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1. Introduction

The Army ’s need f or a ligh t weight , lower power solid state

multi—element display is bo th clear and pressing. In the course of

this program many specific examples have come to light ; the TACFIRE

and TOS programs have needs in the field terminal area (e.g. the Digital

Message Device ( D M D ) ) ,  in forward  area teletype app lications (FATT),

in the artillery battery control system (BCS), in the command and con trol

area (the ICPP). Other typical Army uses could include the QCS (Quer~,

Con trol Station) ,  and all forms of tactical computer terminals. The

applications for Army training systems are also widespread . A portable

v ideo device would be invaluable as par t of a f ield training and

instructional device in the concepts now being developed by the Army ’s

Off  ice of Communicative Technology .

The utility of a solid state disp lay in Army avionics is also

evident. The need for solid state multifunctional displays in attack

hel icop ter cockpits (e.g. in the ITACS program) is important, given the

power , weight , volume and physical environment problems associat ~ed with

such weapons. Many more examp les could be quoted b ut the message is

L 

clear;  the Army has a need for a multielement display concept usable in

tactical situations having the following requirements:

(a) low in power dissipa tion to allow ba ttery powered use for

realis tic leng ths of time

(b ) light emitting so that it is independent of the ambient light

level

1



(c) Legible , wi th  minimal e r ror , in ambient b r igh tness  levels

commensurate wi th  the br ightes t  sun—li t  day

(d) Dimrnable to very low levels to avoid loss of eye dark

adaption

(e) Having a character fon t , and elemental f i l l  fac tor , of

su f f i c i en t  quali ty to minimize error in reading

( f )  Very low in bulk and light weight to allow use in limited

space and to allow ease of carrying if hand held

(g) Rugged and strong to avoid the need for special care and to

minimize breakage etc.

(h) Reliable in the f ie ld  and easily replaceable by untrained

personnel

Ci) Usable in a wide temperature range , storable in an even

wider temperature range

(j )  Low in electromagnet ic  emissions and in susceptibili ty

to such emanations

(k) Mul t i func t iona l , i .e.  able to show all forms of alphanumeric

and gr aphical data and video (grey level) imagery with real

time non—smear output. This is important to allow a

functional redundancy in a single device , and perhaps more

importan t so that a single technology can become standard

in a wide range of devices with consequent advantages in

cost and in logistical simp lification

(1) Able to survive the normal hazards of field use , dus t ,

rain , immersion , shock , v ib ra t ion  e tc .

2
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(m) Easily electronically and physically interfaceable to

modern IC logic systems

(n) Extendable to large or small areas and to low and high

resolutions for the reasons given in subparagraph (k)

(o) Relatively low in cost

This gamut of properties places an unreconcilable burden on

available technology and with that realization this program had its

genesis.

To develop such a device means that the cons train ts now

placed on display media by the need to provide the two key components

of matrix addressing viz; cross talk isolation and elemental storage ,

must be lifted. To remove these constraints , and hence allow selection

of a disp lay media that can meet the above criteria , the only potential

concep t is to provide the matrix function in an integral electronic

addressing array . As so clearly pointed out in detail in the next

sec tion, the only technology capable of meeting these objectives is the

thin—film transistor addressing matrix.

This report summarizes the work done to achieve these objectives.

It is our belief that the displays developed in this program come far

closer to meeting the objectives than any other availabie or develop-

mental technology. All the major goals of the program were met and

good quality displays in all the required formats were delivered to

the US Army Electronics Command.

3
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2. Basic Principles and Electrical Desigp

2.1 The Active Matrix Concep t

Matrix addressing of solid—state displays has been extensively

used in the past , both with active and passive display media. Usually

two sets of parallel busbars , orthogonal to each other , are employed

with the display material sandwiched between them. These matrices can

be termed “passive” , since they are simply conductors of signals and

power. Gain—producing , non—linear or switching and memory func tions

have to be provided by external circuits in combination with the

electrical properties of the display medium .

There are certain inherent limitations in the use of passive

matrices. These limitations relate partly to the onerous electrical

performance requirements placed on the display materials and partly to

the need for rather elaborate external driving circuits. The requirements

placed on passive display materials include:

— Need for large non—linearities —

— Uniformity of thresholds

— High speed of response

— Local storage cap abi l i ty ,  consistent with gray—scale

response .

The problems related to the external driving circuits we may list as:

— Current and/or voltage requirements , par ticularly for  fas t

opera tion

— Comp lexity

— Expense

— Mounting and interfacing with matrix (size disparity )
.4
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For these , and many other reasons , we adop ted an approach

based on the developmen t of an “active ” matrix for display addressing .

Such matrices contain switching and/or memory elements at every inter-

sec tion po in t and can , in pr inciple , be comp letely integra ted wi th the

display medium . The purpose of an active matrix is to separate out the

electronic func tions to be performe d on the disp lay , leaving the disp lay

medium with only the optical requirements. By extension , the active

matr ix  will ideally also incorporate those scanning , decoding and driving

func tions wh ich have to be carried ou t at the edges of the display panel ,

thus eliminating the large number of external connections that other-

wise have to be made to a large matrix.

It is clear that if such an active matrix can be constructed ,

it would provide a radical solution to the display “wiring” problem ,

and would be compatible with a wide variety of display media. Then the

med ium could be chosen for  its optical characteristics, while the

electrical functions would be taken over by the matrix .

The question arises then as to a suitable technology for  the

construction of such matr ices.  As early as 1968 , we developed and

reported on a high—voltage thin—film transistor suitable for

switching conventional ac—EL phosphor lamps. It became evident to us

that the construction of large—area active matrices was a natural  task

for thin—film technology .

The thin f i l m  transistor in its modern form can be trace~

back to the work of Weimer et al at RCA . It is of course an all

evaporated f ield ef fec t  transistor analogous in operation to the 
now5
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conventional MOSFET . The devices upon which this work is founded are

based on CdSe as semiconductor and therefore are n type. They can be

made in enhancement and depletion modes and are constructed as shown

in Fig (1). Note the double gated structure which results in much

improved device gain. Specific results on the TVI, its properties etc.,

are given in Section (4.4) below .

The advantages of thin—film technology in this app lication

over its neares t rival , silicon LSI technology , can be summarized as

follows :

o ability to cover the large areas required for any useful display ;

o availability of high—voltage FET’s;

o uniformity over large areas (many square inches);

o simplicity of technology ;

o complete integrability with a variety of display media;

o suitability for peripheral circuitry (scanners , decoders , line drivers,

line memo ries ) , integrable with TFT matrix;

o potent ia l  for  completely automatic fabricat ion.

The validi ty of this compar ison is evident by the fact that ,

despite efforts , no disp lay comparable to the ones repor ted here has

ever been made with silicon technology .

2.2 Electrical Desi~gn

In this section we discuss the operation of the matrix and

performance requirements imposed on the TFT devices as dictated by the

requirements of the display panel operating at a 60 Hz refresh.

6
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Part icular  a t tent ion is given to device u n i f o r m i t y  and s tabil ity

requirements in relation to panel re l iabi l i ty .  Long term ( l i fe)

performance characteristics of the thin—film transistors is detailed

in Section 4.4. The analysis is appl ied to a 120 line display but is

easily generalized f or othe r numbers of display lines. In addition the

data is app licable to a 50 niils square uni t  cell (20 lp i) but  with

slight modification can be used for other line resolutions .

2.2.1. The TFT—EL Matrix

A portion of the X—Y addressable TFT—EL matrix circuit is

illustrated in Fig (2). Transistor T
1 

functions as a voltage—controlled

“switch” whose impedance is conttolled by the potential applied to the

ga te bus bar Y~ . The drain electrode of T
1 
is connected to bus bar X~

and its source to element storage capaci tor C~ . This switch is

normally biased in the high impedance state by a negative potential

on gate bus bar Y3, when a posi tive pulse is app lied to the gate bus

bar , transistor T1 assumes a low impedance state and video information

appearing at X . is transferred to storage capacitor CS
.

Transistor T., functions as a voltage—cont rolled “resistor ”,

in that its impedance is determined by the potential stored on C~ .

The value of this impedance determines the level of ac excitation,

supp lied be tween the ground bus bar and the f r on t electrode , which

appears across the elec trol uminescen t elemen t , denoted CEL

.8
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2.2.2. Line—at—a— time Addressing

In contras t to normal “raster” type addressing in which each

element in the display f ield is scanned in sequence at megaher tz ra tes ,

l i ne—at—a—time  addressing perm its the display of video informat ion at

say , 60 Hz refresh , but with only modest performance requirements imposed

upon the TFT devices. The line—at—a—time addressing scheme is illustrated

in Fig (3 ). With this method video signals for an entire line of

display elements are f irs t stored seq uentially in an external shif t

register. The outputs of this register are supplied to the disp lay

panel on the vertical information buses (X
i
) and transferred to the

corresponding elemen t storage capaci tors , all at one time , when a

switching pulse on the selected horizontal bus (Y~~~) closes all the

element signal gates in that line. Introduction of the intermediate

storage register relaxes the bandwidth requirements of the display

element signal ga tes , as well as tha t of the informa tion buses , by a

fac tor app ro ximately equal to the number of elements in a display line.

The vertical scan frequency is 60 Hz and thus each horizontal

line is refreshed every 16.7 ms. The register cycle period is 127 u s ,

one—half this period being allocated for entering sampled information

in to the reg ister and the other half for transferring the information

levels to the storage capacitors in a given line on the display panel.

The following sequence of events describes the complete

line—at—a—time addressing process:

(1) Sample brigh tness information at a 2 MHz rate for

60 microseconds and enter in all 120 register stages.

9
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(2) Disable sampling circuit and ~ipp ly a 60 microsecond

switching pulse on the corresponding horizontal bus

(Y .). This transfersstored potential levels from

vertical information buses (X
i
’s) to the element

storage capacitors ‘C .’s).

(3) Sample brightness information for the next horizontal

line and continue the sequence until the whole field is stored.

2.2.3 TFT Performance Requirements

The “t rue” circuit schematic associated with each elemental

picture “point” is given in Fig ( 4  ) . The video storage capacitor

C ,  connected between the gate and source of T2, has a capacitance

of 20 pf. At an excitation frequency of 10 kHz, the electrolumin—

escent element can be modeled as a pure capacitance (CEL) of value

8 pf. Under the 30 ipi cond ition the C value is 15 p f and the

EL capacitance 1.5p f (single level) and3.5 pf (double level) .

The parasitic capacitance , C , appearing in the drain circuit owing

to gate overlap, etc. is approximately 0.1 pf. The power bus

supplies a 150 volt (p- ,.) ac signal at 10 kJlz to the panel. The

typical brightness response as a function of app lied ac potential

(at 10 kHz) for the E.L. element is shown in Fig. 5.

In simplest terms, the function of T1 
is to transfer the

potential V
x 

appearing at its drain electrode to the storage

capacitor C
6, 

whenever the gate potential V is positive. The

potential V stored on C then controls the conduction level of
S S

11 
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T2, which in turn modulates the effective ac potentfal across CEL .

The ON impedance of T1 (operating in the “l1nea~’ region) is

determined by the instantaneous gate—source voltage , V — V
5
(t),

through the relation

RoN
(T
l
) = (__

~

_

~ 
{v - V ( t) - V

T])

where Z = channel width of the TFT

L — channel length of the TFT

= carrier mobility in the semiconductor

C~ — gate—insulator capacitance per unit area

V
T 

— threshold voltage.

The differential equation governing the video transfer

is

dV (t) ZuC
_____ — ~~~~ [v — V (t)J [v — VT — V

5(t)] 
(2)

where we have made use of eq. (1). The solution Is given by

- t /TV (V — V ) e
V ( t )  X SO (3)

V~ + (V — V ) ( l  - e tI’
~

where V - V - V  —Vy x T

and V — the initial value of potential stored on C at t = 0.
•

50 S

The t ime constant T is related to the effective ON

resistance of T1 as

13
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T = R ff C ~- r— V~ C (4)

Owing to the differing values of V stored on C , the

effective charging resistance Ref f will vary , depending upon whether

the video (V
s
) is changing from light to dark (ON ÷ OFF) or from

dark to light (OFF ÷ ON). To illustrate this effect the following

typical values are assumed:

(ON 
~ 

(+ lO’\ (+ 2O~ ( 0
video —~ ~~, V = ~~, V 4 ) ,  V —~

LOFF) X 
L 0 j ~ k. + 20) ~ ° (..+ 10

Additionally, it is assumed that T1 has a threshold voltage (VT) of

+2 volts. Using the above values, eq. (3) is solved for the time

constant I required to achieve a given video transfer , expressed as

a percentage of 1. V , in the 60 us line dwelling interval . Using

these values of 1, the effective ON resistance R ff 
is calculated

from eq. (4), and the results plotted graphically in Fig. 6. Notice

that the requirements on Reff vary by nearly a factor of two, depend-

ing upon the direction of video change.

During the remaining 16.64 ms of the frame period when the

other vertical lines are being scanned , T1 
must remain off to prevent

from discharging its video signal V~. In this mode T1 
can be

14
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model~ed simply as a current source , the magnitude of this “leakage”

current being proportional to the gate—source voltage in the OFF

state . Clearly the “worst case” occurs when V = 0 and V = +10 V.
S x

If the threshold voltage of 12 
is deno ted VT2 , then the maximum

OFF leakage current of T1 
is given by

C Vs T21L1 (max) =

which for a threshold vol tage of 2 vol ts, is approximately 2.5 mA.

With respect to the switching speed of the TFr, we require

a turn—on time which is short compared to the 60 ps line dwell time.

From FET theory , the channel transit time is

2
— L (6)

x so

where L — 2.5 mils and u ~ 50 cm
2/V—sec . Using the values of V and

V previously assumed ,

T
t 

— .08 us

which implies a cutoff freqt~~ i cy of l/2uT
~ 

2 MHz .

16
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The f r ac t ion  of the 150 V (p—p)  10 kHz signa l appear ing

across the electro1umln~ cent element (C
EL

) is determined by the

ON resistance of T
2
. It s  on resistance as a func t ion  of the video

signal V is g iven by

( Z1.~C
RON (T

2
) = 

~L 
~._L [V (t) — V

T])

for the positive half—cycle of the ac signal , and

RON (T
2
) _ (_~ i[V5

(t) ÷ !VAC
i_
~
V
EL

I_V
T]) 

(7b)

for the negative half—cycle. Equations (7a) and (7b) are valid only

for the regions where the source—drain voltage is much less than the

saturation voltage , VDS(sat). Beyond saturation the TFT behaves as

a voltage—controlled current source.

An exact solution for the resulting ac component appearing

across CEL results in a rather formidable boundary value problem and

thus only approximate solutions will be considered further . If we

denote the effective on resistance of T
2 
as R

2 
then the magnitude of

the ac signal appearing across C
EL 

is given approximately by

v = 
I V AC I~~(l + w

2R~C
2) (8)

EL 1 ON I 2 2 2 2 2l(l+u R
2C C EL

) +

where w is the rad ian ac frequency and C is the parasitic circuit

capacitance.

17
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When T2 is turned 
“off” we have the equivalent of a

current source representing the off—leakage current , 1L2’ in parallel

with C • Under these con~itions

~~~ [Iv ACLc P 
+ $ ‘L2 dtj (9)

off

where tOFF 
represents the interval during which T

2 
is OFF.

In Fig. 7 is shown the resulting brightness of the E.L. ele-

ment when T2 is in the ON or OFF state. The left—hand curve represents

the ON brightness vs the effective ON resistance R2, as determined

from eq. (8) and Fig. 5. The right—hand curve represents the OFF

brightness owing to both the effects of parasitic capacitance C and

OFF—leakage current 1L2’ as determined by eq. (9) and Fig. 5. As can

be seen in Fig. 7 the grey scale is essentially only a function of

R
2

(ON) , while the ON—OFF contrast ratio depends upon both the ON

resistance and the OFF—leakage current.

2.2.4 Stability Requirements

The requirements on TFT stability depend upon the mode in

which the display panel is operated ; the stability tolerances being

more severe for a panel operated with grey scale than for one without

grey scale. Variations in Ti
’s parameters effect the video signal

V stored on C6, while variations in 12’s parameters effect the ac

excitation appearing across CEL . To see the effects of drift in TFT

characteristics on the resulting output (EL brightness) of the panel,

the acceptable ON—OFF brightness limits are arbitrarily placed at

18
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B (ON) ~ 15 ft—L

and B (OFF) ~ 0.15 ft-L

which implies a vorst case contrast ratio of 100.

From Fig . 7 the result ing lim its on T., (based on the above

brigh tness values) are R
2
(ON) < I M~ and ‘L2 ~ 8.5 baA . Also from

Fig. 7 the maximum practical brightness is 25 ft—L , which occurs for

R
2
(ON) 200 K~2. The slope of the ON—brightness vs ON—resistance curve

in the region of 15 ft—L is roughly 15 f t—L / M f ~. The factor  (Zu C~/L)

has a value of approximately 1 x io 6 inho/volt for both T1 and 12
.

If we assume a worst case video transfer of 90%, then V has a
S

minimum value of + 9 volts in the ON state. This requires that T
2

have a threshold voltage no greater than + 8 volts (as determined

from eq. 7a) in order to maintain R
2

(ON) < 1 M~2. While from a stability

standpoint it might be argued that T
2 
should be designed with a low

threshold vol tage , there is a tradeoff between threshold “noise

marg in” and allowable leakage current tLl of T1, as determined from

eq. (5).

Stability requirements on T
1 
relate directly to its

effective ON impedance R f f . As evidenced by Fig. 6, the worst case

situation occurs when T2 is being switched from ON to OFF. For

ON—OFF operation of the panel (without grey scale), a 90% video

transfer would be adequate, whereas for operation with grey scale,

a transfer of at least 95% is needed . The maximun limits on R foref f

19
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these two cases are 1 M0~ and 750 K~, respectively. Assuming the

latter as a worst case value,

V~(min) = R~~~(max) = 1.3 V

Using the values listed in the previous 8ection, this translates to

a maximum threshold voltage for T1 of + 8.7 volts. Thus for operation

without grey scale both T1 and T2 can tolerate shifts in threshold

voltage by as much as + 6 volts, assuming both had initial threshold

1-
voltages of + 2 volts.

The effect of T2
’s threshold stability on grey scale response

can be approximated by the relation

dB dB dR 2 L dB

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

or dB 15 ft—L (10R
2

(V — V
T2)

where R
2 

is in Mf~.

~It should be pointed out that these values are somewhat arbitrary ,
in that bias levels can be varied to adjust for slight variations in
transistor characteristics from different panels.

20



2.2.5 Uniformity Requirements

The requirements on device uniformity follow along sitnilar

arguments as those imposed by stability requirements. Again the

r most stringent toleranc e requirements are imposed upon T2 when 
grey

scale operation is desired . Non—unifornities in T1 are tolerated

to the extent that the video transfer from V to V is not appreciabl y
x S -

deter iora ted or tha t the OFF—leaka ge current  is not above tha t imposed

by eq. (5). For ON—OFF operation without grey scale , non—uniformities

in T
2
’s ON resistance will have a negligible effect on panel operation

so long as R
2
(ON) 1 Me.. The penalty is, of course , that those

F devices with R2 
near 1 MS~ will have a lower stability “noise margin ”.

Table 2—i summarizes the electronic specificat ion resulting

f rom this analysis.
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Table 2—1

Summary of Electrical Requirement- s

Device Parameter Requirement Achieved

T
1 logic TFT ‘ 100 h~A 300 ~A

RON 0.1M .Q 3O kfl

‘OFF 
< 2.5 nA 1.0 nA

V
B
* > 50V >>SOV

T, power TFT 1
0N ~ l25~~ A 350 ~A

RON 
< 0.8 M~ ~l0O kd

1OFF < ~ uA 1 ~~

V
B 

> 200V pp 300V pp

*
Breakdown limit

L ~~~~~~ II
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3. The Development of Fabrication Methods

3.1 Introduction

As we have seen each elemental cell will need to contain the

following elemen ts:

(a) A logic TFT (T1)

(b) A power TFT (T
2)

(c) A storage capacitor C

(d) An output pad for the EL lit area

(e) Interconnections between those elements in a cell

(f) A gate bus connecting all the cells in a row

(g) A source bus connecting all the cells in a column

(h) A power bus connecting all the cells in a column

(i) External contacts at the edge of the panel to all the buses.

In addition the TFT circuit must be isolated from the ac

potential across the phosphor. Finally a top continuous ground electrode

must be provided.

This is unquestionably a formidable fabrication prob lem when

one considers the dimensions and number of cells involved. The three

formats used in this program were, in chronological order

6” x 6” 20 lpi (12,000 elements)

6” x 6” 30 lpi (25,000 elements)

6” x 6” 30 lpi (17,000 elements)

Note that there are some edge losses in the 6” x 6” cell to

allow for contacts so that the actual active disp lay area was approxi-

mately 5.5” x 5.5”.

23 
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The major achievement of the program lies in the fabrication

of these matrices . The following section describes the methods and

procedures used.

3.2 The TFT Circuit Fabrication Process

A number of techniques are possible candidates to obtain the

thin f ilm circu it pa ttern s described above , bearing in mind the need

for good uniformity over a 6” x 6” area and that the process should be

ultimately adaptable to mass production techniques. Photoresist methods

well known to solid state technology are available which , combined with

evapora ted or silk screened cond uctors , could achieve the objective.

However photoresist techniques over large areas such as 6” x 6” are

far from easy and on an eventual mass production basis would require

complex and expensive processing . Silk screening, and th ick f ilm

photosystems, generally have too poor a resolution for our purposes

although combining these methods with evaporated active devices could

be used. Experience has shown , however, that the less the contamination

introduced into the system through the use of ‘wet ’ techniques , the

be tter the l ife and performance of the TFT.

Evaporation through fixed “dedicated” masks is a real possi-

bility. The whole circuit could readily be fabricated in this fashion .

Indeed , this is the approach we intend to pursue in our pilot

manufacturing program for these panels. It does , however , req uire

a large vacuum sys tem to accommoda te all the ne cessary masks , and

thus avoid the need for repeated pumpdowns.

24
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3.1.1 The Movable X-Y Masks Method

The repetitive nature of the matrix circuit opened the door

to a conce pt tha t no t only solved the problems described above but also

becomes a pattern generating method applicable to a wide variety of

alternative circuits: i.e., a universal deposition—system for the

repetitive large area circuits typical of matrix dis~ 1ays. This idea

is to generate the desired pattern by the controlic~d movemen ts of a set

of two thin metal masks placed in contact with each other and the substrate.

Such masks (6” x 6”) were fabricated having square openings as illus

trated in Fig (8). Through movements in the masks, almost any des ired

rectangular pattern could be generated , as shown in Fig (8).

Continuous lines , such as the bus bars , were easily fabr ica ted by la teral

movements to create overlapping regions . After much experimentation

it was found that 3 mils thick , 6” x 6”, nickel—coated Be—Cu masks were

the best; t~e apertures we re 25.0 mils in size on 50.0 mils center to

center spacings. The masks were mounted In frames and the mask frames

mounted in movable micrometer controlled assemblies . An assembly is

shown in Fig (9). Masks and glass substrate are mated in the assembly

which is fitted with a large magnet placed on top of the glass substrate

so as to pull the two masks into contact with themselves and the substrate.

To generate a complex set of patterns the following method was

established. The mask set , in the controllable frame assembly, was

placed under a NIKON 6C large area shadowgraph . This presents a niagni—

fl ed area of a small portion of the masks in transmitted light. The

masks were moved to achieve the required rectangular pattern and the

readings on the micrometers recorded. The pattern s are compared to a

25
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Overlapping Rectangular Openinq3 from Two
Contacting Masks having the Same Pattern of

Apert ures

—

4 1

Typical Deposited Pattern after Evaporation
through Mask Set Above

Any Rectangular Pattern , Includ ing Continuous
Lines , can be Generated in this Fashion

Fig (8) The principle of the X—Y approach to TFT matrix
fabrication

-

_  -
0

Fig (9) The X—Y deposition jig
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master layout on transparent sheet ov~ rlayed on the shadowgrap h screen.

Fig (10) shows a typical layout. This was then repeated for each

desired opening conf iguration , about 30 in all. Resetting the four posi-

tioning dial micrometers to the pre—established values then regenerates

that rectangular pattern . Since the masks were of excellent uniformity

over their whole area , having been made through step and repeat photo--

masking methods , this particular pattern was then created over the whole

6” x 6” area , at each of the 12,000 elemental points . This , of course ,

requires good initial mask to mask alignment — a condition that was

read ily checked through shadowgraph examination of the generated patterns

at various parts of the 6” x 6” area prior to positioning in the vacuum

system. Feed throughs made in the vacuum system allowed control of

the micrometers during the deposition process.

The evaporation system itself (Fig 11) was conventional ,

al though rather elaborate. The height was extended to allow insertion

of the masking jig and its feedthroughs , and to position the substrate

33” from the evaporation sources. At this distance the coverage of a

6” square area is sensibly uniform. The large throw distance did p ro—

duce an undesirably rapid accumulation of material on the bell jar

walls and frequent cleanups were needed .

Monitoring of the various depositions was accomplished through

SLOAN crystal oscillators calibrated by deposition and thickness

measuring (TALYSTEP ) runs. Thermal evaporation was from an oxide coated

tungsten basket and electron beam evaporation was from intermetallic

crucibles or graphite crucibles fitted in copper hearths . The EB gun

w~s ar. AIRCO T~ ’tESCAL STIH—270—2 system.
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Fig (10) Typical layout for pattern registration

28
R.N—66f l5

-_— --~~~~~~~~~~~~~~~~
_

~~~~~~~~~~~~~~~~ - - - ,-~~~ ---.~~~~~~~~~~~~~~~~~~~~~ — -—



— 
_ _ _  _ _  -. ______

1;~’~ 
:~‘~

•~~~~
_

~L; •
~
i I

~~~~ ‘~~W~~1 Li
1~~~~~~~~~~~~~~ 

-
,~

~~~~~~~~~..r . - -

I
. ~~~~

Fig (1l~ The v.~ ct um deposition ~\stem

28-A

R~~~— h i  .~

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~.



All evaporations were conducted at pressures below 5 x

torr achieved by overnight pump ing .

3.2.2 Thin Film Material Selection for TFT Matrix Fabrication

Considerable research at the Westinghouse R&D Center has been

conducted in recent years toward optimizing the selection and deposition

of materials suitable for stable , low leakage TFT ’s with good trans—

conductance (g ). As we have seen above, leakage levels of a few

nanoarnps are required for operation of the panel. Our work on previous

TFT programs has established that CdSe is an excellent semiconductor

for these applications. Other materials (CdS, CdTe) hav e been examined ,

but CdSe gave the most stable , highest gain devices. The source

and drain mus t make ohmic contact with the semiconductor. A good

conductor having good glass adhesion was also required for the source

material , since it is integral with the column (X) bus bar . Aluminum ,

chromium/ g old double layers , indi um /gold layers , and copper were among

the more successful materials examined. Al gates were found the most

stable with sapphir e (A1
2
0
3
) as the gate insulator (5000 1) .  A1

2
0
3

insulator was also deposited at the bus bar crossover points between

the metal layers and in the capacitor layers . The glass substrates

were 48 mils thick Corning 7059 glass ; the low alkali glass avoids TFT

contamination . Typ ical thin film transistors and matrix elements

pictured it high magnification and with exp lanatory drawings , are shown

in Fig . (12) and Fig (13) and (14). Fig (15) shows a complete TFT matrix

Table 3—1 summarIzes the optimum process sequence and device fabrication

recipe for the entire matrix. Details of the TFT performance are given

in Section 4.4.
29
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Fig ( 1 2 )  A t yp ica l  TFT at h igh  m a g n i f i c a t i o n

- i~~~~~~~~~~~~~~~~i.

Fig (13) A section of a TFT matrix
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Table 3—1

Summarized Deposi tion Seq uence
30 ipi Display

1. Source bus — 3 positions,Al—l000 ~

2. Gate t ransis tor  1 — Al 500 ~

3. Gate transistor 2 — Al 600

4. Cap Interconnect — Al 600

5. Power Bus — 2 positions , Al — 1000

6. C a p — A l  ~0O~~

7. Transi~ tor Gate Insulator — A1
2
03, 7000

8. Semiconductor CdSe 80~

9. Source 2 evaporations : In 100 ~~, Cu 1000 ~

10 . Dra in 2 evapora tions : In 100 ~~, Cu 1000

11. Interconnects 2 positions — Cu 700

12. Insulator Gate #1 Al
2
0
3 

7000

13. Insulator  Gate #2 Al 0 7000 ~2 3
14. Semiconductor #2 CdSe 100

15. Doping layer In 5

16. Source #2 2 evaporations In 100 ~~, Cu 1000

17. Drain #2 2 evaporations In 100 ~~, Cu 1000 ~

18. Interconnects 2 pos itions Cu — 700

19. Insulator Gate //2 Al
2
0
3 

7000

20. Cap Insulator A1
2
03 7000 ~

21. Gate #2 Al 600

22.  Gate  In te rconnec t  Al 600
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Table 3—1 (Continued)

23. El Pad Al 1000

24. Gate #1 transistor Al 600

25. Interconnects 2 positions Al 600

26. Capacitor Al 600

27. Cover insulator At 203 1000

28. Edge contacts  Cr 200 ~~, Au 1000

33
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3.2.3 Summary of Key TFT Process Developments

The significant experimental insights that led to displays of

good quality are perhaps the heart of the programs . However when listed

they appear among the most mundane In fact the basic concept

remained the same throughout the bulk of this program , only the

detail changed.

The most signif icant pr ocess de tail was the realization tha t

the cleanliness of the glass was of prime importance . Elaborate glass

cleaning me thods were developed, the mos t cri tical fac tor being the

use of vigorous physical scrub action rather than relying on a simple

chemical action. The other important ingredient in glass cleaning was

the use of Mill ipore~~~ f iltered “Super Q” water for final rinse. Great

care in handling the glass was important as was the development of

consisten t glass dry ing methods .

Mask cleaning was also impor tant, firstly it was necessary to

clean the masks as received (trip le dis tilled methanol ) ,  secondl y af ter

two deposition run sequences (an average) the mask set built up

so muth material that it required cleaning. The cleaning technique

(involving a rejection—type process) is shown in Fig (16). Detailed

visual inspection of the masks by ref lec ted and transmitted light was

essential -

Mask stretching and attachment to the frame was difficult.

The eventual answe r was to cool the mask and frame , stretch the mask

on the frame when both are cold using double stick tape. When the

assemb ly warmed up the mask was pulled taut . The major difficulty

here was removing the complete residues of th~ tape adhesive in mask

34 

—~~~~~~~ - . . •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---~~~~~



-

~~~~~~~~~

-

~~~~~~~~~~~~~

Step 1 2 3 4

coat new mask used in Al 0 soak in f lush to
with Al after process 2 3 NaOH ) remove Al

2
0
3ini t ial  solvent as coated to dissolve flakes

clean required Al underlayer

7 6 5

dry Super Q ultraclean
water solvent and
wash I water wash <

inspect

Fig (16) The mask clean ing p roces s
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cleaning . In preal ignment  (mask to mask) the key was good initial

alignment on the shadowgraph and then placing the magnet and substrate

holder on the jig and exercising it a few times. The alignment is then

rechecked. Any deviation requires that the jig be examined (pin

parallelism for example) to work out deviation inducing effects.

The j ig  sys tem is then sealed , (all the above steps being

done in a laminar flow tunnel) and transferred to the vacuum system.

Several factors are important in the actual deposition.

Firstly,  the turbulent pump —down of the chamber (roughing) causes minute

particles to fly around the interior of the chamber. A gradual opening

of the high—vac valve , and a closing of the X—Y mask set in pump down

was found to be important . During the actual deposition a clearly

important variable was the adequate melt down of the dielectric material;

sapphire was the best source for A1
2
0
3 

but it was critical to de—gas

in the molten condition for adequate periods. Wide sweep scan initially

f ollowed by a n rrow scan covering only the cen tral ‘pool ’ of A1
2
0
3 

was

the best technique . Of course following standard vacuum thin film

practices was important; establishing uniform rates of deposition ,

avoiding interrupted cycles and crystal variation . Monitoring of input

voltage to the gun , instantaneous rates , and cumulative build up, were

monitored , as of course was chamber pressure .

The metal deposi tions req uired less care than the dielec tric

but still required good premelt and outgas . No sweep on the guns was

needed wi th  meta ls . Op timum me thods for  CdSe and indium were easier

to implement and conventional resistance heated sources were used.

36 

~~~~~~~~.



_ _  • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Replacing the CdSe at each run helped reproducibility as did the

development of consistent methods to fill the hearths , the avoidance

of ~~~ contaminat ion  in the mater ia ls  and chamber. Another important

point was preventing the peeling of chamber walls and jigs ; any trace

of “peel ” can drop into the e—beam melt and cause a burst of material

whose impact  f a r  exceeds the ac tua l  drop—in material  itself.

Anneal of the circuit , [350 °C, dry N
2 
10 hrs ] is important;

key parameters are the exclusion of trace 0
2 

and uniformity of the

hea t and N
2 

flow.

C i r c u i t  test  looked to be a formidable problem in initial

planning. Howeve r i t  transpired tha t a rela tivel y small number of

tests were sufficient to characterize the circuits. Individually

probed TFT s were examined , usually about six to eight areas of the

display being tested. Tests for ON current , leakage or OFF current ,

voltage handling ,fast trapping , off leakage stability and inter/intra

cell contact resistances were quickly measurable with a three or four

point probe and a TEK 576 Curve Tracer. Bus bar impedances (from

ch rome—gold  con tac t ) could  also be selectively tested in this

fashion . The critical check for shorts consisted of shorting

together (with a conductive rubber strip) all the gates (say) and

scanning down the ~ther contacts with a VOM-iigh and low resistance

shorts we re marked. The former usuall y were indications of shorts

through a TFT . On some easily identifiable shorts it was possible to

~!cctric~ l i y blow the short with the curve tracer ,providing the surround

was grounded. Electrical opens were also identifiable through edge

to tdg~ scans of the busbars although here the check is of course for

37

• .. . . ~~~~• •~~~~ • - ~~~~~~~~ •.. • • • . • • •.



open c i rcu i t s .  A few could be patched but  this was not a technique

to rely on.

To concl ude , the fabrication of high quality TFT matrices

represents a major achievement and an advancement in the state of thin

film technology. No major innovations were necessary it should be

noted but the skilled and systematic app lication of good engineering

analysis and key insights as to which are the critical parameters and

which are no t .  We believe that  the present techniques , that have

reduced the defect level in the best circuits to about 0.004% is

extendable to zero without resort to alternate concepts. ibis point

is amplified in more detail in Appendix III.
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3.3 Display Asse~k]~,y Process

The subsequent processing of the thin film matrix through to

the completed disp lay was thoroughly investigated. A def in i t ive  labora-

tory process was established that successfully accomplishes the

following:

1. Provides a passivating inert coating over the active portions

of the thin film circuit.

2. Insulates the thin film circuit , excep t the actual pad of the

lit area of each cell and the edge con tacts, from the hi gh f req uency

ac EL phosphor drive voltage.

3. Coats the c i r cu i t  wi th  electroluminescent phosphor in a simple

but reliable method.

4. Provides a top electrode that is continuous , transparent , and

has a suitable external connection.

5. Provides herme tic packag ing of the ph osphor and environmen tal

stability by a final seal process.

After the thin—film circuit fabrication , the process comprises

four main steps: (I) the thin film circuit insulation , (II)  the

phosphor deposition and related areas, (III) top electroding , and

(IV) the final seal. These steps are described in the following

paragraphs.

3.3.1 Step I: Thin Film Circuit Insulation

The photoresist laminator is first set up (see Fig (17)); the

temper ature is set to 210°F and then left for 15 m m .  The tested and

approved thin film circui t is then cleaned with ionizing air and brush ,
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Fig (17) The photoresist laminator

Fig (18) The exposure unit

Fig (19) The developer
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and is laminated with laminar photoresist material between the pressure

rollers . Ext raneous material is then cut off and the coated circuit

examined for ripples , bubbles , and othe r imperfections. If not

passable , the photoresist material can be peeled and the circuit

relaminated .

This p rocess h a s  pr oved reliable and is cap abl e of prod uction

rates far in excess of our needs. The major study variables here

involved establishing fixed parameters for roller pressure timing.

Our present optimal material is DuPont Riston llOF; other materials

may also be used(e.g., Dynachem) if necessary .

Using the photoexposure unit (Fig (18)) a photoplate is placed

over the circuit , aligned to it , and clamped with a vacuum pull—down .

The plate is exposed and developed in 1,1,1 trichiorethane. The spray .4-s
developer (Fig (19)) consists of three stages: a spray for coarse

developing , an isolated chamber for second clean—up developing , and a

final deionized water rinse.

The “opened” ,p hotoresist coated ,thin f i lm circu it is now dried

with clean air and examined visually. Four parameters are looked for:

(1) complete coverage , (2) good clean opening uf the apertures over the

entire area , (3) a grad uated “edge ” to the aperture , and (4) the

absence of blemish and other defects. A negative test result requires

recycling of the circuit after a strip and peel operation . A visual

check in this step is made for residual resist and for integrity of

the thin film deposits. Any failure here results in a reject.

The short exposure time allows fast th roughput at this stage .

and therefore it does not represent a constraining step in the sequences

41



except insofar as alignment can be occasionally Jifficult. Fig (20)

summarizes the process sequence at this stage .

3.3.2 Step II: Phosphor Screening Process

This step includes important material preparation and control

procedures. These are therefore considered separately. The process

itself will be discussed first. (See Fig (21)).

The accepted circuit plates are loaded onto a movable support

that is moved back and forth with a geared drive . A phosphor/binder spray

mix (see below) is prepared and a controlled spray procedure employed.

A six—layer sequence is now employed with an air bake (135°C) between

each step to ensure that each layer is dried. This method has been

found to result in smooth , consistent , and uniform coatings . The substrate

makes several automatic passes across the spray gun , which is fixed in

location . All distances , angles , time of spray , etc. , are fixed to

ensure reproducibility. After completion of the phosphor spray , the

surface is treated with a filming resin (methylmethacrylate) to ensure

a smooth top electrode surface. This is accomplished with an aerosol

spray of commercial “clear coat” f o r  a cont rollable time , f ollowed by a

f inal  135° C bake.

The influence of this process on the brightness deterioration

(phosphor life) is significant. Our present practice calls for

rigorous dry ing of all equipment and materials , and the multiple bake

steps ensure good dryness. Our test procedure in this process stage

consists of check sample. This is the procedure now used to maintain

process standards , an acceptable screen weight from this sample is the
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Fig (20) Summarized process sequence — Step I
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Fig (21) Phosp hor screening process — SLep II
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go—ahead for the next step. A failure at this step is generally not

irretrievable , and respraying is possible .

3.3.3 Step III. Phosphor and Spray Preparation

This portion of Step II is dependent on certain materials that

are not routinely available. in particular they include the substrate

gl ass , the phosphor itself , and the phosphor slurry . Our present

practice relies on purchased glass and Westinghouse—synthesized

p h o s p h o r .

The following describes in steps the synthesis of the

phosp hor :

(a) The ingredients

ZnS 95 mo le— %

CdS 5 mole—%

Cu—acetate 1 molc—%

NH4Br 2 mo1e— ,~

sulfur about 2-3 grams

are thoroughly mixed .

(b) The mix is fired in capped quartz tubes surrounded by

slowly flowing H2
S a t  800 °C fo r  1 hour .

(c) The pre—fired phosphor is powderized and the sane amounts

of NH 4Br and sulfur as above are added once again .

(d) A second firing is made in capped quartz tubes surrounded

by stagnant N
2 

at 600°C f or 1/2 hour f ollowed b y rapid

cooling to room temperature.
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(e) About 30 grams (not more) of the phosphor is baked in open

boats in stagnant air at 600°C for 2 hours . The hot

boats are then pulled out of the furnace and rapidly quen ched to room

temperature by exposing phusphor and boat to a stream of cold air.
( f )  The phosp hor is powderized , washed in hot cyanide solution ,

in water , dr ied aga in , and sifted through 200 mesh.

Th e p hosphor is now ready for us. It is a free flowing powder

of particles in the 5—10 urn range. Its body color is olive—green , its

luminesence under excitation by ultraviolet is yellow green.

This batch tyo0 process can be scaled up without loss of

product quality , and since the total phospho r quantity required by the

di sp lay is small (“d g per display) and since only “good” circuits get

to t ’ ~ stage of being sprayed , the need to convert  to a continuous type

process is not major.

In addition to the pho:nhor, a slurry for spray ing is also

required; this process has also been developed over several years for

several programs.

The processes now formulated consist of two steps: plastic

solution and phosphor spray mixture .

Plastic Solution

1. Mix cyanoethyl sucrose and cyanoethyl starch in dimethy l

formanide (DMF ) and acetonitrile ,

2. Place the jar on a milling machine for 3 or 4 hr.

3. Add adsorbent molecular sieve to the plastic solution .

4. Filter the solution .

5. Store the plastic mixture in a tight bottle.
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Phosphor Sp ray Mixture

1. Mix Westinghouse hypermaintenance EL phosphor power to

the p lastic solution.

2. Ultrasonic thin slurry for 5 m m .

3. Start spraying. Shake slurry immediately before each layer.

The high dielectric binde rs have shown considerable variability

in the past depending on the source (Eastman Kodak , or Techwest) but

in general the process was reliable .

3 . 3 . 4  Step IV: Top Electrode Evaporation

Phosphored displays from Step II are now electroded following

our normal procedures (see Fig (22)): with a substrate—to—boat distance

of 18 i n . ,  PbO is evaporated f i r s t , followed b y the evaporation of Au.

The evaporat ion is monitored b y measuring the res is tance  of the deposited

layer on a microscope sl ide or by using a qua r t z  crystal  thickness

m o n i t o r .  The evapora t ion  is stopped when this resis tance on the micro—

• scope slide is about 50 ohms/square . An edge connector shield is placed

around the display periphery that keeps the logic contacts clear but

connects to the top electrode .

The small check sample that follows the display through phos—

p hor ing is e lec t roded  s imul taneous ly to the display . It  is then

used in the approval test at this step .
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Fi g (22)  Top elec t rode  process — Step III
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...3.5 Second—Level Electroding Pr ocess

In order to increase the active or percent “lit” area of the

disp lay a second level process was developed. This involves extension

of the EL pad over the thin film circuit area with electrical isolation

preserved using the laminar  pho toresist already used in the process .

Fig (23) illustrates the concept.

Our first problem was obtaining clean apertures in the contact

area. Optimum methods based on Riston recommended procedures were used

and largely solved this problem .

The major difficulty met with was forming and maintaining

reliable contact at the ed ge of the aperture . This problem results from

the inability of the evaporated thin films to effectively pene tra te

around corners with continuity. If the resist is properly developed ,

i .e.  it is ensured that  no residual mater ia l  is l e f t , then the edge of

the aper ture  is overhun g as shown in Fig ( 2 4 ) .  In depositing the

electrode it will fail to brid ge and no contact will be made . If the

aperture  is underdeveloped then of course the overall con tac t will be

poor. An attemp t to solve this problem with rf sputtering was

unsuccessful ; although better edge contact could be achieved it was

difficult to get uniform distribution of top electrode metallization

(aluminum) over this rela tively large area. In addition the pattern

sharpness was not adequate , good pad isolation being of course still

needed.

Evapora tion at an acute ang le was attemp ted , i.e. the treated

TF circui t  is placed at a sharp angle to the aluminum evaporat ion source .
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Fig (24) Overhung aperture in second level pro cess
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The substrate is then turned 180° to pick up the other side . This

method proved dif f icult to adequa tely implemen t and gave very non— uniform

thicknesses.

The eventual  opt imal  app roach was the simp lest. The phototool

for aperture development was fabricated in the X—Y mask jig with less

than hard vacuum (‘~l0~~ torr), this resulted in slightly f uzzy edges

to the pattern . This was then contact printed onto high quality film

and used as the master phototool. This was only partially successful

initially but when co rrb iried with a caref ul op timiza tion of exposure

intensity, develop ing time , developing temperature and , af ter much

experimentation regarding holding times on the resist , resulted in near

100% first to second level contact. Fig (25) shows the resulting

electroded apertures at various magnification levels. Fig (26) shows

a close up of some operational elements. Subjective examination of the

resulting displays shows that the increased lit area (now ~75% of

total available elemental area) has a dramatic effect towards improving

the overall legibility and area brightness of the device . After

optimization the process worked well and reliably.

—3.3.& 3tep ’~[V. Fjnal Sttal and ’Packaging

The f i nal seal and packaging process used in this program is

based on methods that have been used on similar electroluminescent

phosphor radiographic image converters that were produced for several

years by the Westinghouse Industrial and Government Tube Division . This

process is best performed on an individual basis since it is not readily
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Fig (25) Actual second—level electrode pads

Fig (26) Second level operation
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automatable and requires a relatively high degree of labor input .

Two factors alleviate this potentially restricting stage : First , only

disp lays tha t  pass the test  sequences and the initial “nonsealed ” opera-

tional test are sealed. Second , the process has proven to be reliable

and routine in most instances.

The sequence of the process is given in Fig (27). The tested

display is sp rayed with a “clear coa t” res in , and the edges are shielded.

The epoxy is poured over the panel and the top pla te olaced over it and

compressed in place. Excess material is wiped off and t
’ panel cured.

The contacts are then chemically cleaned and solder dipped to improve

the contact reliability for spring insertion contacts or to provide a

bond for solder contacts . The display is now ready for final test.

Fig (28) shows a complete , sealed disp lay.

3.4 Summary and Fabrication Yield Analysis

Through careful contro l of the process , it has been shown

that 6 x 6 inch 20 lpi and 30 lpi displays of near perfection can be

fabricated.

No major breakthroughs have been required in the creation of

near perfect ion in these matrices ; indeed the designs and processes are

similar to those reported in the first quarterly report .

The diligent application of good operational prac tices was

the key . This is importan t , we believe , because it ensures that a

prod uction pr ocess , when such practice becomes standardized , will  be

a viable commercial operation.
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3.4.1 The TFT Ma t r i x  Fabrication Process

An examination of production records of about 40 “starts ” on

the 20 ipi and 30 lpi circuits revealed that there are three categories

of aborted or non successful circuit results. The analysis is as follows :

Category I - Human Error

1. Misreading and wrong jig number insertion .

2. Forgetting to raise or lower the substrate.

3. Incorrect programming of the digital controller.

4. Wrong material s~~icction in the hearths .

5. Breakage and mask handling problems .

6. Poor control in substrate and mask cleaning.

7. Others.

Category II — System Problems

8. Evaporator malfunction (mostly e—gun).

9. Poor mask alignment initially .

10. Thermal distortion in the mask jig.

11. Failure of the jig to sus ta in  mask reference settings .

12. Defective masks .

13. Oth er , as ‘j et not identified , pattern p roblems arising

from the mask/jig assemb ly.

14. Magnetic pull—up failure .

15. Cable failure .

16. Crystal monitor shifts.

17. Anneal oven failure .

18. Poor vacuum develops in a run .

19. Early mask peeling.
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Category III — True Process Variability

This is hard to define but it refers to situations where

everything goes correctly and the pattern is correct but the TF

circuit is still not usable. The basic failure modes are:

20. TFTs not in spec . despite correct process.

21. Shorting between crossover despite good insulator and

cleaning processes.

22. Intracell shorting, in the TFTs or the capacitor despite

good insulator and mask/pattern definition .

23. Devices in specification but exceptionally trappy and

drift prone .

If all three categories are satisfactory then the circuit has to be

processed through the subsequent stages.

Table 3—3 summarizes the analysis of these circuit

fabrication s teps .
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Table . 3 —3

RESULTS: PROBLEM ANALYSIS 4O ’~ tarç~~
MOST SIGNIFICA1’~T

AREA PERCENT IN THIS CLAS S PROBLEM STEPS*

Category I Scrap 20% 1, 6, 2, 5
(Human Error)

Cate gory II Scrap 4O~ 9 , 11, 19 , 10 , 13
(System Fa i lu re )

Category III Scrap 10% 21 , 22 , 20 , 23
(Basic Failure)

Subsequent Process Scrap 25% mostly photoresist
see next section

*~~~~~ order of most
Good ‘)isplay 5% significant per

category

This analysis , albeit incomplete , is encouraging since in a

production environment a large part of human error will be eliminated

with automation. Such minicomputer con trolled processes are being

developed b r  TF processes and the entire running of the system is

readil y automated. This will also help in Category II, the a stern

failures. However the largest failure mode segment is unquestionab ly

related to the inabilit y of our present mask movement jig to accuratel y

reflect the input numbers through a long sequence of depositions and

waiting periods . A related problem is poor mask alignment due largely

to ihe relatively crude method of establishing the initial alignment.

These f a c t o r s  w i l l  be much less i m p o r t a n t  in product ion  since i t  is

likely we would use “dedicated ” ind ividual level masks rathe r than the

:“ovable jig. This would minimize several of the problems and , in

particular , eliminates 9, 11, 19 and probably most of 13. Further a
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grea ter  degree of r e l i ab i l i t y  can be expected in production equipment

if properly designed and debugged. The lab equipment is in almost

continuous modification with consequent loss of immediate rt.liabili ty.

3 . 4 . 2  The Display Assemb ly Pro cess

A detailed analysis of fabrication yield for the packaging

process was developed frcm the laboratory program. Of course the

major source of incomplete “ s t a r t s ” is the TFT circuit plate . However ,

about 25% of the scrap of the overall R&D process  is due to the subse-

quent processing of the circuit plate. This has been analyzed and the

overall results are shown in Table 3—4. These data apply to the single

level process on ly .

Despite this extensive list of trouble spots , which are common

to all complex processes , it is encouraging that hard and fast identifi-

cation of most of the variables has been achieved. These variables are

for the most part correctable given time , e f f o r t , standardization , and

some training . Further , the as yet unassignable problems are probably

due to poor observation and are in fact due to human error not yet

detec table .  These are all typ ical variables that  a product ion  process

can c la r i f y and con t ro l ;  the degree of cont rol alread y ach ieved is ve ry

hopeful in terms ot anticipated eventual production processes .
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Table 3—4

Yield Analysis for Packaging Process

Percent of Total Major Items in Order
Class Attributable of Importance

Category I 55 8, 4, 9, 11, 14 , 16
Human E r r o r

Categ o ry  I I  35 17 , 20 , 23 , 24
Process m a l f u n c t i o n

C a t e g o ry  I I I  10 27 , 29
“True ” irr epr i Ju ih ility

Category 1: Human Error

1. Edge connector mask not aligned properly.

2. Incorrect e~ aur~ t ime used Lu ph o t o r e s i s t .

3. Incor r e ..t deve lop ing t ime in p h o t o r e s i s t .

4. Incorrect alignment ef phototool in photoresist.

5. Phosphor  a r r a y  mix formulated incorrectly .

6. Phosphor spray timing iu orrect.

7. F i l m i n g  spray  t iming  incor rec t .

8. Inadequate dry ing time—temperature of phosphor layer.

9. Incorrect sequence in spray/dry steps.

10. Poor shielding of edges in phospho r spray.

11. Poor shielding of edges in gold evaporation.

12. E t ge w ir e  contact  not made .

.13. E p X V  catal yst incorrectl y measured.

14. Epoxy cure incorrectly timed .

15. Top seal p l a t e  mislocated .
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16. General breakage due to mishandling .

Catego ry II: Process Malfunction

This category is not readily classified as human error but

includes those factors that are due to inadequacy in process control.

It is assumed that the nominal p rocess specification was followed in

all of these .

17. Poor “clean cut ” of photoresist apertures .

18. Adhesion failure of photoresist in subsequent processes.

19. Minor defect  in p h o tor e s i s t  arising from “bubbl es” or other

inherent defects in the material .

20. Misregistration of photoresist mask with thin film circuit electrode

due to mask or pattern distortions .

21. Voltage breakdown in resist during operation due to “thinning”

of the m a t e r i a l  in develop ing .

22. Voltage breakdown in the EL layer (too thin) arising from process

cont ro l  inadequacy .

23. Low b r igh tnes s  in the  EL l ayer  ( f r o m  too th ick a phosp hor / f ilm

l ay e r )

24. Poor conductivity in gold top electrode due to residual solvent

in EL layer  despi te  good dry cycle .

25. Poo r c o n d u c t i v i t y  in gold top e l ec t rode  due to poor vacuum in

evaporat ion  process .

26. Poor EL life due to high humidity in panel seal step.
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Category III: True Ir r e p r o d u c i bi l i ty

These are the var iables  tha t  are as yet  not identifiab le and

cause unassignable problems . It is anticipated that these will even-

tual ly  be reduced to Category  I I .

27. Lack of uniformity in operational brightness despite good TFT

un i fo rmi ty  and subsequent  process wi th in  specification .

28. Pa tches  of unmodula tab le  l i t  phosphor in surround of “ac t ive ” pads .

29. Regions of “off’ elements despite positive indication in thin film

circuit panel test.

30. Completely dead display despite nominally good process.

In conclusion , this analysis is optimistic in that al though

the overall ‘yield ” is e5% the sources of the problems mostly relate

to the preliminary R&D type process we use. This was known to be more

error and f a i l u r e  prone but  does allow us rap id and immediate design

changes , an important constraint in lab equipment btA t not so relevant

in p roduc t ion  processes .  The discussion in Appendix III describes the

plans and prog ress towards a m a n u f a c t u r i n g  p roces s .
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4. Resul ts  Achieved

4.1 Intrc~duction

Three specific formats were examined in this program;

6” x 6” at 20 ip i , 6” x 6 ” at 30 lpi , and the so— called DMD forma t

3.4 x 6.6” at ~30 lpi. In all cases the actual active display

area dimensions are slightly less than the overall dimensions since a

t. ~rder for edge connect fingers is provided.

To illustrate the overall display quality, in particular

defect quality the following figures are illustrative of the best

dev ices f a b r ica ted , see Figs (28) through (30).

This section will now discuss the various aspects of

performance , viz, measured display performance attributes including

l e g i b i l i t y ;  contrast; power dissipation ; life and electronic input

requirements. Also discussed will be the measured performance regard-

ing environmental properties (shock , temperature etc). Finally we

will discuss TFT device properties achieved especially as regai s

stability since this is of especial interest. The first subsection

has a b r i e f  d iscuss ion of the reasons f o r  the residual  d e f e c t  sources

and the objective of  a perfect display.
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4 . 2 .  Displ~ y Def ec t s

As is ev iden t  f r o m  Fi~~ (28) through (31) the disp lay qual i ty

leve l achieved is already at a reasonable commercial or military

s t anda rd .  Howeve r res idua l  d e f e c t s  remain , they  include:

o elements that are permanently on

o elements that are permanently off

o unconnected or broken lines tha t  are e i ther  grounded

( o f f )  or f l oa t  (on or o f f )

o crossover shorts that cause crosstalk.

The on elements are caused b y a varie ty of sour ces , fo r  example:

(a) A short between the power device (T2) gate to drain causes a

series capacitance condition that lights the elements

(b) A short across the cell capacitor causes the power device gate to

be pinned close to ground; the result is that the TFT is on and

hence the EL cell is lit.

(c) A power device channel short permanently lights the EL element.

(d) In addition if opens occur at the T
2 

gate,or T
2 

drain,or T
1 

dra in

then the result  is a l i t  element

(e) Elements  are o f f  if , f o r  example , T 1 ga te  is shor ted  to the

drain so that the Vb i gate (average — 40V) pulls down the T
2

gate .

(f) Line opens or line crossove r shorts are much more significan t

t~ith respect to disp lay leg ibility then are elemental defects. The

exact condition depends on the electrical state of the line at that instant ,

a log ic device crossove r shor t (or T
1 

gate to source) causes arbitrary
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Fig (31) O p e r a t i o n a l  DM0 type  d i s p l a y s
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on or o f f  unmodulatable  lines , similarly a T
1 

gate to  ground bus bar

s h o r t .  An open bus l ine  wi l l  f loa t  on , picking up the ac—EL vol tage ;

al terna tely if it is grounded it will be off.

The key to this discussion is that two ingredients (opens

and shorts) explain virtually all the display defects. A discussion

of the sources and resolut ions of such defects is given in Section

3.2.4 above ; as can be seen from that discussion the problems are not

fundamental but relate to such factors as cleanliness , mask quality

and f i lm  deposition con t ro l .  When one couples these readi ly def ined

problems with the simple repair and patch techniques now being developed ,

then the objective of a “perfect ” disp lay appears to be attainable.

4 . 3  Display Propert ies

4.3.1. Legib i l i ty:  b r igh tness  and con t ras t

Several f a c t o r s  in f luence  l e g i b i l i ty , which is u l t i m a t e ly

a subjective human evaluation judgenent rathe r than a technically

defined term. It is also a controversial subject but at least some

facts are incontrovertable. A certain level of brightness

(i.e. luminousity)is needed as is a certain l i t  area per cell. A degree

of contrast is required between the lit cell and the unlit cell and

is also required between the l i t  area and the sur round  in a cell.

Final ly the level of ambient  light  is importan t when de f in ing  those

parameters and the reflectance of ambient off the front is also a

factor.

As regards br igh tness ,Fig. (5) illustrates measured brightness

of a cell  as a f u n c t i o n  of EL dr ive  vol tage . In p r a c t i c e  a l i m i t  is
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imposed by the ability of the TFT matrix to switch the EL drive

vol tage  and the d isp lay  is l im i t ed  to the3 O— 5O fL  region.  The reason

for the spread lies w i t h  the v a r i a b i l i t y  possible wi th  change in EL

phosphor layer thickness . Thicker films are lower in brightness for

a given EL drive voltage; on the other hand the thicker the film the

better the life. The lower end of the ran ,40 (30 fL) is preferred and

this has been found to allow good legi h i l i t y  in room light and with

filters to allow reasonable legibility in directed 4000 ~c gun ambient

l ight . Two f i l t e r  systems were examined.  One was a standard circularly

polar ized  Polaro id~~~ green f i l t e r  which helps ambient reflection and

has a cer ta in  degree of selective transmission enhancement. The other

filter system is based on a black louver arrangement  that selectively

blocks ambient while all wiug full output brightness through the louver angle

This of course does reduce viewing ang le but  not  severely.  Fig (32)

illustrates contrast ratio as measured with spectra~~~ spot brightness

:~eter in an ambient of up to 10,000 fc produced by a 3200°k photographic

flood lamp . The cont ras t is defined as:

B — S
C = l00 —~-~- %

t

is the total brightness on a lit spot

S is the scattered brightness on an unlit spot

As can be seen f rom that figure using the transmission filter

the contrast ratio at 4000 fc is >40% at a 40 fL average brightness.

This  i n d i c a t e s  s a t i s fa c t o ry  l e g i b i l i t y  u n d e r  tha t  cond i t ion , which

correlates well with our subjective results.
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Add ition of an evaporated black layer under the EL electrode

pad (bl ack “smoke ” SiO being used) imp roved legibilit y at high ambient

but  reduced br i gh t n e s s .  F u r t h e r  e f f o r t  at  b lack  enhancement  was deferred

because of the much g r ea t e r  po ten t i a l  possible w i t h  the evaporated

phosp hor f i lms  as descr ibed  in A p p e n d i x  I I I .

Contrast [on/off in an element] can also be evaluated as a

function of gate bias , Fig (33) illustrates the r e l a t ionsh ip under  the

conditions of 50 fc ambient on the display . The contras t ratio exceeds

100:1 and there are about 11 v 2 intensity grey levels in the t r a n s f e r

function , an i m p o r t a n t  po in t  for video use as detailed in Appendix II.

Alth ough these figures are reasonable it should be pointed

out that the highl y light reflecting nature of the phosphor and top

gold electrode does cause difficult y at high ambient brightness levels

especially if the ambient is “lion di rected” as is the case with ~~~~

bright sunlight. Attempts have been made to make the top gold non

reflecting and it is believed that this would work well if optimized.

Howeve r further work in this direction was discontinued with the upsurge

in results in the evaporated thin film EL.

4.3.2 ElI . ctrjcal input requirements

The case of interface of the display to existing , solid state

data sources is the result of the separation of the information

electrical input from the relativel y high vol tage o f the ac—EL powe r

source . Thus , un l ike  o t h e r  d i s p l a y  t echno log ies , e . g .  gas p lasma ,

where  i n f o r m a t i o n  has to be ‘ o~’cr 1 ii d ” over t h e  250V or so d r ive

voltage , the information can be provided at reasonable voltage levels ,
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Table 4—1 summarizes  the opt imum typ ica l  r equ i rements .  Two f ac to r s

are important here ; firstl y these voltage levels do vary somewhat

from disp lay to display . Our data indicates that- under semiproduction

conditions (e.g. as are found inour computer controlled pilot line

operat ion) the optimum settings are within a few volts of these

levels in >75% of the  ~g~~4 displays made. This of course excludes bad

displays where errors or process problems occurred. Note also of

course that whereas +1OV is optimum for source positive this means

that anything above that is usable as long as breakdown or accelerated

d r i f t  problems don ’t become s i g n i f i c a n t .  The table  lists, therefore,

limit ranges as well as optimum values . Displays were successfully

refreshed between 30 Hz and 250 Hz , however the 30 Hz limit is somewhat

difficult to maintain ove r many runs ; a more comfortable limit is

60 liz . A variety of EL drive waveforms were found acceptable . Fquare

wave when compared with sinusoidal gives higher brightn ess per p—p volt

but does result in a small compromise in ph osphor power efficiency .

Triangular waveforms are also usable and are a good compromise between

square wave and sinusoidal. EL phosphor drive frequency is optimal

around 5 kHz but 4—10 kHz is an usab le range . The effect of EL

wavefo r m freq uen cy on phosphor properties is discussed in Section 4.5.

Table 4—1
Elec t r i ca l  Inpu t  Parameters

Source positive +1OV

negative —20V

Gate positIve +l5V

negative —40V
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4.3.3 Power Dissipation

In the evaluation of alphanumeric or other disp lay panels , the

value of their dissipation is of primary importance. However , the

measurement of the dissipation is not too easy . Very few wattmeters can

be found on the market which will measure dissipa tion of disp lay

panels where non—ohmic impedances and non—sinusoidal voltages with

frequencies in the range of 10 kh{z ire encountered .

Dissipation of plast ic embedded , and TFT—EL alphanumeric

d isp lays were measured with thts electronic wattmeter. From the dissi-

pation , br ightness and current data the luminous efficiency and the

power factor were calculated .

Figure (34) shows the brighness and efficiency data of a plastic

embedded thin EL cell made of hypermaintenance phosphor . The effect of

a thin Si0
2 

coating on the N ES A coated substrate shows up by the improve-

ment of the efficiency . Figure (35) illustrates a summary of measured

phosphor layer properties , cu rrent , power , etc. Figure (36) shows luminous

efficiency as a function of various frequencies.

Measurements of complete displays of various formats , sizes

and resolutions are given in Table 4—2 .

In summary it is clear from Table 4—2 that we have realized

our overa l l  aim , v i z , the use of the  ac t ive  TFT matrix has allowed us to

select a display medium tha t has good power efficiency since we are not

cons t ra ined  by the  need to use a m a t r i x  s e l e c t i o n  medium . The very low

power dissipation of the disp lays is a very attractive feature .
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Table 4—2

Measured Power Dissipation in Various Displays

The powe r diss ipation in the panels was measured under
conditions where the display was legible at 2000 fc (with filter).

The resul ts  obtained were as fol lows :

DMD FORMAT

Single level panel Double level panel

No. of Milliwatts No. of Mil l iwat ts
characters* total whole~panel ch arac ters* total whole panel

0 50 0 135
56 145 56 390

128 235 128 520
256 425 256 980

6” x 6” 20 ipi format

No. of characters  
-. powe r (MW)

130 700
65 475
0 130

6” x 6” 30 lpi format

No. of characters power (MW ) 
__________

70 355
140 470
280 580
320 610

*( 8 character on the display in all cases)
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4 . 3 . 4  M i l i t a r y  Environmental  P roper t i es

Although environmental testing was not a part of this program

some tests were conducted. In addition from the nature of the device

construction certain conclusions can be anticipates . In this section each

of the prime areas relevant to Army field equipment (e.g. MIL STD 810)

are briefl y touched upon .

Temperature and Thermal Shock

Detailed tests on phosphor lamps made in a manner identical

to the disp lays have indicated that no significant brightness or

efficiency deterioration occurs within the range of operating tempera-

tures +70°C to —59°C and other tests indicate that the TFT circuits c emain

operational in this range . The data regarding the TFT performance at

elevated temperatures is given in Section 4.4.2. The phosphor

br ightness and dissipation vs temperature data is given in Table 4—3.

Table 4—3
Voltage Current Brightness Diss Diss Eff

Temp
t 

5 kHz mW/ 2 ln/
RMS mA fl mW 7cm /w

(1) 25 °C 80 91.3 44 2221.1 65.7 .72
(2) —52°C 100 65.0 44 2151.8 63.8 .74
(3) 25 °C 80 87.5 45 2107.6 62.4 .78
(4)  72 ° C 77 114.3  45 2919.1 86 .4  .56
(5) 25°C 80 93.0 43 2 2 3 4 . 5  66.1 .70

Samp les of display panels have been successfully subjected to

.c~~ ae r a t u r e  shock t e s t s  where the  dev ice  was r e p e a t e d l y  taken f rom +70

to —54 °C in less t h a n  5 m m .  The d i sp lay  panel samp les were tes ted
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using methods based on MIL STD 810, Method 503.1, Proced ure 1. Some

simplification of these tests was utilized but the tests were strongly

indicative of no p roblems in this area.

Alt itude

The display contains no voids , gas f illed envelopes , or

compressible areas and is a solid 1:u~.inated structure . It should

survive at very high alt itudes.

Humidity

The construction of the disp lay should allow the panel to

operate without significant degradation after exposure to high (100%

RH , 85°F) humidity.

This disp lay is at present sealed with cured epoxy. If

necessary glass hermetic edge seals could be used.

~lectromag~~ tic Comp~ tibi1~~y

In i t i al ,  t e s t ing  of the ope ra t i ng  pane l has been conducted to

determine i ts interference (emission and susceptibility) to electrical

and electronic noise. A high frequency oscillator , with probe placed

across the disp lay , was slowly scanned up to 600 kHz. No interference

whatsoever was found. Repeated switching of a fluorescent starter

circuit in the immediate vicinity of the device did not affect it when

the house powe r supply driving the test exerciser was not on the same

c i r cu i t  ‘oop as the lamp . Some power line “spike” e f f e c ts could be
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observed when on the same circuit but these we re traced to the keyboard

log ic c i r cu i t s  or were not a f u n c t i o n  of the  disp lay  i t s e l f .  Numerous

other electronic devices such as oscilloscopes and powe r suppl ies were

operated within inches of the display without interference . It is well

known that the field effect transistor structure is comparat ively

resistant to such effects relative to bipolar devices.  These tes ts

were conducted without any face  p l a L t .’ s h i e ld ing .  In p rac t i ce , a trans-

parent , grounded, conductive coating on the disp lay could be provided

to enhance its resistance to electromagnetic emission and its related

susceptibility.

Examination of the ability of the display not to emit

radiation that could interfere with electronic equipment was briefly

conducted. A radio with aerial placed itear the device did show that

interference does occur at certain frequencies. This appears to be

associated with the scanning circuitry employed in the display dr ive

package and transmitted by the leads to the device . Relative to the

leads , the display face itself was a mino r influence as far as could

be determined. A conductive shield should minimize this effect. It

should be noted that the low power dissipated in the TFT—EL display

should be a major factor in reducing emitted radiation relative to

other display technologies.

Shock and Vibration

The display panel is a rugged and shock resistant device

relative to any othe r comparable glass-based display . The design

ensures that the panel is able to survive shock experienced in military
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vehicle transportation and servicing and bench handling. Our experience

wi th a pro perl y fabricated panel has been very favorable.

Tests based on NIL STD 810 method 516.2 Proc. 5 were success-

ful although furthe r tests are required. The panel is a simple

laminated entity with l~~’tl e potential for resonance or destructive

vibration modes. No problems are anticipated in this area.

4.4. TFT Performance Attributes

As was derived in Section 2.2 the use of the TFT in the modes

required for circuit operation placas certain specifications on them.

These include certain specific initial device thresholds and gain and

also required short , and long term , stability levels. In this section

data relating to the operational characteristics of the devices is

presented first; then follows stability data including the results of

accelerated life test data performed on individual devices. Also

discussed is the TFT spatial uniformity over these relatively large

areas. Finally the question of TFT reproducibility is treated .

4 . 4 . 1  Device Charac te r i s t i cs

Th is topi c could well encompass many volume s similar to this

report , indeed several papers have been published on device character-

istics as part of this contract , (see Section 7) as well as extensive

documentation in the quarterly reports . This section will therefore

summarize ,and in addition present some newe r more fundamental data.
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The transconductance (g) of the TFTs as fabricated in this

program , were not found to be constant parameters as predicted by simple

theory , but were in fact functions of gate voltage . This arises since

carrier mobility in the polycrystalline semiconductor films is strongly

voltage dependent. Fig (37) illustrates g as a function of gate

voltage , and Fig (38) shows measure d device mobility as a function of

carrier concentration and hence gate voltage .

An unusual feature of the devices is the slow “turn on”

characteristic at gate voltage near the threshold. This arises from

the low mobility in this range; the I
D

/ I C behavior being nonlinear.

It was observed that in enhancement devices mobility increases with

increas ing V
G 

but in depletion devices the mobility inc reases ro a

maximum and then decreases.

Table 2—1 illustrates the optit~ial device properties that

were eventually standardized upon and Fig (39) shows a typical device

I/V relationship. The very low leakage or “o f f ”  current is a remarkable

feature ; it appears that in devices with good gain it is very possible

to reduce “leakage ” current to close to a limit imposed by glass

surface conductivity (<1 nA) — see Fig (40). Further the device is

stable for long periods in this range providing the gate is reverse

biased occas ionally.

Another significant advance in device technology has been

the achievement of a reliable 300 VSD power device. The principle reason

for this lies in the high qu a lit y (intrinsic and defect) A1
2
0
3 

gate

insula tor  and the 5—6000 ~ gate i n s u l a t o r  thickness  possible wi thout

loss of g with the CdSe TFTs as developed in this program.
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4.4.2 Stability Results

Instabilities in TFTs are manifested chiefly by variations

in threshold voltage and carrier mobility with time and temperature .

These variations may also be voltage (or more correctly ,  f ield)

dependent. In most TFT devices , the threshold voltage is the predomi-

nant field dependent instability :c~echanism . Both ionic and electronic

processes can lead to threshold instability . However , the chief

instability mechanism in TFT devices is electronic trapping , a field—

dependent process whereby electrons from the conduction band in the semi-

conductor are transferred under positive field into the insulator where

they ”fall” into discrete energy states called traps. These traps can

be caused either by impurities in the insulator or by defects in the

lattice structure introduced during the deposition process. The

lattice mismatch at the semiconductor—insulator interface can also

create trap levels, often called surface states. The density of

trapping states is found to vary wrth the type of insulator material

used as well as with the deposition parameters. Post deposition

annealing and surface passivation can also significantly reduce

trapping .

In n—type TFT dev ices, electron trapping is charac terized

by a slow decrease in drain current with time under conditions of a

constant positive dc gate bias applied to the device. The time

constant for this trapp ing is logari thmic in na ture , indica ting a

tunneling process between the conduction band electrons in the

semiconductor and trapp ing centers located in the bulk of the
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insulator . After all the t rapping centers are filled , the drain

current becomes constant. The process is reversible; that is , under

negative (or zero) bias , electrons empty out of the traps and transfer

back into the semiconductor.

Stability measurements performed on TFT devices were divided

into two phases , short—term and long—term. Short—term stability

measurements consisted simp ly of monitoring the volt—ampere character-

is t ics disp layed on a Tek t ron ix  576 curve t r ace r  fo r  a per iod  of

10 minutes and recording the change (if any) in the saturation trans—

conductance g . The t r ansconduc t ance  of a TFT operated in saturation
ms

is given by

ZjC .
= 

L ~
‘G 

—

and is equal to the rec ip roca l  of the linear ON resistance of the

device (c.f. eq. 7a). Changes in g are thus indicative of changes

in RON . ~
1
D 

— V
D

) vs V
G 

measurements taken at time = 0, 2 , 5, and 10

minutes for each device were recorded from a number of devices

selected at random ; they showed an average drift in transconductance

over the 10 minute interval of 0.7%.

An extensive accelerated life—test program was carried out

to obtain data on the long—term stability behavior of TFT devices.

Ove r 100 ,000 dev ice—hours of reliability data have been obtained on

discrete devices at temperatures ranging f ro m 25 °C to 100°C , operating

under signal conditions corresponding to those used in actual disp lay

panels. 100 individual TFTs wi re co~ nected in the circuit configura—
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tion illustr ated in Fig (41). Four groups of 25 devices each were

p laced in ovens at temperatures of 25°C , 50°C , 75°C, and 100°C f o r

1000 hours. The bias  scheme , as shown in Fi g ‘4 1) , consis ted of

app ly ing a constant dc bias to the gate electrode , while a combination

of a dc bias and a 10 kHz ac si gnal is app lied to the drain circuit;

this combination being chosen to approximate actual panel opera ting

conditions . The relays RY—l ana Ri— . forn~ part of an automatic test

sequc.lce. apparatus which automatical ly scans each device under test

(DUT) at selected test intervals (eg. every 1 hour , 5 hours , etc ) .

Each DUT is scanned for 30 ms during whicn both RY—l and RY—2 are

closed . This momentarily “shorts” out the 10 kHz ac signa l being

app lied to the particular TFT being scanned and biases the DUT into

the “linear ” reg ion while a digital voltm eter (DvM ) connected through

RY—l records the drain voltage (V
D
) of the device (which is related to

the drain current by (1 — V
0

) / l O K ) .

D u r i n g  t h i s  b i a s — t e m p e r a t u r e  test  a slow decrease in drain

c u r r e n t  u i th  t ir e was observed . This decay in drain current is a

result of electronic trapp ing , as d iscussed earlier. At the end of

500 hours the biases were turned off a:~2 the recovery of the drain

current was recorded for the second 500 hour period ; the biases being

periodical l y reapp lied to momentarily measure the drain cur rear

The results of the accelerated operational li fe-i ’ ‘~ s i t .

p lo t t ed  in Fig 14 2 ) .  Shown in the  upper  p or t i~~n o~ t h e

fractional drain currents (expressed as a p e r ’e . ’ •~~~~‘ ‘

drain current) for each ot  t i l e  f o ’~ r

time under bias. lich curve r o p r e~~. a t ~ •

devices. In the lower p r ’  l en  ~~~~ I
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Notice the logarithmic time dependence of both the decay and

recovery characteristics. For the 25°C, 50°C and 75°C ranges it

is noted that the decay in drain current owing to electronic trapping

increases with increasing temperature. At 100°C, however , the net

trapping rate decreases, probably owing to either a temperature—

activated “detrapping” mechanism or to compensation resulting from

the migration of ionic species in the insulator. If we associate

an activation energy with these two temperature regions, then based

on the data of Fig (42),we obtain a value of 0.8—1 eV for the 25°C—

50°C region and “ 0.7 eV for the 75°C—l00°C region. The slope of

the decay characteristics for 75°C and below is approximately lO%/

decade in time and for 100°C it is approximately 7%/decade. A

“half—life” based upon extrapolation of these values to a 50% decay

is roughly 12 years.

It is to be noted , however , that the trapping process

is reversible, as evidenced by the recovery characteristics

illustrated in the lower portion of Fig (42). In fact, application

of a reverse bias (—5 V) for a period of 24 hours at the end of the

500 hour zero—bias recovery period was sufficient to restore the full

100% of the initial drain current values. This feature can of course

be incorporated into the address circuits depending on duty cycle etc.,

if necessary. However, in actual practice the displays are operated

in modes such that d.c. gate conditions are rare.

A further test (still continuing) was based on a free running

astable multivibrator consisting of two astable TFT switches , two TTT

current source loads and two TFI output devices driving on LED.
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Further details of this test are given in several of the

quarterly reports; the result was as follows:

Prior to the start of the test, curve tracer I—V characteris-

tics were obtained on device T1. The circuit was then started and

left to run continuously. The LED flashes at rough~.y a 1 Hz rate, and

periodic data was obtained simply by measuring (with a stopwatch)

the time required to generate 100 pulses. The data are shown in

Fig (43). After 30,000 hr of operation , I—V characteristics were

again taken on T1, which were very nearly identical to the original

set except for a slight shrinking due to a small shift in threshold

voltage (approximately 0.4V) as a result of slow electronic trapping.

There is no evidence of fast trapping as indicated by the equivalence

of pulsed—mode characteristics and dc characteristics.

The change in the pulse period after 30,000 hr of continuous

operation was 16% and can be attributed to the shift in VT. This

change in VT with time is essentially logarithmic, 
so we would expect

another 16% shift after 200,000 hr (25 years).

4.4.3 Uniformity and Reproducibili~y~

The spatial uniformity of device (TFT) thresholds is important

to ensure uniform operation , of course as was derived in Section 2.2.3

there is a wide latitude in typical alphanumeric operation where the

matrix is essentially run in saturation. It is important however that

gross variation does not occur and in fact if the goal of an integrated

“internally scanned” display is to be achieved then the achievement of

good device uniformity becomes much more critical.
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Much data has been presented in the quarterly reports that

summar izes , in cumulative histogram form such parameters as “off ”

(leakage current) at fixed V
GS 

values and ON resistances. This data

will not be reiterated here except to say that the data were very

encouraging with a virtual 100% acceptance over 6” x 6” areas .

More recent data has been acquired over the 6” x 3” (“DMD”)

displays ; this data was collected with the computer interfaced automatic

“Electoglas ” wafe r probes . Table 4— 5 summarizes the results which

confirms the earlier data. It appears that provided mask (and hence

pattern) geometries are satisfactory, and provided that no dimples

or waviness in the masks is present and hence pattern sharpness is good ,

then uniformity of device threshold is better than ± 10%

The grey—level video imagery shown in Fig (48) of Appendix II is

direct proof of device threshold uniformity .

Reproducibility is a difficult question to adequately treat

in the realm of a research contract since of necessity process parameters

change as the program evolves. Recent results on the related

Manufacturing Methods Contract (DAABO7—76—C—0027) where device recipes

are held constant , are more relevant. Although the bulk of this data

is reported in the quarterly reports on that contract the data indicates

that , fo r example , out of ten sequential runs (7/26 to 8/22) seven had

TFT device thresholds within 10% of each other and that of the remaining

three one was incorrectly doped and the other two had poor source—drain

pattern definition . That data is furthermore typical and not especially

selected. The message is that if the process is held constant and no

89



Table 4—4

TFT Thresholds as a Function of Location
Location x location y V

T 
V
T1 2

10 13 1.1 0.6
10 15 1.0 0.5
11 17 1.0 0.6
10 14 1.1 0.5
11 16 1.2 0.4

10 68 1.3 0.5
9 70 1.2 0.5
8 71 1.2 0.5

10 70 1.3 0.4
9 71 1.1 0.5

109 38 1.3 0.4
111 37 1.5 0.6
110 38 1.2 0.3
111 38 1.3 0.5
112 38 1.1 0.5

219 70 1.1 0.4
219 71 1.1 0.4
222 68 1.3 0.3
220 70 1.2 0.5
220 71 1.4 0.6

217 12 1.3 0.6
217 13 1.4 0.5
218 13 1.2 0.3
219 12 1.1 0.3
219 12 1.3 0.4
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untowa rd events occur then the TFT is a rep roducible component. The

data on that contract is fur ther  indicative in that a check of 5 early

ci rcuits (made in May 1977)  compared to 5 later circuits (made in

August 1977) showed that the average device threshold was within a

f raction of a volt between the two groups.

4.5 Hypermaintenance “EL” Phospho r L i fe

Developments in the phosp hor area confirmed that we have a

phospho r capable of extremely long l i fe  (“~7 , 0OO hrs , 5 kHz , L = 30 f l

fo r example). See Fig ( 44) .  It has also allowed us to answer the

question does the phosphor actuall y deterio rate to a f in i te  level or is

it a very long l i fe  material  that will nevertheless slowly lose br ightness .

A f t e r  considerable work unde r most careful  conditions we now

can define the deterioration behavior of very long living phosphors

operated unde r constant conditions . In particular , asymptotic approach

of L/L towards a finite level does not seem to occur. All phosphors ,

including very long-living ones , appea r to approach zero after sufficiently

long operation times.

We observed empirically that the shapes of the deterioration

curves of most or all phosphors operated under “constant conditions”

follow closely the relationship

L 1
L ‘ 

(1)
o 1 + ( t / t)~~

The value of the index , n , generally is between unity for short—living

phosphors and 1/2 for long—living phosphors. A convenient fit of
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experimental data to this equation is obtained by plotting the quantity

(L / L  1) as a funct ion of the time , t , both in logarithmic calibrations.

This plot yields a st raight line of the slope , a , and an intersection

with the ordinate (L /L — 1) 1 at the half—life , t as in Fig (44).

Equation (1) can be , and has bee n , used to dete rmine half—

l ifes of ~~~ hours and longer with actual test times only a fract ion

of r .

Equation (1) is observed to provide a good f i t  to experimental

data in all cases of constant operating conditions. This includes

constant humidity. Fairly strong deviations from (1) may occur if

constant humidity is not maintained during the life of the EL cell.

Although phosphor life is very good relative to commercially

available ac—powder EL we still do not regard it as a final answer.

Some difficulties in batch to batch variation caused problems and the

life is still marginal for many applications .
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4 . 6  Con s ide ra t i ons  Regarding Disp lay Lif e

The factors raised by life requirements can be divided into

three pr inci pal areas .

1. Brightness deterioration that will occur with operation .

2. Defects that could occur , elements or lines turning on or off

and not being controllable . These could arise bocause of sh •rt~ (11

opens in the circuit.

3. Changes in the TFT properties with operati-lu that could cause

the elements to drift out of Specif1CJLI~ln . This applies to the t.ircuit

p la te  somewh :it but is m ’re signi fiL t. i t  ~-i~ w i s o  to n u r ~~uc ~nt c~ r -ted

peripheral scarsni.~, circuits.

We are confident that we can satLsfv these conditions for the

following reasons .

The change in El brightness with nperating life is known and

def inable under  comp arabl e dr ive and process conditions to those required

here . half lives of ‘5000 hr have beLn observed with, this tabric ation

method , the phosphor fol1o~ ing the slu~ decay rc lationship suown in

Fig. (44). This fi gure is a revision of prior data
+ 

wi~ero a somewhat

longer half life was indicated. Recent results nave shown that ilie is

strong ly dependent on the ‘~e t h d (‘t forming t h e  EL layer. Using a brush

type approach to phosp hor deposition results in a higher phosphor/binder

ratio. The result is that the eabedded phosphor layer has somewhat

longer life than if a high binder content is present.

+
Quarteri y Report ~~~~~.
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I
The method now used to fabricate displays (spray) results in

a higher binde r ratio in the eventual layer. We have discovered ,

the refore , that a mo re realistic f igure for  a ha l f—l i fe  for  phospho r

layers prepared in the same fashion as the display is ~\‘6,OOO hr

(see Fig. (44) .

It is possible to stil l  meet , with adequate leeway , good

operational life times. Using the relationship of Fig (44) and the

phosphor voltage/brightness relationship, it is possible to convert a

1000 hr requirement (say) into drive voltage. We have determined that

40 fL is more than sufficient to meet 4000 fc legibility . To be able

to achieve this after say 1000 hr requires that the matrix circuit be

capable of handli ng a drive voltage equivalent to L1, where L1 is

derived f rom the value of (L1/L 0 
— 1). When t = 1000 hr in Fig (44)

this is “~0.4O . Therefore L1/L 0 = 1.40 and since L
0 

40 fL , the n

L = 56 fL and the required voltage drive condition is ‘t~90 V . This1 rims

is only marginally above the initial drive requirement of 80 V
rms and

is well within the capability of the matrix and TFTs. This surprisingly

small increase in the maximum voltage rating comes about because of the

• superlinear brightness/voltage relationship inherent in EL phosphor.

The question of TFT matrix “life” is well documented and

reference is tnade+ to previous publications on this topic. Two major

factors are important: the appearance of defects (related to matrix

shorting) and device drift. Two classes of defects are present in the

display -- initial defects and those that appear during life. The

former are counted as scrap and are not, therefore , under consideration.

+
E. W. Greeneich and F. C. Luo publication , Section 7, p. 101.
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The latter we have found come under two categories: Those which appear

in the f irs t few hours of oper ation due to poor quali ty crossovers or

devices and those which appear during regular operation . Our experience

is that the vast majority of defects appear during the first few hours

of life. Af ter this it is relatively rare to observe a defect appearing

if the voltage used in the initial burn—in is not exceeded . This

phenomenon , called “infant mortality,” is comm on to all integrated

circuitry . Based on this , we conduct a 20—hr burn—in at the maximum

voltage rating after each disp lay is fabricated. A failure here

is considered part of fabrication yield , not life . (The question of

initial “as fab r icated ” defects is discussed in Section 4—2 above).

Transistor threshold drift is a phenomenon that does occur ,

as indeed it occurs with all silicon MOSFET transistors. With regard

to the matrix transistors , it is of relatively little significance ,

as has been discussed previously.. The effec t of drift on alphanumeric

or other non—gray level disp lays is minimal since the devices are

operating in a saturation node . However , this is no t the case for  the

per ipheral scanning circuits. A detailed discussion of our results on

drift , that indicate at least 20,000 hr of operational hours,is given

in Section 4.4.2.

It is clear , therefore , that the technology can satisfy

a significan t life requirement. To be sure , we cannot at this stage

point to extensive life data on existing displays. Such experiments

are being set up now as part of the present MM&TE program .
+

+
USA ECOM Contract DAABO6— 76—C—0027
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In an initial test a 600 hrs life program was set up and run.

The entire panel was exercised (every element), the gates were scanned

and the sources held at constant voltage. The EL voltage was set at

a value to give 2000 fc legibility. The panel was set at 50 mins ON

10 nu ns OFF . Bias settings , defect counts , brightness and power

dissipation were measured before and after the test. The brightness

results are shown in the attached F~g (45). Initial dissipated power —

(all elements on) was 853 MW . The final dissipated power — (all elements

on) was 980 MW. The optimal bias settings were :

Op ti’sal bias settings Initial Final

S+ +12.5 +15.0

S— —15.0 —20.0

+10.0 +12.5

-~~~~~~~ C— —50.0 —50.0

No ON elements turned off and only “~2 off elements turned on. A few

(7) new shorts appeart~ but these were minor.

This tes t, although incomplete and brief , is su f f icien tly

encouraging that no major life problems are excepted when the display

moves into production .
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Fig (45) 600 hr  cons tan t bri ghtness—1jf~ test
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5. Conclusions

The overall concl usion from the program is bo th simp le and

clear; the concept of a TFT assisting array integral with an electrolumin-

escent dot matrix is realizable and results in viable solid state flat

panel displays of great future utility to the US Army .

The major attributes of that overall conclusion are:

(i) Large matrices of TFTs and thin film capacitors can be fabricated

by relatively simple methods with minimal defects .

*
(ii) The TFTs are sufficiently stable , bo th in long and shor t term

aspects for militarily usable displays.

(iii) The TFTs can be made with a consistent 300V switch capability .

(iv) Low enough “turn off ” curren ts in the devices are achievable so

that frame period elemental storage is viable .

(v) The gain—bandw idth limitation or’ these CdSe TFTs is such that no

speed related problems are evident and fast refresh real time

imagery, and per ipheral address scan circuits made from the same

devices, ar e poss ible

(vi) The display of grey level imagery is possible with good uniformi ty

through source voltage modulation .

(vi i)  The “hypermaintenance ” EL phosphor is a viable medium for solid

s ta te  disp lay ; its powe r ef f ic ien cy is excellent , b rightness

and l i f e  reasonabl y good .

(vi i i)  That the TFT mat r ix  can be simply isolated f rom the ac—EL drive

voltage .

( ix )  The TFT app roach o f f e r s  .i complete so lu t ion  to the problem of

m u l t i — e l e m e n t  dot ma t r i x addressing and the r e su l t ing  displays have

major  pe r fo rmance  advantages ove r all  competing devices.

*A mi nor d r i f t  p r o b l e m , obse rved in the OFF condit ion , has recently been
cor rec t ed .
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During the course of this contract the following personnel

have made di rect contributions to the e f f o r t :
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7. Publications, Reports, Conferences and Lectures

Several papers we re published during the course of the program

that included data in whole or part derived from the contracted effort.

Acknowledgement was made to the US Army (ECOM ) in all these listed

papers.

“Large Scale Integrat ion for  Display Screens ” , Presented at the 1975
Chicago Spring Conference on Broadcast and Television Receivers .
Published in IEEE Trans . CE—21 , 260 (1975). T. P. Brody.

“A 6 x 6 inch , 20 ipi Electroluminescent Display Panel ” IEEE/SID 1975
Conf . on Display Systems , T. P.  Brody , F. C. Luo , 2. P. Szepesi ,
D. H. Davies. Also published in IEEE trans . ED—22 , 739 1975.

“Integrated Electrooptic Displays”, p. 303, in “Non—Emissive Electro—
optic Displays”, ed. A. R. Kmetz and F. K.  von Willisen, Plenum Press ,
NY , 1976. T. P. Brody .

“Real—time Video Per form ance of TFT—Addressed EL Panels ” IEEE/ SID
Biennial Display Conf . , New York , Oct .  1976. T. P. Brody , F. C. Luo ,
Z. P. Szepesi , D. H. Davies , P. C. Kennedy .

“A 350 Character  TFT—EL Display ” Presented at the 1975 International
Electron Devices Meeting , Washington DC. Published in p. 250 of the
Proc. IEDM, 1975. T. P. Brody, F. C. Luo , D.H. Davies and Z. P. Szepesi.

“Large Area Masking Techni ques fo r  TFT Arrays ” , SPIE Seminar in “Develop-
ments in Semiconductor Microlithography” San Jose CA April 1977,
T. P. Brody .

“Modern Trends in Display Technology” IEEE Device Res. Conf., U. of Utah
June 1976 , T. P. Brody.

“Performance Characteristics of Thin—Film Transistors Used in Large—Area
Integrated Solid—State Displays , E. W. Greeneich and F. C. Luo , Proc. 24
IEEE—ECC ConE Washington DC 1974 p 16

In addition eleven quarterly reports were published on this
cont rac t .
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APPENDIX I

DESIGN OF AN EL—PANEL DISPLAY EXERCISER

In order to subjectively assess the performance of comp leted

panels , it is essential to opera te the panel in a manner approaching

its eventual ut i l izat ion.  The t h i n — f i l m  TFT integ rated matrix panel

is so novel , however , this was not an easy task. It was decided that

a su itable sys tem for  initial demonstration should presen t alphanumeric

data, refreshed at rates approaching those of TV video systems . As

explained above the multi p lexing matrix approach to disp lay s , whethe r

they be TFT , gas discharge or whatever , usually requi res a line at a

t ime add ressing mode , i . e . ,  although each elemen t is individually

add ressed the display information is presented with a line by line

refresh mode . In the exercised panel alphanumer ic cha racte rs are

disp layed in a 5 x 7 element format , i .e . ,  one cha racte r in each

5 x 7 rectangle . This same character was repeated several times in

one direction with a 2 element gap between each unit display cell.

Seven separate characters were available laterally along the panel

and then repeated. In later versions this unit character block was

increased to 14. The entire display is refreshed once every 1.2

milliseconds on a one row at a time basis at 60 Hz. 120 Hz and 30 Hz

was also available. The 100 usec for loading column drivers and the

remaining 60 psec for transferring voltage to the storage capacitors.

Individual intensity control for each alphanumeric cell was not
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available, but overall intensity variability for the whole display

was adj ustable through change in the ampli tude of the EL-power supp ly .

The exerciser was designed to be fully portable and self contained and

supplies both the hi gh frequency powe r to the EL as well as the

app ropriate gating signals.

A logic block diagram is shown in Fi g (.~.b).

A description of operatlo~-i of the logic and power suppl y

design etc is available in the quarterly reports.

Several complete exercisers were constructed. A view of

the equipment , with blank panel attached , is shown in Fig (47) .  As

illustrated the whole unit is packaged in a conventional suitcase and

is readily portable. To provide a quick check on the logic f u n c t i on s

a simp le 5 x 7 element LED display was made and in te r faced  wi th  the

exerciser.

In the la te r  versions the heavy commercial power supplie~4

were replaced by solid state supplies of our own design . This

improved the possibi l i ty and allowed the entire units to be packaged

in one suitcase .

All the exercisers func t ioned  to their  design requirements

and on the whole were reliable and rugged.
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APPENDIX II

LIVE TV ON THE TFT-EL DISPLAY

We have reported above on 6 x 6 inch , 20 and 30 lines/inch

electroluminescent displays, controlled by a matrix—addressed array of

thin f i l m  transistors deposited directly on the panel. These panels

were of course designed for  alphanumeric data display , i . e . ,  simple

ON/OFF operation of the display elements.

However , since the thin film transistors controlling the

brightness of the individual display elements are capable of analog

operation , we a t t empted  to operate the panels with video inputs.

To this  end , an exerciser which was originally designed to

place video imagery on our 6 x 6 inch liquid crystal  display , was

adapted to provide the higher voltages required to drive the EL panels.

A 3—bit  grey scale representation of a TV line is stored

in a s h i f t  register , and applied to the panel through D/A converters at a

line at a time . In operation , during the odd frame period TV line 1

is stored and , during line period 3 , is entered into panel line 1.

TV line 5 is entered into panel line 2 and so on. In the even frame

period , TV line 2 is stored and entered into panel line 1 during line

period 4, then TV line 6 is stored and entered into panel line 2, etc.

• The experiment was ent irely successful , and good quality moving

television imagery , taken directly from off—the—air signals, could be

displayed on all our alphanumeric screens. Particularly satisfactory is

the complete absence of smear from fast—moving images.
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Panels with both green or white EL phosphors have been

successfully operated. Highlight brightnesses over 30 f 1, and good

visibility in normally lit rooms have been obtained , consistent with

low overall power consumption. With typical imagery at good room

light legibility the panels dissipated about 2W. The panel response

was sufficiently uniform so that the quantization contours (caused by

the 3—bit grey scale input) could be clearly seen across the image.

Substantially better performance is expected from panels

designed specifically for television displays. However, the results

so far provide a strong feasibility proof of the high potential of TFT—

matrix addressed displays for video applications. Fig (48) and Fig (49)

illustrates the results. It should be noted that this effort was not

directly supported by USAECOM but was a company funded effort.
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APPENDIX III

ANTICIPATED FUTURE DEVELOPMENTS

This program has been a convincing demonstration of the

validity of the basic concept of active, thin film matrix addressing

for solid s tate disp lay . Further the original premise that use of the

ac tive mat rix allows selec tion of an opt imal media by removal of the

constraints imposed on the media by passive networks is proven. Hence the

remarkabl y good power efficiency of powder ac—EL phosphor is able to

be utilized despite the absence of a usable threshold in this disp lay

medium. The result is an active (light etnissive) display having

reasonable brightness , excellent low power needs , fas t enough response

to real t ime TV , grey level rendition and hence suitable for multifunc-

tional use (alphanumeric , graphics and imagery). Resolution is

reasonable (~ 3O lpi) and the percent lit area per cell can be up to

100%.

Having achieved this  goal it is reasonable to ask what ’s

n e x t ?  The fo l lowing b r i e f l y  states the directions that the program

is taking as of the date of th i s  report.

(1) Imp roved Performance

Work is unde rway to inc rea se  the resolut ion level; circuits

at 128 and 70 lpi have been made although with smaller areas . An

a t t e m p t is also being made at a small f ull TV line (500 ) 1” x 1” TV

display . To imp rove the optical properties , of the disp lay , in
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particular the legibility is bright ambient light , the powder ac—EL

phosp hor is be ing replaced with the newly “rediscovered ” thin film

ac—EL . The TF—EL p hosp hor as opt imized in recent work at these

laboratories is compatible w ith the TFT device parameters developed

in this program . The transparent phosphors allows the use of black

underlayers with consequent contras t enhancement in high ambient

light levels.

A further objective is the achievement of a “perfec t”

display , i.e. one with no defects . The residual sources of defects

are believed to be t rac table deriving as they do from subs trate and

mask contamination. Improvement in environment cleanliness (to class 100)

and physically integrating the glass/mask cleaning process with the

depos ition process so that minimum expos ure and handling occurs is

be ing implemented. A further more importan t development is the potential

offered by automated ‘~afer probe test equipment. Recent results indicate

that such equipmen t can scan and test an en tire disp lay circuit in

reasonable times. Further the test results can be printed in map

form to allow ins tant interpretation and the firs t real potential for

circuit repair. The prober itself can be easily modified to incorporate

circuit short elimination and poss ibly open patching .

With these factors , now in development , the achievement of

perfect , defect free , disp lays is not onl y poss ible but ough t to be

likely with reasonable yields in production .
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(2) Added Features

The next obvious extension of the technology is the develop-

ment of an integrated display i.e. to provide the “input ” decoding to

the X and Y matrices , and possibly the timing and s~ quencing functions

as part of the panel. This is of course possible with the versatility

of TFT technology , a viable thin film shift register suitable for

driving the 6” x 3” display has been developed and demonstrated.

A further development is the nonvolatile “memory ” TFT and the

incorporation of the device into the matrix. Such a device provides

elemental storage and hence eliminates the need for an elemental

capacitor and the logic device. The simpler structures offer the

opportunity for higher resolution devices.

(3) Manufacturing Potential

As a result of detailed analysis an alternate TF circuit

process concep t was considered as more appropriate for manufa cturing

methods . The inevitable build—up on the mask sets , the lack of pa ttern

registration possible with X—Y methods and the time needed to reset

X—Y location numbers all make this approach less attractive for

production. The use of “dedicated pattern ” masks has been inves tigated

with a completely computer controlled deposition facility; good

quality displays have been made on this equipment. For further

information see the Quarterly Reports on Contract DAABO7—76—C—0027.
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