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Effect of interface state distribution on field effect conductance activation
energy in hydrogenated amorphous silicon thin film transistors
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Seoul, Korea
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The gate voltage dependencies of conductance activation energy of source-drain current are
investigated for hydrogenated amorphous silicon thin film transistor. We compared the
calculated activation energy with experimenteal resuits and discussed the density of gap and
interface states in hydrogenated amorphous silicon. The experimental results could be
explained by the intreduction of the interface state distribution with exponential tails near the
conduction band edge in parallel with the bulk gap state distribution.

1. INTRODUCTION

Hydrogenated amorphous silicon (g-8i:H) thin film
transistors (TETs) with amorphous silicon nitride (a-
SiN:H) as gate insulators have been studied extensively by
a number of groups owing to their potential applications.

The field effect activation energy EF(V,) was alsc
measured by several groups.l““ The field effect activation
energy decreases with the increase of gate voltage,
approaching a minimum value of approximately 0.1-0.2
eV. In other words the field effect activation energy re-
mains nearly constant even when the gate voltage is in-
creased further above threshold. The above result is not
counsistent with the numerical results calculated with the
gap density of states of the bulk which are commonly used.
To account for the discrepancies, large densities of gap
states and interface states of uniform distribution are in-
troduced. But the simple increase in the gap and interface
state densities cannot explain the constant field effect acti-
vation energy.

In this paper the results of calculation are presented
and compared with experiment. And we discuss 2 model
developed to explain the experimental results in view of the
distribution of the interface states.

i, CALCULATIONS

Several assumptions are made in this calculation. It is
assumed that the material is homogeneous, conduction
band edge E and Fermi level £, are independent of tem-
perature, and fiat band voltage is constant and zero.

For positive gate voltage the eleciron accumulation is
formed at the interface between the ¢-Si:H and 4-SiN:H
lavers and the energy band diagram is shown in Fig. 1. I
the surface potential is ¥,(¥,) when applied gate voitage is
¥, as shown in Fig. 1, then total induced charge per unit
area (J,, is

Qin: - Ein( Vg’ - VO)/tim (1)
where €,, is the permittivity of the insulator, ¢;, is the thick-
ness of the insulator. The induced interface charge per vnit

area Q, is given by
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where ¢ is the electronic charge, D(E) is the interface den-
sity of state, and f{£) is the Fermi-Dirac distribution.

With appropriate boundary conditions ¥},
= 0 and F{x)=dV(x)/dx|,., = 0 the total induced
charge density per unit area g, in the bulk semiconductor
is given by’

¥, 12
Qﬁ:—(zeﬁjﬂ jp(V}}dV’) , (3)

where ¢ is the thickness of the silicon, € is the permitivity
of silicon, p{¥") is the space charge density when the po-
tential is V. p(¥") is given by

B
p(V')= —e[nieV) —ngpl—e jE( g(E)
v
XL fE—eV) — f(E)VdE, (4)

where g(E) is the gap density of states, nd{e}”) is the free-
carrier density, and sy is the thermal equilibrium free-
carrier density. Free-carrier density ndel”) is approxi-
mated as

nileVy=Neexpl — (Eq— Ep— eV} /KT, (5)

where N is the effective density of states and the value of
3x 10" 72 cm ~? was used.
Eguating the induced charge @, with @ + U,

— €(Vy— Vo) /tin

¥y
= {2657‘ f
O

X[ F(E —eVy) — J{E)IE, (6)

] 1/2 Eo
p(lf”)’dV') —e (E D(E)
JEy

the surface potential ¥} can be determined numerically for
given g(E) and I{E).

For given boundary potentials ¥, at x=0 and O at
x=ty we solved the Poisson equation

SV (x)/dxt= — p(x)/e (7)
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/ FIG. 1. The band bending at
I3 (bu!k)-ic (Q) & the @-SiN:H and o-St:H in-

< i EF terface under the positive
. -eVQ gate voltage.

a-SiN:H a-Si:H

Solving Poisson eguation numericaily we obtained the
potential distribution V{x) over the position x. For the
given surface potential ¥, the free-carrier density per unit
area n (V) is

n(Vy) = Jg:s[ neleV(x)]dx. (8)

Then, when the source-drain voltage is V4, the source-
drain current is calculated numerically by®

V.
La(V,) =epoW/L f S Ve, ()
Vg'_ [/S‘i

where i is the band mobility, W is the channel width, and
L is the channel length. These are al} assumed constant and
independent of temperature and bias. Source drain current
I 4 was calculated for several temperatures, typically 300,
325, 350, and 400 K. Then, at each gate voitage the field
effect activation energy EX{¥,) was obtained from the lin-
ear least-square fit of log fy vs 1/7.

In this paper the integration from Fy to K, was ap-
proximated by the integration from Erto E.. Therefore the
band bending upward was not considered and the calcula-
tion has the meaning only for the gate voliage larger than
the V.

. RESULTS AND DISCUSSIONS

Model gap density of states of 2-8i:H is shown in Fig.
2 {a}. In the region of deep states we assumed a constant
density of states since details of shapes of deep states does
not have a large effect on above or near threshold gate
voltage. Instead our concern is the density of states near
the conduction band edge, not near the Fermi evel. In Fig.
2{a}, gap density of g(E) has a linear energy dependence
down to 0.1 eV from conduction band edge, and then de-
creases exponentizlly as expl — (E, — E)Y/kT ], where T,
is taken as 200 K. The interface density of states is not
considered in this case so that interface density of states
D(E) = 0. The silicon thickness of 0.3 ym, nitride insula-
tor thickness of 0.3 um, source-drain voltage ¥, of 5V are
used.

Figure 2(b) shows the relation between the surface
activation energy E¢= E_(0) — E and E¥ which are cal-
culated with the mode! gap density of states of Fig. 2(a)} as
previously explained. For higher temperatures the surface
band bending is reduced as shown in Fig. 2(b} to conserve
the induced charge for given gate voltage. This statistical
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FIG. 2. {a) Model gap density of states of ¢-Si:H. Gap state density of
2{ £} is an overlap of constant value of 1 X 10'7 em =% eV = ' and the band
tail having 2 linear energy dependence down to .1 eV from conduction
band edge and then decreases exponentially as exp [ — (E, — EY/kT L
where characteristic temperature 7', is taken as 200 K. (b) The surface
activation energy Eg= E {0} — E, and field effect activation energy F¥
caleulated with the model gap density of states of (a) are plotted against
gate voltage. Surface activation energy curves are presented for two dif-
ferent temperatures, 300 and 400 XK.

shift of band bending affects the measurement of the acti-
vation energy as you see in Fig. 2(b). Thus the tempera-
ture dependent band bending as well as the spatial distri-
bution of potential attribute to the difference between the
surface band bending and measured activation energy as
you see in Fig. 2(b).

Figure 3 shows the effect of deep states on £¥ where
the interface states D( &) = 0, and Fig. 4 is for the various
constant interface density of states. Closed circles in Fig.
4{b) represent the experimental results of Mackenzie et
al.? In their experiment, the thickness of gate insulator and
the silicon film were typically 0.3 pm ecach. The midgap
densities of states or the constant interface states have a
great effect in the lower gate voltage, but have small effect
in the region above the threshold. The increase of these
midgap states and the interface states does not alter the
shape of the E¥ at above the threshoid.
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O —te i "7 i A i 5 i
& 5 4 3 2 1 E Q e} 20 3c 40

GATE VOLTAGE(V}

(o} {b)

FIG. 3. The effect of deep gap states on E¥ The interface state is not
considered, so that interface density of states (E} = 0. (a) is the model
gap density of states and (b) is the calculated results of £¥. Closed circles
represent the experimental resulis of Mackenzie ef ¢l (see Ref. 3).
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FIG. 4. The effect of different values of constant interface density of states
on E%. {a) shows the model gap density of states g{E) (solid line} and
the interface state densities D(E) (dashed lines). (b} is the results of
calculation for E¥ using g(E) and D(E} of (a).

Figure 5 shows E¥ for various width of exponential taii
and constant interface demsity D(E) = 35x 10"
eV ~!cem ~2 The parallel shift of exponential tail by ex-
tending the width of linear region [Fig. 5(a)] give rise tc a
parallel shift of E¥ as you see in Fig. 5(b). The E¥ vs gate
voltage curves are too steep to fit the experimental data
[Fig. 5(b}].

The effect of the change in characteristic temperatures
T, of exponential tail on £¥ is shown in Fig. 6. The in-
crease of 7, has the effect of increasing the total gap den-
sities and gives rise to a higher and steeper dependence of
E* on gate voltage. Thus the increase of 7, is not the
answer. The measured E¥ shows the typical features of
slower decrease at higher gate voltage.

Comparing the results of our calculations with the ex-
perimental results, just the increase in deep states and in
interface states do not give good fits to the results. The
calculated curves so far gave steeper slope at higher gate
voltage than experimental results no matter how the
changes are made in the shape of band tails and the mag-
nitude of gap and interface state density as long as they are
constant.
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FIG. 6. The effect of change in characteristic temperature T, of exponen-
tial tail on E¥. (a) depicts the g( £)’s with different tail widths g, b, and
c and a constant B(E). (b) shows the corresponding results for £¥. The
fit with experiment at higher gate voltage is not satisfactory.

Measuring the density of interface states of -St:H FET
is difficult because it is not easy to separate the effect of gap
states and that of interface states. The interface density of
states measured by several methads are estimated to be
10 10 102 em 2 eV — 1, but unfortunately this estimation
was for the region near the Fermi energy. Thus the inter-
face density of states for a higher level is not known for
amorphous silicon yet.

In the case of crystaliine MOSFET it has been known
that the interface states had the U shape and increases as
the energy level approaches the conduction band. In the
case of hydrogenated amorphous silicon nitride it has been
shown that the level of silicon dangling bond exists more or
less near the conduction band edge of buik ¢-Si:H.” There-
fore we propose that the interface density near the conduc-
tion band edge is much larger, and we calculated the E¥ for
various distribution of interface states.

At first, E¥ for steplike densities of states as shown in
Fig. 7 (a) are used for calculation to obtain the E¥ versus
gate voltage curves as shown in Fig. 7(b}. The width of
larger interface density of states near conduction band is
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FIG. 5. E* for parallel shift of exponential tail and a constant interface
density D(E} = 510" cm~2eV 1, (a) shows the g{ &)'s with shifted
band tails @, b and c together with a constant interface density. (b}
shows the £¥ vs gate voltage curves g, &, and ¢ corresponding to g(&)’s
a, b, and ¢
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FIG. 7. The calculated ficld effect activation energy E¥ for steplike inter-
face densities of states. (a) The width of larger interface density of states
near the conduction band edge is taken as 0.07 eV. (b) One can see much
better fit even at higher gate voltage.
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FIG. 8. The effect of interface states having exponentiz! tail on £ (a)
shows a g(E) and D(E)’s with a flat top at 10° cm~%eV " !, &, and an
exponential tail all the way up to conduction band edge E.. {b} shows the
corresponding results for E¥, both of which have good fits with the ex-
perimental data.

taken as 0.07 eVY. Comparing the experimental results, we
see that this simple change gives the fairly good fit of £%
curves.

To see the effect of the distribution of interface siates,
we calculated the activation energy with the exponential

3442
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interface states near the conduction band edge instead of
flat interface state as shown in Fig. 8 (a) and the results
are shown in the Fig. 8(b}. Only smail discrepancies with
experiment are observed. Even though it is difficult to
guess the exact shape of the distribution of interface states
which fits best, it is certain that the density of interface
state near the conduction band edge must be much larger.

IV, CONCLUSION

The field effect activation energy £¥ was investigated.
The E¥ was calculated for various model gap and interface
state densities. From the comparison of the experimental
results and the numerical calculation we propose that the
density of interface states is much larger near the conduc-
tion band edge.
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