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Reliability of Highly Stable Amorphous-Silicon
Thin-Film Transistors Under Low Gate-Field
Stress—Part I: Two-Stage Model
for Lifetime Prediction

T. Liu, L. E. Aygun, S. Wagner, Fellow, IEEE, and J. C. Sturm, Fellow, IEEE

Abstract—To predict reliability, an analytical model for drain
current degradation in amorphous-silicon (a-Si) thin-film tran-
sistors (TFTs) is developed for the low-gate-field region, where
defect creation dominates the threshold voltage shift. Starting with
fundamental models where the local threshold shift depends on the
local channel electron density, a stretched exponential expression
for current degradation in linear and saturation modes is derived
and related to an effective threshold voltage. The model was used
to predict room temperature stability from accelerated stress up
to 140 °C in highly stable TFTs with hydrogenated a-Si channels
and silicon nitride (SiN,) gate insulators. For high temperatures
and long times at all temperatures, defect creation dominated
the decay. A “unified” stretched exponential fit, in which a single
fitting parameter is used to convert time into ‘“‘thermalization
energy,” unifies drain current decay at different temperatures into
a single curve. At short times near room temperature, a second
mechanism ascribed to charge trapping also contributes to the ini-
tial degradation. This contribution is attributed to charge trapping
in the SiN, gate insulator and can also be fitted with a stretched
exponential expression. A two-stage model that combines both
mechanisms is used for best predictions of room temperature
stability. Part II of this paper will show that this two-stage model
facilitates the optimization of the fabrication of a-Si TFTs with
very high stability.

Index Terms—Two-stage model, a-Si TFTs, unified stretched
exponential, stability, defect creation and charge trapping.

NOMENCLATURE

Cins Capacitance of the gate insulator.
Co Weak bond distrib’n. pre-exponential const.
Fact Arrhenius activation energy of characteristic

time tg.
Eoct off Effective activation energy in saturation.
Eoct,eff,11 Stage II effect. saturation activ’n. energy.
Eact,rx,11 Arrhenius activation energy for time for nor-

malized current to degrade to x%.
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Barrier-breaking energy.

Thermalization energy, Ey, = kT In(vt).
Boltzmann constant.

Drain current.

Drain saturation current.

Normalized drain current, Ip nor(t) = Ip(t)/
Ip(t=0).

TFT channel length.

Number of weak bonds per unit energy per unit
volume.

Number of weak bonds per unit volume.
Number of broken bonds per unit volume.
Total density of traps in channel.

Density of traps in insulator.

Number of channel electrons per unit volume.
Channel density normalization constant.
Electron charge.

Constant in the logarithmic time dependence
of charge trapping.

Time.

Characteristic time tg = v ! exp(Eact /kT).
Effective characteristic time in saturation.
Effective characteristic time in saturation in
Stage L.

Effective characteristic time in saturation in
Stage II.

Temperature.

Characteristic temperature.

Channel-source voltage.

Gate-source bias voltage.

Drain-source bias voltage.

Drain saturation voltage.

Threshold voltage.

Initial threshold voltage.

Depth in channel layer.

Lateral distance from source to drain.
Exponent in the stretched exponential expres-
sion, 8 = T'/Tj.

Exponent in the stretched exponential expres-
sion for Stage I.

Exponent in the stretched exponential expres-
sion for Stage II.

Dielectric permittivity of gate insulator.
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A Tunneling constant in insulator.
Lhn Electron field-effect mobility.
Ta% Time for normalized current to decay to x%.

7(Ep) Characteristic time to overcome the barrier Ej,
7(Ep) = v~ exp(Ey/kT).

v Attempt-to-escape frequency.

(d) Centroid of trapped charge measured from the
gate metal.

AVr Threshold voltage shift.

AVr er Effective threshold voltage shift in saturation.

AVrem 1 Threshold effective voltage shift in Stage I
degradation.

AVr e 11 Threshold effective voltage shift in Stage II
degradation.

AVr max Maximum threshold voltage shift.

AV off max Maximum effective threshold voltage shift in
saturation.

AVT eff max,1  Maximum effective threshold voltage in
Stage I degradation.

AV7 off max,;1  Maximum effective threshold voltage in
Stage II degradation.

AVT off total Total effective threshold voltage shift in
saturation.

I. INTRODUCTION

MORPHOUS-Si (a-Si) TFTs are traditionally used in

low-duty-cycle operation as digital pixel access switches
in Active Matrix Liquid Crystal Displays (AMLCDs). At the
gate voltages used in these applications (typically well over
10 V), the drain current degrades quickly. For use as pixel
current drivers in active matrix organic light-emitting diode
(AMOLED) displays, high stability under DC operation is
required, because the pixel brightness depends on the current.
Operation in saturation with under 5 V gate voltage is required
for low pixel power consumption.

For such low-gate-voltage operation, defect formation in the
a-Si and the resulting threshold increase can dominate the cur-
rent degradation [1]-[3], in contrast to trapping in the gate di-
electric which dominates at much higher gate voltages [4][6].
Recently, highly stable a-Si TFTs have been reported with
extremely long operating lifetimes under DC gate bias with
~7.5 V [3], [7], [8]. The time for the DC saturation current
to drop to 50% of its initial value has been estimated to be
over 100 years. However, the lifetimes were extrapolated with
a stretched-exponential expression based on only month-long
tests at room temperature, leading to uncertainty in the validity
of the extrapolation.

In this work, Part I develops a physically-based analytical
model for modeling threshold shift in a-Si TFTs in saturation,
which incorporates both defect formation and charge trapping
mechanisms, and uses these models to develop a rigorous
approach to accelerated testing at elevated temperatures for
modeling long-term room temperature. Part II then uses these
models to experimentally optimize the fabrication of TFTs for
room temperature stability in saturation with 5 V V.

We begin Part I by reviewing two instability mechanisms in
a-Si TFTs—defect creation in a-Si and charge trapping in the
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Fig. 1. Instability mechanisms in a-Si TFTs: (a) defect creation in a-Si; and
(b) charge trapping near the SiNx/a-Si interface.

silicon nitride (SiNy) gate insulator. Because of the distributed
barrier energy and/or trapping parameters, both mechanisms
can be modeled with a stretched exponential expression. The ef-
fective threshold voltage shift for circuit modeling in saturation
is derived based on fundamental material parameters. When all
sets of drain current vs. time data at different temperatures are
plotted against the “thermalization energy” Ey, = kT ln(vt)
[9], which requires only a single fitting parameter, they can
be represented by a single curve. This leads us to propose a
“unified stretched exponential fit” to the drain current degra-
dation caused by defect creation in a-Si. The unified stretched
exponential fit agrees well with the experimental results ob-
tained in the temperature range from 80 °C to 140 °C. At short
times (days) and lower temperatures, charge trapping must also
be considered for fast initial shifts.

II. INSTABILITY MECHANISMS IN a-Si TFTs

In n-channel a-Si TFTs, the threshold voltage increases under
positive gate bias, and the drain current drops. It is well estab-
lished that two mechanisms may cause the threshold voltage
to rise (Fig. 1): (a) defect creation in the channel a-Si layer and
subsequent electron trapping [1], [2], [10], and (b) electron trap-
ping in the SiNy gate insulator [4]-[6], [11], [12]. Under neg-
ative gate voltage, defect creation and hole trapping contribute
to an opposite threshold shift [2], [13]. This paper focuses on
DC positive gate bias. In mechanism (a) [10], [14], electrons
accumulated in the channel reduce their energy by breaking
the weak Si-Si bonds, which form negatively charged dangling
bonds [Fig. 1(a)]. In mechanism (b) [12], channel electrons
leak into the SiNy dielectric and are captured by traps in the
SiNy [Fig. 1(b)]. We now review why both threshold shifts vs.
time caused by these two mechanisms can be represented by a
“stretched exponential” [10], [12].



LIU et al.: RELIABILITY OF a-Si TFTs UNDER LOW GATE-FIELD STRESS—PART I

) State A State B

Barrier Energy

Fig. 2. Two-level configuration coordinate diagram for metastability in a-Si.
State A represents the weak bond state, and state B represents the dangling
bond state. Ey, is the barrier-breaking energy.

A. Modeling Defect Creation in a-Si

Electrons in the channel induce weak Si-Si bonds (which
give rise to states in the band tails) to break into dangling bonds.
This process is reversible unless the dangling bonds relax into
stable configurations. Two alternative models explain this de-
fect relaxation kinetics—hydrogen-diffusion-controlled defect-
relaxation (HCR) and defect-controlled defect-relaxation (DCR).
In the HCR model, a hydrogen atom diffuses to the site, attaches
itself to one of the dangling bonds, and thereby separates the
two dangling bonds [15]-[17]. In the DCR model, the two
dangling bonds relax locally without the aid of a diffusing
atom [18].

In the DCR model, defect creation in a-Si is modeled as a
transition in energy from an initial weak bond state to stabilized
but metastable dangling bond states [18]. In the two-level con-
figuration coordinate diagram (Fig. 2), state A is the weak bond
state and state B is the dangling bond state. Because of varia-
tions of bond lengths and bond angles in a-Si, the number of
weak bonds per unit energy per unit volume n 4 with breaking-
barrier energy FE} has an exponential distribution in fresh a-Si
TFTs before stress (Fig. 3) [18], [19]

na(Ey) = Coets. (1)

This distribution means that few very weak bonds are easily
broken (dotted curve in Fig. 2) and an increasing number of
stronger bonds are harder to break. The characteristic tempera-
ture Ty reflects the degree of disorder. A low value of T implies
a steep tail in the energy distribution of weak bonds [20]. The
transition from the weak bond state to the dangling bond state
is thermally activated (Fig. 2), with a characteristic time 7(E})

7(Ey) = v exp (%) . )

v is the attempt-to-escape frequency. Transitions over low en-
ergy barriers are frequent, while those over high energy barriers
are rare. To a first-order approximation, at time ¢, weak bonds
with a characteristic time 7(Ep ) less than the time ¢ will all have
been broken, and those with a characteristic time 7(E}) larger
than ¢ will not yet have been broken. This statement can also be
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Fig. 3. Logarithm of the number of weak bonds per unit energy per unit
volume n 4 vs. bond strength (energy barrier for bond breaking): (a) Schematic
distribution of the volume density of weak bonds N4 in a-Si (mostly in the
valence band tail) and broken bonds Ng; and (b) illustration of the progress
of bond breaking with increasing duration ¢ of gate-bias stress, expressed as
Eyy, = kT In(vt).

expressed in terms of a “thermalization energy” Eyy, [9], which
is defined as

Eiwn = kT In(vt). 3)

At time ¢, we can approximate that weak bonds with a barrier
energy F less than Ey, will have been broken and the stronger
bonds above Ej; will be intact [Fig. 3(a)]. It follows that
between time ¢ and ¢ + dt, bonds with barrier energies between
FEiy and iy, + dEyy, will break [the shaded region in Fig. 3(b)].
Defining Np(t) as the number of broken bonds per unit volume,
the defect creation rate is then

dNg(t)  dNp dEw,

= 4
dt dEy, dt @)

The area of the shaded region in Fig. 3(b) is
dNa(Ewm) = na(Ewm)dEm. )

Because one weak bond breaks into two dangling bonds, we
have dNp(FEi) = 2dN 4 (FE4y). Here we relate the weak bond
states to the created dangling bond states with a ratio of 1:2.
Thus the defect creation rate with thermalization energy is

dNp
dEy

= 2TLA(Eth) = Q,Coe%. (6)

Combined with (3), the defect creation rate is

dNp(t)  dNp dEy,
dt N dEth dt

= 2CokT v(vt)T/T=1 (7)

Experiments show that the defect creation rate increases
with the applied gate voltage Vs [21], [22]. Often the defect
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creation rate is assumed to be proportional to the number
of channel electrons per unit volume n., [18], [22], because
electrons induce the weak bonds to break [9], [18], [22], [23].
After factoring the electron volume density n.;, into (7), the
defect creation rate as a function of time becomes

dNp(t)  2Conen(t)kT v(vt)T/To~1
dt n Tch,o

(®)

where n, , 1S a new constant inversely reflecting the sensitivity
of the rate on electron density. Because channel electrons are
captured by the dangling bonds and raise the threshold voltage,
the threshold voltage is related to the number of dangling bonds
per unit volume by

AV (t) / AN (1)

di = di dx/cins (9)
where Ci,s is the capacitance of the gate SiNy and the inte-
gration is across the channel thickness z. Here we assume that
the defects in the a-Si are created very close to the SiNy/a-Si
interface. With gate-source bias Vg

Cins [VGS - VCh,S(yv t) - VT (yv t)]
q

/nch(y,t)dx = (10)

Parameter y is the position along the channel, 0 at the source
and L at the drain, since the electron density varies along the
channel depending on channel voltage Vcy, g for any non-zero
Vis. Thus the local threshold voltage varies along the channel
as well due to different rates of defect creation. Substituting (9)
and (10) into (8) leads to a differential form of the stretched
exponential expression for the threshold voltage shift vs. time.

Threshold voltage shift can be modeled with a differential
equation

8VT(y,t) - (200

5t ) Vas — Vr(y,t)

Tlch,o

— Ven,s(y, 1) KTv(vt) /7071 (11)

If we define “characteristic time” ¢g

200kTH\ V7P
to = vt (M) (12)
Nch,o
and define
T
= — 13
B T (13)

Eq’n. (14) becomes

OVir(y, t t\? !
% = [Vas = Vr(y,t) — Von,s(y, )] % <%) .
(14)

[ is the ratio of kT to the characteristic energy of the distri-
bution of the weak bonds and 3 decreases as the distribution
broadens. The term “activation energy” . is often used in the
literature on stretched exponential processes and is by defini-

tion the Arrhenius activation energy of tg, assuming v is inde-
pendent of temperature.

15)

Fus = KT n(ote) = 4t (20410

ch,o

This does not imply a single energy barrier as in a conven-
tional activation energy in an Arrhenius relation for degradation
experiments. Rather, F,. is closely related to the maximum
energy barrier surmountable on the time scale of the experiment
and will depend on time t [2]. (See Sect. IV D and (35)).

In Section II-C we will derive drain current vs. time based
on (14). Here, if we assume for simplicity that Vpg =0,
so that Vo, s(y, t) = 0 everywhere for all time, for constant
Vs, we can integrate (14) to give the well-known “stretched
exponential” expression for threshold voltage shift vs. time [9].

AVr (t) =Vr (t) — Vo

= (Ves — Vo) {1 —oxp l— <%> TT] } (16)

where Vg is the initial threshold voltage before the application
of gate bias.

The threshold voltage shift will saturate when n.y, is zero
and there is no more defect formation. Defining the maximum
possible threshold shift as AVy max

AVvT,max = VGS - VTO. (17)

The stretched exponential expression (16) becomes

B
AVT(t) = AVT}max {1 — €Xp |:_ <ti):| } . (18)
0

Initially, the threshold voltage shift AVy is zero and then
it rises because the exponential term in (18) becomes smaller.
For t > to, the exponential term is so insignificant that AVp
saturates. When t=tg, AVr(ty) = AVimax(l —e 1) ~
0.63 AVrmax and Eg, = E,c. We note that hydrogen-
diffusion-controlled defect-relaxation (HCR) models [15]-[17]
also lead to (18), if we assume the diffusion of hydrogen is a
thermally-activated process with a barrier energy Ej; and the
density of hydrogen atoms with diffusion energy barrier Ej
has an exponential function n4(E}) = Coef»/kTo  Thus, for
the purpose of fitting experimental results, the defect-controlled
defect-relaxation (DCR) model and the hydrogen-diffusion-
controlled defect-relaxation (HCR) model are equivalent. For
the rest of this paper, we will use the terminology associated
with the DCR model.

B. Modeling Charge Trapping in the Gate SiN,

When channel electrons enter the gate insulator and then
are captured by traps there, the threshold voltage shifts. If one
assumes that all electrons that enter the insulator are trapped,
the threshold voltage shift depends strictly on the process of
electron tunneling into the gate insulator and has a logarithmic
time dependence [5].

AVT(t) =Tq 1og(1 + t/to) (19)
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TABLE 1
STRETCHED EXPONENTIAL EXPRESSION FOR INSTABILITY MECHANISMS IN a-Si TFTs

AVr(6) = AVr max {1 — e [_ @ﬁ]}

energy E,., and temperature T, with
to = v " exp(Egee /KT).

Parameter | Defect creation in a-Si (Stage II) Charge trapping in gate insulator (Stage I)
AVr max Ve = Vro qNyyr < d >/e-area
B A measure of the distribution of defects vs. A measure of width of the distribution of the
barrier energy E, with § =T /T, capture cross section 0 < f < 1
to Time scale to reach AVr pq, . Depends on Time scale to reach AVy .4, Depends on the

the attempt-to-escape frequency v, activation

gate leakage current and characteristic capture
cross section.

The constant 74 contains the density of traps Ny [cm—3] and
a tunneling constant A [cm] [5]. This tunneling mechanism
typically dominates at high gate-field stress (> 10 V/cm) [7],
[8] and produces a weak temperature dependence [5].

On the other hand, if most electrons that enter the gate
insulator are not trapped and continue to the gate electrode,
the threshold voltage shift can be shown to follow the stretched
exponential expression as (18) [5], [6], [12], [24]. This expres-
sion can be derived by assuming a continuous distribution in the
capture cross section of the trapping sites [12]. The parameters
AV7 max, 8 and tg in (18), which characterize charge trapping
in the gate SiNy, have physical origins that are different from
those to characterize defect creation in a-Si. When all traps
in the SiNy are filled, the threshold voltage shift saturates and
reaches AVp max. Thus, the parameter AVp max = ¢Nyot (d)/
€ - area, where Nio is the total density of traps, (d) is the
centroid of trapped charge measured from the gate metal, and
is the permittivity of the gate SiNy. [ is a measure of the dis-
tribution width of capture cross section, with a value between
0 and 1. 8 decreases as the distribution broadens, and 8 =1
implies a single trap cross section. In principle, the character-
istic time ¢ can be determined from the gate leakage current
and characteristic capture cross section for the ensemble of
traps [12]. In practice, t( is determined from (18) as the time
when AVy = 0.63 AVr .« Because gate leakage current and
capture cross section may depend on temperature [12], the
threshold voltage shift also may depend on temperature.

The above charge-trapping model, based on continuous dis-
tribution in trapping capture cross section, was first derived to
explain the threshold voltage shift in single crystalline Si field-
effect transistors with high permittivity dielectric gate insulator,
such as Al,O; and HfO,. When applied to a-Si TFTs with
a SiNy gate insulator, the stretched exponential form of (18)
also corresponds well to experimental data, although without
connecting to an explicit physical model.

The stretched exponential expression for threshold voltage
(18) can be used to model the shifts caused by either defect
creation (Section II-A) in a-Si or by charge trapping in the gate
SiNx (this section). The model in either case requires three
parameters, AVr max, S and tg, the physical origins of which
are listed in Table I. It is difficult to determine which instability
mechanism is operating in a-Si TFTs from simply observing the
threshold voltage shift [24]. However as noted in Section II-A,
for defect creation in a-Si, we expect AVr max = Vas — Vo,
while for charge trapping in SiNx, AVr max could be less than

Vs — Vo if the number of traps in the gate insulator is small.
Such an observation, in practice, would allow one to differ-
entiate between the two instability mechanisms. Furthermore,
defect spectroscopy techniques [ 14] would allow one to observe
the newly created defect states in a-Si.

C. Drain Current Degradation Models

1) Effect of Non-Zero Drain-Source Voltage: As noted in
Section II-A, the stretched exponential model for drain cur-
rent degradation, implicitly assuming uniform electron density
along the channel (i.e., Vpg = 0) has been previously devel-
oped [25]. However, in devices with drain voltage applied, the
electron density and thus local threshold voltage varies along
the channel. A first-principles model for drain current degrada-
tion with the threshold voltage varying along the channel has
not previously been presented. We now rigorously derive the
drain current degradation vs. time in this general case when
Vbs and thus the channel potential Voy s(y) are not zero. With
a uniform initial threshold voltage Vg assumed, from (16) the
threshold voltage can be expressed as

Vr(y, )= (Vas —Ven,s(y, 1)~ Vro) {1—exp {_ (iﬂﬂ
(20)

To derive drain current vs. time, we start with the assumption,
which we will soon justify, that for constant Vzg and Vpg that
the voltage at any point in the channel Vo, s(y,t) remains
unchanged with time, i.e., Von s(y,t) = Ven,s(y).

The classical gradual channel approximation in linear mode
(Vbs < Vs — Vi) gives

L Vbs
/ Toin ()dy = 11n W Cine / Vs —Vi(y, )~ Vens()]dV.
0 0

2y

Since the changes of mobility were far less significant to the
drain current degradation than the changes of threshold voltage
in our experiments (e.g., less than 10% mobility degradation
when current was reduced to under 15% of its original value
(degradation was > 85%) [20]), we neglect mobility changes in
our analysis.
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Then substitute for Vr(y, t) from (20)

Vbs
ID,lin(t)L = MnWCins /
0

(&)

1
= pnCins W [(VGS — Vro — EVDS) VDS}

n B
(L)
The saturation current can be found from (22) by substituting
Vb,sat = Vas — Vo for Vpg. In principle, Vp s.¢ could be
reduced over time if there were defect formation and a rise in
the local threshold at the drain end of the channel. However,
since n., = 0 at the drain end of the device (y = L), there is no

threshold shift at that end of the device and Vp g, is unchanged
with time. Thus the current degradation in saturation is

[VGS — Vo — VCh,S(y)]

X exp av

(22)

ID,sat (t) - /LnC

W t\”’
ins 5 [(Vas — Viro)?] exp | — < >

to
(23)

Defining a normalized current Ip o (%) as the current normal-
ized by its value at ¢ = 0, we have

B
Ip nor(t) = % = exp l— (%) ] .2

In both saturation and low Vpg regimes, the current decays
according to a stretched exponential model vs. time, with
parameters 3 and ¢y depending on material properties.

Up to this point we have derived an analytical solution
for drain current degradation vs. time without changing the
channel voltage profile Ven, s(y,t) as a function of time. By
having shown a formal solution which is consistent with this,
the assumption of Ven s(y,t) = Ven,s(y), i.e., independent of
time, is thus valid.

To further reinforce this surprising and non-intuitive result,
we also numerically modeled the threshold voltage increase
at each location in the channel as a function of time. At
each time point we re-evaluated the potential distribution and
carrier density along the channel depending on the previous
local carrier density (and thus local resistance) and the local
threshold along the channel. The numerical model confirmed
that the channel potential vs distance along the channel does
not change in saturation [26].

2) Threshold Voltage Fitting Approach in Saturation: We
have proved that I decays as a stretched exponential for fixed
Vbs and Vg both for small Vpg and in saturation. In practice,
the decay is often reported as an effective threshold voltage shift
AVr e (t). We stress the word “effective,” since if Vpg is non-
zero, the local threshold voltage varies along the channel. The
decay in drain current vs. time is often reported simply as a
AVr o1 (), where this is the effective shift in a single threshold

required to model the drain current at any time using the simple
device classical device laws, instead of introducing defects as a
function of time and location in the channel [3], [27]-[30].

The a-Si TFT is usually biased in saturation to operate
as a current source to drive OLEDs in flat panel display. In
saturation, with Vp sy = Vgs — Vi, AV e (t) can be defined
by the square law equation for drain current,

W Vs = (Vio + AV (0))°.

ID (t) = /J/nCins E

(25)

Using the definition of normalized current (24) and AV jmax =
Vas — Viro, AVr s (t) can be solved to be
} . (206)

B
1/t
AVres(t) = AVrmax 4 1 —exp | —5 | —
2 \ tg
By defining an effective characteristic time for saturation, £g cft

toer = 251, Q7

The effective threshold voltage shift can be simplified to a
stretched exponential expression,

B
AVYT,ef:f (t) = A‘/T,Inax {1 — €xp l_ (tot ff) ‘| } . (28)

This is similar to the threshold voltage shift (18) under zero
Vbs, except for the redefinition of tg ¢, which is due to the
variation of 7}, and thus shift in AV along the channel. The
effective threshold voltage expression is useful because of its
compatibility with circuit simulators.

From (25), the normalized drain current degradation in satu-
ration can be expressed as

B
t

Ip nor(t) = exp [—2 < ) ] (29)

to,eff

or, in terms of the fundamental parameters,

2Co kT T
Ip nor(t) = exp [— (%) (Ut)TTO} . (30)
ch,o

In analogy to (15), we can also define an effective activation
energy E, i s with

Eoct e = kT In(vtg eft) = Eact + k7o In(2). (31

III. SAMPLE PREPARATION AND
BIAS-TEMPERATURE-STRESS MEASUREMENT

Highly stable a-Si TFTs were fabricated with a standard
bottom-gate non-self-aligned process in the back-channel pas-
sivated (BCP) structure. The silicon nitride and amorphous
silicon were deposited in a plasma-enhanced chemical vapor
deposition (PECVD) system. 300-nm gate nitride, 200-nm in-
trinsic hydrogenated a-Si and 300-nm passivation nitride were
deposited sequentially at 320 °C, 320 °C, and 220 °C, respec-
tively. The SiNy and a-Si were patterned with dry-etching. All
the samples were annealed at 180 °C for an hour to remove
the plasma-induced damage from the dry-etching process [20].
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After annealing, the initial threshold voltage Vg was 1.0 V and
the electron mobility zi,, was 0.9 cm?/V - s.

The TFTs were biased in saturation with a constant gate-
source voltage Vg of 5V (a gate field of ~1.5 x 10° V/cm)
and a constant drain-source voltage Vpg of 7.5 V. Saturation,
in contrast to the linear mode, was used because this mode
of operation is used for driving OLEDs, an application which
demands very high stability [7]. We raised the substrate tem-
perature from 20 °C to 140 °C in steps of 20 °C. At each tem-
perature we biased a fresh TFT on the same substrate without
any prior stress and measured the drain current as a function
of time. At the end of this period of bias stress, the gate-bias
voltage was swept at fixed drain voltage to measure the Ip —
Vs characteristics of the TFTs [20]. This measurement pro-
vides the electron mobility of the TFT at the end of the stress
period. The experimental data points of normalized drain cur-
rent Ip nor(t) = Ip(t = 0) in function of time at temperatures
from 20 °C to 140 °C are shown in Fig. 4.

IV. EXPERIMENTAL RESULTS AND TWO-STAGE MODEL

A. Single Stretched-Exponential Fit of Current Degradation at
Different Temperatures

Fig. 4 shows that at 5 V gate bias, the drain current ap-
proaches zero at long times and depends strongly on temper-
ature. We fit the stretched exponential expression of (29) for
defect creation in a-Si to the experimental data for each tem-
perature (dotted curves in Fig. 4). Each temperature requires
separate fitting parameters Ty = 7/3 and tg s, Which are
plotted in Fig. 5(a) and (b), respectively. Fig. 5(a) shows that the
characteristic temperature 7 of the defect energy distribution
changes from 1032 K at 20 °C to 616 K at 140 °C, and
that it decreases rapidly in low temperature range. Similar
results were reported in [6] and [25]. From the slope of the
Arrhenius plot of logtycs [straight line in Fig. 6(b)], the
effective activation energy E,.;..q = 0.89 eV and the attempt-
to-escape frequency v = 4 x 10° Hz are extracted from (31)
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Fig. 5. Fitting parameters for the single stretched exponential fits of Fig. 4:
(a) characteristic temperature 7 as a function of bias stress temperature, and
(b) characteristic time ¢g e as a function of reciprocal stress temperature in an
Arrhenius plot. Line is a fit with E,ct off = 0.89 eV and v = 4 x 10% Hz.

to.eff = v L exp(Bact.ef/kT). However, the experimental to o
does not fall on the straight line at low temperatures.

From the discussion of instability in a-Si of Section II-A and
Section II-C, the anomalously large Ty and Zg ¢ near room
temperature result from either changes in material properties
with temperature, or a single stretched exponential fit not being
appropriate for the entire temperature range. In Section IV-D,
we will show that material properties do not change, and that
a second instability mechanism relevant near room temperature
(charge trapping in the gate dielectric) for a short time makes
the single stretched exponential fit inadequate. Further, much
of this effect occurs between 0.1 s after applying gate bias (the
time to our first measured point, which we call ¢ = 0) and 1.0 s
after that point (which is the first plotted time point). This ex-
plains why the normalized current curves seem to start at under
1.00 in Fig. 4 near room temperature. At high temperatures, this
effect is already over at 0.1 s (the first measurement point).

B. Unification of Time and Temperature

If the instability is caused by defect creation in a-Si and
the material properties do not change with temperature, the
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stretched exponential fit to the unified curves with parameters Egact eff =
0.90 eV and Tp = 643 K (solid curve). To show the sensitivity to the fitting
parameters, dash-dotted curves are single stretched exponential models at
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0.90 eV).

instability can be captured with a formulation that unifies time
and temperature dependence. The definition of the thermal-
ization energy Fy;, of (3) implies that the time scale can be
converted to the FEyj scale. Doing that enables reducing all
sets of current vs. time data for different temperatures to a
single curve [9]. As discussed in Section II-A, for a given ther-
malization energy, a given number of bonds has been broken.
This leads to a specified change in threshold voltage and drain
current. As time ¢ advances and weak bonds with higher barrier
energy Fj, are broken, the thermalization energy Eyy, increases.
Schematically, this is represented by an increase to the area of
the shaded region in Fig. 3(a). Temperature affects only how
long it takes to reach a given thermalization energy.

Given a set of experimental data of normalized current vs.
time at different temperatures as in Fig. 4, we choose parameter
v to unite all of the curves when the time axis is replaced
with Eyy [via (3)] This is illustrated in Fig. 6. When v is set
to be 5 x 10% Hz, all experimental data on drain current degra-
dation from 20 °C to 140 °C cluster as shown into a single curve
shown by the open squares. The fitting parameter v is close to
that obtained from Fig. 5(b) of 4 x 10° Hz. This agreement sug-
gests that the material properties remain essentially unchanged
between 20 °C and 140 °C in our experiment. This observation
gives us confidence for applying the unified stretched expo-
nential fit to drain current degradation that follows. Further,
because Ey, depends logarithmically on v, this small difference
in v determined by different approaches is of little practical
consequence.

C. Unified Stretched Exponential Fit to Drain Current
Degradation (Stage Il Model)

By substituting (3) FEin = kT In(vt), Bl) toesr =
vl exp(Fact i /KT), and (13) S =T/Tp into (24), we
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Fig. 7. Unified stretched exponential fits (Stage II) vs. stress times to experi-
mental data from 20 °C to 140 °C in steps of 20 °C, with fitting parameters
v =15x% 10% Hz, Epct e = 0.9 eV and Ty = 643 K.

obtain the unified stretched exponential expression for Ip yor
as a function of thermalization energy Fiy

E - Eac e
Ipmor(Een) = exp {—Zexp [thTotﬂ } . (32

The effective activation energy Fact o 1S related to the barrier
energy FE,. for defect creation when the normalized drain
current has dropped to e~2 = 0.135. Note that this unified
stretched exponential expression is independent of temperature.
The solid curve in Fig. 6 shows that (32) provides an excellent
fit to the clustered data. The fitting parameters are Eci off =
0.90 eV and Ty = 643 K, which are typical values for a-Si
[23]. The dash-dotted curves in Fig. 6 are plotted for E,c¢ efr Of
0.85 eV with Tj 643 K, and for Ty of 900 K with Ey¢t e Of
0.90 eV to show the effect of varying F,. x and T on the
curve fit. Reducing the effective activation energy Fici o 1S
seen to shift the current degradation to smaller Fy;, and thus
shorter time, while varying the characteristic temperature 7
affects the slope.

The relation of Ey, = kT In(vt) between thermalization en-
ergy and time enables plotting stretched exponential fits in a
direct function of time as shown by dotted curves in Fig. 7.
The experimental data fit well at high temperatures from 80 °C
to 140 °C. At low temperatures, the experimental drain current
degradation lies below the unified stretched exponential fit at
short times, but trends toward the unified stretched exponential
fit at long times. These observations suggest that an additional
instability mechanism causes the drain current to drop at the
beginning of the tests. This initial instability mechanism, which
is manifest at low temperatures and short times, requires an
additional physical model.

D. Two-Stage Model and Discussion

In order to model this initial additional instability at low
temperatures, we define the threshold voltage shift caused by
the initial instability mechanism as AVr g 1 (Stage I), and add
it to the long-term threshold voltage shift characterized by the
unified stretched exponential model AV g 11 (Stage II), to
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obtain the total threshold voltage shift AV e total ()

AVr et total (t) = AVrer, 1(t) + AV eg 11(t). (33)
(The terminology of “effective” thresholds is used because
the experimental devices are in saturation, with possible non-
uniform defect densities from source to drain.)

We first analyze the threshold voltage shift at 20 °C, where
the initial instability is most pronounced and which is most
relevant for consumer device application. Fig. 8 shows the
experimental data points of effective threshold shift vs. time
and model fits. Open squares are the experimental data for
AV7 eft total (£) extracted from the measured drain current data
using Eq’n. (25). The dotted curve is the Stage II model (¢)
from the unified stretched exponential fit in Section IV-C. At
long times, the Stage II model approaches the experimental
data. However, at short times (< 10% seconds), a fast initial
“Stage I” mechanism makes the threshold voltage shift rise
above the unified stretched exponential fit. Stage I degrada-
tion saturates at AV o max,1 = 0.08 V, which is marked in
Fig. 8. AVpeq11(t) for Stage II is obtained from (18) with
AVYT,ef:f,max,H = VGS - VTO - AVYT,ef:f,max,I- By SUbtraCtng
AV o 11(t) from the total threshold voltage shift vs. time data,
AVrp es,1(t) is obtained. While the mechanism of Stage I is not
strictly known, in any case we can also fit the AVp o 1(¢) data
with a stretched exponential expression (18) (see Section II-B
and Table I).

From Section IV-C, the Stage II (defect creation) parameters
are v=>5x 10° Hz, Ecter,i1 = 0.9 eV and Tp = 643 K,
corresponding to tg ef, ;1 =95.2 X 108 s and Br1=0.46 at 20 °C.
The Stage I parameters are AV ax1 = 0.08 V, tg g1 = 0.7 s
and By = 0.15, and give the dash-dotted curve in Fig. 8. The
two-stage fit of the dashed curve then is obtained by adding
Stage I fit and Stage II fit of effective threshold voltage. The
result agrees well with the experimental data taken at 20 °C
during the entire measurement time.
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Fig. 9. Maximum threshold voltage shift in Stage I, AV ¢ff max,1, at tem-
peratures from 20 °C to 140 °C.

We also applied the two-stage model to the experimental data
taken at temperatures from 40 °C to 140 °C. The maximum
threshold voltage shift in Stage I, AVr of max,1, varies with
temperature as illustrated in Fig. 9. As mentioned earlier, at
high temperature, the Stage I effect saturates before our first
measured current point, so thus Stage I is not captured in our
measurements. Therefore, at elevated temperatures, the total
threshold shift vs. time can be modeled reliably with only the
Stage II unified stretched exponential, because the effect of
Stage I can be neglected. (We attribute the smaller AV off max,1
at 20 °C than at 40 °C due to the device to device variation of
the Stage I effect, shown in more detail in Part II of this paper.)

Because Stage I saturates at AV7 o max,1 at only 0.08 V,
far below Vgs — Vo of ~3 V, we attribute the instability
mechanism of Stage I to charge trapping in the gate SiNx, where
the trap density is grown-in and independent of the density of
electrons in the channel. The threshold voltage shift in Stage II
is attributed to defect creation in a-Si, which is induced by
the density of electrons in the channel and therefore rises with
rising gate bias.

After converting the threshold voltage back to drain current
via (25), the two-stage fits to the normalized drain current
degradation from 20 °C to 140 °C in steps of 20 °C are
shown as dashed curves in Fig. 10. The fits agree well with the
experimental data at all temperatures and times, and are much
better than the Stage-II-only model (Fig. 7), especially for the
early stages of degradation at lower temperature. For 20 °C, rel-
evant for prediction of lifetimes under typical consumer product
conditions, a single stretched exponential fit is also given in as a
dotted line. Because there are two different underlying mecha-
nisms occurring, as shown in Fig. 8 the single exponential can-
notaccurately model the predicted device behavior vs. time, and
severely underestimates the rate of drain current degradation vs.
time compared to the two-stage model. For 50% degradation of
current, the single stretched exponential can easily overestimate
the device lifetime by a factor of 10. Thus a main conclusion of
our work is that gate-bias stress tests conducted only at 20 °C
for times shorter than 10° seconds [3], [7], [8], may not accu-
rately predict the long term (Stage II) performance.
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dotted lines: Stage II model with unified stretched exponential fit; solid dots
and dashed lines: two-stage model.

Let’s define the time for the TFT drain current under constant
gate voltage bias to drop to x% of its initial value as the
2% drain current lifetime (7,9 ). Fig. 11 demonstrates the
90%, 70%, and 50% lifetimes (7999, T70%, T50% ) measured in
our experiment (open squares), and the lifetimes extrapolated
from only the Stage II model (unified stretched exponential
fits, dotted lines) and the full two-stage model (solid dots and
dashed lines). Since the threshold voltage shift in Stage I of our
highly stable a-Si TFTs saturates at no more than 0.1 V, at long
times the threshold voltage shift will be dominated by Stage II.
The Stage I fitting parameters are the same as those described
above except for t, 1 .g = 0.7 s and 5; = 0.15. Note the effect
of Stage I is most pronounced for early stages of degradation
(e.g. T90%) at low temperatures.

In Fig. 11, the slopes of the Stage II model for the 90%, 70%
and 50% lifetimes, classical Arrhenius energies for each 7,9, by
definition, are 730, 800, and 840 meV, respectively. They are
larger for higher degradation levels. Physically, at the end of
the process for higher amounts of degradation, stronger bonds

are being broken and the thermalization energy Eyj, is higher.
Analytically, from (29)—(31), the time 7,9 11 for the current to
decrease to = percent of its original value in stage II is

(%) \ "
T =\ T 10, eff,11
(= In(z%) #* 1 Neh,o 7
B 2 v CokTy
To

1 — hl(q,‘%) T Bacteff 1 Bact,rx,I1
— -7 e kT = |—)e kT
v 2 v

(34)

The last line implicitly defines the classical Arrhenius energy
for 7,9 11, which is

—1
Eact,eff,‘rz,H = Eact,eff + kTO In <w) . (35)

Using (35), and model parameters of 3 = 0.46 and E,ct o =
900 meV, one predicts Eyc off 72,11 of 737, 805, and 842 for the
90%, 70%, and 50% lifetimes, closely matching the observed
slopes in Fig. 11.

V. CONCLUSION

Defect creation in a-Si TFTs under low gate fields with drain
voltage bias (where the electron density and thus local threshold
shift vary along the channel) has been formally shown to result
in a stretched exponential degradation of the drain current with
time, and related to an effective shift in the threshold voltage,
both in linear and saturation modes. This model combined with
a similar one for charge trapping were used to model the drain
current degradation and threshold voltage shift of a-Si TFT's un-
der low gate-field stress between 20 °C and 140 °C. Over most
of the time-temperature range, the unified stretched exponential
model that reflects defect creation in the a-Si channel is most
important, and all current vs. time curves can be unified with
a single fitting parameter. Near room temperature, a separate
mechanism contributes to initial TFT degradation. While this
mechanism makes only a minor contribution to the overall
threshold voltage shift and drain current degradation, it can
considerably impact TFT lifetimes extrapolated from tests done
at room temperature, showing the necessity of temperature-
dependent measurements to reliably find device lifetimes.
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