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Study of High-k/IllI-V MOS Capacitors

Student: Hsien-Ming Sung Advisor: Dr. Edward Yi Chang

Department of Materials Science and Engineering
National Chiao Tung University

Abstract

Due to its superior carrier transport capability, III-V based MOS field effect transistor
technology has the potential of being used for future high frequency low power
application. However, the lack of high quality native oxides has been the obstacle for
years. Thanks to high-k dielectric deposition technology improvement, high quality
gate dielectrics can now be deposited on HI=V: material for MOS capacitor studies,
which is very important before fabricating [H-V MOSFETs.

In this thesis, molecular beam epitaxy (MBE) was used to deposit HfO,, PrsO;;, and
CeO; for MOS capacitors study. Goed scalability’ was obtained with equivalent oxide
thickness (EOT) equal to 2.9nm on HfO,/InyGa;  As/InP MOS capacitors. The
inversion behavior was also observed for high indium concentration InyGa;xAs, the
mechanism is discussed in this thesis.

PrcO;; and CeO,, which have very high dielectric constant, were also deposited on
InyGa; xAs for MOS capacitor study. It was found that after replacing HfO, with
Pr¢O1;, the accumulation capacitance increases owing to the high dielectric constant
of PrsO;;. The annealing temperature was characterized to unpin the surface Fermi
level.

The CeO,/ PrsO;; gate stack structure was also studied; two step annealing was
introduced to improve the accumulation capacitance. The reason of the capacitance

increase was also observed by cross-sectional TEM image.
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Chapter 1

Introduction

1.1 Research motivation

Moore’s Law predicts that the numbers of transistors on an integrated circuit will
double every two years. In order to continue this trend, the size of the transistors must
be minimized. Strained-Si channel with SiGe buffer layer was used to increase the
channel mobility and hence improve the device performance [1-2]. But when the
device size was further scaled down to 45nm node, the SiO, was too thin to prevent
direct tunneling. High-k dielectric has since been introduced as an alternative gate
oxide. However consumer produet’s urgent need.of high performance device have
forced the transistor size further scaling down to 'its limit. According to the ITRS
roadmap for semiconductor (Figure 1-1);-silicon is expected to scale to 22 nm. III-V
semiconductor material has been researched actively as alternative channel material to
silicon for complementary metal-oxide-semiconductor (CMOS) applications at the 22

nm technology node and beyond due to its intrinsic superior transport property.

1.2 Challenges for high-k/III-V MOS devices

To meet the demands of ITRS roadmap and follow Moore’s law, various solutions like
high-k dielectrics and high mobility channels including stained-Si, germanium and
III-V materials have been researched rigorously. Silicon technology is predicted to
reach its limit when entering 22nm node, germanium and I1I-V material are expected
to be alterative p- and n-type channel material for high speed application due to their
superior transport properties than silicon as shown in figure 1-2. For III-V materials,

characteristics like direct band gap and band engineering have been used in



optoelectronic and high frequency applications. How to integrate III-V material with
high-k dielectrics is the challenge to be dealt with now.

The main challenge for integrating high-k on III-Vs is the interface issue. Unlike
silicon, the lack of high quality native oxide has been the main obstacle for decades,
limiting the implementation of logical and digital applications. Great number of
interface traps in the forbidden gap pin the Fermi level, causing so called Fermi level
pinning phenomenon, which makes devices unworkable [3]. Many efforts have been
done to solve this problem, including anodic treatment, thermal and plasma oxidation
of III-V semiconductor surface, but all failed to give electrically and
thermodynamically stable gate insulator with low interface traps.

In the past few years, sulfide and ammonia pretreatments were proved to effectively
reduce the native oxide and passivate the semiconductor surface. With advanced
deposition technology, high quality.gate oxide like MBE grown Ga,03(Gd,03) [4], or
ALD grown ALO; [5-8] and- HfQy [9-12] . with" low interface trap density of
~10"eV'em™ could be achieved. In-this study, MBE was used to deposit HfO,,
Pr¢O11, and CeO; on high indium concentration InyGa,;.<As for MOS capacitors.

HfO,, owing to its good thermal stability, high dielectric constant and also high
energy band gap, it is widely studied on silicon as well as III-V semiconductors.
Pr¢O;; was used in this study due to it provides high dielectric constant of 32 and
similar energy band gap as HfO,. As for the CeO,, the energy band gap of CeO; is
very low, only 3.2eV, and exhibits very diffusive characteristic when directly
depositing on InGaAs. But its relatively high dielectric constant of 52 [13] and single
crystalline structure inspired us to integrate it with InGaAs by applying gate stack
structure.

Most MOS capacitor studies on InyGa; xAs semiconductor substrate were related to

low indium concentration (x=0~0.2) [14-16], but few regarded to high indium
2



concentration. In this thesis, various high-k/ InyGa; xAs configured MOS capacitors

with high indium concentration (x=0.53, 0.7 and 1) were demonstrated.
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Chapter 2

Metal-Oxide-Semiconductor Capacitors

The primary reason to study Metal-Oxide-Semiconductor capacitor (MOSCAP) is to
understand the principle operation as well as the detailed analysis of the
Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET). The MOSCAP is
very important in semiconductor device because it is very useful in the study of
semiconductor interface. In practical application, it is the kernel of MOSFET, which
is the most important device in integrated circuits. It also can be used as a storage
capacitor in integrated circuits. In this chapter, the basic MOS structure and its four
different modes of operation namely accumulation, depletion, inversion and flatband

are studied.

2.1Basic structure and principle of operation

The MOS capacitor structure is illustrated in figure 2-1. On the top is the gate metal
followed by a thin oxide layer; below the thin oxide layer are the semiconductor
substrate and the back side metal forming an Ohmic contact.

According to different doping types in substrates, MOS capacitors can be categorized
into two types: NMOS with p-type substrate and PMOS with n-type substrate due to
inversion layer contains electrons in p-type substrate and holes in n-type substrate.
Following discussions are all using p-type substrate based MOS capacitor.

Figure 2-2 is the band diagram of an ideal MOS. Where q@m and q@s stand for work
function of metal and semiconductor respectively, which is the energy difference
between the Fermi level and vacuum level. And gX is the electron affinity, the energy
difference between the conduction band and the vacuum level in semiconductor. Eg is

the energy band gap of semiconductor and qp is the energy difference between

5



Fermi level Er and intrinsic Fermi level E;. The ideal MOS is defined as: (a) at zero
bias, the work function difference between metal and semiconductor q@ms is zero.
q@ms = (q@m — qPs) = qPm — (qX + % + q‘l’B) =0 (1)
In other words, the energy band is flat when there is no applied voltage, thus, figure
2-2 is also referred as flatband condition. (b) The only charges that exist in the
capacitor under any biasing conditions are those in the semiconductor and those with
equal but opposite sign on the metal surface adjacent to the oxide.(c) There are no
carrier transport through the oxide under any direct current biasing conditions, on the
other hand, the resistivity of oxide is infinite [17].
For ideal MOS capacitor, when one applies positive or negative voltage, the capacitor
will be operated in three cases. For instance,.when a negative voltage is applied to the
NMOS, the excess positive carriers <(holes) will accumulate at the
oxide-semiconductor interface.-In"this condition, the band near the interface is bent
upward as shown in figure 2-3. The upward bending of intrinsic Fermi level E; at the
interface will increase the energy difference Ei-Er, which in turn give rise to an
enhanced hole concentration. This is called accumulation condition.
When small positive voltage is applied, the energy band is bent downward, as shown
in figure 2-4, the majority carriers will be depleted, and the capacitor is now operating
in depletion condition.
As an even larger positive voltage is applied, the energy band bent even more, the
intrinsic Fermi level at interface is now crossing over the Fermi level, as shown in
figure 2-5. In this case, the interface between oxide and semiconductor is like n-type
semiconductor, which means, the positive voltage starts to induce electrons at the
interface. In this case, the amount of minority carrier (electron) is greater than

majority carrier (hole), the interface is thus inverted, an inversion layer is formed, and



the capacitor is in inversion condition.

In the beginning, the electron concentration is larger than n; but still smaller than
substrate doping concentration N,, the capacitor is in weak inversion. Once the
electron concentration in inversion layer reaches Nj, the condition strong inversion
will occur.

Figure 2-6 shows the energy band diagram at the interface of oxide and p-type
semiconductor. The electrostatic potential s is defined as zero in the bulk of the
semiconductor and positive when the band is bent downward, where s is the surface
potential, by using this concept, the electron density and hole density can be written as

a function of y:
np = n;exp (qw qu) (2a)
Pp.= njexp (qu % (2b)
And at the interface, the surface carrier densities are:
ng =mn;exp (qw_sq_\vﬁ) (3a)
P, = n;exp (qWB q‘VS) (3b)

And since Y = k?Tln % equation (3a) and (3b) can be rewritten as

.2
n, = texp (49 (30)
P, = Npexp (— q—%) (3d)

The above discussions of flat-band, accumulation, depletion and inversion are

summarized below:

PYg <0 Accumulation of holes (bands bend upward)
Ys=0 Flat-band condition
Yg > Ps >0 Depletion of holes (bands bend downward)



Ys =Yg Midgap with ng&=n,=n; (intrinsic condition)

Yg > Yp Inversion (bands bend downward)

2.2 Differential MOS capacitance

The behavior of small-signal capacitance variation with gate bias of MOS capacitor

can provide further understanding of the electrical behavior of the MOS system. The
static MOS capacitance is defined as E% , where Q 1is the total charge on the

capacitor and V is the gate bias. The small-signal differential capacitance per unit area

1S:

I — dQs/
C = Ve (4)
Qsd _ Qg’

d .
= ——, equation (4) becomes:
€0XA_. 7 €OX

For VG = VOX + l.IJS with VOX =

1 _ dQs’ .. 1 1

d 1] d diig 1 1 (
dqqLitd ¥ =
€dx QS IJJS €0X+dQS’ Cox’ Cp’

where Cp’ stands for semiconductor capacitance per unit area or depletion-layer
capacitance per unit area. Equation (5) also implies that the total capacitance of the
MOS capacitor is the series of the fixed capacitance of the oxide and the variable
capacitance of the semiconductor as shown in figure 2-7, which depends on the
applied gate voltage through the Ws.

When the MOS capacitor is in depletion mode, equation (5) can be rewritten as
, 1
C=—-—7 (6)

COXI+%
Once the depletion region width reaches its maximum (Vs=Vr), the capacitance has it

minimum value, the capacitance per unit area at maximum depletion becomes:

C' = d;wm (MOS capacitance at maximum depletion) (7)

€0xX €s

When the capacitor is in accumulation mode, depletion region diminishes. The

capacitance has its maximum value which is equal to Cox’.



C' = % = i = Cox' (MOS capacitance in accumulation) (8)

eox  Cox’

When the applied voltage Vs>V, there are two extreme conditions: at low frequency,
the electron in inversion layer can follow the AC small-signal, the capacitance of the
inversion region is equal to the accumulation capacitance, the minority carriers are in
thermal equilibrium with the small-signal; and if the frequency is high enough that the
minority carriers can not follow, the capacitance will remain unchanged from its value
at Vg=Vr, which is the minimum capacitance of the maximum depletion.

The capacitance per unit area of depletion, accumulation and inversion of high and

low frequency are shown in figure 2-8.

2.3Non-ideal MOS capacitor

The discussions in former chapters,were all ‘assumed that the capacitor is ideal. For
non-ideal MOS capacitor there-are work function-difference, q@ms, between gate
metal and semiconductor, and:also the.charge in the oxide need to be considered,
which will all change the flat-band voltage of the capacitor.

The work function difference

The work function of a semiconductor q@s, which is the energy difference between
the vacuum level and the Fermi level, varies with doping concentration. For a given
metal with a fixed work function, the work function difference between the metal and
semiconductor is defined as q@,,s = q@,, — q%9s.

Figure.2-9(a) shows the energy band diagram of an isolated metal and an isolated
semiconductor with a oxide layer between them. At thermal equilibrium, the Fermi
level should be aligned and the vacuum level should be continuous, which results in
the band diagram shown in Fig.2-9(b), the band bending is to accommodate the work
function difference. When there is work function difference, the flat-band voltage no

longer be zero, an additional voltage must be applied to make the energy band flat.

9



The flat-band voltage difference between non-ideal and ideal capacitor is

AVpg = Vgg — VIQB = Dms- )
2.3.1 Interface traps and oxide charges

Except for the work function difference, the MOS capacitor will also be affected by
charges in oxide and traps in the oxide-semiconductor interface. The basic
classification of these traps and charges are shown in Fig.2-10. They are
interface-trapped charge (Qi), fixed-oxide charge (Qs), oxide-trapped charge (Q,) and

mobile ionic charge (Qp,).

With considering @ms, Qy, Qo, and Qp, the flat-band voltage shift becomes

AVpg = Vi — Vi = Opms — %OJFQM (10)

The C-V curves of ideal and non-ideal MOS capacitor are shown in Fig.2-11 (a) and
(b), respectively. The presence of @ms, Qf, Qs1, and €, shift the flat-band voltage by
an amount given by equation (10);tif there.ate large amounts of interface-trapped
charges, the interface-trapped charges will vary with surface potential and make the

C-V curve stretched-out, which is as shown in Fig.2-11(c).

10



Metal-Oxide-Semiconductor

\

|

Fig. 2-1 Basic Metal-oxide-semiconductor capacitor structure

Vactnm level

A §
T

Metal

HC X
( 4’1
l— E /2
E
1 ‘Vp .
[ -{_-_-4 ..... E
N . el . . Y- ﬁ;
777777777777 By
— ] —»]
p-type
semiconductor
Oxide

Fig. 2-2 Energy band diagram of an ideal MOS capacitor at V=0 [17]

11



i

L S i e e s i E
V}il; _— EF

Ep /S

Fig. 2-4 Energy band diagram of an ideal MOS capacitor in depletion [17]

12
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Chapter 3
High-k/111-V MOS Capacitors Review

3.1Criteria for choosing high-k dielectrics

1. Dielectric constant and barrier height:

When choosing the gate dielectrics, usually the dielectric constant is the number of
thumbs we will consider. But as the thickness is decreasing, preventing direct
tunneling is also the main function of gate dielectric. Thus the energy band gap and
the barrier height are becoming more important. Table 3-1 lists the dielectric
constants and energy band gap of commonly used high-k candidates [18] and figure

3-1 and figure3-2 show the calculated band offsets of oxides on GaAs and InAs [19].
2. Thermal stability:

Thermal stability is important due.to many MOS, process undergo high temperature
ambient, including rapid thermal ahn€aling-(RTA): To avoid current leakage and
sufficiently storage charges, the amorphous.type or single crystalline gate dielectrics

with high re-crystallization temperature are required.
3. Good interface property:

Interface quality is the most important issue for MOS devices. Carriers at the
oxide-semiconductor interface will be trapped if the interface states or traps density
(Dj) are too high. For silicon MOS devices, the interface trap density is usually on the
order of lOloeV'lcm'z, but for III-V MOS devices, it was always two or three orders
higher than that, which was the main problem for III-V MOS device operation and the
origin of Fermi level pinning. Figure 3-3 shows the schematic diagram for Fermi level
pinning phenomenon [20]. The high density of interface traps will pin the Fermi level,
capture and emit carriers at the interface, which make the device unworkable or result

in frequency dispersion among C-V curves measured at different frequency. With the

17



surface pretreatment before deposition, the native oxide of I1I-V materials which was
considered to be the origin of interface traps and with lower-k value could be reduced.
Also with the progress of vacuum technology and new methods for depositing high-k
dielectrics, like Atomic Layer Deposition (ALD) and Molecular Beam Epitaxy
(MBE), the inversion type III-V MOSFET has been fabricated, but the device

performance still need to improve.

3.2 Device characterization

3.2.1 C-V measurement

To get the capacitance-voltage characteristic, one can connect the front side and
backside electrodes of the device with LCR impedance analyzer probes. By changing
the frequency of the supplied AC signal;the high and low frequency CV curves can
be plotted. Following are some parameters which are often used to judge the device
performance:

1. Equivalent oxide thickness (EOT)

EOT = toxx% . It is used to characterize how the given dielectric can achieve the

same capacitance of thin SiO; layer with thicker physical thickness.

2. Flatband voltage

Flatband voltage is of importance due to it determines the gate voltage at which there
are no charge in the semiconductor. It separates the accumulation and depletion
conditions. The ideal flatband voltage can be determined by setting the work function
difference in the simulation tool and assuming there are no trap charges existing in the
oxide or oxide/semiconductor interface. By comparing the flatband capacitance
between the simulated and measured curves, the flatband voltage shift AVgg

determines the oxide quality.
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3. Hysteresis

Hysteresis is measured by sweeping the gate voltage forth and back. The amount of
hysteresis stands for the amount of charges trapped by the defects in the oxide, thus it
can be used to determine the oxide quality. The clockwise hysteresis implies the
negative charges were trapped; on the other hand, the counterclockwise hysteresis
implies the positive charges were trapped by the defects. The defects extracted from
hysteresis are also called slow trapping states, where the interface traps are fast
trapping states.

4. Frequency dispersion

Frequency dispersion is the phenomenon of accumulation capacitance varying with
operation frequency. In silicon MOS capacitors, it is due to leakage current of ultra
thin oxide, making the capacitor can not storage ¢harge, causing the total capacitance
decrease. For high-k/ITI-V case;the.oxide thickness 1s not as thin as silicon MOS, the
causing of frequency dispersion is the‘poer.quality interface where large amounts of
interface traps exist at the semiconductor surface. The interface traps are frequency
dependent, it will capture and emit charges distorting the C-V curves causing
frequency dispersion, and more seriously, will induce Fermi level pinning and stop

the device operating.

3.2.2 Conductance measurement

The quality of oxide/semiconductor interface remains essential for MOS device
performance. One direct effect moving from traditional Si MOSFET to III-V
MOSFET is the high interface state densities (Dit), which are known to strongly affect
driving current of the devices.

Some methods have been utilized to evaluate Dit, for example, low frequency method

(quasi-static method), high frequency method (Terman method), charge pumping and
19



conductance method. The first two methods use the capacitance-voltage relationship
extracting the Dit, the equivalent components models includes: oxide capacitance,
depletion layer capacitance and interface-trap capacitance. Since the depletion-layer
capacitance is in parallel with interface trap capacitance, difference in capacitance
must be calculated, which leads to inaccuracies in extracting the information of
interface state. Further more, although the low frequency quasi-static method was the
most common one for dielectrics with low leakage current, but with extremely
shrinkage of device size, the leakage current associated with direct tunneling through
a thin oxide makes the measurement difficult to perform. Charge pumping is a very
sensitive to the interface states but it requires fully processed MOSFET device. In this
research, we used conductance method to characterize the interface properties of the
MOS capacitors. In chapter 3.2.3,the principle of conductance method of extracting

Dit is introduced.

3.2.3 Extract Dit from conductance method

In 1967, Nicollian and Goetzberger of Bell Lab. gave a detailed and comprehensive
discussion for the conductance method, in which conductance is directly related to the
interface traps, which can give more accurate results. The data extraction is based on
the measurement of the equivalent parallel conductance, Gp, of a MOS capacitor as a
function of bias voltage and frequency as shown in figure 3-4 [21]. The conductance
representing the lossy mechanism from interface trap, capturing and emitting carriers,
is an index of the interface trap density. Figure 3-5 shows the equivalent circuit of the
measurements [22], where Cox, Cs, Cj;, represent oxide capacitance, semiconductor
capacitance and interface trap capacitance respectively.

The above assumption neglected the series resistance of substrate and oxide leakage

current. From the measured capacitance C, and conductance G, the parallel
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conductance Gp is given by equation (1), and Dit is given by equation (2),

Gp _ Gy CHx (1)
®  Gh+tw?(Cox—Cm)?

_ 2.5 ,Gp

Dit - ?( )max (2)

-
Where (Gp/®)max 1S the peak value from a Gp/w-frequency plot.

But actually the device does exist series resistance for thin oxide or leaky oxide. The
equivalent circuit is converted to figure 3-5(d) with G; stands for tunnel conductance

and r, stands for series resistance. Equation (1) becomes

Gp wCPx(Gc—Gp)

e T G

®  GE+w?(Cox—Ce)?
Where

Cm

®?rgCmCe—G
— Gc — s-“mv“-c m (4)
(1-15Gm)2+(wrsCGm)?

rsGm—1

Ce

The series resistance is determined y,biasing the device into accumulation region

_ Gma
'S8 GZat+wC2 . )

Cma and Gp, are the measured capagcitance and conductance in accumulation. The

tunnel conductance G; is determined from G, by setting the w—0

G
G, = —=
1-rsGm

(6)

For 15 and G; equal to 0, equation (3) reverts to equation (1).
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Table 3-1 Comparison of relevant properties for high-K candidates [18]

Drelectnnic Band gap AE, (V) Crystal
Material constant (k) Eg (eV) o 51 structure(s)
510, 39 8.9 3.2 Amorphous
S13Ny 7 5.1 2 Amorphous
AlO; G 87 2.8 Amorphous
"0 13 5.6 2.3 Cubic
La,0, 30 43 23 Hexagonal, cubic
Ta;04 26 45 1-15  Orthorhombic
Ti0, &0 35 12 Tetrag ™ (rutile, anatase)
HIO, 25 5.7 158 Mono", tetraz©. cubic
710, 25 78 1.4° Mono.", tetrag %, cubic
5F 3.2
: i =
4 F e
14 15 =
3F 08
2 :'E 0
= [ m—
= ™
wE 1.7
2 | 22 o .
L a0 -2 w2
3 F —
4 F 42 46
H -

Fig. 3-1 Schematic band offsets of high-k dielectrics on GaAs [19]

22



5 F 4.1
3.3 =
4 r Ll
N 24 25 3.2
18
2z 1.2
i1 - CB
-y R
=0
E g VB
uj -1 27
2 F 23 " 2g 28
3.2 0 =
_3 = —
4 F 45 .5
_5 = )
InAs Hﬂ]‘z Laz{}a LEIAI'D3 Gagﬂa SIDE AIEGS
Zr03 Sc,0, SrTiO, Gdy04

Fig. 3-2 Schematic band offsets of high-k dielectrics’on InAs [19]
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conductance G; [22]
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Chapter 4

Experimental

In this chapter, the structures which were used in this study and the experiment

process flow will be described.

4.1 Device structures

The first structure contains 100nm silicon-doped Ings3Gagq7As layer(n-type,
5x10""cm™) which was grown on (001) InP substrate by MBE as shown in figure
4-1(a). The second structure contains Snm Ing7Gag3As layer and 10nm Ing 53Gag47As
layer (both are silicon-doped with doping concentration of 5x10'’cm™) on (001) InP
substrate as shown in figure 4-1(b).! The third, structure contains 5nm InAs layer,
10nm Ing;GapsAs layer and 3nm Ings3GapszAslayer (all are n-type with silicon

doping concentration of 5x10'"em™) on (001) InP substrate as shown in figure 4-1(c).

4.2 Process flow

4.2.1 Wafer cleaning

The first step is wafer cleaning. The wafers were immersed into ACE and IPA, each
for 5 minutes to remove contaminant, and then they were dried by blowing nitrogen

gas.
4.2.2 Surface treatment

Surface treatment is a very important step before depositing high-k dielectric on high
speed III-V semiconductor. The untreated surfaces are reported to leave native oxide,
which will affect the performance. After the treatment, the native oxide is eliminated

and a thin passivation film is formed on the top of the semiconductor, which prevents
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inner semiconductor react with oxygen in atmosphere.

The (NH4)Sx was chosen as surface treatment solution. The dilute HF:H,O (1:100)
solution was first applied for removing the native oxide, followed by dipping the
wafer in (NH4)Sx for 30 minutes at room temperature. The depth of the passivating

thin film can be determined by the immersing time and reacting temperature.

4.2.3 High-k dielectric deposition

After surface treatment, the wafers were transferred into MBE chamber immediately
to prevent them stay too long in atmosphere.

Several high-k dielectrics configuration were chosen to apply on the III-V substrates.
Some were deposited singly and some were grown on the other dielectric which was
deposited in advance to form composite dielectrics. The rapid thermal annealing
(RTA) was held after high-k ‘dieleetrics  -deposition to improve the
oxide-semiconductor interface quality; twe-or,only one step RTA process for the

composite oxide were also performed to.achieve better device characteristics.

4.2.4 Electrodes metal formation

Finally, aluminum was chosen as gate and backside metal, which was deposited by
electron gun evaporation.

The schematic process flow is shown in Fig. 4-2
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Fig. 4-2 Process flow of High-k/III-V MOS capacitor fabrication
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Chapter 5

Results and discussion

5.1Study of HfO2/ InxGa1-xAs MOS capacitors

HfO, was first deposited on Ings3Gag47As with varied thickness of 12nm, 9nm and
6nm for oxide scaling study. Its C-V characteristic is shown in figure 5-1. The
equivalent oxide thickness extracted from 10kHz curves were 5.76nm, 3.5nm and
2.9nm, respectively, which showed good scalability. The curves in the negative
voltage region exhibited well inversion behavior, which could be referred as
unpinning of Fermi level [23]. The deep-depletion phenomenon for devices with 9nm
and 6nm HfO, can be explained that'the minority carriers could not follow the high
frequency small signal, keep biasing the device will further increase the depletion
region, resulting in deep-depletion phenomenon [24]. Whether the thickness affects
the inversion phenomenon is still under research.

After successfully investigating the HfO,/Ing 53Gag 47As capacitors, HfO,/InAs MOS
capacitors were also studied, the thickness of HfO, was 9nm. The devices were
annealed under different temperatures to observe the accumulation capacitance
change and the inversion behavior. Figure 5-2 shows the C-V characteristic of the
devices which were annealed at 500°C and 400°C. The HfO,/InAs devices didn’t
exhibit deep-depletion as HfO,/Ings3Gaga7As devices performed. This could be
explained that the minority carrier response time could be shorter in InAs due to its
smaller band gap, shorter minority carrier life time (Ty) and higher intrinsic carrier
concentration (1.25)(1015 cm™ for InAs, 3.96x10" em™ for Ing 53Gag 47As). Furthermore,
defects and impurities can also act as source for generation of minority carriers and

bulk traps may shorten the minority carrier life time [25]. To fully understand the
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minority carrier behavior of device, C-V curves measured at different temperature is
still on the progress.

In figure 5-2 (b), device underwent 400°C annealing showed large frequency
dispersion at low frequency as compared to the device underwent 500°C annealing,
which may due to the interface traps’ response. For silicon MOS capacitor, the
dispersion phenomenon may due to a very thin and lossy gate dielectric; many models
have been constructed to explain this phenomenon [26-27]. But for III-V MOS
research, the dispersion phenomenon is mainly due to the interface traps, although
mechanism is still not very well understood. Figure 5-3(a) shows the equivalent
circuits including interface traps effects. Cox and Cp are the oxide capacitance and
semiconductor depletion layer capacitance, respectively [28]. Ci and R; are the
capacitance and resistance associated with the‘interface traps. They are also the
function of energy. The produet CiRj; is defined as the interface trap life time Ty,
which determines its frequency ‘behayvior.-The-parallel branch of figure 5-3 (a) can be
converted into a frequency-dependent. capacitance Cp and a frequency-dependent
conductance Gp in parallel with each other as shown in figure 5-3 (b). Cp and Gp

which were mentioned in former chapter can also be written as

it (1)

2
1+wTi;

CP=CD+

Gp CitwTjt

T @

o 1+w?td
At low frequency, Rj; can be neglected, and Cp is in parallel with Cj. If the
measurement frequency is too high for interface traps to respond, then Cj; and Rj; can
be ignored. The simplified equivalent circuits for both conditions are shown in figure

5-3 (¢) and (d). The measured capacitances for these two conditions are:

C Cp+C;
Crp = 0x(Cp+Cit) 3)
COX+CD+Cit

29



CoxC
_ 0OX%“D (4)

For silicon MOS capacitors, when measured at low frequency and biased at the
accumulation region, Cp is very large due to no depletion region forms, and C;; can be
neglected owing to high quality interface. Thus the total capacitance is equal to Cox.
But for III-V case, the capacitance of interface traps must be considered, and is
frequency dependent, so that the capacitance is varied with frequency, causing
frequency dispersion. Even measured at high frequency, if the frequency is not
sufficiently high so that the traps can not response, the frequency dispersion will also
be found in high frequency curve. The interface trap distribution for two annealing
temperatures measured at various bias are shown in figure 5-4, 400°C annealed
device exhibited larger interface traps, than_500°C annealed device, which could
explain the large frequency dispetsion in400°C.annealed C-V curve.

Finally the hysteresis performance of two annealing temperature is shown in figure
5-5. 108mV for 400°C annealed device and-214mV for 500°C annealed device. We
would expect the value could be lower than*100mV after optimizing the annealing

temperature.

5.2Capacitance increase by replacing Pr¢011 to HfO: as

gate oxide on InxGai-xAs

To investigate the capacitance increasing by replacing Pr¢O;; to HfO, on InGaAs
channel, two type oxides with the same thickness were grown on Ing ;Gag 3As channel.
Figure 5-6 shows the C-V curve of these two devices. The accumulation capacitance
was arising apparently in Pr¢O;; applied sample. The inversion phenomenon was not
clear, which may due to high interface traps.

Figure 5-7 compares the capacitance-voltage characteristic of PrsOy;

(10nm)/Ing 53Gag47As devices annealed at 450, 500 and 550°C. The accumulation
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capacitance of 450°C annealed device showed almost no saturation. The transition
from accumulation to depletion was not very sharp, indicating poor interface quality.
After increasing annealing temperature to 500°C, the transition became conspicuous,
and the accumulation capacitance began to saturate, but the inversion behavior still
not very apparent as compared to former device using HfO,, indicating Fermi level
pinning at the oxide/semiconductor interface. The 550°C annealed device showed
inversion behavior, which we speculate that the Fermi level was unpinned. The
deep-depletion phenomenon of 550°C annealed sample could be explained that more
oxide charges (including fix oxide charges and oxide trap charges) were generated
during high temperature annealing, which caused large hysteresis as compared to the
500°C annealed device, which is shown in the inset of figure 5-7 (b). The other
possible explanation for the deep-depletion phemomenon in the 550°C device could
be in the microstructure view: Eigure 5-8 .shows the TEM image of the 550°C
annealed device, the oxide 4s neither—single-crystalline nor amorphous, but
poly-crystalline type, which provided leakage current paths for the minority carriers.
Since the minority carriers tunnel through the oxide to the gate electrode, the
inversion layer could not form [29]. Again, the depletion region will continue to
increase to maintain charge balance when keep biasing the device, which resulting in
deep-depletion.

From the discussion, we expect that the accumulation capacitance could increase if
single-crystalline of amorphous type PrsO;; could be grown for better insulation

capability.
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5.3 Capacitance increase by using two-step annealing

process on Ce0z/Prs011 gate stack structure

Figure 5-9(a) shows the C-V curve of directly deposited CeO; on Ing;Gag3As The
device exhibited no capacitor function, and figure 5-9(b) is the TEM image and EDX
analysis of the device. Serious inter-diffusion was found in the device, great amount
of indium, gallium and arsenic were detected in the CeO,, which should not occur for
a gate dielectric.

Based on previous study, PrsO;; was chosen as a diffusion barrier. Figure 5-10 shows
the cross-sectional TEM image and EDX analysis of CeO, (8nm)/PrsO;; (6nm)/InAs
device. After applying 4nm Pr6O11 beneath the CeO2 the diffusion was suppressed.
The EDX analysis indicated some InGaAs contents still existing in oxide layer, but
the device exhibited normal C-V:characteristic as shown in figure 5-11.

Figure 5-11 compares the C-V characteristic between'two annealing process for CeO,
(8nm)/PrcO;; (6nm)/InAs device’:Both of two devices exhibited inversion behavior,
which we ascribed to the high intrinsic carrier density and short minority carrier
response time of low energy band gap InAs layer. The device underwent only
one-step annealing process after Pr¢O;; deposition showed lower accumulation
capacitance than that underwent two-step annealing process. Two-step annealing
consists of first step annealing at 500°C after Pr¢O;; deposition and second step
annealing at 400°C after CeO, deposition, while one-step annealing only consists of
first step annealing after PrO;; deposition. The increase of accumulation capacitance
was owing to the thickness decrease of PrsO,; after the second step annealing as
shown in figure 5-12, showing the effectiveness of two-step annealing process on

those devices with two oxides as gate dielectrics.
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To further increase the accumulation capacitance the CeO; thickness was reduced to
6nm, totally 10nm CeO,/Pr¢O;; on InAs. Figure 5-13 compares the C-V
characteristics of two devices with different first step annealing temperature, and both
underwent second step annealing at 400°C after CeO, deposition. For the device first
annealed at SOOOC, the capacitance increase was due to the decrease of the CeO,
thickness, but it also accompanied with leakage current increase. The C-V curve of
the device first annealed at 550°C showed more severe current leakage than 500°C
annealed device, which we ascribed to the re-crystallization of PrsO;; generated
current leakage paths. Figure 5-14 shows the TEM images of the first step 500°C and
550°C annealed devices.

Table 5-1 summarizes the EOT of the CeO,/Pr¢011/InAs devices. As compared to the
HfO, gated devices shown in Table!5-2, the CeQ/Prs01; gate stack structure showed
large EOT than HfO,, which was not the result we expected. Except for the thickness
for the CeO,/Prs01; gate stack were.larger-than HfO,, the poly-crystalline structure
and rough surface of the gate stack couldn’t effectively storage the charges which

resulted in low accumulation capacitance.
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Fig. 5-7 C-V curves of PrsOy; (10nm)/In, s3Gag42As devices (a) PDA at 450°C. (b) PDA at 500°C (c)
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Fig. 5-9 (a) C-V curve, (b) TEM image and EDX analysis of CeO,(9nm)/In,;Ga,3As InP device.
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(b)

Fig. 5-12 TEM images of (a) one-step annealed and (b) two-step annealed CeO, (8nm)/PrsOy;

(4nm)/InAs devices.
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Fig. 5-13 C-V curves of CeO,(6nm)/PrsO;,(4nm)/InAs devices of different annealing temperatures. (a)
PrsO,, was first annealed at 500°C, followed by 400°C annealing after CeO, deposition. (b) PrO;; was
first annealed at 550°C, followed by 400°C annealing after CeO, deposition.
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(b)
Fig. 5-14 TEM images of CeO,(6nm)/PrsO;(4nm)/InAs devices first step annealed at (a) 500°C (b)
550°C. And both annealed at 400°C after 6nm CeO, deposition. The PrsO,; beneath the CeO,

transform from amorphous type to poly-crystalline as the annealing temperature increase
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Table 5-1 Extracted equivalent oxide thickness (EOT) from 10kHz curve of

Ce0,/Prg011/InAs devices

One-step
@10kHZ Two-step annealed

annealed
Samples* A B C D
EOT(nm) 3.51 4.14 4.71 5.32

* A: CeO, (6nm)/PrgO11 (4nm)/InAs/Ing ;Gag 3As/INg 53Gag47As/INP (PreO1, first PDA at 550°C, CeO, second PDA at 400°C)

B: CeO, (6nm)/Prs01; (4nm)/InAs/Ing ;GaesAs/INgs3GagasAs/InP (PreOy, first PDA at 500°C, CeO, second PDA at 400°C)
C: CeO, (8nm)/PrsO1; (4nm)/InAs/Ing;Gao3As/INos3GagasAs/InP (PreOy, first PDA at 500°C, CeO, second PDA at 400°C)

D: CeO, (8nm)/Prs011 (4nm)/InAs/Ing ;Gag 3As/Ing 53Gag 47As/InP (Only PrgOy; first PDA at SOOOC)

Table 5-2 Extracted equivalent oxide thickness (EOT) from 10kHz curve of HfO,

(9nm)/InAs devices

@10kHz | PDA at400°C| PDA at 500°C

EOT(nm) 3.49 3.85
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Chapter 6

Conclusion

The HfO,, PrsO;; and CeO,/PrsO;; were deposited on n-InyGa;As for MOS
capacitors studies. HfO,/Ing 53Gag47As MOS capacitors showed good scalability with
minimum EOT of 2.9nm for 6nm HfO, device. The inversion behavior of the devices
was also studied. The high frequency inversion behavior was more pronounced for
device with high indium concentration, possibly due to the smaller band gap of InAs
because it has higher intrinsic carrier concentration and shorter carrier life time, which
resulted in short minority carrier response time which makes the carriers follow the
small signal and form inversion layer. The. PDA temperature for HfO2/InAs devices
was also characterized. 400°C annealedrdevice showed larger frequency dispersion
than 500°C annealed device, -which was possibly-due to the high interface trap
density.

PrcO1; was used to replace HfO, to increase the capacitance of the MOS capacitor, the
capacitance was increased owing to the high dielectric constant, but the inversion
behavior was not apparent due to high interface trap pinning of the Fermi level. High
temperature annealing may unpin the Fermi level and form inversion layer, but it also
resulted in deep-depletion phenomenon. The deep-depletion phenomenon could be
due to more oxide charges were induced during annealing process, which can be
examined from the hysteresis performance. Also the poly-crystalline structure
provided the current leakage paths. To balance the charge lost due to inversion,
depletion region will further expand exceeding its thermal equilibrium width, resulted
in deep- depletion phenomenon.

The CeO,/PrsO;; gate stack was also applied on InAs. Two step annealing process
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was performed to increase the accumulation capacitance. The increase was due to the
oxide thickness decrease during second step annealing process after CeO, deposition.
The thickness of the gate stack was also characterized, CeO,(6nm)/PrsO; gate stack
exhibited larger leakage current than 8nm CeO, due to the decrease of physical
thickness. Device annealed at 550°C showed more severe current leakage than device
annealed 500°C, which was due to the poly-crystallized gate oxide.

As compared to HfO, gated device, the CeO,/PrO,; gate stack structure didn’t show
the high-k characteristics, which may due to the rough surface and poly-crystallized
structure provided the current leakage path which caused the device unable to store
charge sufficiently. But since both CeO, and PrqO;; have relatively high dielectric
constant, especially for single crystal CeO, with dielectric constant of 52, the
Ce0,/PrcOy; gate stack would be:the potential high-k stack candidate. As for HfO,
gated devices, due to its goed,scalability: and thermal stability, and the well
pronounced inversion behavior observed-in-high indium concentration InyGa,; <As, the

HfO,/InyGa; xAs would be the mostpotential MOS devices in future CMOS industry.
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