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Abstract

In this thesis, firstly, high-k/iGeO,/Ge capacitors .were fabricated and analyzed
electrically. Interface state density was-shown to be reduced. effectively through 300°C 30
minutes FGA, with value about 5%x10™ ¢m™eV/* near the midgap from either conductance or
Fermi-level efficiency method. By extrapolation of Int vs (Ep = E;) plot, o, and o, were
2.7-4.2x10°cm? and 7.8-9.6x10;'°/cm? respectively. BesidesD;; distribution in the bandgap
was extracted by means of low temperature measurement.

Secondly, from the experiences In high-k/GeO,/Ge capacitors, we successively
demonstrated the device characteristics of the inversion-mode Ge p-FETs with ALD-AIl,O3
gate dielectrics. GeO, passivation as well as no passivation sample had their high field
mobility 1.7X and 1.3X higher than the Si universal curve respectively. Also, better on/off
ratio (3.3 orders) and subthreshold swing (170mv/dec) were attained for Ge p-FET after
300°C 30 minutes FGA, resulted from lower reverse bias junction leakage and better interface
quality. Then, charge pumping was applied to reconfirm the results in Chapter two. D, after
FGA between Eepme and Eepp is 4.2x10%cm?eV* and \[o,0, was 5.4x10™° cm? for
500°C GeO, passivation sample. Furthermore, pros and cons of adding the GeO, layer were

summarized: lower Dj; value verified from either charge pumping or gated diode



measurement made the mobility higher for GeO, passivation sample, while it suffered from
more carrier-trapping due to border traps at the GeO,/Al,O3 interface and more severe
subthreshold swing degradation.

Finally, device characteristics of inversion-mode Ge n-FETs with ALD-Al,O3; gate
dielectrics were also demonstrated. SiO,/GeO, isolation as well as 700°C 30s dopant
activation did we obtain the lowest reverse bias junction leakage of 1.9x102 A/cm? at 2V and
magnitudes of the rectifying ratios reached 4.2 orders. On/off ratio of our n-FETs (W/L=
100pm/10um) reached 3 orders but series resistance larger than 1.7kQ) was extracted. It was
concluded that much severe n-FET performance degradation compared with p-FET could be
explained in terms of fast trapping at Ge/GeOsinterface, slow trapping by GeO,/Al,O3 border

traps and parasitic S/D series resistance.
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Chapter 1

Introduction

1.1 Scaling of CMOS Technology and Research Motivation

Not only the 1% transistor invented in 1947 by Brattain, Bardeen and Shockley but the 1*
integrated circuits developed in 1958 by Kilby were both made of Germanium. However, the
1 MOSFET fabricated in 1960 by Kahng and Atalla was made of silicon; they showed good
quality and stability of Si/SiO; interface while oxide of Germanium was soluble in water and
thermal instability. Because of plentiful supply of Si, Si-based MOSFETs have become the
driving force for the semiconductor industry“mn-.the dast four to five decades. Despite
architecture and working principle of-the-MOSFET have. remained the same, the physical
dimensions have been continually reduced to'double the number-of transistors on a chip every
eighteen months according.io0 Moore’s Law.-The decrease ‘in transistor dimensions has led to
increase in microprocessor: performance over. technologyw generations. Even so, the
conventional device dimension scaling cannot continue forever.

R. Chau, Intel Corporation, has demanstrated the scaling roadmap in the progress of the
Si MOSFETS, as shown in Fig. 1.1. At 90nm node, substrate engineering and uniaxial strain
technologies have been developed to enhance the carrier mobility in the channel. When
scaling down to the 45-nm node, high-k materials replacing ultra-thin conventional SiO, or
oxynitrides are introduced as alternative gate dielectrics for leakage concerns and reliability
issues. As devices are further scaled down, unfortunately, performance is no longer keeping
up with the scaling trend, as shown in Fig 1.2, which is related to the increase in parasitic
charges as the devices are scaled down.

Many novel device structures and materials are continuously proposed and explored

eagerly, in order to mitigate the huge scaling pressure required to improve device



performances. Alternatives to boost performance include Ge/lll-V channel materials, carbon
nanotubes, semiconductor nanowires and graphene. Among above advanced researches, the
feasibility of integrating various prevailing high-k dielectrics with high mobility channels is
the most promising since they can be integrated into a Si CMOS front-end process more
easily than the other alternatives.

As shown in Table 1.1, the material properties of bulk Si, Ge, GaAs, and InAs at 300 K
are compared [1]. Since Ge possesses 3x electron and 4x hole mobility than those of Si, it is
considered the potential candidate for p- and n-channel materials of high performance logic
devices. Actually, Ge will not be used for long channel transistors where mobility determines
the drive current or for those short channel.devices for which the high field saturation velocity
influences the drive current, Fig 1.3:"Nevertheless, Ge will be used in very short channel
MOSFETSs (beyond or at 22:nm node)-exhibiting.(quasi-)ballistic transport. According to M.
Lundstrom [2], the drive current is determined by the carrier injection probability which is
related to the mobility at low field, and that explains why Ge MOSFETS are expected to have
a higher drive current than SiMMOSRFETS for very short channekdevice.

Up to date, the promising device~characteristics:0f, Ge channels with either HfO, or
Al,O3 high-k dielectrics have been continually demonstrated, and the long channel
performance of unstrained device overtakes the universal hole mobility of Si transistor 3 times
at high electric field [3]. Therefore, it is believed the MOS capacitor and device properties

integrating various high-k dielectric materials onto Ge substrates are worth being studied.

1.2 A SWOT Analysis of Germanium for Advanced CMOS

In order to enhance the CMOS performance continuously, Cu/low-k and high-k/metal
gates have already been used, and it is predicable that the past few decades Si channel is
going to be replaced by other high mobility materials. Germanium has emerged as an exciting

alternative material for high-performance scaled CMOS. However, many difficulties are still

2



unsettled. The feasibility of Ge is discussed through the SWOT analysis [4].

Strength

The most obvious strengths of Germanium are its high carrier mobility and low band gap
nature. Bulk hole mobility (1900cm?/Vs) of Ge is the highest among all of the known
semiconductor material, while bulk electron mobility (3900cm?/Vs) is also high enough to
allow matched P- and n- MOSFET performance. Also, the lower band gap (0.66eV)
characteristic enables to lower the Schottky barrier height and thus lower the contact
resistance than the Si counterpart.

Ultra shallow P+/n junctions can be.achieved:by a pre-amorphization implant (PAI) prior
to the B implant. PAI can not only suppress the channeling.effect but enhance the activation
level 20-fold to 2x10%°cm™~0ne key-advantage.of Boron'doping in Germanium over Si is
Boron being almost diffusienless at the 400°C~600°C temperature range required for dopant
activation, so that junction depth < 20nm can be achieved.

Besides, mobility of Ge MOSFET can be further’ enhanced through strain. (100)
substrates with uniaxial strain for {—=11+/2] channelscan improve the hole mobility in Ge

by 2.2x. [5]

Weakness

Several critical aspects of Ge technology still need to be solved, including low n-type
doping, small band gap, and large lattice mismatch with Si, etc.

Low solid solubility and fast diffusion of n-type dopant in Ge is the main reason for low
activation level S/D doping (<5-6x1019/cm3), which causes larger sheet resistance and
contact resistance and largely degrades the NMOSFET performance.

Band-to-band tunneling or trap-assisted tunneling cause serious junction leakage

problem for the small band gap material, especially for high S/D doping required for

3



aggressively scaled down devices. Therefore, the junction leakage is a real concern and
alternative device geometries, such as thin epi-Ge on Si, Ge-on-insulator, or FINFETs are
necessary.

Virtual substrates of epitaxial Ge on bulk Si wafers offers significant advantages over
bulk Ge, such as lower cost, greater mechanical strength, lighter weight and increased
compatibility with existing Si processing equipment. However, lattice mismatch between Ge
and Si is 4%, which may cause serious dislocation problems for epitaxial Ge on the
mandatory Si substrate. It is reported that the final defect density is an inverse function of the
Ge layer thickness, so that threading dislocation density (TDD) in 100 nm thick layers cannot

get below 4-5x10%cm™ (4x10® cm™ for 300 nm fayers) [6].

Opportunities

Although the performance of Ge nMOSFETs is still unsatisfied, CMOS might come in
reach by combination with [H/V materials:such as InGaAs with.their extremely high electron
mobility. An attractive opportunity is the combination-of a.Similar gate stack starting from Si
as the passivation layer, with selective deposition.of‘both, Ge and I11/V channel materials in
trenches on STI Si substrates. Moreover, Ge devices other than MOSFETSs can offer added
functionality such as integrated optical interconnects and other optical components;

low-thermal budget Ge FETs can be integrated after BEOL for 3D-IC [7].

Threats

Even the n-type doping, Ge layer quality and passivation of Ge surfaces issues can be
solved, whether or not Ge will be used is still an uncertainty from the following three aspects:
timing, cost, and junction leakage. 1. Can the Integrated Device Manufacturers wait until Ge
technology has matured enough for integration in manufacturing? 2. Is it worth adding such

process complexity? 3. Will Si CMOS finally be beaten by Ge? It seems that Ge can hardly

4



match leakage performance of Si, as shown in Figl.3. It is also reported that I, in Ge is 100x

higher, but only a slight increase in lo, from simulation of a 15 nm L device. [5]

1.3 Scope and Organization of the Thesis

The promising high-mobility substrate material, Ge, is investigated in this thesis since
great progress in the deposition of high-k materials renews interest in high mobility substrates
as a transport channel combined with various high-k dielectrics. One of the largest obstacles
of Ge MOSFETSs is the high defect density at the Ge dielectric interface, which degrades drive
current, alters the threshold voltage, and increases the leakage currents. Therefore, surface
passivation of Ge is a key challenge to achieve high performance Ge MOSFETS. The thesis is
divided into five chapters and arrangedas follows:

Chapter 1, a brief overview of-the background and motivation is described. The
MOSFET scaling roadmap..and the probable ways to boost device performance for next
generation are mentioned. Next, one of the'most promising alternative channel materials, Ge,
is investigated through the SWOT analysis.

Chapter 2, GeO; passivation Ge*PMOS and~“NMQOS capacitors with different GeO,
growing temperature were fabricated, and emphasis was put on obtaining a high quality
interface for later application in the MOSFET gate dielectric. Theory of the conductance
method was discussed in detail, and utilizing it to extract the interface state density for
different passivation sample. Then, the effect of FGA on the admittance behavior of Ge MOS
capacitors was investigated. With the help of low temperature measurement, Dj; distribution
in the upper half band gap was illustrated.

Chapters 3, Ge PMOSFETs with and without GeO, surface passivation were fabricated.
Effect of FGA on the Ge p+/n junction and device electrical characteristic was studied. Also,
D;: of the two samples was examined by gated-diode and charge pumping measurement, to

reconfirm the value of Dj; extracted by the conductance method reasonable. Then, mobility

5



extracted from split-CV of our samples was compared with other published data. Finally,
CVS was done to test reliability of the two samples.

Chapter 4, Ge NMOSFETs with different thickness GeO, surface passivation were
fabricated, and we showed that SiO,/GeO, isolation layer was essential to reduce junction
leakage current. Then, mobility extracted from split-CV of our samples was compared with
other published data. Again, charge pumping and gated diode measurement were done to
attain the interface information while CVS was done to observe different trapping behaviors
of Ge NMOSFETs with different GeO, thickness.

Chapter 5, we summarized the experimental results in the thesis, gave the conclusions

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

Electron mobility
(cm?2/V-S)

Conduction band DOS
Nc (cm3)

Valance band DOS Nv
(cm3)

Lattice constant (A)
Dielectric constant
Melting point (°C)

Dopant activation limit
(cm=3)

ELECTRIC FIELD (v/cm)

Ge Si
0.66 1.12
1900 450
3900 1500
1.04E19 2.8E19
6E18 1.04E19
5.646 5.431
16 11.9
937 1412
P:(4-6)E19  P:(1-2)E20

9

GaAs
1.42
400

8500

4.7E17

7E18

5.653
13.1
1240

Si:(4-6)E18  Si

InAs
0.35
460

33000

8.7E16

6.6E18

6.058
15.2
942

. (1-3)E18

Table 1.1Material properties of bulk Ge, Si, GaAs, and InAs at 300 K are compared.



Chapter 2
Atomic-Layer-Deposited Al203 Dielectric Films on the Bulk

GeO, Passivation Germanium Substrates

2.1 Introduction

High-k Al,O3 is considered a potential alternative gate dielectric material on Si substrates
for application to metal oxide semiconductor field effect transistors (MOSFETS) because of
its wide band gap energy (ca. 8.8eV), large conduction/valance band offsets, and high
thermodynamic stability. Several reports have idescribed the characteristics of ALD-Al203
dielectric films grown on Si using trimethylaluminum*[TMA, Al (CHzs)s] as the precursor and
H20 as the oxidant because of the excellent ALD.mechanism and broad process window [1],
[2].In recent years, many investigators have studied the deposition of ALD-HfO2 high-k layers
on high-mobility Ge substrates [3] using.a variety of.oxidants in efforts aimed at enhancing
the driving current in MOSFETSs..However, the primary obstacle affecting the characteristics
of high-k/Ge structures is the presence of GeOy nativeoxides which degrades the Ge device
performance, leading to higher value of Dj; and thus lower mobility. Therefore, many efforts
have been devoted to surface passivation of the non Si/SiO; interface, including incorporation
of ultra-thin Si [4], AIN [5] and GeON [6]dielectric interlayers, plasma treatment with NH3
or PH3 [7][8], and more recently, GeO, passivation[9]. In this thesis, GeO, passivation is
adopted to passivate the Ge surface.

Interface passivation is a key challenge for realizing Ge/lll-V CMOS, and how to
evaluate the interface quality correctly is of great importance. The bandgap of Ge and Il1-V
substrates also affects the admittance characteristics in many aspects which are obviously
different from the Si-based devices. For that reason, correct interpretation of the routinely

used admittance characteristics becomes of paramount importance in Ge/lll-V technology.
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The admittance of an MOS structure is measured as a function of DC gate voltage and
frequency by applying a small AC signal and DC bias voltage on the MOS capacitor.
Admittance characteristics (C-V and conductance characteristics) are frequently used to
characterize crucial parameters of Si MOS capacitors such as the flatband voltage, fixed
charge, effective oxide thickness, doping level, and most importantly, the semiconductor
dielectric interface quality.

In this chapter, low-frequency C-V curves for high frequency measurement of Ge
MOSCAPs are first shown, followed by the conductance method to extract Dj; and the
estimation of capture cross section based on the Shockley-Reed-Hall theory. Next, the
admittance behaviors affected by FGA are diseussed.through the slope of the C-V curve, Gy/o
data, and more intuitionally, the“Fermi level movement. efficiency. Finally, D;; distribution

across the bandgap is illustrated with the-help-of low temperature measurement.

2.2 Fabrication of ALD-Al,O3/Ge0s/Ge MOSCAP

(100)-oriented P-Ge substrate and-N-Ge substrate with doping concentration 2E15cm™
(resistivity ca. 2Q-cm) and 1.5E14em=>«(ca. 10Q-cm) réspectively were used for MOSCAP
fabrication. Before gate dielectric formation, all of the samples were pre-cleaned by
successive diluted HF (20:1) and DI water rinsing to remove the native oxide, followed by a
thin GeO, layer being formed to passivate the Ge surface, with oxidation condition 500°C 10s,
550°C 10s on p-Ge and n-Ge. Next, an 80 cycles ALD-AI,O3 thin film was grown on each
sample at 160°C. Then, 4000 A Al was deposited by thermal coater and the capacitors front
electrodes were patterned through lithography and etching, while a thermal coater 4200 A Al
layer was deposited as the backside contact.

Forming gas annealing (FGA) at 300°C in a Hy/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.
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2.3 Admittance Behavior of Ge MOSCAP

For state-of-the-art Si/SiO,, Si/SION and even Si/SiO,/high-k MOS capacitors, interface
traps have a negligible contribution to the C-V characteristic and do not interfere with the
common parameters extraction. However, this is no longer the case when Si/SiO; interface
has been replaced by high-k/Ge or 111-V structure.

Interface traps alter the admittance characteristic in two ways. Firstly, the interface traps
modify the relationship between the gate voltages and interface Fermi level positions, causing
so-called stretch-out of the C-V characteristic. Since capacitance is directly determined by
band bending (band bending determines Cs), a stretch-out of the C-V results. Secondly, the
interface traps contribute admittance.to the MOS.admittance. Based on the equivalent circuit,

the relation between D;; and parallel’conductance.divided'y frequency (Gp/) is derived.

2.3.1 CV Characteristics.0f Ge MOSCAP

Relative to the Si MQS capacitor; high _frequency measurement of low band gap Ge
MOSCAPs shows low frequency ‘CV characteristics, as/predicted by Nicollian and Brews
several decades ago. Fig 2.2 depicts the-multi frequency and quasi-static CV for different

passivation Ge MOSCAPs, with EOT and Vj, calculated. Also, minority carrier response

times (tg = f}—D) [10] are calculated to be 0.07us and 0.16us, and the transition frequency
I

Cdep (1- ﬁ), at which the capacitance in inversion is midway between C,y and

f =
tran 2mCox TR Cox

HF capacitance Cyr are 167KHz and 79KHz for P-Ge and N-Ge respectively.
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2.3.2 Conductance Method to Extract Dj;

The common approaches toward extracting the value of D; for Si MOS capacitors,
namely the Terman and high—low frequency capacitance methods cannot be applied to Ge
devices adequately because the frequently observed “minority carrier response” causes humps
in the CV curve, which largely overestimates the D;; value. On the other hand, conductance
method is more accurate to extract since the substrate conductance Gg,y, is only contributed
from interface density, as seen in equivalent circuit model of Fig 2.3 [11].

The band diagram of a typical MOS structure is shown in Fig 2.3(e), where a gate
voltage Vg is applied between the metal and the semiconductor, which fixes the value of the
surface Fermi level. The C-V measurements consist. in applying on top of the static gate bias
voltage a small sinusoidal voltage with frequency fand amplitude of 25 mV. This small
periodic gate voltage causes.the bands-and-the surface potential in the semiconductor to
periodically move up and . down, causing the interface traps lying around the value of the
surface potential to fill and-empty. Only if<the traps around.the surface potential have a
characteristic response time that.is/ of the order-of the measurement frequency f can they
interact with the measurement ac‘signal~and affect.the total impedance of the MOS capacitor.
The capture and emission of carriers by interface traps is an energy dissipating process due to
the time lag of the interface trap occupation compared to the required equilibrium trap
occupation, and the lossy capture-emission process of carriers is modeled as a resistor (Rj) in

series with Cj.. The circuit can be simplified as in Fig. 2.2 (b),

—C. _ _ 9Dit _ . _ 9Dito’tit
Cp = Cjy+Cs = o) + Cs,Gp = Gjp = T on)? (2.1)
. 2 . 1 AE
Where Cit=q°Dj;, o=2xnf, f is measurement frequency and t;; = R;;Ci; = v &T the
th

interface trap time constant. From (2.1), conductance method is easier and the more direct
way to extract Dj; than capacitance based methods, since it is not necessary to know the exact

value of semiconductor capacitance Cs. From the circuit model, an important prerequisite is
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that capture and emission behavior only occur between the trap and majority carrier band
edge; in other words, it is invalid to extract D;; when Vg is biases at weak inversion region
and will be discuss later in details. Therefore, p-Ge and n-Ge are required to extract the lower
half and upper half bandgap, respectively, of the D;; profile.

By utilizing (2.2), Gp can be determined from the measurement (C,, and G,,) by eliminating

the oxide capacitance.

Ge _ Git _ __Cox"Gm (2.2)

® ® GmZ+®2(Cox—Cm)?

Equation (2.1) is valid for an interface trap with single energy level in the bandgap; in reality,
interface traps are continuously distributed across the bandgap. If the time constant dispersion

and trap energy level distribution across bandgap-are taken into account, eq. (2.1) is modified:

G Gj D;
L=l jm—;tlnu + (0130)?] (2.3)
When Gy/w is plotted as a“funetion of -f,, the-maximum.appears at f= % , and at that
it
maximum
25 .G
Dj; = ? (f)Max (2.4)

Gp/o plots are repeated at different gate voltages.to'scan trap energies to obtain an interface

state density distribution across the bandgap.

1 AE
ext ), the
VthGN

It is worthy to note that according to the emission time constant (t =

behavior of interface trap time constant as a function of temperature determines the part of
interface traps in the bandgap observable in the MOS admittance characteristic. That is, traps
located nearer to midgap become observable for higher temperatures while traps more located
toward the band edges become observable for lower temperature. For small band gap Ge,
midgap traps are able to be observed at room temperature; if decreasing the temperature, the
observable energy windows shift toward the band edges as shown in Fig 2.4, where the

effective density of states of the conduction (N.) and the valence (N,) bands, electron and hole
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thermal velocity, change in Ge bandgap with temperature are all taken into account.

Fig 2.5 illustrates the Gp/m versus f plots of our GeO; passivation Ge MOSCAPs, and
measurement is performed at room temperature. Gp/m curves are shown at the gate voltages
Fermi level is near the midgap where interface states are able to capture and emission with the
small signal AC bias. The peak value of each Gp/w curve corresponds to the interface state
density and thus Dj; as a function of gate voltage can be plotted. A tricky issue then arises,
how to transform the Dj; (Vg) into Di (E) plot? We are able to do so by two different

approaches. A first way is to utilize frequency corresponding to the maximum Gp/w; by the
equation AE = len(Vt:—;’N) combined with the value of maximum value of Gy/w, Dj; across

the bandgap can be obtained by repeated at-different gate voltages to scan trap energies. The
second way is to directly find the relation.between. gate veltage and surface potential by
quasi-static CV measurement ‘and Berglund 'integral, -and the surface potential can be

converted to energy in the bandgap by eq. (2.5) and(2.6)

Y C
0y = fVF(;(l — ?:f() dVg (2.5)
AN N
Er —E; = q((pS — (pB) and oy = ?ln (n_i) (2.6)

We chose the latter one eventually because in the first approach neither the value of
capture cross section nor its dependence on energy were known, in spite of the value of o is
assumed to be a constant of 10™°cm?in some papers. The results for integration of the QSCV
are shown in Fig 2.6. Then, the D profile of each sample near midgap before FGA is
demonstrated in Fig 2.7. We get the following conclusions: 1. 550°C GeO, passivation is
obviously better than 500°C GeO, passivation before FGA. 2. It exhibits symmetric Dj;
distribution for GeO, passivation, which is different from the asymmetric profile of Si
passivation (larger Dj; in upper half bandgap) [13]. 3. The result shows more interface states
in the midgap due to larger Gp/w peak value as more band bending in the depletion region.

This phenomenon is indeed so-called “weak inversion response”, for which the equivalent
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circuit in Fig 2.2(a) is not valid anymore; instead, the circuit should be modified as shown in
Fig 2.8[14]. In the weak inversion regime, interface traps can communicate with both the
majority and minority carrier bands because of the much smaller minority carrier time
constant as Fermi level located near the midgap, and the “dual communication” leads to a
larger conductance response than the typical depletion response. For the Si/SiO, interface, this
effect does not occur at room temperature in the 1 kHz to 1 MHz frequency window because
the time constants of that interaction are too large to happen. By contrast, small bandgap
materials like germanium, the weak inversion response is shown to be present in the 1 kHz to
1 MHz measurement range. Therefore, directly applying conductance technique to Ge
MOSCAPs will lead to overestimation of interface trap density.

Whether or not weak inversion-response is observed.within the typical measurement

window depends on the bandgap of the-semiconductor, capture:cross section of the trap, and

1

th®

AE
the temperature. From the émission time constant (z'= . exT), it is concluded that smaller

bandgap material, larger capture cross section, and higher temperature make the weak
inversion response more significant™ In our case of/Ge»MOSCAPs, low temperature
measurement is needed to alleviate the dual.communication.

Although frequency corresponding to the maximum Gp /o is not employed in
determining the position in the bandgap, it can be used to estimate the capture cross section

[15] by eq. (3.7), as shown in Fig 2.9.

1
Int = In +— (Er — E;) 2.7)

Vipon;
From our results, o, andoc, are extracted from n-Ge and p-Ge respectively with the
extrapolation of Int VS (Er — E;) plot, and larger o, (2.7-4.2x10™° cm? is obtained
compared with csp(7.8-9.6><10'16 cm?). The derived capture cross section is substituted into
the emission time constant so that Fig 2.4 can be illustrated. This value is extremely important

since it offers us the information about the part of interface states observable in the 1 kHz to 1
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MHz frequency window. However, the value of o will be double checked by charge
pumping measurement of Ge MOSFET to see if it is reasonable.

Parasitic series resistance arising from low substrate doping and contact resistances or
leakage through gate dielectric, can contribute measured admittance. They need to be
included in the equivalent circuit model as Rs and G; (Fig. 2.2 (d)) to extract the accurate
value of interface trap conductance and capacitance. In this thesis, however, we assumed the
two effects to be negligible because gate dielectric is quite thick (80 cycles ALD-AIl,03), and

no significant frequency dispersion is observed in the accumulation region of CV curve.

2.4 Effect of FGA on Electrical Characteristics

Fig 2.10 depicts the multi frequeney CV. curves and QSCYV after forming gas annealing
(FGA). It is concluded that.subsequent FGA processing effectively improved the interface
quality, since CV characteristics after FEGA“show deeper ‘“dip”” and frequency dispersion
becomes much less in depletion, region for each samples Also, the slope of CV curve in
depletion region reflects the interface quality; the-sample with FGA shows steeper slope
which stands for less stretch-out and much more efficient band bending as gate voltage
increases. Besides, CV hysteresis is expected to be lower after FGA which is attributed to the
effective D;; reduction.

Unfortunately, the peaks are not observed in the Gy/o versus plots after FGA (see Fig
2.11). Nevertheless, it is still rational to conclude that the interface state density apparently
decreases due to much lower Gy/w data in the 100 kHz to 1 MHz range. The relations
between gate voltage and surface potential after FGA are derived by integration of the
Berglund integral from QSCV, as demonstrated in Fig 2.12. For a given gate voltage
(corresponding to a given surface potential), we choose the minimum and maximum values of

Gp/o data in the 100 kHz to 1MHz range and interpret them as the lower bound and upper
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bound of Dy, as shown in Fig 2.13. The midgap Dj; value will be reconfirmed by charge
pumping measurement of GeO, passivation Ge MOSFET in the next chapter.

The amount of Fermi level movement with respect to a certain gate bias change reflects
the trap density level at the oxide semiconductor interface. High trap density hinders Fermi

level movement. Fermi Level Efficiency (FLE) [16] is defined as :% = %. Using the
G G
depletion width approximation for perfect oxide semiconductor interface, the amount of

band-bending can be calculated when applying a gate bias V:

= AN [2eGevs _ dos _ ( [2esaN ;)
VG VFB + Pg + Cox aN and FLE Ve 1+ 05 2Cox (28)
. d : : :
The ratio %should be quite close to 1 due to low substrate doping (~1x10™cm™) and high
G

Cox (~0.5uF/cm?). Comparisons“of the FLE of our.samples before and after FGA are
displayed in Fig 2.14, about,15~30%-enhancement of .Fermi.devel movement efficiency is

achieved by FGA. In reality; the existence of interface states affects the Fermi level position,

causing less band bending due to.an_ additional q—DC‘% term.” If Dj near the midgap is
0X

assumed to be a constant, denoted by Dy, , eq. (2.8) is modified as follows,

b -1
N [2tGe¢s | aDitq® de 2esqN_ 1 q®Dyt
Ve =V, 4= s S;FLE=—S=<1 ) 2.9
G P8+ Ps + Cox qN + Cox dvg + 95 2Cox + Cox (2.9)

Eq. (2.9) implies that FLE about 78% near the midgap corresponds to D,; 6x10™(cm?eV™Y),

which is quite consistent with the G,/ o data. Also, the Dj reduction is about
4.2~8.4x10" (cm?eV™), resulted from FLE enhancement 15~30% after FGA. Not only from
conductance method but from FLE do we get the same result; 550°C GeO; passivation has
better interface quality than 500°C GeO, passivation before FGA, but the two interfaces

become similar after FGA.
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2.5 Low Temperature Measurement of Ge MOSCAP

In order to obtain the full distribution of Dj; in the bandgap, conductance method is
applied at low temperatures. Measurements with temperature 77 K, 120K, 180K and 250 K
allow sampling of the Dj; within the Ge bandgap, because each temperature monitors a limited
part of the bandgap (Fig. 2.4). The multi frequency CV characteristics measured at 77K,
120K, 180K, 250K are shown in Fig. 2.15. Thermal generation (inversion response) almost
disappears at 77K and CV curves look steeper in the depletion region, while the hump due to
weak inversion response is still visible at 250K in C-V measurements.

Fig 2.16 illustrates the Gp/m versus f plots of our 550°C GeO; passivation Ge MOSCAP
at 77K and 250K. The peaks neither exist nor shift to higher frequency as gate bias moved
towards accumulation region. However, we interpret the largest Gp/m value to represent Dj; at
the specific position in bandgap (for-a-given gate voltage).«-The upper half bandgap Di
distribution of our 550°C GeO; passivation sample is'shown in Fig. 2.17, and weak inversion
response is suppressed with lower temperature measurement, as predicted before. Two
assumptions are made to get the distribution:~1.-Capture cross section is a constant for
different temperature and position in the_bandgap+ 2. Gate voltage and surface potential
relation is the same for room temperature and low temperature; to be more precise, QSCV
should be measured under low temperature to derive the corresponding Vi — ¢ relation.

At 77K, no frequency dependent flatband shift is observed, indicating that Dj; near the
conduction band edge should be very low for our 500 or 550°C GeO, passivation
PMOSCAPs. This is inconsistent with the result extracted from Fig. 2.17. From low
temperature Gp/m data of another gate voltage range (Fig. 2.18), peaks occur at higher
frequencies as gate bias is swept towards accumulation region, which means traps closer to
conduction band edge are probed. Dj near band edges should be 1-4x10cm?eV*according
to Gp/m data, and such low Dj; value explains the CV curve without “frequency dependent

flatband shift”. Nevertheless, the peak-observable range for 77K is Vg=-0.32~-0.38V
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(Ve=-0.32~-0.42V for 120K), which are slightly “lower” than Vs, and should not make the

Fermi-level of 1.5x10*cm™ n-Ge locate at the Dj; observable energy range at 77K (120K).

There still exist flaws in both approaches mentioned above, and we are facing a dilemma of

the correct extraction of D;; distribution. Therefore, further investigation is needed.

High frequency measurement of Ge MOSCAPs shows low frequency CV characteristics
at room temperature, so it is necessary to clarify how the minority carriers show up fast
enough to follow the ac signal. Two main mechanisms are responsible for this phenomenon:

1. Diffusion-induced inversion response. The diffusion-induced inversion generation
component becomes more important for smaller bandgap semiconductors or higher
temperatures. In the diffusion case sminority, carriers diffuse from bulk to surface
contributing to the inversion. at“the MOS interface. This response increases with
increasing intrinsic carrier.concentration (n;),-which is much larger for Ge as compared to
Si. The diffusion-indueed’ inversion response’ is‘modeled .by inserting a conductance,

Gaiff _ 9% Lmir 0§ - ; &
—= = — XL into'the equivalent circuit [17].
A KT Tmir Nma]‘

2. Generation-recombination <induced inversion response: Minority carriers are generated

through bulk traps in depletion segion, Which-1S moere prominent at lower temperatures

than the diffusion-induced inversion generation. An additional conductance % = o o N
s T

is added in parallel with the Ggs, as illustrated in Fig. 2.19(a) [17].
In strong inversion region, Gy, can de decomposed into Gy and Ggitr, Where Gg, dominates at
lower temperature and Gg;sr at higher temperature. It has been reported that the crossover
temperature is about 45°C [10] for Pt/HfO,/5E14 n-Ge MOSCAP, meaning that the leading
mechanism changes from Gg to Ggirr at 45°C. Because Ggigr X n? , Ggr ¢ nj, the activation
energy for diffusion induced inversion response is expected to be Eg while for
generation-recombination induced inversion E, should be E¢/2. Arrhenius plot of the substrate

conductance at 100 kHz and -1.2 V (180K, 250K, and 297K) of our 550°C GeO, passivation
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MOSCAP is shown in Fig. 2.19(b), and the extracted activation energy equals to 0.32eV,

showing generation-recombination induced inversion to be dominant at lower temperature.

2.6 Conclusions

GeO; passivation Ge PMOS and NMOS capacitors with different GeO, growing
temperature were fabricated. Theory of the conductance method was discussed in detail, and
utilizing it to extract the interface state density for different passivation samples. Dj; of each
sample was effectively reduced through FGA. Not only from Gy/w value but from Fermi
level efficiency did we attain similar result, Di; near midgap was about 5x10™ and 1x10%
cm?V?! with and without FGA- ‘respectively, “Also, o, (2.7-4.2 x 10*°cm?) and
6,(7.8-9.6x10™ cm?) could e extracted-by extrapolation of lnt VS (Er — E;) plot.

Low temperature measurement was-performed.to extract Dj; near band edges, with the
normally observed U-shaped distribution derived. However, the reason for unobservable
peaks was still unclear and further investigation was needed. We also utilized the Gy, biasing
in strong inversion to make the Arrhenius plot, proving.that activation energy equal to E4/2 at
lower temperature (<45°C). Generation-recombination induced inversion response is the
dominating mechanism that causes low frequency CV characteristics for high frequency

measurement at room temperature.
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Fig. 2.2 Multi frequency and quasi-static CV of Ge MOSCAPs before FGA are depicted. (a)
p-Ge, RTO 500°C 10s. (b) p-Ge, RTO 550°C 10s. (c) n-Ge, RTO 500°C 10s. (d)
n-Ge, RTO 550°C 10s.
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Fig 2.3 Equivalent circuit models for conductance measurements; (a) MOS capacitor with
single level interface traps, (b) simplified circuit of (a), (c) measured circuit, (d)
including series resistance and tunnel conductance due to gate leakage. (e) The band
diagram of a typical MOS structure is illustrated, with surface potential in the
semiconductor to periodically move up and down because of a small sinusoidal
voltage on top of the static gate bias.
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Fig2.4 The behavior of the interface trap time constant as a function of temperature
determines the part of interface traps in the bandgap observable in the MOS
admittance characteristic.
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Fig. 25 Gplo versus f of Ge MOSCAPs before FGA are depicted. (a) p-Ge, RTO 500°C
10s. (b) p-Ge, RTO 550°C 10s. (c) n-Ge, RTO 500°C 10s. (d) n-Ge, RTO 550°C

10s.
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Fig. 2.8 A band diagram showing the weak inversion response (left) 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 (middle) models one
trap only: Cyx is the oxide capacitance, Ci,, the inversion capacitance, Cs the
depletion (and accumulation) capacitance, Ct the trap capacitance, and G, G,
electron and hole trap conductance, respectively. For distribution of interface states
a series of Y-circuits is used (right).
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Fig. 2.11 Gy/o versus f of Ge MOSCAPs after FGA are depicted. (a) p-Ge, RTO 500°C 10s.
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Chapter 3
Inversion-Mode Ge p-MOSFET with

Atomic-Layer-Deposited Al203 Gate Dielectrics

3.1 Introduction

When Si complementary metal-oxide-semiconductor (CMOS) technologies gradually
scale to 22 nm node, the high mobility semiconductor materials receive renewed interest in
MOSFET applications to pursue much higher device performance. In particular, Ge and
I11-V-based channels with various prevailing igate dielectrics are promising structures to
replace the conventional Si MOSFETSs. Nevertheless, several formidable challenges remain if
we are to realize state-of-the-art Ge-devices. Adequate surface passivation with a low Dj;
value and larger junction leakage due to lower band gap are essential to be solved, which
make the high performance.Ge devices feasible. The junction leakage should be overcome by
alternative device geometriesysuch as thin epi-Ge on.Si, Ge-on-insulator, or FinFETs. Much
effort have been spent on the high guality.epitaxial.Ge [1]; however, difficulties still exist and
this is beyond the scope of the thesis. We adopt the GeO, layer experience from Chapter 2 to
passivate the Ge surface.

In this chapter, effects of inserting a GeO; layer and performing FGA on junction or
device electrical characteristics are discussed, including series resistance, subthreshold swing,
and mobility. Also, interface qualities for different samples are characterized by charge
pumping and gated-diode measurement; reliability issues for GeO, are investigated through
applying stress. Finally, the pros and cons of a GeO, passivation layer before high-k

deposition are summarized according to our experimental results.
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3.2 Fabrication of Gate-Last Ge p-MOSFET

(100)-oriented n-Ge substrate doped with Sb at level of 1.5E14cm™ (resistivity ca.
10Q-cm) was used for Ge PMOSFET 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 1% Mask, followed by implantation
of the Boron (1x10" cm™, 60 keV) into the n-Ge, with dopant activation condition 500°C, 30s.

Next, active area (AA) was opened through the 2" Mask, and the wafers were split into two
conditions: a no passivation sample and a.500°C.10s/GeO, passivation sample. After that, an
80 cycles ALD-AI,O3was deposited as the high-k gate dielectric. Right after excavating the
contact hole on S/D regionsthrough the-3'* Mask; a 400nm 'Al-metallization was performed
which was then patterned to define metal pads‘through the 4".Mask. Finally, a 400nm Al
layer was deposited as the backside contact.

Forming gas annealing (FGA;,300°C, 30 min, H,/Ns=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 p-MOSFET Electrical Characteristics

3.3.1 P*'N Ge Junction Characteristics

Figures 3.2(a) (b) display the effects of 300°C FGA on the junction characteristics of Ge
p-MOSFETSs for the two samples. The reverse bias leakage current density (Jr) at -2V for no
passivation sample are 1.4x10 A/cm? and 6.9x10° A/cm?, while the forward bias current at

2 V are 9.2x10° A/lem? and 4.7x10? A/cm?, without and with FGA respectively. On/off ratio
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of 4.8 orders is achieved, but junction leakage seems unacceptably high compared with the Si
device. We suppose that large value of Jr in this case originated mainly from the contribution of
the generation current, which is dependent on the level of substrate doping (1.5E14 cm™),
residual metal contamination after surface cleaning, bulk defects in the Ge substrate and the D
at the SiO,/Ge interface. Therefore, the lower Jr after FGA is attributed to the effective
reduction of the defects. On the other hand, an additional 300°C 90 minutes thermal annealing
is definitely to cause dopant diffusion, and lower doping concentration verified by series
resistance of the junctions (Figure 3.3) may account for the slight decrease of the forward
current (Jg).

To compare junction characteristics, between 500°C 10s GeO, passivation and no
passivation sample, junctions with.GeO, passivation showing lower J- and larger Jris inferred
to correlate with lower concentration-of-the S/D.region. Lower concentration causing larger
series resistance degrades the forward current, while-it widens the depletion width to induce
more generation current simultaneously. However, we are still.not clear about the extent of
oxidation enhanced diffusion” (OED) -of B .in--Ge, and/ itwrequires being under further
investigation. From the result of larger Jrfor GeO,. passivation sample, it can be mentioned in
advance that off current of 1p-V and the gated-diode current biased in accumulation are both

larger for this sample.

3.3.2 Basic Device Characteristics

Several studies have demonstrated that FGA or pure H, annealing can result in improved
high-k/Ge interfaces, and so did we obtain the same results in the Chapter 2. Utilizing the
conductance method, we did obtain a lower Dj; value of about 5x10*! cm2eV*and a better FLE
of at least 15% enhancement for the MOS capacitors after performing FGA at 300°C. Hence,
we anticipate that the fabricated p-MOSFETSs would exhibit enhanced performance as a result

of improvements on not only the p+/n junction but also the dielectric interface.
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Fig. 3.4 displays the Ip-Vp characteristics of the p-MOSFETSs with and without FGA. As
expected, the devices undergone FGA at 300°C exhibit superior performance with larger drive
current. From linear region of 1p-Vp curves for different gate overdrive and various gate lengths,
we are able to extract the S/D series resistance by the Terada and Muta method (see Fig. 3.5).
For the two samples, source/drain series resistance (Rsp) and G/S,D overlap (AL) are both
increased due to more diffusion of dopants and lower S/D doping, caused by addition 300°C 90
minutes thermal annealing.

Io-V characteristics of the p-MOSFETSs are shown in Fig. 3.6, where higher on current
(less coulomb scattering), lower off current (less defects), and better subthreshold swing (less
Di;) are observed for both samples. However, \GIDL becomes more severe after FGA for
p-MOSFETSs, with larger gate/drain overlapped region-and lower doping concentration taken
into consideration. The GIDl.Increases-a-half-order as Vp changes from -0.1V to -2.1V before
FGA; in contrast, it increases two orders after FGA. Consequently, we believe the latter
mechanism to be dominantgsince only slight-increase.of AL sheuld not be responsible for the
huge increase of GIDL and moderate doping density rather than too high doping does GIDL
occur (band bending much less than Egfor_high doping).

In Fig. 3.7, we compare Ip-V characteristics of the two samples. No passivation sample
shows higher on current (lower Rsp), lower off current (narrower depletion width), and better
subthreshold swing than the GeO, passivation sample. It is not fair to jump to conclusions that
GeO; passivation sample has inferior performance; instead, thermal budget of S/D dopants
should be kept the same at a more equal footing.

Fig. 3.8 demonstrates the gated-diode measurement to detect the interface state density
roughly. lgens are 6.6x10°A and 4.0x10°A for the no passivation and GeO, passivation
sample after FGA, respectively, indicating Dj; of no passivation sample is larger than that of
GeO, passivation sample.

Split-CV before FGA is measured to extract the effective mobility. Fig. 3.9 shows the

45



split-CV of the two samples. The effective inversion and depletion charge are the integration

of Cy and Cgyy, over Vg respectively, eq. (3.1).

\% \Y%
Qinv = fVF(; CgchG ; Qp = f ¢ CgdeG (3.1)

VEB
The effective mobility and effective electric field can be derived from Qjn, and Q, €q(3.2).

gal | E _ Qp+Qinv/M
off = ————
£

Heff = v~ ,11 = 2 for electrons and 3 for holes (3.2)

d )
The pesr - Eefr plot is depicted in Fig. 3.10 [2] and no passivation as well as GeO, passivation
sample have their high field mobility 1.3X and 1.7X higher than the Si universal curve
respectively, where higher mobility of GeO, passivation sample is attributed to the better
interface quality and less coulomb scattering.

An unusual phenomenon is_observed-where-mobility seems to degrade after FGA, as
demonstrated in Fig. 3.11. From our.data;the slope of Cc.is much steeper after FGA so that
Qinv becomes much larger at.the_same-gate bias, while drain conductance (g4) only increases
slightly. The much larger Qiny and little inerease of g, lead to. lower mobility after FGA,

which is not consistent with.the field effect mobility (g,, increases after FGA). We still need

more time to figure out the mechanisms behind it.

3.3.3 Charge Trapping Behavior of Ge p-MOSFETs

For Ge PMOSFET, the GeO, passivation sample shows more hole trapping than no
passivation sample under static stress V-V = -4V, caused by bulk traps in GeO, and border
traps at the GeO,/Al,O3 interface (see Fig. 3.12a). Besides, the y value of zafar model [3] is
extracted to be 0.17 and 0.22 for GeO, passivation and no passivation respectively. Smaller y
represents wider distribution of the capture time and more short time constant slow traps
existed, indicating ratio of early traps is larger for GeO, passivation sample, as depicted in Fig.
3.12b. Also, GeO, passivation sample shows a little more severe SS degradation under static

stress (Fig. 3.12c).
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3.4 Charge Pumping Applicability on Ge MOSFET

3.4.1 Review of Charge Pumping Theory

The charge pumping method requires fully functional MOSFETS as test structures. The
MOSFET source and drain are tied together and reverse biased with voltage Vg, while a time
varying gate voltage is applied to drive the surface under the gate into inversion and
accumulation. The charge pumping current is measured at the substrate, at the source/drain
tied together or at the source and drain separately.

At a certain energy level, the emission process is no longer capable of evacuating carriers
sufficiently fast from the traps to keep up.with the changing Fermi level and the equilibrium
distribution of carriers in the traps.can no longer be maintained (a non quasi-static condition
occurs). It continues until Vi 0r Vs, -is-reached, and then recombination takes place. Charge
pumping current is originated from the net recombination of eharge located between Eeme
(lowest energy level electrons being emitted as holes rush to,surface) and Eemp (highest
energy level holes being emitted as electrons rush-to-surface); making the carriers flow into

the S/D (substrate) larger than flow out of.it[4].

3.4.2 Average Dit and Capture Cross Section Extraction

Fixed amplitude charge pumping method was applied on the Ge p-MOSFFET (Fig. 3.13)
and the maximum value of Icp is used to estimate the mean Dj; near the midgap. Sufficiently
high frequencies (500 kHz- 2 MHz) were chosen to avoid the influence of traps in the high-k
dielectric in order to study the interface traps at the Ge-Oxide interface only. Charge pumping
current is proportional to the amount of interface traps located between electron and hole

emission levels, as expressed in eq. (3.1)

Eem,e ™
Icp =qA ffEemh D (E)dE or Icp =qAfDy (Eem,e - Eem,h) 3.1)
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Iep

Therefore, the average Dj; value between Eqp, . and Egpp iS Dy = , Where
! ’ qAf(Eeme—Eemn)
the position of Eqpy, e, Eemn Should be evaluated first, shown from eq.(3.2) to (3.4).
1 1
Eem,e B Ei + len (Vth,ecnnitem.e) ’ Eem,h N Ei B len (Vth,hcpnitem,h) (32)
|VTa—VFsl |VTH—VFsl
teme = TXTAFBtf; temh = TIZTAFBtr (3-3)

Capture cross section of hole and electron are still unknown quantities, but the geometrical

average of them can be calculated by extrapolating t, /t; so that I, becomes zero, eq. (3.4).

Ip = Af Dy (Eeme — Eemn) = 2gAf D¢ KT In( (3.4)

1

Icp Versus transition time are plotted in Fig. 3.14, and the t,/ts corresponding to zero I, current
are equal to 2.63x10™s and 1.29x107s for-GeQ; passivation and no passivation sample,
indicating that ,/c,c, are 54x10™° cm? and_14x10%° cm? respectively. The ,/c,0,
derived from conductance method for-500°C-GeO, passivation.is 4.6x107% cm?, with similar
result obtained from two different approaches. 54x10™® ¢cm? and.1.1x 10" cm? are substituted
into eq. (3.2) with t/t 100ns, AVa=1:3V, and (Eeme — Eemn) are 0.28eV (GeO,) and
0.24eV for the two samples. \Thus, D, after FGA{ between E.,. and Eepnp IS
4.2x10"cm2eV? for 500°C GeO, passivation=(consistent with the result from conductance
method) and 1.1x10*cmeV™* for no passivation sample.

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

characterization, but only a very small part of the Ge bandgap, close to midgap region, can be

scanned at room temperature. The interface trap density (chTpf’ #/lcm?) is strongly

underestimated because the traps near the band edges are not measured. Based on the
emission level theory, the positions of electron and hole emission level of Ge as a function of
t/t; at different temperatures are calculated, as shown in Fig. 3.15. It is concluded that
low-temperature measurements or transition times down to 6ns at 300K with high-frequency

setup of 1GHz bandwidth enable us to probe the Dj; closer to band edges [5].
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3.4.3 Dit Distribution in Ge Band Gap

The energy distribution of D;; is obtained by using variable rising time and falling time.
By changing t; while keeping t; constant, the energy is gradually swept through upper band
gap and Dj; at different electron emission energy (Eem ¢) Can be extracted. Likewise, by
changing t; while keeping t; constant, lower bandgap Dj; profile can be illustrated. Fig. 3.16
shows the I¢, versus base voltage graph for fixed t,, changing t; and fixed t;, changing t; [6].

They are converted to Dj; distribution according to eq. (3.5).

te dl te dl
Dit(Eeme) = _qA_linchP (t, constant) ; Dit(Eemp) = —qA—I‘;Tf?CrP (t; constant) (3.5)

Fig. 3.17 depicts the Dj; distribution in the Ge band gap, and the passivation sample truly
exhibits lower Dj; value. Symmetric distribution-is-attained and consistent with conductance
method again. Unfortunately,,we are-not-able to obtain the midgap profile. In order to make
the Eem e Eemn approach the midgap;-ti/t; much-longer than 100ns (at least 1us) should be
applied so that low frequeney measurement (lower than 50 kHz).is needed. For low frequency
measurement practical, annealing condition must be optimized.and our 100um?junction area

should be smaller.

3.4.4 Limitations of Charge Pumping on Ge

The biggest obstacle using charge pumping on Ge is that junction leakage and noise can
jeopardize charge pumping measurements, especially for large and defective Ge junctions.
The small voltage difference between S/D and bulk can be sufficient to cause leakage currents
to dominate charge pumping currents. For charge pumping measurements to be effective, it is
preferable to have well optimized and small junctions.

There exist issues for charge pumping at low temperatures related to electrical contacts.
The series resistance might increase at low temperature due to freeze-out of Schottky contacts,

while Charge pumping measurements are sensitive to excessive series resistance.
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3.5 Conclusions

In Chapter 3, we investigated the effect of FGA on Ge p'n junction and device
characteristics. On/off ratio of our p'n junction and p-FET reached 4.8 orders and 3 orders
respectively (500°C 30s dopant activation, W/L = 100um/10um), with better on/off ratio (3.3
orders) and subthreshold swing (170mv/dec) obtained after FGA. Charge pumping
measurement was done to obtain the midgap Dj information, and D,, after FGA between
Eeme and Eepp is 4.2x10"cm™?eV™ for 500°C GeO, passivation and 1.1x10%cm?eV*
for no passivation sample. Besides, ,/c,0, were 5.4x10° cm? and 1.1x10™° cm? for
samples with and without GeO, passivation respectively. Both Dit and Op0, Were
consistent with the results derived from conduetance method applied to MOSCSPs in Chapter
two, reconfirming the validity of cenductance method.

Pros and cons of adding.the GeOzlayer were summarized.according to our experimental
data. Lower D;; value verified from either charge pumping or gated diode measurement made
the mobility higher for GeO, passivationsample,. while /it.suffered from more severe
carrier-trapping due to border.traps at the GeO,/Al,O3 interface.and more severe subthreshold

swing degradation.
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Fig. 3.1 Process flow of Ge p-MOSFETS and their device structure.
52



_ 103 | no passivation |
e 500°C 30s dopant activation
K - —=— before FGA, n=1.22
<L | e after FGA, n=1.22
- 10 .
>
e
o 10 | .
]
5
£ 107 .
(&)
10'5 1 1 1 1 1
-2 -1 0 1 2
Voltage:(volt)
@
3
~«~ 10" GeOz2 passivation §
§ —=_— before FGA, n=1.24
< —e <after.FGA, n=1.32
= 1
- 10 1 .
>
2
o 10 .
]
g
E10°} :
=
(&)
10'5 1 1 1 1 1

Voltage (volt)

(b)

Fig. 3.2 |-V characteristics of p'n junctions activated at 500°C of the two samples, before
and after performing FGA. (a) No passivation (b) GeO, passivation
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Fig. 3.3 Series resistance extracted from pn junctions of the two samples, before and after
performing FGA. (a) No passivation (b) GeO, passivation
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Fig. 3.15 Positions of electron and hole emission level of GeO, passivation sample as a
function of t/t; at different temperatures are calculated.
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Chapter 4
Inversion-Mode Ge n-MOSFET with

Atomic-Layer-Deposited Al203 Gate Dielectrics

4.1 Introduction

Ge has become of great interest as a channel material for future technology nodes, owing
to its high bulk electron and hole mobility. Although high-k/Ge p-MOSFET with mobility 3X
higher than Si universal curve has been reported recently [1], the performance of promising
Ge n-MOSFETSs is still unsatisfactory with low extracted electron mobility. The mechanisms
of n-MOSFET degradation can. be explained.in.terms of.fast.trapping at Ge/GeO, interface,
slow trapping by GeO,/Al,Qg horder-traps and parasitic.S/D series resistance [2]. Passivation
of Ge interface and activation of n-type dopants-have been considered the major challenges to
achieve high performance Ge:CMOS.

In this chapter, SiO,/GeOg isolation is demonstrated«to be better than the SiO isolation,
with the underlying leakage paths ‘@and mechanisms analyzed. Then, the device electrical
characteristics of Ge n-MOSFET with different GeO, thickness are discussed, including series
resistance, subthreshold swing, and mobility. The interface qualities for different samples are
characterized by charge pumping and gated-diode measurement, in order to find the
correlation between interface quality and device characteristic. Reliability issues for GeO, are
investigated through applying constant voltage stress, and it is confirmed that low conduction

band offset of GeO, on Ge is a potential problem.
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4.2 Fabrication of Gate-Last Ge n-MOSFET

(100)-oriented p-Ge substrate doped with Ga at level of 2E15cm™ (resistivity ca. 2Q-cm)
was used for 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 550°C 60s GeO,
layer was added (for some samples) before 420-nm-thick SiO, layer capped by PECVD,
acting as the field oxide.

First, the (source/drain) region was opened through the 1% Mask, followed by
implantation of the P (1x10" cm™, 30 keV) into the p-Ge, while dopant activation condition
was 700°C, 30s. Next, active area (AA) wasropened through the 2" Mask, and the wafers
were split into two conditions: a.550°C 10s GeO, and“a 550°C 60s GeO, passivation sample.
After that, an 80 cycles ALD-Al,O3was deposited as the high-k gate dielectric. Right after
excavating the contact hole.on S/D region through the 3'“"Mask, a 400nm Al metallization
was performed which was then patterned to'define metal pads through the 4™ Mask. Finally, a
400nm Al layer was deposited-as the backside contact:

The process flow and device'structure are shown’in‘Fig. 4.1.

4.3 Result and Discussion
4.3.1 SiO2/GeQ:2 Isolation VS SiO2 Isolation

Junction characteristic of the Ge n-MOSFET with the same annealing condition but with
different isolation is discussed, in order to obtain a low reverse bias current of junction and
thus low off state current of MOSFET. It is believed that junction leakage is composed of area
leakage Ja below the drain and isolation leakage J,at the drain-isolation interface. Since it is
proved that GeO, passivation reduces the Dj; value, we expect the junction leakage to be

suppressed effectively. Figures 4.2(a) (b) demonstrate the comparison of junction 1V for
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different isolation and illustrations to explain the characteristic. Isolation with GeO,
passivation exhibits lower reverse current and larger forward current, which are explained by
less generation and less recombination occur when biasing in reverse and forward bias

respectively.

4.3.2 N'P Ge Junction Characteristics

The presence of an n*p shallow junction having an acceptable leakage current is critical
to obtain high-performance Ge n-MOSFETSs. Previous studies of P ion implantation into Ge
[3], [4] have revealed that an RTA temperature above 500°C is essential to achieve sufficient
dopant activation and full recrystallizationyof the amorphous Ge region. In this study, we
found that an annealing temperature of 500°C wasinsufficient to repair all of the
implant-induced damage. Raising the-temperature to 700°C.decreased the value of Jr to
1.9x10 A/cm? at 2V, a reduction of more than oné order 6f magnitude relative to the 500°C
annealing but with similar.Jg, as indicated<in Fig..4.3(a).. The junction characteristic of
n-MOSFETs with different GeOathickness Is comparéd in/Fig. 4.3(b) with on/off ratio of 4.2
orders in both cases, but junction leakage-seems unaceeptably high compared with the Si device.
Not much difference is observed between the two samples because 700°C 30s thermal budget
is much larger than additional 550°C 50s for GeO; layer under high-k dielectric while little Jg

degradation is caused by more dopant diffusion and slight series resistance increase.

4.3.3 Basic Device Characteristics

Fig. 4.4 displays the I5-Vp characteristics of the n-MOSFETs without FGA. Drain current
at low drain voltage is not linearly increasing as Vp increases due to the large series resistance.
In Fig. 4.5, Ip-Vg characteristics shows the on/off ratio to be about three orders of magnitude,
while much inferior subthreshold swing compared with p-MOSFET (450 mV/dec for 550°C

60s GeO;, passivation sample) is attained. From linear region of Ip-Vp curves for different gate
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overdrive and various gate lengths, we are able to extract the S/D series resistance by the Terada
and Muta method (see Fig. 4.6). For the two samples, source/drain series resistance (Rsp) are
both larger than 1.7kQ, which are much larger than the p-FET counterparts. In our experiments
a higher thermal budget (700°C, 30s) is required for n-type dopant activation, which causes
more dopant diffusion (either out of the surface or into the substrate) and lower electrical
activation, accounting for the observed larger series resistance (sheet resistance and contact
resistance) in Ge NMOSFET. Large series resistance leads to drain conductance and thus
mobility degradation. Also, we believe the much inferior subthreshold swing compared with
p-MOSFET is due to the series resistance, which degrades the drain current at low Vp.

Fig. 4.7 demonstrates the gated-diode imeasurement to detect the interface state density
roughly. lgens are 4.32E-8A and, 3.97E-8A for 550°C+10s and 550°C 60s GeO, passivation
sample respectively, indicating thicker-GeQ,.thickness lowers.the D;; value but causes drain
current to decrease .

Split-CV is measured,to extract the effective mobility. Fig. 4.8 (a) shows the effective
mobility as a function of Qjs compared with other-published data [2] [5], revealing that
thicker GeO,sample has little enhancement in mobility due to less coulomb scattering. Since
S/D parasitic resistance can result in a significant reduction in the drain voltage falling across
the channel and influence the drive current as well as the effective mobility extraction, the

effective inversion mobility with Rsp eliminated is depicted in Fig. 4.8 (b), utilizing eq. (4.1).

Leff
. (4.1)
eff Wefoinv(é_RSD)

In fact, the true mobility should be even higher if we take interface trap charges into account.
[6] The integration of C includes not only Qiny but also Qj, so that Qi is overestimated and

mobility is indeed higher.
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4.3.4 Charge Trapping Behavior of Ge n-MOSFETs

The slow trapping can occur via bulk traps of high-k dielectric or border traps between
interfacial transition oxide and high-k dielectric, where the traps are so slow that they can
respond only to DC sweep but not AC frequency. GeO; has its a potential problem due to low
conduction band offset (0.6eV for CB offset and 3.8eV for VB offset) with Ge[2], which can
cause severe charge trapping in bulk traps of Al,O; and the slow traps at GeO,/Al,0Os
interface.

For our Ge n-MOSFETS, either thicker GeO, passivation or thinner GeO, passivation
show more severe charge trapping under static stress compared with Ge p-MOSFETSs as
expected because of much lower condugtion sband offset and the preference of electron
trapping (Fig. 4.9a). Besides, the y value of zafar model.is extracted to be 0.15 and 0.17 for
550°C 10s and 550°C 60s GeO; passivation sample respectively. Smaller y represents wider
distribution of the capture itime and more short time constant slow traps existed, indicating
ratio of early traps is larger.faor 550°C 10s:GeO; passivation sample, as depicted in Fig. 4.9b.
Thinner GeO, sample exhibits ‘more V4, shiftin.the beginning, because tunneling into
GeO,/Al,05 interface is faster. However, thicker GeO; sample eventually shows more Vi,
shift than the thinner one as stress time becomes longer which is attributed to more total
amount of slow traps (traps in GeO, layer). Therefore, a crossover point is observed. From
Figs. 4.9(a) and (c), it is observed that the crossover point shifts to lower stress time
(18.55>1.5s) as static stress voltage increases. We believe the effect of different capture rate
at GeO,/Al,O3 interface in the beginning diminishes for larger stress voltage.

Besides, thicker GeO, passivation sample shows better subthreshold swing due to better
interface quality, while not much difference in swing degradation is observed. Also, it’s
intuitive to expect that more severe swing degradation occurs for larger stress voltage for each

sample (Fig. 4.10).
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4.4 Conclusions

In Chapter 4, we investigated the characteristics of Ge n*p junction with different
isolation and thermal budget. It was concluded that SiO,/GeO; isolation as well as 700°C 30s
annealing enable us to obtain the lowest reverse bias junction leakage of 1.9x10% A/cm? at 2V
and magnitudes of the rectifying ratios reaching 4.2 orders. On/off ratio of our n-FETs (W/L
=100um/10um) reached 3 orders but series resistance larger than 1.7kQ was attained which
strongly affected the subthreshold swing and mobility extraction. The slightly higher effective
mobility for thicker GeO, passivation sample was due to better interface quality, which was
reconfirmed by lower lgns from gated-diode: measurement and better subthreshold swing.
However, both of our samples had their mobility much-lower than the electron universal curve,
which could be explained by:fast trapping at Ge/GeO; interface;slow trapping by GeO,/Al,03

border traps and parasitic S/D series resistance.
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Fig. 4.1 Process flow of Ge n-MOSFETS and their device structure.
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Fig. 4.3 (a) Junction IV is compared for different activation temperature. (b) Junction
characteristic of n-MOSFETs with different GeO, thickness (different thermal
budget) is compared.
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Fig. 4.4 Ip-Vp characteristics of Ge n-MOSFETs are plotted. (a) 550°C 10s GeO:2
passivation (b) 550°C 60s GeO: passivation (W/L=100pum/10um)
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Fig. 4.5 Ip-Vg characteristics of Ge n-MOSFETs are plotted. (a) 550°C 10s GeO:2
passivation (b) 550°C 60s GeO: passivation (W/L=100pum/10um)
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Fig. 4.6 Series resistances of Ge n-MOSFETSs are extracted by Terada and Muta method. (a)
550°C 10s GeO:z passivation (b) 550°C 60s GeO2 passivation
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Fig. 4.7 Gated-diode measurement detects the interface state density of Ge n-MOSFETSs
roughly. (a) 550°C 10s GeO:z2 passivation (b) 550°C 60s GeO2 passivation
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Fig. 4.9 Charge trapping behavior is compared between thicker and thinner GeO,
passivation sample under static stress. (a) Vs-Vin, =3.5V. (b) Ratio of early traps. (¢)
V-V =3.9V.
83



700°C 30s dopant activation, no FGA
800 T T T T

550°C 10s GeO2
—A— Vstr.=Ve-Vih=3.9V
—0— Vstr.=Ve-Vih=3.5V

600

Swing (mV/dec)

400

Fig. 4.10 Characteristic of subthreshold swing degradation of two stress voltages for each
sample is illustrated.
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Chapter 5

Conclusions and Suggestions for Future Work

5.1 Conclusions of this study

In this thesis, firstly, we had shown that Dj; can be reduced effectively through 300°C 30
minutes FGA from MOSCAP analysis, with value about 5x10™ cm™2eV™! near the midgap
from either conductance or Fermi-level efficiency method. By extrapolation of Int vs (Et —
E;) plot, o, and o, were 2.7-4.2x10"*°cm? and 7.8-9.6x10° cm’ respectively.

Secondly, from the experiences in high-k/GeO,/Ge capacitors, we successively
demonstrated the device characteristies of the inversionsmode Ge p-FETs with ALD-AIl,O3
gate dielectrics. GeO, passivation as-well as no passivation sample had their high field
mobility 1.7X and 1.3X higher than the-Si universal curve respectively. Also, better on/off
ratio (3.8 orders) and subthreshold swing (170mv/dec) were attained for Ge p-FET after
300°C 30 minutes FGA, resulted from lower reverse bias junction leakage and better interface
quality. Then, charge pumping<was applied to reconfirm‘the results obtained from Chapter
two. D, after FGA between E.p. ‘and Eqnp is 4.2x10%cm?eV* and /o,0, was
5.4x10® cm? for 500°C GeO, passivation sample. Furthermore, pros and cons of adding the
GeO; layer were summarized: lower D;; value verified from either charge pumping or gated
diode measurement made the mobility higher for GeO, passivation sample, while it suffered
from more carrier-trapping due to border traps at the GeO,/Al,O3 interface and more severe
subthreshold swing degradation.

Finally, device characteristics of inversion-mode Ge n-FETs with ALD-AIl,O3; gate
dielectrics were also demonstrated. SiO,/GeO, isolation as well as 700°C 30s dopant
activation did we obtain the lowest reverse bias junction leakage of 1.9x102 A/cm? at 2V and

magnitudes of the rectifying ratios reached 4.2 orders. On/off ratio of our n-FETs (W/L =

85



100pum/10um) reached 3 orders but series resistance larger than 1.7kQ was extracted. The
slightly higher effective mobility for thicker GeO, passivation sample was due to better
interface quality, which was reconfirmed by lower lgens from gated-diode measurement and
better subthreshold swing. However, both of them were still much lower than the Si universal
mobility for electrons. It was concluded that much severe n-FET performance degradation
compared with p-FET could be explained in terms of fast trapping at Ge/GeO, interface, slow

trapping by GeO,/Al,O3 border traps and parasitic S/D series resistance.

5.2 Suggestions for Future Work

Relatively inferior performance of Ge n-FET compared with p-FET was obtained. We
believed activation of n-type.dopants-have been.considered one of the major challenges to
achieve high performance.Ge CMOS. In our experiments, 700°C 30s dopant activation
definitely caused too much dopant ‘diffusion, which led to.large series resistance and
punch-through in n-FET withsgate length 4um. Therefore, gasiphase doping or metal S/D Ge
N-FETSs are worthy to study in future work. In orderto-carry out high performance metal S/D
n-FET, reducing the electron barrier height of metal/n-Ge Schottky contact while increasing
the hole barrier height is an important issue with high priority, which can be achieved by

adding an insulator to minimize wave function penetration or dipole engineering.
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