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Abstract — In just the last decade, the flat-panel-display industry has expanded into a multi-billion-
dollar market, fed primarily by color active-matrix liquid-crystal displays (AMLCDs). These displays
use hydrogenated amorphous-silicon (a-Si:H) and polysilicon (poly-Si) thin-film transistors (TFTs) as
the switching elements. Consequently, for display design, more sophisticated and accurate TFT mod-
els for circuit simulators are becoming essential. In this paper, we review the requirements of a-Si:H
and poly-Si TFT technologies for use in AMLCDs and discuss two-dimensional device-simulation
results, which allow us to examine phenomena caused by the high density of localized states in a-Si:H
and poly-Si. With this understanding of both the material physics and the requirements for TFTs in
AMLCD technology, we can develop suitable device models for circuit simulation and device design
and characterization. Our physics-based analytical TFT models for both a-Si:H and poly-Si TFTs will
be described. These models have been implemented in SPICE and accurately describe both the sub-

threshold and above threshold regimes.
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1 Introduction: TFT requirements for
AMLCDs

The most important application of hydrogenated amorphous-
silicon (a-Si:H) and polysilicon (poly-Si) thin-film transistors
(TFTs) is in active-matrix liquid-crystal displays (AMLCDs). Just
a decade ago, cathode-ray tubes completely dominated the
display market, but the development of notebook PCs and
high-definition Tvs has created a demand for large-area flat-
panel displays. In 1990, the market for LCDs worldwide
reached $1.5 billion and is expected to grow to $10-15 billion
by 1998. Accurate device models that reflect the critical
parameters for AMLCD technology are necessary for circuit
designers. In this paper, we will first review the requirements
for TFTs in AMLCD technology in order to target the most
important requirements for TFT modeling. In Sections 2 and
3, we discuss the physics and modeling of poly-Si and a-Si:H
TFTs and present our TFT models for circuit simulation.

We will start from the discussion of the TFT parame-
ters that are important for their applications in AMLCDs. The
limitations in display performance may be caused by both
the TFT characteristics and the resistance and capacitance of
the metal gate lines. We will first examine the limitations
caused by the TFTs, and then discuss those caused by the
metal gate lines.

1.1 TFT performance limitations

A liquid crystal sandwiched between the pixel electrodes
and the common bottom indium tin oxide (ITO) contact has

a very large resistivity (on the order of 102 Q-cm), and each
liquid-crystal cell can be represented by an equivalent non-
linear capacitance. The relative transmittance of the liquid-
crystal cell varies with applied bias from nearly zero to a
maximum, as shown in Fig. 1. Typically, Voo = 2 V and Vy,
=~ 3.5 V.! Hence, the cell switches from minimum to a maxi-
mum over a range of approximately 1.5-2 V.

Consider the operation of an AMLCD with N, col-
umns and N,,, rows. In such a display, the pulse signal
which turns the TFTs on is applied to all TFT gates in one row,
then it is shifted to the next row, and so on. The gate pulse
width, T¢, equals Tfme/Nrow, Where T, is the frame pe-
riod. Typically, Tf4me = 1/60 s = 16.7 ms. For Ny, = 480,
Tc = 35 ps. During each gate pulse, the video signal is ap-
plied to all the column electrodes. [Since liquid-crystal cells
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FIGURE 1 — Qualitative dependence of transmittance of a liquid-crystal
cell on bias voltage.

Revised version of an invited paper presented at the 14th International Display Research Conference.
M. S. Shur, M. D. Jacunski, and H. C. Siade are with the University of Virginia, Dept. of Electrical Engineering, Charlottesville, VA 22903;

telephone 804/982-2377, fax 804/924-8818, e-mail: jacunski@virginia.edu.
M. Hack is with Xerox PARC, 3333 Coyote Hill Rd., Palo Alto, CA 94304.
© Copyright 1995 Society for Information Display 1071-0922/95/0304-0223$1.00

Journal of the SID, 3/4, 1995 223



Vp
clk-
=T~ Goixel =Cic +Cstorage

FIGURE 2 — Pixel driver circuit.

rapidly deteriorate at a dc bias and since the transmittance
of the cells depends only on the voltage (electric field) mag-
nitude and not on its polarity, the video signal polarity
changes every frame cycle.] The video signal applied to a
given column charges the liquid-crystal capacitance at the
intersection of this column and the selected row of pixels.
During this charging period, the TFT operates in the linear
regime so that V,, — V, > Vy,, where V,, is the gate-to-source
voltage, V, is the threshold voltage, and V; is the drain-to-
source voltage. The on-current should be high enough to
charge the pixel capacitance, Cpy,; (Which often includes an
additional storage capacitance parallel to the pixel capaci-
tance for better charge retention). Figure 2 shows the
equivalent circuit for a pixel driver. Figure 3 shows the volt-
age waveforms obtained from a SPICE simulation with a
feedthrough capacitance, C,, of 0.2 pF and a pixel capaci-
tance of 1 pF.

The on-current required to charge the pixel capaci-
tance has to fulfill the following requirement:

chixel Von 6Cpixel VonN row
on 2 = , (1)
TG Tframe

where V,, is the gate voltage swing of the TFT in the on-
state. The factor of 6 in Eq. (1) follows from the require-
ment that the pixel be fully charged and was estimated from
SPICE simulations (see Fig. 3). The maximum loss in the
pixel charge, AQ, tolerable while still preserving the gray
scale is given by
C i AV,
pixel =Y on @)

NgrayM

AQ =

This charge must be retained through Tfym.. In Eq. (2),
AV, is the voltage switching the liquid crystal from the
transparent to the opaque state, Ny, is the number of gray
levels, and M is a safety margin coefficient (M = 3). Hence,
the off-current should be less than

CLixelAVon

< pixe (3)
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and the on-to-off ratio should be greater than
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FIGURE 3 — Simulated voltage and drain-current waveforms for an
a-Si:H TFT pixel driver. The feedthrough capacitance is 0.2 pF, the pixel
capezacitance is 1 pF, W/L is 35 um/7 pm, Vi, =2V, and K, = 2.3 X 1078
ANV-.
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For AV, = 1V, V,, = 5V, Ny, = 16, and Ny, = 480, we
should have I,,/I,52 7 x 10°. This estimate is in good agree-
ment with the estimate of the on-to-off resistance ratio
required for diodes used to drive LCDs.>

Generally speaking, a-Si:H TFTs meet this require-
ment at room temperature where an on-to-off ratio of 107
can be achieved even for zero gate voltage in the off-state.
However, the off-current is temperature activated with an
activation energy of the order of 0.7 V.2 Hence, the on-to-
off ratio decreases with temperature, T, roughly as
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FIGURE 4 — Relative on-to-off current ratio as a function of temperature
for an activation energy of 0.7 eV. Relative current ratio is defined as
the current ratio at a temperature T divided by the room-temperature
current ratio, which is ~107.
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where kg is Boltzmann’s constant. Figure 4 shows the
decrease in the relative on-to-off current ratio as a function
of temperature assuming an activation energy of 0.7 eV. The
relative current ratio is defined as the current ratio at a tem-
perature T divided by the current ratio at room temperature
(T,). Because the room temperature ratio is ~10', and a
minimum ratio of 10° is required, this figure indicates that
a 480-row a-Si:H AMLCD could work reliably up to possibly
60°C. However, it may be very difficult to design such dis-
plays operating in a military range of temperatures (up to
125°C).

Another important limitation on the TFT follows from
the voltage division between the TFT feedthrough gate-to-
source capacitance, C,,, and the pixel capacitance in the on-
state (which includes the storage capacitance) (see Fig. 2).
When the gate bias is on (V; = Vgpg4), the pixel capacitance
stores charge C,;;qVp and the feedthrough capacitance
stores charge C,,(Vp — Vgpign). When the gate bias is brought
to zero, these two charges combine, the resulting charge is
shared between the two capacitances, and the pixel poten-
tial drops, as can be seen from Fig. 3 (see also Ref. 1, p. 104).
To a first approximation

_ CP (VD - Vghigh )+ Cpixel VD
p =
Cpixel +Cp

—vp|1- Cp Vghigh .
Cpixel +CP VD

The SPICE simulation of the pixel driver circuit shown in
Fig. 2 for a typical a-Si:H TFT with a total pixel capacitance
of 1 pF with and without the parasitic capacitance of 0.2 pF
illustrates this effect.

It is very important, therefore, that C, not be too large
a fraction of the pixel capacitance. More importantly, C,,
must not vary too much from one pixel to another. Uniform-

ity of C,, is particularly important as the number of shades
of gray increases and leads directly to a limitation on the TFT
width, W, since C,, is proportional to W. If W is scaled down
in order to keep C, and AC,, small, then the gate length must
be scaled down accordingly to keep the on-current high
enough.

The transistor characteristics used in the pixel simula-
tion shown in Fig. 3 (W = 35 um, Lg = 7 um, d; = 0.3 um,
V, = 2V) are similar to those used in a 14.3-in. color display.3
Since the gate pulse width used in this display is only 14.5
us, the W/L ratio of 5 is probably close to the minimum
possible value for this display. On the other hand, 7-pm-long
a-Si:H TFTs may already exhibit short-channel effects, the
most unpleasant of which is an increase in the leakage
current.

Still another important problem is TFT stability* which
is especially a concern for a-Si:H TFTs. A prolonged applica-
tion of gate-to-drain dc bias causes a shift of the threshold
voltage as well as large changes in the subthreshold and
leakage currents>®. Similar effects occur as a result of tem-
perature increases to 160°C.3 These effects are alleviated in
the pixel driver circuits since, as mentioned above, the volt-
age polarities alternate each frame. Therefore, dc bias is
never continually present at one side of the channel. This
approach prevents the deterioration of the liquid crystal;
nevertheless, the TFT stability is a concern, espeéially at
elevated temperatures.

1.2 Metal-row-line performance limitations

Let us now examine the performance limitations presented
by the metal gate (row) lines. When the voltage on the gate
line changes, two issues must be considered: (i) the time
delay imposed by the TFT gate capacitance alone, and (ii)
the time delay associated with the metal-gate-line capaci-
tance.

During a voltage transient, the TFT gate-capacitance
charging time is on the order of the channel transit time, T},
Since the effective electron velocity v = WrgTVay/Ligate then

2
Lgate Lgate
Ttr = = > ( 7)
V. HrET Vs

which is 0.2 ps for ppgr = 1 cm*V-s, Vg = 5V, and Lggote =
10 pm. Since this is much smaller than the 10-40-ys gate
pulse duration of a typical display, transit-time effects do not
seem to present an important limitation.

During the same transient, the time constant due to
the metal row line is Tgc = 3R,Cyy,, Where R, is the series
resistance of the gate line and Cy,, is the gate-line capaci-
tance. The series resistance of the gate line is given by

R, = plineLline

bl (8)
Sline

where Ly, is the length of the line (determined by the dis-
play size) and Sy, is the line cross section. py,, is the line
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resistivity, which varies from 2.5 to 200 pQ-cm. A py,e of
~5 pQ2-cm is achievable for composite triple layer lines (see
Ref. 1, p. 120). Assuming Syn, = 3Lggteliine, Where dyyy, is the
effective gate-line thickness and Ly, is the gate length (i.e.,
the row line is three times as wide as the TFT gate length),
we find

. , 2
— Pline Liine 8’3L€atelee — 3€iPine Liine
LgateQiine d; dlined;

Tre . (9)

where g; and d; are the gate dielectric permittivity and thick-
ness, respectively. For d; = 0.3 um, g; = 7 x 10! F/m, dy,,, =
0.2 pm, and Py, = 5 UQ-cm, we obtain Tre(ps) = 7 X
(Lyine(cm)/20)2. This is comparable to the gate pulse width,
and, hence, the resistance of the gate lines may present a
serious limitation to the increase in the display size.

The above discussions allow us to list the basic
requirements for accurate TFT modeling. Analytical device
models should be capable of describing (i) the device char-
acteristics over many orders of magnitude of the device cur-
rents (to account for the large required on-to-off ratio), (ii)
the device capacitance, and (iii) the proper scaling of char-
acteristics with length and temperature. The models should
also allow for routine automatic parameter extraction for
use in quality control and assurance programs. This will per-
mit statistical analysis of AMLCD data for improving yield.
Finally, the models should guarantee excellent convergence
and reasonable computation speed in the simulation of large
TFT circuits. Current crystalline-silicon (c-Si) SPICE transis-
tor models do not meet these requirements.

The remainder of this paper describes analytical mod-
els for both poly-Si and a-Si TFTs which meet these criteria.

2  Poly-Si TFT device models for circuit
simulators

Poly-Si TFTs are very attractive for use in AMLCDs for
several reasons. Larger displays can be realized by re-
placing a-Si:H TFTs as the pixel switching element. Also,
replacing the c-Si devices currently used in peripheral
circuitry allows virtually all of the display’s circuitry to
be integrated onto a single substrate, reducing manufac-
turing costs. In addition to display technology, poly-Si
TFTs are already being implemented in analog and digital
circuits for other large area applications.”® Therefore,
accurate circuit models are critical.

The main challenges in modeling poly-Si TFTs lie in
their differences from c-Si devices: (i) subthreshold leakage
caused by a high density of grain boundary traps in the
bandgap; (ii) the “kink” effect, which results in an increase
in output conductance in the saturation regime of opera-
tion; (iii) channel mobility, ppgt, which increases with gate
bias until it “saturates” at a high field value; (iv) low subthre-
shold slope, again due to the boundary traps; and (v) the
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discrepancies among the various methods of extracting
threshold voltage.

2.1 Review of poly-Si TFT models

In 1986, Ahmed et al.® published a model for accumulation-
mode poly-Si devices which was based on a one-dimen-
sional solution of Poisson’s equation and which included the
effects of grain-boundary traps. However, the model’s appli-
cability to inversion mode devices was not clear because of
a “reverse” charge shielding concept employed in its deriva-
tion. More importantly, for circuit simulators, their expres-
sion for drain current required iteration to first solve for
surface potential.

A few years later, Lin et al. solved a quasi-two-dimen-
sional Poisson’s equation at a grain boundary of an enhance-
ment-mode TFT.!? This resulted in an expression for grain
barrier height as a function of V,; and lateral electric field
(and therefore V). The barrier height was then used in an
expression for I; above threshold. For small V, the result
was the same as for the linear region of a c-Si transistor with
reduced mobility. For large V4, the expression for I; was an
integral equation which had to be evaluated numerically. In
the saturation regime, I did not level off, but increased ex-
ponentially with V;; due to drain-induced gate barrier low-
ering (DIGBL). This increase in I results directly from the
dependence of barrier height on V4. Further insight relat-
ing TFT characteristics to the poly-Si material parameters
was provided by Fortunato and Migliorato.!!

Several examples of analog and digital circuit design™®
have been published which employ the circuit model origi-
nated by Izzard et al.!? and expanded upon by Quinn et al.!?
Here, the authors adopted an “effective medium” approach
which treated the non-uniform poly-Si sample with grain
boundaries as some uniform effective medium with effec-
tive material properties.}* The TFT’s channel conductance
was represented as a polynomial in V, and channel voltage.
Expressing the conductance in this manner is likened to the
method used by Shur et al.!® for expressing a-Si:H TFT mo-
bility. A significant difference, however, is that by expressing
channel conductance (as opposed to mobility) as a poly-
nomial, short-channel and temperature effects are essen-
tially “buried” in the polynomial’s coefficients.

Byun et al.1® and Shur et al.17 have also adopted the
effective medium approach. This method is attractive be-
cause it allows the development of comparatively simple
models with only a few easily extracted parameters which
are well suited to circuit simulators such as SPICE. The draw-
back is that the circuit models cannot always be related to
material properties as in Refs. 10 and 11.

The remainder of this section expands on the model
presented in Ref. 17. Expressions will be presented for the
subthreshold and above-threshold current, and subthres-
hold leakage current which will then be combined into a
total drain current, I;. The kink effect has not been included
but will be added in the future.



2.2 Subthreshold and above-threshold
currents

Subthreshold current in poly-Si TFTs is given by

W e Ver Vbs
I, =n,C —Vthexp[— l-exp| - . (10)
o LT Vsth Vsth

Here, Vy, = MkT/q is an extracted parameter and 1 is an
ideality factor, Vor = Vg — V, I is the effective subthre-
shold mobility, and the other symbols have their usual
meaning. Equation (10) is very similar to the expression for
subthreshold current in c-Si MOSFETs, which is dominated
by the diffusion component of current.

The drain current above threshold is given by

w Vi
HrErCor =—| VarVps — for Vpg <o Ver
L 2
[ = asat
a
W Varo
HFETCox —L—-—M for Vpg 2o, Vor 11

where the field-effect mobility, ppgr, is given by

! 1 (12)

LFET Ho K}LIVCTE|m .

In Eq. (12), Vere = Verat large gate biases, and Vgrg = 2V,
for Ver<o V18

The field-effect mobility, ppgt, given in Eq. (12) is
quite different from its c-Si counterpart. In c-Si, mobility
tends to decrease as Vgr increases.!® In poly-Si TFTs, Prgr
increases with Vgr as the induced charge fills grain bound-
ary traps, and a larger fraction of this induced charge resides
in the conduction band and is mobile. For large Vg the
traps are filled, and the constant high field mobility, o,
dominates ppgT, while at low Vr, mobility is approximately
proportional to (Vgr)™. K, and the exponent m are con-
stants. Both measured and modeled field-effect mobility are
plotted in Fig. 5 for a 50 x 50-um? n-channel TFT.
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FIGURE 5 — Measured and modeled field-effect mobility for a 50 x
50-um? n-channel poly-Si TFT.
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FIGURE 6 — N-channel TFT threshold voltage extraction from both /;
and C, data. The difference between the two methods, AV,, is 1.5 V.
For p-channel TFTs, AV, can be as large as 5 V.

Because of this mobility behavior, it is important that
the threshold voltage be defined in terms of the carrier den-
sity in the channel, and not simply extrapolated from I -
Vs data. The V, must be determined from C-V data since,
unlike c¢-Si devices, it is very different from the apparent V,
deduced from the drain current data.?® The shift in thresh-
old voltage, AV, is shown in Fig. 6 to be 1.5 V for an n-chan-
nel TFT. AV, can be as large as 5 V for p-channel devices.

Finally, note that instead of simply defining Vpg gar =
Vr. the saturation voltage is assumed to be proportional to
Ver with a constant of proportionality, o,;. This is similar to
an approximation made for c¢-Si devices to account for the
variation of the depletion (bulk) charge across the channel.?!

It should be pointed out that Eqs. (10) and (11) do not
coincide at Vgg = V,. Because of this, the subthreshold and
above-threshold drain currents are combined to give the to-
tal drain current (excluding leakage) through

1 =M, (13)
Isub +Ia

Although somewhat arbitrary, Eq. (13) essentially picks the
lesser of the two currents when deep in either the subthre-
shold or above-threshold regimes. It also provides a smooth
transition between the regimes, which is very important for
speedy convergence once the model is implemented in a
circuit simulator.

All of the previous equations have been expressed in
terms of the intrinsic voltages, Vg and Vps. However, series
resistance in the source and drain terminals can be signifi-
cant in poly-Si devices. The extrinsic voltages are the volt-
ages that are actually applied during measurements of the
device, and the intrinsic voltages are therefore defined as

VDS = Vds _2Id(RS +Rd)

(14)
Ves = Vgs —Ryly,

where R, and R, are the source and drain resistances, respec-
tively, and the lower-case subscript indicates an extrinsic volt-
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TABLE 1 — Poly-Si TFT intrinsic model parameters.

TABLE 2 — Parameters for TFTs shown in Figs. 7-14.

Parameter Description N-ch 50 x 50 um P-ch 50 x 50 um
Parameter (Figs. 7 and 8) (Figs. 9 and 10)
v, Threshold voltage
Rg' 800 Q 1500 Q
Cox Gate insulator capacitance
\A 1157V -2.010V
Vi, Sub-V; thermal voltage fitting parameter
C,y 32.8 nF/cm? 32.8 nF/ecm?
[T Subthreshold mobility
Vi 0.170 V -0.261V
Olggyr Vs sat CODStant of proportionality
M, 9.47 x 107! em¥V-s 9.03 x 107 em®/V-s
m Low-field mobility exponential parameter
Ot 0.9 0.6
K, Low-field mobility constant
m 3.06 2.68
Ho High-field mobility
K, 3.60 0.14
A I, electric-field constant
Ho 91.3 ecm¥V/s 60.0 cm®/V/s
B Drain-induced barrier-lowering term
A 5 x 10* cm™? 5x 10* em™!
of Ijeex constant of proportionality
B 5x 107 ~2x 1075
C 0.02 A 0.02 A

age. For the devices presented here, R, = Ry. R, is comprised
of the contact resistance plus the resistance associated with the
sheet resistance of the source and drain regions. Although it is
frequently approximated as a constant (as in Table 2), our data
indicate that it is actually nonlinear. However, for long-channel
devices such as those modeled in Table 2, the constant R, is a
reasonable approximation.

The parameters which must be extracted are summa-
rized in Table 1. As previously mentioned, the goal is to
extract parameters with little or no iteration, allowing con-
venient statistical analysis and rapid feedback in a fabrica-
tion facility. The following data are necessary to extract the
parameters: (i) Iz vs. Vg, data for a low drain bias; (ii) I,
versus V, data for a large drain bias; and (iii) Cys» the gate-
to-source capacitance, as a function of V. Since the com-
ponents of R; can be measured independently from test
structures, series resistance can easily be included in the
extraction procedure.
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FIGURE 7 — N-channel 50 x 50-um? poly-Si TFT subthreshold
characteristic for drain biases of 0.1, 5.1, and 10.1 V.
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*Rs is an effective constant value (see text).

The above model has been applied to n- and p-channel
TFTs as shown in Figs. 7-10. The extracted model parameters
are listed in Table 2. Subthreshold leakage is considered next.

2.3  Subthreshold leakage current

As shown in Figs. 7 and 9, subthreshold leakage can be sig-
nificant in both n- and p-channel devices for large drain
bias. Several authors have proposed models for the leakage
current, most of which are based on some sort of field emis-
sion. Fossum et al.* developed a model based purely on
field emission through grain-boundary traps and achieved a
good qualitative fit. A quantitative comparison of the theory
with the data was not possible, however, because many of
the material parameters were unknown.
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FIGURE 8 — N-channel 50 x 50-um? poly-Si TFT above-threshold
characteristic for gate biases of 5, 8, 11, 14, and 17 V.



2
~ 4
<
B =
3 3| e v=01VDaa
g_w 1] Vd."" OV Data
= .12 | — Modsled

ae T |

25 20 15 10 5 0 s 10

Gate Voltage [V]

FIGURE 9 — P-channel 50 x 50-um? poly-Si TFT subthreshold
characteristic for drain biases of -0.1, -5.1, and -10.1 V.

A more general model of thermionic field emission
has recently been proposed in Refs. 23-26. The most com-
prehensive treatment is given by Bhattacharya et al. 26 where
excellent quantitative agreement between theory and data
is obtained while varying both gate bias and temperature.
The leakage vs. drain bias characteristic was not examined,
however.

Adan et al.*" considered band-to-band tunneling and
barrier lowering in addition to thermionic field emission
in their treatment of the subject. Their results indicate
that these other mechanisms should be included under
certain circumstances (for example, with very high drain
bias). Recently, the 2-D device simulations of Hack et al.2
also suggest that barrier lowering at the source due to
carrier generation at the drain may be important. Pre-
viously, the temperature dependence of the leakage was
believed to rule out tunneling as a mechanism. However,
their work shows that temperature-dependent barrier low-
ering near the source could account for the observed de-
pendence, even if the leakage current originates as a
tunneling current.

In all of the field-emission models mentioned, the ex-
ponential nature of the leakage with voltage is derived from
the probability of tunneling through a triangular barrier.2
This probability is an exponential function of both barrier
height and electric field. Beyond this, there are essentially
three complications. First, how should the electric field be
calculated? The tunneling theory in Ref. 29 is one
dimensional, but the fields produced by the gate and drain
biases in a TFT are vertical and lateral, respectively. The
models of Refs. 22, 26, and 27 all recognize the two-dimen-
sional nature of the problem and make approximations to
arrive at a net one-dimensional electric field.

The second complication is how the gate and drain
biases effect the barrier height. Only Adan et al.?” consider
these effects, but they do show that barrier lowering may
only be significant for large drain voltages.

The last complication involves calculating the volume
near the drain in which these mechanisms occur. While

Drain Current [uA}

=20 -15 -10 -5 0
Drain Voitage [V]

FIGURE 10 — P-channel 50 x 50-um? poly-Si TFT above threshold
characteristic for gate biases of -5, -8, =11, -14, and =17 V.

most of the models assume that the leakage originates in the
volume of the drain-depletion region, Bhattacharya et al.26
point out that not even all of that volume is significant for
thermionic field emission. This volume calculation is also a
function of the two-dimensional electric field and structural
parameters such as doping concentration.

We have modified the numerical model of Ref. 26 to
more-accurately describe the drain bias dependence of the
leakage current and expressed it in an analytical form more
amenable for use in a circuit simulator. The details of the
model will be published elsewhere. Here we state only the
results with a brief description of each term.

The subthreshold leakage current is given by

BV,
Ileak =C |:exp( ilzfﬁ—l)} (XTFE(F)+XTE)

F=A(Vps - Vgs + Vra)-

(15)

A, B, and C are constants; F is the maximum electric field
near the drain; and the other symbols have their usual
meanings. The constant B is related to the drain-induced
barrier lowering and is expected to be a function of channel
length for short-channel devices. C is proportional to the
effective trap state density. Xrpg and Xgz describe the rates
of thermionic field emission and thermionic-only emission
of carriers from traps:

We
Xppg(F)= JexP [—W - %’(WC - W)3’2] aw
0
We
Xrg = jexp W)AW = exp(W) (16)

— (T) 3/2( )27‘\/_ _

In Eq. (16), W¢ = (E¢ - E)/(kT), E, is the effective trap
energy, and E¢ is energy of the conduction band edge.
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The total drain current is I; = I’ + I 4, and is plotted
in Figs. 7 and 9. The values used for the constants A, B, and
C are listed in Table 2. An excellent fit is observed in all cases.

Still to be implemented are models for the “kink” ef-
fect at high drain bias, short-channel effects, and tempera-
ture effects.

3 a-Si:H TFT device model for circuit
simulators

Hydrogenated amorphous-silicon (a-Si:H) is a direct-gap
semiconductor with an energy gap close to 1.7 eV and elec-
tron and hole band mobilities on the order of 5-10 cm?*/V-s.
The device characteristics of a-Si:H TFTs strongly depend on
the density of the localized states. These states may vary
depending on the deposition conditions, material quality,
and the history of bias and/or thermal stress for a given sam-
ple. Two-dimensional numerical device modeling has
allowed the investigation of the capture and emission of car-
riers from these traps and the resulting effects on device
characteristics.3*%2 From this analysis, the trap state profile
shown in Fig. 11 has been determined. As shown in the fig-
ure, the density of the localized states can be roughly mod-
eled by exponential distributions of deep and tail states with
possible peaks induced by the voltage and/or bias stress.
The localized states in the upper half of the energy gap
(closer to the bottom of the conduction band) behave as
acceptor-like states, while the states in the bottom half of
the energy gap behave as donor-like states. Donor-like
states are positively charged when empty and neutral when
filled; acceptor-like states are neutral when empty and nega-
tively charged when filled.

The distribution of the localized states is not symmet-
rical, since there are more donor-like states than acceptor-
like states. Hence, the position of the Fermi level in an
undoped, uniform a-Si:H sample in the dark, Ep,, found
from the neutrality condition, is shifted closer to the bottom
of the conduction band, E,. For intrinsic a-Si, E5 = 90 meV,
E4 = 130 meV (see Fig. 11), and E; — Ep, = 620 meV. A
detailed account of material properties of a-Si:H was given
in Ref. 1.

The position of the Fermi level with respect to the
conduction band edge near the a-Si-insulator interface may
be changed by inducing carriers via field effect, similar to
the field effect at crystalline silicon-insulator interfaces.
This effect is utilized in a-Si TFTs, although the field-effect
mobility in a-Si:H TFTs is quite low (typically 0.5-1 cm?V-s).
A value for the field-effect mobility close to the electron
band mobility may be achieved when the electronic charge
induced in the channel is sufficiently large to fill the local-
ized states.?33¢ However, this will require large insulator
electric-field—dielectric permittivity products, which are
very difficult to achieve for the SiN insulator used in current
TFT structures.

In the below-threshold regime, nearly all induced
charge goes into the deep localized acceptor-like states in
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FIGURE 11 — Density of localized states in a-Si:H. £, E,, E3, and E,
are characteristic energies for the exponential variation Ref. 15. The
dashed line shows a possible peak in the density of states induced by
thermal and/or voltage stress.

the energy gap of a-Si:H and into the surface states at the
a-Si:H-insulator interface. With an increase in the gate-
source voltage, more states are filled, and the Fermi level at
the a-Si:H-insulator interface moves closer to the conduc-
tion band. This leads to an increase in the concentration of
mobile carriers in the conduction band which rises super-
linearly with gate bias. There is an important difference
between this regime and the subthreshold regime in crystal-
line MOSFETs. In the subthreshold regime for MOSFETs,
there is only a small number of free carriers, but all of these
carriers are induced directly into the conduction band. In
a-Si:H TFTs, the induced carriers in the subthreshold regime
do not go into the conduction band but are instead trapped
almost exclusively in the localized states.

With a further increase in the gate-source voltage, the
Fermi level enters the tail states (see Fig. 11). The charac-
teristic energy of the exponential variation of the density of
tail states, E,, is smaller or comparable to kT at room tem-
perature. As a consequence, once the Fermi level is in the
tail states, most of the charge is actually induced into the
states above the Fermi level. Hence, the shift of the Fermi
level with gate-source voltage is considerably smaller than
in the below-threshold regime. This is the “above-threshold
regime,” where the threshold voltage is defined as the volt-
age at which the Fermi level reaches the tail states.>> There
is an important difference between this regime in a-Si:H
TFTs and the above-threshold regime in crystalline MOSFETs.
In a-Si:H TFTs, most of the induced charge still goes into the
tail states with only a small fraction (less than 10% percent)
going into the conduction band. At the same time, the
Fermi level moves closer to the conduction band edge with
increasing gate-source voltage, resulting in an increase in
the field-effect mobility.



In addition to the familiar below- and above-threshold
regimes, there are two new regimes of operation.!> These
occur at high densities of induced charge in the a-Si:H TFT
channel: a “crystalline-like” regime when the free-electron
concentration exceeds the localized charge concentration at
the a-Si:H-insulator interface, and a “transitional” regime
(between the crystalline-like and above-threshold regimes)
at lower densities of induced charge when almost all local-
ized states in the energy gap of the a-Si:H near the interface
are filled.

As the induced charge is increased even further in the
above-threshold regime, we may reach a situation when the
tail states at the a-Si:H-insulator interface are almost com-
pletely filled and the Fermi level touches the bottom of the
conduction band. Any additional increase in the induced
charge is divided between the charge going into the conduc-
tion band and the charge induced into the tail states farther
from the a-Si:H-insulator interface. At first, the fraction of
the mobile charge is small, but it increases with increasing
gate-source voltage. We call this the “transitional regime”
because it corresponds to the transition between the above-
threshold regime and the crystalline-like regime. In the lat-
ter, the Fermi level at the a-Si:H-insulator interface has
moved high enough into the conduction band so that,
finally, most of the induced charge goes into the conduction
band. In this case, the field-effect mobility is close to the
band mobility and the operation of the a-Si:H TFT is truly
similar to the operation of a crystalline field-effect transistor
(FETs). As mentioned above, the gate—source voltage neces-
sary to achieve the crystalline-like regime is too large a volt-
age for typical devices. However, this regime may be
achieved if we use a gate insulator with a higher dielectric
constant.

As confirmed by 2-D numerical simulations,*%-3 the
most important features of the a-Si:H TFT characteristics
can be described by analyzing the device behavior in two
regimes: below-threshold, when the electron quasi-Fermi
level is in the deep states; and above-threshold, when the
Fermi level enters the tail states. Here we briefly outline a
universal device model for a-Si:H TFTs which allows us to
describe both regimes of operation based on the a-Si:H TFT
theory developed in Ref. 33. This model is an improved ver-
sion of the model developed in Ref. 35, which uses a unified
expression for the charge valid in both the above- and
below-threshold regimes. However, the previous model did
not accurately model the leakage regime and contained a
description for the leakage current only to ensure conver-
gence in the circuit simulator. The model outlined in this
paper describes the subthreshold current, which is sensitive
to the density of localized states. The model can, therefore,
account for changes in the distribution of localized states
which arise from thermal and/or bias stress and reproduce
their effect in the subthreshold regime. In addition, this
model accounts for the temperature dependence of cur-
rents both above and below threshold.

3.1  Subthreshold regime

In order to model the current-voltage characteristics of the
a-Si:H TFTs, we first determine the position of the Fermi
level as a function of gate bias and of the density of states in
the below-threshold regime. This will allow us to calculate
the subthreshold sheet carrier density. Then a modified
charge-control model will be used to calculate the above-
threshold carrier density. Finally, we will combine the
expressions for the carrier densities in both regimes in one
unified expression and calculate a temperature-dependent
current valid in both the above- and below-threshold
regimes, suitable for circuit simulation.

In the below-threshold regime the Fermi level is
located in the deep localized states, far from the conduction
band. Here, nearly all the sheet electron carriers, ng,
induced by the gate bias are trapped in the deep acceptor-
like localized states, as explained earlier. The position of the
Fermi level is therefore dependent on the density of the
deep states, which we have approximated by the exponential
function,

E-E,,;
Z(E) = gmin €XP ( E mm_] > (17)
2

where E,;, is the energy corresponding to the minimum
DOS, g Eg is the characteristic energy variation of the
density of deep localized states, which will be replaced by
gV, in the following analysis. This expression can be modi-
fied to reflect changes in the density of states from thermal
or bias stress.

We relate the position of the Fermi level to the density
of states and then express the induced below-threshold
electron concentration as a function of the density of states
and the difference between the gate voltage and the flat
band voltage, Vyrp = V; — Vrp. (A small leakage current will
exist even when V, is equal to Vg or less. This is modeled
by introducing an effective gate voltage swing, Vzp,, which
is defined in Appendix A. For V, >> Vip, Vyrp, = V, — Vrs;
for V,; << Vip, Vgrge = Vinin:) The induced sheet-electron
concentration below threshold is given by

t, \[ VeFBe [ €; BVl
A
1 s

where t,, is the charge channel thickness, d; is the dielectric
thickness, € and € are the insulator and a-Si:H permittivi-
ties, respectively, V, = 2V, Vo/(2Vy — V), and Vy, = kgT/q.
The characteristic sheet carrier density, n,, is given by

Vv, —dE
Ngo = thm(—‘iJexp(—q—V::—o—). (19)

Here, N, is the effective density of states in the conduction
band, dEp, = E¢ — Ep,, where Ep, is the dark Fermi level.

Journal of the SID, 3/4, 1995 231



£, 1/2
tn=| ——| . (20)
2qgmin

The full derivation of these expressions is given in the
Appendix A.

3.2 Above-threshold regime

We now consider the above-threshold regime following the
approach developed in Refs. 33 and 35. Empirically, this
approach shows that the ratio of charge induced into the
conduction band to the total induced charge in the semicon-
ductor can be expressed by a power law, so that the sheet
carrier concentrations induced into the conduction band,
g, becomes

V,-V.\(V,-V,-aV, !
ng =Cy E—L || B —de ) o
q Vaa

where C, = &/d, is the capacitance of the gate insulator per
unit area, and V; is the threshold voltage. The aV,, term
reflects the reduced number of electrons in the conduction
band due to the channel depletion by the drain potential,®’
and Va4 and 7y are the characteristic voltage and power-law
parameter, respectively, determined by the tail state distri-
bution. The Vy, term is the effective drain-source voltage,
which allows a smooth transition for V4 from below to
above saturation: Vg, = Vg, for Vg, << Vg, and Vg, = Vg,
for Vs >> Vg Viate = OseVigre, where o, is a fitting pa-
rameter. However, o, must be less than oy, = (2™)/[o/(1
+ Y1, which is the value of o, at which d{n.,V)/dVy, = 0.
Ve = Vg — Vi for Vg >> V, and Vg, = Vi for Vi << V. (See
Appendix B for the full expressions of Vg, and V)

In Eq. (21), it should be pointed out that ng,, and
therefore the channel conductance, is non-zero for Vg, = V.
As defined here, the threshold voltage is the turn-on voltage
at which the Fermi level reaches the tail states.

We now combine both regions of operation into one
universal model as discussed in Ref. 35 for other types of
FETs by interpolating the total carrier sheet depletion as

NsaMsh (22)

ng = .
Ngg +Ngy

This expression for the free sheet carrier density, n,, is
valid in both regimes and reduces to the equations for the
above- and below-threshold regimes at gate biases above
and below the threshold voltage, respectively.

The electron field-effect mobility is defined as the
band mobility, u,, times the ratio of free charge to the total
induced charge in the channel, Q. = C,(V,grp, — V;). This
yields tgee = Ha(gny/Q.r). The field-effect mobility is weakly

temperature activated with activation energy E, and
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FIGURE 12 — Current-voltage characteristics of an n-channel a-Si:H
TFT for Vg=2,4,6,8,10, 14, and 20 V. (W = 150 um, L = 60 um, d;
= 300 nm.) Symbols are experimental data and solid lines are calculated
curves. (Above-threshold parameters: V,= 1.5V, Va4 =7 x 10*V, g =
0.3, a=0.6, 0 =0.8,A=0, my =17, R= Ry= 7000 Q).

E,| 1 1
= -l -—— 23
Rfer =Hfer o exp{ g [Vtho vy, D (23)

where g, , is the room-temperature field-effect mobility,
Vino is the thermal voltage at 300K, and E, has been shown
to be about 60 meV.*” This expression allows us to model the
temperature dependence of the device characteristics. The
intrinsic channel conductance is given by

w
Bchi = gty I (24)
gate
where W is the device width, L, is the gate length, and n;
is the sheet electron concentration in the conduction band
as given in Ref. 22.

Based on the theory considered above, we can now
propose a semi-empirical extrinsic circuit model for a-Si:H
TFTs similar to the universal MOSFET model developed in
Ref. 35. The equations for this model are as follows:

Echi
=— 25
Bk = ¥ go(R, + Ry) %)
I35 = 8onVase(1+AVy,) (26)
Veate = o(‘sat‘Vgte’ (27)

where g.; is defined in Eq. (24), R, and R, are the source
and drain resistances, and the parameter A is related to the
shortening of the effective channel length that becomes
important at large drain voltages. (This effect is similar to
gate-length modulation in crystalline FETs®). V4, and Vg,
were defined earlier as the effective drain-source voltage
and the effective drain saturation voltage, respectively. The
expressions for Vg, and Vg, are given in Appendix B.
Figure 12 shows typical measured and calculated cur-
rent-voltage characteristics of an a-Si:H TFT in the above-
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FIGURE 13 — Transfer characteristics of an n-channel a-Si:H TFT for V4
=1V.(W=150pum, L =60 pum, d; =300 nm.) Symbols are experimental
data and solid lines are calculated curves. (Below Threshold Parameters:
Veg=-3V, V, =013V, gin=9%x102m™3, I, =27 x 10718 A E =
0.75 eV, Vdsl =5 V, vgsl =1.5 V)

threshold regime. The model exhibits good agreement in
both the linear and saturation regimes.

The transfer characteristics are shown for both the
above- and below-threshold regimes in Fig. 13. The “hole-
induced leakage current,” I, which occurs at large negative
gate biases, must be included in order to correctly model
the subthreshold current in this region. This is given by

1 1 Vs _Vgs
Ipy = Inin €xp Ez( ——-) em(——e]-l exp ;
- [ Viho  Vin Vst Vst

(28)

where I,,;,, is the minimum leakage current, E; describes the
temperature activation, and Vg and Vg describe the
dependence on Vy, and Vg, respectively. Experimental

4
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FIGURE 14 — Measured transfer characteristics of an n-channel a-Si:H
TFT (W= 1mm, Ly = 15 pm, d; = 300 nm) measured at 300K, 350K,
and 450K (markers) and characteristics generated by the a-Si:H TFT
model (lines). (Subthreshold parameters: Vig =0V, V, =3V, V?B= 86
meV, Vaa =3 X103V, gmin =3 x 102 m3eV, 1. =27 x 1078 A, £
=036V, Vgg=3V, Vgy=1.8V)

TABLE 3 — a-Si:H TFT intrinsic model parameters.

Material Value used in N-channel Vg =1V, W= 150 um,
parameter  Figs. 12 and 13 Lgate = 60 pm, dj = 300 nm
V, 1.5V Threshold voltage
Vrep -3V Flat band voltage
Vo 013V Exponential variation of DOS
Emin 9% 102 m3 Minimum DOS
Lin 2.7x1078 A  Minimum leakage current
E; 0.75 eV Activation energy of I,
Vst 5V Exponential variation of I; on Vg
Vst 15V Exponential variation of Ij; on V,

Vaa 7x 10V Characteristic voltage of tail states

Y 0.3 Tail-states power-law dependence
o 0.6 Channel depletion factor
E, 60 meV Band mobility activation energy
Obsar 0.8 Saturation proportionality constant
A 0 Output conductance parameter
Mgy 1.7 I saturation parameter (knee)

results have shown that the temperature activation energy is
between 0.5 and 1 eV.

The effect of the temperature can be clearly seen in
the subthreshold regime. Figure 14 shows the TFT charac-
teristics measured at a drain bias of 1 V for T = 300K, 350K,
and 450K and the simulated transfer characteristics. The
model exhibits fairly good agreement with the actual data
over a large temperature range. The effect of the thermal
stress on the density of states causes a reduction in the sub-
threshold slope at higher temperatures. This effect is not yet
included in our model.

Table 3 lists the parameters which must be extracted
for this model and the values used in Figs. 12 and 13. This
model can be further developed by including parameter ex-
traction, short-channel effects, accounting for nonlinear
series resistances,3® and stress effects.

4 Conclusions

Accurate TFT analytic models for circuit simulation must de-
scribe the following: (i) I-V characteristics in all regions of
operation (to account for the large required on-to-off ratio);
(ii) device capacitance; and (iii) the proper scaling of char-
acteristics with length and temperature. The models should
also allow for routine automatic parameter extraction and
should guarantee convergence when simulating large TFT
circuits.
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Analytic models for both poly-Si and a-Si TFTs have
been presented which satisfy many of the above criteria.
The poly-Si TFT model describes the subthreshold and
above-threshold currents and subthreshold leakage cur-
rents which are then combined into the total drain current.
The subthreshold current expression is similar to that used
to describe the diffusion currents in c-Si devices. The
above-threshold expression accounts for the effect of
boundary traps through the field-effect mobility and neces-
sitates the proper extraction of V, from C, data. The leak-
age current model requires only three parameters and is
based on the mechanisms of thermionic field emission and
drain-induced barrier lowering.

An a-S:H TFT current model for the below-threshold
regime is derived by considering the sheet carrier density as
a function of Fermi level position. This analysis takes into
account the density of localized states, which has been
determined by 2-D numerical device simulation and other
experimental techniques. The sheet carrier density for the
above-threshold regime is given by an empirical expression
which relates the ratio of induced charge in the conducton
band to the total induced charge. The two carrier densities
are then combined to describe the total drain current. The
temperature dependence is included for both regimes, but
the effect of the thermal stress on the density of states must
be taken into account to improve the model.
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Appendix A: Derivation for a-Si:H TFT below-
threshold sheet carrier density

The effective gate voltage swing, V,rg,, is given by

9 1/2
. v v,
Vg, = —in 1+[——gF 2 ]+ 82+ [——gF 2 ]—1 (A1)
2 Vmin Vmin

where V,,;, determines the minimum TFT current and &
describes the transition of the gate voltage from below to
above the flat-band voltage.

Using the expression for the density of states given in
Eg. (17), the solution of Poisson’s equation yields the follow-
ing expression for the interface electric field, F(V):
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€00
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2 1/2
~ 2qgmin V2 exp Vs
€ 2V2

for Vy > V,. This simplified expression is sufficient to
describe the TFT characteristics. We can express the gate
voltage in terms of the surface potential in the semiconduc-
tor (Vgrp, = &F,di/e; + Vi), which, assuming Vy < Vgrg,,
yields,

vef d, %
VgFBe (qummvfie ) (?')exp(z—‘;z—] (A3)

i
Hence, we may assume that

2472
€ VgFBe } (A4)

Vs = V2 11’1
(2q£sdi2 gminvi’?

Using this expression, we can find the free electron density,
N,, at the interface as

v, —dEfoJ
N;=N_e . (A5)
Xp( th] P[ 9V

Integrating this expression over the thickness of the a-Si:H
film and performing a change in variable, we can express the
sheet electron charge below threshold as

VS
1 v —dEpg,
“%FR |gv (a6
b J|F V) XP[Vth] XP( qVen ] (46)

0

where F, the surface electric field, was given in Eq. (A2).
Performing the integration yields Eqs. (18) and (19).

Appendix B: a-Si:H TFT above threshold char-
acteristics

The expression for V, is given by

v v 9 1/2

V...

Vgte= min l+[___gt_]+ 82+ [__ét_._}_l (B1)
2 Vmin Vmin

where Vy, = V, - V. V,, reduces to a minimum value, Vyn,
at V, below V,, preventing Vg, = OV, from becoming a
negatlve value for V, < V,. As in Eq. (A1), the parameter 3
describes the transmon of the gate voltage from above
threshold to below threshold.



In order that the current [Eq. (26)] be continuous from
the linear regime into saturation, we must define an effective
drain-source voltage, V. Vg, is equal to Vy in the linear
regime (Vg < Vu,). In the saturation regime, Vg, is equal to
Vsate (Vs > Viare). The parameter my,, provides a smooth tran-
sition between the two regions of drain voltage (Vs < Vg,
and Vg, > V4,). The expression for Vi, is given as

Vs

e = Vmg, *

‘ 7 Msat
sate

Vis

(B2)
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