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(57) ABSTRACT 

A controller is used With an anodic bonding system that has 
a charge ?oWpath for supplying charge to bond rnaterials 
together. The controller includes a sWitch and a circuit. The 
sWitch is con?gured to control a How of the charge through 
the charge ?oWpath. The circuit is con?gured to monitor a 
rate of the ?oW, use the rate to determine an amount of the 
charge supplied for bonding, and based on the amount or 
rate, operate the sWitch to control the ?oW. 
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ANODIC BONDING 

BACKGROUND INFORMATION 

[0001] The invention relates to anodic bonding. 

[0002] One Way a glass material may be bonded to an 
oxidiZable material (e.g., a metal, such as silicon) or another 
glass material is through a process called anodic bonding. 
During anodic bonding, heat is applied to the materials to be 
bonded, and oxygen ions in the heated glass material are 
draWn across a junction (Where the tWo materials contact 
each other) to form a chemically bonded oxide bridge 
betWeen the tWo materials. To draW the oxygen ions across 
the junction, an electric ?eld typically is applied to the 
materials to create a How of charge through the materials. 
The materials are heated until the alkali and alkaline earth 
ions become mobile alloWing non-bridging oxygen ions to 
also diffuse. In this manner, negatively charged oxygen ions 
How in one direction across the junction, and positively 
charged ions (e.g., alkali ions, such as sodium and lithium) 
How in the opposite direction across the junction. 

[0003] Referring to FIG. 1, as an example, anodic bond 
ing might be used to bond a glass substrate 10 to a metal, 
such as silicon 12. To accomplish this, an electrode 14 is 
placed on the glass substrate 10 and biased (via a DC source 
20) at a negative potential relative to the potential of another 
electrode 16 that is placed on the silicon 12. If the ?lm of 
silicon is electrically conductive, electrical contact may be 
made directly to the ?lm. In this manner, the tWo electrodes 
14 and 16 establish an electric ?eld across the glass substrate 
10 and the silicon 12. 

[0004] This electric ?eld causes the positive ions (e.g., 
sodium ions) of the substrate 10 to move toWard the negative 
electrode 14 and oxygen ions of the substrate 10 to move 
toWard the positive potential (e. g., either toWard the positive 
electrode 16 or the ?lm of silicon, if conductive). As a result, 
the oxygen ions diffuse across a junction 18 (Where the tWo 
materials contact each other) into the silicon 12 and react as 
folloWs: 

[0005] Thus, the oxygen ions react With the silicon to form 
silica (SiOZ), a stable oxide, Which bonds the glass substrate 
10 and the silicon 12 together. The amount of silica that is 
formed depends on the amount of charge that is supplied by 
the source 20. 

[0006] Therefore, the rate at Which the silica is formed 
depends on hoW fast charge is supplied by the source 20, or 
stated differently, the rate at Which the silica is formed is a 
function of the magnitude of a current (called IBOND) that is 
provided by the source 20. Although the rate at Which the 
anodic bond is formed depends on the magnitude of the 
I current, the quality of the bond is also quite often a 
BOND _ 

function of the IBOND current. 

[0007] When the IBOND current has a large magnitude, the 
relatively sloW ?oW rate of the glass substrate 10 causes the 
silica to be formed in a small area. Better bond quality is 
typically achieved When the IBOND current has a smaller 
magnitude Which alloWs the silica to form over a much 
larger area. 

[0008] Although a minimum amount of silica must be 
formed to ensure a good bond, too much silica formation 
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may present dif?culties. For example, the silicon 12 might 
be a thin layer that is formed on top of a substrate. As a 
result, forming too much silica may delaminate, or remove, 
the silicon layer from the substrate. 

[0009] Although anodic bonding has traditionally been 
used to bond small materials (e.g., materials having no 
dimension greater than six inches) together, anodic bonding 
may be used to bond materials to a larger substrate. For 
example, anodic bonding might be used to attach glass 
spacer rods to oxidiZable material of a face plate of a ?eld 
emission display Because of the relatively large siZe 
(e.g., dimensions greater than 12 inches) of the face plate, 
temperature gradients cause the magnitudes of the IBOND 
currents to vary, depending on Where the anodic bonding 
occurs on the face plate. As a result, even if the same 
potential is used to bond all sites on the face plate, the silica 
is formed at different rates among the different bond sites. 

SUMMARY OF THE INVENTION 

[0010] The invention is generally directed to anodically 
bonding tWo materials together by monitoring and control 
ling the amount of charge used to bond the materials. 

[0011] The advantages of the invention may include one or 
more of the folloWing. The amount of oxide used to bond the 
materials is precisely controlled, and this amount is not 
affected by temperature. Several pieces of one material can 
be bonded to another relatively large material at one time. 
The cost of manufacturing ?at panel displays is reduced. The 
time required to manufacture ?at panel displays is reduced. 
Better quality control is maintained over the anodic bonding. 

[0012] Generally, in one aspect, the invention features a 
controller for use With an anodic bonding system that has a 
charge ?oWpath for supplying charge to bond materials 
together. The controller includes a sWitch and a circuit. The 
sWitch is con?gured to control a How of the charge through 
the charge ?oWpath. The circuit is con?gured to monitor a 
rate of the ?oW, use the rate to determine an amount of the 
charge supplied for bonding, and based on the amount, 
operate the sWitch to control the ?oW. 

[0013] Generally, in another aspect, the invention features 
a system for bonding tWo materials together at a junction 
betWeen the materials. The system includes an energy 
source, electrodes in contact With the materials, and a 
controller. The controller is con?gured to connect the energy 
source to the electrodes to transfer charge from the energy 
source to the junction, and disconnect the energy source 
from the electrodes after a predetermined amount of the 
charge has been transferred to the materials. 

[0014] Generally, in another aspect, the invention features 
a system for bonding a number of ?rst materials to a second 
material near different regions of the second material. The 
system includes an energy source and electrodes that are 
con?gured to establish charge ?oWpaths. The system also 
has controllers. Each different controller is associated With 
a different one of the ?oWpaths and is con?gured to cause 
charge to How from the energy source through the associated 
?oWpath until a predetermined amount of the charge ?oWs 
through the associated ?oWpath. 

[0015] Generally, in another aspect, the invention features 
a system for bonding glass spacer rods to a face plate of a 
?at panel display. The system includes an energy source, 
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electrodes and controllers. The electrodes are con?gured to 
establish charge ?oWpaths. Each different ?oWpath is asso 
ciated With a junction located betWeen a different one of the 
glass spacer rods and the face plate. Each different controller 
is associated With a different one of the ?oWpaths and is 
con?gured to alloW charge to How from the energy source 
through the associated ?oWpath until a predetermined 
amount of the charge ?oWs to the junction associated With 
the ?oWpath. 
[0016] Generally, in another aspect, the invention features 
a method for anodically bonding two materials together. The 
method includes placing the two materials in contact With 
each other to form a junction betWeen the materials. A 
current is applied through the materials to transfer charge to 
the junction. This current is monitored to determine the 
amount of the charge being transferred to the junction. The 
current is controlled based on the amount. 

[0017] Generally, in another aspect, the invention features 
a method for bonding a number of ?rst materials to a second 
material at different regions of the second material. The 
method includes placing each of the ?rst materials in contact 
With the second material to form junctions betWeen the ?rst 
and second rnaterials. Currents are applied through the ?rst 
and second materials to transfer charge to the junctions. The 
amounts of charge transferred to each of the junctions are 
monitored, and based on the amounts, the currents are 
selectively controlled. 
[0018] Generally, in another aspect, the invention features 
a method for anodically bonding slices of glass spacer rods 
to a face plate of a ?at panel display. The face plate has a 
conductive layer for causing the emission of electrons from 
a base plate. The method includes placing the slices of glass 
spacer rods in contact With the face plate to create junctions 
betWeen the slices of glass spacer rods and the face plate. An 
electrode is place in contact With each group of glass spacer 
rods to form a charge ?oWpath betWeen each electrode and 
the conductive layer. A potential is applied betWeen the 
electrodes and the conductive layer to cause charge to How 
through the charge ?oWpaths. For each charge ?oWpath, an 
amount of charge ?oWing through the charge ?oWpath is 
monitored. The How of charge through the ?oWpaths is 
selectively controlled based on the monitored arnounts. 

[0019] Generally, the invention features a method for 
bonding glass spacer rods to a face plate of a ?at panel 
display. The method includes connecting electrodes to the 
face plate and glass spacer rods to establish charge ?oW 
paths. Each different ?oWpath is associated With a junction 
located betWeen a different one of the glass spacer rods and 
the face plate. An energy source is connected to the elec 
trodes. For each ?oWpath, charge is alloWed to How from the 
energy source through the ?oWpath until a predetermined 
amount of the charge ?oWs into the junction associated With 
the ?oWpath. 
[0020] In implementations of the invention, the circuit 
may be con?gured to halt the How of charge through the 
?oWpath When the amount exceeds a predetermined thresh 
old. The circuit rnay also be con?gured to operate the sWitch 
to halt the How When the rate exceeds a predetermined level, 
and the circuit may also be con?gured to operate the sWitch 
to alloW the How to resume after a predetermined duration 
expires after the circuit halts the ?oW. 

[0021] The circuit may include a timer that is con?gured 
to measure the predetermined duration. The circuit rnay 

Apr. 21, 2005 

include an integrator that is con?gured to determine the 
amount of charge supplied to the materials based on the 
integration of the rate over time. The circuit may include a 
comparator that is connected to the integrator and is con 
?gured to indicate When the amount of charge exceeds the 
predetermined threshold. 

[0022] The materials may include an oxidiZable material, 
such as an oxidiZable material that is located on a face plate 
of a ?at panel display. The materials may also include glass 
spacer rods of a ?at panel display. 

[0023] Other advantages and features will become appar 
ent from the folloWing description and from the claims. 

BRIEF DESCRIPTION OF THE DRAWING 

[0024] FIG. 1 is a cross-sectional vieW of an assembly to 
anodically bond a glass substrate to a oxidiZable material. 

[0025] FIG. 2 is a schematic diagram of an anodic bond 
ing system. 

[0026] FIG. 3 is a schematic diagram illustrating an 
anodic bonding system used in the manufacture of a ?at 
panel display. 

[0027] FIG. 4 is a schematic diagram of temperature 
Zones of the system of FIG. 3. 

[0028] FIG. 5 is a block diagram of the anodic bonding 
controller of FIG. 2. 

[0029] FIGS. 6A and 6B are waveforms of voltages and 
currents of the controller. 

[0030] FIG. 7 is a more detailed schematic diagram of the 
controller. 

[0031] FIG. 8 is a cross-sectional vieW of a hexagonally 
packed ?ber-strand bundle. 

[0032] FIG. 9 is a cross-sectional vieW of a cubically 
packed ?ber-strand bundle. 

[0033] FIG. 10 is a cross-sectional vieW of a dimension 
ally stabiliZed substrate. 

[0034] FIG. 11 is a cross-sectional vieW of the processed 
substrate of FIG. 10 folloWing the etching of an opaque 
layer, deposition of a transparent, solid conductive layer, 
deposition of an oxidiZable material layer, and masking of 
the latter layer. 

[0035] FIG. 12 is a cross-sectional vieW of the processed 
substrate of FIG. 11 folloWing the etching of the oxidiZable 
material layer, deposition of a protective sacri?cial layer, 
and masking of the latter layer. 

[0036] FIG. 13 is a cross-sectional vieW of the processed 
substrate of FIG. 12 folloWing the etching of the protective 
sacri?cial layer. 

[0037] FIG. 14 is a top plan vieW of a “black” matrix 
pattern for one type of color display. 

[0038] FIG. 15 is a top plan vieW of a “black” rnatrix 
pattern for a another type of color display. 

[0039] FIG. 16 is a cross-sectional vieW of the processed 
substrate of FIG. 12 folloWing the placement of a hexago 
nally-packed slice thereon. 
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[0040] FIG. 17 is a cross-sectional vieW of the processed 
substrate/spacer slice assembly connected to a voltage 
source. 

[0041] FIG. 18 is a cross-sectional vieW of the processed 
substrate/spacer slice assembly following anodic bonding of 
the Wafer slice thereto. 

[0042] FIG. 19 is a cross-sectional vieW of the anodically 
bonded substrate/spacer slice assembly of FIG. 18 during 
optional chemical-mechanical planariZation. 

[0043] FIG. 20 depicts a cross-sectional vieW of the 
bonded substrate/spacer slice assembly of FIGS. 18 or 19 
following etching and removal of the matriX glass. 

[0044] FIG. 21 is a cross-sectional vieW of the substrate/ 
spacer assembly of FIG. 20 folloWing an etching Which 
removes the protective sacri?cial layer and any permanent 
spacer columns Which Were bonded thereto. 

[0045] FIG. 22 is a cross-sectional vieW through a small 
portion of a ?eld emission display. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0046] Referring to FIG. 2, an anodic bonding system 29 
has an anodic bonding controller 30 that is constructed to 
control hoW much charge is used to form an anodic bond 
betWeen an oXidiZable material 24 (e.g., a metal, such as 
silicon, or a thin ?lm metal coated substrate) and a glass 
substrate 26. In this manner, the amount of bridging oXide 
(e.g., silica) formed at the bond site is precisely controlled. 

[0047] The charge used to form the bond is supplied by a 
DC source 34 Which supplies a bonding current (called 
IBOND). The DC source 34 has a loW enough voltage 
potential to ensure that, if no fault conditions eXist 
(described beloW), the magnitude of the IBOND current 
remains small enough to permit proper How of the glass 
substrate to achieve good bond quality. 

[0048] For purposes of controlling the amount of charge 
supplied for the anodic bonding, the controller 30 is con 
nected to control the existence of the IBOND current. To 
accomplish this, the controller 30 utiliZes its serial connec 
tion With the DC source 34, an anodic electrode 22 and a 
cathodic electrode 26. The anodic electrode 22 contacts the 
material 24 and is connected to the positive terminal of the 
source 34. If the material 24 is electrically conductive, the 
anodic electrode 22 may be eliminated, and the positive 
terminal of the source 34 may be directly electrically con 
nected to the material 24. The cathodic electrode 22 contacts 
the material 28 and is connected to the negative terminal of 
the source 34. The materials 24 and 28 contact each other at 
a junction 25. 

[0049] Thus, When the controller 30 completes the serial 
loop, an electric ?eld is established across the materials 24 
and 28. This electric ?eld establishes the IBOND current (i.e., 
induces charge to ?oW) across the junction 25, and as a 
result, an oXide bridge (e.g., a silica bridge) is formed 
betWeen the tWo materials 24 and 28. 

[0050] The controller 30 monitors the oXide formation by 
monitoring the amount of charge that is supplied for the 
oXide reaction. To accomplish this, the controller 30 is 
constructed to integrate the IBOND current, i.e., integrate the 
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rate of charge ?oW. In this manner, the controller 30 pre 
cisely monitors the amount of charge being delivered, and as 
a result, the total amount of oXide formed at the bond site is 
independent of temperature or any other conditions that 
might affect the rate at Which the oXide is formed. 

[0051] The controller 30 is also constructed to monitor the 
magnitude of the IBOND current to detect a fault condition 
caused by arcing. Arcing occurs When a pore extends 
entirely through the glass substrate, and as result, only air 
eXists betWeen the tWo electrodes 22 and 26. Because the 
potential difference betWeen the tWo electrodes 22 and 26 is 
suf?cient to break doWn air, the presence of the pore causes 
an arc betWeen the electrodes 22 and 26. 

[0052] When an arc occurs, the glass substrate turns into 
a molten state Which causes the pore to disappear, but this 
molten state is self-sustaining and can destroy the materials 
24 and 28. HoWever, once the controller 30 detects an arc, 
the controller 30 is constructed to temporarily turn off the 
IBOND current for a predetermined duration (e.g., 5 ms) of time 
to alloW the glass substrate to “re-freeze” and thus, eliminate 
the molten state. 

[0053] Referring to FIG. 3, because the amount of oXide 
formed at the bond site is independent of conditions that may 
otherWise affect the rate of oXide formation, in an anodic 
bonding system 97, several of the controllers 30 are used to 
anodically bond glass spacer rods to a face plate 902 of a ?at 
panel display 98. As is typical, the face plate 902 (see FIG. 
16) is the part of the ?at panel display that has phosphors 
(e.g., red, green and blue phosphors) that are selectively 
bombarded by electrons to form an image on a front side of 
the face plate 902. The spacer rods are bonded on a rear side 
of the face plate 902 and provide structural support to 
separate the face plate 902 from an electron emitting base 
plate assembly (not shoWn). The spacer rods are generally 
spread out over the entire face plate 902. 

[0054] Although the temperature varies across the face 
plate 902, each different controller 30 controls the anodic 
bonding in a different temperature Zone 160 (see FIG. 4) of 
the face plate 902. Each temperature Zone 160 is essentially 
a region that is small enough to have insubstantial, if any, 
spatial temperature variations. As a result, the spacer rods 
are anodically bonded to the relatively large face panel in 
parallel While precise control is maintained over the amount 
of oXide formed at each of the bond sites. 

[0055] A conductive layer 401 (see FIGS. 14 and 15) of 
the face plate 901, described beloW, serves as a common 
anodic electrode that is used in all of the temperature Zones 
160. One or more cathodic foil electrodes 903 are used in 
each temperature Zone 160, and the electrodes 903 of each 
temperature Zone 160 are connected to a different one of the 
controllers 30. Thus, for each different temperature Zone 
160, a different controller 30 is connected in series With the 
conductive layer 401 and a different one of the electrodes 
903. 

[0056] Referring to FIG. 16, for each temperature Zone 
160, the electrode(s) 903 contact a slice 901 (i.e., an array, 
described beloW) of glass spacer rods 109. Each rod 109 has 
a core 101 that is surrounded by a glass cladding 201 and the 
core 101 is anodically bonded to an oXidiZable material 501 
of the face plate 902. 

[0057] Referring to FIG. 5, the controller 30 has a control 
circuit 31 Which is constructed to operate a sWitch 52 (an 
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analog switch such as a transistor, for example) to turn on 
and off the IBOND current, i.e., turn on and off the How of 
charge that is used to form the bridging oxide. In this 
manner, the sWitch 52 is located in series With the source 34 
and the electrodes 22 and 26. 

[0058] For purposes of monitoring the amount of charge 
that is supplied to the materials 24 and 28, the control circuit 
31 makes use of the observation that the magnitude of the 
current IBOND represents a rate at Which charge is ?oWing. 
In this manner, the total amount of charge that has been 
supplied for bonding is determined by an integrator circuit 
42 that integrates this rate. To accomplish this, the integrator 
circuit 42 receives an input voltage signal (called VCUR 
RENT) Which has a magnitude that represents the magnitude 
of the IBOND current. 

[0059] The integrator circuit 42 integrates the VCURRENT 
signal to generate an output voltage signal (called VINT). 
The magnitude of the VINT signal represents the ongoing 
total amount of charge that has been furnished for bonding. 
A comparator circuit 46 of the control circuit 31 is con 
structed to receive the VINT signal and assert, or drive high, 
a digital output signal (called VCOMP) When a predetermined 
amount of charge has been furnished for bonding, i.e., When 
the magnitude of the VCOMP signal exceeds a predetermined 
threshold level. When the VCOMP signal is asserted, a latch 
circuit 48 drives a digital output signal (called VOUT) high 
to indicate When the predetermined total amount of charge 
has been delivered. 

[0060] The control circuit 31 has sWitch logic 36 that is 
constructed to operate the sWitch 52 in response to the VOUT 
signal. In this manner, When the latch circuit 48 drives the 
VOUT signal high, the sWitch logic 36 opens the sWitch 52. 
When the latch circuit 48 drives the VOUT signal loW, the 
sWitch logic 36 closes the sWitch 52 unless arcing has been 
detected, as described beloW. 

[0061] To detect arcing, the control circuit 31 has an arc 
detector and timer circuit 44. The circuit 44 monitors the 
magnitude of the VCURRENT signal, and When the magnitude 
of the VCURRENT signal rises suddenly, (thereby indicating 
an arc), the circuit 44 instructs the sWitch logic 36 to open 
the sWitch 52 to halt the How of charge. After instructing the 
sWitch logic 36 to open the sWitch 52, the circuit 44 
measures a predetermined duration of time (e.g., 5 ms) to 
alloW the molten glass substrate to re-freeZe. At the expira 
tion of the duration, the circuit 44 instructs the sWitch logic 
36 to close the sWitch 52 and resume formation of the oxide. 

[0062] The sWitch circuit 36 also, via the VCURRENT 
signal, monitors the magnitude of the IBOND current to detect 
an overcurrent condition. In this manner, the sWitch circuit 
36 is constructed to open the sWitch 52 When the magnitude 
of the IBOND current exceeds a predetermined threshold. 

[0063] The control circuit 31 also has a transimpedance 
ampli?er circuit 40. The ampli?er circuit 40 furnishes the 

CUR T signal. The ampli?er circuit 40 is coupled in series 
With the sWitch 52 and provides a path to ground for the 
IBOND current. 

[0064] The reset circuit 37 is constructed to assert a signal 
(called RESET) When a reset push button sWitch 35 is 
pressed. The assertion of the RESET signal causes the latch 
circuit 48 to drive the VOUT signal loW (thus, closing the 
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sWitch 52) and clears the indication of the total amount of 
charge that is stored by the integrator circuit 42. 

[0065] Referring to FIG. 6A, as an example of the normal 
operation of the controller 30, at time To, the controller 30 
closes the sWitch 52 and alloWs charge to How to start the 
formation of the oxide. As a result, the IBOND current and 

CURRENT signal assume non-Zero values and the VINT signal 
ramps doWnWardly (toWard a predetermined voltage level 
called V1) from ground. At time T1, the magnitude of the 
VM signal reaches the V1 voltage level Which indicates that 
the predetermined total amount of charge for bonding has 
been reached. Thus, at time T1, the controller 30 opens the 
sWitch 52 and both the IBOND current and VCURRENT signal 
once again assume Zero values. The VINT signal remains at 
the V1, level until time T3 When the reset push button 35 is 
pressed Which causes the VINT signal to return to ground. 

[0066] Referring to FIG. 6B, as an example of the opera 
tion of the controller 30 When arcing occurs, at time TO, the 
sWitch logic 36 turns on and alloWs charge to How to start 
the formation of the oxide. As a result, the IBOND current and 
VCURRENT signal assume substantially constant non-Zero 
values, and the VINT signal linearly ramps doWnWardly from 
ground. HoWever, slightly before time T1, arcing occurs 
Which causes the magnitude of the IBOND current to rise 
quickly, and the magnitude of the VCURRENT signal also 
rises quickly Which indicates an arc. In response to the spike 
in the IBOND current, the controller 30 opens the sWitch 52 
at time T1. The controller 30 keeps the sWitch 52 open for 
a predetermined duration (called TWAIT) , such as 5 ms, until 
time T2 When the controller 30 closes the sWitch 52. During 
the time interval from time T1 to time T2, the magnitude of 
the VINT signal remains the same. 

[0067] At time T3, the magnitude of the VINT signal 
reaches the V1, threshold level Which indicates the prede 
termined total amount of charge for bonding. Thus, at time 
T3, the controller 30 opens the sWitch 52 and both the IBOND 
current and VCURRENT signal once again fall to ground. The 
VINT signal remains at the V1, level until time T4 When the 
reset button 35 is pressed Which causes the VINT signal to 
driven to ground. 

[0068] Referring to FIG. 7, the sWitch 52 includes an 
insulated gate bipolar transistor (IGBT) 49. The drain 
source path of the transistor 49 is connected in series With 
the source 34 and the electrodes 22 and 26. The gate of the 
transistor 49 is connected to the output of the sWitch logic 
36. 

[0069] The integrator circuit 42 includes an operational 
ampli?er 66. The non-inverting input of the ampli?er 66 is 
grounded, and an integrating capacitor 67 is coupled 
betWeen the inverting input and output of the ampli?er 66. 
The output of the ampli?er 66 furnishes the VINT signal. The 
integrator 42 linearly scales the integration (i.e., sets the 
slope of the ramp output) based on an RC time constant 
formed from the capacitor 67 and a resistor 56. One end of 
the resistor 56 is connected to the inverting input of the 
ampli?er 66, and the other end of the resistor 56 receives the 
VCURRENT Signal 
[0070] For purposes of resetting the integrator circuit 42, 
an NMOS transistor 68 has its drain-source path coupled in 
parallel With the integrating capacitor 67. The gate of the 
transistor 68 receives the RESET signal. As a result, the 
capacitor 67 is discharged When the RESET signal is driven 
high. 
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[0071] The comparator circuit 46 includes a comparator 
79. The inverting input of the comparator 79 receives the 
VM signal. The non-inverting input of the comparator 79 is 
connected to an external voltage level (called 
CHARGE_SETPOINT1) Which sets the minimum level of 
VINT. The latch 48 includes a D-type ?ip-?op 83 and an 
NMOS transistor 82. The output of the comparator circuit 46 
drives the gate of the NMOS transistor 82. The drain of the 
transistor 82 drives the input of the ?ip-?op 83 and is 
coupled to a supply voltage level (called Vcc) through a 
resistor 81. The signal and clock inputs of the ?ip-?op 83 are 
connected to ground. The inverting preset input of the 
?ip-?op 83 is connected to the output of the NMOS tran 
sistor 82. 

[0072] To clear the output of the latch 48 When the RESET 
signal is driven high, the latch 48 includes an NMOS 
transistor 77. The drain of the transistor 77 is connected to 
the inverting reset input of the ?ip-?op 83, and the source of 
the transistor 77 is connected to ground. The drain of the 
transistor 77 is coupled to the Vcc supply voltage level 
through a resistor 78. The gate of the transistor 77 receives 
the RESET signal. 

[0073] The controller 30 includes a light emitting diode 
(LED) 50 that is turned on to indicate When the predeter 
mined total amount of charge has been delivered. To drive 
the LED 50, the latch 48 includes an NMOS transistor 84. 
The drain of the transistor 84 is serially coupled to the LED 
50 via a resistor 85. The source of the transistor 84 is 
grounded, and the gate of the transistor 84 is connected to 
the non-inverted output of the ?ip-?op 83. 

[0074] The sWitch logic 36 includes tWo NMOS transis 
tors 61 and 64 Which control the sWitch 52. The sWitch logic 
36 also includes an operational ampli?er 65 Which drives the 
sWitch 52. When the gates of either of the transistors 61 or 
64 is driven high, the gate of the transistor 49 is pulled loW 
Which opens the sWitch 52. OtherWise, When the gates of 
both of the transistors 61 and 64 are loW, the gate of the 
transistor 49 is controlled by the operational ampli?er 65. 
[0075] The transistor 64 controls the sWitch 52 based on 
the state of the VOUT signal. The transistor 61 controls the 
sWitch 52 based on Whether an arc condition is detected by 
the arc detector and timer circuit 44. The operational ampli 
?er 65 controls the sWitch 52 based on the comparison of the 
DC level of the IBOND current (represented by the VCURRENT 
signal) to an external DC voltage level (called CURRENT 
_SETPOINT1). The CURRENT_SETPOINT1 voltage level 
establishes a bond current setpoint. If the IBOND current rises 
above the bond current setpoint, the operational ampli?er 65 
loWers its output voltage to the sWitch 52, thus raising the 
resistance of the sWitch 52 and limiting the IBOND current. 

[0076] The drain-source paths of the transistors 61 and 64 
are connected in parallel. The sources of the transistors 61 
and 64 are connected to ground. The drains of the transistors 
61 and 64 are coupled to the operational ampli?er 65 
through a resistor 62 and are coupled to the gate of the 
transistor 49 through a resistor 63. 

[0077] The arc detector and timer circuit 44 includes a 
timer 69 (e.g., a 555 timer) that is con?gured for monostable 
multivibrator operation. In this manner, When the trigger 
input of the timer 69 is momentarily pulsed loW, the timer 69 
generates a logic one pulse. The duration of the pulse 
governs the time in Which the sWitch 52 is open after a 
detected arc. 
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[0078] To pulse the trigger input of the timer 69 loW, the 
circuit 44 has an NMOS transistor 73 Which is activated 
When a large spike occurs on the VCURRENT signal during an 
arc. To discriminate betWeen the arc and other conditions, 
the circuit has a high pass ?lter through Which the VCUR 
RENT signal passes before reaching the gate of the transistor 
73. In this manner, When an arc occurs, the gate of the 
transistor 73 is momentarily pulsed high Which causes the 
transistor 73 to momentarily pulse the trigger input of the 
timer 69 loW. In response, the timer 69 generates the pulse 
to drive the transistor 61 (of the sWitch circuit 36) to open 
the sWitch 52. 

[0079] The high pass ?lter of the circuit 44 includes a 
capacitor 71 that has one terminal that receives the VCUR 
RENT signal and one terminal that is connected to the gate of 
the transistor 73 through an NMOS transistor 74 that makes 
up part of a delay circuit. The high pass ?lter also includes 
a resistor 72 that is connected betWeen the gate of the 
transistor 73 and ground. 

[0080] When the timer 69 turns the sWitch 52 back on, the 
IBOND current spikes as the circuit comes on. To prevent this 
spike from triggering the arc detector and timing circuit 44, 
a delay circuit is used. The delay circuit includes tWo NMOS 
transistors 74 and 76 and a capacitor 75 and resistor 60 for 
timing. 
[0081] When the output of the timer 69 goes high to turn 
off the sWitch 53, this transition of the output also turns on 
the transistor 76. In response, the transistor 76 discharges the 
capacitor 75 very quickly and thus, turns off the transistor 
74. When the timer 69 goes back loW, the transistor 76 turns 
off Which permits the capacitor 75 to charge. Once the 
capacitor 75 has charged to a predetermined voltage level, 
the transistor 74 turns back on. 

[0082] The time interval required for the capacitor 75 to 
charge is controlled by the resistor 60 that is connected to the 
Vcc supply voltage level. This time interval is set long 
enough so that When the IBOND current spike caused by the 
sWitch 52 coming back on tries to trigger the timer 60, the 
transistor 74 is still off and thus, prevents triggering of the 
timer 60. 

[0083] The transimpedance ampli?er circuit 40 includes 
an operational ampli?er 55 that has its non-inverting input 
connected to the source of the transistor 49 (of the sWitch 
52). The output of the ampli?er 55 provides the VCURRENT 
signal and is connected to the inverting input of the ampli?er 
55. A resistor 54 is connected betWeen the source of the 
transistor 49 and ground. 

[0084] The spacer rods 109 (see FIG. 16) are grouped into 
spacer slices that may have either a cylindrical or a square 
cross-section. For cylindrical spacer columns, a ?ber strand 
bundle is prepared by hexagonally packing a large number 
of glass ?ber strands of identical diameter into a bundle of 
preferably hexagonal cross section. With hexagonal pack 
ing, each ?ber strand (except those at the peripheral surface 
of the bundle) is surrounded by six other ?ber strands. 

[0085] Referring to FIG. 8, each cylindrical ?ber strand 
has the glass ?ber core 101 that is covered by a ?ller glass 
cladding 102. The cladding 102 can be etched selectively 
With respect to the permanent glass ?ber core. Although the 
bundle depicted in FIG. 8 has an hexagonal cross section, 
other embodiments include surrounding a single permanent 
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glass ?ber With six ?ller glass ?bers, and using the resulting 
seven-strand group as a repeating unit for the entire bundle. 

[0086] For spacer columns having a square cross-section, 
the preferred embodiment ?ber-strand bundles are produced 
by cubically packing permanent glass ?ber strands Within a 
matrix of ?ller glass ?ber strands. With such an arrange 
ment, both the permanent ?ber strands and the ?ller ?ber 
strands have identical square, cross-sectional dimensions. 

[0087] FIG. 9 depicts a cross-sectional vieW through a 
cubically-packed ?ber-strand bundle. Each permanent ?ber 
strand 201 is imbedded Within a sea of ?ller ?ber strands 
202. The ratio of permanent ?ber strands 201 to ?ller ?ber 
strands for the depicted matrix is 1:3. It is also possible to 
utiliZe ?ber strands of rectangular cross section (not shoWn), 
Which can be stacked one on top of the other or alternatingly 
overlapped as in a brick Wall. 

[0088] Although stacking one on top of the other can 
produce a bundle of perfect rectangular cross section, alter 
natingly overlapped stacking Will produce a bundle of 
generally rectangular cross section. TWo of the four sides 
Will not be smooth, hoWever, unless ?lled in by terminating 
strands at the surface Which are half the siZe of the normal 
siZe strands. 

[0089] The glass materials used for the spacer slices have 
coef?cients of expansion Which are similar to the coef?cient 
of expansion for the laminar glass panel from Which the face 
plate is constructed. Such a condition, of course, ensures that 
stress Will be minimiZed during the anodic bonding process. 
Lead oxide silicate glasses, in some embodiments, are used 
for the permanent ?ber strands, and have the folloWing 
chemical composition: 35-45% PbO; 28-35% SiO2; and a 
balance K20, Li2O and RbO. 

[0090] In contrast to the permanent ?ber strands, the 
composition of the ?ller strands includes a percentage of 
PbO that, in some embodiments, is greater than 50%. The 
difference in lead composition is primarily responsible for 
etch selectivity betWeen the permanent ?ber strands and the 
?ller strands. In other embodiments, other combinations of 
glass formulations can be used that Will provide both similar 
coef?cients of expansion and selective etchability. 

[0091] Once the ?bers are tightly and accurately packed to 
form a bundle, the bundle is uniformly heated to a sintering 
temperature (i.e., the temperature at Which all the constituent 
?bers fuse together along contact lines or contact surfaces). 
The bundle is then draWn at elevated temperature in a 
draWing toWer, Which uniformly reduces the diameter of all 
?bers, While maintaining a constant relative spacing 
arrangement betWeen ?bers. The bundle, after being draWn, 
may be cut into short intermediate lengths and redraWn. 
After the draWing the bundle one or more times, the ?nal 
draWn bundle is cut into equal length rods. 

[0092] After the ?nal draWing, the permanent glass ?bers 
Within the draWn bundle have achieved the proper diameter 
or rectangular cross section for the intended display, With the 
spacing betWeen permanent glass ?bers corresponding to the 
spacing betWeen anodic bonding attachment sites of the 
intended display. 

[0093] The rods, all of Which is virtually identical in 
shape, are then packed in a ?xture to form a rectangular 
block. A single plane is perpendicular to and intersects the 
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midpoint of each rod. As hexagonal rods Will not pack 
perfectly to form a rectangular solid, partial ?ller rods may 
be used on the periphery of the rectangular block. The 
rectangular block is then heated to the sintering temperature 
in order to fuse all rods and partial ?ller rods into a rigid 
rectangular block. After cooling, the rigid block is saWed, 
perpendicular to the individual ?bers, into uniformly thick 
rectangular laminar slices. 

[0094] For a 1,500 volt, ?at-panel, ?eld-emission display, 
glass spacer rods approximately 380 microns in length 
(about 0.015 inch) are required to safely prevent shorting 
betWeen the face plate and the base plate. Thus, slices 
someWhat greater than 400 microns in thickness are cut from 
the rigid block, and each slice is polished smooth on both 
major surfaces until the ?nal thickness of each is 380 
microns. 

[0095] As certain temperature-related terms Will be used 
hereinafter, a de?nition of each is in order. For a particular 
glass, the strain temperature (TS) is the temperature beloW 
Which further cooling of the glass Will not induce permanent 
stresses therein; the anneal temperature (TA) is the tempera 
ture at Which all stresses are relieved in 15 minutes; and the 
transformation temperature (TG) is the temperature above 
Which all silicon tetrahedra that make up the glass have 
freedom of rotational movement. 

[0096] At the transformation temperature, most netWork 
modi?er atoms are ioniZed and atoms such as sodium, 
lithium, and potassium are able to diffuse throughout the 
glass matrix With little resistance. For glass materials, the 
folloWing relationship is true: TS<TA<TG. 

[0097] A laminar silicate glass substrate (e.g., soda lime 
silicate glass), Which Will be transformed into the face plate 
of the display, is subjected to a thermal cycle in order to 
dimensionally stabiliZe it. During a thermal stabiliZation 
process, the substrate is heated from 20° C. (room tempera 
ture) to 540° C.; over a period of about 3 hours. The 
substrate is maintained at 540° C. for about 0.5 hours. Then, 
over a period of about 1 hour, it is cooled to 500° C., and 
then doWn to 20° C. over a period of about 3 hours. 

[0098] In some embodiments, TS is approximately 528° 
C.; TA is approximately 548° C.; and TG is approximately 
551° C. It should be noted that chemical reactivity of the 
glass substrate is of no consequence, as only a thin silicon 
layer that Will be subsequently deposited on the substrate is 
responsible for the anodic bonding reaction. 

[0099] The cross-sectional draWings of FIGS. 10, 11, 12 
and 18 depict the process employed to prepare the dimen 
sionally stabiliZed laminar substrate 301 for both the anodic 
bonding process and for use as a display screen. The term 
“patterned,” in the context of this description, is intended to 
inclusively refer to the multiple steps of depositing a pho 
toactive layer, such as photoresist, on top of a structural 
layer, exposing and developing the photoactive layer to form 
a mask pattern on top of the structural layer and, ?nally, 
selectively removing portions of the structural layer Which 
are exposed by the mask pattern by a material removal 
process such as Wet chemical etching, reactive-ion etching, 
or reactive sputtering, in order to transfer the mask pattern 
to the etchable layer. 

[0100] Referring to FIG. 10, in some embodiments, the 
dimensionally stabiliZed substrate 301 is coated With an 








