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Abstract

In order to avoid CMOS down-scaling limit due to the short-channel effect, multi-gate
structure, such as fin-FETs or Tri-gate has been introduced. In addition, MOSFETs with
new channel materials such as InGaAs (I11-V) and Ge are studied for low power application
under low voltage. Also, HEMT (High Electron Mobility Transistor) devices using
AlGaN/GaN hetero-junction for the channel are being developed for power and high-
frequency applications.

For the development of these emerging device technologies, it is important to accurately
evaluate the distribution of interface and near-interface traps at the gate
dielectrics/semiconductor interfaces and the semiconductor hetero-junction interfaces and
thus, to understand the behavior of those traps. In this thesis, the results of the systematic
studies for the distribution of interface and near-nterface traps at SiO,/Si interfaces with fin
structure, high-k/InGaAs interfaces, and AlGaN/GaN hetero-interfaces are described. We
have proposed methodologies for trap characterization and revealed in-depth understanding
of the distributions, origins, species, and trapping mechanisms. These methodologies and
discoveries can be also easily extended for studying other dielectric/semiconductor
interfaces and semiconductor hetero-interfaces, and thus provide a guideline for trap
characterization for future development of advanced FETSs.

In particular, following characterizing methodologies were proposed: (1) extraction of trap
densities in the different regions of fin surface by the measurement of trap densities with
different fin width, (2) extraction of near-interface traps (or border traps) for high-k/111-V
MOS structures, from the C-V characteristics measured at different temperatures, and (3)
extraction of the distribution and species of the interface traps by comparative study on
conductance spectra of AlGaN/GaN hetero-junctions with different electrodes.

The major results are listed as follows; At the SiO,/Si interface with fin structure, a high
concentration of interface traps tend to locate at the corners. In high-k/I11-V MOS systems,
there are a large amount of electrically active oxide border traps, whose concentration is
likely to increase with increasing energy level and distance from the interface into the oxide.
These traps seem to be caused by accumulated defectives during high-k material growth.
Besides, the trapping process of oxide border traps is found to be caused by thermal
activation. At last, for AlIGaN/GaN hetero-interfaces, it is confirmed that there are no
distributed bulk traps in the near interfacial region of the hetero-interface. Besides, the
different properties of deep trap levels and shallow trap levels at the hetero-interface are
also presented.
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Symbols and Abbreviation

A

ALD, atomic layer deposition

AC, alternating current

B

BT, border traps or near interfacial bulk traps

C

CMOS, complementary metal-oxide-semiconductor
CP method, charge-pumping method

C, capacitance

Cy, barrier layer capacitance

Cm, measured capacitance

Cs, substrate capacitance

Cox, OXide capacitance

Ci, interface traps induced capacitance

Ciot, total capacitance

Cq, gate capacitance

Dord

DIBL, drain induced barrier lowering

D.O.S,, density of states

Di:, density of interface states

Dit.op, density of interface states at the top wall of the fin structure

Ditsige, density of interface states at the sidewall of the fin structure
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Dit cormer, density of interface states at the corner of the fin structure
ACy;, incremental oxide border traps capacitance

AGy, incremental oxide border traps conductance

E

Ec, conduction band edge
Ev, valence band edge
Es, Fermi energy level

Er, Trap energy level

F

FET, field-effect transistor

f, frequency

G

G, conductance
G, measured conductance

Gp, parallel conductance

Hor 7

High-k, high dielectric constant
Hsin, height of the fin structure

H.F., high frequency

i, reduced plank constant

lon, ON-state current

lorg, Off-state current
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lieak, leakage current

Icp, charge-pumping current

K

k. Boltzmann constant

K, tunneling decay factor

L

L.T., low temperature

L.F., low frequency

M

MQOS, metal-oxide-semiconductor

MOSFET, metal-oxide-semiconductor field-effect transistor

N

Nc, density of state in the conduction band

Ny, density of state in the valence band

Ng, donor impurity density

Na, acceptor impurity density

ns, carrier density at the semiconductor surface

Npi, Volume density of oxide border traps

P

Pdynamic, dynamic power consumption
Pstatic, Static power consumption
Psp, spontaneous polarization

Ppe, piezo-electric polarization




Q

g, element charge

Soro

S.S., subthreshold slope

SCE, short channel effect

SOl, silicon-on-insulator

on,p, Capture cross-section of electrons/holes

os, surface potential parameters

Torr

T, temperature

tox, OXide thickness

5t O 1, the time constant of the interface trap

mt, the time constant of the border trap

\/

V, voltage

Vg, supply voltage
Vg, gate voltage

Vi, threshold voltage

Vi, thermal velocity

W or w

Wi, width of the fin structure

W, angular frequency




X

Xp, probing depth

Xp. max/min, Maximum or minimum probing depth

Xi
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semiconductor Industry Association (SIA), USA, in 1997 [1.10], and (b)
Schematic of the evolution of the SiO, gate oxide [1.11].
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(@) Comparison of the electron injection velocity (vi,;) at different gate
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and (b) schematic image of the Il1-V based MOSFET with illustration the
relationship between on Iy and Vig;.
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ultimate CMOS device.[1.22]
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AlGaN/GaN heterojunction, and (c) band diagram of the AIGaN/GaN
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by spontaneous and piezoelectric polarization and the 2DEG formed in the
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bulk traps in MOSFETS, (b) Extremely simplified equivalent circuit to clarify
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Summary of the interface issues of novel dielectric/semiconductor and

semiconductor systems investigated in this studies.

(@) The equivalent circuit for MOS capacitors with interface traps under ac
small signal measurement, (b) the equivalent circuit at sufficiently high
frequency that the influence of interface traps can be completely screened,
and (c) the equivalent circuit at sufficiently low frequency that all of
interface traps can follow the ac signal.

(a) Extraction of V- ¥ relationship from high-frequency capacitance Che.
The LHS diagram shows the theoretical Cyr versus ¥ without the influence
of interface traps. The RHS shows the hypothetical Cyr versus V.

(b) Comparison between the theoretical V- ¥ with Di; = 0 and Dj; = 10" cm
2eV* for the example shown in Fig. 2.2(a).

(@) The equivalent circuit for MOS capacitor in depletion with interface
traps. Here, Co is the oxide capacitance, Cs is the semiconductor
capacitance, Cj; is parallel interface traps capacitance, G, is the parallel
interface traps conductance, and (b) The equivalent circuit for an impedance
analyzer with parallel connect capacitance-conductance model. C, and Gy,
are measured capacitance and conductance.

The characteristic frequency for electron trapping (solid line) and hole
trapping (dash-dot line) as a function of energy along the band gap of GaAs
at 25 °C (a) and 150 °C (b). The dash lines label commonly used frequency
window of 100 Hz to 1MHz. The dot lines depict the detectable energy range
for the frequency window. After G. Brammertz et al. [2.7]

(a) The characteristic frequency of hole trapping in Ge at 293K, 160K,and 77
K, and (b) the characteristic frequency of electron trapping in InGaAs at 300
K, 180 K and 77 K. The green lines label the normal measurement frequency
window from 100 Hz to 1 MHz. The dot lines label the detectable energy
range at different temperatures.
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Fig. 3.1

Fig. 3.2

Fig. 3.3

Fig. 3.4

Fig. 3.5

Schematic illustration of charge-pumping method for n-MOSFET: (a)
experimental setup, (b) gate pulse waveform, and (c) description of the
electron/hole emission level as a function of rising/falling time of the gate

pulse.

(@) Schematics of the top view of the fabricated gated p-i-n diode device. The
inset shows the SEM image of the cross-sectional view of a single fin, (b)
experimental setup for the charge pumping measurement; the arrows
represent four different current flows in one period of the gate pulse, and (c)
the waveform of applied gate pulse.

Typical charge pumping characteristics of a planar SOI device: (a) charge
pumping current (lcp) versus base level voltage of the gate pulse (Vpase), and
(b) the maximum charge pumping current (I¢pmax) as a function of fall time
(tr), while the rising time (t;) is held constant at 100 ns.

Energy distribution of the Dj; of Si fin devices with width of 100 nm and
height of 70 nm under F.G. annealing for 30 min at various temperatures: (a)
and (b) show the Dj;profile at lower and upper halves of the band gap of the
devices with annealing temperature ranging from 300°C to 420°C, (c) and (d)
show that of devices with annealing temperature ranging from 420°C to
540°C. The as-fabricated case is also shown in (a) and (b).

(@) and (b) show the energy distribution of Dj; of (100)-oriented planar SOI
devices with different widths, (c) and (d) shows that of 3D Si fin device with
width ranging from 90 to 105 nm. The case of planar is also depicted in (c)
and (d) for comparison. All of the devices are annealed at 420°C under F.G.
ambient for 30 min.

(@) Schematics of the three different components, i.e., the top wall, the side
walls, and the corners constituting the surface of the Si fin with rectangular-
like cross-sectional shape, and (b) extraction of the Dj; at different surface

components by fitting with and without considering the corner component
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Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

Fig. 4.5

using Eq. (3.3.1). The D;; extracted from the planar SOI device is labeled by
the dash-dot line, the position of Dj; (Wsin = 2A) is depicted by the dash line

Band diagram of an n-type InGaAs MOS capacitor biased in strong
accumulation. When a small AC signal is applied to the metal electrode, as
represented by the vertical arrow, the fermi-level in the semiconductor
moves up and down and the mobile carriers can be exchanged between the
border traps and the conduction band states though tunneling process.

The equivalent circuit for calculating the admittance characteristics in
accumulation region for an MOS capacitor with border traps distributed
through the thickness of the oxide [4.7, 4.8].

Estimated probing depth of the 100 Hz and 1 MHz ac signal as a fuction of
temperature by using Eq. (4.3.3) and Eq. (4.3.5). The parameters adopted
here are appliacabe for an n-Ings3Gags7As MOS capacitor baised in
accumulation. (Ne = 2.2 10" cm™, viy= 5.6 X 10" cm/s, on = 6X10™ cm?
for Ing53Gap 47As at 300 K [4.19], and E, = 65 meV).

The C-V characteristics of the fabricated n-type Ings3GagssAs MOS
capacitor. (a) high-frequency (1 MHz) C-V at 300 K, 210 K, 150 K and 77 K,
and (b) multi-frequency C-V at 300 K and 77 K with 26 characterizing
frequencies that logarithmically varies from 100 Hz to 1 MHz. All of the C-V
measurements in this study are carried out by sweeping Vyfrom -1V to 1 V.
The C-V curves with proper frequencies that have almost same capacitance
in accumulation region measured at (a) 300 K, 210 K, and 150 K (red
symbols), and (b) 210 K, 150 K, and 77 K (blue symbols). (c) The
frequencies of the C-V curves used in (a) and (b) are plotted as a function of
temperature by red and blue symbols, respectively. (d) The changing ratios of
1 as a function of temperature evaluated from the experiment (symbols) and
the fitting curves (dash line) calculated by Eq. (6) using E, = 65 meV as the
temperature changes from 300 K, 210 K to 150 K (red) and from 210 K, 150
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Fig. 4.6

Fig. 4.7

Fig. 4.8

Fig. 4.9

Fig. 4.10

K, 77 K (blue).

The accumulation capacitance measured at Vg = 1.0 V, 0.8 V, and 0.6 V by
the high frequency signal of 1 MHz, (the solid symbols) and the low
frequency signal of 100 Hz, (the open symbols) as a function of temperature,
respectively

(@) Proposed three-step methodology for extracting the border traps
distribution in energy and space, and (b) The principle of the step 3. The Ny
from interface into the oxide can be gradually detected by analyzing the C-V
characteristics measured from low to high temperatures with expanding the
maximum probing depth, Xp max-

(@) Comparison between the ideal C-V and the experimental LMHz/77K C-V,
and (b) the ideal voltage-energy relationship (solid line) and the extracted
voltage-energy relationship (symbol) by using the Terman technique. The
dash-dot line shows the position of the conduction band edge of
INo.53Gag.47As.

Fitting of the C(w) at Vg = 1 V at (a) 300 K and (b) 77 K, by the distributed
border trap model with assuming uniform Ny distributed in different regions.
The fitting parameters are C(E;, T)=3.61 pF/cm? «(E) = 5.09 nm™, Ny =
1.96 x10%° em® 7= 1.6 X107 s for 300 K, and, Cs(Es, T) = 3.98 pF/cm?,
K(E) = 4.95 nm™, Ny = 7.3xX10"cm™, 0 = 6.0 X107 s for 77 K. E-B,=1.12
eV and Co,= 2.82 pF/cm? are used for both cases.

Comparison on frequency dispersion of capacitance (a) and conductance (b)
at Vg = 1V, measured at 77 K, 150 K, 210 K and 300K, between experimental
data (symbols) and fitted curves calculated by the distributed model (lines).
The inputted % (symbols) for the distributed model at different temperatures
and the calculated curve (dash line) by using Eq. (5) with N. = 2.2 < 10" cm™
3 vin= 5.6 X 10" cm/s, op=5%10"° cm? and E, = 65 meV are shown in (c).

The inputted Ny profile (red line) for the distributed model is shown in (d).

Xviii



Fig. 4.10

Chapter 5:
Fig. 5.1

Fig. 5.2

Besides, the vertical dash-dot lines in (d) show the evaluated maximum
probing depth, Xpmax at different temperatures using Eq. (3) with x = x(E) =
5.09 nm™, f = 100 Hz and the % shown in (c), and the horizontal dash lines in
(d) shown the Np; extracted at different temperatures by assuming uniform
Np: spatial distribution. Additionally, except the influence of border traps, that
of series resistance is also considered in the distributed model by using the
parameters of R = 6.6 X102 Q - cm? and G, = 1.2 X 10 S/cm?.

Comparison on frequency dispersion of capacitance (a) and conductance (b)
at Vg = 1V, measured at 77 K, 150 K, 210 K and 300K, between experimental
data (symbols) and fitted curves calculated by the distributed model (lines).
The inputted 7 (symbols) for the distributed model at different temperatures
and the calculated curve (dash line) by using Eq. (5) with N. = 2.2 X 10" cm’
3 vin= 5.6 X 10" cm/s, op=5%10"° cm? and E, = 65 meV are shown in (c).
The inputted Ny profile (red line) for the distributed model is shown in (d).
Besides, the vertical dash-dot lines in (d) show the evaluated maximum
probing depth, Xpmax at different temperatures using Eq. (3) with x = x(E) =
5.09 nm™, f = 100 Hz and the % shown in (c), and the horizontal dash lines in
(d) shown the Ny extracted at different temperatures by assuming uniform
Np: Spatial distribution. Additionally, except the influence of border traps, that
of series resistance is also considered in the distributed model by using the

parameters of Rs = 6.6 X10° Q - cm? and G, = 1.2 X 10™ S/cm?.

(a) Band diagram of the MOS capacitor biased at the depletion condition
with illustration of the trapping/de-trapping processes by interface and oxide
traps under a small ac signal, and (b) typical parallel conductance versus
frequency plot of a Al/Si02/Si MOS capacitor [5.3].

The experimental (symbols) and fitted (lines) conductance curves of

Al,O5/InP based MOS capacitors with same surface treatments and different
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.4

5.6

5.7

gate dielectrics deposition parameters [5.4].

Characteristic frequency of electron trapping by interface states as a function
of the energy along the band-gap with temperature as a parameter in the
InGaAs MOS capacitor. The commonly used measurement frequency
window ranges from 100 Hz to 1 MHz is labeled by dash lines, and the
corresponding energy ranges of the interface traps at 20 °C and 100 °C are

also depicted by the blue and red dash-dot lines, respectively.

Feature frequency as a function of the depth from interface into oxide of
oxide border traps located at energy level of Er - Ey = 0.5 eV. The normal
used measurement frequency window range from 100 Hz to 1 MHz is
labeled by the dash line.

Typical multi-frequency C-V characteristics of Pt/HfO,/Al,03/Ing 53Gag 47AS
from 100 Hz to 1 MHz at 20, 40, 60, and 80 °C.

(a) The Capacitance versus frequency and (b) the parallel conductance versus
frequency plot of the under test sample at Vq = 0.4 V with measuring
temperature of 20, 40, 60, 80 °C.

Comparison between the experimental conductance curves (symbols) and the
fitted curves (solid lines) with considering both of the responses of the
interface traps and oxide border traps at 20, 40, 60, and 80 °C, respectively.
The contribution of interface traps and oxide border traps on the fitted

conductance curves is also plotted by dash lines.

The spatial distribution profile of Ny used for fitting the conductance curves
shown in Fig. 5.7.
The log(ti;) versus (1/KT) plot for extraction of the fermi-level energy. The t;

used here is extracted from the conductance curves as shown in Fig. 5.7.
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Chapter 6:
Fig. 6.1

Fig. 6.2
Fig. 6.3.

Fig. 6.4

Fig. 6.5

Fig. 6.6

Schematic illustration of (a) the lattice mismatch between AlGaN and GaN
crystal structures, (b) the tensile strain endured by the thin AlGaN layer in
the AlIGaN/GaN heterojunction, and (c) the band diagram of the AlIGaN/GaN
heterojunction and the formation of polarization charges and two-
dimensional electron gas (2DEG).

Schematic structure of fabricated AIGaN/GaN HEMTs [6.10, 6.11].
Comparison on transconductance characteristics between AlGaN/GaN based
HEMTs with TiN and Ni gate electrodes.

Comparison on the (a) conductance spectra of the AlGaN/GaN HEMTSs with
the Ni (blue) and TiN (red) electrodes biased in depletion region, and (b)

extracted Dj; and (c) time constant z by using standard conduction method

Comparison on the (a) conductance spectroscopy, (b) extracted Dj; and (c)
time constant 7 using standard conductance method of the AlGaN/GaN
heterostructures with the Ni (blue) and TiN(red) electrodes biased at

inversion region.

Schematic band diagram of the AlGaN/GaN heterojunction in depletion and
inversion with illustration of the distribution of the electrically active traps in

the devices with TiN and Ni electrodes.
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Chapter 1: Introduction

In order to avoid CMOS down-scaling limit due to the short-channel effect, multi-gate
structure, such as fin-FETs or Tri-gate has been introduced. In addition, MOSFETs with
new channel materials such as InGaAs (I11-V) and Ge are studied for low power application
under low voltage. Also, HEMT (High Electron Mobility Transistor) devices using
AlGaN/GaN hetero-junction for the channel are being developed for power and high-
frequency applications. However, the distribution of interface and near-interface traps at the
gate dielectrics/semiconductor interfaces and the semiconductor hetero-junction interfaces
in these emerging devices are still lack of investigation.

In this thesis, in order to provide a guideline for trap characterization for future
development of advanced FET, we have proposed methodologies for trap characterization
and revealed in-depth understanding of the distributions, origins, species, and trapping
mechanisms gate dielectrics/semiconductor interfaces and the semiconductor hetero-
junction interfaces.




1.1 Moore’s law and Dennard Scaling

1.1.1 Moore’s law — history and current status
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Fig. 1.1 The evolution of total transistor count on a chip (a) and the feature size of logic
technology (b) of Intel microprocessors [1.4]

The relentless development of Si-based large-scale-integrated circuits (LSIs), in the past
four decades has revolutionized the information technology, and contributed to far-reaching
impacts on the modern society [1.1, 1.2]. This tremendous progress is achieved on the
scaling of LSIs’ technology driven by Moore’s law, which predicted that the transistor
density would double every 24 months [1.3]. For instance, Figure 1.1(a) shows the
evolution of total transistor count on a chip of Intel microprocessors released from 1970 to
2010 [1.5]. The transistor count on a chip has approximately increased by a factor of two
every two years in the past four decades, which also allows dramatic improvement on
operating frequency of the microprocessors. This is mainly achieved by scaling the
transistors which keeping the transistor lateral-to-vertical aspect ratio according to the
scaling rule proposed by Robert Dennard et al. [1.5] as described in the following section.
Figure 1.1(b) shows the aggressive scaling of the feature size for logic application in Intel
[1.5]. The scaling trend of transistors still persists till today and the schedule in which the
transistor density increases by 2X every 24 months is still generally recognized by the
roadmap made by the industry. Nowadays, the 22 nm generation technology has already
been ramped into mass production [1.6].



1.1.2 Dennard scaling law and its challenges

Original device ~ L Scaled device ~ L/k

wiring

Constant field scaling

o Vi~ 1/k
T =

r L W, Lt~ 1/k
X4
ideal scaling ratio
Dimensions (W, L, t,,) 1/k
Capacitance (C,~WL/7,,) 1/k
Number of transistor (7) k?
Potentials (Vpp, V7) 1/k
Doping (Ng;z) k
Current (/) 1/k
Delay time per circuit (~CV/I) 1/k
Power dispersion per circuit 1/k?
Power density 1

Fig.1.2 Illustration of the constant-field scaling theory of MOSFET proposed by Dennard
etal. in 1974 [1.5]

The ideal scaling of metal-oixde-semiconductor field-effect transistors (MOSFETS), which
results in smaller device size and improved device performance, can be achieved by the

constant-field scaling theory proposed by Dennard et al. [1.5], as shown in Fig.1.2.



According to this method, in order to keep constant electric field in the channel, all of the
dimensional parameters, including gate length (L), channel width (W), thickness of the gate
oxide (tox), and the junction depth (X;), are scaled by a factor of k. The supply voltage (Vqq)
and threshold voltage (Vi) are also scaled by a factor of k. Besides, to simultaneously scale
the depletion depth (Xy) by same ratio, the doping concentration (Ngy) in the channel is
increased by a factor of k. Besides, the drain current Iy, which can be from Eq. 1.1.1 as

below [1.6], is also scaled by a fact of k.
W V,
Iy =ycoxTN(_},S—\/m—f)VdS ...... Eq.(1.1.1)

Here, u is the mobility, Cox (~1/tox) is the oxide capacitance, Vg and Vg are the gate-to-

source and the drain-to-source voltage, respectively.

As a result, the delay time 7z (~CV/1) is scaled to 1/«, which indicates that the whole circuit
can be operated at faster speed or higher frequency. More importantly, if the ideal constant-
field scaling can be achieved, the power for switching the transistor can be scaled to 1/k>.
Because the transistor density is increased to k® due to the laterally scaling of the transistor
dimensions, the power density can be kept constant after scaling. Therefore, it can be seen
that high operational speed can be achieved without increasing the power density in the

ideal case.

However, it should be noticed that the Dennard scaling rules are based on following
assumptions. First, it ignored the impact of transistor sub-threshold leakage on overall
power consumption. Secondly, it assumed that the oxide thickness can be continually scaled.

Lastly, it assumed that the channel doping concentration can be continually increased.

In the early days of MOSFET scaling around 1970’s, the dimensions and the operational
voltages of MOSFETs were relatively large and the ideal Dennard scaling rules could be
well achieved. However, after about 40 years’ aggressive scaling, dimensions of advanced

MOSFETs have shrunk to the deep sub-micrometer region and the aforementioned



assumptions are not valid any more. The limitations of the traditional scaling rules are

discussed in details as below.

(a) Power-constrained supply voltage scaling

Drain junction
leakage

Sub-threshold

current

(a) = (b)

Fig. 1.3 lllustration of the main origin of the dynamic power (a) and the static power (b)
of a CMOS invertor.

The CMOS invertor is one of the fundamental components for constructing LSIs, in
which both of n-type and p-type MOSFETs are complementarily used. The power
consumption of a CMOS invertor can be divided into two types, dynamic and static, as
illustrated in Fig. 1.3. As shown by Fig. 1.3 (a), the dynamic power mainly origins from the
energy that is used to charge and discharge the load capacitance. It can be derived that the

energy per transition for charging or discharging can be given by:
Energy / transistion =C, xV.2, Eq. (1.1.2)

Therefore, the dynamic power can be given by:

Pynamic = Energy / transistion frequency =C, xVg x f , Eq. (1.1,3)

On the other hand, the static power is mainly associated with the leakage current, such as

sub-threshold leakage and drain junction leakage, as shown in Fig. 1.3 (b). It can be given



by:

Reatic =Vaa X heax » EQ- (1.1.4)
Thereby, the total power consumption can be given by:

P= denamic +Paic =CL ><ded X f +Vyq x| EQ. (1.1.5)
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Fig. 1.4 Evolution of the power density of CMOS circuits as a function of gate length [1.7]

Ideally, the static power of the CMOS invertor should be very low, which also widely
recognized as one of the most important advantage of the CMOS technology, because n-
MOSFET and p-MOSFET always do not switch on or off at the same time in this type of
circuit. Thus the static power should be ignorable compared to the dynamic power. This is
generally true for the technology generation with relatively long gate length (~ 1um).
However, as shown by Figure 1.4, as the gate length scaled to the < 100 nm region, it can
be seen that the static power significantly increases with decreasing gate length. It also
noteworthy that the static power even may even surpasses the dynamic power when the
gate length scaled to around 10 nm. Considering the extremely high transistor density, the
increased static power of the LSIs constructed by highly scaled transistors may result in

huge power consumption. In addition, the huge power consumption also considerably rise



the temperature of the chip, which may leads to several failure mechanisms and degrade the
reliability of the circuit [1.8]. In short, to continually the CMOS scaling trend, suppressing
the power consumption, especially the static power consumption, is of significant

importance.
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Fig. 1.5 (a) Power-supply voltage (Vqq), threshold voltage (Vi) and gate-oixde thickness
(tox) as a function of channel length for CMOS logic technologies [1.9], and (b) schematic
drain current-gate voltage (l4-Vy) relationships with different Vyq and Vi, with illustration of

the increased off-state current (lox) after Vqq or Vi, scaling.

Figure 1.5 (a) shows the history and trends of the power-supply voltage, threshold voltage
as a function of channel length for CMOS logic technologies, adopted from Ref. [1.9]. It
can be seen that when the channel length was scaled from ~1um to ~ 0.1 um, the V4g was
scaled with a smaller rate compared to that of the scaling of the channel length. Besides, Vi,
was scaled even slower that of the scaling of Vy¢. Furthermore, as the channel length was
scaled to sub-100 nm region, the scaling of V44 and Vy, almost got saturated. The underlying
mechanism that hinders the scaling of V44 and Vy, is shown in Fig. 1.5 (b). In order to scale

Vyq Without sacrificing on-state current, lon, Vin also has to be scaled at the same time.



However, it can be seen that the off-state current, lorg, increases logarithmically with
decreasing V. At the early stage of CMOS scaling, the sub-threshold leakage was
relatively low and its contribution to the chip total power consumption was ignorable.
Considering relatively high sub-threshold leakage current and transistor density nowadays,
it is very difficult to further continually scale the Vi, and V4. To overcome this impediment,
novel devices with new operational principle allowing ultra-steep sub-threshold slope, or

novel channel design having enhanced carrier’s transportation, are under development.

(b) The limitation of scaling the thickness of gate dielectrics

65 ] In 1997, a gate oxide _
1 Oxide thickness (nm) 1 was 25 silicon atoms thick.

In 2012, a gate oxide will
be five silicon atoms thick.
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{5 ]

1997

8 2
@
=

0
300 280 200 160 100 56O 0
Technology generations (nm)

Fig. 1.6 (a) The road map for scaling of the gate oxide predicted by the semiconductor
Industry Association (SIA), USA, in 1997 [1.10], and (b) Schematic of the evolution of the
SiO; gate oxide [1.11].

The SiO, gate insulator is considered as one of key points that contribute to the
unprecedented success of the Si MOSFETSs as the workhorse for modern microelectronic
industry. It owns high resistance and high breakdown voltage. Besides, it can be easily
grown on Si substrate by thermal oxidation process with abrupt interface and few amounts
of active interface traps. However, Fig. 1.6 (a) the roadmap predicted by SIA in 1997 (note
that the actual scaling trend is more aggressive than this), the technology nodes below 50



nm require that the thickness of SiO, should be scaled to 1.3 nm. As shown by the
schematic image of the atomic structure of the SiO; layer in Fig. 1.6 (b), a 1.3-nm-thick
SiO;, layer contains only five layers of atomic. While the top and bottom layers are used to
connect the Poly-Si gate and the Si channel, only three atomic layers serve as the insulating
layer, which is considering the minimum requirement for effective suppression of the
tunneling current between gate and substrate. It means that the thickness scaling of the SiO,
gate oxide had already been reached now. To tackle this challenge, the SiO,/poly-Si gate
stack has to be replaced by the high-k/metal-gate configuration, as introduced in the later

sections.
(c) The limitation of increasing the channel doping concentration

In Dennard’s law, another very important enabling factor for continuing the constant-field
scaling is that continual increasing the channel doping concentration. However, the channel
doping concentration cannot be too high mainly because of two reasons: (1) the carrier
mobility can be severely degraded due to increased impurity scattering, and (2) the drain

junction leakage may considerably increases due to direct band-to-band tunneling.

Failure of conventional Si MOSFET

Deviations from ideal Dennard’s scaling law due to short-channel effects
in conventional Si MOSFET scaling
/ (a) Sub-threshold leakage increase or S.S. degradation
(b) Drain voltage induced barrier lowering (DIBL)

‘ (a).Voltage scaling limitation

| Expectation of novel designs/materials ‘

‘ (b). Gate oxide scaling limitation

(a) Enhanced electrostatic control of sub-threshold region

(b) High-k gate dielectrics

‘ (). Channel doping concentration limitation

/

(c) Enhanced channel transportation




Fig. 1.7 lllustration of the deviations from ideal Dennard’s scaling law in scaling the
conventional Si MOSFETs and their influences: conventional Si MOSFET will finally fail
as scaling continues due to the short channel effects and novel design/materials are

expected.

Here, we summarized the aforementioned limitations that deviate the scaling of
conventional Si MOSFET from the ideal scaling rules: (a) the limitation of voltage scaling
due to the power concern, (b) the limitation of scaling the thickness of SiO, gate oxides,
and (c) the limitation of increasing the channel doping concentration, as shown in the left-
hand side in Fig. 1.7. In the extremely scaled devices, these limitations lead to (a) the
horizontal electric field from source to drain is increased, (b) the electrostatic control of
channel by gate is weakened, and (c) the space charge region cannot be sufficiently scaled
as the same ratio of the scaling of the dimensions of the devices. These effects due to the
deviations from the ideal scaling rules induce so-called “short-channel effects”, including
the increase of the sub-threshold leakage, or the S.S. degradation, and the drain induced

barrier lowering (DIBL), as shown by the upper part of the right-hand side in Fig. 1.7.
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Fig.1.8 Short channel effects in n-MOSFETSs: (a) Schematics of the leakage current in sub-
threshold region, [1.1] and (b) the band diagram of source/channel/drain with illustration of

the drain induced barrier lowering (DIBL) effect.
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Figure 1.8 shows two key device degradation mechanisms as channel length decreases
known as short channel effects: (a) increasing in sub-threshold leakage, or degradation of
S.S., and (b) DIBL effects, as described in details as follows. In generally, the short channel
effects are caused by two facts that violated the constant-field rule: (1) the horizontal
electric field from source to drain substantially increased and thus drain electric-field may
penetrate to the source side, and (2) the vertical electric field is weakened as thus the gate-
to-channel control degrades. Simply put, the drain take over the control of the channel from

the gate as channel length decreases.

The underlying mechanism of increased sub-threshold leakage in short-channel devices is
schematically shown in Fig. 1.8 (a). It is mainly caused by the fact that the space charge
region cannot be scaled as the same ratio as that of scaling of the device dimensions. As a
result, if the large space charge region in the drain junction caused by the reverse drain bias
sufficiently approaches the source, the carriers in source can directly inject from source to
drain and thus a leakage path beneath the surface channel is created. This effect contributes
to additional sub-threshold leakage current and can significantly degrade the S.S.

characteristic.

The other short channel effect known as DIBL is mainly caused by penetration of the
drain electric-field to the source sides, as shown by Fig. 1.8 (b). Ideally, in long channel
devices, the barrier between the source and the channel should be completely controlled by
the gate electrode. However, in extremely scaling devices, the barrier can be lowered by
drain electric-field. This effect leads to (1) increasing sub-threshold leakage, and (2) drain

voltage dependent Vy, that can further increase the sub-threshold leakage.

The short channel effects caused by the deviation from the ideal scaling rule finally cause
the failure of convention Si MOSFET to continue the aggressive CMOS scaling trends. As
a result, novel designs/materials have to be implanted to overcome these challenges, as

summarized in the lower part of the right-hand side in Fig. 1.7. To continually enhance the
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gate-to-channel control, multi-gate structure or high-k gate dielectrics can be adopted. To
further reduce the supply voltage, one of possible solutions is adopting high-mobility
channel to boost the drivability. In addition, another emerging trend to improve the
performance of IC is innovatively integrated the semiconductor devices for digital
applications, which need to be scaled for increasing performance, and those for non-digital
applications, which do not need to be scaled at the same ratio with those for digital
application. From this perspective, high performance flied-effect transistors for non-digital
application are also of particular importance. In the following sections, the strategy and the
emerging device technologies for overcoming the current challenges faced on continuing
Moore’s law are discussed in details.
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1.2 Overcoming the challenges faced by CMOS scaling

1.2.1 “More Moore” and “More than Moore”

New Applications

— Digital + analog + optical
o o Silicon + 111-V
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Fig. 1.9 Future technology directions, including “More Moore”, “More than Moore”, and

“Beyond CMOS”, to further improve the performance of LSlIs. [1.12]

As discussed in the previous sections, CMOS scaling is facing critical challenges in deep
sub-micrometer regoin. To further improve the IC’s performance, there are three main
directions, including “More Moore”, “More than Moore”, and “Beyond CMOS”, as
illurstrated by Fig. 1.9. In further, CMOS scaling is still the mainstrain drived by Moore’s
law, namely “More Moore”. To continue the progess in this direction, novel
structures/materials. such as muti-gate configuration, high-k/metal gate, and high-mobility
channel, have to be intregrated into convention bulk planr MOSFET. The second trend is so
called “More than moore™. It is characterized by functional diversication of semiconductor-
based devices, and invovative integration of the non-digital functionalities that do not
necessarily scales at the same rate as the one required by the digital circuits. To develop this
technology trend, novel semiconductor devices for analog/RF, high power electronics,

sensors and etc., such as Ill-nitride based HEMT, are expected. The last trend is the
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“Beyond CMOS”, which emphasize on developing electronic systems based on
revolutionary concept that is completely different with that of conventional CMOS
technolgy. Examples incudes carbon-based electronics, spintronics, molecular switching

devices and etc.

New structure New material

Multi-gate for high Iox/Iopr | III-V/Ge for low power-consumption digital IC:
ratio:
bandgap | electron mobility | hole mobility
(eV) (cm2V-isT) (em2V-isT)
X Si 1.12 1,430 480

III-Nitride for high power/frequency application:

bandgap | Electron mobility | critical breakdown
(eV) (cm2V-1s1) field (MV/cm)
SOI multl-gate FET Si 1.12 1430 0.3
JE SiC 3.26 700 3.0
dE, +—24 dE, =_P GaN 3.45 1000-2000 3.0

ax dv d= €

Fig. 1.10 Representative new structure/material technolgy for novel field-effect transistors

to continue CMOS scaling and diversify functionality.

Our study mainly focuses on the new structure/material technology for novel FETs to
continue CMOS scaling and diversify functionality for “More Moore” and “More than
Moore”. Specifically, as shown by Fig. 1.10, from structure prospective, multi-gate
structure can be adopted to enhance the electrostatic control of the channel. From material
perspective, compared to conventional Si channel, semiconductors with relatively small
bandgap and high mobility, such as IllI-V and Ge, can be integrated for low power-
consumption digital IC. On the other hand, semiconductors with relatively large bandgap
and high mobility, such as IlI-nitride, are attractive for high-power and high-frequency
application. The principles and features of these technologies are detailed as follows.
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1.2.2 Multi-gate FETSs for gate-to-channel electrostatic control
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Fig. 1.11 Structure and technology innovation for MOSFET, adopted from H. lwai [1.2].

Figure 1.11 [1.2] shows the structure innovation for MOSFET to address SCEs by
increasing electrostatic control. The three-dimension (3D) channel with gate-all-around
(GAA) structure is considered to be the ideal structure for ultimate scaling because it’s

excellent gate-to-channel electrostatic control [1.14, 1.15]

E:

L

dE dE  dE. __p _
Tt d + 3 e =a constant value

Fig. 1.12 Enhanced electrostatic gate control of the channel can be achieved by adopting 3-
D channel with multi-gate structure. After I. Ferain, et al [1.14]
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Figure 1.12 illustrates the principle for enhanced electrostatic control by using the 3D
channel. Considering the Possion equation in the channel of the MOSFET in conventional
planar devices, the electric field in the channel comes from (1) the horizontal electric field
from the drain to source (x-direction) and (2) the vertical electric field from the gate to the
channel (y-direction). Therefore, the Possion equation in the channel can be given by:
%+dd—? :—g (1.2.1)

On the other hand, in a MOSFET with 3D channel as shown in Fig. 1.11, the vertical
electric field form the gate to the channel is not only one dimensional but surrounding the
channel. For a 3D channel with rectangular-like cross-sectional shape, the Possion equation

in the channel can be given by:

e, , O, dE,
dx dy dz

-P 22
€

By comparing Eg. (1.2.1) and Eqg. (1.2.2), we see that the electrostatic control in the 3D

channel is more effective than that in conventional planar devices.

Furthermore, based on the Possion equation shown in Eq. (1.2.2) with a few assumptions,
a parameter called the natural length (1), which reflects the penetration of the drain electric
field from the drain side to the source side, can be calculated, and the minimum gate length

(Lg) is about seven times of A [1.14]. Particularly, A can be given by [1.9]:

€
A= /ﬁtoxtch (1.2.3)
[0)4

Here, e.nh and gox are the relative dielectric constants of the channel material and the oxide
materials. tox and te, represent the thickness of the gate oxide and the channel. N is the
number of the “effective gate number”(Planar: N=1, Double-Gate: N=2, Tri-Gate: N=3,
GAA: N=4). From the Eq. (1.2.3), the penetration of the electric field form the drain to the
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source can be effectively suppressed by (1) using the 3D structure channel, (2) shrinking
the thickness of the channel and (3) the gate stack with ultra-thin high-k dielectric. The later

issue will be further discussed in the coming section.
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Fig. 1.13 Evaluated minimum gate length as a function of channel width for a gate-all-
around MOSFET with Si, Ings53Gag47As, Ge channel.

In 3D MOSFET with fully-depleted channels, shrinking the dimensions of the cross-
section is also a big channel. It not only relies on the development of advanced process, but
also may arouse new transportation mechanism. Here, we also estimated the minimum gate
length as a function of the channel width according to Eq. (1.2.3) of a GAA MOSFET with
the equivalent oxide thickness (EOT) of 0.5 nm, as shown in Fig.1.13. It can be seen that
scaling the gate length requires aggressive scaling of the channel width. Specifically, gate
length below 10 nm requires Si channel width below 6 nm. Furthermore, introduction of
new channel materials, such as Ings3Gag47;As and Ge, requires even smaller dimension

because of thier relatively low dielectrics constants.

In addition, it is also noteworthy that in 3D channel structure, the scaling of channel width
is of significant importance to realize 1D ballistic transportation [1.16]. In case of ballistic
transportation, the carriers are expected to be directly injected from the source to the drain
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without experiencing any scattering. Therefore, achieving 1D ballistic transportation in
extremely scaled 3D MOSFET devices is highly expected for superior drivability.

1.2.3 High-k/Metal gate for EOT scaling
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Fig. 1.14 Ilustration of (1) replacement of SiO,/poly-Si gate stack with high-k/metal
electrode to achieve same capacitance with suppressed gate leakage, and (2) the concept of
the equivalent oxide thickness (EOT) of the high-k dielectrics. Here, Cpignx and Csio, are
the capacitance values of the high-k and SiO, MOS capacitors, respectively. thighk iS the
physical thickness of the high-k. enigh.c and esio are the relative permittivity, and g is the

vacuum permittivity.

Replacement of the SiO,/poly-Si gate stack by that consisting high-k/metal electrode can
address this problem by achieving same capacitance with suppressed gate leakage. As
shown in Fig. 1.14, since the larger dielectrics constant of high-k materials compared to
that of SiO,, same capacitance can be achieved by high-k dielectrics with thicker physical
oxide thickness. Therefore, the gate leakage in the high-k based MOS device can be
effectively suppressed. In addition, the equivalent oxide thickness (EOT) of high-k can be
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defined by calculating the thickness of SiO, that gives same capacitance.

Furthermore, the deployment of metal electrodes is also an indispensable element to
realize the high-k technology. Poly-Si/high-k gate stack have following problems. (1) weak
depletion of the poly-Si electrode degrades the EOT [1.6], (2) the fermi-level is pining at
the poly-Si/high-k interface due to the large amount of traps at the surface [1.17] and thus
we cannot adjust the threshold voltage by change the doping in the poly-Si electrode, and
(3) poly-Si/high-k gate stack shows strong remote phonon scattering phenomenon and
considerably degrades the channel mobility [1.18]. These issues can be solved by using

high-k/metal gate structure [1.19].

1.2.4 111-V/Ge based FETs for mobility boosting

Higher mobility

 — — — —— - —

Y

Fig. 1.15 Schematic illustration of the necessity of adopting the high mobility channel for
lowering the supply voltage without degrading the requirement for on- and off-current (lon
and lorg). The blue line shows typical 13-Vy of an MOSFET, the dash line shows the one of
the device with decreased Vi, and the red line shows the one of the device with high

mobility in the channel.
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As previously discussed, the supply voltage cannot be scaled due to the power
consumption considerations. One solution of this problem, as illustrated in Fig. 1.15, is
adopting the channel with enhancement transportation, such as strained Si, Ge, and 1lI-V
compound semiconductor. It can results in larger on-current and thus allow reducing Vgq

without sacrificing the requirements on lo, and log.
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Fig. 1.16 (a) Comparison of the electron injection velocity (vir;) at different gate lengths in
Si channel and I11-V channel. After J.A.del Alamo, et al. [1.20], and (b) schematic image of
the 111-V based MOSFET with illustration the relationship between on Iy, and Vip;.

In particular, 111-V compound semiconductors, such as Ings3Gag47As and InAs, are
extensively studied as alternative channel materials of n-type metal-oxide-semiconductor
field effect transistors (n-MOSFETSs) for future high-speed, low-power logic applications
due to their intrinsic high electron mobility [1.20, 1.21]. As shown in Fig. 1.16(a) [1.20],
compared to conventional Si or Strained Si channels with large V44 (1.1-1.3 V), the 11I-V
channels with small V4 (0.5 V) show much larger injection velocity, especially at short

gate length case (Ly ~ 30 nm), and thus potentially show better drivability (Fig. 1.16(b)).
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Fig. 1.17 (a)The improved performance of the p-MOSFET as the generation of the
technology node evolves is achieved by implementation of new materials and architecture
in past technology node.[1.22] and (b) the component of the ultimate CMOS device.[1.22]

In summary, to extend the Moore’s law and take the advantage of improving the
performance while lowering the cost by scaling, new structures and materials have to be
developed. Fig. 17 (a) shows the utilizing of new structures and materials has become the
key to boost the performance in recent technology nodes, e.g., the high-k/metal gate
replaced SiO, based gate insulator in 45 nm generation to overcome the scaling limit of the
gate oxide, the tri-gate structure was introduced in 22 nm, in which the fully-depleted Si
Fin channel was surround by the top/side gate electrodes and the electrostatic control was
substantially increased. Fig. 17 (b) schematically shows the component for the ultimate
scaling [1.22]. The three key ingredients are: (1) the nanowire channel with GAA
architecture, (2) enhanced transportation in the channel, and (3) the high-« gate dielectrics.
In the following section, we will discuss the role of interface and near-interface bulk traps

in the realization of this “the ultimate component”.
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1.2.5 AlGaN/GaN based HEMT for high-frequency, high-power
application

High-Electron mobility Transistor (HEMT), using GaAs and AlGaAs based
heterojunctions, was invented by Prof. Mimura around 1980 [1.23-1.25], which has already
become one of the mainstream technology for high-frequency electronics. The first
experimental demonstration of HEMT [1.24] is based on the heterojunction structure based
on alternative thin layers of n-type AlGaAs and undoped GaAs, as shown in Fig. 1.18 (a).
At the interface of n-type AlGaAs and GaAs, due to the higher electron affinity of GaAs,
the electrons in the n-type AlGaAs layer can move into the GaAs potential wells. As a
result, the near interfacial layer of the AlGaAs layer is depleted and quasi tow-dimensional
(2D) electron gas is formed at the interface of GaAs, as schematically shown by the band
diagram in Fig. 1.18 (b). This 2D electron gas (2DEG) has very high mobility for two
reasons: (1) HI-V compound semiconductor has the internal property of high electron
mobility, and (2) compared to conventional MOSFET, because the mobile electrons is
physically separated from the space charge in the depletion region in HEMT, the 2DEG in
HEMT is less suffered from the coulomb scattering than that in MOSFET devices.

DEPLETION
LAYER
NON-DOPED GaAs IONIZED DONOR  ELECTRON
IMPURITIES LAYER

Si-DOPED AZyGa,_xAs \

NON-DOPED GaAs

L SEMI-INSULATING _|
GaAs SUBSTRATE

( ) Si-DOPED | NON-DOPED
a N-AfyxGa|-xAs GaAs
(b)

Fig. 1.18 (a) The structure of the heterojunction structure used to constitute the field-effect
transistor, and (b) The schematic band diagram of the GaAs/n-Al,Ga;xAs heterojunction
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with the illustration of the formation of the tow-dimensional electron gas, adopted from

[1.24]
AlGaAs/ | InAlAs/ | AlGaN/
Characterlst[c Unit InGaAs | InGaAs | GaN
Bandgap 3.26 1.42 1.35 3.45
Mobility cm?/V=s 1500 700 8500 5400 1000-
2000
Saturated 10’7ecm/s 1.0 2.0 1.3 1.0 1.3
velocity
Critical MV/cm 0.3 3.0 0.4 0.5 3.0
Breakdown field
Thermal W/cm=K 1.5 4.5 0.5 0.7 >1.5
conductivity
£ -- 11.8 10.0 12.8 12.5 9.0

Table 1.1 Comparison on critical properties for high-frequency and high-power

applications between several semiconductor materials.

Although AlGaN/GaN heterojunction based HEMT is still in its fancy before piratical
application, it has already aroused extensive attention due to its outstanding properties for
high power and high frequency application [1.26]. As shown by Table 1.1, the
AlGaN/GaN heterojunction structure shows unique combination of large band-gap, high
break-down field, high mobility and saturation velocity, and good thermal conductivity. All
of these properties of AlGaN/GaN heterojunction make it as an extremely promising

candidate for high power and high frequency electronics.
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Fig. 1.19. Schematic drawing of the crystal structure of Ga-face GaN. [1.27]

Unlike AlGaAs/GaAs HEMT that requiring intentional doping to from charge, 2DEG in
AlGaN/GaN HEMT are induced by the polar nature of AlGaN and GaN, including both of
spontaneous and piezoelectric polarization (Psp and Ppg), and thus no intentionally doping
is needed. Normally, the high-quality GaN epitaxy layers have the crystal structure with
Ga-polarity, or Ga-face, as shown in Fig. 1.19[1.27, 1.28]. Due to strong non-
centrosymmetric crystal structure of the GaN, GaN based compounds show strong
spontaneous polarization. Besides, the external strain can also modify the crystal structure
of GaN and thus change its polarization. Therefore, GaN based compounds also shows

strong piezoelectric polarization.

In Al,Ga;«N/GaN heterojunction structure, due to the lattice mismatch between the
AlGa;xN and GaN (Fig.1.20(a)), tensile strain is applied to the AlGaN layer after the
formation of the heterojunction. As a results, due to the internal spontaneous polarization
and the external piezoelectric polarization caused by the strain stored in the the
heterjunction, a large amount of the polarization charge appears at the interfaces
(Fig.1.20(b)). This interfacial polarization charges result in the formation of a high
concentration of 2DEG in the interface of the heterojunction (Fig.1.20(c)). Therefore, the
2DEG can be formed in the AlGaN/GaN heterojunction without intentional doping. Besides,
comparing the schematic band diagram of n-type AlGaAs/GaAs (Fig.1.18(b)) and
AlGaN/GaN (Fig.1.20(c)), it can be seen that due to the 2DEG is caused by depletion of the
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donors in the n-type AlGaAs in the previous one and that in the later one is caused by the
polarization induced charge-sheet, stronger conduction band discontinuity, or “sharper”
quantum well, can be found at the interface of AIGaN/GaN heterojunction. This means the
distribution of electron gas in the AIGaN/GaN is closer to the ideally two-dimensional
distribution, which suggests that higher mobility could be achieved.

’Lattice constant‘ ini(%';:aiiezitlig?ge G AlGaN GaN
i | LS
| |
' ' " TTIDEG T
GaN GaN
Sub.
() (b) ()

Fig. 1.20. (a) Schematic illustration of the lattice mismatch between AlGaN and GaN, (b)
Schematic drawing of the polarization interface charge and the 2DEG in AlGaN/GaN
heterojunction, and (c) band diagram of the AlGaN/GaN heterostructure with the
illustration of polarization interface charge induced by spontaneous and piezoelectric
polarization and the 2DEG formed in the quantum well at the interface between AlGaN and
GaN.
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1.3 Interface traps and near interfacial bulk traps: origin,
properties and influences.
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Fig. 1.21 (a) lllustration of the spatial distribution of interface traps and near interfacial
bulk traps in MOSFETSs, (b) Extremely simplified equivalent circuit to clarify the influence
of interface traps and near interfacial bulk traps, and (c) Schematic comparison between the
I4-Vg characteristics of the MOSFETs with and without traps in the gate stacks.

To realize novel FETs with new structures/materials, proper understanding, accurate
profiling and effective suppressing the interface and near interface traps in the gate stack, as
schematically shown in Fig. 1.21(a), is of crucial importance. In order to clarify the
influence of the traps in the gate stack, we plotted extremely simplified equivalent circuits
of the gate stacks with and without traps in Fig. 1.21(b). It can be seen that both of
interface and near interface traps can contribute to additional capacitance by trapping
mobile carriers, and this effect results in screening the gate-to-channel control. In other
word, the gate electric field cannot effective control the fermi-level in the semiconductor.
As a results, the subthreshold control is weakened because the channel cannot be
effectively depleted; the on-state current is also degraded because sufficient amounts of
mobile carriers cannot be formed at the surface, as depicted by the schematic 14-Vy

characteristics shown in Fig. 1.21 (c).
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1.3.1 Interface traps at dielectric/semiconductor interface

In this section, we mainly introduced the origin and properties of the interface traps at
the Si/SiO, interface. Although the cases in novel 3D or high-k/high-mobility substrate gate
stacks are much more complex, the basic principle for understanding the origin and
properties of the interface traps should be similar. After that, we will discuss the influence
of interface traps in dielectric/semiconductor interface from a more general prospective.

Most of interface traps are most likely to come from the dangling bands of the
semiconductor at the interface due to the interruption of the periodic lattice structure at the
surface of a crystal [1.29]. In the Si/SiO; interface, the defects can be formed by an
unpaired valence electron of a silicon atom back-bonded to three silicon atoms [1.30]:

Si; =Si*, Eq. (1.3.1)

or an unpaired valence electron of a silicon atom back-bonded to two silicon atoms and

one oxygen atom[1.30]:
Si,0=Si*, Eq. (1.3.2)

As shown in Fig. 1.22, depending on the specific atomic configuration and surface
orientation, three types of electrically active type can be divided and recognized as Py
centers, Py centers and Pp; centers, respectively. Here, P, centers and Py centers have
similar electrical properties and both of them belong to the type (1.3.1). Py, centers belong
to the type (1.3.2).
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Fig. 1.22 Structure of Py, centers on Si wafers of three major orientations. [1.30, 1.31]

As for the energy distribution of these traps, most of interface traps tend to distribute
inside the conduction band. This can be understood by considering that in the tight binding
formalism, the conduction band and valence bands are formed as bonding and antibonding
combination of the atomic sp® hybrids [1.29]. Besides, all of aforementioned types of
interface traps are of amphoteric nature: the donor-like traps and the acceptor-likes.
Figure 1.23 schematically shows the charge properties of the donor-like and the acceptor-
like traps. The acceptor-like traps tend to locate at the upper half part of the band-gap. They
are electrically neutral when empty and negatively charged when occupied by an electron.
On the other hand, the donor-like traps tend to locate at the lower half part of the band-gap.
They are positively charged when empty and electrically neutral when occupied by an

electron.
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Fig. 1.23 The charge states of the donor-like interface states and the acceptor-like interface

states blow and above the Fermi-level.

On basis of the amphoteric nature of the interface traps, a very important concept to
illustrate the influence of the interface traps is the charge neutrality level (CNL). The
concept of CNL is clarified in Fig. 1.24. When the Fermi-level is biased at the CNL, the

total trapped charge at the interface traps is electrically neutral.

Ec
Positively acceptor-like
charged
AU Ecn;
negatively
charged donor-like

Fig. 1.24 lllustration of the charge neutrality level (CNL). The amount of the donor-like

traps above the CNL is equal to the amount of the acceptor-like traps below the CNL.
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An empirical method to explain the dominant role of the interface traps based on the CNL
is the unified disorder induced gap state model [1. 32, 1.33]. When the fermi-level moves
from the CNL to the conduction band edge, the net negative interface charge will form by
occupation of the acceptor-like traps and thus prevent the formation of mobile electrons in
the conduction band. On the other hand, when the fermi-level moves from the CNL to the
valence band edge, the positive interface charge will form by occupation of the donor-like
traps and thus prevent the formation of mobile holes in the valence band. Therefore, in case
that there is a large amount of the interface traps, the fermi-level tends to be pinned near the

CNL. In other words, the gate will lose its control on the fermi-level in the semiconductors.

(a) Interface traps issues to realize MOSFET with 3D channel

Top wall Corner:
Various crystallographic
orientation

«

3

Side wall:

(1) Different surface orientation
with top wall

(2) Etched surface

BOX

Fig. 1.25 Schematic cross-sectional view of a Tri-gate Si MOSFET with rectangular-like
cross-section shape formed. The possible origins of additional Dj;compared the 3D surface

to conventional planar ones are also listed.

Although the conventional Si/SiO, gate stack with (100)-oriented Si surface experienced
proper surface treatment have Dj; as low as 10° cm™eV?, the introduction of 3D structure
probably lead to high Dj;, which can eventually hinders the practical application of this type
of device. Figure 1.25 shows a schematic image of the cross-sectional view of a Tri-gate Si

MOSFET with rectangular-like cross-section shape. In this device, it is obvious that the
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spatial distribution of the Dj; around the surface is not uniform. Particularly, the top wall
and the side wall may have different D;; because their different surface orientation. Besides,
in commonly used top-down approach for formation of Si fins, the side wall usually
experienced etched process. More importantly, the corner part may also show large Dj;
because the crystallographic orientation continually changes at the corner region. In
addition, considering the scaling of MOSFET requires aggressive scaling of the channel

width, the corner part will play a significant role in the extremely scaled devices.

In published works, some studies have been carried out on separately qualifying the D;; at
the top and sidewall in the MOSFET with 3D channels [1.34, 1.35]. And some work also
qualitatively clarifies the high Dj; at the corner region [1.35], the quantitative studying of

the Dj; values at the corner part is still not sufficient.

(b) Interface traps issues to realize MOSFET with high mobility channel
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Fig. 1.26 The energy alignment of the CNL with the band edges of the representative

semiconductors at MOS interfaces.[1.36]
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In the studies of realization of MOSFETs with high mobility channels for practical
application, enormous research effort is focusing on the passivation of the interface traps on
the channel surface. Generally, the interface properties of the high mobility substrate is
much worse than that of Si, and thus the CNL is an important parameter to understand the
material properties. Fig. 1.26 shows the energy alignment of the CNL with the band edges
for some representative semiconductors [1.36]. Because Ge has CNL near the valence band
edge and high hole mobility, it is considered as a promising candidate for high-mobility p-
type MOSFET. On the other hand , the In-rich InGaAs has CNL near the conduction band
edge and high electron mobility, it is extensively studied to realized high-mobility n-
MOSFET.

1.3.2 Near interfacial oxide traps: emerging issues in MOS device with
high mobility substrate
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Fig. 1.27 The charging of oxide traps in the on state of a n-MOSFET

Figure 1.27 shows the oxide traps charging effect in the on state of a n-MOSFET. The
mobile carriers in the conduction band can directly charge the oxide traps by tunneling

effect. The oxide traps is usually caused by the oxygen vacancies or the H Bridge [1. 37].
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The near interfacial oxide traps have much more pronounced influences in the MOS system
based on the high-mobility substrates and the Si substrates in the following ways: (Here, we

mainly discuss on InGaAs as an example.)

(1) The thermodynamically stable interfacial oxide layer with good quality, as that in the
Si0O,/Si systems, is still lack in the high mobility substrates based systems.

(2) The band-offset between the conduction band edge of the oxide and substrate in the
MOS systems based on high mobility substrates is lower than that in SiO,/Si. In particular,
the band-offset of Al,O3/Ing53Gag.47AS is about 2.0 eV, and that SiO,/Si is about 2.6 eV.

(3) Due to the low effective mass nature, 111-V materials have superior electron mobility.
However, the low effective mass also leads to low density of states (Npos) in the conduction
band. In particular, the Npos of InGaAs is about two magnitudes of orders smaller than that
in Si. As a result, to form sufficient carriers concentration in the channel, the Fermi-level
has to travel deeply into the conduction band. Otherwise, the I11-V MOSFET will not
benefit from the high mobility on the on-current. However, once the fermi-level E; has been
biased into the conduction band edge, the tunneling barrier decided by Ec”™-E; becomes
even more smaller and thus the oxide trap charging process caused by tunneling also

becomes more pronounced.
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effective mass of | electron mobility, density of states in

electron, m */m, 4 (cm?Vis1l) conduction band, V- (cm?)
Si m;0.98/m,:0.19 1,430 3.2x10Y
GaAs 0.067 8,500 4.7% 107
Inds 0.023 13, 000 8.7 % 1016
In, 53Ga, ,-As 0.041 9, 500 2.1 %1077
InP 0.077 4,600 5.7 %1017

Lon = Qjny X Vi where Vij~ ME | and Qinv~ _LC Ncfp(E)dE

Table. 1.2 Comparison on the effective mass, the electron mobility and the density of states
(DOS) in the conduction band in Si and representative 111-V compound semiconductors.
The underlying equations show how the mobility and the DOS influence the on-current of
MOSFET devices.

Furthermore, the existence of electrically active oxide traps in the MOS systems with high
mobility substrates is further confirmed by following experimental results.
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Fig. 1.28 Comparison on the results of (a) the carrier concentration and (b) the Fermi-level
position at the ON state of InGaAs n-MOSFET evaluated by the split C-V measurement and

Hall measurement [1. 38].
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(1) The hall measurement carried out by N. Taoka, et al. [1.38] reveals that in the InGaAs
n-MOSFET, Fermi-level tends to pin at about 0.4 eV about the conduction band edge, as
shown in Fig. 1.28. The discrepancy between the results given by hall measurement and the
split C-V measurement indicates that there is a large amount of electrically active traps
above the conduction band edge.

(2) The pulsed I-V measurement, which is commonly used to characterize the transient
oxide charging process in MOSFET devices, demonstrates the existence of the traps with
very widespread time constants [1. 39]. It is mostly likely to be caused by the oxide traps
distributed though the thickness of the oxide.

In summary, large amount of electrically active near interfacial oxide traps exist in the
MOS systems with high mobility substrates due to the lack of thermodynamically stable
interfacial oxide layer with good quality and large band-offset in these systems. These
oxide traps have strong influence on the on-state of the MOSFET with high mobility
channel. In particular, these traps potentially prevent the formation of sufficient carriers
concentration in the channel by pinning the Fermi-level, degrade the mobility by remote
coulomb scattering, and also lead to the threshold voltage instability in the 111-V based n-
MOSFETs [1.40]. Consequently, it is of significant importance to (1) strengthen the
understanding of the trapping/de-trapping process of the oxide traps and (2) establish a
readily way to profile the distribution of oxide traps inside the conduction/valence bands of

the high-mobility substrates for gate dielectrics optimization.

1.3.3 Interface and near interface traps in semiconductor hetero-junction

In semiconductor hetero-junctions, the interface and near interface traps are likely to be
formed at the hetero-interfaces. Particularly, in AlGaN/GaN heterojunction, a considerable
amount of elastic strain is stored in the hetero-interface due to the lattice mismatch between
AlGaN and GaN [1.40]. Although the stored strain can contribute to the formation of the

2DEG with high density due to the piezoelectric polarization effects, it also leads to
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dislocation at the hetero-interface and thus eventually results in interface and near interface
traps in the heterojunctions. Additionally, it also has been reported that nitrogen deficiency
is likely to be formed in bulk of AlGaN barrier layer depending on device processing [1.41].
These traps may leads to gate leakage current and performance instabilities in AlGaN/GaN
based HEMT devices [1.40, 1.43]. Besides, these traps also play a critical role on the
reliability of the devices, as shown in Fig. 1.29 [1.42]. According to published results, the
density of interface traps at the hetero-interface is between 10' to 10* cm?eV™ [1.44,
1.45]. Besides, J. Yang et al. [1.46] also demonstrated the existence of electrically active
bulk traps in the AlGaN barrier layer. However, the origin, distribution, and species of these
traps, including the traps at the hetero-interface and the bulk traps in the AlGaN barrier
layer, are still lack of in-depth investigation.

Schottky contact: Charge trapping:
normally stable at 300°C effect of cap, s
no gate sinking passivation, surface Ohmic:
effect of DC bias preparation thermal
degradation
SiN observed at
Passivation T; > 300°C

Hot electron-
induced trap
generation
+Trapping at deep
levels

Piezoelectric-

induced
strain and relaxation
trap generation
+Trapping at deep
levels

Fig. 1.29 Schematic cross-section on an AlGaN/GaN HEMT, identifying critical areas
which can be subjected to degradation. [1.42]
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1.4 Purpose and Organization of this study
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Fig. 1.30 Summary of the interface issues of novel dielectric/semiconductor and
semiconductor systems investigated in this study: (1) the spatial distribution of interface
traps on the fin structure, (2) the oxide trapping in high-k/I11-V MOS systems due to the
lack of high-quality interfacial oxide layer with large band-offset, and (3) the interface traps
distribution at the AIGaN/GaN hetero-interfaces.

As previously discussed, to continually extend Moore’s law, novel field-effect transistors
based on new structure and material have to be developed. However, to achieve these novel
devices, there are many unexpected issues about the interface traps and the near interfacial
bulk traps at the dielectrics/semiconductor interface and the semiconductor hetero-
interfaces requiring further investigation. In this thesis, by studying representative
interfacial issues caused by introducing new structure/material (Fig. 1. 30), i.e., (1) the
spatial distribution of interface traps on the fin structure, (2) the oxide trapping in high-
k/111-V MOS systems due to the lack of high-quality interfacial oxide layer with large band-
offset, and (3) the interface traps distribution at the AIGaN/GaN hetero-interfaces, we aim
to propose methodologies for trap characterization of dielectric/semiconductor interfaces
and semiconductor hetero-interfaces based on new structure/materials, reveal in-depth
understanding of the distributions, origins, species, and trapping mechanisms of these traps,
and thus provide a guideline for trap characterization for future development of advanced
FETs.
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Fig. 1.29 The flow chart of this thesis, which consists of 7 chapters.

This thesis consists of seven chapters. The flow-chart of the thesis is shown in Fig. 1. 29.
The contents of each chapter are briefly described as follows.

In chapter 1, the necessities for realizing novel field-effect transistors (FETS), including
multiple-gate FET, I1I-V/Ge FET, and AIGaN/GaN high-electron-mobility transistor
(HEMT), and their technological advantages over their conventional counterparts are firstly
explained. Then we detail the peculiar interfacial issues of dielectric/semiconductor
interfaces and semiconductor hetero-interfaces in these devices and interpret the importance
of developing proper trap characterization techniques. Lastly, the motivation and the
organization of this thesis are presented. Particularly, by investigating the interfaces of
SiO,/Si with fin structure, high-k/InGaAs, and AlGaN/GaN, we aim to propose
methodologies for electrical characterization of the interface and near interface traps in
these systems, reveal in-depth understanding of their distributions, origins, species, and

trapping mechanisms, and thus provide a guideline for trap characterization for future
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development of advanced FETS.

In chapter 2, a review of commonly used techniques for characterizing interfacial traps is
carried out. Especially, capacitance-voltage (C-V) based methods, including high- and low-
frequency C-V techniques, and charge-pumping method are compared in details. Their
applicable  scopes and problems for electrically charactering  advanced

dielectric/semiconductor interface and semiconductor hetero-interface are also discussed.

In chapter 3, the distribution of interface traps on the surface of Si fins is systemically
studied by carrying out charge-pumping method on the gated p-i-n diode configuration. The
optimal forming gas annealing temperature is extracted and a new methodology to profile
the local D;; at different regions (i.e., top/side walls and corners) on the 3D surface is
proposed. The highest local D;; is found at the corners, which is likely to be caused by

continually varying crystallographic orientations at the corners.

In Chapters 4 and 5, the interface traps and the oxide border traps in high-k/I1l-V MOS
capacitors are studied by analyzing the admittance characteristics, including capacitance
and conductance characteristics, measured at various temperatures. In chapter 4, we
propose an empirical way to model frequency- and temperature-dependent responses of
oxide border traps in C-V measurement. Particularly, thermally activated trapping process
of oxide border traps is demonstrated. On this bias, a methodology to extract the spatial and
energy distribution of oxide border traps from the frequency- and temperature-dependent
C-V characteristics in accumulation region is developed. The results reveal that there are a
large amount of electrically active oxide border traps, whose concentration is likely to
increase with increasing energy level and distance from the interface into the oxide. These
traps seem to be caused by accumulated defectives during high-k material growth. On the
other hand, in chapter 5, the standard conductance method is modified to be applicable for
high-k/111-V MOS capacitors by considering both of the influences of interface traps and
oxide border traps. The densities of interface traps and oxide border traps are successfully

separated by using the different conductance behaviors caused by the responses of interface
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traps and oxide border traps. It is found that for the parallel conductance curve with strong
low-frequency responses, ignoring the oxide border traps would results in severely

misunderstanding of interfacial traps distribution.

In chapter 6, by adopting the conductance method, the interface and near interface traps at
the AlGaN/GaN hetero-interfaces are studied. It is confirmed that there are no distributed
bulk traps in the near interfacial region of the hetero-interface. Besides, the different
properties of deep trap levels and shallow trap levels at the hetero-interface are also

presented.

Lastly, in chapter 7, we summarize the achievements of this thesis, and also discuss the
future works that are worthy for further investigation.
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Chapter 2: Review of the techniques for
characterizing interface and near interface
traps

In this chapter, commonly used electrical characterization techniques for profiling the
interface and near interface traps in MOS systems are reviewed. We mainly focused on the
admittance analysis methods, including high- and low-frequency C-V method and
conductance method, and the charge-pumping method. Their advantages, disadvantages,
and applicable scopes are also analyzed. In addition, the limitations of using these
techniques to analyze novel dielectric/semiconductors interfaces and semiconductor

heteointerfaces are also pointed out.
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2.1 Admittance analysis for interfacial traps chracterization

2.1.1 Low-frequency capacitance method

(i) Determination of the Dj; values

(b) At sufficiently high frequency

(a)
T e
CO.Y
C.(w) .
ir(W (¢c) At sufficiently low frequency
| T
Gp(wj) C
b—Cll—' ’ —*
C.

7

Fig. 2.1 (a) The equivalent circuit for MOS capacitors with interface traps under ac small
signal measurement, (b) the equivalent circuit at sufficiently high frequency that the
influence of interface traps can be completely screened, and (c) the equivalent circuit at

sufficiently low frequency that all of interface traps can follow the ac signal.

In low frequency C-V method (Castagne-Vapaille method) [2.1], Dj; can be roughly
evaluated by comparing the high-and-low C-V characteristics. Figure 2.1(a) shows the
general equivalent circuit of the MOS structure with interface traps, and thus the total

capacitance, Cyy, at a given angular frequency, w, can be given by:
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1 1 1

== 4+ Eq. (2.1.1)
Ctot (W) Cox Cit (W)+CS

At sufficiently low frequency C-V measurement, or quasi-static C-V measurement, as
shown in Fig. 2.1(c), all of the interface traps are supposed to be able to change their
occupation according to the change of gate voltage and thus arouse interface traps induced

capacitance Cj;, which is given by:
Ci(w—0)=0D; Eq. (2.1.2)
Therefore, from Eq. (2.1.1) and Eq. (2.1.2), it can be derived that:

1
q

If

COX Ctot
If
Cox ~ “tot

( -Cs) Eq. (2.1.3)

it
On the other hand, when the frequency of the small ac signal in C-V measurement is very

high, the interface traps cannot change their occupation according to the ac signal, as shown
in Fig. 2.1(b). As a result, there is:

Ci(w—o)=0 Eqg. (2.1.4)

Consequently, the substrate capacitance Cs can be derived from high-frequency C-V by
using Eqg. (2.1.1) and Eq. (2.1.3):
1 1 1

== = Eqg. (2.1.5)
CS o Cox

ot

Finally, by substituting Eq. (2.1.5) into the Eq. (2.1.3), the Dj; can be evaluated from the
high-frequency and low frequency C-V characteristics as:
Cor ¢ CoCt___ Colur

D. = ~ox
it If hf
q Cox - Ctot Cox ~ “tot

Eq. (2.1.6)
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(i) Extraction of the voltage-energy relationship

In order to position the evaluated Dj; in energy, voltage-energy relationship has to be
extracted. The voltage-energy relationship can be estimated from low-frequency C-V by

using Berglund integral [2.2]:

I(f)t (Vg )

. v, | Eq. (2.1.7)

V,
Ws :W8+f(1_

Vgo (0)4

where ¥ is the surface potential and ¥ is the surface potential at Vgo. It is noteworthy that
in order to properly evaluate the Vy- ¥ relationship, we have to choose a gate voltage VgO
that near the Vg°, % not strongly depends on gate bias V. In case of Si MOS capacitor, VgO

can be chosen in accumulation region.

However, one problem of low-frequency capacitance method is how low the frequency
should be. If the frequency is not low enough, we cannot assure that all the traps can
response to the small signal. On the other hand, if the frequency is too slow, some slow
traps, such as oxide border traps, may also contribution to low-frequency capacitance and

thus Dj; may be overestimated. In Chapter 5, we will further discuss this issue.

2.1.2 High-frequency capacitance method

The method of determining D;; from high frequency capacitance is also known as Terman
method [2.4]. In this method, C-V characteristics are measured with a frequency that high
enough so that all the interface traps cannot follow the ac small signal. Therefore, measured
capacitance should be equal to the ideal capacitance of the MOS capacitors without
interface traps, which can be theoretically calculated according to the oxide capacitance and
substrate doping concentration of the under test sample. However, all the interface traps do
not influence the measured high-frequency capacitance. They can lead to the “stretch-out”
of the C-V curve compared to the ideal C-V curve because these traps can change their

occupation during the gate voltage sweeps from inversion to accumulation with relatively
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slow sweeping rate. Note that the “stretch-out” effect in high-frequency C-V caused by

interface traps is essentially different from the horizontally shift of the C-V curves caused

by the oxide fixed charges or the gate work-function.

Therefore, the Dj; can be estimated from the “stretch-out” effect caused by interface traps.

Figure 2.2 shows extraction of gate voltage-surface potential (Vg %) relationship by

comparing the theoretically ideal Cye- ¥ relationship and Cne-Vy data with the influence of

the interface traps. Since D;; just lead to the horizontal “stretch-out” of the Cpr-Vgy curves,

the ¥ for a given Vy can be extracted by connecting the % and Vq that give same Cye in

¥-Cnr and Vg-C relationships.
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Fig. 2.2(a) Extraction of V4%
relationship from high-frequency
capacitance Cyr. The LHS
diagram shows the theoretical Cyr
versus ¥ without the influence of
interface traps. The RHS shows
the hypothetical Cyr versus V.

Fig. 2.2(b) Comparison between
the theoretical Vg- ¥ with Di; = 0
and Dy = 10% cm™@eV? for the

example shown in Fig. 2.2(a).

After Ref [2.3] Nicollican and
Brews, Fig. 8.4 and 8.5, pp. 328



The Dj; can be extracted from extracted V- ¥ relationship by considering the capacitance
of the MOS capacitors [2.5] :

dQ
Co=—>= Eq. (2.1.8
g dVg q ( )
Here, Cy is the total gate capacitance and Qs is the total carrier concentration in the
semiconductor. Particularly, with considering D;; induced capacitance Cj;, Cy can be given

by:

1
—= + Eg. (2.1.9)
Cg Cox Cox + Cit

where Cj; = gDt in case that Vg change slowly during gate voltage sweeping.

On the other hand, considering Qs and ¥% relationship, there is:

C,+C; =g% Eq. (2.1.10)
S

Therefore, from Eq. (2.1.8), (2.1.9) and (2.1.10), the Cj; can be estimated by:

Cit(\l’s):cox |:( (;:/VS )_1:|_Cs(\|fs) Eqg. (2.1.11)
g

And thus Dj; can be given by:

_Cox| (AWsy_ 1|
Die(ws)= : {( dvg) 1} Cs(ws) Eqg. (2.1.12)

However, some uncertainties also remain in high-frequency capacitance method. The
problems is how to positioning the Cue-Ws relationship, which is influenced by flat-band

voltage, Vi. Although Vg, can be determined by positioning ideal C-V and experimental
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high-frequency C-V. But when the D;; is substaintially larges, such as the case for I11-V
based MOS capacitance, there is no straightforward method to positioning ideal C-V with
experimental ones. Besides, since the slow traps also can contribute to the “stretch-out”
effect, the influence of slow traps and fast traps also cannot be distinguished in this method.
Some discussion about this issues will also be coved in Chapter 5.

2.1.3 Conductance method

(a) (b)

| | I ! Cm
e I I 9 C_g —
Cox ® 4
C.(w)
o Gm
— 1o

G,w)

Fig. 2.3 (a) The equivalent circuit for MOS capacitor in depletion with interface traps. Here,
Cox Is the oxide capacitance, Cs is the semiconductor capacitance, Cj; is parallel interface
traps capacitance, G, is the parallel interface traps conductance, and (b) The equivalent
circuit for an impedance analyzer with parallel connect capacitance-conductance model. Cy,

and G, are measured capacitance and conductance.

The conductance method for determination of the interface trap density is developed by E.
Nicollian and A. Goetzberger [2.3, 2.6]. Figure 2.3(a) shows the equivalent circuit for an
MOS capacitor with interface traps biased in depletion without minority carriers responses.
Figure 2.3(b) shows the parallel C-G model for the measurement by an impedance analyzer.

The Gy can be derived from C, and Gy, by:
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W C2G,,

= Eg. (2.1.13)
P Gr% +W2(Cox_Cm )2
Furthermore, it can be demonstrated that:
G Wt
—P - Eq. (2.1.14
W 1+wAt? - ( )

Here, w is the angular frequency of the small ac signal and 7 is the time constant of the
interface trap, which physically represents the average time the trap need to wait before it

capture mobile carriers.

From Eq. (2.1.14), it can be seen that when wzr<< 1, or 7<< 1/w, Gy/w approximately
equals to 0. It means that the interface traps can immediately change their occupation
according to the ac signal and there is no energy loss in this case. When wz>>1, or 7>>
1/w, Gp/w also tends to become 0. It indicates that the interface traps almost cannot
response to the ac signal and thus there is no energy loss, too. However, when wz~1, or 7~
1/w, Gy/w shows its maximum value. In this case, because the time constant of the traps is
comparable to the period of the ac signal, they change their occupation with a lag behind
the ac signal, which leads to considerable energy loss of the MOS systems. As a result, the
peak value of the Gy/w versus w plot actually reflects the Dj; value. It can be estimated by:

25,G,

D,=—(— Eqg. (2.1.15
it Aq W )max q ( )

Here, A is total active area of the devices and q is the elementary charge.

Furthermore, the time constant zis given by Shockley-Read-Hall statistics of capture and

emission rates: [2.6-2.9]

1
7=

= Eq. (2.1.16
e g. (2.1.16)

54



where ng is the carriers concentration at the semiconductor surface, vy, is thermal velocity

and ois the capture cross-section.

Particular, for the interface traps inside the band-gap, ns can be approximately estimated
by:

N, = Npos eXp(—AE / KT ), Eq. (2.1.17)

Where Npos is density of states in conduction band or valence band, AE is a positive value
that represents the different between the trap energy and the band edge, k is the Boltzmann
constant, and T is the absolute temperature. Therefore, Eq. (2.1.16) can be rewritten as
follows by substitute Eq. (2.1.17):

, Eq. (2.1.18)
NposVinG

From Eq. (2.1.18), it can be seen that the time constant of the interface traps is
exponentially depends on temperature. Specifically, ztends to be enlarged with decreasing

temperature and be shrined with increasing temperature.

The characteristic frequency of certain interface traps with time constant of z can be

defined by using wz =1 condition:

1

2m

f= Eq. (2.1.19)

Thereby, by using the commonly acceptable parameters, including Npos, Vin, and o for a
given materials, the characteristic frequency of a certain material as a function of energy

with a parameter of temperature can be estimated by using Eq. (2.1.18) and (2.1.19).
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Fig. 2.4 The characteristic frequency for electron trapping (solid line) and hole trapping
(dash-dot line) as a function of energy along the band gap of GaAs at 25 °C (a) and 150 °C
(b). The dash lines label commonly used frequency window of 100 Hz to 1MHz. The dot
lines depict the detectable energy range for the frequency window. After G. Brammertz et al.
[2.7]

Figure 2.4 shows the characteristic trapping frequency of electrons and hole in GaAs [2.7],
the 111-V compound with relatively large band-gap about 1.43 eV. We see that at room
temperature, only a partial of region of the upper and lower halves of the band-gap can be
measured due to the time constant near the mid-gap is too slow for our measurement
window from 100 Hz to 1 MHz. However, the mid-gap region can be measured at same
frequency range by shortening the time constants though heating the sample to about
150 °C.
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Fig. 2.5 (a) The characteristic frequency of hole trapping in Ge at 293K, 160K,and 77 K,
and (b) the characteristic frequency of electron trapping in InGaAs at 300 K, 180 K and 77
K. The green lines label the normal measurement frequency window from 100 Hz to
1 MHz. The dot lines label the detectable energy range at different temperatures.

Figure 2.5 shows the characteristic frequency of hole trapping in Ge and that of electron
trapping in InGaAs. Ge and InGaAs are high-mobility substrates with relatively small
band-gap (Ge: 0.67 eV, InGaAs: 0.74 eV). It can be seen that in these materials, the
detectable energy range in the band-gap at room temperature is near mid-gap. By lowering

the temperature, we can measuring the energy range near the band-gap.

In summary, conductance method provides an accurate way to evaluate the Dj; in the
energy-gap from the parallel interface trap conductance. In addition, changing temperature
can help us to extend to detectable energy range. Particularly, high-temperature
measurement may help to probe the mid-gap Dj; for semiconductors with relatively large
band-gaps. On the other hand, low-temperature measurement may help to probe the near

band edge D;; for the semiconductors with relatively small band-gaps.
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2.2 Charge-pumping (CP) method for interfacial traps
characterization

Gate pulse waveform (b):

Experiental setup (a): Inversion

Pulse \/tZ gamp
’}\ ; i Vbase
VJ_ t t accumulation
T f

Electron/hole emission level (c):
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Fig. 2.6 Schematic illustration of charge-pumping method for n-MOSFET: (a) experimental
setup, (b) gate pulse waveform, and (c) description of the electron/hole emission level as a

function of rising/falling time of the gate pulse.

The CP technique is a reliable technique for the study of the interface traps in MOS
transistors [2.10-2.13]. It is able to directly measure the electron-hole recombination current
at the trap sites and thus accurately profile the interface trap density. The CP technique for
an n-MOSFET is described in Fig. 2.6. Figure 2.6 (a) shows the experimental setups. While
positive voltage is applied to soure/drain to reversely bias the junction, pulse voltage is
applied to the gate electrode. The waveform of the gate pulse is shown in Fig. 2.6 (b). As
gate pulse rises from base to top, the fermi-level in the channel is swept from VB edge to
CB edge and thus the trap levels in the bandgap also change their occupancy by either

emitting holes or trapping electrons. The energy level that the trap levels begin to trapping
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electrons is dependent on the rising time of the gate pulse. Specifically, if the rising time of
the gate pulse is infinite fast, then most of traps in the bandgap do not have enough time to
emit holes to VB but direct trap electrons from source or drain. If the rising time the gate
pulse is relative slow, then the hole emission level move to the intrinsic fermi-level position
of the semiconductor. Reversely, during gate pulse is falling and the fermi-level is sweeping
from CB to VB, the trap levels in the bandgap change their occupancy by emitting electrons
or trapping holes for the substrate. The electron emission level is also decided by the falling
time of the gate pulse. Particularly, the hole emission level, Ecnp, and the electron emission

level, Eeme, Can be given by [2.11]:

|\/th B Vfb|
Vamp
Vi, — V
Eeme =Ei — KgTIn| vipnioy, Mtf Eqg. (2.2.2)
Vamp

where E;is the intrinsic Fermi-level, kg is the Boltzmann constant, vy, is the thermal velocity,
onp IS the capture cross-section of electrons or holes, t.s is the rising or falling time of the

gate pulse.

Therefore, as shown in Fig. 2.6 (c), it can be seen that electrons and holes will recombine
at the trap sites whose energy levels locate between Eemp and Eeme. This recombination

current is so-called CP current, Icp, which is given by [2.11]:

|y = GFA EE:““'e D, (E)dE Eq. (2.2.3)
m,h

Here, q is the element charge, f is the frequency of the gate pulse, A is the gate area and the

integration is over the energy between holes and electrons emission level.

Besides, since Eemp and Eeme are determined by tr and t;, respectively, varying t. while

fixing t;, and reversely, allows to extract the Dj;at Eemp and Eene using [2.11]:
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_ 1 dIcp,max
gAfkgT dint,

Dy (Eem,h): , and Eq. (2.2.4)

_ 1 dlcp,max
gAfkgT dlInt;

Dyt (Eeme ) = EqQ. (2.2.5

Hereby, by change t, or t;, the Dit at the lower half or the upper half of the bandgap can be
measured. In addition, it is also noteworthy that by carrying out frequency-dependent CP
technique [2.13], the near interfacial oxide traps as a function of the distance from the

interface into the oxide also can be evaluated.
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2.3 Comparison between different interfacial traps
characterization techniques

Admittance analysis Charge-pumping

C-V based-method | Conductance method method

2. Convenient measurement for MOS capacitor

i 1. Common method for | 1. Sensitive to low D;, Direct evaluation of D; by
%ﬂ evaluate MOS capacitor | and other information | measuring the electron-
‘E is available hole recombination current
g at the trap sites

=

<

1. Required theoretically ideal C-V model or Requiring MOSFET or
equivalent circuit model diode configuration

2. Not applicable for MOS capacitors on SOI

7]
£
=
S
R
[-"

3. Separate evaluation of interface traps and near
interface bulk traps is lack of discussion

Table 2.1. Comparison on the advantages and disadvantages of interfacial traps

characterization techniques based on admittance analysis and CP methods.

Table 2.1 summarizes the advantages and disadvantages of the interfacial traps
characterization techniques previously described. Admittance analysis based methods,
including C-V based method and conductance method, are very convenient to be carried out
with MOS capacitors. Especially, multi-frequency C-V measurement is one of the most
important characteristics of the MOS capacitors. Besides, conductance method is very
sensitive to low interface traps density and capable to provide many properties of the traps,
such as their time constant and capture cross-section. However, admittance analysis
methods are basically based on equivalent circuit models or theoretically ideal C-V models,
which may lead to uncertainties in the extracted distribution profiles of the traps. Moreover,
considering most of advanced devices are fabricated on silicon-on-insulator (SOI) wafers,
then the admittance characteristics are no longer able to be easily measured by only using
capacitor structures. Additionally, separate evaluation of interface and near interface traps is

still lack of investigation in this type of method.
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On the other hand, by using CP method, the electron-hole recombination current at the
trap sites can be directly measured. One of problems of CP method is that relatively
complex experimental setup is required. Also, to carry out CP method, well-functioned

MOSFET devices are required.

In summary, considering both of advantages and disadvantages of these methods,
admittance analysis methods are suitable to preliminarily evaluate the interface quality of
MOS capacitors and can be used as a powerful tool during devices optimization. CP
methods are capable to achieve an accurate profiling of interface traps distribution in the
gate stacks of the MOSFET devices after proper optimization. Therefore, in this study, we
used CP method to accurately study the interface traps density in the Si/SiO, interfaces with
fin structures. For new materials that still required further optimization, such as high-«/I11-
V interfaces and AlGaN/GaN heterointerfaces, admittance analysis is carried out to reveal
the distribution, species, trapping mechanisms of the interface and near interface traps in

these structures, which is the basis for carrying out further optimization.
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Chapter 3. Study of Interface traps at the
surfaces of Si fins by charge-pumping
method

Adopting the gated p-i-n diode configuration, the interface state density (Dj) at the Si/SiO,
interface of Si fin structures on Silicon-on-Insulator (SOI) wafers has been systematically
studied using charge pumping method. The optimal forming gas annealing temperature for
the three-dimensional (3D) surface is extracted. And a new methodology for separately
quantifying the local Dj; at different regions of the 3D surfaces (i.e., the top/side walls and
the corners) is also derived by characterizing the fins with various widths and the planar
counterparts. The results validate the necessity to independently consider the corner regions,
at which substantially high local Dj;situates, and further clarify the origin of high Dj; at 3D

surfaces.
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3.1 Introduction

The 3D semiconductor structure is considered one of the significantly critical building
blocks for nano-electronics, which not only enable the relentless scaling trend of
complementary metal oxide semiconductor (CMOS) technology to be continued [3.1], but
also have remarkable impacts on many interdisciplinary fields, such as photonics and the
life sciences [3.2, 3.3]. Of particular interest is the interface state density (Dj) of the 3D
nano-system, given its dominant role for the device functionality and the uncertainty caused
by involvement of surfaces with various crystallographic orientations [3.4, 3.5].

In this study, we have systematically investigated the Dj; distribution profile on the
surfaces of Si fins with rectangular-like cross-sectional shape on Silicon-on-Insulator (SOI)
wafers. By formation of gated p-i-n diodes configuration with three terminals, the charge
pumping method, a reliable approach to qualify the Dj; by the interface states induced
recombination process [3.6-3.8], is applicable to directly measure the Dj; situated at the 3D
interface of the fin structure [3.9, 3.10]. The optimal annealing temperature of forming gas
(F.G.), which is a mixture of N, and H, in a ratio of 97:3, for the interface states passivation
Is extracted. Furthermore, a new methodology for separately quantifying the local Dj;
situated at different regions along the cross-section, i.e., the top/side walls and the corners,
is developed by characterizing the fins with different widths and the planar counterparts.
The results reveal that independent consideration of the corner parts is necessary to obtain
reasonable local Dj; profile of the 3D surfaces. This technique can help to optimize the
cross-sectional shape for further lowering the Dj; of 3D surfaces by estimation of local Dj

distribution profile.
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3.2 Experiments

(a)

Icp =|I3I'F4|

I,: electron trapping I5: hole trapping
I,: electron emission I,: hole emission
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1 tf

Fig. 3.1 (a) Schematics of the top view of the fabricated gated p-i-n diode device. The inset
shows the SEM image of the cross-sectional view of a single fin, (b) experimental setup for
the charge pumping measurement; the arrows represent four different current flows in one

period of the gate pulse, and (c) the waveform of applied gate pulse.

The structure of the gated p-i-n diodes used in this study is schematically shown in
Fig. 3.1(a). Each device contains a large number of parallel-connected fins (N = 100) to
produce measurable current and average out the process induced variation. The device
fabrication starts from patterning <110>-directed Si fins on (100)-oriented SOI substrates
with 70-nm-thick SOI layers and 50-nm-thick buried oxide layers. Patterned Si fins have
rectangular-like cross-sectional shape with (100)-oriented top walls and (110)-oriented side
walls, as shown by the SEM image in the inset of Fig. 3.1(a). For the purposes of this study,
Si fins with a height (Hsn) of 70 nm and various widths (Wsn) ranging from 80 to 110 nm
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are patterned to assure that the top walls, the side walls and the corners can be clearly
distinguished. The 14-nm-thick SiO, gate-oxide is formed by dry oxidation at 1000 °C for
10 min, and the tungsten gate electrode is deposited by sputtering. The n* and p* regions
adjacent to the gate electrode are formed by implantation of P and BF; ions, respectively.
After thermal activation of the dopants, F.G. annealing for interface states passivation from
300 to 600°C for 30 min is carried out for different samples. Besides, the planar
counterparts are fabricated on the same type of SOI substrates under identical process flow,
except that the relatively large Wy, ranging from 46 to 78 um are patterned to exclude the
influences of the side walls at the channel edge. Indeed, it has been shown that when Wy,

>> Hsin, Dir depends only on the (100) top walls, as discussed later in Fig. 3.4 (a) and (b).

The basic experimental setup for charge pumping measurement is shown in Fig. 3.1(b).
Here, the p* region serves as the body contact of the Si fins to measure the charge pumping
current (Igp). The reverse voltage (V) at the n* region is set to 0.05 V, which is sufficient to
eliminate the “geometric component” [3.6] without excessive shortening the effective
channel length. Repetitive trapezoidal pulse with frequency of 500 kHz is applied to the
gate electrode and the waveform is shown in Fig. 3.1(c). The base level of the gate pulse
(Vbase) IS swept from -3V to 1V to vary the devices from accumulation to inversion. The
amplitude of the gate pulse (Vamp) is held constant at 2 V. Note that Vamp, should be larger
than |Vi, - V| as required by the charge-pumping method [3.7], where Vy, is threshold

voltage and Vg, is the flat band voltage. Consequently, the maximum charge pumping

current (Iepmax) €an be given by [3.6, 3.7]:

Eem,e
lep.max = AFA e Dy (E)dE Eq. (3.2.1)

Here, q is the element charge, f is the frequency of the gate pulse, A is the gate area and the
integration is over the energy between holes and electrons emission level given by
[3.7,3.8]:
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amp

[Vin = Vi
Eemn =Ei +kgTIn vthnio-pv—tr , and Eqg. (3.2.2)

V- V
Eene =Ei - kBTIn{vthnianwtf] Eq. (3.2.3)

amp

where E;is the intrinsic Fermi-level, kg is the Boltzmann constant, vy, is the thermal velocity,
onp IS the capture cross-section of electrons or holes, t.s is the rising or falling time of the
gate pulse (Fig. 1(c)). Since Eemp and Eeme are determined by trand t;, respectively, varying

t- while fixing t;, and reversely, allows to extract the Dj;at Eempy and Eeme using [3.7, 3.8]:

1 dil
D. =— P and Eq. (3.2.4
i (Eemi) gAfksT dint, ' 9-(3:24)
1 dl
Dyt (Eeme ) = el Eq. (3.2.5)

AT dlInt;

First, the effectiveness of the experimental setup is validated on a planar device. As shown
in Fig. 3.2(a), the ¢, versus Vpase plot shows a typical “hat” shape, and the magnitude
between the rising and falling edge is about 2 V in accordance with the Vam,. Besides, the
Ico decreases as t; increases since more trapped electrons emit back to source rather than
involve in the recombination process associated with interface states. Here, the Dii(Eeme)
can be extracted from Igpmax as a function of t;, as shown in Fig. 3.2(b) according to
Eqg. (3.2.5), and the corresponding energy level can be estimated by Eq. (3.2.3).
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Fig. 3.2 Typical charge pumping characteristics of a planar SOI device: (a) charge pumping
current (l¢p) versus base level voltage of the gate pulse (Vpase), and (b) the maximum charge

pumping current (lomax) as a function of fall time (tr), while the rising time (t;) is held

constant at 100 ns.
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3.3 Results and Discussion

3.3.1 Extraction of the optimal forming gas annealing temperature

Before studying the local Dj; distribution at different regions of the Si fins, we have
investigated the optimal F.G. annealing temperature for passivation of the Si dangling bands
at the 3D Si interfaces to achieve low average Dj; over the whole surfaces. As shown in
Fig. 3.3 (a) to (d), the Dj; values in the detectable energy range substantially decreased at
the F.G. annealing temperature of 420°C. Although large D;; toward E; appears in the as-
fabricated device, the typical U-shaped distribution can be obtained after proper F.G
annealing. The dependency of the Dj profile on the F.G. annealing temperature is quite
similar to that of the planar Si/SiO, interface [3.11, 3.12]: the Dj;decreases as temperature
increases from 300°C to around 450°C because of enhanced formation of Si-H band. On the
other hand, when the temperature further increases, the Dj; increases again because of the

dissociation of the Si-H bond.
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Fig. 3.3 Energy distribution of the D;; of Si fin devices with width of 100 nm and height of
70 nm under F.G. annealing for 30 min at various temperatures: (a) and (b) show the Dj;
profile at lower and upper halves of the band gap of the devices with annealing temperature
ranging from 300°C to 420°C, (c) and (d) show that of devices with annealing temperature

ranging from 420°C to 540°C. The as-fabricated case is also shown in (a) and (b).
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3.3.2 Spatial distribution of the interface traps on the 3D surfaces of the
Si fins
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Fig. 3.4 (a) and (b) show the energy distribution of D;; of (100)-oriented planar SOI devices
with different widths, (c) and (d) shows that of 3D Si fin device with width ranging from 90
to 105 nm. The case of planar is also depicted in (c) and (d) for comparison. All of the
devices are annealed at 420°C under F.G. ambient for 30 min.

Figure 3.4 further depicts the energy distribution of Dj; of the planar and the Si fin
devices with different widths. All devices are annealed under the optimal F.G. annealing
condition. Figure 3.4 (a) and (b) shows the Dj; profile of (100)-oriented planar SOI devices
of the lower and upper half parts of the band-gap, respectively. The Dj; in the detectable
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energy range is between 10" to 10" cm™@eV™ and almost independent of channel widths.
On the other hand, as shown in Fig. 3.4 (c) and (d), the Dj; of the Si fin device is much
larger than that of the planar ones, and it further increases as the channel width decreases,
indicating the non-uniform spatial distribution of the Dj at the different parts of the 3D
surfaces. Particularly, high local Dj; may exist at the (110) side walls because (1) the Si
(110) surface has higher Dj; than the (100) surfaces in general [3.13] and (2) the side walls
are formed by the dry etching process. More importantly, high local D;; also probably

appears at the corner region containing various crystallographic orientations.

In order to separately evaluate the local Dj; at different regions of the 3D surfaces, it is
reasonable to divide the surfaces of the Si fins with rectangular-like cross-sectional shapes
to three individual components, i.e., the top/side walls and the corners, as shown in
Fig. 3.5(a). Therefore, the average D;; over the peripheral length around the cross-section

can be estimated by
(Wfin - ZA)X Dlt,top +2H fin X Dlt,side +2Ax% Dit,corner

D, = , Eq. (3.3.1
! Win +2H g, i )

where A is the length of the corner parts, Ditop, Ditsice @nd Ditcomer are the local interface
state densities at the top, side walls and the corners. Two important extreme cases can be
derived from Eq. (3.3.1):

Dy (Wiin —>90)=Dy1gp - and Eq. (3.3.2)

2H fin X Dlt,side +2Ax% Dit,comer
2(A+ H ﬁn)

D (Wfin = ZA) = Eq. (3.3.3)

Here, Eq. (3.3.2) corresponds to the case that Ws, is much larger than Hs, and A, the
average D;; approximately equals to Ditop as the ignorable contribution from side walls and

corners. Eq. (3.3.3) signifies the case that when Ws, = 2A, the average Dy is the weighted
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average of the local D;; of the side walls and the corners because the influence of the top
wall is ruled out. It also noteworthy that if the contribution of the corner parts is ignored
(A =0), the Di; (Wsin = 0) is supposed to be equal to Di;sige, a5 Shown in our previous work
[3.14]. Thereby, by fitting the experimental D;; values extracted from Si fins with varying
widths using Eq. (3.3.1), Dittop, Ditside @nd Ditcomer Can be estimated by extrapolating the
fitted curve to the extreme cases.

(a) (b) , x107

¢ Dit @ E-Ei=0.29 eV
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Wi - 24 Di2a |3 —Fitting with corners
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w/o 1.3 x 1010 2.6 x 101 --
corners cm2ZeV1 cm2ZeVl

with 3.2 X100 2.3 x10u1 3.0 x 1011
corners cm2eV-1 cm2eV1 cm2eV-1

Fig. 3.5 (a) Schematics of the three different components, i.e., the top wall, the side walls,
and the corners constituting the surface of the Si fin with rectangular-like cross-sectional
shape, and (b) extraction of the Dj at different surface components by fitting with and
without considering the corner component using Eq. (3.3.1). The Dj; extracted from the
planar SOI device is labeled by the dash-dot line, the position of Dj; (Wsin = 24) is depicted
by the dash line. Table 3.1 summarizes the extracted local D;; in both cases of with and

without considering the corner regions.
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Figure 3.5(b) shows the comparison between the measured Dj; as a function of W5, and
the fitted curve given by Eq. (3.3.1) with and without considering the corner parts. The
extracted local Dj; values are summarized in Table 3.1. For the fitted curve that ignores the
contribution of the corners (shown as the back line in Fig. 3.5(b)), the extracted Diop and
Ditsice 1S 1.3 X10™ cm™@eV™! and 2.6 X 10" cm™@eV?, respectively, at 0.29 eV above the
intrinsic Fermi-level. However, the (100)-oriented planar counterpart shows Dj; of 3.2 X
10" cm?eV™ at the same energy level, which is larger than the extracted Dip Without
considering the corner parts. This discrepancy indicates that the fitting without
incorporating the influence of the corner parts may lead to an underestimation of the Dit op.
Therefore, the influence of the corner parts has to be taken into account for proper
evaluation of the spatial distribution of Dj; on the 3D surface. The red line in Fig. 3.5(b)
shows the fitted curve with consideration of the corner parts. Here, the A is estimated as
about 5 nm from the SEM image, and the Dit1p is Set to 3.2 10" cm™eV™ in accordance
with that of the planar one. Then, Di;sige and Dit corner are adjusted to modulate the value of
Dit (Wsin = 2A) to fit the experimental data. Although uncertainties still remain between
Ditsice @nd Ditcomer, the value of Ditcomer is controlled at around 3.0 X 10" cm?Zev?
according to the published result on the Dj; of the Si nanowire with circular cross-section
characterized at the same energy level by the charge pumping method [3.15]. The results
from the fitted curve give Disige Of 2.3 X 10™ cm™?eV™* and Ditcormer Of 3.0 X 10 cm2eV? as
tabulated in Table 3.1. We see that without considering the corner components, the local Dj;
of the (100)-orientated top wall tends to be underestimated because the overestimation of
the local Dj; of the etched (110)-oriented side walls. This result also reveals that in addition
to the etched (110)-oriented side walls, the existence of the corner parts is also an important
reason for the high D; at the surfaces of Si fins, especially of those with highly scaled
widths and heights.
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3.4 Conclusion

In this study, the gated p-i-n diode is adapted to directly measure the Dj; of 3D Si fins
structure using the charge pumping method. We have verified the feasibility of low
temperature F.G. annealing for passivation of Si dangling bonds at 3D surfaces with optimal
temperature of 420 °C. Furthermore, a new methodology for quantitatively estimating the
local Dj; of different region of 3D structure has been proposed by characterizing fin
structures with varying widths and the planar counterparts. Our results reveal that although
the length of the corner parts only accounts for a small ratio of the total peripheral length, it
still plays a crucial role for the distribution of the local interface states because substantially
high D;; are situated at the corners. Particularly, without considering the high Dj; at the

corners, the Dj; at etched side walls might be overestimated.

Future work on interface states of Si fins with different heights is needed. This future
work could focus on the direct extraction of the Dj; of the side walls with a similar method,
and eventually lead to a more accurate local Dj; profile at the 3D surfaces. Since the optimal
curvature of the corner parts for lowering interface states is still questionable, this technique
can help to extract the local Dj; at the corners and thus provide guidelines for corner-shape
optimization by additional processes, such as sacrificial oxidation [3.16] and hydrogen

annealing [3.17].
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Chapter 4: Study of oxide border traps in
high-k/InGaAs MOS capacitor by C-V

measurement

In this chapter, we have systematically studied the frequency dispersion of the
capacitance-voltage (C-V) characteristics of Ings3Gag47As metal-oxide-semiconductor
(MQOS) capacitors in accumulation region at various temperatures based on a distributed
border traps model. An empirical method to evaluate the frequency and temperature
dependent response of the border traps distributed along the depth from the interface into
the oxide is established. While the frequency dependent response results from the
dependence of the time constant of the border traps on their depths, the temperature
dependent response is ascribed to the thermal activated capture cross-section of the border
traps due to the phonon-related inelastic capturing process. Consequently, it is revealed that
the frequency dispersion behaviors of the accumulation capacitance at different
temperatures actually reflect the spatial distribution of the border traps. On this basis, we
propose a methodology to extract the border trap distribution in energy and space with
emphasis on analyzing the C-V characteristics measured from low to high temperatures in

sequence.
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4.1 Introduction

I11-V compound semiconductors, such as Ings3Gag47As, are extensively studied as
alternative channel materials of n-type metal-oxide-semiconductor field-effect transistors
(n-MOSFETS) for future high-speed, low-power logic applications due to their intrinsic
high electron mobility [4.1-4.5]. While a great deal of research effort still focuses on further
passivation of the interface traps in high-x/Il11-V gate stacks, another critical challenge
arouses increasing attention comes from the oxide border traps, namely the near interfacial
bulk traps that reside in the high-« dielectrics [4.5-4.14]. Particularly, a high concentration
of electrically active border traps may be located near and above the conduction band
minima of the I11-V substrates [4.5, 4.11]. Due to the relatively low density of states in the
conduction band of the 111-V semiconductors, the Fermi-level has to travel deeply into the
conduction band to form sufficient amount of carriers at the surfaces [4.4]. Besides,
because of the relatively small band-offset in high-«/111-V interfaces compared to that of
SiO,/Si interfaces, the border traps in the high-« dielectric can easily interact with the
mobile carriers in the substrate when the Fermi-level is biased near or above conduction
band minima[4.14].Therefore, oxide border traps charging may lead to severe on-state
performance deterioration in the 111-V based n-MOSFETSs by pinning the Fermi-level inside
the conduction band [4.4], degrades the mobility by remote coulomb scattering, and also
leads to the threshold voltage instability[4.5, 4.14, 4.16]. Consequently, it is of significant
importance to profile the distribution of border traps in energy and space near and above
the conduction band edge of the 111-V substrates in MOS devices.

In C-V characteristics of high-x/Ill-V MOS capacitors with n-type substrates, the
exchange of mobile carriers between the border traps and the conduction band states
through tunneling process is considered responsible for the commonly existed frequency
dispersion in accumulation region [4.6-4.12], as schematically shown in Fig. 4.1.
Equivalent circuits for MOS capacitors with border traps distributed though the depth of the

oxide have been developed [4.7-4.12], which successfully reproduces the frequency
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dispersion of C-V and conductance-voltage (G-V) curves in accumulation observed in
experiments. However, although the frequency dispersion induced by border traps is
supposed to be independent on temperature because of the direct tunneling based
trapping/de-trapping process of border traps [4.6], sometimes considerable temperature
dependency of the frequency dispersion behavior can be observed as shown in this study
(Fig. 4.4(b)) as well as in other published works [4.3,4.17], which is still poorly
understood. Besides, the spatial distribution of border traps though the depth of the oxide

and its influences on the frequency dispersion behaviors are also lack of discussions.
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Fig. 4.1 Band diagram of an n-type InGaAs MOS capacitor biased in strong accumulation.
When a small AC signal is applied to the metal electrode, as represented by the vertical
arrow, the fermi-level in the semiconductor moves up and down and the mobile carriers can
be exchanged between the border traps and the conduction band states though tunneling

process.
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In this study, by incorporating the consideration of the frequency and temperature
dependent electrical response of border traps into a distributed border trap model [4.7-4.9],
the frequency dispersion behaviors of C-V characteristics in accumulation of Ings3Gag 47AS
MOS devices under a wide temperature range are investigated. We give deep insight into
the trapping process of the border traps, and also develop a new methodology to extract the
energy and spatial distribution of border traps near or above conduction band minimum. In
section 1, the samples preparation is described. In section Ill, the distributed border traps
model for InGaAs MOS capacitors described in [4.6-4.8] is briefly introduced at first. Then
an empirical method to evaluate the responses of border traps governed by the combined
effect of frequency and temperature is presented. In section IV, we firstly validate the
empirical method by analyzing the dependency on frequency and temperature of
experimentally measured accumulation capacitance. On this basis, a three-step
methodology for extracting the border traps distribution in energy and space directly from
C-V characteristics at various temperatures is proposed. The extracted distribution profile of

border traps is then discussed in details. Finally, the conclusion is made in the last section.

4.2 Sample preparation

The Ings3Gap47As MOS devices characterized in this study have a dual-layer gate

insulator consisting of a 2-nm-thick GdAI,O3 layer and a 2-nm-thick HfO, layer. While the
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GdAl,O3 layer is used to realize good interfacial properties with Ings3Gag 47As, the HfO,
layer is adopted for higher dielectric constant. The devices are fabricated on n-type (5x10'
cm™®) Ings3Gag47As layer grown on n-type (2x10* cm™) InP substrate. After carrying out
sulfur-based wet-chemical treatment for surface passivation, the GdAl,O; layer and the
HfO, layer are successively formed by atomic layer deposition (ALD) at 300 °C. Then TiN
metal dots with diameters of 50 um are deposited though a lift off process by sputtering at
room temperature. Finally, the full stacks are annealed in forming gas at 400 °C for 5 min.
The C-V and G-V characteristics of the devices are measured by Agilent 4280A LCR meter
with frequency ranging from 100 Hz to 1 MHz in a cryostat probe station equipped with
liqguid N, cooling. Note that the measured conductance is the equivalent parallel

conductance of the device under test.
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4.3 Model description
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Fig. 4.2 The equivalent circuit for calculating the admittance characteristics in
accumulation region for an MOS capacitor with border traps distributed through the
thickness of the oxide [4.7, 4.8].

In order to quantitatively evaluate the distribution of border traps concentration, we
adopted a distributed border traps model presented by Yuan et al. [4.7, 4.8] (Fig. 4.2) to
calculate the admittance characteristics of an n-type MOS capacitor with border traps and
compare them with experimental results. In this model, the gate oxide with thickness of tox
is divided into a large number of pieces (N) with thickness of Ax for each one, and the
influences of the border traps distributed in the oxide are represented by the series
connected capacitor ACy; and conductor AGp: to model the border traps induced charge
storage and energy loss. Here, for to, = 4 nm, N is set to 2000 to assure that Ax = 2x10 nm

can be seen as an infinitesimal.

To numerically calculate the total admittance characteristics of the circuit at a given gate
voltage (Vy), following key parameters are required: (1) Es, which is the fermi-level position

at the interface and also directly defines the energy level (E) of the detected border traps;
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(2) Cox and to, Which are the intrinsic oxide capacitance without the influence of border
traps and the physical thickness of the gate oxide, respectively; (3) Cs(Ef), which is the
semiconductor capacitance depends on Es; (4) Nui(E,x), which is the volume density of the
border traps at a distance of x from the interface into the oxide with energy level of E; and
(5) mi(E, x), which is the time constant of the border traps located at x with energy level of
E. In addition, B. Yu et al. [4.9] recently pointed out that although the existence of series
resistance in real devices may be too small to influence measured capacitance, it plays a
significant role on measured high-frequency conductance. Therefore, to successfully
modeling the frequency dispersion of accumulation conductance, additional conductance
component (Gp,) represents the influence of dielectric tunneling leakage and series
resistance (Rs) has to be taken into consideration [4.9]. In this study, we mainly focus on
fitting the capacitance versus frequency data, C(w). The fitting of conductance versus

frequency data, G(w), is also carried out to further validate the parameters extraction.

In this model, it is apparent that the strong dependence on frequency and temperature of
the C-V in accumulation of the InGaAs MOS capacitors observed in our experiments (Fig.
4.4(b)) cannot be explained either by Cox and Ny(E,x), which are the intrinsic properties of
the oxide. It also cannot be ascribed to the Csin accumulation because majority carriers can
immediately response to the ac signal and once the E; has been well biased above Ec, the
occupation of the conduction band states is not sensitive to the variation of temperature.
Therefore, the considerable temperature dependence of the frequency dispersion of the
accumulation capacitance is most likely to result from the combined effects of frequency

and temperature on the response of border traps controlled by .

Particularly, =, describes the average time that an empty trap needs to wait before it
captures an electron [4.12], and it is exponentially proportional to the depth from the
interface into the oxide of the trap, and can be given by [4.18]:

7 (E, X) =1 (E)e* X, with «(E)=/2m"(EX-E) / n Eq. (4.3.1)
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Here, 7, is the time constant of the interface trap at the same energy level, xis the

attenuation coefficient in the electron wave function for tunneling process, which is

determined by the effective electron mass (m’)in the oxide, the tunneling barrier decided
by the conduction band edges of the oxide (EJ*) and the trap energy (E), and the reduced
plank constant (7). Furthermore, 7, can be given by:

7, = (novy) ™ Eq. (4.3.2)

where ns is the electron density at the semiconductor surface, o is the electron capture
cross-section of the border traps, and vy, is electron thermal velocity. In order to clearly
illustrate the combined effects of frequency and temperature on the response of the border
traps governed by 7, as discussed below, we used an extremely simplified approximation
that assumes ns is roughly equivalent to the density of states of the conduction band (N¢) of
Ino.53Gag47As when the MOS capacitor is biased in accumulation. Note that ng~ Nc is a
good approximation when E; is biased near the conduction band edge (Ec), and when E; >>
E. in strong accumulation, ng can be several times larger than Nc. Therefore, although using
ns ~ Nc condition can used to be estimated the magnitude of =, the specific values of g
need to be determined by fitting the C(w) and G(w) data. In addition, the ns = Nc
approximation still can be used to evaluate the changing ratio of 7 or o as a function of

temperature as shown in the later section.

The frequency dependent electrical response of border traps can be simply estimated by
considering the dependence of z,; on the depth from the interface into the oxide. When an
ac small signal with angular frequency of w is applied, the border traps that reside deeply
into the oxide with z,; larger than 1/ w are not likely to response, and only those in the near
interfacial region with z,; smaller than 1/ w can change their occupancy according to the ac
signal [4.13, 4.15]. Consequently, the probing depth, Xp, for border traps of a given
measuring frequency (f) can be derived from the wz: = 1 condition together with
Eqg. (4.3.1):
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On the other hand, the temperature dependent response of border traps with energy level
near or above conduction band minimum is inferred to be mainly caused by the temperature
dependence of 7 due to the variation of the capture cross-section. As seen from Eq. (4.3.1),
x1s a temperature independent value and thus the temperature dependence of z,; should
come from 2 =~ (Ncovin) ™. Here, because N and vy, is also weakly temperature dependent
(Nc ~T*° vy ~T%®, where T represents absolute temperature [4.19]), the pronounced
temperature dependence of 7 is most likely to be caused by the thermal activated capture
cross-section due to the energy relaxation associated with phonon-related process, such as
multi-phonon emission, after trap ionization [4.20, 4.21]. In this case, the capture cross-

section can be empirically expressed by [4.22]:

o=0,exp (—Ej Eq. (4.3.4)

where oy is the pre-factor that equals to capture cross-section at infinitely high temperature,
Ep is the thermal activation energy and k is Boltzmann constant. Usually, Ey is in orders of
10 to 10° meV [4.20, 4.21]. In consequence, the temperature dependence of z with

consideration of the temperature dependence of Nc, Vih, and o can be expressed as:

T 15 - 05 £ -1
75 (T)=¢N¢g [T—j Vino [T_j Op EXP (_k_'lti] Eq. (4.3.5)
0 0

where N¢o and ving denote the density of states in conduction band and the electron thermal

velocity at a given temperature To.
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Fig. 4.3 Estimated probing depth of the 100 Hz and 1 MHz ac signal as a fuction of
temperature by using Eg. (4.3.3) and Eq. (4.3.5). The parameters adopted here are
appliacabe for an n-Ings3Gag47As MOS capacitor baised in accumulation. (N = 2.2 10"
cm®, vin= 5.6 X107 cm/s, on= 6X10™° cm? for IngssGag47As at 300 K [4.19], and E, = 65
meV).

As a result, it can be clearly seen from Eqg. (4.3.3) and Eq. (4.3.5), the response of border
traps distributed through the thickness of the oxide is decided together by frequency and
temperature. Figure 4.3 shows the estimated probing depth of the 100 Hz and 1 MHz ac
signals as a function of temperature by adopting the parameters that are applicable for an n-
Ino53Gap 47As MOS capacitor biased in accumulation. There are several observations listed
as follows. Firstly, the probing depth decreases with increasing frequency or decreasing
temperature. Secondly, in the multi-frequency C-V measurement between 100 Hz and 1
MHz, three regions along the depth of the oxide can be divided according to the influence
of the border traps on measured capacitance: Region | is the region between the interface

and the minimum probing depth (Xpmin) determined by the 1IMHz signal. The trapping/de-
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trapping processes of the border traps in this region are fast enough to contribute to the
capacitance at all frequencies below 1 MHz and do not add to the dispersion; Region Il is
the region between the Xpmin and the maximum probing depth (Xpmax) determined by 100Hz
signal. The border traps in this region directly contribute to the observed frequency
dispersion of the capacitance and thus decide the magnitude of the frequency dispersion;
and Region 111 is the region between the Xpmax t0 the total physical thickness of the oxide.
The border traps in this region are not likely to respond and thus hardly exert influence on
measured capacitance. Thirdly, as temperature decreases, the Region Il effectively moves
toward the interface, and thus the temperature dependent frequency dispersion of the C-V
curves may reflect the spatial distribution of border traps. Lastly, the probing depth can
decrease to zero at sufficiently low temperature or high frequency. It means that in this case,
all of the influences of border traps can be excluded, thus the intrinsic capacitance of the
MOS system can be measured.

Thereby, an admittance model for the MOS capacitors with border traps distributed
though the depth of the oxide, together with an empirical method to evaluate frequency and
temperature dependent responses of border traps, has been established. In the following
section, we firstly demonstrate this empirical method by analyzing the experimentally
observed C-V curves in accumulation at various temperatures. Then a three-step
methodology is developed to extract the border trap distribution in energy and space for

evaluating the oxide quality. Finally, the extracted distribution profile is discussed in details.
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4.4 Results and discussion

4.4.1 Temperature and frequency dependence of C-V in accumulation
region.
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Fig. 4.4 The C-V characteristics of the fabricated n-type Ings3Gag47As MOS capacitor. (a)
high-frequency (1 MHz) C-V at 300 K, 210 K, 150 K and 77 K, and (b) multi-frequency C-
V at 300 K and 77 K with 26 characterizing frequencies that logarithmically varies from
100 Hz to 1 MHz. All of the C-V measurements in this study are carried out by sweeping
Vgfrom-1VtolV.

Figure 4.4(a) shows the 1 MHz C-V characteristics of our sample, which is an MOS
capacitor on n-type Ings3Gag 47As, measured at 300 K, 210 K, 150 K and 77 K, respectively.
It can be seen that the accumulation capacitance decreases with decreasing temperature. In
addition, there is no obvious flat-band voltage shift of the C-V curves as temperature
changes from 300 K to 77 K, which indicates that the V4-E; relationship is not strongly
temperature dependent and it is justifiable to compare the capacitance measured at same
voltage but different temperatures. Figure 4.4(b) further shows the multi-frequency C-V
curves (100 Hz to 1 MHz) of the sample at 300 K and 77 K. Strong frequency dispersion of
the C-V curves can be observed from depletion region to accumulation region and the

92



dispersion magnitude substantially reduced at low temperature. While the C-V behaviors in
depletion region can be attributed to the interface traps inside the band-gap [4.23, 4.24],
that in accumulation can be interpreted form the viewpoint of the responses of the border
traps. The decreased accumulation capacitance with increasing frequency or decreasing
temperature can be explained by the dependence of the probing depth on wn, Eq. (4.3.3).
When wzn ~ 1, the probing depth is near zero. No border traps can respond and the
observed capacitance approaches the intrinsic (infinite frequency) value, CoxCs/(Cox + Cs).
As wr decreases, either because of lower frequency or because of shorter z at higher

temperature, the probing depth increases thus adding more border trap contribution to the
observed capacitance.
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Fig. 4.5 The C-V curves with proper frequencies that have almost same capacitance in
accumulation region measured at (a) 300 K, 210 K, and 150 K (red symbols), and (b) 210 K
150 K, and 77 K (blue symbols). (c) The frequencies of the C-V curves used in (a) and (b)
are plotted as a function of temperature by red and blue symbols, respectively. (d) The

changing ratios of 7 as a function of temperature evaluated from the experiment (symbols)
and the fitting curves (dash line) calculated by Egq. (6) using E, = 65 meV as the
temperature changes from 300 K, 210 K to 150 K (red) and from 210 K, 150 K, 77 K (blue).
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Furthermore, as shown in Fig. 4.3, because the probing depth is determined by both of
frequency and temperature, the same probing depth, or the similar responding behavior of
border traps, is capable to be achieved by different combinations of frequency and
temperature only if wz(T) can be kept the same as shown by Eqg. (3). Additionally, because
the Cs in accumulation is not strongly temperature dependent, similar total accumulation
capacitance, decided by C;, Cy, and the capacitance contributed by border traps, should be
able to be approximately reproduced at different combinations of temperatures and
frequencies that correspond to certain identical probing depth. The C-V curves measured
under two sets of combinations of frequencies and temperatures that give similar
accumulation capacitance of the sample are shown in Figs. 45 (a) and (b) with
temperature changes from (a) 300 K, 210 K, to 150 K, and (b) 210 K, 150 K, to 77 K. It
shows that by choosing proper frequencies, the C-V curves measured at different
temperatures indeed can closely match with each other in accumulation region. It also
shows that the C-V characteristics in the depletion region cannot be reproduced at the same
time. It is caused by two effects due to the fact that the occupation probability of the
conduction band states governed by the Fermi-Dirac distribution is a more sensitive
function of temperature when Es is biased near mid-gap compared to that when E; is biased
inside the conduction band. Firstly, the 7 of the traps near the mid-gap has stronger
temperature dependence than that of the traps inside the conduction band [4.3, 4.24].
Secondly, Cs in depletion is also more sensitive to the variation of temperature compared to

C, in accumulation.

The characteristic frequencies that give similar accumulation capacitance as temperature
changes from 300 K, 210 K, to 150 K and from 210 K, 150 K, and 77 K, as shown in
Figs.4.5 (a) and (b), are plotted in Fig. 4.5 (c) as a function of temperature. It can be seen
that in order to achieve almost same accumulation capacitance with decreasing temperature,
the characteristic frequency decreases almost exponentially. In addition, because each
combination corresponds to the nearly same probing depth, namely the same wz(T), the

changing ratio of 7 as a function of temperature can be experimentally estimated from the
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characteristic frequency that gives similar accumulation capacitance at different
temperature by w(T)/ w(To) = f(To)/f(T). Figure 4.5(d) shows experimentally estimated
(T)/ (To=300 K) (red symbols) and z(T)/%(To=210 K) (blue symbols), which should
also be able to be fitted by following relationship derived from Eq. (4.3.5):

o (Y . (E E
B (a-3)

By setting E, = 65 meV, the changing ratios of 7 as a function of temperature can be well
fitted as shown by the dash line in Fig. 4.5(d). These results not only further demonstrate
previously proposed model, but also provide a method to evaluate the change of % as a
function of temperature. For this sample, it is evaluated that the = is enlarged by a factor

about 10° mainly due to the shrinking of o-as temperature decreases from 300 K to 77 K.
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Fig. 4.6 The accumulation capacitance measured at Vg = 1.0 V, 0.8 V, and 0.6 V by the high
frequency signal of 1 MHz, (the solid symbols) and the low frequency signal of 100 Hz,

(the open symbols) as a function of temperature, respectively

Since the 7 is about 10°s ~ 10 s for the border traps inside the conduction band of

Ing.s3Ga0.47As at 300 K, it could be enlarged to 10° s to 107 s at 77 K according to previous
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estimation. It is indicative that the wzx~1 condition for measuring the intrinsic
accumulation capacitance of the MOS systems without the influences of the border traps
can be satisfied by using the 1 MHz signal at 77 K. Figure 4.6 shows the accumulation
capacitance measured by the 1 MHz (solid) and 100 Hz (open) signal as a function of
temperature. It can be observed that while the accumulation capacitance measured by the
100 Hz signal continues to decrease as temperature decreases from 300 K to 77 K, the
reduction of the accumulation capacitance measured by the 1 MHz signal tends to get
saturated around 77 K. This observation is consistent with aforementioned analysis that the

intrinsic capacitance can be sufficiently approached by the 1 MHz/77 K measurement.

4.4.2 Methodology for extracting the border traps distribution in energy
and space
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Fig. 4.7 (a) Proposed three-step methodology for extracting the border traps distribution in
energy and space, and (b) The principle of the step 3. The Ny from interface into the oxide
can be gradually detected by analyzing the C-V characteristics measured from low to high

temperatures with expanding the maximum probing depth, Xp max-
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Based on previous discussion, adopting the border traps model with considerations of the
frequency and temperature dependent response of border traps, we propose a three-step
methodology to extract the border traps distribution in energy and space. Figure 4.7(a)
shows the flow chart of the methodology. Firstly, the Cox and voltage-energy relationship
are evaluated from high-frequency (H.F.) and low-temperature (L.T.) C-V. The extracted
voltage-energy relationship is not only used to positioning the Ny extracted later in energy,
but also required to evaluate some of the input parameters of the border traps model, such
as Cs and «. Secondly, the C/G(w) at different temperatures are preliminarily fitted by the
border traps model with assuming uniformly distributed Ny to judge if there is non-
uniformly distributed Ny spatial profile. Finally, if the previous step indicates non-uniform
distribution of Ny, the non-uniform spatial distribution of Ny is gradually formed from the
interface into the oxide by fitting C/G(w) measured from low to high temperatures. The

three main steps are discussed in details as follows.
(1) Extraction of Co and voltage-energy relationship
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Fig. 4.8 (a) Comparison between the ideal C-V and the experimental 1IMHz/77K C-V, and
(b) the ideal voltage-energy relationship (solid line) and the extracted voltage-energy
relationship (symbol) by using the Terman technique. The dash-dot line shows the position
of the conduction band edge of Ings3Gag 47AS.
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The considerable contribution of border traps on the accumulation capacitance in the C-V
characteristics of InGaAs MOS capacitors leads to difficulties on correct evaluation of Coy
and comparison with the theoretically ideal C-V [4.4], which is crucial to extract the
voltage-energy relationship and model the total admittance characteristics of the devices.
Therefore, we firstly propose to extract the Cox and the voltage-energy relationship by
comparison the ideal C-V with the H.F./L.T. C-V that is able to thoroughly screen the
contribution of border traps. A simple judgment to see if the influence of border traps has
been sufficiently excluded is observing the reduction of high-frequency capacitance in
accumulation with decreasing temperature. Once the reduction of the accumulation
capacitance begins to saturate as temperature decreases to a certain degree, as shown by the
1 MHz data at 77 K in Fig. 4.6, it indicates the intrinsic capacitance of the MOS system has
been sufficiently approached. Figure 4.8(a) shows the comparison between the
1 MHz/77 K C-V and the ideal C-V at 77 K, which gives Co = 2.82 uF/cmZ. The ideal C-V
Is calculated based on a Poisson solver presented by G.Brammertz et al.[4.25].
Figure 4.8(b) shows the extracted voltage-energy relationship in accumulation by the
Terman technique [4.26]. The result also verifies that the E; has indeed traveled far into the
conduction band in InGaAs MOS capacitors in strong accumulation.

Besides, the extracted voltage-energy relationship at the low temperature is considered can
be approximately used as that at increased temperatures due to following reasons. (1) For
the sample under test, the flat-band voltage of the C-V curves almost show no obvious
temperature dependence as shown in Fig. 4.4(a); (2) Cs, or the band bending situation, in
accumulation is not strongly temperature dependent; and (3) as can be observed from
Fig. 4.4(b), the magnitude of frequency dispersion is a much more sensitive function of
temperature than a function of voltage. It indicates that the dependence of Ny distribution
on space is much stronger than that on energy. Therefore, the extracted voltage-energy
relationship from H.F./L.T. C-V is supposed to be applicable to position the Ny extracted

from the frequency dispersion of C-V curves measured at increased temperatures.
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(2) Preliminary evaluation of the spatial distribution of Ny,
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Fig. 4.9 Fitting of the C(w) at Vg =1 V at (a) 300 K and (b) 77 K, by the distributed border
trap model with assuming uniform Ny distributed in different regions. The fitting
parameters are Cs(Es, T)=3.61 pF/cm?, (E) = 5.09 nm™, Ny = 1.96X10% cm™ 7= 1.6 X
10 s for 300 K, and, Cy(E, T) = 3.98 pF/cm?, x(E) = 4.95 nm™, Ny = 7.3X10%cm™, 5 =
6.0x107 s for 77 K. E-B,=1.12 eV and Cy= 2.82 uF/cm2 are used for both cases.

In order to preliminarily evaluate the spatial distribution of border traps, fitting of C(w) in
accumulation at different temperatures by the distributed border traps model with assuming
uniformly distributed Ny though the thickness of the whole oxide and different particular
regions is carried out in this step. Figure 4.9 shows the fitting results of the C(w) with Vg =
1V at (a) 300 K and (b) 77 K. For this fitting, E; can be attained according the voltage-
energy relationship evaluated in the previous step. Then the x(E) and Cs(E;, T) are
calculated based on E; by using Eq. (1) and the ideal C-V model. The Ny and 7, are used as
fitting parameters. As shown in Fig. 4.9(a), measured C(w) (symbols) can be well fitted by
calculated C(w) (solid line) using the model that assumes uniform spatial distribution Ny:.
The extracted Ny is 1.96 x10°cm™ and 7 is 1.6x107 at 300 K. Consequently, the range

of region Il is estimated to range from x = 0.6 nm to x = 1.8 nm according to extracted .
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The observed C(w) also can be well fitted by only setting the Ny in Region | and Il (dash
line), which verifies that the Ny in Region Il defined before has no influence in
measurement frequency window. In addition, in case that Ny is only set into Region 11, the
calculated C(w) (dash-dot line) shifts downward and the magnitude of frequency dispersion
almost keeps the same. It demonstrates that while the Ny in region | contribution to
additional capacitance, the Ny in region Il dominated the frequency dispersion magnitude.
Fig. 4.9(b) shows fitting results of the C(w) measured at the 77 K. Fairly nice fitting can be
achieved by using Ny = 7.3 x10*cm™ and 7 = 6.0x107’s. In this case, the region Il locates
from x = 0.0 nm to x = 1.0 nm as temperature decreases to 77 K, and thus experimental data
can be fitted by only setting Ny in region I1, as shown by the dash line in Fig. 4. 9(b).
However, there are two major discrepancies when we compare the fitting results at 300 K
and 77 K. Firstly, although the region Il at 300 K (0.6 ~ 1.8 nm) and that at 77 K (0 ~
1.0 nm) overlap with each other, the Ny extracted at 77 K is less than half of that extracted
at 300 K. It indicates higher Ny with increasing depth from the interface into the oxide.
Secondly, the extracted 7, is enlarged by a factor about 3.7x10% as temperature decreases
from 300 K to 77 K, which is smaller than the factor about 10° evaluated as shown in
Fig. 4.5(d). It also hints the existence of non-uniform spatial distribution of Ny In
particularly, since in the fitting of C(w) at 300 K by assuming uniform Ny, the Ny in the
near interfacial region tends to be overestimated, which may lead to the underestimation of

the changing ratio of 7, as a function of temperature.

(3) Extraction of the non-uniform spatial distrubtion of Ny,

In this step, the C(w) at Vy = 1V is fitted again using the border traps model with non-
uniform Ny spatial distribution profile. The principle is schematically shown in Fig. 4.7(b).
The fitting starts from the C(w) measured at low temperature (T1) that the Xpmin has
sufficiently approached the interface, e.g. 77 K, and the Ny profile from the interface(Xp min
= 0 nm) to Xpmax at Ty is firstly formed. Then since the Xmax can extend deeply into the
oxide as temperature increases, the C(w) measured at higher temperature of T, than T, can

be fitted by adding the Ny distribution profile from Xp nax(T1) 10 Xpmax(T2) While keeping
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the same Ny profile from the interface to Xmax(T1). Thereby, by fitting the C(w) and G(w)
measured at a series of temperatures from low to high in sequence, a continuous Ny
distribution profile can be gradually formed from the interface into the oxide using this

method.

The fitting results extracted from C(w) and G(w) at 77 K, 150 K, 210 K and 300 K (V4 =
1.0 V) are shown in Fig. 4.10. Figures 4.10(a) and (b) show the comparison on frequency
dispersion of capacitance (a) and conductance (b) at Vy = 1V, measured at 77 K, 150 K, 210
K and 300K, between experimental data (symbols) and fitted curves (lines) calculated by
the distributed model using non-uniform distributed Ny in space. Figure 4.10(c) shows the
inputted 7 into the model (symbols) as a function of temperature, which is in accordance
with our theoretical calculation using Eq. (4.3.5) (dash line). As measurement temperature
decreases from 300 K to 77 K, z, is estimated to be enlarged from 1.8 X 10% t0 6.0 X 107's
and o approximately shrinks from 4.06X10™® cm™ to 2.81x 10" cm? with thermal
activation energy Ep = 65 meV. Figure 4.10(d) shows the inputted Ny into the model (solid
line) as a function of depth from the interface into de oxide. The vertical dash-dot lines in
Fig. 4.10(d) shows the Xpmax at different temperatures estimated from the % shown in
Fig. 4.10(c). The horizontal dash lines in Fig. 4.10(d) shows the extracted Ny attained by
fitting the C(w) and G(w) data assuming uniform distributed Ny in space. Because the Ny
values attained by assuming uniform distribution indicate increasing Ny from the interface
into the oxide, linearly increased Ny profiles as a function of the depth with different
increasing rates are gradually filled into the interface t0 Xpmax(77 K), Xpmax(77 K) to
Xp max(150 K), Xp max(150 K) t0 Xp max(210 K), and Xp max(210 K) to Xp max(300 K) to fit the
C(w) and G(w) at 77 K, 150 K, 210 K, and 300 K, respectively.
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Fig. 4.10 Comparison on frequency dispersion of capacitance (&) and conductance (b) at Vg
= 1V, measured at 77 K, 150 K, 210 K and 300K, between experimental data (symbols) and
fitted curves calculated by the distributed model (lines). The inputted z (symbols) for the
distributed model at different temperatures and the calculated curve (dash line) by using Eq.
(5) with Ne = 2.2 10" cm™®, vp= 5.6 X 10" cm/s, op = 5X 10" cm? and E, = 65 meV are
shown in (c). The inputted Ny profile (red line) for the distributed model is shown in (d).
Besides, the vertical dash-dot lines in (d) show the evaluated maximum probing depth,
Xpmaxat different temperatures using Eq. (3) with = x(E) = 5.09 nm™, f = 100 Hz and the
7 shown in (c), and the horizontal dash lines in (d) shown the Ny extracted at different
temperatures by assuming uniform Ny spatial distribution. Additionally, except the
influence of border traps, that of series resistance is also considered in the distributed model

by using the parameters of Ry = 6.6 X 102 Q - cm? and G, = 1.2 X 10™* S/cm?.
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4.4.3 Distribution profile of border traps in energy and space
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Fig. 4.11 The border traps distribution profile in energy and space extracted from the C(w)
and G(w) dispersion data measured at 300 K, 210 K, 150 K, 77 K with V4 = 0.4 V, 0.6 V,
0.8Vand1.0V.

Thereby, the distribution profile of border traps above the conduction band edge in energy
and space can be evaluated by analyzing the capacitance- and conductance-frequency data
at various Vg in accumulation measured from low to high temperatures using the
methodology proposed above. The extracted distribution profile of border traps in the
sample having TiN/HfO, (2 nm)/GdAI,O3(2 nm)/InGaAs structure is shown in Fig. 4.11. In
the probing range of this measurement, high Ny between 10'° cm™ to 10%° cm s found and
it tends to increase with increasing energy or the depth into the oxide. The highest Ny
extracted in this study achieved 2.05x10%° cm™ at about 0.37 eV above conduction band
minima and 1.8 nm in the oxide from semiconductor interface. The increased Ny with
increasing depth into the oxide and relatively high Ny in the sample is probably caused

either by the accumulation of defects during oxide growth or the introduction of the gate
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stack with dual-layer structure. Besides, the border traps distribution profile in I11-V MOS
devices extracted in this work is comparable to those extracted by using other techniques in
I11-V MOSFETSs, such as AC transconductance [4.12-4.15] and low-frequency charge-
pumping method [4.27]. Compared to those methods, this methodology provides a more
convenient way to quickly evaluate the quality of the near interfacial oxide by from MOS
capacitors. Additionally, it is noteworthy that high concentration of border traps on the
order of 10 cm™ in high-« dielectrics is not a peculiar feature of MOS devices with 111-V
substrates, similar results have also been reported in the HfO, layer in Si MOSFET with
HfO,/SiO, gate stack [4.28]. However, due to lack of high quality interfacial layer with
large band-offset, such as the SiO; layer in the Si based MOS systems, the trapping/de-
trapping of the border traps in high-x dielectrics can play a more crucial role in the 1l1-V

MOS systems.
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4.5 Conclusion
In summary, in order to profile the border traps distribution in energy and space in

Inos3Gap47As MOS capacitors, an empirical method to evaluate the response of oxide
border traps governed by the combined effect of frequency and temperature is established
and incorporated into a distributed border traps model. While the frequency dependent
response of border traps is attributed to the depth dependent =y the temperature
dependence is inferred to result from the variation of z, due to the thermal activated capture
cross-section corresponding to phonon-related inelastic capturing process. A simple method
to evaluate the change of 7 as a function of temperature from the characteristic frequencies
that give very similar accumulation capacitance at different temperatures is also presented.
Particularly, as temperature decreases from 300 K to 77 K, it is estimated that the 7 above
the conduction band minimum of Ings3Gag 47As increases from 10°~10"% to 10°~107s
mainly due to the shrinking of the capture cross-section. As for the methodology to extract
the border traps distribution in energy and space, we propose to extract the voltage-energy
relationship from the H.F./L.T. C-V and then gradually determining the spatial distribution
of border traps from the interface into the oxide by analyzing the C(w) and G(w) measured
from low to high temperatures in sequence. High concentration of border traps, which
increases with increasing energy level and depth into the oxide, between 10* cm™to 10%
cm™ has been found in the sample with TiN/HfO./GdAI,Os/n-Ings3Gaps7As Sstructure.
These results reveal the significant necessity for further developing the high-quality gate
dialectics with low border traps concentration for boosting the performance of InGaAs
MOSFETSs. Besides, although this study focuses on InGaAs MOS capacitors, the
methodology can be easily extended to other types of high-mobility substrates based MOS
systems with electrically active oxide border traps and used as a convenient way to

quantitatively evaluate the quality of the near interfacial oxide layer.
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Chapter 5: Study of oxide border traps
and interface traps in high-k/InGaAs MQOS

capacitor by conductance method

In this chapter, we addressed with the influence of oxide border traps with energy level
inside the band-gap on the admittance characteristics of the MOS capacitor biased in
depletion region. In particular, for the MOS capacitors that are lack of interfacial layer with
good quality and large band-offset, such as InGaAs based MOS systems, the parallel
conductance curves probably show strong distortion and thus conventional conductance
method that only takes account for the energy loss caused by interface traps may not be
applicable and leads to considerable misunderstanding of the traps distribution. By
analyzing the conductance curves measured at various temperatures with considerations on
both of the interface traps and oxide traps, we have (1) confirm the oxide border traps
response for the low-frequency signal by high temperatures measurement, (2) consistently
fit the conductance curves at different temperatures and extract the Dj; and Ny values, and

(3) propose a straight-forward way to decide the energy level of the near mid-gap traps.
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5.1 Introduction
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Fig. 5.1. (a) Band diagram of the MOS capacitor biased at the depletion condition with
illustration of the trapping/de-trapping processes by interface and oxide traps under a small
ac signal, and (b) typical parallel conductance versus frequency plot of a Al/SiO2/Si MOS
capacitor [5.3].

The conductance method proposed by Nicollian and Goetzberger [5.1, 5.2] is considered
as one of the most accurate and sensitive way for charactering interface states distributed
near mid-gap in the MOS devices. Theoretically, for an MOS capacitor biased in depletion
subjected to an ac small signal, as shown in Fig. 5.1 (a), the majority carriers can be trapped
or de-trapped by both of interface traps and oxide traps. Therefore, the energy loss caused
by interface and oxide traps should be able to be observed in conductance measurement.
However, since the relatively large tunneling barrier when fermi-level is biased inside the
band-gap, the time constant of trapping by oxide traps is much longer than that caused by
interface traps. Therefore, the oxide traps and interface traps are normally characterized in
different measurement frequency window. Usually, in typical frequency window for
conductance method ranges from 100 Hz to 1 MHz, interface traps are considered to
dominate the conductance behavior. To investigate the influence of oxide trapping in the

conductance measurement, M. J. Uren, et al. [5.3] carried out very low frequency
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conductance measurement for an Al/SiO,/Si MOS capacitor, as shown in Fig. 5.2 (b). It
shows that in Si MOS capacitors, interface traps give rise to a peak in Gp/w versus w plot
in the frequency range from 100 Hz to 10 MHz. On the other hand, oxide traps lead to a

plateau in the low frequency range below 100 Hz.
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Fig. 5.2 The experimental (symbols) and fitted (lines) conductance curves of Al,Os/InP
based MOS capacitors with same surface treatments and different gate dielectrics

deposition parameters [5.4].

In case of InGaAs based MOS capacitor, considering the lack of thermal-dynamically
stable interfacial layer with good quality and the relatively low band offset (SiO,/Si: about
2.5 eV; AlLO3/Ing53Gap 47As: about 2 eV), the oxide traps may play a more pounced role in
the parallel conductance behaviors and even exert influences on the frequency window that
is overlapped with that of interface traps. Figure 5.4 shows the conductance curves of
Al,O3/InP based MOS capacitors with same surface treatments and different gate dielectrics
deposition parameters [5.4]. It can be seen that under certain gate dielectrics deposition
condition, the Gp/w versus w plot distorted from typical the peak behaviors caused by
interface traps and showed strong low frequency response, which is inferred to be caused
by the responses of oxide traps [5.4]. Therefore, for 111-V based MOS capacitors, due to the

participation of a large amount of oxide traps, the conductance behaviors (Gp/w versus w)
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in typical measurement frequency window ranges from 100 Hz to 1 MHz may show strong
distortion and thus it is necessary to consider both of the influences of interface and oxide

traps to precisely analyze the conductance behaviors.

5.2 Sample preparation

The Ings53Gag47As MOS devices characterized in this study are fabricated in Imec. It has
a dual-layer gate insulator consisting of a 2-nm-thick GdAI,O3 layer and a 2-nm-thick HfO,
layer. While the GdAI,O3 layer is used to realize good interfacial properties with
Ino53Gap 47AS, the HfO, layer is adopted for higher dielectric constant. The devices are
fabricated on n-type (5x10™ cm™) Ings3Gag47As layer grown on n-type (2x10'" cm™) InP
substrate. After carrying out sulfur-based wet-chemical treatment for surface passivation,
the GdAI,O3 layer and the HfO, layer are successively formed by atomic layer deposition
(ALD). Finally, Pt metal dots with diameters of 50 um are deposited though a lift off
process. The admittance characteristics of the devices are measured by Agilent 4280A LCR

meter.

For the under test In0.53Ga0.47As MOS devices with the n-type doping concentration

of 5x10% cm™, the position of fermi-level can be easily estimated by:

E.—E, =KTIn(Ne ) Eq. (5.2.1)
Nd

where Ny is the donor impurity density. By using N¢= 2.1x10* cm™ for Ings3Gag.47As and
Ng = 5.0x10'® cm?, E; is about 0.04 eV below the Ec.
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5.3 Temperature dependent responses of interface and oxide
traps
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Fig. 5.3 Characteristic frequency of electron trapping by interface states as a function of the
energy along the band-gap with temperature as a parameter in the InGaAs MOS capacitor.
The commonly used measurement frequency window ranges from 100 Hz to 1 MHz is
labeled by dash lines, and the corresponding energy ranges of the interface traps at 20 °C

and 100 °C are also depicted by the blue and red dash-dot lines, respectively.

To confirm the responses of the oxide border traps for the low frequency ac signals, we
propose to measure the AC admittance characteristics. The feature frequency of the
interface traps with an energy level of E is defined as the frequency of the ac signal that the
interface traps can change their occupancy in the corresponding period of the signal. In
particular, the feature frequency of the electron trapping of the interface traps can be given

by:
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_ 1 NV o
2nt,  2mexp(AE/KT)

f Eq. (5.3.1)

Here, Nc is the density of states in the conductance band, vy, is the thermal velocity of
electrons, o is the electron capture cross-section of the interface traps, and AE is the
different between the energy level of the interface traps and the conduction band edge (AE
= Ec - Ey). By using the commonly acceptable parameters of Nc = 2.1 x 10" cm™, vy, =
5.5x 10" cm/s, o= 6 x 10™ cm? for Ings3Gag47As, the feature frequency of the interface
traps as a function of their energy level is evaluated as shown in Fig. 5.3 at T ranges from
20°C to 100°C. It can be seen that as temperature increases, the feature frequency increases
exponentially. As a result, the measurable energy range for our measurement frequency
window tends to move toward to the valence band. Particularly, for measurement frequency
window from 100 Hz to 1 MHz, the measurable energy ranges from 0.26 eV to 0.5 eV at
20 °C and from 0.12 eV to 0.42 eV at 100 °C. Therefore, the interface traps located between
0.42 eV to 0.5 eV cannot be characterized at 100 °C because their time constants are too
short compared to the corresponding period of the 1 MHz signal. Here, we mainly
discussed the change of the measurable energy range as a function of temperature at the
upper half of the band gap, where the oxide border traps may also have pronounced
influence due to the relatively low tunneling barrier.

On the other hand, the time constants of the oxide border traps are widespread due to the
distributed nature of the oxide traps, and the feature frequency of the oxide border traps can

be given by:

fo 1 _ NcVio
2nt,,  2mexp(AE/ KT)exp(2kx)

Eq. (5.3.2)

Here, x is the depth of the border traps from the interface into the oxide, and x is the

tunneling decay factor. xis given by:

(V2 E-B) Eq. (5.3.3)

h
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Here, m" is the electron effective mass in the dielectrics, EX is the conduction band edge

of the dielectrics, E is the energy level of the traps, and 7 is the reduced plank constant.

10° E—Ey=05eV
. 106 1 MHz
=
B
o
g 10
o
(0]
=
o
2 102 100 Hz
S
—

@.22 nm ! 1.1 nm
100 < I —1 >
0 0.4 0.8 1.2

Depth from interface into oxide (nm)

Fig. 5.4 Feature frequency as a function of the depth from interface into oxide of oxide
border traps located at energy level of Et - Ev = 0.5 eV. The normal used measurement

frequency window range from 100 Hz to 1 MHz is labeled by the dash line.

Figure 5.4 shows the feature frequency of the oxide traps at 0.5 eV as a function of their
depth from the interface into the oxide estimated by Eq. 5.3.2 & 5.3.3. In this estimation,

same Nc, Vi, and o previously used to estimate the z; are used here. The tunneling decay
factor « is estimated to be around 5.4 nm™ by using E™ —E =2.24eV andm =0.5m,,

where mq is the free electron mass. It can be seen that as temperature increases, although

the time constant of the interface traps can succeed the maximum frequency in the normally
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used measurement window, i.e. 1 MHz, the oxide border traps at the same energy level still
can response. Due to the border traps are distributed through the whole thickness of the
oxide, the border traps with increasing depths can response at increased temperature. For
example, in our estimation as shown in Fig. 5.4, the range of the depth of the border traps
that can response for the 100 Hz to 1 MHz signals slightly change from 0 ~ 0.8 nm to 0.22
~ 1.1 nm as temperature increases from 20 °C to 100°C. In other words, as temperature
increases, while the influence of interface traps in normally used frequency window can be
ruled out, oxide border traps can be mainly responsible for the observed frequency
dispersion of the admittance characteristics. In consequence, the influence of the interface
traps and the oxide border traps can be divided by carrying out high temperature AC

admittance measurement.
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5.4 Modified conductance method with consideration of oxide
traps

5.4.1 High temperature capacitance and conductance behaviors
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Fig. 5.5 Typical multi-frequency C-V characteristics of Pt/HfO,/Al,O3/Ings3Gag 47As from
100 Hz to 1 MHz at 20, 40, 60, and 80 °C.

Figure 5.5 shows the multi-frequency C-V characteristics of Pt/HfO,/Al,O3/Ing53Gag 47AS
from 100 Hz to 1 MHz at 20, 40, 60, and 80 °C. It can be seen that there is no strong
distortion of the C-V curves or flat-band voltage shift as temperature increases from 20 °C
to 80 °C.
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Fig. 5.6 (a) The Capacitance versus frequency and (b) the parallel conductance versus
frequency plot of the under test sample at V¢ = 0.4 V with measuring temperature of 20, 40,
60, 80 °C.

Figure 5.6 shows the frequency dispersion of the measured capacitance and parallel
conductance of the under test sample at Vg = 0.4 V with measuring temperature of 20, 40,
60, 80 °C. From the C-V curves shown in Fig. 5.5, it is known that the device is in
depletion region when biased in Vy = 0.4 V. As shown by the capacitance versus frequency
plot in Fig. 5.6 (a), the frequency dispersion persists from 100 Hz to 1MHz at all measured
temperatures. Besides, the measured capacitance increases with increasing temperature due
to the decrease of 7. Figure 5.7 (b) shows the Gy/w versus w plot of the under test sample
at Vg = 0.4 V. The conductance curves horizontally shift to the high frequency direction
with increasing temperature, which indicates that the z; decreases as temperature increases.
More importantly, there is a plateau of the conductance curve in the low frequency range. It
is confirmed the responses of the distributed oxide traps, which corresponds to less

frequency dependent energy loss in the low frequency region [5.3].
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5.4.2 Extraction of D;; and Ny from G,/w versus w plot
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Fig. 5.7 Comparison between the experimental conductance curves (symbols) and the fitted
curves (solid lines) with considering both of the responses of the interface traps and oxide
border traps at 20, 40, 60, and 80 °C, respectively. The contribution of interface traps and

oxide border traps on the fitted conductance curves is also plotted by dash lines.

Figure 5.7 shows the comparison between the experimental conductance curves and the
fitted curves with considering both of the responses of interface traps and oxide border
traps at 20, 40, 60, 80 °C, respectively. It can be seen that the experimental conductance
characteristics can be well fitted. Here, the parallel conductance caused by D;; is calculated

by using the standard conductance method with considerations of surface potential
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fluctuation [5.1]. The parallel conductance caused by Ny is calculated by using the
distributed border traps model as described in the previous chapter. In particular, same
parameters for interface traps and oxide border traps are used for fitting with the
conductance curves at different temperatures except the time constant. The extracted D;; is
1.58x10" cm™eV* with the surface potential fluctuation parameter oz of 60 meV. The
tunneling decay factor is estimated to be about 5.4 nm™ for the traps locate about 0.2 eV
below the conduction band by using Eq. (5.3.3). (The estimation of the energy level of the
traps is discussed in the following section.) Thus, for our measurement frequency and
temperature window, the near interfacial oxide traps locate between x = 0 to x = 1 nm
dominate the low frequency responses as shown in the conductance curves. It is also found
that non-uniform spatial distribution profile with increasing Ny: from the interface into the
oxide had to be used to fit the conductance curves. The spatial distribution profile of the Ny
is shown in Fig. 5.8, and the Ny ranges from 3.0x10'° to 6.21x10%° cm™ from interface into
the oxide. Note that the increasing trend of Ny from interface into the oxide extracted here
is consistent with the spatial distribution profile extracted in the previous chapter for the
oxide border traps above the conduction band. The z; for 20, 40, 60, 80 °C are 2.9 x 107 s,
75x10°s,2.9x10°s,and 9.6 x 10 s.

According to previous discussion, it can be seen that for the MOS sample that is lack of
thermal-dynamically stable interfacial layer with good quality, it is of particular importance
to pay attention on influence of the oxide border traps on the conductance method,
especially for the MOS samples show strong low frequency responses in the conductance
characteristics. From Fig. 5.7, it can be seen that without considering the influence of the
oxide traps, (1) it is very difficult to fit the conductance curve, and (2) the Dj; may be

severely overestimated and the origin of defects in the gate stack may be misunderstood.
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Fig. 5.8 The spatial distribution profile of Ny; used for fitting the conductance curves shown
in Fig. 5.7.

5.4.3 Determination of the energy level
Due to the peculiars of the I11-V compounds, there are still many difficulties remain on

accurate extraction of the Vg-energy relationship [5.10], and a straightforward method is
still highly desired.

In the previous chapter, we propose extract the Vg-energy relationship when the fermi-
level has been well biased into the conduction band by carrying out Terman technique on
high-frequency/low-temperature C-V curves. Here, we propose extract Vg-energy
relationship when the fermi-level is still biased inside the conduction band by evaluation of
the change of the time constant of the interface traps as a function of temperature.

The essential difference between the temperature dependence of 7 = (Ngvino)* when the
fermi-level is biased inside the band-gap and inside the conduction band is the temperature
dependent of ne. When fermi-level has been well biased inside the conduction band, the
occupation rate of the conduction band states is not strongly temperature depedent.

However, on the other hand, when the Fermi-level is biased inside the band-gap, the ns is
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strongly temperature dependent and 7 is given by [5.5, 5.11]:

_ exp(AE/ KT)

Eq. (5.4.1
NV, 0 q.(54.1)

it

From Eq. (5.4.1), it can be derived that:

AE
In(t;, )+C =T Eq. (5.4.2)

where C represents a constant. From Eq. (5.4.1), it can be seen that In( ;) should be a linear
function of 1/kT and the slope is AE. Figure 5.9 shows the In(7:) versus 1/KT plot. The z;
used here is extracted from the conductance curves as shown in Fig. 5.7. Good linear
relationship can be observed between In(z;) and 1/KT and the AE is estimated to be around
0.22 eV. It is also noteworthy that the change of 7; due to the temperature dependence of
the o, as discussed in the previous chapter, can be ignorable compared to that caused by the

temperature dependence of ng when AE >> AE,,
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Fig. 5.9 The log(ti)) versus (1/kT) plot for extraction of the fermi-level energy. The t;; used

here is extracted from the conductance curves as shown in Fig. 5.7.
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5.5 Conclusion

In conclusion, this chapter addresses with the influence of oxide border traps with energy
level inside the band-gap on the admittance characteristics of the MOS capacitor biased in
depletion region. In particular, for the MOS capacitors that are lack of thermal-dynamically
stable interfacial layer with good quality, such as InGaAs based MOS systems, the parallel
conductance curves probably show strong distortion and thus conventional conductance
method that only takes account for the energy loss caused by interface traps may not be
applicable and leads to the misunderstanding of the traps distribution. By analyzing the
conductance curves measured at various temperatures with considerations on both of the
interface traps and oxide traps, we have (1) confirm the oxide border traps response for the
low-frequency signal by high temperatures measurement, (2) consistently fit the
conductance curves at different temperatures and extract the Dj; and Ny values, and (3)

propose a straight-forward way to decide the energy level of the traps near mid-gap.
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Chapter 6. Study of interface traps and
near Interfacial bulk traps in AlGaN/GaN

heterojunction by conductance method

Conductance method is adopted to comparatively study the interface traps at the hetero-
interface of AlGaN/GaN based HEMT devices with different gate electrodes, including TiN
and Ni. It is confirmed that there are no distributed bulk traps in the near interfacial region
of the AlGaN layer. Besides, it is found that the deep trap levels that are active in depletion
region are likely to be caused by the crystallographic defects due to the stored strain near
the heterointerface induced by the lattice mismatch between AlGaN and GaN. The location
of these trap sites may be influenced by the gate electrode due to the strain modulation in
the AlGaN layer. On the other side, the relatively shallow trap levels that are active in the
inversion region is found to be independent on the gate electrodes, which is inferred to be

caused by the nitrogen deficiency in the AlGaN layer.
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6.1 Introduction
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Fig. 6.1 Schematic illustration of (a) the lattice mismatch between AlGaN and GaN crystal
structures, (b) the tensile strain endured by the thin AlGaN layer in the AlGaN/GaN
heterojunction, and (c) the band diagram of the AIGaN/GaN heterojunction and the

formation of polarization charges and two-dimensional electron gas (2DEG).

I11-nitride compounds, such as GaN and AlGaN, shows unique combination of large band-
gap, high break-down field, high mobility and saturation velocity, and good thermal
conductivity. Due to these properties, AlGaN/GaN hetero-junction based high electron
mobility transistors (HEMTS) are extremely attractive for high power and high frequency
application and being extensively studied [6.1-6.4]. However, two crucial challenges still
remain [6.4]. First, the gate leakage in AlGaN/GaN heterojunction is too high. Second, the
AlGaN/GaN heterojunction exhibit current collapse with high drain voltage. Both of these
problems can be attributed to the electrically active traps in the AlGaN/GaN heterojunction

[6.3, 6.5]. Therefore, it is of significant importance to characterize the traps distribution in
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GaN heterojunction.

In particular, considering the lattice mismatch between AlGaN and GaN (Fig. 6.1 (a)) and
the relatively thin AlGaN barrier layer used in this type of devices, tensile strain is
concentrated on the thin AlGaN layer in the heterojunction (Fig. 6.1 (b)). Although the
tensile strain induced piezoelectric polarization substantially contributes to the formation of
2DEG (Fig. 6.1 (c)), it may also results in considerable amounts of interface traps in the
hetero-interface and crystallographic defects in the bulk of AlGaN layer. Recently, many
trap characterization techniques have already been adopted to profile the trap distribution in
the AlGaN/GaN hetero-junction [6.6-6.9]. It is noteworthy that electron tunneling
spectroscopy studies [6.8, 6.9] evidence that most of electrically active traps distributed at
the hetero-interface and the near interface region instead of the region near the
metal/AlGaN interface. In this study, we deploy standard conductance method, which is a
very common and convenient trap characterization technique, to study the interface and the
near interface traps at the hetero-interface of AlGaN and GaN. The heterojunctions with
different metal electrodes, Ti and Ni, are also comparatively studied to clarify the properties

of active traps and the influence of the electrodes.
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6.2 Device structure

TEOS-SiO,
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Fig. 6.2. Schematic structure of fabricated AIGaN/GaN HEMTs [6.10, 6.11].

Figure 6.2 schematically shows the structure of the fabricated AlGaN/GaN HEMTs. The
devices were fabricated Alg25Gag7sN/GaN epitaxial wafer on Si (111) substrate with an
AIN intermediate layer. The thickness of AlGaN and AIN layer is 25 nm and 1 nm,
respectively. Two types of devices, which prepared by same processes except that different
metal gates are deposited, were studied here to investigate the potential influence of metal
gates on the distribution of the interface traps. Details of the fabrication processes can be
found in ref. [6.10, 6.11]. The admittance characteristics of the gate/AlGaN/GaN

heterojunction are measured between gate and source.
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6.3 Results and Discussion
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Fig. 6.3. Comparison on transconductance characteristics between AlGaN/GaN based
HEMTs with TiN and Ni gate electrodes.

Figure 6.3 shows the transconductance (gm) characteristics of the AlGaN/GaN based
HEMTs with TiN and Ni gate electrodes. Generally, g, is proportional to 1Cq, Where s
the carrier mobility in the channel and Cy is the gate capacitance. The flat-band condition
roughly locates at the gate bias that gives the maximum transcodnuctance. When the
heterojunction is biased below the flat-band condition, Cgy is approximately given by
(1/Cp+1/Cs)™, where is the capacitance of the barrier layer (the AlGaN layer) and Cs is the
capacitance of the substrate layer (the GaN layer). Therefore, the more the gate is biased
below the flatband condition, the smaller the gy is, because Cs decreases with increasing
depletion width. On the other hand, when the heterojunction is biased above the flatband
condition, Cyq is roughly equal to the Cp, which is a constant. Here, the decreased gm with
increasing Vg can be mainly attributed to decreased  due to increased roughness scattering
with increasing transverse electric field in the channel. As a result, several points can be
pointed out from fig. 6.3. Firstly, because the peaks of the gm-Vy curves of these devices
almost appear at same position, the gate electrodes, Ni and TiN, do not influence the flat-
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band voltage of the devices. This is mainly due to the fermi-level pinning at the metal-
gate/AlGaN interfaces. Secondly, the low-field g, of the TiN device is slightly higher than
that of the Ni device. It indicates that the 2DEG in the TiN device may less suffer from
coulomb scattering. Lastly, both of these devices show almost same high-field g, which
suggests similar surface roughness scattering in these devices. In short, the comparison on
the transconductance characteristics between the devices with TiN and Ni electrodes
indicates that the metal electrode does not likely to influence the roughness but may have
influence the distribution of interfaces traps of the AIGaN/GaN hetero-interface. Therefore,

we investigated the conductance spectra of the devices in details as follows.

6.3.1. Conductance analysis in depletion and inversion region
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Fig. 6.4. Comparison on the (a) conductance spectra of the AIGaN/GaN HEMTs with the
Ni (blue) and TiN (red) electrodes biased in depletion region, and (b) extracted Dj; and (c)

time constant t by using standard conduction method

Figure 6.4 shows (a) the conductance spectra of the AlGaN/GaN HEMTs with the Ni
(blue) and TiN (red) electrodes biased in depletion region and (b) extracted Dj;and by
using standard conduction method [6.12]. First of all, it can be seen that both devices shows

typical peak behavior (Fig. 6.4 (a)), which represents the existence of interface traps.
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Particularly, compared to the conductance curve of the MOS capacitor with large amounts
of distributed border traps, as shown in Fig. 5.6, there is no obvious low frequency
response and thus distributed border traps are not likely to exist in the AlGaN layer.
Secondly, as shown by Fig. 6.4 (b), while the Dj; in the Ni device is slightly higher than that
in the TiN device, the zof the traps in the Ni device is almost longer than that in the TiN
device by an order of magnitude. The difference on the zcannot attributed to the different
energy levels of the traps in different devices because the two devices have almost same
flat-band voltage as discussed before. Therefore, it may indicates the interfacial traps
locates at a deeper distance from the hetero-interface into the AlGaN layer in Ni device

than the traps in the TiN devices.
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Fig. 6.5. Comparison on the (a) conductance spectroscopy, (b) extracted Dj; and (c) time
constant t using standard conductance method of the AlIGaN/GaN heterostructures with the

Ni (blue) and TiN(red) electrodes biased at inversion region.

Figure 6.5 shows (a) the conductance spectra of the AIGaN/GaN HEMTs with the Ni
(blue) and TiN (red) electrodes biased in depletion region and (b) extracted Dj;and zby
using standard conduction method. As shown by Fig. 6.5 (a), there is also no low frequency

response in the conductance curves in the inversion region. Besides, Fig. 6.5 (b) further
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shows that the Dj;and 7 are almost same in these two devices, indicating that same trap

levels are responsible for the AC conductance responses in inversion region.

6.3.2. Model of traps distribution in AlIGaN/GaN heterojunction

N vacancies

Depletion Inversion

AlGa GaN

Fig. 6.6 Schematic band diagram of the AlGaN/GaN heterojunction in depletion and
inversion with illustration of the distribution of the electrically active traps in the devices
with TiN and Ni electrodes.

Based on previous observation, we proposed a model, as shown in Fig. 6.6 of the traps
distribution in the AlGaN layer to explain the AC conductance behaviors of the devices
with TiN and Ni electrodes. In depletion region, there are active trap sites whose spatial
locations depend on metal electrodes. Especially, the Ni electrode may lead to the
formation of active traps in a deeper distance from the hetero-interface into the AlGaN layer.
On the other hand, in inversion region, the active trap sites are almost in dependent on the

metal electrodes.

In particular, we infer that the deep trap levels that responsible for the conductance

response in the depletion region may be related to the crystallographic defects caused by
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the lattice mismatch in the heterojunction. As previously discussed, because of the lattice
mismatch between the AlIGaN and GaN, the thin AlGaN barrier layer is under tensile strain
and thus crystallographic defects can be generated in the AlGaN layer and result in deep
trap levels. The metal gate may influence the distribution of these traps by modulating the
strain in the AlGaN layer. On the other hand, the relatively shallow trap levels that are
responsible for the conductance response may result from the nitrogen deficiency in the
AlGaN layer. This has been reported that the nitrogen deficiency induced traps level locates
near 0.5 eV below the conduction band of AlGaN, which is just the fermi-level position
when the device is biased into inversion region. Therefore, these relatively shallow trap
levels are less influenced by the strain stored in the AlGaN layer.
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6.4. Conclusion

In conclusion, conductance method is adopted to comparatively study the interface traps at
the hetero-interface of AlGaN/GaN based HEMT devices with different gate electrodes,
including TiN and Ni. It is confirmed that there are no distributed bulk traps in the near
interfacial region of the AlGaN layer. Besides, it is found that the deep trap levels that are
active in depletion region are likely to be caused by the crystallographic defects due to the
stored strain near the heterointerface induced by the lattice mismatch between AlGaN and
GaN. The location of these trap sites may be influenced by the gate electrode due to the
strain modulation in the AlGaN layer. On the other side, the relatively shallow trap levels
that are active in the inversion region is found to be independent on the gate electrodes,

which is inferred to be caused by the nitrogen deficiency in the AlGaN layer.
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Chapter 7: Conclusion

7.1: Summary of this thesis

objects|  New structures New materials
Si fin structure high-x/III-V AlGaN/GaN
icontribution
1.C-V measurements from low-to-high Comparative studies on the
Charge-pumping temperatures conductance spectra of devices
measurement of fins with —> Spatial and energy distribution of Ny, with different metal gates
method different widths - D, at the heterointerfaces

2. Conductance method considering
contribution of oxide border traps
—> Separate evaluation of D, and N,

—> Spatial distribution of D, and their species

on the 3D surface

1. Optimal F.G.A 1. Ny~ 107 cm3eVihas been 1. No distributed border traps
temperature is around demonstrated, and N, tends to near the heterointerfaces
420°C. increase with increasing energy or 2. Deep traps levels may be

2. A high concentration depth related to crystallographic
of D, ~3x10'em2eVt | 2. Trapping process of oxide border defects.

discoveries exists at corners traps is thermally activated 3. Shallow traps levels may
3. In parallel conductance curves, be related to nitrogen
interface traps contribute to “peak- deficiency

like” behaviors and border traps
contribute to “plateau-like”
behaviors.

4. Proper interpretation of distorted
conductance curves with strong
low-frequency response require
both consideration of D, and N,,

Table 7.1 Summary of the major contributions of this thesis
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In summary, we have systemically studied the traps at or near the
dielectrics/semiconductor interfaces and semiconductor heterointerfaces. The major
contributions of this thesis, on both of trap characterization methodologies and the

properties of the traps, are summarized in Table 7.1, as described as follows.
(A) About the SiO,/Si interfaces with fin structure:

By carrying out CP measurement on gated diodes based on Si fins with different widths, a
new methodology is proposed to extract the spatial distribution of Dj; on the 3D surface. It
is found that (1) for <110>-directed fins fabricated on (100)-orientated SOI wafers, the
optimal forming gas annealing temperature is around 420 °C for passivation of the dangling
bands on Si fin surfaces, (2) a high concentration of Dj; (~3.0x10"cm?eV™) tends to locate
at the corners, which is almost an order of magnitude higher than that at the (100)-oriented
top wall (~3.0x10°%cm?eV™?). This is attributed to the continually varying surface

orientation at the corner region.
(B) About the high-«/I11-V interfaces:

We have established a methodology to extract the spatial and energy distribution of oxide
border traps from the frequency- and temperature-dependent C-V and G-V characteristics.
Besides, we also modified the standard conductance method by incorporating the influence
of oxide border traps for analyzing the distorted parallel conductance curves with strong
low-frequency response to properly characterize both of interface traps and oxide border

traps. The major discoveries are listed as follows.

(1). A high concentration of oxide border traps, which increases with increasing energy
level and depth into the oxide, between 10™° cm™to 10%° cm™ has been found in the sample
with TiN/HfO,/GdAIl,Os/n-Ing 53Gag 47As structure. These traps are likely to be caused by
accumulated defects in the high-x oxide layer during material growth depending on

deposition techniques.
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(2). Empirical model to evaluate frequency- and temperature-dependent responses of oxide
border traps is proposed. Particularly, we have demonstrated that the trapping process of
oxide border traps is thermally activated. As temperature decreases from 300 K to 77 K, the
time constant of the border traps is estimated to be enlarged by a factor of 10° mainly due to
the shrinking of the capture cross-section.

(3). We have confirmed the contribution of the responses of interface traps and oxide border
traps on the parallel conductance characteristics. While the “peak-like” conductance curves
indicates the response of interface traps, the “plateau-like” conductance curves in the low-

frequency region suggests the response of distributed oxide border traps.

(4). The Dj; and Ny are separately extracted from the parallel conductance characteristics
considering their different responding behaviors. It is found that for the conductance curves
with strong low-frequency responses, applying standard conductance method without
considering the existence of oxide border traps may result in considerable overestimation of
Dit.

(C) About the AlIGaN/GaN heterointerfaces:

Conductance method is adopted to comparatively study the interface traps at the hetero-
interface of AlGaN/GaN based HEMT devices with different gate electrodes, including TiN
and Ni. It is confirmed that there are no distributed bulk traps in the near interfacial region
of the AlGaN layer. Besides, it is found that the deep trap levels that are active in depletion
region are likely to be caused by the crystallographic defects due to the stored strain near
the heterointerface induced by the lattice mismatch between AlGaN and GaN. The location
of these trap sites may be influenced by the gate electrode due to the strain modulation in
the AIGaN layer. On the other side, the relatively shallow trap levels that are active in the
inversion region is found to be independent on the gate electrodes, which is inferred to be

caused by the nitrogen deficiency in the AlGaN layer.
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7.2. Future work

In multi-gate FETS, considering that the dimensions of the cross-section shape of the 3D
channel will continually decrease to enhance the electrostatic control of the channel, the
corner regions will play a more and more important role on the performance of the devices.
Therefore, it is important to further optimize the corner shape for lowering Di.. The corner
shape can be adjusted by sacrificial oxidation and hydrogen annealing, and the local D;; at

the corner can be evaluated by using the technique proposed in this study.

In high-k/I11-V MOS systems, although the passivation of interface states is still the major
concern, the oxide traps reside in the high-k dielectrics are worthy for more attention
especially considering the lack of high-quality interfacial layer with large band-offset in
high-k/InGaAs MOS system. Additionally, several high-k materials, such as Al,O3, HfO,,
La,03, ZrO,, GdO,, have been demonstrated to be compatible with InGaAs substrates for
achieving relatively low density of interface states (Di). Therefore, comparing the
concentration of electrically active oxide traps may be essential for materials selection and

optimizing deposition techniques.

In AlGaN/GaN heterojunctions, it is important to further clarify the species of the traps at
and near the heterointerfaces by both of electrical and physical characterization.
Furthermore, the influences of mechanical strain is worthy for further investigation. It can
be achieved by characterizing the distribution of interfacial traps in the heterojunctions
under different bending conditions. This study may lead to new HEMT devices optimizing

strategies based on modulating the strain in the heterojunctions.
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Appendix A: Anomalies Iin |-V
characteristics of multiple Si nanowire

FET under pulse measurement

Al Introduction:

Tri-gate Si nanowire FET fabricated on Silicon-on-Insulator (SOI) substrate was an
attractive component for future high speed logic circuits as its superior drivability,
electrostatic control and fabrication feasibility [1]. However, the performance of multi-gate
Si nanowire FET under pulse operation was still rarely reported. In this study, we report an
anomalous 1V characteristic of tri-gate multiple Si nanowires n-FET (tri-gate multiple n-
SNWT) under pulse biases. The underlying mechanism was considered to be threshold
voltage modulation because of accumulation of holes near the source sides because of

strong impact ionization.

A2 Experiment:

Tri-gate multiple n-SNWT on SOI substrates were fabricated as described in Ref.[2]. Every
device has 64 nanowires parallel connected from source to drain. Each nanowire has a
rectangular-like cross section shape with size of 12 x 18 nm? estimated by TEM images.
The schematic image of the under test device is shown in Fig. A1.1. The waveforms of gate
and drain pulses are shown in Fig. A1.2 (a), pulse V4 and Vq4 with rising time about 80ns [3]
were applied to the devices. By fixing the averaging time and changing the delay time, the
dynamic evolution of IV characteristics after applying pulse can be captured.
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Fig.Al.1 Schematic structure of fabricated tri-gate multiple n-SNWTs. Gate overlapped
structure with raised S/D was adopted to decrease series resistance. 64 wires were used as

channels.

t1: delay time (D.T.)
12: averaging time
13: r1sing time

Voltage
&

Fig. A1.2 Schematics of biasing and measuring event: Id was measured after certain delay
time (t1) by averaging the measured value during averaging time (t2). Both of gate voltage

and drain voltage are pulses waveform with same rising time (t3).
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A3 Results and discussion:

(@) Anomalies in pulsed 14-V4 of short channel multiple channel SNWTs:
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DT =200 ns DT =500 ns DT =800 ns Dash line: DC
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Fig. A1.3. The Pulsed 14-Vq4 (red solid line) at different delay time (D.T.) and DC I4-Vy4
(black dash line) of fabricated Tri-gate multi-nanowires Si NWFET with 64 nanowire
channels and channel length of 500 nm. Gate overdrive (Vg - Vi) was ranging from 0.2 to
1.2 V with a step of 0.2 V.

Fig. AL1.3 shows that pulsed and DC I4-V4 of a n-SNWT device (N = 64) with gate length
(Lg) of 500 nm almost overlapped with each other, demonstrating the correctness of
measurement setting. Fig. A1.4 shows that in the device with shorter channel (Lg = 200 nm
and Ly = 160 nm), although the pulsed 13-Vq is very close to that of DC at beginning, it
started to fluctuate as delay time (D.T.) increases, and finally evolves into an anomalous I4-
Vy4 with an negative differential conductivity (NDC) region. This phenomenon is
considered to be caused by strong impact ionization in pinch-off region, as evidenced by

following facts.
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Fig. ALl.4. The Pulsed 14-Vq4 (red solid line) at different delay time (D.T.) and DC I4-Vyq
(black dash line) of fabricated Tri-gate multi-nanowires Si NWFET with 64 nanowire

channels and channel length of 200 nm and 160 nm. Gate overdrive (Vq- Vi) was ranging
from 0.2 to 1.2 V with a step of 0.2 V.

(b) Dependence of the anomalies in pulsed I4-Vg on the illumination condition

It was also well known that impact ionization induced floating body effects are sensitive to

illumination [4], fig. A1.5 shows that as intensity of illumination increases, the anomalous

curves vanished. It is worthy to note that the threshold voltage of the abnormality increased

as light became stronger, which indicates that impact ionization was more difficult to be

triggered because increased intrinsic carriers in the channel.
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Fig. AL5. Pulsed Ig-Vy4 ((@) D.T. = 500 ns & (b) D.T. = 800 ns) characteristics of the
multiple NWTs devices measured at different illumination condition, w/o light, 50W, and
150W, in the chamber of the probe station, which was equipped with 150W Halogen light
source. As the power of light source increases, the abnormal 14-V4 went back to the

classical type.

(b) “History dependence” of the anomalies in pulsed 14-Vy:
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step of 0.2 V.

A4 Conclusion:

An anomalous l4-Vy of tri-gate multiple n-SNWTs under pulse measurement are reported,
which was attributed to the accumulation of holes in the body because of strong impact
ionization triggered by pulse voltage. It likely to happen in multi-nanowire devices may
because of lower series resistance of them and the NDC region was speculated to be a
peculiar to multi-gate devices. Besides, p-SNWTs were supposed to less suffer from this
phenomenon as its lower impact ionization rate with respect to that of n-type. These results
reveals that suppressing impact ionization in pinch-off region of these devices is still
crucial for high speed logic circuit application. It could be achieved by careful control of
operation voltage or adopting novel structures, such as lightly doped drain structure. The

underlying mechanisms still need further investigation.
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Appendix B: Modulation of the resistive
switching behaviors of the CeO, based
metal-insulator-metal (MIM) structure by

Interface engineering

B1 Introduction
Resistive switching random access memory (ReRAM) is an attractive component for

future non-volatile memory technology owing to its simple structure, low operation voltage,
compatibility with current CMOS processes and high scalability [B1]. Nanoionics-based
resistive switching (RS) behavior, which is the basis of ReRAM, has been found in a wide
variety of oxides [B2], such as NiO [B3], HfO,[B4], ZnO [B5], and CeO,[B8, B10]. The
formation and rupture of conductive filaments (CFs) in the oxide film caused by electrical
field induced ionic migration seems the most plausible mechanism in RS behaviors.
However, several challenges are still faced by studies of ReRAM for practical application.
One critical challenge is the elimination of the electrical forming process with high voltage,
which is required by many fresh ReRAM devices to trigger the first time RS [B6]. Several
solutions, such as doping metal ions [B7] and depositing nonstoichiometric oxides [B8],
have been reported for eliminating forming process. The key of these methods is increasing
the concentration of defects or vacancies in the bulk, which help CFs form more easily. On
the other hand, another challenge might come from the suppression of tunneling current,
especially in highly scaled devices. Recently, it has been reported that in a conductive
bridge ReRAM device, although tunneling current between electrodes doesn’t contribute to
the RS process like ionic current, it plays the major portion of the operation current and
directly leads to high power consumption [B9]. Therefore, in consideration of suppressing
tunneling current though the materials, the concentration of defects and vacancies in the

bulk of materials should be decreased as much as possible. As a result, elimination of
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electrical forming by performing interface engineering, which doesn’t fundamentally
change the bulk properties or bring large amount of vacancies into the whole bulk, might be
promising in future ReRAM technology from the viewpoint of suppression on tunneling
current.

Cerium oxide has aroused strong attention for ReRAM application because of its features
of solid electrolyte and high conductivity of oxygen ions [B10]. Besides, it has been
reported that Ce-silicate with wide band gap and high dielectric constant could be formed at
the interface between Si and Cerium oxide [B11], which enlightens the possibility for
adjusting interface properties of CeO, by incorporating Si layer. In this study, ReRAM
devices composed by 20-nm-thick CeO, resistive switching layer, 1-nm-think Si buffer
layer, W top electrode (TE) and TiN bottom electrode (BE) were fabricated. The
improvement of memory performance by inserting Si buffer layer at the interface was
confirmed. Effects of the Si buffer layer and its underlying mechanism were discussed
based on CFs mechanism. Moreover, the gradual reset process under sweeping voltage of
our devices, which is also important in other oxides based ReRAM devices [B5, B8], was

investigated by employing parallel CFs model.

B2 Experiments
The W/CeO,/Si/TiN devices were fabricated on highly doped n*-Si wafer (<0.02 Qcm).

A 200-nm-thick SiO; layer was formed by thermal oxidation and patterned to open window
to contact BE and the substrate. A 15-nm-thick TiN layer, and a 1-nm-thick Si buffer layer
were successively deposited by RF sputtering. Then, a 20-nm-thick CeO, layer was
deposited by electron beam evaporation in an ultrahigh vacuum chamber at a pressure of
10" Pa with a deposition rate of about 0.05 A/s. The temperature of the substrate was set to
be 300 °C during deposition. Subsequently, a 50-nm-thick W layer was in-situ deposited by
RF sputtering without exposing the samples to the air in order to avoid any moisture
absorption on the CeO,. The W layer was then patterned to form square shaped top

electrodes (TE) having sizes of 20X 20 um?. Finally, Al was evaporated as a back contact
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and rapid thermal annealing (RTA) was performed in N, ambient at 400 °C for 30 s. In
addition, the device without Si buffer layer having W/CeO,/TiN structure was also
prepared as a reference. All electrical characteristics were measured by Agilent 4156C

semiconductor parameter analyzer.

B3 Results and discussion
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Fig. B1. Typical RS behaviors of the W/CeO, (20nm)/TiN device and the W/CeO,
(20nm)/Si (1nm) /TiN. Both of the devices are operated at the same way, the voltage is in
sequence swept from 0 — 10, 0—-3—0 and 0—3—0 V to realize forming, reset and set

process, respectively. By inserting Si, the forming voltage (V) is decreased from 7.2 V to
2.8V, and the C.C. is decreased from 5 mA to 1 mA.

The typical I-V characteristics of the W/CeO,/Si/TiN and W/CeO,/TiN devices are
shown in Fig. B1. The TiN BE was grounded and sweeping voltage was applied to the W
TE. In the initial stage both of devices with and without Si buffer layer required a positive

forming process to reach low resistive states at the first time. Both of them exhibited similar
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bipolar RS behaviors, in which positive for set and negative for reset. Although the Si
buffer layer didn’t change the RS polarity, the drastic decrease in forming voltage (Vg) was
observed for the device incorporated with Si buffer layer. Moreover, due to the decreased
V, the compliance current (C.C.) of the device with Si could be set to a lower value, which
can improve RS characteristics according to the CF mechanisms [B2]. Figure B2 depicts
the enlarged window and improved endurance characteristics could be achieved by the
device with Si buffer layer than that of device without Si. It also shows that high resistive
state (HRS) and low resistive state (LRS) of the device with the Si layer were much larger
than that without the Si layer, which indicates that the device with Si was protected from
irreversible hard breakdown because of avoidance of the high voltage forming process. In
summary, by inserting a Si buffer layer to the bottom interface of the W/CeO,/TiN device,
it was able to work under lower forming voltage and C.C. with larger window and better

endurance characteristic.
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Fig. B2. HRS and LRS in 50 times cycles of the 20 nm CeO, based devices with and
without 1 nm Si buffer layer. While the device without Si doesn’t have stable window, the

one with Si is able to keep a window large than 10 times in 50 cycles.
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In consideration that the RS mechanism in cerium oxide is well explained by CFs based
on oxygen vacancies [B8] and the reactivity between Si and CeO,, we proposed following
model to explain the underlying reason that how the Si buffer layer improved the device
performance. Figure B3(a) shows the normal forming process based on CF mechanism of
the device without the Si layer: In the forming process, oxygen vacancies were formed at
anode and a large voltage was necessary for driving the vacancies to the cathode untill the
whole CFs were formed. Then, the device was able to be reset and set by annihilation and
formation of partial CFs under small voltages. Figure B3(b) shows the RS behaviors of the
device incorporated with Si buffer layer. After suitable thermal treatment, the Ce-silicate
could be formed at the interfacial transition layer between CeO, and Si layers. During the
formation of silicate, the oxygen ions at the surface of CeO, were involved in the oxidation
process of Si and thus oxygen vacancies were left to the surface of CeO,. Similar
phenomenon that increased number of oxygen vacancies after formation of Ce-silicate was
also reported by the studies of CeO, based MOS capacitors [B12]. Moreover, because
oxygen vacancies in cerium oxide tend to rearrange into the line pattern [B13], the pre-
existed partial CFs were probably formed in the bulk of fresh W/CeO,/Si/TiN device. Once
positive voltage is applied, the formation of the last part of the CFs was followed by the
field enhancement effect at the peak of the partial CFs. Therefore, the forming voltage
could be largely decreased because only parts of the filaments were needed to form in the
devices with Si buffer layer. By formation of Ce-silicate and thus properly introduction of
oxygen vacancies at the interface, the Si buffer layer made CFs were more easily to be form

in the forming process.
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Fig. B3. Schematic illustration of RS behaviors of the W/CeO,/Si/TiN device (a) and the

W/CeO,/Si/TiN device (b). The open circles represent for oxygen vacancies.

In addition, it is also shown in Fig. B1 that the reset process of W/CeO,/Si/TiN was a
gradual process depending on the negative sweeping voltage (Vsop) applied to the TE.
Figure B4(a) shows the different HRS and LRS of the device operated under different
[Vsiop| ranging from 1.4 V to 3.2 V. As |Vsop| increased, the LRS remained almost same
while HRS stepwise increased and became unstable beyond [Vqep| of 2.2 V. From the
viewpoint of multiple CFs mechanism, it could be regarded that substantially same number
of CFs were formed in LRS, while different numbers of CFs ruptured in reset process due
to different |Vsop|. The instability of HRS at high |Vsp| Was probably caused by increased
joule heat, which produced much more uncertainty to the rupture of CFs. In order to further
clarify the dependence of CFs rupture on reset voltage, a simplified equivalent circuit,
which is shown in the inset of Fig. B4(b), is used to evaluate the resistance between TE and
BE. The devices could be approximated as a parallel connection of insulator layers with
several CFs with an identical resistance. Accordingly, the conductance of LRS (Gon) can
be expressed as:

GON = gO + ngl ~ ngl (1)
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where go represents the original conductance of the CeO, thin film, and g; is the
conductance of each CF, and N is the number of CFs that formed in LRS. Compared to g,
0o is very small and can be ignored because of its insulator characteristics. On the other
hand, the conductance of HRS (Gorr) can be expressed as:

Gorr = go+ (N - N(Vstop) ) XgL = (N - n(Varep) ) Xg1 2)
Here, n(Vswop) signifies the number of filaments that rupture in the reset process governed
by Vsiop and thus N - n(Vsop) represents the number of CFs that left in HRS. Using
equations of (1) and (2), the ratio of ruptured filaments as a function of Vg, can be
evaluated as follow:

N(Vstop)/N = 1 - Gore/ Gon (3)
The average values of Gorr and Goy in Fig. B4(a) were used to calculate the ratio of the
ruptured CFs as shown in Fig. B4(b). It shows that once the reset voltage exceeds 1.4 V,
most of filaments would rupture in a short voltage range. For instance, 90 % of the CFs had
been ruptured when Vsiop = 2.2 V and Vo larger than this actually contributed a little to
the reset process. This result implies that by proper control of reset voltage, power
consumption and instability of the device could be decreased without sacrificing too much

window.
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Fig. B4. (a) The HRS and LRS of the W/CeO,(20nm)/Si(1nm)/TiN device as continually
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The ratio of ruptured filaments in reset process on |Vy,|, and the inset shows equivalent
circuit of the CFs dominated ReRAM device.
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B4 Conclusion

In conclusion, thanks to incorporating a Si buffer layer at the bottom interface, the
ReRAM cell having W/CeO,/Si/TiN structure could be operated at lower forming voltage
and C.C. with better window and endurance characteristics than that of the device without
Si. This improvement was speculated to be caused by the formation of Ce-silicate at the
interfaces, which properly introduced oxygen vacancies at the interface and thus made CFs
form more easily in the forming process. Such result shed light on eliminating electrical
forming in ReRAM device though interface engineering, which doesn’t lead to fundamental
change of bulk properties. Besides, by adopting the parallel CFs model, the process of
successive rupture of the CFs as a function of reset voltage was quantitatively described,
which not only provides a guideline of voltage control for optimizing device performance,
but also provides an insight into the gradual reset process.
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