INSTABILITY STUDIES IN AMORPHOUS SILICON BASED ALLOYS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
THE MIDDLE EAST TECHNICAL UNIVERSITY

BY

ORHAN OZDEMIR

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN
THE DEPARTMENT OF PHYSICS

JANUARY 2004



Approval of the Graduate School of Natural and Applied Sciences

Prof. Dr. Canan OZGEN

Director

| certify that this thesis satisfies all the requirements as a thesis for the degree of

Doctor of Philosophy.

Prof. Dr. Sinan BILIKMEN

Head of the Department

This is the certify that we read this thesis and that in our opinion it is fully adequate,

in scope and quality, as a thesis for the degree of Doctor of Philosophy.

Prof. Dr. Bayram KATIRCIOGLU

Supervisor

Examining Committee Members

Prof.Dr. Bayram Katircioglu

Assoc. Pr. Dr. ismail Atilgan

Assoc Pf. .Dr. Cengiz Besikgi

Prof.Dr Senay Yurdakul

Prof.Dr. Demet Gllen

il



ABSTRACT

INSTABILITY STUDIES IN AMORPHOUS SILICON BASED ALLOYS
Ozdemir, Orhan
Ph.D., Department of Physics

Supervisor: Prof. Dr. Bayram Katircioglu

January 2004, 185 pages

The pixel element which is an integrated combination of a p-i-n diode with a
thin film transistor (TFT) is used to produce image sensor arrays in scanning and
displays technologies, necessitating the deposition of hydrogenated silicon based
semiconducting and insulating thin films such as a-Si:H, a-SiNx:H over large area.
The widely used techniques to achieve this goal is the plasma enhanced chemical
vapor deposition (PECVD) due to its large area and low temperature (< 300 °C)
abilities. In particular, PECVD has proved to be able to deposit both high quality
insulator (a-SiNx:H) and active layer of p-i-n diode (intrinsic hydrogenated
amorphous silicon carbide, a-SiCx:H) and by sequential deposition, it is possible to
minimize the interface related problems, which play an important role in metal

insulator semiconductor (MIS) and TFT structures.

PECVD deposited a-SiCx:H films over p-type crystal Si and metal substrates
(MIS and MIM) were investigated by both admittance spectroscopy (Capacitance or
conductance vs. voltage, temperature or frequency measurements) and Deep Level
Transient spectroscopy (DLTS) to investigate the interface related problems. In this
respect, instability phenomena (due to the creation of metastable states and charge
injection into the gate electrode) were studied via the c-Si/a-SiCx:H (and/or a-
SiNx:H) heterojunction. Specially, capacitance voltage kinetics were worked out and

then the enrolled trap energies were identified with temperature mode DLTS.

il



The expertise gathered as a result of these studies were used in the
fabrication and characterization of TFT’s. In this respect, inverted gate staggered

type Thin Film Transistor produced and characterized for the first time after Combo-
251 Pattern Generator was implemented.

Keywords: instability, Percolation, Charge injection, MiS, TFT, Pattern Generator,

Admittance Spectoscopy, DLTS, Large Area Electronics, image Sensor
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AMORF SiLISYUM TABANLI ALASIMLARDAKI KARARSIZLIK CALISMALARI
Ozdemir, Orhan
Doktora, Fizik Bolimu
Tez Yoneticisi: Prof. Dr. Bayram Katircioglu
Ocak 2004, 185 sayfa

P-i-n diyot ve ince film transistoriin timlesmesiyle olusan gozenek, tarama
ve goruntileme teknolojisinde, gorintl sensor 6rgistinin temel dégesidir. Bu yapinin
uretilmesinde kullanilan hidrojenlenmis silisyum tabanl yariiletken ve yalitkan ince
filmlerin genis ylUzeyde biriktiriimesi gerekmektedir. Bu amaca ulasmak igin
genellikle diguk sicakliklarda ve genig ylUzeylerde biriktirme yeteneginden dolayi
plazma destekli kimyasal buhar biriktirme teknigi (PECVD) kullaniimistir. Ozellikle,
yiksek kaliteli yalitkan (a-SiNx:H) ve p-i-n diyodun aktif bélgesinin (katkilanmamis
hidrojenlenmis silisyum karbir, a-SiCx:H) PECVD teknigiyle buyutulebilecegi
kanitlanmigtir. Ayrica, ardisik yapilan blyutmelerle ara yuzeyle ilgili problemlerin en
aza indirilmesine g¢ahgiimistir. Bu araylzeyler metal yalitkan yariiletken ve ince film

transistor yapilarinda énemli rol oynar.

p tipi kristal Silisyum ve metal tasiyicilar Gzerine PECVD ile blyutilmuis a-
SiCx:H ve a-SiNx:H filmlerin, hem admittans spektroskopisi (siga veya iletkenlige
karsi gerilim, sicaklik veya frekans élglimleriyle) hemde DLTS spektroskopisiyle ara
ylzey durumlari incelenmistir. Bu yonden, kararsizlik olaylari ( yeni yerel durumlarin
olusmasi ve yuklerin 6n elekroda dogru sizmasi) c-Si/a-SiCx:H (ve/veya a-SiNx:H)
heterojen ekleminde yapilan dlcimlerle izlenmistir. Ozellikle, siga gerilim kinetigi ve
isin gerisinde olan tuzak enerji dlzeyleri DLTS’in sicaklik tarama moduyla

belirlenmigtir.



Bu galismalar boyunca diyodlar Gzerine ulagilan birikim ve deneyim, ince film
transistor (TFT) Uretilmesinde ve &zelliklerinin belirlenmesinde kullaniimistir. Bu
acidan bakildiginda, alt gecit tirt transistér, Combo-251 Bigim Ureteci kullaniimak

suretiyle, ilk defa Uretildi ve karakterize edildi.

Anahtar Kelimeler: Kararsizlik, Sizma, Yiik Enjeksiyonu, MiS, TFT, Bigim Ureteci,
Admittans Spektroskopi, DLTS, Genis Alanl Elektronik
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CHAPTER 1

INTRODUCTION: LARGE AREA ELECTRONICS

1-1 Amorphous Silicon Based Alloys in Modern Electronics

Amorphous silicon and its alloys, apart from the fundamental importance in
theoretical point of view, they are building stone of today’s large area opto-
electronics in the relevant market [1]. These large area devices have to stay large in
dimensions as a necessity of man/machine interface such as image sensors,
document scanners, electronic displays, printers etc... The crystalline silicon based
conventional microelectronics could not satisfy the requirements of these large area
opto-electronic devices due to both its poor optical properties and limited
dimensions. The solutions developed on the semiconductors other than the
crystalline silicon have created mismatching problems with the existing silicon based

microelectronic structures.

Amorphous silicon whose huge amount of dangling bond states around
midgap energy region (10%° cm”eV™") are reduced to minute amount (10" cm”eVv™)
by the hydrogen compensation process, becomes able to be selectively doped both
n and p types leading to a large number of practically useful devices such as p-n,
p-i-n, Schottky diodes etc...[2]. As device feasibility of hydrogenated amorphous
silicon (a-Si:H) has been achieved, the above mentioned two main drawbacks of
crystalline silicon (c-Si), (namely poor optical properties and limited geometrical area
or too high cost of material), are tried to be solved nowadays by this a-Si:H films. As
for the optical weakness of c-Si the optical gap of a-Si:H is widened up to the visible
region (=1.75 eV) leading to the photoconductivity spectrum, shifted to shorter light
wavelength compared with crystalline silicon. In other words, the a-Si:H spectrum
coincides better with the sensitivity range of human eye (the alloying ability of a-Si:H
with Ge, Sn, C, N and O creates a flexibility of adjusting the optical gap from IR to
UV). Moreover, the optical absorption of a-Si:H is about 20 times larger than that of
c-Si [3,4]. On the other hand, a-Si:H seems to be a solution to the large area

problem of crystalline silicon because it can be deposited at low temperature (<300



°C) by the glow discharge method at reasonable cost as large area thin films on low

cost substrate (such as glass and ordinary rude organic materials) [5].

Besides, the control of the electrical conductivity over 10 orders of
magnitude [4] due to its dopability, the field effect allows the sheet conductance of
a-Si:H layer to be switched over 6 orders of magnitude [6]. As a result, the
development of thin film transistors for addressing circuits on large area electronics
is facilitated by the fact that the gate dielectric layer (mostly a-SiNx:H film), the
channel layer of a-Si:H film and the ohmic source and drain n* contact layers can all

be deposited in the same plasma reactor (PECVD)[7].

This present work is a portion of much more extended “image sensors”
project that has to be developed in the solid state electronic laboratory of METU
Physics Department. Let us recapitulate the chorological development of image

sensor based on both c-Si and a-Si:H semiconductors.

1-2 Comparison of imaging Array System on crystalline and amorphous

Silicon
gats
bias
7~ rphotodiode
—‘ TFT
data

Fig.1.1 Pixel configurations constituted by transistor as a switch and a photo sensing diode.

One of the basis and most widely used pixel configurations is shown in
fig.1.1. Each pixel is constituted by both a switching component (metal insulator
silicon field effect transistor (MISFET) in ¢-Si case or thin film transistor (TFT) in a-
Si:H case) and optical sensor. The pixel is connected to the matrix of gate and data
lines as shown in fig.1.1. The configuration of a linear imaging array for

photocopiers, fax machines and scanners is given in fig.1.2. In there, each block



has only one readout line but a high density of pixels. The source electrodes of all
FETs in each block are connected to a single readout line. However, only one FET
in each block is switched on at a time. The FET in one block is switched sequentially
with the corresponding FETs in the other block. The output data of the blocks are
scanned by multiplexing chip. By this way, no crossovers between signal lines
occurs due to the sequential scanning, yielding a much better performance.

Block 1 Block n

A O A R B
LTLT T

sensors

Switching
)_‘ FET's

Scanning
clock

Multiplexing
chip

Fig. 1.2 Architecture of linear imaging array.

On the other hand, schematic representation in two dimensional imaging
system (in optical/video cameras for optical imaging and imaging intensifier tubes
for x-ray imaging) is given in fig.1.3 where the FET in each pixel behaves as a
switch by means of source, drain and gate electrode connections. Drain (D)
electrode is connected to the photodiode, source (S) is connected to a data line
(being routed to an external charge sensitive amplifier) and the gate line is
connected to the scanning clock generator so as to control the charge transfer from
drain (D) to source (S). The gates for all the pixels in the same row are connected to
a common scanning control line. All the pixels of the same column share a common
data line and an amplifier. The readout of the entire detector can be performed in
real-time, resulting the creation of 2-D images. The process of visualization of 2-D
image is as follows; |) the scanning clock selects one row of FET switches and turns
on all the switch in that row, ii) the charges on each photodiode are discharged from
the photodiode to the input of (external) amplifier through the FET switch, iii) the

clock trailing edge turns off the switch, iv) the signal at the amplifier input is



transferred to the output, v) the reset signal resets the ampilifier input to zero, and vi)

the above procedure is resumed until all rows are scanned.

a-Si:H has gained great promise in optical and x-ray imaging system where

a-Si:H is used for both in photodiode as the image sensor and a-Si:H TFT as the

switch.
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Fignre 1.3: Architecture of 2-I) imaging array.

In addition, it is worth to note again that a-Si:H technology enables the easy
manufacture of large area electronics at low temperatures in contrast to the single
crystal (CCD or CMOS) technology which imposes restrictions in terms of either

higher cost or limited detectable area.

As shown schematically in the figure 1.4, the pixel (= picture element) of the
matrix array may be fabricated totally by various silicon based amorphous thin films
deposited by using a single plasma reactor (PEVCD). The pixel is constituted by a
pair of components: a “p-i-n” photo sensing diode and switching thin film transistor
(TFT). The photo diode is connected to drain terminal of the transistor which in turn
connected on one side to the drain (D) line by the source terminal, on the other side
to the gate (G) line by the gate terminal (fig.1.4). The complete array is accessed by
sequentially addressing all the gate line (G). A specially designed readout chip is
used to sense the photo signals on each of the data lines (D). In other words, under
illumination the photodiode accumulates the charges while TFT is turned off, turning
on the TFT allows the accumulated charge to flow out of the data line (D) where it

can be detected by external electronic circuit in succession. The fact that, in this



technology, both the array of image sensor and the scanning microelectronic circuit

are silicon based leads to an increased reliability and lower cost.
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Fig.1.4 (a) The matrix addressing of an image sensor array, (b) detailed view of image
sensor with constituent pair of components; p-i-n (right) and TFT (left) structures,
respectively.



1-3  Photo sensing Components of a pixel:

The ultimate goal of this work is to deal with the large area imaging system
using a-Si:H technology. As discussed above, image sensor element might be either
photoconductor, photodiode or photo TFT. The characteristic feature between them
is given in table 1.1. As seen in the table, the leakage current of the diode structures
is lower than those of the conductor and photo-TFT structures. In that sense, both
Schottky type and p-i-n type diode is used in this work as an constituent part of
image sensor but the leakage current of Schottky type is a bit higher than p-i-n
structure, necessitating further work to reduce the leakage current (10" A/cm?

leakage current is acceptable to be a candidate in an imaging system).

Table 1.1 Comparison of characteristic features of image sensor elements.

Photoconductor | Schottky Diode p-i-n Photo-TFT
Photo
o High Low Low High
Sensitivity
Response
. Slow(~ 500) Fast (=50) Fast (<5) Slow(~500)
time (usec)
Dark Current
, ~10° 107-10° 107%-107? 107-10°®
(Acm™)
Stability Good Good Good Acceptable
Large Area
o Yes Yes Yes Yes
Compatibility

1.3.1 Schottky Type Diode

Optical sensors must have high photosensitivity, low leakage current, high
photo response, stability and process simplicity. Schematic representation of
Schottky type photodiode (ITO/I a-Si:H/n" a-Si:H/Cr) is given in fig. 1.5 where ITO is
used as both a metal contact to form Schottky barrier and a light window which

permit the light to go to the a-Si:H layer. Also, the intrinsic a-Si:H serves as an



active layer where electron-hole (e-h) pairs are generated upon illumination, n* a-

Si:H acts as an ohmic contact between the a-Si:H and the bottom electrode.

Visible light
l ¢ i ITO
a-Si:H
v e A a-SiH
bias e’$$ ] Cr
Data line
T Glass substrate

Fig.1.5 lllustration of Schottky diode.

Lastly, Chromium (Cr) metal is used for collecting the photo generated carrier
(usually electrons due to higher mobility). Charge density is determined by the
charges associated with localized states in the mobility gap oppose to crystalline
case where charge density is determined by shallow donors or acceptors in

depletion region.

The intrinsic a-Si:H has sufficient carrier lifetime to enable the separation of photo
generated carrier pairs even without an external bias. At reverse bias, the intrinsic a-
Si:H can sustain a fairly wide depletion region within either the Schottky barrier, or
p-type region of a-Si:H based a p-n junction. In the former, the Schottky barrier
serves as an electron blocking electrode so electron injection might be omitted.
Also, photo generated carriers captured by traps, build up a space charge region,
allowing high field that might reduce the applied field to low values in this region. For
overcoming this drawback, a high enough applied field must be retained so that

carriers can travel across the a-Si:H active layer.

1-3-1 p-i-n Type Diode

It should be noted that unlike the c-Si case, in a-Si:H both the p-n diode for

the photodiode and the bipolar transistor structure for the switching elements are



ineffective due to the high density of defects. This high density of defects leads to
very low diffusion length, as a result, the contribution of neutral parts (diffusion
contributions) becomes negligible, depletion contribution (drift contribution) is
dominant. In order to magnify this drift effect, an undoped intrinsic (i) layer is
inserted between n and p regions (p-i-n). The p-i-n structure, which is important for
light emitting diodes (LED) is schematically given in the fig. 1.6 and 1.7, for
equilibrium and polarized states of low injection condition. Because of the
difference between the optical energy gaps of p, i and n regions, at the p/i and i/n

junctions built-in potentials (Band discontinuities) of AE, and AE; are formed.

Apart from a-Si:H, at present, hydrogenated amorphous silicon carbide
(a-SiCx:H) thin film, grown on various substrate by the low temperature plasma
enhanced chemical vapor deposition (PECVD) has become promising material for
visible light emitting/sensing devices due to both its adjustable optical gap to any
value within the visible region and its ability for large area flat panel displays [8-10].
A p-i-n diode of a-SiCx:H thin film as injecting device for LED application has been
proposed [8]: electrons from n-side, holes from p-side are injected into the same
intrinsic (i) intermediate region (shown in fig.1.7). In this respect, the carrier
transport and recombination phenomena throughout the active intrinsic layer are
primordial, requiring a detailed investigation of localized electronic state distribution

within the energy gap (or pseudo gap).

7 Top metal
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Figure 1.6 Structure of a-Si:H p-i-n photodiode.
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Figure 1.7 The equilibrium and polarized states of energy band gap structure of a-Si;,Cy:H

p-i-n diode at low injection condition.

1-4  Switching Component of a Pixel: Thin Film Transistor (TFT)

1-4-1 Introduction

Due to the previously cited low diffusion length (which seriously limits the
switching speed) in a-Si:H, the bipolar transistor structure is not suitable for
switching element, instead, the field effect (FET) type thin film transistor (TFT) (fig.
1.8) is well suited to the a-Si:H case. In general for TFT, n-channel accumulation
mode operation, using an undoped intrinsic a-Si:H channel is widely used. (The
depletion mode is avoided, again due to the high defect density of doped a-Si:H film

which makes difficult to deplete the channel).

After exploitation of dopability of hydrogenated amorphous silicon by W.E

Spear and P. G. Lecomber, much technological and scientific investigations have



taken place and then the first device was made by D. Carlson and C. R. Wronski in
1976. Together with its photosensitive properties in photovoltaic, a-Si:H has been
used as a switching device in large area electronics such as solid state imagers,
printers, scanners and flat panel displays where a-Si:H is used as the
semiconducting material in the thin film transistor (TFT) to provide the switching
element. Recently, the demand for large area display applications such as portable
computers has driven much of the research in a-Si:H technology. However, the
basic transistor structure has not changed much and today’s mainstream technology
uses transistors that, apart from minor variations, are similar to the inverted
staggered structure due to the lack of low-cost large area doping technique (see fig.
1.8).

Fig.1.8 Widely used inverted staggered structure of transistor in A and B types. Note that in
type A, the gate insulator, intrinsic and n* doped a-Si:H are deposited in single deposition,
top passivation layer deposited in separate one, whereas for type B, gate insulator a-SiNx:H,
a-Si:H and top passivation layer of a-SiNx:H are deposited in one run, but n* in a separate

one. From: [9].

Fig 1.8 shows two types of inverted staggered transistors, for convenience, they are
called type A and B (differ in the order of deposition of n* contacts and top
passivation nitride). The transistors are fabricated on a rude/glass materials to
reduce the cost using standard semiconducting processing technique such as
photolithographic patterning and etching. The fabrication process of transistor is as
follows: metal (typically Cr) coated glass are patterned (by means of photolithograph
on the metal layer) and placed in the chamber of PECVD reactor where source

gases, silane (SiH;) and ammonia (NH3;) are introduced for the deposition of both

10



silicon nitride and amorphous silicon layers. In the fabrication of type A transistor,
the gate insulator silicon nitride, the active layer intrinsic a-Si:H and the n a-
Si:H for the contacts are deposited consecutively. Then, a metal layer (Cr or Al or
Mo) is evaporated on the semiconducting layers and then the transistor channel is

defined by etching away the top metal and n* a-Si:H layer by photolithography.

1-4-2 Electronic Behavior of TFT’s

Both of the mentioned structures operate in a similar fashion, that is, when a
positive bias is applied to the gate, electrons are induced at insulator/film interface in
an amount of CisVs/q. For small gate voltages, until the threshold voltage, these
electrons will be localized in the deep states of the amorphous silicon, beyond this
threshold, a linearly increased amount of induced electrons as a function of gate
voltage will be mobile, contributing to conductivity (i.e., the transistor switches on,
and a current flows between source and drain). The n* layers serves to reduce the

contact resistance between contact metal and intrinsic amorphous silicon.

For the application of negative gate bias, in spite of induced hole
accumulation at the interface, the resulting current along the hole channel is not
enough since n* contacts cannot supply enough holes to sustain a significant
current on one side (the n* layer should have been replaced by p* one), on the other
side these available holes have very low mobility (nearly two orders of magnitude
less than that of the electrons). Nevertheless, this hole channel formation, despite
its little practical significance, may be used to investigate eventual instability

mechanisms in a-Si:H.

1-4-3 Current Voltage Relation

The reasons for choosing a-Si:H as the semiconducting material are as
follows: (1) dopability of a-Si:H both n- and p-types leading to p-n junction based
devices, (2) possibility of deposition over large areas at low temperature allowing
low cost substrates such as ordinary glass, (3) good interface properties between a-
Si:H and other thin film materials, (4) the off current of a-Si:H TFT is very low (order

of pA) due to its high resistivity, and (5) non-toxicity feature yields the wide
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acceptance of a-Si:H among many candidates to make TFT. Due to higher mobility
of electrons, n-type a-Si:H is grown on amorphous silicon nitride (a-SiNx:H) thin film
to form TFT structure. a-SiNx:H gate dielectric, the a-Si:H channel and a top nitride
passivation layer are all deposited in one run of glow discharge technique (i.e.,
PECVD). Source and drain contact are grown later on protecting passivation layer.
The derivations done for ¢c-Si MOSFET are also valid in a-Si:H TFT except a-Si:H
TFT operates in accumulation mode whereas MOSFET operates in inversion mode
[11]. For formulating the |-V characteristic, the following conditions are assumed: (1)
the carrier mobility is constant in the channel, (2) the gate capacitance is constant
and independent of the gate voltage, (3) the source and drain electrodes are ohmic,
(4) initially, ng charge density exist in the semiconductor and finally (5) the

longitudinal electric field is greater than the transverse field in the channel.
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z y

Fig.1.9 Schematic view of MISFET. Channel length (L), the channel width (Z), and the

insulator thickness (d) are important parameters.

Application of a gate voltage Vg induces a density An(x) of electron at the

position x in the channel region and the following relation may be established:

eanl) =[S, -t (1.1)

si

where X is the semiconductor thickness, C, is the gate capacitance per unit area
(=&, /x,)and ¥(x) is the drain voltage at x from the source. If x_ is sufficiently

small, the drain current 7, is given by
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1, = xsiZ[O'O + Ao, (x)]Ex (1.2-a)

= xsizelun [nO + AnO (x)]Ex (1 2-b)

where o, and Ac(x) are the initial and the incremental conductivities due to », and

An(x) , respectively. Inserting eqn.1.1 into eqn.1.2-b leads to

1y =2p,Cylexymo [ Cy + Vg —V(x)]dZ—(x) (1.3)
X

Integrating both sides along the channel results

L Vy

Ilddx =7Zu,Cy JA[exSl. ny/Cy +Vg — V(x)]dV(x) (1.4-a)

0 0

VA

Iy =m,Cy (ZJ[(VG ~Vr )Vd - de /2] (1.4-b)

where the threshold voltage 1, = _e)éﬂ o n, (1.4-c)

N

For image sensors, TFT must satisfy the following criteria: The value of the “ON”
resistance must be around 10° Q, while “OFF” resistance must be above 10™ Q and
the parasitic capacitance must be low. Typical TFT drain current vs. gate voltage is
shown in fig. 1.10. TFT uses the linear region of Ip vs. Vp during the operation of
image sensor. In this regime, the “ON” resistance of TFT can be expressed as [12]
R, = I[/ﬂ =[cyulvy -V )w/L] (1.5)

on
SD

where W and L are the width and length of the TFT, respectively. For xy= 3000 A
and .= 0.8 cm?/Vs, Roy becomes R :25[(VG —VT)W/L]f1 MQ. Therefore a MQ

order is achieved by taking W/L ratio as 1-5 and Vs-Vr as ~10 V with V1 in the range
of 0-2 V. In the sub-threshold region where Vs<Vt, a high off resistance is obtained
(~10"° Q).
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Fig.1.10 Typical drain current vs. voltage relation, for top, bottom and dual gate TFT

structures. From [9].

1-4-4. Alternative Structures

In the inverted staggered structure, the channel is induced on one side only
of the amorphous silicon. However, by means of putting an extra layer over the top
passivating layer (see fig. 1.11), a second gate can be formed and a channel
induced on the top side of the a-Si:H, yielding an increase of the transistor current
(shown in fig 1.10). The increase of the current may be explained as follows; in dual
gate mode, the field lines originating from the gates cannot penetrate as deeply into
the a-Si:H as they can in single gate case due to the field from the opposite gate. In
other words, charge is distributed closer to the interface causing increasing the
fraction of the total charge situated in the extended states. In light of this
information, it is expected that the threshold voltage of the transistor decreases,

enhancing the current compared to single channel mode.
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2 Contacts

a-SinxH
n* a-SiH
a-SiH

iy i

Fig. 1.11 Putting a second gate on top silicon nitride yields a dual gate TFT structure. Keep
in mind that electron accumulation can be induced on both sides of a-Si:H, doubling current

through device.

Another way to improve the current is by shortening the channel length of
the device. With the special techniques, less than 1 ym channel length could be
produced but large area technologies (especially in display and printers) requires
the channel length below 10um. To remove this contradiction, the device structure
can be turned 90° (see fig1.12). However, since the large horizontal area of the
source and drain contacts relative to the thickness of the spacing insulator, many
field lines from the drain will terminate on the back of the a-Si:H, creating an
electron channel that leads to a higher off currents, engineering features could be
applicable to remove the effect but results a complicated structure and increase the

cost.
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Fig. 1.12 Another alternative TFT structure, a vertical source and drain contacts are formed

in horizontal layers, separated by spacer a-SiNx:H.

1-4-5 Effects of Contact metals and Candidate

semiconducting/insulating films to improve TFT Performance

Even though two mask processes is able to achieve a displays, the trend for
many today’s prototypes is toward fewer masks, generally speaking, more
complicated structure. Almost all of these transistors are classified as inverted
staggered with a-SiNx:H/a-Si:H channel interface. In contrast to changing the
transistor structure, other features (such as contact metal in one side and insulator
film(semiconducting) on the other side) reduce the possibility of transistor failure.
For example, instead of Cromium (Cr) and Aluminum (Al), a tantalum (To) alloy as
gate line material helps to substantially reduce the line resistivity. Moreover, using
double insulator layers (such as tantalum oxide over silicon nitride) avoids the
problem of pinholes in the nitride while still using the good interface properties of the
silicon nitride/amorphous silicon interface. Nowadays, the high dielectric constant
materials (known as high-k materials, one of them is tantalum oxide) allows for a
smaller gate voltage. In addition to that, instead of a-Si:H, uc Si may be used as a

semiconductor due to its higher mobility.
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In summary silicon based hydrogenated amorphous films [ with their p and n
type dopability, their field effect behavior, their ability to be deposited on large area
at low temperature on low cost substrate within the same plasma reactor (PECVD),
their compatibility with the existing crystalline silicon based microelectronic
technologies, their improved optical properties (higher optical absorption) and their
adjustable band gap from IR to UV by various alloying process ] constitute a whole
so called amorphous silicon technology for large area opto-electronics. However,
the main drawback of this technology is metastability or degradation problems,
originated from continuous evolution of the atomic configuration within the
amorphous materials under the functioning circumstances. The following chapter is

devoted to the defect chemistry behind these metastabilities.

17



CHAPTER 2

DEFECT CHEMISTRY- METASTABILITIES IN AMORPHOUS SILICON
BASED ALLOYS:

2-1 Metastabilities in a-Si:H Thin Films-Defect Pool Model

The permanent defect creation and removal mediated by the hydrogen
migration has been considered as the reason of these metastabilities. The local
bonding environments of hydrogen atom within these hydrogenated amorphous
materials and its eventual motion under external stresses (such as temperature,
electric field, illumination etc...) are not well understood. Several attempts has been
made, leading to famous defect pool model, first proposed by Smith and Wagner
[13] and later developed by Powell et all [14]. Let us remind the main points of this
model. First it has been carried out that the density of localized energy level E,; of
weak bonds (WBs) or tail states g(Ew) is exponentially decaying as a function of Ey

from the edge of extended states E,, deep inside the energy gap

vt

E —E
(=NvoeXPE—

v0

with E,o being disorder parameter, depending on the material

and its growth conditions) as shown in figure 2.1 below.

Density of
States

Nvo
\E "

> Energy
Eon
Ug> 0 0 Ug< 0
endothermic exothermic
(a temperature dependent (all WB states converts into DB)
fraction of the WB converts

into DB)

Fig.2.1 lllustration of the conversion of WB into DB leads to change of the electron (from a

bonding state E,; in the valance band to non-bonding state Ep in the gap).
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There is a thermodynamical equilibrium between the existing WB density d(WB) of

average energy E. (between E, and E,+dE,) and dangling bond (DB) density

d(DB) of average energy Ep (between Ep and Ep+dEp): d(WB),, =d(DB),, expi—;

with U, formation energy. The sum of d(WB) and d(DB) is equal to the potentially
adequate WB density for conversion to the DB density of energy Ep:

A7), +d(DB), = g(E, JP(E, M )

vt

1 (E,-E,, )
where P(E,)= exp| ——2——2"2 | = fraction of potentially available WBs

N27o? 20°

(defect pool) for DB creation at the average energy Ep with Epp = most probable DB
energy, o =pool width (which is a characteristic measure of the actual disorder
together with E,o of the tail state distribution). Note that in the above relation (2.1),
WBs corresponding to each infinitesimal interval dE,, have been considered as
different chemical species; all the WBs from energy E, to o« should be integrated
[15-17].

2-1-1 Role of Hydrogen in defect creation

WB—2DB (2.2)

PHE =P

Fig 2.2. Schematic model for the weak bond-dangling bond conversion

The chemical equilibration process due to the interconversion of the WBs and DBs
contains an inconsistency since a configuration where two DBs at the same site
contradict the ESR experiment which points out an isolated neutral DB. As this pair
could not move away from each other at relatively low temperature, an interstitially
mobile species, the hydrogen atom, might intervene in the microscopic process

[18,19] through schematic illustration of the chemical reactions below:
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BT ){ RS

Fig 2.3. The eventual hydrogen involved (or mediated) equilibrium or equilibration. Note that
in the first picture, two defects are formed, one originated from the isolated SiH bond, the

second (SiHDSIi) originated from the singly hydrogenated SiSi bond( i.e.,
SiH+(SiSi)WB <> DB + SiHDSi ). However, for the second case, SiSi bonds can have
only zero or two H atoms which means that the correlation energy (the energy cost of putting
a second electron in the bond) for H occupancy  is negative

(2SiH + 2(SiSi),,, <> 2(DB)+ (SiHHS:)).

SiH +(8iSi),, <> DB+ SiHDSi (2.3-a)
28iH + 2(SiSi),, <> 2(DB)+ (SiHHS:) (2.3-b)

In the reactions above, the hydrogen atom is strongly bound to Si (binding energy of
Si-H is about 3-4eV). This bound hydrogen might be released from this site to
mobile (or interstitial) site through multiple excitation along “localized” states
between SiH site and mobile site. As a result, interstitial hydrogen (H,) and interstitial
hydrogen site (I) should be introduced as species involving in the equilibrium or

equilibration via the following chemical reaction:

SiH +(I-H,)<> DB+H, (2.4-a)
(SiHDSi)+ (I — H,) <> SiSi + H, (2.4-b)
(SiHHS:)+ (I — H,) <> (SiHDSi)+ H, (2.4-c)
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According to reaction 2.4-a, which states that DB defect formed on the isolated SiH
site should not be energetically favorable (due to the energy considerations since
SiHDSi DB concentration, by far, exceeds that of the isolated DB concentration, so
isolated DB’s are omitted). Consequently, the eq. 2.4-b and ¢ become the main
reactions of equilibrium and equilibration: this microscopic model involves the
release of a mobile interstitial hydrogen atom (H,), from a SiHHSIi complex in the
valance band tail to create one DB (SiHDSI) (depicted in the fig 2.4.)

(SiHHSi <> SiHDSi + H,) (SiSi + H, <> SiHDSi)

Ao AN

Fig 2.4 Schematic illustration of H diffusion through the network. Note that the mobile H

¢ @/‘#\\ﬁ

inserts into a SiSi bond at remote site to give a second DB.

The addition of the above two successive reactions gives an overall reaction:
(SiHHSi)+ (SiSi) <> 2(SiHDS) (2.5)

As to correlation energy Uy of H atom, the last reaction can be expressed as
follows: for the case of Uy <0, taking into account the energy distribution of both
WBs and DBs, the above relation represent the superposition of very large number
of reactions. In this respect, for most SiSi bonds, the hydrogen correlation energy is
negative, and then the reaction (2.5) would be right to left side only. However, for
the case of Uy>0, singly H occupied SiSi sites are favored leading to SiHDSI type
DB defect sites, as a result the reaction (2.5) would be from left to right. In other

words, as the isolated DBs, originated from isolated SiH sites are neglected, for the
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evaluation of DB density, SiHDSI sites should be considered. After applying the law

of mass action and little algebra, the following relation is obtained:

slsisi], [ N )“2 exp[ E,+E, —2E, } 26

slsiHp] \ H kT
where 5[SiSi]eq represents the equilibrium concentration between E,; and E4+dE

with 5[SiSi],, = 5[SiSi},,., — S[SiHDSi]. While 5[SiSi],,, is the density of all the WB

fota
states between E,; and E+dE,; which would form (potentially) DB defects between
Ep and Ep+dEp and represented by eq.(2.1). In the light of this information, the

changes in DB defect density can be expressed as;

g(E,)P(E, JE,

dD(ED’Evt): 7 (27)
1+(N/H 1/2 E +E, _2Evz
+(N/H)"? exp e
, 0
dD = g (Ew,)P (EpE, with E, = E, + len[f (ED)} (2.8)
E +E, —-2E,+ l/21n[N/H]] 2
1+exp T

Defining a new parameter (2§ =FE +FE, +kT1n[f°(ED) 2]+ len[N/H]) cause the
integration splitting;

DIE,)= [aD(E, )= I Jgeiﬁz)fj:(?};f% ) j ’

=1, +1, (2.9a)

E, E,

{\'“W'—»S

<k

Wy
W
3

>Evl
I I

{
{

E, |27’ kT
WB are converted) (2.9-b)

£
with [, = INVQ exp{EV EV’} ! exp{—M}dEw (a Boltzmann fraction of
E,

© 2
and I,~|N,exp E-E, ! exp —M dE, (all the WB are
2 v0 E \/2 2 vt
& v0

2 2
o o

converted)
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Performing integration and taking £, =0 yields the famous defect pool model that

relates equilibrium density of states (DOS) among WBs, DBs , electronic free

carriers and the mobile interstitial hydrogens with each other,

kT

2 2E,, o’
DE,))=|—F—— P E, +—— 2.10-a
( D) |:fO(ED)j| [ D 2Ev0]7 ( )
o’ J
kT (E R
2 — DM
vO0 4E
with yEM E * exp A N 1 (2.10-b)
2E ,—kT| N 2F

In the light of this information, the hydrogen contribution is two fold: (i), the hydrogen
atom, mobile under various external stress (such as illumination, annealing, etc...)
might be bound in a weak bond (WB) and then create an isolated DB defect;

second, it decreases the defect chemical potential (actual defect formation energy)

by providing extra entropy, Sy (=S, :—kln{%} ), since there are several
D

orders more hydrogen sites than DB defects (in other words, a DB defect at energy

Ep gains an extra entropy from those hydrogen sites that would also form a DB

defect at the same energy Ep).

As during the film growth at the temperature interval of 200-300 °C, the
amphoteric nature of a neutral DB (i.e., it can release its electron or capture an extra
one) leads to three different defect distributions [18,19] (see fig. 2.5) (negatively
charged one, located below Fermi level Eg, neutral one around Eg and positively
charged one above Ef). Note that all effects affecting Er might create instability of
DB defects [20]. The effect of these various charge states is twofold also in the
calculation of defect chemical potential: first the average energy <Ep> of the

electron on the DB defect should be considered. In other words, the mean energy

(E,) of the electrons in the DB states may be expresses as follows:

(Ep)=E.["(E))+E,[*(E,)+(QE, —E, +U)f(E,) (2.11)
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with £, f* and f~ are the probabilities of the DB defect in each charge state[21];

( f*)’1 =1+ 2exp|(E, — E)/kT ]+ 2exp|(2E, —2E +U)/kT ] (2.12-a)
f°] 1 =2exp|(E, — E)/kT], (2.12-b) f1 1" =expl(2E, —2E ~U)/kT]
(2.12-c)

with "+ + f°=1.

Second, the extra entropy, S, (: —k[f+ Inf*+2/°/2Inf°/2+ f~ lnf']), gained by
different possibilities of charge states should be taken into account [22].

Consequently, considering the effect of both the hydrogen and various charge

states, the chemical potential of DB defect at Ep becomes [18]:

#o(Ep)=(Ey) =TS, =TS, (2.13)

10 1T rr1rrrrrr1r 110 17 17T 1 11
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Fig.2.5 Density of each charge component within the gap at T=200 °C (a) and 40 °C (b),

respectively. From: [12].

At the growth temperature, there is an immediate equilibrium among WBs, DBs,
electronic free carriers and interstitial hydrogen with each other. At room

temperature, the above situation is almost frozen-in with three different defect
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distributions within the gap (see 2.5), the charge state of each one can be changed
from positive to neutral, from neutral to negative by changing E¢f or by making
electronic transition from valance to these localized states in spectroscopic
characterizing techniques (such as DLTS). Keeping in mind the shift in energy of
negatively charged DB distribution due to the positive correlation energy of its pair of

electrons; the above cited three different distributions (i.e., De, Dy, and D, ) become

six different distributions (D}°, DY~, D°, D%, D;"°, D} ) covering the whole energy
gap [18] as shown in fig.2.6. If the amount of DB density is above 10'® cm™, like
a-SiCx:H films, the hopping electrical conductivity seems highly probable at any

energy level of its energy gap.
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Fig.2.6 Density of states splits into +/0 and 0/- for (a) n type, (b) intrinsic and (c) p type a-
Si:H. From: [12].
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2-2 Electronically Active Defects in a-SiNx:H Thin Films

Apart from Si-H bond [23] and nitrogen dangling bonds [24], nowadays there
is a consensus that silicon dangling bonds [25-26] (denoted by K° ) are responsible
for charge trapping in a-SiNx:H film. In detail, K° center is comprised of an unpaired
electron on a silicon atom bonded to three nitrogen atoms in stoichiometric and N-
rich (x=1.6) a-SiNx:H alloys.

Fig. 2.7 Schematic view of the K center, an unpaired electron highly localized on a silicon

atom bonded to three nitrogen. From [9].

These centers are amphoteric and paramagnetic when neutral and is detectable
with the electron paramagnetic resonance (EPR). A change in spin and charge state
leads to diamagnetic positively and negatively charged Si sites, denoted by K* and
K" centers, respectively. It is believed that a-SiNx:H film consist of positively and

negatively charges Si sites.

Upon application of external agent such as UV-illumination and charge
injection (discussed in chapter 6), these centers turns out to be K° centers and
change the charge states from positive to negative and/or negative to positive,
depending on the gate polarity of applied gate bias, with the following reaction,

respectively:
K*+K+ ho —K°

K*+2e—K
K+2h—K"
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Indeed, the chemical reactions above are tested by Kanicki et all combining
EPR, capacitance voltage and charge injection measurements on a-SiNx:H films
and suggested that UV light simply cause an optical rearrangement of spin and
charge states. In addition, they correlate the decrease in the paramagnetic K° center
concentration with the increase in positive (negative) charge density in both UV-
illuminated and virgin a-SiNx:H film. These discussion on a-SiNx:H is also the base

of our charge carrier injection model discussed in chapter 6.

2-3 Recapitulation of localized defects in a-SiCx:H Thin Films

Let us outline and resume the eventual main points on the defect chemistry
expected within a-SiCx:H thin film which may be considered also as Si, C and H
alloy. In order to analyze the structure of a-SiCx:H alloy, both a-Si:H and a-C:H
structures should be in mind. The properties of this alloy change more or less as a
function of the values of x from x=0 (pure a-Si where tetrahedral sp® like hybrid
covalent o type bonding is dominant) to x=1 (pure a-C where all three types of
covalent two center hybrid o-like sp®, sp?, and sp' bonding coexist together with -

like relatively multicentered bonding [27].

In this respect, for x < 0.5, both Si-Si homonuclear bonds, and Si-C heteronuclear
bonds, for x = 0.5 mainly Si-C heteronuclear bonds and for x> 0.5 both Si-C and the

above cited different types homonuclear C-C bonds are expected.

Parallelly to these possible bonding changes on passing from Si-rich (x<0.5) to C-
rich (x> 0.5) alloy, both the configuration and the amount of hydrogen and localized
defects are different [27-32]. In other words, for silicon rich films, ideally the whole
structure might be considered as a sp>-like o-bonded network (4 coordinated with
only bond angle and bond length distribution). This ideal structure is too much
strained, even hydrogenation could not decrease sufficiently the average
coordination number for complete relaxation; the elastic strain is relieved by

unavoidable generation of dangling bonds (DB) throughout the structure.
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Antibonding (Conducting)
states

Bonding (Valence) states

Degenergte states Si-Si
S Condensed phase

(b)
Figure 2.8. (a) Bonding orbital diagram of a-Si. Note that a-Si is tetrahedrally coordinated
by four neighboring silicon atoms; the eight sp3 hybridized orbitals are split into four
bonding and antibonding orbitals, yielding the localized states, (b) tetrahedral structure

of sp> hybridized silicon and carbon atoms

For a bit more clarity, let us revise the DB generation in a-Si:H: since each atom
is free to move in 3 dimensions, fixed bond lengths and bond angles can be

achieved only if N, (z)< degree of freedom (3) with

N_(z)=(z/2+2(z—1)/2)2*/2 where the first term in parenthesis is the number

of stretching and the second one is the number of bond bending, respectively. In
this respect, a-Si with z ~ 4 is overconstrained (or over coordinated) network.

The alloy of pure a-Si with hydrogen in an 10 % amount (since the best films
have only 10 % of H) yields z (: 4(1 - x)+ x=4- 3x)=3.7 that states that a-Si:H

still remains relatively overconstrained.
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For carbon rich films, the eventual relaxation should be different from that of
the above outlined one [27]. Let us outline the main points to be more
understandable. It is known analogously to the organic molecules that the
carbon element is able to build all sp® (tetrahedral or spatial), sp? (trigonal or
planar) and to a lesser amount sp' (divalent or linear) hybridized o-like C-C two
center bondings in the formation of carbon based structures depending on the

local atomic configuration and production conditions.

In the first stage of hybridization process, one of the two electrons at 2s? is
excited to the empty 2p, state (sp? hydridization); in the second stage of linear
combination of the 2s’ and 2p,’, 2p,’ 2pz' orbitals form the hybrid orbital (sp’
hybridization) (see fig.2.9). The driving force behind the planar and linear
configurations of sp? and sp’ like o-bonding respectively is the coexistence of -
bonding. Omitting the less probable sp’ case, the T-bonding, formed by sideway
overlapping of unhybridized free atomic p, orbitals perpendicularly on either side
of C-C sp? orbitals together with the identical configuration of all 3 sp*like o-
bonds, favors the planar structure of sp*like trigonal bonding connected with
120" angle (depicted in fig.2.10-a).

C atom ground state

18° [ 28° | 2p« | 2py | 2p:

NN 4L | EmeY

C atom sp? hybridization C atom sp” hybridization C atom sp! hybridization

1s? | 2sp’ | 2sp® | 2sp® | 2sp? 18% | 2sp® | 2sp* | 2sp? 1s7 | 2spt| 2sp! | 2py | 2p,

O A R IR

Unhybridized Unhybridized

Fig. 2.9 Sp3 (tetrahedral), sp2 (trigonal/or planar) and sp1 (linear) hybridization of the carbon

atom.

29



This spatial correlation leads to planar clusters of hexagonal rings (graphitic
structure, see fig.2.11-a). In there, electron probability distribution above and below
the ring are continuous and these six electrons belong to the structure as a whole
(i.e., not to any particular pair of atoms). The electrons in these extended tr-orbitals
are delocalized (or multicentered) within each such cluster and they are, by the way,
weakly bound compared to o electrons. The stability of the structure increases by
increasing the number of rings taking place in the cluster [33]. On the other hand, for
sp' case, the existence of two unhybridized py and p, orbitals of a site should lead to
linear structure along the interaction of the mutually perpendicular y and z planes
along which p, and p, are lying respectively (see fig.2.10-b). Returning to the
relaxation phenomenon within a carbon rich a-SiCx:H films, the interpretation of o-
bonded and Tr-bonded networks should be in mind. In other words, o-bonded
network (as in a-Si case) might have tendency to relieve strain by bond angle/bond
length distortions with generation of randomly distributed dangling bonds while the
m-bonding (through interaction between adjacent Tr-orbitals) places a strong
constraint on the network of sp? sites to keep them as planar sheet of 6-folded rings.
As a result of these two competing tendencies, the eventual strain is expected to be
relieved by breaking 1 bonds beyond a certain size rather than o-bonds since the 1
bond breaking requires less energy. The boundary regions of 1 bonded islands
should be disordered tissue of sp® sites; in other words, the film might be considered
as a two phase structure, a relatively more conductive first phase of sp? based -
bonded clusters embedded in a relatively more resistive second phase of sp*-
bonded disordered matrix. . Electrical conduction might be mainly limited by the
matrix region with relatively larger energy gap which might constitute barrier against

the motion of 1-electrons confined within the graphitic clusters with relatively smaller

1/2
1
gap {energygapoc(l—.j } [27,34-36]. In other words, the electrical
cluster size

conduction between more or less distant graphitic clusters might be by hopping
through localized states or by tunneling respectively (will be discussed elusively in

chapter 6).
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(@)

Fig 2.10.(a) The structure of sp? hybridized carbon atoms and o and = bonds. Note that 3
planar sp2 —like o-bonds are formed together with an unhybridized free or delocalized p,
orbitals, perpendicular to the plane of the 3 sp2 orbitals, available to form the subsidiary
(produced by sideway overlapping of p, orbital) T bond with other atoms. (b) Schematic

representation of triple bonded (sp’') hybridized carbon atoms

It is expected that hydrogenation encourages sp® bonding structure over sp?
one by transforming the hydrogen unsaturated H,C=CH, configuration into a
hydrogen saturated H;C—CH; one and then it dismantles the relatively larger
graphitic clusters into smaller size one. Consequently, on the contrary of Si rich a-
SiCx:H film, the hydrogenation of carbon rich film lowers the defect density, neither
by saturating dangling bonds (DB) nor by more tightly binding the valence electrons
(H—C on sp® site and H—C on sp? site have almost the same binding energy), but by
reducing the graphitic cluster size by promoting sp® over sp? bonding and thereby
increasing defect creation energy (due to the increased energy gap) and decreasing

their thermodynamic probability [27].
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Figure 2.11. a) Hexagonal rings formed by the combination of three sp? hybridized carbons,

b) and c) The formation of = bonds, d) The structure of graphite.

In carbon rich a-SiCx:H film, although the graphitic clusters (and their boundaries)
containing o and 1 bonding, have the possibilities of generating both o and T
coordination defects, the 1 defects are expected to be dominant due to their lower
creation energy and they might take place around the Fermi level (or halfway
between bonding T and antibonding T states) [27,36]. The coordination defect
states within the tetrahedrally sp® bonded matrix, i.e., o-like dangling bonds (DB) at
both carbon site (C3) and silicon site (Siz) may be simultaneously present. As the

electron is more tightly bound to the carbon site than silicon site such that their

corresponding energy levels EC3 <E5i3; charge transfer from neutral Si; site to

neutral C; might be possible, the energy level of the resulting Si; and C; centers

should be located on either side of the Fermi level.
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Figure 2.12 = state spectra of a) ethylene, b) planar rings with N=5-8, c) three fused rings,
and four fused six-fold rings, d) single graphite layer, e) layer containing two five-fold and
two seven-fold rings. 1) &= band density of states for compact clusters of fused 6-fold rings of

increasing size [34-36].

The coordination defect states within the tetrahedrally sp3 bonded matrix,
i.e., o-like dangling bonds (DB) at both carbon site (C3) and silicon site (Siz) may be

simultaneously present. As the electron is more tightly bound to the carbon site than

silicon site such that their corresponding energy levels EQ < Esl.3; charge transfer

from neutral Si; site to neutral C3; might be possible, the energy level of the resulting

Si; and C; centers should be located on either side of the Fermi level.
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Fig.2.13 Schematic band diagram of carbon rich a-SiCx:H film [34,36].

This picture is too simple since DB energy is site dependent, instead of discrete
single energy level, Gauss-like distributed density of states (DOS) within the gap is
expected [15,16]. Moreover, the DB creation mechanism should be roughly revised
in the light of the famous defect pool model [14,17,18].
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Fig 2.14. (a) Schematic electronic band structure of carbon rich a-SiCx:H, (b) The band tail

variation of a-Si;., C, and eventual defect levels. From []34-36].
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CHAPTER 3

MASK MAKING AND PHOTOLITHOGRAPHICAL TECHNIQUES FOR VLSI

3.1 Introduction

Many of the technologies that have enabled advances in miniaturazition
were first developed for microelectronics and allow both lateral and thickness control
in the creation of strucutures. The same processes that have allowed for decrease
in size also allow parallel production of many devices. Thousands or millions of
transistor or other devices can refashioned simultaneously on one chip the size of
thumbnail, and many chips preprocessed at the same time on one wafer. The key
steps in the process of creating these structures are; lithography and pattern
transfer. Integrated circuit fabrication techniques all rely on lithography. The basic
process involves covering and object with a thin layer of material that can be
patterned but will resist subsequent processing and protect the material underneath.
Photolithography is the most widely used form of lithography and is likely to continue
to be so for the near future. To clarfiy the the point, the following discussion are

made.

3.2 Mask Fabrication

It can be defined as the process of transferring geometric shapes
(Z"patterns”= parts of a circuit) from a mask to the surface of Si wafer. In this
process, there are two stages; (i) fabrication of masks, (ii) pattern transfer from the

mask to Si wafer surface.

Photo-mask fabrication

UV-Visible light transparent glass plates are used for photomasks. Glass
plates are coated with Cromium layer (hard mask) or emulsion (= light sensitive,

becoming opaque after illumination). Let us discuss how a desired pattern (or reticle

or die) can be obtained on a Cr coated glass:
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1) | Glass | Cleaning of substrate

2) | Criaver | Cr coating

3) | | Photoresist (PR) coating

There exist various sorts of photoresist (PR). The conventional PR is a three
component materials, consisting of the ; (a) matrix material, (b) sensitizer and (c)
solvent.

(a) matrix material (= resin): it forms the bulk of the PR, it is inert to the radiation
but it provides the mechanical properties ( thickness, flexibility, adhesion,
etch resistance of the PR film).

(b) Sensitizer (= inhibitor): it is photoactive component. The molecules of this
component under radiation (in the range 2000-4500 A) are broken (Zphoto
scission). Therefore, this photochemical reaction changes the solubility of
the PR film in an appropriate solution called developer. As a result, the
regions of PR exposed to the radiation become soluble in the developer
whereas the non-radiated regions remain intact (= resistant) in the
developer. The sensitizer, being a “dissolution inhibitor” before illumination,
becomes a dissolution enhancer after illumination.

(c) Solvent: it keeps the photo-resist in the liquid state until it is applied to

substrate which has to be processed (it is volatile).

Nozzle L,: PR

- c € e —> ]
—Cr
[ [—glass | | I
[
v a few 1000
Pumbing RPM uniformly coated
(to keep the susbtrate spreading by and hardened PR film

on the table) a spinner (and .
by bak
the solvent evaporation) (by baking)

Fig.3.1 Coating of PR on susbstrate.
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Note that PR may be either positive (+) or negative (-) and their effect was shown
below;

illuminated region

W

—
I |
after \
(-) PR developments (+) PR
— .

Fig.3.2 Effect of (+) and (-) PR

However, the higher resolution capabilities of (+) PR renders it the exclusive choice
for very large scale integrated (VLSI) circuits.

4) pattern (or reticle or die) generation on the PR coated sample: pattern generation
is to reduce any image to set of rectangles each specified by a height (H), and width
(W), by X and Y center coordinates and by an angle 0 relative to the coordinate
axes. Combo Pattern generator at hand is used to produce a pattern on the PR
coated sample to fabricate the mother mask and then using utility of image repeater
(IR) of Pattern Generator, final mask pattern is obtained. It uses Hg arc lamp as UV-

light source and its spectrum is given in fig.3.3.
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Fig.3.3 Hg arc lamp spectrum
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Pattern generator uses H (405 nm) and G (436 nm) lines on Cr coated glass but E
(546 nm) line is applied on emulsion type one. The pattern generator produces 10X
reticles created by a photo-composition process utilizing a variable aperture
assembly and sequentially exposing discrete rectangles on a sensitized plate (either
Cr or emulsion type). The configuration of the image is determined by digital design
information provided on 9 track magnetic tape. The reticles produced by the pattern

generator are used in the manufacture of electronic integrated circuits.

The pattern generator camera is the basic electromechanical photographic
component of a staging system. The pattern generator accepts the controller
commands and produces a reticle image by progressively exposing a sensitized
plate to a light source. The exposure is made through a rectangular aperture, the
size and angular rotation of which are controllable. The sensitized plate is vacuum-

clamped to the movable X-Y stage assembly, which is precisely positioned under

the camera.
bi
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Fig.3.4 Schematic illustration of Pattern Generator.
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The placement of each exposure on the plate is achieved by moving the

stage underneath the aperture turret. The stage moves along the X-axis, parallel to

the short side of the granite block. One side of the stage rides on the Y-segment of

the stage or gantry, which moves along the Y-axis, parallel to the long side of the

granite block. Both segments glide on frictionless air bearings.

Main computer
(HP 1000)

Magnetic
Tape

Servo
control

Electronic
Controller
Unit

Laser Control
Unit

X,Y Positioning
Motors

t

X,Y Positioning

Pneumatic Control Panel

sensors

Pattern Generator
Motors

Focusing sensor

Aligner motors

Exposure sensor

Focusing motors

Aligner sensor

Platen clamp

Reticle sensor

Fig.3.5 Schematic view of electro-mechanic control of Pattern Generator

The size of the aperture in terms of height (H or L or V) and width (W) of the

opening is determined by the position of two sets of blades in the object plane of the

pattern generator camera. Each set opens symmetrically about the optical axis to

achieve the dimension commanded by the controller. One pair of blades establishes

the length (distance along the Y-axis at 0 degree angle). The other pair similarly

establishes the opening width. The aperture “image” is projected through 10X
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reducing lens to the sensitized plate so that final size agrees with the commanded

dimension.

The angle at which the rectangular image is placed on the plate is
determined by rotation of the turret on which the aperture blades are mounted. The
zero reference for rotation is the centerline between the width blades, parallel to the
Y-axis. Rotation range is 0 to 90 degrees counter-clockwise as viewed above the
turret; therefore, at the 0 degree position the width blades are parallel to the Y-axis,
and at the 90 degree position the width blades are parallel to the Y-axis (shown in
fig.3.6).

In addition to the two pairs of variable aperture blades and rotating turret, the
camera assembly contains an automatic gauge focusing system and light source.
The light source assembly contains the lamp, lamp box, light condenser and

exposure control circuits.

FUNCTIONAL DESCRIPTION

The pattern generator is used to produce precision photo-masks for the
semiconductor industry. The specific pattern to be constructed is described by a
series of machine commands contained on magnetic tape. The final product is an

image of the pattern ptohographically produced on glass.

The pattern is composed of rectangular elements; however, the very large
number of elements which may be specified on the magnetic tape input allows a
limitless range of complex patterns to be produced. The pattern generator
automatically reads each sets of specifications for an elementary rectangular
images, positions the glass with the precision of its twin laser interferometers, and
adjusts its aperture to these values. When all of these conditions are met, a flash
occurs which exposes the rectangular image on the photo-sensitive plate (see
fig.3.6).
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Because of the bearing suspension system, this precision operation is fast-
speed of 50 flashes per second have been achieved. A pattern consisting of tens of

thousands of flashes can typically be produced in less than an hour.

The glass blank accommodated by the machine can vary from 2 by 2 inches

to 8 by 10 inches; the typical product is produced on a 3 by 3 inch or 4 by 4 inch
square blank.

The size of the exposed area is established by dimensional length and width
commands. The angular orientation of the rectangle is similarly controlled through
90 degrees of rotation. The placement of the rectangle on the sensitized plate is
controlled by dimensioned commands of stage movement in the X and Y axes. Fig

3.6 shows how the component images are used to construct a simple pattern from
several exposure rectangles.
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Fig.3.6 Image structure of pattern.
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The pattern generator creates a circuit pattern in accordance with the tape
recorded data that may be checked and verified before the process begins. Through
the terminal, the operator can insert variable commands, dimensions, etc. The

controller processes these commands and uses them to control the equipment.

PRfilm
5) Cr Development of PR.(The illuminated part is
| glass | removed in a suitable developer(=solution)
B N
6) Etching (or removal) of Cr within the PR
“‘windows”
7) Removal of the remaining PR (PR stripping)

‘g Top view: it is 10x or 5x times enlarged
g ‘g dimensions/final dimension.

8) Multiplication of the pattern (reticle); the previously fabricated reticle in step 7

should be regularly repeated on a new glass plate or directly on silicon wafer by
image repeater (see fig.3.7) reducing the size of mother mask to 1x (by lens

system).
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Fig.3.7 Schematic illustration of mask production via the image repeater utility of pattern

generator

3.3 Resolution

The resolution of a lithographic process in a practical (industrial) sense is the
ability to print (or resolve) minimum size images under conditions of manufacturing
variation (= ability of distinguishing closely spaced objects). The resolution of a
lithographic process can be limited by many aspects of process sequence; (a)
hardware (optical limitations such as diffraction, lens aberrations (either geometric
or chromatic)(chromatic aberration is eliminated in general by filters). Mechanical
stability of the system. (b) properties of PR related chemical operations (baking,

developing and etching).
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The hardware resolution is imposed mainly by diffraction effects (not only by

lens aberrations because here almost perfect optical elements are used in modern
camera). Resolution due to the diffraction can be related via R = 0.61 1/NA with

NA= numerical aperture (NA=n sinB). A larger angle of collection leads to better

ﬂ, 2
resolution. This benefit has a price because the depth of focus x = iz/(NA) is

inversely proportional to (NA)?. Therefore, one can be easily outside the focal plane
due to the flatness variation of the substrate. Hence, there is a compromise between
R and k. To overcome the resolution limitation, e-beam lithography has been
developed. In other words, another way to get beyond the diffraction limit of
radiation based lithography is to use electrons or atoms to expose the resist.
Diffraction does not limit the resolution of electron-beam lithograph because the
quantum mechanical wavelengths of high energy electrons are exceedingly small.
Electrons scatter quickly in solids, limiting practical resolution to dimensions greater
than 10 nanometers-significantly greater than current demands of any practical
technology. Electron-beam lithography has demonstrated resolution as small as 2
nanometers (0.02 microns) in a few materials. Electron beam technology, however,
is limited in usefulness because an electron beam must be scanned across the

entire wafer.
Photo-lithographical Processes:

The aim of (photo) lithographical processes is to be able to reproduce the

pattern on mask within a film (SiO,, a-SiNx:H) with fidelity.

The film should be removed (=etched) selectively within the resist window(s) by

etching; etching could be either wet or dry:

1) wet etching: the resolution of etching process is measure of the fidelity of

pattern transfer which can be qualified by two parameters; B=etch bias, A= degree

v
of anisotropy=1——_ where v, is lateral etch rate, v, is vertical etch rate respectively.
v

v

If vi=0, perfect fidelity is achieved whereas for the case of v, ~ v bad fidelity occurs.
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On the other hand, B(=di-d,) represents the difference in lateral dimension between
etched image and mask image. In other words, B describes the degree of
undercutting (see fig.3.7). Examples of wet etchings of common materials in
microelectronic fabrication environment: a) silicon, b) silicon dioxide, c) Al. a)
etching solution is the mixture of HNO3/HF in H,O; first HNO; reacts with silicon to
form a-SiNx:H then HF dissolves this oxide away and so on, b) for a-SiNx:H, etching
solution is HF/H,O mixture, here HF reacts with a-SiNx:H (dissolve it) but it does not
attach Si itself. Etch rate would be 1000 A/min, c) for the case of Al etching, the
etching solution is H;PO4/HNO3/H,O. H3PO, oxidizes the Al to form Al,O3; and the
rest is as explained before. Unfortunately, the wet etching presents several critical
problems for micron and submicron geometries although it has an excellent
selectivity (= the ratio of etch rate between different materials, resist mask and
underlying material (substrate)). The disadvantage of wet etching can be classified:
(i) undercutting due to the isotropic etching, (ii) PR can lose adhesion in most
solutions, (iii) as geometries decreases (< 1um), the surface tension of etch
solutions can cause the liquid to bridge the space between two resist stripes,
etching of the underlying film is thereby precluded, iv) large volume of dangerous

solution.

2) Dry (or plasma) etching exhibits viable solution to the problems encountered
with wet (liquid) etching. It is almost anisotropic, has very little etch bias

(undercutting). However, this dry etching has poor selectivity.

PRfim
film(a-SiNx:H)
| substrate

|
/ N
— I

. .
dry(plasma) etching wet (or liquid) etching
anisotropic profile isotropic profile

(vertical) (undercutting)

Fig.3.8 Comparison of dry (plasma) and wet(liquid) etching.
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If samples are placed on grounded electrode, plasma etching or plasma deposition
occurs. The chemical reaction taking place in plasma are often very complex which
in general remain (“ill understood” or) unknown. However, the following reaction
types may be cited: (a) excitation, (b) dissociative attachment, (c) dissociation (=
fragmentation without ionization since ionization requires more energy), (d)
ionization and (e) dissociative ionization. The role of plasma in etching (and
deposition) processes is two fold (= a combination of chemical and physical
processes): (1) creation of chemically reactive species (chemical), (2) supply of
energetic radiation (= directional, leading to anisotropic processes). They are
principally ions, electrons and photons. These radiation alter the surface chemistry.
Events occurring both in the gas phase and at the substrate surface would be
homogeneous type (l,ii, vi, see fig.3.9) and heterogeneous type reactions (iii, iv and

V), respectively.

(i) generation of reactive species (radicals), (ii) diffusion of radicals towards the
substrate surface, (iii) adsorption on the surface, (iv) reaction, (v) by product
desorption (vi) diffusion of this b product from the surface into the bulk of gas phase.
Note that if any of these individual processes do not occur, the overall deposition (or

etching) cycle terminates.

flowing gas

@
° 2l

%
substrate

Fig.3.9 lllustration of events occurring in the plasma reactor.
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3.4 PREPARATION OF PATTERN DATA ON MAGNETIC TAPE

Specification of magnetic tape:

Combo Pattern generator has a Hewlett Packard digital magnetic tape
reader unit (HP 7970B). The tape unit is one of two basic types which are
distinguished by the technique used to record data on magnetic tape. These
recording techniques are referred to as “ Non-Return-to-Zero-Inverted” (NRZI) and
“Phase Encoded” (PE). There is a difference and the two techniques are not
interchangeable. Hence, if a tape is written in NRZI, it must be read by NRZI tape
units; likewise PE. HP 7970 is designed to write and/or read tapes using the NRZI
techniques. Unfortunately, the tape unit at hand is not able to write data, only reads
the NRZI coded magnetic tape. For that reason, in order to write data on a magnetic
tape, another tape reader unit, HP 7974A, is used that has capable of

writing/reading data recorded either NRZ| or PE coded.

NRZI is written either seven or nine-track. NRZI data, for the purpose of
recording on magnetic tape, is coded in one of two ways. One requires seven bits
per character; the other, nine bits per character. Both of these codings include one
bit for parity (a method of error detection). It is apparent that data coded in seven bit
characters is written on a tape in a seven track format. Nine bits per character then
requires a nine track format. Moreover, digital magnetic tapes are recorded at
different densities, simply stated in terms of bytes per inch (BPI) of tape. HP NRZI
tape unit support densities of 200, 556 and 800 bpi for seven track and 800 BPI for
nine track. Phase encoded tapes are always recorded at 1600 BPI. Data with the
mentioned density (either 800 or 1600 BPI) is written on a magnetic tape that has to
have a write enable ring installed on the back of the reel. This ring, when in place,
allows write operations. Moreover, as shown in fig.3.10, beginning of tape (BOT)
and end-of-tape (EOT) has light reflecting tabs placed on by the tape supplier. The
tape reader unit finds the beginning and end of the tape by detecting light reflected

by these tabs.
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Fig.3.10 Tape threading.
PATTERN GENERATOR INPUT DATA:
The pattern produced by the pattern generator is made up of large number

of individual rectangles as described above. Commands describing an individual

rectangle can be entered through the keyboard or from magnetic tape. Because a
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typical pattern requires thousands of such rectangles, its impractical to compose an
entire pattern from the keyboard. In typical operations, nearly all rectangles are
described in the magnetic tape input and the keyboard mode is used only for adding

correction flashes.

A single magnetic tape will generally contain information describing several
patterns. The pattern generator software can space down to a particular job,
execute the pattern described and wait for the glass blank to be changed before

executing another job. A magnetic tape would be organized as:

1 1 30
BOT EOF 1 JOB 1 DATA | EOF 1 JOB 2 DATA |EOF !
] " s '

|
] 1 I 1 ]

3 T

| i ! I L]

i EOF | LAST JOB DATA i EOF! EOF
= R T . ] 1: A :
where g

| S ——

BOT = beginning of tape mark
EOF = end of file mark

Job data are grouped into 800 character block (400 words with 2 characters per
word). The fist character in the block must be start of record symbol, a cent sign (¢)
when describing in EBCDIC (also known as old IBM format), or less than (<) when
transcribing in ASCIl format. The last valid character in a block must be end of
record symbol. The standard Electromask format (see fig.3.10) requires 9-track,
NRZI mode, EBCDIC tape character set. Also shown are the equivalents for
recording ASCIl characters on magnetic tape. Tapes must be recorded in
characters that match both the hardware and software of a specific pattern
generator, For compatibility with the largest number of machines, 9 track, NRZI
mode, EBCDIC characters and odd parity are used. As seen in the fig.3.11, X (Y) is
the X(Y) coordinate of rectangle position, W is the width of rectangle, V is the height
of rectangle (vertical), U is the angular orientation of rectangle and Z(= end of job)

and S(= flash command) are the control characters.
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EBCDIC Image Others (Octal)

P/G Significance Symbol Binary Octal Hxdec TASCII BCD
Start of Record* ¢ or < 01001010 112 4A 74 76
End of Record o 01001011 _p&f ¢ 113 4B 56 73
End of Job Fa (11100010 i 351 EY 132 31
Flash Command 5 11100010 342 E2 123 22
X-Position X 11100111 347 E7 130 27
Y-Position Y 11101000 350 ES 131 30
Rectangle Width W 11100110 RE TS E6 127 26
Rectangle Height v 11100101 345 ES 126 25
Rectangle Angle u 11100100 344 E4 125 24
Numerical Values 0 11110000 360 FO 60 12
Numerical Values 1 11110001 361 F1 6l 01
Numerical Values 2 11110010 362 F2 62 02
Numerical Values 3 11110011 363 F3 [S3) 03
Numerical Values 4 11110100 EIE Y F4 6Gd 04
- Numerical Values 5 11110101 365 F5 65 Qs
Numerical Values 6 11110110 RTeTSY Fo (5743 06
Numerical Values 7 11110111 367 F7 67 07
Numerical Values B 11111000 370 FA 70 10
Numerical Values 9 11111001 371 FB 21 L
Start/End of Text g oririrtl 177 7F 42

*Start-of-record symbol is cent sign (¢ ) in EBCDIC, or less-than symbol (< ) for other systems.

Fig.3.11 Tape character sets.

In the light of discussion above, pattern (produced by AutoCAD dxf file) are
fracturated into rectangles through ASM 2600 software for Electromask Pattern
generator. Fig. 3.12 shows a typical image (formed by AutoCAD drawing program)
and its parts of equivalent data record for pattern generator job data in electromask
format (ASCII format).

e <X200270Y44500V3000U0SY47500SX203
700Y45570W860V5140SX201985Y48570
W2570V860U0SY46000V860SX205415Y4
8145W850V1710U0SX206270Y46430W86
0V1720SX208840Y48145W860V1710SX20
7985Y46430W850V1720SX207130Y44285
. W860V2570SX210560Y44500W860V3000
- SY47500SX212700Y43430W3420V860U0
SY48570SX211845Y46000W1710V860SX"

END JOB 220 FLASHES "Z.

Fig.3.12 Typical mask layout prepared by AutoCAD and its corresponding Electromask

format output after the image is fracturated via ASM 2600 software.
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There are four types communications way between instruments with
computers; these are GPIB (equivalently HPIB), SCSI, RS 232 and TCP/IP. Since
the tape reader unit (HP7974A) has an GPIB interface installed by HP, to
communicate with the drive via computer, National Instrument GPIB card was
installed and configured. To record the pattern data on a magnetic tape, a software
(build in Borland C code) was developed as well as to read the prerecorded data on
tape. The most important trick on the software is that the data should be sent in odd
parity together with parallel poll should be enabled. Otherwise, GPIB error occurs.
Also, in order to issue commands to the tape drive must first be addressed to listen
(according to Read Data from tape or Write Record). After the listen addresses has
been sent to the drive, the next message is expected is a secondary address
commands. In fact, all tape commands like Read record, write gap, set density,
rewind, move forward (backward) one file are sent via secondary addresses of the
drive. To clarify the point, the GPIB message sequence should be
UNT/UNL (Untalk/unlisten)

MLA (my listen address)

MSA (tape command)

UNL/UNT (unlisten/untalk)

If the wrong sequence is selected, again GPIB error occurs. Before applying write
record command (=5, tape command), tape density has to be set to 800 NRZI
format (via tape command 18) and then with the mentioned GPIB sequence, write
record command is sent to the drive unit. Similarly, other commands are issued. In
addition to that, one must keep in mind that pattern data should be recorded in 800
bytes block (i.e., data should be divided into 800 bytes long files) in EBCDIC format
onto 9 track magnetic tape with the sequence BOT/EOF/JOB data. Hence, finally,

magnetic tape that contain pattern data are prepared and ready to use.

3.5 PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION-PECVD

3.5.1 Introduction

Low energy plasmas are partially ionized gases composed of ions, free

electrons, atoms, molecules and free radicals. These plasmas are used in a wide

variety of film processes, such as plasma enhanced chemical vapor deposition
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(PECVD), plasma etching. Unlike other thin film techniques, such as molecular
beam epitaxy and chemical vapor deposition (CVD), plasma processes are not at
thermal equilibrium and the dynamics of these processes are not well described by
equilibrium thermodynamics. Due to the complexities of plasma systems, many

reaction mechanisms remain unknown, including those for material deposition.

Radicals have long been assumed to be the most important species in
plasma depositions due to their relative reactivities and abundance in these
systems. While traditional empirical methods of PECVD thin film analysis supply
much needed information, the development of new plasma processes is severely
limited by the lack of understanding of the chemistry occurring in these systems.
Therefore, a solid understanding of the chemistry taking place at the plasma-surface
interface during plasma processing is crucial for optimization of existing processes

and to drive the development of new materials.

As mentioned above, unlike thermal plasmas (such as the sun), processing
plasmas are not in thermodynamic equilibrium. In the bulk of plasma, the electron
temperature is much higher than either the ion temperature or the neutral gas
temperature. Although both electrons and ions gain energy from an external applied
field, the elastic collisions with neutral molecules are numerous for both species.
Because of the light masses of electrons compared to neutral molecules, little
kinetic energy is transferred during collisions whereas similar masses between ions
and neutrals yields a significant kinetic energy transferred between them. As known,
in elastic collisions, kinetic energy and momentum are conserved physical
quantities. Assuming the initial kinetic energy of neutral molecules is zero, the
energy transformation within the head on collision approximation can be expressed
as

4m ,m
E =—"2"""F 3.1
trans (me + mn )2 0 ( )

where me (m,) is the mass of electron or ion (neutral molecule), Eyans is the energy
transferred and E, is the initial kinetic energy of the ion or electron. This expression
states that ions loose energy rapidly in collision with neutral molecules and they

equilibrate to the same temperature. However, electrons (though they undergo
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many elastic collisions) loose little kinetic energy (supplied by external applied field)
due to the mass difference (see the expression 3.1). Thus, kinetic energy of

electrons are much higher than ions or neutral molecules.

Because of the greater mobility of electrons over ions, electrons are lost

preferentially to the surfaces of the plasma reactor which results in a positively
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Fig.3.13 Potential distribution in the plasma reactor. Note also that plasma sheaths (dark
area) occurs around surface in contact with the plasma.

Plasma sheaths are characterized by very low electron densities and appear as
dark area adjacent to surfaces in contact with the plasma. lons accelerated across
this sheath are known as bombarding ions due to their high energy and plays an
important role in reactive ion etching.

Another factors that makes plasma systems difficult to characterize is that
they can exist in many different modes. All modes can be classified as either high
density (such as inductively coupled rf discharges, microwave discharges and
electron cyclotron discharges) or low density. The most common type of low density

plasma is a parallel plate capacitively coupled discharge shown below:
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Fig 3.14. A simplified view of capacitive or Radio frequency (RF) diode plasma reactor.
Also, typical numbers in plasma and its constituent pairs (electrons, ions) is given.

PECVD SYSTEM

Among various deposition technique, PECVD (glow discharge) is the most
common method to deposit a-Si and its alloys (such as a-SiCx:H and a-SiNx:H); the
former has found applications in solar cells, flat panel displays, photoreceptor and
photo resist materials while the latter is used as gate dielectrics and barrier coatings
in microelectronic devices, as capacitors in dynamic random access memory cells
and in the micro fabrication of sensors and actuators. Here the various aspects of
the chemistry of plasmas used for producing thin films of a-SiCx:H and a-SiNx:H wiill
be investigated in the following subsections. Let us look at the main points of
PECVD deposition system at hand (shown in fig.3.15 and 3.16).

For initiation of the plasma, the radio frequency (RF) power with a certain
amplitude Vj (large enough to cause the breakdown of process gas) is applied to the
reactor. A typical reactor (see fig.3.15 and 3.16) consists of a source of power for
the discharge (RF in our case), a gas inlet arrangement, a deposition chamber that

holds the pair of electrodes and a substrate heating assembly, a pumping system.
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Fig 3.15. Schematic illustration of PECVD reactor at hand.
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Radio Frequency (RF) Diode

One of the more popular configurations of processing reactors is the rf diode
which consists of two electrodes that are capacitiviey coupled, typically with one

electrode powered by RF and the other grounded.

B A

lon sheaths

Fig.3.17 Schematic illustration of RF diode

The RF is usually 13.56 MHz, a frequency chosen to avoid interference with
communication equipment. In the rf diode, the electrons respond to the
instantaneous changes on the RF fields, while the heavier ions only respond to time
averaged changes. The plasma provides high energy for the dissociation of the feed
gas, while the thermal temperature remains relatively low. Processing plasmas
typically have electron temperatures in the range of 1-8 eV, densities of 102-10"* cm’

® and exist over a range of pressures roughly from 100 millitorr to 1 Torr.

Upon application of field with amplitude V, and frequency lower than the RF
range, the ions created during the breakdown cannot fully extracted from the inter
electrode gap in one half of the cycle while electrons are easily extracted due to
their light masses. If the frequency is increased up to the RF range (25 kHz-25
MHZ), the electrons have insufficient time to drift to the electrode during the positive
half cycle; thus these electrons oscillate in the inter electrode gap. Consequently,
upon application of the RF power to the reactor, with a certain potential, discharging
occurs in the inter electrode gap of the reactor. As a result, created electrons and
positively charges ions constitute glow discharge with a potential V, in the reactor
(see fig.3.18)
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Fig 3.18. Potential distribution in PECVD reactor. Note that there are three main regions: Vg,

grounded electrode, plasma potential, V, and powered electrode, V.

One should keep in mind that the ground potential in the reactor is always
negative with respect to plasma, as a consequence, the substrate surface on the
grounded electrode should more or less suffer the positive ion bombardment. The
potential on the powered electrode is also negative with respect to plasma potential;
at the negative half cycle of the applied RF signal, positive ions from the discharge
are accelerated towards the power electrode. These ions remove electrons from the
electrode surface in order to be neutralized and leaving behind a positive charge on
the electrode surface. On the other hand, as for the positive half cycle, the electrode
collects electrons. Due to lighter mass of the electrons compared to ions, the electric
field makes them accelerates more rapidly to the electrode. Thus during the two
halves of first cycle, many more electrons than ions are collected, yielding the
negative charge. For the subsequent cycles, the negative charge building increases
up to the steady state where at negative cycles in coming electrons are repelled and
incoming ions are attracted more strongly up to a certain value, in there, electron

concentration is equal to ion concentration. Hence, this averaged negative charge
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piles up at the electrode causes a negative dc offset voltage V. called self bias on
the powered electrode shown in fig 3.18.
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Fig. 3.19 |-V characteristic of the plasma
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The |-V characteristic of the plasma (see fig.3.19) suggest that it is like a leaky
diode, due to great difference in mobility between electrons and ions. During the half
of the cycle, positive voltage is applied to the electrode, resulting a very large
electron current flows in to the electrode. As for the negative half cycle, negative
voltage is applied, a small ion current flows into the electrode. At steady state, the
electrode is negatively self biased and zero net current is attained, since the
blocking capacitor obstructs charges flowing out. Consequently, both electrodes are
at negative potential with respect to the glow discharges. Besides in each electrode,
dark regions (ion sheaths) constituted by positive ions without electrons are
observed (see fig.3.18). Since the glow discharge region is at a fixed potential, the

potential drop mainly occurs on these ion sheath regions.

Gas Inlet Arrangement

Control of process gas flow is crucial for PECVD system, so an elaborate
gas control system (consists of gas cabinet, flow meters and gas pod) has to be
owned. The process gases might be reactive and non-reactive. The latter used for
purging the system where process gas are delivered. The former (such as silane)
should be placed into a cabinet, donated with an exhaust to maintain air flow
essential to eliminate any accumulation of process gases within the cabinet due to
the fact that these gases are highly explosive and all poisonous. Therefore, most of
the plumbing and connections from where gas leaks might probably occur under
pressure are stainless steel and uniquely built into the gas cabinet. Additionaly, high
quality stainless steel regulators, check valves and cross purge assembles have
been utilized for safety reasons and cleanliness of the process. At final stage the
master unit of the system has the gas pod where the flow of gases are automatically
controlled by a programmable controller. The selection of flow lines are obtained by
pneumatic valves since the process gas are flammable. Therefore, in that way, the
probability of electrical arcs (might be dangerous in the case of gas leakage) is
eliminated, as they operate under pressurized air over four bars. The flow-rate of
process gases are controlled at the desired value by mass flow controllers using
TYLAN source technique where the flow rate is sensed by a mass flow meter and

controlled by an electromechanical servo value.
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Pumping System

The pumping system consists of the turbo molecular pump and the roots
blower type pump, used for producing and maintaining the low pressure during the
operation of both reactors. The larger rotary value type mechanical pump is used as
the backing pump of the roots blower and the other one is used for backing the
turbo molecular pump. The turbo molecular pump is used to maintain high vacuum
in the etching reactor to facilitate the removal of all residuals which may react with
the plasma to deteriorate the etching process. Both of the roots blower and the turbo
pumps are oil free, thus the impurity control of the process can be obtained as much
as the purity of the process gases. The vacuum levels of the reactors are measured
by the baratron gauge upto 3 mTorr. The pumping sequence of the reactors is
controlled by a programmable timer with respect to pressures measured with

gauges.

Deposition chamber

The reactors of this system are capacitive coupling type in cylindrical shape
with diameter of 400 mm. The distance between the electrodes is 40 mm, RF power
is applied to upper electrode, made of aluminum and cooled with water. The
process gases are introduced into the plasma ambient from the middle of this
electrode. Substrates are placed on the lower electrode, grounded and made of
anodized aluminum. The temperature of the lower electrode can be controlled
between room temperature and 400 °C. the table where the lower electrode is fitted
with thermally resistive stand is cooled by water to protect the o-ring of the chamber
wall, made of Pyrex glass. The upper electrode is mounted by the hoist assembly
and hence sample change times are very short. Additionally, a glove box is supplied
to load and unload the substrate or grown films in a clean environment under N,
flow. This has a load lock to ensure that the atmosphere in the room can not be

exposed into while placing the substrate in it.

61



3-6 Growth of Amorphous Silicon Based Thin Films

Before loading of the substrate into deposition chamber, the following
procedure has to be followed up to clean the substrates ( Silicon wafers for infrared
and electrical characterization, sliced glass and quartz, for ellipsometry and UV-

Visible Transmittance).

3-6-1 Cleaning of Substrates

Cleaning procedure for silicon wafers and others shows little difference;
as for the former, after samples were boiled in trichlorethylene for 5 minutes, they
were rinsed in deionized water (DW) H,O and then agitated by ultrasound. The
rinsing process was repeated after each step during the cleaning procedure. Later,
samples were dipped in HCI/H,O, mixture, with 1/1 mixing ratio, for 10 minutes. As a
next step, samples were dipped in H.SO4/H,0, mixture, with 2/1 mixing ratio, for 5
minutes. In the last stage, they were washed in running (DW) H,O for 5 minutes.
Finally, samples were dipped in HF/H,O mixture, with 1/10 mixing ratio, about 30

seconds and then washed in running (DW) H,O for 15-20 minutes.

On the other hand, as for sliced glasses and quartz substrates, they were
dipped in KOH solution and agitated by ultrasound for at least 30 minutes.
Subsequently, they were washed by (DW) H;O. All the samples were finally dipped
in diluted HF, with 1/100 ratio, and washed in (DW) H,O. In order to prevent cleaned

samples from pollution, the fabrication must start as soon as possible after cleaning.

3-6-2 Deposition of a-Si:H films

The growth of the film on the substrate takes place through the following
stages: in the first one, electrons collide with silane to dissociate the silane
molecules into a mixture of reactive species of ions and free radicals. The second
stage is drifting or diffusion of these species to the surface of the substrate during
which time there is a multiplicity of secondary reactions. In the third stage, the

different species are adsorbed onto or react with the growing surface and finally,

62



these species or their reaction products are incorporated into the growing film or are

reemitted from the surface into the gas phase.
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Fig.3.20. Schematic illustration of the formation on film in the PECVD reactor.

Some of the species generated by primary and secondary collisions.

Primary Secondary

e+ SiH;—SiHste SiHs+H—SiH3+H,
—SiH,+H,+e SiH4+SiH,—SiyHe
—SiH;+H+e SiH3+SiH;—SiH,4+SiH3
—SiH+H,+H+e SiH4+SisHe—SinHm

—SiH,"+H +ete
—SiHz+H+e+te
—SiHz+H
—SiH+H2

Amongst the various species generated by the primary impact process, SiH; has the
longest lifetime since SiH, react with the parent SiH, molecule to form SiH, and SiH;
again. On the other hand, successive collisions of SiH, with SiH, can create higher
silane related species that could continue to grow causing powder formation. The
number density of the various species in the plasma that have been detected in a

typical glow discharge reactor is shown in fig.3.21.
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Fig 3.21. Number density cm™ of species in a typical rf glow-discharge
plasma. From [12].

All the species shown above, together with some higher silane related species,
arrive at the substrate. Most of the growing surface is terminated with hydrogen and
will not take up SiHj; radicals, which is the most abundant species. Bonding of SiH;
onto the surface needs dangling bonds, and removal of hydrogen from the surface
is, therefore, a necessary step in the deposition of films from SiH3;. Hydrogen can be
released from the surface by thermal excitation, or it can be stripped by SiH;
reacting with SiH to form a dangling bond and SiH,. Another SiH; molecule
migrating alone the surface or arriving directly can then be incorporated in the film.
The other radicals like SiH or SiH, can be incorporated directly on the hydrogen
terminated surface and thus have high sticking coefficient. Under normal deposition
conditions, these radicals do not contribute much to the film growth since their

density is small. They have an adverse effect on film quality.
3-6-3 Deposition of a-SiCx:H films

Once introducing ethelenye over the silane in the reactor to produce a-
SiCx:H, film, over the demonstrated silane reaction above, the cross reaction

between the radicals of these mentioned two gases also occur [37-39].

SiH2+CzH4—>CgH4SiH2 (Silirane)
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In the silane-ethylene mixture the reaction above becomes dominant and it
generates silirane molecule. In the deposited films, Si-C bonds, Si-Si and C-C
bonds are present (determined through IR analysis, given in Appendix B).
Especially, in order to increase the forbidden energy gap of the films, the density of
the carbon containing gases must be increased. Unfortunately, this also leads to the
formation of aromatic islands of carbon rings, which negatively influences the band

gap and electrical characteristics of the deposited film.

3-6-4 Deposition of a-SiNx:H films

PECVD deposited a-SiNx:Hy film is usually grown from a NH;-SiHs gas
mixture where x and y vary widely depending on the gas mixture and other
deposition parameters, outlined in the section 3.4. Smith et all.[40] investigate the
PECVD grown a-SiNx:H film with NH3-SiHs gas mixture in order to minimize Si
dangling bonds and Si-H bonds that being accused of trapping centers. Under low
SiH, flow and sufficient power to activate the NHj;, the SiH, reacts completely to

tetraaminosilane, Si(NH;), with the following chemical reaction:

SiH4*+NHs—Si(NH,)a

The plasma chemistry is aminosaturated. Si(NH,); and the triaminosilane radical
then become the precursors for the nitride deposition. Since Si is completely bonded
to N in the precursors, films deposited under these conditions contain minute
amount (or even no) (< 1%) Si-H bonding. Moreover, because of not all of the
excess N is eliminated in the deposition process, the films are N-rich with
substantial N-H and some NH, bonding. The N/Si ratio of investigated films in this
work is 1.6 compared to stoichometric ratio of 1.33 for crystalline SizN4. Fourier
transform infrared (FTIR) absorption spectroscopy and UV-Visible transmission
measurements were performed and results were given in Appendix B as optical

probing of grown films.
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3.7 Factors Influencing Film Quality

The deposition parameters/conditions that control the property of the

material as follows:

i) Pressure and Electrode Seperation: The voltage necessary to sustain a
plasma is defined as the Paschen curve which determine the sustaining

voltage as a function of the pressure and the electrode separation.
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Fig.3.22. Breakdown voltage vs. P-d product for air, note that The voltage necessary to
initiate a discharge is roughly a function of the product of the spacing between
electrodes and the pressure. At higher pressures, the discharge voltage increases,

making it difficult to start the plasma if the electrode spacing is large.

i) In order to have a low sustaining voltage, the pressure is maintained
between 0.1 to 1 Torr and the electrode separation between 4 to 6 cm.
Higher pressure or larger electrode separation results in many secondary
reactions which may cause formation of powder and higher silanes
affecting material property.

iii) Temperature: The substrate temperature plays a key role in determining
adatom mobility of the impinging species on the substrate, and a higher
substrate temperature results in higher adatom mobility allowing more

surface diffusion. This leads to the species to find an energetically
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Vi)

favorable site resulting in a denser material. Higher temperature,
however, causes loss of hydrogen from the surface. The dangling bonds
generated thereby increase the sticking coefficient and lower surface
mobility. The optimum substrate temperature is between 200 to 300 °C
for typical rf glow discharge deposition.

Power density: With increasing power density, more polymeric radicals
are formed in the plasma that may lead to powder formation. The heavier
radicals also have low adatom mobility as they impinge on the surface of
the growing film. This results in film grown with higher density of
microvoids and leads to poor cell performance. The optimum power
density is just above the value at which the plasma can be sustained and
is typically 10 to 100 mWcm™.

Gas flow rate: As the gas flow rate decreases, the residence time
increases, which may results in depletion of the active species. Matsuda
[41] has shown that under these conditions, the calculation of the short-
lifetime radicals (including heavy radicals) to the growth rate increases,
yielding to poor material quality. An adequate flow rate results in a linear
increase in the deposition rate as the power density increases, therefore,
it is recommended.

Hydrogen Dilution: Guha et all [42] has showed in 1981 that film grown
with a gas mixture of silane diluted with hydrogen have improved quality.
Hydrogen dilution is now used extensively with many different active
gases. The vital role of hydrogen dilution is to improve surface coverage

that results in increased surface diffusion.
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CHAPTER 4

ADMITTANCE OF MIS STRUCTURE

41 MIS CAPACITOR

4-1-1 Introduction

The control of the insulator and insulator film interface (such as SiO,/Si, a-
SiNx:H/Si) properties are crucial for the performance and stability of the mentioned
insulator/semiconductor material based devices. The charge states of the structural
defects and impurities, either in the insulator or at the interface, can modify the
energy band structure of the silicon in the vicinity of the interface and thus can lead
to modifications in electrical characteristics of devices. These charges in the metal-
insulator-semiconductor (MIS) system have gained special importance with the
emergence of integrated circuits using MIS structure in thin film transistor as active
elements. These circuits are sensitive to the presence of minute traces of charges
(=10 cm 2). To simplify the study of the MIS system as prepared under realistic
manufacturing conditions, the MIS capacitor is used extensively as a simple test
structure. The resulting knowledge of the charges in the MIS capacitors may be

used to improve the fabrication techniques and conditions.

The measurements of the admittance of MIS capacitors is a powerful tool for
investigating the electronic properties of the different parts of this structure since it is
extremely charge sensitive technique. This technique consists of the admittance
measurements of MIS capacitors as a function of various parameters such as dc
bias voltage, ac voltage modulation frequency, illumination, temperature, etc...In
analyzing the experiments, equal importance is attributed to the imaginary
(capacitive) and real (conductive) parts of the admittance. The capacitance C, (or
conductance G) versus gate voltage Vg characteristics for various frequencies have

been extensively used in the investigations for MIS structures.
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4-1-2 CAPACITANCE-VOLTAGE CHARECTERISTICS

The term capacitance is used in this work to mean differential (or dynamical)
capacitance:CzéQm/éVG with Qn, designating the charge on the gate, Vs applied
bias to the gate. On the other hand, keep in mind that the static capacitance
(CS, st/VG) different from differential capacitance since Q,, varies nonlinearly

with Vg in some ranges.

The modulation Vg of the gate bias may be obtained by superimposing a

relatively small amplitude a.c voltage |5VG :aexp(ja)t) on the dc gate bias V.

Consider an ideal MIS capacitor shown in fig. 4.1 (with no interface states, insulator

charges or work function difference).
Vs

Metal
Insulator

Semiconductor

/J/ Bottom contact

Fig. 4.1 Cross section of MIS capacitor

The small signal equivalent circuit of this ideal MIS system for p-type silicon
substrate will be discussed; the results may be converted to an n-type silicon
substrate system by adequate changes. There are mainly three regions of interest

when plotting C-Vg: Accumulation, depletion and inversion.

i) Accumulation: for sufficiently large negative gate voltages, Vg, the majority

carriers (holes) will be attracted to the surface of silicon (the gate voltage V¢ will be
wholly dropped across the insulator). As shown in fig.4.2-a, the measured
capacitance will correspond to the insulator capacitance C,s as a result of the

parallel plate capacitor approximation:
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Fig. 4.2 Charge distribution (and capacitance) for different gate voltage values in the MIS
structure.
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i) Depletion: when the gate voltage passes from negative to positive region,
the free holes will be swept away from the surface region of silicon by the resulting

electric field and a space charge or depletion region is formed (depicted in fig.4.2-b).

As the insulator is assumed to be nearly perfect, there is no dc current flow
(thermodynamical equilibrium holds) and thus there is no need to solve transport
equation; the Poisson equation alone governs the potential distribution w(x),
throughout the depletion region. As the product np of free carriers must remain
constant at each point of the depletion region (due to thermodynamical equilibrium),
to a decrease of free hole density py(x) should corresponds to an increase of free

electron density ny(x) towards the interface. As a result the space charge density

p(x) may be expressed as:

p(x)zq[pp(x)—np(x)+ND—NAJ (4.2)

The Poisson equation, in one dimension, may be written as:

d’y(x) =—plx)/e, (4.3)

Where ¢ .= ¢,¢, with &, semiconductor relative permittivity, Na and Np acceptor

and donor ion concentration respectively. In the bulk of semiconductor, the
equilibrium free carrier concentration pyy and ny are equal to pyo - Nw= Na-Np

consequently ny(x) and py(x) may be expressed as,
P, = P expl-qu()/kT]; n, =n,,explgw(x)/kT]  (4.4)

The expression of the electric field E(XXE—dW/dx) across the depletion region
can be established by solving (4.3)
21/2kT

E(x) lexp(— gy /KT)+ qu /KT =1+ (n, /2o Nexplqw /KT)~ qu kT 1)}

D

(4.5)
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Where the parameter Lp, called extrinsic Debye length is defined as the

characteristic screening length of a small charge in an extrinsic semiconductor:

f kT.
L,= 2;*' . The expression of the electric field at the semiconductor surface, i,
q Ny

is obtained by replacing w =y, and y_ is called surface potential. The space

charge Qs within the surface region of semiconductor, required to produce this field

is obtained by using Gauss law:
0, =-¢E (4.6)

sTT8

For most of practical uses, the depletion approximation may be assumed that is
pp=np,=0 in the depletion layer and charge neutrality condition holds beyond the
depletion layer edge (a step like boundary between neutral bulk and depletion
region is assumed as shown in fig. 4.2-b). Within this approximation, the Poisson

equation (4.3) yields the potential distribution:

gN ,

t//(x)zt//s(l—x/xd )2 with = 5, X7 or x, = [2(9S1,//S/qNA]”2 (4.7)

s

Where x4 =depletion region width; V, =V, +w  with Vi,s =voltage drop across the
insulator. A gate voltage modulation 6V will induce a modulation oy of v ;

SV, =6V

. +0y_ and this modulation of surface potential, in turn, will induce a
charge modulation Q. at the edge of depletion region as shown in the fig.4.2-b.

According to the parallel plate capacitor model, the capacitance associated with the

depletion region can be expressed as :

&

Cd(VG)E5QS/5y/s = . E;)

(4.8)

This capacitance is in series with that of the insulator capacitance C,s and the total

capacitance C of the system is as

cv,)=[yc, +1yc,]" (4.9)

ins
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At the boundary between the accumulation and depletion regions the flat band

condition is reached where there is no band bending at the silicon surface, that is,
v, =0. By expanding in a power series about y =0, the exponential terms in

relation (4.5) and (4.7), the depletion capacitance at the flat band condition C4(FB)

may be derived:

Cd(FB)EL%J :(@j =g, A/L, (4.10)
Vs v;=0 dWs y,=0

The total capacitance of the MIS system at flat band condition, Crg, can be

expressed as:

Cro =[1/C,. +1/CL(FB) = C,uCL(FBY(C,, +C,(FB) (410

ms ms

iii) Inversion: In the depletion regime, the positive gate charge (Q.,) is balanced
by negative acceptor ions in the silicon depletion layer (fig.4.2-b), however, free
electrons as negative charges with increasing concentration towards the interface

appear in the depletion region in order to keep the product pyn, constant, when the
positive gate bias continues to increase the surface potential v increases in the
same direction; at y, = @, the surface of silicon becomes intrinsic (pp,=n,) with @,

being the difference between intrinsic level E; in the bulk and the Fermi level (fig.4.2-

c). Beyond the value v, = ¢,., the surface region of silicon is inverted into n-type (a
thin inversion layer if formed near the insulator/semiconductor interface, in a region
of 20-300 A depending on bias and doping density). The region from y/_ = ¢, up to
v, =24, is called weak inversion. Beyond the limit /= 2¢,., the electron density

at the surface will be exponentially increased and any further increases in positive

charge will be balanced almost entirely by the addition of electrons to the inversion

layer. The region beyond y_ > 2¢,. is called strong inversion (fig.4.2-c). During this

regime, the depletion layer width, reaching its maximum value does not need to be

changed:

X, =468 [N, (4.12)
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In accumulation and depletion bias regimes, the charge modulation in
response to a gate voltage modulation, arises from maijority carrier flow (here holes)
in and out of the silicon depletion region. The majority carrier supply (or loss) may
be considered instantaneous within the common frequency ranges (up to a few
MHz); in other words the maijority carrier charges will follow the ac gate voltage

modulation as long as the period of the ac voltage is much longer than the dielectric

relaxation time of silicon z'D(IO‘12 <z,<107 sec). As a result no frequency

dependence is expected in accumulation and depletion regime. But in inversion, the

charge modulation, is carried out by the minority carrier flow in and out of the

depletion region and the minority response time, z,, is relatively long (at room

temperature, for silicon 7, is typically 0.1-1 sec in strong inversion). The main

mechanism for getting minority carriers to and from the inversion layer is the
generation-recombination of minority carriers in the depletion layer through a bulk
trap around the Fermi energy level. Because this response time is very long
(compared to the period of ac gate voltage modulation), inversion layer capacitance

will be frequency dependent except at very low and high frequencies:

)C/C,

+1 low frequency

Intermediate frequency

High frequency

V {Volts)

Fig.4.3 Capacitance-voltage characteristics of the ideal MIS structure with energy band

structures corresponding to different gate voltage regions.
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At low frequencies, the charge modulation in the depletion region is satisfied
by the inversion layer, near the film/substrate interface and the resulting capacitance

of the MIS system is equal to that of accumulation region, C=Ci,s(fig.4.3)

At high frequencies, the minority carriers can not follow the ac gate voltage
excitation, and the required charge modulation for total charge neutrality will be
satisfied by the majority carriers flowing in and out of the boundary between the
depletion layer and the bulk of silicon. As a result the capacitance of the MIS
system, at high frequency, reaches its minimum value C,,,, which is the depletion
layer capacitance Cgyn, in series with the insulator capacitance Cis (fig.4.2-c and
4.3):

Cmin = [I/Cins +1/Cdm ]_l (413)

At intermediate frequencies, the capacitance of the MIS system will be

frequency dependent situated between C;,s and Cy,i, (fig.4.3).
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4-1-3 Local charges obtained from the Flat Band Voltage
The energy band diagram of an ideal MIS structure is shown in fig. 4.4. Here

insulator and insulator/semiconductor interface charges and gate metal and silicon

work function differences are ignored.

E 0 (vacuum level)

Metal Insulator Semiconductor

Fig. 4.4 Energy band diagram of an ideal MIS capacitor.

In the ideal case, the band structures of different parts and specially that of the
silicon are not affected; in other words, the bands are flat (= flat-band). On the
contrary, in practical MIS structure, there exist various factors which may cause
deviations from the ideal band structure of a MIS structure. A rough classification of

these factors may be presented as follows:

a) the work function ¢, of the gate metal is different from the work function of

¢, of silicon; this leads to a band bending at the surface region of silicon at the

equilibrium as shown in fig.4.5-(a)
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Fig.4.5 (a) Effect of the work function difference, (b) Effect(s) of Vs on the occupancy of fast

surface states through relative shift of Er at the interface, (c) Recapitulation of various local

charges within a MIS structure.

(When the metal of MIS structure is shorted to the silicon, electrons will flow from

metal to the semiconductor or vice versa until a potential will be built up between the

two which counterbalance the difference in work functions; in other words the Fermi

level will be aligned). To reach again the flat band condition of the ideal case, an

amount of gate voltage Vg should be applied (fig.4.5(a,b)):

(b)

Vig = ¢m _¢s = ¢ms

(4.14)

both fixed and mobile ionic charges located within the insulator (fig.4.6): a

charge sheet of magnitude Q per unit area, located at a distance x from outer



surface of insulator layer, will induce opposite charges both at the silicon and metal

interfaces.
(a) (b)
Metal Insulator ~ Semiconductor I R E
\ Eo(vacuum level) 0
- Ec
- x 1 av. E~
I
N e
v a8
---------- Ef
Ey
(Charge distribution)
Q (Charge distribution)
Q
Q
—X«>|] Q
o ) "
Q [ Q X
M Si oyl
E-field distribution

E-field distribution

i i |

‘ h

Fig. 4.6 Effect of changes within the insulator, (a) without applied gate bias (i.e., Vs=0), (b)
VG:VFB #0

The induced charge distribution at the silicon surface region will lead to the

development of potential distribution in this region according to the Gauss law; in

other words, the energy bands are bent, with a maximum band bending gy, at the

interface. For reestablishing charge neutrality or flat band condition at the silicon

surface (Qs), a certain voltage, called flat band voltage, Vgg, should be applied to the

gate: V., :—xQ/gim . As a result, Vg depends both on the density and on the

location of sheet charge Q within the insulator; when Q is next to gate metal Vgg=0,

when Q is located next to the semiconductor, it will lead to a maximum flat band

78



voltage: V,, = —x, Q/¢,, . If there is distribution of charges throughout the insulator

layer of volume density p(x), the corresponding flat band voltage may be obtained

by taking the integral of the relation:

Vig = —foxp(x)dx (4.15)
&

ins 0

(c) fixed positive surface state charge density which is located near
insulator/semiconductor interface in the insulator (within ~ 30 A) and whose energy
levels lie outside of the forbidden badgap of silicon and thus they are permanently
ionized independently from the applied gate voltage V. These charges are
generally positive, their density depend on growth condition, annealing conditions
and silicon orientation. The corresponding flat band voltage will be given by the
relation (4.16)

VFB = _x0 st /gins (416)

with Qs = charges per unit area. The total flat band voltage due to the work function

difference ¢, , ionic charge density p(x) and fixed surface state charge density Qs

1s

can be written as follows:

1 ¢
VFB = ¢ms - ‘xO QSS /gins - J‘xp(‘xy‘x (417)

ins 0

The effect of ionic charge can be considered to be that of an “effective” interface

"
ss !

charge density in addition to the actual value of Qg so that:

" 1 't i " '
QSS = __J.xp(xyx ’ st = st + ss? VFB = ¢ms - xO st /gins (418)

ins 0

d) fast surface states which are located at the insulator/semiconductor interface
due to the interruption of the periodic lattice structure at the surface of a crystal. The
energy levels of these states fall within the silicon band gap, consequently the

probability of occupancy of a level E will depend on the Fermi Dirac distribution:

79



f(E)=1/(1+exp|E - E,. /kT]) (4.19)

As the difference E-Er depends on the band bending magnitude, the occupancy of
E will vary as a function of the gate voltage Vg (fig.4.5-b). These fast surface states
will have more or less effect on the flat band voltage following their charge
sensitivity varying as a function of the gate voltage ( Various sort of insulator and

interface charges are schematically shown in fig. fig.4.5-c).

C/Co

]

le) (b) @

Vg

Fig. 4.7 Capacitance-voltage characteristics of the non-ideal MIS structure.

The capacitance-voltage characteristics of a practical MIS structure is deviated
from the ideal capacitance-voltage characteristics shown in fig.4.7-a by various
factors cited and roughly discussed before: work function difference, insulator
charges and fixed positive surface states will shift parallely the ideal characteristics
along the voltage axis (fig.4.7-b) but the effect of fast surface states will alter the
shape of the C-V curve since the amount of charges in these states depends on the

gate voltage as previously discussed (fig.4.7-c).

These fast surface states apart from their effect of the flat band voltage (dc
effect) can be charged and discharged in response to a gate voltage modulation; as

a result they represent a capacitance component Cg parallel to the depletion

capacitance but the relaxation time (7 = C R, ) of these states is very long and they

respond only at low frequency. The equivalent circuit of the MIS structure including

fast surface state effect is represented in fig.4.8.
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Fig.4.8 Equivalent circuits MIS structure having surface states.

It is remarkable that all C-V curves are shifted toward the negative gate
voltages. From the magnitude of the flatband shift of the C-V curve, the effective

density of interface charges can be determined as discussed in detail before.

4-1-4 Evaluation of Dopants by high frequency C-V Measurement

The ionized dopant impurity profile is obtained by the slope of a (I/Cj,)
versus Vg curve, where C,, is the capacitance measured in depletion at gate bias
V. When an incremental charge density dQg is added to the gate of MIS capacitor,
the depletion layer edge x4 changes an amount of dx4, then the ionized dopant
impurity density at the depletion layer edge, an average distance x4 from the silicon

surface, is N(x4) within dx4 at the depletion layer edge:

dQ, = —qN(x, )dx, (4.20)

Average ionized dopant impurity density around the position x4 can be calculated
from this equation if dQg and dxy are known; dxq can be obtained from the

measured capacitance C, and the gate bias change, dV; that is
dQ.=C dV, (4.21-a)

c'=Cl+C) (4.21-b)

ms

where Cis is the insulator capacitance and Cy is the depletion capacitance (as given

before). The determination dxq can be done

as:dx, = &,4d(1/C,, +1/C,)=¢,4d(1/C,). By equating the relations (4.20) and
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(4.21-a), dQ, =—qN(x,)dx, =CndVe=—gN(x,)e,4d(1/C,) and solving for N(x,)

yields

-1
Nx,)=2 g2 (i)c?) (4.22)
dv,
with the corresponding value of x4 is found by rearranging (4.21-b) as

x, =z e, - ¢l (4.23)

The real distribution of impurities was determined experimentally by this method

(shown below).
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Fig. 4.9 Doping density of Al/p-Si Shottky diode.
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CHAPTER §

DENSITY OF STATES (DOS) AT INSULATOR/SEMICONDCUTOR
INTERFACE OF MIS STRUCTURE

5-1 DOS by Steady State Capacitance (High-Low)

5-1-1 Introduction

Device based techniques such as ac admittance and DLTS measurements
were carried out on MIS structure due to the fact that it is both the backbone of
transistors and powerful tool to study the localized charge distribution at the
interface which plays an important role in electronic applications. At the interface,
inevitable local defects (= interface traps with capture cross section and density)
discussed in chapter 4 exists that alters the properties of MIS capacitor. When the
test signal with a high measuring frequency is applied on the metal side, the charge
carrier exchange between interface traps and the relevant band cannot occur
rapidly, so no contribution occurs to the measured capacitance. On the other hand,
for low frequencies, interface traps has enough time to contribute to the measured
capacitance. Based on the information above, interface trap density can be studied
by comparing the measured capacitances at low and high frequencies, namely
High-Low frequency C-V measurements that proposed first by Castagne and later
used by Castagne and Vapaille [43]. It is a steady state technique and only interface
trap distribution could be obtained via application of mentioned technique. Other
dynamic parameter of interface trap (such as capture cross section) can be obtained

via ac conductance and DLTS techniques (discussed in the next chapter).
5-1-2 Expression of DOS
C-V technique has been powerful tools in the study of MIS structures to

study the electrical properties of interface states. After applying the test signal to

MIS structure, the measured differential capacitance will be C =dQ/dV,, . As long
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as the ac voltage can be considered a ‘ small signal’ (i.e., the current response is
linear with the voltage), the measured capacitance C ;

c_d0 _ do dy,
dv, dy. dv,

(5.1)

Applied gate voltage on the front contact of MIS structures should be counter

balanced by the charges situated at the interface and in the silicon semiconductor.

Qualitatively, O, = —(QS +st)- For a small, infinitestimal change in gate bias, dVg,

d dQ, d
turns the expression as: Q, = 0, dv, . Provided that the measuring frequency
Ve dy, dV;
is low enough, both interface and semiconductor charges can contribute and hence
d dO, + d d
9, _ ©.+0,)dv, =C,. =(C,+C, )i with C, =dQ, /dy, (depletion
dv, dy, dv, Sdr; ) ‘

capacitance) and C, =dQ_ /dy (interface state capacitance), respectively. To

relate the surface band bending, both Gauss’s law and infinitestimal gate bias
changes have to be considered:

dWs — Cins . (52)
dv, C, +C,+C

Then the measured capacitance at low frequency will be

c,+C_)C.
CLF — ( D + ss) ins (53)
C,+C, +C,

mns

On the other side, at high measuring frequency, no contribution comes from Qgg, in

other words, Qss—0, then the above expression turns out to be

c, C,
= _—imD 5.4
HF CD + Cins ( )

Extracting the depletion capacitance from the measured high frequency capacitance
from the relation (5.4) and inserting into eqn.(5.3) yields the interface state

capacitance (Css=0Nss) as;
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Css = qNss = [I/CLF - I/Cins ]_1 - [I/CHF - I/Cins ]_1 (55)

Surface band bending as a function of gate bias could also be determined to
relate interface state distribution in the silicon band gap through low frequency C-V
measurement. Integrating both side of relation (5.2) from flat band voltage towards
to strong accumulation and inversion sides leads to variation of band bending as a

function of gate bias;

[y Cur
AGE (1— o jdVG (5.6)

VFB ns

Then, interface state distribution in the silicon band gap will be
E,—E, =kTIn(N,/n,)+qv, (5.7)

Moreover, the effective interface state density Ngs around the flatband capacitance

Crs can be adopted via the following relation [44]

— "
3gkT dac q (Cins CFB)
dv,

Nss — A—l CFB(Cins — C'FB) Ciis (58)

FB

5-2 DOS by ac Conductance

5-2-1 Introduction

Dispersion of the capacitance can be used to obtain information about the
energy distribution and density of interface states in MIS capacitor. However, the
capacitance technique has severe limitations; especially, the difficulty arises while
extraction of interface state capacitance from the measured one which consists of
insulator capacitance, depletion layer capacitance and interface state capacitance
(see eqn. 5.3 in section 5.1). Fortunately, the above mentioned difficulties does not

apply to the equivalent parallel conductance because conductance arises solely
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from the steady state loss due to the capture and emission of carriers by interface
states. Let us look at the loss phenomenon closely; applied small signal stimulus
consists of positive and negative half cycle; in the first half cycle, valance bands
moves towards the Fermi level, yielding the increase of the average energy of holes
in the silicon. Holes at a higher average energy in the silicon will be captured by
interface states at a lower average energy, resulting in energy loss. On the other
half of the ac signal, conduction band moves towards the Fermi level. Holes in filled
interface states now will be at a higher average energy than in silicon. As holes are
emitted by the interface states into the silicon, they will lose energy again. Thus
there will be an energy loss on both halves of the ac signal and seen as

conductance peaks in the admittance measurement.

The admittance derivation of MIS capacitor is given in Appendix A. This
derivation includes first an hypothetical single energy traps (single level model), then
it is extended to the more realistic distributed energy traps (continuum model), finally

it is completed by Gauss like space distributed traps (statistical model). The

G
expression of the conductance <Gp>/a) (hereafter it is denoted only —% for

w
simplicity throughout the text) corresponding to the last case is resumed below as

the most optimized approach:

® 28 ;

—00

G, _ 49N, (2”0-52 )_ Texp[— 277;2 jexp(— n)ln(l + &7 exp(277))d77 (5.9)

v
where Ny surface state density, 7 =u, —u, (with u, =e "), w = surface band

bending, & =wr, = a)(c N )_l exp(ﬁs) (with c,= majority carrier capture coefficient,

Na= majority doping density), o is the variance of band bending in terms of kT/q.

5-2-2 Experimental Consideration

One should keep in mind that Gp/a) is not a measured quantity directly from

the measured conductance G,, and capacitance C,, which contain also series

resistance Rs (due to both the bulk of silicon and contacts) and insulator
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capacitance Ci,, effect. To get rid of their effect and to extract the Gp/a), the

following equation has to be considered [45-47]:

G, oC2 (G, -wC>R, —R,G?)

—2 = (5.10)
@ (a)zcisn Rs Cm )2 + a)z (C - Cm - Cins RS Gm )2

ins

where R; and Cj,s are determined from the measured capacitance and conductance

in strong accumulation; R, :Gma/(G2 +a)2C2) with G, and C., are the

ma ma

measured values of conductance and capacitance in the accumulation region.

Surface state parameters (density , capture cross section and position in the

energy gap) could be extracted both from Gp/a) vs. Inw or Gp/a) vs. Vg curves,

where the former will be discussed in Nicollian approach and the latter in Brews

approach, respectively. Relation 5.9 gives the conductance as a function of the

frequency with three parameters: Ngs, o,and ¢ which are implicit function of u_ .
Crucial step in conductance analysis is the determination of standard deviation o,
of band bending (us) which is a measure of the width (difference of @, and 5 @, or
115 ®,) of the Gp/a) vs. In® curve at the peak position of frequency (@,)

according to Nicollian’s way [48]:

—0 S

G,/ a’)w ) TeXp[_ ;;J exp(—7)In(1+ &2 exp(277))dn

s

@,/0), TGX{_ ziz ]eXp(_ m)in(1+ &} exp(2n)lin

(5.11)

—00

with n=5 or 1/5 and fp is the maximum value of &. The relation 5.11 is not able to
be solved numerically unless &, as a function of o, is known. Actually, this

variation can be determined by taking the derivative of relation 5.9 as £ a

, , dG,|w
parameter at @, and equating to zero, equivalently, d—p§ =0, then §p

versus o, can be obtained by taking the numerical integration of the relation given

below;
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o 7 ~ 2¢; exp(277) ~ , ~
Iexp[ = Jexp( 77){—1 N ij exp(277) ln(l +<, exp(277)) dn=0 (5.12)

—o0 s

The conductance expression given in 5.9 can also be expressed as

G
— = qNsst (JS‘) (513'8)
w

with f), (as ) = MTexp{— 277022 jexp(— n)ln(l + &7 exp(277))d77 (5.13.b)

Reporting fp as a function of o leads a chance to compute fD(aS) by again
numerical analysis. Moreover, the ratio ( given in 5.11) can also be expressed in
terms of fD(aS) and after a little algebra, the following relation is obtained. This
relation is exclusively o, dependent and it bridges the variable with the

experimentally measurable quantities after numerically solved:
(GP /a))na)

fexp{— 2’;2 ]exp(— n)ln(l + &2 exp(Zf]))d?] — 2@(1/1035pr )W =0 (5.14)

N

—00
p

One should keep in mind that while determination of N

ss 2

r,andc,, the procedure
(given above) is in reversed order. In other words, first, o, has to be determined
and then corresponding fp and fD(O'S) are obtained in Nicollian approach.
Interface trap is calculated via the relation 5.13-a at @, of Gp/a) vs. Inw curve.

Knowing /, (from the relation 5.6 given in section 5.1) leads to 7, and c, easily.

The method (discussed above) involves locating conductance maxima
accurately, which is inherently difficult for broad maxima and is a serious source of

error. Brews pointed out this difficulty [49] and proposed an alternative method

(known as Brews approach) where to find o, the width of G, /a) peak is estimated

which is an arbitrary fraction of G, /a) maximum:

G,/o= (Gp/w)w S (5.15)
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where (Gp /a))w is the maximum value of G, /@ and f, is the chosen fraction of the

width such as 0.3-0.9.

Fig.5.1 Experimental conductance curves width parameter as a function of broadening for

various choices of the fractional value for the width, fw.

In the original work [49], o, is reported as a function of ln(ﬁf*/f’) (where &
would be either frequency or band bending) with various f,( see in fig.5.1). As a
result in Brews approach after determining o, the rest of the procedure is the same

as the previously given Nicollian’s one.

Though the conductance methods is believed to be the most complete method

to probe the interface traps due to its high sensitivity and accuracy, it is extremely

time consuming since Gp/a) vs. Inw or (Vg) family of curves is necessary.

Fortunately, Yadava presented a new method in which Gp/a) vs. (Vi)

measurements at just two frequencies is sufficient [50].In this way, conductance
analysis for rapid characterization of the interface is a simple and straightforward
affair, and the amount of data necessary is substantially reduced. Yadava opposed

the following relation instead of eqn.5.9:

gD, T exp[— aX? - b]
G = 5.16
/ " 2] - a V( [G‘ ” o
“12 2
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2 2
where |X| <1 and a:?(o-f+7[—— ! J,b 2 X—ln(§)=M

4 o13) " oir185 " 200 207

In the last method, Gp/a) values at two frequencies and the two values of band

bending has to be determined. Band bending values, us; and usy (Susi+Au) should

be selected close enough so that o should not vary significantly in between. Using
G, /a) Vs. Us (determined via relation 5.6 as a function of gate bias) curves at two

frequencies o, and w,, o, is obtained by solving the relation below:

1 [1+0.7337|62 +1.637
In(R, /R,)= 0_{ = (a(fl 3 )}Au h{%] (5.17)
s K 2

N

G, /@),

where Rlz:(_r for biases us; and us, respectively. The analytical
’ G /a)
p w,

expression of Ry at band bending ug; is:

1/2
(1 -X,, )05/2 Cos[ﬁX21 }( s )
2 2

R = — expl-a(x?-x2)  (5.18)
(I—XM)U‘/2 Cos[zn}( 2*')
with X, =—ln(wf ) x, - lng‘;f )

s N

Solving the relations 5.17 and 5.18 numerically (by inserting experimental values of

Ri, @, w, and o), it is possible to report 7, as a function of o, . As for interface

state density, it is determined via numerical solution of the eqn. 5.16 once

substituting both Gp/a) at @, and calculated values of 7 ,and o, .

It has to be remembered that though it was an expedient form of Nicollian and
Brews approach, the relation 5.16 is merely approximations to the exact behavior. In
this sense, the results must be accepted as approximations to a full scale

calculation compared to others.
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5-3 Alternative model

5-3-1 Introduction

An alternative explanation for the time constant dispersion was proposed by
Preier, based on a model developed by Heimann and Warfield [51] where the
interface states are supposed to be distributed in three dimensions, extending some
way into the insulator itself, rather than the 2-D picture assumed by SRH statistics
as in the case of statistical model (Appendix A). Thus electrons can tunnel from the
semiconductor into insulator. Preier derived the parallel conductance for surface

states as [52]:

N ]l‘ll’l[l-f- w7 exp(2Kx))’ ] (5.19)
4 o 20Texp 2Kx) '

where d is the effective tunneling distance for carriers, x is the distance in insulator
measured as to interface, K is the wave vector of the carriers inside the insulator
and 7 is defined as the time constant of the states at the interface. The exchange of
carriers between localized states around the interface (= interface states) and the
relevant band of the semiconductor extended states has been interpreted mainly by
both the statistical [48,53] (Appendix A) and tunneling [54] models Both models
have successfully described the experimental broad time constant dispersion of the
interface states (see in fig.5.2); the former introduces a statistical distribution of

interface local charges leading to a fluctuation of semiconductor potential ys which,

in turn, is behind the time constant dispersion [48] through the fluctuation of
interface free carrier density ps (see Appendix A). The latter assumes the exchange
of free carrier by tunneling between the semiconductor band and the localized
states within the insulator more or less distant from the interface, leading to a
spectrum of time constants due to the exponential decay of effective cross section

as a function of tunneling distance x; [51,54].
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Fig. 5.2 Measured Gp/w against frequency with best fit to the (a) statistical model (eqn.5.9),
(b) tunneling model to the same data (eqn. 5.19) [52].

However, under accumulation bias regime, the admittance which is expected to
remain independent of frequency apart from the effect of parasitic series resistance
Rs [48], in agreement with the above mentioned two models, exhibits substantial
frequency dispersion for some dielectrics [55,56]. For a bit more clarity, MIS
structure under the accumulation bias regime may be considered equivalent to a
metal-insulator-metal( = MIM ) structure [57]

%
Sl= 5l + CG - j (SP)dx + Aj(l—wj d(é‘p)dx, (5.20)

where the first term &1, is the particle current (eventual dc leakage), the second
term represents the displacement current (which would flow if there were no
material present (Cg= geometrical capacitance= ¢ A/W with & = dielectric constant,
A= electrode area, W= insulator width); the third term accounts for the polarization
phenomena which are the characteristic of the neutral insulator material itself (P=
polarization which would be behind the frequency dependence of the dielectric
constant ) [57]; and the fourth term would arise from the space regions of charge

density, p generally located near interfaces.
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An eventual frequency dependence of the MIS admittance resulting from the

1
dc leakage should vary as — which would be easily tested. For the case of
0]

dielectric dispersion, it is observable either at high temperature or very low
frequency measurements [56,58-60]. A possible factor behind the frequency
dispersion of accumulation admittance would be due to the last term given in the
relation (5.20). A serious attempt of model, based on the tunneling mechanism has
been tried to account for the mentioned frequency dispersion [61]. Let us outline this
model [45-47,62].

5-3-2 Theoretical Outline

The accumulation bias on the MIS structure will permit pile up of majority
carriers at the interface in the semiconductor if the insulator is relatively resistant
and free of pinholes, preventing the accumulated carriers from leaking off through
the insulator. However, the exchange of carriers by tunneling between the
accumulation region in the relevant band edge and the traps inside the insulator at
the same energy is unavoidable. This depicted in Fig 5.3-a using the energy band
diagram of the MIS capacitor biased in accumulation. This tunneling transition
through a finite height energy barrier has been treated in detail [51]. The wave

function ¢@(x) of the penetrating carrier along the relevant band edge energy is

0 X . . ) 2mU
where ¢, = amplitude at the interface, and K| = 2

with U= amount of band discontinuity between the semiconductor and the insulator.

expressed as @(x)=gp,e™

On the other hand, t,"(=number of collisions that a free carrier might have with
empty traps of density n; in unit time) is expressed as z'p’l = opvnt Where v =
carrier group velocity (which may be taken as thermal velocity), o, = capture cross

sectional area. Moreover, the probability of a carrier impinging upon the insulator at
the interface to be around the depth, x (between x and x+dx) is obtained by

]2 — e XX

lpx)/ @,
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Fig.5.3 Representation of an electron in the bottom of the conduction band incident upon a

potential barrier representing an insulator

In other words, a trap of capture cross section o, located in the insulator at a

distance x from the interface may be viewed by a carrier at the interface as an
effective interface trap with a “reduced” capture cross section o, by a factor

e Ko X

o, =0, e %, (5.20)

Let us consider the incremental effective density of interface states dNg, “projected”
from the insulator traps located around the both average position x from the
interface and energy E; between x/(x+dx) and E/(E{+dE,) respectively. Assuming the
exchange of carriers with the majority band only, the occupation rate of these

effective interface states may be expressed as :

t
d dn o
a(dnss) =— +0, Vp AN ; dn(t)=(1- f)sts(l— e C] , (5.21)
where f = Fermi-Dirac distribution for electrons = Ij: with ps = free carrier
pl ps
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-1 -2Kx
7, €

concentration (here holes) at the interface, p, =N e "' T and 7' = S

with 7o = [0prs]71 = capture time for holes at the interface.

dn,(o0) = (1- AN, = N, (x,E,)[1 - f(E)]g(x, E, )JdxdE: » Ny(1-f)dxdE,, (5.22)

where N, (x,E,)= space and energy distribution of insulator trap density; g(x,E:)

gives the spatial deviation of trap occupancy from equilibrium value, depending on
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G
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—__— Y=G+j

(d)

Fig.5.4 The schematic energy band diagram in accumulation bias regime (a) and in

depletion bias regime (b) and their equivalent circuits (c) and (d), respectively.

95



the gate voltage application, all traps into a certain distance x; may reach equilibrium
[51]; in other words g(x,E;) abruptly changes from 1 to 0 at the position x= x;.
As a result the total effective density of the interface states at a given gate bias Vg

at thermal equilibrium may be approximated as follows:

Xt Ec

ne = [ [N(1-1) dxdE: |, (5.23)

0 Ev
with Ec and E, being conduction and valance band edges of the insulator

respectively.

As the distribution of the electric field (by the way the gate voltage Vg) affects any
energy level E; lying across the insulator forbidden gap with respect to the
semiconductor Fermi level Eg, the effective density of states Ngs is gate voltage
dependent. When the gate voltage is incrementally changed from Vg to Vg + 6Vg ,by
using the relations (5.21) and (5.22), the resulting first order incremental dynamical
change of the effective density of states around the couple (x,E;) may be expressed

as .

i _ 5(dnss) ONss
" {&{dns()]} = — oy (5.24)

If 3Vg is a step like perturbation, the equilibrium modulation becomes :

Sdns(0)] = - N éf/f 6V dEdx .
G

If  8Vo(t) (= ae’) is a small signal ac modulation type,

%{5[dnss(t)]} - jw5[dnss(t)] leads to :

OINWdEdx
5[(1[155] = d[é‘nss] = 1+ ja)z‘g(l _ DGZKOX , (525)
Snss I FI St N:dE:dx (5.26)
§VG_0EV5VG1+j(()TO(l-f)CzKOX '

Assuming N; independent of x, the above relation (5.23) takes the following form :
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Ec
ne=x [Ne(1-H) dE: = xino (5.27)

Ev

Ec
with nw = th(l— f) dE: gives the uniform trap density per unit volume. In light of

Ev
this approximation, the potential distribution i (x) across the insulator between x= 0

(interface) x = x; may be derived as follows:

(x)= qni Ot Ve-y, - vy, .. qni
2&x Xx - Xt En

dy (x) _ﬁ[i Xt 2} dns  x dE«(x)

XX+ y,, (5.28)

(5.29)

= —+ = s
dVe  2én dVe  xx qdVe

Xt XN

where ey = insulator dielectric constant, xy = insulator thickness, s = potential at

x =0 (interface). For the potential v, atx = x:, it has the following expression:

qnss Xt Xt
W= - x| |-— [+ — (Ve -), (5.30)
2&x XN XN
o on Q
i:_&(l_i]_mﬁ{lﬁ_q (5.31)
oV 2¢&y X,/ OV; xXx| OVe

The measured admittance Y, of the MIS structure at hand is defined as follows:

(&QG) {éQG éVG}
N/ (oVe ot ] . Re
Ym= Vo Vo =jo Vo (5.32)

From Gauss law :

Qo ={Q, +Q,| =6\, = & (Vo -wi-v.) , (5.33)

XN — Xy

where Q; and Qs are charge densities per unit area of the insulator and the

semiconductor, respectively.

d
Using the relations (5.31) and (5.33), d(\QIG may be expressed as follows :
G
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on o
&G _g_N|:1+ th ss l//s:| (534)

oV Xy 28, O0Vg - oV

From now on, the accumulation and the depletion bias regimes should be analyzed

separately in order to be able to consider simplifying assumptions.
5-3-3. Accumulation Bias Regime

Taking into account the slight variation of the interface potential y, as a function the

gate bias Vg in the accumulation regime [48], the relation (5.34) simplified by

S

oVa

neglecting

(5.35)

&QG - &N |:1 % é'nss}
é\/G XN '

—| 1+
2& 6VG
For further development of the above relation let us consider the relation (5.26)

&ISS
giving W In this relation of is sharply peaked function within a range of around
G

the interface energy defined by the Fermi level which in turn, is fixed by the dc gate
bias V. Provided that N; is nearly constant in this range of energy (otherwise it may
be replaced by its average value), it may be taken out of the integral in the case of

spatial uniformity as assumed previously and the relation (5.26) becomes

Onss NTdEtId ,NTdEt Ld (5.36-a)
- N - .36-a

oV » dVa el tOdVG 2
T _j- df tan'l[a)ro eZKOX] 5 36.5
wi 1= 1 1+ @ 1o’ (1— f)2e™®X T XX (5.36-b)
. _[ o (1-f) ™™ df In[1+ @’ro* e*] (5.36-C)
= =— .36-C

’ 1+ @ o’ (1-1)° X 2070™%

dE
Replacing ? in the relation (5.36-a) by its expression (5.29) in accumulation
G

_ (51//s 0) Ohss b
expression (—— = , <. becomes :
P oVa oVa
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- NtT q [T - jk]dx
= o . (5.37)

Xt 2
1+ N { o {; +;‘;—2}[1] - jD]dx

&ISS
oVa

It can be practically carried out that the second term of the denominator in the above

expression is negligible and then it is reduced to the following form: this

dE X
approximation is equivalent [61] to take ? = _a2 by omitting the first term in the
G XN

relation (5.29):
5nss th N th i

Pl Ixhdx-j " jxlzdx. (5.38)
N 0 N 0

Reporting the expression (5.35) and (5.38) into (5.32), the admittance Y, of the MIS

structure under accumulation bias becomes Fig 5.3-.c

Y= jo(Cx +Co) + G, (5.39-a)

with Cx =2 (5.39-b)
XN

Xt

o= qZNtXt.[ X tan'l[a)ro eZK"X]dX

, 5.39-c
2xn* . 7o ™% ( )
Gt q°Nx: [ X ln[l +w’ro” ™ ]
— = dx . 5.39d
®  2x’ J; Qw70 XX ( )

The relations (5.39-c) and (5.39-d) have been further simplified in the reference [61]

dE X
and their analytical forms have been obtained by taking for ﬁ(z _q_j between
G XN

gxt
x=0 and x= x;, the average value — )
XN

and then the following expressions may be

obtained

qut Xt ?
Ct:% -~ v, (5.40 -a)
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Gt qut [ Xt)2
— = — , 5.40 -b
[0] 8K0 XN ﬁ ( )
tan"(wro) tan'(u) 1. (1+w’r®) 1. |1+’
y = - +—In| —5——|-=In|——|| , (5.40 -c)
@70 u 2 0 7To 2 u
In(1+u? In(1+ w?70*
B=|tan"'(u) —M —tan" (w70) +M , (5.40 -d)
2u 2w7o

with u = wroe*™™.

5-3-4 Depletion Bias Regime

Under the depletion bias regime, the direct tunneling of carriers from interface into
the insulator traps seems rather difficult [52,63,64] due to the absence of
accumulated carriers at the interface. Instead of direct tunneling, a two step
mechanism are expected [52] shown in Fig.5.4-b. In the first step, true interface
traps (i.e., traps located at the interface plane without extension into the insulator)
exchange carriers with the majority band by the well known Shockley - Read - Hall
(SRH) statistics. As mentioned in the reference [52], any exchange of carriers
between the insulator and the semiconductor without communication with the
electrodes could not contribute to the measured admittance. In this respect, the
admittance detects the tunneling process which is interconnected with the SRH
process. In other words, a carrier exchanged by a true interface trap by SRH
process can move towards the traps distributed inside the insulator by tunneling,
leaving behind the previous true interface trap empty, ready for a new cycle by SRH
process. Here the tunneling process contributes to the admittance by increasing the
exchange rate of SRH process alone. This extra charging/discharging leads to a
parallel admittance Y. to the one Y; associated with the SRH process alone
Fig.5.4.d. The corresponding time constants tss and t; of these two independent
parallel process should be close to each other for simultaneous contribution;

moreover in order to the loss phenomenon behind the admittance occurs, the

inequality te(= 70e™™)

>t should be satisfied [52]. The well known expression of
the admittance Y = G + jw C;; resulting from the SRH process alone [48] is given

as follows:
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qut, s -1 G it qut, s
tan [a)ru] ;T =
OT o 20

Cit =

In[1+(@n)’] (5.41)

For revising the evaluation of tunneling connected admittance, Y [54,65], let us

éhtb (_ éhss
= Xt SV

return back to the expression (5.34). In this relation, j which is

oWG
substantially reduced in depletion due to the very low surface density ps of available

oWs
majority carriers, may be neglected in presence of the term containing Wl// this
G

latter being around its maximum values under depletion regime. Then, the relation
(5.34) becomes:

~

AQa & (1 %)
oVa XN

~ — 42
oVa (5.42)

On the other side, in relation (5.33), neglecting &Q:, the gate charge modulation
(AXa ) is counter balanced by (—&)Qs) where both interface charges (dQs) and
depletion regime edge (JQp ) contribute to the semiconductor charge modulation. In

this case the relation (5.32) becomes :

dl//v &255 ONss
Yn=Y;s ith Ys=-jaCp + Yss d Y=+ =—] .(5.43
Ve wi ]Cp an @ e Jjoq S ( )
oy . .
From the above expressions W ratio may be easily obtained:
G
oy JaCy

SV jaCs+ jaCo+ Yo

The MIS admittance, Y,, is the series combination of insulator capacitance with the
semiconductor admittance Y, Fig.5.4-d
1 1

Yo' = + : 5.44
jaCx  jaCo+Yss (544)
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Using relation (5.25), (5.26), (5.40-c) and (5.40-d) and considering thatoE, = —qoy_,

SS

the expression of may be obtained :

Ws
51'135 X‘ . N th th
= —gN¢| Lidx + jgN| Ldx = - : 5.45
Sy~ llx jq tlzx ! " P (5.45)
Replacing (5.45) into (5.43), Yss becomes :
2 2
. . q Nt Gss q Nt
YSS = CSS + GSS th CSS = d = . 5.46
1@ W 2Ko 7 an 0] 2Ko P ( )

5.4-Sample preparation and measuring equipment

Both a-SiCx:H and a-SiNx:H thin film studied in this work were deposited by
the standard radio frequency (13.56 MHz) plasma enhanced chemical vapor
deposition (PECVD) technique on two different substrates: Czochralski (CZ) grown,
100 oriented p-type silicon wafers of resistivity 12-18 Qcm for both MIS structure
and IR analysis, and transparent quartz substrate for UV-Visible transmission
measurements. Prior to loading into deposition chamber, substrates were cleaned
by RCA process (discussed in section 3.6.1). After the substrates were loaded,
PECVD chamber was pumped down below 10* Torr, and then in situ cleaning
process with 100 ccm hydrogen flow for 5 minutes was applied at 0.1 Torr.
Subsequently, the deposition of a-SiCx:H and a-SiNx:H films were achieved with the
parameters given in table2.5.1. The chamber pressure was kept at 0.5 (0.3) Torr for
a-SiCx:H (a-SiNx:H) film; RF power density of 100 mWcm™? and 60 mWcm™ were
used for cleaning and deposition process, respectively. The deposition rate was
measured to be around 11 nm/min. For top electrode, aluminum metal (Al) was
evaporated through a shadow mask on various substrate to obtain MIM (or MSM)
and MIS structure (see fig.5.5 below). The same Al electrode was evaporated on
bare silicon wafer for p-Si Schottky diode, used for the determination of dopant

density in silicon substrate

5.4.1 Metalization

Metal electrodes on the deposited films are needed for the electric

measurements as front and back contact. Hence, the deposited films must be
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coated with metal (typically, aluminum (Al)) electrodes. Aluminum coating set up is

schematically given in the figure 5.5 and principle of operation is given elsewhere

[46].

]
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Liquid nitrogen
t = O
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Cooling waterg SN 8 Back pumping ‘
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Rotary pump
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Fig. 5.5 Metal coating set up

(a) (b)
Cromium(Cr)

.
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(a-SiNx:H or a-SiCx:H)

Electrode —————7
(A1) 7 / J

00 O
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Fig.5.6 Formation of : Shottky diode (a), Metal-Insulator-Metal (MIM) (b) and Metal-Insulator-

Semiconductor (MIS) structures (c), respectively.
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In the light of discussion above, a-SiCx:H and a-SiNx:H films were grown on Si

substrates; the deposition conditions reported in the table 5.1.

Table 5.1. Growth conditions for both a-SiCx:H and a-SiNx:H films.

Subs SiH C.H Deposition i
Press. . : ¢ (N2H 4) RF Power 2 . Thick.
emp. ow ate
(Torr) P ° mW cm™ _ (A)
(C) (ccm) (ccm) (nm/min.)
A 1000-
0.5 250 30 30 60 11
(aSiCx:H) 1200
B
0.5 300 6 54 60 11 4500
(a-SiCx:H)
C
0.3 300 3 36 45 - 3000
(a-SiNx:H)
D
(a-SiNx:H) 0.3 300 3 36 45 - 5000

5-5 Results and Discussion

Gm
Examples of both the capacitance (C,,) and the ac conductance (—) as a
0]

function of gate bias V¢ for various frequencies are given in the figure 5.7. The most
remarkable behavior to be noticed on these curves is the frequency dependence
along all the bias regimes (extended from the accumulation to the inversion) for
frequencies that might be qualified as “high frequencies” apart from the expected
exclusive frequency dependence of the conventional MIS structure in the inversion
regime[48]. First, the shift of C, vs. Vg curves along the voltage axis as a function of
frequencies is reported in the figure 5.7-b as flatband voltage Vg vs. logf. The
perfect linearity (Ves = -11.5-0.12logf ) is consistent with the tunneling model where
the time constant is exponentially penetration dependent as discussed in the
Section 5.3.2.
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Fig.5.7 (a) Measured capacitance (solid line) and conductance (dashed line) vs. gate voltage
at different frequencies of Cr/a-SiNx:H/p-Si MIS structure. (b) Flat band voltage shift (circle)
( the line represent logarithmic fit) and interface trap density calculated at flat band (triangle)

versus frequency.

In other words, at a given frequency, all traps possessing time constants smaller
than the inverse of frequency follow the ac gate voltage modulation 6Vc to maintain
their charge state under the requirement of the equilibrium. This defines a
corresponding flat band voltage. If the frequency is increased, part of previous traps
with slower time constants could not follow the ac perturbation and then they will
stay charged contributing in their turn to the increase of Vgg. However, the frequency
modulation of the Vgg should remain limited since only those traps whose energy
levels lie around the Fermi level and then whose charge state is able to be modified
by the gate voltage modulation are involved. The main part of Vgg is due to charged
traps remaining out of the voltage modulation scope. The relatively large value of
Ves (> -13 V) is a consequence of several hours aging under a voltage stress of -20
V: free holes accumulated at the semiconductor/insulator interface are possibly
infected by tunneling into the traps in the insulator [66-68]. (These charges might be
redistributed within the insulator, probably by hopping mechanism [69]). On the
same figure 5.7-b, the effective interface state density D; calculated around flatband

capacitance Crg by the relation (5.8) [44]:
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Taking into account the extreme roughness of this Dy calculation at a single
point, its overall variation as a function of frequency may be considered consistent
with that of Vgs. This is in agreement with the fact that Ve is the gate voltage

applied to counterbalance the effect of the insulator fixed charges (Qf) and the

Ws
effective interface charges Q (=qJ.Dndl//s) on the semiconductor potential
0

distribution [48]:

r + Qi
VrB = -M. (5.47)
Cn
Both Veg and Dy variation as a function of frequency should be resulted from the
second term of the above relation (5.47). This may be accepted as a “one more”

confirmation of tunneling model.

The frequency dispersion of measured accumulation capacitance (Cs) and
measured series resistance (Rns) along with the best fits (solid lines) using tunneling
model outlined in section 5.3.2 is given in figure 5.8.a C,;s and Rs are related to the
fitting parameters ( N¢, %) through (see figure 5.8)

Gtz

Cns=(Cn+C —_—,
(Cx t)+w2(cN+ct)

(5.48-a)

Gt
Rms = Rs + 548-b
G’ +@*(Cn+C)° ( )

In the fitting procedure, the minimization routine of Matlab [70] based on the
algorithm of Nelder-Meade simplex search method has been used. In the
calculations, Ko= 0.64 x 108 cm™ [14] for SisN4 and 1o = 107" sec (estimated from

relaxation time constant for Si in accumulation [48]) was used.
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Fig.5.8 (a) Measured accumulation capacitance (circle) and equivalent series resistance
(triangle) vs. frequency with the best fit (solid lines) obtained from tunneling model.
Percentage erros in measured C,s and Ry are 0.5 % and 1 %, respectively.(b) (Ni, X

solution set giving same best fit to C,,s and R,s with various equations.

The solution is not unique and the solution set (N, x;) giving the best fit to the same
experimental results of figure 5.8-a is reported in the figure 5.8-b by using the
integral equations (5.39-c, 5.39-d), and analytical expressions (5.40-a, 5.40-b) for C;
and G;. Apart from the unacceptably high value of N; for lowest tunneling distance x;,
a decreasing N; seems to be compensated by an increasing x;in order to lead to the
same admittance effect. Also, note that the result due to integral and analytical
expressions diverges with increasing x;. Furthermore, we should draw attention that
when the factor xy/2xy is omitted as in the work of some authors [61,63,71], N; for a
given x; is about two orders of magnitude smaller. To clarify this point, figure 5.8
from reference [61] has been retrieved and the best fit to the measured C,,s and R
has been obtained with N, : 1.46 x 10%, 1.8 x 10%°, 3.09 x 10", 2.51 x 10" cmeV"
by using eq. (5.39-c, 5.39-d), eq .(5.40-a, 5.40-b), eq .(15-a, 15-b) of ref.[61] and eq
(5,6) of ref.[63] respectively for given x,;= 12 A and o= 10 sec.
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Fig. 5.9 a) Experimental G/w versus frequency in depletion at Vg=-12.8 V with the best fits
obtained from tunneling model by neglecting (dotted line) and including (solid lines) SRH term.
b) Energy distribution of interface trap density and c) capture cross section obtained by different
models/techniques. d) standard deviation versus surface band bending from statistical approach
of conductance technique in comparison with Brews's and patchwork models.
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G
Figure 5.7 shows a measured a.c conductance vs. frequency (—p vs f) (after series
w

resistance corrected and insulator capacitance compensated) in depletion at Vg= -
12.8 V. A best fit (dotted curve) is performed using the relation (5.46) of the
tunneling model alone with the fitting parameters N;, x;, and 1. Ny = 4.37 x10"® cm™-
eV’ x = 5.2 A and 1 = 2.27 x 10™ seconds have been obtained. The quality of
fitting seems not excellent; since around the maximum and towards the low
frequency side, the experimental point remain slightly above the tunneling curve.
The combination of the SRH term (relation 5.41) with the tunneling one gives a more

accurate result (solid lines), i.e.,

(5.49)

Table 5.2 Fitting parameters of experimental (Gp/w - f) with the tunneling model with
SRH recombination.

SRH Term Tunneling term

10 6 18 - -4
Volv) | EcEueV) | el | 0 NS BT |
-13.16 0.279 3.03 1.65 3.63 5.56 1.14
-13.0 0.286 2.78 2.88 3.57 5.69 1.71
-12.9 0.294 2.16 4.68 3.73 5.40 1.69
-12.8 0.303 2.35 5.40 3.52 5.99 4.44
-12.7 0.312 1.16 1.18 3.93 5.37 3.26
-12.6 0.322 3.44 1.20 4.09 4.28 1.20
-12.5 0.324 4.24 1.22 3.86 4.13 1.22

The fitting parameters at some gate voltages in depletion is given in table 5.2, by
which the energy distribution of the interface trap density Dit= Dic+ Nix: has been
given in figure 5.8.b in comparison with the statistical model and High-Low
frequency C-V method. In the statistical model, the equivalent parallel conductance

is given by[48];

Gt - ]‘O qD« ln[1+ (a)ﬁt)z]P(VS)dVS , (5.50)

; 207
where P(vs)dvs is a Gaussian probability function, and interface trap parameters are

extracted either by using the ratio of the measured Gp /co at 5xfpeax to that at fieax



(Nicollians’s approach) or by using the width of the measured Gp/a) at some

fraction with respect to the peak position (Brews'’s approach) [49].

Although D; from High-Low C-V method is a little bit higher, due perhaps to a
systematical error resulting from the difference between high and low frequency
capacitance (since high frequency capacitance might be slightly over corrected from
the series resistance effect), the results seem to be consistent among each other.
From the energy distribution of the capture cross section (op) obtained from the
statistical model, (figure 5.9.c), an average value of 10™'® cm? is thought to be
acceptable and consistent with a neutral trap.

The experimentally determined standard deviation o= of the statistical model

as a function of surface band bending g is given in the figure 5.9.d One of the

following mathematical models which describe the dependence of os on several

device parameters was developed by Brews [ 72]:
2 2
5 q q(Qf + Qit) ( &i+ & j 5
5 = In| 1+ A, (6.51
> |:kT(€si + 8\)} 4 f Cn+Cp+q°Di ( )

where A is the minimum wavelength of interface charge inhomogenities. This

Brew’s expression is fitted to the experimental values; the best fit gives A as 52 A

which is the within the limit of the suggested interval [72].

Another analytical expression for os was developed by Nicollian-Goetzberger
[48,72]. This so called patchwork or quasi-uniform model provides an expression of

os as follows:
Os :%Gg(cN"‘CD"'quit)_], (5.52)

where the overall MIS structure is approximated by an array of elementary
capacitors with equal characteristic area o, and each capacitor possesses a uniform
surface potential and a uniform effective interface charge density Qn= Qs+ Q. Here
Qu presents a Gaussian distribution around the average value Qx with the standard

1

On)2
deviation op = (%} .This expression of o: is equally fitted to the experimental
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values and the result (obtained for a= 6.6 x 107° cm?) is reported on the same figure

5.9.d as comparison. Although both approaches correctly reflect the slight us

dependence of os , the patchwork model seems much more acceptable to cover the

rather dispersed experimental values.
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CHAPTER 6

HOPPING TRANSPORT ASSESSED BY ADMITTANCE
6.1 Introduction

Though (as mentioned before) amorphous silicon based thin film transistor
technology has increasing number of appli cations in the market, this structure
exhibits a serious instability problem when used in dc mode at prolonged gate
voltage bias stress, interpreted by two basic mechanisms: progress of trapped
charges across the gate insulator due to the charge injection [69,73-76] or
alternatively a slow process of metastable state creation in the semiconductor side,
consisting of weak Si-Si bond breaking [76-83] (discussed in chapter 2). For a-Si:H
TFTs, the two mechanism, more or less, might contribute to the instability
phenomena [11] and manifest themselves as a shift of both on/off voltage (i.e.,
threshold voltage) of TFTs and the flatband voltage of the MIS capacitors under

stress.

The creation of metastable defects or states can be provoked by a variety of
means including illumination [84], current [85,86], electric field [87], doping [88] and
rapid thermal quenching [89]. However, throughout this work, defects created by
constant bias stress (electric field) was studied. In other words, a bias is applied to
the top contact of MIS capacitor at low temperatures (< 100 °C) for long periods of
time (> 10* sec.). It is a unipolar stress as only electrons (positive bias stress) or
holes (negative bias stress) are present. In H-diffusion model (outlined in Appendix
C), the difference between reference voltage and applied gate bias can be related to
the band tail carrier density through: Nt=C;,s AV. Assuming no charge injection, the
increasing number of dangling bonds is related to the shift in reference voltage (will

be discussed in detail in section 6.2):
ANT(t):NT(t)_NT(O):Cins(V(t)_V(O)) (6.1)

Inserting this relation into (C.4) yields the streched exponential relation;
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AV, = AV(0)exp|- (/7Y | (6.2)

14

with AV

s 1S the experimentally observed reference voltage shift under the gate

bias stress and AV(O) is the reference voltage value just at the turn on time of bias

stress. The effect of negative bias stress on PECVD grown a-SiCx:H/c-Si structure
was given as a function of time and temperature. There is a perfect agreement of

this time evolution with the H-diffusion model (illustrated in Appendix C in fig.C.2).

Although H-diffusion model (proposed by Jackson and coworkers) [82,83]
seems satisfactory, more recent investigations [89-92] have pointed out that the
metastable defect creation mechanism can hardly accounts the observed time
evolution or instabilities on a-SiNx:H/a-Si:H TFTs. In addition, Hickmott [93] has
observed similar phenomenon in doped poly-crystalline silicon/thermal SiO,/c-Si
structures where hydrogen can not be present due to high temperature process
(above 1000 °C). Therefore, a charge carrier injection model should be considered
seriously; for this respect in order to avoid the ambiguity between two amorphous
material (a-Si:H/a-SiNx:H or a-Si:H/a-SiCx:H), a single film a-SiNx:H or a-SiCx:H
alone may be deposited on crystalline silicon to find out the role of carrier injection
and related mechanism(s) behind the instability of MIS capacitor.From now on, a-
SiCx:H and a-SiNx:H films will be designated by a-SiN(C)x:H and an eventual
discussion is valid for both of them. Specifically a derivation/discussion on dc
hopping mechanism will be carried out within nitrogen and carbon rich a-SiN( C)x:H
films through MIS structure in section 6.2. Moreover, this proposed model for a-SiN
(C)x:H based MIS structure will be extended to ac hopping for a slightly carbon rich
a-SiCx:H thin film in section 6.4.

6.2 Charge Injection : dc hopping
6.2.1 The frame of the ac capacitance Measurements

The frequency dependence of the a-SiNx:H film based MIS structure was
already investigated in Chapter 5 [62]. An hypothetical charge injection and eventual

frequency dependence of the MIS (a-SiNx:H and a-SiCx:H as insulator) structure at
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hand for both accumulation and inversion gate voltage regime are schematically
illustrated together with the corresponding equivalent ac circuits in the fig.6.1. The
bias and thermal stress induced shifts of the C-V as a function of time were carried
out and given in the fig.6.3. The C-V curves illustrated in fig 6.2 clearly point out that
in the horizontal shift of the C-V characteristic, ‘d.c’ and ‘a.c’ contributions coexist.In
other words, a charge modulation 6Qg on the gate, produces equal amount of
opposite charges 5Qs=8Qr + 6Qa (+ 0 Qss) located at the distance di-x; (within a-SiN(
C)x:H film, here x; is assumed as the average distance from the Si interface along
which the injected charges might be extended), d, (a-SiN( C)x:H/p-Si interface), and
d, + dp (edge of the depletion region within p-Si substrate for a-SiCx:H films only),
respectively. The modulation of Qr (and Qg for a-SiCx:H film) is thought a slow

phenomenon.

modulation S ks

Iowfreq./l\highw—, ‘
QA%;T‘H‘J A e

>

q %

ac Charge Modulation

: &)
G R 3
— R Co X R
e
C :
ac Equivalent drauit

Fig.6.1 Schematic charge injection and resulting ac modulation
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Fig.6.2 Typical example of C-V and G-V curves exhibiting the substantial frequency
dependence of the Cr/a-SiNx:H/cryst. p-Si MIS structure. The inset shows the frequency
dependence f(kHz) of half height Vyu(V) in MIS structure. Also, admittance vs. gate voltage
curves of the carbon rich a-SiCx:H based MIS structure as a function of a.c gate voltage
modulation frequency were given in (b,c). In addition, insulator capacitance is confirmed via
C-V measurement on MIM (Cr/a-SiCx:H/Cr) structure, given in (b).
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Fig.6.3 (a) Admittance vs gate voltage measurements under accumulating/inverting gate
bias stress (-/+ 50 V) on Al/a-SiCx:H/p- Si MIS structure subjected to differing charge
injection situation : (0) virgin, (1) holes, (2) electrons, (3) holes, (4) electrons, respectively.
Note that the C,G vs V curves initially shift to the left, implying the trapping of holes,
whereas for positive gate bias stress, the curves move to the right. Finally, the curves are
returned roughly to its original state for -/+ 50 V bias stress again with no change in slope,
indicating that no interface states in the lower part of the band gap are created. (b)
enhanced effects of the temperature on the admittance vs gate voltage curves at -/+ 50 V
bias stress for about 3 hours. Notice that 0,1 and 2 stands for +50V gate bias stress at
temperatures 300,350 and 375 K, respectively whereas 3 and 4 represent -50 V gate bias
stress for the temperatures 350 and 375 K.

Furthermore, as Q; has a spatial dependence, both the amount of modulation and its

space location are frequency dependent (see fig.6.1). In accumulation (and

inversion), all components of 60, [: 00, + 0, (+ o0, )] are located near interface,
except 60, which is lying more or less within the film at the average distance x,,

leading to more or less frequency dependence of accumulation (or inversion)

capacitance respectively [62]. If ;—t<<1, this frequency dependence may remains
1
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below the detectability limit as it is the case in a-SiCx:H film. However, it seems
cautious to use the highest frequency available for evaluating the film thickness

through capacitance measurement at accumulation.

For investigation of the injected charges into the dielectric film, the apparent
C-V shift due to the a.c effect, should be avoided in the case of dc hopping case by
selecting a measurement frequency high enough, avoiding the response from the
position x;, and leading to a conventional MIS capacitor behaviour. Consequently,
the capacitances (C-V) of the sample was measured by a capacitance meter of 1
MHz measurement frequency at 350 mV/sec as gate voltage sweep rate. Typical C-
V curves are given in fig. 6.4-a,b. They point out the extreme sensitivity of the
structure both to an half an hour positive and negative bias stress application for
various temperatures (uncertainty ~ 2 K) and for either gate voltage sweep direction
at 20 V and at —30 V corresponding respectively to free electron and free hole
accumulation at the interface of the silicon substrate. A priori, the observed shift of
the the C-V curve might be due to the injection of charge carriers from both gate
electrode and the silicon sides. However, it is known that a given voltage shift AV of
the C-V curve may be expressed as the first moment of the bulk trapped charges,

i.e., the product of injected total charge amount Qr through unit area by the moment

Orx

X _

=M with x,, = 2—,
Ey T

arm (or centroid of trapped charges) xu(=d-x;): AV =

dl
where Q, = Jp(x)dx, d, the insulator thickness and xy are measured from the gate
0

interface. In this respect, the gate side injection would lead to relatively negligible C-
V shift since xy remains smaller than d, (xy<<d,) within the previously mentioned
time interval. Consequently, throughout this work an injection from the silicon
substrate has been assumed. The evolution of charge trapping both in temperature
and in time may be either interface limited (Fowler-Nordheim tunneling by the
gradual change of interface electric field through an eventual build up of trapped
space charge) or bulk limited due to the ‘hard’ mobility of trapped charges

throughout the insulator.
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Fig 6.4. (a) Effects of the temperature on the C-V curves for both negative and positive
stress gate voltages, (b) Effect of gate voltage sweep direction on the C-V curve: 1 and 2

represent (+) to (-) and reverse directions, respectively.
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6.2.2 Kinetics of charge injection under thermal and bias stresses

For investigating charge behaviors under bias and temperature stresses, the
following procedure was applied as given in the following flowchart diagram. First,
initial C-V curve was taken and fitted to cubic spline, half height voltage value
between accumulation and inversion capacitances was determined, denoted by Vyy
in the text, due to practical reason instead of commonly used flatband voltage, V.
The corresponding capacitance value Cyy is used for determination of the whole C-
V curve along the voltage axis, indicating the amount of fixed charges in the a-SiN(
C)x:H. Then, sample is kept biased in accumulation for a given period at a
temperature T. At time t=t;, interrupting the stress, a capacitance was measured by
applying previously determined Vyy and then the resulted C-V curve is fitted to cubic
spline regression approach and the corresponding new Vyy(t;) is obtained within a
predetermined uncertainty in less than 0.25 sec. and the process is continued till it is

stopped by the experimenter.

[Measure initial C versus V curve

[Find voltage V correspind to reference capacitance, C|

[Fit C-V curve with cubic spline]

[Apply stress to sample]

Apply V
———— .
Measure Capacitance C -
@ait time delai
s C=Cref( within imits 1 %72 A
[Compute new V using spline and C] Record V and time]
End of data=z

v

End

Fig. 6.5 Flowchart depicting the sequence of measurements for the rapid determination of C-

V curve position along the voltage bias axis at a given date.
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For achieving these tedious and time consuming experimental sequences, a

LABVIEW program was developed to determine C-V voltage shifts vs. gate voltage

stressing time[AVHH (tl.)]. After completing this task, final C-V is measured from

accumulating to inverting gate voltages for carrying out the stress effects shown in
fig.6.3 for each stress cycle. The mentioned time evolution cycle was similarly
repeated for inverting gate bias stress, immediately after taking initial C-V curve by
sweeping the voltage from accumulating to inverting side. The whole cycle was

resumed for different temperatures

In addition to the above described capacitance kinetics, the d.c current
versus time measurements (I(t)) were carried out on the same sample in order to
guess the microscopic charge transport mechanism(s) or limitation(s). The
measured I(t) curves under both accumulation (negative gate voltages) and
inversion all exhibit a discernible time decay after the first few seconds and they

tend to saturate for t beyond 10 hours (fig.6.6). The corrected current decays seem
proportional to t@ ) with 0<a <1. This dispersive transport is in agreement with
the continous time random walk (CTRW) theory [94] suggesting hopping between

localized states or multiple release from traps [95].

\ \ 107 \ \ \

O measured [ messued

30V

saturation corrected

saturation corrected

O _
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T \HHH‘ T \HHH‘ T \HHH‘ LLLRLAL LLLRLAL 10- T \HHH‘ T \HHH‘ T \HHH‘ T T TTTTT T T TTTTIT
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Fig. 6.6 Current time decays of the Cr/a-SiNx:H/p-cryst. Si MIS structure under
various constant gate voltages at room temperature: (a) accumulation, (b)
inversion. Note that experimental uncertainties are assessed by the size of relevant
symbol.
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6.2.3 Carrier percolation through the (semi) insulating a-SiCx:H film

In accumulation and inversion gate bias regime, the relevant carriers (holes
in accumulation and electrons in inversion) may be injected into the film by direct
tunneling; beyond a certain trap concentration it should become more favorable for
carriers to hop farther by hopping (or multiple tunneling) rate P under local average
electric field F which enhances the hopping towards the gate electrode direction

(discussed in appendix D):

W +qRF
P, _=v, exp —Z—R—w leads to
’ A kT
2R . qRF
P,=P —-P =v,, exp _2R_W sinh £ (6.3)
P A kT kT

where g= elementary charge, v,= attempt to escape (phonon) frequency,

exp(— %j = thermal activation factor with W= energy difference of the two involved

2R
traps, exp(—7j= transfer integral of the relevant sites with R being the most

optimal hopping distance and A being the characteristic localization length of the

kT
wave function envelope around the trap site as exp(—ij. For F<—,

qR
. RF RF
sinh e ann and then P, becomes proportional to the local electric field F:
kT kT
qRF 2R W
U | — |exp| ———— 6.4
pnet ph( kT j p|: /1 kT ( )

On the other hand, at relatively low temperature, carriers will tend to hop to
longer distances to find sites which would lie energetically closer than the nearest
neighbors; this version of hopping mechanism is the so called variable range
hopping [96]:
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qRF A
Pret ® Uph (k_Tj eXp|:_ T1/4j| (65)

1/4
1
where A=2 with N(E)= trap density per unit vol. per unit ener
{ka(EJ (E) p y p p gy

interval.

For a disordered material, (on the contrary of the ordered structures where a

constant transition rate p, exists between neighbors, corresponding to a hopping
time distributon T,(t)= p,e ™ with _[tl“o(t)dt = p,' =average hopping time
0

constant), a continuous distribution of transition rate p results due to the variation of

both the distances between the hopping sites and their energy depth [96]. The
hopping time distribution [94] I'(¢) = (const.): ™), with 0<« <1, leads to:

p = ItT(t')dt' ~t' (6.6)
0

Although the charge transport is a complex process in a-SiN( C)x films,
under high field at steady state, field-induced detrapping (or Poole-Frenkel
emission) process is generally admitted as dominant mechnasim [97]. But under
lower field, charge trapping or injection leads to a current decaying with time [98]. In
other words, the injected carriers from the crystal silicon are trapped in the a-SiN(
C)x film and a space charge is built up affecting the value of the electric field F; at
the interface. This space charge which is continuosly supplied from the interface, is
progressively extended into the dielectric film and then the current, Iz, measured in
the external circuit [99]: I = Ic+lp with Ic=contact current and Ip= displacement
current. The last one is expressed by the time variation of the interface electric fields
Fs:
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N

ot

with ¢ dielectric constant. On the other side the interface electric field

I,=¢

. VG _VFB _TS _ st

Xy Ey

F =

N

(where Vg=appied gate voltage, Vgg=flat band

voltage, mainly due to the injected space charge Qr, Qg interface state charge

&gy OV
density) leads to J, =—-—%
X, Ot

since the surface potential ¥, remains constant
during accumulation and inversion gate voltage regimes. In other words, the shift of
the C-V curve in time due to the change of Vg and the time decay of the current are
related to the same charge injection mechanism; the first one reflecting the stored

charges, the last one being the charge flux.

As for the mobile carrier in this charge injection process dominantly one type
carrier seems to be involved each case, i.e., electrons in the inversion and holes in
the accumulation regimes. In this respect, at least two opposite type traps of equal
efficiency (in the sense of concentration/cross section product), the one electron
traps in inversion, the other hole trap in accumulation might be active inside the a-
SiNx:H film. Moreover, their energy positions should be around midgap of a-SiNx:H
film, at the proximity of silicon band gap. An adequate proposition might be the
silicon dangling bond, the well known amphotheric K center [100] which is a
negative correlation energy (U<0) defects: 2 K°=K*+K™ is an exothermic reaction
leading to stable intimate charged pairs (due to the charge transfer between singly
occupied neutral K° centers. At equilibrium there are N/2 ionized K* (donor-like)
center of energy level Etr and N/2 ionized K (acceptor-like) doubly occupied center
of energy level Et+-U with the fermi energy pinned at about Et-U/2. The unoccupied,

singly and doubly occupied fraction of K centers at thermal equilibrium are

expressed by f,°, 1, and f, respectively as follows [21]:
.1 ., 2expl(E. —E, ) kT] o expl2(E, —E, +U/2)/kT]
Jo ==:/fo = 7 and f, = 7

Z
E,—E,-U/2)
kT

with the

E,.-FE
partition function Z:1+Zexp{%}+exp{2( } Within the

frame of the above described defects type, the hopping transition occurs either

between a K° center at one site to another K° center at the neighboring site or
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between a K center and a K* center located in close proximity. The rate of charge

density may be expressed as follows [101,102]

v -N) PM,NZ[(f‘))Z —e‘ka*f] 6.7)

where [~ ,f°, and f~ define the occupation probabilities of defetcs K" K° and K
respectively which are reduced to the previously given thermodynamical

distributions f,", 1, and f; , N=total local concentration of the K centers.

The injection of cariers from both accumulation and inversion layers inside
the a-SiN( C)x:H film might be seen as a ‘ thermalization’ of these stored charges,
upto almost the position x; inside the insulator (see fig.6.1) where a critical field is
reached, limiting further trapping and enhancing the detrapping towards the relevant

band by Poole-Frenkel barrier lowering [103]

6.2.4 Analytical outline of the capacitance voltage kinetics

The above summary in mind, now the analyses and discussion of the C-V
curve time evolution under bias and temperature stresses may be interpreted by the

following kinetic equation [104]:

dN (¢
Ay (0, =y 0] + oy 1) witr 650
_2x
S =P€ﬁ‘(t)o-eﬁ" O =0 € b (6.8-b)

where o, is effective capture cross section of trap located in the insulator at a

distance x from the interface (because the capture probability of a carrier impinging
2x

upon the insulator is reduced by e_g amount) [62],NA(t) is the number of charge
through unit area in the semiconductor for an applied gate bias, N, is the number

of defects through unit area in SiN( C)x, and n, is the number of filled ones,
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respectively. The first and second terms of the right hand side of (6.8-a) represent
the forward and reverse processes repectively. In the present condition, the reverse
process may be ignored. The main assumption in the above equation is that the

injected carriers do not reach the gate electrode. Taking into account the previously

presented relations (6.3) and (6.6) the net hopping rate P, (t) and the time t

becomes:

()= 4R F, (1) p{_2_R_K}

=V, = ) X
kT ) A kT (6.9)

Assuming both charge conservation, q[NA(t)+nT(t)]:CN[VG —VFB(t)] and the

smallness of n, (t) in the presence of N, (t) the relation (6.8-a) becomes;

dN (1) , .
=—gN,(t)Bt”
dt q A( )
. gR 2R W
with B=N,0,; ﬁuph exp _T_E (6.10)

The solution of the relation (6.10) with the boundary condition

gN ,(0) = CN[VG - VFB(O)]

leads to:

AVFB(t):AVHH(t):[VG_VFB(O) l-——— (6.11)

o =g )
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6.3.5 Evaluation of the parameters involved in the flatband voltage shift.

Through computer controlled LABVIEW program, the AVyy(t)*AVes(t) curves
were experimentally determined by Boonton 7200 capacitance meter as described
in the section 6.2.4 at temperatures between 300-400 K under both strong
accumulation and inversion gate voltage stresses. Examples of such measurements
are given for both accumulation and inversion voltages in the fig. 6.7, respectively. It
is worthwhile to note that the initial V4(0) may be restored by applying the opposite
stress voltage for a few minutes at the end of each temperature cycle. Qualitatively,
the shapes of these two sets of curves seem to be similar although the variations for
accumulation case is substantially more important. Using MATLAB minimization
routine, the experimental sets of curves were fitted to the expression (6.11) and then
the involved parameters AVy(=Vs-Ves(0)), © and o were obtained for each
temperature and given in table 6.1.Considering the relation (6.4), and (6.10), the

quantity B may be put on the following form:

M
B=—=exp _ with M =
kT

(6.12)

v,RN,o,. 2R
. 4O 1% exp[——}.

, A
where the hopping range R is assumed independent of temperature; in other words

the nearest neighbor hopping holds.
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Fig.6.7 Time evolution of the capacitance vs. gate bias shift under; I-(a), (b) -30 and -50 V
accumulating, 1l-(c), (d) +20 and +50 V inverting gate bias stresses at various temperatures
for a-SiNx:H and a-SiCx:H films, respectively. Note that symbols are data, solid lines are
obtained by fitting the relation (6.11) to the experimental points.
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Table 6.1. Parameters AV, 1, a resulted from the fitting of eq. (6.11) to the experimental

data of a-SiNx:H based MIS structure for each temperature/stress voltage pair.

Ve T AV, T
(V) (K) V) (s)
310 1.203 15000
320 0.6371 3204
330 1.027 2705
-30 345 1.9727 2017
355 2.6821 419.9
363 3.9413 83.5
373 5.8111 77.77
300 1.2598 3672
312 1.5466 1364
320 2.0492 945.7
+20 332 1.9338 213.1
342 2.3345 123.6
352 2.6885 95.53
360 2.7144 64.55
370 4512 28

The parameter B was evaluated by using the relation (6.11) and log(T B) vs
1/T has been plotted in the fig. 6.8 for accumulation and inversion stress voltages,
respectively. From the slope of the graphs, activation energies of a-SiN(C)x:H film
based MIS capacitor were obtained for accumulating and inverting gate biases,
respectively and given in table 6.2. As discussed previously, in this process of
charge redistributions, it is not impossible that carriers would try to hop to longer
distances to find sites which would lie energetically closer than the nearest

neighbors. Within the frame of this assumption R varies with temperature [96]:

R ~ ( 9q/,i j1/4 1
\8mN(E)) TV

Using the relation (6.4) and (6.10), the expression of B becomes:

NTo-ejj"quh( 9gA jm
g 87N(E)

N

M, A .
B= T exp[— T1/4:|Wlth M, =

This assumption has been tested by plotting log(T”“B)VsT‘”“. The results,

reported in the fig. 6.9, seem in agreement with the variable range hopping.
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Fig.6.8Plotting of log (TxB) vs. 1/T for testing nearest neighbor hopping for both
accumulating and inverting gate bias stresses on a-SiNx:H (a,b) and a-SiCx:H (c),
respectively.
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Fig.6.9 Plotting of log (T"* xB) vs. 1/T" for testing variable range hopping for both
accumulating and inverting gate bias stresses on a-SiNx:H (a,b) and a-SiCx:H (c),
respectively.
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Table 6.2. R, W and N(E) are evaluated values of hopping range, activation energy
and density of states are obtained from the nearest neighbor and variable range

hopping graphs, respectively.

a-SiNx:H
Nearest Neighbor hopping Variable Range Hopping
Vs (V) W (eV) A (A) N(E) (x 10" R(A)
cm’eV")
-30 0.11 12 61
12

20 0.12 8 68
a-SiCx:H

-50 0.17 5 2.86 73

+50 0.17 2.93 73

The values of N(E) may be estimated as 9.6 10" cm™ eV for accumulation and 6.3
10" cm™ eV’ for inversion regimes from the slopes of the mentioned curves by
taking [104] A~ 6 A. However, these values for a-SiNx:H film seem towards the
upper limit of acceptable range. This estimation of N(E) was repeated for a larger
value of A=12 A (although slightly at the limit of an expected localization) and then
more acceptable results given in table 2, were obtained. Moreover , for both
reasonable penetration depth di-xy [62] and attempt to hop frequency ranges [105],

a speculation about Nt and o was attempted as given in the table 3.
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Table 6.3.Speculation about Nt [100,106] and oce¢ values using both the values of Ntoek
couple and the results given in table 2 for expected d-xy and vy, values.

VG N(E) 5=dl-XM Vph NTO'eff NT=N(E)5 Oeff
(V) | (em’eV’) | R (A) (s) | x10° (cm™) (cm’)
x 10 (A) x10"? x10"
-30 12 75-125 10% 11.3-1.3x10% | 9-15 0.8x107%-
61 10" 1.4
+20 | 8 75-125 1919- 2-2x1072 6-10 2x10%-3
68 10

The above analyses can be concluded as follows: although the investigation
within the rather narrow temperature interval of 300-375 K could not allow to choose
between nearest neighbor and variable range hopping, hopping in short as a

dispersive rate limiting process seems consistent with the experimental results.

6.3 Depletion bias regime

Under the depletion bias regime (fig. 6.1), the direct tunneling of carriers
from interface into the insulator traps seems to be less probable [52,61,63,64] due
to the absence of accumulated carriers at the interface. Instead of direct tunneling, a

two step mechanism is expected [52] (discussed in chapter 5). As given in fig.6.1,
the corresponding characteristic time constants 7, and z of these two independent
parallel process might be assumed very different from each other (the probability of
carrier exchange by the two step process is the product of individual probabilities
corresponding to a longer characteristic time). Moreover, the rate limitation in this

two step exchange might be imposed by the tunneling phenomenon [92],

X

2
consequently 7, = 7, exp{ } In other words, a trap of capture cross section

o, located in the film at a distance x, from the interface might be viewed by a
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carrier at the interface as an effective trap with a capture cross section o, reduced

2x,
by a factor exp —7 :

2
0, =0, exp{— %} (6.13)

6-3-1 Charge modulation effect on the admittance

The above described characteristic times 7, and 7 are effective on the
charge modulations of Q; and Qs respectively (fig.6.1). It is well known that 7, is

related to both actual band bending y, and trap capture cross section o, [48]:

ro =lovap, ' = (o, vap.)" exp(qk—l/]/fj (6.14-a)
2 -1
X

n{%vmpe eXp{— /1’ D exp(%] (6.14-b)

where ps and pe (With p. = p, exp[— %}) are free carrier concentration at the
interface and in the silicon bulk, respectively. These two relations above might
explain the two capacitance steps (corresponding conductance peaks) in the
depletion bias regime (fig.6.2 and 6.3); the main step towards accumulation side
might be due to the modulation of Q;, and similarly, the smaller one (not always
clearly distinguished) to that of Qss. The important difference in the preexponential

factor of the above relations might be the reason of their appearance at distinct
values of v, by the way, at different gate voltages Vs along the depletion region.
. G ,
The same effect may be assessed in the C| or— |vs.T curves (see fig.6.10). The
w

measured activation energies are almost the same (x0.4 eV), confirming the
expression (6.14); one more confirmation of this expression may be seen in the

temperature shift of these two steps from each other due to the difference of
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effective time constants caused by the difference of effective capture cross sections

discussed previously (eqn. 6.14).
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Fig.6.10 Admittance vs. temperature curves of the MIS structure (Al/a-SiCx:H/p-Si) as a

function of a.c gate voltage modulation frequency.

In the case of accumulation bias regime (section 6.2), the relative frequency
dependence of the space charges Q; and Qs is considered (fig. 6.1). Let us discuss
the behavior of Qy: if a small amplitude a.c voltage of angular frequency w is applied
to the gate electrode, the modulation of localized states around both the Fermi level
Er, and the position di-x; (measured from the gate side) is possible as long as both

the free carrier supply and drain at the voltage modulation rate are satisfied. The

energy depth AE_ = E_ - E,on either side of Ef (and parallelly Ax, on either side

of d-x) is dependent on the modulation frequency w. In other words, for a given

couple of w and temperature T, there exists an energy depth AE_ (by the way, a

spatial depth Ax,) such that the states within AE_  are able to follow the
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modulation, and the states beyond the depth AE_ remain unchanged; for the

boundary level (or position), the states can only partially respond to the modulation

leading to the following condition:

o1, =1 (6.15)
where 7,= thermal emission (or release) time determined through the detailed

balance calculation for the occupancy function f; of localized states at Er by the

[

kinetics of carrier exchange [87] and 7, = u; exp{ }with v, = attempt to escape

frequency. The relation (6.15) becomes

19
AE, =kTln—~ (6.16)
w

This expression points out roughly the extension of AE_, which is inversely

frequency dependent. In chapter 2, the eventual distribution of localized states are
discussed and a series of Gauss like distributed dangling bond (DB) states, shifted
in energy from each other, is expected, leading to a more or less uniformly

distributed density of localized states within the mobility gap apart from tail states. In

light of this analysis and the relation (6.16), the modulation 60, of Q (fig. 6.1) might

be considered as roughly proportional to AE

v
30, = (const. kT In—= (6.17)
@

The overall MIS capacitor may be considered as a parallel plate capacitor of

capacitance C:

C=-2L (6.18)

where the first plate is the gate electrode, the opposite second plate may be taken

as a fictitious plate located at the position d from the gate; d is defined as a

weighted average distance of all the charge modulations 60, (: 00, + 0, +5QA)

to counter- balance the gate modulation 00, (see fig.6.1):
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d= |:(d1 — X )§Qt +d, 00 +(d1 +d, )§QA (6.19)

30,

The relation (6.17) together with the expected frequency dependence of o0, , C is
strongly frequency dependent at depletion regime (see fig.6.2-b,c). The overall
frequency dependence of the C-Vg curves may be carried out by plotting Veg vs.
log(w) (fig 6.11). Moreover, on the same figure, the effective interface state density

Dit were calculated around the flatband capacitance Cgg by the following relation [44]

2
D,=4" Cr(Ci=Cpy) _ . ¢ (6.20)
3qkT[dC/dV]FB q (CI _CFB)

Similar variation of Vgg and Dy as a function of frequency seems consistent with the

above discussion.
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Fig.6.12 Flat band voltage and effective interface state density Dy at flat band configuration

as a function of gate bias frequency.
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6.3.2 DLTS Measurements

Deep level transient spectroscopy (DLTS) [107,108-119] as the conventional
ac conductance technique [43] remains very attractive for determination of a great
deal of information on the energy, concentration, and capture cross section of

electrical interface traps.

The coexistence of traps of different origin or differing from a given trap by
modification of the neighboring local environment inevitably leads to complex
distributions of both trap energy and capture cross section throughout the band gap
[48]. Consequently, the original large pulse DLTS signal requires complex data
processing with rough approximations [117,119]. As a partial solution, a small signal
(or energy resolved) version has been adapted to MIS samples, where a small
injection pulse superimposed on a quiescent bias, Vg [112-117]. This quiescent
bias, Vg, defining the position of the Fermi level at the surface of Si, may be used as
a probe especially along one-half of the Si energy band gap by using depletion
approximation. Interface traps of density D; located in the lower half of the energy
band gap of the p-type silicon substrate can be considered; the electron capture and

emission process is neglected within the depletion approximation. The
measurement involves the periodic application of small-voltage pulses oV of width
t, to drive a MIS capacitor from depletion towards accumulation to fill the interface
traps in the region E,. —o0FE around the Fermi level at surface Er with majority
carriers (holes). After returning to the quiescent gate bias Vg, emission of trapped

carriers gives the capacitance transient 5C(¢):

5C(t)= %Dl, [1—expl—e,t)JoE = 5C(0){1 - exp[— Tiﬂ (6.21)

where C =total MIS capacitance at the quiescent bias Vg, 7,= characteristic

thermal emission time discussed at the section 6.3.1.

Using linear correlation averaging [120], a comparison of the two different

domains of the capacitance transient gives the DLTS signal as [112,114,121]:
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S = Ti j SC(¢)F (¢)dt (6.22)

P o
where F(t)= weighting function, T, = period of applied trap filling pulse. For our

system, the equation can be reorganized by using its weighting function [122];

1 i
f— e —_——
T, L T, -2,
S:5C(0/ T T; €Xp —7 —(Ti—tg)exp —T (623)

p i

T
where t, is the trap filling pulse width and ty=t,+ty with td=2—1(’) = the capacitance meter

delay time [107,121-123].

By fitting the DLTS output S (eq.6.23), both the energy depth from the silicon
valence band edge of probed energy interval oF and effective interface state
density Dy may be evaluated from the positions in temperature (Arrheniuss plot) and
height of the DLTS output extrema S, respectively [107,121-123]. Similar to

C(orgj vs. T curve, two series of peaks A and B were observed (see fig. 6.13-
0]

a,b). Both of them exhibit the same activation energy (~0.4 eV) illustrated in fig.6.13-
¢, confirming the analysis through the relation (6.14). The smaller peak (A) with
shorter emission time, implying larger capture cross section, probably corresponding
to the response of Q; (fig.6.1) leads to an effective density of state 4 x 10" eV cm
2 the larger one (B) attributed to response of Q,, gives a value of 10" eV cm? (fig.
6.13-b). As a result, the depletion regime of the MIS structure, may be
unambiguously used for the determination of both the amount of injected charge
carriers inside the film and density of states at film/silicon interface; these are

extremely important for application point of view.
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Fig. 6.13 (a) Small pulse DLTS spectra in temperature scan mode for MIS structure at constant
gate bias for different frequencies. (b) Example of deconvolution procedure where symbol is
data and solid lines are obtained by fitting to the S function of DLTS signal, (c) Arheniuss

analysis of the emission rate for the two peaks in spectrum.
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6.4 Ac Hopping conduction in intrinsic a-siCx:H film

In the case of dc hopping, the apparent C-V shifts due to ac effect was avoided by
selecting the measurement frequency high enough. Now the analyses and
discussion on slightly carbon rich intrinsic a-SiCx:H film in the form of MIS structure
for both strong accumulation and inversion regimes will be interpreted by ac hopping
conduction, assessed through admittance measurements (see fig. 6.14). In the

figure, both conductance [E

J and capacitance (C) variations of the MIS structure
@

as a function of dc gate bias voltage V¢ for various ac modulation frequencies are
given. Apart from almost expected voltage behavior, there is a remarkably strong
frequency dependence. In reality, voltage and frequency dependences are
interpenetrated. These curves exhibit two series of conductance peaks (and
corresponding capacitance steps) for all frequencies except the low frequency
range<20 Hz where only a single step is distinguished. Probably the silicon
substrate at the interface might be slightly inverted (or injected) at zero dc gate bias
voltage due to the huge density of localized states at the interface and within the
film, depicted in fig. 6.14-c. The slight voltage dependence of the accumulation
capacitance is due to the high density of localized states within the pseudo gap
stretching the depletion towards the accumulation region[48,124,125]. For strong
accumulation beyond Vg of about -15 volts, a saturated capacitance value was
obtained. The qualitatively described phenomenon under accumulation in dc
hopping case is also valid and may be simulated by the equivalent circuit given in fig
6.1. The measured accumulation capacitance Cr, (together with the measured
parallel conductance Gn,) is related to the circuit elements:
(c +C +0’CCR)
“(—er RtCC)Z+a) (CR +R(C.+C))

(6.24)

mp

G,  a|C?R+R(C.+CY +w*RRCC?]

o (1-&’RRCC,Y +*(CR +R(C, +C))

(6.25)

Similarly, the measured series accumulation capacitance (C..s) and measured series

resistance (Rys) are related to the circuit elements:
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2 2,22 p2 2
ms = (CL +Ct) +a)2 CCC;fRZf ’ Rms = 2(jt th 2,2 p2 +RS (626)
(C.+C)+a*C.C’R (C.+CV+w’C*CR;
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Fig.6.14 Admittance measurements of Al/a-SiCx:H/p-cryst. Si MIS structure as a function of
gate bias: conductance and capacitance measured by both HP 4192A impedance analyzer for
higher frequencies (a) and SR 830 Lock-in amplifier for lower frequencies (b). Schematic

illustration of interface or injected charges around “interface” (c).
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Fig. 6.15 (a) Evaluated R,s as a function of frequency from the measured admittance, (b)
extracted 1/Rr values (from the relation 6.27) as a function of ac modulation frequency to

test the agreement with the prediction of ac hopping conductivity.

The frequency dependence of the admittance along the strong accumulation bias
voltages (Vs<-4 Volts) may be originated from the more or less modulation of the

injected charges Q: (discussed elusively in previous section). In other words,

increasing ac modulation frequency reduces &0,, a reduced 50, increases (d)

which in turn decreases the accumulation capacitance C, in agreement with the

capacitance values for Vg<-4 Volts as shown in fig.6.14-a. In the same figure, the

. G , ,
measured parallel conduction —, on the contrary, increases substantially as a
0]

function of modulation frequency @ for each value of accumulation gate bias. An
eventual series resistance R; might produce qualitatively this type of admittance
frequency dependence. Therefore, a Matlab program was used to evaluate series
resistance Ry as a function of frequency from the measured admittance, shown in
fig.6.15. But the conventional series resistance correction [48] was not enough to
remove the experimental frequency dispersion. The measured accumulation
impedance ( a capacitance C in series with a resistance Rys) has carried out that
the series resistance is strongly frequency dependent (see fig. 6.15). The mentioned
problem was solved by introducing a frequency dependent resistance, R, related to

the path between the average position of 60, and interface as shown in fig.6.1

within the equivalent circuit diagram. Then, R; was determined for each frequency
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by using the relation (6.27) with the following parameters; C.+C; (=670 pF) is lowest
frequency capacitance value in the C-V curve where measured capacitance may be
taken to be not affected by series resistance, C.(= 520 pF) is the geometric
capacitance of the film determined from the relation C =&4/d where & and d were

obtained through UV-Visible measurement and Rs (= 100 Q) is the resistance of
substrate, found by extrapolating the data in fig.6.15-a. The values of R,‘1 as a
function of ac modulation frequency is reported on fig.6.15-b. The log-log plotting
carries out a power dependence of R™' on @:R ' oc @* with $=0.6. This value of s

is in agreement with the prediction of ac hopping conductivity [126]. The frequency
dependence of the conductivity along the a-SiCx:H film is plausible within the model
where the film is constituted by two phases, the first phase is more conductive Tr-
bonded clusters dispersed randomly in a more resistive second phase of sp®
bonded disordered matrix. Across such a structure, charges are stored at the
boundaries between conducting and less conducting regions leading to time
dependent polarization which in turn creates the frequency dependence of the
conductivity[127]

Roughly, for the MIS structure at hand, during the dc gate bias voltage
scanning from accumulation towards more positive values, the bias dependent
capacitance range defines the depletion bias regime. A further change of dc gate
bias towards more positive values, recreating the bias independent capacitance
region, forms the inversion regime. In depletion, the direct percolation of carriers
from interface into the insulator traps is not possible [52,61-64] due to the absence
of stored carriers at the interface ( the region under the gate electrode is depleted
from the majority carriers, minority carriers are not yet generated enough and the
inverted (or injected) layer at the interface beyond the gate, remains still
disconnected from the region under the gate electrode, [128]). But indirect two step
mechanism (tunneling + hopping) as described in previous section is plausible. This
carrier percolation through the film contributes to the measured admittance by
enhancing the exchange rate of SRH process compared to the exclusive interface
process. This extra charging/discharging may be simulated by a parallel admittance
Y, to the one Y, associated with the interface SRH process alone as shown in the

depletion equivalent circuit diagram given in fig.6.1. The characteristic capture time
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of two step process related to the modulation of Qy is substantially larger than that of

single step process, related to the modulation of Qss. This difference in characteristic

capture times, might explain the two series of conductance peaks (or capacitance

steps) occurring at distinct gate bias voltages along the depletion region (the peak

series towards accumulation side might be due to the modulation of Q; [129].
qvy

Capture time r is proportional to e where v, is the band bending at silicon

surface; in turn, y increases with Vg and hence capacitance decreases for high

frequencies shown in fig. 6.14-a and b. But, at lower frequencies than about 1 kHz,
majority percolation still dominates the measured capacitance because of the fact
that charges deep inside the film may respond ac modulation. As a result, first step
moves toward strong inversion gate bias voltages at which already trapped holes
are injected back to Si, and dc field is terminated by inversion and depletion
charges. On the other hand, second step superimposed on the first one, (see
fig.6.14-a and b), becomes visible with a slight increase in its height as frequency
decreases below 1 kHz. This scenario is also confirmed by conductance peaks
where smaller peak is superimposed on the larger one (i.e., first peak) again, clearly

visible at low frequencies in fig.6.14-a,b.

Another feature seen in fig.6.14 is that C-V measurements do not exhibit the
conventional MOS low frequency characteristics even at strong inversion regime;
inversion charges may respond only dc voltage without being affected by ac
modulation. In other words, the carriers would be trapped by surface states or traps
inside the film where their exchange with silicon conduction band might be very slow
process. The mechanism seems plausible since the band offset between crystalline
Si and a-SiCx:H might greatly be located at the valence band side [130,131].
Therefore, minority carriers (inversion charges) might easily jump over or tunnel
through a small barrier and get trapped inside the film in order to counterbalance the
applied dc gate bias. Beyond a certain dc gate bias, depending on the frequency,
both the capacitance and conductance are saturated to constant values Cs and Gs
respectively, independent of bias. In turn, C; and G; are also frequency dependent
(the lower the frequency, the higher Cs and G, see fig.6.14). This saturated
admittance has been interpreted here by taking into account the lateral ac

conduction at film/Si interface beyond the gate along more or less inverted (or
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injected) layer [128]. The situation is depicted in fig.6.16 and a relevant equivalent

circuit is added: C. is the a-SiCx:H film capacitance, R¢ (R;) is the field dependent
(independent) resistor, Cp is the depletion capacitance under the field plate and Cj,

is the depletion capacitance beyond the field plate [128].

Eff.Area
\6 >>0 ‘r_JH\ Cc
Area
- } o—
B
} \ R Re
| | Insulator NN
| \
} } Cp ™~ /‘\ CD
Silicon bulk Rs
Bottom
contact o

Fig.6.17 Schematic illustration of lateral ac conduction at film/semiconductor interface and
is equivalent circuits.

For weak inversion and before, RA;I beneath the gate is low even zero; this voltage

dependent R.;l increases with Vg connecting the inverted (or injected) layer beyond

the gate. In other words, the ac current spreads laterally, enlarging the effective gate

area, from the geometric value A to Ae. Aer inCcreases inversely proportional to the
modulation frequency, leading to Cj, >>C,. This voltage independent Cj

increases the measured capacitance by decreasing the frequency and explains the
bias independence of measured admittance. The admittance corresponding to the
equivalent circuit in fig.6.16 may be expressed as a function of circuit elements as
follows[48,128]:

S

w - (a)zcz)z(CD + Cc)z + gY%OtCZZ")

G (wg,,C2CF)

(5.5.5)
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C = C. (gTZ'OICT (CD + C,D)_i_ Q)ZCJJZCD(CD +C, ))
) (a)ZC’Dz (CD + Cc )2 + gTZ’()tci)

(5.5.6)

where C,=C,+C,+C.,g,, =R, =&with g = R;l,gc =R,
gc+gf

and Cp is
the depletion capacitance in the strong inversion regime As in the case of
accumulation part, those equations were solved for gro by iteration, after Cp was
c.C,
C.+C,

determined from the minimum of the capacitance ,Cp, (: j ,measured at

high frequency limit. The iteration cycle was resumed for other measurement
frequencies and the extracted grot and C}, were reported in the fig.6.18 where fairly
good match is obtained between theory and experiment. As can be seen in these
figures, grot (C,) get larger for higher (lower) measurement frequencies. The
frequency dependence of grot (gm o« @' withsz0.6) might carry out a lateral

hopping conductivity inside a-SiCx:H around the interface.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORKS

Besides microprocessors, large area electronics such as liquid
crystals displays, optical scanners with 20-25 cm device dimensions are the other
developing part of integrated circuit technology. In recent years, special attention
has been devoted to the use of plasma enhanced chemical vapor deposition
(PECVD) grown amorphous silicon alloys thin film in display and input/output
technologies. The pixel, constituted by a pair of p-i-n photo sensing diode and
switching thin film transistor (TFT) may be fabricated totally by various silicon based
amorphous thin films. In that sense, in one side a-SiCx:H thin film for light
sensing/emitting diode (p-i-n or Schottky), on the other side a-SiNx:H film as an

insulator both for MIS and TFT structures were intensively investigated.

In this work, a-SiNx:H and a-SiCx:H thin films have been produced by
PECVD technique on c-Si semiconductor in the form of MIS structure and both the
quality of the production processes and films have been monitored with the
determination of electrical characteristic of mentioned films with the c-Si interface
via admittance measurements (Capacitance, conductance vs. gate bias, its ac
modulation frequencies, and temperature measurements together with DLTS). Also,
optical characterization of the mentioned films were investigated through FTIR and

UV-Visible Transmission measurements as optical probing.

The main drawback of this a-Si:H technology for large area opto-electronics
is metastability or degradation problems originated from continous evolution of the
atomic configuration within the amorphous materials under the functioning
circumstances. In that sense, instability phenomena (due to the creation of
metastable states and charge injection/percolation into the gate electrode) were
studied in both c-Si/a-SiCx:H and c-Si/a-SiNx:H heterojuctions. Specially, the time
evolutions of both d.c current and flatband voltage of these heterojunctions, based

on MIS structure, were worked by subjecting to bias/temperature stressing kinetics.
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Then the enrolled trap energies leading to instability phenomenon were identified

with temperature mode of DLTS and freezing out measurements.

According to experimental observations, the following points are remarkable;
the accumulated charges (electrons or holes as to gate polarity) at the interface are
percolated by tunneling and hopping throughout the insulator towards the gate
electrode. This dispersive transport of carriers might occur through amphotheric
type localized centers, active for both electrons and holes. These localized states
might be attributed to the silicon dangling bonds in the a-SiNx:H, namely the famous
K centers of negative correlated energy. The energy level of the positively charged
centers would be distributed in energy around the silicon conduction band edge, that
of the negatively charged centers would near the silicon valance band edge. This
situation would allow the injection of accumulated electrons at strong inversion for
the former case, the accumulated holes at strong accumulation for the latter case.
The injection from the semiconductor to the insulator might be by direct tunneling or
through the eventual interface trap mediated tunneling. However the rate limiting

process seems to be dispersive hopping mechanism_across the a-SiNx:H film.

It seems us that the discussion above for a-SiNx:H film is also valid for
intrinsic carbon rich a-SiCx:H film once taking into account the structures of both a-
Si:H and a-C:H films. The eventual localized state types and their distribution in a-
SiCx:H have been qualitatively and descriptively outlined. Both the FTIR and UV-
Visible transmittance tests indicate the presence of =z -bonded graphitic clusters

dispersed randomly in the “sea” of o -sp° like tetrahedral disordered matrix.

As the main contribution of this work, MIS structure has been shown as a
simple test device to study the ac hopping conductivity across intrinsic a-SiCx:H and

a-SiNx:H films. The dependence of the ac conductivity on the frequency power
(aoca)“ Withsz0.6) has been admitted as due to the eventual hopping

mechanism.

At last, Combo Pattern Generator was implemented and then inverted

staggered type thin film transistor was succesfully produced.
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As a future works, the expertise gathered as a result of these works on ¢-Si
(and/or a-Si:H)/a-SiNx:H (and/or a-SiCx:H) interface will be used in the
characterization of TFT’s and it seems that more intensive works to fabricate device
quality insulator for TFT should be done once considering the image sensor arrays,

which is much more complicated structure than TFT’s.
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APPENDIX A
REVIEW OF CONDUCTANCE ANALYSIS

Let us derive expressions for the admittance of the MIS capacitor as
a function of bias and frequency to obtain the corresponding equivalent
circuits (given in fig.4.8) which fit to experimental observations. Experimental
evidence indicates that only capture and emission of majority carriers are
important when measuring in the depletion region. Application of an ac

signal results in a time varying Fermi function.

N—
_____ [

NSsk E,

Fig A-1. Schematic diagram of band bending in depletion of silicon surface in n-type

MIS capacitor.

Single Level Model:

From Schockley-Read-Hall statistics, the capture rate of electrons (or

holes for p-type Si) by a single level interface state is (see fig.A-1)

R,(t)=Ne,[1- (), () (A-1)
and the emission rate is
Gn (t) = Nssenf(t) (A-2)

where N is the density of states (cm™), c, electron capture probability

(cm?/sec), e, electron emission constant (sec™), f(t) is the Fermi function at
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time t, and ng(t) electron density at the silicon surface at time t(cm?).

Therefore, the net current density will be,
i (£)=aN,c, (1= f(e)n,(6) - N e, £ (¢) (A-3)
Reporting both the Fermi function and the amount of charge density at the

silicon surface as the sum of dc and ac part;
1= 1o+ (A-4-a)
n(t)=ng,+on, (A-4-b)
with fy is the Fermi function, corresponding to dc gate bias, Vg, and of is the

change caused by ac signal, ng is the charge density at the silicon surface

when the Fermi level is at the trap level and on, is the change caused by ac

signal. Expressing the emission rate (e,) in terms of capture one (c,) from
the balance equation (=e, =c, (1- £, )n,,/f,) and substituting the above

relations into the net current density relation (eq.A.3) leads to ;

iss(r)=qNssc{(l—fo)5ns —n, f,i} (A-5)

On the other hand, redefining the net current density as (iss (t): gN a’f/dt),

and equating the relation (A-3) and solving for df'/dt yields;

a _ R .
. =c,(1- f,)on, —c,n,, i (A-6)

Jjot

The small signal variation of the Fermi function is defined as of = f, e

hence time variation will be equal to the relation given below;

daf .
—— = jwo] A-7
i f (A7)
Rearranging the relation (A-6) and (A-7) and extracting of causes to:
_ o (1 - Jo )5”s
= . (A-8)
nsO [1 + ]a)fO/cnnSO]
Substituting the eq.(A-8) into (A-5) yields the net current density as;
i (1) = LOA Lol = S o (A9)
(1 + ]a)f;)/cnnso )nsO
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with &n_/n , term is equal to the ac surface potential (E ou, = qk_l/;j where

N

v, is the silicon band bending in terms of kT/q. Finally, the equation (A-9)

turns out to be

| | ¢ N A1)
—YSy, (A-10-a)with ¥ = joL_—sJor"Jo] (A q40.p
lss(t) l//s ( a) w ja) kT (1+jwﬁ/cnns0) ( )

The relation (A-10-b) is the admittance of a series RC network with

capacitance CSS(: (qu.s-sfo(l—fo))/kT) and time constant 7 (= f,/c,n,,),

respectively. Separating real and imaginary parts (due to the fact that
impedance analyzer was implemented to measure admittance in parallel
mode though it has ability to measure in series mode as well), the equivalent

conductance and capacitance are obtained as follows:

Css <
(@) Con < G=R ()
Rss §
o— o—

Fig. A.2 (a) Interface trap admittance of RC branch and (b) derived relevant

quantities.

Cwa)zrys
G,= PP + wzfz (A.11-a),
C,
Cp =—1+a‘)~272 (A.11-b)

On the contrary, for an MIS capacitor, the total charge density at a given bias

will be
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QT=QS+QSS+Qf (A 1 2)
where Qg is the silicon space charge density, Qs is the surface state charge

density and Qs is the fixed charge density in the insulator. The ac current

density, ir(t) (= dQ, /dt) would be;

ir(t)=is(t)+ iss(t) (A.13)

where igs(t) and is(t) are the ac current densities changing the silicon space
charge layer and interface states, respectively. To obtain the former one,

is(t), variation of current with respect to band bending has to be considered:

dQ,. d
i (t)zd%;% with (t)z v, + oy, is the silicon band bending in volts

atatimet, y, is the silicon band bending corresponding to the applied gate
bias and oy, = aexp(ja)t). Therefore, time variation would be
dy,/dt = jody . As for the latter one, dQ, /dw, = C,, is the depletion layer

capacitance.  Consequently, i, (t): joC, 0y  and iss(t): Y oy, .
Substituting the result to the relation (A.13) yields

i,(t)=(joC, + Y, )0y, (A.14)

The results suggest that Cp appears in parallel with the series RC network of
the surface states for a single energy level. Rearranging Y in terms of real

and imaginary parts yield

C =Cp+—Fr _ (A.15-a)

e (A.15-b)
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Equation A.15-b depends only on the surface state and goes through a

maximum when w7 =1, and equal in magnitude to Cs/2 there. Thus,

equivalent parallel conductance corrected for insulator capacitance gives Cgs
and s directly from the measured conductance. Keep in mind that the
discussion above is just for having the reader to be familiar to the admittance
concept, and exhibiting the way as the physical quantities can be
represented by equivalent circuit using circuit theory. Single energy level
was assumed just for pedagogical purposes though it was far away for the

representation of actual MIS structure via admittance analysis.

Distribution of Levels, Continuum Model:

One possible modification over the discussion above might be including the
surface states that observed to be comprised of many levels so closely
spaced in energy that they can not be distinguished as separate levels.

Equivalent depletion circuit diagram for continuum model is given in fig A.3.

(a) (b)

O—
O—
Cins ;:
Cins ;:
CSS1 CSS CD;: CSS,' ;: RSS,I
CD ™
Res, Rss
.......

O—

Fig. A.3 (a) Equivalent depletion region circuit of MIS capacitor as to continuum
model, (b) Lumped parallel equivalent of circuit, Cs) and R, given in (a). Note also
that, C;s is added to the circuit.

155



For a continuum of states, capture and emission of majority carriers can
occur by states located within a few kT/q on either side of the Fermi level.
The admittance of the continuum is obtained by integrating eq.(A.10-b) over

the band gap

Y: a)Q_Z Nsst(l_fO)dW

kT (1+ja)f0/cnns0)

The integrand of eq. A.16 is sharply peaked about the Fermi level with a
width of kT/q. Making the substitution f,(1— f;)=kT/q(df,/dy) turns an

(A.16)

integral over f, where f, changes from 0 to unity. After performing the

integration, the admittance will be

Y = qz_NSS ln(l +o’c) )+ Jjq Ne arctan(a)rm) (A7)
T

m m

with 7, =1/c,n, .

Real part of eq. (A.17) gives the conductance as

G
o~ N1y 0722 (A.18)
o 2t

The technique is called hereafter as continuum model. Once the
conductance curves for continuum model are compared with that of single
level model, it seems that the width of the peak at half maximum is greater,

the conductance peak has been shifted from wzr =1 to wr =1.98 and the
peak magnitude (Gp/a)) has decreased from 0.5 to 0.403 Cs. Though
continuum model gives better results compared with single level, it is not
adequate to explain the experimental results where conductance peaks

remain much wider and of lower amplitude, necessitating further

improvement.
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Statistical Model:

To remove this contradictory broadening, Nicollian and Goetzberger
proposed a statistical model, based on the non-uniform distribution of
surface band bending over the interfacial plane, yielding time constant

dispersion. As time constant,z, has an exponential dependence on band
bending (r;l =c,N, exp[—qws/kT]), small variations on . will produce

large variations on 7 . In the mentioned model, the entire gate area is divided
into many small patches where band bending and depletion layer width (W)
are nearly uniform for each patch but varies from patch to patch. In the light
of this information, the modified equivalent circuit diagram of the MIS
capacitor (given in fig A.4) is composed of parallel array of elementary

capacitors, each corresponding to a different patch.

Cins ~ i
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~ \
~o « 1l )
\\\\ //
—1r ! ———— - -

Fig.A.4 Revised form of circuit diagram for statistical model. Note that C;, is different
as given in continuum model; it varies from branch to branch as discussed in the

text.

Therefore, surface state admittance, Y., represent only a single patch. To
express the surface state admittance for the whole patches, band bending
fluctuations in Gaussian form (due to the fact that interface charge density is
assumed to have an Gaussian distribution) has to be considered. As a
result, the surface state admittance would be

Y, =q+w)7ss u, Pu, )du, with P(u, )= 27c’ - exp _Lﬁf) (A.19)
(1) = 7P, i, witn Pl )= o) x| -

N
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where Y (“s ) =Y, is the surface state admittance over the silicon band gap

and averaged over the surface state level distribution for any given band

bending us(withu, =y, /kT) and (Y,) represent the surface state
admittance after further averaging over band bending variations, o, is the

variance of band bending in terms of kT/q and u, is mean value of band

bending. In the light of this information, derived conductance expression for

continuum model turns out to be

(G,) / = ;’fZ— (1 + 0z )P(u, )du, (A.20)
e T

Assuming the surface state level density Ngs and majority carrier capture
probability c, as constant, they can be taken outside of the integrand. After

inserting the relation for time constant and Gaussian probability into the

above relation, the conductance expression would be
G 8 N +00 _ —2
<_a:> =gN,, (27Z'O'S2 ) i (CPTAJ_J;CXP{_ @*T?A)} exp(— u, )tan - [C:;A exp(us )Jdus

(A.21)

Defining a new variable to eliminate (cpNA) term from the emission rate via

$=wr, :a)(cpNA)_1 exp(ﬁs), conductance expression turns out to final

form as

G 2 Y172 4o 2
{ aj> _ 4N, (227;0 ) Iexp(_ 27;2 Jexp(_ 7)1+ &> exp(2n)dn  (A22)

—00 S

with 7 =u_  —u_. Derived expression for conductance in the light of statistical

model is satisfactory in fitting results compared with other models, hence
interpretation of experimental conductance data is made through the last

model.
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APPENDIX B
MEASURING TOOLS AND TECHNIQUES

Due to stringent requirements imposed by modern technology, improvement
of interface properties and minimization of interface trap density is absolutely
necessary for both MIS and TFT structures. On one side, film properties (intrinsic,
doped semiconductor and insulator film) alone was investigated via both fourier
transform infrared spectroscopy (FTIR) and UV-Visible transmission measurements
as optical probing and on the other side, film/semiconductor interface properties and
quality of produced film was studied by means of MIS and TFT structures through
current-voltage (I-V), admittance (capacitance and conductance measurements)
and deep level transient spectroscopy (DLTS) as electrical probing. Let us give an
detail information about the mentioned techniques and observations of produced

films via application of mentioned techniques.

B-1 Electrical Measuring Equipments

B-1-1 Current Voltage

The current voltage characteristic (shown in fig.4.10) was obtained via Keitley
6517 electrometer and then resistivity of the produced film was calculated around
10" Q cm by finding the ohmic region up to 5 x 10* V cm™ in the J-E curve. The
error in the resistivity is estimated to be around 2 x 10* Q cm due to fluctuation of

the measured currents.
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Fig.4.10. Current density (J) vs. electric field (E) of Cr/a-SiNx:H/p-Si structure.

The J-F characteristics shows the quality of film as ohmic region dominates
up to F=5 x 10* V cm™ region where tunneling or space charge current starts to
dominate the current mechanism. The resistivity of the film, around 10 Qcmiis
also within the range of resistivities of the a-SiNx:H films used in the TFT
strucuttures [132,133].

B-1-2 Measuring System at low and high frequency C-V measurements

C-V measurements were achieved through a computer controlled program for
slow, intermediate and high measuring frequencies. Let us present roughly the
relevant equipments and their principal of measurements.

(a) Quasistatic C-V measurements

The quasi-static C-V meter (Keitley 595) gives the lowest frequency capacitance

of the sample. The circuit diagram of the system is given below where a small

voltage step is applied to the test sample after Cr is discharged (by closing the
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switch S) and a charge (AQ = CXAV) transferred into the integrator is measured (by

determining the amount of charges before and after voltage step).

S
Cx |
|| ~_ CF
i >——>
step
AV AQ =C AV

Fig.B.1 Circuit diagram of Quasistatic C-V meter

Hence, the unknown capacitance can be calculated through the following relation;

AV
C, _AQ C, —ou B-1
AV AV

However, the actual situation for MIS structure is a bit different than discussed
above due to the presence of (more or less) leakage currents that quasistatic C-V
meter is able to measure and correct the amount of leakage current (below 10™"" A)
from the measured capacitance. For a bit more clarity, the procedure is as follows:
three measurements of voltage output (V,y,) are made as shown in fig.B-2, since
each measurement corresponds to the charge integrated up to a given time. The
measurements mentioned above are labeled Q; (= baseline charge immediately
preceding the voltage), Q; (=final charge transferred through the test sample after a

specific time) and Q; (= charge measured before Q).
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Fig.B-2 Schematic representation of determination of leakage current while

quasistatic C-V measurements.

By means of these three charges, both corrected capacitance and leakage current
can be determined. In the absence of dc current, the device is thought to be in
equilibrium and the correct value of the measured capacitance can be obtained
through determination of Q; and Qs charges solely. Hence, the capacitance would
be;

Q3 _Ql

C,, =———. Otherwise, in the presence of dc leakage current

step

(Q/t = (Q3 -0, )/to), this current should be determined and substracted from the

measured capacitance (with Q/t designating the amount of leakage current, t; is the
delay time). In light above information, the corrected low-frequency capacitance is

obtained as:

L doray T 1
corrected) — CLF —%(‘1@1;—1)

step

Cor B-2

where tyay is the delay time necessary to obtain equilibrium measurement. The

equilibrium could be recognized either C or Q/t vs. Delay time: in the former,
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quasistatic capacitance value in inversion region rises from the depletion value to
approach insulator capacitance, Ci.s, in the latter, Q/t is at the dc leakage of the

system (shown in fig.B-3).
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Fig. B-3. Recognizing Equilibrium using C and Q/t vs. Determination of delay

(equilibrium) time on Cr/a-SiNx:H/p-Si MIS structure under inverting gate bias.

(b) High frequency C-V measurements

High frequency capacitance measurements have been obtained in a
straight-forward manner, by use of either a 1 MHz capacitance meter (such as
Boonton 7200 capacitance meter) or impedance analyzer (HP4192A) within 5 Hz-13
MHz of frequency interval. Though a frequency range 5 Hz-13 MHz has been
declared for the impedance analyzer, a more reduced range (400Hz < f < 1 MHz) is
applicable due to limitations of low excitation signal level and impedance matching

problems.

(c) Intermediate frequency C-V Measurements

SR 830 lock-in amplifier has been used in the intermediate (1Hz-1kHz )

frequency range for admittance analysis. In order to calibrate the amplifier output for
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capacitance and conductance measurements, one needs standard high quality
capacitors and conductors whose values should be around the values to be
calibrated. In this work 100 and 600 pF Boonton standard capacitors were used for
calibration of admittance versus gate bias via fully computer controlled LABVIEW
program under different frequencies (in the range of Hz to kHz) for sample A-C and

B, respectively.

As a final warning about admittance measurement as a function of both bias
gate d.c voltage and its modulation frequency, one should keep in mind during the
data analysis that a frequency scan was achieved by the impedance analyzer for
frequencies > 5kHz under each constant dc gate voltage whereas a dc gate scan

(50 mV/sec) was applied by the lock-in amplifier at each frequency < 5kHz.

B-2 Optical Probing
B-2-1 Infrared (IR) Analysis

The vibrational spectra of hydrogenated amorphous silicon alloys (a-SiCx:H
and a-SiNx:H) by infrared (IR) spectroscopy has been undertaken. Moreover, the
Fourier Transform version of this spectroscopy (Nicolet-FTIR), due to its rapidity and
high sensitivity, is a powerful tool for investigating and testing of the plasma
deposited silicon based amorphous materials. In that aim, a-SiCx:H film in p-i-n
diode as active element for image sensor in one side, and a-SiNx:H for insulator and
top passivating layer in MIS and TFT structures on the other side were investigated

through FTIR analysis and results are given in fig.B.4

The spectrum of bonding structure of the a-SiNx:H film has been given in the
figure B-4-a. Since, there is large amount of literature dealing with the
concentrations and the frequencies of the various Si-H, N-H, and Si-N vibrations,
the type of the films whether Si or N rich can easily be appreciated [40,132-138].
The dominant peak centered at 890 cm™ in the spectrum shown in fig.B.4-a is due to
the convolution of symmetric ( 920 cm™) and asymmetric (840 cm™) stretching

vibrations of the Si-N. This peak is found in the literature at 860 cm™ for the films
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with low H content, and changes slightly to higher frequencies as H content
increases [139]. The second peak at 1190 cm™ is due to the bending vibrations of
the N-H bonds which has the peak position at 1200 cm™, slightly shifted by the
much stronger N-H peak. The type of hydrogen incorporation into the structure is
generally obtained by comparing N-H and Si-H stretching peaks at 3350 cm™ and
2150 cm™, respectively. Since these peaks are not in the mixed state, the peak
height can be taken as proportional to the relevant bond density, and in this respect
it is found that the N-H bond density is 9 times higher than that of the Si-H bond.
Moreover, the frequency shift of the Si-H bonds from 2000 to 2150 cm™ can be
taken as a second argument for the N-rich film since the neighboring Si atoms are
replaced with the more electronegative N atoms [136,137]. The N/Si ratio may be
evaluated as around 1.4-1.5 in light of the relevant literature [138]. Furthermore, a
very small NH, bending vibration peak at 1550 cm™ also indicates that the H content

of the films at hand is relatively high.

On the other hand, the IR spectrum of a-SiCx:H film at hand is given in fig
(B-4-b). The striking feature of the spectrum may be outlined as follows: absorption
bands of SiH, (n=1 to 3) and CH, (n=1 to 3) are easily distinguished [130]. The
relative difference in the height of the peaks around 2100 cm™ and 2900 cm™,
attributed to the stretching modes of SiH, and CH,, respectively, shows that most of
the H in the structure are bonded to C atoms [140-142]. This feature is also seen in
the absorption band of 600-1300 cm™ where the dominant peak position moves
away from wagging mode of SiH vibrations (630 cm™) to higher frequencies at about
780 cm™ which is attributed to wagging and stretching modes of Si—CHj structure
[140,141]. Additionally, the absorption peak of wagging and rocking modes of CH,
(n=1 to 3) bonds around 1050 cm™ is seen comparable to that of Si—CHj; [141].
Thus, the deposited film seems carbon rich one, because the vibrational
characteristic of the films are mainly dominated by CH, bonds. On the other hand,

the small shoulder seen around 3000 cm™, attributed to stretching modes of CH and
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CH, o -bonds of type sp?, reveals the existence of a certain amount of sp? type o -
bonding together with the dominant sp® type [143-145]. As a result, IR spectrum
supplies rapidly the hydrogen bonding configurations and especially confirms the

presence of sp? planar graphitic islands throughout the film (discussed in chapter 2).
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Fig. B.4 (a) FTIR spectrum of a-SiNx:H (a-SiCx:H) film grown on c-Si substrate (b).
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B-2-2 UV-Visible Analysis

Optical properties of the films have been investigated within the wavelength
range of 200-1100 nm by UV-Visible Spectrometer ( Perkin Elmer A2 ) with 2 nm slit
width. The UV-Visible transmission of a-SiCx:H film is supplied in fig (B.5-a).
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Fig.B-5 (a) UV- Visible transmission spectrum of a-SiCx:H (a-SiNx:H) film deposited on
quartz substrate (b), the inset shows the Tauc's plot, without a clear linear region for a-
SiCx:H.
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The thickness, d, and the refractive index, n,;, of the film were extracted from the
transparent region of the transmission spectrum [146,147]; the results are checked
by ellipsometry at 632.8 nm [148] (see table B.1).

Table B1. Evaluated optical constants of a-SiNx:H and a-SiCx:H (here x is estimated from
Eo4 vs. X curve) [143-149,150]

Samples Es(Tauc) (eV) Eos (V) d; (nm) n X
A 3.2-3.6 3.45 450 1.78 0.7-0.8
B 2.50 - 12010 | 240.1 ~0.5
C 5.03 - 600 1.88 1.4-1.5

The optical absorption coefficient a was derived from the strong absorption region of
the transmission spectrum [146-148]; the optical gap, Es (Tauc) was determined by
using so called Tauc plot [151]. As depicted in the inset of fig (B.5-a), Eg (Tauc)
could not be defined irrefutably, the Tauc plot remains slightly curved. This behavior
might be interpreted as follows: In amorphous semiconductors, there are mainly 3
types of optical transitions: a) localized electronic state to localized state (LL), b)
extended state to localized state (EL) or localized state to extended state (LE), c)
extended state to extended state (EE, transitions over the mobility edges, i.e.,
conventional valence to conduction bands). The optical matrix elements for EE and
EL (or LE) transitions are similar; but the LL transitions depend on whether or not
the initial and final states are confined within the same regions (= large overlapping
of their wave functions) or at distant regions (= zero or small overlapping). In a-Si
films, the final and initial states are, in general, in different parts of the sample,
leading to a very small LL matrix elements so LL transitions may be omitted and the
optical absorption has EE and EL/LE character. However, in carbon rich a-SiCx:H
films, the LL transitions are expected to be strongly probable since most of the initial
and final states are lying on the same graphitic clusters (as described in chapter 2)
and consequently an optical absorption up to about 10* cm™ may be due to LL
transitions alone [152,153] (the photon energy Eos corresponding to the absorption
value of 10* cm™ is often used to appreciate the optical gap for comparison of
different a-SiCx:H films). As the analysis, given in chapter 2, assumes a distribution

of cluster sizes, the observed spectral variation of the optical absorption coefficient,
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a, might be a convolution of individual cluster absorption spectra of different gaps,
depending on their sizes. Tauc plotting may be misleading within the frame of this
analysis and then Ey, value may be used as “symbolic” optical gap, allowing
comparisons in literature. Consequently, UV-Visible analysis, apart from the
thickness determination, has been successfully used for evaluating the carbon
content of the film at hand through gap and refractive index values in comparison
with these in the relevant literature. These information have been used in both the
interpretation of the sample capacitance and the suggestion of irrefutable presence

of 1-like localized states in carbon rich a-SiCx:H film.

On the other side, a typical spectrum for a-SiNx:H film is shown in the figure

B.5-b. The dependence of n on the wavelength, A, has also been investigated by a

1.1x10*

2
hv

strong, and medium absorption region were obtained by extrapolation. Thus,

polynomial fitting of the form n =1.88 +

, and then the values of n(A,) in the

absorption coefficients, o, were calculated and then the mobility gap, Eg ( 5.03 eV )
of the films were determined by using the Tauc plot, depicted in the inset of the
figure B.5-b. This rather high value of Eq is another confirmation of N-rich feature of

the a-SiNx:H films[135-137].
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APPENDIX C

METASTABILITY PHENOMENA
H-Diffusion model

Nowadays, there is a consensus that the density of Si DB states is
determined by a chemical equilibrium process due to the intercoversion of WBs and
DBs:

SiSi— 2DB (C.1)
To be consistent with ESR experiment (spin active or isolated neutral DBs are
necessary), this pair of DB defects should be able to move away from each other.
However, the eventual motion (or diffusion) of these DB defects at relatively low
temperature seems non-probable. Consequently, the experimentally observed
equilibration microscopic process requires a mobile species [ strecthed exponential

/o) type equilibration kinetics require a species, possessing a dispersive

e
diffusion across the material at relatively low temperature. Diffusion of the species is
executed as a continuous time random walk (CTRW) composed of alternating steps
and pauses as in analogy with the dispersive transport of charge carriers across tail
states; the release time from deeper traps is longer, equilibration becomes slower at

longer times (see fig.C.1).

Discrete trap level
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Fig.C.1 lllustration of trap-limited transport of carriers for a discrete or
distributed trap levels.
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In other words, the pausing time has a power law time dependence. In this respect,
the hydrogen atom (which is dispersively mobile in a-Si:H) might be the required
mobile species. Since hydrogen provides a mechanism for the creation and
annealing of defects in a-Si:H, the removal rate of these defects can be assumed to
be governed by H-diffusion. As to the extended Glarum model [154], the rate of
defect formation is proportional to the rate of hydrogen diffusion towards the defect
formation sites. Consequently, it can be inferred that the rate of defect removal is
linked by the same mechanism. Therefore, the change of defect density from
equilibrium Nt can be expressed as

d
E(NT )= —A4D(t)N, (C.2)
where A is constant and D(t) is the time dependent dispersive hydrogen diffusion

coefficient. The theory of multiple trapping and trap limited transport in traps of

E

exponentially distributed distribution of trap energies (e¢*° with the characteristic
temperature Ty, determined by the degree of disorder) predicts a dispersive diffusion

coefficient, given by [12]
D(t)= Dy, (vt)” (C.3)

where Dy, is the diffusion constant and v is the hydrogen attempt to escape

frequency, y is the temperature dependent dispersion parameter:

y=1-4=1 —Tl. Substituting the relation (C.3) into (C.2) and integrating yields

0

AN, = AN, exp|- (t/)’ | (C.4)

with 7 =0"" exp £ , E, = kT, In pu
kT AD

00
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Fig.C.2 Reference voltage shift versus time at T=325 K. Data are represented by A
symbol, solid line is fit result to the H-diffusion model, given in the relation (6.2).
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APPENDIX D

TRANSPORT ANALYSIS IN AMORPHOUS SEMICONDUCTOR

In the following section, in a-Si:H, the most important transport mechanisim
(namely extended states conduction) and the hopping conduction will be discussed
and by the analogy, the discussion will be extended into a-SiCx:H and a-SiNx:H

films, and the resultes were given in the body of text.

D-1 Electrical Transport :

IS
IS

AP £#0

% %‘ > p, =Tk, % %/ > Px
%%%Iectror £=0 d ig/%%

density

Fig.D-1. Schematic illustration of number of states in Brillion zone. Note that around brillion
zone, E(k) is parabolic whereas for 2 dimension, it is circle. Application of external field leads

to displace all states by equal amount AP.

In the absence of an external electric field, he electron “gas” in a

semiconductor is in a of equilibrium and obeys the Fermi-Dirac equilibrium
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thZ 2 *VZ
distribution  function: f(E)= ! with E=_fx _ Px M7

KE—EFH om” 2mt 2
1+exp T

- . Fermi distribution (f) is symmetrical
1+ eXpHm V"z J:I exp(_ Er j
2kT kT

with respect to the sign of velocity: f (— VX): f (Vx). Therefore, the average velocity

Hence, f(E)=

o an electron in any direction is zero (i.e., current is zero). Under external electric

field, total quasi momentum £ :

R =Y P()

i=1 i=1

N

P(0)+ngér (D-1)

Electron velocity corresponding to the state P is as:

_dE _ p,

£

; (= the equilibrium distribution changes). For an homogeneous

dp, m

crystal and in the absence of a temperature gradient, the external electric field &

leads to the variation of f: @ = (gj + (gj where the last term expresses
at at & at collision

the change in the distribution f of the carriers due to the collisions by impurities and

lattice vibrations(= phonons). Note that when electric field, after application, is

removed (¢ =0) leads to (@j =0 and 1 = (gj . This means that carriers
at 4 at at collision

(electrons) will return to the equilibrium (where f=f, due to scattering with phonons

and impurities (this process is called relaxation). The simplest process may be as

of o _ f-/

follows: Eocf—fo with constant of proportionality 1/z. Hence, o :
T

f—f, =(Af), exp(~/7). At steady state (or stationary state) under electric fields

(& #0) leads to g =0. Therefore,

ot
048
at 4 8t collision
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with (gj _ % 9P, where a;;x =F,=-e{ and Yo _ % OE with
5

ot). oP. ot oP. OF oP,

2 272
2 _— N e h k* . As a result, [—afj =—qdv, g
oP ) ot oF

m 2m 2m P

. Rearranging

relation (D-2) yields

=1 —qtév, % (= Boltzman’s kinetic equation) (D-3)

In a crystal of unit volume, in the elementary quasi momentum volume dl,

dr
the density dn of charge carriers is as: dn = f ’; . Hence, the elementary current
/4

density dJ_ along the field direction x around the state k is as:

dl q df,
dJ] =qv.dn= —k So, J = v —qv. &=L ,
x qvx n qvxf 872_3 X 871'3 (a”k_\!‘alues) x(f() q x é:dEjd‘rk

2
_ 4 q¢ 2 of "
= ( IVXJ%dFk Y '[ V; aEr(k)a’l“k. Instead, transitions occur only

allk values) (allk values)

equilibrium case =0

between overlapping sites in real space. In the light of discussion above, the
disorder reduces the carrier mobility due to the frequent scatterings (= 1000

cm?/V.sec. in crystal Si whereas for a-Si, this is around 2-5 cm?/V.sec.).

D-2 Electronic Transport :
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Fig. D-2. Representation of the three main conduction paths in amorphous semiconductors.
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In light of previous analyses, at least two different electrical conduction

mechanism exist in amorphous structure:

A) Extended state conduction (,u # 0)

B) Localized state conduction (,u = 0)

Among localized states, the band tail (B4) and deep dangling bond defect states (B.)
might behave differently following the position of Fermi level Er. Moreover, the
conduction (or mobility) around E. (= mobility edge) might be much more complex

than a simple abrupt mobility edge passage.

A) Extended state conduction

Consider the current density relation: sz—qQEL 2afo (k)—_o—§ with

E 8r°

o= q.[v 2(% ’; where v, =~kT/m, Zfoz—foﬁ fo)/kT~% and

dar,

83

= N(E)dE . Substituting the relations, conductivity expression turns out to be

(E-Er)

o~ CIJ‘N (E)fodE with u(E)=qz(E))/m and f,~e * . Rearranging the

(E-Er)

relation leads to U:%IG(E)‘Z ' dE  with  o(E)=gN(E)u(ET .3 factors

determine the dominant conduction path along the E-axis. Two cases may be
considered as:

o(E) increases monotonically with E

o(E) increases abruptly at E=E..
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Fig.D-3. lllustration of the density of states at the band edge, together with the electron
distribution ngt(E), the conductivity o(E) and mobility u(E): o(E) and p(E) may change
abruptly (a), or gradually (b) at the mobility edge E..

This last case leads to

E

E- by }dE = Omin eXp{_ %TEF} with o, = N(E, )quokT

1 0
o= T ]j O'(E)eXp|:—

where u, is the mobility at E=E.. Nowadays, there is a considerable doubt about

the sharpness or even the existence of a mobility edge. Nevertheless in the
- E -FE.|. .
conductivity result analyses, o = o, exp{— Ck—TF} is used even if o(£) does not

change abruptly at E. (but it might increase rapidly within a limited energy range
around E;). Keep in mind that, as always o is an average of o-(E) over an energy
range of at least kT, the sharpness can be observed at very low T; but in practice Er
in a-Si:H can not be brought closer than about 0.1 eV to E; such that o can hardly

be measured below 100 K. Consequently, there exist limited information about the
sharpness f the mobility edge (on the contrary of metals).
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In practice, there are 4 techniques for experimentally measuring dc
electronic transport: a) dc conductivity, b) drift mobility, ¢) thermo-power, d) Hall

effect. Here let us consider dc conductivity.

Hand gap Fo. po /
ot e e S R e

Average

/lﬂ,

2 ’/cnnduclmn
i F energy
Ll i}

()

Density of states N (E)

I £
Energy —» - e
Conductivity
activation
energy
Fig.D-4. Schematic illustration of the density of states distribution as a function of
conductivity activation energy, E,, the average conduction energy, Err, with respect to the

mobility edges, and the Fermi energy. Also, in the figure, temperature dependent parameters

(7r,7c and y,) are indicated.
Dc Conductivity:

Dc conductivity is thermally activated (at least over a given temperature

EG
range): o(T) = oye 7 where o, is prefactor, E_ (= E,, — E,.) is activation energy.

For a conductivity throughout the extended states, Etgr coincides with E., further(?)
mechanism (such as band tail hopping) are possible where Eir#E.. Note that
Logo vs. 1/T could not give o, and E_ directly, since o, has found different for
different samples, arising a discussion on o, . E; is temperature dependent due to
the temperature dependence of: i) Ef (statistical shift due to the asymmetric DOS
distribution), ii) Eg (gap states move with respect to each other when T changes, iii)
E+r (=average conduction energy) obviously T affects Etr

If linear temperature variation of slope y.,y; and y, are assumed respectively,

then E, =(Ey—Ep), =(Ex —Ep)y— (e +76 +7,)T. Conductivity expression
%r_/

Eso

o

7
appear as o(T)= oyt exp{— %TO}
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B Localized State Transport

Although there is no macroscopic conduction throughout localized states at T=0 K,
at higher temperature, quantum mechanical tunneling transitions between localized

states, might lead to conduction.

() estr)

<

optimized R(T)

Fig.D.5 lllustration of tunneling transitions between localized states.

The probability P that an electron will jump from the state (i) to the state (j) is
determined by the following 3 factors:

1 the probability of finding a phonon with excitation equal to Ej, given

E.
by Boltzmann factor exp(— k—;J

2 the attempt to escape frequency @,which cannot be greater than

the maximum phonon frequency (in the range 10'2-10" sec™.)
3 the probability of electron transfer from one state (i) to another (j).

This factor depends on the overlapping of the wavefunctions and

should be given by ¢ 2*:
E,‘/‘ . 1 . .
P; = wy exp| —2a,R T with o, = localization

hz 1/2
length=| ——
end {Zm(E - Ec)}
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Analogy with the motion of particles in a gas, diffusion coefficient D in crystals may

-
%WT _1A7 where

be expressed by the formula of the kinetic theory of gases: D = 3
T

A is the mean free path in the gas phase, ris time interval between collisions,

‘7(= /T/r) is average velocity. Instead of mean value of 1, mean square values

X

should be calculated:e * = probability of particle traversing the distance x without

J.xze_zdx
suffering any  collisions is  given <x2> =0 =2#. Hence,
Je_zdx
0
2 (x?) p? eR?P,
D= £ u = R—E... Einstein relation x = eb_ 7y . Note that for transition
3r 6r 6 7 kT  6kT

probability from (i) to (j), the state (i) should be occupied (f;)) and the state (j) should
be empty (1-f). For maximum transfer, the product f; (1-fj) should be maximum.

Therefore, hopping should occur around Fermi level.

252 252
_ _‘]RN(EF) _qRN(EF) _ _ﬂ
O'—(]N(EF)/J— 6iT P, = oiT ®, exp| — 2,

As temperature decreases, the number and the energy of phonons
decreases and then the more energetic phonon-assisted hopping will progressively
become less favorable. As a result, carriers will tend to hop to larger distances in
order to find sites which lie energetically closer than the nearest neighbor; this

mechanism us the so-called variable range hopping. In order to find the most

E.
favorable hopping distance the exponent of exp[— 2a, —k—}} should be minimized.

For this purpose, let us express Ej within a distance R from a particular site is given

47R3

by: N(EF )EU The electron can leave its site only if the number of accessible

sites is at least one. Taking this into account, one gets for the average energy

spacing between states near E level: £, = 3 5 - Inserting into transition rate
7 4aN(E, )R
equation: P, = o, exp| — 2« R—;
e Y aaN(E, KTR® |
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» distance

- 2a,R

Fig.D.6 lllustration of the probability P; (that an electron will jump from state (i) to (j))

as a function of distance.

Minimizing the exponent term with respect to R, the maximum hopping distance can

9

1/4
——~——| . Then, the transition rate would
87a, N(E, kT

be evaluated:R, ={

3
be: P, = w, exp A4 with 4 =2 ﬂ . Finally, conduction expression turns
/ T4 97N(E, )

. ’R2wyN(E 4 A
into 1o = %T(F)exp[— T”“} = o-O(T)exp{— }
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APPENDIX E

FABRICATION AND CHARACTERIZATION OF TFT

E-1 Introduction

Thin film transistor, deposited on hydrogenated amorphous silicon (a-Si:H),
has widespread application in technology as well as research tool. Because in TFT’s
the Fermi level in the amorphous silicon can be controlled at will, they can be used
as powerful tool to investigate various material properties, including density of states
distribution, photoconductivity, mobility and stability. Moreover, interest in a-Si:H
TFTs receives commercial impetus due to the application in liquid crystal displays,
image sensors and printer arrays. In addition, due to the similarity and striking
differecenses of c-Si device physics in some extent, a-Si:H based devices might

yield fruitfull contiribution.

Typical inverted staggered TFT structure is given in fig.E-1, where source
and drain contacts are deposited onto a-Si:H film, and bottom gate electrode is the
beneath of PECVD grown a-SiNx:H film.

Source Drain
I I
a-Si:H
2SN I—
Gate
Electrode
susbtrate

Fig.E-1. Inverted staggered TFT structure.
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E-2 Production of TFT:

In this work, as stated above, inverted staggered type TFT is produced.
Before depositing a-SiNx:H and a-Si:H fims, substrates were cleaned via RCA
cleaning procedure and then Cr metal was evaporated on the glass substrate. This
metal layer was patterned by defining a photoresit pattern on the metal layer and
etching away the metal outside the photoresit regions. The samples were then
introduced into the PECVD reactor and then the gate insulator silicon nitride, the
active layer a-si:H were deposited consecutively in the PECVD reactor under
continuous vacuum conditions. The samples were then taken out of the reactor and
metal layers was evaporated onto a-Si:H film and patterned by means of
photolithograpy (as Source and Drain electrodes). Production stages was given in
the flowchart (see fig. E-2)

glass c-Si |

Cleaning

Electrode Coating

a-SiNx:H and
a-Si:H film growth

Metal coating (Cr or Al)
for Source and Drain

[

Electrode
e ————
Photolithography and Etching
[ | I ] [ | ] ]
TFT fabricated on TFT fabricated on
glass substrate c-Si

Fig.E-2 Production stages of TFT
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One should keep in mind that while patterning Source and Drain electrodes of TFT
via photolithograpy, first metal coated substrates were coated with PR by spreading
around 3500 RPM, then baked at 65°C at 25 min to enhance the photo-sensitivity,
later patterned via Pattern Generator, finally the illuminated part was removed in a

suitable developer (=etched).

E-3 :Characterization of TFT

Typical current voltage relations of the produced TFT was given in Fig.E-3.
The ON/OFF ratio (10%) of the TFT was given in Fig.E-3-a and channel conductivity
as a function of gate bias was given in fig.E-3 c. Due to the lack of saturated current
regions, mobility of charge carriers was determined via the slope of current voltage
relation and found as 0.4 cmVsec.?. It seems that it was low than demanded but

suitable value once compared with the literature.
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Fig.E-3 Current-Voltage relation of TFT.
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