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Adyvisor: Dr. Tien-Sheng Chao Student: Yu-Min Liu

Department of Electrophysics
National Chiao Tung University

Abstract

In this thesis, p-channel LTPS-TFTs with different thickness of the HfO,
gate dielectrics were fabricated and investigated. We compared the electrical
characteristics and the NBTI reliability issue of the p-channel LTPS-TFTs with
the different thickness of - HfO, gate dielectrics. As for the electrical
characteristics, we found that the peak transconductance (G, max) increases with
the HfO,-thickness. This phenomenon violates the well known knowledge that
the gate control ability should be ‘enhanced with a higher gate capacitance.
Therefore, it is worthwhile to investigate the mechanism of this phenomenon.
We found that the phase change of the HfO, layers contributes to the Gp, max
degradation of the TFTs with the thin HfO, layer. Besides, it was found that the
enhanced Gy, max Of the p-channel TFTs with the thicker HfO, layer is related to
the intrinsic charged oxygen vacancies in the HfO, layer. Finally, the
degradation mechanism of the NBTI stress was systematically studied. It was
found that the behavior of Vy, variation, S.S. degradation and the Gp, max
degradation are mainly dependent on the thickness of the HfO, layer, stress

temperature and the stress bias.
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Chapter 1
Introduction

1.1 Overview of Thin-Film Transistors

A thin-film transistor (TFT) is a special type of field-effect transistor made
by depositing thin films of a semiconductor active layer as well as the dielectric
layer and metallic contacts over a substrate. A common substrate is glass, since
the primary application of TFTs is in liquid crystal displays. This is different
from the conventional transistor where the substrate material is typical
semiconductor material, such as.a silicon  wafer. The first TFT device was
proposed in 1961 by Dr. P.K. Wenimer in Radio Company of America (RCA). In
1966, the first polycrystalline silicon thin film transistors (Poly-Si TFTs) were
demonstrated by C.H. Fa et al [1]. However, the study of poly-Si TFTs

fabricated with low temperature of 600°C was not proposed until 1980s. With its

simplicity of structure and fabrication, the low-temperature polycrystalline
silicon TFT (LTPS-TFT) has drawn much attention for the application in image
sensors and displays. In recent years, the flat panel display (FPD) is widely used
in advanced electronic products such as mobile phones, portable computers,
digital cameras and PDA, etc. In all types of flat panel displays, active matrix
liquid crystal display is the most popular type of FPD due to its higher refresh
rate compared with the conventional passive matrix display [2]-[3]. Besides,
LTPS-TFTs have been exhibited in a variety of industrial applications, such as
active matrix liquid crystal displays (AMLCDs) [2]-[4], active matrix organic
light emitting displays (AMOLEDs) [5]-[7], high density static random access



memories (SRAMs) [8], electrical erasable programming read only memories
(EEPROM) [9]-[10], and 3D ICs’ applications [11].

It has been known that the hydrogenated amorphous silicon (a-Si) TFTs
were widely used for the pixel switching devices of AMLCDs . The advantages
of a-Si:H TFTs are their thermal compatibility with low temperature process on
large area glass substrates and high off-stated which results in low leakage
current. However, the low electron mobility typically below lem*V'sec™ will
limit the performance for AMLCD applications. Consequently, the invention of
poly-Si-TFTs will suppress the limitation of a-Si:H TFTs to derive higher field
effect mobility due to its larger grain size of poly-grains. The high field effect
mobility and drive current of poly-Si-TETs make it possible to use them as the
switching pixels and driver cireuits [12]. What’s more, the aperture ratio and the
panel brightness can be also prompted a lot because that there is just a small size
of device needed by utilizing LTPS-TFTs [13]. Therefore, the performance of
displays can be improved and thus.the poly-Si -TFTs have a great potential to
realize the high-performance large-area AMLCDs and system on panels (SOP).
However, the low temperature process is necessary because the switch pixels are

required to be embedded on the glass substrates for the applications of FPD.

Generally the melting point of glass is about 660°C, so the maximum process

temperature of poly-Si TFTs must be controlled below 600°C to avoid the glass

substrate melting. Furthermore, the formation of gate insulator and the dopant
activation are also limited by the low-temperature process. Hence, a new low
temperature process of poly-Si TFTs is needed to make the poly-Si TFTs
possible to be compatible to the industrial requirements.

It has been known that the conduction mechanism of poly-Si TFTs is



strongly related to the grain boundaries between the poly-grains and the
intra-granular defects in the grains. The grain boundaries consist of large amount
of dangling bonds and strained bonds [14]. These imperfect bondings will trap
mobile carriers in the channel and become charged to result in a high potential
barrier at these locations. So the carrier mobility and subthreshold swing will be
severely degraded in the poly-Si TFTs. Moreover, the grain boundaries also
provide the paths of leakage current to enhance the standby power consumption.
In order to obtain higher drive current and lower leakage current of LTPS-TFTs,
the most import thing is to enlarge the grain size of poly-Si so that the grain
boundary density will be reduced [15]. Generally speaking, growing poly-Si by
low temperature chemical vapor deposition (LPCVD) will obtain the small size
of poly-grains and result in a poor electrical performance of devices. However,
re-crystallization of a-Si will get larger poly-grain size than growing poly-Si
directly. For achieving this goal, variety methods were proposed to re-crystallize
the a-Si films such as SPC (solid phase crystallization) [16]. ELA (excimer laser
annealing) [17], and MILC (metal induced lateral crystallization) [18] to obtain
the large grain size of poly-Si and thus enhance the field effect mobility. Apart
from the method of re-crystallization of a-Si, lots of plasma treatment methods
are also proposed to passivate the trap states in grain boundaries. Several plasma
sources such as H, [19], NH; [20], N,O [21] and O, [22] plasma have been

widely investigated recently.

1.2 Poly-Si TFTs using High-k Gate Dielectrics

Low temperature polycrystalline-silicon thin-film transistors (LTPS-TFTs)



have been widely used in active-matrix liquid crystal displays (AMLCD) with
integrated peripheral circuits as the pixel array on the glass substrate because of
their superior performance [23]. Recently, the practicability of integrating the
entire system on panels (SOP) has been proposed successfully [24]. To fulfill
this goal, it requires that the display driving circuits contain LTPS-TFTs are
capable of operating at low voltages while delivering high drive currents.
Traditionally, we use silicon dioxide (SiO,) as the gate dielectric materials in
LTPS-TFTs. However, with the scaling down of the gate oxide thickness to
obtain the higher drive current and better gate control ability, SiO, encounters
many problems including high gate leakage current [25]. Consequently, to
maintain the physical dielectric thickness while increasing the gate capacitance,
the conventional Si0, gate dielectric layer must be replaced with a material that
offers a higher dielectric constant:k than SiO,, several new high-k materials have

been proposed including Al,O3, Ta,0O5 and HfO, [26]-[28]. Among these high-k
materials, HfO, has been viewed as the most appropriate high—« dielectrics for

the TFTs due to its high value of « (14 to 20) , wide band-gap (~ 5.8eV) and
excellent thermal stability in contact with poly-Si [29]-[30]. Hf oxide and Hf
silicate thin films, currently being considered for gate dielectric applications
result in a multilayer structure that includes a SiO,-like layer -either

spontaneously or intentionally formed at the interface with the substrate [31].

1.3 Negative Bias Temperature Instability of LTPS TFTs

Negative bias temperature instability (NBTI) mainly occurs in the
p-channel devices. During negative bias stress at elevated temperature (typically

4



100°C-150C ), several important electrical parameters such as threshold voltage

(Vw), driving current (Ip), carrier mobility and the peak transconductance (G,)
of the device will be severely degraded [32]-[33]. The degradation of these
device parameters can lead to circuit failures, both for analog and digital

applications.

The NBTI induced degradation is mainly attributed to interface states and
fixed oxide charges and it can be thermally and electrically activated. The NBTI
stress has been widely investigated in the p-channel TFTs and the
reaction-diffusion (R-D) model [34]-[35] has been used to explain the
phenomenon of NBTI stress in p-channel TFTs and the physical model of NBTI
stress 1s shown in the Fig. 1.1. The NBTI-degradation mechanism of p-channel

TFTs is described as follows [32]:

It 1s assumed that the Si dangling bonds at the poly-Si/SiO, interface are
passivated by the hydrogen atoms in the horizontal furnace initially. During the
NBTI stress, the inversion holes will react with the Si-H bonds at the
poly-Si/Si0O; interface and in the grain boundaries, and then the hydrogen atoms
of the Si-H bonds become weakly bonded to the Si atoms. Thus, the hydrogen
atoms can be easily released from the weak Si-H bonds by sufficient thermal
energy. The release of hydrogen results in the generation of interface states and
grain boundary trap states. The released hydrogen related species from the
interface either diffuse or drift into the gate oxide and react with it, forming OH
groups bounded to Si atoms of oxide and leaving positive fixed oxide charges

behind in the gate oxide, becoming the reacting-limiting factor.

In order to clarify the mechanisms that modify the device electrical



parameters during NBTI stress, we have to understand every possible factor that
contributes to the degradation of electrical parameters in TFTs. In poly-Si TFTs,
unlike the fundamental theory of MOSFETs, the electrical parameters such as
threshold voltage (Vy,), subthreshold swing (S.S.) and transconductance (G,,) are
all dependent on the generation of interface states and trap states at the interface
and/or in the grain boundaries. Based on the degradation mechanism of poly-Si
TFTs, the main degradation mechanism of the electrical parameters of poly-Si
TFTs will be described as follows: The generation of fixed oxide charge and
charge trapping in the gate dielectric will cause the Vy, shift. The interface states
would contribute to Vy, shift and degrade the subthreshold swing (S.S.) and
transconductance (G,,). The trap states generated in the TFTs are usually divided
into two types and their effects on .the. electrical performance are different
[36]-[37]. (1) deep trap states : Deep trap state is-a type of trap states that located
in the mid-gap of the silicon energy level. The deep trap states are usually
caused by the dangling bonds (defects) at the HfO,/poly-Si interface or in the
grain of the poly-Si channel film. The generation of deep trap states would
severely cause the Vy, shift and degrade the subthrethold swing (S.S.) , whereas
it has little effect on the transconductance (G,,) (2) tail trap states: the tail trap
state is one type of trap states that located near the conduction band or the
valence band edge of the silicon energy level. The tail trap states are attributed
to the strained bonds at the poly-Si/IL interface or in the grain boundary trap
states. The generation of tail trap states would severely contribute to the
degradation of the transconductance (G,,), whereas it has little impact on the
subthrethold swing (S.S.). The degradation of the electrical parameters after
stress discussed above will help us to clarify the generation and distribution of

defects and trap states of LTPs TFTs. These proposed mechanisms are

6



summarized in the Table 1.

1.4 NBTI Stress in High-x Gate Dielectrics

It is generally recognized that HfO, layer has a significant larger amount of
bulk traps than that in SiO,. The presence of bulk traps complicates the
mechanism of NBTI further [38]. Charge trapping characteristics of HfO,
MOSFETs were affected by the process conditions. One factor is the thickness
of the HfO, layer. It was observed that the charge trapping was enhanced for the
thicker HfO, layer [39]. Charge trapping is dominant in the thick films and
dominates the generation of interface traps that are formed during the stress. The
oxide trapped charge at the interface between the dielectric and the substrate is
recognized to make the most significant contribution to Vy, [40]. It was also
reported that the charge trapping is related to the neutral HfOH centers,
indicating that the charge trapping i the HfO, layer is hydrogen-related [41].
Huard et al. [42] reports that the Vy, shift contributed by charge trapping is
composed of two steps: firstly, hole traps (meta-stable states) which recover, and
interface states (Pyy) which are stable (no recovery). It was also reported that the
mechanism taking place in the NBTI stress is described as follows: The
hydrogen release induces interface states and the holes will be captured by the
oxide traps [43]. The observed similarities between high-x gate dielectrics and
nitride silicon dioxide [43] tell us that the property of the interfacial layer
between the HfO, and the substrate is very close to the amorphous silicon
dioxide, so the mechanism of NBTI stress in SiO, MOSFETs will help us to
understand the NBTI stress in the HfO, MOSFETs [43].



1.5 Mobility Issues in High-k Dielectrics

High-permittivity dielectrics, as an alternative of conventional SiO, gate
oxide, are widely investigated in metal-oxide-semiconductor (MOS) devices for
their capability to reduce gate leakage current for the same electrical capacitance
[44]-[45]. Among all the candidates for high-k gate dielectrics, Hf-based oxides,
such as HfO, or HfSi,O, have attracted much attention. However, there are
many issues to be studied and solved for these new materials. Among the issues
raised by the integration of high-x materials, the degradation of carrier mobility
for the metal gate/high-k gate stacks remains one of the most serious issues [46].
The degradation is attributed to intrinsic properties of high-k materials such as
fixed charges induced remote coulomb scattering [47], remote surface roughness
scattering [48], remote soft-optical phonon scattering (RPS) [49], interfacial

dipole scattering [50] and crystallization [S1].

Recently, high-k materials are.not only used in the complementary
metal-oxide-semiconductor (CMOS) process but also studied in the poly-silicon
thin film transistors. By using the high-x gate dielectrics, we can preserve the
physical gate-dielectric thickness while increasing the gate capacitance density

and then improving the mobile carrier density in the channel region.[52]-[54] .



1.6 Motivation

As far as we know, the gate capacitance is inversely proportional to the
thickness of the gate dielectrics. That is to say, the thinner gate dielectric will
result in the higher peak transconductance (Gy_max). However, the Gy, max of the
TFT devices using HfO, gate dielectrics increases with the HfO, thickness in our
work. This phenomenon is contrary to the knowledge we had before. As a result,

it is interesting and worthwhile to find out the main cause of this phenomenon.

Apart from the investigation on the electrical characteristics of the TFTs
with different HfO, thickness, the NBTI stress is also studied to compare the

reliability of the TFTs with different thickness of HfO, layers.



Table 1.1 Variation of electronic parameters and corresponding possible

degradation mechanism and the main degraded locations.

Electrical parameters

after stressing

Mainly depending on — distribution

V4, (threshold voltage)

charge trapping — gate dielectric
fixed charge — gate dielectric

interface states — HfO,/Poly-Si interface

S.S. (subthreshold swing)

interface states — HfO,/Poly-Si interface

intra-grain defect density — poly-Si film

G, (transconductance)

interface states — HfO,/Poly-Si interface

tail trap states — grain boundary
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Fig. 1.1 The schematic plot of the NBTI stress mechanism in the TFTs

with SiO, gate dielectrics [32].
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Chapter 2
Experimental Details and Method of Parameter Extraction

2.1 Device Fabrication

As shown in the Fig 2.1, the fabrication of the device was started by
depositing a 50nm-thick un-doped amorphous Si (a-Si) layer at 550°C by low
pressure chemical vapor deposition (LPCVD) on the Silicon substrate which
was capped with a 500nm-thick thermal oxide layer. Then the a-Si layer was
re-crystallized to poly-silicon channel film by the SPC process at 600°C for 24hr
in a N, ambient. The source and the drain regions were implanted with boron for
p-channel TETs (15keV at 5x10"°cm®). Then the S/D regions were activated at

600°C for 24hr annealing in a N, ambient. After the implantation of S/D regions,

a 500nm-thick TEOS oxide was deposited on the poly-Si channel film at 700°C

by the LPCVD system for the device isolation. Then the TEOS oxide film was
patterned and then etched to be the field oxide for the active region formation.
For the HfO,-TFTs, the 175A, 415A and 745A-thick HfO, films were deposited
by the electron-beam evaporator system at room temperature and the process

pressure of 107 torr. Then all the samples were annealed in the horizontal
furnace with O, at 400°C for 0.5hr to improve the quality of the gate dielectrics.

After the patterning of the contact holes, aluminum (Al) was deposited by the
electron-beam system at room temperature and 5x107 base pressure as the gate
electrodes and the S/D contact pads. Finally, the TFT devices were finished by

the definition of source, drain and gate contact pads. All the fabrication

21



processes were shown in the Fig. 2.1.

2.2 Measurement

The NBTI tests are performed on 10umx10um p-channel TFTs with HfO,
thickness of 175, 415 and 745A, with source and drain grounded during the
stress. The samples are stress at a constant voltage for 1000 seconds. The
threshold voltage (V) and the transconductance (Gy,) are extracted using 13-V,
sweeps performed during periodic interruptions of the stress. Measurements are
performed at various stress voltages and 2 different temperature — Room

temperature (RT) and 125°C.

2.3 Method of Parameter Extraction (Determination of

Thresholod Voltage)

Threshold voltage Vy, is one of the most important electrical parameter of
semiconductor. However, the precise threshold voltage of the device is difficult
to define. Therefore, several methods have been proposed to extract the Vy, of
different kinds of devices. In MOSFETSs, there are two common methods for the
determination of V. One of them is the linear extrapolation method with the
drain current measured at a drain voltage of 50~100mV to make sure the
operation in the linear regime. According to the ideal 13-V, relation in the linear

regime:
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/4 1
1, = p1,;C,, ((fj[(VGS V)= Vs = IoRep Vs =IpRp) oo o 2.1)

w 1
= u,,C,. [ZJ[VGS Vi =S V5 WV o) (2.2)

It is worthy to note that the equation (2.2) is only valid as the series
resistance is negligible such as source and drain resistance Rgp, which usually
can be ignored at a low drain current and low drain bias. It is a common practice
to find the point of the maximum slope of the I3-Vg curve (G max) and fit a
straight line to [4=0 from this point. According to the equation (2.2), we can
obtain a Vg point which is corresponding to I;=0. Hence, the Vy, defined by the

extrapolation method is :

In this work, Vy, is defined by the other method which is different from the
above description. We make use of a more simple way which is called constant
drain current method. This method is utilized in almost every paper in the TFT
field. The Vg derived by this way is close to the Vy obtained from the

extrapolation method. Here, the Vy 1is defined as the point at
Vps= | 0.1V | where the drain current I;=(W/L)*100nA for n and p channel,
where the W and L are the channel width and the channel length respectively. In
this paper, devices were all measured in the size of W=10um and L=10um. Thus

the Vy, is defined as the gate voltage where the drain current I;=1*10" A in all of

our discussions.
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2.3.1 Determination of subthreshold swing

Subthreshold slope (S.S.) is a typical parameter to describe the gate control
ability, which reflects how fast the device can be switched from off state to on
state. It is defined by the amount of the gate voltage needed to increase or
decrease the drain current by one order of magnitude. The S.S should be
independent of gate voltage and drain voltage. However, the S.S. of a device is
usually affected by the various degradation effects such as charge sharing,
avalanche multiplication and punchthrough effect. The S.S. is usually related to
the undesirable and inevitable phenomenon such as series resistance and
interface states. In LTPS TFTs, the S.S. is also dependent on the trap state in the
grain boundaries. It has been reported that the the S.S is strongly related to the
trap states near the mid-gap (deep energy level), which is originated from the
dangling bonds [1], besides, the low temperature process of the LTPS-TFTs will
result in a poor interface between the gate dielectrics and the channel films.
Briefly speaking, the bulk trap states and interface states will degrade the S.S. of
LTPS-TFTs.

The formula of subthreshold slope was defined as :

d(log 1)

S ST e, (2.4)

S.S.=[

2.3.2 Determination of on/off current ratio

On/off drain current ratio is other important parameters of TFT devices. High

On/off ratio reflects not only the high on current but a small off current (or
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leakage current). In TFTs, the on/off drain current ratio of six orders is required

for the applications of AMLCDs.

In this paper, the on current is defined as the point at a fixed drain bias of
0.1V where the drain current is at a maximum of the 13-V, curve. The off current
is defined as the point at a fixed drain bias of 0.1V where the drain current is at a
minimum. Therefore, the on/off drain current ratio can be derived by the

following formula:

] Id_max
) S 2.5)

d_min | _o 1y

2.3.3 Determination of field effect mobility

The field effect mobility (urg) 1s usually determined from the maximum
value of transconductance (G,,) at a low drain bias. The drain current in the

linear region (Vps < Vgs-Viu ) can be approximated as the following equations :

w 1
Ips = t:C,. (f)[(VGS -V, —EVDSZ} ................... (2.6)

where W and L are the channel width and the channel length, respectively; Cyy is

the gate oxide capacitance per unit area and Vy, is the threshold voltage. Thus,

the transconductance is given by the differential equation:

ol w
Gm = aV—DS = ,uFECux (T)VDS ............................. (27)
GS
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Therefore, the field-effect mobility is defined as follows:

G max
fog = e, (2.8)

w
Cox (Z)VDS

Vps—0
2.3.4 Determination of the trap state density

In LTPS-TFTs, the trap state density (N;), which originates from dangling
bonds or strained bonds located in the grain boundaries of poly-Si films. The
trap state in the channel region will trap free carriers and result in potential

barrier height Vg to degrade the carrier transportation like the degradation of the
field-effect mobility ( ¢ m), higher threshold voltage (Vy,), subthreshold

swing (S.S.) and leakage current. Therefore, the grain boundary trap state
density is an important parameter that affects the electrical transport properties
significantly of poly-Si films. Therefore, it is necessary to extract the trap state
density in the channel film. Many researchers have investigated the electrical
characteristics and the carrier transport mechanism in the poly-Si TFTs. Among
the lots of grain boundary trap state-extraction method, The trap state density is
usually derived by the Lenvinson and Proano method [2][3]. And the method is

described as follows:

By modifying the mobility , and replacing the dopant concentration with gate
induced charge density Ng, the corrected expression of the transfer
characteristics (Ip-Vg) at low drain voltage in the poly-Si films is very similar
with that in the regular MOSFET’s. It is expressed as:

q3Nt2tch
8kTe,C,.(Vs—=V,)

N ox

w
I, =u,C,, (T)(VG —V,)Vp exp(—
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The equation above was modified by Proano et al [3]. It is found that the
behavior of the carrier mobility under low gate bias can be expressed more
accurately by using the flat-band voltage Vg instead of the threshold voltage
(V). The flat-band voltage Vg is defined as the gate voltage which corresponds
to the minimum drain current. Furthermore, Lenvinson et al. [2] assumed that
the channel thickness t., is constant and equal to the thickness of the poly-Si
film t,01y.si. This simplified assumption is acceptable only for the very thin film
(tpoly-si)» Which 1s not applicable to the common thickness for the poly-Si TFTs.
As a result, a better approximation for the channel thickness t., in an undoped
poly-Si film is given by defining the channel thickness as the thickness at which
80% of the total charge resides. Therefore, by solving the Poisson’ equation, the

channel thickness is given by the equation:

T
n Bl (2.10)
qcox (VG 1® VFB)

Substituting the modified terms discussed above for the equation (2.9), thus the

drain current I can be expressed as the following equation:

2A72 /8Ux
q Nt A
)

Co(Ve=Vig)")

w
I, =u,C,, (T)(VG =V )V, exp(—

According to the equation (2.11), we can extract the trap state density (N;) from
the slope of the curve In[Ip/(Vs-Veg)]versus (Vg-Vig)™. the effective grain
boundary trap state density N; can be determined from the square root of the

slope described as follows:

Ny =S ISIope] v (2.12)
q

trap ~
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(a) Thermal oxidation and an amorphous Si (a-Si) film was deposited by

LPCVD.

Polv:S
il
Si0,

(b) The a-Si film was crystallized into the poly-Si film by SPC at 600°C for
24hr.

(¢) The source and drain regions (S/D) were implanted with boron and then

activated at 600°C for 24hr.

=

SiO,

(d) TEOS SiO, was deposited as the field oxide and the active region was
defined.
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st |
Poly=Si
R

SiO,

(e) The HfO, films with the thickness of 175A, 415A and 745A were

deposited by the e-beam evaporator as the gate dielectrics. Post

deposition anneal (PDA) was performed at 400°C in the O, ambient for

the densifying of the HfO, films.

il
) | )
| i

SiO,

(f) S/D Contact holes were defined and opened.
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i
IIi ( ‘
i

SiO,

(g) Aluminum films were deposition by the e-beam evaporator as gate

electrodes and the gate and S/D regions were defined and opened.

il

SiO;

(h) The HfO,-TFT Devices are sintered at 400°C for 30 min in a N,

ambient.

Fig. 2.1 The device fabrication of the HfO,-poly-Si TFTs.
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Chapter 3
Electrical Characteristics of the p-channel LTPs TFTs with

Different Thickness of High-k Gate Dielectrics

3.1 Electrical Characteristics

In this work, several possible mechanisms that contribute to the degradation
or the enhancement of the peak transconductance (Gy max) are systematically
investigated and a new model is firstly proposed to explain the enhanced Gy, max

for the TFTs with the thicker HfO, gate dielectrics.

Fig. 3.1 (a) shows the transfer characteristics (Ip-Vg) of the poly-Si TFTs
with HfO, gate dielectrics, which had physical thickness of 250, 500, 700, 1000
and 1700A, respectively. It is surprisingly that the value of the peak
transconductance (G max) increases with the thickness of the HfO, layer. To
further confirm this phenomenon, we have measured and extraccted five values
of G, max and calculated the average of them of each sample with different HfO,
thickness as shown in the Fig. 3.1 (b). We found that the same trend is observed
clearly. Considering the instability of the fabrication process, this phenomenon
may be due to some errors in the fabrication process. Thus, to make sure the
repeatability of this phenomenon, we performed the second run of the
poly-silicon TFTs with different thickness of the HfO, layers, which had
physical thickness of 175, 415 and 745A, respectively. The transfer
characteristics (Ip-Vg) of the poly-Si TFTs with 175A to 745A-thick HfO, gate

dielectrics before and after sintering are shown in the Fig. 3.2 (a) and (b),
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respectively. As shown in the Fig. 3.2 (a), the Gy max 0f the 175A and the 415A
sample (TFTs with 175A, 415A and 745A-thick HfO, layer are called 175A,
415A and 745A sample for short thereafter in this paper) are nearly the same but
are much smaller than that of the 745A sample before sintering, whereas the

value of G, max Increases with the HfO, thickness after sintering of TFT devices
at 400°C for 30 minutes in a N, ambient. To further confirm this phenomenon,

we also measured and extracted five values of Gy max Of each device with
different thickness of HfO, and calculated the average of them. We found that
the same trend is also shown in the Fig. 3.2 (c). The Figure 3.2 (d) shows the

Gm_max dependence of temperature. We found that the Gy, max still increases with
the HfO, thickness even at high temperature of 100°C and therefore we can rule

out the contribution of the remote phonon scattering that degrades the field
effect mobility of the TFTs with the thin HfO, layer. The measured as well as the
extracted device parameters before and after sintering are summarized in the
Table 2.1 (a) and (b). It is proved that the phenomenon that the Gy, .« Increases
with the HfO, thickness is repeatable. As far as we know, the field effect
mobility (upg) is proportional to the value of the Gy, max versus the gate
capacitance density (C,x). What’s more, the gate capacitance density is inversely
proportional to the thickness of the gate dielectrics, that is to say, a smaller gate
capacitance density will be obtained for a thicker gate dielectric film. As a result,
it is suggested that the field effect mobility increases with the thickness of the
HfO, layer more significantly if the Gy, max 15 divided by the gate capacitance.
Based on the knowledge we had before, the grain boundary potential barrier
height in the channel region is reduced with the increasing free carrier density

during the strong inversion. Because the larger gate capacitance will result in the
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larger amount of the inversion carrier density, the larger field effect mobility
should be derived for the thinner HfO, layers. However, the field effect mobility
increases with the thickness of the HfO, layer, it is probably due to either the
degradation mechanism contributes to the lower field effect mobility of the
175A sample or some mechanism leads to the higher field effect mobility of the
415A and the 745A sample.

Before the discussion, we predicted that the amount of the fixed charges and
the bulk traps both increase with the thickness of the HfO, films because it is
more difficult for oxygen to passivate the fixed charges and the interface states
in the thicker HfO, films at the PDA step in an O, ambient. As a result, G, max
should decrease with the increasing . thickness of the HfO, layer if the fixed
charge induced remote Coulomb scattering dominates the degradation of the
Gm_max. However, the fact that the Gy, max increases with the thickness of the HfO,
layer indicates that it is reasonable to rule out the contribution of the remote
Coulomb scattering that degrades the Gy, mex degradation of the TFTs with the
thin HfO, layer. In addition, the remote surface roughness scattering can also be
neglected because the HfO, layers are too thick (>175A) to result in the remote

surface roughness scattering.

3.2 Material Analysis

In what as follows, we will investigate the Gy, max degradation of the HfO,
poly-Si TFTs in terms of three degradation mechanisms by a series of material
analysis including X-ray diffraction (XRD) for detecting the crystallization of
the HfO, layer, source/drain sheet resistance, Atomic force microscopy (AFM)

for detecting the surface roughness scattering.
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3.2.1 Crystallization

It was reported that the crystallization of the high-k film has an important
role on the mobility degradation [1]. Hence, the crystallization of the HfO, films
may be one of the main causes of the phenomenon that the values of Gy, max
increase with the increasing HfO, thickness. Therefore, the X-ray diffraction
patterns were performed for the HfO, films with the thickness of 175A, 415A
and 745A as shown in the Fig. 3.3 (b) to (d). With the reference of the XRD
spectra presented by the previous research as shown in the Fig. 3.3 (a) [2], the
Fig. 3.3 (a) shows the peak positions and the intensities for crystalline HfO,
from the powder diffraction ICDD card files. We can see that the three resolved
peaks of (111), (220), (311) in the Fig. 3.3 (a) correspond to the peak positions
of the monoclinic phase. Consequently, it means that there is a phase change of
the 175A-thick HfO, in which an amorphous phase transforms to a
polycrystalline film in the monoclinic phase, whereas the XRD pattern of the
415A and 745A-thick HfO, sample shows primarily the broad maxima
characteristics of an amorphous sample, with a very weak peak near 26= 30.4°.
This may indicate a very small crystalline fraction in the orthorhombic or
tetragonal phase [2]. It has been widely reported that the fraction of
crystallization depends on the thermal budget. That is, the crystallinity of the Hf-
based films was enhanced by increasing the thermal budget [3]. As a result,
when the thickness of the film gets thicker, the more thermal budget is required
for the crystallization. That’s why the 415A and 745A-thick HfO, film didn’t
show the obvious phase change like the 175A-thick sample. As a result of the
crystallization, the charges trapped in the grain boundaries or the

crystal/amorphous boundaries will strongly degrade the carrier mobility due to
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the additional coulomb scattering [1]. Because the degradation of Gy max by
phase change is reduced upon the increasing thickness of the HfO, gate

dielectric films, the Gy, max of the 175A is smaller than that of the 415A and the

745A sample even if the 175A sample has the higher gate capacitance density.

3.2.2 Surface roughness scattering

It was reported that the roughness of the channel surface will degrade the
carrier mobility at high electric field. Therefore, it is necessary to investigate the
roughness of the channel surface to find the main reason that dominates the
values of the Gy, max 1n our experiment. For this reason, we performed the
atomic-force microscopy (AFM) plots of the poly-silicon channel surface of the
thick (1700A) and the thin (250A) HfO, TFTs after removing the aluminum
gates. As shown in the Fig. 3.4 (a) and (b), the mean surface roughness of the
250A and the 1700A samples are 0.33 and 0.43nm, respectively. The little
difference of the surface roughness between the thin and the thick HfO, poly-Si

TFTs 1s speculated to have negligible impact on the values of Gy, max-

3.2.3 Source/Drain sheet resistance

To find out the main reason why the values of Gy, m.x Increase with the
increasing HfO, films, the source/drain sheet resistance is also necessary to be
considered because the transconductance is close related to the source/drain
sheet resistance (Rgp), and the relationship between them is described as

follows:
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Gm_max' = Gm_max /(1 + Gm_maxRS/D)
- Gm_max - Gm_maxl(1 + Gm_maxRS/D)

- Gmimax = Gmimax'(1 o Gmimax'RS/D) .................. (1)

As shown in the Fig. 3.5 (a) to (¢) and Table 3.2, we extracted the
source/drain sheet resistance of the TFTs with the 175A, 415A and 745A-thick
HfO, films. We can see clearly that the Rgp decrease with the increasing HfO,
thickness. Fig. 3.6 (a) and (b) show the cross-sectional transmission electron
microscopy (TEM) of the TFTs with HfO, gate dielectric of 250A and 1700A,
respectively. It is found that the thickness. of the poly-Si channel film decreases
with the thickness of the HfO, layer. As far as we know, the resistance is
inversely proportional to the warea that the drain current passes through.
Therefore, it is suggested that it may be attributed to the consumption of Si
atoms. The oxygen atoms in the HfO, layer-may react with the Si atoms at the
poly-Si/HfO, interface to form a thin silicate HfS10, or a SiO, interfacial layer.
It is easier for oxygen atoms to diffuse into the HfO,/poly-Si interface of the thin
HfO, layer to react with the Si atoms in the channel surface. Consequently, the
interfacial layer between the HfO, and the poly-Si layer may increase with the
decreasing HfO, layer and thus the consumption of the Si atoms will be

enhanced with the thin HfO, layer.

3.3 Oxygen Vacancy Induced Voltage Drop across the HfO, Layer
Generally, the defects in HfO, are speculated to be intrinsic in nature,
specifically positively charged oxygen vacancies [4]-[5]. This phenomenon is

based on the observation of the variations of the silicon bend bending with
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varying oxygen impurities during annealing [6]. It is also found that the
flat-band voltage (Vg) shift toward positive as annealing at higher partial
pressure of oxygen due to the decrease of positive charges. The positively
charged oxygen vacancy generation mechanism is described as follows [7]:

It is well known that dissolved oxygen in the metal electrode acts as the
source of oxygen for the growth of the interfacial silicon oxide layer and that the
overlying metal oxide layer mediates atomic oxidation of the silicon. We view
the process of oxygen transfer and the subsequent interfacial oxide layer growth
as a sequence of the following steps and the mechanism is shown in the Fig. 3.7.
[7]: (1) transfer of the oxygen atoms from the O, ambient to an oxygen site (Oy)
in the metal oxide by annihilation of an oxygen vacancy (Vop),
Vol +2e+1/20,=0¢" or Vo’ 1/20,=0¢’, depending on whether the vacancy is
charged or neutral; (2) migrationsof the oxygen atom by vacancy exchange to the
metal oxide/Si0, interface; (3) transfer of atomic oxygen from the metal oxide
into the SiO, layer with the return of an oxygen vacancy to the metal oxide and
oxidation of the overlying silicon, 1/2Si+000=[V00 or (V02++2e)]+1/2 Si10,, here
the superscripts “0” and “2+” represents the neutral or doubly charged species.
The neutral oxygen vacancy V' can behave as electron donors in oxide, and its
energy level is at 3.8eV above the valence band of HfO, [5] and the doubly
charged oxygen vacancy Vo' is located at 0.8V below the conduction band of
the HfO,. The oxygen vacancies that are positively charged can contribute to the
voltage drop across the metal oxide-dielectric layer. Therefore, it is concluded
that the positively charged oxygen vacancy Vo~ really exist in the HfO,/poly-Si
interface, and we believed that these charged defects will play an important role
on the Gy, max of the TFTs with HfO, gate dielectrics.

As shown in the Fig. 3.8, it is the band diagram along the poly-Si channel
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direction as the channel is in the inversion state of the p-channel TFTs. There are
several potential barrier heights at the grain boundaries in the channel region.
These potential barrier heights will impede the transport of the mobile carrier
and degrade the field effect mobility. However, if there are charged defects like
Vo~ which is very close to the channel surface, these charged defects will lower
the potential barrier heights that mobile holes see. Thus, the Gy, max and the field
effect mobility will be enhanced due to the lowering of the potential barrier
height. Because it is easier for oxygen atoms to diffuse into the HfO,/poly-Si
interface to passivate the oxygen vacancies. As a result, the thicker HfO, film is
better for the oxygen transfer in the HfO, layer and thus induces more positively
charged oxygen vacancies; and it is consistent with the fact that the threshold
voltage increases with the HfO, thickness after sintering in our experiment due
to larger voltage drop across the-thicker HfO, film. This point of view can be
used to well explain the phenomena that the G, max increase with the increasing
HfO, thickness.

In conclusion, the main cause of the phenomenon that the Gy, max of the
HfO,-TFTs increases with the HfO,-thickness can be divided into two parts: (1)
Crystallization contributes to the field effect mobility degradation of the TFTs
with thin HfO, layer. Because enough thermal budget is required to crystallize
the HfO, films, the thick HfO, layer may remain the amorphous phase even if
the thin HfO, layers have been fully crystallize into the polycrystalline phase. As
a result, the field effect mobility degradation of the TFTs with thin HfO, gate
dielectric is attributed to the additional coulomb scattering resulted from the
charges at the grain boundaries or the crystal/amorphous boundaries. (2)
Positively charged oxygen vacancy induced grain boundary potential barrier

height lowering of the p-channel TFTs: the positively charged oxygen vacancies
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resulted from the oxygen transfer from the O, ambient to the HfO,/poly-Si
interface will induce a voltage drop across the HfO, layer, which will lower the
grain boundary barrier height of the p-channel TFTs and thus enhance the field
effect mobility of the HfO,-TFTs, With the larger amount of oxygen vacancies
in the thicker HfO, layer, the enhancement of the field effect mobility will be
intensified so that the field effect mobility increases with the thickness of the

HfO, layer.
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Fig. 3.1 (a) The transfer characteristics.of the TFTs incorporating HfO, gate
dielectrics after sintering of the first run, which had physical thickness of 2504,
500A, 700A, 1000A and 1700A ;respectively.
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Fig. 3.1 (b) The peak transconductance (G max) Increases with the thickness of

the HfO, layer in the first run.
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Fig. 3.2 (a) The transfer characteristics of the TFTs incorporating HfO, gate
dielectrics before sintering at 400°C in a N, ambient of the second run, which

had physical thickness of 1754, 415A and 745A, respectively.
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Fig. 3.2 (b) The transfer characteristics of the TFTs incorporating HfO, gate
dielectrics after sintering at 400°C in a N, ambient of the second run, which had

physical thickness of 175A, 415A and 745A, respectively.
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Fig. 3.2 (c) The peak transconductance (G, max) Increases with the thickness of

the HfO, layer after sintering in the second run. (d) temperature dependence of

the G max, 1t 1s obvious that the Gy, max still increases with the HfO, thickness

even at high temperature of 100°C.

Table 3.1(a) The electrical parameters of the TETs incorporating HfO, gate

dielectrics before sintering.

Gate dielectric | Vtq S.S. Gmomax | Lon (A) Lotr (A) Lon/Tost
(V) | mV/idec) | (£5)

HfO,17.5nm | -1.52] 155.90 | 2.55 |5.27x10° | 1.61x10"" | 3.28x10°

HfO,41.5nm | -1.37| 200.53 2.52 | 4.10x10° ] 1.21x10™" | 3.38x10°

HfO, 74.5nm | -1.89 | 211.32 3.98 |4.91x10°] 1.15x10™" | 4.26x10°

Table 3.1(b) The electrical parameters of the TFTs incorporating HfO, gate

dielectrics after sintering.

Gate dielectric | Vg (V) S.S. G max | Ton (A) Lot (A) Ton/Loss
(mV/dec) | («S)

HfO,17.5nm -0.89 152.4 2.31 | 6.47x10° | 7.43x10" | 8.71x10°

HfO,41.5nm -1.42 260.7 3.39 | 6.74x10° | 8.93x10" | 7.54x10°

HfO, 74.5nm -1.91 196.1 4.65 | 6.85x10° | 6.23x10"* | 1.1.x10°
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Fig. 3.3 (a) The peak positions and intensities of the XRD spectra for three main

crystalline phase of HfO,, obtained from powder diffraction ICDD card files [5].
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Fig. 3.3 (b) XRD spectra of the 175A-thick HfO, layer, showing the clear peaks

correspond to the monoclinic phase in the Fig. 3-3 (a), indicating that the phase

transformation completes after sintering at 400°C in a N, ambient.
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Fig. 3.3 (c) XRD spectra of the 415A-thick HfO, layer. No obvious peak was
observed, indicating that the phase remains amorphous after sintering at 400°C

in a N, ambient.
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Fig. 3.3 (d) XRD spectra of the 745A-thick HfO, layer. No obvious peak was

observed, indicating that the phase remains amorphous after sintering at 400°C

in a N, ambient.
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Fig 3.4 (a) The atomic-force microscopy (AFM) image of the poly-Si surface of

the TFTs with 250A-thick HfO, layer. The mean surface roughness is about

0.33nm.

1.00

0. 75

-0.50

i)

1.00 pm

Image Statistics

Img.
Img.
Img.

Z range 3.425 nm
Rms (RgD 0.430 nm
Ra 0.336 nm

Fig. 3.4 (b) The atomic-force microscopy (AFM) image of the poly-Si surface of

the TFTs with 1700A-thick HfO, layer. The mean surface roughness is about

0.43nm.
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Fig. 3.5 (a) The extraction of the source/drain sheet resistance of the TFTs

incorporating the 175A-thick: HfO, gate dielectric.
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Fig. 3.5 (b) The extraction of the source/drain sheet resistance of the TFTs

incorporating the 415A-thick HfO, gate dielectric.
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Fig. 3.5 (c) The extraction of the source/drain sheet resistance of the TFTs

incorporating the 745A-thick: HfO, gate dielectric.

Table 3.2 The initial peak transconductance and the modified peak

transconductance.

HfO; thickness (nm) | Rsp (k) | Gy o’ (15) | Gy max(1S)

17.5 3.001 231 2.29
41.5 2,753 339 3.36
74.5 1.091 4.65 4.63
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Fig. 3.6 (a) Cross-sectional TEM image.of TFTs incorporating 250A-thick HfO,

gate dielectric.
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Fig. 3.6 (b) Cross-sectional TEM image of TFTs incorporating 1700A-thick

HfO, gate dielectric.
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Fig. 3.7 Schematic of the silicon-metal oxide stack, showing the mechanism of

transport of oxygen from the ambient to the silicon interface [7].
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Fig. 3.8 It becomes easier for holes to get across the grain boundary potential

barrier height after the grain boundary potential barrier height is lowered by the

voltage drop induced by the positively charged oxygen vacancies.
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Chapter 4

Negative Bias Temperature Instability in p-Channel
LTPS TFTs with Different Thickness of HfO, Gate

Dielectrics

4.1 Gate Leakage Current

Before the discussion of the degradation of the parameters during NBTI
stress, it 1s necessary to investigate the gate leakage mechanism at different
temperature and sweep gate voltage of the TFTs with different thickness of HfO,
gate dielectrics. Due to the field dependence or the temperature dependence of
the gate leakage current, knowing the behavier of gate leakage will help us
know the kinetics of the carrier transport in the HfO, gate stacks with different
thickness.

Fig. 4.1 plots the gate leakage current versus the sweep gate voltage from

0.5V to -4.5V of the TFT devices with 175A, 415A and 745A-thick HfO, gate
dielectrics at room temperature (25°C). As shown in the Fig. 4.1, the gate

leakage current nearly doesn’t change with the HfO, thickness when the gate
bias is less than about -3.5V. However, the gate leakage current increases
drastically when the gate bias is higher than about -3.5V for the three devices
and the slopes of the curves increase with the HfO, thickness. It is obvious that
the magnitude of the gate leakage current is not correlated to the HfO, thickness
as the gate voltage is smaller than about -3V. In addition, it is found that the gate

voltage dependence of the gate leakage is insignificantly as the gate bias is
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smaller than -3V. Considering the HfO, thickness and the energy band diagram
of the TFT devices, the slow increase of the gate leakage current at low field is
likely due to the trap-assisted tunneling (TAT) through the bulk traps in the HfO,
layer [1]-[2]. Due to the fact that the gate leakage resulted from TAT is
associated with the voltage drop across the HfO, layer rather than the electric
field across the HfO, layer, the gate leakage current just increases with the gate
bias but not change with the HfO, thickness. It has been reported that the gate
leakage current induced by trap-assisted tunneling is proportional to the trap
state density of the high-k films. [3]. Although the trap state density of the HfO,
dielectrics 1s predicted to increase with the HfO, thickness [4], the tunneling
probability of the electrons is largely reduced by the Al,O; layer as shown in the
cross-sectional TEM images of the HfO,-TFTs in the Fig. 3.6 (a) and (b). A thin
transition layer is observed between the Al gate and the HfO, film. We further
analyze the material composition of this transition layer by EDX. Table 4.1 and
Table 4.2 show the percentage of the main ingredients of the transition layer of
the 250A and the 1700A sample. It is found that this transition layer is mainly
composed of Al and O atoms. Therefore, it is suggested that this transition layer
is an Al,O; layer. It has been reported that when Hf or Zr metals are in contact
with dielectrics, like Si0,, the oxygen from the dielectric can easily diffuse into
the metal forming a metal oxygen solid solution. Thus, the formation of Al,O;
happened in our experiment [5]. Because the thickness of the Al,O; layer
increases with the decreasing HfO, thickness, the gate leakage current just
changes a little with the thickness of the HfO, layer as the gate voltage is smaller
than -3.5V.

When the gate bias is higher than -3.5V, the gate leakage currents break

off from the initial trend and drastically increase with the gate bias. What’s more,
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the magnitude of the enhancement increases with the HfO, thickness.
Considering the band diagram and the low electric field across the HfO,/SiO,
gate stacks, Frenkel-Poole (FP) and the Schottky emission (S-E) are the most
possible mechanisms to explain the increase of the gate leakage at the higher
gate bias. To confirm the mechanism that dominates the gate leakage at gate bias

higher than -3.5V, we measured the gate leakage current at different temperature
from 25°C to 125C.

Fig. 4.2 (a) to (c) show the gate leakage versus sweep gate voltage at
different temperatures from 25°C to 125°C of the devices with 1754, 415A and

745A-thick HfO, gate dielectric. As shown in the Fig. 4.2 (a) and (b), the gate
leakage current of the 175 and 415A sample increases rapidly with temperature
as the gate bias is higher than about -3.5V. It has been reported that the
Frenkel-Poole (F-P) conduction and Schottky emission (S-E) both have strong
temperature dependence. Because the Al/Al,O; barrier height is expected to be
around 3.2V, it is suggested that the most possible gate leakage mechanism is the
Frenkel-Poole (F-P) conduction [5]. However, the increase of the gate leakage
current of the 745A sample just changes slightly with temperature as shown in
Fig. 4.2 (c). Thus, it is recognized that the dominant kinetic of the gate leakage
through HfO, layer is different from the 175A and the 745A sample. We have
observed that there is an Al,O; layer at the HfO,/poly-Si interface. Due to the
existence of this Al,O; interfacial layer, it is possible for electrons to tunnel
directly from the Al gate to the poly-Si channel. What’s more, the fact that the
thickness of Al,O; layer decreases with the increasing HfO, thickness can
explain the phenomena that the gate leakage current increases with the HfO,

thickness at gate bias larger than -3.5V even though the electric field across the
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HfO, layer decreases with the increasing HfO, thickness.

Considering the thicker Al,O; layer of the 175A and the 415A sample,
injected electrons will first pass through the Al,O5 layers by Frenkel-Poole (F-P)
conduction and then move through the HfO, layer by trap-assisted tunneling
(TAT). As for the 745A sample, the increase of the gate leakage current changes
slightly with temperature, indicating that the conduction mechanism of electrons
from the Al gate to the poly-silicon channel is no more strong temperature
dependent. Thus, the most possible mechanism of the gate leakage current flow
through the AL,O; layer is direct tunneling (DT) or Fowler-Nordheim (FN)
tunneling. And it is consistent with the fact that the thickness of the Al,O; layer
decreases with the increasing HfO, thickness so that the DT and FN tunneling
are the most possible mechanism for the gate leakage current generated at the
Al,O5/HfO, interface in the 745A-sample. On the other hand, we can see that the
gate leakage current decreases slightly with the measurement temperature. It
may be because of that the bulk traps are located at the deep energy level in the

bandgap of the Al,O; so that the gate leakage is reduced at elevated temperature.

4.2 NBTI Stress

In this section, variation of the threshold voltage (Vy,), degradation of peak
transconductance (G, max) and subthrethold swing (S.S.) of p-channel TFTs with
175A, 415A and 745A-thick HfO, gate dielectrics during NBTI stress was
investigated.

NBTI stress was carried out on the structure of Al/HfO,/poly-Si TFT
devices at different temperatures at 25°C and 125°C, respectively, with a

constant gate bias of Vg gyess- Vin_ iniia=-3V, -4V and -5V and with source, drain
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grounded. The threshold voltage (Vy) of the p-channel TFTs was recorded
periodically during the stress by measuring its transfer characteristics (Ip-Vg) at
a fixed drain voltage of -100mV. Poly-Si-TFTs incorporating 175A, 415A and
745A-thick HfO, gate dielectric were compared.

With the observation of the total Vy, shift of the TFTs during NBTI stress,
we can find that the Vy, variation in the transfer characteristics is (Ig-Vg plots)
mainly resulted from the parallel Vy, shift without S.S. degradation and the Vy,
shift resulted from the S.S. degradation instead of the parallel Vy, shift. As far as
we know, the parallel Vy, shift is dominated by oxide trapping in the gate
dielectrics. However, the Vy, shift resulted from the S.S. degradation is mainly
attributed to the interface states generation. As a result, before the discussion of
the behavior of NBTI stress, we proposed. that the total Vy, variation during the
NBTI stress can be divided into-two parts as (1) Vg, shift attributed to oxide
trapping and (2) Vy, shift attributed to the interface states generation. With this
assumption, we separate the Vy, shift into the (1)Vy, shift attributed to oxide
trapping and (2) Vy, shift attributed to the interface states generation.

The method of separating is described as follows: As shown in the Fig. 4.3,
we can find that the Ip-Vg curve with red color (after stress) is different from the
Ip-Vg curve with black color (initial), The gate voltage corresponds to the
minimum drain current of the red curve is several mV negative shift away from
the gate voltage correspond to the minimum drain current of the black curve.
The quantity of the parallel shift of the gate voltage corresponds to the minimum
drain current is defined as the Vy, shift attributed to oxide trapping. On the other
hand, after parallel shifting the red curve to the gate voltage corresponds to the
minimum drain current of black curve, we can find that the V;, of the red curve

is still several mV negative shift away from the Vy, of the black curve. This kind
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of Vy, shift is mainly resulted from the S.S. degradation and thus we defined it as

the Vy, shift attributed to interface states generation.

4.2.1 VG stress-Vi=-3V at 25C

As shown from the Fig. 4.4 (a) to (c), the Vy, shift resulted from oxide
trapping dominates the total Vy, shift and the Vy, shift resulted from interface
states nearly can be neglected, indicating that the Si-H bonds at the interface are
not damaged severely under this stress condition.

The quantity of the Vy, shift resulted from oxide trapping is totally different
from each other of the three samples. However, there is nearly no Vy, shift
resulted from the interface states for the three samples. As far as we know, the
R-D model [6] tells us that the inversion holes will react with the Si-H bonds
and then release the hydrogen related species and then leave fixed oxide charges
and interface states behind at the: silicon/dielectric interface. However, we just
see a little S.S. degradation and little Vg, shift resulted from interface states,
indicating that the stress temperature is not high enough to offer sufficient
energy to break the weak Si-H bond.

In spite of that the interface states generation nearly can be neglected under
this stress condition; the most part of total Vy, shift is still attributed to oxide
trapping. The Vy, shift resulted from oxide trapping of the 175A sample
increases toward positive and then saturates at 50 seconds of stress time,
indicating that electron trapping takes place in the Al,O;/HfO, gate dielectric
stack. With a longer stress time, the band distortion induced by electron trapping
stops the electron trapping so that the positive Vy, shift saturates after 50 seconds

of stress time.
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As for the 415A and 745A sample, the Vy, shift toward positive initially and
then shift toward negative, and the negative Vy, shift of the 415A sample is more
significant than the 745A sample. Obviously, electron trapping dominate the
positive Vy, shift initially and then the positive charge trapping dominates the
oxide trapping of the 415A and the 745A sample. The positive Vy, shift may be
due to the neutralization of the positively charged vacancies by electron trapping.
The origin of the positive charges may be due to the trapping of holes produced
by electron impact ionization at the anode. (Anode hole injection) [7]. The
electrons tunneling through the thin Al,O; layer arrive at the anode with a
maximum energy qVg will create electron-hole pairs. The generated hot holes
are driven by the large negative bias and.then directly tunnel into the bulk traps
in the HfO, layers. As a result,.the amount of hole trapping strongly depends on
the impact ionization rate. It was reported that the impact ionization rate is
highly electric field dependent[7], As a result, the hole trapping or the negative
Vi, shift attributed to hole trapping of the 415A sample is more severe than the
745A samples due to the larger electric field across the thinner gate stack.

Except for the Vy, shift and the S.S. degradation, the mechanism of peak
transconductance (Gn max) degradation during NBTI stress is also discussed in
this paper. As we can see in the Fig. 4.4 (e), the Gy, max degradation of the 175A
and the 415A sample are nearly the same before stress time of 100 seconds.
However, the G, max degradation of the 415A sample increases more rapidly
than the 175A samples after the stress time of 100 seconds. It was widely
reported that the Gy, max degradation of the TFT devices is mainly dependent on
the interface states generation and the tail trap states generation in the grain
boundaries [8]. Because there is nearly no interface states generation under this

stress condition, the Gy, max degradation is probably resulted from the generation

59



of tail trap states in the grain boundaries. For this reason, we extract the grain
boundary trap state density by the Lenvinson and Proano method [9]-[10] as
shown in the Fig. 4.4 (f). The slopes of these curves stands for the grain
boundary trap state density in the poly-Si channel film. We found that the grain
boundary trap states generation of the 175A and 745A sample just changes a
little after the stress time of 1000 seconds. It is reasonable that the interface
states generation should be proportional to the grain boundary trap states
generation [6]. Unlike the 175A and the 745A sample, the grain boundary trap
states of the 415A samples increases significantly after the stress time of 1000
seconds. This may be due to the fact that the impact ionization rate is severe in
the 415A sample during stress. The .accelerated electrons with large kinetic
energy may break the Si-H bonds in.the grain boundaries and thus result in
many grain boundary trap  states. In comparison with the plots of Gy max
degradation and the plots of the trap states generation, it is suggested that the
Gm_max degradation of the 175A and the 415A sample is mainly attributed to the
grain boundary trap states generation. Unlike the 175A and the 415A sample,
the Gy, max degradation has no proportionality with the grain boundary trap state
density generation of the 745A sample, indicating that the Gy, ma, degradation is
not resulted from the grain boundary trap states. Therefore, we suggested that
the annealing of the positively charged oxygen vacancy (V') by electron
trapping is the main reason that results in the Gy, . degradation of the 745A
samples. As a matter of fact, lots of electrons with small kinetic energy will
transport from the Al gate to the HfO, layer by trap-assisted tunneling instead of
tunneling through the Al,Os layer by direct tunneling (DT) or F-N tunneling.
Thus, some electrons near the HfO,/silicon interface may be trapped by the

positively charged oxygen vacancies (Vo'') and the positively charged oxygen
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vacancy will be neutralized after electron trapping. According to the theory that
we proposed before, the positively charged oxygen vacancy (Vo>') can lower the
grain boundary potential barrier height in the poly-Si channel. Hence, the
neutralized oxygen vacancy will no longer have impact on the grain boundary

potential barrier height and the G, max degrades significantly.

Summary
In summary, we found that the total Vy, shift of the 175, 415 and 745A

sample is mainly attributed to oxide trapping during the NBTI stress under
Vi stress-Vi=-3V at 25°C. With the 175A sample, electron trapping dominates

over the positive Vy, shift. On the other hand; the positive charge trapping leads
to the negative Vy, shift for the 415A and the 745A sample. The origin of the
positive charge is probably resulted from the (1) hole trapping induced by anode
hole injection (AHI) (2) holes at a given gate bias directly tunnel into the bulk
traps in the HfO, layers. Furthermore, with the higher impact ionization rate of
the 415A sample than that of the 745A sample, the negative Vy, shift resulted
from the 415A sample is larger than the 745A sample due to the larger amount
of the hole injection resulted from the higher impact ionization rate.

As for the interface states generation, the Vy, shift attributed to interface
states and the S.S. degradation of the three samples nearly can be neglected,
indicating that the HfO,/poly-Si interface is not severely damaged under this
stress condition.

As for the Gy, max degradation, the Gy, max degradation increases with the
HfO, thickness. Moreover, the Gy, max Of the 745A sample degrades much more

significantly than the 175 and the 415A sample. By introducing the trap states
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density generation after the stress time of 1000 seconds, we can find that the
Gm max degradation 1s not correlated to the trap states generation. The trap states
density just changes little for the 175A and the 745A sample, indicating that the
Si-H bonds in the grain boundaries in the channel regions of the 175A and the
745A sample are not damaged significantly. Unlike the 175A and the 745A
sample, the trap states generation of the 415A sample is significantly, it is
probably because the impact ionization rate of the 415A sample is the highest
among the three samples. Besides, the trap states generation of the 745A sample
is nearly negligible but the Gy, max shift of the 745A sample is severely degraded.
It maybe due to the fact that the electrons transported from the Al gate to the
HfO,/poly-Si interface will tunnel into.the positively charged oxygen vacancies
so that the neutralized oxygen vacancies.no longer have impact on the potential

barrier height in the channel region.

4.2.2 Vg gress-Ve=-5V at 25°C

With separating the total Vy, shift into the Vy, shift attributed to oxide
trapping and the interface states, it is obvious that the total Vy, shift is dominated

by oxide trapping instead of the interface states under the stress condition of
Vi sess- Vi=-3V at 257C. However, the Vy, shift attributed to the interface states
and the S.S. degradation no longer can be neglected under the stress condition of
Vi sess- Vi=-5V at 25°C, indicating that the injected electrons with energy qV,

arriving at the anode could result in more energetic electrons and holes than that
during the stress of V, gpess-Vin= -3 V.

As wee can see from the Fig. 4.5 (a) to (c), the total Vy, shift is still

62



dominated by oxide trapping like the stress condition of Vg gyess- Vi=-3V at 25°C.

The Vy, shift attributed to oxide trapping of the 175A sample is positive from
initial to the stress time of 1000 seconds, indicating that the electron trapping
dominates the oxide trapping of the 175A sample during stress time of 0 to 1000
seconds. However, the magnitude of the positive Vy, shift is not as high as the
175A sample under the stress condition of Vg syress-Vi=-3V, indicating that there
are more positive charge trapping in the gate stack under this stress condition.
The origin of the positive charge may be due to the several parts like (1)
trapping of the hot holes produced by the electron impact ionization at the anode.
(AHI) (2) electron tunneling through the very thin Al,O; layer with large kinetic
energy arrive at the anode may ‘release H and then the protons will be
accelerated by the electric field across the HfO, layer, leading to the breaking of
bridging oxygen bonds and the trapping of proton by the HfOH sites [11]. (3)
the inversion holes react with the Si-H bonds and then result in the positive fixed
oxide charges at the interface, or (4) the hydrogen induced [Si, =OH]" and/or
[Hf,=OH]" centers due to the transport of H' released by the broken Si-H bonds
in the gate dielectric stack [12]. As for the 415A and 745A sample, the Vy, shift
attributed to oxide trapping is nearly negligible, indicating that the amount of the
electron trapping and the positive charge trapping are nearly the same.
Nevertheless, the negative Vy, shift of the 415A sample are still higher than that
of the 745A sample like the stress condition of the Vg gyess-Vi=-3V. However, the
trend of the Vy, shift attributed to oxide trapping is not in the same correlation
with the Vy, shift attributed to the interface states. It stands for that the oxide
trapping of the 415A and the 745A sample is mainly resulted from the hole

trapping instead of the fixed oxide charge generation. In accordance with the
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correlation of the Vy, shift attributed to oxide trapping, the amount of hole
trapping mainly depends on the impact ionization rate. The impact-ionization
induced hot holes may be directly tunnel into the bulk traps in the HfO, layer
rather than react with the Si-H bonds at the poly-Si/HfO, interface. As for the
reason why the amount of the hole trapping of the 415A sample is higher than
the 745A sample is the same as the discussion presented for the stress condition
of Vg stress- V=3 V.

As for the Vy, shift attributed to the interface states, we can see that the
interface states contribution of the 415A sample and the 745A sample is higher
than that of the 175A sample. This is because for the thinner gate dielectric
stacks; it is easier for electrons to tunnel through the very thin Al,O; layer and
with a small consumption of the kinetic.energy.- As a result, the electrons with
larger kinetic energy may releasesmore protons-and therefore the interface states
generation become more sighificantly. Due to the fact that the thickness of the
ALO; layer decreases with the increasing HfO, thickness, the electrons in the
thicker HfO, layer may break more Si-H bond at the poly-Si/HfO, interface and
thus the interface states generation increases with the thickness of the HfO,
layers.

As for the Gy, max degradation, we can see that the Gy, max degradation has the
same correlation with the Vy, shift attributed to the interface states generation.
What’s more, the grain boundary trap states generation and the Gp max
degradation of the 175A and the 415A sample are in the same correlation,
indicating that the Gy, max degradation is mainly attributed to the grain boundary
trap states generation and interface states generation of the 175A and the 415A
sample. However, the Gy, max degradation and the grain boundary trap states
generation of the 745A sample are not in the same order. The explanation for this
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phenomenon is the same as the discussion of the G, max degradation of 745A
sample under the stress condition on Vg syess- Vi= -3V at room temperature.

There is a special phenomenon that the S.S. degradation and the Gy, max
degradation of the 745A sample particularly become less severe at stress time of
500 seconds and it seems like the S.S. and the Gy, max Somewhat recovers at this
stress time. Due to the fact that the Gy, max and the S.S. degradation mainly
depends on the interface states generation. We suggested that the released
hydrogen may return back to the interface to passivate the interface and it is
reasonable that the Vy, shift becomes worse at this stress time. However, the real

mechanism of this recovery behavior can’t be understood yet.

Summary

In summary, the Vy, shift attributed to oxide trapping dominates the total Vy,
shift. The electron trapping still dominates over positive charge trapping of the
175A sample under this stress ‘condition because the Al,O; layer of the 175A
sample is too thick to tunnel through by direct tunneling (DT) and thus the
electron trapping of the 175A sample is more severe than that of the 415A and
the 745A sample. Unlike the 175A sample, the Vg, shift resulted from oxide
trapping of the 415A and the 745A sample mainly attributed to hole trapping
induced by impact ionization (AHI) because the Vy, shift attributed to oxide
trapping has no proportionality with the interface states generation for the three
samples. In addition, the Vy, shift resulted from the interface states generation no
longer can be neglected like the stress condition of Vg gyess-Vi=-3V. It indicates
that the electrons tunnel through the thin Al,O; have enough kinetic energy to
release the protons and then leave the interface states behind. And it is consistent

with the fact that the interface states generation increases with the HfO,
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thickness because the Al,O; layer decrease with the increasing HfO, layer.

As for the Gy, max degradation, Gy, m.x degradation has proportionality with
the interface states generation. Furthermore, the Gy, max degradation has the same
correlation with the grain boundary trap states generation of the 175A and the
415A sample, indicating that the Gy, max degradation of the 175A and the 415A
sample are attributed to the interface states and the grain boundary trap states
generation. However, the Gy, m.x degradation of the 745A sample is not
correlated to the grain boundary trap states generation, it is suggested that the
Gm max degradation of the 745A sample is due to the neutralization of the

positively charged oxygen vacancies in the HfO, layer.

4.2.3 Vg sress-Vi=-3V_125TC

Besides the discussion of the behavior of NBTI stress at room temperature,
we also present the behavior of NBTI stress at elevated temperature in this

chapter. Fig 4.6 (a) to (f) are the plots of parameter degradation during NBTI
stress under stress condition of Vg ess- Vi = -3V at 125°C. As we can see from

the Fig. 4.6 (a) to (d), the total Vy, of the three samples are nearly the same.
However, the S.S. degradation and the Vy, shift attributed to the interface states
both decrease with the increasing HfO, thickness. Although the total Vy, shift of
the three samples are nearly the same, the Vy, shift attributed to oxide trapping
and the one attributed the interface states exhibit the different trend for the three
samples.

As shown in Fig. 4.6 (c), we can see that Vy, shift attributed to the interface
states of the 745A sample is much smaller than that of the 175A and the 415A

sample but the amount of that of the 175A and the 415A sample are nearly the
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same. However, the Vy, shift attributed to oxide trapping shows the opposite
behavior that the oxide trapping of the 175A and the 415A sample are much less
than that of the 745A sample. With the same proportionality of the Vy, shift
attributed to the interface states and the Vy, shift attributed to oxide trapping of
the 175A and the 415A sample, it is concluded that the interface states
generation and the oxide trapping are resulted from the broken Si-H bonds,
indicating that the Si-H bonds at the interface is severely damaged and the oxide
trapping of the 175A and the 415A sample are attributed to fixed oxide charge
generation. On the other hand, the interface states generation and oxide trapping
of the 745A sample seem not to be resulted from the broken Si-H bonds because
they are not in the same correlation. Considering the very thin Ai,0; layer of the
745A sample, most of the hot holes near.the HfO,/poly-Si interface may tunnel
into the HfO, layer immediately-instead of reacting with the Si-H bonds at the
interface. That’s why the oxide trapping is not proportional to the interface states
generation.

As for the Gy, max degradation, we can see that the interface states generation
and the Gy, max degradation have nearly the same correlation but not in the same
correlation with the grain boundary trap states generation for the three samples
indicating that the G, max degradation is mainly dependent on the interface states
generation. It indicates that the damage of the HfO,/poly-Si layer interface is
much more severe than that of the grain boundaries in the poly-silicon channel
films under this stress condition. In addition, we can find that although the
interface states generation of the 175A sample is larger than that of the 415A
sample, the Gy, max degradation of the 175A sample is less severe than that of the
415A sample. It is because the electron transported by trap-assisted tunneling
through HfO, layer of the 415A sample is likely to be trapped by the positively
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charged oxygen vacancy. Thus, the positively charged defect becomes neutral
and has no impact on the potential barrier height at grain boundaries in the

channel region.

Summary

In summary, the total Vy, shift of the three samples is nearly the same.
However, the Vy, shift attributed to oxide trapping and the interface states
generation of the three samples is different. The same correlation of the interface
states generation and oxide trapping of the 175A and the 745A sample indicates
that the Si-H bonds at the poly-Si/HfO, interfaces are severely damaged. On the
other hand ,oxide trapping and the.interface states generation of the 745A
sample are not in the same correlation.because the kinetic energy of impact
ionization induced hot holes 1s so high that they directly tunnel into the HfO,
layer rather than react with the Si-H bonds. The Vy, shift attributed to the
interface states generation shows highly field dependence because the stress
temperature under this stress condition 1s high enough to release the protons
from the weak Si-H bonds and the protons and thus positive fixed charges leads
to the negative Vy, shift.

The Gy max degradation of the three samples nearly has the same
proportionality with the interface states generation, indicating that the Gy, max
degradation is mainly attributed to the interface trap state generation. However,
the Gy, max degradation of the 415A sample is larger than that of the 175A sample,
indicating that the positively charged oxygen vacancies may be neutralized by

electron trapping.
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4.2.4 Vg gress-Ve= -4V at 125C

As shown in the Fig. 4.7 (d) and (e), we can see that the Vy, shift attributed
to the interface states generation and the S.S. degradation decreases with the
HfO, thickness. It is because the NBTI stress is enhanced by the electric field
across the gate dielectric stacks [13]. The higher the electric field across the gate
dielectric stacks, the more released protons will diffuse into the gate stacks and
thus enhance the generation of the interface states. However, the trend of the Vy,
shift attributed to the oxide trapping is opposite, indicating that the oxide
trapping is not dominated by the fixed oxide charge generation resulted from the
released protons. The behavior with this stress condition of oxide trapping is
related to the thickness of the Al,Os layer of the three samples. Due to the fact
that the thickness of Al,O; layer decreases with the HfO, thickness, the amount
of the electrons tunnel through the Al,O; layer from the Al gate depends on the
thickness of the Al,O; layer. With the high temperature, every electron tunnels
through the Al,O; layer must create electron-hole pairs. Therefore, the amount
of hole trapping is AL,O; thickness dependent rather than the electric field
dependent of the impact ionization rate.

With the comparison of the plots of the grain boundary trap states
generation (Fig. 4.7(f)) and the one of the Vy, shift attributed to the interface
states generation (Fig. 4.7(c)), we can find that they have the same correlation,
indicating that during the NBTI stress, the inversion holes will react with the
Si-H bonds at the grain boundaries and the poly-Si/HfO, interface at the same
time. If the thermal energy is high enough, the hydrogen related species will be
released from the Si-H bonds and then diffuse into the gate dielectric stacks.

As for the Gy, max degradation as shown in the Fig. 4.7 (¢), we can see that
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the Gy, max degradation of the 175A and the 745A sample has proportionality
with the interface state generation and the grain boundary trap state generation,
indicating that the grain boundary trap states and the interface states generation
both contribute to the Gy, msx degradation of the 175A and the 745A sample.
However, the Gy, max degradation of the 415A sample is similar with the 175A
sample. It may be due to the fact that the most electrons transported from Al gate
to the HfO, layer are trapped by the positively charged defects of the 415A

sample and thus the positively charged oxygen vacancy are neutralized.

Summary

In summary, the Vy, shift resulted from the interface states generation
decreases with the increasing HfO, layer, indicating that the Si-H bonds at the
poly-Si/HfO, interface are damaged severely. The electric field across the HfO,
layer accelerated the generation of the protons and thus accelerated the interface
states generation. However, the behavior of oxide trapping is opposite, the Vy,
shift attributed to oxide trapping increases with the HfO, thickness. It is because
the thickness of the Al,O; decreases with the thickness of HfO,, the amount of
the electron impact ionization induced hot holes increases with the thickness of
the HfO, layer. As a result, hole trapping increases with the HfO, thickness.

Besides, the Gy, max degradation has the same proportionality with the grain
boundary trap states generation and the interface states generation of the 175A
and the 745A sample, indicating that the Si-H bonds in the grain boundaries and
at the poly-Si/HfO, interface of the 175A and the 745A sample are damaged and

both of them lead to the G, max degradation under this stress condition.
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Table 4.1 The material composition of the transition layer in the 250A sample, it

is observed that the transition layer is mainly composed of Al and O atoms.

Element Weight % Atomic %
O 34.09 47.48
Al 63.18 52.18
Hf 2.73 0.34

Table 4.2 The material composition of the transition layer in the 1700A sample,

it is observed that the transition layer.is mainly composed of Al and O atoms.

Element Weight % Atomic %
O 33.75 43.61
Al 74.91 57.39
Hf -8.66 -1.00
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Fig. 4.2 (a) Gate leakage current of 175A-thick HfO, TFT sample versus gate
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Fig. 4.2 (b) Gate leakage current of 415A-thick HfO, TFT sample versus gate
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Fig. 4.2 (c) Gate leakage current of 745A-thick HfO, TFT sample versus gate

voltage at different temperature, ranging from 25°C, 50°C, 75°C, 125C.
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Fig. 4.4 (c) The Vy, shift resulted from interface states of TFTs with 1754, 415A

and 745A-thick HfO, gate dielectrics versus stress time at V6 stress = Vin= -3V

from 2 to 1000 seconds at 25°C .
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Fig. 4.4 (d) The S.S. degradation of TFTs with 175A, 415A and 745A-thick

HfO, gate dielectrics versus stress time at Vg gyess- Vin= -3V from 2 to 1000
seconds at 25°C.
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Fig. 4.4 (g) Schematic energy band diagram and the degradation mechanism of

the 175A-thick HfO, TFTs during NBTI stress with Vi gyess-Vi=-3V at 25C.
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Fig. 4.4 (h) Schematic energy band diagram and the degradation mechanism of

the 415A-thick HfO, TFTs during NBTI stress with Vg gyess-Vi=-3V at 257C.
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Fig. 4.4 (1) Schematic energy band diagram and the degradation mechanism of

the 745A-thick HfO, TFTs during NBTI stress with V gyess-Vi=-3V at 25C .
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Fig. 4.5 (c) The Vy, shift resulted from interface states of TFTs with 175A, 415A
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HfO, gate dielectrics at Vg gpess= Vin = -3V after tress time of 1000 seconds at

257C.

Vg-Vt=-5V_175A at 25C

F-P
Conduction

__ .

Al Gate

Q

O

ALO; HfO,

Fig. 4.5 (g) Schematic energy band diagram and the degradation mechanism of

the 175A-thick HfO, TFTs during NBTI stress with Vi gyess-Vi=-5V at 25 C.
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Vg-Vt=-3V_175A at 125C
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Fig. 4.6 (g) Schematic energy band diagram and the degradation mechanism of

the 175A-thick HfO, TFTs during NBTI stress with Vi gyess-Vi=-3V at 125C.

V,-V=-3V_415A at 125C

F-P \
Conduction ‘ ( )|
o >
Al Gate
Impact
o\ ionization
i Vo
2 o—
Vo h——
!
Bulk
trap
\ Loo+~0
HfO,
ALO;3

Fig. 4.6 (h) Schematic energy band diagram and the degradation mechanism of

the 415A-thick HfO, TFTs during NBTI stress with Vg gyess-Vi=-3V at 125C.
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Fig. 4.6 (i) Schematic energy band diagram and the degradation mechanism of

the 745A-thick HfO, TFTs during NBTI stress with VG stress Vi=-3V at 125°C.
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Fig. 4.7 (a) The total Vy, shift of TFTs with 175A, 415A and 745A-thick HfO,
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Fig. 4.7 (e) The Gy, max degradation of TFTs with 175A, 415A and 745A-thick

HfO, gate dielectrics versus stress time at Vg gyess - Vin= -4V from 2 to 1000
seconds at 125C.
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Fig. 4.7 (g) Schematic energy band diagram and the degradation mechanism of

the 175A-thick HfO, TFTs during NBTI stress with VG stress Vi=-4V at 125°C.
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Fig. 4.7 (h) Schematic band diagram and the degradation mechanism of the

415A-thick HfO, TFTs during NBTT stress with Vg sess- Vi=-4V at 125°C.
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Fig. 4.7 (1) Schematic energy band diagram and the degradation mechanism of

the 745A-thick HfO, TFTs during NBTI stress with VG stress Vi=-4V at 125°C.
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Chapter 5
Conclusion

5.1 Conclusion

In this work, the electrical performance and the reliability under the NBTI
stress of the p-channel LTPS-TFTs with different thickness of the HfO, gate
dielectric were compared. It is surprisingly that the Gy, max Increases with the
thickness of the HfO, layer. The main cause of this phenomenon can be divided
into two parts: (1) Crystallization contributes to the field effect mobility
degradation of the p-channel TFTs with the thin HfO, gate dielectric. Because
enough thermal budget is required to. crystallize the HfO, films, the thick HfO,
layer may remain the amorphous phase even if the thin HfO, layers have been
fully crystallize into the polyerystalline phase. As a result, the field effect
mobility degradation of the p-channel TFTs with thin HfO, layer is attributed to
the additional coulomb scattering resulted from the charges at the grain
boundaries or the crystal/amorphous boundaries. (2) Positively charged oxygen
vacancy induced grain boundary potential barrier height lowering of the
p-channel TFTs: the positively charged oxygen vacancies resulted from the
oxygen transfer from the ambient to the HfO,/poly-Si interface will induce a
voltage drop across the HfO, layer, which will lower the grain boundary barrier
height of the p-channel TFTs and thus enhance the field effect mobility of the
HfO,-TFTs,. With the larger amount of oxygen vacancies in the thicker HfO,
layer, the enhancement of the field effect mobility will be intensified so that the
field effect mobility increases with the thickness of the HfO, layer.

The negative bias temperature instability (NBTI) stress of the p-channel

LTPS-TFTs with different thickness of HfO, gate dielectric was also discussed.
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We found that the mechanism contributes to the variation or the degradation of
the electrical parameters depends on the thickness of the HfO, layers, stress

temperature and the stress gate bias. Under the stress conditions at room
temperature (25°C), the Vy, variation is mainly attributed to oxide trapping. For

the thin HfO, layer, electron trapping dominates the positive Vy, shift because
the interfacial Al,O; layer at the AI/HfO, interface is thick for the 175A sample.
On the other hand, electron impact ionization induced hole trapping dominated
the oxide trapping of the p-channel TFTs with the thick HfO, (415A and 745A)
layer. Besides, the Gy, max degradation increases with the thickness of the HfO,
layer at room temperature, the degradation of the 175A and the 415A sample is
mainly attributed to the grain boundary trap states generation in the channel
region during stress. However, the Gy, max degradation of the 745A sample is

mainly resulted from the neutralization of the positively charged oxygen
vacancies. Under the stress conditions at high temperature (125°C), The Vy, shift

is both attributed to the interface states generation and oxide trapping. The
interface states generation increases with the decreasing thickness of the HfO,
layer, indicating that the electric field across the HfO, layer will accelerate the
transport of the hydrogen-related species in the HfO, layer and thus reinforce the
interface states generation. However, oxide trapping increases with the thickness
of the HfO, layer, it is because of that the amount of the electrons tunnel through
the Al,O; layer from the Al gate depends on the thickness of the interfacial
Al,O5 layer. With the high temperature, every electron tunnels through the Al,O;
layer must release protons. Therefore, the amount of charge trapping is Al,O;
thickness dependent rather than the electric field dependent of the impact

ionization rate. As for the Gy, max degradation, the Gy, m.x degradation has the
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same proportionality with the interface states generation, indicating that the Si-H
bonds at either grain boundaries or the HfO, /poly-Si interface are damaged at
the same time.

In conclusion, the 745A sample exhibits the best field effect mobility
among the three samples. As for the NBTI stress at room temperature, the 745A
A sample exhibits the minimum Vy, shift under stress at room temperature but
the worst behavior of the Gy, max degradation. On the other hand, during the
stress at high temperature, the 745A sample exhibits the minimum interface
states generation and Gy, m.x degradation but the worst oxide trapping due to the
thin Al,Oj3 layer. Therefore, the Vi, variation attributed to the NBTI stress at high
temperature of the p-channel TFTs with, thick HfO, layers will be enhanced if
the thin Al,O; layer at the HfO,/poly-Si.interface is removed. Above all, the
thicker HfO, films is better to be utilized as the gate dielectrics for p-channel
LTPS TFTs due to its larget field effect mobility and good reliability during
NBTI stress.
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