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ABSTRACT

Shengwen Luan. Ph.D., Purdue University. May 1991. " Silicon Nitride
Deposition, Chromium Corrosxon Mechanisms and Source/Drain Parasitic

Resistance in - ‘Amorphous Silicon Thin Film Transistors. Major Professor:
Gerold W. Neudeck.

Hydrogenated amorphous silicon (a-Si:H) based thln ﬁlm transrstors
(TFTs) are finding increased appllcatlon as swntchlng elements in actxve—matnx ,
liquid crystal displays (AMLCDs). Extens:ve research has been focussed on
ontimizing fabrication conditions to improve materials qnality and on reducing
_ cbannel length to increase device speed. However, ‘the basic physics and
chemrstry have not yet been fully understood In addition, llttle attention has

been paid to the sngmﬁcant effect of source/ drain parasntxcs

'The work described in this thesis ‘is closely related to the speed and
' »stabi}lity issues on the discrete device level.. ‘Speciﬁcall'y',. the influence of gate
" nitride deposition and its NHj; piasma treatment has been studied. The
‘competing eﬂ'ects of nit'ridation reaction and radiation damage were found to
cause an 'interesting trade-oﬁ‘ between the device stability and sbeed. Further
effort was devoted to the analysis of an important TFT failure phenomenon.
Both electrical and spectroscopic techniques were utilized for gate Cr corrosion
studies. It was determined that the corrosion was largely promoted by the CF,
| plasma exposure of Cr during the fabrication. Finally, new test structures were
 designed, fabricated and characterized to study the source/drain - parasitic

resistance.



CHAPTER 1
INTRODUCTION

1. 1 Background

Thin film transistors (TFTs) have been under research for the past thlrty
years, but it is only in the last decade that an explosive growth has occurred in
this field. Advances made in office automation and consumer electronics have
stimulated increasing research activities directed at the development of a new
generation of input/output devices. As the portable TV and computer became
more popular it has spurred work on large area, high resolution, compact, and
light weight liquid crystal display (LCD) panels. However, the conventional
multiplexing or matrix addressing techniques are no longer adequate towards
this end and new addressing schemes employing TFT switched arrays have to
be used. Aside from the high contrast ratio and viewing angle that can be
achieved, this approach allows the design of display panels with a relatively
large number of scan lines and a much better grey scale to be produced.

Several TFT technologies for this purpose have been developed using a
variety of semiconductor materials. These materials include hydrogenated
amorphous silicon (a-Si:H), polycrystalline silicon, CdS, CdSe, InAs, InSb,
PbTe, PbSe, Te and laser-crystalized silicon. Both a-Si:H and poly-Si TFTs
have desirable features compared to other materials used in earlier TFTs.
Besides requiring a high processing temperature of around 600 ° C, polysilicon
TFT also suffer from high OFF current levels such that the current ON/OFF
ratio is about the same as that of a-Si:H TFT. At the present level of
development, it appears that the a-Si:H TFT technology is more mature and
promising. In fact, it is the leading technology in the portable TV displays now
on the market, and in the computer and instrument displays that will soon
join them. Advantages of a-Si:H are the proven capability of large-area
deposition, the low temperature growth and fabrication process, which is
compatible with cheap glass substrates, and the use of conventional Si
| ‘photohthographlc processes. Although the electron mobility of a-Si:H is



relatnvely low, films of this matenal exhlblted extremely hlgh dark resistance.

The resulting TFTs thus have a very low OFF current- as well as having a high
- ON/OFF current ratio. The low off-current eliminates the need of a storage
capacitor adjacent to the LC for display and for other similar ‘applications. -

Excellent photoconductive properties of a-Si:H and the ability to integrate

photosensors and transistors over very large areas on glass substrates has also
led to the development of page—w1de TFT addressed document scanners ‘

AlVILCDs today have the potential to replace almost every - CRT
application in terms of performance. However, they will not mgnlﬁcantly
' penetrate major consumer and industrial display markets—such as television
. receivers, computer termlnals, and automobile dashboards——untll the panels
can be manufactured at a cost competitive with CRTs. The foremost cost
driver is the fabrication yield due to the large-area substrate involved and the
lack of sultable production- equlpment The second major factor responslble for
the high production cost is the cnrcuxtry requxred to address and -drive the
active matrix. All the: driver circuitry for the AMLCD in use today 18 in the
form of crystalline silicon LSI chips and they are mounted on the sndes of the
‘ dlsplay panel. Therefore, it is highly desirable to have “on board clrcults
- adjacent to the TFT switch matrix and have ‘themn 1mplemented in the same
technology on the same substrate. This would reduce the number of lead

connections and hence: the system cost, and also improve dlsplay reliability. 7.

The large current handling line drivers and multlplexmg circuits glve a degree
of flexibility in the logic archltecture and partltlonlng

1.2 Thesis Overview , co o

'As a matrix switching elements, a-Si:H TFTs obviously have met success
because the operation’ frequencies required are genérally only in the order of a
few tens of KHz. For other high speed analog and digital circnits'appliCations,
slgmﬁcant improvement of its current drive capability and stablhty need to be
'achleved Although a-Si:H TFT devices have been under intensive study i in the
last. decade,_ there is much room both for further understandlng of . the
fundaxnental device physics and for improvement of device technologies. This
v_thesis consists of several parts which are closely related to _thehsp’eed' and
stsbili_ty; i.ssuesf-on the discrete device level. The goal is to nrOmote; a better
understa,nding of the relationship between device performance 'and ‘proc&ssing
' parameters, especlally the composition of the gate nltnde, and of the eﬂ'ect of
source/ drain parasitic resxstance - :



Chapter 2 contains a review of the relevant literature on the basic
properties and preparation of a-Si:H and SiN, along with the technologies and
performance of a-Si:H TFTs. Also included in this chapter are the application
of a-Si:H TFTs in AMLCDs and a description of other present day TFT issues.

Chapter 3 details the effort in the deposition and characterization of the
- PECVD a—S8iN,:H gate insulator and its incorporation in 1n1t1al a-Si:H TFTs.

An mtegral part of this chapter describes the further optimization of the gate
mtrlde in terms of the deposition RF power densities and the effect of NH;;

plasma treatment.

In Chapter 4, a normal staggered a-81 H TFT process is described first and
then device failures due to anomalous gate Cr corrosion are analyzed and
reported. By using both electrical and spectroscopic techniques, the analysis
goes further to the correlation between Cr corrosion, plasma processing and the -
TFT device design. A possible electrochemical corrosion mechanism is
postulated. v k

Chapter 5 discusses the design, fabrication and characterization of the
new TFTs and other test structures for source/drain parasitic resistance
studies. Finally, the thesis investigation is summarized and recommendations
for future work are given in Chapter 6."



CHAPTER 2
' LITERATURE REVIEW

21 Introduction _ _

, The thin film transistor (TFT) has been under almost continuous research
and development since the first practical device was reported by P.K. Weimer
in 1962(1]. Initial research on TFTs made use of evaporated polycrystalline
CdSe and, to some extent, cadmium sulfide (CdS) thin films. The CdSe TFTs
were used for the scanning circuits of photoconductor arrays(2]. TFTs using
amorphous silicon were first demonstrated in 1976 by Neudeck[3]. The
evaporated a-Si was of poor quality because it had a large density of states in
the mobility gap. However, the epoch-making work by Spear and LeComber|[4]
demonstrated that high quality n- and p-type amorphous silicon films could be
deposited by doping with hydrogen in addition to donor and acceptor
_ ifnpurities through the’l ‘glow " discharge decomposition of SiH, gas. This
stimulated research on hydrogenated amorphous silicon (a-Si:H) devices such as
transistors, photovoltaic cells, and photoconductor-coated drums for copy
machines, all of which required the low-temperature deposition. of silicon on
glass or similar substrate. The first commercial application of a-Si:H films was
in the field of solar cells. Since such devices had a relatively simple structure
and small area, they were suitable vehicles for the study of the properties of a-
-Si:H films and enabled the optimization of the deposition systems required.

Resulting from the accumulated experience with the deposition technique
developed for producing a-Si:H p-n diodes for solar cells, plasma-enhanced
‘chemical vapor deposition (PECVD) systems became available for production
use. As a result of this progress, the first demonstration of an a-Si:H TFT by
LeComber, Spear and Ghaith[5] led rapidly to a extensive research in many -
- laboratories throughout the world. Although the semiconducting properties of
a-Si:H are inferior to single crystal silicon, its promise for applications under
the broad heading of large area integration has made a-Si:H TFT attractive as
switching elements in active-matrix (AM) liquid crystal displays (LCDs) and



"optlcal character or page readers.

AJthough the speed of a-Si:H TFTs at the moment are adequate for the
switching transistor in the matrix, they are not fast enough for the peripheral -
driver circuits and other logic circuit applications, i.e., the data shift registerv,
In part, this is due to the fundamentally low carrier mobilities of 2-Si:H and
- therefore the lack of sufficient drive current to charge the parasntic
-capacitances of the AMLCD. Perhaps more important is that the field is in the
very early stage of understanding both the fundamental materlals propertles
and the device physics. There is much room for substantial lmprovement—-a
lot of problems and a lot of possibilities. This chapter will focus the present
level of understanding of a-Si:H TFT technologies and device physics. The
review begins with those properties of a-Si:H that are relevant to thin film
transistors. Next, a overview will be given to the progress of a—SxH TFT
" technologies and device modeling effort. A brief section will be then
contributed to the most important a-Si:H TFT application, that of the
AMLCD. Also discussed are some of the key issues that limit the performance
of today 8 a—Sl H TFTs. ’ '

2.2. The Active Semiconductor Layer — a-Si:H
2.2.1 Basic Properties of a-Si:H

~ 2.2.1.1 Atomic Structure

In contrast to the case of crystalline sohds, amorphous sollds are
disordered materlals They possess no long-rang structural conﬁguratxon which
'means there is no unit cell and no lattice. However, amorphous materials can
exhlblt a hlgh degree of short-range order. For ideal a-Si, it has generally been
accepted that a good first approximation to the bulk structure is the
continuous random network model. The model states that (a) each Si atom has
exactly four ﬁrst—nelghbor atoms at the same bond length as in the crystal
formmg a regular tetrahedron "on the average, and (b) varlatlons in the
interbond angles[6] (~5%) among these neighbors lead rapidly to a loss of local
’ order and ultlmately to the absence of long—range order and therefore

crystalhmty ‘ ' ‘ : \

- In real a-Si, however, there are intrinsic and extrinsic defects as well as
nmpurxtnes. Phlllxps[7] has pointed out that it would be impossible to construct
an infinite continuous random network without extremely large 1nternal strain
and stress ‘Broken bonds will therefore be formed to release the mternal



tensnon

In a crystal, we only need the basis vector and the translatlon vector to
descrlbe the position of every atom. In amorphous silicon, however, we would
need three coordinates for every atom in the material. Clearly, this is
imppesible;-w-ith 10%4 atoms/em®. As a result, one asks simpler questions like:
what is the average distance to the nearest neighbors and how many neighbors
are there? Thus, a type of statistical description of atomic arrangement is
sought.” The radial distribution functions (RDFs) can reveal this kind of
information. RDFs are obtained from diffraction (x-ray, electron, neutrons)
data by Fourier transformation of the intensities, after effects like incoherent
and multiple scattering have been removed and geo'metrlc’al phenomena like
the polarization effect have been taken into account. Fxgure 2.1a shows radial
distribution curves for amorphous silicon and for crystalline silicon as obtained
by Fourier analysis of electron diffraction data[9] It was found that the first
neighbor peaks in the two materials had both the same position and width, ie,
Si is tetrahedrally coordinated in the crystal and also in the amorphous Si
sample. Further, the nearest-neighbor separation in amorphous Si is unchanged
from the crystalline case to within 1 or 2%][8,9]. The second neigﬁbor peak in
the amorphous Si had the same position, but was slightly broader than the
corresponding peak in the crystalline material. But the very strong third
neighbor . peak of the crystalline Si, due to 12 third neighbors, was almost
completely missing from the amorphous Si's RDF. Figure 2.1b shows how
tetrahedral coordination leads to the fce unit cell of crystalline Si and how a
tetrahedral structure can be preserved in the network model of amorphous Si
due its one additional degree of rotational freedom. -

2.2.1.2 Density of States Distribution

From the tight-bonding approxuna.tlon, it can be expected that the
electronic structures of both crystalline Si and amorphous Si are mainly
determined by their short-range bonding structures. Therefore, their density of
states should not be very different. However, the fluctuations of bond lengths
and angles in the random network could introduce localized states into the
“energy band gap. Figure 2.2 shows a schematic representation of the density of
states function. From the figure it is seen that amorphous Si has essentially
two types of localized gap states, intrinsic and extnnsnc[lo 11] The intrinsic
localized states are defined as those arising from the dlstrlbutxon of bond angles
~and lengths, and the extrinsic localized states are those arising from defects
and impurities. Therefore, the total density of these deep midgap states also
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depends on the doping level as determined from several independent

experiments[12-l4] Street [15] has proposed a model that can in -principle o

account for the observed relation that the density  of danghng bonds 1s'
proportlonal to the square root of the dopant concentratlon ’

2.2.1.3 Electrlcal Transport Propertles

Electrlcal transport nn amorphous semlconductors is much more complex
than it is 1n “crystalline semlconductors This is baslcally because electnc

‘current, can be carried by electrons and holes in extended as well as. locahzed S

- states ‘in ‘these materials. Thus for amorphous semlconductors, the current "
densxty 8)] must be wrltten in general as
‘ ' J—JE + JL o L S (2 l')

Here Jg 'is the extended-states contrrbutlon and JL the locallzed-states ’
- contribution. Flgure 2.3 shows a schematlc illustration of electron transport
_mechamsms in amorphous semlconductors, using the format of an energy level
dragram in real space[16] Two mechanisms can be 1dent1ﬁed, ie, the band
transport in extended states and hopplng transport between- localized ‘states.
‘ Thelr relative importance largely depends on temperature (two-channel model)

At very low temperatures conduction can occur by thermally ‘assisted -
tunnehng between states very near the Ferrm level. At higher temperatures
carriers are ex1ted ‘into the locahzed states of the band tails. Carrrers in these, '
states contnbute to. conductlon by variable range hopplng from one site . to
another In all probablhty these sites are not at the sa.me energy, ie, transmons ’
A and B-in Figure 2.3 Consequently, hopprng is a phonon-assrsted tunnellng
process Every time the localized electron moves, it emits or absorbs a phonon

‘and the steps, ‘which necessrtate absorptlon of a phonon, are rate limiting. This |

makes hopping a thermally activated process. It has been descrrbed by
Mott[17] and is characterrzed by the relatlon - :

0_[2(870""] M okT ] ¢ , o (22)
where ) |

Vpy is- the phonon frequency in Hz, ais the rate of wave. functxon fall-off at a
srte, N (Ep) is the densrty of states at the Fermx level in # /cm —eV and "e" is
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the charge of an -electron in ‘Coulombs. This' relation has been verified
experlmentally ‘

At still hlgher temperatures the electron is exclted to the level labeled C in
Flgure 2.3, an extended state above the conduction-band edge E,, and
contributes to the conductivity in a way ‘similar to that of a conductlon
electron in crystalhne Si; i.e., both are products of a non-temperature-activated
mobility, determined by the scattering of electrons from one delocallzed site to
another, and a temperature-actlvated number densnty.

| G_eudL(T)N(T)efAE/"T » | : " »‘ (2 4) .

where AE=Ec—Ep and ‘N is a band effective density of states. However,
because of the enhanced scattering caused by the disorder and the trapping
and release events by localized states, the carrier mobility in the extended
states of a-8i is much lower than that in crystalhne Si.

Since the mobilities of the extended states are expected to be orders of
magnltude larger than those of localized states ( the mobility gap), and since,
among the localized states, ‘mobilities can vary by orders of magnltude due to
its temperature—actlvated nature, the conductivity of a-Si can be tremendously
aﬁected by shift in carrier populatnons For example, if hght appreclably shifts
the carrier populatlon into localized states with large hopprng mobllltles or 1nto
extended band states, large changes in the conductwrty will result Hence many
. amorphous sennconductors are strong photoconductors ‘In addltlon, the

‘conductivity can also be affected by high electric ﬁelds The effects basically
result from changes in population caused by the ‘interaction of coulomblc
potentral of a locahzed site and that of external ﬁeld

2.2.1.4 The Effect of Hydrogen in Amorphous Slhcon

In plasma: deposlted amorphous silicon hydrogen 1tself is of course the
most numerous impurity. In a way similar to its presence in crystallrne,, silicon,
this impurity. does not introduce localized states in the band '_g:ap_.“ : _Instead
hydrogen  serves primarily to passivate the defects already present in the
amorphous system and thus to decrease the density of defect states in the
mobility gap. This first order effect stems from the passivation or compensatlon
of the dangling bonds. Because the Si-H energy levels lie away from the
bandgap, therefore presumably they do. not 1nterfere w1th the near bandgap
transport and the optlcal phenomena
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Direct evidence that hydrogen passivates dangling bonds is seen by the -
disappearance of the electron spin resonance (ESR) signal in hydrogenated a-Si
as compared to pure a-Si. The ESR signal originates from unpared electron
: splns whlch are produced by dangling bonds. :

 The way the hydrogen is incorporated into 2-Si:H also affects ‘the observed
properties[18,19]. Several studies[20] have been conducted to identify the
bonding configurations based on Infrared absorption and Raman scattering -
experiments. The material is described as an Si:H alloy ‘where there are
~ ‘multiple, as well as single, H-atom attachment. NMR experiments(21, 22] show
" that about 4 atomic percent of hydrogen can be incorporated as dilute
hydrogen-while the rest is found in clusters of 5 to 7 hydrogen atoms[23]. This
structural inhomogeneity can be described by means of a two-phase model: a
phase, a, of low defect density and with hydrogen bonded mainly in the form
of SiH, (x=1) groups. This phase is imbedded in a second phase, b, of poor
quality, i.e., a high defect density. In phase @ a fraction of the monohydride is
atomically dispersed, the remainder is clustered. Phase b contains large .
amounts of hydrogen, which is bonded not only in the form of SiH, (x—l), but
also as SiH, (z>1) and as (SiH;), (n>1) chains. In good quality material
phase a dominates. Infrared spectroscopy is used to identify the presence of
SiH, (z= 1) groups and (SiH,), (n>1) chains and to determine the total
hydrogen content. Good quality material contains 2~15% atomic hydrogen
only bonded as SiH, (z=1). With increasing hydrogen content the amount of
dihydride and polymer-like chains increases, as does the amount of SiH, (z=1)
clustering, while the film properties deteriorate. | '

A well known property of a-Si:H is the creation of metastable states either
under the influence of light (Staebler-Wronski effect) or due to carrier
accumulation generated by an electric field (like in TFTs). It is believed that
Si-Si bonds and Si-H bonds are broken. The breaking of an Si-H bond is
followed by diffusion of the free hydrogen atom through the a-Si:H material.
_ This free hydrogen atom is able to break weak Si-Si bonds.

- - Besides hydrogen, the passivation of dangling bonds can also be achieved
with other monovalent atoms, such as chlorine and fluorine, which have a
larger electronegativity than hydrogen. In fact, it has been found that glow
discharge a-Si:F:H has better doping efficiency and lower density of states in
the mobility gap[24).
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2.2.2. Deposrtlon of a-S1 H Fllms

Hydrogenated amorphous silicon films are most commonly depomted by '
plasma enhanced CVD (PECVD) or glow-discharge deposition in SiH4[25].
There aré many other methods of obtaining a-Si:H films. The electrical and .
‘optical quality of the films produced by other techniques is at best comparabie
with PECVD film. These other methods are the reactive sputternng in an
Ar-—H2 ‘atmosphere[26], microwave(27], VHF glow discharge[28], chemical
vapor deposltlon followed by plasma hydrogenation[29], E-beam evaporatlon
followed by hydrogen ion . 1mplantatnon[30], and chemical vapor deposition
from higher sllane[31], homogeneous CVD{32], photo-CVD[33], and hydrogen
remote plasma CVD (HRPCVD)|[34].

The remote plasma-enhanced CVD is developed under the promise of
obtaining a material with a high density, low defect concentration and a good
step coverage. Here hydrogen radicals are produced in a separate chamber and

led to the reaction chamber where mixing with silane occurs. The hydrogen
' radical concentratlon can be controlled mdependently and the growing film is
d not in contact w1th the plasma. In photo-CVD, reactive fragments are
produced by mixing mercury with the gas and UV radiation of a mercury lamp
is used for initialization of the reactions. Because the PECVD' a-Si: H is
inherently hydrogen rich and hence of higher quality, a-Si:H as used in TFTs is
usually -deposited by this method. Smce the research conducted in: thls pro,]ect
is concerned with a-Si:H/ SiN,, both prepared by thls techmque, the rest of
th1s sectlon w1ll address only this process.

L 2.22.1, General Prmclpies of PECVD Process

PECVD is a gas-phase reaction in a low-temperature plasma that forms a
thin solid film on a substrate. A plasma or glow discharge is a partially ionized
gas composed of equal number of positive and negative charges, as well as a
' host of neutral species in both ground and excited states. Typically, the plasma
is formed by applynng an electric field across a volume of gas.: In an electric
field, free electrons are created and gain sufficient klnetlc energy ( about 1-10
: ev) from the field. This corresponds to an average electron temperature on the
order of 104 —10°K. When they make inelastic collisions with neutral molecules
and atoms, the internal energy of the gas molecules becomes. high and the
molecules -can then be excited, dxssoclated and ionized. This excxted state is
equwalent to ‘2 high-temperature state, and the effective reactlon can thus :
proceed at a low temperature :
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The process of ﬁlm formation by PECVD can be broken down into three
" major stages[35] as described below. ~ :

1. Radical and ion generation ‘

Due to the non-maxwellian distribution of electron energies in- the
- discharge, collisions between electrons and gas molecules can result in
ionization and also give rise to the efficient formation of neutral radicals. The
number of electrons in the high energy tail of the distribution that are capable
of ionizing neutral species in the discharge is considerably less than the number
~of electrons capable of molecular dissociation. As a result, the degree of
jonization is usually much less than the degree of molecular dissociation.

2. Radical adsorptlon and ion mcorporatxon :

Because of their hlgh sticking - coefficients, the radicals can be easily
adsorbed on the substrate surface, where they are subject to a variety of
physicochemical interactions, including electron and ion bombardment,
rearrangements, reactions with other adsorbed species, new bond formation,
and consequently film formation and growth. Under a certain choice of -
operating parameters or the introduction of impurities that can act as
nucleation sites, nucleating reactions can occur. This results in undesirable
particulate formation and causes defects in the growing films.

3. Adatom rearrangement

 This involves the surface diffusion of adsorbed atoms into stable sites and

the desorption of reaction by-products from the growing surface. Adatom
- diffusion and desorption rates are strongly influenced by the substrate
temperature, with higher temperature favoring films with fewer entrapped by-
products, higher density, and more uniform composition. In fact, PECVD
process is surface reaction limited and these films are in general not
~ stoichiometric. ' ‘

The above discussions indicate that a fundamental understanding of gas-
phase plasma chemistry and physics, along with surface chemistry modified by
radiation effects, is needed in order to define film growth mechanisms. These
phenomena ultimately establish film deposition rates and properties. The
complex interactions involved in PECVD are cutlined in Figure 2.4. If the
basic or microscopic plasma parameters (neutral-species, ion, and electron
densities; electron energy distribution; and residence time) can be controlled,
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the gas-phase chemistry can be defined. Many macroscopic plasma variables
(gas flow, discharge gas, pumping speed, rf power, frequency, etc.) can be
changed to alter the basic plasma conditions. However, the precise manner in
which a change in any of these variables affects basic plasma parameters is
currently unknown. Therefore, depending on the particular application,
deposition conditions must be carefully characterized and optimized for each
type of PECVD unit used. ’

2 2.2. 2 Plasma Enhanced CVD of a-Si: H

Although the production of a-Si:H from SiH, ( or from mixtures of StH,
‘with inert gases or Hj) is chemically one of the simplest reactions imaginable,
the fundamental reactions involved in film formation and the structure-
property relationships are not yet clearly defined. In general, gas-phase reactive
species are primarily H, SiH, SiH,, SiH3, and thelr positive ions[36]. The
influence of parameters on the quality of a-Si: H, such as rf power[37],
pressure[38], substrate temperature[39-42], substrate bias[43], electrode
distance[44] and the use of a triode instead of diode reactor[45] has been well
established, Just as has the dilution of silane gas with 1nert carrier gases, such
as the noble gases(46].

' The rf power level must be just sufficient to maintain the glow dlscharge '
A rise in the rf power level increases the number of defects such as microvoids
and promotes a columnar film morphology. High rf ‘power levels lead to strong
ion bombardment of the growing film. Therefore, power densities are typically
at the lower end of the range from 0.1 to 2.0 W/cm For discharge in pure
SiH,, the pressures are typically 5 to 250 mT; pressures as high as a few torr
may be used if the SiH, is diluted in Hy or an inert gas to prevent gas-phase
particulate formation. A too low pressure increases the influence of ion
bombardment. Pressures which are too high lead to gas phase polymerization
resulting in the formation of dust particles which give rise to pinholes in the
film. In addition, the substrate temperature has an important influence on the
microstructure and compositions of the as-deposited films. ‘High quality films
are obtained with substrate temperatures in the range 200—300 °C. An
increase in substrate temperature in general results in an increased growth of
microcrystalline films thus increasing the electron mobility and reducing the
density of localised states. The material is stable up to about 300°C, above
which Si-H bonds begin to break and hydrogen concentration decreases as a
result of its effusion[42]. Also, undoped a-Si:H crystallizes near 620 ° C[47] to
form polysilicon. Thus high temperatures must be avoided on all a-Si:H
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processing if the film is to remain amorphous and hydrogen rich. However, a
low substrate temperature, just as a high pressure and rf power level, leads to
the formation of films with a high total hydrogen concentration. Not only SiH .
groups, but also SiH, groups and (SiHg), (n>1) chains are present which

L gives rise to a material with poor electronic properties.

A low background concentration of contaminants in the films, whlch.
_originates from system leakage and desorptlon from the chamber, is obtained
by a large gas flowrate. Choosxng the flow rate too high results in
transportation of active species outside the reactor before diffusion can take

place to the substrate surface, which results in a decrease of the growth rate.
~ Also, the extent of the departure of the system from the quasi chemical
equilibrium strongly influences the deposition kinetics and the attainment of a
quasi-equilibrium depends on whether or not the residence time of specles is
smaller than the characteristic time of the reaction or the overall reaction time
constant. Normally a flow rate is chosen in the range 10—100 sccm. Diluting
the silane gas with inert gases such as He, Ne, Kr, and Ar deteriorates film
propertles The influence of the carrier gas is dependent on the. molecular mass

" of gas. molecules ‘The deterioration is stronger for dilution with gases having-a

'hlgher molecular mass.

2.2.3 Substltutlonal Doplng of a~-SitH

Untll n- and p-type doping had been demonstrated in glow dlscharge a-
Sl H[4), it was generally believed that amorphous semiconductors could not be
doped by the introduction of impurities. This was based on the arguments that
all. bonds of a trivalent or pentavalent dopa.nt atom introduced into- the
‘random network would be satisfied by bond rearrangements. The success of the
}doping' was attributed to the very‘ low overall density of gap states in glow"
dlscharge a-Si:H where the introduction of impurities could dlsplace the Ferm1
level several tenths of an electron volt. : '

Gas phase dopmg in a-Si:H, both n- and p-type, is achleved by
introducmg phosphine (PH3) or diborane (B;Hy) into the: reactor In Figure
2.5, the room temperature dark conducthty ‘opr is plotted as a function of
the doping impurity concentration. It shows that ogp can be controlled over -
some ten orders of magnitude, from 107!% (Qem)™? to 1072 (flem)™?, with
both n- and p-type dopxng, as the Ferm1 level is moved over approxxmately 1.2
eV. - : :
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Figure 2.5 Dependence of the electrical conductxvnty of a-Si:H on the
concentration of gas-phase doping and implanted impurities,
Including dopant from groups IfA), I, V, and VII (halogens) of
the Periodic Table. Dashed lines are for ga.s-phase doping and
solid lines are for ion implantation[48].
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In crystalline device technology, ion implantation has become: important
doping technique. With the success of doping a-Si:H from a gaseous source, it
appeared of fundamental and applied interest to explore the feasibility of this
technique in the doping of amorphous semiconductors. Muller et al[49]
demonstrated that n- and p-type a-Si:H doping could indeed be accomplished
with ion implantation. Later work has also shown that it is possrble to dope
this material by implantation of the other substitutional impurities As, Sb, Bi,
Al, Ga, In, Ti and the interstitial impurities Na, K, Rb and Cs[50]. Figure 2.5
also shows the conductivity dependence upon the implanted impurity
concentration for impurities of groups I, IIl, V, and VII of Periodic Table. The
impurities were in this case implanted into a-Si:H films at substrate
temperature near 280 °C which is near the film deposition temperature. It is
clear that ion implantation results in the introduction of donors or acceptors
and the same range of control of the conductivity can be achieved. However,
" the doping efficiency is 50 to 100 times lower than that of gas phase doping. It
was also found that the maximum eﬁiclency was observed for 1mplantatron at
temperatures near to that of a-Si:H deposrtlon By usmg ‘hot-substrate
1mplantatlon, intensive reconstructions such as the electrlcal actlvatlon of
impurity atoms and danghng passivation take place as the 1mplant progressed
Therefore, the overall damage to the a-Si:H is lower in the cases of a hot
substrate than for room temperature implants followed by annealmg at the
same temperature Ion implantation will be particularly useful for fabrication
" hlgh-speed a-S:H TFT CMOS-like circuits, where both n- and p-type doping
are’ requlred on the same substrate

2.2.4 Contacts to a-Si:H

" As with any device research, a low resistance metal/a-Sl H contact is
‘indispensable for an unperturbed external access to the intrinsic device. Ideally, -
the contact resistance of such metal contacts should be negligible relative to
bulk (space—charge—hmlted) or spreading resistance of a-Si:H layer. But this is
rarely achieved in practice and, from a practical point view, a satlsfactory'
ohmlc contact is one that does not perturb device performance ‘to ‘any
srgmﬁcant extent. Until recently, the importance of the contact resistance is
rarely addressed in a-Si:H devices such as solar cells and thin film transistors.
‘This is because its contribution is generally assumed to be neghgrble compared
- to the intrinsic resrstance throughout its region of operation. However, as the
,down scahng of TFT devices continues in both channel length and a-Si:H
thrckness, contact resistance is becoming a limiting factor in device
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performance

Smce the metal/ a-Sl H barrier height is relatwely insensitive to the metal
work function and the presence of surface states make it vnrtually impossible to
’ engmeer an accumulation ohmic contact, a good low resistance ohmic contact
to_an undoped a-Si:H film cannot be achieved by simply evaporatlng a low
‘work function metal onto the a-Si:H surface[51] or vice versa[52]. By strlct
definition, all metals form reasonable Schottky barriers on a-Si:H[53]. In
praéti’ce,' however, the ohmicity of an metal/ a-Si:H contact depends on such
factors as the metal reactivity, the interface quality, a-Si:H conductivity and to
a lesser degree on metal work function|54,55]. Although the variation of the
potential barrier height (¢,) with the metal work function (¢,,) is not simple
and linear, an empirical relationship between the contact behavior and barrier
height (for as-deposited metal on undoped as-deposited a-Si:H) is as
follows|54, 55]: (2) an ohmic contact can be achieved if 0<¢;/E,<0.3, and (b) a
quasi-ohmic contact can be achieved if 0.3<¢,/E;<0.5. For example, metals
such as Eu, Y, Sc, or Mg form exceptionally good ohmic contacts, while others
like Al, Cu, Mo, or V form very poor quasi-ohmic contacts to undoped films.
Metals such as Ho, Hf, Er, or Ti create fair quasi-ohmic contacts to undoped
films at room temperature. The above observation should be taken with
caution because the reactivity of the metal and the final interface v'condition' are
even more important than work function. With all these complications, the
most efficient method in achieving a good ohmic contact, like in crystalline
case, is to use a tunneling contact by heavxly doping the a-Si:H film i m the
vicinity of the metal/ a-Si:H interface. ‘

Several investigations have been performed to study the. effects of
~ annealing and doping on the metal/a-Si:H contact performance[56-5¢]). In
general, metal silicides formed after annealing improve the quality of the
interface and decrease its specific contact resistance. For device applicb,tions,
- the effect of contact performance on device operation has also been shown in
several a-Si:H TFT investigations|60,61]. Devices with the doped source/drain
contact regions yielded significantly higher ON-current than those without the
doped contact regions. High quality source/drain contacts have also been
-achieved using ion implantation doping[62, 63). Remarkably, a post
metalization anneal was found to improve the ON-current by at least three
orders of magnitude[62]. This was attributed to the intermixing of Al/Si
followed by microcrystallization and hence the increased doping efficiency.
‘However, there was no hard evidence for this explanation. In addition, surface
conditions were not specified immediately before Al metalization, e.g., if there



91

was significant layer of ,oxideeither due to ion implantation or air exposure.v
‘The systematic study by Bare et al[63] demonstrated that the effective
‘combination of heated implants for better doping efficiency and a BHF dip

o before metalnzatlon for oxide removal led to improved contacts e

,2 3 The Gate Insulator

As in crystalllne MOSFET ‘The qualxty of the gate msulator is very vital
~ to the performance of a-Si:H TFT’s As always, an ideal gate insulator should
* possess the following characteristics and properties: (a) possess a large dielectric -
constant and a high breakdown field; (b) contain a trap dens1ty as low as
possnble to allow the production of stable. devxces, (¢) have a controllable and
reproducxble composmon and structure; (d) its interface with a-Si:H should
- display a minimum of surface states, and a low quantity of fixed charge. Since
ythe formation of the insulator layer must also be compatible with the low
temperature process, a special challenge exists in making even one of these
requirements completely satisfied. In fact, a significant amount of eﬂ'ort in a-
‘Sl H TFTs research has been in seeking a better gate insulator. Over the past
- several years, different. insulators have been studied as the gate insulator in a-
Si:H TFTs. Besides PECVD SiN,, many others include PECVD 8i0,[64], low
temperature thermal ox1de[65], photo CVD TaO /SaN [66], SiO,N;[87],
PECVD SiO, N, /SiN,(68], and fluorinated silicon nitride[69]. .

For hlgh temperature S10,, it is a excellent gate insulator due to its larger
bandgap and lower density of both bulk and interface traps. _However, PECVD
SiOz‘ has been found generally to have poor electrical characteristics.. This -
materlal tended to be porous, showing substantial leakage currents as vvell as
low electrlc field breakdown. Recently, a new PECVD Si0y was developed by
a carefully control of plasma parameters such as N; O to SaH4 ratlo, gas flow
rate, pressure and rf power[70,71]. It is claimed that the oxide quahty is
approachlng that of thermally grown films. This oxide has also been used as a
~ gate dielectric in a-Si:H TFTs[64]. Although its leakage current was low, no
apprecxable xmprovements in TFT characteristics were obtained over. TFTs
with a—Sth H gate insulator. Moreover, stability tests have. not been
' performed : ‘

In the low-temperature thermal oxidation method, strong oxxdmng agents
in the liquid phase (HNO3:H,50,=2:1)[72] or HNO3 vapor[65] were used to
‘oxidize the a-Si:H. This method resulted in an excellent interface because the
oxrde was grown inside the a-Si:H layer. Among others, one lxmxta.{txonrsv that
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the growth rate is too low (~25 £ /h) so that a deposited second insﬁlator is
often needed. ~

- Work has also been done by engineering the SiN, composxtlon near the a-
Si: H‘ interface. Inserting a thin Si-rich nitride between a-Si:H and a N-rich
',nitride[73], was reported. In this case the field-effect mobility, subthreshold
slope, and stability have all been improved. However, it is still not clear
whether Si-rich or N-rich nitride makes a better interface w1th a—SnH
especlally in regarding TFT stability. : ‘

. The development of these and other gate dielectries for a-Si:H TFT is
obv;ously still at its primitive stage and extensive research is needed for any of
them to take the place of PECVD a—SiN,:H. The popularity of a—SiN;:H
may be attributed to its ease of deposition, large technology base, and
extensive research over many years. Because of ‘the immense mi_mber of
publications in this field and the restricted space of this thesis only a few
characteristic references are given below.

Silicon nitride thin films were first deposnted with a PECVD system by
Sterling and Swann in 1965{74]. The reactant gases tried were SiH,/N;[75|,
SiH,/NH;[76), and SiH,/NH; /N, [77,78). Generally, if SiH;—~N, reactant gas
‘is used, the N,/SiH, ratio needs to be kept high (100-1000) to avoid the
formation of silicon-rich films|79, 80). This can lead to low deposition rates, but
also gives low hydrogen content. On the other hand, because NHj3 can
dissociate at much lower energy than N,, NH;3/SiH, ratios can be
considerably lower(35]. They usually result in higher hydrogen content in the
film, but offers better thickness and refractive index uniformity[81]. As a
compromise, SiH,—N,—NHj; reactant gas seems to be more popular in
industrial production.

As stated previously, the PECVD system for silicon nitride formation has
many operating variables. Because the charge trapping centers in SiN, is
generally attributed to Si dangling bonds[82-84), it is desired that PECVD
silicon nitride be stoichiometric or slightly N-rich and its properties be close to
" those of high temperature CVD silicon nitride. Much research effort has been
devoted to achieve this goal. In general, an increase in rf power density
~increases the N/Si ratio in the film[79, 85,86). Because the bonding energy of
: vthe 8i-H bond is less than those of the N-H and N-N bonds, an increase in rf
power should increase the concentration of reactive nitrogen species relative to
the pumber of reactive silicon species and thereby decrease the Si/H ratio in
_ the film. At high power densities and at high temperatures, the N/Si ratio
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v approaches the storchlometrnc value 1. 33

PECVD ScN,, made from various combinations of SiH, /NH3 /Nz and_:_

', 1nert gas . carriers, contains up to 30 atomic % hydrogen. With the
understandnng of Sr—H bond’s mvolvement in the Staebler-Wronskr eﬂ'ect

. researchers began looknng into the effect of hydrogen in _a—SiNy H.

o Surprrslngly, it showed that there was no correlatnon ‘between the densities of -~ ,"‘ ‘

L R the dangllng bonds and Si—H. bonds(87, 88] Further, it has been found that

" an increase in the densnty of Si—H bonds increases the etch rate in- buﬂ'ered' :
,HF[89] and causes a deterioration in the characteristics of a MOSFET with a
»mtrnde passivation layer. In- addition, the Si—H bonds lmght be assoclated
with - charge-trapplng ~sites, . as shown - expernmentally[90,91]

theoretically[02]. However, Robertson and Powell have shown theoretically that
Si—H bonds form the states outside the band gap[82]. Thus the role of Si—H

bonds as charge-trappnng centers is still not clear. One possrblhty may be the R

. Si—H bond breaking event ‘resulting in a Si dangling bond. A recent. charge :

o mJectron study also demonstrated the correlation between the SiN, H chargnng

rate and the Si—H density[93]. Nevertheless, there has been an intense effort
to r_mnrmnze the hydrogen content, or somehow. avoid- the harmful eﬂ'ects of
' vSt;—H Insprred by the superior propertles of a-Sr F ﬁlm, researchers begln to
aE deposrt fluorinated silicon nitride (SiN:F) films. Tnitial results show much'better
electrncal charactenstrcs than with SlN :H ﬁlms[BO 94] '

, 2 4 an H TFT Technologres

‘ .4 1 Basnc TFT Conﬁguratrons

- Conventnonally, varlous conﬁguratrons of thrn film transrstors have been -
' ,classlﬂed into four basic structures as shown in Figure 2.6, dependmg on the o

_order of. deposntlon of the gate electrode, the semiconductor layer, the gate'& :

1nsulator layer, and the source-dram contacts. The resultmg structure is either

,- coplanar (source/draln and gate electrodes on the same side of the

( *‘gate electrode is the first layer deposrted on the substrate

~ ‘semiconductor film) or staggered (source/drain and gate electrodes on ‘the
: opposnte side of the semiconductor fllm). By inverted structure, it says that the

_ At present inverted-staggered structure is most wndely used in practlcal .
: appllcatrons. There are several technological reasons which favor this structure. =
" First, ‘the gate msulator, a-SitH and a third heavrly doped a-Sn H

o v mrcrocrystalline Si layer can be deposnted sequentrally in the same ‘deposition.
,system in one pump-down of the system. This not only decreases C
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'.contamrnatxon but also reduces turn-around time. Second, SiN, ”deposition R
temperature is not limited by a already existing a-Si:H layer. Frnally, the .

o interface between SiN, and a-Si:H is of better quality in terms of both

_interface states density[95] and a-Si:H TFT performance[96]. It was found that

the different interfaces are the result of specific chemical effects durmg growth -

‘and a composrtronal asymmetry of the two interfaces. The Bottom mtrlde/a-
Si:H interface is not abrupt and there is a ‘significant N-tail carried over into
* a-Si:H over a distance greater than about 50 £[97]. For 1llustratlon, a basic -

, ’S:N, gate technology is briefly descrnbed The starting substrate can be glass, |
;ceramlc, ‘qiartz or anything that remains adequately smooth and - ﬂat in the .

processing temperature range (<350 C) of the a-Si:H TFT. A gate metal
electrode, typically 500-1000 £ thick, is first deposited and then patterned The

 gate dielectric, usually SiN; or srllcon dioxide, then the a-Si:H and the n* a-

' Si:H layers are deposited by the PECVD method An Al layer, about 1 1 thlck

is then deposlted over the source and drain reglons after etching back the nt

. layer over the channel region. This completes the fabrlcatlon process '

2 4 2 Novel a-Sr H TFT Technologles

, One of the major limitation of conventlonal a-Sl H TFT devrces is. the low
ON—current which limits the dynamrc performance to 10—20 MHs range Whrle_
an . 1ncrease in mobility may prove to be dlﬂicult to achieve, an mcreased -
frequency response can be obtamed by device engxneermg and geometrlc .
conmderatlons ' ' SRR

Dual-gate TFTs, as shown in Figure 2. 7a, have been developed in order to.f'
_increase the’ 0N-current[98] By applying a gate bias to both the gates, two
» 'conductmg channels are formed. The drain current in the dual-gate mode is
- always larger than the sum of the two drain currents obtained from slngle-gate

operatlon ‘This attrlbuted to the overlap of the two accumulation regions ‘and a |

potentral__ redlstrlbutron along the channel. Recently, a new buried double-gate
‘TET structure was reported to obtain high ON-current and high reliability(99).

. As shown in Figure 2.7b, This novel structure can be fabricated simply. by N

addlng a gate electrode, G2, and an upper gate insulator, SxN2 ‘to the

conventronal 1nverted-staggered TFT. In comparison with conventlonal a-Sl H

TFTs, the ‘ON-current of this device is three times as high and the threshold .
voltage shrft is about one third for the same gate electric field. PRI

Another new device reported by Hack et al [100] is a double 1nJectron )
transrstor whlch has a large ON-current. It has & n* cathode and a p* anode
so that the gate electrode modulates a conductlng channel formed by both
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Figure 2.7 (a) Schematic of a dual-gate a-Si:H TFT[98]. (b) Cross seétional ;
: view of the buried double-gate TFT showing an additional buried
gate, G2, and a very thin gate-insulator, SiN2(99).
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‘electrons and holes. Since both types of car‘riers ‘are present, the channel is
capable of sustaining a much larger amount of charge without violating the

charge neutrality condition, leading to higher ON-current. The off-current is

_ quite high, and thus such a device would be used as a current drwer where a -
large dynamic range required for charge storage is not necessary.

Perhaps the simplest way to increase the operation frequency is to reduce
the channel length, provided that parasitic effects are not important. However,
it is very dlﬁicult to reliably make devices with a channel length shorter than 5
pum by using conventional photolxthographxc. process over a large substrate
area. To overcome this engineering aspect, Uchida; et al[101] developed a
vertical type TFT where the active transistor is formed along the side walls of
a metal-insulator-metal structure, Figure 2.8a. The active a-Si:H-SiN-metal
layers, deposited in a second high vacuum pumpdown, is etched down

. anisotropically by reactive ion etching until flush with the the drain

metalization. This step reduces the overlap capacitances dra,stxcally and-results
in a very small total input capacitance of 0. 55 pF /mm The expernmental cut-
off frequency for this device is 3 MHz. SRR

For the conventional lateral TFT self-alignment methods have been
explored to decrease parasitic capacitance(102, 103]. A cross sectional view is
shown in Figure 2.8b. This process ensures proper gate ahgnment with source
and drain contact metallization by performxng the photolithography for
source/draln definition by backlighting from under the glass substrate. The
opaque gate area defines the inner edge of the source/drain metal so that they '
~ are perfectly alngned to the gate The nt layer. 1s ﬁnally etched back to the

o mtrmsxc layer by RIE.

2.5 Charecteristics of a-Si:H Thin Film Transistors

2.5.1 Introductlon :

‘The basic prmclples for an a-Si TFT are mmxlar to that of. enhancement
mode msulated gate field effect transistor (IGFET). When a potential is applied
at the gate, an accumulation layer of carriers is induced close’ to. the
* insulator/semiconductor mterface This provides a high conductive -channel
‘between ‘the source and drain electrodes. However, there are features distinct
from the smgle-crystal devnces This stems from the relatively large density of
~ locahzed states in the band gap of amorphous semiconductors. In _addition,

there is always the ohmic conduction between the source and dra.xn whlch‘

mainly affects the off current..
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The characteristics requi'red of a-Si:H TFT depend on the application for
- which it is to be used. In general, the parameters used to characterize a-Si:H
- TFTs are I,,,/I,,g ratio, field eﬁ'ect mobrllty Hfe; threshold voltage VT, and
stabxhty

2.5.2 Physi(:s and Operation
‘Like a crystalline MOSFET, an a-Si:H TFT has two basic modes of
operation, namely, the subthreshold and the above threshold regimes. However, -

there are distinct differences between these two kmd of msulated-gate field
eﬂ'ect transistors. ‘ ‘

- The basic operation of the transistor can be understood by reference to
Flgure 9, where the band-bending and the occupancy of the electronic states
are illustrated with a simple density of states dlagram To start with, the
energy bands are close to the flat-band condition at zero gate voltage if no
interface states or fixed charge in the insulator are assumed. For an a-Si:H
TFT operated in the subthreshold regime, nearly all the induced charge 'goee
into the deep localized states in the energy gap of a-Si:H as well as any
interface states present. With an increase in gate voltage, more states are filled
by a larger number of accumulated charge carriers, so that the Fermi level
moves closer to the edge of the conduction band for a n-channel TFT and that
of the valence band for a p-channel TFT. This leads to a superlinearly mcrease
in the concentration of mobile carriers in the extended states(105]. ‘However,
due to the unsymmetrical distribution of vdono__rhke and acceptorlike states in
the energy band gap, it takes a much larger charge of carriers (holes) to fill the
donor-like localized states by applying negative bias to the gate than it takes
to fill the acceptor-llke states by applying positive bias. Together with the
inherently larger band mobility for electrons, this means that the on-cvurr,ent is
much larger for n-channel a-Si:H TFTs than for p-channel TFTs.

' As the gate voltage contmuaily increasing, the Fermi level enters the
bandgap tail states. This is the above threshold regime. In this regime, most of
the induced charge goes into the tail states with only a small fraction going
~ into the extend states. Hence the fleld effect mobility is much less than the
band mobility. A truly crystalline-like regime can occur only when vrrtually all
locahzed states are filled and the Fermi level at the a-Si:H/ insulator interface is
thhm about kT /g of the band edge. Then most of the induced charge goes
into the extended states and the field-effect mobility is close to the band
mobrhty[lOB] This condition would require an electric field as hrgh as
_} 5>’<‘10°> . V/emin the insulator with a relative permittivity of about 3.9. =~ -
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Figure 2.9  Schematic illustration of the basic operation of an a-Si:H TFT,
showing the energy band-bending (top) and the occupancy of the
localized states; ngeep is the number of electrons in deep states
and npr is the number of electrons in tail states[104].
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bDueto” technologrcal drfficultres, practical . a-Si: H”TFTs are- usuallv' n- .

. channel accumulatron devices. The static characteristics has been modeled by a
. number of groups[107-110] ‘Chung and Neudeck([109] derived ~accurate

-analytlcal expressions for the static characteristics which take into account the

bulk defect states and interface defect states. It shows good agreement with

, experrmental results The characterrstrcs shows three distinct regions of

"_operatlon For. VG—-VpB<VT and VG—VFB—VD> 0, the device is essentrally m '
the subthreshold regime and the dram current is grven by :
.Il)—' WP Ga(Vc Vn“AVn)[l -¢2Vp]

) laz o (2‘5) .

In the :transitionrreglon when VG;VFB> Vr and VG—VpB—Vp> Vr, it gives -

10=——-ﬂ" - [Vcr = VGT—VD)"] IRREI (2.8)
When VG_VFB> VT and VG_VFB—VD<VT’ ,

" Where
| | VGT—VG“VFB"'VT __
In the above equatrons, W and l are the wrdth and length respectlvely Ve i is

B . the gate voltage, Vpg the flat band voltage Vo, A, M B, a, are model )

parameters Because the field-effect mobrlrty is a function of the gate voltage, f
" plots of the square ‘root of saturation current I}{’ vs Vg are generally no longer

straight lines, In practice, therefore, the threshold voltage is obtamed by atwo

parameter least—square ﬁt to the data in saturation usrng the followmg' :
" equation '

| | D—K(VG—VT)7 S (29)
‘where: K and 'y are functrons of different material parameters '

Besrdes the umpolar operatron of a-SicH TFTs mentroned above, a TFT

~with source and drain_ contacts which ‘are ohmic for maJonty and mmorrty -

‘camers could also be swrtched between n-channel and p-channel modes. This i rs_
, ,termed the ambxpolar characteristic. In ‘addition to the ohmic rnjectrng'

’ .contacts, the use of a hrgh-qualrty gate 1nsulator and a low level of interface

" 'state densrty are required in a-Si:H TFTs in order to observe the ‘ambipolar
behavror ‘at reasonable gate. voltages This is because the fixed charge in: the -
> gate rnsulator would shrft the ﬂat band voltage and hence hxnder the formatron o
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of a p-channel (for negative shifts) or a n-channel (for positive shifts). For this
reasdn, thermally grown Si0,[111| was usually used for the gate insulator.
Very recently, the ambipolar behavior was also observed for a-Si:H TFTs
employing a PECVD SiN, and Boron-implanted source/drain contacts|112].

Evidénce of the ambipolar behavior of a-Si:H TFTs was obSer_ved by
Neudeck and Malhotra in 1975[113] and formal investigation of th‘iS-property
was published by Pfleiderer et al{114-116]. More recently, numerical models
were also developed which can predict the output drain characteristics over
many decades of drain current for a single set of input parameters[117,118].
The operation of an ambipolar a-Si:H TFT is best illustrated by Figure 2.10.
As indicated in the figure, four regions of operation can be identified. The
characteristics in the first two regions are not much different from that of a
uxiipolar device. However, as the device enters region 3, the effects of the
enhanced hole layer near drain end begin to show up and the current increases
at a fia.ster rate. In region 4, the current initially increases exponentially. This is
because the n-channel conduction essentially does not change while the p-
channel conduction increases as the drain voltage (Vp) increases.

2.6 a-Si:H TFT Applications
As mentioned previously, a-S:H TFTs have been widely adopted as -
switching elements in commercially available liquid-crystal flat panel displays,
as fumige sensors and as logic circuits. However, the major drive for the
deifelopment__of a-Si:H TFT technology is in the area of ‘active-matrix liquid
crystal - displays (AMLCD). The TFT-addressed LCD has a much more
_complicated structure than the direct-drive multiplexed TN LCD because of
the addition of TFT array. In realizing a AMLCD, many factors must be taken
into account. In addition to considerations for discrete transistors such as their
structure, operation and characteristics, problems such as addressing scheme,
uniformity and defects over large areas must also be solved. In this section,
various issues of a-Si:H TFTs as used in AMLCD will be reviewed and
discussed. ' ' o ' '

2.6.1 Fundamental Physical Arrangement and Operation of the AMLCD

A cross-sectional view of one TFT switched pixel is shown in Figure 2.11.
On the lower glass plate, the TFT array is fabricated as well as the transparent
driving electrodes for the individual pixels, usuzlly a layer of indium tin oxide
(ITO). On the upper glass plate, a common electrode, also made of ITO, is
fabricatgd. For the glass substrates, quartz, hard glass, or soda-lime glass can
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Figure 2.10 (a) Ambipolar regions of operation; (b) Shrinking electron and
expanding hole layers in an ambipolar a-Si:H TFT beyond
pinch-off (dashed-lines show changing boundaries of electron and
hole layers as Vp is changed). From Ref. 52. N o
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" be ‘u‘sed ‘provided  they can’ withstand the TFT processing environment
o mcludrng temperature and etching solutions. The liquid-crystal materlal, in
most cases a TN type, is contained between the glass substrates as a layer 5-7

Cum thlck In operatlon, the liquid-crystal elements are driven by AC voltages

applled between the pixel electrodes ‘and . the common electrode. It should be -
noted that for proper operatlon, the electrode surfaces must be sultably treated
to approprlately align the: llqurd-crystal ‘molecules,. and polarlzers must be '
provnded on the external surfaces of both glass plates. L '

- The clrcult arrangement of the complete TFT LCD is shown in Flgure
2.12. As indicated, there are (MxN) plxels addressed by N data lines and M

. gate lines. “This is electrlcally‘ equivalent to a “MOSFET ‘dynamic memory

‘circuit. The drive circuits for these lines may be located outside the display
and connected to these lines, or they may be integrated along the edges of the
,dlsplay substrate fabrxcated from TFTs based on the same semlconductlng
‘materxal : : ,

The use - of TFT active matrlx is . to separate the functlon of the

- - nonlinearity from the LC material 1tself and use the transistor to: provlde the

needed nonhnearlty Ideally, the TFT active matrix can be consrdered as an

o array of plxel swrtches In operatlon, the gate lines are sequentlally actlvated

durrng a. frame tlme, turnlng on successnve rows of TFTs. Durlng the time a
row- of TFTs is turned on, the srgnal voltages corresponding to that row are
“transferred from the. drive circuits to the prxel electrodes through these TFTs.
After this row. of TFTs is turned oﬁ the. capacltlve charges stored on the pixel

| ) electrodes may be retarned until this row is addressed again provlded the OFF

resistance of TFTs is large enough. To avord electrolytic effects within’ the LC
~ material, a gero average dc voltage needs to be maintained on - the. pixel by -
“reversing the polarity of the signal voltage each field. An example of the
driving waveforms -and resultxng pixel voltage waveforms appearing on.an ON -
 pixel are shown in Figure 2.13. V¢ is the amplitude of the gate slgnal and =+ V |

N 1 represents the sxgnal voltage V p11 is the resultant plxel electrode voltage

‘2 6 2 Electrlcal Requlrements

A TFT used in' an actlve matrrx can never be an 1deal swrtch and it has' »

‘ .ﬁnxte ON resnstance as well as OFF resnstance As such, the minimum
requlrements placed on its electrical characterrstlcs depend on. the dlsplay
apphcatlon For snnpllclty, a bilevel dlsplay, which has only two states ——ON '
and OFF w1ll be consrdered in the followmg dlscussmns = :
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Figure 2.12 Circuit arrangement of TFT LCD: usually, the column and row
"~ - drivers are positioned along the four edges; gate lines correspond
to scan lines, and display data is transferred through the data

lines to each pixel.
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- . Figure 2.13 Drnvmg waveforms for TFT LCD one frame consists of a posntnve
o0 and negatnve field. The input signal on an activated data line has
~a voltage swing *V,; similar signal voltages are applied to the
- - other activated data lines in accordance wnth the pncture content;
' V is the pxxel voltage : :
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The requirement of the ON state is based upon the need to charge the

pixel capacitor to +V,, from —V,, dunng the row select time (—) If the

dependence of the TFT ON characteristics on the pixel voltage and the non-
uniform charging current during the entire charging cycle are considered, then
the drive current requirement for the TFT is [119]

Ion=2F,, CLCM/T : ’ (2.9)

Where F,, is an engnneerlng factor, typically of magnitude 1~10, to account
v’the non-ideal factors and Cp¢ is the LC capacitance. This is in effect to require
that the RC time be less than 1 /Fon of the charging pernod (row select time).

‘The basic requirement for the active matrix TFT switch is that the
leakage current through the TFT should not result in an ON pixel losing
sufficient charge to appear partially or fully OFF. This is a soft requirement in
the sense that the data pulse could be increased to compensate for the decay. If
a voltage decay AV,, during a field time T is the maximum for ins'igniﬁeant
- change of the ON pixel brightness, the TFT leakage current at room
temperature must be

Ioﬁ— Foﬂ'AVon CLC’/T | (2°_10)

where F,z is also an engineering factor to account for the leakage current
increase at higher temperatures or under strong ambient light. For example,
the leakage current of the TFT doubles with every 10-degree rise in
temperature, assuming the activation energy of the semiconductor film to be
0.6 eV. If the TFT LCD is required to operate up to 60 °C, then Foﬂ factor
should be at most 0.1.

To have a general feel of the electrical requirements, typical values for the
above variables will be assumed. For the LC material, we assume a capacitance
Cpc of 0.6 pF (dielectric constant €, 10, d=10""'e¢m, A=6x10"* ¢m?) and a
threshold V,, of 1.56V. Generally, the human eye can easily detect flicker below
25 Hz, so the minimum frame frequency must be more than 30 Hz or the field
time T should be at most 1.6x10™2 see. Further, if we use F;n=5, F,g=0.1 and
AV,,=0.1V for 90% charge retention, then '

La>8Mx107° 4, (2.11)

~and ,
Lg<8x10™1 4. (2.12)

For M=1000, then the ON current and ON/OFF current ratio should be



larger than 6x10'7 A and 106, respectrvely It should be mentroned that the

5 .above analysrs apphes only to bilevel dlsplay where a low degree of umformrty ) »
s acceptable For a gray-scale dlsplay, it requlres a much better degree of
. ':umformlty in TFT characteristics as well as more stringent condrtlons for I,

“Lg and - the current ratio. Indeed the tolerance on the voltage accuracy
o determrnes the number of gray-scale steps R a

o 2. 6 3 a-Sr H TFT Technologles in AMLCD

By far a-Si: H TFT is the most wxdely used swrtchlng elements m AMLCD o
mainly: because satrsfactory switching characterrstlcs and ‘the ability of

‘ :" ‘ fabncatron over large areas In addrtlon, the requlrement for a glass substrate ‘
- is much relaxed due to its low temperature process——typlcally less than

300 C Inexpensrve low temperature glasses such as Cornmg 7059 or even soft
soda-lrme glass can- ‘be used. Thls is one advantage over poly—Sl TFTs which -

X ‘v-"v_’-.requlre a substrate of hard glass with a. softenmg pornt above 650 C such as S

: Cormg 1733, Hoya NA 40 and Asshi. AN

- For a dlscrete devlce of the commonly used 1nverted-staggered structure,_;[ - .
. ~»the processlng issues has been dlscussed in a prevrous section.  In AMLCD, a

"hght-shreld layer external to the TFT may be required on the source/ dram side -

to reduce. hght-xnduced leakage current. If, however, amorphous Si ﬁlm is very

thin (eg, 300—500 A), the need for the light-shield layer may ‘be- avoided.

: ,Another llmltatlon is the dev1ce size. Here ‘the device drmenslons can not be

, Eradxcally desrgned as large as required to satrsfy the ON-current requlrements
A tr1vnal upper. bound is- imposed by the available size of the plxel If the devxce‘
gets too large it will reduce the transmrssron of the pixel to unacceptably low

levels. A more important upper . bound is caused by parasrtrc capacltances o

1ntrmsxc to the partrcular device such as the gate-source and source-drann :

_ ,‘ fcapacltances These typlcally scale wrth the geometry, this is, as the dxmensmn
,>W increases, - the parasltrc capacrtances 1ncrease “and a larger voltage shrft

¥ ‘appears in the pixel voltage "

One advantage of the TFT-addressed LCD compared to d1rect-dr1ve LCDs )
’ “1s that lt oﬂ'ers the possxbxllty of fabrrcatlng the driver clrcults on the same

o substrate as the dlsplay This would avoid troublesome connectlons between -

o the LCD and drxver LSIs, reduce system cost and lmprove dlsplay rehablhty .
. For example, A 1000x1000 pixel color dxsplay requires 4000 externalif' '
connectxons to dnve circuits. By fabrlcatmg the drive cxrcuxtry sxmultaneously j

) wrth the active matnx, the total number of external leads can be: reduced to B

i ,50 The desrgn and operatxon of the. row drlvers are less of a problem than the: .
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column drlvers since all the circuits are fully digital and their operatmg speed
~ is relatively low. For interlaced TV operatxon, the row drivers must operate at
16 KH2[120]. Assuming a gate length of 10 um, the required switching speed -
can be achieved with a field eﬁect mobility of less than 0.5 em?/V—s.

" Therefore both a-Si and poly-Si are “in principle” suitable. A low-speed gate-

} hne-lntegrated driver has been developed using a-Si:H TFT technology[12l]
 On the other hand, the column drivers must operate at frequencles of 8 MH:

for black and white or 23 MHz for color[120] A minimum ‘mobility of 8
em? [V—s is required and therefore a-Si TFT is not suitable for proper
‘operation unless very short channel devices are employed.

-Another problem area in a-Si:H TFTs is their uniformity ‘and stablhty
The . former depends mainly on the manufacturing equipment ‘and the
~ processing ‘technology, but the instability is associated with an undesrrable
physrcal property of the amorphous state semiconductor and gate insulator.
‘ Advances in both process technologies and device modelmg are needed to
lmprove the materlals quahty and to demgn a better drlvmg scheme ‘

‘2‘.'77 Prbblems : e,nd: thure'Dei'elopments |

2 7 1 Introductlon

. At present the best a-Si:H TFT has the 1nverted-staggered structure with
,_S_sN as _..the gate insulator. It gives an on/off current ratio of 107, g of
0. 8cm2/ V—s and a threshold voltage of about 2 V. Its performance is adequate -
’ for active matrix switching for a LCD. But for the peripheral driver  circuits

o ,'and other high speed applications, significant 1mprovement of its current drive
o 'capablhty and reliability need to be achleved In view of the large amount of

* research effort devoted to its process optimization, it seems - that further
E 1mprovement of its performance by optimizing the PECVD - deposition

o conditions will not be dramatic as long as we stick to the inverted-staggered

configuration and the present materials. Clearly, thin film microelectronics

_ involving a-Si:H TFTs is presently in a very early stage of development. There

s much room for substantial improvements. The two major issues, i.e.,

- increase of speed and elimination of threshold voltage shlft must be solved
& before further appllcatlons in analog and dngxtal cxrcuxts in large electromcs can
" be fully exploxted : '
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2. 7 2 Speed Consrderatlon .

~The standard amorphous gilicon TFT is'an n-channel enhancement type
. devnce In the off state the very low conductxvnty of intrinsic amorphous silicon,
- which has a band gap of about 1.72 ev, inhibits ‘current flow from source to
_drain. The off currents are on the order of plco-amps The conductlvxty can be ,
mcreased by 8 to 9 orders of magmtude by apphcatlon of a posntlve gate

o voltage On currents are generally on the order of mlcro-amps Itis llmlted by

 the inherently low electron drift moblllty m bulk a-Si:H and by the even lower
_ field effect mobility due to a higher density of defects and wider tail states
- distribution near the semiconductor-insulator interface. Improvement of this
~ interface implies optlmlzatlon of the gate insulator deposntlon condltlons as.

5 " well as the a—Sl H; especlally in the early stages of deposition.

In general, there are three. approaches to increase the current drlve
'capabnlrty and thus improve the operatlon speed of the a-Si:H TFT First, the -_
carrier mobilities are increased by improving the a-Si:H and the ‘insulator
_ quality as well as improving the a-Sl/ insulator lnterface quality. As stated
~earlier; this is expected not to be significant. Second, carrier transit time across
the channel is reduced by reducing the channel length and therefore the
: ‘max1mum operatlng frequency [, is increased since fm=ULFE V/enL?, where
V= VD is the source-drain ‘voltage in the linear region and V= VG—Vj- is the
voltage in. the saturatlon reglon Thll‘d a new clrcult is 1nvented for a—Sl H

" TFTs..

N The second approach is generally belleved to be the most eﬁectlve way for
improving  the operatlon speed of a-Si:H TFTs. This is based on the
assumption -that TFT performance is governed by the surface field model
- which successfully analyzes long channel behavior and that it scales to short
channels. However, due to the use of conventional photolithographic techniques
(masks alignment and photo etching) for large area electronics, new TFT
, structures and fabrication technologies have to be used. At. present there
' already appear several approaches, (a) ‘Vertical TFTs. This. represent “the
simplest approach to higher speeds. (b) Self-aligned TFT structures 1t is
posslble to obtaln a short channel devnce without overlappmg source and dram
capacntance ' SR : 3 L

'Both methods can produce submlcron dev1ces However, it is necessary to o
* recognize, first of all, that the source-drain transit time is not the only factor
o llmltlng speed and performance. ‘The eﬁectlve field effect moblhty, p,/,, deduced ’
.from the TFT characterlstlcs in ss,turatnon, is also lnmlted by geometncal or
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extnnsnc effects including contact resistance and/or bulk series re31sta.nce The
latter is expected to be important in inverted-staggered TFT’s where electrons
must traverse through a intrinsic a-Si:H region on their way to and from the
channel. Both effects are most significant at large gate voltages, ‘when the
, channel conductance is largest, and for short channel devices. Due to this
o parasntlc resistance between source/drain and the device channel, it has been
determined that there is little improvement for the I,, /I,,ﬁ ratio and even a
decrease in field-effect mobility below a gate length of about 2 micron[103]. It is
‘obvious that shrinking devices, particularly reducing channel lengths, leads to

' 'undesuable short channel effects which. must be understood before small

geometry a-Si:H TFTs can be realized.

"2.7.3 Stability Consideration

One of the advantages for using a-Si:H TFTs is the possnblhty of using
low-temperature processes and inexpensive glass substrates. However, with
low-temperature materials there is always an issue of stability. In the case of _
SiN, gated a-Si:H TFTs, the most prominent feature is the decrease of the
souree-drain current with time or threshold voltage shift for a static gate bias.
Stability issues of a-Si:H TFTs has been studied intensively by a number of
research. groups, and its improvement is essential for reliable long-term
performance. Flgure 2.14 shows the result of Powell[122] illustrating the
temperature dependence of the drift. The primary instability mechanisms have
been identified 'as the charge trapping in the silicon nitride gate insulator or
near the interface and the creation of metastable states in the a-Si:H channel
under gate bias|123, 124]. ‘

The first mechanism has a logarlthmlc time dependence and has a very
small temperature dependence[123]. It is believed that the rate limiting process -
governing the threshold voltage shift is the charge injection from the a-Si:H to
the silicon nitride with charge trapping near to the semiconductor interface
and with no redistribution of the trapped charge in the nitride. It is therefore
expected to be strongly dependent of the quality of the gate msulator, in
articular the trap density at or near the a-Si:H/ SiN, interface.

“The second mechanism is characteristic of a-Si:H TFTs. If a voltage is
applied to the gate, electrons are drawn from the bulk of the a-Si:H layer and
localized deep bandgap states will instantly become filled. Also conduction-
“band  tail states arising from weak Si—Si bonds have a probability of
capturing an electron. These bonds are likely to break when occupied by an
electron, as suggested by Street and Thompson(125]. The instability of the a-
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Fxgure 2. 14 The dependence of threshold voltagbe shxft upon voltage and

- temperature, for a fixed time of 6x10° sec, for two polarxtxes of
gate voltage From Ref[l22] ' C
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Si: H network therefore depends on the degree of band bendlng as lnduced by
‘the gate voltage. The additional trapped charge implies a reduction of band
.bendxng and therefore less conduction electrons are available to the channel, as
is illustrated in Figure 15. The bond-breakxng event can be descnbed by the
'reactlon[l26] ' -

24" —Ty +T2—->T§ +7%,

where T, is the notation for a fourfold coordinated Si atom and T3 is a
dangling-bond defect. The superscripts denote the charge condition. This shift
in the TFT threshold voltage can be reversed by annealing at 150 C for about
2h, as is the case with the Staebler-Wronski effect.

Like the case of MOS transistors, the reliability of a-Si:H TFTs is also
evaluated by means of the bias-temperature (BT) test, in which maximum-
rating DC voltages are applied at elevated temperatures[127]. In the operation
of the TFT LCD, the TFT is always driven by a pulse signal. If the pulse-
temperature (PT) test is used instead of the BT test, the measured lifetime
becomes much better. However, it is not clear which method is most accurate.
The required lifetime of an LCD depends on the application. Typically it is
more than 1,000 hours, but in some cases, it may be more than 10,000 hours.
The prevailing strategy seems to be to use a variable gate blas to compensate
for the drift induced by the gate pulses.
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Figure 2. 15 A schematic 1llustratnon of the metastable states creatlon process
- . inaa-SitHTFT.



CHAPTER 3
a.-Sl H THIN FILM TRANSISTOR PROCESS DEVELOPMENT

3.1 Introduction

As stated in Chapter 2, an inverted-staggered a-Si:H TFT employing
PECVD @—SiN,:H as the gate insulator is the most widely used conﬁguration
both in practical applications and in basic research. In order to investigate the
parasitic effects on a-Si:H TFT performance, it was first necessary to be able to
fabricate the basic TFT structures. Previous work on a-Si:H TFTs at Purdue
University either employed thermal S10, as the gate insulator or used PECVD
SiN,; which was grown elsewhere. Therefore, plasma deposition of SiN, at
Purdue and its characterization was the first step in this project. From these
initial optimization results, a-Si:H TFTs were fabricated and tested. Devices
with this newly developed gate insulator show a significant improvement in
performance and they are comparable to those with silicon nitride deposited
from other laboratories. Finally, further studies were performed on the effects
of processing parameters such as rf power and NH; plasma treatment for
nitride deposition. This chapter details these process development efforts.

3.2 Development of High Quality PECVD a—SiN,:H

3.2.1 Test Structure

As stated previously, no charge traps, or as little as possible, and a small
leakage current are required for a good gate insulator. To accurately define the
properties of a—SiN,:H, a suitable test structure should be designed first.
Ideally, it should give us information about the trap density in ¢—SiN,:H,
besides leakage current, and it should be easy to fabricate when compared with
TFTs. This appears to be a very difficult task because there is no standard
‘method which satisfies the two requirements. To the author’s knowledge, only
one method, using a MNOS structure, was experimentally used for obtaining
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the bulk trap density of SiN,[128]. The disadvantages are the growth of a very

thin oxide and the need for a complex measurement setup for avalanche

~injection and charge centrond determmatlon This is no better than fabricating
: TFTs directly. :

‘One of the simplest possible structures is the metal-msulator-metal (MIM) .

sandwich. There ‘exist other theories which can in principle give the msulator
. trap parameters in' this structure. These techniques reiy elther on the space
charge-limited conduction (SCLC) mechanism[129]  or on the ‘isothermal
current-time characteristics[130, 131]. The SCLC method has been w1dely used
for obtalmng the gap states of a-Si and the trap denslty of some insulators. -
Two requirements, however, need to be fulfilled in order to observe the. SCLC
of sxgmﬁcant magnitude. First, at least one of the two electrodes must make an
ohmic contact. This requires that’ ‘there is an inexhaustible supply of free -
‘carriers in the dielectric near ‘the 1nJect1ng electrode Second, the insulator

must be relatively free from trapping defects. If the trap density N is teo

large, the field across the sample may cause break down before the trap filled
limit is reached. The last requxrement may turn out to be the most stringent in
the present study because low temperature a—SiN, :H is notorious for its large
trap density. On the contrary, one of the basic assumptions used in the
,1sothermal I-t theory is the presence of two blocking contacts. As such the
donor—type densxty N is included in the formulation by consrdermg the
‘ transnent charge storage in the Schottky barrier depletion region. The questlon '
is whether it is apphcable to the present case: because it has not been to date
‘verlﬁed experlmentally ‘

In view of all the uncertalntles stated above, it was a very dlﬁcult task to
find a sxmple as well as reliable test structure. The MNM sandwnch structure
was chosen because it can at least give the leakage current of a—S:N :H thin

- -films. Because there is no clear cut basis on which it can be declded whether a

contact is ‘“ohmic" or blocking before the ' contact is estabhshed the
apphcabxhty of two trap-extractlon methods is unknown.

. The MNM ftest- capacitors. are of square shape with lateral dimensions of
.100 200, 300, 500, and 1000 um. Flgure 3.1 dlsplays a cross-sectlonal view of

"~ this MNM test structure ‘This structure is very simple ‘and 1nvolves only three

masklng levels In fabncatmg the MNM-C’s, two-inch, thermally - ‘oxidized ‘Si
wafers ‘were used as- ‘the substrate. After patterning the sputter-deposlted v
bottom metal (Cr or Al-Si), a—SiN,:H was then deposited in a PECVD system
"usmg varlous gas composntlons. Mesa etch of the ¢ —SiN,:H was performed in
-the same plasma system using CF, gas. The structure was completed by
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‘Figure 3.1  Cross-sectional view of the MNM test structure.
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: sputter-depositing and patterning- of the top metal (Cr or Al-Si).

'3.2.2 Plasma Deposition of a—StN H ‘

" The reactor used for a—StN;:H deposxtnon was the TECHNICS Planar_:
Etch II-A system with a PD II-B deposition module. This capacxtlvely-coupled-
- plasma-enhanced CVD system contains a vacuum chamber with radial gas

- input and an axial exhaust, a 30 KHz 500 W solid state power supply, and hasr :

11 inch diameter electrodes separated by 1 inch. The lower electrode contains a :.
' " substrate heater controllable up to 350° C and serves as the. deposition platen .

" The vacuum chamber is evacuated wnth a 400 1/min two-stage, dlrect-drwe S

Alcatel model 2012A mechanical pump. To reduce wear on mechanical pump
parts subjected to Si partlculates durnng deposition, the pump is ‘equipped with
fa Motor Guard model 111300 oil purification system The deposition- process"
gases are metered into the vacuum chamber under the control of MKS model
_ 2295B—00100 mass flow controller via a small gas ring located underneath the
| deposrtlon platen. An MKS type 253A-1-40-2 exhaust valve controller (EVC)
' maintains the desired chamber pressure. durlng deposition. The gases exhausted
from the chamber are passed through an exhaust gas heater at 800 ° C‘ for .
thermal decomposntlon to insure the removal of all toxic and ﬁammable gas

products prior to exhausting them into the surrounding env1ronment '

~ The PECVD system for silicon nitride film growth has many operatmg
variables. The large variable space has made the control and reproducrblhty of
film propertxes and composltlon difficult, if not impossible. However, it was
found[132] that rf power input and NH;/SiH, gas ratio had the largest effects
on film properties such as refractive index and N/Si ratio. Pressure was
somewhat less important, while substrate temperature had little. or no eﬂ'ect
All varlables except temperature had srgmﬁcant effects on film growth rate and
hydrogen content. Therefore, only the feed gas composition was. varxed -during
this initial optlmlzatlon process. All other parameters were ﬁxed at some
partlcular set of values which were known to give good silicon mtrlde accordmg

- to the hterature These parameters were

RF power=50 W
Temperature— 300°C
" Pressure=330 mT - 600 mT

Deposxtlons are performed by loading substrates into the vacuum chamber :
and evacuatlng the chamber to less than 70 mT. Nitrogen gas is- then fed into
'the chamber at 50 sccm, while the deposition platen is heated to the desired
. deposxtlon temperature At this temperature, the Nz is switched oﬁ' and the
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“appropriate deposition gases are metered into the chamber at preset flow rates.
The ’EVC is set at the desired deposition pressure and the plasma ignited by
turning on the rf generator to a preset value. The deposition proceeds until the
'd‘e'sued thickness of the deposited material is obtained. At the completion of
' the deposmon, the RF generator, substrate heater and deposition gas switches
are turned off and the EVC opened. After the channel readings on MFC
becomes zero, N, is then allowed to flow through the chamber untll 1ts
"temperature is reduced to below 120 °C.

:“3.'2.'3' Electrical Characterization of the MIM Capacitors
3.2.3.1 DC Conduction Measurements o

" 'The DC conduction measurements were carried out using a stepped bias
source on the HP 4140B pico-ammeter/DC voltage source, which was
»con'.trdlled by the HP 9845B desktop computer via the HP-IB interface bus.
‘Most of the samples were found to have a low leakage current typically below
1074 /em™? at a field 1 MV/em. Capacitors with different contact metals
such as Cr/SiN,/Al—Si as well as Cr/SiN,/Cr showed the same IV
characteristics at either polarity. Therefore, Cr/SiN,/Cr structures will be
implied in the following discussion unless otherwise stated.

Figure 3.2 shows the room temperature current density vs the square root
~ of the electric field measured on three MIM structures. They are representative
samples from all the compositions fabricated. It is obvious that the film
conductivity is a strong function of N, /NH3/SiH4 flow ratio (i.e., composition)
and the electric filed. The gas flow ratios are 0/30/18, 0/50/5 and 50/50/5 in
scem for curves (a), (b) and (c) in Figure 3.2, respectively. At fields below
about 1 MV/cm, all samples showed ohmic characteristics. Leakage current are
similar for films deposited without N, addition. Films deposited with N,
addition have a leakage current at least one order of magnitude lower. At
higher fields, there appears a much larger difference in leakage current.
Current density varies exponentially with the square root of the field for films
without N, addition (ie, curve (a) and (b)), while curve (c) is still near ohmic.
Therefore, films with a higher NH; /SiH, ratio and N, addition have a higher
quality as far as leakage current is concerned. :

The linear relationship in the high electric field region for curves (a) and
(b) suggests that the ‘electronic conduction mechanism in' the PECVD
a—SiN,:H is either bulk limited Poole-Frenkel emission or electrode limited
Schottky emission. For Schottky emission, the theoretical Jus® relationship is .
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given by

’J=AT2exp-—q(¢B_ v qg/ Ampcd) ] RESY |

whlle Poole-Frenkel emission can be expressed as

J=C’$exp-—q (95~ q%’/weoed)} R (3.2)

where A is the Richardson constant, C is a constant determined by the trap
densxty, ¢> p and $p are the Schottky barrier height and Poole-Frenkel barrier
height, and ¢ and €4 are the dielectric constant of free space and the dynamic
dlelectrlc consta.nt respectlvely Equatlon (3.2) can be further rewntten as

*"I(QSB“ \Y; qﬁ/weoe,,)] - (3 3)
T ’ ‘ : .

o=Cexp

in terms of conduct1v1ty o with - |
€4=14.87 /T [slope (logcr/%’l'é)]2 o (34)

Therefore, if a Poole-Frenkel conduction mechanism domlnates, a plot of
logo vs \/_ gives a slope being twice that of the Schottky plot. The dynamic
dielectric constant €; so determined identifies the conduction.mechanism
because it must satisfy the following self-consistent criteria

. €o SE€GS€y - S (35)
where €., and ¢, are the opticai and static dielectric constants respectively.

 Figure 3.3 shows the high field Poole-Frenkel plot for the two films
without feeding NN;. A least square fit to the data results in a dynamic
dielectric constant of 2.66 for T385d and 3.44 for T1556d. For PECVD
a—SiN,:H films, the refractive index is usually in the range of 1.75~2.36[133].
This corresponds to a optical dielectric constant range of 3.06~5.57. Although
the Schottky plot also showed a straight line at high fields, it gave a dynamic
dielectric constant below 1. Therefore, we conclude that the data are closely
represented by a Poole-Frenkel model. The same conduction mechanism has
also been observed for CVD Si3N, ﬁlms[134] and for PECVD a—S:N :H alloy
films|85, 135-138].

Besides the leakage current test, the main purpose for our DC conduction
expenments is neither to add another piece of evidence for the conduction
mechanism nor to quantitatively determine the barrier height or trap density.
Rather, a qualitative relation between the conduction and the trap parameters
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wxll serve our goal of process optimization. Speclﬁcally, we are interested in the
zero field mtercept o; of the logo vs '\/— € plot, where o; 1s given by

98
2. 3kT

Obviously, a higher barrier height ¢ is desirable for a lower leakage current
Although the constant C i isa function of trap density, it is usually not used for
the interpretation of experimental data. First, the value of C depends on many
mai;efial specific parameters such as the density of states of . donors Ny,
acceptors N, and traps N;. Secondly, o; is a very weak function of the trap -
density. In PECVD a—SiN,:H, it is calculated that Si dangling bonds are the
only intrinsic gap defect state[139]. In a sense, the Si dangling bonds can act as
both trap and donor centers. This would give a trap density dependence of o]
only through the mobility term if we assume N;=N; and use the expression
C=euN,(Nd/Ng)% given by Simmons[140,141]. In a first approximation, logC
will be neglected and o; is assumed to be a function of ¢p only. Because a
higher barrier height can also mean a lower defect density, o; might be a good
indicator for both leakage current and defect density; that is, we want a o; as
small as possible. Indeed,'Maeda et al found that the barrier heights and
dielectric strength become larger and stronger for films deposited at higher
substrate temperature and rf power density, i.e., for film structure approaching
that of a perfect Siz N, film[85]. :

According to the above arguments, it can be inferred that film T1556d has
a lower defect densnty than film T385d since o; of the former is about one
order of magnitude smaller. Above all, film T2715a, deposited from the gas
flow ratio of Ny /NH,/SiH,; =50/50/5 (in sccm), should have the lowest defect
density because the I-V characteristics is still near ohmic up to 4 MV /em.

oy=logC— (3.6)

3.2.3.2 Capacitance Measurement

The capacitance of the MIM sandwich was measured using an HP 4275A
multi-frequency LCR meter. Ten discrete operating frequencies were available
between 10 KH:z and’ 10 MHz in 1-2-4 increments. The bridge normally
provides 4% significant digits of accuracy, but can supply an extra significant
dngnt at the expense of longer measurement times by using the 'hxgh resolution"
mode. To minimize external noise and wiring capacitances, the packaged
devices and LCR meter were connected to each other through coaxial cables
and devices were kept in the dark. The total parasitic capacitance in the



2 ‘system was corrected by the zero-oﬂ'set operatron of the brrdge and the cnrcurt'
: 'bmode was in the parallel conﬁguratlon The static drelectrrc constant e, was
 then ¢ calculated from S ’

-C""d/Aeo, - i (3 7)

"uwhere d A and C’m are the sample thrckness, sample area and geometrrcal :

. capacxtance ‘In general. C,,, need not be equal to the measured capacltance o

: Cp) as the latter may’ also mclude eﬂ'ects due to electrode layers, edge and.
- stray fields. - : : o R
| To determme the approprrate frequency at whrch C’ C,,,, capacrtors '
» with different sizes and different compositions were first measured as a function
- of frequency In general, measured capacitances decrease with frequency, -
,especrally near the. hrgher end. For capacltors smaller than 2. 5><10‘3 cm2 ‘the
relative decrease in Cy, isin the range of 9%~20%. However, the. drelectrrc loss

co for. 0. lcm “capacitors is approxunately 73%. Figure 3.4 1llustrates the results -
. for.a sample of thickness 0.29um and area 001¢:m2 It is° noted that the

’capacxtance tends towards a saturation value at lower frequences below about.

400 KHz. “The general shape is very ‘similar to a Debye-type relaxatron behavror Qe
although the relaxatlon time seems to be a little small Because ac conductance o

" was. not measured a Cole-Cole plot is not' presented to verify thxs frequency.
3 dependence Nevertheless, a least square ﬁt is performed to see: 1f one can get ‘
‘reasonable static dielectric- ‘constant €0 optrcal drelectrrc constant ew, and -

rela.xatron trme constant T. By multlplymg Aeo /d to the Debye relaxatron ';' :

) equatlon ' |
"y SRR . 38 .

. a three—parameter least-square fit gives 1.4, 7.5 and 3. 4x10‘8 8 for e,,o, e,, and 1" |

'—foo'l'

L respectlvely The curve ﬁttmg is 'shown as the solid line in- Frgure 3. 4 and - |

“should be consldered very good. The resultmg € and €, values’ well agrees

- with lrterature values. This seems to indicate that the equrvalent -parallel
'f;crrcurt is a. good model - for- the: nitride ﬁlms Therefore, the static (zero- '

'-frequency) drelectrlc constants €, of all a—StN H films were calculated from B
' ;'capacrtances measured at 100 kHz. o Lo e

The calculated static dlelectrlc constants spread to a wlde range between‘

e 7 3 and 14. 3 although 85% of the values ‘are lymg in the range 7~9 Flgure 3.5 : b’
o glves drelectrlc constants hrstograms which were calculated from dxﬂ'erent srzed N

‘.capacrtors on dlce of the same wafer The a—S:N H was deposrted at & .
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Frequency histogram of static dxelectnc constant for capacitors
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feeding-gas composition of Ny /NHj/SiH,;=50/50/5 (in sccm). However, there
appears a general pattern between the dielectric constant and the capacitor
size. Generally, the apparent dielectric constant increases with decreasing
capacitor size and its standard deviation is less than 0.1 for a given sme This
size effect is shown in Figure 3.6 in terms of dlelectnc constant vs lateral :
_idlmensnon of the square capacitors. ‘

‘To understand the larger apparent €, values for smaller ca.pa.cltors, one -
must consider parasitic and contact effects. Most importantly, it should be
borne in mind that the experimental MNM capacitors are two terminal devices
because guard electrodes were not implemented. As such, they are subject to
fringing and stray capacitance effects. Fringing effects give rise to "a_n_ ‘edge
capacitance C, that causes the measured capacitance C,, to be higher than the
true geometric value Cyeo and its weight increases with decreasing capacitor
size. If these parasitic capacitance can be expressed in terms 'of farads per
centimeter of parameter, C,, then the measured ca.paclta.nce C,, would have
the following form :

Cn=CoA+C,P, o (39)

where P is the parameter of the capacitor. Therefore, the measured apparent
dielectric constant ¢,, should also have a correction term added to the true
diel_ectric.constaht as is given by ' ‘
e,,,-e,+-%i§-_.- S (3.10)
If the above assumption holds, €,, should be a linear function of (P /A) and the
y-intercept gives the true dielectric constant ¢,. As shown in Figure 3.7, the
measured data points are very well represented by a straight line. This gives a
true dielectric constant of 6.6 and the parasitic capacitance C, of 59.5 pF [em.
It is estimated that C, due to fringing effects should be a small fraction of C,
even for the smallest capacitors (1x10™* ¢m?) measured. Therefore, there must
be other stray capacitances which are proportional to (P /A). In passing, the
electrode contact effect can not be neglected. One example would be a MIM
capacitor with blocking contacts. In this case, the measured éapaéitance
becomes frequency independent and equal to the geometric capacitance only at
very high frequency [142,143]. However, this seems to be not the case here
because the Schottky barrier capacitance is also proportional to the capacitor
area. :
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3.3 Fabrication and Performance of Initial a-Si:H TFTs

3.3.1 Introductxon

The main reason for going 1nto the troublesome characterlzatlon of
—SaN :H was to find an optimal set of deposition parameters and to fabricate -
a-Si: H TFTs without external insulators. Although the optimization described
in the last section is definitely incomplete due to, among others, time
limitation, a better condition is obviously the one using SiH, /NHr 3/Ny as the

inlet gas composition. To demonstrate this conclusxon, TFTs using the

optlmlzed nitride as the gate insulator were fabricated. ‘This would also serve
as the starting pomt for future optimization and for mvestxgatlng the devxce
physxcs v :
- To estabhsh a performance ‘baseline from which to . compare the
,' performance of the TFTs made w1th the optimized a—SiN,:H films and other
films previously used here, the old TFT mask set was used for the fabrication.
' 'Except for the SiN, deposition step and the sputter-deposited Cr gate
metalization, the TFT device structure and the fabrication processes are the
same as those described elsewhere[144] However, - for - continuity and'
understandmg, only an illustrative descrlptxon is gwen in this document

3.3.2,Devic,e Structure and Fabrication- Steps S

‘The a-Si:H TFT device is of the inverted-staggered structure as shown in
Figure 3.8. The entire structure was fabricated on a 2 inch silicon wafer with
- thermally grown SiO,, which neither influences the device characteristics nor
' the fabrication process. Three masking levels were used for the fabrication of
this structure. They were the gate metal deﬂmtlon, a-Si:H/a—SiN,;:H island
etching, and source-drain ion 1mplantatlon/metahzatlon ‘The drawn
. dimensions of the devices were as followmg One group of the devices had a '
- fixed channel width of 950 um and varied channel lengths of 25, 50, 75 .100,
150, and 200 pum. There were also devices with a channel length of 10 pm and -
channel widths of 450 and 950 pm respectively. The following outline

- hlghhghts the fabrication steps in the processing of the initial TFTs. Fxgure 3.9

1llustrates the cross-sectional views at each of the major steps.
1. Gate metallization (MASK 1)
- After deﬁmng the gate metal pattern using positive photoreslst chromium

film was deposited using the PERKIN ELMER sputtering system and
liftoff was performed in acetone with the help of ultrasonics. To get a
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Figﬁre 39 Cross sections of the TFT af_te’r major fabrication steps}{
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Figure 3.9 (Coﬁtinued.)
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clean and smooth chrome surface and to prevent photoresist damage, a
combination of sputter deposit and bias sputter modes were used during
the film deposition. By trial and error the following conditions were
obtained:
1) presputter target for 30 minutes as usual,
2) sputter deposit ‘Cr on wafers for 2 minutes: "
Ar pressure=6 mT =~
forward power=100 W
3) bias sputter for 15 minutes:
Ar pressure=6 mT
~ forward power=100 W
- substrate bias=26V
This gave a chrommm thlckness of 8504.

a—SiN;:H and a-Si:H depos:tlon

 Load the wafer into the TECHNICS plasma system and deposxt a—SaN :H
: w1th the following conditions: :

RF power=50 W

Temperature=300° Cc

Pressure=612 mT

NH3 /N, /SaH4—50/50/5 (in scem)

Time=7 minutes ‘
This yields approximately 1500 £ of nitride.

It should‘ be mentiOned that b_efdre growing the a-Si:H film the change—
over of gasses may be very important. This was done by purging the

- system thh 50 sccm SiH 4 untxl the temperature beca.me stable at the new
- setting. : : : :

The a-Sx H was then deposxted using the followmg condltlon
- RF power=6 W

Temperature=260"° C

Pressure==350 mT

StH =50 sccm,

Time=18 minutes
The deposition was performed at a rate of 39 £ /min resulting in about
700 4 of a-Si:H. However, the deposition rate very much depends upon
the wafer location on the ground electrode with the worst variation of



300%. This is largely becaiise of the reactor de31gn such that the inlet gas
dlspersnng is non-uniform. In addltlon, the lower pressure ‘used also
contributes to the non-unnformlty It has beén. venﬁed that the ﬁlm
thlckn'ess is very uniform across the whole ground electrode if a gas
pressure of 500 mT is used while keeplng the resldence time. constant
"Therefore, a wafer is always kept at a fixed locatlon for different runs.

Plasma etching of SiN, and a-Sl H (MASK 2)

Islands of the a-Si: H/SzN were deﬁned usnng posntnve photoresnst The
unwanted parts were then etched off in the CF, plasma under the
follownng condition:

RF power— 80 W

Pressure—200 mT

CF4—20 scem

Time=10 minutes.
Séource/l)"rain implantation (MASK 3)
A double layer of AZ 1350J-SF photoresxst was used for the ion
implantation mask. By simply repeatmg the posntnve photoresist procedure
twice, a 2.3 um layer was obtained. An Accelerators, Inc. AIM 210
implantér was' used to 1mplant phosphorus ions with a dose of 10'8¢m ™ 2,
energy of 30KeV and with a beam current: less than 50 uA.

Metallnzatlon and Arnneal

‘ After source/drain 1mplantatxon, about 0. 1 pm of Al-Sn was sputter‘
lbdeposnted in the PERKIN ELMER sputterxng system The photoremst.
mask for ion 1mplantatxon also’ served as the liftoff pattern here. Care
must be taken not to damage the Al contact feature snnce the ion
1mplanted photoresnst is difficult to remove in acetone To improve
contact performance, a post metalllzatlon anneal was then' performed in
the TECHNICS plasma system. Annealnng conditions were:

Temperature=200°C

Pressure=550 mT

N, /H,=30/45 (in scem)

Time=30 minutes '
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s 3.3 Performance of Imtlal a—Sl H TFTs '

The a-Si:H TFT characternzatlon measurements were performed on the -

' same HP data acquisition system as described in’ the DC conductxon of

a=SiN;:H. Both transfer (Ipvs Vg) and- output drain  (Ip vs Vp)
characteristics were measured through the control ‘of the software program -
TFTIVB. The transfer characteristics were retraced back to the start voltage '
. to examine . the devnce hysteresw, whlle ‘the output drain’ charactenstlcs’
~included only a forward voltage sweep. A hold time of 10 second was used to
N allow setthng of the device current at each applied voltage ‘

The probe—level characterlstrcs of a-Si:H TFTs fabrlcated in thns 1mt1al
run are shown in Figure 3.10 to ‘an_ure 3.12. Figure 3.10 shows the transfer ‘
* characteristics.  which is representative of 15 tested devices. It ‘gives
~ subthreshold slope of 0.47 V/decade, a maximum hysteresxs width of 0.48 vV,
~and current ON/OFF ratio of larger ‘than 107 The best results among the
tested are shown in Figure 3.11 and Figure 3.12 ‘with its transfer and output -

. characteristics.” The most obvious attribute in Flgure 3.11 is its very small
hysteresis. In- terms of most “standards used for . charactenzatlon, ‘the

performance of these devices is at least comparable to those state of the art
results reported in the llterature To help realizing the 1mportance of the
aforementloned a—SiN;:H optlmrzatlon process, it is. most revealing to dlrectly B
compare the present devices with those fabricated usmg the: same process.
Figure 3. 13 lllustrates the transfer characteristics of devrces using unoptlmlzed
Purdue a—SiN,:H. The a—SiN,:H was deposited at a gas pressure of 330 mT
and a NH, /SzH., ratio of 30/18 (in sccm) Temperature and rf power were the
same as used in the present case. The unacceptably large hysteresis : was shown
to be the result of a significant charge trapping in the gate nltrlde[144]

: ‘The hysteres;s exhlblted by the transfer characteristics has been attrlbuted
to ‘charge trapping in a—SiN;:H, mterface state traps, and the bulk a-Si:H
| traps The transfer curve does not give information about each. individual
trapping - mechamsm but_only thexr combined effect. However, for devices
fabrrcated under the same process and using the same a-Si: H then ‘the
hysteresns width is indeed a figure of merit which can be used to ‘compare o
charge trappmg effects in the gate nitride. Looking back at the deposntlon o
conditions of the MNM ¢ —SiN, :H T385d one notices that they are. almost the
same as those used for the unoptlmnzed nitride of Fxgure 3.13. Therefore, their
'leakage and trappnng properties should very much resemble to each other In

~ Section 3.2.3.1, it was argued that a—SaN :H deposited with N, ‘addition

(T27152) should have a lower defect densnty than those deposited without N,
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and under a higher SiH, to NH; flow ratio (T385d, T1556d). It appears that
the conclusion drawn from MNM DC conduction still holds in e ~SiN,:H gated
a-Si:H TFTs as far as hysteresis is concerned. Therefore, MNM device' can be a
simple and useful test structure for optimizing not only leakage current but .
also trapping characteristics. :

34 Eﬂ'@act of RF Power and NH; Plasma Treatment of the Gate Nitride

3.4.1 Introductlon

As mentloned in Chapter 2, much of the research on improving material
quahty in a-Si:H TFTs has been focused on gate a-SiN,:H. This is because it is
a three element alioy and its quality as a gate material is greatly dependent on
its deposition conditions. Many research groups have published results
concerning this aspect. However, the basic physics and chemistry have not yet
been fully understood. The preliminary work on a—SiN,:H deposition as
described in Section 3.2 only investigated the influence of the inlet gas
compositions. Although significant improvement in TFT characteristics was
achieved, there may be much room for further work in view of the large
variable space of the PECVD system. One of the more important macroscopic
parameters is the rf power density. It was found that ‘the - nitrogen
concentration increases with increasing rf power density. The hydrogen
concentration and fixed surface charge density in ¢—SiN;:H decrease with
increasing rf power density[145]. However, the high energy particles (primarily
ions) at high rf power may create more defects in the growing a—SiN,_:H films.
'Hence there seems to be an optima! power density between these two extremes.

Plasma technologies have been used extensively in the last decade not only
for the fabrication of very large scale integrated (VLSI) circuits, but also for
the modification of various material properties. This has led to the
development of plasma nitridation techniques for both bare silicon surfaces and
thermal oxidized Si[146-149]. It was observed that nitridation of silicon can
occur by NH; plasma treatment and it resulted in MISFETs with high feld-
effect mobility[150]. The nitridation reaction is also chemically possible with-
other materials. Indeed, a—Si3 N4:H/a-Si:H superlattices have been fabricated
by using the plasma enhanced nitridation of a-Si:H[151]. This low temperature
technology would give another degree of freedom in a fabrication process.
However, studies have shown that plasma-induced defects in the Si0,/S§
“structure are similar to those created by other radiation sources, which results
in the trapping of positive charge in the oxide, generation of interface states,
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and neutral traps. In the fabrication processes of a-Si:H TFTs, NH; is a
common deposition gas and its plasma consists of various nitriding species and
excited hydrogen which is. often beneficial due to its ability for dangling bond
: passwatlon Therefore, it would be very interesting and important to know '
‘ whether the NH3 plasma will improve or degrade the 1nterface propertles of
the a-SiN,:H/a-Si:H structure. : ' '

~In the expenments of this sectlon, the a-SiN,:H gate msulator, deposnted '
at different rf power densities, was first treated with NH; plasma, and this was
then followed by a-Si:H deposition as is typlcal for staggered inverted TFTs.
Results were obtained directly from a-Si:H TFTs by measuring thelr transfer' ,
- characteristics and by other blas-temperature stressing experlments

3.4. 2 Devrce Fabrlcatlon and Characterization -

The TFTs used in this work have the same structure and fabrication :
sequence as detailed in subsection 3.3.2. The differences is in the deposxtlon of
SiN, gate insulator and its plasma treatment. For all wafers, a-Si:H films were
deposited from a glow discharge of pure SzH4, at a substrate temperature of
~ 260° C and rf power of 6 W. The gas pressure was 0.35 Torr and flow rate was
50 scem. For the deposition of SiN,, the substrate temperature was ﬁxed at
-320°C and the gas pressure at 0.6 Torr, and the flow rates of gases were
NH, /Ng/SiH = 50/50/5 (sccm) The rf powers used were 25, 50 and 100 W.

For those runs with NH 3 plasma treatment 1mmed1ately followmg SsN
deposition, a pump-out of residual gases was followed by 10 minutes of NH,
plasma treatment performed at a rf power density of 40.8 mW /cm. with a gas
pressure of 0.5 Torr and flow rate of 50 sccm. The gas change-over prior to a-

Si:H deposition was done by purging the system with 50 sccm of SiH4 and by _ o

'repetxtron of pump-down. (<90 mT)/purge (600 mT) for three times.

Electrical characternstlcs of the TFTs were measured on packaged. dev1ces
‘with an HP 4140B plco-ammeter/DC voltage source, which is controlled by an
HP. 9000 series 236 computer through the software program TFTIVT ‘The
’ threshold voltage and field effect mobility were determmed from the x: mtercept '
‘and slope of the square law model[152] All current was measured W1th a hold.
time of 10 s after each voltage change ’ AT '
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| 3. 4 3 TFT Subthreshold Characteristics

~ Figure 3.14 is representative of the transfer charactenstlcs of a-Si TFTs
~ deposited at an rf power of 100 W with no plasma treatment while Figure 3.15
'for the corresponding plasma treated devices. All devices measured showed an
“current on/off ratio of larger than 10" with an off current, for V,<o, less than
10713, the noise level of the present measurements. However, dlﬁerences exist
in the two important parameters of the transfer characteristics, namely 1) the
subthreshold slope (S), defined as the inverse of logarithmic Ip—V¢ slope which
,1s dVGS /d(logID) and 2) the width of hysteresis. -

‘ The subthreshold slope S is dlrectly related: to the ability to- shlft the
Fermi level through the distribution of gap states N(E) and therefore is an
useful measure of the effective density of gap states N; [3] in the bulk a-Si:H
and ‘any interface states present between the insulator and a-Si:H. An
approxnma.te relation can be written as[153] '

€o ,  Eins : . Sy
. M (kBTdma %) - o (311)
‘where e,, is the permittivity of free space, ¢, a.nd €ins are the dlelectnc
_constants of amorphous silicon and gate insulator, respectively, T is the
 measurement temperature and d;,, the thickness of the gate insulator. For all
-devwes, the a-Si:H was deposited under the same conditions. The gate nitride
“ deposition conditions were identical except for rf power levels of 25, 50"and 100
watts. For those NH; plasma treated SiN, surfaces, the conditions were also
kept: constant. Hence, the subthreshold slope S gives information exclusively
about the interface; i.e., the smaller the S, the smaller the interface state
density. Figure 3.16 shows the subthreshold slope dependence on rf power of
SiN, deposition and on NH; plasma treatment. It can be seen that S decreases
with increasing rf power density, especially at higher values. At the time of this
_writting, the N/Si ratio of the gate a—SiN;:H has not. been experimentally
~ determined under the different rf power densities. However, research on
PECVD SiN,:H has already indicated that N/Si ratio increases with rf
power(79,154]. Although the correlation between N/Si  ratio and the
SiN,:H [a—Si:H interface property is still not fully understood, the results of
Fxgure 3.18 tend to agree that higher rf power deposition and therefore more
“N-rich SiN,:H make a better interface with a-Si:H[155)].

The. NHj3 plasma treatment caused a general increase in 'subthresholdv
-slope for all rf power depositions of gate nitride, as seen in Figure 3.16. This
-effect may be explained as follows. First, energetic species such as_ electrons,
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jons and photons in the plasma may induce radiation damage, creatxng :
interface defects/traps and therefore increasing the TFT subthreshold slope
- Second, plasma surface mtndatlon and/or ammatlon may occur. The latter
makes the SiN, surface more N-rlch which leads to a lower subthreshold slope
One or both of these competing eﬂ'ects could occur. However, for the particular
: plasma conditions used in the present experlment the first mechanism appears
to dominate the plasma-surface lnteractlon as far as the effective interface
states is concerned. The larger mcrease in S at 100 W i is consistent with the
assumptlon that SiN,:H there may already be N-rich and therefore radlatlon
'damage may be the entire reason.

'3 4 4 Threshold Voltage and Field Effect Mobility

As dlscussed in Chapter 2, in the presence of a continuous dlstrlbutlon of
localized states, varying the gate voltage alters the ratio of free to trapped
electrons resultlng in a gate field-dependent moblhty The saturation drain
current in the above threshold regime is usually expressed as105]

| Ift=K(Ve—V7) o (3.12)
Where K and ~ are functions of different material parameters. Thus, unlike theﬁ
case of crystalline MOSFET, plots of 1}{2 vs Vg are generally no longer
straight lines. In addition, a contribution to the curvature may arise due to
variation in the TFT series resistance with gate voltage. However, when this
curvature is minimized, the standard square law MOSFET expression is very
helpful for the purposes of comparison and process optimization. Therefore,
the model was used in this study to extract threshold voltage and carrier
mobility parameters. The saturation condition was met by connecting the gate
and drain electrodes together. The threshold voltage and field effect mobility
are then obtained from the x intercept and the slope of a linear fit to the Ip'/2

vs Vg characteristics. For all devnces measured, the ﬁttmg is quite good (see
Figure 3.20).

The threshold voltage in a-Si:H TFTs is also sensitive to deep interfacial
" charge (Q;) as well as trapped charge (Q,) in the gate 1nsulator Therefore,
any variation in these charges causes a shift in V7 given by ’

AQit+AQtr
Ci"u
where Cins is the gate nitride capacltance per unit area. Figure 3.17 shows the
‘square-law threshold voltage dependence on rf power and the mﬁuence of NH 3

AVyp= (3.13)
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'pla.Sma treatment. The data points are averaged values over at least three
devices. Although the data for untreated devices are somewhat scattered, high
rf power deposition at 100 W appears to lead to a lower threshold voltage. This
indicates a lower interface states and is- correlated well with its lower
subthreshold slope exhibited in Figure 3.16. Also shown in Figure 3.17 are the
increased threshold voltages for all plasma treated devices.

The field effect mobility calculated from the square law model is shown in
Figure 3.18. Again, larger rf power deposition of the gate insulator is preferred

e for a higher field effect mobility. When increasing the rf power from 25 W to

100 W, an increase in field effect mobility, from 0.29 to 0. 37 ecm? [V —s, was
obtained. This is once again consistent with the above conclusion that gate
nitride deposited at higher rf power has a better interface with a-Si:H.

However, a mobility degradation as large as 40% occurs after NH 3 plasma
treatment. This reduction is believed due to buildup of interface traps‘ and
generation of fixed charges, and therefore the increased Coulomb scattering by
charged centers at the interface. The slow trapping on those interface states
close to the band edge may also contribute to the degradation. Both the
threshold voltage and field effect mobility variations indicate that NH 3 plasma
treatment creats additional interface states.

3.4.5 Field-Induced Instability

As discussed previously, a continuous application of a positive gate voltage -
causes a threshold voltage shift and therefore the observed hysteresis in the Ip
vs Vg characteristics. It is a measure of device quality, especially near the
interface, and needs to be minimized for LCD applications. The clockwise
direction of the hysteresis is consistent with increased negative charge in the
gate insulator. This may be the result of a transfer of electrons from the a-Si: H
channel into the a—SiN,:H during the positive part of the cycle, populating
available states at or close to the a-Si:H/a—SiN,:H interface. These states
remain filled for the duration of the measurement and thus screen the channel
region of the device during the high to low swing of the gate voltage.
- Therefore, the amount of trapped charge, @, near or at the a—SiN,:H/a-Si:H
interface may be estimated from the relation

Q=Cin,8V | (3.14)

Here, C;,, is the capacitance of the gate insulator and 6V is the amount of
hysteresis. For the present experiment, a delay time of 10 seconds was used
after each voltage change and the entire transfer curve took about 14 minutes
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“to complete. This longer measurement time causes the electron trap'ping deeper
‘into- the gate nitride, kinetically allows the generation of metastable states in
a-Si:H, and makes these eﬁ'eots more significant. Therefore, the width 6V of Ip |
vs V¢ hysteresis itself is a ‘very convenient measure of device stablhty For a
gate voltage swing from -10 V to +10 V, all devices give a hysteresns &V of less
~‘than 0.7 V. Another interesting feature is that the NH; plasma treated devices
“exhibit at least a 25% reduction in the hysteresis width. As such, the average
values are 0.4 V for gate nitride deposited at 25 W and 03 V for those
. depomted at 50 W and 100 W, :

- Another commonly employed method as a stablhty test is the bias-
telnperature stress (BTS). Here the BTS measurements were performed after
the ‘method used by Powell[127]. A gate voltage of 10 V was continuously
applled and a constant temperature of 80 ° C was maintained. The source-dram
current was then continuously recorded for 4><104 s at a drain voltage of 0.5 V.
The low source-drain voltage is used to maintain a uniform field in the gate
msulator layer. Transfer charactenstlcs and threshold voltage were lneasured
both before and after the BTS. '

" Figure 3.19 displays the transfer characterlstlcs before (curve A) and after

voltage stresses. It shows that the prolonged application of a posxtlve gate
voltage affects the characteristics in two different ways: . 1) it shifts the flat-

“band voltage Vrp, which is approximately equal to the value of Vg at which Ip

exceeds 107*% A, by about 5.2 V (curve B); 2) it causes a increase of the
subthreshold slope from 0.431 V/decade to 0.473 V/decade. Both effects
contribute to the shift of the threshold voltage Vi from 1.65 V to 7.22 V as
exhibited in in Figure 3.20. Prolonged application of a negative gate voltage for
- the same length of time reverses the shift of Vpp and Vr (curve C), which are -

-0.2 V and 2.51 V, respectively. A much longer stress time is needed to reverse
the flat-band voltage to the original value of -1.55 V. It is important to note
that negative gate voltage stress also increased the subthreshold slope from
0.473 V/decade to 0.599 V/decade. The increase of the subthreshold slope, or
~ the flattening of the Ip—Vg¢ characteristics, reveals the additional states in the
~ bulk of the a-Si: H film, or at the interface, are created. These additional states
are metastable, and it has been suggested[156 157] that they are Sl-danghng
: bonds, as in the case of photodegradation. In order to completely restore the
_ initial state A, the specimen has to be annealed at temperatures near 200 °C.

Figure 3.21 to Figure 3.23 give the time dependence' of drain currents

Ip(t) normalized by the initial values of Ip(1) for the three rf power values -
used. It can be seen that the rate of decay of Ip(t)/Ip(1) is smaller for all the
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NH; plasma treated devices, especially for time less than 100 s. Figure 3.24
shows the absolute ON-current decay curves corresponding to Figure 3.22.
Although the initial current is lower in the plasma treated device, the absolute
final current is larger than the device without plasma treatment.

" The time dependence of Ip(t)/Ip(1) has been attributed to a shift of
threshold voltage V[123] and a decrease of field-effect mobility. The threshold
voltage shift is mainly due to charge trapping in slow states which are located
‘in the a—StN :H near the interface and due to metastable states created in a-
'Sl :H below the flat-band Fermi level. The relative contnbutlon of these two
mechamsms depends on bias stress voltage, temperature as well as the
,fabncatlon conditions of a-Si:H TFTs[104]. The decrease in field-effect mobility
or the increase in subthreshold slope S is related to the generation of additional
states above the flat-band Fermi level at or near the interface of a.-Sl H. Both
of these effects have been observed in the BTS experiments. The flat band
voltage shift is as large as 8 V. The subthreshold slope increase is about 16%
and the degradation of field effect mobility is less than 6%. These two
degradation mechanisms are believed to be independent processes[158]. Since
the 'a-Si:H layers for all devices were nominally deposited under the same
condition, it can be assumed that contribution to the Ip(t)/Ip(1) current decay
from a-Si:H are the same. Further support for this view can be determined
from Table 3.1 which lists the subthreshold slope and mobility ratios after and
before BTS. These ratios are very close, within the errors of experiment and
data analysis, for NH; treated and the corresponding untreated cases.
Therefore, the difference in Ip(t)/Ip(1) decay must come from the difference in
SN, quality near the interface. It has been argued[82,83] that silicon dangling
bonds are responsible for charge trapping in a—SiN,:H. The charge injection
can occur by direct tunneling from states in a-Si:H into traps in ¢ —SiN;:H
and/or by Fowler-Nordheim tunneling into the nitride conduction band,
followed by deep trapping|[123]. Therefore, N-rich nitride should be more
resistant to electron injection because it has less silicon dangling bonds
(traps)[158] and because its larger band gap and hence the corresponding
energy barrier for electron injection. Recently, charge injection measurements
" on Al/SiN,/c-Si capacitors further confirmed that N-rich nitride had lower
charging rate[83]. From the above arguments and results of previous sections,
it is justified to postulate that the NH; plasma treatment resulted in nitriding
reaction or amination and the resulting gate insulator is less susceptible to
fleld-induced threshold voltage shift.
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Table 3.1 Subthreshold slope and mobility ratios after and before BTS.

rf power of nitride deposition
Ratio NH; plasma
' 25'W 50 W - 100 W
S no 1.13 1.16 -
after

Spefore yes 1.16 118 | 116

no 0.95 | 0.94 0.86
Mafter :
Ibefore yes 0.97 095 | 0.98
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" The observations in this section demonstrate that NH, plasmatreatment
" is beneficial as far as device stability is concerned. However, the true plasma-
“surface reaction is still open for examination. Further spectroscopic analysis
should shed light on the elemental composition of the nitride surface and
“resolve the interaction mechanism. ‘As for the application side, in view of the
‘ 'slngle plasma conditions used in the present experiment, studies on the plasma ‘A
. treatment with respect to f power, gas flow, pressure and temperature may
improve the stability enhancement without inducing much degradatlon in
mobility. '

3. 4 6 Conclusion -

The- electrical characteristics of a-Si:H TFTs were studled for different
‘deposition conditions of gate nitride and for the effect of NHj plasma
treatment. In general, devices with gate nitride deposited at higher rf power
give larger field effect mobilities, lower subthreshold slope ‘and threshold
voltage. Under the particular conditions used, it is found that NH3 plasma
treatment causes a general increase in subthreshold slope and “threshold
voltage Field effect mobility degradation was also observed. However, the
positive effect is that the NH3 plasma treated devices exhibit hxgher stability as .
exhlblted by smaller hysteresis of transfer characteristics and by higher
resnstance against prolonged positive gate field application. An exact model of
the plasma interaction with the a-SiN,:H surface could not be developed only
on the basis of the present electrical measurements without a spectroscopic
-analysls However, it is suggested that both radiation damage and

nitridation/amination can occur. In view of the smgle plasma conditions used

for the surface treatment of gate nitride, it may be possible to mampulate the
near-interface nitrogen content of the gate nitride by adjusting macroscoplc
plasma parameters without notlceable radlatron damage ‘
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CHAPTER 4
STAGGERED a-Si:H TFTs AND FAILURE MECHANISMS

4.1 Iﬁtroduction

Much research effort on a-Si:H TFTs has been focused on the conventional

inverted-staggered structure because of its higher materials and interface
quality. However, the complementary structure, normal staggered ha.s its own
merits. First, it is easier to make connection between the source electrode a.nd '
the pxxel electrode. Second, the gate bus-line can be made sufficiently thick,
* resulting in small bus-line resistance. Third, it is possible to fully integrate a-
Si:H TFT switching elements and poly Si TFT driver circuits on the same
substrate by using excimer laser annealing technology[160]. In additidn,- the
 TFT itself is a good structure to study the top insulator quality. Because a
“passivation layer (usually a—SiN,:H) is often indispensable for the inverted- -
staggered structure, its interface with a-Si:H over the active channel region is
" paramount in affecting the leakage current. Therefore, to fully take advantage
of this structure, much progress is needed:to understand and improve the a-
Si: H/a—SlN :H interface.

A set of three masks and the fabrication process have been developed to
fabricate this a-Si:H TFT structure and to study the relationship between
process and device characteristics. During the course of this effort, however, a
new device failure mechanism was found due to a pure solid state
electrochemical corrosion of the gate Cr. This was also believed to be
responsible for the previously observed device failures in the inverted-staggered
- structure. This chapter first details the device design and fabrication processes
of the normal staggered a-Si:H TFTs. The remaining part will be devoted
entirely to the analysis and remedy of this failure mechanism.
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4. 2 Staggered a-Si:H TFT Structures and Processxng

A three dimensional view of the normal—staggered a-Sr H TFT structure is
shown in- Figure 4.1. It uses chromium for both source/drain and gate
metahzatlon, and incorporates a phosphorus implanted n* layer to reduce the
contact resistance. As in the inverted-staggered case, the starting substrate is
also a thermally oxidized Si wafer. However, because the a-Si:H back surface is
- in direct contact with the thermal oxide in this structure, a very careful pre-
clean procedure is necessary to prevent a large off-state leakage current. For
freshly oxidized substrates, no additional cleaning was performed. Otherwise,
wafers were cleaned by using the all-purpose ’RCA clean" procedure with the
help of ultrasonic agitation.

The major steps of the process are sketched in Figure 4.2. Because the
process technologles of each step were already detailed in Chapter 3, only a
brief process flow is given as follows. On a thermally oxidized wafer, a sputter-
deposited Cr (~800 A) was first patterned to form the source and drain
contacts. The wafer was then transferred into a TECHNICS PECVD system.
After a 5 min H, plasma clean, two layers, a-Si:H and ‘a—SiH,:H with nominal
thlckness of 500 A and 1500 A, were then deposited consecutively in a single
- pumpdown at a temperature of 260°C. Condxtnons for a-Si:H deposntlon were

* the same as those for inverted-staggered TFTs For a—S8iNy:H, the rf power

~ used was 100 W and the N, /NH; /SiH, flow ratio was 50/50/5 in sccm. Next, a

1500 A Cr film was deposited and patterned as the top gate. For devices with
. ion 1mplanted source/drain regions, the a—SiN,:H was then wet etched (in
BHF for ~5 min) using gate Cr patterns as the mask. This follows the
patterning of a-Si:H film over the source and drain region by using CF, plasma
etching (100 s). The device was completed by a blanket phosphorus
o 1mplantatron and a final thermal anneal at a temperature of 200°C.

4.3 Charactenstrcs of Staggered a-Si:H TFTs

- Probe-level tests were performed in the way as descrlbed in Chapter 3
: Devnces were unpassrvated but under a constant dry Ny flow during the entire
measurement. Unfortunately, all devices died during the initial transfer
characteristic measurements. In a humid atmosphere, the gate Cr was

- destroyed very quickly, as soon as the gate voltage exceeds about +6 V startmg

from -20 V., Observing under the probe station microscope, the corrosion
products appeared to be a gel with gas evolution. Figure. 4. 3 ‘shows a
mlcrograph of a typlcal fanled a-Sl TFT due to thls reaction. ‘
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Substrate

Figure 4.1 A three-dimensiona! view of a normal staggered a-Si:H TFT
' ' structure.
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Figure 4.3 Photograph of a corroded »nbrmalestaggered TFT device. |
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The Cr reactlon is. electrochermcal in nature because 1t can only be
lﬂlmtlated under an electric field and the polarity of the field is cruclal The gate
Cr corrodes only when it is at the posrtlve probe i in relatron to elther 'source or
drain metal contact.

To understand the necessary condltlons of the Cr reaction and therefore

.. prevent 1t from occurring, a series ol‘ experlments were conducted. It was

. observed that the Cr reactlon is much slower if dry N; is blown over. the wafer

“surface whlle under electrical measurement. This led to the speculatlon that

either water content or O in the air may play an 1mportant role in the

'» ‘reaction. To further verify this assumptlon, two approachs were adopted. First,
- devices were packaged and tested in a low humidity desiccator. The pump-

: down and N; back-fill cycle was repeated at least three times and devices were
condltloned under this env1ronment for 1 hr before each test. Second a

. v passxvatlon PECVD SiN, of 2000 A thick was deposited over the whole wafer

" and holes were opened only at those areas with probe pads which are least 200
pm apart It was indeed found that the Cr reaction entirely dlsappeared B
'However, it was not clear whether the reaction is between Cr and Oy /'HzO only
| or Cr, SlN and O, /H;0. An 1nd1rect experlment ‘excluded the pOSSIblhty of Cr
' reactlon wrth SiN;. A layer of Al-Si with a ‘thickness about 1000 A was
deposlted in between SiN, and Cr, and under the otherwnse same processmg
*condltxons, the Cr reaction occurred in the same manner.. o

Flgure 44 and anure 4.5 illustrate the transfer and output characternstlcs
of . a passrvated normal staggered a-Si:H TFT without source/dram ion
1mplantatlon With the understandrng of a large contact reslstance, it is.very
‘reasonable to observe a current ON/ OFF ratio of 10° for a gate voltage swing
from 0 to 20V. Although a considerably 1mproved characteristic was. expected‘
: when 1on implanted S/D is employed this was not pursued further Instead '
’ the analysls of the fallure mechamsm appeared to be ‘more unportant and

nnterestlng :

| 4_."4 Electrochem‘ical- Corrosion of Gate Cr

4 4, 1 Introductlon

o In last section, the fallure of normal staggered a-Sl H TFTs was observed
whlle under electrical testing. Clearly, the destroying of the Cr gate
metalization was the sole cause. It was latter found that the Cr:reaction was
- also responslble for the failure of some of the 1nverted-staggered a-Si TFTs
The corroslon appearance in this structure is shown in Flgure 4.6. However, the
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Figure 4.6 _Photograph of a corroded inverted-staggered TFT device.
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v-—'*devvi'ces tvere‘destroyed only after a long time storage in the atmosphere and a
- sequence of different electrical tests in an undefined environment which can

o have a relative humidity between 35% and 80%. For intact devices, there was

, no corrosion, in at least a year for the latter case. Therefore, the study of the
fcorrosron mechamsm is of interest both for a fundamental understandlng and -
for devxce relnabxllty concerns. ‘

, Wlthout any solid proof ‘though, CF4 plasma etchmg re31duals on Cr_
‘ surface was first suspected to cause the corrosion. For both inverted-staggered
- and ”normal staggered a-Si:H TFT conﬁguratrons, CF4 plasma was used to
_ pattern a-Si:H and a—SiN,:H. In the normal course of fabrication, the gate Cr
. was exposed to the CF4 plasma either due to over-etching of a-Si:H/ a—'SiNx:H‘
or purpos'efully used as an etching mask in some areas. Although the chromium
film does not etch in the sense that the etching products are not volatlle, 1ts
surface can be altered leading to potential problems such as corrosion.
'Extensive literature can be found on the surface modification of Si and Al-
Sx[161 164]. It has been reported that chlorine contamination - during Al-Si
’etchmg can be very detrimental to the metallzatlon layer, since small amounts
of chlorme 1ons can cause consxderable corrosion. ’

. The interaction of chromium surface with plasma generated F-contamxng
radicals has not been documented extensively. In particular, to the author’s
knowledge, chromxum corrosion in the semiconductor devices ‘due to
tetroﬂuorocarbon plasma exposure has not been reported The followxng'
~sections details the electrochemical corrosion behavior of chromium in speclally

| deslgned capacitor structures The effect of CF plasma exposure and various ,

" post-etch = treatments are ‘presented and analyzed. X-ray photoelectron

~ spectroscopy (XPS) and Auger electron spectroscopy (AES) were used for

: surface analysis and corrosion product identification. Experimental results are
used to descrxbe the possnble corrosion mechanisms mvolved '

44. 2 Experlmental Structures and Charactenzatxon Methods

A common feature, as is relevant in this study, of the two dxﬂ“erent TFT :
, structures is shown in Flgure 4.7. In inverted staggered TFTs, the minimum
‘fi:dlmensmn d which will be called" dpassi hereafter, is 25 pm and- only the

o bottom Cr is possxbly exposed to CF4 plasma due to over etching. For normal

.staggered TFTs, d mlmmum is approxrmately zero and the CF, plasma ,
exposure txme is 100 s at the same area. The two Cr films (or Cr and Al-Si
:-ﬁlms) are separated by a-Si:H and a~SiN,:H layers. From an electrochemcal

SRR pomt of wew, thls structure should be equlvalent toa Cr/SlN /Cr capacntor
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Therefore, further corrosion  studies were performed on these capacntors
fabrlcated using the mask set as descrrbed in Chapter 3. -

Substrate

Figure 4.7 = A common feature in the two TFT conﬁguratnons that is of
— . interest. : SR

Electrical characterization of and comparative studies on Cr .corrosion m
“'Cr/SiNg/Cr structures were made in the same way as for TFT
characterization. All devices were tested under a relative humidity between -
44% and 46% in the laboratory atmosphere without N, blowmg over the wafer
’surface

Electron spectroscopy techniques, SEM and TEM together wrth electron o
) energy loss spectroscopy (EELS) were utilized for surface analysis and corrosion
product identification. The x-ray photoelectron spectroscopy - (XPS) ‘were
»lobtamed by using a Perkm—Elmer PHI 5300 spectrometer whose Mg(1253 6
e€V)/Al (1486.6 eV) dual anode x-ray source was operated at 15 KV and ‘300 or
400 W, respectwely Background pressure in the analysis. chamber was always
‘less than 1x10™° ‘Torr. The binding energies were obtained by assuming that
~ the C 1s band of hydrocarbon contaminants appears at a bmdmg energy of
285.0eV. : :

In all cases, all the specimens were sputter-deposxted Cr. Because the XPS
mstrument can not probe a sample smaller than about 1.5 cm?, the Cr film
was patterned into large squares (1 em by 1.5 em) on Si wafers in the case of
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) 'studymg the eﬂ'ects of the CF, plasma For .corrosion product studles, the
“:samples were in the form of Cr/SiN, /Cr, ‘which were corroded on purpose by

' : applylng a voltage across the: capacitor with the ‘top Cr posltwe The : ﬁnal
: " surface is such that no Cr. 1sland is left as seen under an optlcal mlcroscope _
' This turned out to be very- dxfﬁcult for a capacitor size of 1 cm by 1.5 cm -

because the top electrode was isolated once the pernphery was first corroded

' Therefore, the specially deslgned capacltor had 52 probe pads along the
.. periphery for each Cr electrode, Even w1th thls structure, it stlll took several'
o ,hours to corrode the complete top Cr. ﬁlm electrochemlcally B

- To further confirm the:corrosion products and observe: the SlN behavnor B
after Cr corrosion, a cross-sectxonal TEM was also used to observe the layered .

- 'structures Auger spectra were taken initially - and after 30 mlnutes of Argon‘,' '

. itsputtermg to check the composrtlon deeper into the corrosion products

:4 4 3 Expenmental Results

' '4 4 3 1 The Eﬂ'ect of CF4 Plasma Treatment

Whlle pure Cris qunte an active metal with a redox potentlal of -0 74 V 1t’
becomes passrve not only under the mﬂuence of oxidizing agents but also of )
- dlssolved oxygen; that is, it spontaneously ‘passivates in atmosphere[165] '
_Therefore, Cr corrosion must be induced by the - subsequent processing: steps

after Cr ﬁlm patterning. The most probable step is the CF, ‘plasma etching of -

- a-Sl / SIN It is. already known that postetch corrosion of Al metalization is due.
__to hngh level chlorine contammg reslduals which are deposlted on metal
sidewalls during plasma etching. If CF, plasma exposure is indeed. the declswe

o factor, then it would explain why Cr gate corrosion is ‘much severe: m the

: "."‘normal staggered structure than that in the mverted-staggered structure In

the ﬁrst conﬁguratxon, regions of: the Cr gate are exposed to CF, plasma in the
. whole etchlng process while in the latter configuration only parts of the Cr gate ‘
. are exposed durmg the overetch perlod whxch might be shorter ’

: To snmpllfy the test structure and the fabrlcatnon process, 1t was. notlced .
;,that a common feature of interest in- the TFT structures is that of a. stacked |
capacltor with dlﬂ'erent lengths of passwatlon SiN, dpm, as 1llustrated in
: _Flgure 4.7. Speclal Cr/SlNx /Cr. capacitors were as’ shown in Flgure 4.8
’ fabncated and processed dnfferently to test the eﬂ'ect of CF, plasma etchmg

o v. ’Flgure 4.8(a) shows the top and _cross-sectional view of the initial test
o ‘_;structure The top and bottom Cr electrodes have. the same size and the SlN o

: {over-runs the Cr by 25 pm. Durlng its fabrlcatlon, photores1st was used as
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Figure 4.8 Differently processed structures of Cr/SiN, /Cr.
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mask so that Cr films were not exposed to CF, plasma. All capacitors of ,
different sizes ranging from 100 by 100 um to 1000 by 1000 ;m had a very low
leakage -current and can sustain a voltage as high as 100 V without Cr -
corrosion. However, top Cr electrodes_corroded very quickly for the structure
of Figure 4.8(e) which was -obtained by a'ﬂooding etch of structure (a) using
CF, plasma (4 minutes), as is illustrated in Figure 4.8(b). Polarity
requnrements are the same as for TFT structures, i.e., Cr corrodes only when -

; - the top Cr electrode is at a positive potentnal Corrosion was initiated along the

periphery as well as in the inner area with the formmg of many pits. The -
- immediate corrosion product had a gel appearance and the front grows quickly
over the entire area. It stops only when the probe pad connection is destroyed.
The corrosion threshold voltage Vo, is about 5.6 V. However, It should be
mentioned that V., does not have a well defined value and 1t depends on how
long a voltage is held. \

. To verify the electrochemical nature of the corrosion, the devxces were
each immersed in deionized water and a fixed dc voltage of 6 volts was applied
w1th top Cr at positive. For the structure of Figure 4.8(a), gas bubbles evolved
from the cathode pad. Voltage was mterrupted and water was removed to see
the. corrosion feature. Half of the top Cr film was missing near the cathode -
probe side and the exposed SiN, has the original color. With the structnre as
processed in Figure 4.8(b), the differences were that the reaction was much
more violent and only a small Cr 1sland was left near the center after
1nterruptlon

“Two major factors may cause the Cr corrosion in the ﬂoodmg-etched
structure. They are (1) fully alr-exposed bottom Cr and (2) plasma etching of
top Cr surface. To see which one is more important, capacitors were further
processed. In process of Figure 4.8(c), only the top Cr surface is exposed to CF,
for 1 min, 2 min, 4 min, 6 min and 8 min duration while without etching away
the periphery SiN,. For those samples with an etching time less than 8 min, it
was found that there was no Cr corrosion during a voltage sweep from 0 to 20
V. WIth 8 min etching, one or two corrosion pits may appear but: usually do
not grow over large area. In the process of Figure 4.8(d), the: perlphery SiN,
was etched away with the top Cr surface masked by photoresist (about 5 Hm.
_Cr along the edge is exposed). Nine out of ten tested devices did not show any
_corrosnon "The one corroded had a size of 1000 by 1000 ym and the corrosxon'
_ .was limited to a small area at the edge. However, leakage current. is more than
_ 'one ‘order of magnltude larger even for devices without corrosion. Flgure 4.9

‘ showg._tne_DC v characteristics of the capacitors correspo__ndm_g to the orrgmal. g
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'structurev of Figure 4.8(a), ﬂooding—etched of Figure 4.8(b) and peripheral

- etching of Figure 4.8(d). They all have a dimension of 500 by 500 ym. The

- leakage current of Figure 4.8(c) is almost the same as Figure 4. 8(a) for 4 min
 etching and it is not lncluded '

4. 4 3.2 Surface Analysrs by XPS

From previous sections, it is evident that CFy plasma treatment of the Cr
“surface mduced the electrochemical corrosion. However, it was stlll not’ known
what the real consequence of the plasma—surface interaction was in terms of the
surface chemistry. Plasma-surface interactions are a very complicated issue. A
variety of phenomena can occur such as surface film deposition and etching,
sputtering, ion implantation, enhanced physicochemical adsorption and
- collision induced surface reconstruction. The complex interplay of these factors
‘makes it extremely difficult, if not impossible, to predict reactions that can
take place Therefore, surface analysrs tools such as XPS become 1ndlspensable

: Sputter-deposxted Cr films were examined with XPS before and after CF., v
plasma_ exposure and are shown in Figures 4.10 and 4.11. Pl‘lOl' to plasma
exposure, the surface is covered with native chromlum oxide. This is ‘typical of

~ the surface of air-oxidized Cr samples. The XPS signal contains a metal and a o

Cr oxide part with an average chemical shift of 2.3 eV as' shown in Figure 4.12.

The main Cr 2p peak positions for oxide and metal are at 576.5 eV and 574.0 '

€V with a spin-orbit splittings of 9.8 eV and 9.3 eV, respectwely The 0 1s
sxgnal shows a peak at 530.5 eV, which should be correlated to an 0%~ specles
- These are consistent with reported values and hence the natlve ox1de can be
- considered as.CryO3.

. Following plasma treatment of the Cr ﬁlm thh pure CF4, the surface :
composxtlon changes. Here the dominant peak observed is the fluorine peak.

 Oxygen is also observed but with a much smaller content. In Figure 4.13, the

- Cr 2p peak is at 580 eV with a spin-orbit splitting of 10 eV. Table 4.1 lists the
. binding energies of some O- and F-containing chromium compounds that are
likely to occur in the course of this study. In comparing with binding energies
and spin-orbit sphttmgs in this table, it is evident that most of the surface Cr
is present in the form of CrFj. A further look at the expanded Cr 2p region
indicates that more than one type of environment may exist since two different
Cr. 2p3/2 signals can be resolved at 580.0 eV and 577.2 eV, respectlvely The

B ‘modified surface can therefore be considered to have the composition of a

‘mixture of CrF3 and Cr,0;. However, chromium i is miostly in the. fluorinated
state. A rough least-square curve fit indicates that the Cr surface has more
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'Figure 4.10 XPS survey spectrum of Cr surface before CF, plasma exposure.

g i
8] !
7] L
- O1ls -
v )
Ao |
u ;
zh :
3 "
2 . - i
{ Jt\ CJ:S \.L:
8 T T T T T T T T T T T T '| T T T 1 -
1000.0 900.8 800.0 700.0 60,6 500.0 40A.0  380.0 200.0 100.0. 8.0

801



P,

==Y
=
L

-
_
-
-
|
-
-
=
-
.
.

: NS ES>IE ‘ :

[T AN T B BN M NN A B UN A LN BN BN G BN B G |

¥ gy

, 1 |> | | 1 i L} | L] { i 1 1 I t 1 |
- 1060.0 906.6 800.6 769.0 600.0  300.0 490.8  300.0 200.6 190.0 0.0

BINDING ENERGY, eV

2 __‘_';Fi'g.g'\_x_fe 411 : XPSsurveySpectmm of Cr surface "a'ft,e'r--'CF4 plasma exposure. '

80T




110

N(E)E

G v ] v [ L4 i | v ) v . T Y T

595 501 587 583 5719 515 571 567

| Bindinxg Energy, eV

i Figure 4.12  Cr 2p spectrum of Cr surface before CF4 plasma exposure.
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Table 4.1 © Binding energies of Cr 2p photoelectron peaks and spm-orblt

- splitting for some O- and F-containing compounds

Compound  Binding energy eV)? Spin-orbit splitting  Reference
- (eV)
G2y O2py

Cr0; 5791 5882 9.1 (166)
" 580.3  589.4 9.1 (167)
5799 5889 9.0 (168)

Cr0, 5763  586.0 9.7 (169)
Cr,0, 5768  586.4 9.6 (170)
5763 5860 9.8 (170)
576.6 5863 9.7 (170)
Cr(OH);  577.0  586.8 9.8 (170)
aF; 579.4 5893 9.9 (166)
5792 589.1 9.9 (167)
Ne:) 578.1 5877 9.6 (166)
Crmetal 5742  583.5 9.3 (170)
5744  583.7 9.3 (166)

aBincﬁng energies: corrected to Au 4f(7/2) as 84.0 eV or C 1s as 285.0 eV.
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than 3 F atoms for each Cr atom.

4.4.3.3 Effect of Postetch Treatment

In the case of Al metalization etched by chlorine-based chemistry, various
post-etch treatments have been proposed to reduced postetch corrosion[161-
164]. These include H,O or solvent rinse, annealing or oxidation, CF,/O,
plasma, O, plasma, and nitric acid treatments. The basic principle of these
techniques is either to reduce the residual chlorine content or to repassivate the
surface by oxidation. In this study, various post-treatments were also carried
out after CF; plasma etching of the capacitors as shown in Figure 4.8(b).
Then, their effects were directly checked against the corrosion test. The post-
treatments used in this part of the study are as follows: (1) deionized Hy O rinse
at 25°C for 3 min; (2) 10 min soak in concentrated HNO;3; (70.5%) + H,0
rinse + baking at 120 ° C in air for 20 min; (3) O, plasma treatment for 20 min
at a rf power of 150 W; (4) HyO rinse + O, plasma treatment for 20 min; (5)
O, plasma treatment at 200° C. All O, plasma treatments were performed in
the planar plasma system for 20 min at 450 mT and 150 W. Unfortunately, Cr
corrosion occurred after all these treatments.

4.4.3.4 Corrosion Product Identification

Visually, the corrosion product has a ‘brown - color. The corroded top
surface was examined with XPS and a survey spectrum is shown in Figure
4.14. Figure 4.15 and Figure 4.16 give the Cr 2p and O 1s spectrum. One
obvious change is the greatly increased intensity of the O 1s peak. This
indicates that the corrosion reaction may be a chromium oxidation. The main
Cr 2p peak is at 579.7 eV with a spin-orbit splitting of 9.2 eV. In comparing
with Table 4.1, it is possible that some Cr is present as Cr{VI) in the corrosion
products since the spin-orbit splittings of Cr(IIl) compounds are-larger than
those of Cr(VI) compounds. From the Cr 2p spectrum, it can also be seen that
the Cr 2p3/; peak has a weak shoulder at the low binding energy side with a
position of 577.1 eV. This observation suggests that Cr(III) species like Cry0;
and Cr(OH); may be formed and incorporated within the film. The O 1s signal
can be split into two peaks at 530.7 eV and 532.8 eV. Air-oxidized Cr samples
show only the peak at 530.7 ¢V, which should be correlated to an 0%~ species.
The O 1s signal at 532.8.¢V is attributed to H,O and OH™ species{171]. To
summarize, XPS surface analysis indicates that the corrosion products are a
mixture of chromium oxide and hydroxide of higher-valent Cr species like
Cr(II) and Cr(VI).



Dt
[~

g ]
g I
7
8
w ]
4
3
7
- ol
6.-||||l|l|llllllllll/‘\Al\'\'\
io00.0 9000 806.0 700.0 600,06 5000 400.0 306.6 200.0 100.0

BINDING ENERGY, eV

Figure 4.14 Survey spectrum of corroded Cr surface. ’

lll[lllvl\ll-,Tllll‘]lllrl‘

ﬁl‘a

I



10 T _ v —f—
1 Cp. n

NEVE

G "r"‘l'Al LA ]

595 591 587 583 579

| Binding‘Ene'rg'y,,-eV

: »'-Figuié 4.1'5,'_: Cr 2p sﬁectrimﬁ of cbrroded Cr suiface. o



116

N(EYE

L 2

¥ T v T T ¥ T M 1 !
339 537 535 533 531 529 527 525

Binding Energy, eV

~ Figure 4.18 O 1s spectrum of corroded Cr surface.



117

' Auger spectrum was. also taken on the same sample Peak posltlons and
‘peak to peak height of the desrred transitions were quahtatwely the same both

.before and after 30: min ‘of sputternng The whole Cr layer has been oxidized - l

and fluotine specles are now distributed over the entire corrosion product. A
cross’ sectlonal TEM plcture in Flgure 4.17 shows a clear interface of Cr/SiN,

- ‘and SiN, /Cr corrosion products. EELS analysis indicated that the top Cr layer

_consists of Cr/oxygen and the SiN; /bottom Cr layers are intact. This further
“verifies that there was no reactlon between SiN, and top Cr-film.

4.4.4 DiScussion :

44, 4.1 Cr Surface Modlﬁcatlon by CF4 Plasma o

~ "As mentioned, Cr surfaces exposed to ‘CF, plasma can have various -
, chemlcal and physwal effects. For example, many metals such as Al'and Ag can

' be heavrly fluorinated in a O;/CF, plasma{172]. In the present: ‘case, XPS
v measurement shows that the Cr surfaces are highly ﬂuorlnated whlle the

_ corrosron tests 1nd1cated that thns is-an 1mportant cause of the. corroslon “The o

surface chemxcal composntlon was assumed to be CrFj by companson with
publnshed data. However, other fluorides may also be present For example,
‘chromyl fluorides and chlorides are known to occur(173, 174] In some cases, the
latter have been' known to form during plasma etching - of Cr ﬁlms -using

- Oy —CCl, mixtures(175]. In CF4 plasma, CrF; is a reasonable product because |

: _ a general method to prepare this compound is ‘the fluorination’ reaction of Cr,
“either in liquid or gas phase[l?ﬁ] Chromium trifluoride is so inert that it is
' ,msoluble in water and hot hydrochlorxc, sulphuric, and nitric acids attack it -

" only slightly[177,178]. In fact, it has been used for passwatxon of chromium

and other metal surfaces due to its high resistance to corrosive ‘halogen or .

halide and' its 1mpermeabllrty to water “vapor(179, 180]. These may ‘be the
reasons why various post-etch treatments were not effective in avordmg the Cr -
corrosion problem in Cr/ SiNg / Cr capacitors. : :

‘ ' Besrdes the change in chemical compoSrtlon, energetnc partrclef
'bombardment causes bond breakage, amorphization, preferentlal sputterlng '
and_defect formatron[lSl] Associated with these are the creation of surface

o cavxtxes, inclusions and various fault in the surface. As a result, there: wnll exlst' o :

a number of pomts in the film where it 1s less thick, less. strong or more; o

permeable than elsewhere Plttlng corrosion can therefore take place at these'
B'POﬁB,-' - ' '
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capacitor.



- transpasswe region. The complete removal of Cr near the cathod connectron |
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: 41.4.'4l2“Corrosion Mechanisms

4 4. 4 2. 1 Corrosron Mechamsm in Immersed Electrolytes

From corrosion product analysis.in the prev10us section, it is- ""l’ousthat
" the Cr corrosion is an electrochemical oxldatlon In classical ele i hemlstry, '
 the anode and cathode in an electrochemrcal cell are coupled throug elther an
: aqueous electrolyte or by a solid state ionic conductor Electrochemlstry of the
corrosion and passnvatlon of Cr in acid solutions has been prevnously studxed in
detall[182 183] No reports appeared in the hterature for the structure of a
_solid state capacltor, although it should be similar in prlnclple Under »
_delomzed water lmmersmn, the corrosron cell components may be identlﬁed ‘» ‘
N ‘very easlly as v

Cr | Cr203,CrF3 |H20 OH’ IHz(g) | Cr

From the view of electrochemlcal thermodynamlcs, anodrc ox1datlon or
dissolution and cathodic reductlon can occur -under a large enough over
potentlal Thls could result in a serles of soluble Cr-containing species such as
Cr(II), Cr(III), blchromate HCrOy or dichromate Cr, 0%, dependlng upon the
pH as seen in a standard Pourbaix. dlagram for the system Cr-—HzO 1.84] The
applled voltage was so large in this case that it may be well in .

side indicates the corrosion products are mdeed soluble in water and that the
dissolution of top Cr starts at the edge near the cathode side. The: latter can be
understood if the anode. and cathode dlstance in the electrolyte is considered.
‘This also explalns why a small Cr island was left in the inner area for CF4
vplasma etched capacltors, where the anode and cathode are coupled together :
: along the whole periphery ' ‘ S

4. 4 4 2 2 Atmospherlc Corrosion

In the moist atmosphere, it is not obvious to see where the corroslon cell
components are located and how they are coupled together.. Tts ‘corrosion
mechanism may or may not be similar to that under water immersion.:If the )
anode -and cathode could strll be considered to be two Cr films separated by
:""SlN,, then two possible coupling routes can exist, in pnnclple, for CF, plasma

. ﬂoodmg-etched structures. The first is via perlphery where both top and‘

bottom Cr films are exposed to the atmosphere The second is. through SIN at
some spots whlch are weak. enough 80 that moisture and lons can penetrate due :
to. the plasma treatment In elther case, the thlckness of the moxst ﬁlm of at
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"lé’éSt ‘in the order of tens of molecular layers is required to serve as
electrolyte[165] and therefore couple the anode and cathode together.’

Several mechanisms have been identified for condensation of moxsture on
metal” surfaces at a relative humidity of less than 100%. Flrst is capillary
' condensatxon where the vapor pressure above a concave menlscus of water is
‘less than that in equilibrium with a plane water surface. It is therefore posmble
for moisture to condense in narrow capillaries from an atmosphere of less than
100% relative humidity. Secondly the adsorption condensation — formation of

- -"an extremely thin layer of condensed molecules of H,O which are bound to

surface by Van der Waals' force. The third mechanism is by chemical
: condensatxon This occurs when soluble corrosion products or ‘atmospheric
contamlnants are present on the metal surface. When the humidity exceeds
that in equilibrium with a saturated solution of the soluble species, a solution, |
initially saturated, is formed until -equilibrium is established with the ambient
‘humidity. All three mechanisms can occur simultaneously or each dominates at
dlﬂ'erent stages during the corrosion process.

The experiments performed on structures in Figure 4.8 unambxguously
show that coupling is of the first kind through the periphery, at least, for a 4
minute plasma exposure. For the structures where passivation SiN, was etched
away as shown in Figure 4.8(b) and 4.8(c), a crevice exists along the whole
periphery due to the nature of isotropic etch. Therefore, capillary condensation
can take place there which would couple the two Cr films together either prior
" to testing or during the polarization stage. Once this happens, anodic oxidation
~ of the top Cr films will be initiated at places where it has more negative
electrode potential as well as moisture condensation. It is known that atoms at
dislocations and defects have higher chemical free energy and constitutes
chemically active sites. Those sites having the highest energy have a
correspondingly more negative single potential and anodic dissolution might be
expected to occur chiefly at these locations. If 2 macroscopic crack, crevice or a
foreign particle happens to reside at the same place, then a corrosion pit would
first appear there. CF, plasma exposure of the Cr films can well promote the
formation of these pitting sites. Although SEM examination and surface.profile
did not indicate noticeable differences in surface smoothness after plasma

etching, many effects in the plasma such as ion bombardment, surface
" reconstruction and fluorination could in fact peptize the native Cr oxide,
makmg the protective surface layer discontinuous and providing H,0 direct
access to the metal layer.
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 The pitting corrosion in structures as processed ‘in Figure. 4.8(c) with
longer exposure time than 8 min is probably caused by a different mechanism -
_such as the second kind mentioned above. Here the local damage is much more
;v"severe and the fluorine penetration is so deep that a pin hole in thé SlN could
be generated electrochemically. The pit can not grow if a dehydrated corros:on
5 product fills the hole and thus shuts off the 1on1c/water path. : '

For the ﬁoodlng—etched capacltor structure, a further look at the corrosion
‘process shows that the 1mmed1ate corrosion product has a gel appearance and
- the corrosion front moves very fast. The experimental results and' discussions
~above both support the conclusion that it is essential to ‘bring the metalhc film
in contact with water for atmospherrc corrosion to occur and grow. Thls is -
'therefore considered to be indicative of the requirement for the presence of

" bulk water in the ‘corrosion reaction. However, it-is indeed dlfﬁcult to believe

,that a. macroscopxc water layer is resxdlng on the whole surface prior to
corrosion at a relatxve humldlty of 45%. Chemical condensation can make this
happen However, this seems to be not the case because both Cry03 and CrF; - '
are insoluble in water and therefore not dellquescent The in sxtu observatlon
~of the corrosion processes in atmosphere and under a moist air burst i 1s crucial
in understandlng this point. The main difference is that many more plts are
1n1t1ally _created . under the latter condition while the growth rate and '
appearance are the same. Therefore, it is possrble that the water supply is
maintained by the corrosion product. Further information can be lnferred from
the testmg results of Flgure 4.8. The behavior of either no corrosnon or little
corrosion along the perlphery only for the structure of Flgure 4, 8(d) is hlghly
vllkely to indicate that Cr fluoride of a higher oxxdatlon state is responsrble for
the water condensatlon As mentioned in the water immersion case, a series of
Cr oxidation states can appear in the corrosion product and therefore the
: ﬁuondes It is known that CrF, is dehquescent[185] and many of the complex
ﬂuondes and oxyfluorides of higher oxidation states Cr(IV), Cr(V) and Cr(VI)
are easxly hydrolyzed[176] ‘High concentration of these corrosion products will
tend to expose a lower vapor. pressure surface to the envrronment thus, since
the solution will try to come to equilibrium with the gas, phase by absorbmg
" ‘more water vapor and dllutxng the solution; it wrll collect more water untll an.
_equlhbrlum between the solution partlal pressure and the atmospherlc partlal
~ pressure of water is approached if not achxeved[186 187]. Thus corrosron can
_ contlnuously grow from the Junctlon between Cr and the corrosron products

_ Srnce the expenments in this work are not v1gorously electrochemlcal and'
are only 1ntended to show the causes of atmosphernc Cr corrosnon mthe.sohd'
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state cell structure, it is very difficult, if not impossible, to give an actual
reaction pathway of the whole corrosion process. Although curve (c) in Figure
4.9 looks like a potentiostatic i—v curve in the active and passive regions, the
decreasing of current a few volts above V., is due to a complete dissolution of
‘}anodlc Cr film and a loss of water. At this stage, anodic corrosion products are
dlrectly in contact with the cathode. It should be mentioned again about the
»chenncal composition of the final corrosion products. XPS analysis showed that
there are Cr(VI) compounds present which should be soluble in water if they
~are in the isolated state. However, in the solid matrix of Cr,O; or Cr
hydroxide their insolubility in water is understandable. ‘Further, redox
chemical reactions can occur after anodic dissolution because of the high
oxidation 'potent,ial of chromate and of the less conductive corrosion products
whlch has a less positive potential than the Cr film. The latter would render
the hlgher oxidation state of Cr species thermodynamically unstable One
example could be the followmg reactions: '

CrO%~+3Cr** +2H,0=2Cr; O3 -+HH*

for whlch ‘the standard driving emf $=1.13V. The net result is that stable
Cr(III) oxide or hydroxlde is precipitated. As such, the gel appearance is
gradually gone due to water consurnptlon in the above reaction. ‘ ~

4.4. 4 3 Imphcatxon to a-Si:H TFT Device Design and Testing

The corrosion' behavior of and the conclusion drown from Cr/SiN,/Cr
capacxtors have direct relevance to a-Si:H TFT devices. This is because the
corrosion mechanisms are believed to be the same for the two kind of
structures. First, it is apparent that CF, plasma exposure of Cr films in the
devices. is always a potential cause of possible electrochemical corrosion in a
humid environment. Photoresist is an effective mask to the fluorination
reaction. Second, the passivation length of SiN,, d in Figure 4.7, should be
" large enough to prevent the two metal layers from coupling. This may impose
a prbblem in device design since it may limit the final circuit density. At the
very least, a zero d design is not a good practice especially when there is CF
plasma exposure at the same area. Without a passivation layer over the ‘whole
surfac,é,_as is usually done for device research in the early stage, care must be
“taken to avoid testing in a humid atmosphere in order to avoid device failure.
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4. 5 Summary

/ Normal staggered a-Si:H TFTs were  fabricated to show a current on/oﬂ' '
“ratio of larger than 10° for a gate voltage swing from 0 to 20 V even. thhout

. source/ drain implant. However, if no passivation layer was employed or speclal :
care in testlng was not taken in testlng, devices were quickly died i in a humld
atmosphere as soon as the gate voltage reaches above +6 V.

Fallure of unpasswated a-Si:H TFTs has been shown to “be due to
'-electrochemlcal corrosion of gate Cr films. Studies on dlﬁ'erently processed'
- Cr/SiN, / Cr capacltors indicated that the corrosion was largely promoted by
CF, plasma exposure of the metal surface. XPS analysis shows that Cr surface
is heavily fluorinated and it consists of chromic fluoride with a small fraction of
oxide. It is suggested that the electrochemical cell is coupled via periphery for
plasma exposure times of less than 6 min. For longer exposure times, pitting
~corrosion may have a different mechanism. The corrosion reaction was found to
be limited by water avallablhty For pla.sma exposed structures, chemlcal
~ condensation of a water layer, due to deliquescent corrosion products, was
' suspected to cause the corrosion growmg qulckly over the entlre surface




194

CHAPTER 5
EXPERIMENTAL STUDY OF THE SOURCE /DRAIN
PARASITIC RESISTANCE EFFECTS IN a-Si:H TFTs

5. 1 Introductlon

, As stated in Chapter 2, the performance of a-Si:H TFTs can also be
influenced by many geometrical or extrinsic factors such as the channeli
length(103], a-Si:H thickness, source/drain to gate overlap [188], and
source/drain (S/D) contact quality [83]. In static characteristics, these factors
r_nanifest themselves as a lumped parasitic resistance, R,. The R, effect has
long been recognized because of a current crowding near the origin of the
output characteristics [08]. For properly processed devices incorporating a n*
a-Si:H layer, at least a quasi-ohmic contact can be routinely obtained.
However, the magnitude of the parasitic resistance can still affect the
transconductance to a large degree. This is specially true for short channel
devices where a decrease in the field mobility with the decrease of the channel
length has been observed [103]. This effect has been generally attributed to the
increased weight of the parasitic resistance at small channel lengths. Therefore,
much effort is needed to study the source/drain parasitic resistance effect
before full advantage of short channel devices can be utilized. On the
technology side, it is helpful to further reduce the contact resistance by
employing a n* microcrystalline a-Si:H contact layer and by reducing the
intrinsic a-Si:H thickness. More importantly, however, the parasitic resistance
components and their modeling should be studied. This would not only reveal
the limiting components but also provide knowledge for better device design
and more accurate circuit simulation. Very recently, several groups began to
make these eﬂ‘orts [189,190]. However, the a-Si:H TFTs studied employed a
deposited n* a-Si:H layer and many aspects of the parasitic components are
still not clear.

" The inverted-staggered a—Si:H TFTs investigated in this theSis utiiizes an
ion implantation step to obtain the ohmic source/drain contacts. Because the
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' ;ion irnplant goes through the entire a-Si:H layer, the effect and behavior of the
*source/ drain parasitic resistance may be quite dlﬂ'erent from those having an
intrinsic layer between the n*
_illustrates the mverted-staggered a-Sr H TFTs with two - different contact
structures. ‘With a successfully developed a-Sl :H TFT process, this chapter is
‘ ".entlrely devoted to the experrmental study of the parasltlc resrstance eﬂ'ect .

5.2 Test Devrce Structures and Characternzatlon

- Test structures were used. to extract the total a-Si:H TFT parasltlc ‘
resrstance, sheet reslstance R, of implanted n* a-Si: H films, and the specific
contact resistance of Al-Si to n* a-Sl H. Speclﬁcally, these structures can. be

~ classified into four types:

(a) TFTs wrth constant channel width to length ratio W/L and wnth L
A ranging from 40 to 0.5 ptm. These devices were used to obtam the total
" parasitic resistance R,. For small dram voltages, VD, at hrgh gate drive it
is assumed [103] that the TFT ON resistance R,, consists of the channel

S resrstance Ry and the parasrtrc reslstance R,. That is, R ’

. 4';;(5‘.1)

stng the gradual channel approxlmatron, the channel resrstance m the
‘hnear reglon is then given by fo :

e = LA
: where C is the gate mtrlde capacitance per unit’ area and W L, and Vp
are intrinsic device channel width, length and- threshold voltage,

o respect1ver The parasitic resistance R can be extracted by measurmg
i 'v';:_the ON resistance from the linear reglons of TFT output characterrstlcs o
' and plottmg Ropx Was a functlon of L. o S o

(b). -a-Si: H TFTs with. constant channel wrdth W and length L but dlﬁerent
B ,source/dram overlap dimensions d,. Values of 0.5, 1.0, 1.5, 2.0,4.0, 6.0,
8.0 and 10.0 um were designed for d, in the test structures The'channel
~width and length were ﬁxed at 100 and 10 pum, respectwely ' '

| (c) 'Contact and sheet resrstance measurmg test structures were. also used,
o Because the metal/semlconductor contact reslstance depends on the
o ’detalled processing condltlons, it is highly desirable to have contact test

and the channel. For comparison, Figure 5.1 - )
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Figure 5.1 Inverted-staggered a-Si:H TFT structures. }a) a TFT with xon
implanted source/drain contacts, {b) a TFT with deposxted n*t
a-Si:H contacts.
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structures in the same die as the a-Si:H TFTs. Two types of structures -

were designed for this purpose. First, a transmission line model (TLM)

was used for both the n* a-Si:H sheet resistance R,(impt) and the specific

-contact resistance p, of A.l-Sl/ n* a-Si:H system. This TLM pattern is

~ shown in Fxgure 5.2 with d=10 pm, w=200 um and L—l 2, 4,8, and 16

‘um. The resistance between any two ohmlc pa,ds of wrdth w and
- ‘Aseparatxon | will be gwen by ; ‘ ‘

and thus a plot of R vs. l wnll give the sheet resnstance by ‘the slope
- Ry(impi) /w and the contact reslstance by the y-mtercept This should give

a much more accurate value because of the relatively large wndth and of

the least-square curve ﬁttmg procedure : T

'A four terminal (Kelvrn) resistor (FTR) and square-shaped van der Pauw ;
~ structures were also desngned for the specific contact resistance p, and for
“sheet resnstance R,(,,,.,,) and R,(,,m) measurement The areas were 25
umx25 pm for the FTR and 100umx100 um for the van der Pauw,_'
;patterns : : : ‘

(d) Cr/ S:N,/a-Sn H capacxtors ‘Capacitors with both mtrlnslc and nt a-Sl H
~ were designed for SiN,/a-Si:H interface dna.gnosns Capacitor siges were
60umx60um and 80umx80um : I

‘ The major fabncatlon steps were already detalled in previous chapters
- The only difference is the addition of the ‘contact and sheet resistance test
‘structures. As such, one more mask level was needed to separa.te ‘the ‘ion
' 1mplantatlon and source/ drain metalization steps Because of the much smaller
‘device geometrnes and more stringent alignment requirements, 10x reticles were
first produced on a Cambridge e-beam pattern generator and the final Cr mask
- set were obtained by using an eletromask optical stepper. All llthographlc steps
. were done on a SUSS MJIB 3 mask aligner. For the devices - under
' conslderatnon, the nommal thicknesses of a—SiN,:H and a-Si:H are- 2210 A and
1500 4, respectlvely Figure 5.3 shows the four-level mask layout To minimize _
the charge trapping effect, devnces were characterized at room temperature by '
- using an HP 4145A semiconductor parameter analyzer in conjunctlon wnth ‘an
- HP model 9000 computer : : :
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~ Figure 5.2 The TLM pattern used for contact resistance measureinent.
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The test chip mask layout used in this study.

Figure ’5._3 :




;5 3 Channel Length Effect on TFT Performance

For constant W/L ratios, the effect of parasltxc resistance can be clearly_ _‘

“seen in - ‘the output characteristics of a-Si:H TFTs with dnﬂ'erent channel
lengths Figure 5.4 shows the output drain current at two gate voltages (10 \'A
and 20 V) for devices with channel lengths of 40, 8 and 2 pm. At a drain
voltage of 256 V, a 48% reductxon in drain current is observed as the channel
’length is decreased from 40 pm to 2um. The draln current also saturates at an
jncreasmgly higher drain voltage thh decreasing ‘channel length. These
‘observatxons can be attributed to either a lower apparent field effect. moblllty, )
a larger apparent threshold voltage or both because of the increased weight of
parasxtlc resistance to intrinsic channel resistance. However, it. is mterestmg-
and important to further investigate the channel length dependence of the
‘ apparent ﬁeld effect mobility and threshold voltage. '

. Using the gradual channel approximation and assumlng that the field
-eﬂ'ect mobility is mdependent of gate voltage, the saturatlon current can be
descrlbed as : : o ‘

.iw Iqur

Wveval, 64

where NA and V47 are the apparent field effect moblhty and threshold voltage
If the parasitic resistance is ohmic, then

Var=VrHB'R 2. o ‘/»»;.(5.5)

Therefore, the apparent threshold voltage as determmed in the Iyz vs- Ve plot
should be independent of channel length. Figure 5.5 shows the square root plot
- of the drain saturation current vs gate voltage. Device saturation was ensured
by connecting the drain and gate terminals together. The extracted apparent
- threshold voltage V47 and mobility ‘uA- are shown in Figure 5.6. The apparent
mobility is decreased by 50% as the channel length is reduced from 30 um to 2
pum. However, the apparent threshold voltage is increased by only 14%, which
is ‘approximately thhm the error bounds of processing nonuniformity and
measurements. This is in sharp contrast to TFT devices with a deposited nt
a-Si:H layer [190], where the apparent threshold voltage could change by more
than 40%. The small variation of effective threshold in the present case
probably indicates an ohmic source/drain parasitic resistance. Indeed, the
source/drain regions of our devices are quite different from those reported
because of the phosphorus ion nnplantatno_n used to form the n* contact
regions.. For implant conditions used in the present devices, SUPREM m
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simulation shows that the phosphorus chemical concentration is about 2x10'®
atoms/cm? at the a-Si:H/a—SiN,:H interface. The lack of an intrinsic a-Si:H
layer under the contacts eliminated such nonlinear effects as the space charge-
limited conduction (SCLC). Therefore, the parasitic source/ dram remstance can
‘be consndered approx1mately ohmic. T

* With the above arguments, equations (5. 1) and (5 2) are then a.pphcable to
the extraction of parasitic resistance parameters. The TFT ON remstance R,,.
‘¢éan be measured in the linear region of the output characteristics as shown i in
-Figure 5.7. For each device with L ranging from 2 to 40 yum, the drain current
was measured at 0.05 V increments for a gate voltage ranging from 6 \'s to 20
V. The resulting width-normalized" ON resistance R,,xW is ‘then given in
Figure 5.8. This plot contains a rich information about both intrinsic and
parasitic device characteristics. In the following, each of these properties will be
qualitatively analyzed to get some physical insight into the parasitic remstance
effects.

The slope of the R,, W vs L plot, i.e., the channel sheet conductance,
contains only intrinsic device parameters independent of the channel length, as
predicted by equation (5.2). Therefore, by plotting [AR,, W/AL]™! vs gate
voltage Vg, given in Figure 5.9, the intercept and slope of a linéa‘r least-square
fit give the intrinsic device threshold voltage Vr and field effect mobility. "This
yields V7=5.32 V and y=0.44 ¢m®/Vs. They are very well in agreement with
those values determined from the saturation characteristics when L=30 um.

‘ Therefore, it is inferred that TFT devices with L>30 um can be considered as
long channel devices and their characteristics are free from parasitic resistance
effects. Indeed, both the transfer and output characteristics are ‘identical for
devices with W/L=300/30 and 400/40.

To further investigate the parasitic resistance elements, the sheet

resistance R, (impi) of the implanted a-Si:H and the specific contact resistance p, N
has been independently measured by using the TLM pattern in the same die as
the TFTs. In Figure 5.10 we show the resistance vs. contact spacing for an Al-
- 8i/n* a-SitH TLM pattern. All R vs. | data were fitted by the linear least
squares method. The slope and y-intercept of the straight line resulted in a
“sheet resistance R,(imp;) of 107.9 M(}/D and a contact resistance R, of 278. 3
K. If the jon implantation is uniform throughout the whole a-Si:H layer
‘(t-—1500 A), then resistivity is given by . :

Pimpl—tl‘la_“‘1.6x103 Qem - o N (55)

‘which is in agreement w%ith reported values for room-temperature implanted a-
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Si:H films [49]. Assuming the metalization process does not vchange the film
sheet resistance and d>>Lyp, then the x-intercept of the linear fit gives a
transfer length Ly of 0.52 um. This corresponds toa speclﬁc contact resistance

pc—R,(,mp;)LT=0.29 Lem? . o (89)

The p, value is in a reasonable range in'com'paring_with the p, vs.‘-'resistivity
chart given by Kanicki [54]. The lower p, in the present case is probably due to
contact annealing after the metalization step. If we are looking at the
expanded region of Flgure 5.8, we can see that the R,, W vs. L curves merge at
| —lp=-5.2 um which gives to a gate-voltage independent parasrtxc resistance
(R, W)o of 314.7 (rem. This would correspond to the contribution from the
S/D n* a-Si:H layers and Al-Si/n* a-Si:H contacts when the maximum
‘effective contact length I,. has been reached. In a first guess, if we assume that
le=lp /2 the specific contact resistance can be estimated by |

___.(R Wlolo=t. 1x10~* flem®. | R 8)

The estlmated value appears much smaller than the lndependently measured
one. This probably indicates that the actual current flux i 1s much more spread |
out over the contact because of the heavily doped n* a-Si:H bulk layer.

~ Indeed, the maximum effective contact length can be calculated by '

I,,=2('p,+p¢(,'m,1))/(R, W)=19.8um | ' - (5.9)
where P (impi) =R,“(,-,,,,,')t2, the contribution from ijon implanted layer. The
calculated I, value is exactly the physical contact-window length, which is the
ultimate limit for current flow. It should be mentioned that the above
ag‘reement can not be universal because the maximum [, depends upon many
parameters including but not limited to the contact geometry, the a-Si:H sheet
resistance, the contact resistance and the a-Si:H thickness. In the present case,
the exact match is due to the combination of an ion implanted n* a-Si:H, a
larger source/drain to gate overlap. /o may be viewed as a characteristic length
for the accumulation channel under the source/dram region. A smaller [y
means a la.rger current spreading under the contact and therefore a smaller
parasntnc reslstance Nevertheless, it is incorrect to simply take lo /2 as l“
Because of the two totally mdependent techniques for the extractlon of p,

‘ --pc(,,,,,,,) and (R, W)o, this physically sound comparison may verd‘y the

reliability of both measurements.

' anure 5.11 shows the gate voltage dependence of the wndth—normallzed ’
parasitic resistance. Clearly, the parasitic resistance is largely moglt_l_lated by the
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gate voltage because of the presence of source/dram to gate overlaps. An-
analytxcal modeling of the parasitics is extremely difficult because of the two-
N d1mens1onal or distributed nature of the resistance. With the absence of

- “current spreading in the nt a-Si: H layer, an 1nverted-staggered a-Si:H TFT

structure can be modeled as a two-layer transmission line [191] with bias

dependent ‘sheet resxstances However, because the much . larger res1stance of 'f‘ |

the intrinsic a-Sl H layer and the linear I-V characteristics of our jon. 1mplanted .
- source/ drain contacts, the intrinsic a-Sx H layer over the channel ‘region can be
neglected and the implanted - reglon under S/D can be lumped into a eﬂ‘ectlve

specific contact resistance p,. to the channel A one layer transxmssnon line

model (TLM) [192] is then approprlate as was used by Busta et: al [103] The .
parasitic remstance R, ls therefore given by - = :

RacLT
o v W .
where R,. is the sheet resnstance beneath the source/draln 1mplant area, d, is
the length of the contacts and LT—(p,c /R,,) If we assume that the channel

current abruptly terminates at the outer edge of source/dram to gate overlap‘
reglons [188], that is, d,c— 0 it can be shown [189] that 5 -

R, -2R,c—-2 coth(d,/LT),‘ SRRV (5.10)

. ) LT_lpuNcC (VG’—VTC)l ‘ S (5 11)
‘ where e and Vre are ﬁeld effective moblllty and threshold voltage under the
overlap regions. They are “different from the c_orrespondlng parameters under
the channel region because of the source/drain implant. Also, the -assumption
of d,,=d, may be not true for implanted source/draln regions because the
current distributes over a wider range. Accordingly, a parasitic resistance
calculation based on these equations seems to be not only difficult but also
erroneous. ' R '

" With the above arguments, an empirical model for the parasmc resistance
is obvnously an advantage for both of its simplicity and the ease of parameter.
extractlon Because all lines merge at L=—ly in Flgure 5.8, the parasitic

o resnstance R W must satlsfy the following equatlon

RyWe=———— R, W),. ,5.12
- That 1s, the parasxtlc resistance can be regarded as a mlnlmum eﬂ'ectlve'
'contact resistance in series with a -accumulation channel resistance of length lo.
Ina sense, Kanicki et al. has used the same expresswn by taking L+lo as the

eﬁectlve channel length. However, the reasomng there was qulte dxﬂ'erent for
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this correction term. It was attributed to the presence of a oxide layer at the
contact interface. In fact, this work seems to indicate that the /, correction
term -"sh_ould be always present as long as there is a source/drain to gate
overlap. In any sense the second term in equation (5.8) is relatively small at not
- too large a gate voltage. Therefore, the B, W vs. V data should be ﬁtted'- quite
well to the first term. The least-square curve fit is shown as the solid line in
Figure 5.11. This results in a threshold voltage Vr of 4.56 V and a field effect

~ mobility u of 0.17 ¢m? /Vs. These values are physically very reasonable for the

n™ region because of the ion implantation which should reduce both V7 and p.

5.4 Source/Drain to Gate Overlap Dependence

In Section 5.3, we only investigated the channel length dependence of
TFT performance with fixed source/drain to gate overlap dy. Based on those
arguments, the source/drain parasitic resistance should also depend upon dg
because it will affect the current distribution under the contact. As an
illustration, Figure 5.12 shows the TFT output characteristics for three
different d, values. Apparently, the I dependence on d; is very similar to its
dependence on channel length as given in Figure 5.4. At a drain voltage of 25
V, the drain current reduction is 48% as dp is decreased from 2 um to 0.5 um.
Clearly, the parasitic resistance is indeed increased as the overlap dy is
decreased. ’

~ For comparison, the MOSFET square-model saturation characteristics are
also given in Figure 5.13. In general, the apparent field effect mobility is
decreased as the overlap dg is reduced. The apparent threshold voltage is
constant (5.9 V) for d, between 4 um and 1 um, but is 7.9 V for dy=0.5 pm.
The apparent mobility is reduced from 0.38 um at dg=4 um to 0.25 em? /Vs at
dy=0.5 um. Because of the large curvature at d=0.5 um, the linear-fitted
values may not be well represented. | :

Because the effect of parasitic resistance is much more severe in the linear
region than in the saturation regime, the TFT ON resistance has also been
measured as was done in the last section for devices with constant W/L ratio
but different overlaps dy. However, because the channel length is fixed for each
overlap dimension, the parasitic resistance was obtained by subtracting the
channel resistance from the total ON resistance. This may not give much error
as long as the TFTs are well turned on. In general, the device parasitic
resistance decreases with increasing gate voltage and increasing source/ drain to
- gate overlap. Figure 5.14 illustrates the typical gate voltage dependence of the
parasitic resistance R,. At larger gate voltages R, begins to saturate. Also, the
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R vs. d curves begin to level off above about 4 um as shown i in Flgure 5.15.
From the discussions in Section 5.3, the dependence on gate voltage VG and
over]ap dy can be easily understood qualltatlvely The apparent saturation of
R, above dy=4 1m indicates that there is a charactenstlc length as prev1ously :
treated [188] ’

5 5 Summary

In conclusmn, the source/drain parasitic resistance effect of inverted-
”staggered a-Si:H TFTs has been experimentally studied for different gate
lengths and source/drain to gate overlap dimensions dy. For a channel length
less than about 30 um, the apparent field effect mobility decreases with
'decreasmg channel length and do. Remarkly different from reported however,
the apparent threshold voltage only changed a small amount with channel
length. This has been attributed to an ohmic parasitic resistance because of the
implantation used to form the n* region. By measuring the sheet resistance
and specific contact resistance in the same die as the TFTs, a comparison is
- made to delineate the parasitic resistance components. It is believed that a
much clearer physical picture has been presented in regarding to its gate
voltage dependence. Specifically, the sheet resistance of the n* region and the
Al-Si/n* a-Si:H contact contribute a small value to the total parasitic
resistance. The spreading of current under the source and drain contacts is
much more critical. The advantage of both the ion implantation and the
source/drain to gate overlap is to make the current distributed over a wider
contact area and thus reduce the parasitic resistance. However, there is a
characteristic length for the overlap, above which no influence was observed.
For a constant overlap, the parasitic resistance can be viewed as a gate
voltage-modulated channel resistance in series with a constant minimum
contact resistance. '
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- CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

“This thesis consists of the technology development and source/drain
parasitic resistance study of a-Si:H TFTs. The investigation began with the
‘development of a high quality a—SiN,:H gate insulator. Its real performance
was then tested in a-Si:H TFTs and its further optimization was performed
against deposition rf power and an NHj; plasma treatment. Also an integral
part of the research was concerned with anomalous failure mechanisms of both
inverted staggered and normal staggered a-Si:H TFTs. The relationship _
between plasma processing conditions, device design and Cr gate corrosion
were analyzed to postulate a possible electrochemical corrosion mechanism.
With the above advances and understanding, new TFT and test device
structures - were then designed to investigate the effect of source/drain
parasitics resistance. A set of four mask levels were used to fabricate these
devices. Important parameters such as total parasitic resistance, contact
resistance and sheet resistance were then extracted from simple electrical
characterizations. ’

High quality a—SiN,:H films were achieved using an improved set of
optimized deposition parameters. These parameters consisted of the f power
level and inlet gas compositions. a-Si:H TFTs using this gate nitride showed
excellent characteristics with both a high current ON/OFF ratios and a
negligible amount of hysteresis. This investigation indicated that N-rich nitride
was obtained by using a higher rf power level and by adding N, to the inlet
gas'mixt_ure. These nitrides had both a low leakage current and a bett.ér_
interface with a-Si:H, as evidenced by measurements of MIM structures and by
‘the TFT subthreshold and field effect mobility results. The effect of NH;
plasma treatment is two fold since both radiation damage and a nitridation
reaction occurred. First, the plasma treatment degraded the TFT mobility,
subthreshold slope and threshold voltage by creating more interface traps and
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charged centers. Second, it improved the TFT stability against temperature

. ahd gate field stress. Therefore, a compromise had to be made between TFT

- speed and stability if an NHj treatment of the gate nitride was to be used.

The a-Si:H TFT failure mechamsms was first discovered in the normal

o 'staggered TFT conﬁguratlon where the gate Cr was destroyed as soon as a gate

~voltage exceeded about +8 V. Later it was found that 1nverted-staggered TFTs
also fa:led in the same way but at a slower rate. This prompted a systematic
investigation of the failure mechanism for both a fundamental understandlng
~and for its prevention. By comparing the corrosion behaviors of differently
processed capacitors, at a constant relative humidity of 45%, it was found that
the corrosion was largely promoted by the CF, plasma exposure of the Cr
~ during the fabrncatlon Also the distance between the Cr films, which served as

an anode and a cathode, was very critical. Based on these results, it was

proposed that the electrochemical. cell is coupled via device periphery and the
continued fast growth of corrosion in the plasma exposed case is caused by the
chemlcalkcondensatlon of water due to deliquescent corrosion produ‘cts

The effect of source/drain paraSitic resistance R, has_been experimentally

studied. The observations indicated that parasitic resistance will be an

important factor for devices with a channel length of less than about 30 um. In
general, the apparent field effect moblhty decreases with decreasmg channel
length. However, the apparent threshold voltage i is relatively constant. This has
been attrlbuted ‘to a' ohmic parasitic resistance due to the use of an jon
implanted n* region. The results showed that the limiting component is the
current spreading resistance. In this regard both the source/dram ion
'1mplantatlon and source/ drain to gate overlap reduce the total parasitic
resistance.

6. 2 Recommendatlons for Future Research

Another important aspect of the source/drain contacts is thelr 1n3ect1ng
propertles For umpolar device operation, it is desirable that the contacts inject
one type of carriers only. In this way the "on" and "off" conditions are very. well
defined, which enhances the on/off current ratio. However, the. -high-level
mJectlon of both' electrons and holes is necessary for ambipolar a-Si:H TFTs
, Ion Implanted source/drain region usually shows one type of carrner m_]ectlon
It was only found recently that a-Si:H TFTs with boron 1mplanted
source/ drann also showed ambipolar behavior. The on current for n-channel
operatlon “essentially stayed at the same level as the phosphorus implanted
d_evlces while the on current for p-channel operation was greatly enhanced. It is
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‘injected into the channel region due to large number of R-G centers at the
P* /i a-Si:H interface. But the non-blocking characteristic for: electrons is
‘certainly related to the ion implantation conditions and the film thickness.

To obtain an unipolar p-channel a-Si:H TFT by suppressing the electron
"jcfurrent- or to improve the ambipolar characteristics, it is necessary first to
'ﬁhd_é:’sta‘nd the underlying physics and fabrication conditions resulting its
behavior. It is recommended that an investigation is performed to determine
the physical mechanism, both for Pt .and for N* source-drain. contacts.
Experimental work involves the variation of ion implantation conditions or the
~ thickness of the implantation caping layer A ptn dlode could be made to
‘examine the reverse biased leakage. ’

It would be very interesting and of technological importance to know the
relationship between the parasitic resistance and the a-Si:H layer thickness or
alternatively the ion implantation conditions. Systematic study of this effect
~could lead to knowledge of the current transport mechanism under the
“contacts and the effective contact areas. A modeling effort is needed to quantify
the source/drain 'parasitic resistance. It is believed that our devices\ behave
quite differently from those employing a plasma-deposited n* a-Si:H layer,
‘especlally in regardmg to the current spreading under the source/drain overlap
régions. It also can be seen if the anomalous ambipolar behavior mentioned in
last subsection depends on the i-layer thickness. The mask set for all of the
above ‘mentioned studies now- is available and no further changes are needed.
For ipverted-staggered a-Si:H TFT structures, a total of six mask levels has
~ been designed.. The level 6 mask is used specially for making dual-gate devices.
However, the passivation mask (level 5) should always be utilized. Otherwise,
the devices may fail very qulckly because of the Cr-gate corrosion mentioned in
Chapter 4. -

At this stage of development, 2D device simulation becomes very helpful
in that it would help to explain the various experimental results described
previously and also to get insight of the device physics. The effect of the i-layer
thickness, source/drain overlap dimensions could be simulated. At the very
least, current vectors or equipotential lines under the source/drain contacts
should be obtained to show the current spreading behavior and to identify

_ .-vnsually the limiting components of the source/drain parasitic resistance. Based
' ~on the simulation results, further improvement of the existing structure and
' the possxble design of new TFT structures can then be made. o ‘
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APPENDIX

a-Si:H TFT Run Sheet

1. Oxidize wafer
(1) Ultraclean Si wafers
15 min in 1 H202:H2 SO4
5 seconds dip in BHF
rinse in DI water
"N, blow dry
(2) Wet oxidation
- temperature=1100°C
3 min push in N,
30 min Hy; burn oxidation
3 min pull in N,

2. Deﬁne gate pattern

1) Apply adhension promoter HMDS for 10 min
Appl AZ 1350J-SF positive photoresist
spin (@4000 rpm for 30 seconds
3) Softbake resist (@90 ° C for 15 min
4) Expose gate mask
exposure time: 7.5 seconds
exposure mode: HP

(5) Develop resist
developer: 1 AZ developer:1 DI
time: 25 seconds
rinse in DI: 40 seconds

(6) Inspect pattern

3. Sputter deposit chromium
1) Presputter Cr target for 20 min
2) Sputter deposit Cr (~800 A)
Ar pressure—ﬁ mT, F.Power=100 W, time=10 min

4. Lift-off Cr
drop wafer gently into ACE filled beaker
soak for 10 min
transfer beaker in USC and keep for 5 min

DI rinse
N, blow dry
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lnspect pattern

5 PECVD SiN; and 2-Si:H deposition
(1) Deposit SlN (~1500 A)
N, /NH; /SIH4 flow: 50/50/5 in scem
pressure: 650 m'T
temperature: 320 ° C
rf power: 100 W
time: 10°17" : .

(2) Gas change-over ' e
pump-down (<70 mT)«>50 sccm SnHéa purge (>6@(} mT)
for three times

(3) Deposit a-Si:H (~700 A)

Sitl, fow: 50 sccm. :
rf power: 6 W

pressure: 350 mT
temperature: 260° C

time: 18 min

GO W‘S‘

6. a-81 H and SlN definition :
1) Apply adhensnon ‘promoter HM])S for 10 min
Appl AZ 1350J-SF positive photoresist
.spin - (@4400 rpm for 40 seconds
- (3) Softbake resist @90 ° C for 15 min
’ 4 ‘Align and expose mask #2
© exposure time: 6 seconds
exposure mode: HP
(5) Develop resist -
developer: 1 AZ developer 1 DI
develop time: 30 seconds
_ rinse in DI: 40 seconds
6) Inspect pattern
7) Hardbake resist @120° C for 20 min

7. Plasma etching of a-Si:H and SiNy
rf power: 80 W
CF, flow: 20 .
prossure: 200 mT
: .time’- 5 min

8. Source/dram implant definition
1) Apply adhension promoter HMDS for 10 min
Appl .AZ 1350J-SF positive photoresist

" spin (@4000 rpm for 30 seconds

3) Softbake resist @90 ° C for 15 min
4) Align and expose mask #3
exposure time: 7.5 seconds

- exposure mode: HP '

(5) Develop resist
. developer: 1 AZ developr:1 DI



’ develop time: 25 seconds

rinse in DI: 40 seconds

6) Inspect pattern

7) Hardbake resist @120 C for 15.min
8) Repeat steps (2)-(6)

9. Ion implantation
implant: phosphorus
‘energy: 25 Kev ‘
dose 1><10 T

10. Define source/drain metal pattern

} ; Apply adhension promoter HMDS for 10 min
2

Appl AZ 1350J-SF positive photoresist
- 8pin (@W4000 rpm for 30 seconds
3) Softbake resist @90 ° C for 15 min
4) Align and expose mask #4
“.exposure time: 7.5 seconds
exposure mode: HP
(5) Develop resist
developer: 1 AZ developer:1 DI
time: 25 seconds
rinse in DI: 40 seconds
(6) Inspect pattern

11. Sputter deposit Al-Si (~900 A)
Ar pressure: 8 mT
F. power: 100 W
time: 25 min

12. Lift-off Al-Si
30 min ACE soak, 4 min in USC
DI rinse and N, blow dry
- Inspect pattern

13. Anneal contacts
system: TECHNICS
temperature: 200° C
N, flow: 30 sccm »
H, flow: 45 scem -
Pressure: 500 mT
time: 30 min

14. Electrical characterization
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