement of the total opposition of a device or circuit to é&et flow [1]. When
measured it exists as a complex quantity containing both reahaaginary quantities
known as resistancdll and reactanceX], respectively. ReactancX)(can take on an
inductive or a capacitive form as shown in Eq. 2.1 and Eq. 2.2, respectivelg o is
the angular frequency of the applied sighak: is the material inductance, afg is the

material capacitance.

X=X, =2nfLypgt = Wlqt (2-1)

11

21f Cmat WCmat

X:XC

2.2)

If resistance and reactance are in series with one anothempeslance is

measured as the mathematical sum of the two. This is shown as inset (ad3.Fig

. . R X )
Real and imaginary components ., —— Z=R#*jX
in serie: (Impedance is better to express) (@)
. R JRX RX® R'X
l _[-v s zZ= = 2 2 * 2 2
| e R+]X R+X R+X
N | X b
Real and imaginary componentéf (Impedance makes it a bit complex) (b)
in paralle / .
© Agilent Technologies, Inc. 2001. | Y=G+ JB
Reproduced and Modified with Permission, ~ —I —
Courtesy of Agilent Technologies, Inc. iB (Admittance is better to use)

Fig. 2.3: Impedance 4) and admittance Y] representations adopted from [1]. (a)
Impedance series configuration of resistanBg #nd reactanceXj. (b) Impedance
parallel configuration transformed into a simpler expression knowadasttance Y).
Admittance is composed conductanGg &nd susceptancBy
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If, on the other hand, these quantities are in parallel to one anothen-tlae case of
gate-to-channel capacitance evaluated in this study—impedanesasured as shown in
the top of inset (b) of Fig. 2.3. In this case it is often much numevenient

mathematically to consider Admittancé @s shown in bottom of this inset.

Admittance, as is shown in the bottom of inset (b) of Fig. 2.3 and in Egs2he
inverse of impedance and is measured in Siemens. Admittancesosaatomplex
guantity, composed of both real and imaginary quantities known asictande G) and

susceptanceB), respectively.
Y=-=G+jB (2.3)

There are several methods available to measure the impextaaxeittance of a
DUT. Such include the Bridge, Resonant, |-V, RF I-V, Network gsial and Auto
Balancing Bridge methods. Reference is made to the Agilectinbéogies Impedance
Measurement Handbook [1] for specific details on each of these me#ibHave their
advantages and disadvantages. The Agilent 4284A used in this studiheis&sto-

Balancing Bridge Method.
2.2.1. Auto-Balancing Bridge Method

The Agilent 4284A uses an Auto-Balancing Bridge Method to measure
impedance of the DUT. The advantage of this method is that, firsts itvide frequency
coverage (20 Hz — 110 MHz provided teV meter supports it); second, it has high
accuracy over a wide impedance measurement range provided the eguipm

configuration supports it; and third, it is capable of grounded Bigadsurement [1]. The
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main disadvantages are 1.) frequency ranges higher than 110 MHz benmatasured
and 2.) grounded DUT measurements—though possible by grounding the BUdvas
in Fig. 2.4—are difficult to perform because the measurementlsign&nt can bypass
the Low Probe amplifier network shown in Fig. 2.4, which can provideneous

capacitance and conductance values [1].

© Agilent Technologies,

H P C L P C Inc. 2001. Reproduced
and Modified with

l l R Permission, Courtesy of

Agilent Technologies, Inc.

Fig. 2.4: Auto-Balancing Bridge Method impedance measurement adapted Xtofirh
potential at the High Probes (HPC) varies through time as it is the inpult Egdhaweep
with AC signal superimposed). The potential at the Low Probes)(i$@aintained at
zero volts: it is called “virtual ground” for current passihgouigh R is balanced with the
current passing through the DUT using the |-V converter amp]ifie The impedance is
calculated using the voltage at the HPC terminal and the cumtgich crosses the
resisting network R [1].

The most important aspect of the Auto-Balancing Bridge methdtkigact that
the measured impedances—in the case of this study transladoittance—are only as
accurate in value and behavior as the assumptions made about the DUT. In théhmase of
Auto-Balancing Bridge, it is assumed when using the parallel keadleere the
conductance and susceptance are parallel to each other resultihg admittance

representation—that, first, little current flows from the Higbld®s through the DUT to
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the Low Probes and, second, that any current flowing into or out dfotheProbe is a
result of DUT leakage from the high probe. The first case faasd to be true in this
study for DC analysis revealed gate leakage in the txA0to 1x102 A range. The
second case was found not to be true and affected the measurednicepedach

translated into non-ideal capacitance and non-ideal conductance behavior.
2.3.  Purpose ofCsc, Regions of Operation, and Ideal Behavior

In order to compare new germanium MOSFET technologies withirexisilicon
MOSFET technology basic electrical analysis is requirdds Bection will discuss a
measurement known as Gate-to-Channel Capacit@gg, (n common use during both
gate stack characterization and the benchmarking of advancedsiéViging gate stack
characterization, parameters such as Effective Oxide ThickB€sB, channel threshold
voltage ¥+), and Interface Trap Densit¥f) [4, 5] are commonly sought. During the
benchmarking of advanced devices, parameters such as Externalt@@eeaCexq),
Effective Channel Length_£g), Inversion Charge(), Effective Carrier Mobility fer),
and Saturation Velocitywa) [5-9] are commonly sought.

Due to the wide use @@gc as a foundation for Ge MOSFET characterization—
Hess and vso: require MOSFETIps versusVgs analysis [7,8], also referred to as S@iv
Analysis—Cgc accuracy is an extremely important issue. This is espediale at
smaller channel lengths where the drain and source regions becaignifecant
contributor toCgc [6]. During this study the investigator observed that Ge MOSE&T
did not always obey the known behaviors as expected from literaQirer¢search [4-9,

11], and as observed in Si MOSFETSs containing identical gate stacks [12].
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In particular, the G&s¢c observed during channel accumulation was frequency-
dependent and larger than expected (in the pF range versusréamgéy [12] resulting in
a vertical shift in theCsc curve as seen in inversion [12]. The exact reason for this was
unknown until this study and will be discussed in Chapter 3. To better underst&ud the

measurement let us look at its configuration with a PMOSFET.

2.3.1. Connection to Generic PMOSFET

In this studyCsc was measured by connecting the High Probe Contact (HPC) and
the two Low Probe Contacts (LPCs) — initially shown in Fig. 2t@ the MOSFET DUT
as follows: the HPC is connected to the Gate, one of the ISR€@snected to the Source
and the other LPC to the Drain. Tl@gc connection scheme is shown in the (al; bl; c1;
a2; b2; c2) insets of Fig. 2.5. The LPCs are kept at virtual grourahingethat theC-V
meter senses the LPCs and biases them appropriately to iman@V bias on the
Source and Drain. The HPC is swept from accumulation to inversion aadveisa
while superimposing an AC voltage signal throughout the biasing rahgeAT voltage
signal is used to determine the admittance in the paraltelelr-composed of a

conductance®) and a susceptandB){—of the gate at each DC bias.
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Fig. 2.5: StandardCsc connection and measurement for PMOS. Horizontal (al, bl, cl)
and vertical (a2, b2, c2) illustrations of HPCx@y) and LPCs (Yow) connections.
NormalizedCgsc Curve (a3, b3, c3) illustrate modes of operation. There are thremlgene
Ccc modes: that at accumulation, depletion, and inversion.

The result of thisCgc connection as measured at accumulation, depletion, and
inversion of a Si-PMOS is shown in Fig. 2.5. Notice that @ capacitance is
normalized to the maximum capacitance as observed in high inversamtsallustrate
the regions of MOSFET operation. In accumulation the capacitancguradabetween
the HPC and LPC is illustrated in insets (al, a2) and shown in(aeof Fig. 2.5. It is
observed that in accumulation the capacitance is extremely. fuahg depletion (b1-
b3) the capacitance increases. It is here thaCtheontributes. As the gate is swept to

inversion as illustrated in insets (c1, c2), the capacitance lscoery large. The
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capacitance in accumulation is typically referredas the extrinsic capacitance, for
of it resides near the peripheries of the MOS chhnwhereas that in inversion

typically referred to as the intrinsic capacite, for it resides within the MOS chann

2.3.2. High Accumulation and High Inversion

Fig. 2.6 can help explain why the accumulation c#dpace is very small whe
compared to the inversion capacitance. Fig. 2ustilates the extrinsic capacitar
observed in channel accumulation and the intringipacitance observed in chan
inversion. The gate-tohannel capacitance measured in high inversionestim of the

extrinsic and intrinsic capacitances in pare

Channel Accumulation Channel Inversion
Oxide
_J_ CGCO
n
(a) (b)

Fig. 2.6: Components of high acmulation and high inversion capacita. (a) The four
components of accumulation capacitance and (bgdhgonent cinversion capacitan:
as adapted from [10].

Referring to inset (a) of Fig. 2.6, it can be iméet that during accumulation the
existsno inversion channel. As a result, in accumulataoty the capacitances betwe
HPC and LPCs are observed. These result from gatéap with the source/drailCoy),

inner fringing fields between the gate and soure@d (C), outer fringing fields
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between the gate and source/drabd), and top capacitance as seen through the
insulator between gate and source/drain con@gdpf. Likewise, inset (b) of Fig. 2.6
shows that during ideal inversion there exists an inverted channel hib®wgate
connecting source to drain. From this connection an additional capaditetvwoeen the
HPC and LPCs, known as the inversion capacitaGeed, is observed. Assuming the
inversion layer is at the channel surface, this inversion channeditzaqu is considered
a parallel plate capacitance proportional to the gate area aledtiite constant and
inversely proportional to the dielectric thickness. This gatehtmnel capacitanc€éc)
is the sum of the extrinsic and intrinsic capacitance in parallel.

The ideal Csg—as shown in Eq. 2.4—is the mathematical sum of the ideal
extrinsic capacitanceCgxy), the ideal inversion capacitanc€sto), and the ideal

parasitic capacitanc€gas).

Cec(Ve, Dlrixed Lxw = Coco(Vs) + Cexr(Vg) + Cpara (Vg f) (2.4)

The extrinsic capacitance in Eq. 2.5 is twice @pethat is gate-bias dependent—
meaning that it is decoupled during inversion—and twice the oapactance(o) that
is geometry and material dependent as shown in Eq. 2.6.

Cext(Vg) = 2Cr(Vg) + 2Co (2.5)

Co = Crop + Cor + Cov (2.6)
Due to line calibration and open/short compensation error, a $pgl may exist

throughout the test fixture. This parasitic capacitance—if itstextcan be both
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frequency and voltage-dependent. It is common to mathematicallsasuBp,r, from
Coc after measurement. By subtracti@gaa from theCgsc curve it is quite obvious that
one removes th€poy information while maintaining th€sco information. Minimizing
Crara prior to measurement allows one to approach the effective tgatitance, which

provides a near tru@sco andCoy.
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Chapter 3

Germanium PMOSFET Cgc Measurement

The Ge-PMOSCgc in this study was measured using Configuration-3 as
discussed in the previous chaptérV tool calibration was the same for all data presented
in this section and is as follows: the HP 4284A cable calibratias set/checked to
4 meters; the low-voltage and low-current triaxial Unknown Termidls) were split
(using two triaxial T-Bars) across two micromanipulators geparate source and drain
connection); the high-voltage and high-current triaxial UT wasnected to the gate
micromanipulator; open compensation was performed with the probe tips &ir; short
compensation was performed using a shorting box. The shorting boxerkdfét one
disconnect the triaxial cables from the micromanipulators. Assalty the finite cable
length between the triaxial cable-ends and probe tips was neheded in the short
compensated. This can result in small capacitance/admittarare laut that this error

was not observed in any of the measurements presented in this chapter.

Ge-PMOSCsc measurement-program setup and data acquisition was the same for
all Ge-PMOSCgc presented in this study. The parallel capacitance-conductacod ci
mode Cp-Gp was selected. The parallel circuit mode was selected kndhahgheCesc
measured in inversion would be in the pF range and expecting thadrtddiel resistance
(Re) would be more significant than the series resistaRge This turned out to be a
good assumption in inversion. Each Ge-PMOS was measured using a dgmaMevel
with medium integration time: the starting voltage was setl& V and the ending

voltage was set at +1.5 V; a step size of 50 mV was usecerbgst was not evaluated
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for it was not significant in the biasing of thisidy. Hysteresis evaluation is a source

future research.

3.1. Conductance Methoc

To identify a conductance signature of interesthis study, the conductan
method first proposed by Nicollian and Goetzbergerl967 [1,2] will be briefly
discussed. The circuit diagram of a MOS capacitoenwvconsidering the parallel circ

mode usd in the conductance method is shown in Fig.

Higch Drnho Hich Prahe Hiagh Praohe
EEAEyEL R RV i — el EEEEmEE R 2R
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1 —~ I — I
—— ey 'e e LI\V 1
—— Cux — ), |
I
| I
1
: Yyt
[ I 1 = 1 = 0
e J— | f Jp— - Yp |/ p— - Yy
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Low Probe l Low Probe l Low Probe
(S or D) (S or D) (SorD)
(a) b (©

Fig. 3.1: Equivalent circuit for parallel conductance measwerts (a) MOS capacitan
considering additional capacitance due to intertagps, (b) simplified circuit of (a), (¢
measured circuit adégd from [1]

It is obvious from Fig. 3.1 that when measuring ttepacitance of a MO
capacitor, the measured capacitarCy) consists of the fixed oxide capacitanCpx) as
shown in Eqg. 3.1 in series with the parallel caaceconductance Cp-Gp). The
parallel capacitance shown in Eq. 3.2 is the ma#tiead sum of both any addition
substrate capacitance in parallel with any addationterface trap capacitance preser

depletion and weak inversion of the o»-semiconductor interface.
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K A

Cox = %EZX (3.1)

Cp=Cs+—1L (3.2)
p S 1+((1)TIT)2 '

It must be noted that Eq. 3.2 assumes that the interfacial doeypgin a single energy
level in the bandgap. It is clear from Eq. 3.2 that when dealirgavlOS capacitoCp
is directly proportional to botlCs and the effectiveCr, and that the effectivt

increases as the trap time constant decreases.

When using the conductance method on a MOS capacitor the interfigce tr
density D7) can be measured at densities of d®?eV* and lower by evaluating the
conductancep) normalized to angular frequency)(as shown in Eq. 3.3 [1,2] below.

Gp is in units of S/crh

Gp _ qwurDir (3.3)
W 1+(wtiT)? ’

Eqg. 3.3 considers the fact that capture and emission of minoritgrsarby the traps at a
single energy level in depletion and weak inversion—occur &iggabove and below
the Fermi level [1]. This fact results in a Gaussian distobubf Gp/ @ versusw at fixed
gate bias. The peak of this distribution has a maximuazal/zr; and at that maximum
Dir = 2Gp/qw [1]. This Gaussian distribution was observed in@ge of this study and

is a signature indicating trap-assisted leakage between the high and los probe

It is important to note that in this study three regions of operaéixist—
accumulation, depletion, and inversion—and that Fig. 3.1 could be used dylaetice

assuming low source and drain leakage into the well. In this,dtagyever, large source
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and drain leakages into the substrate are observed. As a nss@atssian distribution
of Gp/w versusw at fixed gate bias can also occur within the depletion regictheof

source/well and drain/well junctions, should the LPCs not be exactly 0 V.

3.2. Cgc Measured Regions and Observed Behavior

The first Ge-PMOS devices measured contained D1 architectuecleggths of
10 um, and gate widths of 1@m. The capacitance results are shown in Fig. 3.2 and the
conductance results are shown in Fig. 3.3. In reviewing Fig. 3.2t theCgsc
frequency dispersion. The slope @©&c with respect tovg is negative (nearly zero) at
every frequency in high inversion and positive at every frequenbigimaccumulation.
The transition from negative to positive slope occurs within the depletgime and the
Csc increase is more dramatic at lower frequencies than at rhighguencies. The
voltage at 1 MHz—wher&gc begins to increase due to the transition between depletion
and weak inversion—is close to the device threshold voltage and is epately
+0.20 V. This moderate threshold voltage is less certain at loegudncies where the

interface trap capacitance in depletion/weak inversion begins to incrgasgieantly.

It is clear that from Fig. 3.2 that a large parasilig: exists. There were three
hypotheses regarding its source—in part because reliable camckictata could not be
obtained—first, that the parasitic capacitance was due to igt@ompensation; second,
that there was current leakage from gate into source and dranh; it there was
current leakage from source and drain into the well. The fgsbthesis was ruled out by
tedious compensation, the second was ruled out by DC gate lemhkageis confirming

leakage in the pA range, and the third was verified by leakagh/sas confirming
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leakage in theuA range

discussed.

. Conductance verified this leakage analysis and will b®w
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Fig. 3.2: Csc for a 10um x 10um Ge PMOS device containing D1 Module Architecture.
Gate voltage\(c) is swept from inversion to accumulation and frequency is swept fr
1 MHz to 6 kHz showing th€gc frequency dispersion.

In reviewing Fig. 3.3, the normalized conductance (normalized to angular

frequency) contains frequency dispersion similar to the capaeitease. This makes

sense since both capacitance and conductance are derived frortaractmi The

normalized conductance has approximately no slope in inversion, has aepsisiie in

accumulation, and starts to approach exponential behavior in high accumulation.
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Fig. 3.3: Normalized conductanceGf/w) for a 10um x 10um Ge PMOS device
containing D1 Module Architecture. Gate voltagés)( is swept from inversion to
accumulation and frequency is swept from 1 MHz to 6 kHz showinggadrequency
dispersion.

Fig. 3.3 also contains two distinct regions of operation—in inversiah ia
accumulation. It is clear that there is a conductance into or otiteofow probes in
contact with the source and drain leading to a parasitic capaitdrserved iCgc. The
primary goal of this study was to minimize the parasiipacitance. This was first done
by grounding the substrate and eventually followed by floatingstitestrate while
decreasing the source/drain area; decreasing the sourceddné@ct distance from the
gate; increasing the gate area; maximizing the frequenoyeakurement. The effect of

grounding the substrate will be discussed in the next section.
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3.3.

ParasiticCsc Chuck Dependence

It was initially found that grounding the substrate to the DUT grdenahinal

resulted in &gc free of the parasitic capacitance previously observed whilsulbstrate

was floating. This is shown in Fig. 3.4.
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Fig. 3.4: ParasiticCsc removal for a 1Qum x 10um Ge-PMOS device containing D1
Module Architecture. Comparison of substrate floating versus subgfratmding as
observed at 100 kHz and 1 MHz.

From Fig. 3.4 one should note that despite removing the parasiticitaapacthrough

substrate grounding thesc for 1 MHz as observed in depletion/moderate accumulation

is slightly negative. This negative capacitance results in stignableCsc curve. After

discovering this grounding condition it was found that grounding the Ge$Mas

common. The investigator noted that grounding the substrate resulted tiveregal

guestionable conductance information.
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Before moving on, the difference between the grounded and floadimgjtions

for Csc were calculated as shown in Fig. 3.5.
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Fig. 3.5: Difference ofCgc 1 MHz & 100 kHz (Float-Ground) calculated at eath
Note the linear difference in inversion which increases rapidlydepletion/weak
accumulation before saturating in high accumulation.

The difference is shown in Fig. 3.5 and a hypothesis was formegsltbelieved that
current conduction was possible between the well and chuck. To cohignthie current
was measured while applying a bias between the front-sideanelthuck contacts. The
results are shown in Fig. 3.6 and compared with the results oPBISE exhibiting n/p

well counter-doped isolation, but identical gate stack technology.

As can be observed in Fig. 3.6 the Ge-PMOS device exhibits auwesishavior
between the well (n-layer) area and the chuck, whereasRMEIS equivalent exhibits a
diodic characteristic. This was the first indication that theagic capacitance (not
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observed in the Si-PMOS technology) was not gate stack-relatédGleoand Si-PMOS

technologies contain identical gate stacks) but well-related.

All Architechtures 10x10 pm?

10* E 1~ T 1 1 T T T 1
10* 3 Resistor ‘!
- 1
< 10°f 1 .
T 10°k ~8X .
2 ] 1
< 107 -
S —A— Ge-PMOS 3
00— ; ]
E —0— SI-PMOS | ¥
»F Diode 3
107 F E
L 1 " 1 " 1 " 1 " 1 1 " 1 " 1 " 1:

-10 08 -06 -04 -02 00 02 04 06 08 10
VWeH—Chuck[\/:I

Fig. 3.6: Absolute current leakage from front-side well contact to chuckpeoison
between Ge-PMOS using n-layer well technology and a Si-Ped&alent containing
identical gate stack but using n/p well isolation technology.

The results of the grounding effect are summarized in Fig. 3.7.pa&lesitic
capacitance is broken into two regions in Fig. 3.7—a gate-voltagendimpeparasitic

capacitance (para;) and a gate-voltage/frequency dependent parasitic capacitance

(CParaZ)-
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Fig. 3.7: Difference ofCsc 1 MHz & 100 kHz breakdown intGpara1 & Cpara.

Crara1 IS due to trap generation leakage current in the space/chalgéateregion of the
source/well and drain/well p/n junctions a@g.a2 is due to trap generation leakage
current under the depleted gate during depletion and gate-induced-jutesicage
during high accumulation. Grounding the substrate dumps these extesscarrground,

thereby preventing their buildup under the gate and field oxide dGrMgneasurement.

3.4. ParasiticCsc Source and Drain Geometry Dependence

Due to the effect of substrate grounding on conductance measureme@g-the
PMOS Cgc grounding technique was quickly avoided. This led to the belief that the
negative conductance initially observed was in essence due torsraast technique,

not the device. Before proving this and obtaining the correct conduciamees found
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that minimizing the source/drain area and source/drain contaahcksto gate reduced
the parasiticCsc. The minimumCgc for these device was observed \& =0.4V
corresponding to depletion/accumulation (close to the flatband voltesgeition and

shown in Fig. 3.8.
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Fig. 3.8: Minimization of Csc Parasitic Capacitance observedVat= 0.4 V using J2
Architecture.

Fig. 3.8 shows that the J2 architecture contains a minimum paceigcitance
within an acceptable frequency range. This minimum parasitic kapee is compared
to a silicon equivalent containing an identical gate stack inF#.It is obvious that to
measureCec, the J2 1Qum x 10um device should be selected and measured within a

frequency range of 100 kHz to 1 MHz.
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Fig. 3.9: Extrinsic and parasitic capacitance comparison of J2 tdOR &V =0.4V
revealing J2 accumulation capacitance in the fF range.

Minimization of theCpar4 is One aspect of this study, but to fully understand and
ensure that this minimization is truly valid we must understandritgn. The correct
capacitance and conductance measurements were conducted usin(n@ dlaastrate.
The results for architecture and gate length are shown in theseetidn. The signature

of the conductance reveals frequency and gate voltage dependent trap-kessdisige.

3.5 ParasiticCgc & Conductance versus Architecture
Capacitance and conductance measured in the D1 architecture \aesiength
is shown in Fig. 3.10. Note that all conductance plots in Fig. 3.10 comtaimsat of

Gp/ @ versusve.
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Fig. 3.10:Capacitance and conductance measurement of D1 architecture for gate lengths
of (a) 10um (b) 5um and (c) lum.

A great deal of information can be obtained from Fig. 3.10 in regardbetdDl1
architecture. First, when looking at the D1,ii gate length conductance (a2), note that

there is a trap signature (Gaussian distribution). Second, noticeéhthgeak of this
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distribution does not vary witNg, but its magnitude does. Specifically the higher the
gate bias in accumulation the greater the normalized conductmsbewan in the inset of
(a2). The fact that this trap level is independer¥®fndicates that its location is not at
the gate/semiconductor interface, but within the source/well and/\dedi p/n junction
depletion regions. Third, note that the peak of the normalized conductaneesversus
frequency compares with the frequency spread of the par&igc specifically the
higher the peak the greater the spread in parasitic capaciiatveeen frequencies. This
is better observed in the D1 architecture with gate lengthpmh I{c1-c2). Fourth, note
that as the gate length of the D1 architecture decreasesnmalized conductance peak
both decreases and moves to higher frequencies. It seems thapthdedcrease slightly
in concentration and become much faster with decreasing ggtl.lénis noted that the
processing parameters are identical regardless of both ggamnetrgate length leading

one to believe that the electric field distribution may be different in each device

From Fig. 3.10 it seems that the gate length has an effettteotrap assisted
conductance out of and/or into the low probes. This same test waspsiffor G3 and
J2 architectures for gate lengths¥f); 5um; 1 um as shown in Fig. 3.11 and Fig 3.12,
respectively. Both Fig. 3.11 and 3.12 agree with the observations maie $10 for
the D1 architecture. The fact that the trap assisted condedsgeometry dependent is
important. There tends to be a decrease in the peak normalized coodwdamell as a
shift to the right when comparing gate lengths for D1, G3, andcHtectures. This
could be trap or electric field distribution-related due to thentidal processing

parameters versus gate length and architecture.
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Fig. 3.11:Capacitance and conductance measurement of G3 architecture for gate lengths
of (a) 10um (b) 5um and (c) lum.

In comparing Fig. 3.11 with Fig. 3.10, notice that the normalized conuecta
peak versus frequency starts farther left at tharh@levice but begins to travel right and

down as gate length is reduced.
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Fig. 3.12:Capacitance and conductance measurement of J2 architecture for gate lengths
of (a) 10um (b) 5um and (c) lum.

In comparing Fig. 3.12 with Fig. 3.11, notice again that the normalized dandeqeak
versus frequency starts farther left at theuf® device but begins to travel right and

down as gate length is reduced. This normalized conductance peha& & device does
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not appear, however, even at gate lengths as shogiras Ih summary of Fig. 3.10-3.12,
Table 3.1 reveals that the location of the normalized frequencyfpgakis dependent
on both architecture and gate length. The magnitude is not includedreihall peaks
could be found, but it was observed that the normalized conductance teruease

with a decrease in gate area.

Table 3.1: Summary of approx. peak conductance location and magnitude for Fig. 3.10-3
Architecture
Parameter Lg [um] D1 G3 J2
fomax [KHZ] 10 6.2 <2.0 <<<2.0
5 8.6 4.9 <<2.0
1 10.9 8.6 <2.0
Grlo [pS*sec] 10 1.2 NA NA
Taken afcuax Vo 5 1.1 1.3 NA
=-15V 1 1.0 1.2 NA

Overall, it is observed that the reason J2 architecture out-perfuosthsD1 and
G3 resides in the fact that duri@yV analysisfouax is farther from the 100 kHz—1 MHz
frequency of interest as shown in Table 3.1. There is alsoderey for the peak of this
normalized conductance to increase as one fixes the gate lengthaves from D1 to
G3 to J2. The reason for this is unknown and more data is neededtéoac=initive
comparison. DC analysis and activation energy extraction willatewy these trap-
assisted leakage components are constant in inversion, incregbdly slivhen

0.0 V<V <~0.5V, and increase rapidly wh&gis in high accumulation.
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Chapter 4

Csc Technique Affecting Conductance

Earlier, the effect of substrate grounding was briefly uised. Specifically, it
was noted that substrate grounding removed the par@sitibehavior observed during
Ge-PMOSCgsc measurement. DurinGgc evaluation the investigator had a difficult time
obtaining well-behaved conductance data. The conductance data wasiooally

negative and contained discontinuities when plotted versus both frequency and voltage.

Over a period of time, similarities were noticed when meaguha conductance
of MOS InGaAs dot capacitors. During measurement the intalfqoality of the MOS
InGaAs dot capacitors was quantified using the conductance methaddlgs a result
interested was paid to both the conductance and the capacitaact dats noticed that
discontinuities would occasionally appear in the conductance versus ricgqaed
voltage data, indicating measurement error. The response was tdaraddferentC-V
unit and re-measure the device of interest. This was time corgufthie conductance
method for llI-V’s utilizes temperature-dependent analysis torebde; distribution
within the semiconductor bandgap—and furthermore did not address the sdurce

measurement error.

A distribution in measurement error with respecCH tool was noticed by the
investigator. Specifically, it was noted that fGrV units closer to the Keithley setup
negative and discontinuous conductance behavior occurred more often thhostor
farther from the Keithley setup. The Keithley se@y- program default was to ground

the Ge-PMOS substrate during measurement. Around this time tlstigiater ruled out
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parasiticCsc due to gate leakage from the high probe into the low probes, axdoutle
C-V calibration error. The only other hypothesis was that leakage tlhiensource and
drain into the well induced the parasitzc. DC analysis confirmed this. To obtain
reliable conductance data during AC analysis the investighymothesized that
grounding the Ge-PMOS substrate had been inducing the meastemoerall along.
For this hypothesis to be correct, the induced error would have to beabsad remain
for a short time after both removing the substrate ground andpafte®rming short/open
compensationCsc was measured previously while floating the substrate aftey/sipat

compensation and negative discontinuous conductance data was observed.

4.1. Grounding Germanium Substrate

To prove this hypothesis the investigator reserved a diff€antnit identical to
Configuration-3. The setup and calibration procedures were kept ideotitalse used
to measureéCgc as discussed in the previous chapter. The Ge-PMQ&Sn2010um D1
architecture was tested while maintaining a floating sulestyéiell-behaved conductance
data were obtained. The investigator grounded the chuck and found thasalanclgiced
negative discontinuous conductance data. After this the chuck waléditg andCesc
measured again. The negative and discontinuous conductance behavioedei®@aen
and short compensations were performed and the device measureditatpak three
open and short compensations to remove the negative discontinuous conductance

behavior. The results of the measurements are shown in Fig. 4.1 (al) through (c2).
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Fig. 4.1: Grounding substrate effect. Measurement of Ge-PMOS witkirfipaubstrate
(al) G/Aw and (a2)Csc; grounded substrate (bG/Aw and (b2)Cgsc; floating substrate
after three open/short compensations &MBAw and (c2)Cqc.

Before moving on to the mathematical difference between théniipaubstrate

after three re-compensations and the floating substrate kmfbstrate ground for both
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G/Aw andCgc, let us review Fig. 4.1 (al) through (c2). Note first that (dil), @and (c1)
are plots of G/Aw versus frequency; that (a2), (b2), (c2) are plotsCet versus
frequency; and that all contain insets of eitG¢A®» versusVg or Cgc versusVg. Note
also that the result trend from top to bottom is the same as ¢asunement trend

discussed in the previous paragraph.

Fig. 4.1 (al) and (a2) show that when floating the substrate, beletived
conductance data is obtained despite a large par@siiexisting. Fig. 4.1 (b1) and (b2)
show that grounding the substrate removes the pardaiic yet induces negative
conductance especially in high accumulation. Fig. 4.1 (c1) and (c2) shoevératfter
open/short re-compensation the grounding effect induces addiGdfal andCgc noise
previously not present. This noise is more apparent orGfA@ versusVs and Cec

versusVg plots.

These results show that the measurement technique can infllengesults
presented by th€-V tool. It affects both the capacitance and conductance results, which
last for at least three re-compensations thereafter. One shoealthabthis test was done
on the leakiest architecture (D1) and that it was done only ongmve the effectC-V
units closest to the Keithley exhibited this effect. Spedliffc the entire conductance
curve was shifted negative (not just that in high accumulation andillyarh high
inversion) and in some cases @€/ curve was shifted towards the negative regime as
well. Data shows that this effect tends to be manifested to a greatez degomductance
than in capacitance, indicating that conductance extraction is sensitive to tool

variation than capacitance extraction.
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From Fig. 4.1 one should note that the conductance of (b1l) changes shémply wi
both applied frequency, due to the ability of traps to respond to theurapsnt
frequency, and applied gate bias, due to the activation of channelatyeme
(OV<Vs<~0.5V) and gate-induced-junction leakage in high accumulation. The
negative conductance indicates the presence of an extremely pmalance as observed

by the low probes. Specifically, current is flowing out of the low probes and into ground.

It is believed that the discontinuities observed at 100 kHLGéw and Csc in
Fig. 4.1 (b1, b2) result from a mismatch in the measured versestexpagpedance
values at the frequency range of interest. Specifically, a low impedameasired when
a high impedance is expected by the ranging resistor diteiipgency range of interest,
resulting in a slip or discontinuity in the impedance data used tolatd conductance
and capacitance [2]. There are 7-10 measurement ranges presbkatdrVtunit to

measure impedance from low to high values as shown in Fig. 4.2 [2].

Multiplier © Agilent Technologies, Inc. 2001.
W= Reproduced and Modified with Permission,

Range VWY Courtesy of Agilent Technologies, Inc.
resistors

Range 2

Range 1

(a) Ranging is made by changing range resistor (b) "Hysteresis" in range boundary
and multiplier of vector ratio detector

Fig. 4.2: Ranging function adopted from [2]. The ranging function is used tsune
impedance from low to high values in the auto-balancing bridge method.

This ranging function is present in thiV unit and allows the instrument to

automatically select the appropriate impedance range of the &leach frequency
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during measurement [2]. This ensures that the maximum sigedlisefed to the analog-
to-digital (A/D) converter thereby providing the highest sigio-noise ratio for
measurement accuracy [2]. Its fault dur@g: ground helps explain why the data of Fig.
4.1 (cl) and (c2) is more noisy after grounding than before grounding Brsdelxglain
why one could observed slips in the conductance data during measuriéaterg.work

is needed to determine if there is a need to correct focampensation error induced
during grounding. The manual indicates one should set the impedancemamggaly to
the range that measures the higher impedance [2]. Furtharatlese required to perform

this task.

4.1.1. Negative Conductance-Capacitance Effect

After discovering the source of slips and negative conductance—Ge PMOS
substrate grounding durir@sc measurement—the investigator sought to determine how
much variation existed iG/A® and Cgc when comparing results before grounding to
results after grounding. Fig. 4.3 (al) was created by subtrad@ifg before grounding
from G/Aw after grounding. Fig. 4.3 (a2) was created by subtradigg before
grounding fromCgc after grounding. The insets of each are plotted versus gatgeolta
Fig. 4.3 (b1) is a contour plot of (al) whe®#Aw is in arbitrary units and (b2) is a

contour plot of (a2) wher€gc is in arbitrary units.

First, note in Fig. 4.3 (al) that the differenceGMw trends negative to both
lower frequencies and higher gate voltage and trends positive to gb#r fiequencies
and negative gate voltages. This artifact results in a stretohiing G/Aw plot by nearly

0.4 uS*sec/cm tip-to-tip, which is relatively large considering the @:S*sec/cn range

54



observed in Fig. 4.3 (al). This stretching effect is shown in Fig. 4.3u@aig arbitrary

units for graphical purposes only.

lelOum2 Ge-on-Si PMOS D1 (Float2 - Floatl) 10x10um2 Ge-on-Si PMOS D1 (Float2 - Floatl)
0.2 T T 0.2 T T
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Q
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(al1) (a2)
G/A® [AU]

Fig. 4.3: Difference' calculation for (all/Aw and (a2)Cgc. Floating substrate data
subtracted from floating-substrate-after-grounding. Contour plots @A [arbitrary
units] and (b2)Csc [arbitrary units] versus log(frequency) and gate voltage [V].

Second, note in Fig. 4.3 (a2) that the differenc&€gdga trends positive to both
lower frequencies and lower gate voltages and trends negatwthtdigher frequencies

and higher gate voltages. This artifact results in a strefabiirthe Csc plot by nearly
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0.25pF, which is relatively large when considering both the f2ange observed in
Fig. 4.3 (a2) and the expected fF overlap capacitance magnitudestiBehing effect is
shown in Fig. 4.3 (b2) using arbitrary units for graphical purposes onlyskngd note
that these observations are relevant for this study only andrfumfbemation is needed
to quantify the extent and degree of this behavior if any. Thdtseof this chapter show
that grounding the Ge-PMOS substrate duflag measurement should be avoided and
also reveals a realm of future work: namely, possible removéti®fGe-PMOSCsc
grounding artifact observed as a possible distortion of the conductanca@acitance

curves.
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Chapter 5
IMEC Germanium PMOSFET Source-Drain Leakage

Throughout the last three decades, technological innovation has resulged i
steady reduction in MOSFET dimensions. This came to first igh©®72 when Robert
Dennard proposed the Constant Electric Field scaling criteriorselaconsistent
methodology for scaling the lateral dimensions, vertical dimensions, dvaly, and
operating voltages (keeping the source-to-drain electrid Genstant) of silicon-based
MOSFETSs so as to avoid short-channel effects. Officially addpgaddustry in 1974—
when Robert Dennard demonstrated scaling to theur@i.ode—and used to date, this
scaling criterion has provided silicon-based CMOS technology of higéesity and
performance. Current research shows, however, that continued scalimgrtanometer
regime is resulting in larger leakage currents, leading ¢atgr power dissipation in

CMOS circuit technology [1].

As has been discussed, researchers are investigating the mepiacé Si-PMOS
with Ge-PMOS in an attempt to achieve the 2{18%um drive current forecast at the
32 nm node [2]. Germanium has half the bandgap of silicon (0.66 eV for Gé&s vers
1.12 eV), has an intrinsic carrier concentration three orders ohitndg greater than
silicon (2.0 x 1&° cm® versus 1.0 x 8 cm®), and when utilized in MOS technology
often exploits exotic high: dielectric gate stacks. This combination makes germanium
more susceptible to typical current leakage mechanisms observeiticon CMOS
technology. As a result, current leakage consideration of thes&adtWMOS devices is

of great concern.
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In this study, the reverse bias p/n junction leakage mechanism GetftMOS
source-and-drain are compared between D1, G3, and J2 architedntaming gate
lengths of 1um and gate widths of 1@m. A MOS-Gated-Diode measurement is
developed and the leakage mechanisms are compared (in inversion,odepetil
accumulation) for these devices. Low gate-oxide tunneling leakagee(ipA range) was
confirmed for all architectures and was subsequently ignored.MD8-Gated-Diode
current leakage mechanisms are confirmed for the best dévaegh activation energy
Ea extraction. Extraction oEa indicated which current components dominated each
mechanism. To better understand the Ge-PMOS current leakagegedbsethis study,
one must first identify the seven transistor leakage mechaaisdhenderstand why three

of them are of interest.

5.1. Transistor Leakage Mechanisms

Research indicates that there are six main transistor geakechanisms as
shown in Fig. 5.1: p/n junction reverse-bias current leakb@es{ibthreshold leakage
(I2); gate-oxide tunneling leakag&)( hot carrier substrate-to-gate injectidg);( gate-
induced drain leakagds); punchthroughlg) [1]. In this study there are seven main
transistor leakage mechanisms. The seventh is due to surfacatigenkrakage under

the gate during channel depletion.
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Gate

L s

Well

Fig. 5.1: The six transistor current leakage mechanisms according tarclsadapted
from [1].

This study focuses on the primary leakage mechanisms observesl BMGS
while performing the gate-to-channel capacitarf€ec) measurement. During th€gc
measurement the source and drain are shorted together and ket athite the gate is
swept from accumulation to inversion and vice versa. feis measured between the
gate-contact and source/drain-contact regions. As a result tkegéeanechanisms of
interest do not involve current transport from source to drain. A DG M@nhfiguration
equivalent to the AC MOS configuration used dul@g analysis has been developed in
this study and is called a MOS Gated Diode configuration. In t NGated Diode
configuration, the source and drain are shorted together and réwessd-to the well
while sweeping the gate. Current is measured from both thegaie and source/drain

probe into the well.

The MOS Gated Diode configuration in conjunction with the fact glaé¢-oxide
tunneling leakage was found to be in the pA range results in these leakage

mechanisms of concern: the reverse bias p/n junction (sourcedwelldrain/well)
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leakage due to generationl{2 surface generation leakage under the g@ajed(ring
channel depletion, and field induced junction leakadg (iring channel accumulation.

These leakage mechanisms are shown in Fig. 5.2.

Gate &

e = - —

Fig. 5.2: The three primary transistor current leakage mechanisms eldserthis study
using the MOS Gated Diode configuration. Figure is based on [1].

To better understand the leakage components present in each mechhisism
section will focus on individual explanation of reverse-bias cureakdge If), surface
generation leakagd;] during channel depletion, and gate-induced drain leakia@je (
during channel accumulation. These are the dominant leakage mechgmsmand
beyond theuA range) examined in this study which contributed to the obse@ged

deviations.

5.1.1. P/N Junction Reverse Bias Leakagg)

During typical MOSFET operation, the drain and source junctions asrsee
biased to the well [1]. This results in a reverse-bias p/n jundétiakage I;). Let us
assume that each p/n junction contains moderate doping and revers® l@agd avoid

tunneling and avalanche), is dominated by area leakage, and £xtulphotogenerated
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recombination-generatiois() current. Such a p/n junction will contain two main leakage
components in reverse bias: the first, according to ideal diode/thear minority carrier
drift-diffusion leakage currentfiw.pir) Nnear the edge of the p/n junction depletion region
[1, 3-7], and the second, according to Shockley-Read-Hall (SRHjythisoa thermal
electron-hole pair recombination-generation leakage curdggy (vithin the p/n junction
depletion region [1, 3-7]. This is shown below in Eq. 5.1, Eg. 5.2, and Eq. 5.3,

respectively.

Jr = Jorift-piff +Jsru (5.1)

Va
Jprife-pirr = Ipiff (e /o — 1) ; @ =— (5.2)

—va.Jintp VA
1+Vbl Va ‘L'N‘L'pe /2(/)
[ 21qG

eVA/‘P—
Jsru = ZTnéW [< < 1> )‘ (5.3)

where,
_ (D_N"_iz n D_P"_iz) 54
Joirr =a\7 -t w (5.4)
kT kT
Dy _ f_(T)” YooDe_ /_(7)” d (5.4a)
Ly N Lp Tp
-E,
n; = ,/NCNVexp( G/ZkT) (5.4b)
(ET—Ey) (Ei—ETi)
T = %[Tpe T er +Ty€ ’ /kT] (5.4c)
W= [21(550 (NA+ND) W —V )]1/2 (5.4d)
q NaNp bi A '
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Vo = pln (*232) (5.4¢)

In reviewing Eq. 5.1-5.4€lpi is the diffusion current density, is the applied
bias,k is Boltzmann’s constant, is temperature in Kelvirg is electronic chargd is the
diode areaDy andDp are the electron and hole diffusion coefficients, respectivgly,
andLp are the minority carrier diffusion lengths for electrons and hobspectivelyNa
and Np are the total number of acceptors and donors, respectiyely,the intrinsic
carrier concentratiork; is the intrinsic energy levekg is the bandgape andg are the
minority carrier hole and electron mobilities, respectivety,and 7 are the minority
carrier hole and electron lifetimes respectivély, and Ny are the effective density of
states for the conduction and valance band, respectixgly,the generation lifetimay
is the depletion widthyy,; is the built-in potential, andEr is the interface trap level

energy.

Reverse biasing Eq. 5.2-5.3 beyoB&TF/gresults in a reverse bias current density

dependent on diffusion as shown in Eqg. 5.5 and on generation as shown in Eq. 5.6.

- Va - 2 (_Dn Dp
Jorgs-oigs = Jougr (¢ 70 =1) ez oy = —amé (T4 ) (69

VA/
qan € ¢-1 qan
= — — Jon = — T 5.6
]SRH 27g <1+Vbi_VAmeVA/2q)> Va<-3¢ ]Gen 27g ( )
@ 275
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The final simplified expression for reverse-bias p/n junction leakage isnsindig. 5.7.

2| 2 (%)”P 1 (%)“N w
Jrlv, < -3¢ =JIpiff +Jsru = —qn; Ny 1 +N_A T | T IMig (5.7)

From simplification it is quite obvious that the drift and recombamatiurrents decay to

zero when sufficient reverse bias is appli&l € -3kT/q for the Ge p/n diodes). In

reviewing Eq. 5.7 one should note the following:

i. Jris highly semiconductor type-dependent due to Jg« n? and Jsrycoc N
dependence
a. At 300K then; of Siis 1 x 16° cm® and that of Ge is 2.0 x 1ocm?®
b. The reverse bias diffusion current dendigy: for Ge diodes is expected to
be 16 times larger than that observed in Si diodes [3]
ii. The relative significance oflpix and Jsgry tends to be semiconductor-type
dependent due tiyii oc n® versuslsruoc N
a. Theoretically, for Si and GaAs p/n diodes with law Jsgy should
dominate
b. Theoretically, for Ge p/n diodes with high Jpi should dominate
iii. Jris inversely proportional tay; ; 7o
iv. Sincedpirr o Ni? oc expEE/KT) andJsryoc N oc expEEg/2KT)
a. One can determine the dominant leakage component by measuring the

reverse bias leakage current versus temperature

63



b. Extracting the slope of | versus IT at low and high temperatures
results in activation energy extraction of the dominant leakagerd
component

c. At higher temperaturek,; is expected to dominate duertd

Of main interest is the non-ideal generation current compgmesént in the p/n junction

depletion region of; and present during channel depletibi). (

5.1.2. Surface Generation Leakagd+)

Surface Generation Leakagg)(during channel depletion is dominated by a
generation componenddry-chay @nd requires that the source or drain be reverse biased to
the well. An explanation of generation leakage is needed. In ahddsea, the energy
band diagram of a perfect single crystal semiconductor corefistsconduction and
valance band with no energy levels in between. Practically, howsiwele crystal
semiconductors contain foreign atoms and crystalline defectsatimeimpurities;
crystal imperfections; dislocations; stacking faults; prediggtavacancies; interstitials—
which perturb the crystal periodicity. As has been discussed, disluaxist in the
relaxed-germanium on silicon substrate used to fabricate tHeM&s of this study.
When this occurs, discrete energy levels are introduced intbaith@égap as shown in

Fig. 5.3.
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Fig. 5.3: Electron energy band diagram for Ge with c-level impurities detailing: (e
electron capture; (b) electr emission; (c) hole capture; (d) hole emission. Addgrom

[8].

Each of the four lines at the discrete energy I¢Er in Fig. 5.; represents a
defect. When such defects exist close to mid gap #re referred to as recombina-
generation (R3) centers. These-G centers tend to lie deep within the ban¢, acting
as recombination centers when there are an extessriers in tle semiconductor and .
generation centers when there are a depletionraecsin the semiconductor. When 1
carrier density drops below its equilibrium valn; (np <ni®)—such as in tt reverse-
biased spaceharge region of a p/n junction or as in depleted semiconduc-surface

of a MOS capacitor-generation dominate

Ideallyin Fig. 5.2 one may view recombination as event (a) followedtgnt (c)
and generation as event (b) followed by event &) A third event exists in whic
neither generan or recombination occurs: this is called a tiagpevent and i
considered event (a) followed by (b) or event @tlofved by (d [5]. The ease in whic

this process occurs can be affected by the preseinl@ge electric fields common
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highly dopedand abrupt p/n junctionsEma> 1 x 16 V/cm) [1,6]. Generation currel

enhancement is shovim Fig. 5.«

e

e

ey
.,

(G
Ey E Conduction Band

n-tvne
n-type

Fig. 5.4: Electron generation mechanisms adopted from [8](&r SRH, (b) Poo-
Frenkel (PF), (c) Phonw-assisted tunneling (PAT), (d) Trap-tordgatunneling (TBT),
The dashed line indicates the Coulombic Well ardgtlid line the Dirac well [8]. Th
energy difference E is the energy difference betwtbe trap state and the conduct
band;AE is the energy difference due to P-Frenkel barer lowering [8]

In this study a SRH generation curreJsgy Will be identified when it occur

approximatelyEg/2 within the bandgap (activation energy extractioh help determine
this). R-G centers behave as discussed when near mid gagn @ligeneration curre

occurs at less thdfs/2 it will be identified as a trap assisted leakéJra) for it could be
assisted by the Pooleenkel effect (Iwering of the Coulombic well),honon-assisted
tunneling (PAT), or fag-to-band tunneling (TBT). TBT requires a larger ele-field

than PAT [8].

5.1.3. Gate Induced Drain Leakage I5s)

Gateinduced drain leakage (GIDlls is a leakage mechanism that results fi
inversion of the drain extensi by the gate overlap region during channel accunau;
resulting in the conduction of minority carrier®rn the drain to the channel throu
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PAT, TBT, BTBT, and in the extreme caavalanche [1,1]0 A figure illustrating GIDL
is shown in Fig. 5.5 imnset (b: Gate-Inducediunction leakage (GIJL) expected to be

twice the GIDL.

PMOS Transistor GIDL versus GIJL

Viears Yon

Y oraNT Y DD VoraT Y on
< ,

X /

T LI T FT oy o A y
ALLUILIUIAUIUIL U LITVLIUILD /

Space Charge Regic (b) Inversion of Drain Region

Fig. 5.5: Gateinduced Junction Leakac(GIJL) versus Gatéaduced Drain Leakag
(GIDL). (GIJL) inset (a) is tice the gatenduced drain leakage (GIDL) of inset |
provided the source and drain are shorted to omthan and considered identical
nature. Adapted from [1(

For GIDL to happen the drain must be reverse bidsetthe well. In the case of ~
PMOS, as the gate is biased to form anumulation layer in the channemajority
carrier electrons are attracted to the channebsarforming a n+ region. This n+ regi
behaves as a region more highly doped than therlyimie substrate [1]. As majorit
cariers continue to accumulate at the channel sartae depletion width at the surfe
separating the channel from the drain bs to decrease as shown in Fig.: GIDL is
highlighted in inset (a) and shown in detail inehgb). This can be shown tlugh

Eq.5.4d with fixed applied bias. s either side of the p/n junction appear more Hi
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doped, theNpNa product in the denominator increases rapidly resulting in a rapid

decrease in the depletion width

As majority carriers continue to accumulate in the channel,utiace-depletion
width separating the channel from the drain continues to dece=saging in an increase
in the electric field between them [1]. While this is occurring gate region begins to
deplete the drain region directly below it. This overlap regionbscome inverted in the
worse case, which causes even more field crowding, therebwasiugethe possibility of
tunneling and in the extreme case avalanche [1]. When the diaversed enough and
the tunneling probability great, the minority n++ electrons cceatehe drain tunnel or
avalanche laterally to the n+ region in the channel aftectwtiiey are swept to the n-

region of the well.

The effect of GIDL with respect to drain/well doping is compécda Research
shows that GIDL is worse for devices containing moderate dopingevther electric
field between the drain-well and the depletion width tunneling volareeconsiderable
[1]. This occurs for moderately doped non-abrupt p/n junctions. In tildy,sthe source
and drain are shorted together and swept through reverse biassteppeng the gate to
high accumulation. The observed effect is called Gate-Induced-dninaakage (GIJL)
as shown in Fig. 5.5 (a) because it occurs at the surface oftHmtsource/well and
drain/well junctions. Both source and drain are identical and asulh @SL (JgiyL) is

considered to be twice the GIDIsp.) of each device.
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5.2. MOS-Gated-Diode and Expected Trend

Now that p/n junction leakagé;), surface generation leakade) [during channel
depletion, and GIDLI§) during channel accumulation have been discussed, the reverse-

bias leakage mechanisms expected during MOS-Gate-Diode muastiras a function
of Vg and, as a result, expected duri@gc can be listed. One should note that to
effectively model the devices in this study, one would have to mdu#fyrultiplication
coefficient of each component so as to account for the multipleesanctdrain contacts
due to metallization as was discussed in Chapter 1. The devittes study will not be
modeled. As a result, MOSFETs containing a single source and dgingie are

considered for simplicity.

JrRWedlv, < =3¢ = 2Ipifs + 2srul + Jsru—chan(Ve) + Jai (Ve) (5.8)

Notice from Eq. 5.8 at fixed/a (Va <-3p and one would expect all leakage
components to increase in absolute magnitude with increasing révas$¢hat thelp e
and Jsgn are independent ofg; that a multiplication factof "has been used to account
for additional generation current due to high electric field indu€iRg PAT, and TBT
mechanisms [8]; thalsgrn-chaniS dependent oWg and will only occur during channel
depletion; thatlg ;. is dependent oNg and will only occur in high accumulation. The
MOSFET in inversion, depletion, and accumulation and the resultinghtisrdustrated

in Fig. 5.6 at fixed reverse bias.
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Fig. 5.6: Three regions of operation for MOS-Gated-Diode leakage.

5.3. Experimental Results

5.3.1. Source/Drain-to-Well Reverse Bias Leakagel¢2

Experimentally, the reverse bias diode currénwas evaluated for three
10 um x 10um Ge PMOS architectures (D1; G3; J2) by shorting the soundedieain
together, sweeping the source/drain-to-well from 0.2 V to -1.0 V meiments of 20 mV,
and measuring the resultimggs-wen current using a Keithley K4200 parameter analyzer.

The results of this analysis are shown in Fig. 5.7.
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Fig. 5.7: Reverse-bias source/drain-to-well leakage of threemi®& 10um Ge PMOS
architectures D1, G3, and J2.

Note that the absolute reverse Hiag-wen current, is approximately one order of
magnitude lower for the J2 architecture than the D1 architedtuaéso shows that the
leakage is more than source/drain area-dependent: the G3 arahid@caures have the
same source/drain area and perimeter, and the same contactheremly difference
between J2 and G3 is the source/drain contact distance from thregjate—21.5um for

J2 versus 3.0m for G3 as illustrated in Chapter 1.

The reverse-bias source/drain-well leakage current of J2gistlgligreater than
1 pA in magnitude at a reverse bias of -1.0 V. This is six ordersaghitude greater
than similar silicon CMOS technologies, which tend to exhibit revbias leakage
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currents in the pA range. Fig. 5.7 reveals that when perfortgpigal Csc analysis, the
J2 architecture should be sought. This figure also raises aajueshiat is the dominant
leakage component of the J2 architecture? Why does the sourcetittant aistance

from the gate affect the reverse bias leakage?

5.3.2. Gate-Induced Junction Leakage (2)

Gate-induced-junction leakage analysis was performed on the &odsdest
architectures observed in the leakage results shown in Fig. this atudy: architectures
D1 and J2, respectively. Similar fieh x 10um Ge PMOS devices as shown in Fig. 5.7
were analyzed. The source and drain were shorted together aptfswe 0.2 V to -
1.0V in increments of 20 mV while stepping the gate voltage from 0 ¥.50/ in
increments of 0.5 V using a Keithley K4200 parameter analyzerrégugts are shown in

Fig. 5.8.

The reverse-bias leakage of each device increases as gaggevaltreases. This
behavior is easily observed at reverse biases as low as 108aodhd, the fact that the
GIJL increase is more rapid for the J2 architecture than therdltecture indicates that
the D1 architecture may already contain a significant amountnoieling or avalanche
leakage. Third, at a high source/drain-to-well reverse bidsOoV the observed leakage
currents for D1 and J2 are very close at @85and 76QuA, respectively indicating that
J2 barely outperforms D1 in extreme reverse bias case. One shouldatdypical MOS

operation of these devices occurs at a drain/well reverse bias of 1.5 V [9]!
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Fig. 5.8: GIJL of two 10um x 10um Ge PMOS devices: D1 and J2. The source and
drain are shorted together and swept from -1.0 V to 0.2 V while stegpngate from

0V to 1.5 V. Note that as thé; increases the reverse bias source/drain-to-well leakage
increases.

5.3.3. MOS-Gated-Diode Results

Gate-induced-junction leakage has been identified in Fig. 5.8. Of shtisr¢he
source-and-drain leakage at fixédss-wen @as a function of gate bias. This was evaluated
on 10um x 10um Ge PMOS devices architectures D1, G3, and J2. The source and drain
were shorted together and reverse biased at 100 mV while swebpirgate voltage
from -1.5V to 1.5 V in increments of 0.1 V using a Keithley K4200 paranaeiayzer.

The results are shown in Fig. 5.9.
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Fig. 5.9: MOS-Gated-Diode configuration showihg.s-wei leakage and GIJL.

Note again from Fig. 5.9 that thggs-wen leakage for D1>G3>J2 for all values of
Ve. When comparing J2 architecture to D1 architecture the leakageedife is again
about one order of magnitude. Note that the spread between G3 and éatés gr
inversion and decreases in the GIJL region gsapproaches 1.5 V. From Fig. 5.9 one
can observe the constant leakage trend from high inversior {1.5 V) toVs=0V
after which the leakage tends to increase rapidly due to chanpkdtetde surface
generation and to drop when entering accumulation. The location oéaewpthin this
transition indicates the beginning of transition from inversiodepletion/depletion-to-
accumulationVeeak= ~0.15 V. Flatband voltage can be determined t&dpe= ~0.5 V.

GIJL takes off rapidly after 1.0 V for all architecturessitiear that much leakage exists
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between the source-well and drain-well junctions. One should ask: thewdverse bias

is needed to avoid this leakage effect? Is a reverse bias of 100 mV too much?

To answer this question the most stable (less leaky) J2 atahitecas analyzed.
The source and drain were shorted together and reverse biaseduvellihiEhe reverse
bias was then stepped from 100 mV to 10 mV in steps of 10 mV whilepswgethe gate
voltage from -1.5V to 1.5V in increments of 0.1 V using a Keithld2®0 parameter

analyzer. The results are shown in Fig. 5.10.

10x10pum’ J2 Ge-PMOS Leakage and GIJL
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Fig. 5.10: MOS-Gated-Diode configuration showilhgks.wen leakage and GIJL stability.
Substantial pgs-wen leakage and GIJL occurs as low as 10 mV reverse bias.

Fig. 5.10 reveals that substantiglgs-wen leakage, channel depleted surface
generation, and GIJL occur f&Mpes-wen reverse biases as low as 10 mV. Special note

should be paid to the apparent spike in leakagés;at 0.15 V indicating the transition
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from inversion-to-depletion/depletion-to-accumulation. To place theakage in
perspective one should note that typical Ge-MOS transistor aperaticurs while
reverse biasing the drain at 1.5V [9]! Activation energyaetion of the J2 leakage at

eachVg will indicate which componentdgrr, Jsrr Jral) dominate a/a = -100 mV.

5.3.4. Activation Energy Extraction

As one may recall from Eq. 5.7 in this chapt&yicr o 02 and Jsgroc ni. As a

result one may write the temperature dependence proportionasitigsoavn in Eq. 5.9

and Eq. 5.9a.
Jpirr < exp(_EG/kT) (5.9)
Jsru % exp(_EG/ZkT) (5.9a)

The proportionalities in Eg. 5.9 and Eqg. 5.9a combined with Eqg. 5.7 indicate
temperature analysis during reverse bias will provide activatiergees of the dominant
leakage current. It is expected thgir will dominate at higher temperatures duenio

It is known that if high electric fields exisE{a> 1 x 18 V/cm) the energy required for
a generated carrier to surmount the potential barrier cdesbehan half the band gap.
The leakage involved in such a case is trap-assisted and lodit &F, PAT, or TBT
behavior. The nature of each reveals Babr> Ea pat> Ea 187 but since their effects
cannot be separated By extraction alone, any value less thHag2 will be considered
TAL. One therefore expects the following conditions duiiiagextraction as shown in

Eqg. 5.10 wher&go is the band gap (0.66 eV for Ge) at room temperature.
UbirriEa = Ego}; {]SRH: Ey = %EGO};{]TAL: E, < %EGO} (5.10)
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To determine the activation energies of the dominant current leaaygponent
at each gate potential the MOS-Gated-Diode configuration wasomsa 1Qum x 10um
Ge PMOS with J2 architecture. The source/drain-to-well ner@srse biased to -100 mV
while sweeping the gate voltage from -1.5V to 1.5V in incremen®.V using a
Keithley K4200 parameter analyzer. This measurement was pedorat low
temperature (25; 30; 35; 40; 50; 60°C) and high temperature (70; 80; 100; 125; 150°C).

The results are shown in Fig. 5.11.
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10 ~ -
}-v-v-v-v—v—v—v—v—v—v—v—v—v—v-i7-V‘V~v~v.v_v.v_v_v_v_v.v-v-v-E Temp (°C)
[ 1—m—25
e —e—30
5 ;.A.A-A-A-A.A.A.A-A-A-A-A-A-A-zx-A-A~A~A-A.A.A-A-A-A-A—A‘A |1 —4—35
< —v—40
O/
o 0-0-0. oo | —e—50
_g -o-o-o-o-o-o-o-o-O-O-O-O-O-O-I . 0-0-0-0-0-0-0"C D,D,D —4—60
5 1 . 5-0-0-0-0-0-0-0-0-0-0-0-0-0- -0""0U-0-g-g-g-0-0-0-- < A —o— 70
S (A4 AAAAAAAALAE -4“*<<<<444""/ —0—80
| 40404 00-6 .4—0’X 1 —~— 100
1—v—125
V-v-v-v-vY LA |
A ‘~A~X-X-X—A-:“,o’ A —o— 150
------- 0-0-0-0-0-0-0 0-9-0-0-0-9
'-'~=-=-=-=-=-=-I-l-l~l-l-l-l- gy ggut
| NI T T T T T | PR [T T (TN TR TN T |

-1.4-1.2-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 0.8 1.0 14 1.
Vv, V]

Fig. 5.11: Temperature dependence bfss-wen for 10um x 10um Ge PMOS J2
Architecture using the MOS-Gated-Diode configuration.

Note first from Fig. 5.11 that at lower temperatures the @gjion does not vary

much with increased temperature. Only as the temperature sw@¥s€ does the
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leakage level in the GIJL region begin to increase sharply Wdse that the increase in
temperature tends to shift the entire leakage curve up. The doneakagé component
at each gate potential may be extracted at high and low tetomgsraFig. 5.12 confirms
the domain of the low temperature region and the domain of the Imgietature region

by fitting the leakage current density\@t= 0 V to two exponentials.

1.00E+02
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B HighT
y = 7.890E+06e4-625E-01x Expon. (LowT)
%1 00E+01 R2 = 9.985E-01 —— Expon. (High T)
N
&
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<
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S1.00E+00 | | |
- 27 29 31 33 5
y= 6.776E+04e-3-223E-01x
R2=9,993E-01
1.00E-01

1/KT (1/eV)

Fig. 5.12:Log of Jr atVg= 0 V for 10um x 10um Ge PMOS J2 architecture using the
MOS-Gated-Diode configuration. Low temperature (25; 30; 35; 40; 50; 60°C) and high
temperature (70; 80; 100; 125; 150°C) domains are confirmed.

Fitting two exponentials to Fig. 5.12 reveals the low temperatoce hagh
temperature domains and reveals that fagr does not dominate for the high
temperature domain (0.33eVE high 1< 0.66 eV). Jsgy does tend to dominate at
Ve =0V forEa=0.32 eV. To get a better idea of which component dominates a¥gach
one can perform this extraction at each gate potential. This haslbee and is shown in
Fig. 5.13.
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Fig. 5.13:Energy extraction at each gate potential revealindghe, Jr-c, Jstenr, andJav
dependence.

Figure 5.13 reveals that at higher temperatdsgs does not dominate the overall
p/n junction leakage as expected. It is true that the ledkatgnds to increase at higher
temperatures (when compared to the low temperature case) andrthige attributed to
an increase in thdp e contribution. When looking at high temperature extraction one
can see that the dominant leakage component changes with appliedagatin lnigh
temperature extraction, there is a great shift downward (ay Weechannel passes into
depletion ¥ =0.15- 0.2 V as hypothesized) which can be attributed to an increase in
JsrH_chan leakage. This is followed by a decrease in generation (b) dudatonel
accumulation (up to ¥ = 0.6 V) and finally a roll-off (c) when entering the TAL GIJL

regime.
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Looking at the lower temperature extraction one sees tigalti, component
dominates in inversion (d) and tends to increase in contribution asatbdsgreverse
biased to -1.5 V. This was not expected. The low temperature eratso shows that
JsrH_chandominates at a gate potential between OV and 0.2V (e) as ekp&htEa
extracted decreases with higher accumulation (f) due to hegftriel field effects (PR,
PAT, TBT) representative of GIJL. Furthermore it looks atéf TBT mechanism does

not activateEa does not equal 0 eV ¥ =1.5V.

To explain why TAL dominates throughout most of the Fig. 5.13 one mayqise

5.11 below and the simulated doping concentrations of Niclkokis[9].

E= /% (5.11)
Calculating Emay at an applied voltage of -100 mV for Extension-Well; HDD-NVel
Extension-Halo; HDD-Halo results in  3.01 xX’M/cm;  3.01 x 18V/cm;

2.87 x 16 Vicm; 2.96 x 16 V/cm, respectively. These calculations are an over estimate
since the applied potential is expected to drop throughout the devipprivaah to these
regions. Despite such over estimation however, one can see thatisTprobable
(Emax> 1 x 16 V/cm) in the Extension-Halo and HDD Halo regions due to thegela
doping concentrations. The presence of TAL at -100 mV reverse biesnfsmed

throughEa extraction and is an unfortunate side effect of the dopingrezfjto prevent

short-channel effects in these Ge devices.

An aspect of further research includes the effect of disloc&®ensubstrates on
the leakage current mechanisms presented in this chapter. Alsaassed in theory, the

Joirr leakage component should dominate the Ge-PMOS reverse-bias p/n junction
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leakage. The nature of SRH theory suggests that fewer cpgstarbations (through the
reduction of dislocations formation) should decrease the apparent traipy ceems
thereby reduce thdsgy component. This should also reduce thg, observed in
inversion. Besides providing devices containing lower power dissipatidocation-free
substrates may also provide devices with superior drive currenta Assult, the
investigator is interest in fabricating this technology on disiondree substrates

currently available to research.

81



References for Chapter 5

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

K. Roy, S. Mukhopadhyay, and H. Mahmoodi-Meimand. 2003. Leakage Current
Mechanisms and Leakage Reduction Techniques in Deep-Submicrometer CMOS
Circuits.Proceedings of the IEERo0I. 91, no. 2: 305-32http://ieeexplore.ieee.org/
(accessed August 25, 2008).

International Technology Roadmap for Semiconductors. 2006. Process lotggrati
Devices, and Structures. 1-3ittp://www.itrs.net(accessed August 15, 2008).

R. F. Pierret. 1996emiconductor Device Fundament&dSA: Addison-Wesley
Publishing Company, Inc.

S.M. Sze. 2002Semiconductor Devices Physics and Technol8ygdition. India:
John Wiley & Sons, Inc.

D. Schroder. 1998 emiconductor Material Device Characterization Second
Edition. USA: John Wiley & Sons, Inc.

Y. Taur and T. Ning. 1998 undamentals of Modern VLSI Devic&SA:
Cambridge University Press.

S.M. Sze and K. K. NG. 200Physics of Semiconductor Devic&sBdition. USA:
John Wiley & Sons, Inc.

S. S. Sonde. 200Diode analysis of leakage current in advanced substrate material.
Master Thesis University of Applied Sciences Deggendorf. Faculty ofriekgc
Engineering and Media Technology.

G. Nicholas, B. De Jaeger, D. P. Brunco, P. Zimmerman, G. Eneman, K. Martens,
M. Meuris, and M. M. Heyns. 2007. High-Performance Deep Submicon Ge
pPMOSFETs With Halo ImplantdEEE Transactions on Electron Devicesl. 54,

no. 9: 2503-2511http://ieeexplore.ieee.affaccessed March 17, 2008).

[10] IMEC Internal. Gate Induced Drain Leakage (GID{accessed June 12, 2008).

82



Chapter 6

Germanium PMOSFET Cgc Parameter Extraction

Now that the behavior of the parasitic capacitance observeagd@sc
measurement has been characterized and minimized by ideniifyingain sources—
source/drain leakage from the low probes into the well during reversgisiaal ground
during AC is not absolute ground); surface generation during channetideplGIJL
during high accumulation—gate characterization can take place. characterization
incorporates—and is certainly not limited to—the extraction ofiresit capacitance
(Cexy), Intrinsic capacitance Cgco), and flatband voltage VEg) from the Cgc

measurement.

This chapter will discuss the extraction ©fxr, Ccco, andVeg as well as the
determination oEOT using the J2 architecture containing gate lengths @fid,05um,
and lum. Extrinsic and intrinsic capacitances non-idealities will digcussed first.
Identifying them prior to extraction will help quantify the acy of the parameters

determined in accumulation and inversion.

6.1. Extrinsic and Intrinsic Capacitance Non-idealities

Recall thatCsc behavior as defined in Chapter 2 Eq. 2.4 was comprised of the
ideal intrinsic capacitance, ideal extrinsic capacitance, lagharasitic capacitance due
to measurement setup. In reality this study shows @agtbehavior at fixed. x W is

represented by Eq. 6.1.

Coc (Ve Dlrixed w = Coco(Vg) + Crr(Ve, ) + Crxr(V, ) + Cpara (Vg, (6.1)
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The realistic extrinsic capacitan€gxr in Egq. 6.1 now includes a voltage and
frequency-dependent parasitic capacitance component due to soumc@&idiainto the
well during high accumulatiorCeara_cis). This study shows that the GIJL parameter is

minimized at the onset of accumulation. This is shown in Eq. 6.2.

Cext(Vg) = 2Cr(Vg) + 2Co + Cpara iy (Ve, ) (6.2)

The realistic parasitic capacitan€®,, in Eq. 6.1 now includes both a frequency-
dependent capacitance component due to source/drain leakage into theoumglhout
all Vg (Crara_sp and a voltage/frequency-dependent parasitic capacitance dystém

compensation and calibration throughout@l(Cpara_mea3. This is shown in Eqg. 6.3.

CPara(VG; f) = CPara_Meas(VG: f) + CPara_SD(f) (63)

The realistic intrinsic capacitance in Eq. 6.1 is the inversionctdapae. There is no

additional parasitic capacitance due to channel inversion. This is shown in Eqg. 6.4.

Ceco(Ve) = Cinv (Vi) (6.4)

Of final note, notice that there is an additional component in Eg. 6.1: the existence
of capacitance due to interface trapSi-a function of both voltage and frequency. This
study shows that these traps are observed during trap-gehetatent leakage at the
channel surface. They begin responding at the onset of depletion andsgiopding at
the onset of strong inversion. As a result their signature oGdbeneasurement allows
for easy determination ofVeg (accumulation/depletion transition) and/r

(depletion/inversion transition) for the largest channel devicearflfd 10um).
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6.1.1 Extrinsic and Intrinsic Capacitance Extraction of J2

Csc measured for J2 architecture of gate lengths @fri05um, and 1um have

been plotted together as show in Fig. 6.1.

W=10pum Ge-on-Si PMOS J2
L =10um
L =5um
1t
T
& L=1pum
8
Q
(@]
o
-
0.1___-
|
I
-15 -1.0

Fig. 6.1: Log of Csc for J2 architecture containing gate lengths ofui 5um; 1 um at
frequencies of 100; 185; 323; 568; 1000 kHz.

Notice first that theCsc curve shifts up at the gate length ofih. The source of this
upward shift has been identified as an increase in the reverseduase/well and
drain/well leakages resulting in an increas€ga,_sp In order to obtailCext one cannot

subtract thipara_spcomponent.
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According to theory, plottin€cc as a function o¥g for multiple gate lengths—
of the same architecture and frequency—reveals an intersectigacloCsc curve [2].
This intersection first occurs at the depletion/accumulation transand reveal€exr.
Cov may dominateCexr at this point [2]. As was shown by this study, however, trap
conductance is a function of gate length in these devices. Due @ tb@ntribution, the
Crara_spexistence, and their dependency on gate length this definition canosétbéo

determineCext in these devices.

As a result,Cexr is extracted at the transition between accumulation and
depletion. This point is referred to as the flatband voltageAihis pointCir does not
exist, Cpara_spis minimum (as observed during DC analysis), @agla_cis. does not yet
take over. The only source of parasitic capacitance comes ftoah
compensation/calibration and that@f.a_ sp TheCexr andVggfor the 10um, 5um, and
1 um devices have been extracted for frequencies containing théesin@l.. sp

(100; 185; 323; 568; 1000 kHz): the results are shown in Table 6.1.

Table 6.1 Summary ofCexr andVeg from Fig. 6.1.
Gate Length Parameter Frequency [kHz]
100 | 185| 323] 568 1000 MearPo Std Dev
10 um Cext[fF] 84.6 | 784 | 724/ 73.2 92.0 80.1 10.2
Ves[mV] 500 | 600 | 600| 600] 600 58 7.8
5um Cext[fF] 79.9 | 82.3| 73.8) 444 66.2 69.3 22.1
Veg[MmV] 600 | 600 | 600 | 500 | 600 | 580 7.8
1pm Cextl[fF] 98.0 | 101.9] 99.7 | 93.7| 102.3 99.1 3.5
Veg[mV] 1000| 700 | 700| 700| 1100 84d 23.2

Table 6.1 reveals thdlexr for the 10um and Sum devices resides within 88.3-54 fF.

The 1um device has been omitted due to the large percent standard dewvidtashand
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voltage. The exact value Gkxr could be less than 54 fF since source/well and drain/well
leakages still exist. It is clear, however, that this vakienore accurate than those
attainable using the D1 and G3 architectures. Also note th&ghe 580 +/- 45 mV for

the 10pm and 5um devices which confirm the DC results shown Fig. 5.9 of Chapter 5.

To determine the intrinsic capacitance and hence the inversiooiteapa, one
can mathematically subtra€ext and Cpsa from the entireCsec curve as shown in

Eq. 6.1. This results in Fig. 6.2.

W =10 um Ge-on-Si PMOS J2

2.2 T T T T T T T T T
50l L =10um ]
1.8+ .
1.6 100 kHz .
— 14T Freq Decreases T
u -,
o A
=
(@] -
@)
+ —
g
@) -
0.0 t f t f t t J ; I ;
-1.5 -1.0 -0.5 0.0 0.5 1.0 15
V.V

Fig. 6.2: Csco for J2 architecture containing gate lengths ofui 5um; 1 um at
frequencies of 100; 185; 323; 568; 1000 kHz.

Note from Fig. 6.2 that the capacitance due to interface trapsndoesist in inversion.

Also note that the inversion capacitance increases slightlyeagate voltage decreases.
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The source of this will be discussed shortly. The inversion capeaeitayy is determined

far from Veg. In this caseC,yy will be taken at -1.5 V fronVgg. The results are shown in

Table 6.2.
Table 6.2 Summary ofC\\v andV,yy from Fig. 6.2.
Gate Length | Parameter Frequency [kHz]
100 185| 323 568 | 1000Mean| % Std Dev
10 um Cinv [fF] 1843 | 1830| 1830| 1824 | 1812 1828 0.6
Vinv[mV] | -1000 | -900| -900] -900| -900 -920 4.9
5pum Cinv [fF] 939 930 | 927 949 924 934 1.1
Vinv[mV] | -900 | -900| -900] -1000 -90Q0 -920 4.9
1um Cinv [fF] 170 177 | 177 176 164 173 3.5
Vinv[mV] | -500 | -800| -800| -800| -400 -660 29.5

6.2. Effective Oxide Thickness Calculation J2
Effective oxide thicknessE(QDT) can be calculated theoretically and extracted
from Cinv as shown in Eq. 6.5 and Eq. 6.6 respectiviéb is the dielectric permittivity
of SiO,, Kuro2 is the dielectric permittivity of HfQ Ks; is the dielectric permittivity of Si,
& Is the permittivity of free spacé, is the gate area, ar@@lyy is the extracted inversion

capacitance fror€gc.

K K K
EOT¢iassicar = tuyo, <_KH?‘)(; ) + tox (_KZ;) + tsi (KLSX) (6.5)
2 i
Kox€oA
EOTyctuar = Z{;‘f (6.6)

EOTis a commonly used parameter to compare advancedtggke dielectric stacks to

the existing classical SiQgate dielectric technology. The Ge-PMOS in this study have

theoreticaEOT¢jassical Of 1.2 NmM as shown in Eqg. 6.7.
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3.9

3.9
EOTp1gssicas = 4nm (E) + 0.4nm + 0.6nm (11'9

= 1.2nm (6.7)
)

The actuaEOT using theCiyy values obtained in Table 6.2 are shown in Table

6.3.
Table 6.3 Calculation 0EOTacwa USINgCiny from Fig. 6.2.
Gate Length | Parameter Frequency [kHz]
100 185| 323 568 | 1000Mean| % Std Dev
10 um EOT[nm] | 1.87 | 1.89] 189 1.89] 191 1.89 0.6
5um EOT[nm] | 184 | 1.86| 1.86 1.82| 187 1.85 1.0
1um EOT[nm] | 2.03 | 1.95| 195 1.96/ 211 2.00 3.0

As one can see the classi&Tis 0.69 nm lower when compared to the extra&ed
of the 10um device and 0.65 nm lower when compared to the extr&@df the Sum

device. This averageOT difference of 0.67 nm is due to the inversion layer quantization

effect [3].

6.2.1 Inversion Layer Quantization

During Csc measurement of these devices in inversion the channel exper@ences
large gate-oxide electric field. This electric field, if Inignough, can result in inversion
layer quantum confinement due to band bending at the germanium-SiffseCiace.
When this occurs the inversion carriers behave quantum-mechanfasallg 2D gas
guantized in energy and location) resulting in an inversion layasseon from the
Ge/Si-SiQ interface [3]. This is becoming a significant problem in adedrgate stack
technology requiring even thinner effective oxide thicknesses. Tivsrsion layer
recession increases with increasing electric field (prapmatito the absolute magnitude

of the gate bias). It is for this reason that we observe anasernaCgsc as the channel
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becomes more inverted. As a result the theore®#@ll considering this quantum

confinement is shown in Eq. 6.8.

Kox
EOTQuantum = EOT¢iassicar t tee (Kz ) (6.8)

e

The new quantunEOT calculation allows us to account for inversion layer
guantization. Assuming that this quantization begins at the GedlgiiBierface and
taking the average 0.67 nBOT difference, one can calculate the depth of the inversion

layer within the Ge channel as shown in Eqg. 6.9.

te, = 0.67nm (ﬁi) = 0.67nm (%) = 2.04nm (6.9)

Ox

Theoretically, calculating the thickness of inversion layer gmatitin as a function of
applied voltage and technology requires that one iteratively solveS¢heddinger-
Poisson equations. This can be a numerically intensive task. Instemingfthis, the
2.04 nm hole quantization thickness is compared against the 3 nm hole dienbza
the Ge PMOS device reported by Law al. [4] in 2003. The well of this work was
simulated at 1 x 8 cm® with an EOT of 1 nm allowing comparison to the devices in
this study. When compared to the work of Letval. [4]—after considering the lower
well doping (~1 x 1& cm®) of the devices in this study—a 2.04 nm quantization
thickness is an acceptable approximation of the mismatch in tlvabrabhd measured
EOT. Solving the Schrodinger-Poisson equations iteratively is requirednfan-depth

analysis of the correction accuracy.
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Chapter 7

Conclusions

This study has characterized the gate-to-channel capacii@sgebehavior and
its relationship to source-channel-drain/well leakage of G&BMbuilt on relaxed
germanium-on-silicon technology. Specifically, it was found that cdmgedhe low
probes of theC-V unit to the source and drain induced a reverse-bias source/well and
drain/well leakage into the channel. This was unexpected due tarthal grounding
condition reported in th€-V user manual. This reverse-bias leakage was found to be a
function of gate potential, source/drain area, source/drain contataidrom gate, gate

length, and measurement frequency.

The parasiticCsc observed in this Ge-PMOS technology has been minimized.
Results show that further optimization is possible, for reverse-bias p/n jurediage of
the J2 architecture (1dm x 10um) occurs at reverse biases as low at 10 mV. This was
observed using the MOS gated-diode configuration. To the investg&taiviedge, this
is the first time in which a gated-diode configuration has hesa to characterize the
leakage components and mechanisms of a MOSFET and later tanettanon-
idealities observed duringCcc measurement. The MOS gated-diode configuration
revealed the leakage components and mechanisms of interest stutly and helped
identify a seventh leakage component of concern, previously ignored dypioglt

MOSFET operation [1]: channel generation current during channel depletion.

During parameter extraction it was revealed that thresholaggelextraction
using Cgc data is unreliable due to the contributionGf. As a result, flatband voltage
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(Veg) was targeted. At this voltage (~0.580 V) the parasitic cegyam® Cpara sp Was
minimum resulting in accuratérg extraction. UsingVeg, Vinv (Vinv = Ves - 1.5 V) and
hence inversion capacitandgyy) was found. Using this inversion capacitance, effective
oxide thickness EOT) was calculated. The averag®OT for 10um and 5um gate
lengths was extracted—using the inversion capacitan€gefas 1.87 nm. This value
is 0.65 nm greater than the 1.2 nm expe&@d. This difference revealed the presence
of a 2.04 nm inversion layer quantization which was confirmed by aintievices

published by Lowet al.[2].

This study revealed the correct methodGgt measurement and opened many
doors for further research. Such inclU@/ unit conductance and capacitance correction
due to error induced from Ge-PMOS grounding; architecture o@tiforzso as to reduce
trap assisted leakage; source and drain doping optimization so asidayate-induced
junction leakage; evaluation of trap-assisted leakages in devatmicated upon
substrates free of dislocations; source and drain contact optonizd as to reduce

reverse-bias leakage.

The investigator wishes to determine—with further research—dhet source of
these trap-assisted leakages. Are they created by tkedealeslocations from the Ge-on-
Si substrate? Are they by the addition of impurities during deaisecation? It is clear
from research that these devices exhibit excellent perform@d6k The investigator
believes that better performance can be obtained using substesesffthreading
dislocations [6]. It is quite clear that power dissipation willab&miting factor in the

implementation of these devices at the 32 nm node [7]. As a relalh&racterization of
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these leakage components, their mechanisms, and sources must baeetérims will

be investigated by the investigator during PhD studies to begin at IMEC in 2008
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