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Fig. 6.2. I, - V; of a-Si TFT with W /L = 150 /15 um before and after a 5 minutes stress with a 5
V gate voltage at 120°C.

From the transfer characteristics in Fig. 6.2(a), the sheet conductance before and after the low-
gate stress can be obtained as a function of gate voltage V;, using (6. 10). The surface potential

s as function of gate voltage V, as calculated from (6. 9), is illustrated in Fig. 6.3.
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Fig. 6.3.  Surface potential Y5 as a function of gate voltage V; before and after a 10 minutes stress

with a 5 V gate voltage at 140°C.

The surface potential Y increases with the increasing gate voltage and tends to saturate at high
gate voltage. Using (6. 5) and (6. 6), the gap state density was then determined. Note that the
work function of gate metal Cr is 4.37 eV and the electron affinity of a-Si is about 4.0 eV. We
assume that the flat-band voltage Vryz = 0 V. Fig. 6.4 shows the gap state density above the

Fermi level in flatband condition Eg.

Before the low-gate field stress, the a-Si exhibits a peak in the mid gap state (~10"" eV cm™)
near the Fermi level. From 0.1 eV above the Fermi level, the gap state density increases
monotonically towards the conduction band edge. The band tail has an exponential distribution
over two orders of magnitude from the band edge, with an inverse logarithmic slope of ~50
meV/dec. The shape of the gap state density agrees well with the commonly accepted density of
states model for a-Si [14]. The inverse slope of the band tail is higher than that determined from
dispersive transport measurements [15, 16], which is about 30 meV. The higher band tail slope
determined from our field-effect technique suggests that the a-Si near the a-Si / SiNy interface is

more disordered than in the bulk and we will discuss this later.

After the low-gate field stress, the mid gap state density increases to 10" - 10"® eV cm™ (A-A’

region in Fig. 6.4) and extends to about 0.3 eV above the Fermi level. From 0.3 to 0.5 eV above
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the Fermi level, the density of band tail states is lower than that before the stress (B-B’ region in
Fig. 6.4). From 0.5 eV above the Fermi level, the tail states extend exponentially with an inverse
slope of ~50 meV into the conduction band edge, following the distribution before the stress.
Below 0.1 eV above the Fermi level, the extraction of defect density is affected by the limits to
measure low current (~ 5 x 10"* A). However, the observed redistribution of gap states exists up
to at least 0.2 eV above the flatband Fermi level, so we are confident that this redistribution is a

real effect and not caused by measurement inaccuracy.
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Fig. 6.4.  Gap state density as a function of the gate voltage V;; before and after a S-minute stress
with a 5 V gate voltage at 120°C. The energy is relative to the Fermi level position at the flat-

band condition.

6.4. Discussion

Because of the assumptions that are explicitly (Section 6.1.1) and implicitly made [8], the
accuracy of the gap state density determined with the field-effect technique has been widely
discussed [8, 17-19]. It has been shown that 90% of the field-effect conductance change is
accounted for in the first 20 - 100 A of the film, so the gap state density we obtained is actually
probing the initial growth region of the a-Si on the gate SiNy and does not necessarily represent

the bulk properties [8, 18]. Fortunately, we are only interested in the a-Si property near the SiNy /
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a-Si interface in our a-Si TFT analysis. The differences in the gap state density before and after
the low-field gate field stress arise from the changes in the transfer characteristics. In order to
evaluate the accuracy of the obtained gap state density, we examined the transfer characteristics
in Fig. 6.2(a) and relate the changes in the transfer characteristics to the redistribution of gate
state density after the gate bias. Fig. 6.5 is the zoomed-in transfer characteristics to show the
changes before and after the gate-bias stress corresponding to the redistribution in the mid gap

state density (A-A’ region) and band tail state density (B-B’ region).
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Fig. 6.5. Zoom-in of the transfer characteristics before and after a 5-minute stress with a 5 V gate

voltage at 120°C.

The analysis in Section 6.1 suggests that the lower the rate at which the drain current increases
with increasing gate voltage, the higher the gap state density is. This is because defect states slow
down the increase in band bending and thus mobile electron concentration as gate voltage V,
increases. To clearly illustrate the changes in the transfer characteristics, we shift the transfer

curve after stress in Fig. 6.5 along the x-axis and make it overlap the curve before stress (Fig.
6.6).
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Fig. 6.6.  Transfer characteristics with the after-stress curve shifted to overlap the before-stress

curve.

From Fig. 6.6 in A-A’ region, the rising rate of drain current vs. gate voltage became smaller
after the gate stress. It explains the increased mid gap states after the gate-bias stress. In B-B’
region, the rising rate of drain current vs. gate voltage became larger after the gate stress, leading
to the decreased band tail states after the gate-bias stress. To a large extent, the accuracy of the
field-effect technique is limited by the experimental precision [8]. Fortunately, our determination
of the redistribution in the gap state density is larger than the limits of resolution caused by
current measurement error, because the smallest current that can be detected in our measurement

system is as low as 10 - 10 A.

6.5. Summary and conclusion

We biased the a-Si TFT with a constant gate voltage V; = 5V at 120°C for 5 minutes. After the
low-gate field stress, the gap state density is redistributed. The density of the mid gap states
increases and the density of band tail states from 0.3 to 0.5 eV above the Fermi level decreases.
The mid gap states correspond to dangling bonds and the band tail states reflect weak bonds. The
band tail states deeper into the gap are weaker and easier to be broken (Chapter 4). The
difference in the distribution of the gap state density before and after the low-gate field stress

suggests that defect creation happens in the a-Si of a-Si TFTs under low-gate field stress. It
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supports the idea in our two-stage model (Chapter 4) that defect creation is the mechanism

dominates in the long term.
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Chapter 7

Drain-Bias Dependence of Drain Current Degradation

In Chapter 5, by optimizing the deposition conditions of the gate SiNy and a-Si, the 50% lifetime
of the a-Si TFT drain current at room temperature has been improved to 4.4 x10” sec (1.4 years).
One important possible future application of the stable a-Si TFTs would be to drive OLEDs in
flat panel displays [1, 2]. In this case a-Si TFTs are usually biased in saturation operating as a
current source. Most studies of the instability of a-Si TFTs under low-gate field, including the
two-stage model in Chapter 4, ignore the effect of drain bias and assume a uniform channel
condition under gate field [1-5]. Some reports [6-9] concerning the effect of drain bias proposed
a channel average threshold voltage shift, which is the threshold voltage shift without drain bias
scaled down by the ratio of the number of channel charges with drain bias to that without drain
bias. The scale-down was explained by the defect pool model [10], which suggests that the
amount of defects created is proportional to the number of channel electrons. However, because
the number of channel charges also depends on the threshold voltage shift, the channel average
threshold voltage shift only approximates the actual threshold voltage shift measured in
experiment [7]. Furthermore, the direct relation between drain current degradation and drain-bias

has not been reported.

Based on the physical mechanism of defect creation in a-Si, this chapter first derives a
differential equation for the threshold voltage shift rates in a-Si TFTs with drain-bias. The drain
current is related to the threshold voltage with the gradual-channel approximation model. The
threshold voltage along the channel and the drain current degradation can be numerically
simulated. Then an analytical expression for the drain current degradation will be given and
proved. The analytical solution agrees well with the numerical simulation and experimental
results of drain current degradation of a-Si TFTs in the linear regime and in saturation. The drain
current degradation vs. time is independent of drain-bias. Since defect creation in a-Si is the
dominant instability mechanism of a-Si TFTs under low-gate field, the analytical method
provides an easy model to characterize the stability of driver TFTs in AMOLED pixels. Finally,
the analytical expression for the drain current degradation is compared with the expression in

Chapter 4 derived without considering the drain-bias.
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7.1. Modeling of threshold voltage shift with drain-bias

As discussed in Chapter 4, at the low-gate fields (< 1.5 x 10° V) appropriate for driving OLEDs,
defect creation in a-Si is the dominant mechanism for threshold voltage instability. Defect
creation is a thermally activated process of weak bond breaking into dangling bonds. Assuming
the defect creation rate is proportional to the number of channel electrons per unit volume n.y
[11, 12], the defect creation rate has been shown in Chapter 4 to be

dNp(t)

= Cingn (O kTy(vt)T/To1 (7. 1)

Ny (t) is the number of broken bonds per unit volume, and C; is a constant.

For the a-Si TFTs under constant gate-source bias V;s and drain-source bias Vps , n., is not

uniform from source to drain as shown in Fig. 7.1.
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Fig. 7.1.  Drain-bias effects on the distribution channel electrons (a) TFT operated in the linear
region (very low drain Voltage). (b) TFT operated in the saturation region. The pinch-off point is

indicated by L'.

The position y = 0 is the source, and y = L is the drain. As a result, the density of broken bonds

is not uniform along the channel.
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The local electron density is given by

fnch(% t)dx = Cins [VGS - VT(:Vr t) - Vch(y' t)]/q (7.2)

The integration is over the channel thickness x, V(y, t) is threshold voltage at position y and

time t, and V,,(y,t) is the voltage profile in the channel at time ¢t.

Because dangling bonds will capture channel electrons and raise the threshold voltage, the

threshold voltage can be related to the number of broken bonds with
Vr(y,t) = q [ Ng(y, )dx /Cins (7.3)
Cins 1s the capacitance of the gate SiNy.

Thus, the threshold voltage shift can be modeled with a differential equation

aVr(y,t)

Pyl &1 Ves — Ve(y,t) = Ver (v, ©)1kTv (ve) /T2 (7.4)

If we define “activation energy” E . = —kToIn(C;kT,), (7. 4) becomes

2100 — (Vg5 ~Ve(y,6) V. D12 (L) a.s)
with

to = v lexp (Eqce/kT) (7.6)

and

B=T/To (7.7)

Equation (7. 5) gives the rate of threshold voltage shift at position y, which depends on the
voltage V., (v, t) in the channel.

7.2. Numerical simulation of drain current degradation

With the gradual-channel approximation [13] by assuming the voltage varies gradually along the

channel, the drain current can be related to the voltage along channel by
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aVCh (y,t)

ID(t) = WQn(:Vr t)ﬂn dy

(7.8)

W is the channel width and y,, is the electron field mobility. Q,,(y, t) is the charge per unit area

at the position y (Fig. 7.1), which from (7. 2) can be written as

Qn(y; t) = Cins[VGS - VT(yr t) - Vch(y' t)] (7' 9)

Now we consider the boundary conditions. At time t = 0, V(y,t = 0) = Vp,. The initial drain
current at t = 0 can be solved from (7. 8) for TFTs operating in the linear regime and in the

saturation regime as

tnCins % [(Vcs —Vro — %VDS) VDS]: Vps < Vgs = Vro

ID (t = 0) = w )
UnCins 3L [(VGS - VTO) I Vps = Vs — Vro

(7. 10)

At the source y = 0, the channel voltage

Ver(y =0,8) =0 (7. 11)

For the TFTs operating in the linear regime, channel voltage at the drain y = L is
Viy=L,t) =Vps (7.12)

For the TFTs operating in saturation, if the drain voltage does not exceeds V;s — V too much,

we have L = L’ for the long channel TFTs. Thus channel voltage at the drain y = L is
Ver(y =L, t) = Vgs = Ve (y = L, t) (7.13)

With the boundary conditions (7. 10) - (7. 13), Vy(y,t), Ven(y,t) and I (t) can be obtained by
solving the differential equation set (7. 5) and (7. 8) numerically in the finite difference scheme,
which replaces the derivatives with finite differences. In forward finite difference scheme, (7. 5)

and (7. 8) become (7. 14) and (7. 15), respectively.

14 ( ‘I‘L'tm )_V ( n;tm) tm ﬁ_l
Ty +1At T(y = [Vos = Ve ti) — Ven ) tm)]tﬁ(t_) (7. 14)
o \to
Vc ( n ;tm)_Vc ( n;tm)
Ip(tm) = W Cins[Vas = Vr s tim) = Ver (s tn) Ity ~=2 (7.15)
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The numerical simulation can be carried out in the following steps,

1. Starting from t = 0, with the boundary conditions for I, (t = 0) in (7. 10) and V;(y,t =
0) = Vyg, Ver (¥, t = 0) can be obtained from (7. 15);

2. Using (7. 14), V7 (y, t;) can be solved with the obtained V., (y,t = 0) from step 1;

3. Combining V;(y,t,) from step 2 and boundary conditions in (7. 11) - (7. 13), we can
solve I (t;) and V,, (y, t;) numerically from (7. 15);

4. Repeat step 2 and step 3 to find Vi (y, t,,,), Ip(t,,) and Vg, (y, t,,,) step by step in the time

scheme.

Simulation results will be shown in Section 7.4 in comparison with analytical solutions and

experimental results.

7.3. Analytical solution of drain current degradation

We have shown that the drain current degradation for the a-Si TFTs with drain-bias under low-
gate field can be solved numerically. However, an analytical solution is still appealing due to its
simplicity. We will show below that an analytical solution for drain current degradation can be

derived in closed form for the a-Si TFTs with drain-bias.

To obtain the analytical solution, we first make an assumption that the voltage at a position y in
the channel V., (y,t) does not change with time, i.e. V., (y,t) =V (y,t = 0) =V, (v). The

validation of this assumption will be discussed at the end of this section.

With the assumption V;, (v, t) = V,;,(v), the differential equation (7. 5) has a solution in a closed

form

Ve, ) = Vro + [Vos — Vro = Ven (0)] {1 — exp [— (é)ﬁ]} (7. 16)

For TFTs operating in the linear region, substituting (7. 9) into (7. 8) and integrating along the
channel from the source y = 0 (with V_,(y = 0) = 0) to the drain y = L (with V,,(y =L) =

Vps), we have

[ Ip () dy = W Cing [ Vas — Ve, ©) = Ver )]V (7.17)
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Substituting (7. 16) into (7. 17)

Vps

t\A]
[Ves — Vro — Ven(y)]exp [_ <_) dv

ID(t)L = .unWCinsf t
0

0

= UnCinsW [(VGS —Vro — %VDS) VDS] €Xp [_ (é)ﬁ

Thus,

Ipin(t) = ﬂnQns%[(VGS = Vro — %VDS) VDS] exp [— (%)ﬁ] (7. 18)

For TFTs operating in saturation, because there are no channel electrons at the drain, the
threshold voltage at the drain will not shift with time, i.e. V3(y = L,t) = Vp,. The drain current

can be obtained by substituting Vs = Vg — Vg into (7. 18)

I st (®) = tinCins 2 (Vs = Ve)lexp [~ (2] 3.19)

It is interesting to note that the normalized drain current degradation Ip ., (t) = Ip(t)/Ip(t =

0) for TFTs operating in both linear region and saturation region has the expression

Ionor () = exp |- (%)ﬂ] (7.20)

to = Vv lexp (Eget/kT) asin (7.6) and B = T /T, asin (7. 7).

Up to this point we have derived an analytical solution for drain current degradation without
changing the channel voltage profile V., (y, t). Therefore, the assumption of V., (y,t) =V, (y)

is valid.

7.4. Experimental and modeling results

The a-Si TFTs in our experiment are on the dry-etched sample #8 in Table 5-IV. We biased an a-
Si TFT with a constant gate voltage of 5V (a gate field of ~1.5x10° V/cm) and a constant drain
voltage of 0.1V in the linear regime. As a comparison, we biased another a-Si TFT with the same
constant gate voltage of 5V and a drain voltage of 7.5V in saturation. Drain current was
measured with a-Si TFTs maintained at 80°C and 120°C. The a-Si TFTs in stress measurements
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have W /L = 150pm / 20um. The experimental data of normalized drain current Ip ,,(t) in

function of stress time are shown in Fig. 7.2.
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Fig.7.2.  The experimental data of normalized drain current as a function of stress time. Blue dots

are measured in the linear regime and red dots are measured in saturation.

Blue dots are measured in the linear regime and red dots are measured in saturation. From Fig.
7.2, we can see that the normalized drain currents for TFTs operating both in the linear regime
and in saturation degrade at the similar rate at 80°C and 120°C. This agrees with the analysis in

Section 7.3.

Using (7. 20) to analytically fit the experimental data, we obtain the three fitting parameters v =
5%10° Hz, T, = 964K, and E,., = 0.72 eV, i.e. the analytical fittings to experimental data are
shown with blue curve in Fig. 7.3. The fitting parameters attempt-to-escape frequency v and the
characteristic temperature T, are the same as those for sample #14 in Table 5-1V in Chapter 5,
but the activation energy E,; is different from 0.78 eV as in Table 5-IV. Further discussion will

be made in Section 7.5.

Then we simulated the drain current degradation in saturation with the numerical method
described in Section 7.2. Ay was chosen to be L/N and At was chosen to be non-uniform, with

tme1 = tm X 10218t When N = 200 and Alogt = 0.001, the numerical results are plotted with
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red curves in Fig. 7.3. The numerically results are very close to the analytical solutions. By

decreasing the time step, the numerical results will further approach the analytical solutions.
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Fig.7.3.  Numerical and analytical solution to the normalized drain current degradation.

Fig. 7.4 illustrates the numerically calculated channel voltage profiles V ., (y,t) att =0s, t =
10% s and t = 10* s for the a-Si TFT measured at 80°C.
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Fig. 7.4.  Evolution of voltage at a position y in the channel V, (y, t) with time for the a-Si TFT

measured at 80°C.
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The voltage profiles at three time points are the same and thus overlap each other. The results
validate our assumption in Section 7.3 that voltage profile along the channel does not change

with time, i.e. Voo (7, t) = Ve ().

When operating in saturation, the threshold voltage of a-Si TFTs is not uniform along the
channel and the numerically solved non-uniform profiles of the threshold voltage att =0, t =
10° s and t = 10* s are shown in Fig. 7.5. The threshold voltage shift is fast near the source, and

approaches zero near the drain.
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Fig.7.5.  Evolution of V;(y, t) with time for the a-Si TFT measured at 80°C in saturation.

7.5. Discussion

In Chapter 4, for a-Si TFTs operating in saturation, the drain current degradation was modeled
without the drain-bias effect by assuming a uniform channel condition. The drain current
degradation also has a stretched exponential expression (4. 18). However, (7. 20) and (4. 18) are
different in the exponent term by a factor of 2. The discrepancy in two models can be explained

through comparisons made below.
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7.5.1 Very low drain-bias

The threshold voltage shift is uniform along the channel. From the analysis in Section 7.3, we

have
AV (®) = (Ves ~ Vi) {1 - e [ ()} (7.21)
Ipnor (t) = exp [— (%)'B] (7.22)

The threshold voltage shift vs time for the a-Si TFT stressed at 80°C with V;s = 5 V and Vps =
0.1 V is shown in Fig. 7.6, with fitting parameters t, = 3.7 x 10*s and g = 0.37.

10

e Experimental data
Model fit to data

Threshold Voltage ShiftAVT (V)
=

10' | |
10° 10° 10° 10°

Stress Time t (s)

Fig.7.6.  Threshold voltage shift vs. time for the a-Si TFT stressed at 80°C with Vg = 5 V and
Vps = 0.1 V. Fitting parameters t, = 3.7 x 10*s and g = 0.37.

7.5.2 High drain-bias in saturation

— Non-uniform channel analysis

The threshold voltage shift is not uniform along the channel. From the analysis in Section 7.3,

we have
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t\P
AVr(3,6) = Was = Vio = VO exp |- (£)'} (7.23)

Ip nor () = exp [— (%)'B] (7.24)

The threshold voltage shifts at three positions along the channel are schematically shown in Fig.

7.7.

10

Threshold Voltage Shif’[AVT (V)
=

Stress Time t (s)

Fig.7.7.  Threshold voltage shifts vs. time in three positions along the channel for the a-Si TFT in
saturation with t, = 3.7 x 10*s and § = 0.37.

Position y; = 0 is at the source with V., (y;) = 0V, position y, is in the channel with V., (y,) =
0.5 (Vgs — Vo), and position y5 is close to the drain with V., (y3) = 0.1 (Vgg — Vpp). The
threshold voltage shift saturates at a lower value along the channel from the source to drain, and
it approaches zero near the drain, because there are few electrons there that induce defect

creation.
— Uniform channel analysis

In Chapter 4, the drain-bias effects are ignored by assuming an effective uniform threshold

voltage shift AV ., which is related to the drain current with

1 w
Ip(t) = E.Uncinsf [Ves — (Vro + AVrepr(t))] (7.25)
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The effective threshold voltage shift AVy ¢ is modeled with the same stretched exponential

expression as (7. 21)

Loeff

¢ \Pers
AVT,eff(t)=(VGS—VTO){1—exp [—( ) ]} (7.26)

Combining (7. 25) and (7. 26), we obtain

¢ \Pers
Ipnor(t) = exp |—2 ( ) (7.27)
' Loeff

The threshold voltage shift for the a-Si TFT stressed at 80°C with Vgg =5 V and Vg = 7.5 V is
shown in Fig. 7.8, with fitting parameters to.rr = 2.6 X 10°s and Besr = 0.37.

10

Experimental data
Model fit to data

Threshold Voltage Shif’[AVT V)
=

10° 10° 10 10°
Stress Time t (s)

Fig.7.8.  Effective threshold voltage shift vs. time for the a-Si TFT stressed at 80°C with Vg = 5
V and Vpg = 7.5 V. Fitting parameters tg orr = 2.6 X 10°s and ﬁeff =0.37.

The effective threshold voltage shift is actually the averaged threshold voltage shifts along the
channel in Fig. 7.7. By equating the right hands of (7. 24) and (7. 27), we find that

Berr = B (7.28)
toers = 2Pty (7.29)
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The relations of (7. 28) and (7. 29) are verified in our experiments. For the a-Si TFT stressed at
80°C, results from the uniform and non-uniform analysis are summarized in Table 7-1. It shows
that the extracted parameters ty,.rr and B.rr from saturation region experiment in Fig. 7.8 are

very close to those predicted with the relations (7. 28) and (7. 29).

Table 7-1. Relations between uniform and non-uniform analysis

Extraction of parameters
from linear region

experiment (Fig. 7.6)

Predicted parameters for
AV7 ¢ 55 in saturation with

(7.28) and (7. 29)

Extraction of parameters
from saturation region

experiment (Fig. 7.8)

to =3.7x10%s

toefr =24 x10°s

toerr =2.6x 10°s

B =037

As discussed in Chapter 4 for the instability caused by defect creation in a-Si, the physical
parameters are the characteristic temperature T, the attempt-to-escape frequency v and the
activation energy E,.. The characteristic temperature T, reflects the disorder of a-Si. The
attempt-to-escape frequency v is the prefactor for thermal activation process rate. Thus T, and v
are unrelated to the drain-bias. The effect of drain-bias is reflected in the activation energy E, ;.
In (4. 18), E4e 1s actually an effective activation energy (denote as Egctorr), Which is the
activation energy E, . in (7. 20) scaled down by the non-uniform channel effect in saturation.

The relation between E,.; and E,; can be found from (7. 29), and we have

Eact,eff = Eact + kToln (2) (7. 30)

When Ty = 964 K and E,¢; = 0.72 €V, Eqererp = 0.78 €V, which is consistent with the result in
Table 4-IV for sample #8. Thus, by neglecting the non-uniform channel condition in saturation,
the stretched exponential drain current degradation in (4. 18) overestimates the activation energy,
but it can be easily corrected with (7. 30). However, the unified stretched exponential model for
defect creation in a-Si in Chapter 4 is still valid, because the attempt-to-escape frequency v is

independent of the drain-bias.
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7.6. Summary and conclusion

We experimentally measured the drain current degradation of a-Si TFTs operating in the linear
and saturation regions at 80°C and 120°C. Numerical simulation and analytical solution both
agree well with the experimental data. It has been shown the normalized drain current
degradation is independent of the drain-bias and can be modeled with a stretched exponential
expression (7. 20) in a fairly simple closed form, which takes into the account that the local
threshold voltage is changing at different rates in the channel at different places. The parameters
extracted from experiment with very low drain-voltage can be used to predict the effective
threshold voltage shift in saturation. This provides an easy method to characterize the stability of

driver TFTs in AMOLED pixels.
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, Chapter 8

3-TFT Highly Stable OLED Pixel Circuit with In-pixel Current Source

Active-matrix organic light-emitting diode (AMOLED) displays require highly-stable TFTs that
operate in DC to provide constant current over time. The critical issue of stability limits the
application of TFT technologies in AMOLEDs, such as the amorphous silicon (a-Si) TFTs [1]. In
a traditional 2-TFT pixel circuit [2], the positive threshold voltage shift (AV;) of the driving a-Si
TFT under gate bias leads to reduced drain current and thereby reduced OLED brightness. Pixel
circuits that can compensate for a threshold voltage shift have been introduced as an alternative
method to overcome the instability issue of TFTs [3]. Current-programmed methods which use
current input data are the one of major compensation methods [4, 5]. However, the current-
programmed methods have the drawbacks of a long settling time at low data currents because of
the parasitic capacitance of data lines and inconvenient constant current sources that control
submicrometer ampere-level current in peripheral drivers [6]. Voltage-programmed methods

proposed generally either require an excessive number of TFTs, or complex driving scheme.

This chapter presents a new 3-TFT voltage-programmed pixel circuit with an in-pixel current
source. By using a TFT which operates at ~0.1% duty cycle to translate the programming voltage
to a pixel current, the pixel current can be made largely insensitive to the threshold voltage shift
of the driving TFT. Further, the new 3-TFT driving pixel with a-Si TFT technology is fabricated

and characterized. Its dynamic range of driving current is greater than 100 under QVGA timing.

8.1. Pixel circuit operation

Fig. 8.1 illustrates the schematic circuit of the 3-TFT pixel circuit. This pixel circuit consists of a
switching TFTs (Ty), a driving TFT (T,), a programming TFT (T3), a storage capacitor (C,) and
an OLED. The control signal lines are three row lines (Vggg, Vserr and Vgepz). The data line is the
column line (V;4¢,). The ground (GND) of the OLED is a blanket cathode shared by all the

pixels.
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Fig. 8.1.  Schematic pixel circuit.

During a frame time, the pixel operates in two modes — programming mode during the row time
and emission mode otherwise. In the programming mode, V.o and Vi, are set to high and V.4
is set to low, so T; and T3 are turned on. Since Vi, is set to high, T, can be considered to be
operating in diode mode with gate and drain connected through T;. V.4 is set to be low enough
to ensure that OLED is reverse-biased and remains turned off during programming. The
simplified circuit in programming mode can be shown as Fig. 8.2(a). T is in saturation, acting as
a local current source to set the pixel current in T, by its gate-source voltage, which is the
voltage difference between V., and V4., The gate-source voltage Vg of T, will adjust itself to
mirror the current programmed into T3, and the relevant V5 of T, will be stored on capacitor Cs

at the end of the programming cycle.

In the emission mode, V.o and Vg, are set to low and V,.;q is set to high. T; is turned off to
hold the gate-source voltage on OLED driver T,. T; is also turned off so that the current supplied
by T, flows through the OLED and controls its brightness. The simplified circuit in emission
mode is shown as Fig. 8.2(b). Because the gate-source voltage Vs of T, established during the
programming mode can be held by Cj, the drain current passing through T, remains the same as
that in the programming mode, if we ignore the channel length modulation effect. This effect is
relevant because during programming the drain-source voltage of T, is equal to its gate-source
voltage (at the onset of saturation), but during emission mode T, will be father into saturation

with a higher drain voltage.
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Fig. 8.2.  Simplified circuits in programming mode and emission mode and controlling signals vs.

time.

Note that T, is in DC operation providing current to the OLED during the emission mode, and
hence prone to the threshold voltage shift. T, which converts the applied voltage (Vser2 — Vaara)
into the pixel current, is only positive-biased in programming mode at a low duty cycle (<0.1%),
and its threshold voltage can recover during the emission mode. The threshold voltage of T; is
expected to be far more stable than that of T,. In the new 3-TFT pixel circuit, T, is effectively

“current programmed” on each frame time, so that the pixel current is insensitive to the threshold
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voltage shift of the driving TFT T,. Thus the pixel should be highly stable compared to the

conventional 2-TFT voltage-programmed pixel.

8.2. Pixel circuit fabrication and characterization

The pixel circuit was fabricated with standard back-channel passivated (BCP) a-Si TFT
technology on a glass substrate in dry-etch process as described in Chapter 3. Typical isolated
TFT transfer characteristics are demonstrated in Fig. 8.3. In the saturation regime, the threshold

voltage is 0.4 V, the field-effect mobility is 0.9 cm?/V-s and the subthreshold slope is 500
mV/dec.

Drain Current | ; (A)

10 I I I I
-10 -5 0 5 10 15 20

Gate Voltage V (V)

Fig. 8.3.  Transfer characteristics of a typical isolated TFT with W/L = 150/15 um.

For testing purposes, the OLED in the pixel circuit (Fig. 8.1) was replaced with a diode-

connected TFT (T,) in combination with a capacitor (Cy;gp) in parallel as shown in Fig. 8.4.
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(a) (b)

Fig. 8.4. (a) Schematic pixel circuit for fabrication; (b) micrograph of the fabricated 3-TFT pixel

circuit.

The circuit design parameters are listed in Table 8-1. Large voltage swings (-10 V to 20 V) were

used on the row lines to simplify testing — smaller swing would be used in practice.

Table 8-1. Circuit design and testing parameters

Name Value
Vsero (V) 0 to 20
Vserr (V) 20to O
Vserz (V) -20 to -10
Viata (V) -5 to -20

T; (W/L) (um) 20/15
T, (W/L) (um) 150/15
T5 (W/L) (um) 150/15
T, (W/L) (um) 150/15

Cs (pF) 3.5

CoLep (PF) 10
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The DC operation of the pixel circuit in programming mode was confirmed by holding V.o =
0V, Ver1 = 20V, Vg2 = -10V. The programmed OLED current was measured as a function of
Viate under DC and plotted with the blue curve in Fig. 8.5.

——DC ]
—<— QVGA timing |1

loLep (A)
S

-20 15 -10 5
V)

data

Fig.8.5. OLED current vs. V 4,:, in both DC and QVGA timing operation.

The exponential dependence of the programmed OLED current on Vg4, at high V,,¢, range
reflects the subthrehold operation of T5. The slope of 600 mV/dec from Fig. 5 is in good

qualitative agreement with that of the test TFT characteristics (500 mV/dec) shown in Fig. 8.3.

Under the typical display QVGA timing (50us programming time and 16ms frame time) and
Viata = -15 V, the OLED current was measured. The measured transient waveform is shown in

Fig. 8.6. During the 16ms frame time, the OLED current holds at its programmed value 2.55 pA.
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Fig. 8.6.  Transient waveform of OLED current.

Under the same QVGA timing conditions, the OLED current in emission mode was also
measured as a function of V., (red circles in Fig. 8.5). Fig. 8.5 shows that the pixel circuit can
provide OLED current ranging from 25 nA to 2.9 pA, which gives an on/off ratio of 116 at
typical QVGA display timing. This is a very high dynamic range compared with typical current-
programmed methods, which have limitations at low current level [6]. The settling time in
conventional current-programmed pixel circuits, depends on the capacitance of the data line,
which includes the gate-source/drain overlaps in all rows. In the new 3-TFT pixel circuit, the
relevant capacitors are that of the OLED and the storage capacitor Cg, independent of the

parasitic capacitance of data lines.

In Fig. 8.5, the current at QVGA timing is higher than that in DC for the low current range, in
part because the gate-drain overlap capacitance of T, pulls up its gate voltage when V4 is set to
high at the beginning of emission mode. Note that a high voltage supply range (0 V to 20 V) was
used for Vg4 for simplified initial characterization of the circuit performance. With lower supply

voltage range in practice in AMOLED displays, this effect should be reduced.

8.3. Stability analysis and preliminary experimental results

Ideally, without considering the channel length modulation and transient effect, any threshold
voltage shift of T, does not affect the pixel current determined by the voltage difference between

Vserz and Vg4 1n the programming mode. However, a-Si TFTs have a channel length
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modulation effect, and the threshold voltage shift of T, affects the Vpgs of T, and T3, which leads

to the programmed OLED current drop.

We modeled this effect with circuit simulator. The programmed OLED current drop was
simulated as a function of the threshold voltage shift for T, with a channel length modulation
coefficient of 0.01 for all the TFTs. In DC programming mode with Vg0 = OV, Vgoiq = 20V,
Vserz = -10 V and V44, = -15 'V, the programmed OLED current drop vs. AV of the driving
TFT T, is demonstrated in Fig. 7, where the OLED current is normalized to the initial OLED

current when AV is zero.

Fig. 8.7 suggests that the programmed OLED current drop is smaller than 5%, for a 5 V
threshold voltage shift of the driving TFT T,. Thus, the new 3-TFT voltage-programmed pixel

circuit with in-pixel current source can be largely insensitive to the TFT threshold voltage shift.

0.995

0.99

0.985

0.98

0.975

0.97

Normalized OLED current

0.965

0.96

0.955 1 1 1 1
0 1 2 3 4 5

Threshold voltage Shift AV_. (V)

Fig. 8.7.  Simulated OLED current drop vs. AV of driving TFT T,.

We carried out preliminary lifetime tests on the 3-TFT pixel circuit with 16 ms frame time, 50 us
programming time and V4, = -15 V. The circuit was operating in air under room temperature.
The drain current of T, in emission mode was monitored with time (red curve in Fig. 8.8). For
comparison, the drain current degradation of an individual TFT on the same substrate was

measured under constant Vg =5 V and Vg =7.5 V (blue curve in Fig. 8.8).
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—O— Circuitin air |
—8— Individual TFT in glove box

0.6+

0.4

Normalized drain current

0.2

02 04 06 08 1 12 14 16 18 2
Stress Time (s) X 105

Fig. 8.8. Normalized drain current of T, in circuit and an individual TFT.

Preliminary lifetime tests of the new 3-TFT pixel circuit in air show a 20% drop of drain current
in 46 hours, which is similar to drain current degradation of an individual TFT in glove box. This
does not show the expected behavior for the circuit — we had expected the pixel current to
degrade much slower than the individual TFT’s. Besides the possible moisture effect, the faster
drop of drain current in transient can be related to the time required to establish the voltage
difference across C;. When V; increases, the required the voltage difference across C; also
increases, which makes the 50 us programming time become insufficient. To overcome the

transient effect, the storage capacitor of C; needs to decrease.

8.4. Summary and conclusion

A new 3-TFT voltage-programmed pixel circuit with in-pixel current source was presented. The
circuit combines the speed advantage of voltage-programming in large pixel arrays with the
ability of current-programming to avoid OLED current drop due to the threshold voltage shift of
driving TFTs. With 16ms frame time and 50 pus programming time, our experimental results
show that the proposed pixel circuits can provide OLED current ranging from 25 nA to 2.9 pA,
which gives an on/off ratio of 116 at typical QVGA display timing. Simulation suggests that the
programmed OLED current drop should be smaller than 5%, for a 5 V threshold voltage shift of
the driving TFT. Thus, the new pixel circuit can be largely insensitive to the TFT threshold
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voltage shift. Improved design and fabrication of TFTs are required to optimize the performance

of the new pixel circuit.
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Chapter 9

Summary and Future Work

This chapter makes a summary and gives suggestions for future work.

9.1. Summary

While the a-Si TFT long been the workhorse in AMLCD industry, its stability issue questions its
potential for further application in large area electronics, such as in AMOLED displays. The goal
of this thesis is to comprehensively evaluate the stability of a-Si TFTs and their capability as

current drivers in AMOLED pixels.

A two-stage model was developed to characterize the stability and predict the lifetime of a-Si
TFTs under low-gate bias. Two stages of the threshold voltage shift were identified from the
drain current degradation. Stage I can be measured in short time and modeled with the stretched
exponential expression for charge trapping in the gate SiNy. Long-term degradation in stage II
can be greatly accelerated at high temperatures, and the unified stretched exponential fit for

defect creation gives a good model to characterize stage 11.

Then the two-stage model was applied to determine dependence of the a-Si TFT stability on the
fabrication conditions. By optimizing the gate SiNy and a-Si deposition conditions, the
extrapolated 50% lifetime of the drain current under continuous operation has been raised from
3.3 x 10* sec (9.2 hours) to 4.4 x 10" sec (1.4 years). Etching is the most important post-
deposition process that affects stability. A newly developed TFT fabrication process with four

wet etch steps produces TFTs that are more stable than those processed with plasma etching.

Next, the two assumptions (1) defect creation in a-Si is the instability mechanism that dominates
at low-gate field, and (2) the current degradation can be modeled without considering the drain
bias effect, were proved to be valid when developing the two-stage model for lifetime prediction.
The first assumption was investigated from the redistribution of the gap state density with the
field effect technique. The second assumption was validated by analyzing the drain bias

dependence both experimentally and theoretically.
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Finally, a 3-TFT voltage-programmed pixel circuit for AMOLED displays with an in-pixel
current source was presented. It can be largely insensitive to the TFT threshold voltage shift and

promote the application of a-Si TFTs into the AMOLED displays.

9.2. Future work

The work in this thesis suggests the following areas that can be done in the future:
— Two-stage model applications

The two-stage model can be applied to TFTs fabricated with materials other than a-Si, such as
organic materials and metal oxides, because the model was developed based on the physical
properties of amorphous materials. Practically, the unified stretched exponential fit for
degradation in Stage II can be easily adopted to characterize the thermally activated processes

with distributed barrier energy / trapping parameters.
— Further fabrication condition optimization

It has been demonstrated that the extrapolated 50% lifetime of the TFT drain current at room
temperature can be improved from 3.3 x 10* sec (9.2 hours) to 4.4 x 107 sec (1.4 years) by
optimizing fabrication conditions. It makes the a-Si TFT a promising candidate in AMOLED
display industry. However, there is still room for further improvement in stability. This can be
achieved by matching the deposition conditions of SiNx and a-Si, in terms of deposition

temperature, gas flow rate, gas power, etc.
— Improving the deposition rate of thin films

Highly stable a-Si TFTs have relatively low growth rate in a-Si and SiNy layer. The growth rate
for good quality a-Si and SiNy in this work is only about 3 — 5 nm / min. Because only the
materials near the SiNy / a-Si interface are important to the stability under low gate-field, the
deposition rate can be accelerated simply by using a recipe with high growth rate for deposition

more than ~20 nm away from the interface.

— Stability measurements on the 3-TFT voltage-programmed pixel circuit
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Chapter 9: Summary and Future Work

Preliminary lifetime tests of the 3-TFT voltage-programmed pixel circuit show that the current
provided by the circuit drops at a similar rate to that of the drain current degradation of an
individual TFT in glove box. Further dynamic analysis and stability measurements are necessary

for the real application of the proposed pixel circuit.
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Appendix B

Substrate temperature Calibration

The substrate temperature of a-Si TFTs deposited in Solarex / Innovative S900 plasma-enhanced
chemical vapor deposition (PECVD) system was calibrated, with a thermal coupler clipped

between two pieces of graphite in the position of substrate during deposition (Fig. B.1).

Fig. B.1.  Substrate temperature calibration setup.

In each chamber, there are three heaters — two top heaters and one bottom heaters. Silicon nitride
(SiNy) was deposited in N-chamber and intrinsic amorphous silicon (a-Si) was deposited in I-
chamber. The substrate temperature calibrations for N-chamber and I-chamber are shown in
Table B-I and Table B-II, repectively. The actual substrate temperature is lower than the heater

setting temperatures.

131



Appendix B: Substrate Temperature Calibration

Table B-I. N-chamber substrate temperature calibration

Heater setting temperature | Waiting Substrate Note:
(°0) time temperature chamber
Left Right | Bottom | (min) (°C) condition
210 210 190 310 148.1 Vacuum
250 250 230 60 171.9 500 mTorr
280 280 250 40 190.3 500 mTorr
290 290 250 660 195.1 500 mTorr
290 290 260 220 214.3 Vacuum
710 272.8 Vacuum
350 350 325 30 276.8 500 mTorr
400 400 350 70 318.7 500mTorr
Table B-II. I-chamber substrate temperature calibration
Heater setting temperature | Waiting Substrate Note:
(°C) time temperature chamber
Left Right | Bottom | (min) (°C) condition
200 200 200 140 160.8 Vacuum
250 250 230 60 200.7 500 mTorr
280 280 260 50 221.8 500 mTorr
350 350 320 60 278.8 500 mTorr
50 302.2 500 mTorr
380 380 340
1010 311.7 Vacuum
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