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Abstract

"Active Devices in Polycrystalline Silicon"

Douglas Boyd Meakin

Investigation of thin film transistors fabricated in polycrystalline silicon suitable for addressing large area
active matrix liquid crystal displays employing low melting-point glass substrates is covered in this thesis. To
this end, three complementary areas of research were undertaken. First, existing electrical models for carrier
transport in polysilicon films were examined, and applied to the analysis of polysilicon TFT’s, in order to
gain a fuller understanding of the factors influencing device performance. Next, the influence of deposition
conditions on the structural and electronic properties of polysilicon films was studied, on a laboratory scale.
Finally, scaling-up of the processes thus developed was undertaken and it was attempted to refine a large-
area deposition process with suitable physical and electronic properties to address large-area active matrix
liquid crystal displays.

It is shown that existing models for polysilicon TFT’s utilising a monoenergetic trapping level do not
adequately describe measured device characteristics whereas the model developed in the present work,
which assumes an exponential density of states distribution in the forbidden energy gap, shows much better
agreement with experimental results. In addition, a new method of determining the density of states
distribution ("The Temperature Method") is presented, and is shown also to agree with previous models in
predicting a rapidly increasing gap-state density in the upper half of the forbidden gap. It is also
demonstrated that the position of the Fermi level is temperature dependent.

Formation of polysilicon films by LPCVD was studied and it was found that the structure of such films is
strongly related to the deposition conditions. Three distinct characteristic morphologies are identified and
related to three intervals of deposition pressure. A physical model of the growth at the pressure intervals
identified is developed and found to be able to predict film structure. It is shown that films with improved
morphology give substantially superior electronic properties and that TFT’s can be fabricated in such
improved films at temperatures compatible with boro-silicate glass, with electronic performance adequate
to address AMLCD’s of medium complexity.

Results are presented suggesting that at very low pressures the relationship between pumping speed and
chamber conductance must be revised from those used in conventional LPCVD equipment. It is shown that
chemical contamination in polysilicon films seriously affects the electronic performance of devices fabricated
in such films. The successful design and commissioning of a large-area (12 x 12") batch LPCVD system,
based on the results reported above, is described and the performance of the reactor analysed. Plate-to-
plate, within-plate and run-to-run uniformity are shown to be compatible with the requirements of
commercial production, and the characteristics of devices fabricated in films deposited in the large-area
reactor are shown to be capable of addressing large-area displays. It is shown that the large-area reactor can
successfully process both polysilicon in-situ or amorphous silicon for subsequent recrystallisation.
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Chapter 1

1.1 Introduction.

Polycrystalline silicon (polysilicon) is widely used to manufacture a number of different electronic
devices. Large (™ 1 cm) grained polysilicon formed by bulk crystal growth techniques is used for solar cells (1),
and small-grained material formed by chemical vapour deposition techniques is widely used in integrated circuit
fabrication (2). In the case of integrated circuit technology, the polysilicon is used as an interconnect level, so
it needs to be doped to lower its resistivity; the majority of studies of polysilicon have been addressed to the
understanding of the incorporation of dopants (3,4).

Recently, small-grained polysilicon has emerged as a promising candidate for thin-film transistor
fabrication due to inherent stability, the promise of high carrier mobilities and the high level of refinement of
processing technology, which is based on very mature silicon-on-sapphire techniques (5-9). At present, polysilicon
TFT’s offer only a comparatively poor performance as the polysilicon is electrically highly defective, with defect
levels similar to those found in amorphous silicon. Therefore, to achieve a worthwhile gain in performance, it

is necessary to understand the causes of defects and their effects on the electronic properties of the material.

1.2 Carrier Transport in Polysilicon.

In the following section, the most widely accepted basic model for the transport of carriers in polysilicon
is reviewed. The model contains many assumptions and approximations, but the principles used are very
important in a later treatment of conduction in TFT’s, which is of immediate interest. The model presented

below is due to Seto (10) and has been refined by other authors, notably Baccarrani (11).



As a starting point it is assumed that the polysilicon film consists of a number of equally sized grains,
with grain size equal to the average grain size in the film. Real films have a distribution of grain sizes so an
average value is used. The grains are assumed to be separated by a grain boundary of negligible thickness which
contains an areal trap density Qqtraps per square centimetre at a singe energy level E.. It is unlikely in view of
later results that this is the true energy distribution of the traps, but only traps near midgap will significantly
affect the carrier lifetime and conduction properties in the bulk of the film under quasi-neutral conditions. When
the film is undoped there are very few mobile carriers (n=p=n,) so there is minimal trapping, so the Fermi level
at the grain boundary does not deviate from its neutral position. As this is near midgap, the Fermi level is at
midgap throughout the film. Then, the carriers, electrons or holes, are impeded only by conduction band edge
discontinuities originating from the distortion of the lattice at the grain boundaries. The Hall effect mobility is
found to be in the region of 50 cm*V"'s™ for undoped films (10).

As dopant ions are added to the film, the free carriers are trapped by the grain boundary trapping
states, so the bands at the grain boundary move with respect to the Fermi level. There has been no change in
the number of free carriers, since they are all trapped, and now there is a difference in potential between the
grain boundary and the bulk region of the grain.

It is important to understand that the grain boundary traps are uncharged until they trap a charge
carrier. Figure 1.1 shows that the carriers must now traverse a potential barrier, so the apparent mobility
decreases as the height of the grain boundary potential barrier increases. Other assumptions must now be made
to develop this concept into a useful model. These assumptions are as follows:

i) Only one dopant species is present, and all the dopant ions are ionised.

ii) The dopant is uniformly distributed, with a density of N atoms per cm®.

ii) The depletion region near the grain boundary has an abrupt edge.

iv) The grain boundary is of negligible thickness and has a trap concentration of Q, traps per cm®.

10
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FIG 1.1 Band diagram and diagram of two adjacent n-type polysilicon grains.



By solving Poisson’s equation for the grain boundary region, it is possible to derive equations for the
grain boundary potential for the two cases of interest. First, when YgN < Qy, where y, is the average grain size,

the grain is fully depleted and then

ol M

where Y is the barrier height in kT/q units, and &g the permittivity of silicon. When ygN > Qy, the grain is

not fully depleted and it is found that the barrier height is

QQ; )
8e N

‘[’3“

Therefore, the barrier height increases to a maximum ¥gN =Qy and then decreases as the dopant density
increases. It is necessary now to derive an expression for the current density as a function of barrier height.
Carriers can traverse the barrier by either thermionic emission or tunnelling. However, tunnelling is likely to
occur only when the barrier is highest or the doping density is very high; when the barrier is the highest, it is
also the broadest (y,N =Q;) so tunnelling is neglected in the derivation. The full equation for the current density

over a grain boundary due to thermionic emission is

1
AT 3 -qy qv,
J=qp ze,q,| B | lexp—2&- 3)
"(2»:'1:) kT ][ kT 1]

where J is the current density, p, is the volume density of dopant ions (here acceptors), m’ the effective mass

of the charge carrier, Y the barrier height in volts, and V, the voltage drop over the grain boundary, in volts.

11



If qV, < kT, Equation 3 may be expanded to give

1
sG] 1 2 _q‘I’B] (4)
=q°p exp —— | .V.
: ‘[2m‘kr] p[ 7

The assumption made above generally holds in small-grain polysilicon TFT’s, for with g ~ 200 f{, 5V
bias on a 10 um channel length corresponds to ~ 10 mV across each grain boundary. Although this model is
very simple it qualitatively describes the resistivity versus doping concentration behaviour which is observed in
practice, which is that the resistivity drops abruptly when Ny; > Qy. There are many omissions or major
assumptions, certainly in particular those of abrupt depletion and the neglect of the resistivity of the grains
themselves.

In the following sections the most important transistor models currently accepted will be examined, all
of which are based on the grain boundary trapping model. Starting from a very simple physical model, more
sophisticated models will be developed and their shortcomings analysed in the context of the strict limits of
validity of Seto’s model. This serves as a basis for the more sophisticated model in Chapter 2 which can
accurately describe device characteristics over the majority of the operating range and can account for different

morphology and post-deposition treatments.

13 Thin-film Transistors in Polysilicon,

Polysilicon TFT’s are universally of the MOS type, because the minority carrier lifetime due to the high
density of grain boundary traps is very short (of the order of nanoseconds). Several alternative structures (12)
to the non-inverted self-aligned structure, offering some economies of processing, have been proposed, but such
novel structures have not been widely adopted and most research effort has been devoted to studying the effects

of materials and processing on the properties of such a standard device as shown in Figure 1.2.

12



Gate
Source contact

Passivation
/ oxide
AR .
Gate oxide
n -7 I n+
S/D Subsfrate Source/drain
Channel
FIG 12 Cross-section of a self-aligned undoped channel self-aligned polysilicon TFT of the type

used by most research groups.



It is seen that the device consists of a thin film of polysilicon with a silicon dioxide gate dielectric and
polysilicon gate electrode. As charge is added to the gate electrode, charge is trapped in the grain boundary
trapping states to balance the gate charge. Without detailed knowledge of the nature of the trapping states, it
is impossible to predict the behaviour of the device in this region of its characteristic. In any case, to form a
conducting channel requires considerable distortion of the energy bands within the semiconductor. Once the
inversion layer is formed, the bands will bend no further and the inversion layer charge will increase to balance
the increased gate charge, and the density of grain boundary trapped charge will not increase greatly. Therefore,
it is reasonable to expect a similarity between a polysilicon and a crystalline silicon MOS transistor in the region
of operation where the device is fully switched on. Differences in behaviour between single crystal and
polycrystalline devices should be most marked in the sub-threshold region of operation.

Consider an n-type semiconductor in which an p-type inversion layer is to be induced. Referring to
Figure 1.3, there is supposed to be a constant density of defect levels, indicated by an area of chained lines, these
defects being acceptor-like, i.e. they are negatively charged when they lie below the Fermi level and neutral when
above it. To form an inversion layer, the bands must be bent downwards by at least E. electron volts. In
crystalline silicon, this requires only the depletion of majority carriers, the depletion layer width being found by
assuming Ny, the volume density of dopant atoms, and solving Poisson’s equation. The term Qj, the depletion

layer charge is then

1
Qp= gNpx,; = [2QNpe(¥;-¥y)] 4 =

In Equation 5,y is the band bending at the surface i.e.
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Band diagram of n-type material with defects. The chained area represents the area of the
energy band in which there is defects; the hatched area indicates the defects whose charge
state must be changed to attain the surface potential shown.



E, E,
—Hx=0) - (x=)
q q

and Y the difference in energy between the Fermi level and the intrinsic level in the bulk

Zrme) - Dhiae)
q q

Note that from Equation 5, we see that if the dopant density increases, the depletion layer width for
a given band bending is smaller. In the semiconductor with defects, in addition to depleting the majority carriers
from the surface, we must also change the charge state of the traps in the cross hatched area. The extra gate
charge needed to so this will be manifested as an increase in gate voltage. Evident also from Figure 1.3 is that
if the substrate were made more strongly n-type, the depletion layer would narrow, so the number of traps
required to change state would be diminished. It is thus expected that the largest deviation from defect-free
material would be for undoped polysilicon. Channel doping has therefore been used for low-threshold voltage
devices for multi-layer memory technology. (21)

In order to achieve any analytical equations for a polysilicon TFT, it is necessary to make some
definitions. Figure 1.4 shows a polysilicon TFT, with a channel region of undoped polysilicon consisting of
equally sized grains of length y,. All voltages are with respect to the source which is assumed to be grounded.
In the absence of specific information about trapping states some assumptions must be made. As discussed
above, it is essential to include a trapping state at midgap but there is no agreement on the type of trap. Workers
using n-type samples (13) assume donor traps above midgap whereas acceptor traps below midgap are associated
with p-type samples. Sometimes a distribution is used (14) and this is sometimes necessary to explain certain
aspects of device behaviour. In the model which is now developed, it is assumed that there exists a delta function
of acceptor-like traps situated at midgap and that these traps are uncharged until they trap an electron. Thus,

the bulk of the polysilicon is neutral and there is not a high density of free carriers (n=n,). If the traps in the

14
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bulk were charged, there would necessarily be free charge present to maintain neutrality and this would be

reflected in the measured resistivity of the polysilicon. Poisson’s equation may be written for the potential ¥ (x,y)

in the semiconductor for x=0;

E¢
Py Py _ g
354? = 5_3 p - n - 6®)£Q£Ep)f(ﬂﬂr)dE] @

In Equation 6 5(y) indicates that the thickness of the grain boundary region is negligible. As p is

negligible for band- bending consistent with n-channel operation, it can be neglected, so

Ec

ﬂ+ﬂ=zi n+6(y)fQI(EPEF)dE )
s E,

axz ayz

No analytical solution of Equation 7 is possible but a numerical solution has been obtained by Depp
et al (15). The results of this numerical solution do not provide great physical insight but will be used to confirm
the validity of the approximation now used to reach an analytical solution to Equation 7 and later to arrive at
new equations for subthreshold current and threshold voltage. Figure 1.5 shows three adjacent grains situated
just under the gate when the surface is inverted. x, represents the extent of the inversion layer, and region II the
extent of the depletion region due to the grain boundary trapped charge. The grain itself is assumed to be quasi
single-crystal. In region I, Poisson’s equation is:

| @®)
&, e
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FIG 1.5

Detailed diagram of three adjacent grains in the channel region with an inversion layer at
the polysilicon-oxide interface.



where n is the average electron density in the inversion region, 0 < x< x. Near a grain boundary, 0<y<
¥a) if the abrupt depletion approximation is used, then n = 0 so

+az_ﬂ=0 9
r Ol

Py
|

The depletion approximation is valid only if §g, the grain boundary barrier height, is greater than kT/q;
if it were not, electron diffusion would increase the free carrier density in the depletion layer. Note that this
places a fundamental limitation on the usefulness of the model because at high surface potentials it is expected
that the barrier height will be low and there will be a large number of free carriers in the depletion region also.
An important approximation may be made by assuming that, in analogy with the gradual-channel approximation,
the trapped electrons at the grain boundary will not greatly affect the transverse (x) field which is very high.

Then, we write

Py 10)

In other words, the x (transverse) field is dependent mostly on the applied gate voltage and the variation
in x-field between the grain boundary depletion region and the grain centre is much less than the fluctuation in
the y (longitudinal) field. This suggests that the electric field and potential will not vary much from region I to
region II and this is confirmed by the results of the full numerical simulation. The numerical results (15) showed

that for a surface potential at the grain centre {5 = 0.52 eV the maximum difference between the band bending

16



in regions I and IT is 0.08 eV. A similarly good agreement is found over all applied gate voltages. It is found that

the intrinsic Debye length, given by

1
L, - kTe, |5 an
29°n,

is 24um.This figure, which is much larger than the dimensions describing potential fluctuations in the material,
has been used as a basis for suggesting that the effects of space-charge fluctuations in the y-direction may be
averaged over the film. However, when an inversion layer is induced, it is no longer meaningful to talk of the
intrinsic Debye length as now there is a high density of charge. Then, the Debye length becomes comparable
to, or less than, the dimensions of the grain. Nevertheless, the small fluctuations in the y-axis potential strongly
suggest a simplified one-dimensional model in which the grain boundary traps are imagined to be homogeneously
distributed throughout the film. Such a model would yield useful information on threshold voltage effects
although the field-effect mobility must necessarily require a two-dimensional treatment. This model has been
developed in the past, first by Depp et a/ (15). It is referred to as the Distributed Trap Model and is developed
by ignoring all longitudinal (y-direction) field perturbations. Then, the grain boundary trapping levels are

assigned an average volume density distribution (cm™®):

A 2)

Ve

This is seen by remembering that Q is the area density of trap sites (cm™) in an infinitely thin (8y) plane
at the grain boundary. Therefore dividing Q; by the grain length, i.e. the distance between planes of traps, gives

an average volume trap density.

17



Then, Poisson’s equation reduces to one dimension:

(s ei’ (7 + Npf BpEp) 13)

As the semiconductor is in equilibrium, Equation 13 may be approximated by (for traps at midgap E, = E)

E.-E N
%“f e ,;TJ : - = B
& 1+ expp—

This integrates to yield

13—

(15)

d_lb = -_m‘ equ_‘l,.. =] % & In (]_-pexpﬂ
n; kT

where q¢ = E; - E,

In the case of greatest interest, i.e. N; quite large, it is seen that for band bending of more than a few
kT, nearly all the traps are filled so the second exponential term in Equation 15 will predominate and be

approximately constant. Then we write

i (16)
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This expression could have been written immediately for band bending more than a few kT. As a boundary
condition to integrate Equation 16, we set dy/dx = 0 at x = x,, where x, is the extent of the region which

deviates from neutrality. Then, Equation 16 integrates to give

N.
L SR o R an
dx eg
Equation 17 is integrated to give
N.
T 3 (18)
2eg

Where

1
% - 2e5¥ |, |2
d _—_qu

The band bending is parabolic in this case, so the traps look exactly like ionised donors or acceptors in a bulk

MOS device.

1.4 Transistor Threshold Voltage.

To relate the Poisson equation to the applied gate voltage, we write

V-V, = W(x=0) - g‘f_“j"l“o (19)
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When Equation 15 is substituted into Equation 19, we obtain, neglecting small terms;

€ N. 3
VeVeg = W(x=0) + c—’ﬁkr exp q'il;"“ + fqtll Ll 20)
ax D i

This expression is accurate only for V, < (V4 - Vi) and the situation for high drain voltage is extremely
complicated so will not be covered here. In the case of N; > n, the terms in N;in Equation 20 dominate.
Typically, N ~ 10" - 10" cm™ s0 as expected the gate voltage required to achieve a given surface potential is
considerably increased in the presence of grain boundary traps. In a single-crystal MOST, the threshold voltage
is defined as the gate voltage which causes the band-bending at the surface to be twice the potential difference
between the Fermi level and the intrinsic Fermi level in the bulk (16). This means that the carrier density in the
inversion layer at the semiconductor-gate interface is the same magnitude, but of opposite polarity, to that in
the bulk. This is not suitable here because the bulk potential is zero (intrinsic material) - so another definition
must be chosen. Another possibility is the Lindner potential which is defined as the value of surface potential
at which the volume concentration of charge at the surface is composed of equal parts of free carriers and
ionised dopant ions (17). In the present case, there are no dopant ions but, as explained above, the filled traps
act in a very similar manner. The drawback of such an approximation is naturally that values of gate voltage
obtained in this manner may well not agree closely with the "threshold voltage" of the device determined
experimentally. For instance, at the low trap levels it is unlikely that the condition at the Lindner potential would
allow significant drain current to flow because the free carrier concentration would be low. Nevertheless, useful

" trends are found.



The condition for the Lindner potential Y, is then, from Equation 14 (assuming exp -qy /kT < 1)

ap i L N @1)
kT n,

Equation 21 is easily solved for a range of N;and the resulting values for y,_ substituted back into
Equation 20 to yield (Vj - VFa)l ys=yL- It is more convenient to ignore Vg for now, as it depends on fast states,
slow states, oxide fixed charge, and oxide trapped charge. Setting V3 =0V, Figure 1.6 shows a characteristic of
V; against N;. It is apparent that low values of N; (< 10" cm™) have little effect on V;, but for N;>10'® cm®,

V; increases very rapidly with increasing Ny.

Typical polysilicon films of the type used for TFT processing have N; ~ 10'® cm™ so it is expected that
the performance of such devices will differ markedly from those made in defect-free material. Published results
confirm that the threshold voltage of polysilicon TFT’s is rather high, 20 - 30 V being normal for a device using
1000 R of gate oxide. In practical measurements, the threshold voltage is defined at the voltage at which the
drain current (at low V) becomes linear with gate voltage. This is physically relevant as it means that an
inversion layer has formed and that the bands are effectively pinned. It is not clear for low N; that this agrees
at all with the Lindner potential because for N; = 10" cm®, ¥ is only 0.23 eV which would not allow much
drain current to flow. In this case it is likely that the value of threshold voltage corresponding to ¥, is artificially

low although strictly speaking a linear I, - Vg characteristic would start at this potential.

Turning to published results, the most rigorous measurements have been made by Depp et al (15) who
proceeded by establishing N; from Seto’s Hall effect mobility techniques (10). A grain size of y, = 400 R was
measured indicating a microcrystalline structure consistent with the deposition conditions used. N; was found

tobe N;~ 10" cm™® and V; ~ 7V (scaled for gate oxide thickness = 1000 R). Kamins (18), using very similar
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FIG 1.6 Predicted threshold voltage as a function of the volume density of traps for the distributed

trap model (Equations 20 and 21)



processes, observed threshold voltages of ~ 10V. Finally, Onga et a/ (19), although employing a lightly doped
channel region, found V; to lie between 12V and 15 V and N; ~ 10" cm®. Figure 1.7 shows a transfer
characteristic of a polysilicon TFT made in the early stages of the present project in a similarly microcrystalline
film (y;, = 200;&), and a threshold voltage of ~ 18V was measured. Selected results which are representative

of the field are given below.

Table 1
Depp et al (1982) (15)
Film thickness unknown, V; = 7V, N; = 10" em®, p = 17.5 cm®V''s". No channel doping was used and the
material was characterised by the method of Seto to give details in order to fit the model developed in the

paper. High-temperature gate oxidation led to recrystallisation of the polysilicon.

Kamins (1972) (18)
Film thickness = 2 wm,V; > 10V, N; not known. An identical process to Depp’s was used but a number of
doping doses were used to verify that changes in bulk potential affected the device characteristics. The value

of threshold voltage quoted is for the most lightly-doped sample to allow comparison to be drawn.

Malhi et al (1985) (21)
Film thickness = 1500 :&, V; = 10V, N; not known, p4= 4 cm®V's". This work was aimed at high capacity
memories as part of Texas Instruments’ 3-D integration programme. Highly sophisticated and expensive

processes were used to control Vi, including hydrogenation and very thin (350 R) gate oxide.
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FIG 1.7 Transfer characteristic of polysilicon TFT fabricated in the early stages of the present

project.



Onga et al (1982) (19)
Film thickness = 3500 &, N:= 10" - 10® cm®, py= 2 cm?V's". Doped films which were deposited at
relatively low temperatures (600°C) were used. The relatively poor performance obtained was due to a large

value of N; caused by such a low deposition temperature. This effect will be fully discussed later.

GEC (present work) (1984)
Film thickness = 3000 A, N; = 1820 V, N; not known, p= 0.2 cm®*V''s". A fully low-temperature process
incorporating a CVD gate dielectric was used in conjunction with a microcrystalline (y; ~ 200 3\) polysilicon

film,

Seiko-Epson (1985-1986) (6)
Film thickness = 1000 &, V; = 4V, N; not known, p, = 5 cm®V"'s". An inverted staggered structure and
hydrogenation are used. For display applications a storage capacitor is integrated into the transistor cell, which

suggests that the off-current performance is not yet adequate.

Hitachi (1986) (23)
Film thickness = 3000 K, V; = 15 V, N; not known, pq= 5 cm®V’'s". Amorphous silicon deposited at

560°C-600°C was recrystallised by furnace annealing for prolonged periods at 600°C.

. Xerox (1989) (24)
Film thickness = 1000 3\, V; = 18 V, N; not known, p4= 9.5 cm*V''s". A process similar to Hitachi’s was used

yielding similar results.



The results presented in Table 1 suggest that the major portion of the distributed trap model is correct.
It is clearly indicated that current polysilicon deposition processes produce a film which is defect-rich and

considerable extra processing is necessary to yield good results at all comparable with existing SOI processes,

for example SOS.

1.5 Majority Carrier Field-Effect Mobility in Polysilicon TFT’s.

The carrier mobility in any MOST is very important as the transconductance is proportional to 4. A
low value of transconductance and channel conductance leads to non-optimal circuit designs for most
applications and imposes limitations on the usefulness of the device. Also, although it is possible to increase the
channel conductance by operating at high gate voltage, this is undesirable as the reliability of the gate dielectric

is reduced.

The work by Seto (10), Kamins (18) and others clearly indicates that in the bulk of a polysilicon film
the mobility is relatively low. For undoped films, values of p,= 50 cm®V's" are typical for a small-grain film

at room temperature, the reasons for which were discussed in Section 1.2.

When a polysilicon TFT is fully switched on, it has already been stated that the drain current is then

proportional to the gate voltage i.e.

Ip

= %(VG-VQ'VD (22)

where the symbols take their usual meanings. Measurements on TFT’s confirm the general applicability of this
equation. However, values of |, thus calculated are far lower than bulk values of mobility, so it is apparent that

surface effects are important in this case. Typical values of p,, are given in Table 1.



A simple two-dimensional model which has been presented by Fossum et al (25) which goes some way
to explaining this effect. Some drawbacks and physical inconsistencies are noted and conclusions regarding the
model drawn. Nevertheless, much of the detail is applicable to the subthreshold behaviour which is treated in

Chapter 2 by a new technique.

We start by assuming that with no gate bias applied, grains and grain boundaries are electrically neutral
ie. the Fermi level lies at approximately midgap everywhere. When a gate bias is applied the mean volume

density of carriers, 1, in the inversion layer increases. It has been shown that

gix, = Q, (23)

where Q, is the areal electron charge density. Now the situation in the inversion layer is similar to the effect of
doping, so some of the electrons are trapped at the grain boundary. Therefore, depending on n, Q; and Yg» the
grain will be either fully or partly depleted of mobile carriers. Assuming as before that the very high transverse

field is not affected by the trapped charge at the grain boundaries, we write

) 24)
ax? |y |y

and by employing the above assumption,
ﬂ[ ey @5)
ax?|, G




The negative sign indicates that whilst the bands bend downwards towards the oxide interface they bend upwards

towards the grain boundaries. Combining Equations 8 and 25 we obtain

Pyl _ g (26)

The equation means that as 7 increases due to increased gate voltage the rate of change of field near the grain

boundary will increase. To integrate, we observe that

ﬂ =0 at = (27)
B ¥ =2

and

Yxy) = ¢ x) at y=y, (28)

¥,(x) is the potential in the quasi-single-crystal grain due to the applied gate bias. Then

¥y, = %ﬁo-y)’ + Y x) 29)
3

Thus there will be a parabolic potential distribution in the depletion region. The grain boundary potential barrier

is now found

¥ = ¥(x0)|; - ¥, (30)
™"



The trapped charge at the grain boundaries is a function of the potential at the grain boundary. We write

-QQ;-

1+ B2

Qs = (32)

for a single level trap. Strictly speaking the occupancy of the trap is determined by the quasi-Fermi level.
However, detailed analysis has shown (26) that the carrier Fermi level is very close to the trap quasi-Fermi level
for the acceptor states. It has been assumed for simplicity also that the g factor for the acceptor trap is unity.

For E; = E, Equation 32 becomes

-q Qr

Qg =
1+ exp(ﬂL Lol
kT

Equations 32 and 33 indicate that as the potential moves from the value at the surface ¥ = g to the bulk ¢
= 0, the areal density of trapped charge varies from Qgz = - qQ; to Qg = - qQ;/2. Clearly for there to be
so much trapped charge in the bulk is inconsistent with our previous considerations of charge neutrality so it
is necessary to assume that either there is also a donor trap at E; = E, or that the trap level is not exactly at
E,. Physically, it is expected that the traps are almost entirely filled when the potential is greater than about
2kT/q so to a first approximation it is assumed that the varying potential may be replaced by the potential § =

. For values of g sufficiently high to reach inversion, we approximate

Qcy & -QQ-,- (34)
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The charge removed from the grain by trapping is equated to the grain boundary trapped charge.

Charge from two adjacent depletion regions is needed to balance one sheet of trapped charge. Then

Qgp = -2g71y,
Combining Equations 34 and 35 shows that as n increases, so y, decreases which is consistent with Equation 26.
By substituting Equation 31 into 35, we obtain an expression for barrier height V:

_ Q% 36)
8gnieg

¥

This equation shows that once a channel has been formed, ¥, decreases asn increases. It is identical
to Seto’s equation (Equation 2) for barrier height when the doping is sufficiently high for the grain not to be
entirely depleted. Therefore, an important limitation on the validity of the model is apparent. If the value of n
is low so that the grain is entirely depleted, an abnormally high value of g is found from Equation 36. For this
reason alone, it is unlikely that this theory will accurately predict the behaviour in the subthreshold region where
n is low because the effective mobility, which depends on the barrier height g, is uniformly high. However,
there are also restrictions about the validity of applying a barrier model to charge transport when the bands are
heavily bent. In this case, it seems physically more appropriate to imagine the conduction band as being bent
to near the Fermi level everywhere and charge transport to be affected by dynamic trapping as determined by
Shockley-Read-Hall occupation statistics. In Chapter 2 a more realistic model for both the subthreshold and

above-threshold behaviour is presented.



To develop the present model further, it is clear that once potential barriers exist along the channel
from source to drain the flow of carriers will be impeded. As in Seto’s model, we assume that thermionic

emission over the barrier is the dominant carrier transport mechanism.

From Equation 4, the emitted current density is then

AT [ -a¥s) .
%=y T\ Tar ) Ve Sl

The channel cross-sectional area is the product of x, and W so the drain current I is

I, = Wx, J,, (38)

If the number of grains between source and drain is N, the drain voltage is the sum of the voltage dropped

across (Ng - 1) grain boundaries and N, grains. Then

Vp = N1V, + NV, (39)

The voltage drop V, across the undepleted part of each grain (region I ) is calculated from standard MOST
theory as the grain itself is assumed to be single-crystal in nature. In region I , the channel has a resistance in
each grain of

O -2 (40)
oA

R =
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Also

o = figy, (4

where g is the carrier mobility within a grain. It is difficult to define kg as there are defects (microtwins etc.)
present within the grains which will affect the carrier mobility. For laser-recrystallised polysilicon, e ~ 380
cm®V's™ has been employed with good agreement but, as will be discussed in later sections, unrecrystallised

polysilicon unless prepared by special techniques will not offer such a performance.

Neglecting the surface potential which is very small compared with V, and V; we write

ViV ¥,
4 Cox( ¢~V Ven) (42)
ax;
Substitution of Equation 42 into Equations 40 and 41 yields
SRR )
Zp CorVeVeVep
V, = 0,-2y,). o (44)
£ (Vo-Vr-VephWCoy
Combining Equations 38, 39, 42 and 44 yields an expression relating I to Vp;
I N_-1kN,
v, = D [ DRN, 9% NO,-2) 5)
BHCox(Ve-Vir-Vep| AT kT



Equation 45 is then re-arranged to give

ZIL p Cox(Vs-Vi-Vip).Vp

. DR, (qv, )
LA'T kT

Equation 46 is similar to that of an MOST in the active mode with ., the field-effect mobility, expressed by

I, =

Ill'
" =
7 WD, qw,] "
LA'T kT

Equation 47 allows some conclusions to be drawn about the behaviour of the TFT in the
above-threshold regime. First, as T is increased due to increasing gate voltage, ¥, decreases (Equation 36).
Therefore, once a channel is formed, the mobility should increase as ¥ decreases. Physically this is difficult to
visualise as the transverse field at the surface, where the conduction is occurring, is very high. Moreover, the
model assumes essentially a regular crystal structure with trapping regions therein and no account is taken of
grain misorientation and the highly disordered or quasi-amorphous regions between them which will cause
significant scattering of mobile carriers. Such amorphous regions will cause irregularities in the conduction band
edge also, which will also affect carrier mobility. Values of 4 calculated from Equation 47 are always by up
to twenty times higher than observed in practice, for instance, with typical parameters of Q; = 8 x 10"'cm™, y,
= 100 f\, Yg = 007 eV, p,= 20 cm®V''s", w4 is calculated as 4 cm®V''s™. The actual field-effect mobility
calculated from a drain current-gate voltage transfer characteristic was ~0.2 cm?V's"' which is a large

discrepancy.
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We note also that ¥ depends on the square of Qgg. As studies of amorphous and microcrystalline
materials have shown that the density of states in the forbidden gap is strongly affected by the deposition
conditions used, it is likely that Qg and hence ., may be controlled by careful choice of deposition conditions.

Any increase in long-range order of the semiconductor material should therefore result in better performance.

Of great importance is the grain size because the expression (Ng- 1)/L appears in the denominator of
Equations 46 and 47. (N,- 1)/L represents simply the number of grains per unit length of the channel so if the
grain size is small, (N- 1)/L is large and the field-effect mobility appears low. Typical films used for device work
consist of a mixture of large and small grains, often with a large number of fine grains in between a few larger
ones. For such films, the model developed here predicts poor performance; improvement is obtained simply by
increasing the average grain size. This is precisely the effect of recrystallisation by whatever means. With these

considerations majorities of studies have concentrated on the improvement of the polysilicon morphology.

At this stage the effect of plasma hydrogenation is clear. Exposure of the polysilicon film to reactive
hydrogen ions causes unsaturated bonds in the film at the grain boundaries to be terminated in a hydrogen atom,
hence no longer able to trap electrons (27). As a result of hydrogenation, Q; is reduced so V; decreases and
Moy increases. Having questioned the credibility of the grain boundary potential barrier model at high channel
currents, it is interesting that indeed the correct behaviour is predicted. Nevertheless, other mechanisms may
equally explain the observations and a number of alternatives are discussed together with a fuller, more accurate

model in Chapter 2.
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