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ABSTRACT
This paper contains areview of methods to analise static and dynamic properties of trap statesin TFTs.
The Gap Density of States is extracted from C-V and |-V characteristics. Switch on transients and small
signal ac measurements are used in conjunction with simulation and an analytic model to extract traps

dynamic parameters.

1. INTRODUCTION

The focus of this paper isthe analysis of static
and dynamic characteristics of traps in TFTs.
Section 2 reviews a recent method for the
extraction of the Gap Density of States (DOS).
Section 3 discusses the transient behaviour of
polycrystalline silicon TFTs and correlates it
with the DOS and trap parameters. Small
signa AC measurements and their use in the
study of traps are presented in Section 4.

2. DETERMINATION OF DOS

The gap Density-Of-States (DOS) controls
both static and dynamic properties of thin film
transistors. It is therefore not surprising that
this topic has been the subject of a number of
investigations in the past two decades®.
Among the proposed techniques, the field-
effect method has become quite popular due to
its apparent simplicity. In its smplest form,
the method consists in deducing the surface
field, Fs, as afunction of surface potential, s,
from the channel conductance (G ) vs. gate-to-
source voltage (Veg data ° The DOS,
indicated hereafter by N(E), is then calculated
as N(E) ~ 6°Flowd, where Fsand ys are the
surface electric field and the surface potential
respectively. The problems involved in this
approach are: (i) the flat band voltage Vg, the

See for instance: O K B Lui et d., J. of Appl. Phys., 89,

6453, (2001) and references therein.

2 T. Suzuki et d., Jpn. J. Appl. Phys., Part 2 21, L159,
(1982).

bulk Fermi Energy Er, the electron and hole
contributions Gno, Gpo to the flat band
conductance Gg are not known; this may result
in an incorrect location of the N(E) function
adong the energy axis, (ii) the 0 °K
approximation for the Fermi function is
assumed, which results in overestimating N(E)
especially near the band edges, where the
slope of the DOS can be much higher than
1/KT; (iii) the second derivative of F¢
magnifies any noise which may be present in
the origina data, making the extracted N(E)
inaccurate especially near mid-gap, where
oscillations larger than one order of magnitude
are observed. Reverse moddling, that is
finding the N(E) function which best fits the
Ip-Ves characteristics in 2-D simulations, has
been also employed but it is time consuming
and not without uncertainties due to other
unknown parameters such as the flat band
voltage Vgg and Egr. Furthermore, since
thinner active layers (<100nm) are
increasingly being employed for amorphous
silicon (a-Si), polycrystalline silicon (poly-Si)
TFTs and Organic TFTs (OTFTs), the effect
of interface states is expected to be significant.
The combination of Ip-Vgs and C-V
measurements to determine both interface and
bulk DOS was initially suggested in Ref.2.
However, that method was based on the 0°K
approximation, employed N(E)= &*F</oys’
and was only applicable to the case of a semi-
infinite active layer. We have developed a
semi-analytical method that overcomes these
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problems, based on arecursive analysis of C-V
and Ip-Ves characteristics  The surface
potential vs. gate voltage (wsVes) relationship
is obtained from:

dl//S — 1_ C , (1)
dVgg C, WL

where C is the measured low frequency
capacitance between the gate and the
combined drain and source contacts tied
together and Co is the gate oxide capacitance.
The Ves s relationship is obtained by
integration of equation 1, provided the flat
band voltage, Vgg, is known. We have shown
that, under the assumption that both the bulk
DOS N(E) and interface state density Nss can
be considered constant near flat band, Veg is
given by the minimum in the low frequency
C-V curve. The Vgsiys relationship so
obtained is independent of the conductance-
gate voltage (G-Vgg) data. The latter provides
the additiona relationship necessary to
separate the interface states from the bulk
DOS. The reationship among Vgs, s, the
charge on the gate metal Qg, the bulk charge
Qg and the surface charge Qssis:

Q="0Qs—Q= Cox\NL(VGs —Ves _‘//s) (2

where Qg = -&Fs, Fs = _dv
dX |0
dielectric permittivity of silicon. Note that the
w(X) profile, where x is the co-ordinate
perpendicular to the channel, x = 0 being at the
gate-oxide semiconductor interface, has to be
calculated in order to deduce Qg. The y(X)
profile can be obtaned from Poisson's
equation:
d’y q[N +Nn-n, — p+p] 3
dX £ trap 0
where:
n,p, are the electron, hole concentrations and
No, Poindicate the equilibrium values;

Ec
Niw(7)= [N(E)f () - o] dE; (@)
Ey

and ¢ is the
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n(y)— J.E E.)"?(f - f,)dE
Ec

)
where Ec, Nc are the conduction band
minimum and the effective density of states
and T is the absol ute temperature;

f(E’ = +CIl//):

l/2(k-|-)3/

E-Er—qy '’
l+e K
and f, = f(y =0). An expresson similar to

equation 5 holds for p(y)-po.

The channel conductance, G, isgiven by:
d d

G, ay(x) G,o —ay(x)
G=—"]e X dx+— d e K dx, (6)

d

0 0

where G ,Gy are the electron and hole
equilibrium conductances, , and d is the active
layer thickness. Starting from the experimental
Geg-Ves characteristic, Equations 2, 3, 4, 5
and 6 can be solved sef-consistently,
according to the procedure described in Ref.1.
To test the accuracy of the method, |-V and C-
V characteristics for a poly-Si TFT were
simulated using the ISE software. The DOS
was then extracted and compared with the
input DOS (Fig.1).

3. GATE SWITCH-ON TRANSIENTS

We reported previously® that poly-Si TFTs
exhibit excess transient current, upon gate
switch-on, referred to as transient overshoot.
As shown in Fig.2, the overshoot decreases for
decreasing time between pulses (Tof), and
disappears for Tor < 100us. A sSimilar
overshoot has been observed in SOI-
MOSFETSs.* The effect can be explained in the
following way. When a positive voltage step is
applied to the gate of a n-channel device, the
body floats positive with respect to the source,
forward biasing the source-to-body junction.

® N Bavidge et a, Appl. Phys. Lett.,77, 3836, (2000).
4H.C. Shin et ., IEEE Trans. Electron Devices., 43,
318,(1996).



The steady-state is achieved through electron
injection from the source into the body. Some
of these electrons are driven towards the
interface to form the conductive channel
(charge per unit surface Q,), the rest
recombine with the background holes, giving
rise to the depletion region (charge per unit
surface Qg). The latter process requires afinite
time, as the current through the source/drain
body junctions is limited. Since
QntQr=CoxVas, if Qa(t) < Qp(w) then Qy(t) >
Qn(0) and an excess drain current is observed.
Since the source-body recombination current
is inversely dependent upon the carrier
lifetime 1, and the number of holes to be
recombined is proportional to the acceptor
concentration Na, the transient time increases
with t and Na. If the SOI-MOSFET is fully
depleted, the transient becomes extremely
short. In poly-Si the carrier lifetime is of the
order of nanoseconds and the active layer is
intrinsic. Therefore, one expects very fast
transients. By contrast, we observe transients
lasting severa milliseconds. Fig.3 shows
experimental and simulated transients for Vps
=0.1V and Vs stepped from O to 7V. The
simulations were performed with the ISE
simulator, by using the extracted DOS and
assuming acceptor-like (donor-like) states in
the upper (lower) half of the bandgap. Energy
dependent  capture  cross-sections  were
employed and the best fit spectrum is shown
in Fig.4. The different behaviour of poly-Si
TFTs compared to single-crystal SOI is due to
the fact that poly-Si is undoped (Fermi level
near the mid-gap), so the formation of the
depletion region proceeds through capture of
electronsinto initially empty states, rather than
through recombination of free holes. Under
these conditions, the transient consists, for n-
channel devices, of contributions from all
acceptor-like traps in the upper haf of the
bandgap: the tail states, with a larger capture
cross section, are responsible for the fast
transient portion (not shown), whereas the
deep states, with smaller cross sections, give
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rise to the long transient shown in Fig.2. In
between pulses, eectrons are emitted from the
traps, but for small Ty, the time dot is
insufficient to reach the equilibrium condition,
corresponding to the Fermi Level lying near
midgap. Therefore, at the start of the next
pulse the traps are already full of electrons.
Hence Qg(t) ~ Qa(0), Qn(t) ~ Qn(0) and no
overshoot is observed. It is worth noting that
the overshoot is reduced when the trap density
is reduced. This is for instance the case of
single-grain TFTs, particularly in the devices
with high mobility (~400 cm?V?'s?). It is
interesting to examine the overshoot
dependence upon Vps, shown in Figs. 5.° The
excess current increases with Vpsup to 3.5 V.
Beyond that it decreases until, for Vps = 10V
an undershoot occurs. It is evident from the
inset of Fig.5 that the decrease of the excess
current corresponds to the onset of the kink.
The effect can therefore be explained by the
presence of two competing processes: electron
capture and hole capture by traps. Holes are
generated in the high field drain region and
eventually dominate the trap kinetics, owing to
the larger hole cross section of the acceptor
states, resulting in an undershoot.

4. ACANALYISIS

This is an alternative technique to study the
TFT dynamic performance. A small AC signd
is superimposed to the DC gate voltage and
the AC current is detected at the source
through a lock-in amplifier. In order to
describe the principle of this technique, we
will assume that the ac response is controlled
by a single trap level. A simple model ° is
presented below. For a n-channel device, the
response can be described by the following 1st
order differential equations:

® N Bavidge, PhD Thesis, Cambridge University,
(2002).
® FYaneta, Appl. Phys. Lett., 82, 2062 (2003).
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q d(n() + N, (©) _ C, dVis
dt dt
nglt (t) _n® N;() -
T T

C e

where n(t) is the number of free electrons in
the conductance band, Nt “(t) is the number of
electron occupied traps, 1. is the average
capture time and t. is the average emission
time; q is the €electron charge; C, is the
capacitance of the TFT at a gate voltage Vgs.
Since the conductance of the channel is
proportional to the number of free electrons,
solving for n(t) we have for the real and
imaginary components of drain current and
impedance:

o tlr,+w’c® | ¢ 1
Re 1+ w?r? 7. 1+ w°r?
. ot T T or
i ——l-—) = 8
™1y 0)22'2( re) r. 1+ w°7? ®)
Zp cl+e 12 .
7. 1+ o,
T, OT
Z oc——=2—=_ 9)
" 7. 1+ a)zre2
Where:1=i+i (10)
T T, T

Cc
The time constant t can be determined from
the peak frequency of ire, ®p1, T=Vwp:. The
emission time constant te can be calculated
from the peak frequency of Zge, ®p2, Te=1®p2.
So the capture time constant t. can be

caculated from 7, = . The half

e

1

]/T _]/Te
width of the relaxation peak of Z, in log axis
iss  logw, —logw, =10g(7 + 4+/3) =1.144 .
The treatment can be extended to the case of a
distribution of trap levels and capture-
emission time constants. In such case the peak
will be broadened and eventually will
disappear altogether, depending on the time
constants distribution.
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As shown in Fig.6, the imaginary component
of the AC current of a poly-Si TFT shows a
resonance peak with a corresponding step in
the real component. The bias voltage applied
on the gate was V¢=4.8V. The peak frequency
is fy,=147 Hz. The half width of the peak is
log(wi/m2)~1.1. We conclude that the resonant
process is dominated by asingletrap level. Fig.
7 shows the imaginary and real components of
Z for the same measurement. The peak
frequency of Zy is f,=87.2Hz. The calculated
time constants are: t=1.8ms, t=1.1ms. From
equation (10) t=2.7ms.

When the gate bias is changed from 4.4 V,
which corresponds to the flat band voltage, to
8.0V, the peak frequency f,; and fp, remain the
same. However, the peak height undergoes a
big change. As shown in fig. 8, the peak
increases for Vs<6.5 V, it has a maximum for
Ves=6.5V and then decreases with the
increasing voltages, eventually disappearing
for Vss>8.0V. The gate voltage dependence of
the peak height can be explaned by
considering the distance in energy between the
dominant trap and the Fermi Level at the
surface Er. At low Vs, Er lies below the trap
level and becomes closer to the latter for
increasing Vgs This results in a larger
modulation of the electron population and in a
higher peak. A maximum is reached for the
Vgs value at which Er crosses the trap level.
After that, the trap is progressively filled with
electrons and the peak height decreases. The
surface potential value, ys, corresponding to
the maximum gives an estimate of the trap
energy. The wysVgs reationship can be
extracted from low frequency C-Vgs
measurements using equation 1. A plot of the
peak height vs. ys is shown in Fig 8 together
with the C-Vgs data (inset). From this plot we
locate the trap level at E+0.35eV. From the
flat band conductance Erp~ Ey+0.56€V. From
the trap emission time t. we estimate the

capture cross section o, = 3.1x10'cm?* and,



from the capture time t, the trap concentration
N7=5.7x 10" cm?® The presence of traps
centred near this energy has been reported
before as a result of bias stress in poly-Si
TFTs’ and single crysta MOSFETS, © or
radiation damage.’

6. CONCLUSIONS

We have reviewed methods for the anaysis of
static and dynamic properties of trapsin TFTSs.
The DOS has been extracted by a new
recursve anayss of CV and |-V
characteristics, resulting in improved accuracy
and speed compared to previous methods. The
gate switch-on transients in poly-Si TFTs have
been employed, in conjunction with transient
simulation, to extract the dependence of the
traps capture cross section upon energy. Small
signal AC measurements and an anaytic
model have been presented, providing
additional characterization tools for traps in
these devices.

"G.Fortunato et a., IEEE Trans. Electron Dev 41,
340,1994.

8S. K. Lai, Appl. Phys. Lett. 39, 58, 1981.
T PMaeta., Appl. Phys. Lett. 27, 61, 1975.
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