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ABSTRACT Degradation of flexible low-temperature poly-Si thin film transistors (TFTs) under dynamic
bending cycles is investigated with statistical method. Ion degradation data of different bending cycles
and bending conditions are compared to five different statistical distribution models, and it is determined
that the Gamma distribution best fits degradation data. Based on the model, the reliability of TFTs under
a given stress condition can be evaluated under two typical application scenarios: (1) reliability prediction
for large bending cycles; (2) reliability evaluation based on stress test with limited sample size.

INDEX TERMS Flexible poly-Si TFTs, dynamic bending, degradation, statistical distribution, reliability

evaluation.

I. INTRODUCTION

Currently, electronic products become increasingly flexible
such as foldable flat panel displays. As the basic driving
element of flexible electronic systems, flexible thin-film tran-
sistors (TFTs) are subject to various mechanical stresses
such as bending and stretch. Mechanical reliability of flex-
ible TFTs becomes a concerned issue, on which a lot
of research efforts have been focused. In case of flexi-
ble low temperature poly-Si (LTPS) TFTs under bending
stresses, the investigation covers TFT degradation and mech-
anisms [1]-[4], failure analysis [5]-[7], and process or
structure optimization [8]-[10]. Nevertheless, for mechan-
ical stress induced degradation in flexible TFTs, there is no
statistical analysis reported until now.

Statistical analysis of degradation is essential to evalu-
ate device reliability [11]. For example, in the study of
electromigration of deep submicron interconnects, statis-
tical distribution is used for lifetime prediction [12]. In
active-matrix displays, each pixel circuit works indepen-
dently, thus the electrical stress state of each TFT is different.
However, under a mechanical stress in either bending or
stretch, a large number of TFTs are located within the same

stress field and they suffer the same stress. In this case,
although degradation or failure of an individual TFT is ran-
dom in nature, the lifetime or reliability of such a group of
devices can be reasonably evaluated with a given failure cri-
terion. However, it requires the statistical distribution model
of the degradation data to be determined first [13].

The purpose of this work is to determine the degradation
distribution model of flexible LTPS TFTs under dynamic
bending stress, through a systematic statistical analysis on
their mechanical degradation. It is found that the statistical
distribution of Ion degradation follows the Gamma distribu-
tion model. Based on the model, the reliability of stressed
TFTs can be evaluated in two typical application scenarios.

Il. EXPERIMENTS

Fig. 1 shows the cross-sectional diagram of flexible
p-channel LTPS TFTs fabricated on the polyimide (PI) sub-
strate. A rigid glass substrate was used as a device holder, on
which a 17-pum PI film was coated and baked at a higher tem-
perature for curing. Then, SiNx and SiOx multilayers were
deposited on the PI substrate by plasma-enhanced chemical
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FIGURE 1. Schematic cross section of flexible LTPS TFTs fabricated on PI
substrate.
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FIGURE 2. (a) Simplified top-view diagram, (b) layout of the TFT matrix, (c)
micrograph of a U-shaped channel LTPS TFT, (d) micrograph of a
conventional rectangular channel LTPS TFT (SD and ¢ respectively
represent the direction along the source-drain and bending axis).

vapor deposition (PECVD) to block water vapor and oxy-
gen. Subsequently, a 45-nm PECVD a-Si film was deposited
and dehydrogenated at 450 °C, followed by excimer laser
annealing for crystallization. After active region definition,
a 120-nm-thick SiO, was deposited as gate insulator (GI).
Next, 250-nm Mo alloy was sputtered and patterned as
gate electrodes. Boron ions were implanted and activated
to form the source and drain regions. A 270-nm-thick SiOx
is deposited as an interlayer dielectric. Subsequently, contact
holes were opened and Ti—-Al-Ti triple layers metallization
was formed, followed by deposition of 270-nm SiNy passiva-
tion layer. Finally, PI film with TFTs whereon was detached
from the glass substrate by using laser irradiation. The lift-
off process of flexible LTPS TFTs only slightly affects the
device characteristics [14].

The structure diagram, layout and micrograph of LTPS TFTs
are shown in Fig. 2 (a), (b) and (c). The channel is U-shaped
with channel width (W)/length (L) = 3/18.5 pm. Conventional
rectangular channel TFTs with W/L = 3/18.5 pm were also
used as a control group, as shown in Fig. 2 (d). On the PI
substrate, a relatively large sample-sized 84 identical TFTs
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FIGURE 3. Evolution of transfer characteristic curve with dynamic bending
cycles.

are subject to dynamic bending stress at the same time. As
indicated in Fig. 2 (b), the TFT sample is about 1x2 cm?,
which is cut from the TFT TEG from G6 (1.5x1.85 m?)
production line of Visionox co. ltd. 84 identical TFTs are
arranged in three rows, with 28 TFTs in each row. The
source-drain direction of the first two rows is parallel to the
bending axis (SD||); while that of the third row is perpendicu-
lar to it (SD_L). The mean and standard deviation of Ign of all
TFTs are respectively 2.46x10~7 A and 2.14x107% A. The
initial characteristics of these devices have good uniformity.
The bending radius () includes 2.5, 3.3, and 5 mm, while
frequency (f) is 1, 1.5, or 2 Hz. Degradation of electrical
characteristics of all TFTs is monitored at 10 preset bending
cycles (N) from 10K to 100K. All TFT characteristics are
measured by Agilent BISO0A semiconductor parameter ana-
lyzer in a flat state. The on-state current (Ion) is defined as Ip
at Vg = —12 V (Vps = —0.1 V), the threshold voltage (Vty)
is defined as Vg at Ip = W/Lx 1077 A (Vps = —0.1 V). The
percentile change relative to the initial Iony (Alpn) is used
to characterize the device degradation.

1Il. RESULTS AND DISCUSSIONS

Typical degradation of flexible LTPS TFTs under dynamic
bending stress is shown in Fig. 3. As bending cycles N
increases to 100K, Vry shifts along the positive Vg direc-
tion by 3.5 V, Ign increases by 57.4%, and the field-effect
mobility (urg) decreases slightly from 78.6 to 71.0 cm?/V s.
A “hump” is gradually formed with the subthreshold region
of the transfer characteristic shifted by +5.8 V. All degrada-
tion features are consistent with results reported by previous
studies [3], [4]. The positive shift of the transfer character-
istic is due to bending stress induced traps in the GI or at
the channel/GI interface, and fixed negative charges trap-
ping. Vryg degradation of poly-Si TFTs observed in the air
ambient is controlled by the synergistic effect of O, and
H>O vapor [4]. The “hump” is due to the parasitic transistor
effect as clarified in [3].
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FIGURE 4. Comparison of the degradation of (a) U-shaped channel, and
(b) conventional rectangular channel LTPS TFTs under | mode and L mode.

Previously, it was reported [15] that under static bending
the electrical characteristic of U-TFTs is relatively insensi-
tive to the bending direction compared to the conventional
rectangular channel TFTs. In the dynamic bending test of
this study, the bending is respectively in the | and L mode
for 56 or 28 TFTs. Ion degradation data of all TFTs are
collected at 10 preset bending cycles. Fig. 4(a) compares Ion
degradation trend with N in the two modes, plotted respec-
tively with the average, median, upper and lower quartile
obtained from the 56 or 28 degradation data at a given N.
One sees that all curves follow a similar trend, and dif-
ference between the degradation of the two modes is very
small. For conventional rectangular channel TFTs Fig. 4(b)
compares Ion degradation of the two modes using box-plot.
In contrast, the Ion degradation of the 1 mode is far larger
than that of the || mode. It demonstrates that the degradation
of the U-channel TFTs is insensitive to the direction of the
dynamic bending axis.

Based on statistical hypothesis testing [16], one can go
further to quantitatively determine if the degradation is irrel-
evant to the direction of the bending axis. For each N, two
data sets of the || and L mode respectively includes 56 and
28 degradation data. First do the F-test to check the homo-
geneity of the variance of the two data sets, and then do the
T-test to check the homogeneity of the mean. Normally the
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TABLE 1. p-values of hypothesis test for | and L mode degradation data.

Cycles 10K 20K 30K 40K 50K
F-test 0.3522 0.7223 0.5440 0.5657 0.4737
T-test 0.1836 0.2827 0.1508 0.0593 0.1111
Cycles 60K 70K 80K 90K 100K
F-test 0.3942 0.3898 0.2926 1.98e-6 0.3180
T-test 0.3800 0.5028 0.2705 0.9072 0.8462
S-Level ay=0.05

statistical confidence level is set as 95%, correspondingly
the significance level (S-level) aq is 0.05. A p-value of the
test larger than og means that the difference between the
two sets is not significant. As listed in Table 1, except for
the F-test at N = 90K, all other p-values of both tests at
different Ns satisfy >0.05, suggesting that there should be
no statistical difference in Ion degradation between the two
modes, and two sets of degradation data should belong to
a single data population. Hence in the following study on
the statistical distribution model of the Ion degradation, the
two bending modes are no longer distinguished. For each
bending cycle, degradation data from all 84 samples are
included. To determine the statistical distribution model, the
Akaike Information Criterion (AIC) [17], [18] is used. AIC
value can measure the goodness of a chosen distribution
model fitting the actual degradation data. The smaller the
AIC value, the better the goodness of the model. Five sta-
tistical distribution models are evaluated: Gamma, Normal,
Lognormal, Weibull and Exponential, which are the most
commonly used in reliability engineering [19].

Based on a set of degradation data at a given N, AIC value
can be calculated with the following equation, assuming that
errors between the chosen model and actual data follows an
independent Normal distribution [18]:

SSR
AIC = 2k+nln<—) (D
n
where k is number of model parameters, n is the sample
size, SSR is the Sum Square of Residue between the model
prediction and actual data, i.e.,

n
SSR =) (T; —1;)° @)

i=1
Here # is the ith data of Alpn, and T; the value of the
chosen distribution model at quantile corresponding to #.
To calculate AIC value of the Normal distribution as an
example. Assume a set of degradation data under a stress
condition follow the Normal distribution, then its distribution
parameters are extracted by fitting the degradation data. Then
sort the data in ascending order to obtain #; (i = 1, 2, 3...).
Calculate the quantile for each #, and corresponding value
of Normal distribution at the quantile 7 is also obtained.
Hence, SSR and the AIC value of the Normal distribution

can be readily calculated.
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FIGURE 5. AIC box plot of Algy data fitting different distribution models
for three stress conditions: (a) r = 2.5mm, f = 1.5Hz; (b) r = 3.3mm,
f = 1Hz; (c) r = 3.3mm, f = 2Hz.

Fig. 5 shows box-plot of AIC values of the five distribu-
tion models fitting the experimental Alpn data respectively
under three dynamic bending conditions (a) r = 2.5 mm,
f=15Hz; (b) r =3.3 mm, f = 1 Hz; and (¢) » = 3.3 mm,
f = 2 Hz. Each box includes up to 14 AIC values corre-
sponding to degradation data sets at different bending cycles.
It clearly shows in Fig. 3 (a)—(c) that the AIC values of the
Gamma distribution are smaller than the other four mod-
els in terms of the mean, median or the entirety of the
box for all three different bending conditions. While the
other four distribution models do not show this univer-
sality. None of them are even the second-best model for
all three bending conditions. Note that device degradations
under the three bending conditions are much different, under
which the average degradation is respectively 55.8%, 5.32%
and 47.0% at N = 100K. One can tentatively conclude that
the Ion degradation of the p-type flexible LTPS TFTs fol-
lows the Gamma distribution model under stress conditions
of different bending radius and frequencies.
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FIGURE 6. Three Gamma distributions for three different stress conditions.

Gamma distribution model is commonly wused in
statistics [11], [20], and its probability density function (PDF)
is as follows:

o
f@ Box) = Lt 1 x> 0 3
I'(a)
x is an independent variable, which is Alpy in this study.
« and B are the shape parameter and scale parameter, respec-
tively. I'(«) is the Gamma function. The mean and variance
of the Gamma distribution are:
l,L = —, o = —
p B>
From Eq. (4), ¢ and B can be also expressed by the mean
and variance as:

—.B=1 5)

The Gamma distribution has some unique features to
describe device degradation. First, x > 0 means that it is valid
for accumulated degradation that always increases with stress
time or cycles. Second, the Gamma distribution is positively
skewed and has a long tail on the right side, which is in
line with most actual degradation phenomena. Third, shape
of the Gamma distribution has great flexibility depending on
the value of the shape parameter «. As « is close to 1, its
PDF is close to an exponential decay; as o > 20, it is close
to a bell-shaped Normal distribution. Shown in Fig. 6 are
the PDF curves of the Gamma distribution under the three
different bending conditions. It is close to an exponential
distribution for the condition » = 3.3mm, f = 1Hz; and to
the Normal distribution for » = 2.5mm, f = 1.5Hz. Values
of both parameters o and B are given in the figure. Such
flexibility allows the Gamma distribution to satisfactorily fit
degradation data for very different bending stress conditions
and cycles.

Fig. 7(a) and (b) respectively shows extracted Gamma
distribution shape and scale parameter &« and B dependent
on N for three different bending conditions. One sees that o
increases linearly with N for all different conditions, while 8
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FIGURE 7. Evolution of (a) shape parameter «, and (b) scale parameter g
with bending cycles under three different bending conditions.

seems has no dependence on N and roughly keeps a constant
under different stress conditions. Actually, such dependen-
cies of the two parameters are reasonable. Note that from
Eq. (5) the two parameters satisfy o« = up. If B remains
basically a constant with N, then « and the mean value of
degradation data p have the same dependence on N. The
average amount of degradation p generally increases lin-
early with N, consistent with the observed dependency of
the shape parameter «. Such simple dependencies of the
distribution parameters provide convenience for reliability
evaluation using the Gamma distribution.

There are two typical scenarios to evaluate the TFT relia-
bility (R). One is to predict the reliability for large bending
cycles with available degradation data of smaller bend-
ing cycles. The other is to evaluate TFT reliability of a
given stress condition from stress test with only a small
sample size.

(1) Reliability evaluation for large bending cycles: Under
the stress condition » = 2.5 mm and f = 1.5 Hz, the reliabil-
ity of TFTs bent to a large cycle number N can be evaluated.
Based on existing degradation data, dependency of the shape
parameter & on N is obtained as plotted in Fig. 7(a):

a = 0.0571N + 6.6923 (6)

On the other hand, the scale parameter § is treated as a
constant 19.9, which is the average of extracted B values
under each bending cycle.
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TABLE 2. The reliability evaluation results with r = 2.5mm, 3.3mm, 5mm.

Bending Radius(mm) | 2.5 | 33 I
Bending conditions J1Hz, N=40K, f1=50%

Sample size 6 5 6
Average deg. u 0.63 0.36 0.31
Variance ¢’ 0.36 0.19 0.21
Shape parameter a 1.11 0.67 0.48
Scale parameter 1.75 1.86 1.52
R 53.4% 75.4% 79.2%

Reliability (R) is the probability of stressed TFTs main-
taining their performance until a given cycle. Here, TFT
failure threshold (fT) is defined as x = Alon > 70%. Thus R
as a function of N can be obtained by integrating PDF(x) in
the interval (0, fT):

0.7 ,Ba
R = / =y lehxgy @)
o '@

Here, o is given by Eq. (6) and g = 19.9. Fig. 8 shows
calculated R as a function of N (the solid line), compared to
experimental R values obtained from degradation data statis-
tics at given bending cycles (the triangle symbols). There is
a fairly good agreement between the calculated R(N) curve
and experimental data. With the increase of N, R(N) con-
stantly decreases. Based on R(N), it is estimated that at
N = 133K, R will drop to 50%, that is, 50% of the TFTs’
Ion degradation is larger than 70%. Note that the prediction
is much lower than the intuitively expected value 77% from
a linear extrapolation as indicated by the dotted line in the
figure.

(2) Reliability evaluation at given stress conditions: Since
dynamic bending stress induced degradation of flexible LTPS
TFTs is demonstrated to follow the Gamma distribution,
now R can be reasonably evaluated for any given stress
condition based on limited stress tests with a small sample
size. For example, stress tests are carried out under three
stress conditions: » = 2.5, 3.3, or 5 mm and f = 1 Hz with
only 5-6 TFT samples. The bending cycle is 40K, and f is
set as 50%. From the stress test, the mean p and variance o2
of the degradation data are obtained first, and parameters of
the Gamma distribution & and 8 are calculated with Eq. (5),
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as listed in Table 2. Subsequently, R(N = 40K) can be readily
obtained by integrating the Gamma distribution PDF within
f1 as in Eq. (7). The calculated Rs are listed in Table 2 for
each condition, which is seen to increase as r increases.

IV. CONCLUSION

Degradation of p-type flexible LTPS TFTs under dynamic
bending stress is studied with statistical method. It is demon-
strated that the degradation of U-channel TFTs is not
irrelevant to the direction of bending axis. Furthermore,
Ion degradation of the flexible LTPS TFTs under dynamic
bending stress follows the Gamma distribution. Based on
the model, reliability evaluation under two typical applica-
tion scenarios is carried out: (1) reliability prediction for
large bending cycles; (2) reliability evaluation for small
sample-sized stress test.
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