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Abstract

In this chapter, the use of thin films for the fabrication of active devices and
electronic circuits on large area, non refractory substrates is presented. Today, the major
application of such films is in the field of active matrix for liquid erystal displays
(AMLCDs), used for instance in portable computers. More than two million full-colour
AMLCDs were produced in Japan in 1993 and the favorite material employed for their
fabrication is hydrogenated amorphous silicon.

The first part of the chapter presents the various material aspects of the now mature
amorphous silicon technelogy, based on the use of thin films of hydrogenated amorphous
silicon, in intrinsic or doped forms, in association with insulators such as silicon nitride or
silicon dioxide. Most of the thin film transistors and diodes which are manufactured today
make extensive use of this technology. However, some instability problems exist, which
are bricfly described. Various applications are presented, including AMLCDs and image
sensors. A special paragraph is devoted to the industry of AMLCD:s since it is following a
growth curve that closely resembles the one we have already witnessed for the integrated
circuits industry.

In the second part, we present recent developments in the use of thin films of
polycrystalline silicon, which exhibits much better transport properties. The various
methods used to obtain the polysilicon films are described, together with the ones allowing
the synthesis of the high quality gate dielectric materials which are necessary to realise
good MOS devices and circuits. We also deal with the instability problem, which
manifests itself differently in polysilicon transistors. Finally, given the performances of
some recent devices and circuits some new fields of applications are outlined, in non-
display areas.
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1. Introduction

Large-area electronics can be defined as the fabrication of electronic devices and
circuits on large-area, non-refractory and chemically-stable substrates. The basic idea {or
rather challenge) behind large-area electronics is to reproduce in thin films of
semiconductors and dielectrics most of the physical properties which are necessary to make
an electronic device work. So far, the major domain of application of large-area electronics
has been in peripherals, i.e. in systems or components which allow us to communicate
with electronic chips. In particular, the development of large-area electronics has been
driven by the spectacular explosion of flat panel displays, and the prototype example of a
large-area electronics product is the active matrix which is used in liquid crystal displays to
switch the picture elements (pixels) that control light transmission through the display.

Although the idea had been around for some time [1], large-area electronics was
probably born in 1975 when Spear and Le Comber from the University of Dundee
demonstrated that the conductivity of hydrogenated amorphous silicon (a-Si:H) could be
controlled over more than 8 orders of magnitude by doping [2]. The first a-Si:H thin film
transistor (TFT) soon followed, together with the suggestion that such a device could be
used as an electronic switch in an active matrix liquid crystal display (AMLCD}) [3].

Since then, hundreds of millions of man-hours of research and development and a
comparable amount of dollars (or rather their yen counterpart) have brought the a-Si:H
technology and the AMLCD industry to a mature stage; according to some analysts,
Japanese companies have so far invested about $3 billion in flat panel display development
and manufacturing (with a large share in AMLCDs), and more than two million full-colour
AMLCD:s for portable computers were produced in Japan in 1993 [4]. It is predicted that
by 1996, AMLCDs will account for 60% of the high information content (HIC) flat panel
display market.

At the confines of silicon integrated circuits technology, polysilicon is currently being
increasingly studied and employed, because of its superior transport properties over a-
Si:H. Around the world, research laboratories are producing breathtaking results
concemning carrier mobilities in laser-crystatlised polysilicon films. Values as high as 600
cm2V-1s-I have been recentty published, which compares with the ones currently obtained
in monocrystalline silicon on insulator (SOI) material. Furthermore, polysilicon can
produce n- and p-type devices, which opens up the possibility of realising complementary
metal-oxide-semiconductor (CMOS) circuits. Although the original driving force for
polysilicon development was the integration of the various addressing circuits of AMLCDs
at thc_ periphery of the glass plates, its next domain of application could well be in rapid
circuitry, in competition with SOI, as polysilicon material and device features are
increasingly being compared to monocrystalline silicon, rather than to hydrogenated
amorphous silicon.
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So once again, because of its relative simplicity compared to some contenders like
CdSe for instance [1], silicon (even if non-monocrystalline, and thanks to hydrogen)
appears to be the corner-stone of a new branch of the electronics industry.

This chapter is cssentially divided into two parts; the first one deals with amorphous
silicon material and technology, whereas the second is devoted to the various aspects of
polysilicon features and fabrication techniques. In each part, we first describe materials'
properties (including those of the essential gate insulators), in connection with the methods
or processes used for their synthesis. We then present the basic TFT structures and
characteristics and finally the major industrial applications, either present or potential.

2. Amorphous silicon thin films for large area electronics
2.1. a-Si:H material properties
2.1.1 Structure and density of states

As outlined in the introduction, amorphous silicon (a-8i) and hydrogenated
amorphous silicon (a-Si:H) have been studied for more than two decades. Numerous
papers and several books [5-7] have been published on the various aspects of growth,
doping and structure of a-Si and a-Si:H, the resulting band structure of the materials and
their density of electronic states. Concerning a-Si:H, the physics of various hetero-
junctions has been investigated (in particular insulators / a-Si:H structures) and the
feasibility of a number of devices has been demonstrated, including the most important for
large area electronics, namely the thin film field effect transistor.

The structure of amorphous silicon can be described by 2 continuous random
network (CRN) model in which covalent bonding is preserved [8,9]. This means that,
compared to crystalline silicon (c-5i), there is no long range order in the amorphous solid,
i.e., no translational symmetry, but locally, the coordination is on average the same, each
silicon atom having four nearcst neighbours, as in ¢-Si. However, a number of
‘coordination defects are present in a-Si, corresponding to atoms with too many or too few
bonds. The precise concentration of such defects depends on the particular method used to
grow the &-Si materiel. The structural state of a-Si is essentially characterised by a
tetrahedral bond-angle distortion, and there is practically no bond stretching [10). This
view is supported by the fact that the stored strain energy associated with 2 bond angle
distortion of rms value around 100 (the actual value for 2-Si) is comparable to the heat of
crystallisation of a-Si [11].

Because the basic tetrabedral structure of a-Si is very similar to the one of c-Si (short
range order), amorphous silicon is indeed a semiconductor [12], with a forbidden energy
gap. However, the band edges are not abrupt as in ¢-Si, since the structural disorder of the
CRN (bond-angle distortion) induces conduction and valence band tails which extend into
the forbidden gap. Furthermore, the coordination defects (mainly threefold- coordinated
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atoms which introduce unsatisficd bonds, called dan_gling bonds but also
five-fold-coordinated ones representing floating bonds) give rise to deep levels around
mid-gap.

Figure 1 schematically shows the distribution of the density of states in a-Si. 'I"hc taﬂ
as well as the deep states (correspending respectively to bonding disorder and con:)rdmat:pn
defects) are localised, which means that in these states the wave functions associated with
electrons are confined to a small volume of semiconductor around particular defects, fiuc to
strong interaction potentials. In the conduction and valence bands, the states are t_:on'su.iered
as extended, but they are not Bloch states as in c-Si, because of the lack of periedicity of
the amorphous solid. The transition from localised to extended states occurs at Ec for the
conduction band and Ey for the valence band [13]. Ec and Ey are called the mobility edges,
because at T = 0 K, the carrier mobilities go to zero below Eg and above Ey, even though
the wave function of neighbouring states overlaps [13]. The quantity Eg=E¢-Eyis
called the mobility gap and it usually amounts to 1.7¢V in hydrogenated material,
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Figure 1 : The density of states in amorphous silicon. Bonding disorder induces conduction
and valence band tails, whereas dangling bonds form states aroung mid-gap.

It is generally agreed that the density of tail states falls off exponentially from the
mobility edges with characteristic slopes T, (250-300K) and T, (400-450K) [14]; the
corresponding expressions are:

N¢ (E) = Ny exp (E-E;} / kT, and
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NwE) = Ny exp (Ev-E) / kT,
with N,y = 1021 cm-3eV-1,

Dangling bonds are thought to be the major source of deep levels. A dangling bond
can exhibit different charge states: it is positively charged when unoccupied (D+), neutral
when occupied by an electron (Do), and negatively charged when occupied by two
clectrons with anti-parallel spins (D-). In this latter case, the electronic level in the gap is
shifted by the correlation energy (U ~ 0.4 ¢V) which corresponds to the repulsive Coulomb
interaction between the two electrons. Hence, the energy levels associated with dangling
bonds are spread over an appreciable energy range in the middle of the gap. The position
of the Fermi level in undoped material adjusts itself around mid-gap in such a way as to
preserve clectrical neutrality (0.7-0.8 eV below the mobility edge of the conduction band
depending on defect concentration). In pure amorphous silicon, the concentration of
dangling bonds and associated deep traps is so high that the material cannot be used for
device fabrication. Actually, the density of dangling bonds (Do) as determined by electron
spin resonance measurements can be of the order of 1019 cm-3 [15) and even over.

The incorporation of atomic hydrogen into a-Si has cssentially two effects. First,
hydrogen “cleans” the gap, by saturating most dangling bonds, thus creating stable Si-H
covalent bonds. Sccond, atomic hydrogen breaks the highly strained or unstable $i-Si
bonds, leading to either Si-H bonding or reconstructed strong Si-Si bonds. Consequently,
the density of decp states can be reduced below 1015 cm-3 and the density of tail states can
also be reduced and sharpened for an optimised growth process, in which atomic hydrogen
is produced and introduced in the amorphous solid during growth. The effect of hydrogen
on the density of states of a-5i was clearly demonstrated by Madan and coworkers twenty
years ago [16].

2.1.2 Growth and doping

Although a-8i:H can be obtained by thermal evaporation or sputtering, followed by
plasma hydrogenation [17], the most popular method used to prepare good quality a-Si:H
films is the so-called plasma enhanced chemical vapour deposition (PECVD) process [18],
whereby silane gas (SiH4) is decomposed at low temperature in a low pressure
radiofrequency plasma. Schematically, the SiHp (n < 4) radicals which are formed in the
plasma adsorb on the surface of the growing film and depending on their reactivity, i. e.,
on the value of n, they can cither diffuse laterally to an available surface dangling bond or
locally displace an hydrogen atom already bonded to the amorphous silicon network; the
resulting texture of the film can be respectively dense or columnar. The best films, in
terms of electrical properties, are the ones exhibiting the dense texture, and such films are
obtained when SiHy is undiluted, at a pressure around 0.5 Torr, a substrate temperature
around 250°C and with a low RF power (see ¢. g. (6], chapter 2); they contain typically
around 10% of hydrogen ( 5.1021 cm-3 ), which is about two orders of magnitude higher

‘than the density of dangling bonds in non-hydrogenated material [15]. Infra-red
absorption measurements show that most of this hydrogen is bonded (mainly $i-H bonds
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for a material of good electrical quality), an observation which support§ .the view that
hydrogen not only passivates dangling bonds, but also interacts with the sﬂlqon network,
by breaking weak (strained) Si-Si bonds, thus "refining” the amorphous ma-terml. Agother
typical structural feature of a-Si:H is the existence of voids in the solid (even in the
optimised dense one), with dimensions which can be reduced down to 0.5-1 nm for
PECVD-prepared material. The surface of the voids is passivated by hydroggn (Si-H or
Si-Hz bonds), and the void density is a function of the precise deposition conditions.

As quoted in the introduction, doping of a-Si:H was first demonsFrated in 1975 by
the Dundee group [2] and Figure 2 reproduces the latter's historic curve on the
conductivity of a-Si:H as a function of the fraction of phosphine or diborane in the gas
phase.
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Figure 2 : Room temperature conductivity of a-Si:H as a function of the fraction of diborane
or phosphine in the gas mixture feeding the deposition plasma (after Spear and Le Comber, [2])

As far as PECVD is concerned, doping is performed by controlling the addition of
phosphine (PH3) or diborane (BzHg) to the SiHs growth nutrient which is fed into the
deposition plasma. The PH3 or B2Hg molecules are decomposed into radicals by the RF
deposition plasma, in much the same way as is SiHg. The resulting radicals adsorb on the
surface dangling bonds of the film, leading to "substitutional" dopant incorporation into the
amorphous solid. Although this result comes as no surprise to anybody familiar with
crystalline semiconductors, it represented an important breakthrough, since early attemnpts
to dope amorphous semiconductors had been unsuccessful and it had been suggested that
such a doping was impossible [19], because in a continuous random network, the
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coordination of an atom adjusts itself so that all the bonding and lone pair states are fully
occupied and the anti-bonding states are empty [20). For P or B to be active dopants in
a-5i:H, they must be four-fold-coordinated, whereas due to the above considerations on
the energetics of bonding, they are only three-fold-coordinated, as in PH3 or B2Hg for
instance.

Nevertheless, it has been shown (see (6], chapters 5 and 6) that when fonised
impurities such as e.g., B- or P+ (which, because of their charge states become
four-fold-coondinated) are taken into consideration and associated with a charged dangling
bond (respectively D+ and D) the energy departure from the ideal random amorphous
network is smail. Thus, because of this low energy dopant-defect pair formation, a small
fraction of the incorporated dopanis can become four-fold-coordinated and hence
electrically active. In other words, if for instance we consider the situation for
phoesphorous, the following equilibrium can be written :

Sig+P3 = P4t + D- (1)

where the subscripts refer to the coordination numbers. Since the formation of the (P4+,
D-) pair costs encrgy and the defects act as compensation centers, the doping efficiency is
small : typically between 1 and 10% of the actual impurity content of the amorphous solid
at low dopant (P or B) concentrations, dropping to 0.1% at high doping levels. For such
high doping levels (typically around a few 1020 cm-3), the minimum resistivity of a n+ film
is around 102 Q.cm, i. ., more than 5 orders of magnitude greater than the one of mono
or polycrystalline layers of similar dopings.

22. a-Si:H thin film transistors

Thin film transistors (TFTs) are field effect devices, and as such, their operating
principle relies on the controlled modulation of the space charge in a semiconductor channel
region which is inserted between doped contacts representing the source and drain regions.
The oldest and probably most studied field effect device is the metal oxide semiconductor
field effect transistor (MOSFET), well known to anybody in the electronics industry. In
the MOS transistor, the control of the charge sheet in the channel is performed by the
electric field which is induced in the semiconductor surface region by the capacitive
coupling of the gate clectrode through the gate oxide [21]. A-Si:H thin film transistors
operate similarly, although the gate insulator is not necessarily silicon dioxide and there are
some differences in behaviour diic to the existence of the localised states in a-Si:H material.
.~ Figure 3 shows typical TFT structures; the inverted staggered or bottom-gate one,
(figure 3-a) i.¢e. the one with the gate electrode located undemeath the channel, is the most
commonly used, because when silicon nitride (SiNy) is used as a gate dielectric (most
common case as well), the a-Si:H / SiNy interface is of better electrical quality [22]. The
wop gate structure (figure 3-b) has also been studied and developed, essentiaily for AMLCD
spplications; although low mobility values are anticipated, its advantage mainly relies on
the fact that only two masking steps are necessary to fabricate an active panel [23]. The
transistors shown in figure 3 are n-channel devices and they operate in the accumulation
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mode. Inversion-mode devices cannot be used in practice, because due to the large dgfect
density and associated deep levels induced by doping (see Eq. 1 above for n-type dopm.g).
a too large gate voltage would be needed to deplete, for instance, a n-doped channel region
and appreciably move the Fermi level towards the intrinsic level around midgap.

In the off state, for moderate negative gate voltages (still for an nchannel device), the
Fermi level is still pinned around mid-gap or slightly below, again because of the deep
states and also because the tail states in the lower half of the band gap are not in thermal
equilibrium with the extended states of the valence band (Ty ~ 400-450 K). Consequently,
the current flow is inhibited by the large resistivity of the intrinsic a-Si:H material (see
figure 2) rather than by the formation of a reverse biased p-n+ junction at the channel /
drain interface. Typical values of leakage currents are of the order of a few 10-15 A per
micron of width of the channel of the TFT, for & drain voltage of 10V.

Source / Drain EIec;trodes
Etch stopper {Mo - 350 nm
(Si Ny - 1°t%)gm) a - Si: H{n*) (25 nm}
Undoped a - Si: H

(50 nm}

Gate Electrode Qate inulato "
{Ti- Mo - 250 nm) {Si Ny - 350 nm)
Undoped Gate insulator

a-Si:H (Si Ny) Gate Electrode

(b)

Source / Drain Electrodes a-Si:H(n¥)

Figure 3 : Typical structures of a-Si:H Thin Film Transistors, () the inverted
staggered structures, (b) the top-gate structures.

Figure 4 shows the band diagram and band alignment corresponding to the SiNy /
2-Si:H heterojunction, which is the most widely used to control the channel conduction of
a-8i:H TFTs. The band offsets have been set in agreement with the values reported in the
literature [24]. The band bending at the interface, due essentially to the density of interface
states, depends on the deposition conditions and also on the order in which the SiNy and
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a-Si:H films are deposited [22]. In any case, the surface of the semiconductor is slightly
accumulated, which implies that the flat band voltage is negative.

As a positive voltage is applied on the gate, a mirror charge is induced in the
amorphous silicon; the bands start to bend downwards in the semiconductor surface
region and the decp levels sec their position move below the Fermi level. As a
consequence, most of the induced charge becomes trapped in the deep levels which, in the
upper half of the bandgap, behave as acceptors. As the gate voltage is made larger, the
Fermi level at the interface rises and an increasing fraction of the deep levels is filled. Fora
certain gate voltage, the Fermi level enters the tail states, and since T, the characteristic
temperature of the conduction band tail is of the order or below room temperature (see §
2.1.), most of the additionally induced charge is now located above the Fermi level [25].
Moreover, as the corresponding slope of the tail states is steep (kT of the order of 20-25
meV), these states behave as a single trapping level situated at E, below the conduction

band edge.

Interface
1
a-SiN, !
2.0 eV a-Si:H c
C
£ EF
Ey
1.2eV Charged interface states

Figure 4 : Band structure of the a-Si:H / SINx interface, showing the band offsets. The
band bending in the a-Si:H surface region is due to charged interface states.

The transport in the channel is therefore trap-limited, which means that the drift of the
carriers under the source-drain electric field is controled by successive trapping and
reemission between E; and the extended states above the conduction band edge. As a
consequence, the ficld-effect mobility is reduced from the extended state value of
10-15 em2 V-1 s-1 t0 0.2-1 cm2 V-1 5-1 and it is thermally activated, with an activation
energy Ec-Eqof the order of 0.17 ¢V [26]. Figure 5 shows typical transfer characteristics
for a n-type inverted staggered a-Si:H TFT with a structurc similar to the one of figure 3-a.

The threshold voltage of the device can be defined as the voltage at which the Fermi
level starts to enter into the tail states of the conduction band [25-26). It is clear that the
physical phenomenon which gives rise to the threshold voltage is completely different from
the single crystal MOS situation.

The derivation of the current-voltage characteristics can be performed in much the
same way as for the crystalline MOSFET. The charge induced in the conduction band tail

can be expressed as :
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Qx)=Cg[Vg-V(-V¥(x)] (2)
where Vg is the gate voltage, V| the threshold voltage, V(x) the additional voitage induced
by tht? drain at a distance x from the source, along the channel and Cg is the gate insulator
capacitance per unit area. The channel resistance of an elemental section dx is :
dR = dx/ WpeeQ(x) (3)

where W is the channel width of the TFT and jiy. is the field effect mobility.

104

104
20-15-10 -5 0 5 10 15 20

Va 0]
Figure 5 : Typical transfer characteristics of an inverted staggered a-Si:H TFT; channel
width = 28 pm and gate length = 5 um. (courtesy of Thomson LCD).

On the other hand, the voltage drop across this elemental section is:
dV(x) =Lj;.dR (4)
where Igs is the drain current which does not depend on x. After combining the three
above expressions, separating variables and integrating between the source ( x = 0, V(x) =
0) and the drain ( x =L, V(x) = V4 ), we obtain :
Igs = (W/L) pse Cy [(Vigs - Vo Vigs - Vas22] (5)

The channel current saturates when dlys / dVgs = 0, which occurs for Vgg = Vgs- Vi
the corresponding value of the channel current is :
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Igs sat = (W/2L} e Cg (Vgs - V02 (6)

Figure 6 shows the typical output characteristics of an inverted staggered TFT. These
output characteristics correspond to the transfer characteristics shown in figure 5.

According to the above expressions, the field effect mobility and the threshold
voltage can be determined cither by using the measurements of Iys as a function of Vs at
low Vg, thus neglecting the Vds2 term (linear region) or using the values of Ligsa 2ls0 as a
function of Vgg. In the former case, a plot of Igg versus Vg resulis in a straight line (see
figure 7-a) and from its slope, jife can be determined, whereas in the latter case, a plot of
Lassat 1/2 versus Vg is also a straight line, with a slope proportional to pge!/2 (figure 7-b).
In cither case, Vt is determined by the intercept with the voltage axis. This is also illustrated
in figures 7-a and 7-b. In the present situation, Vy is ~2 V and pge amounts to 0.5 em2V-ig-
1in the lincar region and to 1 cm2V-15-1 in the saturation regime. This discrepancy in the
value of e is probably due to the fact that saturation is not really reached (see figure 6) in
such a-Si:H TFTs.
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Figure 6 : Qutput characieristics of the inverted staggered a-Si:H TFT of figure 5; channel
width = 28 pm and gate length = 5 um. {courtesy of Thomson LCD).

For p-channel devices, the threshold voltage tends to be high, because of the large
slope of the tail states (Ty ~ 400-450 K) and its definition would be different from the one
given above for the n-channel device because the onset of conduction does not occur just as
the Fermi level enters the tail states. Moreover, as the field effect mobility for holes is
more than two orders of magnitude smaller than the one for electrons, p-channel TFTs are
not used in practice.
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Table 1 compares some properties of a-Si:H TFTs with those of single crystal Si
MOSFETs, either in bulk or thin film (SOI) forms. Typical data for polycrystalline Si and
CdSe are also shown.

3
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Figure 7-a : Derivation of the mobilty and thres- Figure 7-b : Derivation of the mobilty and thres-

hold voltage values for a-Si:H TFT in the linear hold voltage values for a-Si:H TFT in the
regime (see text). The dashed line represents the saturation regime (see text). The dashed line
best linear fit represents the best linear fit.

Tabie 1 : Comparison of TFT characteristics for c-Si, poly-5i, a-Si:H and CdSe materials.

active layer ¢-Si poly-Si a-Si:H CdSe
bulk SOI High-T Low-T
SIMOX | sos SPC SPC Laser

fufc. nchannel] 400t | 30010 | 300t0 | 4010 | 201070 | S50t [ 0210 | SOt
(cm2v-15-1) 700 600 500 120 400 * 1.5 400
e, pchannel| 10010 | 100to | 150t0 {20080 [ 201050 30t 1to 10
(em?v-1s-1) | 200 300 300 200

viv) 02510 | 02t01 | 0t005 | to5 | 2108 | 1005 J05w5]05w05
n-channel 1.75

Vi) 02510 Gto-05| 2t0-8 | -210-10{ -1t0-5 - -lto-5
p-channel -1.75

* values up 0 600 cm2V-15-1 have been obtained with special substrate thinning techniques (see § 3.3.)

The major drawback asseciated with a-Si:H is the structural instability of the
material, which was first evidenced in solar cells almost twenty years ago and explained in
terms of photon-induced defect creation [27]. In a-Si:H TFTs, the instability manifests
itself by an appreciable change in the threshold voltage (and of course subthreshold slope),
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after the application of a prolonged gate bias. However, in a TFT, this instability can
originate either from defect creation in the a-Si:H material (i. e., change in the density of
states by creation of dangling bonds as for solar cells) but also from charge trapping into
the gate insulator. In fact, both mechanisms seem to be operative, state creation
dominating for low to moderate gate bias stresses and charge trapping for high bias, at least
for TFTs using SiNx as gate insulator [28]. In particular, the threshold voltage shift at
moderate gate bias has been interpreted on the basis of the defect pool model, in which the
density of carriers in the tail states are in equilibrium with the density of deep. states [29].
Within the frame of this model, if for instance, the gate of & n-channel nitride TFT is
positively stress-biased, which increases the electronic density in the conduction band tail,
then, the a-Si:H material will respond by breaking weak Si-Si bonds, thus creating D-
levels deep in the gap and modifying its density of deep states {28,30]. The threshold
voltage shift would therefore reflect this change in the density of deep states. However, it
has been pointed out recently that for the particular regime of low gate bias stress, the
mechanism of decp state creation could hardly account for the large threshold voltage shifts
observed and that trapping in the gate insulator also had to be considered, specially in those
TFTs employing SiOz as gate insulator {31l.

Despite the threshold voltage instability, and even if the exact mechanism is still
debated, AMLCDs make extensive use of a-Si:H TFTs, because the duty cycle of the pixel
switching element is low enough (1 / 500 to 1 /2000, depending on the number of rows)
to ensure satisfactory operation over the life time of the display [32].

TETSs such as the one shown in figure 3-a are fabricated using microlithographic
techniques borrowed from the microelectronic industry. Typically, four mask levels are
necessary, for the gate electrode, the a-5i:H mesa, the etch stopper {which can eventually
be self-aligned by illumination from the back, thus suppressing one level) and finally the
contact metal. However, this mask count can rise to 10 and even more, when for instance,
image sensor arrays or AMLCDs with some form of integrated drivers are fabricated (see
below). Table 2 summarises the major technological steps necessary for the fabrication of
a bottom-gate TFT.

Table 2 : Major technological steps and number of masks necessary for the fabrication of a bottom-gate
TFT.

siep | description mask
1 lass cleanin
2 ate metal deposition
3 fe ing and etchin 1
4 | ingulator / a-Si:H / etch stopper deposition
s |ewch ing and etchin a
6 | a-5i:H mesn patterning and etching 3
7 | e-Si:H (n¥) and source / drain metal ith
8 | aSi:H () and source / drain metal patterning and etching 4
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2.3, Applications of a-Si:H and related materials

Solar cells

Chronologically, p-i-n diodes for solar cell applications were the first devices to be
fabricated with combinations of doped and intrinsic films of a-Si:H deposited on a glass
substrate [33]. At that time, the energy conversion cfficiency was 2.4%. Itis now around
13% at the laboratory level for single junction devices and the a-Si:H module production
presently amounts to 21% of the world's photovoltaic module production of 62 MW [34],
The absorption spectra of a-Si:H is centred around 500 - 600 nm where the quantum
efficiency reaches 95%. In p-i-n photodiodes, the n and p layers are about 10am thick,
whereas the thickness of the intrinsic layer is of the order of 0.6 pm. This intrinsic layer is
depleted naturally and full collection is achieved without the need for a reverse bias. Figure
8 shows the structure of a single junction cell; a buffer layer (not shown here) is often
added at the p-i interface, in order to reduce carrier recombination.

a-Si:H {p) *-If Glass I

{10 nmy)

a-Si:H (i)
(600 nm)
a-Si:H {n)
{10 nm)
Metal o

Figure 8 : Structure of a single junction p-i-n solar cell.

Multi-junction cells and artificially constructed junctions (i.c., cells making use of a
combination of amorphous and polycrystalline Si materials) are actively being studied and
developed, in order to increase the energy conversion efficiency [34].

Displays

Soon after the demonstration of the first a-Si:H transistor [2], several companies
developed full colour active matrix liquid crystal displays (AMLCDs) capable of
functioning at video rates. It is not the object of the present paper to review the field of
AMLCDs, and for details on their operating principles the reader is referred to specialised
book chapters [35-37].

Brieﬂy, an AMLCD is made up of an array of liquid crystal cells which are
sequentially addressed by non-linear switching elements. A liquid crystal cell is a voltage
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dependent light modulator, whose principle is shown on figure 9 for a twisted nematic
(TN) liquid crystal material.

Polarizer
Film

Glass
Substrate
Liquid
Crystal
Molecules

Glass
Substrate

Polarizer
Film

Figure 9 ; Schematic structure and operating principle of a twisted nematic (TN) liquid crystal cell inserted
between cross polarisers. In the unbiased state, light is transmitted, whereas when the cell is biased,
light is biocked. The reverse holds true when the polarisers are parallel.

In this kind of cell, the molecules are aligned in such a way that their directors on the
inside of the front and back glass plates make an angle of 900. A rubbed polyimide film
allows the anchoring of the molecules with the desired orientation on each glass plate.
Thus, the molecules gradually rotate from the front to the back glass plate, inside a
typically 5 um-thick gap. The glass plates are inserted between cross polarisers, so that the
incident Light is transmitted due to the progressive rotation of its plane of polarisation by the
liquid crystal molecules. When the cell is biased (using the transparent conductive
electrodes), the liquid crystal molecules tend to align with the electric field, which first
reduces the rotation of the plane of polarisation thus limiting light transmission and finally
completely inhibiting it, when the applied voltage is high enough to bring the directors of
the molecules perpendicular to the surface of the glass plates. The effect of light blocking
is therefore progressive, which will allow the control of grey levels. The polarisers can
also be parallel, in which case light is transmitted when the cell is biased and blocked when

unbiased.

In an AMLCD, each individual liquid crystal cell represents a pixel, a denomination
that comes from the contraction of picture element. Colour effects are obtained by
interposing red, green and blue (RGB) filters on the light path controlled by each pixel.
Images are produced by applying an adequate voltage (data voltage) on each pixel during
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the fraction of the frame time where the non-linear switching clement is in the on-state.
When the switch is turned off, the data voltage is retained on the liquid crystal capacitance
during the remaining of the frame. The switching elements can be two or three terminal
devices, the data signals being decoupled from the select signal in the latier case. To date,
the two terminal devices mostly used are metal / insulator / metal (MIM) structures and
diodes made of various semiconductor materials including a-Si:H [36-38]. The advantage
of two terminal devices is the reduced number of masking steps (usually three to four) that
are necessary for the fabrication of the active plate. One of the drawbacks originates from
the slight thickness non-uniformity of the different films (inherent to any deposition or
oxidation method), over large surfaces, likely to induce appreciable variations of the
current-voltage characteristics of the non-linear elements over an AMLCD plate. This is
particularly true for the MIM devices, where the value of the current depends exponentially
on the thickness of the insulating film [37].

The vast majority of AMLCDs make use of three terminal devices in the form of thin
film transistors and among these, a-Si:H TFTs arc the most widespread. Onc of the
advantages of using a transistor as switching clement probably comes from the fact that the
thickness of the accumulation layer which is formed in the channel primarily depends on
the gate voltage and not on the actual thickness of the active layer. Hence, even if there are
some thickness variations due to the particular deposition process employed, the effect on
device characteristics over an AMLCD plate is smoothed. In particular, the on-current
fluctuations will be inversely proportional to thickness fluctuations of the gate insulator,
instead of varying exponentially with the latter's, as is the case for MIM devices.

Figure 10 shows the electrical architecture of & TFT-addressed active matrix and
figure 11 presents a perspective view of an AMLCD (active matrix plate, liquid crystal and
counter plate). During operation, a peripheral shift register (line driver) sequentially
applies a voltage pulse to each gate line, turning on all the corresponding TFTs. As these
TFTs are switched on, the data voltages corresponding to the selected line are transferred
from the peripheral driving circuits (data driver) to one of the pixel electrodes, through the
TFTs, the other pixel electrode being grounded or held at a fixed potential during the frame
time (see the inset in figure 11). The various driving circuits which are schematically
located at the periphery of the active plate on figure 10 are usually single crystal silicon
chips which are mounted either directly on the glass plate or on separated printed circuit
boards and connected to the array of line and columns [38,39]. However, such drivers
may also be integrated, which means that they are fabricated with the same TFTs as for the
gixct;jw;gws. if suitable semiconductor material properties and device characteristics can

0 .

‘ AMLCDs were primarily developed for direct view applications and a 21" diagonal
display was demonstrated in 1994 by Sharp. However, with the advent of high definition
television (HDTYV), larger diagonals are becoming necessary, in order to take full
advantage of image quality and sharpness. Due to a variety of technological and
manufacturing problems, direct view displays, with diagonals of up to 40" are not expected
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in production until the beginning of the next century. In order to fill the gap, video
projectors are actively being developed [40].
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Figure 10 : Electrical architecture of a TFT-addressed active matrix.
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These projectors which work in the samne way as slide projectors, make use of small
AMLCDs, with diagonals ranging from typically 2 to 4" and they have an accordingly high
pixel density in the active matrix. Figure 12 shows a photograph of an actual active matrix
for projection, with a repetition step (pitch) of 50 pum.

S0 um

Figure 12 : Photograph of a projection active matrix, showing the array of lines and columns and
the pixel structure with its switching transistors (courtesy of Thomson L.CD).

Because of the reduced cell size, the mounting of the peripheral circuitry with a pich
of the order of 50 um or even below is a major issue, assuming that an acceptable yield is
to be maintained. There is hence an interest in integrating the peripheral circuitry on the
active plate.

Ideally, integrated drivers should be capable of treating the standard video signal and
dispatch it over the whole panel, once the correct volitage levels generated. These vary
between -5 and +35V, as the pixel polarity is reversed after each frame, in order to avoid
electrochemical effects at the interfaces between the conductive electrodes and the liquid
crystal material. Schematically, the liquid crystal panel requirements are the line scanning
and the conversion of the serial RGB signal to the (parallel) voltages to be applied to the
data columns. While line scanning requires typical frequencies of several tens of kHz
(depending on panel resolution), which can be achieved with low mobility devices, the
conversion of the serial RGB signal is much more difficult, because both the frequency and
RGB signal levels have been developed for cathode ray tubes and they are not matched to
the peculiar features of AMLCDs. The frequency of the analogue RGB varics between 4
and 75 MHz depending on the desired resolution, and for correct driver operation at such
frequencies, high quality TFTs must be used, with high mobility values. Furthermore, the
amplitude of the video signal has to be raised to the adequate level between 0 and 5V
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(instead of between 0 and 1V) and reversed after cach frame, which means that the
effective voltage to be treated is 10V.

As far as a-Si:H is concemed, the low carrier mobility severely limits the potential
speed of circuits. Moreover, as usually the source and drain contact regions of the TFT are
not self-aligned, the parasitic capacitances are important, decreasing further the maximum
attainable speed. A self-aligned doping process [41] requires the use of ion implantation
(which is costly), together with the self-aligment of the contact metal itself, in order to limit
the source and drain series resistance due to the high resistivity of the doped a-Si:H
material (see § 2.1.). Although currently studied, this kind of process is, to our
knowledge not yet totally developed, the formation of the source / drain "salicide” at low
temperature being difficult to control. Furthermore, circuit architectures are limited by the
non-availability of p-type devices and the instability of the TFTs (see § 2.2.) turns out to be
a problem, because in data driving circuits, the duty cycle is high (1 /10 to 1) leading to a
rapid performance degradation [42]. In spite of the above drawbacks and problems, and
because the idea is just too attractive, a-3i:H scanning circuits have been fabricated [43,44)
and solutions for data drivers (although with a necessary large number of parallel video
inputs) are currently being investigated. This being said, the safer solution to driver
integration is probably the use of polysilicon material, as will be discussed below.

Image sensors

Another application of a-Si:H-based large area electronics is in the field of image
sensors. These make use of combinations of photodiodes, with a structure identical to the
one shown in figure 8 and switching elements, i.c. TFTs, which are organised in linear or
matrix arrays. A reverse-biased photodiode may be considered as a parallel combination of
a ligh-controlled current source and a capacitance. Thus, the carriers which are generated
upon illumination and separated by the internal electric field of the reverse-biased device
can be stored by this capacitance. The corresponding charge which is proportional to the
density of photons incident on the photodiode can be sampled and measured by some
external circuitry.

Page-width linear image sensors have been developed for image or document
scanners, where their use greatly simplifies the overall optical architecture of the system;
the sensing elements can practically be placed in contact with the document to be imaged,
which yields a much more compact optical arrangement than the conventional one with the
CCD imager [45]. Furthermore, contact scanning allows an increase in the resolution,
since there is no need to reduce the document, in order to comply with the limited size of
the CCD erray. Scanners exhibiting a resolution of 300 dots-per-inch ¢an be made with a-
Si:H sensor arrays [45]. Also, it should be emphasised that some form of signal
processing could in principle be integrated on the sensors' substrate (using for instance
polysilicon circuitry), which could (and probably soon will) further extend the domain of
application of large area electronics.

While such sensors today account for more than one half of the market of image
sensors in fax machines, the next challenge is to develop and industrialise page-size two-
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dimensional imaging arrays. Such arrays are organised in much the same way as the
AMLCDs are, the liquid crystal element being replaced by a reverse-biased photodiode.
When a line is activated, the charge stored in the photodiode in each pixel of the line is
transferred through the columns to the data drivers where it is measured and coded. The
different lines are sequentially scanned so as to read out the whole array in a frame time.
The most ambitious application of these two-dimensional sensor arrays is today x-ray
medical imaging [46], where pannel size has to compare with parts of the human body and
a spatial resolution of 200 um or less is required. For this kind of application, a phosphor
film is used to convert x-ray photons to visible cnes and the array is placed in contact with
the phosphor, in order to allow for direct imaging (see figure 13).
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Figure 13 : X-ray image sensor, (a} electrical architecture of the array of photodiodes and TFTs, (b) a
schematic and simplified perspective view of the structure of the sensor panel (after [46] ).

Here, the use of a-Si:H for both the photodiodes and TFTs is weil suited, because of
its high tolerance to ionising radiations. The University of Michigan and Xerox have
recently developed a prototype array of 19.5 by 24.4 cm2, comprising 1536x1920 pixels,
with a pitch of 127 um [47]. Such arrays are presently available from Xerox as evaluation
kits. Thomson-CSF has also announced the development of a 1000x1000 array, with a
pitch of 200um. However, these x-ray sensors are at present time at an early stage of
development and they are not expected on the market before the end of the century.

To conclude on the application aspects of a-Si:H material and technology, it should
be mentioned that Tuan [48] has described the use of amorphous silicon TFTs (including
high voltage devices) to drive the printing transducers of ionographic, electrographic and
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liquid crystal shutter printers, whercas Bshm and coworkers have described the fabrication
of amorphous silicon logic integrated circuits {49].

2. 4. The industry of AMLCDs

As stated in the introduction, the production of AMLCD: is to day a big business and
it is mainly concentrated in Japan. Table 3 from W. O'Mara [50] shows the investments in
sccond-generation production machinery undertaken by the major japanese and korcan
manufacturers. In Europe, a joint-venture between Philips, Thomson CE, Sagem and
Merck (Flat Panel Displays, FPD) was set up at the end of 1992 and more than 300 M$
have been invested so far by the various partners. FPD intends to take a 8% share of the
AMLCD market. In the US, Optical Imaging Systems was set up at the end of 1994 with
an investment of 100 M$ and the US intend to have a 15% share of the flat panel displays
market by the year 2000 (see ¢.g. the Flamm report available from SEMI in the US).

Table 4, taken from a recent paper of L. Tannas [51] shows the trends in display and
substrate size. The very large substrate sizes envisaged in the near future explain partially
the high level of investments, as specific fabrication equipments are necessary.

Table 3 : Current investments in the field of AMLCD (aftex [50]) .
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equipments (steppers or mirror projection units) and dry etching machines. While for first
generation PECVD equipments, the glass substrates were moved sequentially through in-
line chambers tens of meters long evoking stainless steel cathedrals, the tendency for the
second generation is towards the use of multichamber systems. This trend was clearly
illustrated in O'Mara's SID seminar [50], where a variety of cluster tool PECVD and
sputtering machines were presented. A similar cluster tool concept is also being developed
by TEL America on the East coast, for PECVD machines [52]. In second-generation
machines, the deposition rates have been increased (particularly for a-8i:H films), to values
over 100 nm min-1 and typical throughputs are around 30-45 substrates per hour.

Table 4 : Trends in display and substrate sizes (after [51]).

COMPANY Investment
$ Million

Sharp 1.000
NEC 650
Fujistu 390
Toshiba / DTI 300
Hitachi 300
Hoshiden 200
Goldstar 430
Samsung 400
Hyundai 150
Total 3.820

Source : Nikkei Microdevices

OMara § Associates

The industrial fabrication of an AMLCD can be separated into three main tasks. First
the realisation of the “front" glass plate, which comprises the color filters, the black matrix,
the transparent conductive clectrode and the polyimide alignment layer. Second, the
preparation of the active plate (a glass substrate as well), which supports the array of lines,
columns, TFTs, pixel electrodes, pixe! storage capacitors eic... and finally, the assembly
of the two plates and the liquid crystal filling between them.

As far as the fabrication of the active matrix is concerned, the major production
equipments are sputtering machines, for the deposition of the metal conductors and
transparent electrodes (usually made of indium tin oxide-ITO), PECVD reactors for the
growth of 8i02 or 8iNy and a-Si:H (usually in the same pump-down), lithography

Generation Zero ist 2nd 3rd 4th
Year start 1987 1990 1993-1994 1996 19997
LSI New generation Installation Planning Future
Glass sheet size 150 x 150 320 x 400 360 x 465 500 x 700 TBD
{mm) 150 x 200 300 x 350 380 x 480 500 x 600
300 x 400 (1994) 450 x 550
Display size in 6{1) 8(4) 10(4) 14 (4}
inch. (number 9(I) 6(4) 14 (2) 30(1)
per plate) 10 (2} 1{6)
Cycle time Variable Normalised to 1 2
Productivity Normalised to 1 3x 1o 5x
Yield < 10% iniatlly > 50% > 10%
Major market Portable TV Notebook PC Desktop PC Engineering HDTV ?
Subnotebook workstation
PC
Machine technology life, 3 years Source : Tarnas Electronics,
Machine production life, 7 years Orange, California

The purity of the deposited films has also been greatly improved, and Balzers has
recently introduced the plasma box concept (see figure 14), where the plasma volume is
confined in a gas-tight enclosure installed inside a conventional high vacuum vessel. With
the above arrangement, the measured oxygen and carbon concentrations in a-Si:H films are
always below 1018 cm-3 and the plasma box has been shown to be practically immune to
post-cleaning contamination, as evidenced by the very low residual level of sulfur which is
measured in the films just after a SFs-based plasma cleaning of the deposition chamber
[53]. Particle formation during deposition is one of the major problems associated with
PECVD and sputtering processes and its deleterious consequences on the fabrication yield
of the active plate are well documented [50,51].

However, here again, things have been improved with second-generation
equipments, since the substrates are now moved by robot arms, rather than being displaced
on conveyor belts where particles are easily generated by friction on supporting rolls, side
walls, etc... Furthermore, in-situ plasma cleaning which can be performed quite often,
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even after each deposition run, allows to avoid the peeling and flaking-off from the walls
of the deposition chambers of excessively thick deposits. For all these reasons, fabrication
yields around 90% are now claimed in Japan for the TFT plates and NEC has a new

factory where a 100% yield is expected [54].

Conventional Plasma Box
Reactor Reactor

Vacuum
vessel

Figure 14 : Plasma-box reactor compared 1o a conventional reactor. Grey: process
gas zone (pressure - 0.1-1 mBar). White: Low pressure zone (<< 0.1 mbar). (Courtesy of Balzers).

3. Polycrystalline silicon thin films for large area electronics

Poly-Si technology has been studied for some years, essentially for three-
dimensional integrated circuit applications [55]. As the substrates in this case are silicon
wafers, standard high temperature processes (> 900°C) have been used for the fabrication
of TFTs, in particular concerning gate oxide synthesis and damage annealing after ion
implantation of the source and drain regions. More recently, active matrix liquid crystal
displays (AMLCDs) with integrated drivers have been fabricated on refractory quartz
substrates, also using a high temperature poly-Si technology, for applications in the field of
video projectors [56]. In Japan, six inch CMOS fabrication lines are used to manufacture
viewfinders with integrated drivers, using a high temperature poly-Si technology on quartz
substrates. However, as far as LCDs are concerned, the elevated cost of quartz substrates,
compared to that of glass plates, makes this high temperature technology relatively
unattractive. As a consequence, much effort has been devoted, in recent years, to reducing
processing temperatures around 600°C, thus permitting the use of cheap glass substrates.
Morecover, most of the rescarch work has been directed towards the increase of the grain
size of polysilicon material, since the results have always confirmed intuition : the larger
the grain size, the better the electrical properties of TFTs.

S RSN 18 A D
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3.1. Low temperature polysilicon marerial synthesis

Over the last fifteen years, various deposition methods have been studied in order
to obtain polysilicon layers leading to high quality thin film transistors. For this purpose,
two main approaches have been used. One is to directly deposit a polycrystalline film, also
called direct-poly, the other is to crystallise an amorphous silicon precursor. In either case,
the most widely used method to obtain such films is the so-called low pressure chemical
vapour deposition (LPCVD) technique where silane (SiHy) or disilane (SizHg) gas can be
pyrolyzed at various temperatures. In addition to this method, which will be described
below, atmospheric pressure CVD (APCVD), plasma enhanced CVD (PECVD) and (ultra
high) vacuum evaporation have also been studied in order to deposit amorphous layers.
Evaporated films contain voids which adsorb contaminants (oxygen, carbon,...) upon
exposure to air [57,58). PECVD layers are very sensitive to the residual atmosphere
during deposition, since the incorporation of the background impurities is also enhanced by
the plasma [59]. It is important to note that, for these two methods, the impurity content
alters the subsequent crystallisation of the films and thus the characteristics of TFTs
fabricated with such films [59]. Also, it has been shown that polysilicon material obtained
by crystallisation of APCVD films exhibits a lower crystalline quality, compared to films
obtained by LPCVD [60,63]. For these reasons, the LPCVD technique has been
extensively studied and used throughout the world. Since the use of SizHg precursor gas
appeared only quite recently, we will first discuss the properties of LPCVD films obtained
from SiH4 gas.

When SiHa4 is used as gas precursor, depending on the operating conditions, a
polysilicon (direct-poly) or an amorphous film can be obtained. In this latter case, a
subsequent crystallisation is performed. A synthesis of the results published in the
literature over the last fifteen years [61-68] is presented in figure 15 which shows the
crystalline state and crystalline structure of silicon films as a function of the deposition

pressure (Py) and temperature (Tg).

This type of representation, used first by Bisaro er af. [63] and later by Joubert et
al. [69], Voutsas and Hatalis [66], and Kretz [67], permits a clear definition of three
different zones, I, 11 and III, corresponding respectively to operating conditions leading to
amorphous, mixtures of amorphous and polycrystalline and completely polycrystalline
silicon films. This last zone (III) can also be divided in two sub-zones corresponding to
<110> and <100> textures as shown by Meakin et al. [64] and mainly by Miyasaka er al.
[68] who have used pure SiHy as precursor gas. As suggested by Joubert er al. [69], the
<110>/<100> transition seems to depend on the partial pressure of SiHs (Psjyy) and not
on the total deposition pressure, since this author obtains similar results for Pgjiyy in the
same range as Meakin et al. and Miyasaka et al., but with 10% SiH4 diluted in Hp. This
being said, the phase diagram of figure 15 is not universal, as the carrier gas, deposition
rate and residual atmosphere are likely to highly influence the kinetics of direct
crystallisation, particularly in the high pressure regime {66).
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Figure 15 : Crystalline state and structure of as-deposited silicon films as a function of deposition
semperature and deposition pressure, when the gas precursor is SiH4. For each author, we have indicated in
the legend whether SiH4 was diluted or not.
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3.1.1 Direct-poly deposition

The first studies on polysilicon thin films were driven by their use as electrodes and
interconnects in silicon integrated circuit processes [55]. In conventional ICs processes,
polysilicon is deposited undoped and subsequently doped using either diffusion or ion
implantation. The deposition pressure is generally fixed around 0.2 Torr and the
deposition temperature is typically 630°C, in order to obtain deposition rates above 10

nmy/min (see A. C. Adams, chapter 6 in [70]).

In order to obtain direct-poly at temperatures compatible with glass substrates
(T<600°C), silicon deposition has been studied in the low deposition pressure range
(Pg<40 mTorr). New methods have appeared such as the very low pressure CVD [64] and
the infra low pressure CVD [68] which, due to the use of efficient turbomolecular pumping
systems, can operate respectively in the mTorr and the submTorr range with pure S8iHa
gas. It has been shown [64,68] that, as far as material's crystalline quality is concerned,
reducing the pressure leads to the same improvemncnts as increasing the temperature. At
630°C, Meakin er al. [64] have obtained for a deposition pressure of 40 mTorr a striated
<110> structure with no streaks in the diffraction pattern and no lattice parameter distortion
compared to the films obtained at 180 mTorr. However, the electron mobility of TFTs
fabricated with such films is 8 cm2V-1s-1, which is guite low. Reducing the deposition
pressure to 2.5 mTorr leads to a change from a striated <110> to a columnar, tooth-
shaped, <100> film with elongated grains throughout the thickness. This crystalline
change occurs at different functioning points : (630°C, ~5mTorr) after Meakin et al. [64],
(600°C, 2mTormr) or (570°C, 1mTorr) after Miyasaka et al, [68). The crystalline quality of
tooth-shaped layers increases with the thickness of the films, and the size of the crystallites
near the surface is around 0.2 um for a film thickness of 0.6 pm. These crystallites
contain few defects but the surface of the films is very rough. Consequently, only very
thin films (50 nm) are compatible with TFT fabrication, with the disadvantage that the first
50 nm grown contain a high density of micro twins. Miyasaka et al. [68] have fabricated
TFTs with a 25-nm thick polysilicon channel for Py = 1 mTorr and for deposition
temperatures of the channel varying from 550°C to 630°C. The mobility (in cm2V-15-1) of
such TFTs was found to increase from 9 (Tg=550°C) to 16 (T¢=615°C} and then decrease
to 13 (Tg=630°C). The 615°C deposition temperature appears as the best compromise
between the increase of the crystalline quality of the film and the roughening of the surface,
this latter phenomen beeing a direct consequence of the increase of the size of the
crystallites. This roughening phenomenon alters the channel-SiO3 interface and thus the
mobility of the TFTs. At this point, it should be bome in mind that the actual thickness of
inversion or accumulation layers in MOS transistors is of the order of 10 nm [21].

In order to further improve the crystalline quality of direct-poly Si films, a new
method has been recently investigated : the ultra high vacuum CVD. This system combines
the advantages of the techniques of CVD and UHV and allows the use of gaseous
precursors together with the obtaining of a low residual pressure in the reactor (10-9 Torr).
It was first introduced by Meyerson {71] to realise homoepitaxial silicon films at low
temperature. The idea is that the impurities (H20, 02, CO, CO, CxHy) present in
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classical LPCVD systems promote defect nucleation and can inhibit the crystalline growth,
thus leading to epitaxial films with a high defect density. Using an UHVYCVD system to
deposit the channel layer at 550°C and for a deposition pressure of 1 mTorr, Lin er al. [72]
have claimed a hole mobility of up to 28 cm2V-1s-1 in p-channel TFTs which is, to our
knowledge, the best published value for direct-poly films. No mention is made of electron
mobility values. However the deposition time is around three hours for a 100-am thick
film (Tg=550°C) and the grain size is limited to 50 nm.

As a conclusion, direct-poly films obtained either by ILPCVD or UHVCVD are
characterised by small grains with a high density of micro twins for thin layers (around 50
nm) and by a surface roughness associated with the grain size, which alters the electrical
quality of the channel-gate oxide interface.

3.12 Deposition of an amorphous precurser by LPCVD

Poly Si obtained by solid phase crystailisation (SPC) of an amorphous precursor
(a-Si) has been shown, over the last few years, to yield to a perfectly smooth surface.
Moreover, a grain size of up to 0.5 um, i.e. one order of magnitude larger than that of
direct-poly films, can be obtained after SPC. In fact, this methed allows one to disconnect
the mechanism which determines the grain size from the one determining the roughness of
the films. Usually, the amorphous films are obtained in deposition conditions where there
is very little surface mobility (T¢~550°C and Py~0.5 Torr). The corresponding surface
roughness of the as-deposited films is therefore small. This roughness is preserved upon
solid phase crystallisation (SPC), because (i) SPC proceeds from the substrate / a-5i
interface [63] and (ii) the a-Si surface is usually self passivated by a film of native oxide
[73] which blocks surface diffusion.

The deposition of the a-Si precursor is performed either with pure or hydrogen-
diluted SiH4. As shown in figure 15, the usual partial pressure of SiH4 is in the range of
0.2 to 1 Torr and the deposition temperature is generally between 500 and 570°C. Figure
16 shows the deposition rate plotted versus the reciprocal deposition temperature (1/T}
obtained in a LPCVD system using SiHy diluted in hydrogen [74].

Generally, for CVD processes, the deposition rate can be limited by three types of
mechanisms which are (i) homogeneous gas phase decomposition of the growth nutrient
{c.g. SiHy), (ii) surface catalytic reactions and (jii} diffusion of the active species through a
boundary layer (mass transport limitation). However, this latter mechanism occurs only in
the high temperature range (T>800°C) [75]. In the low temperature range (T<650°C) and
when pure SiHy is used at pressures ranging from 0.1 to 1 Torr, the limitation of the
deposition rate is usually atiributed to the decomposition of SiHy in SiHp, either in the gas
phase or on the silicon surface. In this case, the corresponding activation energy of the
deposition rate is found to lie between 1.30 and 1.69 eV [60,63,76-78,79]. On the other
hand, values of 1.74 to 2.2 and 2 ¢V have been reported for respectively atmospheric
[60,63,75] and low pressure (2 Torr, see figure 16} deposition performed with SiHs
diluted in all cases in Ha, and values of 1.9 to 2 ¢V for the deposition from pure SiHz but
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in the mTorr range [72,80]. For the above situations of higher activation energies, the
limiting step is thought to be the desorption of hydrogen from the surface.
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Figure 16 : Deposition rate versus reciprocal deposition temperature for SiHa precursor [74].

Several authors [60,63,65,79,81,82] have performed extensive studies of the solid
phase crystallisation of amorphous silicon obtained by LPCVD of SiHg (see below) and
have shown that a deposition temperature of about 550°C is an optimum value which leads
to a grain size of up to 0.5 um for thin films (0.1 to 0.2 um) after SPC.

As a conclusion, polysilicon films obtained by solid phase crystallisation of a-Si
exhibit grain sizes one order of magnitude larger than that of direct polycrystalline films.
Moteover, the obtained films are perfectly smooth, as they keep the near perfect surface
quality of as-deposited amarphous films. N-type polysilicon field effect mobility can reach
values up to 55 cm2V-1s-1 [83] showing the higher quality, compared to direct-poly Si, of
the polycrystalline material obtained in this manner.

In order to further increase the carrier mobility in polysilicon TFTs, much effort has
been devoted to enlarging polysilicon grain size, eventually using sophisticated post-
deposition procedures based on high dose ion implantation / amorphisation techniques
[84,85]). Recently, the use of disilane (SiyHg) gas in reptacement of SiHy for the LPCVD
operation has atiracted attention, because very large grains (up to Sim) have been obtained
directly after SPC [74,76,77,82,86,87].

Hence, as for SiHg, the deposition rate for SigHg has been studied for various
different deposition conditions. Figure 17 shows this deposition rate versus 1/T for a
SizHg flow rate of 40 sccm in four different cases: non diluted in hydrogen, diluted in 210,
960 and 1960 sccm of Hp. The corresponding total pressures (Pg) used are 0.04, 0.25, 1
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and 2 Torr leading to a constant partial pressure of SizHg (40 mTorr) in each case.
Moreover, for comparison, the deposition rate obtained in the infra low pressure regime
(Pg=2 mTorr) is also plotted.
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Figure 17 : Deposition rate versus reciprocal deposition temperature for SizHg gas precursor.

The activation energy is 1.5 eV for Py equal to 2 and 40 mTorr and 2.5 ¢V for Py
equal to 1 or 2 Torr. Concemning this activation energy, one can find in the literature very
different values depending on process conditions. Hong et al. [77] have found 1.35 eV for
pure Si;Hg at a deposition pressure of 0.64 Torr, Voutsas and Hatalis [86] 0.69 and 0.91
¢V with respectively 200 and 300 sccm of SigHg diluted in helium at 1 Torr, and finally
Scheid et al. [88] 0.82 to 2.30 eV when increasing the deposition pressure from 0.035 to
0.2 Torr. Consequently, the activation energy for the deposition rate seems to depend on
the carrier gas, the process pressure and the gas flowing rate in the LPCVD tube.

Most studies concerning the deposition mechanism of Si from SipHg have been
performed in gas source molecular beam epitaxy systems (GSMBE) i.e. for pressures
ranging between 10-6 and 10-4 Torr. For T4$600°C, high-order hydrides such as SiHj are
present on the surface [89,90]. Gates and Kulkarni [90] have shown that the hydrogen
coverage Oy can go over unity and is saturated for Tg<520°C at 6y ~ 1.7. However,
chemisorption of SigHg molecules on -SiH (-Si represents a surface Si atom) species
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seems to be possible [91]. Usually, the hydrogen desorption is the limiting mechanism,
inducing an activation energy for Vg of 2 eV after Werner et al. [92] or 1.8 eV after Mokler
et al. [93]. On the contrary, casy Ha desorption has also been observed. Activation
energies as low as 1.2 ¢V for atomic layer epitaxy [89], and 0.95 ¢V for Hj desorption
from paired monohydre on a single surface dimer have been obtained [94]. Except for this
last value, such activation energies can be compared to the ones found for the
decomposition kinetics of the following adsorbed species : -SiH (2 eV), -SiH, (1.85 V)
and -SiH3 (1.3 ¢V) [95]. From these experiments, one can conclude that the deposition
mechanism from SipHg precursor is rather complicated and highly depends on the surface
structure during growth.

As far as our own results are concerned, the deposition rate is apparently limited by
two different mechanisms, depending on the gas mixture and on the pressure. For Pg=2
mTorr, the activation energy for V4 is 1.5 eV and can be compared to the one found for
SipHg adsorption on Si(100} by Buss et al. at Pg=0.34 mTorr [96]. For P4 between 2 and
40 mTorr and for Tg £520°C, even if the surface is satrated by hydrogen [90], Vg highly
depends on the pressure and thus is not limited by the hydrogen desorption. Since, in this
range of deposition pressure, the activation energy is roughly constant (1.5 eV), the
limiting mechanism seems to be the SizHg adsorption rate. Easy Hy desorption as
described above can explain this behaviour.

An increase of the total pressure from 0.25 to 1 and 2 Torr, while maintaining the
SisHg partial pressure at 40 mTorr, improves the deposition rate V¢ (see figure 17). This
finding is rather surprising since it has been shown that the addition of hydrogen in the gas
phase tends to decrease Vy, due to mass transfer kinetics [97]. As observed by Johannes
and Ekerdt [98], SiH3, obtained by gas phase decomposition of Si2Hg, is the major
growth nutrient in the Torr pressure range. Consequently, the deposition rate (Vq) seems
to be limited by the supply of SiHz moiecules on the surface, until the total pressure
reaches about 1 Torr. For Pg=1-2 Torr, and for Tg<520°C, V4 follows an arrhenius
behaviour with an activation energy of 2.5 eV. Since Vy does not depend on the pressure
and thus on SiHy content in the gas phase, it is very likely that the desorption of Hp from
the surface is the limiting mechanism in that case. This value (2.5 €V) is close to the one
calculated by Jing and Whitten (2.3 eV) for the activation barrier of Hz desorption from
-SiHj for a Sij2Hzg three layer cluster [99]. Once more, these mechanisms seem to
depend on the surface structure since values as high as 2.5 and 2.8 €V have been obtained
for Hp desorption from surface -SiH species respectively for $i(100) [10¢] and for porous
silicon [101}.

For deposition at 480°C and at a pressure of 1 Torr, solid phase crystallisation of
SigHg thin films (0.1 pm) leads to grain sizes of up to 5 pm, i.c. one order of magnitude
larger than for similar SiHs films with the same thickness (76,77,82]. It must be
emphasized that the grain size increases with the thickness (in the 50-200 nm range) for
both type of films [67,79]. Figure 18 shows transmission electron microscope (TEM) plan
views of 80 nm-thick films after crystallisation at 540°C of SiH4 and SipHg originated
films.



Figure 18 : Dark-field TEM plan views of 80 nm-thick films crystallised at 540°C for 65h;
(a) SiHy originated film and (b) SipHg originated film.

3.1.3 The kinetics of solid phase crystallisation

In order to explain the differences in grain size and shape, after SPC, depending on
the type of gas precursor gas used, we have performed an extensive study of the
crystallisation of both type of films [82]. The solid phase crystallisation of an amorphous
silicon film takes place by nucleation of clusters, which grow spontaneously when a critical
size is attained. The growth proceeds by displacement of atorns from the amorphous phase
to the crystalline phase. Within the framework of this theory [102], nucleation and growth
rates, vy and vy, are assumed to be constant and thermally activated, and may hence be
written as :

E E
vn=vmexp(- ﬁ) and vg=vgoexp(- E%) €]

where Ey, and Eg are respectively the activation energy for the nucleation and
growth rates.

Once the nucteus has reached its critical size, the growth of crystalline siticon in the
amorphous matrix occurs by bond breaking and rearrangement at the a-Si/ ¢-Si interface.
The generally accepted atomistic mode! of solid phase growth in an impurity-free matrix
relies on the a-Si / ¢-Si interface structure and mechanism proposed by Spacpen [103] and
refined by Spacpen and Turnbull [104]. This interface consists of (111)-type terraces
separated by [110]-type ledges. Crystal growth occuss by the movement of a broken bond
running along the ledge, and a single broken bond allows for the reconstruction of a large
number of crystalline sites. Hence, crystal growth can be viewed as resulting from a lateral
motion of [110] ledges, leading to a layer by layer stacking of (111) planes. The activation
enthalpy for the growth rate (Ey) is, in that case, the energy required to break a strained Si-
Si bond at the interface. Williams and Elliman [105] and Williams [106] have extended the
above picture, in order to take into account the effect of impurities. In their model, the
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growth sites at the a-Sifc-Si interface are kink-like steps on the [110] ledge and the growth
process is controtled by the motion of such kinks along the ledge. As a result of the
formation of strong bonds between certain impurity atoms and silicon (e.g. $i-0 bond),
the kink becomes pinned and ledge motion is therefore inhibited, leading to a slower
growth rate. If most ledges are plagued by oxygen atoms, it is conceivable that the
activation enthalpy of the growth process is increased to the energy necessary to break a
(strained) Si-O bond. -

The grain size of crystallised films depends on the maximum free enthalpy of the
formation of a cluster AH*=E,-Eg and on the enthalpy of the growth process Ah*=E,
[102]. Different methods has been used to determine E, and Eg : optical reflectivity [107],
X-ray diffraction [85,108], transmission electron microscopy [109,110] and conductivity
measurcments [73]. We have used a combination of in situ electrical conductance analysis
and grain size measurements by transmission electron microscopy, in order to precisely
determine the above crystallisation parameters (Eq and Eg) [82]. The main results are
presented below. Table 5 shows the data obtained for SiHy (T¢g=550°C) and SioHg
(T4¢=480°C) thin films (80 nm) deposited at Pg=2 Torr in an UHVCVD system.

Table 5 : Crystallisation parameters for UHVCVD silane and disilane
ariginated layers (after Kretz ef al. {82])

EnfeV] A=Eg[eV) | AH*-EnEglev] |
SiH4 327 0.06 2.67 £ 0.03 0.60 + 0.07
SinHg 478 + 0.19 2294 0.16 249 £ 0.25

The SiyHg films exhibit higher values of E, compared to SiHy films (4.78 versus
3.27 ¢V). The values of Eg for both the silane and the disilane films are similarly low, and
comparable with the ones obtained for electron beam deposited amorphous silicon in UHV
conditions [107). A possible explanation is the low contamination density of the layers
[111], because activation energies of more than 3¢V are typical [63,84,85] for classical
LPCVD conditions, where much higher oxygen concentrations are present [112]. In order
to confirm this assumption, secondary ion mass spectrometry (SIMS) measurements have
been performed on SiHy and SipHg films obtained by UHVCVD. Table 6 summarises the
oxygen and carbon concentrations in these layers as a function of the deposition
temperature.

First, we note that these values are 2 to 3 orders of magnitude lower than those
found in classical amorphous LPCVD or evaporated Si films {86,109]. Second, the
oxygen content in SizHg films (~5.1016 at.cm-3) deposited between 480 and 520°C is ten
times lower than that in SiHj films (Tg=550°C). Finaily, for SizHg films and Tg>520°C,
one can see a significant increase in the concentration of oxygen and carbon. For example,
films deposited at 560°C contains 2.1017 O atoms/cm3 and 4.10!7 C atoms/cm?. This
finding is rather surprising, since the purity of the films should be improved as the growth
rate increases (75 nm/min at 560°C) for the same quantity of gas and therefore of impurities
introduced in the reactor and also for the same background residual pressure. However, as
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the surface is passivated by hydrogen atoms and since the surface Si-H bond is stable for
T<520°C [95,101}, there is an inhibition of oxygen and carbon adsorption at the surface of
the films being deposited at low temperature. Hence, films deposited below 520°C contain
less O and C atoms than films deposited at higher temperatures in spite of the increase of
the deposition rate in the latter case.

Table 6 : Impurity concentrations of amorphous UHVCVD silicon films for various gas
precursors and deposition conditions [74].

SiHg SizHg Ha T4 V4 Oxygen Carbon
(sccm) {sccm) {scom) Q) (nm/min) | atem-d) | (atem-3)
500 o 1500 550 25 41017 ~ 1017
0 40 1960 460-520 1-20 3-6.1016 1017
0 a0 1960 540 40 6.1016 2.1017
0 40 1960 560 75 2.10t7 41017

As one can sec on table 5, for SipHg films, AH* is larger and Ah* is lower than the
corresponding values for SiH4. Those energies, inducing slower nucleation and faster
growth in the disilane case, are the reason for the larger grains compared to the silane
films. The grains can grow to larger sizes before they impinge on their neighbours. The
effect of impurities on the growth rate has already been stressed above. Similarly, a low
impurity content will affect the nucleation rate, since it is well known that impurities are
preferred nucleation sites. On the other hand, the disorder which exists in the amorphous
films after deposition can also partially explain this behaviour [76,77,79] : at higher
deposition temperature (i.¢. 550°C as is necessary in order to obtain deposition from SiHy
with an appreciable rate), the surface Si-H bond is not stable and the silicon species have a
higher surface diffusivity and consequently, a local arrangement of silicon atoms close to
the one of the crystal may be produced in the amorphous fitms. Such "more ordered™
regions have a structure that resembles that of a stable nucleus and present favourable sites
for nucleation during the annealing, resulting in a smaller AH*, i.e. in a higher nucleation
rate (see table 5). This idea has been confirmed by Kretz ef ai. who have studied the
crystallisation of amorphous SizHg films deposited at 520 and 540°C in the mTorr range
[113]. The films exhibit grain shapes (microstructure and size) which are very similar to
the ones of SiHy films. Moreover, the activation energy for growth and nucleation are
also very comparable to the ones of SiHg (Eg=2.7 ¢V and Ep=2.9 to 3.7 eV).
Consequently, the parameters that govern the crystallisation of an amorphous film depend
mere on the deposition conditions {(essentially the temperature and the pressure) than on the
chemistry of the precursor gas [114].

As a conclusion, SizHg films, which can be deposited at a low temperature
(480°C}, exhibit a very large grain size after solid phase crystallisation (up to 5 um). This
property allows the fabrication of polysilicon TFTs with mobilities of up to 70 cm2v-1s-1
[115], even without hydrogenation (see § 3.3).
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3.1.4 Pulsed-laser crystallisation

Initiated by Soviet scientists [116], laser processing of semiconductors has
emerged during the second half of the 1970s, and several conference proceedings underline
the “explosive” developments of the field between 1978 and 1983 [117-123]. Pulsed laser
annealing was first used to activate ion-implanted dopants in silicon and remove the
corresponding lattice damage.

During irradiation of semiconductor materials with photons of energy hv > Eg (Ey
is the energy gap of the semiconductor), absorption takes place by excitation of
electron-hole pairs across the gap. After a rapid thermal equilibration (10-145) of the
photoexcited carriers, the energy is transferred to the lattice by phonon emission on a time
scale of the order of 10-125 [122].

The unique feature of pulsed laser processing is that the beam energy is deposited
within roughly the absorption depth (1) of the irradiated material during the pulse
duration (t). For the practical applications considered here, o1 is smaller than the heat
diffusion length in the irradiated material. This latter quantity is estimated by (Dt)1/72,
where D is the thermal diffusivity which is temperature dependent (D = x/pC;, where K is
the thermal conductivity, Cp is the specific heat and p is the density of the semiconductor
material under consideration). Hence, if the laser pulse duration is short (typically a few
tens of ns for Q-switched solid-state lasers and excimer lasers), the heat diffusion length
during irradiation will be small and the absorbed energy will be highly localised under the
very surface of the irradiated film. In such conditions, melting can be induced in thin
surface layers, whereas the underlying substrate remains practically unaffected by thermal
effects,

For example, at UV wavelengths, the absorption depth in silicon is ~ 10-6cm,
whatever its structural state {crystalline, amorphous or even liquid). For a pulse duration
of say, 20 ns, (D1)122 in crystalline silicon would amount to ~ 450 nm (assuming D ~ (.1
cms-1 at an average temperature of 1000°C).

Thus, a1 << (D1)1/2, and a rough estimate of the temperature rise in the (DT)1/2 -
thick layer is given by:

AT = (1-R)Iz / pC(DD)12 (8)

where R is the reflection coefficient of the silicon surface at the wavelength of
concern (~ 70% in the UV) and I is the laser power density. With the above values, a laser
energy density (It ) of 0.37 J cm-2 would be needed to melt the 450 nm-thick surface layer
of ¢-Si. Although on the low side, this value gives the correct order of magnitude. Detailed
models based on the numerical resolution of the heat flow equation have been developed,
which allow more precise evaluations [122,123]. In particular, the temperature variations
of the different physical and thermodynamic constants are accounted for.
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Although much of the early work on pulsed laser processing of semiconductors
has been performed with solid-state lasers (e.g. Q-switched Ruby or Nd-YAG lasers), the
technology is now clearly in favour of gas lasers and particularly the rare-gas halide
excimer lasers. Solid-state lasers present large spatial inhomogeneities in the energy
density of the beam; as a consequence, some kind of bearn homogenisation is necessary
(usually a light pipe) which produces high transmission losses. Also, the working distance
from the output of the homogeniser has to be small and constant, as the homogenised beam
is usually highly diverging. The overall process is therefore more complex, particularly
when some form of beam scanning is necessary (in large area application for instance).
Moreover, due to heat dissipation problems with YAG or Ruby crystals, the beam diameter
cannot be made very large and for the same reason, the repetition rate is limited. Finally,
solid-state lasers are highly coherent and interference effects can arise due to li ght scattering
on dust particles, surface irregularities etc. (speckle phenomenon).

Excimer lasers (the denomination comes from the contraction of excited dimers)
and particularly the rare-gas halide excimer lasers (which should actually be called
exciplexes, from the contraction of excited complexes; examples are ArE, KrF, XeCl )
excited by self-sustained electric discharges, offer the advantages of high average energy
(up to 10 J/pulse [124]) and high efficiency. The beam energy density can be made
uniform within 5% and even below over an area of more than 10 x 10 cm2. Moreover,
unlike solid-state lasers, excimer lasers exhibit very poor spatial coherence; as a
consequence, the speckle effects are almost eliminated, which is an add-on advantage.
Depending on the type of gaseous mixture used, the wavelength can be varied from 193
nm for ArF to 350 nm for XeF. Intermediate wavelengths at 249 and 308 nm can be
obtained with KrF and XeCl complexes.

Excimer laser processing of thin films of a-Si is very attractive, because the a-Si
material can be crystallised from the melt, without thermally affecting the underlying
substrate [125,126]. Models have been established {122,123], which describe laser
melting of silicon and its subsequent crystallisation by the downward penetration of the
melt front, followed by an upward planar regrowth after heterogeneous nucleation at the
maximam depth of penetration of the melt. However, the situation might not always be so
simple, in particular when a-Si is of concemn.

For instance, a thin a-Si layer on top of c-8i is transformed into c-Si after melting
and regrowth only if the laser energy density is high enough to melt the entire a-Si layer
throughout. For lower laser fluences, when the melt front penetrates only part-way
through the a-Si layer, an unusual microstructure is observed, consisting of large-grained,
rather columnar poly-Si in the near-surface region, standing on top of fine-grained,
equiaxed and randomly oriented material [127,128).

This behavior had originally been explained by the onset of an explosive
crystallisation phenomenon initiated at the stationary liquid / amorphous solid interface as it
stops to turn around [129). Because the melting temperature of a-Si is 200-250°C below
the one of ¢-Si [129,130], the latent heat of crystallisation released upon solidification of ¢-
Si from the melt induces melting of a-Si. Since the latent heat of melting of ¢-Si is larger
than the one of a-Si, the melting of a-Si can be self-sustained or explosive {131), While
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there is ample evidence of this self-propagating interior melting phenomenon [132], th_e
nucleation mechanism of the fine-grained poly material appears to be ratlilcr umlxs.ua]. as it
has been proposed that ¢-Si would be nucleated at the moving liquifi S.l / a-Si interface
[131]. Furthermore, it has also been shown that the explosive crystallisation p.hennmenon
was in fact preceding the downward melt propagation [133), rather than occuring after tlTe
melt front had reached its maximum depth, as was originaily beleived [12_9]. Th1§
distinction could appear futile, but it is probably of prime importance, because if the a-8i
film is first transformed into fine-grained poly material by explosive crystallisation, icn
further melting has to occur in this fine-grained polysilicon. This could have some serious
consequences on the melting models, because the thermodynamic and physical corllsta.ms c?f
a-Si are quite different from the ones of ¢-Si. Moreover, this explosive crystalh:r»anon is
also probably at the origin of the phenomenon of "super lateral growth”, by u.rh:ch' very
large polysilicon grains can be obtained in a narrow laser energy window, after irradiation
and melting of thin a-Si layers on quartz or oxidised Si substrates [134].

The laser energy window leading to the obtaining of very large grains is very
narrow, because it corresponds to a situation where most of the grains belonging to the
original fine poly (first synthesised by explosive crystallisatdon) have been dissolved bl_’ the
liquid and the few surviving clusters, which act as seeds, are sufficiently spatially
separated to allow a large lateral regrowth to take piace [134). Grain sizes around 500 nm
are obtained in 100 nm-thick poly-Si layers, after irradiation and melting, the substrate
being held at room temperature. Larger grains can be obtained if the substrate temperature
is rised during irradiation. If the laser energy density is slightly increased over the critical
energy corresponding to the obtainment of very large grains, then the whole finc-grair.led
poly is dissolved, no more surviving clusters are present and homogeneous nucleation
occurs in the highly supercooled liquid. Actually, supercooling values of 500°C have been
reported, leading to nucleation rates as high as 102% m-35-1 [135]; when this situation
occurs, the corresponding grain size is of course very small [134].

Multishot irradiation has also been investigated, and even larger grain sizes have
been obtained, still in a narrow laser energy window[136]. It is likely that in this case, the
same mechanism of super lateral growth holds, but as the smaller grains are probably
dissolved more rapidly than the large ones upon repetitive melting, large grains tend to
grow at the expense of small grains,

When compared to a poly material obtained by SPC (particularly the oncs
crystallised from a SipHg-originated a-Si precursor - see figure 18 and § 3.1.2), laser
crystallised polysilicon tend to exhibit smaller grain sizes (except perhaps for multishot
crystailisation}, but the grains are very "clean”, which means that there are few intragrain
defects such as dislocations, stacking faults and twins. This is illustrated on figure 19,
which shows a TEM plan view of a laser crystallised film with a thickness of 50 nm. This
high crystalline quality is reflected by the performances of TFTs fabricated in laser
crystallised polysilicon. Electron mobilities of 450 cm2V-1s-1 have been reported by several
laboratories (see § 3.3).
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250 nm
Figure 19: TEM plan view of a poly-Si thin film (50 nm) obiained by laser crystallisation,

3.2. Low temperature silicon dioxide synthesis

The gate insulator material mainly used for the fabrication of polysilicon TFTs is
silicon dioxide, because compared to Si3N4 for instance, it exhibits a lower density of
interface states on crystalline silicon, together with a lower bulk trap density. For a device-
grade material and process, it is necessary to obtain a moderate value of the interface state
density (typically < 1011 c¢m-2 ¢V-1 measured on (100) monocrystalline silicon) and a high
dielectric strength of the insulator (injection current <1 nA cm-2 for an electric field E < 4
MV cmr ),

Various methods have been used, in order to obtain device-grade silicon dioxide at
low temperatures, i.e. 650°C or below. These are essentially (i) oxidation (low
temperature thermal or plasma) (ji) thermal chemical vapor deposition (thermal-CVD) and
(iii) plasma enhanced chemical vapor deposition (PECVD). Additional methods which
have been reported, such as reactive magnetron sputtering [137,138], evaporation [139] or
liquid phase deposition [140] will not be discussed in this section as they are not in wide
use.

Oxidation

Polysilicon thermal oxidation is directly borrowed from the monocrystatline MOS
technology. As the integration level was increased, the gate insulator thickness of the
elementary MOS transistor was continuously decreased, concomitantly with channel length
and operating voltage. For sub-10 nm thickness, low temperature oxidation at about
850°C, under steam atmosphere, is commonly used for a better thickness control and
repeatability. However, at temperatures compatible with the use of glass substrates, very

long oxidation times are necessary, even in stcam atmosphere, in order to obtain the gate
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oxide (typicatly about 30h and more [141]). In these conditions, the thermal shrinkage of
the glass substrates becomes a major issue, especially for large surface processing. A pre-
compaction anneal of the glass has to be performed at the maximum temperature of the
process, for 200h or more [142].

In an effort to reduce the thermal budget (process temperature multiplied by process
time) of the oxidation, several rate enhancement techniques such as high pressure
oxidation, fluorine enhanced oxidation and plasma oxidation have been proposed.

In the analytical expression of the oxidation rate of silicon, the parabolic constant B
is directly proportional to the partial pressure (Poy) of the oxidising species in the gas phase
(see L. E. Katz, chapter 3 in [70]). Thus, the oxide growth rate is proportional to Poy for
short oxidation times and to Py !/2 for long ones. In any case, a substantial acceleration in
the oxide growth rate is obtained as the pressure is increased. Mitra ef al. have reported a
growth rate of about 3.5 nm h-! for polysilicon oxidation in pyrogenic steamn at 15 atm and
650°C [143]. A dry oxygen anneal (2h at 15 atm) of the gate oxide was shown to improve
the subthreshold slope value of TFTs by roughly a factor of four, from 0.74 V dec-! to
0.18 V dec-1, for a 100 nm-thick oxide. Moreover, Mitra ef /. have claimed that the effect
of oxidation enhancement along the polysilicon grain boundaries {described in [144])
could reduce the density of electrically active defects, thus improving the TFT
characteristics [145]. However, although recently introduced for local oxidation of silicon
in MOS technology [146] (LOCOS process), this high pressure oxidation methed is
probably not easy to adapt to large arca substrates for safety and throughput reasons.

The addition of 30-600 ppm of NF3 to O; has also been shown to increase the
oxidation rate of silicon, approaching the one of wet oxidation. At 650°C, with 300 ppm
of NF3 in Oz, a2 26 nm oxide can be grown on polysilicon in 10h [147]. However, TFT
results have been reported only for an oxidation temperature of 800°C (80 nm thickness in
5h); in such conditions, an improvement of the electron mobility (38 cm2 V-1 s-1 instead of
28) was observed as a consequence of the fluorine addition [147].

At this point, it must be stressed that for thermal oxidation processes, the oxidation
rate is orientation dependent, Hence, since polysilicon thin films are textured, thermal
oxidation can result in severe non-uniformities of the oxide and active layer thicknesses,
together with a roughening of the SiOp-active Si interface. As far as TFTs are concerned,
this induces carrier scattering and a corresponding decrease in the field effect mobility.
Also, grain boundaries in polysilicon, which have been shown to locally enhance the
oxidation rate [144], are likely to induce more thickness non-uniformity and interface
roughness.

Plasma oxidation is an electrochemical (field-assisted) oxidation method. In the
anodic mode, the linear growth rate is limited by the ionic transport of the O- species
through the oxide, rather than by the surface reaction as is the case with thermal oxidation
[148]. As this transport-limited mechanism does not seem to be thermally activated [149],
larger growth rates can be obtained at low temperature (T < 400°C) compared to thermal
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oxidation. Moreover, the oxidation rate is not orientation dependent which is an add-on
advantage over thermal oxidation.

Using an ¢electron cyclotron resonance (ECR) plasma, an oxide thickness of 60 nm
has been obtained in onc hour at 450°C for a microwave power of 400W [150]. ECR
plasma enhanced oxidation has been used for the fabrication of polysilicon TFTs which
exhibit high carrier mobilites, 80 cm2 V-1 s-1 for electrons and 69 ¢cm2 V-I s-1 for holes.
The 45 nm-thick oxide was grown at 400°C, in pure O3 for 2h [151]. At low clectrical
field, I(V) ramp characteristics are comparable to the ones of thermal oxides. However
they show a higher injection current for electrical fields larger than 4 MV cm-1,

The oxidation of the interface (1-5nm) can be coupled with a deposition technique
[152,153] to reach the 100nm thickness range requested for most of the large area
applications. This oxidation step can also be integrated in the crystallization procedure
[137].

Thermal chemical vapor deposition

Thermal chemical vapor deposition is the most widely used deposition process for
the obtaining of thin films, whatever their nature (metals, semiconductors or insulators).
As already stated, this process is based on the decomposition of ene or more gaseous
precursor(s) cither in the gas phase (partial decomposition) or at the surface of the
substrate. The growth mechanism is thermally activated and the deposition temperatures
range from about room temperature to more than 1000°C [154]. Deposition can proceed
under atmospheric pressure (APCVD) or low pressure (LPCVD) conditions. The major
advances in the last decade have concerned the comprehension and the modelling of the
deposition processes and as a consequence, the design tools to fabricate efficient
production systems.

Silicon dioxide thin films can be obtained using SiH-O7 mixtures in the practical
temperature range of 350-450°C. The deposition rate is optimum for an Q2 / SiH, ratio of
about 10 at 400°C. This ratio is strongly temperature and reactor dependent. Although
CVD is not the optimal process from the point of view of interface and bulk qualities, it has
been used by most companies and research laboratories involved in polysilicon TFT
development [155-161]. The major reasons for its wide use are the availability of high
throughput / large area deposition systems and the larger up-time of the CVD systems,
when comipared to the one of PECVD systems.

Figure 20 presents the oxide deposition rate versus pressure and temperature for a
fixed Oz to SiHs ratio of 15 [162]. The results have been obtained in quite ideal conditions
(loadlock chamber, UHV-grade background pressure, cold wall chamber...). At high
pressure (p > 1 Torr) the obtaining of reasonable deposition rates (d; > 10 nm min-1) is
rendered difficult by the homogeneous gas phase reactions. CVD oxides deposited at low
temperature (400-450°C) exhibit poor electrical quality with high leakage currents, low
breakdown fields and strong carrier trapping {155,162]. The incorporation of hydroxy}
groups (OH) due to the partial reaction of SiHa and O3 in the gas phase could explain this
poor quality. However, the electrical characteristics can be improved by increasing the
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deposition temperature (575°C) {162] or by implementing a subsequent high temperature
anneal, typically at 600°C for a few hours [155,163]. This improvement can be explained
as & result of weak hydrogen bond breaking resulting in material densification and the
elimination of hydroxyl groups. The high temperature anneat can be performed just after
oxide deposition [159] or it can be the dopant activation anneal when ion implanted poly-Si
TFTs are of concern {155]. After annealing at much higher temperature (950°C), CVD
oxides can well compete with thermal oxides obtained at sirnilar temperature [164], but this
range of temperature is out of interest for the subject reviewed in the present paper. Such
improvements are also observed, though to a lesser extent, for PECVD oxides [165],
deposited by using radiofrequency plasma excitation.
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Figure 20 : LPCVD oxide deposition rate in the SiH4-O2 system (afier Liehr and Cohen {162]),

Plasma enhanced chemical vapor deposition

The enhancement of CVD reactions using plasma excitation allows a reduction of
the processing temperature, typically by a few hundreds of °C. CVD reactions such as the
deposition of Si3Ny4 (using SiHa-NH3 or SiH4-N2 mixtures) or the deposition of SiO2
(using SiH4-N20 mixture), which were not compatible with the low temperature
requirements of glass substrates, become possible when the plasma enhances the
dissociation of the gas molecules [18]. The development of large area PECVD systems has
been boosted by the increasing demand from the a-Si:H TFT AMLCDs manufacturers (see
§ 2.4). As quoted above, industrial deposition systems are now available for at least
350mm x 450mm glass plates [50,52]. Materials concerned are mainly a-Si:H and SizNg
(see § 2.3.) but the deposition of SiO; is also possible. Uniformity and quality can be
achieved at high deposition rate (a few tens of nm min-1) through the use of shower head
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gas injection systems. Also, the quality of layers deposited at high rates can benefit from
the use of higher plasma excitation frequencies (up to 60 MHz) [52].

The deposition of $iO2 for primary insulation of a-5i:H TFTs has been introduced
by IBM in the mid 80's [165]. The two main characteristics are (i) the use of an He-diluted
gas mixture to prevent homogeneous reactions between N20 and SiHj in the gas phase and
(ii) the reduction of the deposition rates down to the 6 nm min-! range, in order to allow the
complete oxidation of the silicon atoms incorporated in the films. The density of electrical
defects is therefore reduced because of the corresponding reduction in the density of
dangling and stray bonds. It has been shown that, as far as physical properties -
stoichiometry, density - are concemned, high quality layers can be obtained at a substrate
temperature of 350°C. However, a 400°C anneal in forming gas (10% Hz in N2) is
necessary in order to achicve low vatues of interface state density (< 4 1010 cm-2 eV-ton
(100) Si).

Although this technique presents an obvious interest, especially in terms of
electrical properties, it is, to our knowledge, not widely used in spite of some recent
reports concerning a-Si:H [166) as well as poly-Si [167] TFTs. In the former case, it has
been shown that the silicon dioxide surface stoichiometry was modified by the exposition
to the H-containing plasma during the first stages of a-Si:H deposition [168] (see §2.2. for
the description of the bottom-gate TFT). Furthermore, this He-diluted PECVD process has
also been used with some success for the fabrication of MOSFETSs on monocrystalline Si
{169) but in that case, the advantage over thermat oxidation is not obvious. A recent report
shows the possible use of tetracthylorthosilicate (TEOS} in combination with O at 315°C
for the deposition of device-grade quality §iO2 [170].

Over the last few years, microwave excitation of plasmas has been introduced in
order to improve etching and deposition processes [171). Of particular interest is the
electron cyclotron resonance (ECR) plasma, which allows the deposition of high quality
dielectric layers. This method was first introduced by NTT in Japan [172]. Figure 21
presents a schematic side view of the ECR-type plasma system used by Matsuo and Kiuchi
[172). The plasma chamber is a monomode microwave cavity which absorbs the
microwave energy transfered from the waveguide through a quartz window, The
simultaneous presence of the high magnetic field and microwave energy with the proper
values for ECR conditions (875 G - 2.45 GHz) allows the obtaining of very high electron
densities in the source (about 1012 cm-3). However, the magnetic ficld lines diverge from
the source to the substrate which could affect the process uniformity, as they determine the

 trajectories of the high energy electrons. Some improvements have been achieved either by
placing the substrate in the ECR zone [173] or by adding a second magnetic coil around the
substrate to render the magnetic ficld lines more parallel [174].

. The specific mass of the dielectric films (Si3N4 and $i02) deposited by ECR-
PECVD can be comparable to that of fiims obtained by CVD at much higher temperatures.
This can be deduced from wet etch rate measurements [172]). Among the advantages of the
ECR 8i0; layers is their resistance to the diffusion of water into the devices, with a
corresponding increase in the resistance to hot carrier stressing [175].
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Figure 21: Schematic side view of an ECR-type plasma system
(after Matsuo and Kiuchi, [172])

The ECR system has been used for the first time by Seiko-Epson for the fabrication
of polysiticon TFTs and AMLCDs {176]. The interface state density on silicon was
reduced by one order of magnitude moving from APCVD-S5i07 (1012 ¢cm-2) to ECR-S102
(1011 cm-2). Because of the low deposition rate of the ECR system, a dual layer insulator
was used, with an APCVD-8i0; layer on top of the ECR-8i07 one [176]. A recent
publication from the same group reports on the use of a single ECR-Si02 layer for low-
temperature TFT fabrication, confirming the interest of the method [177]. A very large
ECR source (250mm) has been commercially available from Astex for a few years, but to
our knowledge, it has not yet been implemented in a large area deposition system.

The distributed electron cyclotron resonance (DECR) sources have been intreduced
to eliminate some of the drawbacks of the ECR sources, including the uniformity
problems. Figure 22 presents the schematic top-view of a DECR-type plasma chamber. In
the distributed configuration, magnetic ficld lines are not diverging from the plasma source
to the substrate as in the ECR case. The multipolar magnetic field traps the energetic
electrons produced in cach ECR zone at the periphery of the reactor. The complete
description of the DECR plasma principle can be found in the literature {178}

High quality SiO; layers can be deposited without the need for substrate heating
[179,180]; this is a key point as far as the developement of a large area deposition



336

industrial machine is concerned. The deposition of SiQz layers on A5 substrates with a
uniformity of + 5% has been reported {181].

substrate

magnets (alternate polarities) location

plasma lobe antenna

Figure 22 : Schematic top view of a DECR-type plasma chamber.

Quasistatic-ramp I(V) characteristics have been used to assess the electrical
integrity of the oxide. Figure 23 compares the characteristics measured on several Al -
DECR 85i0z - Si diodes which are biased in the accumulation regime. The films were
obtained without intentional heating of the substrate. In one case, the SiOy layer was
annealed for 20h at 580°C under O; atmosphere before metallisation and in both cases, the
diodes were annealed at 450°C for 1 hour in forming gas, after aluminum evaporation.
I(V) characteristics deviate from the capacitive current level for an electrical field larger than
7 and 6 MV cmr-1 respectively. These two values, obtained for 55 nm- thick films show
that DECR oxide competes well with thermal oxide even with a much reduced thermal
budget (Tinax=450°C).

Several reasons can be invoked to explain the high electrical quality of the DECR
SiOp films;

(D) first, it is emphasised that the deposition under high fluxes of low energy ions
and electrons densifies the films without inducing defects.

(ii) Second, it is noted that the DECR discharge can be sustained in a mixture of
pure Sitlq and Oy, thus reducing the incorporation of nitrogen impurities. Considering the
efficiency of the DECR plasma excitation, the Si radicals and atoms are readily oxidised at
the surface of the film, which reduces the number of stray bonds (Si-Si, Si-H) and
dangling bonds within the SiQs films,
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(iii) Third, the experiments presented above have been performed in a clean
deposition system using a load lock chamber associated with a high sPeed turbomolecular
pump. This prevents contamination of the films by the background residual pressure.
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Figure 23: Quasistatic I{V) ramps of Al - DECR $i07 -5Si diodes.
See text for comments.

TFTs have been fabricated, using the DECR SiQ2 film as gate insulator.
Monocrystalline silicon on insulator (SOI) MOSFETS exhibit an electron mobility of 640
cm?2 V-15-1[182). This represents a state of the art value for SOI transistors on SIMOX
substrates [183]. Polysilicon TFTs have also been fabricated with an electron mobility of
70 cm2 V-1 s-1 and a hole mobility of 40 cm2 V-15-1 [115]. Again these are state of the art
values for the solid-phase crystallisation (SPC) process considered (ses table 9).

2.3. Polysilicon TFTs

The polysilicon thin film transistor (poly-Si TFT) operates very much like the
MOSFET on monocrystalline silicon. Compared to bulk Si or SOL, the substrate cannot be
biased as it is an insulator for most of the large area electronics applications.

The non-perfect crystalline nature of the poly-Si material introduces electronic states
in the forbidden gap that produce peculiar features in the devices. These states originate
from localised defects such as grain boundaries, but also intragrain defects including
dislocations, stacking faults and twins. The electrical behaviour of polysilicon in TFTs can
be adequatcly described by assuming that an effective density of states (DOS) exists
[184,185]), as is the case with a-Si:H, and that this DOS is spatially uniform across the
entire material. The fact that the defects tend to be more localised than in a-Si:H can be
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neglected, considering that the grain size is, usually, much smaller than the gate size of the
TFT and that the intra-grain defect density (which definitely has to be accounted for) can be
considered as constant and reproducible from grain to grain. On the basis of this
assumption, it is possible to extract the effective DOS from I-V measurements on TFTs and
the results agree quite well with results obtained by DLTS in the energy range were they
can be compared [186]. Furthermore, it is possible to develop device and circuit
simulators whose accuracy is much higher and implementation much simpler than those
based on pure grain boundary models. The mid-gap density of deep levels in poly-Si is
higher than in a-Si:H. For this reason, the threshold voltage values in poly-Si TFTs also
tend to be larger, even if the energy excursion from mid-gap to the bottom of the
conduction (or the top of the valence) band is smaller.

In poly-Si TFTs, the source and drain are electrically reversible which means that
the channel current (I45) can flow from source to drain or drain to source depending on the
polarity of Vgs. The processing sequences and performances should be compared to their
SOI counterparts [187].

Processing sequences
The most frequently used structure for poly-Si TFTs is the top gate self-aligned one

{see figure 24).

poly-Si gate

Al-contacts

L. gate oxide

glass

implanted regions poly-Si active
the poly-Si active layer
layer

Figure 24: Cross-section of a self-aligned top gate polysilicon TFT.

This is because of the compatibility of the materials used (hard glasses, polysilicon,
silicon dioxide) with the highest necessary temperature step, namely the activation
anncaling of the ion implanted source and drain regions. This activation is still satisfactory
even for a 600°C furnace annealing [155]. As the channel resistance in the on-state (V gs-
V> 10V) is of the order of 50 k€¥/square, source and drain resistance values below 1
kf¥/square are typically required and easily obtained. As compared to a-Si:H TFTs, the
absence of gate-to-source and gate-to-drain overlaps (due to the self-aligned implantation)
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reduces the values of parasitics Cgg and Cgq capacitances which improves the TFT
operation speed.

Depending on the ion species implanted for source and drain doping, n-type or p-
type operation is achieved (NMOS or PMOS TFT). The devices always operate in the
accumulzation mode.

The glass substrates used in low-temperature poly-Si technology are somewhat
different from those employed for a-Si:H technology. Their strain-point temperature, Ty
(temperature at which the viscosity of the glass is 1014.5 poises), is about 50°C larger. In
fact, even if the processing temperature is kept below Ty - 100°C, a significant compaction
of the glass is observed, which affects the alignement from mask to mask. It should be
emphasised that the glass compaction is not reproducible and not isotropic and cannot be
easily compensated for by currently available steppers. This compaction is usually reduced
as much as possible by using pre-compacted glass (very long time anneal at the maximum
temperature of the process) [142].

Table 7 indicates the common glasses used for poly-Si technology and compares
them with the most popular glass used for a-SiH TFTs and AMLCDs, i.e. the Corning
7059. All the glasses mentioned in table 7 are labelled "sodium-free”. However, they
usually contain a few hundreds ppm of NayO.

Table 7: Composition of the major "hard glasses” used for poly-Si TFT processing, compared to 7059.

Glass code composition Strain-point
temperature (°C)
Coming 7059 Barium aluminoborosilicate 593
Coming 1737 Alkaline-earth aluminosilicate 666
Hoya Nad( Alkaline-earth-zinc-lead aluminosilicate 655
NEG QA-2 Alkatine-earth-zinc aluminoborosilicate 645

In order to avoid outdiffusion of impurities (particularly sodium and potassium
compounds) from the glass substrates during processing, these are usually capped with
SigNg or §5i09 layers.

TFTs (n-type or p-type) arc obtained using a four mask sequence. Table 8 lists the
fabrication steps of the "standard"” SPC process.

Compared to the processing flow chart of a-Si:H TFTs (see table 2), the poly-Si
TFT fabrication in its “standard™ version, is associated with repeated steps at high
temperature (Tgyp > 450°C). The high temperature steps are the deposition of the active
layer and its crystallisation (steps 2 and 3), the deposition of the gate polysilicon material
{(step 6), the deposition of the gate oxide and of the gate passivation (steps 5 and 9) and the
implantation activation annealing (step 10). The "standard” version of the poly-Si TFT
fabrication sequence mainly uses equipments developed for Si-integrated circuits
fabrication.



Table 8: technological flow chart of the standard SPC poly-Si TFT process,

hard ing la ition
active ition using SiHg-LPCVD at 550°C
crystalligation at 600°C for a least 10h
active [ayer definition 1
ate ingulator ition using APCVD at 450°C
polysilicon gate deposition
gate definition 2
contact implantation using an ion implanter
ivation using APCVD oxide
implantation activation anncaling at 600°C {for a few hours)
contact windows opening_ 3
aluminum evaporation
aluminum contacts definition 4
aluminym sinterin

hydrogenation ysing Ho plasma at 300°C (for a few hours)

In order to compete with a-Si:H TFT-based products, which means that process
cost and complexity should be comparable, much efforts have been devoted to the
reduction of the thermal budget. From that point of view, the techniques listed below have
been introduced for a few years:
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a) the use of SiyHg instead of SiHy as precursor for the deposition of amorphous
silicon by LPCVD (steps 2 and 6). The deposition temperature can be reduced to about
450°C (compare figures 16 and 17);

b} the use of specific low pressure deposition processes. As-deposited polysilicon
films (direct poly) can be obtained, which suppresses step 3 (see § 3.1.1). Another
possibility is to deposit amorphous thin films which exhibit very short incubation and
crystallisation times, which reduces step 3 to a few hours [113];

<) the use of rapid thermal annealing (RTA). The crystallisation time (step 3) can
be reduced to about one minute but at higher temperature, 750°C [188] or to a few seconds
using very rapid thermal processing (VRTP) under non-equilibrium conditions [189].
However, as the nucleation rate is increased at high temperatures, small grain sizes are
obtained which is likely to reduce carrier mobilities in devices. An interesting point
concerning RTA is that it can be used for rapid activation annealing of implanted dopants;

d) the use of pulsed laser crystallisation (sec § 3.1.4). Here, the energy is
deposited during a very short time, in a small thickness (corresponding to the absorbtion
depth) and thermal equilibration is not attained during the irradiation. With a pulse
duration t of a few 10-8 5 and given the thermal diffusivity of glass (~ 8 10-3 cm2s-1) the

341

thermal diffusion length is around 100 nm. Hence, the glass is not @mally affected,
whereas silicon is melted. Such a process can be used for crystallisation as well as for
dopant activation;

¢) the use of ion shower implantation, where PH;, or BxHy ions produced by &
plasma discharge are accelerated by a negatively biased grid. A very low temperature
activation annealing (300°C) have been reported [177] for this process, which suppresses
step 10. Moreover, it has recently been shown that the implantation damage could be self-
recovered [190] by the so-called ion beam induced epitaxial crystallisation phenemenon
[191] if the dose is high enough. Such ion shower systems are becoming large area
compatible as they benefit from the evolution of PECVD systems. Using the same
implantation apparatus, laser activation anneal of the contacts has also been reported [192] ;

f) the use of ECR or DECR - deposited oxides. The temperature of step 5 is
reduced to about 100°C and it should be emphasised that these particular oxides do not
need a post-deposition densification anneal which is of interest for e.g. a very low
lemperature laser process.

Device characteristics

The way to describe the poly-Si TFT device characteristics is similar to that
presented for a-Si:H TFTs (see & 2.2). The main features of poly-Si TFTs will be
described and compared to those of a-Si:H TFTs.

Figure 25 presents the transfer characteristics Lgs=f(Vgs) for constant values of Vg,
of & n-type poly-Si TFT. The channel width and length are respectively 40 pm and 20 pm
(two 10 pm-length gates in serie). Igs can be controlled over 6 to 7 decades depending on
the Vs value, as can be seen in figure 25,

Three different regions can be identified :
- for Vg < OV, the "off-state" region.

It can be observed that the leakage current density (per um of channel width)
depends largely on Vs and Vs for Vs > 3V. In the off-state, the current flow is inhibited
by the formation of a reversed-biased p+-n+ Jjunction at the channel drain interface. The
leakage current is induced at this junction by the simultaneous presence of electrically active
defects and high electrical fields. The leakage mechanism has been assigned to phonon-
assisted tunneling from traps [193].

For n-type TFTs, off-current densities measured at room temperature in a "dark"
box, are often reported for Vs = 5V and Vgs =-10V. The values lie between 0.1 and 10
PA pm-l (see table 9). The leakage current density is about one or two decades larger than
that of a-Si:H TFTs, because of the different leakage mechanism. In particular a large
drain voltage dependence is observed for poly-8i TFTs as opposed to a-8i:H TFTs (sec
figure 25). However, when operating in a system like an AMLCD, extrinsic parameters
like temperature and light flux can influence the leakage current and the comparison
between a-Si:H and poly-Si TFT leakage performances has to be made camrefully. A
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spectacular reduction of leakage current density in poly-Si TFTs is obtained through the
use of lightly doped drain (LDD) structures which reduce the electrical field value at the
channel / drain junction and then flattens the Igs versus Vgs curve in the off-state [145].
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Figure 25: Typical transfer characteristics of a poly-5i TFT; channel
width = 40 pum and channel length = 20 um (2 x 10 um).

- for Vgg> 10 V, the "on-state” region.

As with a-Si:H TFTs, the electron mobility value can be extracted from the slope of
Igs (linear scale) versus Vg at low drain voltage (0. 1V) in the linear regime or from the
slope of Igs!/2 (linear scale) versus Vys at high drain voltage (10V) in the saturation regime.
The intersection of the lincar fit with the voltage axis gives the threshold voltage (Vp.
Again, the determination procedure is the same as for a-5i TFTs (see § 2.2).

Electron mobility values obtained in low-temperature TFTs lic between 25 and
450 cm2V-15-1 depending on the process conditions (sec table 9) while those of holes are
about 30-50% lower. The threshold voltages for n-type TFTs arc between 2 and 7 V.
This dispersion of the data indicates the weigth of the process and of the material quality in
the obtaining of good values. The carrier mobilities in poly-Si TFTs are reduced, as
comnpared to the ones in monocrystalline Si, by the presence of traps. The best values are
achicved in high crystatline quality poly-Si layers, i.e. in laser-crystallised poly-5i.

- for 0<Vgg<V}, the "sub-threshold” region.
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The Iy current increases exponentially with the gate voltage. The subthreshold
slope S can be expressed as:

S=so(1+cdlcox+clfcox) &)

where Sg = 2.3 kT/q, Cq is the differential depletion layer capacitance and C; the
overall defect differential capacitance (these defects are either located at the interface
between Si02 and poly-Si, at the grain boundaries in the poly-Si layer or inside the poly-Si
grains).

The reported values of S for poly-Si TFTs are between 0.2 Vdec-land 2V dec!
depending on the active layer and gate oxide layer thicknesses, grain size and intra-grain
defects, hydrogenation process efficiency (sec table 9). The minimum value (Sg) of about
60 mV dec! (at room temperature) can only be obtained on monoerytaliing SOI TFTs.
One way to reduce the deleterious influence of defects on the S value is to use very thin
layers of gate oxide in order to increase Cox 85 much as possible [138]. As a value of 0.8
V dec-] is typical of a 1000 A-thick gate oxide, subthreshold slopes below 0.2 V dec-1 can
be obtained for a sub 200 A-thick gate oxide. However, it is worth pointing out that
problems of uniformity and repeatability can arise when small gate oxide thicknesses are of
concerm.

A key factor for the obtaining of low threshold voltage values is the implementation
of an efficient hydrogenation process. We have previously emphasised the very important
role of hydrogen in the a-Si:H network, in order to obtain suitable transistor characteristics.
Although the electron mobility of a-Si:H TFTs is very low, in the 1 cm2V-15-1 range,
subthreshold slopes of about 0.5 V dec-1 can be achieved thanks to the passivation of deep
defects in the gap of the a-Si:H. The effect of hydrogenation is similar in poly-Si material,
as hydrogen saturates dangling bonds and breaks the highly strained bonds, thus reducing
the deep levels and sharpening the band tails. As the polysilicon processing sequence
involves several high temperature steps (Ts>350°C), hydrogenation appears at the end of
the flow chart. Although other methods have been proposed [55,194], plasma
hydrogenation is the most widely used. Since the pionnering work of Kamins [195],
several reports have pointed out the importance of this particular step [83,196-198].

Table 9 shows some significant results published on poly-Si TFT characteristics.
Inspection of it shows that the highest values of the electron mobility are obtained using
pulsed laser crystallisation (see § 3.1.4). This can be related to the fact that the intragrain
defect (twins, dislocations...) density is much lower when laser crystallisation is
implemented (compare figures 18 and 19). Moreover, grain boundaries in laser-
crystallised material are well defined and sharp as oppesed to the case of SPC. Asa
consequence, a lower value of the DOS is anticipated, which is confirmed by the reduced
values of the subthreshold slope and threshold voltage (see table 1).

While the electrical characteristics of TFTs fabricated using pulsed laser
crystallisation are definitely better, the uniformity of these characteristics turns out to be a



344

problem [205,206]. As usual laser beams are typically of small size (say 1 to 5 cm?2), the
beam has to be scanned over the plate if large area substrates are used. TFTs fabricated in
the regions of overlap exhibit lower electron mobilities [205,206]. This non-uniformity is
still noticeable on 2 semi-logarithmic scale ! [205]. The problems can be solved either by
using a high energy / large area beam (203] or by carefully optimising the film thickness
and substrate temperature [206). Finally, as a result of the higher electron mobilities in the
poly-Si TFTs obtained by pulsed laser crystallisation, hot carrier degradations (see below,
figure 26 and comments) could be worsened [207].

Table 9 : Recent results published on poly-Si TFT performances. (SPC) refers to solid phase
crystallisation process as (L) refers to pulsed laser-crystailisation process.

Ref. Company | Tmax (°C) | . (cm2 s Vi Lofr. (pA
involved Vigh | (vdech M | umD@
{199] Sony 270 L) 430 0.25 1.1 -
(194) IMEC | 630 (SPO) 55 1.0§ 5 -
630 (L) 140 0.5 L5 0.1
(14519 | Pphilips | 650 (SPC) M 03 =25 L5
(155] 620 (SPC) 27 0.95 -6 0.2
[200] (L) 160 0.6 -2 2
{196} Xewx | 600 (SPC) 40 0.6 2 0.15
| [201] 350 (1) 50 0.33 ~1 1(b)
(1571 Hitachi | 600 (SPC) 37 1.2 6.2 10
[192} 450{L) 65 0.85 ~4 - 05
[158] Seiko | 600 (SPC) 24 0.9 ~5 0.5
[177] 550 (L) 38 1 ~3 0.2
202] Thomson | 580 (SPC) 65 1 6.5 0.1
 [203] 580 (1) 40 0.6 5 0.6
| [204] NEC 600 (L) 140 0.7 ~5 50(0)
(@) Vgs=5Vand Vgg=-10V
M) vgs=-5V

{€) p-type, with Lightly Doped Drain structares

As far as AMLCD fabrication is concemed, a very low leakage current density has
to be obtained for the TFTs of the matrix in the off-state and this can still be a problem for
laser-crystallised poly-Si (see table 9). Laser crystallisation is a low temperature technique
and as such, it is compatible with the a-Si:H existing processes. Hence, poly-Si can be
selectively crystallised at the periphery of the glass plate, enabling the integration of the
driving circuitry (or of part of it), while keeping a-Si:H TFTs with very low leakage for
pixel switching. Such "dual" technology has been proposed with bottom-gate
[201,205,208] and top-gate TFT architectures [209). -However, when the amorphous
precursor is highly hydrogenated (such as PECVD material which contains about 10 at% of
hydrogen - see § 2.1.), much care has to be taken during laser irradiation to prevent the
formation of hydrogen bubles which induce & very rough poly-Si surface. Selective
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dchydrogenation at the periphery can be achieved with sequentiel irrediations at increasing
laser energies [2011.

The average grain size, which is about 200-500 nm fer the standard pulscdllascr
crystallisation process can be dramatically increased when the substrates are locally thinned
[210]. This drastically reduces the solidification rate and results in grain sizes of 50 um
and more. The technique atlows the obtaining of electron mobilities in excess of 600
em2V-15-1 [211], which is as high as those obtained on monocrystalline SOI [183].
However, the implementation of the method on large arca substrates is not obvious.

Figure 26 presents the output characteristics Lys = f(Vqs) for constant values of Vg,
of a n-type poly-Si TFT. The channel width and length are respectively 40 pm and 20 um
(two 10 um-length gates in serie).
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Figure 26: Typical cutput characteristics of a poly-Si TFT, channel
width = 40 pm and chanel length = 20 um (2 x 10 pm).

For the low Vg range, Igs increases with Vs and then saturates as in long channel
monocrystalline MOSFETS. For Vg larger than a certain value Vg9, which depends on
Vs, the drain current increases dramatically. For smaller channel lengths (1. = 5 or 10
um), the saturation regime can even be difficult to identify [115). This regime is often
called the "kink" regime, by analogy with the phenomenon occuring in SO MOSFETS at
short channel lengths [212]. However, in poly-Si TFTs, it is not strictly a "kink" effect as
the phenomenon of second saturation is highly gate-voltage dependent. As a matter of fact,
in figure 26, for Vgs-V> 5V (V=10V), Iy increases continuously after the saturation, a
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behaviour which is rather similar to the breakdown regime in monocrystalline Si
MOSFETs. For Vg around V¢, two saturation regimes can indeed be identified before
breakdown, the second one being analogous to the "kink" effect reported in SOI
MOSFETs. The reasons why these effects appear for very long channel as compared to Si
MOSFET are not yet clear, The kink effect disappears in fully-depleted SOI MOSFETS
[212], when the channel thickness is reduced to about 100 nm. However, in poly-Si
TFTs, it is still observed for a channel thickness in that range.

It is now well accepted that operating in this so-called "kink" regime can
significantly affect the device parameters, especially the transconductance in the linear
regime [213]. The observed degradations are induced by the hot carriers produced at the
channnel-drain junction under high Vg bias. They can create interface state defects and
trapped charges in the gate oxide which affect on- and off- currents as well. In particular,
this effect can be used to reduce the off-current of poly-Si TFTs [214]. However, the
instability issue of poly-Si TFTs is not as critical as that of a-Si:H TFTs. Lifetime of poly-
Si TFTs (defined as the time for which on-current falls by 30% under stress) can exceed a
few years [207] and various circuit applications have been demonstrated (see below).

3.4 Polysilicon TFTs Circuit Application

The performances of poly-Si TFTs make these devices ideal candidates for both
digital and analog circuits implementation on large area non-refractory substrates. The
advantages of poly-Si have led to jts use in a varicty of applications, such as AML.CDs
with integrated drivers [215], video fluorescent active matrix displays [216], printer heads
[2171, linear image sensors [218,219], load devices in static random acces memories
[220], control logic in power devices [221], operational amplifiers for neural networks
{222].

An explanation of why poly-Si has rapidly become the material of choice for large
area circuit integration, can be found in an important figure of merit used for digital
circuits, the characteristic processing time Tp. This quantity is given by :

LL+Llp) 10
Tp w(Vs =V,) (10)

where L is the channel length, Lp the gate-to-source / drain overlap, [ is the field effect
mobility, Vg the supply voltage, and Vy the threshold voltage. The lower tp, the higher
the speed attainable by logic circuits. It can be seen that high mobilities and low gate
overlaps both contribute to reducing tp. The ficld effect mobility of poly-5i TFT's is more
than two orders of magnitude higher than in a-Si:H and of the same order of magnitude
than in CdSe. However, in the case of poly-Si, self-aligned structures (i.e. with zero
overlap) are easily fabricated, while they are difficult to obtain in the other two
technologies. Moreover, poly-Si offer the advantage of having both n- and p-type devices
so that both single channel (NMOS or PMOS) and complementary (CMOS) circuits are

possible.

T,
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By far the most developed present application of poly-$i is the integration of
driving circuits onto AMLCDs. In 1983 the first shift register obtained on low-temperature
poly-Si was shown [223), followed, one year after, by the first fully integrated black @d
white display [224] fabricated in a CMOS technology and capable of IMHz operation.
Since then, the use of improved processes like SPC and laser crystallisation ha}s brougl:lt
the operating frequency to over 10 MHz, although, by clever circuit techniques it is
possible to address high resolution displays with clock signals of the order of few MHz
only [225]. The integration of drivers is becoming of primary importance for the
development of both high definition TV (HDTV) and workstation projectors (see figure 27
for an example of such a circuit).

Oatws Criver

Pizel TFT Array i
(1472 % 1016) : : .li

Display Ares

Figure 27 : Block diagram of poly-Si AMLCD for HDTV projector with
integrated drivers. Clock frequency for data drivers is 1.8 MHz.

As stated in § 2.3, for such displays, usually with resolutions exceeding
1000x1000 pixels on sizes smaller than 3.5 inches, the fabrication of the drivers on the
same plate is the only practical way to overcome the problem of bonding external chips as it
is normally done with larger size a-Si:H displays. The complexity of the circuits is also
rapidly growing, and drivers with several logic gates per line have been demonstrated
(226]). Data drivers capable of handling HDTV signals have been fabricated using multi-
phased clocks architectures [227] as well as full digital drivers with 5 bits accuracy [228].
To improve manufacturing yields, circuits dedicated to test the display before assembly are
also included thus allowing laser repair [229,230). Another technique used is the inclusion
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of redundancy in the circuits [231] as shown in figure 28, with the possibility of self-repair
or re-wiring by laser.
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Figure 28: Schematic diagram for redundant shift registers used in the display of figure 27

At present, the highest circuit performance and the more complex displays have
been realised on quartz by high temperature processes similar to conventional CMOS
processes. In the future, the use of low temperature processes (SPC or laser) should lead
to the same level of performance, or in the case of laser crystallisation even improve them,
on cheaper and larger glass substrates. The fabrication of analog circuits, namely
operational amplifiers, has also been demonstrated both on high [232,233] and low
[222,234,235] temperature poly-Si. Although they suffer, for the moment, from problems
connected to a high sensitivity to bias conditions, they have already performance levels
suitable for switched capacitor circuits applications. In figure 29 a compensated CMOS
OpAmp is shown, which has been realised with a low temperature process, giving an open
loop gain of 45 dB and a bandwith of 2kHz with a 30V supply voltage [235]. This device
has been succesfully applied to the fabrication of a neural network integrating both a-Si:H
and poly-8i devices. Circuits like the one of figure 29 will allow the integration, on the
same substrate and with the same process, of sensors, displays and signal processing
functions, thus greatly reducing the costs and increasing the reliability of personal portable
products such as, for example, small electronic notepads with character recognition or
pocket faxes without scanning optics, etc..
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Figure 29 : Schematic diagram of a compensated poly-Si operational amplifier.

4. Conclusions

We have presented in this chapter the major materials and technologies used in large
area electronics. We have not mentioned CdSe, in spite of its good ranspott properties,
because its industrial use is very limited, due to several drawbacks [236). Clearly, as
silicon can be used, it will be used. Any contender must present some really huge
advantages in terms of performances or manufacturability in order to be seriously taken
into consideration.

We have shown that the a-Si:H technology was today very mature, anr_j as far as
pixel switches of AMLCDs are concemed, few problems remain, since the instability of the
TFTs do not jeopardise the life time of displays because of the low pixel duty cycle.

Analysts forecast that the LCD market will be comparable to the crystalline
semiconductor market by the end of the century. At that time, two dimensional image
sensors which are currently being developed will also be on the market, thus increasing the
market share of large area electronics.

Although it may still be too early to discemn clearly the direction low temperature
polysilicon technology will take in the coming years, it is obvious that the AMLCD field
will benefit from driver integration. Low temperature poly-Si technology, either SPC or
laser crystallisation will probably displace the a-Si:H technology by the end of the century.
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In non-display areas, image sensors will probably use poly-Si for on-board
sampling and processing operations, although the low frequency noise figures of poly-Si
TFTs might not be compatible with the severe requirements of x-ray imaging panels.

Finally, we believe that polysilicon, which is already used in accelerometers for air-
bag controllers [237), will increasingly find applications in the area of smart sensors for
local signal amplification and / or processing.
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