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Abstract

An accurate and efficient single-integral semi-numerical model is developed and applied to analyse effects
of localized clectronic states in the mobility gap on the drain-current versus gate-voltage characteristics of
hydrogenated amorphous ficld-effect transistors. It is shown that the low-density decp-gap states distributed in
the midgap also sensitively and largely influence the device electronic performance as well as the large-density

tail states distributed near the conduction band edge.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H)
semiconductor materials are characterized by the
existence of a large number of localized electronic
states in the mobility gap, i.e., between the edges
of the conduction and valance bands. These
localized electronic states are continuously
distributed throughout the mobility gap, and
composed mainly of two different kinds of
electronic states for undoped intrinsic materials.
Namely, near-band-edge tail states and deep-gap
dangling bond states. The former states arise from
the electronic potential fluctuations within an
amorphous material due to the lack of long-range
order in the atomic matrix system [1], and reside
near the mobility edges, almost exponentially
tailing off from each mobility edge. On the other
hand, the latter states arise from dangling bonds,
singly or doubly occupied, of silicon atoms
uncompensated by hydrogen atoms, and produce
an extensively broad distribution over a wide range
of energy in the midgap with their density relatively
low. For a high quality a-Si:H material produced
by rf glow discharge in SiH,4 gas, a very low
density of deep-gap states of the order of 103
fcm3-¢V is obtained in the midgap.

The large density localized states in the mobility
gap greatly modify the electronic performance of a
field-effect transistor (FET) by acting as an efficient
source of trapping conduction electrons induced in
the channel. Because of the higher electron
mobility and the larger density distribution of
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donor-like localized states below the midgap, a-
Si:H FETs are usually fabricated using undoped
materials for the semiconductor and operated in the
electron accumulation mode. The effective channel
electron mobility of these devices is in the range
0.2-1.0 cm?/V-s [2,3], which is relatively low
compared with those FET's fabricated with CdSe,
polycrystalline Si, or laser-annealed Si. However,
a-Si:H FETs posses several superior advantages
associated with the a-Si:H material, and are being
utilized in the multiplex-addressing integrated
circuits of LCD and image sensor devices.

The aim of this paper is twofold. The first is to
present an accurate single-integral numerical model
for the simulation of a-Si:H FETs (a double-
integral formula is used usually [4]). The second is
to apply this numerical madel to analyse the effects
of localized states in the mobility gap on the
performance of a-Si:H FETs.

2. Device Modeling

The structure of an a-Si:H FET normally
utilized in integrated circuits is schematically shown
in Fig. 1, along with an energy band diagram for
the device when a positive gate voltage has been
applied with zero drain bias. In Fig. 1(b), the
electric potential, ¢(x), in the channel region near
the semiconductor-insulator (Si:H:N) interface is
measured from the conduction band edge (E.) of
the charge neutral semiconductor region
electronically far away from the interface and thus



o, the surface electric potential, will be positive in
the normal electron accumulation mode of device
operation. Also, E,, Eg, Vs, and V;j represent the
energy at the valance band edge, the Fermi levels,
the applied gate-source voltage, and the applied
gate voltage drop across the insulator layer,
respectively, and, additionally, g is the positive
electronic charge.
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Fig. L. (2} Cross-scclion of the structure of the a-
Si:H FET, along with (b) the energy band diagram
for a positive gate bias.

In an a-Si:H semiconductor-insulater system,
the density distribution of localized states in the
mobility gap near the interface is somewhat
different from the distribution in the semiconductor
bulk. FE and C-V measurements have revealed [5)}
that the density distribution of localized states in the
upper half of the mobility gap can be described
approximately with two exponential functions: one
is for the deep-gap state distribution and another is
for the tail state distribution. Mathematically, they
can be expressed respectively by

GAE) =G, exp(a-ﬁ;,—[%—) )

and
G(E)=¢G,, exp(

E-E,
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where E refers to electron energy, kg is the
Boltzmann constant, T, is the absolute lattice
temperature, and G, and G, arc the densities of
G4(E) and G,(E) extrapolated to the edge of the
conduction band, respectively. The quantities oy
and a, are the coefficients of characteristic
temperature for the exponential distributions of
deep-gap states and tail states, respectively.

The localized electron concentrations occupied
in the deep-gap states, ng, and occupied in the tail
states, ny, at an arbitrary point inside the
semiconductor are generally given by the definite
integrals
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where frp(E) is the distribution function of Fermi-
Dirac staustics. Some new coefficients s and B,
are now introduced to define the effective
temperatures of the localized electrons ng and n; in
the channel region, where the electric potesntial is
#(x), by the following relations:

n,=n,, exp a¢x) (5
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where the pre-exponential factors ny, and ny, are
the localized electron concentrations in G4 and G,
under no bias condition, respectively. For a zero-
temperature approximation for the electron
occupation, Ss=ay4 and f;=a, exactly. Otherwise,
these coefficients may generally be a function of
E -Efand Eg=E.-E, in addition-to oy or a,.
However, for the high quality a-Si:H materials,
grown by the PECVD, B4 is found to be
approximately equal to ay, and §; to be very close
to 1.1. The concentration of free electrons



occupied in extended states of the conduction band
in the channel region is similarly given by
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where ny, is the free electron concentration under
no bias condition.

The clectric field, F, in the channel region is
obtained by the solution of Poisson's equation,

aF _ px)
dx ~ &

Here p(x) is the space-charge density and & is the
dieleciric permittivity of a-Si:H. For a sufficient
electric potential such that g¢(x)>>B4k7,, the
solution of Eq. (8) is analytically obtained with
Eqgs. (5)-(7) as
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Therefore, the surface electric field induced at the
interface is obtained by substituting the electric
potential at x=(), i.e., ¢; into Eq. (9). Hence, the
total electron charge induced into the semiconductor
per unit area of interface above the gate is obtained
easily by applying Gauss's law at x=(:;
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In order to balance charges, a sheet charge of the
same magnitude, but a different sign, will, of
course, be accumulaied on the gate.

The total free electron charge induced in the
channel region per unit area of interface above the
gate is given by the integral
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However, the evaluation of this integral by an
analytic form is mathematically prohibited and,
therefore, we possibly should resort on using a
computer. Note that in Eq. (10), the 3rd term is
apparcntly associated with the total induced free
electron charge whereas the first two terms are
apparently associated with the total induced
localized charge. The free charge is relatively small
compared with the total localized charge, unless the
gate voltage is significantly large. Therefore, the
free electron charge Q may be, but roughly,
estimated from the total induced semiconductor
charge Oy, Eq. (10), by a Taylor series expansion
of the square-root term. By introducing two
empirical factors after the first-order Taylor series
expansion, the total induced free electron charge
has been analytically formulated in the following
with good accuracy in a full range of Fermi level
shifting almost to the cdge of the conduction band
for possible variations of material parameters:

E(9,) ny, exp {"“‘Wl—zﬁ 99, } "
BT, (12)

+Z n, exp --——-——L-—l(l‘2ﬁ)q¢
ﬁrkiTo

in which the two empirical factors arg each defined
by
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Finally, under the assumption of a gradual
channel, the applied gate voltage can be related to
the applied drain voltage drop, V(y), along the
channel formed in the y direction between the
source and the drain as follows:

V, Wwaw'f»-{-V + V(¥) (15)

Gs ~ C@ FG ¥



where C; is the insulator capacitance per unit area
and Vg is the flat-band voltage. Then, the drain-
to-source current of the a-Si:H FET is obtained by
the single-integral equation
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where W is the gate width, L is the channel length,
Her iS the effective band mobility of channel
electrons averaged over the length of the channel,
aJd ¢ss and ¢;p are the values of ¢; at the source,
where V(y)=0, and at the drain, where V(y)=Vp;,
the applied drain voltage, respectively. The factor
2 ¢s), dimensionless, is defined by

Efo)= avo) =95
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n,exp (—&) + n, exp (—291——)
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The drain current Ips is taken to be completely
saturated when the drain voltage Vps exceeds the
voltage difference Vgs-Vep.

3. Numerical Analysis

The full drain-current versus gate-voltage
characteristics of an a-Si:H FET can be provided
with ease by evaluating the single-integral formula
{16) numerically on a computer for various gate
bias conditions using Egs. (10), (12), (15), and
(17). The numerical results for several different
gate biases are shown for a device with the gate
geometric ratio W/L=100 in Fig. 2. The material
paramcter values used are listed in Appendix, and it
has been assumed for simplicity that V=0 and
Heg=pt. the bulk band mobility, throughout the
present work. Also shown by a dashed curve in
the same {igure are the points of complete drain
current saturation theoretically determined by the
condition Vpe=Vas-Vrs. 1t is first observed that a
maximum drain current obtained by the device is on
the order of 10 pA for the application of a
considerably large gate voltage of 16 V. Since
there exist exponentially distributed very large
density tail states in the mobility gap near the
conduction band edge, the Fermi level will be
pinned by these tail states at large gate voltages and
hence most of the applied gate field will be
completely shielded, preventing the band from
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further bending at the semiconductor-insulator
interface.
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Fig. 2. Drain-current versus gate-voltage
characteristics of the a-Si:H FET.
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Fig. 3. Variations of the surface electric potential ¢,
as a function of the applicd gatc voltage. g=1.1 for
all the solid curves,

As shown by Fig. 3, the surface electric
potential ¢, is aimost constant even with
significantly large gate voltages for all the three
different cases in density distribution of deep-gap
states, in contrast to the sharply increasing curves
which all have been obtained under an assumption
of no tail states in the mobility gap. Consequently,
for an appreciable magnitude of drain current to be
obtained, a large gate voltage must usually be
applied in the a-Si:H FETs. For use as switching
elements in the addressable LCD devices, the



minimum requirement for the drain current
magnitude is considered to be about 5 pA. This
magnitude of drain current is achieved in the figure
at the drain and the gate voltages of approximately
0V,

In the triode region the drain current of the
device increases almost linearly with increasing
drain voltage starting from zero. As the drain
voltage is continued to increase further, the drain
current becomes saturated smoothly and then is
maintained constant, It is important to note that the
drain current is already fully saturated much earlier
than the theoretical saturation points determined by
the condition Vps=Vgs-Vep. This may be a
common feature of a-Si:H FETs since these devices
are fabricated normally to operate in an
accumulation mode and therefore a saturation of the
drain current mainly occurs by the lack of enough
frec carriers available for electric conduction near
the edge of the drain side channel.

Figure 4 shows the saturation drain current
characteristics of a-Si:H FETs calculated as a
function of the gate voltage for several different
density distributions of deep-gap states. It is
clearly noted that the saturation behavior of the
drain current of an a-Si:H FET is also very
sensitively affected by deep-gap states, although
their density is low and they are distributed in the
midgap. For the small changes in the value of 8y,
the saturation drain current changes more than
twice at a given gate voltage, and a smaller density
of deep-gap states in the mobility gap results in a
larger saturation drain current. This requests the
us¢ of a high quality material with low density
deep-gap states for higher performance a-8i:H FET
devices.
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Fig. 4. Saturation drain current characteristics of a-
Si:H FETs for several different distributions of
deep-gap states in the mobility gap. S=1.1 for all
three curves.
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The effective field-effect mobility in an a-Si:H
FET is a measure of the stalic and dynamic
electronic performance of the device. This mobility
is defined as the average single-carrier effective
band mobility of all the induced carriers, including
all the localized induced carriers in the mobility
gap, all over the channe! area. For an electrically
efficient and speedy device, the effective field-
effect mobility should be as high as possible. The
calculated effective ficld-effect mobility for the a-
Si:H FET simulated is shown in the two different
device operation conditions as a function of Vgsin
Fig. 5, where the mobility is normalized to the
effective band mobility, g.4 In the low gate
voltage region, the effective geld«cffect mobility
increases very sharply, nearly exponentially, with
the gate voltage, due to the low density distnibution
of the deep-gap states in the midgap. However, in
the high gate voltage region, the mobility is
saturated and almost constanl, being independent of
the gate bias, because of the Fermi level pinning by
the high density tail states near the conduction band
edge. The maximum values of mobility achieved
are 0.8 cm%/V-s for V=50 mV and 0.5 cm?/V-s
on saturation, at the large gate voltage of 20 V.
The saturation mobility is always smaller than that
of the other case since the fraction of free electrons
to total induced electrons in the channel will be
always smaller near the drain side channel
compared with the latter case. . The mobility
difference in ratio at a given gate bias is noted to be
significant in the low gate voltage region. This
effect is, additionally, associated with the lower
density distribution of the deep-gap states in the
mobility gap in a high quality a-Si:H.
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Fig. 5. Magnitudes of the effective field-effect
mobility of the a-Si:H FET on drain current
saturation and at a very small drain voltage.



4., Conclusion

The a-Si:H semiconductor have a large
concentration of localized electronic states,
composed mainly of deep-gap dangling-bond states
and necar-band-edge tail states, in the mobility gap.
Their cffccts on the static electronic performance of
a-Si:H FETs have been investigated using an
accurate and efficient semi-numerical model
developed in this work. It has been shown that
most of the induced electrons in the channel are
efficienty trapped by the localized states so that the
electronic performance of the a-Si:H FETs is
degraded greatly, and is influenced largely and
swasitively even by different low-density
distributions of dangling bond states in the midgap.
It is suggested that high quality a-Si:H materials
with low densities of deep-gap states and tail states
b% used in order to have higher performance a-Si:H
FETs.

Appendix

T,=300K

Ef= E-0.6 eV (bulk)

Bi= 4.(]) (unless specified specifically)

B=1

Ci = 1.77x10-4 Flem? (¢, = 12¢, for Si:H:N)
g = 12¢,

Hegr= 10 cm?V-s

ng = 1.0x109 fem?

Gae = 1.0x1019 fcm3-eV

Gie = 7.0x101 /em3-eV
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