
EP 0 211 367 B1 Description The present invention is generally related to
doped contact structures for amorphous silicon field effect transistors
(FETs). More particularly, the present invention is directed to an FET
device with a n-doped 5  amorphous silicon layer which reduces the
intrinsic source and gate capacitance and which does not degrade the
performance of the device by introducing voltage drops at the source or
gate contact. The resulting FET device is particularly useful in matrix
addressed liquid crystal displays (LCDs). Amorphous silicon FETs provide an
attractive choice for high contrast flat panel type television displays.
These displays typically include liquid crystal material disposed between
conductive electrodes arranged In 10 a horizontal and vertical array so as
to provide a large plurality of picture elements (pixels). Application of
voltages to the electrodes orients the liquid crystal material so as to
affect the transmission of light through the material.' Since at least one
set of electrodes (and its corresponding substrate) is transparent, a
visible image is thereby displayed. In the process, each one of the pixel
elements operates very much like to an electrical capacitor. In fact, an
effective liquid crystal capacitance CLc is associated with each pixel
element. 15  Ideally, in a FET addressed liquid crystal display (LCD), When
a FET is turned on, the liquid crystal pixel capacitor [err] charges to the
data or drain line voltage. When the FET is turned off, the data voltage Is
stored on [err]. However, there are many parasitic capacitances in the
display, structure which are not negligible when compared to [err]. Two
important parasitic capacitances are the source to drain capacitance,
[err], and the source to gate capacitance, [err]  In particular, the source
to gate capacitance is of particular 20  concern herein. Consider the
effect of the source to drain capacitance, [err]. The worst case condition
is  when one element in a column of the display is turned off and all other
elements in the column are turned on. In this case, the desired voltage
across the pixel element capacitor, [err] should be zero while the voltage
[err] across all of the other pixel elements in the column should be Vo.
The rms voltage on the data line is then 25 approximately [err] and the
voltage induced on the "off" pixel element is [err] = [err]. For the off
pixel element to remain off, the sum of the induced voltages from this and
all other parasitic capacitances must be less than the threshold voltage of
the liquid crystal material, namely,[err]. The effect of[err] on a gray-
scale display is much more critical. If [err] is set at an intermediate
level on one pixel ([err] the value of [err] can vary by [err] depending
upon the state of the other elements in the column. 30     The effect of
the gate source capacitance [err] is similar except that voltage waveforms
on the gate line couple through [err] to produce an additional undesirable
voltage on the pixel electrode. Only the part of the gate line waveform for
which the gate voltage is less than the threshold voltage couples through
since, above the threshold voltage, the FET is sufficiently conducting to
hold the pixel voltage at the data line voltage. 35     The parasitic
capacitances in an LCD display can be divided into two groups: those that
are dependent on the FET structure and those that are dependent upon the
overall matrix structure. The parasitic capacitances which depend on the
FET structure include the source to drain capacitance and the source to
gate capacitance. The parasitic capacitances which are dependent upon the
matrix structure include the capacitances between the pixel electrode and
the gate and data lines. These latter capacitances are 40  minimized by
choosing structures with appropriate address line widths, spacings between
pixel elements, cell thickness, and liquid crystal material. The FET
capacitances, which are the ones of primary interest herein, are minimized
by making the area of the gate, source, and drain electrodes as small as
possible. This leads to FET designs with small overlap area between the
gate and the electrode which contacts the indium tin oxide (ITO) pixel. 45
Conventional thin film FET structures with the contact on the opposite side
of the silicon from the induced electron channel has many processing
advantages. For LCD devices, it has the additional advantage that the data
and scan line crossover insulation is obtained without extra processing.
However, this structure can result in reduced drain currents and a contact
voltage drop which complicates applica- tions to gray scale displays. The
nature of this contact structure also requires larger contact area which 50
undesirably increases the parasitic capacitances associated with such FET
devices. Plots of drain currents versus drain voltage for conventional FET
devices generally indicate non-ideal characteristics at low drain voltages.
At these voltages, the dependence Is nearly parabolic resulting in a
non-exponential charging characteristic for the LCD pixel capacitor. An
ideal device is generally linear in the 



drain voltage versus source voltage characteristic at low drain voltages.
Non-ideal behavior results in the 55  Introduction of a contact drop
voltage, [err]. This drop is undesirable. However, the effect that the
contact drop has on decreasing the drain current in the FET is less
obvious. The contact drop at higher drain currents is generally larger than
[err]. This reduces the actual gate and drain voltages applied to the
Internal device structure and hence reduces the drain current compared to
that which would be otherwise    EP 0 211 367 B1 obtainable. In order to
minimize the source to gate capacitance [err], it is generally desired to
minimize the overlap between the source and gate electrodes. However, this
reduction results in an increase in the contact drop, [err]. 5      A
conventional thin film FET which is defined in the preamble of claim 1 is
disclosed in APPLIED PHYSICS A, SOLIDS AND SURFACES, vol. A31, no. 2, June
1983, pages 87-92, Springer-Verlag, Heidelberg, DE; K.D. MACKENZIE et al.:
"The characteristics and properties of optimised amorphous silicon field
effect transistors" Accordingly, it is an object of the present invention
to provide amorphous silicon FETs which strike a 10  critical balance
between minimum parasitic capacitance and contact voltage drop. It is also
an object of the present invention to provide FET structures which are
useful in liquid crystal display devices, particularly in gray scale level
devices. It is also an object of the present invention to reduce the
parasitic source to gate capacitance in a thin film FET device. It is yet
another object of the present invention to reduce contact voltage drops in
thin film FET devices. Lastly, but not limited hereto, it is an object of
the present invention to achieve improved performance in amorphous silicon
FETs by doping the amorphous silicon layer in conjunction with control of
overlap dimensions for the source and gate electrodes. In a preferred
embodiment of the present invention, an amorphous silicon thin film FET
comprises an 20  insulating substrate, a gate electrode disposed on this
substrate, an insulating layer disposed over the gate electrode, an
amorphous silicon layer disposed over the insulating layer and possessing a
thickness t. The FET also comprises a drain electrode disposed on the
amorphous silicon layer so as to partially overlap the gate electrode.
Additionally, a source electrode is disposed on the amorphous silicon layer
so as to define a channel region of length L in the amorphous silicon layer
and wherein the source and gate electrodes 25  overlap by a distance d. In
the present invention, the overlap distance is approximately given by
[err]=[err] (2La) wherein c is the gate capacitance per unit area, [err] is
the effective electron mobility in the amorphous silicon, and a is the
ratio between current density J in the direction from the gate electrode to
the source electrode in the region of their overlap and also the gate
voltage raised to the power n where here n is 2 (see also equation 16 below
and the discussion preceding elation 11). The present invention
particularly 30  seeks to control a. In the above formula, c is the
dielectric constant associated with the insulating layer divided by the
thickness of the insulating layer, h. It is in this way that overlap d and
a are related. In fact, they are related in a critical manner since overlap
distances much greater than those indicated above produce channel current
in saturation independent of contact overlap, and accordingly, the output
current begins to decrease rapidly. 35     The subject matter which is
regarded as the invention is particularly pointed out and distinctly
claimed in the concluding portion of the specification. The invention,
however, both as to organization and method of practice, together with
further objects and advantages thereof, may best be understood by reference
to the following description taken in connection with the accompanying
drawings In which: Figure 1 is a schematic diagram illustrating the use of
FETs in a matrix addressed liquid crystal displays; 40    Figure 2 is a
schematic diagram illustrating the presence of parasitic capacitances
(shown in phantom) in an FET device, particularly one employed in a liquid
crystal display; Figure 3 is a cross sectional side elevation view
illustrating the physical structure and dimensions of a typical thin film
FET; Figure 4 is a cross sectional side elevation view of an equivalent
device employed experimentally herein 



445    to test certain parameter relationships; Figure 5 is a cross
sectional side elevation view of an enlarged portion of Figure 3 so as to
more particularly illustrate vertical current density J; Figure 6 is a plot
of drain current versus source or drain overlap distance d; Figure 7 is a
plot of calculated and measured drain current versus drain voltage at a
gate voltage of 8 50    volts; Figure 8 is a plot of measured current
density versus voltage and temperature for the structure illustrated in
Figure 4; Figure 9 is a plot of contact current density versus contact
voltage drop for several silicon thicknesses at a temperature of [err]; 55
Figure 10 is a plot of calculated lateral current, I and vertical current
density, J for various overlap distances; Figure 11 is a plot similar to
Figure 10 except that the drain voltage herein is 2 volts instead of 10
volts; Figure 12 is a plot of calculated drain current (solid lines) versus
source contact distance overlap for 4    EP 0 211 367 B1 various channel
lengths L, with dotted curves showing a quadratic approximation to the
contact limited current for small overlap; Figure 13 is a plot of
calculated drain current versus source overlap for the same conditions as
Figure 12 except for a silicon thickness of 0.2 microns instead of a
thickness of 0.3 microns as in Figure 12; 5     Figure 14 is a plot of
calculated (solid) and measured drain current versus drain voltage
characteristics at a gate voltage of 8 volts; Figure 15 is a plot of
calculated drain current as a function of silicon thickness. The amorphous
silicon thin film field effect transistors of the present invention are
particularly useful in liquid crystal display devices. In particular, the
devices of the present invention exhibit reduced capacitive 10  effects and
contact voltage drop effects which are advantageous in these devices. A
schematic diagram of a conventional matrix addressed liquid crystal display
is illustrated in Figure 1. In particular, FETs 50 are shown connected to
(usually transparent) pixel electrodes 40. Each FET 50 is connected to one
of a plurality of gate lines 42. Likewise, each FET 50 has its drain
electrode connected to a data line 41. Accordingly, the source electrode
for each FET is typically connected to the pixel electrode. The 15
conventional arrangement is to dispose the pixel elements in the form of a
rectangular grid, a portion of which is illustrated in Figure 1.
Accordingly, Figure 1 provides a context in which the device of the present
invention is employable. As indicated above, there nonetheless exists a
problem of parasitic capacitance in FET devices. In particular, the
problems addressed in the present application are directed to the parasitic
capacitance which 20  exists between the source and the gate electrodes in
a thin film amorphous silicon FET. An electrical schematic diagram
illustrating the presence of these parasitic capacitances (shown in
phantom) is provided in Figure 2. The parasitic capacitances [err] and CSD
exist in the circuit in addition to the effective capacitance [err] which
is present as a result of disposing liquid crystal material between
conductive electrodes. 25     Amorphous silicon FET devices for use in
liquid crystal displays are well known in the art. However, the present
invention is related to FET structures which exhibit certain critical
dimensional criteria and control of doping in the amorphous silicon. The
physical dimensions involved are illustrated in Figure 3 which is a cross
sectional view of a conventional thin film FET. In particular, conductive
gate electrode 22 is typically deposited on insulative substrate 20
comprising material such as glass. A layer 24 of insulating material 30
such as silicon nitride is then deposited over the gate electrode and a
portion of the underlying substrate 20 and functions as gate insulation
material. Next, a layer of amorphous silicon 26 is deposited over
insulating layer 24. The hydrogenated silicon and silicon nitride films are
deposited by the well-known technique of plasma-enhanced chemical vapor
deposition (PECVD) at plasma frequencies of approximately 50 kHz to 13 MHz.
For example, silane (SiH4) diluted with 90% argon can  be used for silicon
depositions and a mixture 



35  of silane and ammonia and argon can be used to deposit a layer of
silicon nitride. Helium, neon or no dilution can also be used. In order to
provide N doped layer 28, siliane doped with about 1% phosphine ([err]) and
further diluted with argon can be used. The N silicon, the intrinsic
silicon and nitride thicknesses are typically 50 nanometers, 200
nanometers, and 150 nanometers, respectively. The conductivity of the N
layer can be as high as [err] S per centimeter at [err] with an activation
energy of 0.21 electron volts (eV). 40  The contact metal for drain
electrode 30 and source electrode 35 may comprise sputter-deposited
molybdenum. The N  layer is removed from the channel region by barrel
plasma etching in an atmosphere of carbon tetrafluoride,[err], combined
with 8% oxygen. However, it is noted that the present invention is not
limited to these specific processes, compositions, methods or ranges. A
proper understanding of the present invention, however, requires
consideration of specific dimen- 45 sional aspects shown in Figure 3. In
particular, spacing between source electrode 35 and drain electrode 30 is
such as to provide a channel region having a length L. This is an important
dimension in the practice of the present invention. Additionally, it is
seen that the source and the gate electrode overlap one another by a
distance d, as shown. Also, it is seen that amorphous silicon layer 26
possesses thickness t. This thickness is directly related to the parameter
sa which is described below (see equation 16). Another 50 dimension Is the
thickness h of insulating layer 24. In the sense that layer 24 comprises
dielectric material disposed between source and gate electrodes, it
possesses a certain capacitance c per unit area wherein c = [err] wherein
is is the dielectric constant associated with layer 24. In fact, for proper
operation, the present application teaches that these dimensions are
critically related. See equation 15 below. In the present invention, c is
approximately 4 x 10-8 farads/[err]. 55     As indicated above, one of the
significant parameters in the geometric configuration of the present
invention is the overlap distance d between the source and the gate. This
overlap has a definite effect on the drain current. This fact is indicated
in Figure 6. The lower curve in Figure 6 is the measured drain current at
VG = 8 volts and VD = 10 volts as a function of the source overlap distance
d, for an FET with a    EP 0 211 367 B1 gate electrode width W of 100
microns and a channel length L of 7 microns. The drain electrode has .a
larger overlap which is greater than 2 microns. Also shown in Figure 6 is
the drain current with the driving voltage reversed so that the side of the
device with the small overlap becomes the drain. Since in saturation, the
channel field collapse is near the drain electrode, overlap near the drain
can actually be 5  negative before the drain current is reduced. In Figure
6, the filled-in dots represent experimental data obtained for source
overlap and the x's represent data obtained for drain overlap. The data in
Figure 6 was obtained using a device similar to that shown in Figure 3.
Figure 7 shows the drain current versus drain voltage characteristic for
several devices. The solid curves shown in Figure 7 are for model
calculations described below. The circles represent experimental 10 data
measurements. The non-ideal characteristic at low drain voltages, which is
nearly parabolic, results in a non-exponential charging characteristic for
the LCD pixel capacitor [err]. For matrix addressed displays with gray
scale, the voltage on the pixel capacitor must be set within a few tenths
of a volt out of a total applied voltage of 5 volts (typical). Because of
the non-ideal drain characteristic, the charging time to within the
required 5% or less of the applied voltage can be larger than the allowed
dwell time of about [err] second 15  in typical displays. While the failure
to completely settle can be compensated by a voltage offset, variations in
the contact drop behavior across the display are still a problem. Hence, it
is desirable to understand and minimize this contact drop behavior. Both
the reduction in ON current with decreasing overlap and this contact drop
are clearly related phenomena. Voltage drop at the source contact both
decreases the effective internal gate to source voltage and the internal
drain to source voltage. 20    In an attempt to understand and minimize
this voltage drop behavior the current voltage characteristics of the metal
N  contact, the [err]/intrinsic silicon structure, and the influence of
silicon layer thickness and doping on the voltage drop and ON currents have
been investigated. The structure employed for this investigation is
illustrated in Figure 4. In this experimental configuration,
molybdenummcontacts were employed on opposite sides of a 500 nanometer
thick layer of nearly intrinsic silicon (i-Si). The intrinsic 25  silicon
also included a 50 nanometer thick layer of N  doped silicon on either side
thereof in contact with 



the molybdenum electrode. The contact structure can be modeled as an n-i-n
structure. Current through this structure can be limited by contact
resistance at the molybdenum/N  interface or by space-charge-limited
current flow through the intrinsic layer. The conductivity of the N layer
which is 7 x [err] S/cm is too high to be a limitation. 30     The
current-voltage characteristics of the Mo/N /Mo structures are nearly
linear and well fit by the relation: [err] = bV where b = 1.9 x [err] [err]
exp (-0.33 eV/kT). Here, T is temperature and k is Boltzmann's constant
This characteristic cannot be explained by the N  material which has a
factor of 100 higher conductivity, namely 7 x 10-3 S/cm, and a lower
activation energy of 0.21. electron volts. Hence, this is an inherent
limitation of the Mo/N  contact. Mo/N '/Mo structures fabricated using
different deposition 35  conditions for the N  layer exhibit slightly
different characteristics. These different fabrication conditions include
the radio frequency power or argon dilution. Figure 8 shows the measured
current voltage characteristic at several temperatures. This data has been
corrected for the voltage drop at the Mo/N  interface. The points shown are
experimental data and the solid lines are a fit to the data. Only one
polarity is shown in Figure 8, but the curves for the opposite polarity 40
case are symmetric. The behavior up to about 3 volts can be understood as
space-charge-limited current flow in the intrinsic layer. Modeling and
experimental data on space-charge-limited flow in amorphous, silicon (a-Si)
structures has been discussed in the art. See W. Den Boer, J. Phys. Paris,
Volume 42,[err], Page 451 (1981) and KD Mackenzie, PG Le Comber, and WE
Spear, Phil. Mag., Volume B46, pp. 377-389 (1982). At very low voltages the
current is ohmic and the magnitude and temperature dependence 45 correspond
to the bulk conductivity of the intrinsic layer with ao = 308 mho/cm and an
activation energy of. 0.58 electron volts. This indicates that the
intrinsic layer is not depleted at small applied fields. This is consistent
with the trap density of 5 x [err] [err] determined from the magnituring of
the space-charge- limited current at higher applied voltages. This trap
density implies a screening 'length of 115 nm or less than 25% of the film
thickness. At higher voltages, the dependence becomes  quadratic in V.
which is so  characteristic of simple constant trap density
space-charge-limited flow, with still higher powers of V at larger
voltages, as the quasi-Fermi level enters the non-uniform trap density
region. The trap density can be determined from the space-charge-limited
currents. For the data of Figure 8, it is 5 x [err]  near the equilibrium
Fermi level. Fitting this data to a polynomial results in the following
equation: 55  [err] where the coefficients a are all of the form [err] =
[err]exp([err]) with, experimental prefactors [err] of 308, 7.7 x [err],
and 3.4 x [err] and activation energies [err] of 0.58. 0.54, and 0.4
electron volts, respectively. The    EP 0 211 367 B1 values of a, [err] and
[err]. assume units of volts, cm, and amperes/[err] for [err] and [err]
respectively. In the above, T is the temperature measured in degrees Kelvin
and k is Boltzmann's constant. The form of equation 1 assumes the scaling
law for space-charge-limited current [err] =[err] so it can be applied to
other thicknesses of intrinsic silicon, t, assuming the same material
properties. Figure 9 shows the current 4  density-voltage characteristics
of [err] contacts as determined from separately measured characteris- tics
of [err]  and [err] structures. The [err]  curves are determined from [err]
as above, and are due only to drops from the Mo/N interface (that is with
zero thickness of intrinsic silicon. Using the standard gradual channel
approximation for the FET characteristic and the approximation that the
channel conductance is proportional to the local field, the effect of the
contact voltage drop on FET 10  characteristics can be modeled. If the FET
is in saturation, the channel current is given by: [err] where [err]Is the
voltage drop between the channel at the edge of the source contact and the
metal of the 15 source contact and VT is the threshold voltage. In
materials employed in the present invention, [err] the electron mobility is
typically between about 0.5 and 0.8[err]. In saturation, contact voltage
drop is important only at the lowest voltage contact (source) because of
the very high electric fields near the drain electrode. The contact voltage
drop at the source contact [err] is determined by: 20  [err]  (3) where dc
is an effective contact overlap distance and Jc is the current density at
the edge of the contact 



nearest the channel. For very small contact overlap distances, [err] = d.
For larger contact overlap, the current distribution under the contact must
be calculated and an effective [err] determined from the contact 25 current
distribution. [err] is in general not constant for a given FET structure,
but depends upon gate and drain bias. However, it is approximately constant
and is a useful quantity because it provides physical insight Three methods
of determining [err] and the dependence of drain current on actual overlap
[err] are considered. First the distance scale of the current fall-off
under the contact can be estimated from the following: 30 [err]  (4) where
x is the distance along the channel and under the contact and all
quantities are evaluated at the edge of the contact nearest the channel.
See Figure 5. V is the voltage along the channel both under the contact 35
and in the FET channel. J is the current density across the contact. The
formulation is an approximation assuming that the thickness of the silicon
is thin compared to the lateral distance scale. The factor of 2 defines
[err] so that the total contact current is approximately [err], where[err]
is the current density at the edge of the contact. If the FET is in
saturation, the channel current is obtained from equation 2 and the current
at the edge of the source contact is given by the following: 4o [err]  (5)
For all simulations, c = 3.8 x [err] farads/[err], [err]= 0.26[err]  and VT
= 2V. Equating these two equal currents yields the derivative of V and
therefore the estimate for the maximum effective contact 45  distance,
namely: [err]  (6) where n is the power law slope of the contact current
density at V = [err]. In this regard, see Figure 9. The 50 second term is
of the order unity and for typical values of the other parameters, [err] is
approximately 2 microns. This estimate is in reasonable agreement with
Figure 6 when maximum drain current is reached for an overlap distance of
approximately 1 micron.. Hence, contact overlap distances greater than 1 to
2 microns have little effect on the contact voltage drop or the drain
current. The conclusion is verified by more exact modeling presented below.
55     A more exact method is to calculate the current distribution under
the contact for finite contact overlap. The channel current ID is given by
the standard equations: 7    EP 0 211 367 B1 5 [err] [err] In the
approximation that the silicon film is thin compared to the lateral
dimensions, the following equation holds: 20 [err]  (8) where J is taken
from Figure 9. The lateral current 1(x) flowing in the channel under the
contact is related to the voltage V(x) under the contact by the following:
26 [err]  (9) where, G(V) = [err]. This form for the sheet conductance G of
the FET channel is an approximation which is satisfactory in strong
accumulation, but may not be adequate near threshold. It is the form of the
30 conductance that leads to equation 7. These three equations can be
combined Into a pair of first and second order equations: 35
[err] [err] [err]                           (10a) 



where 40 [err] and 45 [err] [err] 50 These can be solved for V(x), 1(x),
and J(x) using forward iteration and a second order Taylor series for V(x).
The starting boundary condition, V(x) = Vsc, is the contact voltage drop.
This is varied to achieve I(d) =0. where d is the contact overlap distance.
This approximation assumes the contact current abruptly terminates at the
edge of the gate boundary. This approximation is in the same spirit as the
separation of the vertical, J. and lateral, 1. currents, (see Figure 5) and
is valid if the silicon thickness is small compared to 55  the contact
overlap. Figure 10 shows the contact current density. J (dashed curves) and
lateral current. I (solid curves) for contact overlap distances of 0.5, 1,
2, 3.8, 8, and 20 microns. The vertical axis scale applies only to the
lateral current 1. The scale for the current density J is in arbitrary
units. The silicon thickness is 300 nanometers and the temperature is 20 C.
In the present invention the amorphous silicon 8    EP 0 211 367 B1 layer
is preferably less than 300 nm in thickness and even more preferably, about
150 nm thick. Other parameters are indicated in Figure 10. The drain
current without any contact drop is 2.5 micro-amperes. For overlap less
than 1 micron, the contact current density is almost independent of x, but
increases as d decreases. This fact is the basis of a useful approximation
discussed below. Note that the drain current is 5  almost independent of
the overlap for overlap distances greater than 1 micron. This is in spite
of the fact that as the contact overlap increases, there is significant
current flow under the contact at large distances from the source edge. The
reason for this is traceable to the high degree of nonlinearity in the
contact current. Figure 11 shows a similar calculation for a reduced drain
voltage of 2 volts. Even though the device is out of saturation, the basic
shape of the curves is similar. Figure 12 shows the channel current ID
versus 10  the contact overlap d for the same conditions as in Figure 10.
Figure 13 shows similar calculations for 0.2 micron silicon thickness and
includes the data from Figure 6. The channel length for the devices of
Figure 6 is 7 microns. There is reasonable agreement considering the
difficulty in estimating such small overlaps optically. For d < 0, the
model predicts no drain current, however, fringing fields do permit some
current flow even for negative overlaps. The simple one-dimensional model
cannot treat these effects. However, the is  model does quite accurately
predict the 1 micron characteristic overlap distance seen experimentally.
Figures 12 and 13 show that contact voltage drop is a very significant
problem for shorter channel FETs. For L = 0.5 microns the ON current is 15%
of the maximum possible value without contact voltage drop for a silicon
thickness of 0.3 microns. The exact reduction in ON current depends on the
silicon thickness and silicon quality (trap density) but the effect of
contact voltage drop is always more severe for 20  shorter channel lengths.
As mentioned previously in regard to Figures 10 and 11, the intensity of
the drain current for contact overlaps greater than 1 micron does not mean
there is insignificant contact current flow at distances greater than 1
micron for larger contact overlaps. This paradoxical result is due to the
strong dependence of contact current on voltage. 25     Based on the
observation that for small overlap the contact current density is nearly
uniform between x = 0 and x = d, a closed-form expression for the channel
current at small overlap can be obtained. In this approximation, J =
J(V(0)) and [err = J(V(O))Wd. These two equations and equation 2 are solved
for V(O) = [err] and ID for certain approximations to J. If J =[err], where
n = 2 or 4, then 30  [err]  (11) where: [err]  (12) 35 



or [err]   (13) 40  and [err]   (14) In equation 14, a can be estimated
from Figure 9 depending upon the contact current density. The dotted 46
curves in Figure 12 are this approximation with n = 2 and a = 0.2 A [err].
This approximation is good enough to be useful. It fails for small overlap
because J is better fit by n = 3 in this region. This approximation can be
used to estimate the slope of [err] versus overlap, d. Using this slope
from equations 11 and 3 with n = 2, a critical contact overlap [err] is
defined, where IDO is the drain current for zero contact voltage drop. A
significant 50  conclusion is the fact that [err], is related to FET
geometry by the following approximation: [err] [err] 55 For overlap
distances much larger than [err] the channel current in saturation becomes
independent of contact overlap. This approximation shows the significant
dependencies of the minimum contact overlap 9    EP 0 211 367 B1 distance
on the device and material parameters. When applying this formula, it
should be verified that the region of operation remains within the region
where J can be approximated as a quadratic function. While the discussion
above indicates a method for determining a experimentally, it can also be
shown that or is related to the thickness and trap density of the undoped
or lightly doped silicon layer in the 5  following way: [err]
(16) 10 where [err] is the equivalent density of conduction band states and
[err] is the density of mid gap states. [err] is the relative dielectric
constant which for silicon is approximately 12.8.[err] is the dielectric
constant of free space. The difference [err]- [err] is the distance of
quasi-Fermi levels from the conduction band edge. To a 15 good
approximation, [err] = [err] where[err] is the Fermi level. As above, [err]
is the electron mobility in amorphous silicon. For amorphous silicon and
most semiconductors, N. is approximately [err]. For good amorphous silicon,
[err] is typically between approximately] [err] and [err] [err]. In
general, it is seen that a is a material dependent property. a is between
about 0.1 and 1 A [err]  for undoped amorphous silicon and substantially
larger for lightly doped amorphous silicon.   can also be increased by 20
reducing the density of mid gap states N. In the present invention the
doping increases the value of a by a factor of about 50 so that a is
between about 5 and 50 A [err]. The specific invention described herein
relates to light doping of the silicon layer with a n-type dopant such as P
or Sb. This is accomplished by mixing n-dopant containing gases such as
[err], with the [err] used to deposit the amorphous silicon, or by ion
implantation of the n-type dopant atoms into the silicon. In 25 the latter
case, masking is used to limit the dopants to the contact areas thereby
eliminating the slightly deleterious effects of the dopants on the channel
region of the FET. Doping the amorphous silicon substantially increases
alpha (see equation 16) and therefore dramatically reduces the critical
contact overlap distance [err] (see equation 15). This permits a
substantial reduction in contact overlap distance d and thereby a reduction
in the source to gate capacitance. Phosphorous doping is used, for example,
to 30  achieve a room temperature conductivity of about 2 x [err] in the
amorphous silicon. Note though that a is inversely proportional to [err] so
that better amorphous silicon material with a lower density of states in
the gap has a smaller a and therefore a smaller [err]. Also note that the
as material is doped with phosphorous or other N-type dopant, the
difference [err]- [err] is reduced. For a 0.1 electron volt change in [err]
- [err], a increases 47 times at room temperature. The heavy solid curves
in Figures 7 and 14 35  are simulations of the drain current versus drain
voltage using the exact model (equation 10). Essentially equivalent results
are obtained by calculating the drain current versus overlap using the
exact model at one 



bias (for example, see Figure 12) and by using this current to choose an
effective overlap, [err], which fits the approximate model (equations 3 and
7). In Figure 7, note the significant effect of the intrinsic silicon layer
thickness on the maximum ON current and also the contact voltage drop
behavior at low drain voltages. The 40 theoretical device with a zero
intrinsic silicon thickness assumes only the voltage drop due to the Mo/N
interface. The ideal contact curve assumes no voltage drop at the contacts.
Figures 7 and 14 also show some experimental data for FETs with different
intrinsic silicon thickness and dopings. All devices have L = 7 microns and
W = 200 microns. Curves (a) and (d) are for 300 nm thick intrinsic silicon,
(b) for 200 nm thick intrinsic silicon and (c) for 200 nm lightly
phosphorous-doped silicon with a room temperature 45  conductivity of 2 x
[err]. The contact overlap for these devices is between 1 and 1.5 microns
except for curve (d) where it is 5 microns. Curve (d) is the same device
structure as curve (a) except the contact overlap is 5 microns. Note the
small increase in ON current for this factor of 5 increase in contact
overlap. The device with a lightly N-doped active silicon layer, curve (c),
behaves like a device which is limited by the Mo/N contact and not
space-charge-limited conduction. This can be understood from the theory of
so  space-charge-limited currents as due to a change in the ratio of free
to trapped electrons since in the[err] region, the space-charge-limited
current should be proportional to exp[-([err](see equation 16). The
substantial increase in current and reduction in contact voltage drop
behavior at low drain voltages verifies the expected decrease in a as the
silicon layer is lightly n-type doped. Of course, the light doping of the
channel tends to increase the OFF currents. However, with the small amount
of introduced dopant in the 55 above experiment. OFF currents at [err] = -5
volts of less than [err] amperes have been obtained. The theory and data in
Figure 7 indicates that a considerable penalty in device performance occurs
for intrinsic silicon layers thicker than 300 nanometers. Figure 15
summarizes this conclusion. It shows exact model calculations based
equation 10 and the contact voltage drop data shown in Figure [err] of the
drain 10    EP 0 211 367 B1 current at [err] = 8V and VD = 10V versus
silicon thickness for two source-gate overlaps. Note the rather small
effect of 1 micron versus 5 micron overlap. Below 1 micron, the drain
current decreases rapidly. These results are dependant on the quality
(mid-gap trap density) and Fermi level of the silicon layer in the channel.
Reducing the mid-gap trap density decreases the contact voltage drop.
Changes in the Fermi level 5  of the intrinsic silicon layer have an even
more dramatic effect. Hence, the critical thickness for device performance
degradation depends upon various treatment processes. Whether light N-type
doping is useful depends critically on the OFF current requirements for the
particular application. In sum then, it is seen that there is a critical
relationship between channel length L, source gate overlap d, silicon
thickness t and a. In particular, it is seen that efforts at decreasing the
source, gate overlap to 10  decrease the parasitic capacitance [err] is
critically limited by the fact that doing so introduces a voltage drop at
the contacts. However, in accordance with the practice of the present
invention, maximum silicon thickness and minimum overlap distances are
provided in the geometry of the device together with [err] doping to
control a in order to reduce this problem to an acceptable value. It is
also noted that reducing the silicon thickness to a small value can reduce
the contact voltage drop. However, this has undesirable effects 15  on the
processing of the devices and on the threshold voltage control. Hence, a
silicon thickness as large as possible is usually desirable. Claims 20 1.
An amorphous silicon thin film field effect transistor, particularly for
use in liquid crystal display devices, said field effect transistor
comprising: an insulating substrate (20); a gate electrode (22) disposed on
said insulating substrate; an insulating layer (24) disposed over said gate
electrode; 25         an amorphous silicon layer (26) disposed over said
Insulating layer, said amorphous silicon layer possessing a thickness t; a
drain electrode (30) disposed on said amorphous silicon. layer so as to
partially overlie said gate electrode; 



a source electrode disposed (35) on said amorphous silicon layer so as to
define a channel region 30     of length L in said amorphous silicon layer,
said channel region extending in said amorphous silicon layer between said
source electrode and said drain electrode, said source electrode overlying
said gate electrode by a distance d; characterized in that said distance d
being given approximately by [err], where c is the gate capacitance per
unit area,[err] is the effective electron mobility in the amorphous silicon
layer and a is between about 5 A 35     [err] and 50 A [err]. 2. The
transistor of claim 1 In which said thickness t is less than approximately
300 nm. 3  The transistor of claim 1 In which said thickness t is
approximately 150 nm. 40 4. The transistor of claim 1 in which [err] is
between between approximately 0.5 [err] and 0.8 [err]. 5. The transistor of
claim 1 in which c is approximately 4 x [err] farads/[err].. 45 6. The
transistor of claim 1 in which said overlap distance d is less than
approximately 1 micron. 7. The transistor of claim 1 in which said
amorphous silicon layer is phosphorous doped to achieve a room temperature
conductivity of approximately 2 x 10-5 S/cm. Revendications 50 1. Un
transistor A effet de champ a couches minces en silicium amorphe,
sp6cialement pr6vu pour l'utilisation dans des dispositifs de visualisation
i cristaux liquides, ce transistor a effet de champ 65     comprenant: un
substrat isolant (20); une electrode de grille (22) placee sur la substrat
isolant; une couche isolante (24) placee sur l'Mlectrode de grille;    *
C   L   M   S    * current at [err] = 8V and VD = 10V versus silicon
thickness for two source-gate overlaps. Note the rather small effect of 1
micron versus 5 micron overlap. Below 1 micron, the drain current decreases
rapidly. These results are dependent on the quality (mid-gap trap density)
and Fermi level of the silicon layer in the channel. Reducing the mid-gap
trap density decreases the contact voltage drop. Changes in the Fermi level
5  of the intrinsic silicon layer have an even more dramatic effect. Hence,
the critical thickness for device performance degradation depends upon
various treatment processes. Whether light N-type doping is useful depends
critically on the OFF current requirements for the particular application.
In sum then, it is seen that there is a critical relationship between
channel length L. source gate overlap d, silicon thickness t and a. In
particular, it is seen that efforts at decreasing the source, gate overlap
to 10  decrease the parasitic capacitance [err] is critically limited by
the fact that doing so introduces a voltage drop at the contacts. However,
in accordance with the practice of the present invention, maximum silicon
thickness and minimum overlap distances are provided in the geometry of the
device together with [err] doping to control a in order to reduce this
problem to an acceptable value. It is also noted that reducing the silicon
thickness to a small value can reduce the contact voltage drop. However,
this has undesirable effects 15 on the processing of the devices and on the
threshold voltage control. Hence, a silicon thickness as large as possible
is usually desirable. Claims 20 1. An amorphous silicon thin film field
effect transistor, particularly for use in liquid crystal display devices,
said field effect transistor comprising: an insulating substrate (20); a
gate electrode (22) disposed on said insulating substrate; an insulating
layer (24) disposed over said gate electrode; 25         an amorphous
silicon layer (26) disposed over said insulating layer, said amorphous
silicon layer possessing a thickness t; 



a drain electrode (30) disposed on said amorphous silicon layer so as to
partially overlie said gate electrode; a source electrode disposed (35) on
said amorphous silicon layer so as to define a channel region 30      of
length L in said amorphous silicon layer, said channel region extending in
said amorphous silicon layer between said source electrode and said drain
electrode, said source electrode overlying said gate electrode by a
distance d; characterized in that said distance d being given approximately
by [err], where c is the gate capacitance per unit area, [err] is the
effective electron mobility in the amorphous silicon layer and a is between
about 5 A 35     [err] and [err]. 2. The transistor of claim 1 in which
said thickness t is less than approximately 300 nm. 3. The transistor of
claim 1 in which said thickness t is approximately 150 nm. 40 4. The
transistor of claim 1 in which [err] is between between approximately 0.5
[err] and 0.8 [err]. 5. The transistor of claim 1 in which c is
approximately 4 x [err] farads/[err]. 45 6. The transistor of claim 1 in
which said overlap distance d is less than approximately 1 micron. 7. The
transistor of claim 1 in which said amorphous silicon layer is phosphorous
doped to achieve a room temperature conductivity of approximately 2 x 10-5
S/cm. 50 Revendications 1. Un transistor A effet de champ a couches minces
en silicium amorphe, specialement prevu pour l'utilisation dans des
dispositifs de visualisation a cristaux liquides, ce transistor a effet de
champ 55      comprenant: un substrat isolant (20); une electrode de grille
(22) plac~e sur le substrat isolant; une couche isolante (24) placee sur
l'6lectrode de grille;    EP 0 211 367 B1 une couche de silicium amorphe
(26) plac~e sur la couche isolante, cette couche de silicdum amorphe ayant
une epaisseur t; une electrode de drain (30) placde sur la couche de
silicium amorphe de fagon a recouvrir partiellement l'electrode de grille;
s         une electrode de source (35) placee sur la couche de silicium
amorphe, de fagon A d6finir une r~gion de canal de longueur L dans la
couche de silicium. arnorphe, cette region de canal setendant dans la
couche de silicium amorphe entre l'electrode deo source et I'leectrode de
drain, et ctefts electrode de source recouvrant I'6lectrode de grille sur
une distance d; caracteris6 en ce que la distance d est donnee
approximativement par cue/(2L44 on designant par c la capacite de grille tO
par unite d'aire, par ,e la mobilit6 effective des electrons dans la couche
de silicium amorphe, et par a un parametre compris entre environ 5 A cm-2
V-2 et et 50 A cm2 V-. 2. Le transistor de la revendication 1, dans lequel
l'4paisseur t est inferieure a environ 300 nm. I5  3  Le transistor de la
revendication 1, dans lequel l'paisseur t est approximativement egale a 150
nm. 4. Le transistor de la revendication 1, dans lequel it, eat comprise
entre environ 0,5 cm2 V--' s-' et 0,8 cm2 V-1 s-'. 20  5. Le transistor de
la revendication 1, dans lequel c est approximativement egale a 4 x 10-8
F/cm2. 6. * Le transistor de la revendication 1, dans lequel la distance de
recouvrement d est inf6rieure a environl 1 micrometre. 25  7. Le transistor
de la revendication 1, dans loquel la couche de siiiclurn amorphe est dop66
avec du phosphore de fagon a avoir une conductivite a la temperature
amblante d'environ 2 x 1 07 S/cm.: PatentansprUche 3o  1. Aus amorphen
Silicium hergesteller DUnnfilm-Felddefekttransistor, insbesondere zur
Verwohdung in 



FRissigkristall-Anzeigevorrichtungen. enthaltend: ein isolierendes Substrat
(20); .0ine Gate-Elektrode (22), die auf dem isolierenden Substrat (20)
angeordnet ist, elne lsolierschicht (24). die Ober der Gate-Elektrode (22)
angeordnet ist; 35     eine amorphe Siliciumschicht (26), die tiber der
lsolierschicht (24) angeordnet ist und eine Dicke t besitzt; eine
Drain-Elektrode (30), die auf der amorphen Sllciunmschicht (26) so
angeordnet ist, daf3 sie der Gate-Elektrode (22) teilweise aberlagert ist,
eine Source-Elektrode (35), die auf der amorphen Siliciumschicht (26) so
angeordnet ist, daB sle ein 40     Kanalgebiet der Lange L in der amorphen
Siliciumschicht featlogt, wobei sich das Kanalgebiet in der amorphen
Siliciumschicht zwischen der Source-Elektrode .(35).und der Drain-Elektrode
(30) erstreckt und wobei die Source-Elektrode der Gate-Elektrode um eine.
Strecke d Uberlagert ist; dadurch gekennzeichnet, daB die Strecke d
ungefahr durch c4L,(2La) gegeben. st, wobei c die Gate-KapazitLt pro Fl
cheneinheit, 45     Ue die effektive Elektronenbeweglichkoit in der
amorphen Siliciumschicht Ist und a zwischen etwa 5 A cm-2V-2 und 50 A
cm2V-2 betragt. 2. Transistor nach Anspruch 1, wobel die Dicke t klelner
als etwa 300 nm ist. so  3. Transistor nach Anspruch 1, wobei die Dicke t
ungeShr 150 nm betrigt. 4. Transistor nach Anspruch 1, wobel LLe zwischen
etWa 0,5 cm2V1S' und 0,8 cm2VWIcm-' betragt. 5. Transistor nach Anspruch 1,
wobei c etwa 4 x 108 Farad/cm2 betragt 55 6. Transistor nach Anspruch 1,
wobei die Oberlappungsetrecke d kleiner als etwa um 1st. 7. Transistor nach
Anspruch 1. wobel die amorphe Siliciumschicht phosphordotiert ist, um bel
Raumtem- 12    EP 0 211 367 B1 peratur eine Leitfdhigkeit von etwa 2 x
[err] zu erzielen. 5 10 15 20 25 30 35 40 45 50    


