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Abstract—An amorphous-silicon thin-film transistor (TFT)
process with a 180 °C maximum temperature using plasma-
enhanced chemical vapor deposition has been developed on both
novel clear polymer and glass substrates. The gate leakage cur-
rent, threshold voltage, mobility, and on/off ratio of the TFTs are
comparable with those of standard TFTs on glass with deposition
temperature of 300 °C-350 °C. Active-matrix pixel circuits for
organic light-emitting displays (LEDs) on both glass and clear
plastic substrates were fabricated with these TFTs. Leakage cur-
rent in the switching TFT is low enough to allow data storage for
video graphics array timings. The pixels provide suitable drive
current for bright displays at a modest drive voltage. Test active
matrices with integrated polymer LEDs on glass showed good
pixel uniformity, behaved electrically as expected for the TFT
characteristics, and were as bright as 1500 cd/m?.

Index Terms—Active matrix, amorphous-silicon, flexible,
organic light-emitting display, plastic substrate, thin-film
transitor (TFT).

I. INTRODUCTION

RGANIC light-emitting displays (OLEDs) have many
() potential advantages over the current dominant liquid
crystal displays (LCDs), such as self-emission, video response,
wide viewing angle, very thin form factor, and the compatibil-
ity with flexible plastic substrates to enable flexible displays.
Furthermore, active-matrix OLED displays (AMOLEDs) have
wider applications than passive matrices because AMOLEDs
can more easily achieve high resolution, large size, and
lower power consumption. To date, several groups have
demonstrated AMOLEDs on glass substrates driven by
amorphous-silicon (a-Si) transistor backplanes with very good
performance [1], [2].

AMOLED on flexible plastic substrates are very attractive
because of potential thin, light-weight, rugged, rollable, and
foldable properties. The plastic substrates for the thin-film
transistor (TFT) backplane must be optically clear if conven-
tional OLEDs are used, which emit light through the substrate.
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Because of the inability of most clear plastics to date to tolerate
high process temperatures, the standard a-Si TFT processes
used for AMLCDs and AMOLED demonstrations on glass
cannot be used on clear plastic substrates because they require
temperatures of up to 300 °C-350 °C [3]. A lower process
temperature (e.g., 130 °C or lower) for the backplane could be a
disadvantage for the AMOLED display, since at lower process
temperatures, a-Si TFTs have lower mobility and high leakage
current [4], [5]. These could degrade the drive current for the
OLED and the data storage in the pixel, respectively. In this
paper, a-Si:H TFTs with a 180 °C maximum process temper-
ature have been developed on a novel clear plastic substrate
not previously available. We present initial pixel performance
on glass and on clear plastic substrates and integrated polymer
LEDs on glass, which show that 180 °C a-Si TFTs on plastic
or glass substrates can provide adequate drive current for bright
light emission at low driving voltages and have the necessary
low leakage current.

II. a-Si TFTs AT 180 °C ON CLEAR PLASTIC SUBSTRATE

The properties of the clear plastic substrates available to date
have generally restricted the a-Si TFT fabrication process to
temperatures below ~ 130 °C [4], [6]. A widely used clear
plastic substrate is poly(ethylene terephthalate) (PET) [7]. Its
glass transition temperature 7T, of 70 °C-100 °C is too low
for fabricating high-quality a-Si:H TFTs. Another popular clear
plastic substrate is poly(ethylene naphthalate) (PEN). It has
a Ty of 120 °C, and a-Si TFTs have been fabricated on it
with maximum process temperature of 130 °C [5]. However,
TFTs deposited at temperatures below 140 °C have low electron
mobility and high leakage current and show pronounced drift
due to charge trapping [4]. High-temperature plastics, such as
the polyimide Kapton E, have a T of ~ 350 °C. Kapton E
has a low coefficient of thermal expansion (CTE) and allows
the fabrication of TFTs with excellent performance at process
temperatures of 150 °C-250 °C [8], [9]. However, Kapton is
not optically clear. Fig. 3 shows that the optical transmission of
a 50-pum-thick Kapton 200E substrate cuts off at about 500 nm,
which gives it an orange-brown color.

Clear plastic substrates with a higher T, than PET or PEN
are therefore desirable to achieve good performance a-Si TFTs.
In this paper, we used a new high-temperature clear plastic
substrate, which is transparent down to 400 nm, as shown in
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Fig. 1. Optical transmission spectra of 50-pm-thick Kapton 200E and
75 — pm-thick clear plastic substrates.
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Fig. 2. Schematic cross section of the a-Si TFT structure on clear plastic
substrates. (Color version available online at http://ieeexplore.ieee.org.)

Fig. 1. The substrate thickness we used is about 75 pm, and its
glass transition temperature is 326 °C.

Fig. 2 shows the cross section of the TFT structure in this
paper on plastic substrates for the 180 °C process. First, a
thick SiN, buffer layer was deposited on each side of the sub-
strate. It planarizes the substrate, passivates it against process
chemicals, and helps the device layers adhere to the plastic
substrate. In contrast to previous work with high-temperature
plastic substrates that were mounted to rigid carriers for TFT
fabrication [9], we kept our substrates freestanding to keep the
back surface optically clean and clear. The TFT structure is
the standard inverted staggered structure, with a bottom gate
and top source/drain contacts. The TFT channel is defined
by back-channel etch. First, a 100-nm-thick chromium layer
was deposited by sputtering and wet etched as the bottom-
gate electrode. A 300-nm-thick silicon nitride (SiN,) layer,
a 200-nm-thick undoped a-Si layer, and a thin (30 nm) highly
doped n* a-Si layer were deposited continuously without
breaking the vacuum in a multichamber plasma-enhanced
chemical vapor deposition (PECVD) system as the gate insula-
tor, the active channel layer, and the source/drain contact layer,
respectively. The deposition temperature was ~ 180 °C. Before
patterning, another 80-nm-thick chromium layer was put down
using thermal evaporation. This chromium layer was wet etched
as the source/drain electrodes, and the n* a-Si layer was dry
etched with the same pattern. Then, the undoped a-Si was dry
etched to define the transistor island. The TFT fabrication was
finished by dry etching of windows into the gate nitride to
open access to the gate contact pads.

Fig. 3(a) shows the transfer characteristics of a TFT on
clear plastic with a width/length (W/L) of 80 pym/5 pm, and
Fig. 3(b) is the output characteristics. The threshold voltage is
3.4V, the linear mobility is 0.73 cm? /V - s, and the saturation
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Fig. 3. (a) Transfer and (b) output characterizations of a-Si TFTs made on

clear plastic with a maximum process temperature at 180 °C.

mobility is 0.68 cm2/V -s. The off current at Vgg = —10V
is ~ 10 pA, and the on/off ratio is ~ 107 with gate voltages
varied from —10 to 20 V, and the subthreshold slope was
~ 400 mV/dec. The source—gate leakage current at Vgg =20 V
is smaller than 10 pA, limited by the measurement system.
The mobilities were not corrected for series resistance. The
threshold voltages of ten TFTs range from 2.6 to 4.3 V. These
values are comparable with those of a-Si TFTs fabricated in
our lab at temperature of 300 °C-350 °C. The very low off
current and low gate leakage indicates that a relatively high-
quality gate SiN,, was achieved with a relatively low deposition
temperature of 180 °C. This is essential for achieving a-Si
TFTs with excellent performances on flexible plastic substrates.
The mobility increases at longer channel length, presumably
due to series resistance adversely affecting the short-channel
devices (Fig. 5).

Control samples were also made on glass (Corning 1737)
substrates with the same deposition temperature of 180 °C. The
TFT structure and fabrication process on glass were the same as
those on plastic except that there were no buffer layers needed
on glass substrate. For an 80 pum/5 pum TFT on glass, the
threshold voltage is 2.0 V, the linear mobility is 0.70 cm?/V - s,
and the saturation mobility is 0.67 cm?/V -s (Fig. 4). The
threshold voltages of ten TFTs range from 1.5 to 3.3 V. These
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Fig. 4. (a) Transfer and (b) output characterizations of a-Si TFTs made on

glass with a maximum process temperature at 180 °C.

are similar to those on the plastic substrates, as were the other
device parameters. As was the case for the TFTs on plastic,
both the linear and saturation mobilities (uncorrected for series
resistance) increase with channel length. Both the linear and
saturation mobilities of TFTs made on clear plastic substrate
compare favorably with those made on glass substrates at the
same process temperature of 180 °C (Fig. 5). The reason for
this difference is not known, perhaps indicating a lower series
resistance in devices on clear substrates.

The clear plastic substrate used in this paper had a CTE
of ~ 50 ppm/°C, which was much higher than that of the
a-Si TFT device layers (~ 3 ppm/°C for a-Si and 2.7 ppm/°C
for SiN,). The stress o in the device films caused by thermal
expansion mismatch between the device films and the substrate
is proportional to the product of the difference in CTE between
the device films and the plastic, ACTE, times the process
temperature excursion, AT, i.e.,

o x ACTE - AT. (D

ACTE - AT in this paper was ~ 0.008 (0.8%) for the 180 °C
process. This limited our ability to further raise the process
temperature, as the device layer cracked after deposition.
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Fig. 5. Mobility versus channel length for a-Si:H TFTs fabricated at 180 °C
on clear plastic substrate and on glass, for devices with a width of 80 pm.
(a) Saturation region. (b) Linear region.

III. AMOLED BACKPLANE WITH 180 °C a-Si TFT

A. Design and Fabrication of 180 °C a-Si TFT
AMOLED Backplane

The AMOLED pixel circuit design (Fig. 6) is the simple
2-TFT scheme. T1 is the switching TFT, whose function is
similar to the one in AMLCD pixel, and controls writing
and holding of data signal (VpaTa) to the storage capacitor
(VsTorg)- T2 is the driving TFT, which provides current to
drive OLED to the desired brightness according to the data
voltage on its gate. The data voltage (VpaTa ) is stored on the
capacitor (Vsrorg) to drive T2.

We now estimate the W/L ratio required of the driving
transistor for a desired pixel brightness. Note that the source of
T2 is connected to the OLED anode (VoD ); thus, the applied
data voltage (Vpara) is split between the OLED and T2. This
is because the lower OLED terminal is typically the cathode.
For a transistor under saturation, the drain—current Ipg is

Ins = (W/2L)usar(esin,c0/t) (Vas — Vr)? (2)
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Fig. 6. Schematic circuit of the 2-TFT pixel used in this paper. T1 is the
switching transistor, T2 is the drive transistor, and C is the storage capacitor.
The OLED anode connected to source of T2.
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Fig. 7. Required Vs — Vi on drive transistor as a function of W/ L, for
various OLED efficiencies, assuming a pixel size of 300 pm X 300 pm,
a polarizer efficiency of 50%, an a-Si TFT mobility of 0.5 cm?/V -s, and a
gate SiN thickness of 250 nm. Our design point is W/L = 16, with OLED
efficiency of ~ 10 cd/A.

where W and L are the channel width and length, respectively,
pusat is the field effective mobility in saturation, egin, and ¢ are
the dielectric constant and thickness of the gate nitride, respec-
tively, Vg is the gate voltage (Vsrore — VoLep), and Vr is
the threshold voltage. The relationship between the OLED drive
current I and the OLED luminance L is

L=nol 3)
where 7 is the OLED luminance efficiency.

The required gate voltage for a brightness B for a pixel of
area A and polarizer efficiency 1, is then

Vas — Vo = (AB/ (no(W/2L)psar(esin, €0/1))) /% . (4)

This is shown in Fig. 7, as a function of W/L of T2, for a
display brightness B (luminance over area) of 100 cd/m? (nits),
a pixel size A of 300 um x 300 pm, a polarizer efficiency 7,
of 50%, an a-Si TFT mobility pugat of 0.5 cm2/V -s, and a
gate SiN,, thickness of 250 nm and assuming OLED efficiencies
of 5, 10, and 15 cd/A. Our design point assumed the above
parameters, an OLED efficiency of 10 cd/A, and a maximum
difference of the data voltage from the OLED anode voltage
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(Vbata — VoLgp) of 5V, resulting in a required W/L of T2
of 16. At this point, the pixel current would be 2 pA.

A 3 in X 3 in test sample with several small AMOLED
arrays and test structures in the center 1 in X 1 in area was
fabricated. The outside area was for interconnecting lines, for
external connection for driving electronics and environmental
sealing. Fig. 8(a) is the schematic cross section of the a-Si
TFT AMOLED backplane on plastic. The a-Si TFTs were
fabricated using the same structure and process mentioned in
Section II. After the TFT fabrication, aluminum was deposited
and patterned with liftoff process as the interconnect metal, to
connect different TFTs to form AMOLED circuits, forming
interconnect lines and contact pads for making contact to ex-
ternal drivers. To avoid an undesirable indium tin oxide (ITO)—
aluminum interaction, the ITO and aluminum were connected
to each other through connections to the gate metal (chromium).
A thick SiN, (500 nm) layer was deposited as the passivation
layer to cover the whole backplane before OLED integration.
ITO was then deposited by sputtering at room temperature and
was patterned by wet etching. Another SiN, layer was de-
posited on top of the patterned ITO to passivate the edge of the
ITO. A window was opened on top of the ITO through the SiN,,
by dry etching to expose the ITO for the OLED integration.
Blanket organic layer deposition and a cathode (limited by a
shadow mask to the central area) completed the structure.

On glass substrates, the process was similar except that we
started with ITO-coated glass from an external supplier. After
the ITO was patterned by wet etching, a 100-nm-thick SiN,
was deposited using PECVD to protect the ITO from the TFT
process. After that, the TFT structure and interconnect metal
were fabricated and covered by thick SiN,. Then, ITO was
exposed, and OLED was integrated [Fig. 8(b)]. Fig. 9 is a
micrograph of a pixel in the array before OLED integration. The
size of one pixel is 300 pm x 300 pm. T1 was implemented
as two TFTs with width/length of 20 pum/5 pm in series for
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Fig. 9. Micrograph of a pixel in a 2-TFT AMOLED array before OLED
integration. T1 is the switching transistor, T2 is the drive transistor, and C is
the storage capacitor. The patterned ITO will become the anode of the OLED.

insuring a low leakage current [10]. T2 had width/length of
80 pum/5 pm, and its source connected to the anode of the
OLED. The storage capacitance was about 2 pF. The fill factor
of the pixel is about 46%. It was limited by the minimum
linewidth of our design, which is 5 pm.

B. Current Drivability

Before the OLED was deposited, we tested the drive current
generated by a pixel by applying dc control voltages to pixels
on both plastic and glass substrates. Vpp was applied to the
drain of the driving transistor T2, which was fixed at 20 V. The
source of T2 (future OLED anode) was connected to ground.
We scanned the data voltage (Vpara) from O to 20 V and
stepped the voltage on the gate of Tl (VsgLgcT) as 5, 10,
and 15 V. The current flowing through T2 is measured as the
pixel current (Fig. 10(a) for plastic). As Vpata — VoLED iS
increasing, the pixel current increases as expected, with T2
in saturation. In this region, (2) describes the pixel current.
For large Vpara — VoLeD, the current saturates because T1
limits the charging of the storage capacitor (controlled by
VseLecT). The open circles are the circuit simulation results
using an a-Si TFT model. In the simulation, threshold voltage
Vr = 4.5V, mobility u = 0.65 cm?/V -s for T1 and Vy =
35V, 1n=0.80 cm2/V -s for T2 were assumed, which are
consistent with the measured TFT results in Section II. The
simulation results agree well with the measurement data. For
the desired pixel current of 2 pA for 100 nits display brightness
(assuming an OLED efficiency of 10 cd/A), a VpaTa — VoLED
of only 9 V is required, corresponding to Vgs — Vpr =55V
on T2. This result is close to the design point of the previous
section, showing that the 180 °C a-Si TFT backplanes on clear
plastic substrates provide sufficient drive current for AMOLED
application.

Similar results were found on glass substrates [Fig. 10(b)].
In this case, modeling parameters of V=20V, pu=
0.7 cm?/V - s for both T1 and T2 were used to fit the data.
On the glass substrate, the Vpata — VoLep needed to get
100 nits brightness (~ 211A of drive current) is only 6 V, which
corresponded to Vgs — Vpr =4V on T2. This is lower than
the design goal of 5 V (Fig. 7) due to the higher experimen-
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Fig. 10. DC drive current as a function of data voltage tested a 2-TFT
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http://ieeexplore.ieee.org.)

tal mobility of 0.7 cm?/V - s versus the earlier conservative
assumption of 0.5 cm?/V -s.

C. Data Storage and Leakage Current

An important property of an AMOLED pixel is its ability to
hold the data signal programmed into it through a frame time.
To test this storage ability of the a-Si TFT backplane, before
OLED integration, we connected a 1-MS2 resistor in place of the
OLED in a test pixel on a glass substrate; thus, we could use its
voltage as a measure of the drive current [Fig. 11(a)]. With Vpp
(drain of T2) of 24 V, pulse signals as Vpara and VsgrecT
were applied with different frame times to test the data storage
of the pixel. In the duration of one frame time, the programmed
Vbara should be stored as V. If there is a leak in T1, or
if there is a leaky gate nitride, the gate voltage will decrease,
which can be observed as a drop in the voltage over the resistor
due to decreased current in T2. Fig. 11(b) shows the waveform
of Vpara and Vsgrecor applied to the pixel and the measured
voltage drop on Vorgp on a multichannel oscilloscope. The
select signal went from —10 V (off) to 20 V (on), with a
pulsewidth of 20 us. The DATA signal went from O (off) to
VbaTa (on), with a pulsewidth of 40 us. Fig. 12 shows the
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current) versus time.
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Fig. 12. Stored voltage as a function of input data voltage for different frame
times of 4, 8, and 16 ms.

time-averaged Vorgp (proportional to drain—current) as a func-
tion of Vpara with different frame times. On a scale of volts,
no difference of Vor,gp could be detected with different frame
times of 4, 8, and 16 ms, showing that any loss of data voltage
during a frame time is very small. (A 16-ms frame time and
~ 60-us row time are characteristics of quarter video graphics
array (QVGA) display timing.) There is a slight voltage drop
on Vorgp during a frame time if directly observed on an
oscilloscope [Fig. 12(b)]. Voltage drops of Vorep as 80, 120,
and 160 mV for frame times of 4, 8, and 16 ms were observed.
With the storage capacitor of 2 pF, this places an upper limit
on the leakage current through T1 of 2 x 107! A. This is in
agreement with the TFT leakage current under reverse gate bias
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of —10 V, which is ~ 107! A as shown in Fig. 2(a). While
the exact voltage decay allowed in an application depends on
the degree of gray scale, the observed decay shows that the
180 °C process provides leakage currents low enough for most
applications. This low leakage current is a crucial advantage in
those 180 °C TFTs on clear plastic over those shown earlier on
other substrates with lower process temperatures [4], [5].

Besides leakage, reliability is an important issue for a-Si
TFTs for AMOLED applications, especially for TFTs made at
low temperature. In a separate effort, we recently reported a
a-Si TFTs on clear plastic with reliability approaching those of
industry standard a-Si TFTs made on glass [12]. The critical
step was to raise the process temperature beyond the 180 °C
reported in this paper (which focuses on integration) to near
300 °C.

D. AMOLED Test Array

We integrated the a-Si TFT backplane on glass with polymer
OLEDs to make AMOLED test arrays. The OLED integration
on the two clear plastic substrates was limited by practical
yield problems during the interconnect metal patterning step.
After the TFT fabrication, the backplane was covered by a
thick SiN,, passivation layer, which prevents the OLED cathode
metal from connecting with the TFT circuits [Fig. 8(b)]. The
polymer layer and the cathode layer were unpatterned within
the active region. After windows were opened in the SiN,, pas-
sivation down to the ITO, a poly(3,4-ethylenedioxythiophene)
(PEDOT) layer was spun on as the hole injection layer. After the
drying of the PEDOT layer, a “super-yellow” emissive polymer
(a poly(phenelene vinylene)-type polymer from Merck) was
deposited by spin coating and dried. Finally, the cathode was
deposited. The organic layer and cathode were limited to the
central active region, and the active area is sealed with a glass
cap and epoxy for environmental stability. The contact pads
at the edges of the display sample were then connected to
the external driving electronics using flex cables and tape-
automated bonding (TAB).

Fig. 13 shows a 5 x 5 AMOLED array being driven with
a QVGA timing with 16-ms frame time and 50-us row time,
under different data voltages Vpara. Vop, VseLecT, and the
cathode voltage were set at 24, 20, and 0 V, respectively.
Because of the limitation of our driving electronics, all pixels
were driven to the same brightness. One row contact failed;
thus, only four rows are visible. The uniformity of the bright-
ness of the pixels is visibly good. The current—voltage (I-V")
characteristics of a 250 um x 250 pm test OLED, close to the
area of the OLEDs in the pixels, are in Fig. 14. For the target
current density of 2 mA /cm? for a pixel brightness of 200 nits
before any polarizer, an OLED voltage of 5.5 V is required,
which adds to the data voltages in the previous section where
the OLED anode contact was grounded.

A large-area photodiode was used to collect the light emitted
from the array. The detected photocurrent was then converted
to the total luminance of the array, knowing the efficiency
of the photo diode and the collection efficiency. Then, the
average brightness of the array was calculated using the area
of the 20 working pixels. The average pixel current and the



LONG et al.: a-Si TFT ARRAYS AT 180 °C ON CLEAR PLASTIC AND GLASS SUBSTRATES FOR OLEDs

vDATA 6V

VDATA

vDATA 8V

VDATA

VDATA

VDATA

VDATA

VDATA

HEBB

Fig. 13. Imagesofa5 x 5 AMOLED array (one row contact is missing) under
QVGA driving with different data voltages. (Color version available online at

http://ieeexplore.ieee.org.)
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Fig. 14. I-V characteristics of a test OLED with an area of 250 pum X
250 pm. Dotted lines show current density needed for 200 nits OLED
brightness.

display brightness as a function of the data voltage are shown
in Fig. 15(a). Including the ~ 4-V OLED turn on voltage,
the display starts to turn on at Vpata = 6 V, implying a TFT
threshold voltage of ~ 2 V. From the slope of pixel luminance
versus pixel current [Fig. 15(b)], the luminance efficiency of
the OLED is 14 cd/A, which was typical of that expected for
polymer LEDs made of the super-yellow polymer [11]. For a
display brightness of 100 nits (pixel brightness of 200 nits),
VbaTa of 11 V is required, corresponding to Vorgp of ~ 5.5V
and a gate—source voltage (Vpata — VorLep) on T2 of 5.5 V.
This number is slightly lower than the required 6 V estimated by
dc electrical testing before the OLED integration. The primary
reason for the lower drive requirement is that the actual OLED
luminance efficiency of 14 cd/A is higher than that used in the
estimation (10 cd/A).

IV. CONCLUSION

a-Si TFTs with excellent performance at process temperature
of 180 °C have been fabricated both on clear plastic and glass
substrates. Active-matrix backplane pixel circuits made for
polymer LEDs can provide sufficient drive current at low data
voltage for bright displays and sufficiently low leakage current
for active-matrix operation. Pulsed operation under various
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Fig. 15. (a) Measured pixel current and pixel brightness as a function of data

voltage. The dotted lines indicate 1-V data voltage is needed for 100 nits display
brightness. (b) Pixel brightness as a function of pixel current.

timings shows that the leakage in the access transistor is very
small, so that data is accurately latched in the pixel for the
entire frame time. A small AMOLED array was successfully
demonstrated with very high brightness (> 1000 nits) at a
relatively low data voltage (15 V) with only ~ 9 V of this across
the TFT itself. These results show that amorphous silicon TFTs
on clear plastic are an attractive route to AMOLED displays on
clear flexible plastic substrates.
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