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Photosensitivity Analysis of Low-Temperature
Poly-Si Thin-Film Transistor Based on
the Unit-Lux-Current

Ya-Hsiang Tai, Yan-Fu Kuo, and Yun-Hsiang Lee

Abstract—In this paper, the photosensitive effect of n-type low-
temperature polycrystalline-silicon thin-film transistors (TFTs)
is investigated. A novel layout is adopted to demonstrate that
the photo leakage current occurs in the depletion region at the
drain junction. Based on the Poole-Frenkel effect lowering of a
coulombic barrier and phonon-assisted tunneling, it is discovered
that the photosensitivity behavior for poly-Si TFT is dependent
on the gate and drain bias. However, this photoinduced leakage
current behavior is not included in the present SPICE device
model. Therefore, a new parameter, unit-lux-current (ULC), is
proposed to depict the photoinduced current. Its dependence on
the gate/drain bias and temperature is discussed, and the equation
of ULC is further derived, which has good agreement with the
experimental data. A qualitative deduction is developed to account
for the photo leakage mechanism. ULC variation with respect to
defect states in the drain region is also discussed.

Index Terms—Leakage current, photo sensitivity, poly-Si thin-
film transistor (TFT).

I. INTRODUCTION

OW-TEMPERATURE polycrystalline-silicon (LTPS)

thin-film transistors (TFTs) have attracted much attention
for active-matrix liquid crystal display and active-matrix
organic light-emitting diode applications due to the high
mobility and the capability of realizing integrated circuits on
glass. It could reduce the difficulties of the connection of the
surrounding circuits and the cost of the panel [1]. The photo-
sensitivity of LTPS TFTs is a significant design consideration
for achieving high-image-quality display panels since it will
affect the leakage current. Furthermore, several ambient light
sensors using the off current of LTPS TFTs have been reported
[2]-[7]. Thus, the photosensitive behavior of LTPS TFT off
current is of great interest. In this paper, a new parameter is
used to analyze the effects of illumination on LTPS TFTs.
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Fig. 1. Cross-sectional views of n-channel LTPS TFTs with LDD structure.

An equation is provided to properly describe ULC under
various bias and temperature conditions for further exploration
of photo leakage mechanism. In addition, since LTPS TFTs
suffer from huge variation owing to the diverse and complicated
grain distribution in the poly-Si film [8], ULC variation will
also be discussed.

II. EXPERIMENTS

The self-aligned structure of top-gate n-type LTPS TFTs with
lightly doped drain (LDD) structure was used in the experiment.
First, the buffer oxide and a-Si:H films were deposited on
glass substrates with PECVD. The samples were then put in
the oven for dehydrogenation. Then, the XeCl excimer laser
scanned the a-Si:H film to recrystallize the a-Si:H film to
poly-Si. After poly-Si active area definition, 65-nm SiOy was
deposited with PECVD as the gate insulator. Next, the metal
gate was formed by sputter and then defined. LDD and the
nT source/drain doping were formed by PHj3 implantation
with dosages of 2 x 10'® and 2 x 10*® cm™2, respectively.
The LDD implantation was self-aligned, and the n™* regions
were defined with a separate mask. Then, the interlayer of
SiN, was deposited. Subsequently, rapid thermal annealing was
conducted to activate the dopants, while the poly-Si film was
simultaneously hydrogenated for 30 min. Finally, contact hole
formation and metallization were performed to complete the
fabrication work. The cross-sectional view of n-channel LTPS
TFTs is shown in Fig. 1. In this paper, the TFTs having a
channel width of 20 m and a channel length of 5 m with LDD
structure of length 2.5 pm are measured under different illumi-
nation conditions. The light was collimated and focused onto
the device with top-face white-light illumination. Photo leakage
current was induced by a halogen lamp irradiation stream with
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Fig. 2. Photo leakage current and the power variation spectrum of the light
source.
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Fig. 3. Photograph of the special U-shaped TFT with an arrow indicating the
scanning path of the illumination beam.

several neutral density filters (light intensity ranging from dark
to 31320 lux) through the objective of a microscope, and the
light intensity was measured by a digital luminous flux meter.

Fig. 2 shows the photo leakage current and the power varia-
tion spectrum of the light source in the range of 350-750 nm.
The lower drain current at long wavelengths may be due to
photon absorption in the gate and other multilayer structure of
the TFT.

III. RESULTS AND DISCUSSION
A. Sensing Area Consideration

Before the mechanism of photosensitivity is discussed ex-
plicitly, it should be first examined where the most sensitive to
the illumination inside LTPS TFTs is. A special layout of the
TFT with U-shaped source and drain electrode configuration is
adopted in this paper, as shown in Fig. 3. Twenty-five TFTs
are arranged in parallel and separated into two groups. The
upper group consists of 12 TFTs, and the lower one contains
13 TFTs. The inner electrodes (about 33-pum distance) of
the TFTs in these two groups are shorted together and so
are the outer electrodes (about 59-um distance) to form the
U-shaped TFT.

An irradiation optical beam with 25-pm light spot radius
has been used to directly shine on the device. By scanning the
beam along the channel direction of the U-shaped TFT, the
leakage currents of the LTPS TFT are measured in two cases
with the inner or the outer electrodes as drain. As shown in
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Fig. 4. Drain current of the U-shaped TFT with the distance of the illumina-
tion beam scanned along the channel direction.
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Fig. 5. Ip-Vg transfer characteristics under illumination from dark to
31320 lux.

Fig. 4, two anomalous peaks of the off current are observed.
When the measurement is performed with outer electrodes
as drain, the distance is larger (about 66 pm). On the other
hand, when the inner electrodes are used as the drain, the
distance is shorter (about 32 yym). The distance between the pair
peaks is consistent with the device’s real junction distance. It
reveals that the photoinduced current happens only at the drain
side. Therefore, the following discussion of the photosensitivity
mechanism will focus only on the drain region.

B. Definition of the Index for Photosensitivity and Analysis

The typical Ip—Vi transfer characteristics of the LTPS TFT
under illumination from dark to 31 320 lux are shown in Fig. 5.
It can be seen that the off current increases with the intensity of
the incident light, and it has weak gate bias dependence under
higher ambient light intensity. There are several parameters that
can be used to describe this behavior of the photoinduced off
current. To discuss the photo effect of TFTs, the previous study
[9] used an index Ry, p defined as the ratio of the current under
illumination (Z;ota1) to the current in the dark (Ipark). R ,/p is
suitable to evaluate the performance of light sensors. However,
it may not be proper to be used to analyze photo leakage
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Fig. 6. Gate bias dependence of LTPS TFT photo currents and dark currents

in the off region.
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different bias conditions.

mechanism. As shown in Fig. 6, because I is less dependent
on the gate voltage, 1,/ p is mostly determined by the behavior
of Ipark. It cannot reflect photo behaviors of TFTs. Therefore,
for our discussion, it may be necessary to find another index
which can eliminate the influence of Ip,, k.

Fig. 7 shows the relationships between drain current and
illumination intensity for several bias conditions in the off
region. It can be seen that all drain currents are proportional
to the amount of radiant illumination. Thus, it can be taken
that the total leakage current under illumination (Iiota1) is
composed of two components: One is the leakage current that
is not caused by photo illumination (Ip,yk) which is measured
under dark state. In addition, the other part is illumination-
induced leakage current ([/1j1um, ) Which denotes the component
induced by illumination. In this paper, we will offset Ipark
and only consider I, which is defined to be the difference
between Iy and Ip,k. To analyze the photosensitivity of
LTPS TFTs in detail, we further define the slope of the curve in
which the current versus illumination intensity corresponds to
the unit-lux-current (ULC) that is considered a new index. The
physical meaning of ULC is the photo leakage current induced
“per unit-photo flux” and independent of the dark current.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 56, NO. 1, JANUARY 2009

2.1x10™" 1 Measure Condition
* —a—Vds=0.6V
= —e—Vds=5.3V
i 1.8x10™ 1 —a—\Vds=10V
= "
e
5 -15
S 1.5x10™° 4
x
5
_'I -15
= 1.2x10 ~ 4 o
2
9.0x107"° 4 - - -
T v T v T T T T T T
-10 -8 -6 -4 -2 0
Gate Voltage (V)
Fig. 8. Gate bias effect on ULC at different drain biases.
15
6x10 Measure Condition
] —=—Vgs=-5V
. 5X1O'15 4 —e—Vgs=-7.5V
X —&—Vgs=-10V
= nent2
<
= 4x10™"°4
=
[ 4
=
3 3x10™"°
x
ki
£ 2x10™° 1
c
: 1 -
1x10™"° | passmssssassasass ULC
Component1
) * L) b T

T T T v T v L) - L] ¥ T
0 2 4 6 8 10 12 14 16
Drain Voltage (V)

Fig. 9. Drain bias effect on ULC at different gate biases.

Therewith, the total off current I;,:, of LTPS TFT can be ex-
pressed as

Itotal = [Dark + [Illum = [Dal'k +ULC- L (1)

where L is the illumination intensity in lux.

C. Field Effects on ULC

Fig. 8 shows the gate bias dependence of ULC under dif-
ferent drain biases. It is obvious that ULC is changed severely
under higher drain voltage. Fig. 9 shows the drain bias depen-
dence of ULC under different gate biases. When drain voltage
Vd is lower than 8 V, ULC increases linearly with drain bias
[10], and gate bias effect is negligible. However, when Vd is
large enough, ULC increases with drain bias more rapidly, and
gate bias effect becomes significant. As shown by the arrow
line in Fig. 9, the linear ULC curve at low drain bias can be
fit, and this is one of the two components of the total ULC.
This component which increases with drain bias linearly and
independent of gate bias is defined as ULC;. Then, the second
component which subtracts ULC; from the total ULC curve is
called ULCs.
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Fig. 10. Second component of ULC (ULCg) versus drain bias at different
gate voltages.
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different gate biases.

Furthermore, we show ULC, in Fig. 10. It is apparent that
the log [ULC;] increases with drain bias linearly, indicating
that ULC; increases with drain bias exponentially when Vd is
large enough. The parallel curves of log [ULC] at different gate
biases indicate that the dependence of gate bias is also expo-
nential. Thus, ULC can be expressed by a linear combination
of these two components as

ULC =ULC; + ULC, 2)
ULC; =aVd+ 3 3
ULCs =+ - exp(mVd — 12Vg) )

where «, 3, v, m, and 7 are all fitting parameters. o and
( correspond to the linear drain voltage dependence and the
zero drain bias offset of ULC,, respectively. v is the scaling
factor of ULCs, while 7; and 7y are the parameters about the
exponential dependence on the drain bias and negative gate
bias of ULCy, respectively. As shown in Fig. 11, the calculated
results agree with our experiment data very well. The values of
fitting parameters are also listed in the inset.

Moreover, the mechanisms of two ULC components will
be further discussed. The ULC can be taken into account as
the leakage current induced both in the gate—drain overlap
depletion and lateral depletion regions [11]. When the device
is operating at low drain voltage, the linear increase with
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Fig. 12. Temperature effect on photo leakage current of LTPS TFT.

the drain bias of ULC; is attributed to the lateral depletion
region by the channel-drain junction in reverse bias. In this
region, ULC; is negligible. When drain voltage is large enough,
ULC,, increases with drain exponentially, and gate bias effect
becomes significant. Several mechanisms of leakage current
were discussed in previous reports [12]-[15]. It is considered
that the reverse lateral depletion at the drain region extends
and causes gate-induced drain leakage (GIDL) in the gate—drain
overlap depletion junction. The amount of photo current should
be associated with the carrier generation in the space-charge
region. By the junction reverse saturation current and GIDL, the
drain current owing to the GIDL effect is also in an exponential
relation. This phenomenon is similar to our case of ULC,
component. The voltage difference between the drain and gate
biases corresponds to the magnitude of electric field across the
depletion region. A more negative gate bias means that the
electric field would get stronger (the same as a more positive
drain bias). It suggests that larger electric field across the drain
depletion region causes larger photo effect. Both drain and gate
bias affect the electric field strength in the depletion region in
slightly different ways.

D. Temperature Effects on ULC

We further take into account temperature effects on ULC.
Fig. 12 shows the illumination effect on photo leakage current
at different temperatures of 25, 40, and 60 °C under a certain
bias condition of (Vd,Vg) = (10 V,—5 V). The correlation
between Iiot,) and illumination intensity is still linear at various
temperatures.

Drain bias dependences of ULC at different temperatures are
shown in Fig. 13. The ULC in the range of low drain bias is
significantly affected by temperature, while that in the higher
drain bias range is gradually and less affected by temperature.
From the discussion earlier, we have separated the ULC into
ULC; and ULCs. It can be seen that ULC; is actually the term
subject to the temperature effect. On the other hand, as shown
in Fig. 14, ULC; is totally temperature independent, which
means that ULC,, is the term purely induced by electric field.
Therefore, ULC; may be induced by mechanism like excess
carrier diffusion or thermionic emission, and thus, it has weak
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dependence on the electric field, particularly on the gate bias.
ULC; may be induced by mechanism like excess carrier drift or
field emission, and thus, it has strong dependence on the drain
and gate biases.

Since the lateral electric field is relatively small, the photo-
induced current is a thermally generated current dominantly.
The temperature effect on I, can identify constant activation
energy [16], [17], which hints us to add the fitting factors o and
[ in (4) in the Arrhenius plot. Fig. 15 shows the relationship
between « and 3 and 1/kT. These two factors increase with
1/kT exponentially and can be expressed by

a=A- exp(—Fau/kT) ®)
B8 =B-exp(—FEap/kT) (6)

where Fay and Fap are the activation energies of o and
0, respectively, and A and B are their corresponding fitting
parameters. The fitting values of Fan, Fap, A, and B are
listed in the inset. By the temperature effect discussed previ-
ously, it is confirmative to separate ULC into two components.
ULC; is thermally activated and might be corresponding to
thermionic emission or carrier diffusion, while ULC, is inde-
pendent of temperature and possibly owing to field emission or
carrier drift.
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E. Mechanism of ULC

Based on the experimental results of bias, temperature, and
sensing location, a more complete mechanism of ULC is pro-
posed to explain the photosensitive effect on the leakage current
of LTPS TFT. Fig. 16 shows the band diagrams under the
condition of Vg < 0 along the channel direction near the drain
region at low and high drain biases. In the figure, Wd indicates
the length of the depletion region at the drain electrode side
where electron-hole pairs can be generated under illumination
in the poly-Si film. The generated electrons flow toward the
drain electrode, and the holes flow in the opposite direction.
Wd consists of two regions. One is the high-hole-concentration
region in the channel induced by the negative gate bias, and
the other is in the LDD region. The channel area is shielded
by the gate metal, while the LDD region can be shined by the
illumination. Based on the Poole—Frenkel effect lowering of
a coulombic barrier and phonon-assisted tunneling due to the
electric field applied to a semiconductor [18], which enhances
thermal emission and the trap-to-band field emission rate, the
two components of ULC will be discussed. For the case at
low drain bias with light irradiation, when the gate bias is
changed, similarly to the abrupt p*n junction, the electric field
of the other part in the LDD region is invariable. Thus, the gate
voltage independence of ULC; can be explained. As for the Vd
effect, the lateral depletion region increases linearly with drain
bias, corresponding to the parameter « in (3). With extremely
low drain bias, there is still a depletion region in LDD, in
accordance with the parameter 3 in (3). The conduction mech-
anism of the leakage current in the low drain field is thermal
emission [19]. Consequently, the parameters « and § of ULC,
are temperature dependent.

On the other hand, for the high drain bias with light irradia-
tion, the electric field across the lateral depletion region is large
enough to fully deplete the LDD region. Therefore, the increase
of drain voltage will increase the electric field within the limited
LDD length pinched by the n™ region. In such a case, the
more negative gate bias will also result in a larger field with
the same depletion width of the LDD region. The conduction
mechanism of the leakage current at the high drain voltage is
field-enhanced emission in the space-charge region [20]. The
electric field dependence of ULC; is reflected by the slightly
different values of the fitting parameters 7; and 7, in (4).
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Fig. 16. Proposed model of ULC mechanism for LTPS TFTs.

F. Devices Variation

The uniformity of LTPS TFT is always an important issue.
Different devices even fabricated by the same process suffer
from serious device variation, particularly for the off current.
For this consideration, photo leakage currents would also vary
among devices. Fig. 17 shows photo leakage currents with
respect to the illumination intensity of several devices on the
same glass. It verifies that there is still serious device variation
in the aspect of photo leakage current. The results further
confirm that the mechanisms of the photosensitivity for the
LTPS TFT are closely related to the different defect distribution
or density in the grain boundary, alike the case of the dark off
current. This issue needs to be overcome before LTPS TFTs can
be practically used as photo-sensing devices.

IV. CONCLUSION

In this paper, we present detail studies on the factors that
affect the photo leakage current like bias condition, tempera-
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Fig. 17. Photo leakage current variation among different devices.

ture, and defect states of LTPS TFTs. It is found that the photo
leakage current always exhibits good linear dependence on il-
lumination intensity. Thus, a new index ULC characterizing the
slope of the curve is introduced to discuss the photosensitivity.
Furthermore, the mechanism of the photosensitivity for LTPS
TFTs is proposed. It relates to the width and electric field in the
lateral depletion region near the drain. It is also shown that ULC
variation is also related to defects in the depletion region. The
empirical equation of ULC provides a potential modeling for
simulation of LTPS TFT circuitry considering the photo effect.
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