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We present, for the firs time, a prototype active-matrix
fidd emisson display (AMFED) in which an amorphous
slicon thinfilm trandgtor (&S TFT) and a molybdenum
tip fidd emitter array (Motip FEA) were monalithically
integrated m a glass subdrate for a nove active-matrix
cathode (AMC) plate The fabricated AMFED showed
good display images with a lowvoltage scan and data
dgnalsirrespective of a high voltage for fidd emissons We
introduced a light shidd layer of metal into our AMC to
reduce the photo leakage and back channd currents of the
aS TFT. Wedesigned thelight shidd to act asa focusing
orid to focus emitted dectron beams from the AMC onto
the corresponding anode pixd. The thin film depostionsin
the S TFTs were paformed at a high temperature of
above 360°C to guarantee the vacuum packaging of the
AMC and anode plates. We also devdoped a novd wet
etching process for n-doped aS etching with high etch
sdectivity to intrinsgc a3 and usad it in the fabrication of
an inverted sagger TFT with a very thin active layer. The
deveoped aS TFTs performed wel enough to be used as
control devices for AMCs. The gate bias of the aS TFTs
wdl controlled the fidd emisson currents of the AMC
plates. The AMFED with these AMC plates showed low
voltage matrix addressng, good stability and rdiability of
fiedld emisson, and good light emissons from the anode
platewith phosphors.
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[. INTRODUCTION

The field emission display (FED) has emerged as a leading
contender in display technologies because it combines the best
features of the cathode ray tube (CRT) and flat panels [1], [2].
Whereas in a CRT the filament emits hot electrons, in an FED
the field emitter array (FEA) cathode emits cold electrons to
bombard phosphors in the anode plate. The matrix addressing
of FEAsismainly apassive multiplexing in conventional FEDs,
in which the driving voltage is high except for the specidly
processed small gate FEA by Candescent [3]. The emission
currents of passive multiplexed FEAs are very sensitive to
driving voltage, and this causes a problem in uniformity. While
much effort has been focused on simple-matrix FEA cathodes,
stability and reliability of the conventional FEA cathodes are
still key problems in the commercialization of FEDs. These
difficulties can be overcome by applying an active-matrix
cathode (AMC) scheme [4]-[9]. The AMC has many
advantages, such as low-voltage addressing regardless of the
high voltage required for field emission, good pixel isolation
that reduces crosstalk and fatal short failure, and good field
emission uniformity and stability.

M etal-oxide-semiconductor field-effect transistor (MOSFET)-
controlled Si FEAs [4], [5] and polycrystallinesilicon (poly-Si)
[6]-[8] and amorphous silicon (a-Si)-based FEAS[9] controlled
by thin-film transistors (TFTs) have been employed in AMC
architecture. However, a fully vacuum-packaged active-matrix
field emission display (AMFED) with an AMC plate on glass
has not been reported. The control transistor for the AMC has
been MOSFET or TFT according to the substrate. The glass
substrate is indispensable to the fabrication of low-price, large-
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area digolays Thus, the successful implementation of an &S
TFT inthe AMC isacrucid point for the development of the
FED as a competitive display device. In our study, a prototype
AMFED with the AMC on a glass subdrate was fabricated for
the firg time and demonstrated to show good display images
with a low-voltage scan and data driver circuits. We designed
and developed a new cathode architecture with a light shidd
and focusng grid induding anove &S TFT processfor AMC
plates

[I. DEVICEAND PROCESSDESIGN FOR THE
AMFED

The prototype AMFED pand consiged of an AMC plate
and an anode plate of green phosphor having 64> (64><3) sub-
pixels with a pitch of 450 um by 200 ym. Figure 1 shows
schemdic diagrams of the AMC plae and its sub-pixe
gructures with display input Sgnds. We designed the AMC
sub-pixd to have an &S TFT as a control switch for the Mo-
tip FEAs on a low-soddime glass. In each sub-pixd, the
conica Mo-tips were congructed on the drain dectrode of an
aS TFT together with a light shidd (LS)/ffocusng grid (FG)
thet is described in detall bdlow. We sdected low-soddime
glass as the AMC aubgrate for its feedhility in the &S TFT
process and itsimmunity to dkali metds. Theimmunity can be
obtained with the help of a proper buffer layer deposited on
the subgtrate. The low-soddime glass dso has a rdatively
large thermd expansion coefficient, which is necessary for frit
seding in vacuum packaging, and good vacuum durability,
which is indispensdble in the fabrication of FEDs We
designed the &S TFTs in the conventiond inverted stagger
structure that has been commonly used in TFT-switched liquid
crysd digplays (LCD) [10]. A dight modification in the &S
TFTs from the conventiona device and process architecture
enabled us to fabricate a large-area AMFED for a rdatively
low cost.

Without further modification, the aS active layer in our
AMC would be exposed to dray light from the front anode
plate which contains phosphors, causing light-induced leskage
currents and consequent deterioration of the switching
properties of theaS TFT. Therefore, it was necessary to add a
light shield on the backside of the gate dectrode of our AMC,;
this differed from the TFT-LCD in which the gate dectrode
blocks the light from aback lighting unit. To remove the light-
induced legkage currents, we designed our AMC to have a
light shield of metd above the &S TFT. The light shidd did
not require any additiona process because it could be formed
through an appropriate layout with the electron extraction gate
of the Mo-tip FEA. Under the norma operation of the AMC,
the light shield is biased to zero or anegative volt to get rid of
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Fig. 1. Schematic diagrams of the AMC plate with display
signa inputs and a cross-section of an AMC sub-pixel
withan aS TFT and aMo-tip FEA.

the back channd leskage currents of the &S TFT induced by
the FEA-gate bias voltage. We intended the light shield to act
as a focusing grid to focus emitted dectron beams from the
AMC onto the corresponding anode pixd by drawing the LS
around the Mo-tip FEA aswdl asabovetheaS TFT.

The process design of the AMC on the glass subdtrate was
graightforward: an aS TFT process followed by Mo-tip FEA
formation on the drain dectrode of the &S TFT. However, we
had to consder the depostion temperature of the &S films
from the viewpoint of the vacuum packaging process in the
FED. During the vacuum sedling process, the temperature of
the samples rises above the mdting temperature of frit glass,
around 350 °C. This high temperature process can bring about
serious degradation to the dectricd characteridics of an &S
TFT fabricated by the conventiond plasma-enhanced chemica
vapor depodtion (PECVD) process [10]. Therefore, the
deposition temperature of thin films in an &S TFT mug be
high enough to prevent the samples from being damaged by
the high-temperature vacuum sedling process. In our
fabrication process of the AMC we kept the depostion
temperature of the &S films above 350 °C. We dso lowered
the vacuum sedling temperature to beow 350 °C by using an
inline laser-asiged packaging process, which resulted in
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successful maintenance of the &S TFT performance, even
after the vacuum packaging.

[11. FABRICATION PROCEDURE OF THEAMFED

The aS TFT process in our AMC plae followed the
conventiond inverted stagger structure procedure. However, to
achieve a vay thin active layer of bdow 600 and to
minimize the number of process seps, we deveoped a new
wet back-channd-etch (BCE) process usng CH3COOH,
HNO;, and HF solutions for the n"-doped &S etching. The
buffer layer of amorphous dlicon nitride (aSIN,) was
deposited by PECVD a 260 °C onto dleaned glass subdrates.
A 100-nm+-thick Cr was sputtered and patterned to form the
TFT gateand scan busline. ThenthegateaSIN,, intringc a9,
and n"-doped a-S were successively deposited by PECVD a
380 °C without bregking the vacuum. The film thickness of
the SINX, intrinsic a9, and n*-doped &S was 350 nm, 60 nm,
and 40 nm, respectively. A 150-nmthick Cr film was sputtered
on the n*-doped a-Si layer and etched to form the source/drain
and daa bus line. We then used the wet BCE process to
remove the n*-doped &S layer on the active channd of the &
S TFT. The developed wet BCE technique showed a high etch
sdectivity of upto 15:1 between the n'-doped aS and intrinsic
aS while the sdlectivity mainly varied with the HFvolume
ratio of sock solutions. The etch rate of the n"-doped &S was
eadly controlled by changing the HFvolume ratio from 10
nm/min to 180 nm/min with a very high uniformity of within
5% in a 5inch wafer. These etch properties enabled us to
fabricate the BCE-processed &S TFT with a very thin active
layer.

After the BCE process, an 800-nm+thick aSINx and a 200-
nmrthick Cr were deposited on the sample for the FEA gate
didectric and FEA gae, respectivdy. The FEA gate was
patterned by wet etching of the Cr film, and then a 120-nm-
thick buffer aaSIN, was depodted by PECVD to prevent the
peding-off of the FEA gae and/or didectric film from the
sample during the post-evaporaion process for the Mo-tips.
FEA gae holes of about 1.1 pm in diameter were formed on
the drain dectrode of thea-S TFT through lithography using a
contact digner and dry etching of the Cr and aSINXx films. Al
for the parting layer and Mo for the tips were evaporated onto
the sample with an gppropriate angle to the e-beam sources.
Findly, the Mo film was lifted off by a KOH dip and conica
Mo-tips remained indde the FEA gate holes. The overdl tip-
formation process in the AMC fabrication was optimized for
dimingtion of thesdeeffectsontheaS TFTs.

For the anode plate, the green phosphor of ZnS.Cu,Al was
printed using lithography on an ITO-patterned glass subgrate.
Severd bar-type spacers made of photosengtized glass were
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placed on the anode plate. The height and width of the spacers
were 450 um and 100 um, respectively. The anode plate was
anneded a 430 °C in an ar-ambient oven before vacuum
packaging. The in-line vacuum packaging of the AMC and
anode plates, induding the activation process of a nor-
evgporable getter, was peformed in a load-locked high
vacuum chamber system usdng a continuous Nd:YAG laser.
The AMC plate was kept a a temperature as low as about
300 °C during the vacuum packaging. The detailed vacuum
sedling and getter activation processes were described in recent
reports[11], [12].

IV. RESULTSAND DISCUSSION

We successfully integrated &S TFTswith Mo-tip FEAsona
glass subdrate for an AMC plate. Figure 2 shows scanning
eectron microscopy (SEM) images for the top view of the
fabricated AMC sub-pixe and the cross-sectiond view of a
sngleMo-tipinthe FEA gate hole The AMC sub-pixel had an
aS TFT with an LS above it, aMo-tip array having 400 Mo-
tips, and two FGs dong with the FEA gate and scarvdata bus
lines, in which the LS was connected with one of the two

@

Data Bus Line

Fig. 2. SEM images for the top view of afabricated AMC
and across-sectional view of asingle Mo-tip in the
FEA gate hole.
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FGs, and the scan and data bus lines terminated & the gate and
source of the &S TFT, repectively. The Mo-tips ingde the
FEA gate holes had an end-radius of about 500 and a
height of 1.0 pm. The gate length was 20 pm and the channd
widthwas 100 um for theaS TFT.

The output and transfer characterigtics of the wet BCE-
processed &S TFT with a 60-nm+-thick active &S layer
deposited a 380 °C are shown in Fig. 3. The fidd effect
mobility and threshold voltage extracted from the saturation
region of the aSi TFT were approximatdy 0.15 cm?V s and
95V, respectivdy. The &S TFT processed a such a high
temperature of 380 °C showed moderately degraded
properties compared to that processed at around 300 °C with
values of 0.7 om?/V's and 45 V. However, the wet BCE and
high-temperature processed &S TFT showed good linear and
saturation behavior with a relatively high drive current of
sverd pA (Fig. 3(b)). The devices showed little change for
many hours in the transfer and output characteristics with
dectricd dress in the on-gate biasing. These reaults indicate
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Fig. 3. Output and transfer characteristics of thea-Si TFT with
agate length of 20 um and a channel width of 100 pm.
The Vg and Vp denote the TFT gate and drain bias
voltages, respectively.
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that the devdoped &S TFT can be effidently used as a
switching device for an AMC consdering the required currents
of about 1-10 pA per sub-pixd in FED gpplications

Figure 4 exhibits the fidd emisson charecteridics of the
fabricated AMC sub-pixel asfunctions of FEA (Vgg) and TFT
gae valtages (V+1g). The fiedld emisson measurements were
done under avacuum of about 1x10° Torr a room temperature
and the datawere plotted after an gppropriate aging process for
the Mo-tip FEA. The anode voltage was kept at 450 V with an
AMC-to-anode spacing of about 500 pum during the
messurements. The aging process & ardativey high emisson
current led to stable curves in the field emission plots.
Moreover, the AMC device had very gable aging kinetics for
fidd emitters with the limitation of emisson currents by the &
S TFT, and thus we could successfully activate Mo-tips to
emit dectrons without any tip-failure. Anode currents versus
FEA gate voltage for various V1 areshownin Fg. 4(8). At eech
Ve, the anode currents were wel saturated above about 55 V
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Fig. 4. Anode currents of an AMC sub-pixel at an anode
voltage of 450 V: (a) as afunction of the FEA gate
voltage (Vg) at various TFT gate voltages (V+1g), (b)
asafunction of the TFT gatevoltage at a Vg of 90 V.
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for Ve dueto thelimitation in field emisson currents by the a
S TFT. The saturated anode current was nearly identical to the
drain current of the &S TFT operated in the saturetion region
for agiven TFT-gate bias valtage (Fig. 3(8)). Some fluctuations
in the fidd emisson currents of the AMC sub-pixels were
bdow the sauration region, which was due to the linear
operation of theaS TFT. The linear region operation of the a
S TFT was subjected to the intrindc fluctuations of the fidd
emisson, reaulting in an ungable fidld emisson even for an
AMC device. Figure 4(b) shows the switching characteridtics
of the AMC sub-pixels by the TFT gate a a congtant Vs of 90
V. The off-gate currentsin Fig. 4(b) had some errors caused by

the limitation of our measurement system & alow current level.

We found that the fidd emisson currents from the Mo-tip
FEAsdid nearly conformto the transfer characteridtics of the a
S TFT shown in Fg. 3(b). The TFT gate efficiently switched
the anode currents for a condant Vs, showing a high on/off
ratio of above 1000 timesin emisson-currents by sweeping the
TFT gate biaswithina30V range.

We invedtigated the line-by-line field emisson properties of
the AMC plate with an anode plate having a blue phasphor of
CaSPb [13] in the vacuum chamber (Fig. 5). During the tests
dl TFT gate lines were connected to a common bias, and each
source line was sdected for line emisson. The light emisson
darted a 45 V-and ssturated over a60 V-FEA-gate bias voltage
for the Vg of 20 V. The light emisson sauration for the
increment of the FEA-gate bias confirmed the control of
emission currents by the TFT-gate bias. Siveeping the TFT-gate
bias valtage from 8 V to 20 V completely controlled the gray
scaeof light emissons.

We specidly noted that the LS/FG was biased to zero volt
during the measurements shown in Fgs. 4 and 5. The LSFG
bias of 0V reaulted in the complete turn-off of field emission
currents a a congtant FEA-gate bias voltage. In case of the no
LSFG gructure, the AMC sub-pixe was hardly turned-off by
the TFT gate showing large leskage currents of above 10° A.
Furthermore, the leskage current was dill large even for the
floating biasto the LS/FG Thisimplies that the function of the
LSFG isto prohibit the back channd of &S TFT turning-on
by the FEA-gate bias voltage and to block the lights from the
anode phosphor plate into the &S TFT in the AMC, resulting
in a high on/off ratio for fidd emisson currents. With the
introduction of the LSFG in the AMC architecture, we can
eedly achieve a high contrasst AMFED addressed by a low-
voltage scan and datasignasthrough the a-S TFT. In addition,
the LSFG biased zero or negtive volt acts to focus eectron
beams from the cathode onto the corresponding anode pixe
enhancing the color purity of the AMFED, as in the previous
reportsby Tang et d. [14], [15].

Figure 6 shows the firg prototype AMFED pand vacuum-
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Fig. 6. Side and front photographs of the vacuum-packaged
AMFED pandl.

packaged using the inHine laser-asssted sedling process. The
final pressure inside the fabricated AMFED panel was
estimated to be less than 5x10° Torr through an indirect
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measurement method. It was done by comparing the pressure
of anisolated high vacuum chamber before and after bresking
the AMFED pand indde the chamber. Unlike the conventional
FED, the AMFED pand has no evacuation tube and thus the
in-line laser-asssted packaging process gave us an ided flat
penel display.

On the other hand, the vacuum packaging process can give
rise to thermd dameage to the aS TFT, resulting in some fatal
erors in controlling fiedd emissons. We checked the stability
of the aS TFT and contrallability of field emisson currents
ater the laser-assged vacuum packaging process. Figure 7
shows the transfer charecterigics of the &S TFT in the
vacuum-seeled AMC platefor aVp of 5 V. Wedid not find any
changesin the trandfer characteridics of the &S TFT after the
vacuum packaging process, which confirmsthe preservation of
the &S TFT with the packaging process. The maximum
temperature of the packaging process was around 380 °C a
thefrit-seding steand around 300 °C inthe environment. The
maximum temperature of the TFT sSites during the packaging
process was measured with a thermocouple to be about
330 °C, which was much lower then the depodtion
temperature (380 °C) of theactiveaS layer inthe TFT.
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Fig. 7. Transfer characteristicsof an aSi TFT inthe AMC plate
before and after the vacuum packaging process.

The dability and rdiability of the AMC plate was tested
through a continuous-mode operation of field emissions (Fig.
8). The data points in Fg. 8 were taken from the mean vaues
of 5 anode currents measured for 1 second with congtant
voltages. Figure 8(a) exhibits the fidd emisson stahility of the
AMC devices compared to smple FEAs. The AMC showed
very dable emisson currents without any degradation, while
the smple FEAs showed a large fluctuation in emisson
currents. Thisresult suggeststhat field emisson can be srongly
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Fig. 8. Anode currents as afunction of time at an anode voltage
of 450 V showing (&) stability of asimple FEA and an
AMC sub-pixel in ashort time, and (b) reliability of
an AMC sub-pixe in arelatively long time.

gabilized by an aS TFT inan AMC plate. The anode current
of the AMC sub-pixel was maintained at the samelevd of over
18000 s, whereas some fluctuetion deviating from the main
trend of the emission current was observed. We think thet the
fluctuation was caused by anoisy interface between the PC and
measuring units. We aso confirmed that the emission currents
were maintained through two days in the continuous-mode
operation. In generd, the FEA cathode operates in the pulse
mode with a duty ratio of beow 1/10, so we can say that there
was no degradation for more than a 20-day pulse-mode
operation. We think that there is no problem concerning
reliability inintegration of ana-S TFT withaMo-tip FEA.
Figure 9 shows a schematic sgnd diagram of the driving
method for the fabricated AMFED pand and a digdlayed
image on the panel. The display signds from the scan and data
drivers were addressed to the gate and source of the &S TFT,
respectively, in each sub-pixe. If the scan pulse had an
amplitude of Vand awidth of tsand the data pulse had V4 and
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Fig. 9. Schematic signal diagram for scan and data signals with a
constant FEA gate voltage and a displayed image (ETRI
Logo) on the AMFED panel with a30 V scan and data
pulses.

tg, then the eectrons were emitted under the condition of (V¢
V) >V, where V+ isthethreshold voltage of theaS TFT. As
areault, the scan and datasignals can be lowered irrespective of
a congant high voltage for fidd emissons, 0 the power
consumption in driving the AMFED and the cost for integrated
driver circuits can be greatly reduced. In addition, the eectron
emisson was mantained only for ty within a given tg
determined by the number of scan linesand display refresh rate.
Therefore, the gray scale can be easily obtained by pulse width-
modulated data Sgnals addressed to the source of theaS TFT
in the AMC sub-pixd. We achieved good images from the
prototype AMFED with scan and data signds having a pulse
amplitude of 30 V whilethe FEA gate and the anode plate kept
condant voltages of 70 V and 400 V, repectivdly. Some
defective points in the image shown in Fg. 9(b) were due to
Motip falures during the fabrication process. The fabricated
AMFED successfully demonstrated good display images with
arddively high contragt ratio usng low-voltage scan and data
driver drcuits, suggesting a technologicd breskthrough in
FEDs.
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V. CONCLUSION

Our invedtigation confirmed the feashbility of AMFED
technology through integration of &S TFTswith Mo-tip FEAS
on a glass subgrate. The fidld emisson properties of the
fabricated AMCs were well controlled by the TFT gate bias,
showing good stability and rdliability of fidd emissonsand the
possibility of low-voltage matrix addressng regardless of a
high voltage for the field emisson. The LSFG in the AMC
architecture gave a complete turn-off of field emisson currents
a a condant voltage required for fidd emission. In addition,
the new wet BCE process and high temperature deposition of
theaS film dlowed usto fabricate inverted stagger TFTswith
an ultra thin active layer and to guarantee the vacuum
packaging of the AMC and anode plates using the in-line laser-
asssted seding process. The fabricated AMFED successfully
demongtrated good display images with alow-voltage scan and
data 9gndls addressed to the &S TFT. The devdoped AMC
technology with an in-line laser-assisted vacuum packaging
processis very promising for highly stable, low-voltage driven
FED gpplications.
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