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ABSTRACT

In this thesis, firstly, germanium MOS capacitors using post deposition oxidation
method to form a thin GeOy interfacial layer by oxidizing Ge surface beneath an ALD
Al,O3 layer using high-k RTO was fabricated and analyzed electrically. The EOT
value was scaled down to 1.41 nm by PDO. Theory of the conductance method was
discussed in detail, and utilizing it to extract the interface state density. The post
oxidation deposition samples have less interface state density than thermal GeO,
samples, and the Dj; of GeO,/Ge MOS interface controlled by the GeOy thickness has
been studied. We think the less interface state density Is because of the thicker GeOy
interfacial layer and larger Ge®* peak which the higher post deposition oxidation
temperature grown. Interface state density was shown to be reduced through 300°C 30
minutes forming gas annealing, the D;; value has been reduced 16% ~ 44%. The
positive Vg shift and lower C-V hysteresis is shown in the samples after FGA. The
HfO,/Al,O3 gate stack with PDO 520°C 3min was selected to be the best condition to

fabricate Ge MOSFETS.



Secondly, we investigated the effect of FGA on Ge junction and device
characteristics, including both PMOSFET and NMOSFET. On/off ratio of our p'n
junction and PMOSFET reached 4 orders and 1.4x10° respectively, with better
subthreshold swing (165mV/dec) obtained after FGA. And on/off ratio of our n*p
junction and NMOSFET reached 3.5 orders and 2.3x10° respectively, with better
subthreshold swing (151mV/dec) obtained after FGA. For both PMOSFETSs and
NMOSFETSs, the larger series resistance and higher hole mobility are observed after
FGA, a peak hole mobility of 375 cm?/Vs after FGA is obtained. Pros and cons of
FGA at 300°C 30 min on both PMOSFET and NMOSFET were summarized
according to our experimental data. Positive Vgg shift, higher drive current, better
subthreshold swing and higher-hole mobility are obtained after FGA, while series
resistance is increased after FGA.

Finally, we investigated the effect of FGA on epi-Ge on SOl MOSFETs
characteristics, including epi-60nm Ge on SOI and epi-30nm Ge on SOI. For both
PMOSFETs and NMOSFETSs, the positive Vi, shift, better subthreshold swing, higher
on current, lower off current and higher Rsp are obtained after FGA. Also, the higher
hole mobility is observed, a peak hole mobility of 313 cm?/V/s for epi-60nm
PMOSFET and 194 em?\/s for epi-30nm NMOSFET after FGA are obtained.
Epi-30nm Ge on SOl MOSFETs have better subthreshold swing, while epi-60nm Ge

on SOl MOSFETSs have larger on current and higher hole mobility.
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Chapter 1

Introduction

1.1 General Background

In'1947, the first transistors were fabricated in Bell Laboratories using bulk
germanium as the semiconducting material by John Bardeen, \Walter Brattain and
William Shockley. Then, the integrated circuit which made of Germanium was
invented by Jack Kilby in 1958. Germanium was the predominant material for
solid-state devices through the 1950s and early 1960s. However, during the 1960s, the
first metal oxide semiconductor field effect transistors (MOSFETSs) fabricated by
Dawon Kahng and Martin Atalla was made of silicon, and then germanium was
largely replaced with silicon. There are many reasons why germanium was largely
replaced with silicon, such as the larger bandgap of silicon resulting in lower leakage
currents and the excellent quality and stability of thermal SiO; as a gate dielectric for
silicon compared with the water soluble and thermal instable GeO, [1]. Therefore,
Si-based MOSFETSs have become the driving force for the semiconductor industry in
the last four to five decades.

Recently, it has been increasingly difficult to further improve the performances
of Si complementary metal-oxide—semiconductor (CMQOS) devices through the
conventional device scaling [2]. The physical dimensions have been continually

reduced to double the number of transistors on a chip every eighteen months
1



according to Moore’s Law [3]. The decrease in transistor dimensions has led to
increase in microprocessor performance. With the reduction in device dimensions of
MOSFETS, silicon dioxide films, which used as a gate dielectric, have been scaled
down to keep the same control over the channel. Devices with thinner dielectric could
improve the short channel effect. But beyond the 16nm node, CMOS technology
using Si channel has encountered formidable challenges, as further scaling in the
transistors may not provide device performance advantages [4]. In order to maintain
Moore’s Law, mobility enhancement has become a key technology. Ge has been
considered as one promising candidate for replacing Si, because of not only its much
higher intrinsic carrier mobility but also the compatibility with the conventional Si

integration technologies.

1.2 Motivation

As shown in Table 1.1, the material properties of bulk Si, Ge, GaAs, and InAs at
300K are compared [5]. Germanium has better electron (3900 versus 1500 cm?/Vs)
and hole (1900 versus 450 cm?/V/s) bulk mobility for Ge over Si. The lower bandgap
(0.66eV versus 1.12eV) characteristic of Ge enables to lower the Schottky barrier
height and contact resistance than Si. However, Ge has several practical problems.
First, the lower bandgap of germanium resulting in higher leakage currents. Second,
Ge oxides are water soluble and thermal instable, they are easy to rinsed of during the
fabrication process. Third, it is difficult to achieve a high-quality oxide/Ge interface
due to the bad surface properties of Ge.

Recently, the Ge PMOSFETSs with high hole mobility values have been

demonstrated with thermally grown GeO, gate stacks due to the high quality GeO,/Ge
2



MOS interfaces [6]. However, the thick GeO, gate stacks may leads larger equivalent
oxide thicknesses (EOTS). In order to scale down EOT, development of
high-k/Germanium gate stack is necessary. High interface quality and small EOT is
essential for Ge to be used as an alternative high mobility channel material for future
technology nodes. Ge PMOSFETS have been realized with direct high-k/Ge gate
stacks [7]. Because of the poor MOS interfaces, these Ge PMOSFETSs show quite low
mobility values. Therefore, it is necessary to develop high-k/Ge gate stacks with both
thin EOT and low interface state density (Di;). Employing a thin GeO, interfacial

layer (IL) is a promising solution [8].

1.3 Scope and Organization of the Thesis

The promising high-mobility substrate material, Ge, was investigated in this
thesis. In this thesis, we focus on using post deposition oxidation method to form a
thin GeOy IL by oxidizing Ge surface beneath a thin atomic layer deposition (ALD)
Al,O3 layer using high-k rapid thermal oxidation (RTO). The thesis is divided into
five chapters and arranged as follows:

Chapter 1, a brief overview of background and motivation is described.

Chapter 2, Ge PMOS capacitors using post deposition oxidation method to form
a thin GeOy IL by oxidizing Ge surface beneath a ALD Al,O3 layer using high-k RTO
was fabricated, the dependence of the GeO,/Ge interface qualities on the post
deposition oxidation conditions such as post deposition oxidation temperature and
post deposition annealing ambient was investigated. Theory of the conductance

method was discussed in detail, and utilizing it to extract the interface state density for



different sample. The effect of forming gas annealing (FGA) on PMOS capacitors
was also investigated.

Chapter 3, both germanium NMOSFET and PMOSFET were fabricated using
post deposition oxidation method to form a thin GeOy IL by oxidizing Ge surface
beneath a ALD Al,O3 layer using high-k RTO. Effect of FGA on both NMOSFET
and PMOSFET junctions and device electrical characteristic was studied, including
Ib-Ve, Is-Ve, Ip-Vp, subthreshold swing and series resistance. The mobility extracted
from split C-V of both NMOSFET and PMOSFET were investigated, with and
without FGA.

Chapter 4, both germanium NMOSFET and PMOSFET were fabricated on
epitaxial Ge on thin SOl substrates with two different structures, respectively. Effect
of FGA on both NMOSFET and PMOSFET device electrical characteristic was
studied, including Ip-Ve, Is-Vg, Ip-Vp, subthreshold swing and series resistance. The
mobility extracted from split C-V of both NMOSFET and PMOSFET were
investigated, with and without FGA.

Chapter 5, we summarized all experimental results in this thesis, gave the

conclusions and suggestions for future work.
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Bandgap (eV)
Hole mobility (cm?2/V-S)

Electron mobility
Conduction band DOS
Valance band DOS Nv

Lattice constant (A)
Dielectric constant
Melting point (°C)
Dopant activation limit

Ge
0.66
1900
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Si
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GaAs
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Si: (4-6)E18

InAs
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Chapter 2

Ge PMOSCAP HfO,/Al,0O3/GeO,/Ge Gate Stack

Fabricated by Post deposition oxidation

2.1 Introduction

With the reduction in device dimension of silicon MOSFETSs, gate dielectric had
to scale down to keep the same control over the channel. In other words, the thickness
of S0, must continue to scale down with channel length. However, when the
thickness of SiO, decrease to less than 1.6 nm, gate leakage current becomes
significantly high due to direct tunneling. It appears that the continued scaling of
silicon MOSFETSs faced a physical obstacle. Replacing SiO, with physically thicker
layer of new oxide with higher k had become essential to Si.

Recently, the successful of high-k dielectric on Si had helped the development of
Ge MOSFET, because the gate dielectrics are no longer restricted to the thermal oxide.
Development of high-k/Ge gate stack with high interface quality and small EOT is
important for Ge to be used as a high mobility channel material. High-k gate
dielectrics like Al,O3 [1] and HfO, [2] have been studied on Ge, showing promising
results in terms of low EOT. Al,O3 has wide bandgap energy, large conduction and
valance band offset, and high thermodynamic stability. Also, Al,O3 has higher

dielectric constant value, it about 2.5 times than SiO,. HfO, also has large bandgap
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energy and band offset, and its dielectric constant value is even higher than Al,Os.
However, there is a problem in formation of the gate dielectric on germanium
substrate. Germanium oxide is thermally unstable and water soluble, eliminating the
formation of GeOy at the interface between high-k dielectric and Ge substrate is
important to form high quality gate stack on Ge. While direct high-k/Ge gate stacks
have poor interface quality, interface passivation become a key challenge to improve
the interface of high-k/Ge gate stacks. Recently, Ge MOSFETSs using thick thermally
grown GeO,/Ge gate stacks (EOT>20 nm) with low Dj; have been reported to provide
high hole and electron mobility [3]. To have gate stacks satisfying both thin EOT and
low Dj; Is necessary, employing a thin GeO; interfacial layer is a promising solution
[4]. However, because of the damages introduced by the high-k deposition, depositing
high-k films directly on an ultrathin GeO,/Ge MOS structure significantly degrades
the MOS interface and generates large amounts of Dj; [5]. It is very difficult to have
thin EQT and low Dj; simultaneously.

Using high-k RTO post deposition oxidation method to form a thin GeOy IL by
oxidizing Ge surface beneath a thin ALD Al;O3 layer is a promising solution. Al,O3
layer could be a protecting layer to prevent the damage introduced by the high-k
deposition to the GeOy IL, and it also could be an oxygen barrier that suppresses the
growth of unnecessarily thick GeOy IL [6]. It has been found that D;; at the GeO,/Ge
interface increases with a decrease in the thickness of the GeOy IL.

In this chapter, the Ge PMOSCAPs are fabricated on Ge substrate with
HfO,/Al,03/GeO,/Ge gate stacks by post deposition oxidation. The reason why we
didn’t use HfO,/GeO,/Ge gate stack is the intermixing between HfO, and GeOx films,
which may increase Dj; [7], almost no intermixing between Al,O3 and GeOy films.
Therefore, Al,O3 layer prevent not only the damage introduced by the high-k

deposition but also the intermixing between HfO, and GeOy films. The dependence of
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the GeO,/Ge interface qualities on the post deposition oxidation conditions such as
post deposition oxidation temperature and post deposition annealing ambient was
investigated. Theory of the conductance method was discussed in detail, and utilizing
it to extract the interface state density for different sample. The effect of forming gas

annealing (FGA) on PMOS capacitors was also investigated.

2.2 Fabrication of ALD- HfO»/Al;03/GeO,/Ge MOSCAP

(200)-oriented p-Ge substrates with resistivity ca. 0.01Q-cm ~ 0.05Q-cm were
used for MOSCAP fabrication.-Before gate dielectric formation, all of the samples
were pre-cleaned by diluted HF (20:1) and DI water rinsing to remove the native
oxide, followed by 10 cycles ALD-AI,O3 thin film grown on each sample at 250°C, a
thin GeOy layer being formed by RTO post deposition oxidation to passivate the Ge
surface, with oxidation condition 520°C 3min and 550°C 3min. A 50 cycles HfO,
layer was deposited by ALD at 250°C. Post deposition annealing at 500°C 60sec with
0, and Ny, respectively. Then,1000 A Ti/Pt was deposited by sputter and the
capacitors front electrodes were patterned through shadow mask, while a thermal
coater 4000 A Al layer was deposited as the backside contact.

Forming gas annealing (FGA) at 300°C in a H,/N, (5%) mixed ambient for 30
minutes was performed to investigate the effect of FGA on electrical characteristic.

The process flow and device structure are shown in Fig. 2.1, Fig. 2.2. And the

overview of all samples are shown in Table 2.1, Table 2.2,



2.3 Characteristics of Ge MOSCAP

2.3.1 C-V Characteristics of Ge MOSCAP

Fig. 2.3 shows the multi frequency C-V of Ge MOSCAPs with different PDA
condition. We can see that the MOSCAPs used post deposition oxidation GeOx have
smaller EOT than RTO thermal grown GeO,, which means Al,O; layer could be an
oxygen barrier that suppresses the growth of unnecessarily thick GeOy ILs. A negative
flat band voltage (Vrg) shift is often observed for Ge MOS capacitors, its origin has
not yet been addressed [8]. The positive Vg shift is shown in post depaosition
oxidation GeOy samples compared with thermal grown GeO,. The larger EOT is
shown in PDA O, condition compared with PDA N2, we think that the larger EOT of
PDA O; is due to the growth of thicker GeOy ILs.

Fig. 2.4 shows the multi frequency C-V of Ge MOSCAPs with different post
deposition oxidation condition. The EOT value was scaled down to 1.41nm for
HfO,/Al,O3 with post deposition oxidation GeOy, 520°C 3min sample. We can see that
the MOSCAPs with higher post deposition oxidation temperature have larger EOT
and hump become much smaller in depletion region, we supposed that the higher post
deposition oxidation temperature may increase GeOy interfacial layer thickness,
which lower the capacitance value but improve the interface quality. The smaller EOT
of gate stacks HfO,/Al,O3 than gate stacks Al,O3/Al,Osis due to the higher dielectric
constant of HfO,,

The oxide capacitance, EOT, flat band voltage and C-V hysteresis of all

conditions are shown in Table 2.3, Table 2.4.
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Although the interfacial layer GeO, gave the low density of interface states and
high comprehensive performance, a large amount of fixed charge was introduced at
the interface, which caused flat band voltage shifting that has not been systematically
investigated yet [9]. High density fixed charges would cause lower mobility by strong
coulomb scattering and shift of the threshold voltage.

The large C-V hysteresis is observed for our samples, more specifically for HfO,
gate stacks, is caused by bulk oxide traps and is not related to the passivation of the
Ge interface [10].

Fig. 2.5 (a) shows the Ge 3d XPS spectra of Al,O3Ge0O,/p-Ge with PDO 520 °C
30sec, PDO 520 °C 3min, PDO 550 °C 3min and RTO thermal GeO;520 °C 30sec.
We can see that with an-increase in the post deposition oxidation time or temperature,
the GeOy peak become larger, which means the GeOy layer becomes thicker. This
peak energy is lower than the core level of Ge**, indicating that the interfacial oxides
could include Ge suboxides. Fig. 2.5 (b) shows the deconvolution of GeOx peak to the
peak corresponding to each Ge oxidation state. We can see that with an increase in the
post deposition oxidation time or temperature, the Ge®*" peak become larger but the
Ge** peak remain the same. While the RTO thermal GeO, 520 °C 30sec sample has a

large Ge** peak, no significant components of lower oxidation states are detected.

2.3.2 Conductance Method

The conductance method, proposed by Nicollian and Goetzberger in 1967, is one
of the most sensitive methods to determine Dj; [11]. It is the most complete method,
because it yields Dj; in the depletion and weak inversion portion of the bandgap and

the capture cross-sections for majority carriers . Although Terman and high-low
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frequency capacitance methods could extract Dj;, they will largely overestimate the Dj;
value on Ge because of the humps caused by “minority carrier response” in the C-V
curve. Conductance method is based on measuring the equivalent parallel
conductance Gp of an MOSCAP as a function of bias voltage and frequency, the C-V
measurement applying gate bias a small sinusoidal voltage with frequency f and
amplitude 25mV, the conductance is representing the loss mechanism due to interface
trap capture and emission of carriers.

The simplified equivalent circuit of MOSCAP appropriate for the conductance
method is shown in Fig. 2.6 (a). It consists of the oxide capacitance Coy , the
semiconductor capacitance Cs, and the interface trap capacitance Cj; . The circuit can

be simplified as in Fig. 2.6 (b),

i Cit
Cp=Cst o ®. (2.1)
Gp _  qutitDit
P 1+ (wti)? (22)
Where
Cit= qZDit
o = 2xnf (f = measurement frequency)
and it = RiCit
The interface trap time constant, given by

AE

T = ! ekT (2.3)

1 yoN
Equations (2.1) and (2.2) are for interface traps with a single energy level in the
bandgap. But in reality, interface trap are continuously distributed across the bandgap.
Capture and emission occurs primarily by traps located within a few kT/q above and
below the Fermi level, leading to a time constant dispersion and giving the normalized

conductance as
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G D;
f =2qw—Ttitln[1+(wtit)2] (2.4)

From (2.2) and (2.4), conductance method is easier to extract Dj;than capacitance
based method, because it does not require Cs. For (2.4), when Gp/w is plotted as a

function of ®, the maximum appears at ® =~ 2/tj; and at that maximum
2.5 ,G
Dj; = ?(IP)MAX (2.5)
Gp/m plots are repeated at different gate voltage to determine Dj; from the maximum
Gp/® and determine tj; from © at the peak conductance location on the w-axis.
In the measurement, we assumed the device to consist of the parallel C., — G,

combination in Fig. 2.6.(c). The circuit gives Gp/® in terms of the measured

capacitance Cy,, the oxide capacitance C.x, and the measured conductance Gy, as

2
Cr el o (2.6)

® Gt 0% (Cox- Cm)?

AE
ekt , the interface trap time constant as a function of

. 1
According to ;= =
th

temperature determines the part of interface traps in the bandgap observable in the
MOS admittance characteristic. The traps located near to midgap could be observed at
higher temperatures, while traps located near the band edges could be observed at
lower temperature. And for small bandgap Ge, mid gap traps are able to be observed
at room temperature. The behavior of the interface trap time constant at room
temperature as a function of capture cross section iIs shown in'Fig. 2.7, which
determines the part of interface traps in the bandgap observable in the MOS
admittance characteristic. The electron thermal velocity, hole thermal velocity,
effective density of states of conduction band (N.) and effective density of states of
valence band (N,) are all taken into account.

Fig. 2.8 shows the 2.5Gp/wq versus frequency of Ge MOSCAPs with different

PDA condition. Fig. 2.9 shows the 2.5Gp/wq versus frequency of Ge MOSCAPs with
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different post deposition oxidation condition, and the measurement is performed at
room temperature. The peak value of each 2.5Gp/m( curve equals to the interface state

density, and the frequency corresponding to the maximum 2.5Gp/®@ can be converted

VthO_N

to energy in the bandgap by the equation AE = kTIn (?) Therefore, the interface

state density versus energy in the bandgap plots can be obtained by repeated at
different gate voltages to scan trap energies.

The value of capture cross section is assumed to be around 10™° cm? in this
thesis. Dj; profiles of each samples near midgap is shown in Fig. 2.10. We can see that
in Fig. 2.10 (a), the post oxidation deposition samples have less interface state density
than RTO thermal GeO,, while we observed that Ge 3d XPS spectra of thermal GeO,
samples have large Ge**peak; which means it is not necessary to have a large Ge**
peak to passivate high-k/Ge interface, the Ge®* peak shows better interface quality
than Ge** peak in our studies. Also, the O, PDA samples have less interface state
density than N, PDA samples, we think the reason of less interface state density may
because of thicker GeOy grown after O, PDA.

Fig. 2.10 (b) shows that the higher temperature of post deposition oxidation
samples have less interface state density than the lower temperature of post deposition
oxidation samples. The Dj; of GeO,/Ge MOS interface controlled by the GeOy
thickness has been studied [4]. We think the less interface state density is because of
the thicker GeOy interfacial layer and larger Ge®* peak which the higher post
deposition oxidation temperature grown.

The results shows more interface state density in the midgap, this phenomenon is
called “weak inversion response” [12]. In the weak inversion regime, the C-V and
conductance behavior becomes more complex, as shown in Fig. 2.11. In the weak

inversion regime interface traps can communicate with both the majority and minority
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carrier bands, as shown on the band diagram of Fig. 2.11 (a), due to the small
minority carrier time constant as the Fermi level located near midgap, the traps being
filled and emptied by the ac voltage near the Fermi level can communicate with the
minority band sufficiently fast and provide minority carriers to the band. When this
dual communication occurs it leads to a larger conductance response than the typical
depletion response.

The presence of the weak inversion response within the typical 1kHz to 1IMHz
measurement frequency window depends on the bandgap energy, the capture cross
section and the temperature. For the Si/SiO, interface this effect has been shown to be
present at lower frequencies at room temperature, not to occur in the 1kHz to 1MHz
frequency window. But for small bandgap materials like germanium, the weak
inversion response will be shown to be present in the 1kHz to 1IMHz window.
Therefore, conductance method for Ge MOSCAPs will overestimate the interface

state density.

AE
From the interface trap time constantz;,= = 10N ext, the smaller bandgap material,
th

larger capture cross section and higher temperature lead weak inversion response
more significant. Thus, the low temperature measurement can alleviate the dual

communication.

2.4 Effect of FGA on Electrical Characteristics

We employed low temperature 300°C forming gas annealing in a H,/N, (5%) mixed
ambient for 30 minutes to improve the interface quality. Fig. 2.12 shows the multi

frequency C-V of Ge MOSCAPs with different post deposition oxidation condition

15



after FGA, we can see that the hump becomes smaller in depletion region, and EOT is
slightly larger.

The oxide capacitance, EOT, flat band voltage and C-V hysteresis with different post
deposition oxidation condition before and after FGA are shown in Table 2.5 and
Table 2.6. The positive Vgg shift and lower C-V hysteresis is shown in the samples
after FGA, we supposed that the positive Vgg shift and lower C-V hysteresis is
because forming gas annealing lowering both fix charge and oxide trap charge.
2.5Gp/mwq versus frequency of Ge MOSCAPs with different post deposition oxidation
condition after FGA is shown in Fig. 2.13, and the D;; profiles of each samples near
midgap, with and without FGA, is shown in Fig. 2.14. We can see that the Dj; of all
samples are decreased after FGA, with a reduction of 16% to 44%, which means

forming gas annealing could improve the high-k/Ge interface.

2.5 Conclusions

Ge PMOS capacitors using post deposition oxidation method to form a thin
GeOy IL by oxidizing Ge surface beneath an ALD Al,O3 layer using high-k RTO was
fabricated, the dependence of the GeO,/Ge interface qualities on the post deposition
oxidation conditions such as post deposition oxidation temperature and post
deposition annealing ambient was investigated. Theory of the conductance method
was discussed in detail, including weak inversion response. The Ge 3d XPS spectra of
Al,O3Ge0,/p-Ge with PDO 520 °C 30sec, PDO 520 °C 3min, PDO 550 °C 3min and
RTO thermal GeO, 520 °C 30sec is shown, the increase of post deposition oxidation
time or temperature will larger the Ge®* peak. The Ge®" peak shows better interface

quality than Ge** peak in our studies.
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The EOT value was scaled down to 1.41 nm and a lower Dj; value was obtained
by PDO. The larger EOT but lower Dj; value was obtained by using O, annealing. The
positive Vg shift and lower C-V hysteresis is shown in the samples after FGA, and
the Dj; value has been reduced 16% ~ 44% after FGA. Finally, the HfO,/Al,O3 gate
stack with PDO 520°C 3min, PDA 500°C 60sec N, was choose to be the best

condition to fabricate Ge MOSFETSs.
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@®Cyclic DHF clean of P-Ge
®RTO thermal GeO, (for sample a and b)
@10 cycles ALD Al,0,
®PDO 520°C 3min GeO, passivation
(for sample c and d)
@50 cycles ALD HfO,
®PDA 500°C 60sec N,/O,
®Shadow mask define capacitor area
®Ti/Pt deposition
®Backside contact (Al)

Fig. 0.1 The process flow and device structure with different PDA condition.
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®Cyclic DHF clean of P-Ge

@10 cycles ALD Al,O,

®PDO 520°C/550°C 3min GeO, passivation
®50 cycles ALD Al,O, (for sample A and B)
®50 cycles ALD HfO, (for sample A and B)
®PDA 500°C 60sec N,

®Shadow mask define capacitor area
®Ti/Pt deposition

®Backside contact (Al)

®FGA (300°C, 30min)

» T '|.__ ke v e
P-Ge substrate

Fig. 0.2 The process flow and device structure with different post deposition oxidation

condition.
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No. Thermal | ALDAILO, PDO ALD HfO, PDA
GeO,
a 520°C 30sec | 10cycles 50cycles | 500°C 60sec N,
b 520°C 30sec | 10cycles 50cycles | 500°C 60sec O,
c 10cycles | 520°C 3min | 50cycles | 500°C 60sec N,
d 10cycles | 520°C 3min | 50cycles | 500°C 60sec O,
Table 0.1 The overview of a-d samples with different PDA condition.

No. ALD AI203 PDO ALD AI203 ALD HfO2 PDA

A 10cycles 520°C 3min | 50cycles 500°C 60sec N,
B 10cycles . | 550°C 3min | 50cycles 500°C 60sec N,
C 10cycles | 520°C 3min 50cycles | 500°C 60sec N,
D 10cycles | 550°C 3min 50cycles | 500°C 60sec N,

Table 0.2 The overview of A-D samples with different RTO condition.
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Fig. 0.3 The multi frequency C-V of Ge MOSCAPs with different PDA condition. (a)
RTO thermal GeO, 520°C 30sec with PDA 500°C 60sec N, (b) RTO thermal GeO,
520°C 30sec with PDA 500°C 60sec O, (c) post deposition oxidation 520°C 3min
with PDA 500°C 60sec N, (d) post deposition oxidation 520°C 3min with PDA 500°C

60sec O,
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Fig. 0.4 The multi frequency C-V of Ge MOSCAPs with different post deposition

oxidation condition. (a) Al,O3/Al,O3 with post deposition oxidation GeO, 520°C 3min

(b) Al,O3/Al,03 with post deposition oxidation GeO, 550°C 3min (c) HfO,/Al,O3

with post deposition oxidation GeO, 520°C 3min (d) HfO,/Al,O3 with post deposition

oxidation GeO, 550°C 3min
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No. C,y (U F/cmz) EOT (nm) V. (V) | Hysteresis (V)
a 1.34 2.58 -2.37 0.73
b 1.16 2.97 -2.26 0.7
Cc 1.63 2,12 -1.69 0.69
d 1.34 2.5% -1.74 0.7

Table 0.3 The C-V hysteresis with different PDA condition.

No. Cox (M Flem) EOT (nm) Ve (V) | Hysteresis (V)
A 1.21 2.85 -1.75 0.34
B 1.09 3.16 -1.66 0.36
C 2.45 141 -1.35 0.52
D 1.71 2.01 -1.38 0.49

Table 0.4 The C-V hysteresis with different post deposition oxidation condition.
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Fig. 0.6 Equivalent circuits for conductance measurements; (a) MOSCAP with
interface trap time constant tj; = R;i:Cj; , (b) simplified circuit of (a), (c) measured

circuit, (d) including series r; resistance and tunnel conductance G; .
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observable in the MOS admittance characteristic.
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(a) (b)

(c)

Fig. 0.11 A band diagram showing the weak inversion response (a) and the general
equivalent circuits used to model the MOS capacitor C-V and G-V characteristics
across the bandgap for an n-type capacitor. The first circuit (b) models one trap only:
Cox is the oxide capacitance, Ciy, the inversion capacitance, Cqep the depletion (and
accumulation) capacitance, Cr the trap capacitance and G, and G, electron and hole

trap conductances. For a distribution a series of Y-circuits is used (c).
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Fig. 0.12 The multi frequency C-V of Ge MOSCAPs with different post deposition
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No. Coy (M F/cmz) EOT (nm) Vs (V) | Hysteresis (V)
A 1.21 2.85 -1.75 0.34
B 1.09 3.16 -1.66 0.36
C 2.45 1.41 -1.35 0.52
D 1.71 2.01 -1.38 0.49

Table 0.5 The C-V hysteresis with different post deposition oxidation condition

before FGA.

No. Coy (W F/cmz) EOT (nm) Vs (V) | Hysteresis (V)
A 1.09 3.17 -0.62 0.19

B 1.04 3.32 -0.51 0.18

C 2.13 1.62 -0.58 0.48

D 1.56 2.22 -0.56 0.43

Table 0.6 The C-V hysteresis with different post deposition oxidation condition after

FGA.
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Chapter 3

Germanium MOSFET with
Atomic-Layer-Deposited HfO,/Al,O5/GeO,/Ge
Gate Stack Fabricated by Post deposition

oxidation

3.1 Introduction

Recently, it has been increasingly difficult to further improve the performances
of Si complementary metal-oxide—semiconductor (CMOS) devices through the
conventional device scaling [1]. To keep up with the performance growth which
indicated by the ITRS roadmap(2], device engineers need to introduce more and more
new materials [3], the high mobility semiconductor materials received interest in
MOSFET applications to pursue much higher device performance. Germanium is an
attractive candidate for channel material due to its high electron/hole mobility and the
compatibility with the conventional Si integration technologies.

However, a major problem which has retarded scaling of Ge devices is interface
passivation, unlike SiO, with a highly thermal stability, Ge native oxides are water
soluble and thermal instable, it is difficult to achieve a high-quality oxide/Ge interface
due to the bad surface properties of Ge. Another problem is Ge has a smaller bandgap

than conventional Si substrate, which resulting in higher junction leakage currents.
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Although Ge PMOSFETs with mobilities above 300 cm?V™'s™ have been
reported recently [4], Ge NMOSFETSs have exhibited poor drive currents and
inversion mobilities lower than universal Si mobility. The two main mechanisms of
NMOSFETs mobility and current drive degradation are the high interface state
density Dj; near the conduction band edge and the high source/drain parasitic
resistance [5]. Moreover, the significant electron trapping due to the interfacial band
alignment between the native oxide of Ge and the high-k dielectrics has been
suggested as a factor limiting the performance and the reliability for Ge NMOSFETs
[6]. Therefore, the passivation of the gate oxide/channel interface is needed to address
the Ge NMOSFETs performance problem.

In this chapter, both-germanium NMOSFET and PMOSFET were fabricated.
Effects of forming gas annealing (FGA) on junction or device characteristics are

discussed, including series resistance, subthreshold swing and mobility.

3.2 Fabrication of Gate-Last Ge MOSFET

(100)-oriented n-Ge substrate and (100)-oriented p-Ge substrate with resistivity
ca. 0.6Q-cm ~ 0.94Q-cm and ca. 0.010Q-em ~ 0.05Q2:cm were used for Ge PMOSFET
and Ge NMOSFET fabrication. All of the samples were pre-cleaned by successive
diluted HF (20:1) and DI water rinsing to remove the native oxide, then a
420-nm-thick SiO; layer was capped for the field oxide by PECVD.

First, the source/drain region was opened through the first mask, followed by
implantation of the Boron (1x10*° cm, 20 keV) into the n-Ge and Phosphorous (1x
10™ cm?, 20 keV) into the p-Ge, with dopant activation condition 500°C 10 second

and 600°C 10 second, respectively. Next, active area (AA) was opened through the
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second mask, after that, an 10 cycles ALD-AIl,O3 thin film grown on each sample at
250°C, a thin GeOx layer being formed by post deposition oxidation to passivate the
Ge surface, with oxidation condition 520°C 3min. A 50 cycles HfO, layer was
deposited by ALD at 250°C, post deposition annealing was performed at 500°C 60sec
with N». Right after dry etching the contact hole on S/D region through the third mask,
a 400nm Al metallization was performed which was then patterned to define metal
pads through the fourth mask. Finally, a400nm Al layer was deposited as the backside
contact.

Forming gas annealing (FGA, 300°C, 30 min, H2/N»=5%) was performed to
investigate the effect of FGA on electrical characteristics.

The process flow and device structure are shown in Fig. 3.1.

3.3 Effect of FGA on Ge MOSFET Electrical Characteristics

3.3.1.Ge junction Characteristic

Fig. 3.2 (a) (b) showed the junction of PMOSFET and NMOSFET, before and
after performing 300°C FGA, respectively. For PMOSFET, the reverse bias leakage
current density (Jr) at -1V are 8.5x10° A/cm? before FGA and 1x10% A/lcm? after
FGA, while the forward bias current (J¢) at 1 V are 1.2x10? A/cm? before FGA and
9.5x10" A/cm? after FGA, on/off ratio about 4 orders is achieved. For NMOSFET, the
reverse bias leakage current density at 1V are 1.1x10 A/cm? before FGA and
9.6x10°° A/cm? after FGA, while the forward bias current at -1 V are 5.8x10" A/lcm?

before FGA and 3.1x10* A/cm? after FGA, on/off ratio about 3.5 orders is achieved.
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The higher reverse leakage current compare to Si devices is because of the lower
bandgap of germanium.

For both PMOSFET and NMOSFET, the forward bias current after FGA is lower.
We think the reason for the decreasing forward bias current after FGA is the higher

series resistance due to lower doping concentration caused by dopant diffusion.

3.3.2 Device Characteristic

The effects of FGA at-300°C on the PMOSFET and NMOSFET are shown in
Fig. 3.3 and Fig. 3.4, where the Ip-Vg and Is-V plots are displayed. For both
PMOSFET and NMOSFET, the better subthreshold swing (165mV/dec for
PMOSFET and 151mV/dec for NMOSFET) after FGA are observed, and the on/off
ratio about 1.4x10° for PMOSFET and 2.3x10° for NMOSFET are obtained. We
believe that the better subthreshold swing after FGA is due to the improved high-k/Ge
interfaces, the lower Dj; caused the smaller subthreshold swing. And the higher on
currents are observed for both samples after FGA, which may due to the better
interface quality and less coulomb scattering. The Ip-V¢ plots of both PMOSFET and
NMOSFET have higher off current compared with ls-Vg plots, which because of the
junction leakage. We can see a positive shift of Vgg after FGA, which may due to the
reduction of oxide trap and fix charge.

Fig. 3.5 shows the effects of FGA at 300 °C on the Ip-Vp characteristics on both
PMOSFET and NMOSFET. The PMOSFET has larger drive current after FGA,
which exhibit higher performance. The NMOSFET has lower drive current after FGA
at small drain voltage, but the drive current will become larger when drain voltage

grows higher. We think the reason of lower drive current after FGA at small drain
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voltage is the dopant diffusion causing lower dopant concentration, and the effective
tunneling barrier becomes large, which the drain voltage need become higher to lower
the effective tunneling barrier, shown in Fig. 3.6 (a). Fig. 3.6 (b) shows measured
resistance versus channel length on mask for PMOSFETSs, we extract the source/drain

series resistance (Rsp) by the Terada and Muta method:

L- AL

R,=R4+ Rgp= —m—mm88—
m ch SD WefreffCox (Vg' Vth)

+Rgp (3.1)

Where R, is channel resistance and Rgp is source/drain series resistance.
For both PMOSFET and NMOSFET, Rsp is increased after FGA, we think it due
to the more dopant diffusion and thus lower source/drain doping concentration.

To extract the effective mability, the effective mobility gives

L
ueff = M}gQ‘iinv (32)

Where the drain conductance is defined as

__ aIp
9a = 3

| Vos = constant (3.3)
Vps

And the measure of Qj,, from capacitance measurement

Qinv = f_VoiS Cec AVes (3.4)
The mobile channel charge density is determined from the gate to channel
capacitance, Cgc. Then Cge is measured using the connection of Fig. 3.7, the
capacitance meter is connected between the gate and the source/drain connected
together with the substrate grounded. For Vgs < V't (Fig. 3.7 (a)), the channel region
is accumulated and the overlap capacitances 2C,, are measured. For Vgs > Vr (Fig.
3.7 (b)), the surface is inverted and all three capacitances, 2C,, + C¢, are measured.
Fig. 3.8 shows the effect of FGA at 300 °C on Qj,, and gq for PMOSFET, we can
see a positive shift of Qi,, and gq curve after FGA, which may due to the reduction of

oxide trap and fix charge.
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Effective hole mobility versus inversion charge is plotted in Fig. 3.9, with and
without FGA at 300 °C. The higher effective hole mobility is observed after FGA,
which may due to the better interface quality and less coulomb scattering. We didn’t
show electron mobility, because the huge resistance causing large errors on I-V and
C-V measurement, which lead the measured electron mobility much lower than real
value.

The NMOSFET has shown poor drive current, there are a few mechanisms
behind poor NMOS performance. High source/drain parasitic resistance, inversion
charge loss due to trapping in the high-k gate dielectric and high interface trap density
are identified as the mechanisms for Ge NMOS performance degradation [7].

Since p-type dopants-in-Ge could be activated at lower temperature with small
redistribution, Ge PMOSFET demonstrations with metal gate electrode and high-k
dielectric have not been an issue, but the relatively higher thermal budget required
to n-type dope Ge causes significant junction diffusion, which lead to high
source/drain parasitic resistance [8]. The voltage drop across the high source/drain
parasitic resistance causes a huge reduction in the drain current, and the measured
mobility by the split C-V appears to be lower than the real value.

The GeO; bandgap was found to be ~5.1eV, the valance band offset was ~3.8 eV,
and the conduction band offset was ~0.6 eV. The low conduction band offset of GeO;
is a potential problem, which can cause severe charge trapping in the bulk traps of
Al,O3 and the slow traps at the GeO,/Al,O5 interface. The low conduction band offset
of GeO, and the band alignment is shown in Fig. 3.10, the electron trapping by the
slow traps and the bulk traps in the NMOS inversion regime. The carriers trapped in
the slow traps in the Ge NMOS inversion regime can cause a threshold-voltage shift.

Depending on the energy levels of the slow traps, the reemission of carriers
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may take longer than the gate voltage sweep speed, which will result in a flatband
voltage Vg shift in the C—V characteristics. Furthermore, the electron trapping takes
place in the inversion regime of the NMOS retarding the formation of the inversion
layer. The loss of inversion charge can cause lower lon and a lower extracted
mobility.

The charge neutrality level CNL close to the valence band edge and the acceptor
type traps in the Ge bandgap have been proposed as intrinsic problems for Ge
N-MOSFETSs [9]. The CNL in Ge is estimated to be only 0.09-0.08 eV above the
valance band maximum. As shown in Fig. 3.11, the charged acceptor and donor
dangling bond states are both located in the lower part of the Ge gap at energies
Eacc=Ev1+0.11 eV and Egon=Ey+0.05 eV. In most cases, the Fermi level is above the
acceptor and donor levels, which means that most of the acceptors are filled, building
a large negative charge at the surface. This may cause excess Coulomb
scattering thus degrading the channel mobility of Ge NMOSFET, it can be a
significant problem for Ge NMOS if the interface trap density is above 10 em > eV *

levels.

3.4 Conclusions

In Chapter 3, we investigated the effect of FGA on Ge junction and device
characteristics. On/off ratio of our p*n junction and PMOSFET reached 4 orders and
1.4x10° respectively (500°C 10 sec dopant activation, W/L = 100um/5um), with
better subthreshold swing (165mV/dec) obtained after FGA. And on/off ratio of our

n*p junction and NMOSFET reached 3.5 orders and 2.3x10° respectively (600°C 10
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sec dopant activation, W/L = 100um/5um), with better subthreshold swing
(151mV/dec) obtained after FGA. For both PMOSFETs and NMOSFETS, Rgp is
increased after FGA, The higher hole mobility is observed after FGA, a peak hole
mobility of 375 cm?/Vs after FGA is obtained.

Pros and cons of FGA at 300°C 30 min on both PMOSFET and NMOSFET were

summarized according to our experimental data. Positive Vg shift, better drive

current, subthreshold swing al e mobilit ed after FGA, while series

resistance is increa
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Cyclic DHF clean of Ge

4200 A Si0, isolation layer

1% litho. and B/P imp.  (20keV, 1E15cm™)
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2" litho. : define AA

10 cycles ALD Al,O;

PDO 520°C 3min GeO, passivation

50 cycles ALD HfO,
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3" litho. : define cont:

Fig. 0.1 The process flow and device structure of Ge MOSFET
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Chapter 4

Epi-Ge on SOl MOSFET with
Atomic-Layer-Deposited HfO,/Al,O5/GeO,/Ge
Gate Stack Fabricated by Post Deposition

Oxidation

4.1 Introduction

Silicon-on-insulator (SOI), means place a thin layer of silicon on top of the
insulator such as SiO,. SOI CMOS process can be readily developed due to the
compatibility with established bulk processing technology. The main advantage of
SOl devices over bulk CMOS is the very low junction capacitance, the source and
drain junction capacitance is almost entirely eliminated in SOl MOSFETS, hence SOI
devices have faster switching speed which improve devices performance. When the
silicon film is thicker than the maximum gate depletion width, it’s called partially
depleted SOI (PDSOI), the floating body effect in PDSOI reduced threshold voltage
at high drain voltage [1]. When the silicon film is thin enough that the entire film is
depleted before the threshold condition is reached, it’s called fully depleted SOI
(FDSOI). Floating body effect can be largely avoided in FDSOI devices, and the sub
threshold slope of FDSOI MOSFETS can be near the ideal 60mV per decade at 300K.
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For the small bandgap material Ge, the Ge MOSFET junction leakage is a real
concern, thin body Ge-on-insulator (GOI) is one of the solution. The advantages of
thin body GOI are low parasitic capacitance, immunity for short channel effects, and
low junction leakage current [2].

In this chapter, both germanium NMOSFET and PMOSFET were fabricated on
epitaxial Ge on thin SOI substrates with two different structures, respectively. Effect
of forming gas annealing (FGA) on device characteristics is discussed, including

series resistance, subthreshold swing and mobility.

4.2 Fabrication of Gate-Last Epi-Ge on SOl MOSFET

High resistivity SOI substrate (10-20 ohm-cm) with 50nm device layer was used
in this work. The device layer was trimmed down to 20nm and 30nm by growing and
etching thermal wet oxide. After standard cleaning and dilute HF dipping, trimmed
SOl substrate was introduced to UHVCVD chamber and baked at 900°C for 10
minutes. Next, 60nm and 30nm Ge layer was grown at 420°C and PDA was carried
out at 900°C for 10 minutes in high-vacuum ambient..

Fig. 4.1 shows the X-ray diffraction (XRD) data for epitaxial Ge on SOI
substrates. XRD peak is greater for epi-60nm Ge film, indicating higher quality and
lesser the dislocation density.

Fig. 4.2 shows TEM images of epi-60nm Ge on SOI. Lower dislocation density
with smooth surface is observed. And Fig. 4.3 shows TEM image of epi-30nm Ge on
SOI. High dislocation density exists in Ge film accompanying with high roughness.

Since stress in thicker film is greater than that in thin film; higher stress enhances
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dislocation movement during thermal annealing can be expected. Therefore, threading
dislocations are moved and annihilated by PDA.

Fig. 4.4 shows two different epi-Ge on SOI substrate structures that we used,
both structures were used for Ge PMOSFET and Ge NMOSFET fabrication. All of
the samples were pre-cleaned by successive diluted HF (20:1) and DI water rinsing to
remove the native oxide, then a 420-nm-thick SiO, layer was capped for the field
oxide by PECVD.

First, the source/drain region was opened through the first mask, followed by
implantation of the Boron (1x10" cm, 20 keV) into the n-Ge and Phosphorous (1x
10" cm?, 20 keV) into the P-Ge, with dopant activation condition 500°C 10 second
and 600°C 10 second, respectively. Next, active area (AA) was opened through the
second mask, after that, an 10 cycles ALD-AIl,O3 thin film grown on each sample at
250°C, a thin GeOx layer being formed by post deposition oxidation to passivate the
Ge surface, with oxidation condition 520°C 3min. A 50 cycles HfO, layer was
deposited by ALD at 250°C, post deposition annealing was performed at 500°C 60sec
with Na. Right after dry etching the contact hole on S/D region through the third mask,
a 400nm Al metallization'was performed which was then patterned to define metal
pads through the fourth mask.

Forming gas annealing (FGA, 300°C, 30 min, Ha/N,=5%) was performed to
investigate the effect of FGA on electrical characteristics.

The process flow and device structure are shown in Fig. 4.5.
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4.3 Effect of FGA on Epi-Ge on SOl MOSFET Electrical

Characteristics

The effects of FGA at 300 °C on the PMOSFETs with epi-60nm Ge on SOI and
epi-30nm Ge on SOI are shown in Fig. 4.6, where the 1p-Vg and Is-V plots are
displayed. For both epi-60nm Ge on SOI and epi-30nm Ge on SOl, the better
subthreshold swing and positive Vth shift after FGA are observed. We believe that the
better subthreshold swing.is-due to the improved high-k/Ge interfaces, the lower Dj;
caused the smaller subthreshold swing, and the positive Vth shift is because forming
gas annealing lowering both fix charge and oxide trap charge. The higher on currents
are observed for both samples after FGA, which may due to the less coulomb
scattering. The Ip-Vg and Is-V¢ plots have same off current, which means that epi-Ge
on SOI has no substrate leakage. The lower off current after FGA is observed, it is
because of the effective reduction of defects such as the bulk defects in epi-Ge on SOI
substrate.

Fig. 4.7 shows the effects of FGA at 300 °C on the Ip-Vg characteristics of
PMOSFETs for both epi-60nm Ge on SOI and epi-30nm Ge on SOI. Both of them
have larger drive current after FGA, which exhibit higher performance. Series
resistance is increased after FGA, we think it due to the more dopant diffusion and
thus lower source/drain doping concentration.

Effective hole mobility versus inversion charge is plotted in Fig. 4.8, with and
without FGA at 300 °C. The higher effective hole mobility is observed after FGA,

which may due to the better interface quality and less coulomb scattering.

59



The effects of FGA at 300 °C on the NMOSFETs with epi-60nm Ge on SOI and
epi-30nm Ge on SOI are shown in Fig. 4.9, where the Ip-V¢ and Is-Vg plots are
displayed. As the result in PMOSFETS, both epi-60nm Ge on SOI and epi-30nm Ge
on SOI have better subthreshold swing, higher on currents, positive Vi, shift and
lower off current after FGA. The NMOSFET has lower drive current after FGA at
small drain voltage, but the drive current will become larger when drain voltage
grows higher. We think the reason of lower drive current after FGA at small drain
voltage is the dopant diffusion causing lower dopant concentration, and the effective
tunneling barrier becomes large, which the drain voltage need become higher to lower
the effective tunneling barrier.

Fig. 4.10 shows the effects of FGA at 300°C on the Ip-Vp characteristics of
NMOSFETSs for both epi-60nm Ge on SOI and epi-30nm Ge on SOI. Both of them
have larger drive current after FGA as in PMOSFETS.

To compare the epi-60nm Ge on SOI and epi-30nm Ge on SOl MOSFETS in our
experiment data, we found that epi-30nm Ge on SOl MOSFETSs have better
subthreshold swing because of the better gate control ability of thinner body, while
epi-60nm Ge on SOl MOSFETSs have larger on current and higher mobility due to the

lower dislocation density:.

4.4 Conclusions

In Chapter 4, we investigated the effect of FGA on epi-Ge on SOl MOSFETs
characteristics. The positive V, shift, better subthreshold swing (464mV/dec for

epi-60nm PMOSFET, 307mV/dec for epi-30nm PMOSFET, 256mV/dec for epi-60nm
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NMOSFET and 252mV/dec for epi-30nm NMOSFET) are obtained after FGA. The
on/off ratio is about 7.2x 10" for epi-60nm PMOSFET, 3.3x10 for epi-30nm
PMOSFET, 3.4x10” for epi-60nm NMOSFET and 3.7x 10 for epi-30nm NMOSFET.
For both PMOSFETs and NMOSFETS, Rsp is increased after FGA, The higher hole
mobility is observed after FGA, a peak hole mobility of 313 cm?/Vs for epi-60nm
PMOSFET and 194 cm?/Vs for epi-30nm NMOSFET after FGA are obtained.
Epi-30nm Ge on SOl MOSFETSs have better subthreshold swing because of the
better gate control ability of thinner body, while epi-60nm Ge on SOl MOSFETSs have

larger on current and higher mobility due to the lower dislocation density.
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epi-30nm Ge on SOI.
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Chapter 5

Conclusions

In this thesis, we had shown Ge PMOS capacitors using post deposition
oxidation method to form a thin GeOy IL by oxidizing Ge surface beneath an ALD
Al,O3 layer using high-k RTO, the dependence of the GeO,/Ge interface qualities on
the post deposition oxidation.conditions such as post deposition oxidation temperature
and post deposition annealing-ambient was investigated. The Ge 3d XPS spectra of
Al,03Ge0,/p-Ge with PDO 520 °C 30sec, PDO 520 °C 3min, PDO 550 °C 3min and
RTO thermal GeO, 520 °C 30sec is shown, the increase of post deposition oxidation
time or temperature will larger the Ge** peak, and the large Ge®* peak could improve
high=k/Ge interface, the Ge** peak shows better interface quality than Ge** peak in
our studies. The EOT value was scaled down to 1.41 nm and a lower Dj; value was
obtained by PDO. The larger EOT but lower D;; value was obtained by using O,
annealing. The positive Vg shift and lower C-V hysteresis is shown in the samples
after FGA, and the Dj; value has been reduced 16% ~ 44% after FGA. Then, the
HfO,/Al,O3 gate stack with PDO 520°C 3min was selected to be the best condition to
fabricate Ge MOSFETSs.

We have investigated the effect of FGA on Ge MOSFETSs and epi-Ge on SOI
MOSFETs. On/off ratio of our p*n junction and Ge PMOSFET reached 4 orders and
1.4x10° respectively (500°C 10 sec dopant activation, W/L = 100pm/5pum), with

better subthreshold swing (165mV/dec) obtained after FGA. And On/off ratio of our
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n*p junction and Ge NMOSFET reached 3.5 orders and 2.3x10° respectively (600°C
10 sec dopant activation, W/L = 100um/5um), with better subthreshold swing
(151mV/dec) obtained after FGA. Also, the better subthreshold swing (464mV/dec for
epi-60nm PMOSFET, 307mV/dec for epi-30nm PMOSFET, 256mV/dec for epi-60nm
NMOSFET and 252mV/dec for epi-30nm NMOSFET) obtained after FGA. The
on/off ratio is about 7.2x 10" for epi-60nm PMOSFET, 3.3x10? for epi-30nm
PMOSFET, 3.4x10” for epi-60nm NMOSFET and 3.7x 10? for epi-30nm NMOSFET.
For both Ge MOSFETs and epi-Ge on SOl MOSFETS, Rsp and hole mobility are
increased after FGA, a peak hole mobility of 375 cm?/\/s for bulk Ge PMOSFET, 313
cm?/Vs for epi-60nm PMOSFET and 194 cm?/Vs for epi-30nm PMOSFET after FGA
are obtained. Epi-30nm-Ge on SOl MOSFETs have better subthreshold swing because
of the better gate control ability of thinner body, while epi-60nm Ge on SOI
MOSFETSs have larger on current and higher mobility due to the lower dislocation
density.

Finally, pros and cons of FGA at 300°C 30 min on both PMOSFET and
NMOSFET were summarized according to our experimental data. Positive Vi, shift,
higher on current, better subthreshold swing and higher hole mobility are obtained

after FGA, while series resistance is increased after FGA.
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