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(57) ABSTRACT

A pixel circuit, display device, and driving method thereof
are provided. The pixel circuit which is disposed in a place
where a signal line through which a signal current is caused
to flow, and scanning lines through which control signals are
supplied, respectively, cross each other and which includes
an electroluminescence element, a drive transistor for sup-
plying a drive current to the electroluminescence element,
and a control portion adapted to operate in accordance with
the control signals for controlling the drive current of the
drive transistor based on the signal current, the control
portion including first sampling unit for sampling the signal

(22)  Filed: Nov. 29, 2005 current being caused to flow through the signal line, second
30 Foreien Application Priority Dat sampling unit for sampling a predetermined reference cur-
30 oreign Application Priority Data rent being caused to flow through the signal line just before
NOV. 30, 2004 (JP) coocoeoeeeeseee s P2004-347283  Or after the signal current, and difference unit for generating
’ a control voltage corresponding to a difference between the
Publication Classification sampled signal current and the sampled reference current.
The drive transistor receives the control voltage at its gate
(51) Imt. CL and supplies a drive current being caused to flow through its
G09G 3/30 (2006.01) source and drain to the electroluminescence element to make
(52)  US. Cli oo sissssssseenes 345/77 the electroluminescence element emit light.
| CURRENT DRIVER 3
SL~ '
] | AZ
21 |z
ABE w58 (2] |8
wl | Ws2 zo| [=]| |z
ol | zz| O] |=
> T mo| || |m
Zl | R G B R G B 2 e B
m [%2) 'n) I -o"
= |o I |7 =
P WS3 Sl el A
= wsi1 I 5 u B M T 2 g o
ol z||»®
x = o
TS
= b
az DS =
o
S =
Ws2
R G B R G B
WS3
V\elSI 5 r 1 ¥ r % 2
T T
5 41 1 42 43 7



CURRENT DRIVER

Patent Application Publication Jun. 1,2006 Sheet 1 of 19 US 2006/0114200 A1
SCANNER FOR CORRECTION ™
THIRD LIGHT SCANNER — &
SECOND LIGHT ~
SCANNER &

o A o
N ~ w0 o a
] — i - —]
NEEE: 2 2 =
~ <
? 2
- o — p—ri
d
— o |—¢ i
:
— o —4 —i (-9
d L
$-—] e —¢ —1 e
)]
— o — — g
)
—t m — p—i
i ’ wn
{ 3 3 |2
a = =~/
FIRST LIGHT SCANNER — 3
DRIVE SCANNER 1

FIG.1




Patent Application Publication Jun. 1,2006 Sheet 2 of 19 US 2006/0114200 A1

SCANNER FOR CORRECTION ~ N
THIRD LIGHT SCANNER ~$
SECOND LIGHT SCANNER —J;
r—{
1 -
M~ LW
=
/N
§ © J_ -
O w
2 e {4
> S 1L 87|
o
2 H T by
E @ AN ~
z M= 2
« T g
(@] i —
! [“r—'
7 N
- <
wn
~—
w_ | Lh
o =
FIRST LIGHT SCANNER ~ 5
DRIVE SCANNER ad¥a}

FIG.2



US 2006/0114200 A1

A\VA -

Vcathode

T9

FIG.3
FIG.4

Trl

Isig/Iref
E\E |
Ci1=C2

Patent Application Publication Jun. 1,2006 Sheet 3 of 19

WRITE AND DIFFERENCE HOLD

Isig

[Vl ]
|4
=
wl
3
LT
w
=2
7=
[
o
o

— 5

— | E

— “ m

S vl ] Y I

S =

' 2

_b_a____L Nt B I
TN ll_ & —_—

o "1 1r" m-u -

s .H F=1®)

5] N =N | .
/J.,HHH A ep——— =y -
— .". .
TI/M.H S Nl i S IR SR
—_Jd__1_ 4 __
TI>| I|I|—r||||ﬁ ||||||||| —_
| e & ] B B
i
T

o

o -

‘© = 4 o~ o
— Lm wn 7 " N wn

ANnR = = = < o
o%
A
nO



Patent Application Publication Jun. 1,2006 Sheet 4 of 19

Tr2

P S

Vref
lTr3

FIG.5

Vee

—

C1

US 2006/0114200 A1

| @

Trd

Vref

4L

Iref

1rd

-

Trl
Iref \D

Tr5

EL

Vcathode

FIG.6

A Va
l l' Tri/—— 1/2(Vref-Vsig)

Isig

Tr5

EL

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 5 of 19 US 2006/0114200 A1

FIG.7

Vee
Vth1 ‘ECI
XTB — 1/2(Vref-Vsig)
Trz\ . $ Trd
/ o
Trl
JL"'
6—.—-——-—-—_
0,
Tr5
Vcathode
vee
Vthi _EC].
‘ l‘ T3 — 1/2(Vref-Vsig)
Tr2
C2Z i Trd
N
Trl 1ds
/
Tr4
® !
Tr5

— EL

Vcathode



US 2006/0114200 A1

Patent Application Publication Jun. 1,2006 Sheet 6 of 19

SbA

-

g 13XId Ol d3I'1ddV IDVLIOA <---=>
vV 13XId Ol d3I1ddY 3OVLI0A <—=

TIVWS M :g 13XId ——--
399v1M iy 13Xld —— -

INJWHND
JONIOSINIWNT0YLI3TS

4o

f<

bist

SPI



Patent Application Publication Jun. 1,2006 Sheet 7 of 19 US 2006/0114200 A1

SCANNER FOR CORRECTION ~ N

LIGHT SCANNER ~ <

I

Vce

- i
% w o |
(9] (Vo]
> > <. .
= -
Lo |
o ] w_"— N
= > %’ <™
L I Joo
2 L -~
wnE|l D |.__
o Sl &
| <L v _|
7 L
= t] | ~
0
{
DRIVE SCANNER ~ L

FIG.10



US 2006/0114200 A1

Jun. 1,2006 Sheet 8 of 19

Patent Application Publication

ITL OTL6181/1 pLELTLTL
| o |11
m ool
: — g INIOd 1V
: (M/BISIZ)F+UIn I 11IN310d
297 . “ . ; S
: : (it F+wnh: o
: — ¥ INIOd LV
: : P J: WILN3LOd
PA : ; . : e
LAY 3ONIDSINIWNIO0YLDIT3 WAk <
— ik IISIMAMOILI e
” P Lo LLES
NOILOIYY0D WA | NOTLO3YY0D YIA = zv
B T SM
o1 T R
#o4 m —J —J » L INIYIND
_ Bisy— . T IWN9IS
ONIT1dNOD ILIUM ONI1dN0D ILIYM
8 ILIIM  Jadl B ILIIM 43Il
bisy bis]



Patent Application Publication Jun. 1,2006 Sheet 9 of 19 US 2006/0114200 A1

FIG.12

Vcc Vcc

B A Trd

TP TR

Tri| T3 _

Tr6
Iref @:) Iref
EL

Vcathode

FIG.13

vee Vcc

Trl Tr3 Tr5

Tr6/
Isig ‘L) Isig SZEL

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 10 of 19

FIG.

®

Vee

2] b

Tr1

Vee

—_—C2

14

Vee

Trd

Tr3—

FIG.

IIA
Hh

Tr5

Tré

AVA

Vcathode

15

Ids

US 2006/0114200 A1

WS33

WSZE
—

Tr4

RE

—Cs2

Ino

Q’ Isig/Iref

Tr1 ] FO

\

DS

/ EL

Vc a-t—h_o_d e



Patent Application Publication Jun. 1,2006 Sheet 11 of 19

FIG.16
zth Isig Iref  CAPACITANCE

ELECTROLUMINESCENCE .ORRECTION WR”E;WR”E. .CANC.EL

=l LS
.

n
———
O

US 2006/0114200 A1

. ELECTROLUMINESCENCE
———

DS BRI

AZ B
wet .

WS2 o
WS3 Do 5
(Isig 14 !
SIGNAL H—. = Bl B :

CURRENT - - - - e peer Fo b
LLUNE T :
17T



Patent Application Publication Jun. 1,2006 Sheet 12 of 19 US 2006/0114200 A1

FIG.17/

Vee

Tré =

C51:>< Ly T4
Tr7 |

rs
1 w S

Tr3 '

Tr1/
® A

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 13 of 19 US 2006/0114200 A1

FIG.18

Vcc
Tré Iﬁ
Tr7
\TrS Vth Trd
Cs3 L/
Isig Tr2 |
Tr8 <
Trl /

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 14 of 19 US 2006/0114200 A1

FIG.19

Tr6
Cs1! -
S
l — 2= '™
Vesl 2R |

Tr7
Tr5
\ f Vth Trd

i T L

"
Cs3
Iref ot
re Tr2
-i:l:g <

Tr1 /
@ Iref SZ eL

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 15 of 19 US 2006/0114200 A1

FIG.20

Tré T
Cs1 > [~
Cs2 ——1Vc52'
Tr7—_q'
Tr5
1 ' i Trd
i [ —d [
Cs3
._/._......1
Tr2
P
Tr8

Trl /
C‘D \/ EL

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 16 of 19 US 2006/0114200 A1

FIG.21

Vee

ré Tr4
Cs1 N i -
Cs2 —-—$Vc52'
Tr7_m
\TrS Y:IEQ Trd
Cs3
1 IdS
Tr2
/
Tr8
Trl [

® \/ EL

Vcathode



Patent Application Publication Jun. 1,2006 Sheet 17 of 19 US 2006/0114200 A1
SCANNER FOR CORRECTION I~
T LIGHT SCANNER <
% N__| PR N__|
= < = <
1
— o —¢ p— o0 —d
1 1
o T T
2
- I T .
=
Ll
I
I
)
O —— -—4¢ ——
0] foa}
T T
w — — w +—t
T T
— o -——te —] o —4
T T
! o] p
2] Q7 0
DRIVE SCANNER LN

FIG.22




Patent Application Publication Jun. 1,2006 Sheet 18 of 19

US 2006/0114200 A1

SCANNER FOR CORRECTION

<

Ea LIGHT SCANNER
U)__\_j _/\U'J
a = ~
/ v
R
o
= P S I
| w_ e |O IT\__[i'_E
o ! | =
L
> 397’29 |
noﬁ > =] |
|
= HI
11| (S} 2}
g g ©
juo |
o
| [l’: @
S ——
e N
<
—
w

FIG.23

DRIVE SCANNER

Al




Patent Application Publication Jun. 1,2006 Sheet 19 of 19 US 2006/0114200 A1

FIG.24




US 2006/0114200 Al

PIXEL CIRCUIT, DISPLAY DEVICE, AND A
DRIVING METHOD THEREOF

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] The present application claims priority to Japanese
Patent Application JP 2004-347283 filed in the Japanese
Patent Office on Nov. 30, 2004, the entire contents of which
being incorporated herein by reference.

BACKGROUND

[0002] The present invention relates to a pixel circuit
disposed every pixel for current-driving a corresponding
electroluminescence element and a method of driving the
same. The present invention also relates to a display device
having the pixel circuits disposed in matrix, especially, the
so-called active matrix type display device for controlling an
amount of current caused to flow through an electrolumi-
nescence element such as an organic EL element by using an
insulated gate field-effect transistor provided within each
pixel circuit, and a method of driving the same.

[0003] In an image display device, e.g., a liquid crystal
display device, a large number of liquid crystal pixels are
arranged in matrix. An image is displayed by controlling
transmission intensity or reflection intensity of incident light
every pixel in correspondence to information on an image to
be displayed. While this is also applied to an organic EL
display device having organic EL elements used in pixels,
and the like, unlike the liquid crystal pixel, the organic EL
element is self-light emitting element. For this reason, the
organic EL display device has such advantages that it has
higher visibility of an image than that in the liquid crystal
display device, a back light is unnecessary, and a response
speed is high. In addition, the organic EL display device is
largely different from the liquid crystal display device which
is of a voltage-controlled type in that it is of the so-called
current-controlled type in which a luminance level (grada-
tion) of each electroluminescence element can be controlled
based on a value of a current caused to flow through the
corresponding electroluminescence element.

[0004] In the organic EL display device, similarly to the
liquid crystal display device, a simple matrix system and an
active matrix system are known as a driving system thereof.
Though the former is simple in construction, it involves such
a problem that it is difficult to realize a large and high-
definition display device, and so forth. Hence, at present, the
organic EL display device using the active matrix system is
actively being developed. This system is such that a current
caused to flow through the electroluminescence element
provided inside each pixel circuit is controlled by an active
element (generally a thin film transistor (TFT)) provided
inside the pixel circuit. The organic EL display device using
this system is described in the following patent documents
(Japanese Patent Laid-Open No. 2003-255856, Japanese
Patent Laid-Open No. 2003-271095, Japanese Patent Laid-
Open No. 2004-133240, Japanese Patent Laid-Open No.
2004-029791, Japanese Patent Laid-Open No. 2004-
093682.)

[0005] FIG. 22 is a schematic block diagram showing a
conventional organic EL display device using an active
matrix system. As shown in the figure, this display device is
constituted by a pixel array 1 as a main portion, and a

Jun. 1, 2006

peripheral circuit portion. The peripheral circuit portion
includes a current driver 3, a light scanner 4, a drive scanner
5, and a scanner 7 for correction. The pixel array 1 is
constituted by row-distributed lines WS, column-distributed
signal lines SL, and pixels R, G and B which are disposed
in matrix in places where the row-distributed lines WS and
the column-distributed signal lines SL cross each other.
While the pixels of the three primary colors of RGB are
prepared in order to make the color display possible, single
color pixels for black-and-white display are be used instead
in some cases. The pixels R, G and B are constituted by pixel
circuits 2, respectively. The signal line SL is driven by the
current driver 3, so that a signal current is caused to flow
through the signal line SL. The scanning lines WS are
scanned by the light scanner 4. Incidentally, different scan-
ning lines DS and AZ are also distributed in parallel with the
scanning lines WS. The scanning lines DS are scanned by
the drive scanner 5. The drive scanner 5 controls an elec-
troluminescence period of an electroluminescence element
included in each pixel. The scanning lines AZ are scanned by
the scanner 7 for correction. The light scanner 4, the drive
scanner 5 and the scanner 7 for correction constitute a
scanner portion as a whole. The scanner portion successively
scans the rows of the pixels every one horizontal period.

[0006] FIG. 23 is a circuit diagram showing an example
of a structure of the pixel circuit shown in FIG. 22. As
shown in the figure, the pixel circuit 2 is constituted by four
transistors Trl, Tr4, Tr5 and Trd, one pixel capacitor Cs, and
one electroluminescence element EL. The four transistors
are all thin film transistors. Of those transistors, the transis-
tors Trl, Tr4 and Tr5 are switching transistors for control,
and are of an N-channel type each. On the other hand, the
transistor Trd is a drive transistor for driving the electrolu-
minescence element EL. and is of a P-channel type. In
addition, the electroluminescence element EL is a two-
terminal type self-light emitting element including an anode
and a cathode. For example, an organic EL element can be
used as the electroluminescence element EL.

[0007] A source S of the drive transistor Trd is connected
to a power source V__. A drain D of the drive transistor Trd
is located on the anode side of the electroluminescence
element EL. The cathode side of the electroluminescence
element EL is grounded. A gate G of the drive transistor Trd
is connected to one end of the pixel capacitor Cs. The other
end of the pixel capacity Cs is connected to the power source
V.

ce*

[0008] A source/drain of the switching transistor Trl is
connected between the signal line SL and the gate G of the
drive transistor Trd. A gate of the switching transistor Tr1 is
connected to the scanning line WS. A source/drain of the
switching transistor Tr4 is connected between the gate G and
drain D of the drive transistor Trd. A gate of the switching
transistor Tr4 is connected to the scanning line AZ. A
source/drain of the switching transistor Tr5 is connected
between the drain D of the drive transistor Trd and the anode
of'the electroluminescence element EL. A gate of the switch-
ing transistor Tr5 is connected to the scanning line DS. The
drive transistor Trd operates in a saturated region, and its
characteristics are expressed by Expression 1:
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kp
las = = (Vgs = Var)”

[0009] In Expression 1, V, is a gate voltage and repre-
sents a voltage developed across the source S and gate G of
the drive transistor Trd. I,_ is a drain current and caused to
flow through the source S and drain D of the drive transistor
Trd to be supplied to the electroluminescence element EL.
V, represents a threshold voltage of the drive transistor Trd.
U represents carrier mobility of the drive transistor Trd. Also,
k is a constant and given by Cox-W/L where Cox, W and L.
are a gate capacity, a channel width, and a channel length of
the drive transistor Trd, respectively. The constant k is called
a size factor in some cases. As apparent from Expression 1,
when the drive transistor Trd operates in the saturated
region, the drain current I, starts to be caused to flow from
a time point when the gate voltage V_ exceeds the threshold
voltage V,,. The magnitude of the drain current I, increases
in proportion to the square of the gate voltage V.. Inciden-
tally, in this specification, it is assumed that the threshold
voltage V,;, of the drive transistor Trd takes its absolute
value. By the way, since the threshold value of the P-channel
transistor has a negative value, when this value is substituted
into Expression 1 as it is, this is not proper. For this reason,
in this specification, the threshold voltage takes its absolute
value, and thus the threshold voltage V,, is treated as a
positive value.

[0010] The drive transistor Trd, for example, is a TFT
having an active layer made of a polycrystalline silicon thin
film. Low-temperature polysilicon which is crystallized in
the laser annealing process is used in the polycrystalline
silicon thin film in many cases. In general, the low-tempera-
ture polysilicon TFT has a tendency to disperse in threshold
voltage V,,, and carrier mobility p every device. In other
words, the threshold voltage V., and carrier mobility p of the
drive transistor Trd differ among the individual pixel circuits
2.

[0011] An operation of the pixel circuit 2 is roughly
classified into a sampling operation and an electrolumines-
cence operation. In the first sampling operation, the pixel
circuit 2 turns off the switching transistor Tr5, while it turns
on the switching transistors Trl and Tr4. When the current
driver 3 drives the signal line SL in this state, a signal current
I, is caused to flow from the power source V_ into the
signal line SL through the drive transistor Trd, and the
switching transistors Tr4 and Trl. The operating character-
istics of the drive transistor Trd at this time are expressed by
Expression 2:

kp
Lig = 5 (Vs = Vi)

[0012] Expression 2 is expressed such that the drain
current I in Expression 1 is replaced with the signal current
Lig
[0013] A gate voltage V. which is developed across the
gate G and source S of the drive transistor Trd when the
signal current I, is caused to flow is expressed by Expres-
sion 3 by solving Expression 2 for
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1 .
Vs Vs = b

+ Vi

[0014] The gate voltage V,_ expressed by Expression 3 is
held in the pixel capacitor Cs. In such a manner, in the
sampling operation, the gate voltage V,, corresponding to
the level of the signal current L, supplied by the current
driver 3 is written to the pixel capacitor Cs. In brief, the
signal current L, is written to the gate of the drive transistor
Trd.

[0015] Next, in the electroluminescence operation, the
switching transistors Trl and Tr4 are turned off, while the
switching transistor Tr5 is turned on. As a result, a drive
current I, is caused to flow from the drive transistor Trd into
the electroluminescence element EL, so that the electrolu-
minescence element EL emits light at predetermined lumi-
nance. The drive current I, which is caused to flow through
the drive transistor Trd at this time is expressed by Expres-
sion 4:

kp
las = = (Vs = Vi)

2
kul |2l
= 7[ k; + Vi — v,,,]

= lgq

[0016] When V__ obtained from Expression 3 is substi-
tuted into V,, in Expression 4 and Expression 4 is then
rearranged, finally, the terms of the mobility p and the
threshold voltage V,,, are canceled so that a relationship of
I =1, is obtained. Consequently, even when the mobility p
and threshold voltage V,, of the drive transistor Trd disperse
among the individual pixels, the dispersion in the mobility
p and threshold voltage V,, of the drive transistor Trd is
canceled by performing the above-mentioned signal current
writing operation, and thus the uniformity of the picture can
be maintained.

[0017] The conventional pixel circuit shown in FIG. 23
has such an advantage that the drive current I, equal to the
signal current I ;, can be supplied to the electroluminescence
element EL irrespective of the dispersion in mobility pu and
threshold voltage V,, of the drive transistor Trd. The current
driver 3 can change the luminance of the electrolumines-
cence element EL from the black level up to the white level
through the intermediate gray level by gradation-controlling
the signal current I ;,. When the luminance of the electrolu-
minescence element EL is at the black level, the signal
current L;, becomes weak so that its magnitude approaches
zero, while when the luminance of the electroluminescence
element EL is at the white level, the signal current I,
becomes a large current. However, the parasitic capacity of
the signal line SL takes a relatively large value, i.e., several
tens of pF. As a result, there is encountered such a problem
that with the conventional structure shown in FIG. 23, the
weak signal current I;, when the luminance of the electrolu-
minescence element EL is at the black level cannot be



US 2006/0114200 Al

sufficiently written within one horizontal image period (1H)
allocated to the sampling operation.

[0018] FIG. 24 is a diagram schematically representing
this problem. A case is shown where a pixel array 1
constitutes a picture, and a white window is displayed
against a black background on the picture area. A gray
portion appears under the while window. Essentially, this
gray portion belongs to the background and thus must be
black. However, with the conventional pixel circuit structure
shown in FIG. 23, the signal current corresponding to the
block level cannot be written to any of the pixels located
under the white window. Hence, the black embossing, the
longitudinal cross-talk or the like as shown in FIG. 24 is
generated. This becomes a problem to be solved.

SUMMARY

[0019] In the light of the above-mentioned problems asso-
ciated with the related art, and it is, therefore, desired to
provide a pixel circuit and a display device which are
capable of sufficiently writing even a signal current corre-
sponding to a black level, and a driving method thereof.

[0020] According to an embodiment of the present inven-
tion, it is desired to provide a pixel circuit which is disposed
in a place where a signal line through which a signal current
is caused to flow, and scanning lines through which control
signals are supplied, respectively, cross each other and
which includes an electroluminescence element, a drive
transistor for supplying a drive current to the electrolumi-
nescence element, and a control portion adapted to operate
in accordance with the control signals for controlling the
driving current of the drive transistor based on the signal
current. The control portion includes: first sampling means
for sampling the signal current being caused to flow through
the signal line; second sampling means for sampling a
predetermined reference current being caused to flow
through the signal line just before or after the signal current;
and difference means for generating a control voltage cor-
responding to a difference between the sampled signal
current and the sampled reference current. The drive tran-
sistor receives the control voltage at its gate and supplies a
drive current being caused to flow through its source and
drain to the electroluminescence element to make the elec-
troluminescence element emit light.

[0021] More specifically, when a relative difference
between the signal current and the reference current sampled
by the first and second sampling means, respectively, is
small, an amount of electroluminescence of the electrolu-
minescence element becomes little, and when the relative
difference between the signal current and the reference
current is large, the amount of electroluminescence becomes
much, while absolute levels of the signal current and refer-
ence current are set as large enough to make the sampling
possible even when the relative difference between the
signal current and the reference current is small.

[0022] Preferably, the intra-pixel control portion includes
correcting means for detecting a threshold voltage of the
drive transistor to add the detected threshold voltage to the
control voltage, so that an influence of the threshold voltage
is canceled from the drive current.

[0023] Preferably, the first sampling means samples a
signal voltage generated when the signal current is caused to
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flow through the drive transistor, the second sampling means
samples a reference voltage generated at the gate of the drive
transistor when the reference current is caused to flow
through the drive transistor, and the difference means
obtains a difference between the signal voltage and the
reference voltage by coupling the signal voltage and the
reference voltage to each other through a capacitor to
generate the control voltage.

[0024] In this case, the first sampling means has a first
capacitor for holding therein the sampled signal voltage, the
second sampling means has a second capacitor for holding
therein the sampled reference voltage, the second capacitor
being adapted to be coupled to the signal voltage, and the
first and second capacitors have the same capacitance value.

[0025] According to an embodiment of the present inven-
tion, there is provided a method of driving a pixel circuit
which is disposed in a place where a signal line through
which a signal current is caused to flow, and scanning lines
through which control signals are supplied, respectively,
cross each other, and which includes an electroluminescence
element, a drive transistor for supplying a drive current to
the electroluminescence element, and a control portion
adapted to operate in accordance with the control signals for
controlling a drive current of the drive transistor based on
the signal current. The method includes the steps of sam-
pling a signal current being caused to flow through the signal
line, sampling a predetermined reference current being
caused to flow through the signal line just before or after the
signal current, generating a control voltage corresponding to
a difference between the sampled signal current and the
sampled reference current, and applying the control voltage
to a gate of the drive transistor and applying a drive current
being caused to flow through a source and a drain of the
drive transistor to the electroluminescence element.

[0026] More specifically, when a relative difference
between the signal current and the reference current sampled
by the first and second sampling means, respectively, is
small, an amount of electroluminescence of the electrolu-
minescence element becomes little, and when the relative
difference between the signal current and the reference
current is large, the amount of electroluminescence becomes
much, while absolute levels of the signal current and refer-
ence current are set as large enough to make the sampling
possible even when the relative difference between the
signal current and the reference current is small.

[0027] Preferably, the intra-pixel control portion includes
correcting means for detecting a threshold voltage of the
drive transistor to add the detected threshold voltage to the
control voltage, so that an influence of the threshold voltage
is canceled from the drive current.

[0028] According to an embodiment of the present inven-
tion, there is provided a method of driving a pixel circuit
which is disposed in a place where a signal line through
which a signal current is caused to flow, and scanning lines
through which control signals are supplied, respectively,
cross each other, and which includes an electroluminescence
element, a drive transistor for supplying a drive current to
the electroluminescence element, and a control portion
adapted to operate in accordance with the control signals for
controlling a drive current of the drive transistor based on
the signal current. The method includes the steps of sam-
pling a signal current being caused to flow through the signal
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line, sampling a predetermined reference current being
caused to flow through the signal line just before or after the
signal current, generating a control voltage corresponding to
a difference between the sampled signal current and the
sampled reference current, and applying the control voltage
to a gate of the drive transistor and applying a drive current
being caused to flow through a source and a drain of the
drive transistor to the electroluminescence element.

[0029] According to an embodiment of the present inven-
tion, there is provided a method of driving a display device
including a pixel array portion, a driver portion and a
scanner portion, the pixel array portion including column-
distributed signal lines, row-distributed scanning lines, and
pixel circuits disposed in matrix in places where the column-
distributed signal lines and the row-distributed scanning
lines cross each other, the driver portion serving to cause
signal currents to flow through the signal lines, respectively,
the scanner portion serving to supply control signals to the
scanning lines, respectively, each pixel circuit including an
electroluminescence element, a drive transistor for supply-
ing a drive current to the electroluminescence element, and
an intra-pixel control portion adapted to operate in accor-
dance with the control signals for controlling the drive
current of the drive transistor. The method includes the steps
of sampling a signal current being caused to flow through the
signal line, sampling a predetermined reference current
being caused to flow through the signal line just before or
after the signal current, generating a control voltage corre-
sponding to a difference between the sampled signal current
and the sampled reference current, and applying the control
voltage to a gate of the drive transistor and applying a drive
current being caused to flow through a source and a drain of
the drive transistor to the electroluminescence element.

[0030] The display device according to the present inven-
tion supplies not only the signal current, but also the
reference current from the current driver side. The pixel
circuit samples the signal current and the reference current
which are caused to flow almost simultaneously with each
other, and obtains a difference between the signal current
and the reference current to set the difference as the gate
control voltage. As a result, the drive transistor can drive the
electroluminescence element in accordance with the differ-
ence between the signal current and the reference current. In
this connection, when the luminance of the electrolumines-
cence element is at the black level, the difference becomes
near zero, so that the signal current becomes nearly equal to
the reference current. Even in such a state, the absolute
values of the signal current and the reference current can be
set as sufficiently high against the parasitic capacity of the
signal line. Consequently, even the current when the lumi-
nance of the electroluminescence element is at the black
level can be written to the pixels at sufficiently high speed.
As a result, it is possible to prevent the black embossing and
the longitudinal cross-talk which have been conventionally
a problem. The levels of the signal current and the reference
current can be set as sufficiently high without depending on
the luminance gradation to be displayed. Hence, even a
current corresponding to the black display can be sufficiently
written to the pixels within one horizontal period. Thus, it is
possible to express the black in which the luminance is
sufficiently deep, and it is possible to obtain the high contrast
characteristics. In addition, the difference between the signal
current and the reference current is obtained to control the
drive current for the electroluminescence element without
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depending on the threshold voltage and mobility of the drive
transistor. Hence, the image having high uniformity can be
displayed without being influenced by the dispersion in
characteristics of the drive transistor. In particular, the large
effects of the present invention are obtained in the pixel
circuit using the low-temperature polysilicon TFT in which
the mobility and the threshold voltage largely disperse.

[0031] Additional features and advantages are described
herein, and will be apparent from, the following Detailed
Description and the figures.

BRIEF DESCRIPTION OF THE FIGURES

[0032] FIG.1 is a schematic overall block diagram show-
ing a pixel circuit and a display device according to an
embodiment of the present invention.

[0033] FIG. 2 is a circuit diagram showing a structure of
the pixel circuit included in the display device shown in
FIG. 1.

[0034] FIG. 3 is a schematic circuit diagram explaining an
operation of the pixel circuit shown in FIG. 2.

[0035] FIG. 4 is a timing chart explaining the operation of
the pixel circuit shown in FIG. 2.

[0036] FIG. 5 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 2.

[0037] FIG. 6 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 2.

[0038] FIG. 7 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 2.

[0039] FIG. 8 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 2.

[0040] FIG. 9 is a graphical representation showing cur-
rent vs. voltage characteristics of a drive transistor.

[0041] FIG.10 is a circuit diagram showing a pixel circuit
and a display device according to another embodiment of the
present invention.

[0042] FIG.11 is a timing chart explaining an operation of
the pixel circuit shown in FIG. 10.

[0043] FIG. 12 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 10.

[0044] FIG. 13 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 10.

[0045] FIG. 14 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 10.

[0046] FIG. 15 is a circuit diagram showing a pixel circuit
according to still another embodiment of the present inven-
tion.

[0047] FIG. 16 is a timing chart explaining an operation
of the pixel circuit shown in FIG. 15.

[0048] FIG. 17 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 15.

[0049] FIG. 18 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 15.

[0050] FIG. 19 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 15.
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[0051] FIG. 20 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 15.

[0052] FIG. 21 is a schematic circuit diagram explaining
the operation of the pixel circuit shown in FIG. 15.

[0053] FIG. 22 is an overall block diagram showing an
example of a conventional display device.

[0054] FIG. 23 is a circuit diagram showing a structure of
a pixel circuit included in the conventional display device
shown in FIG. 22; and

[0055] FIG. 24 is a schematic diagram showing an
example of a picture of the conventional display device
shown in FIG. 22.

DETAILED DESCRIPTION

[0056] FIG. 1 is a block diagram showing an overall
construction of a display device according to an embodiment
of the present invention. As shown in the figure, this display
device is of an active matrix type, and constituted by a pixel
array 1 as a main portion and a peripheral circuit portion.
The peripheral circuit portion includes a current driver 3, a
first light scanner 41, a second light scanner 42, a third light
scanner 43, a drive scanner 5, a scanner 7 for correction, and
the like. The pixel array 1 is constituted by pixels R, G and
B which are disposed in matrix in places where row-
distributed scanning lines WS and column-distributed signal
lines SL cross each other. Each of the pixels R, G and B is
constituted by a pixel circuit 2. The signal lines SL are
driven by the current driver 3. In other words, the current
driver 3 alternately causes signal currents and reference
currents to flow through the signal lines SL. The scanning
line WS is actually separated into three scanning lines WS1,
WS2 and WS3. The first scanning lines WS1 are scanned by
the first light scanner 41. The next scanning lines WS2 are
scanned by the second light scanner 42. The remaining
scanning lines WS3 are scanned by the third light scanner
43. Control signals which are supplied to those scanning
lines WS1, WS2 and WS3, respectively, are different in
timing from one another. In addition, different scanning lines
DS and AZ are also distributed in parallel with the scanning
lines WS1, WS2 and WS3. The scanning lines DS are
scanned by the drive scanner 5. The driver scanner 5 controls
an electroluminescence period of an electroluminescence
element included in each pixel. The scanning lines AZ are
scanned by the scanner 7 for correction. The light scanners
41, 42 and 43, the drive scanner 5, and the scanner 7 for
correction constitute a scanner portion as a whole which
successively scans the rows of the pixels every one hori-
zontal period.

[0057] FIG. 2 is a circuit diagram showing a structure of
the pixel circuit 2 shown in FIG. 1. This pixel circuit 2 is
constituted by six thin film transistors Trl, Tr2, Tr3, Tr4, Tr5
and Trd, two pixel capacitors C,; and C,, and one elec-
troluminescence element EL. Of the six thin film transistors
Trl, Tr2, Tr3, Trd, Tr5 and Trd, the transistors Trl to Tr5 for
switching control are of an N-channel type each. The
remaining transistor Trd is a drive transistor for driving the
electroluminescence element EL. The drive transistor Trd is
of a P-channel type. In this embodiment, each of those six
thin film transistors Trl, Tr2, Tr3, Trd, Tr5 and Trd has a
channel region made of a low-temperature polysilicon thin
film. The electroluminescence element EL is a two-terminal
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type device including an anode and a cathode. For example,
an organic EL element can be used as the electrolumines-
cence element EL. It should be noted that while in the
above-mentioned embodiment, all the transistors Trl to Tr5
are of the N-channel type each, all those transistors Trl to
Tr5 may be of a P-channel type each, or the N-channel
transistors and the P-channel transistors may be mixedly
used as the transistors Trl to Tr5.

[0058] A source S of the drive transistor Trd is connected
to a power source V.. A drain of the drive transistor Trd is
connected to an anode side of the electroluminescence
element EL. A cathode of the electroluminescence element
EL is grounded. Incidentally, a cathode grounding potential
of the electroluminescence element EL is expressed by
V_ o In some cases. A gate G of the drive transistor Trd is
connected to one end of the pixel capacitor Cs2. The other
end of the pixel capacitor Cs2 is connected to one end of the
other pixel capacitor Csl. The other end of the pixel
capacitor Cs1 is connected to the power source V.

[0059] A source/drain of the switching transistor Trl is
connected to the signal line SL and the gate G of the drive
transistor Trd, and a gate of the switching transistor Trl is
connected to the first light scanner 41 through the scanning
line WS1. A source/drain of the switching transistor Tr2 is
connected between the gate of the drive transistor Trd and
one end of the pixel capacitor Csl, and a gate of the
switching transistor Tr2 is connected to the second light
scanner 42 through the scanning line WS2. A source/drain of
the switching transistor Tr3 is connected between a pair of
pixel capacitors Cs1 and Cs2, and a gate of the switching
transistor Tr3 is connected to the third light scanner 43
through the scanning line WS3. A source/drain of the
switching transistor Tr4 is connected between the gate G and
drain D of the drive transistor Trd, and a gate of the
switching transistor Tr4 is connected to the scanner 7 for
correction through the scanning line AZ. A source/drain of
the switching transistor Tr5 is connected between the drain
D of the drive transistor Trd and the anode of the electrolu-
minescence element EL, and a gate of the switching tran-
sistor Tr5 is connected to the drive scanner 5 through the
scanning line DS.

[0060] FIG. 3 is a schematic circuit diagram explaining an
operation of the pixel circuit shown in FIG. 2. As shown in
the figure, a signal current I;, and a reference current I _; are
alternately caused to flow from the current driver into the
signal line. In addition, control signals are supplied from the
scanners to the gates of the switching transistors Tr through
the corresponding scanning lines, respectively. In the figure,
for the sake of making the understanding easy, the control
signals are designated with the same reference symbols as
those of the scanning lines. For example, the control signal
applied to the gate of the switching transistor Trl is desig-
nated with WS1. Likewise, the control signal applied to the
gate of the switching transistor Tr2 is designated with WS2,
the control signal for the switching transistor Tr3 is desig-
nated with WS3, the control signal for the switching tran-
sistor Tr4 is designated with AZ, and the control signal for
the switching transistor Tr5 is designated with DS. In
addition, capacitance values C1 and C2 of a pair of pixel
capacitors Csl and Cs2 are illustrated. In this embodiment,
the capacitance values C1 and C2 of a pair of pixel capaci-
tors Cs1 and Cs2 are set as equal to each other.
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[0061] FIG. 4 is a timing chart explaining the operation of
the pixel circuit shown in FIG. 3. In the figure, waveforms
of the signal current, and the control signals WS1, WS2,
WS3, AZ and DS are represented along a time axis. The
signal current I;, changes every one horizontal period (1H),
and is allocated to the pixels belonging to the corresponding
rows, respectively. The current level changes between the
signal current I;, and the reference current I, within 1H.
The reference current I, is previously set to a predeter-
mined level. The signal current I;, changes every 1H with
the reference current I, as a reference. The luminance of the
electroluminescence becomes large as the level of the signal
current I;, becomes higher.

[0062] At timing TO, the control signals WS1, WS2 and
AZ are at a low level each, while the control signals WS3
and DS are set at a high level each. Since each switching
transistor is of the N-channel type, it becomes an on state
when the corresponding control signal is at the high level,
while it becomes an off state when the corresponding control
signal is at the low level. Since at the timing T0, the control
signal DS is at the high level, the switching transistor Tr5 is
in the on state. Thus, since the drive current is caused to flow
from the drive transistor Tr5 into the electroluminescence
element EL, the pixel circuit is in an electroluminescence
state.

[0063] When the operation proceeds from the timing T0 to
timing T1, the control signal DS becomes a low level, and
thus the state of the electroluminescence element EL is
changed from the electroluminescence state over to a non-
electroluminescence state. At timing T2, the control signal
AZ becomes a high level. Moreover, at timing T3, the
control signals WS1 and WS2 also become a high level each.
At this time, the reference current I, is being caused to flow
through the signal line SL. When the operation proceeds to
timing T4, the control signal WS2 returns back to the low
level. For a period from the timing T3 to the timing T4, the
reference current I _; is written to the pixel capacitor C1.

[0064] Subsequently, when the operation proceeds to tim-
ing T5, the current which is caused to flow through the signal
line SL is changed from the reference current I . over to the
signal current I .. Moreover, at timing T6, the control signal
WS3 becomes the low level. For a period from the timing T5
to the timing T6, the operation for writing the signal current
L, and an operation for holding a difference between the
reference signal I, and the signal current I;, are performed.

[0065] Thereafter, at timing T7, the control signal WS1
falls. Furthermore, at timing T8, the control signal WS2
becomes the high level again. Subsequently, at timing T9,
the control signal AZ returns back to the low level. For a
period from the timing T8 to the timing T9, an operation for
correcting a threshold voltage V., of the drive transistor Trd
is performed.

[0066] Moreover, when the operation proceeds to timing
T10, the control signal WS2 returns back to the low level. At
timing T11, the control signal WS3 becomes the high level
and the control signal DS also becomes the high level. As a
result, an electroluminescence operation is performed.

[0067] FIG. 5 is a schematic circuit diagram showing the
operation for writing the reference current I, which is
performed for the period T3 to T4 shown in the timing chart
of FIG. 4. For the period T3 to T4, the reference current I

ref
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is being caused to flow through the signal line SL. Also, the
switching transistors Trl to Trd4 are in the on state each,
while the switching transistor Tr5 is in the off state. Con-
sequently, the reference current I, is caused to flow from
the power source V__ into the signal line SL side through the
drive transistor Trd, and the switching transistors Tr4 and
Trl. As a result, a potential V  corresponding to the
reference current I, is developed at the gate of the drive
transistor Trd. At this time, a gate voltage V of the drive
transistor Trd is expressed by Bxpression 5: V=V .~V ¢

[0068] Consequently, a characteristic expression when the
reference current I, is caused to flow through the drive
transistor Trd is expressed by Expression 6:

kp
Lep = = (Vs = Vi)

ky
=5 Vee = Vg = Vi)

[0069] In Expression 6, a relationship between the refer-
ence circuit 1., and the reference potential V., is obtained
by substituting (V_.—V,.p in Expression 5 into the gate
voltage V.

[0070] Here, rearranging Expression 6 for V., Expres-
sion 7 is obtained

2y

Vier = Voo = Vin — o

[0071] The reference potential V ., which is obtained in

such a manner is written to the capacitor C1 through the
switching transistor Tr2 in the on state.

[0072] FIG. 6 is a schematic circuit diagram showing the
signal current I;, writing operation and the current differ-
ence holding operation which are performed for the period
T5 to T6 of the timing chart shown in FIG. 4. For the period
T5 to T6, the signal current 1, is caused to flow through the
signal line SL. Also, the switching transistors Trl, Tr3 and
Tr4 are in the on state each, while the switching transistors
Tr2 and Tr5 are in the off state each. In this state, the signal
current I, is caused to flow from the power source V_ into
the signal line SL through the drive transistor Trd, and the
switching transistors Tr4 and Trl. As a result, the gate
potential V, of the drive transistor Trd changes from the
reference potential V, . to a signal potential V.. Similarly
to obtaining the reference potential V__; from Expression 7,

ref

the signal potential V;, is obtained from Expression 8:

Viig = Vee = Vi —

[0073] A potential change (V;,—V,.) developed at the
gate of the drive transistor Trd is coupled to a node A through
the capacitor C2. The node A is a node between a pair of
capacitors C1 and C2, and a potential at the node A is
expressed by V. A capacitive coupling part of the change in
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gate potential is expressed by (V;—V,.p) C2/(C1+C2).
Since the capacitive coupling part is added to the potential
V,.rat which the node A is essentially, the potential V, at the

node A is expressed by Expression 9:

c2 Vsig + Vier
= e (Vg = Vo) = —
Vo=V + r6i %) (Vsig = Vier) 5

[0074] Incidentally, since C1=C2 is assumed in Expres-
sion 9, V, =(V_ +V..p)/2 is obtained.

[0075] The potential which is obtained by subtracting the
gate potential V;, of the drive transistor Trd from the
potential V, at the node A is a potential which is held in the
capacitor C2. From the results of Expression 9, the voltage
(V,=V,;,) which is held between the opposite ends of the
capacitor C2 is expressed by (V,,~V,;,)/2. Moreover, when
the results obtained in Expressions 7 and 8 are substituted

into V. and V,,, finally, Expression 10 is obtained:

sigt

sig?

Vig = Vaig _ ¥ Lig =y It
2 V2ku

Vo = Viig =

[0076] As apparent from Expression 10, the voltage cor-
responding to the difference between the signal current I;,
and the reference current 1., is held between the opposite
ends of the capacitor C2. From the above-mentioned opera-
tion, the signal current I, is written, the current difference
between the reference current I, and the signal current I ;,
is obtained, and the voltage corresponding to the current
difference is expressed as Expression 10 and held in the
capacitor C2.

[0077] FIG. 7 is a schematic circuit diagram showing the
operation for canceling the threshold voltage V,,, which is
performed for the period T8 to T9 of the timing chart shown
in FIG. 4. For the period T8 to T9, the switching transistors
Tr3 and Tr5 are in the off state each, while the switching
transistors Tr2 and Tr4 are in the on state each. As a result,
the power source V__, the drive transistor Trd, the switching
transistors Tr4 and Tr2, and the capacitor C1 constitute a
closed loop. A current is caused to flow from the power
source V__ into the closed loop to charge the capacitor C1
with electricity, thereby making the gate potential of the
drive transistor Trd rise. When the gate voltage V of the
drive transistor Trd reaches exactly the threshold voltage
V4, 10 transient current comes to be caused to flow. The gate
voltage Vg at this time is written as the threshold voltage V,
to the capacitor C1. In such a manner, the potential V,
required to cancel the threshold voltage V,, of the drive
transistor Trd is held in the capacitor C1.

[0078] FIG. 8 is a schematic circuit diagram showing the
electroluminescence operation which is performed at and
after the timing T11 shown in the timing chart of FIG. 4. As
illustrated, for the electroluminescence period at and after
the timing T11, the switching transistors Trl, Tr2 and Tr4 are
in the off state each, while the switching transistors Tr3 and
Tr5 are in the on state each. As a result, the drive current I
is caused to flow from the power source V_, into the
electroluminescence element EL through the drive transistor
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Trd and the switching transistor Tr5, so that the electrolu-
minescence element EL emits light at predetermined lumi-
nance. The gate voltage V,, of the drive transistor Trd for the
electroluminescence period is the sum of the voltage held in
the capacitor C1 and the voltage held in the capacitor C2
since the switching transistor Tr3 is in the on state. When the
switching transistor Tr3 is turned C1 on in order to connect
the capacitors C1 and C2 to each other, the capacitors C1
and C2 are connected to each other while holding therein the
electric charges since each of the capacitance values of the
capacitors C1 and C2 is larger than a gate parasitic capacity.
Thus, the gate voltage V,, of the drive transistor Trd
becomes the sum of the voltage V,; held in the capacitor C1
and the voltage (V,.+~V;,)/2 held in the capacitor C2, and
is expressed by Expression 11:

1
Ves = Vi + E(Vref = Viig)

[0079] On the other hand, the drive current I, which is
caused to flow for the electroluminescence period is
expressed by Expression 12. Incidentally, Expression 12 is
identical to Expression 1 showing the basic characteristics of
the transistor.

kp
lys = E(Vgx — Vi)

[0080] When the results obtained from Expression 11 are
substituted into V. in Expression 12, Expression 13 is
obtained:

1 Vier — Vi 2
los = zkﬂ(vxh + % - Vxh]

[0081] As apparent from Expression 13, the term of V,, in
the essential transistor characteristic expression is canceled
by the term of V,, held in the capacitor C1. As a result, the
influence of the dispersion of the threshold voltage V,;, of the
drive transistor Trd is removed. Moreover, when the results
obtained from Expression 10 are substituted into the remain-
ing term of (V .~V ,.)/2 in Expression 13, Expression 14 is
obtained:

sig
2

P \ fsig = Ires

“72 V2kp

[0082] Since the term of the mobility p in Expression 14
is finally canceled between a numerator and a denominator,
the drive current I is finally expressed by Expression 15:

b= 3lylie o)
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[0083] As apparent from Expression 15, the drive current
I, depends on a difference between the signal current I,
and the reference current 1., and thus the terms of the
mobility it and the threshold voltage V,, which are inherent
in the drive transistor are not contained in Expression 15. In
such a manner, in the pixel circuit of the present invention,
the electroluminescence current is determined based on the
current difference value between the signal current I;, and
the reference current I .. Thus, it is possible to obtain the
image quality having high uniformity which does not
depend on the dispersion in threshold voltage V,, and
mobility . Moreover, in the pixel circuit, the black display
is made under the condition of I;;,=I, ... Also, the values of
L.rand I, are set as the current values enough to perform
the write. For this reason, even the signal current corre-
sponding to the black display can be sufficiently written to
the pixel capacitor for one horizontal period, and thus the
generation of the black embossing and the longitudinal
cross-talk can be suppressed.

[0084] FIG.9 is a graph schematically showing the opera-
tion of the drive transistor included in the pixel circuit
according to the present invention. This graph for which an
axis of abscissa represents the gate voltage V,, and an axis
of ordinate represents a drain current I, schematically
shows the operating characteristics of the drive transistor. A
solid line represents the characteristics of the drive transistor
included in a pixel A and shows a case of the large mobility
1. A curve indicated by a dotted line represents the charac-
teristics of the drive transistor included in a pixel B and
shows a case of the small mobility p. A slope of the
characteristic curve becomes gentle as the mobility p is
smaller, and thus the characteristics disperse between the
pixels. Such dispersion in characteristics appears remark-
ably in the transistor using the low-temperature polysilicon
thin film. Even in a case of the drive transistor having
dispersion in characteristics, in the present invention, the
drive transistor is controlled so that the electroluminescence
current is determined depending on the difference between
the signal current I;, and the reference current I, Conse-
quently, the picture image quality having the high uniformity
is obtained since the electroluminescence current control
corresponding to the current difference is usually performed
in each pixel even when the mobility p disperses.

[0085] As described above, the pixel circuit 2 according to
this embodiment of the present invention shown in FIG. 2
is disposed in a place where the signal line SL through which
the signal current I, is caused to flow, and the scanning
lines WS1, WS2, WS3, AZ and DS through which the
control signals are supplied, respectively, cross each other.
The pixel circuit 2 is constituted by the electroluminescence
element EL, the drive transistor Trd for supplying the drive
current 1, to the electroluminescence element EL, and the
control portion adapted to operate in accordance with the
control signals WS1, WS2, WS3, AZ and DS for controlling
the drive current I, of the drive transistor Trd based on the
signal current ;.. The control portion includes first sam-
pling means, second sampling means, and difference means.
The first sampling means is constituted by the switching
transistors Trl, Tr3 and Tr4, and the pixel capacitor C2, and
serves to sample the signal current I;, which is caused to
flow through the signal line SL. The second sampling means
is constituted by the switching transistors Trl, Tr2, Tr3 and
Tr4, and the pixel capacitor C1 and serves to sample the
reference current I ., which is caused to flow through the

ref
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signal line SL just before or after the signal current I;,. The
difference means is constituted by the switching transistors
Trl, Tr3 and Trd, and a pair of pixel capacitors C1 and C2
and serves to generate the control voltage (V V)2
corresponding to the difference between the sampled signal
current I;, and the sampled reference current I ... The drive
transistor Trd receives the control voltage (V,.~V;)/2 and
supplies the drive current I, which is caused to flow through
its source S/drain D to the electroluminescence element EL

to make the electroluminescence element EL emit light.

[0086] When the relative difference between the signal
current I;, and the reference current I, which are sampled
by the first and second sampling means, respectively, is
small, an amount of electroluminescence of the electrolu-
minescence element EL becomes little, while when the
relative difference between the signal current I;, and the
reference current I, . is large, the amount of electrolumines-
cence of the electroluminescence element EL becomes
much. However, even when the relative difference is small,
the absolute levels of the signal current I;, and the reference
current I . are set as large enough to make the sampling
possible.

[0087] The control portion of the pixel circuit 2 includes
correcting means in addition to the first and second sampling
means, and the difference means. The correcting means is
constituted by the switching transistors Tr2 and Tr4, and the
pixel capacitor C1 and adapted to detect the threshold
voltage V., of the drive transistor Trd to add the detected
threshold voltage Vy, to the control voltage (V,.—V;,)/2. As
a result, the influence of the threshold voltage V,, can be
canceled from the drive current I,

[0088] In this embodiment, the first sampling means
samples the signal voltage V;, which is generated at the gate
G when the signal current L, is caused to flow through the
drive transistor Trd. Likewise, the second sampling means
samples the reference voltage V. which is generated at the
gate G when the reference current I, is caused to flow
through the drive transistor Trd. At this time, the difference
means couples the signal voltage V;, and the reference
voltage V¢ to each other through the capacitor C2 to obtain
the difference between the signal voltage V;, and the
reference voltage V_,, thereby generating the control volt-
age (V,er—V;p)/2. At that, the first sampling means includes
the second capacitor C2 for holding therein the sampled
signal voltage V;, and the second sampling means includes
the first capacitor C1 for holding therein the sampled refer-
ence voltage V.., and for coupling the sampled reference
voltage V ¢ to the signal voltage V.. In this case, the first
and second capacitors C1 and C2 have the same capacitance
value.

[0089] FIG.10 is a circuit diagram showing a pixel circuit
and a display device having the pixel circuit incorporated
therein according to another embodiment of the present
invention. As shown in the figure, the display device is
constituted by a pixel array 1 constituting a main portion and
a circuit portion provided in the periphery of the pixel array
1. The peripheral circuit portion is constituted by a current
driver 3 constituting a driver portion, and a light scanner 4,
a drive scanner 5 and a scanner 7 for correction which
constitute a scanner portion. The pixel array 1 has a column-
distributed signal line SL. The signal line SL is driven by the
current driver 3 and a predetermined reference current and
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a signal current are alternately caused to flow through the
signal line SL. The pixel array 1 also has row-distributed
scanning lines WS, DS and AZ. The scanning line WS is
connected to the light scanner 4, and a control signal WS for
sampling of the signal current and the reference current is
supplied to the scanning line WS. The drive scanner 5 is
connected to the scanning line DS, and a control signal DS
for electroluminescence control is supplied to the scanning
line DS. The scanner 7 for correction is connected to the
scanning line AZ, and a control signal AZ for the threshold
voltage correction is supplied to the scanning line AZ.

[0090] The pixel circuits 2 are integrally formed in places
where the column-distributed signal lines SL and the row-
distributed scanning lines WS, DS and AZ cross each other.
For the sake of simplicity of illustration, FIG. 10 shows only
one pixel circuit 2. As shown in the figure, the pixel circuit
2 is constituted by six transistors Trl, Tr2, Tr3, Tr5, Tr6 and
Trd, two pixel capacitors Cs1 and Cs2, and one electrolu-
minescence element EL. Of the six transistors Tr1, Tr2, Tr3,
Tr5, Tr6 and Trd, the transistors Trl, Tr3, Tr5 and Tr6 are
N-channel thin film transistors. On the other hand, the
transistors Tr2 and Trd are P-channel thin film transistors. A
pair of P-channel transistors Tr2 and Trd are connected with
their gates to each other through the pixel capacitor Cs1, and
thus constitute a current mirror circuit. The transistor Tr2 is
disposed on an input side of the current mirror circuit, and
the transistor Trd is disposed on an output side of the current
mirror circuit. The transistor Trd disposed on the output side
is a drive transistor for driving the electroluminescence
element EL. The electroluminescence element EL is a two-
terminal type (diode type) electroluminescence element
including an anode and a cathode. For example, an organic
EL element can be used as the electroluminescence element
EL. A source S of the drive transistor Trd is connected to a
power source V.. A drain D of the drive transistor Trd is
connected to the anode of the electroluminescence element
EL through the transistor Tr6. A cathode of the electrolu-
minescence element EL is grounded. A gate G of the drive
transistor Trd is connected to one end of the pixel capacitor
Csl. In the figure, one end of the pixel capacitor Csl is
indicated by a point A. A source/drain of the transistor Tr5
is connected between the gate G and drain D of the drive
transistor Trd. A control pulse AZ is supplied from the
scanner 7 for correction to a gate of the transistor Tr5
through the scanning line AZ. In this specification, for the
sake of making the understanding and the description easy,
the scanning lines and the control signals corresponding
thereto are designated with the same reference symbols. A
source/drain of the transistor Tr6é is connected between the
drain of the drive transistor Trd and the anode of the
electroluminescence element EL. A control signal DS for
electroluminescence control is supplied from the drive scan-
ner 5 to a gate of the transistor Tr6 through the scanning line
DS. The transistor Tr2 constituting the input side of the
current mirror circuit is connected with its source S to the
power source V., connected with its drain D to the signal
line SL through the transistor Trl, and connected with its
gate G to the other end of the pixel capacity Csl. In the
figure, the other end of the pixel capacitor Cs1 is indicated
by a point B. The transistor Tr2 serves as a mirror of the
drive transistor Trd, and thus the mobility p of the transistor
Tr2 is basically equal to that of the drive transistor Trd. A
source/drain of the transistor Tr1 is connected between the
signal line SL and the drain D of the transistor Tr2, and a
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gate of the transistor Trl receives a control signal WS for
signal sampling from the light scanner 4 through the scan-
ning line WS. A source/drain of the transistor Tr3 is con-
nected between the drain D of the transistor Tr2 and the
point B, and a gate of the transistor Tr3 is connected to the
scanning line WS. The other pixel capacitor Cs2 is con-
nected between the point B and the power source V..

[0091] FIG. 11 is a timing chart explaining the operation
of the pixel circuit shown in FIG. 10. Changes in waveform
of the signal current and waveforms of the control signals
WS, AZ and DS are shown along a time axis T. Changes in
potentials at the points A and B are also shown together with
those changes. As previously stated, the point A is the gate
G of the drive transistor Trd, disposed on the output side, of
a pair of transistors Tr2 and Trd constituting the current
mirror circuit. In addition, the point B is the gate G of the
mirror transistor Tr2, disposed on the input side, of a pair of
transistors Tr2 and Trd. In the timing chart shown in the
figure, one field starts at timing T1, and one field ends at
timing T7. One picture is displayed with one field. The
pictures are continuously displayed on the pixel array by
repeating the field operation.

[0092] The signal current which is caused to flow through
the signal line changes every one horizontal period (1H). For
each horizontal period, the predetermined reference current
I,¢ is caused to flow through the signal line SL for the first
half, and the signal current I, is caused to flow through the
signal line SL for the second half. The reference current I _;
has a fixed level, while the signal current I;, has a level
corresponding to the image signal.

[0093] At timing TO before the field concerned starts, the
control signals WS and AZ are at a low level each, while the
control signal DS is at a high level. Since the control signal
DS is at the high level, the switching transistor Tr6 is in an
on state and a drive current is supplied from the drive
transistor Trd to the electroluminescence element EL. Con-
sequently, at the timing T0, the electroluminescence element
EL is in an electroluminescence state.

[0094] When the field concerned starts at timing T1, the
control signals WS and AZ rise to turn on all the switching
transistors Trl, Tr3, Tr5 and Tr6. At this time, nearly at the
same time, the current which is caused to flow through the
signal line SL is changed from the signal current L, over to
the reference current ref. As a result, the reference current
1 is caused to flow from the power source V... into the signal
line SL through the input side transistor Tr2 and the switch-
ing transistor Trl. In response to this, the potential at the
point B connected to the gate G of the input side transistor
Tr2 rise to a level corresponding to the reference current I .
In other words, the potential corresponding to the reference
current I .. is written to the pixel capacitor Cs2. This
operation continues up to timing T4. That is, for a period T1
to T4, the reference current I is written to the pixel
capacitor Cs2.

[0095] On the other hand, on the point A side, after at the
timing T1, once the current is caused to flow through the
drive transistor Trd, at timing T2, the switching transistor
Tr6 is turned off. As a result, the gate potential (the potential
at the point A) of the drive transistor Trd rises since the
current path is cut off. At a time point when the potential at
the point A reaches the threshold voltage V,,, of the drive
transistor Trd, the drive transistor Trd is turned off. The
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threshold voltage V., of the drive transistor Trd is detected
in this operation and held in the pixel capacitor Csl. The
held threshold voltage V,;, will be used to cancel the disper-
sion in threshold voltage V., of the drive transistor Trd in the
later electroluminescence operation. At timing T3 after the
drive transistor Trd is turned off, the control signal AZ
becomes a low level and the switching transistor Tr5 is
turned off. As a result, the threshold voltage V,, written to
the pixel capacitor Csl1 is fixed. The processing for detecting
and holding the threshold voltage V,,, of the drive transistor
Trd in such a manner is executed for a period from the
timing T2 to the timing T3. In this specification, this period
T2 to T3 is referred to as a V, correcting period or a V,,,
canceling period. As apparent from the above description,
for a period T1 to T4, the reference current I . written on the
input transistor Tr2 side of the current mirror circuit, while
the threshold voltage V,,, is canceled on the output transistor
Trd side of the current mirror circuit.

[0096] At the timing T4, the current which is caused to
flow through the signal line SL is changed from the refer-
ence current L over to the signal current I ;. As a result, the
signal current I, is caused to flow through the input side
transistor Tr2 in a direction from the power source V_,
toward the signal line SL. Thus, the potential at the point B
changes from the level corresponding to the previous refer-
ence current I .. to the level corresponding to the signal
current ;.. This change is coupled to the point A side
through the pixel capacitor Cs1 based on the current mirror
operation. Thereafter, at timing T5, the control signal WS
becomes the low level, and the switching transistors Tr1 and
Tr3 are turned off. In such a manner, for the period T4 to T5,
the signal current 1, is sampled and the potential change
corresponding to the difference between the reference cur-
rent I ; and the signal current I, is coupled from the point
B side to the point A side.

[0097] When the operation proceeds to timing T6, the
control signal DS becomes the high level again and the
switching transistor Tr6 is turned on. As a result, the drive
transistor Trd and the electroluminescence element EL are
directly connected to each other, the drive current 1 is
supplied from the drive transistor Trd to the electrolumines-
cence element EL, and thus the electroluminescence element
EL becomes an electroluminescence state. At this time, the
drive current I, supplied from the drive transistor Trd
becomes one corresponding to the potential written to the
point A. As previously described, the potential at the point
A corresponds to the difference between the reference cur-
rent I, and the signal current ;.
[0098] Thereafter, when the operation proceeds to timing
T7, the field concerned ends and a next field starts. Similarly
to the last field, at the timing T7, the reference current I,
starts to be written, and at next timing T8, the operation for
canceling the threshold voltage V,, starts.

[0099] FIG. 12 is a schematic circuit diagram showing the
reference current 1 ., writing operation and the threshold
voltage V,, correcting operation which are performed for the
period T1 to T4 shown in the timing chart of FIG. 11. For
the sake of making the understanding easy, in this schematic
circuit diagram, the switching transistors Trl, Tr3, Tr5 and
Tr6 are replaced in illustration with switching symbols,
respectively, and the pixel capacitors Csl and Cs2 are
expressed in illustration by capacitance value C1 and C2,
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respectively. The operation for correcting the threshold
voltage V,, is performed on the output side of the pixel
circuit having the current mirror structure. That is, the state
of the transistor Tr6 is changed from the on state to the off
state, whereby the current path for the drive transistor Trd is
cut off and the pixel capacitor C1 starts to be charged with
electricity through the switching transistor Tr5. When the
charging makes the potential at the point A rise up to the
threshold voltage V,,, of the drive transistor Trd, the drive
transistor Trd is turned off. Thereafter, turning off the
switching transistor Tr5 fixes the threshold voltage V,,, held
in the pixel capacitor C1.

[0100] On the other hand, the operation for writing the
reference current 1., is performed on the input side of the
current mirror circuit. Since the switching transistors Trl
and Tr3 are in the on state, the reference current I, is caused
to flow from the power source V. into the signal line SL
through the input side transistor Tr2 and the switching
transistor Trl. At this time, the potential developed at the
point B connected to the gate G of the input-side transistor
Tr2 is assigned V.. The potential V. has a level corre-
sponding to the reference current I,.. The gate voltage V.,
developed across the source S and gate G of the input side
transistor Tr2 is expressed by (V_.-V,.s). Here, the input
side transistor Tr2 operates in the saturated region since the
switching transistor Tr3 is in the on state, and thus a
relationship between the drain current I . and the gate
voltage V is expressed by Expression 16:

kp ki
Lrep = = (Vs = Vi) = 5 Vee = Ve = Vi)

[0101] InExpression 16, V, is replaced with (V_.—V, ).
Consequently, Expression 16 represents the relationship
between the reference current I _.and the potential V__.at the
point B.

[0102] Rearranging Expression 16 for V., Expression 17
is obtained:

2Uf

Vit = Vee =V = | 75

[0103] As apparent from Expression 17, the potential V;
at the point B is a function of the reference current I ;.
Incidentally, in Expression 17, p represents mobility of the
input side transistor Tr2, k represents a size of the input side
transistor Tr2, and V, represents a threshold voltage of the
input side transistor Tr2.

[0104] FIG. 13 is a schematic diagram showing the signal
current I, writing operation and the coupling operation
which are performed for the period T4 to T5 in the timing
chart shown in FIG. 11. For the period T4 to T5, the
switching transistors Tr5 and Tr6 are in the off state, and the
current which is caused to flow through the signal line SL is
changed from the reference current I .. over to the signal
current ;.. As a result, the signal current I, is caused to
flow from the power source V__ into the signal line SL
through the input side transistor Tr2 and the switching
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transistor Tr1. In other words, the signal current I;, becomes
a drain current which is caused to flow through the input-
side transistor Tr2. The drain current is caused to flow
through the input side transistor Tr2, whereby the potential
at the point B changes from the previous reference potential
V,o¢ to the potential V.. The potential V;, at the point B is
expressed by Expression 18 based on the same calculation as
that for Expression 17 expressing the reference voltage

2Usig
kp

Vier:Viig = Vee = Vin —

[0105] As apparent from Expression 18, the potential V;,
at the point B is a function of the signal current 1.

[0106] A potential change developed at the point B is
expressed by AV, =V,-V . When this relationship is
substituted into Expressions 17 and 18, Expression 19 is
obtained:

[0107] As apparent from Expression 19, the potential
change AV, at the point B is expressed by a difference
between the square root of the reference current I, and the
square root of the signal current 1.

[0108] The potential change AV, at the point B is coupled
to the point A side based on the current mirror operation
through the pixel capacitor C1. An amount of coupling is
determined based on the capacitance division of the pixel
capacitance C1 and a gate capacity Cg of the drive transistor
Trd. Consequently, the potential change AV, at the point A
is expressed by Expression 20:

C1

AV,= ———
‘T Cl+Cg

AV,

[0109] When Expression 19 is substituted into AV, in
Expression 20, finally, the potential change AV, at the point
A is expressed by Expression 21:

ct [2
AVa:m E(,ll,,f —y hig )

[0110] In Expression 21, the pixel capacitance C1 is larger
than the gate capacity Cg of the drive transistor Trd. Con-
sequently, a coeflicient C1/(C1+Cg) in a right member of
Expression 21 takes a value near 1. In other words, the
potential change AV, on the output side of the current mirror
circuit is mirrored in the potential change AV, on the output
side nearly as it is.

[0111] FIG. 14 is a schematic circuit diagram showing the
electroluminescence operation which is performed for the
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period T6 to T8 of the timing chart shown in FIG. 11. For
the electroluminescence period, the switching transistors
Trl, Tr3 and Tr5 are in the off state, while the switching
transistor Tr6 is in the on state. As a result, the drive
transistor Trd and the electroluminescence element EL are
directly connected to each other and thus the drive current
1 is caused to flow through the electroluminescence element
EL, so that the electroluminescence element EL emits light.
The drive current I, caused to flow through the electrolu-
minescence element EL is regulated by the gate voltage V
of the drive transistor Trd. The gate voltage V_ is obtained
by subtracting the potential V at the point A from the power
source potential V_.. The potential V at the point A is
obtained by adding the potential change AV, obtained from
Expression 21 to the potential (V _.—V,,) written in the V,,,
canceling operation. Consequently, a relationship of
V =V —V4+AV, is obtained. When the gate voltage V
obtained in such a manner is substituted into the basic
characteristic expression of the transistor expressed by
Expression 1, the drive current I, is expressed by Expres-
sion 22:

1
Las = 5K 1fVee = (Voo = Vin + AVa) = Vi)

cl VK
(erve) TWme Vi)

[0112] 1In Expression 22, p represents the mobility of the
drive transistor Trd. This mobility p is identical to the
mobility p of the switching transistor Tr2 as the other of a
pair of transistors Tr2 and Trd. In addition, k' represents the
size factor of the drive transistor Trd. Rearranging Expres-
sion 22, finally, the drive current I, takes a value corre-
sponding to a difference between the signal current 1, and
the reference current I .. and thus the influence of the
threshold voltage V,, and the mobility p is canceled. Also, it
is understood that the term of V,, and the term of p are not
contained in the drive current I , expressed by Expression
22. As a result, in the pixel circuit according to the present
invention, it is possible to obtain the image quality which
has the high uniformity and which does not depend on the
dispersion in threshold voltage V,, and mobility p. In addi-
tion, the value of the drive current I, depends on a ratio of
kto k', i.e., the size ratio of a pair of transistors Tr2 and Trd.
Moreover, in the pixel circuit of the present invention, the
black display is obtained by setting the signal current I;, as
equal to the reference current I, As apparent from Expres-
sion 22, when L; =1 . a relationship of 1,,=0 is obtained.
Thus, the perfect black display is obtained since no drive
current is caused to flow through the electroluminescence
element EL. Even in case of the black display, the absolute
values of the signal current I;, and the reference current I, .
are set as the current values enough to perform the write. For
this reason, even the black signal can be sufficiently written
for one horizontal period (1H), and thus the generation of the
black embossing, the longitudinal cross-talk, etc. can be
suppressed. Incidentally, while in the pixel circuit, the
N-channel transistors are used as the switching transistors
Trl, Tr3, Tr5S and Tr6 other than the drive transistor Trd and
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the mirror transistor Tr2, the present invention is not limited
thereto, and thus P-channel transistors may be used. Alter-
natively, the N-channel transistors and the P-channel tran-
sistors may be mixedly used.

[0113] As apparent from the above description, the pixel
circuit 2 of the present invention is disposed in a place where
the signal line SL through which the signal current I, is
caused to flow, and the scanning lines WS, DS and AZ
through which the control signals are supplied, respectively,
cross each other. The pixel circuit 2 is constituted by the
electroluminescence element EL, the drive transistor Trd for
supplying the drive current I, to the electroluminescence
element EL, and the control portion adapted to operate in
accordance with the control signals WS, AZ and DS for
controlling the drive current I, of the drive transistor Trd
based on the signal current I_;,. The control portion basically
includes the first sampling means, the second sampling
means, and the difference means. The first sampling means
is constituted by the switching transistors Tr1l and Tr3, the
pixel capacitor C2, and the mirror transistor Tr2, and serves
to sample the signal current I;, which is caused to flow
through the signal line SL. The second sampling means is
constituted by the switching transistors Trl and Tr3, the
pixel capacitor C2, and the mirror transistor Tr2, and serves
to sample the predetermined reference current I _, which is
caused to flow through the signal line SL just before or after
the signal current I;,. The difference means includes the
pixel capacitor C1 and serves to generate the control voltage
corresponding to the difference between the sampled signal
current I;, and the sampled reference current I,.;. The drive
transistor Trd receives that control signal at its gate G, and
supplies the drive current I,  which is caused to flow through
its source S/drain D to the electroluminescence element EL
to make the electroluminescence element EL emit light.

[0114] FIG. 15 is a schematic circuit diagram showing a
pixel circuit according to still another embodiment of the
present invention. A pixel circuit 2 is disposed in a place
where a column-distributed signal line SL, and row-distrib-
uted signal lines WS1, WS2, WS3, AZ and DS cross each
other. A signal current I, is caused to flow from a current
driver (not shown) into the signal line SL just before or after
a reference current I,.;. Control signals WS1, WS2, WS3,
AZ and DS are supplied from corresponding scanners to the
scanning lines WS1, WS2, WS3, AZ and DS, respectively.
In this specification, for the sake of simplification of the
description, the scanning lines and the control signals cor-
responding thereto are designated with the same reference
symbols.

[0115] The pixel circuit 2 is constituted by eight switching
transistors Trl to Tr8, one drive transistor Trd, three pixel
capacitors Csl to Cs3, and an electroluminescence element
EL. All the switching transistors Trl to Tr8 are N-channel
thin film transistors. The drive transistor Trd is a P-channel
thin film transistor. The electroluminescence element EL is
a two-terminal type (diode type) electroluminescence ele-
ment including an anode and a cathode. For example, an
organic EL element can be used as the electroluminescence
element EL. At that, while in this embodiment, all the
switching transistors Trl to Tr8 are of the N-channel type
each, all the switching transistors Trl to Tr8 may be of a
P-channel type each, or the N-channel thin film transistors
and the P-channel thin film transistors may be mixedly used.
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[0116] The drive transistor Trd is connected with its source
S to a power source V__, connected with its drain D to the
anode side of the electroluminescence element EL through
the switching transistor Trl, and connected with its gate G
to one end of the pixel capacitor Cs3. The control signal DS
is applied from the scanning line DS to a gate of the
switching transistor Trl interposed between the drive tran-
sistor Trd and the electroluminescence element EL. The
switching transistor Tr2 is connected between the gate G and
drain D of the drive transistor Trd. A gate of the switching
transistor Tr2 is connected to the scanning line AZ.

[0117] A source/drain of the switching transistor Tr3 is
connected between the signal line SL and the other end of
the pixel capacitor Cs3. A gate of the switching transistor
Tr3 is connected to the scanning line WS1. The switching
transistor Tr5 is connected between the other end of the pixel
capacitor Cs3 and one end of the pixel capacitor Cs1. A gate
of the switching transistor Tr5, similarly to the switching
transistor Tr3, is connected to the scanning line WS1. The
other end of the pixel capacitor Csl is connected to the
power source V. The switching transistor Tr4 is connected
between the power source V. and one end of the pixel
capacitor Cs2. A gate of the switching transistor Trd is
connected to the scanning line WS2. The other end of the
pixel capacitor Cs2 is connected to the other end of the pixel
capacitor Cs3. The switching transistor Tr6 is connected
between one end of the pixel capacitor Cs1 and one end of
the pixel capacitor Cs2. A gate of the switching transistor
Tr6 is connected to the scanning line WS3. In addition, the
switching transistor Tr7 is connected between the other end
of the pixel capacitor Cs1 and the other end of the pixel
capacitor Cs2. A gate of the switching transistor Tr7, simi-
larly to the switching transistor Tr6, is connected to the
scanning line WS3. Finally, the switching transistor Tr8 is
connected between the drain D of the drive transistor Trd
and the other end of the pixel capacitor Cs3. A gate of the
switching transistor Tr8, similarly to the switching transis-
tors Tr3 and TrS, is connected to the scanning line WS1.

[0118] FIG. 16 is a timing chart explaining an operation of
the pixel circuit 2 shown in FIG. 15. Changes in waveforms
of the control signals DS, AZ, WS1, WS2 and WS3 are
shown along a time axis T. At the same time, a change in
waveform of the signal current I, is also shown. The signal
level of the signal current I;, changes every one horizontal
period (1H). In addition, after the signal current I;, is caused
to flow through the signal line SL for the first half of each
horizontal period, the predetermined reference current I, is
caused to flow through the signal line SL instead for the
second half of each horizontal period. The reference current
L. is fixed, while the signal current I;, changes in corre-
spondence to the image signal. This display device writes
information on one picture for one field to the pixel array. In
the timing chart of FIG. 16, the illustration is made so that
one field starts with timing T1.

[0119] For a period T0 before the timing T1 at which the
field concerned starts, the control signal DS is at a high level,
while all the remaining control signals AZ, WS1, WS2 and
WS3 are at a low level each. Since the control signal DS is
at the high level, the switching transistor Tr1 is in an on state,
and the electroluminescence element EL is driven by the
drive transistor Trd and thus is in an electroluminescence
state.
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[0120] When the field concerned starts at the timing T1,
the control signals AZ and WS3 change from a low level
over to a high level each. As a result, the operation enters a
preparation state in which the threshold voltage V,, of the
drive transistor Trd is detected. Subsequently, at timing T2,
the control signal DS changes from a high level over to a low
level, a state of the electroluminescence element EL is
changed from an electroluminescence state over to a non-
electroluminescence state, and the threshold voltage V,, of
the drive transistor Trd is detected. Subsequently, at timing
T3, the control signals AZ and WS3 become the low level
each and thus the detected threshold voltage V,;, is held and
fixed. The held and fixed threshold voltage V., will be used
to cancel or correct the dispersion in threshold voltage V,
of the drive transistor Trd in a later electroluminescence
stage. Then, a period T2 to T3 is referred to as a V,,
correcting period in some cases.

[0121] At timing T4, the control signals WS1 and WS2
change from a low level over to a high level each. At this
time, the signal current I, is caused to flow through the
signal line SL. The signal current L, is sampled to be
written to the pixel circuit 2. Subsequently, when at timing
TS5, the control signal WS2 changes from the high level over
to the low level, the operation for writing the signal current
L, is completed. A period from the timing T4 to the timing
TS for which the signal current I, is sampled is referred to
as an I, writing period in some cases.

[0122] Subsequently, when the current which is caused to
flow through the signal line SL is changed from the signal
current I;, over to the reference current I, . after the timing
TS5, the reference current I, is sampled. When at timing T6,
the control signal WS1 returns back to the low level, the
operation for writing the reference current I, is completed.
A period T5 to T6 from the timing T5 to the timing T6 is
referred to as an I, writing period. As apparent from the
above description, for the period from the timing T5 to the
timing T6 for which the control signal WS1 is at the high
level, the operation for writing the signal current I;, and the
operation for writing the reference current I, are succes-
sively performed. The period T4 to T6 for which the control
signal WS1 is at the high level is just one horizontal period
(1H). For the one horizontal period 1H allocated to the pixel
circuit 2 concerned, the signal current L, and the reference
current I, can be successively sampled.

[0123] Thereafter, the control signal WS3 rises at timing
T7, and the control signal WS3 falls at timing T8. For a
period T7 to T8 for which the control signal WS3 is at the
high level, a difference between the signal current ;, and
the reference current I ., is obtained. This difference is
obtained based on the operation for canceling the capaci-
tances of the pixel capacitors Cs1 and Cs2. Thus, the period
T7 to T8 is referred to as a capacitance canceling period in
some cases.

[0124] At timing T9, the control signal DS changes from
the low level to the high level and the control signal WS2
also changes from the low level to the high level. As a result,
the pixel capacitors Cs2 and Cs3 are coupled to each other,
and the drive current I, is supplied from the drive transistor
Trd to the electroluminescence element EL, and the elec-
troluminescence element EL, performs the electrolumines-
cence operation.

[0125] FIG.17 is a schematic circuit diagram showing the
V,, canceling operation which is performed for the V
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correcting period T2 to T3 shown in FIG. 16. For the period
T2 to T3, the switching transistors Trl, Tr3, Tr4, Tr5 and Tr8
are in the off state each, while the switching transistors Tr2,
Tr6 and Tr7 are in the on state each. As a result, one end of
the pixel capacitor Cs3 is connected to the gate of the drive
transistor Trd, while the other end of the pixel capacitor Cs3
is connected to the power source V_ through the switching
transistor Tr7. When the switching transistor Trl is turned
off in a state in which the current is caused to flow from the
power source V. toward the electroluminescence element
EL, the pixel capacitor Cs3 is charged with electricity
through the switching transistor Tr2 since the current path is
cut off. Along with the charging, the gate potential of the
drive transistor Trd continues to rise. At a time point when
the gate potential just reaches the threshold voltage V,,, of
the drive transistor Trd, the drive transistor Trd is turned off.
The threshold voltage V,, of the drive transistor Trd which
is detected at this time point is held between the opposite
ends of the pixel capacitor Cs3. Thereafter, the switching
transistor Tr2 is turned off and the threshold voltage V,;, held
in the pixel capacitor Cs3 is fixed. The threshold voltage V,,
which is held and fixed in such a manner will be used to
cancel or correct the dispersion in threshold voltage V,, of
the drive transistor Trd in the later electroluminescence
operation.

[0126] FIG. 18 is a schematic circuit diagram showing the
I;, writing operation which is performed for the period T4
to T5 shown in the timing chart of FIG. 16. For the period
T4 to TS, the signal current I, is being caused to flow
through the signal line SL. In addition, the switching tran-
sistors Trl, Tr2, Tr6 and Tr7 are in the off state, while the
switching transistors Tr3, Trd, Tr5 and Tr8 are in the on
state. As a result, the signal current I, is caused to flow from
the power source V__ into the signal line SL side through the
drive transistor Trd, and the switching transistors Tr8 and
Tr3. In other words, the signal current 1, is caused to flow
as the drain current through the drive transistor Trd. Con-
sequently, the drain current I, is expressed in accordance
with the basic characteristics of the transistor shown in
Expression 1 by Expression 23:

ku
lig = — (Vgs = Vi)

where V, represents the gate voltage developed across the
gate and source of the drive transistor Trd, V; represents the
threshold voltage of the drive transistor Trd, k represents the
size factor of the drive transistor Trd, and p represents the
mobility of the drive transistor Trd.

[0127] Here, rearranging Expression 23 for V,
sion 24 is obtained:

ge» BXpres-

[0128] Here, referring to FIG. 18, the pixel capacitors Cs2
and Cs3 are connected in series between the source and gate
of the drive transistor Trd. When the voltage held between
the opposite ends of the pixel capacitor Cs2 is assigned V.,
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and the voltage held in the pixel capacitor Cs3 is assigned
Ves3, the gate voltage V is given by V=V ,+V ;. Here,
Ves3 is set to Vy,, through the previous V,,, canceling opera-
tion. Thus, a relationship of V.=V _,+V, is obtained. When
V.. given by Expression 24 is substituted into V in that
expression to rearrange that expression, the voltage V __,

held in the pixel capacitor Cs2 is given by Expression 25:
Ver = | 2

[0129] As apparent from Expression 25, the voltage V.,
held in the pixel capacitor Cs2 is proportional to the square
root of the signal current I ;.. In other words, the voltage
Ves2 corresponding to the signal current I;, is sampled and
held in the pixel capacitor Cs2 by performing the L, writing
operation for the period T4 to T5.

[0130] FIG.19 is a schematic circuit diagram showing the
Lo¢ writing operation which is performed for the period T5
to T6 shown in FIG. 16. When the operation proceeds from
the I;, writing operation shown in FIG. 18 to the I, writing
operation shown in FIG. 19, the control line WS2 becomes
the low level to turn off the switching transistor Tr4. The
states of other switching transistors Trl, Tr2, Tr3, Tr5, Tr6,
Tr7 and Tr8 are maintained as they are. Consequently, as
apparent from the comparison of FIG. 19 with FIG. 18, a
connection relationship is changed from the connection of
the pixel capacitor Cs2 over to the connection of the pixel
capacitor Cs1. More specifically, in the I;, writing operation
shown in FIG. 18, the pixel capacitors Cs2 and Cs3 are
connected in series between the source and gate of the drive
transistor Trd, whereas in the I, writing operation shown in
FIG. 19, the pixel capacitors Cs1 and Cs3 are connected in
series between the source and gate of the drive transistor
Trd. That is, the pixel capacitor Cs2 is merely replaced with
the pixel capacitor Cs1 in terms of the circuit operation. At
this time, the reference current I, is caused to flow through
the signal line SL instead of the previous signal current I,
More specifically, the reference current I . is caused to flow
from the power source V. into the signal line SL side
through the drive transistor Trd, and the switching transis-
tors Tr8 and Tr3. At this time, a part of the gate voltage V
developed across the source and gate of the drive transistor
Trd is held in the pixel capacitor Cs1. When this voltage is
assigned V_,, similarly to the case of Expression 25, V_; is
expressed by Expression 26:

2Uyer

Vesi = T

[0131] Here, as apparent from the comparison of Expres-
sion 26 with Expression 25, V_, is replaced with V, in the
left member of Expression 25, and I, is replaced with I,
in the right member of Expression 25. As can be seen from
Expression 26, the voltage Vsl held in the pixel capacitor
Cs1 corresponds to the square root of the reference current
I.¢ In other words, in the I, writing operation, the voltage
corresponding to the reference current I ., is sampled and
held in the pixel capacitor Csl.

[0132] FIG. 20 is a schematic circuit diagram showing the
capacitance canceling operation which is performed for the
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period T7 to T8 of the timing chart shown in FIG. 16. In this
operation, the switching transistors Tr3, Tr5 and Tr8 are
turned off, while the switching transistors Tr6 and Tr7 are
turned on. As a result, the minus side terminal of the pixel
capacitor Cs1 and the plus side terminal of the pixel capaci-
tor Cs2 are connected to each other, and the plus side
terminal of the pixel capacitor Csl and the minus side
terminal of the pixel capacitor Cs2 are connected to each
other. Thus, the capacitance cancel for the pixel capacitors
Csl and Cs2 is performed between V., and V_,. That is,
a difference between the voltage V_,; held in the pixel
capacitor Cs1 and the voltage V_, held in the pixel capacitor
Cs2 is obtained, and the difference between the voltage V_,
and the voltage V_, is then held across the pixel capacitor
Cs2. Here, when the capacitances of the pixel capacitors Cs1
and Cs2 are equal to each other, a potential V_,' held in the
pixel capacitor Cs2 after the capacitance cancel is given by
Expression 27:

v Ver = Vet N lsig =/ lrer
cs2 ~ P - \/T
y1)

[0133] As apparent from Expression 27, V_,' is a value
corresponding to a difference between the signal current I;,
and the reference current 1. Exactly speaking, the voltage
corresponding to the difference between the square root of
I and the square root of ¢ is held as V_;' in the pixel
capac1t0r Cs2.

[0134] FIG. 21 is a schematic circuit diagram showing the
capacitive coupling operation and the electroluminescence
operation which are performed for the electroluminescence
period at and after the timing T9 shown in FIG. 16. At the
timing T9, the control signals DS and WS2 become the high
level each, while all other control signals WS1, WS3 and AZ
are held at the low level each. As a result, the switching
transistors Tr4 and Trl are turned on while the remaining
switching transistors Tr3, Tr5, Tr6, Tr7, Tr2 and Tr8 are
turned off. Since the switching transistor Tr4 is turned on,
the pixel capacitors Cs2 and Cs3 are coupled to each other
between the source and gate of the drive transistor Trd. At
this time, the pixel capacitors Cs2 and Cs3 are coupled to
each other in a state of holding therein the mutual electric
charges because the gate capacity Cg of the drive transistor
Trd is sufficiently small. That is, the gate voltage V, of the
drive transistor Trd during the electrolumlnescence is
expressed by V=V 4V ,'=V,+V

[0135] When V_ thus obtained is substituted into the basic
characteristic expression of the transistor shown in Expres-
sion 1, the drive current I, as expressed by Expression 28
is obtained:

1
= —kp(Vgs = Vy
las = Shu(Ves =

v = [F ‘/_f] (Viee ~\1r )

[0136] In a first step of Expression 28, (V,+V..,") is
substituted into V. As aresult, V, is canceled and the drive
current I becomes propomonal to the square of V '
Moreover, as shown in a second step of Expression 28,



US 2006/0114200 Al

Expression 27 is substituted into V_,'. Thereafter, the
mobility p in a denominator and the mobility p in the
coeflicient cancel each other and finally, I, is expressed in
the form of a third step in Expression 28. As apparent from
Expression 28, the drive current (electroluminescence cur-
rent) I, is determined by the current difference value
between I;, and 1., and thus it is possible to obtain the
image quality, having the high uniformity, which does not
depend on the dispersion in threshold voltage V,, and
mobility p of the drive transistor Trd. Moreover, in the pixel
circuit of the present invention, during the black display, the
signal current I, is set as equal to the reference current I,..
As apparent from Expression 28, when [ =] ., a relation-
ship of 1,.=0 is obtained and thus the electroluminescence
current disappears. As a result, the perfect black display is
obtained. On the other hand, even in case of the black
display, the absolute value of the reference current I _;can be
set to a sufficiently high level, and thus the black signal can
be sufficiently written for one horizontal period (1H). As a
result, the generation of the black embossing and the lon-
gitudinal cross-talk can be suppressed, the perfectly deep
black can be expressed, and the high contrast characteristics
can be obtained.

[0137] As described above, the pixel circuit 2 according to
the still another embodiment of the present invention shown
in FIG. 15 is disposed in the place where the signal line SL
through which the signal current I, is caused to flow, and
the scanning lines WS1, WS2, WS3, AZ and DS through
which the control signals are supplied, respectively, cross
each other. The pixel circuit 2 is constituted by the elec-
troluminescence element EL, the drive transistor Trd for
supplying the drive current I, to the electroluminescence
element EL, and the control portion adapted to operate in
accordance with the control signals WS1, WS2, WS3, AZ
and DS for controlling the drive current I, of the drive
transistor Trd based on the signal current ;.. The control
portion includes the first sampling means, the second sam-
pling means, and the difference means. The first sampling
means is constituted by the switching transistors Tr3, Trd
and Tr8, and the pixel capacitor Cs2, and serves to sample
the signal current I;, which is caused to flow through the
signal line SL.. The second sampling means is constituted by
the switching transistors Tr3, Tr5 and Tr8, and the pixel
capacitor Csl, and serves to sample the predetermined
reference current I .. which is caused to flow through the
signal line SL just before or after the signal current I;,. The
difference means is constituted by the switching transistors
Tr6 and Tr7, and a pair of pixel capacitors Cs1 and Cs2, and
serves to generate the control voltage V_,' corresponding to
the difference between the sampled reference current I _.and
the sampled signal current I;,. The drive transistor Trd
receives that control voltage V__,' at its gate G and supplies
the drive current I, caused to flow through its source/drain
to the electroluminescence element EL to make the elec-
troluminescence element EL emit light.

[0138] When the relative difference between the signal
current I ;. and the reference current I .. which are sampled
by the first and second sampling means, respectively, is
small, the amount of electroluminescence of the electrolu-
minescence element EL. becomes little, while when the
relative difference between the signal current I;, and the
reference current I .. is large, the amount of electrolumines-
cence becomes much. However, the absolute levels of the
signal current I;, and the reference current I.; are set as
large enough to make the sampling possible even when the
relative difference is small.
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[0139] The control portion of the pixel circuit 2 includes
the correcting means in addition to the above-mentioned first
and second sampling means. The correcting means is con-
stituted by the switching transistors Tr1, Tr2 and Tr7, and the
pixel capacitor Cs3, and adapted to detect the threshold
voltage V., of the drive transistor Trd to add the detected
threshold voltage V,, to the above-mentioned control volt-
age V_,'. As a result, the influence of the threshold voltage
V,, can be canceled from the drive current 1.

[0140] While the preferred embodiments of the present
invention have been described using the specific terms, such
description is for illustrative purposes only, and it is to be
understood that changes and variations may be made with-
out departing from the spirit or scope of the following
claims.

[0141] Tt should be understood that various changes and
modifications to the presently preferred embodiments
described herein will be apparent to those skilled in the art.
Such changes and modifications can be made without
departing from the spirit and scope of the present subject
matter and without diminishing its intended advantages. It is
therefore intended that such changes and modifications be
covered by the appended claims.

The invention is claimed as follows:

1. A pixel circuit which is disposed in a place where a
signal line through which a signal current is caused to flow,
and scanning lines through which control signals are sup-
plied, respectively, cross each other and which includes an
electroluminescence element, a drive transistor for supply-
ing a drive current to the electroluminescence element, and
a control portion adapted to operate in accordance with the
control signals for controlling the drive current of said drive
transistor based on the signal current, said control portion
comprising:

first sampling means for sampling the signal current being
caused to flow through said signal line;

second sampling means for sampling a predetermined
reference current being caused to flow through said
signal line just before or after the signal current; and

difference means for generating a control voltage corre-
sponding to a difference between the sampled signal
current and the sampled reference current,

wherein said drive transistor receives the control voltage
at its gate and supplies a drive current being caused to
flow through its source and drain to said electrolumi-
nescence element to make said electroluminescence
element emit light.

2. The pixel circuit according to claim 1, wherein when a
relative difference between the signal current and the refer-
ence current sampled by said first and second sampling
means, respectively, is small, an amount of electrolumines-
cence of said electroluminescence element decreases in size,
and when the relative difference between the signal current
and the reference current is large, the amount of electrolu-
minescence increases in size, while absolute levels of the
signal current and reference current are set at a sufficiently
large amount to make the sampling possible even when the
relative difference between the signal current and the refer-
ence current is small.

3. The pixel circuit according to claim 1, wherein said
control portion comprises correcting means for detecting a
threshold voltage of said drive transistor to add the detected
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threshold voltage to the control voltage, so that an influence
of the threshold voltage is canceled from the drive current.

4. The pixel circuit according to claim 1, wherein said first
sampling means samples a signal voltage generated when
the signal current is caused to flow through said drive
transistor, said second sampling means samples a reference
voltage generated at said gate of said drive transistor when
the reference current is caused to flow through said drive
transistor, and said difference means obtains a difference
between the signal voltage and the reference voltage by
coupling the signal voltage and the reference voltage to each
other through a capacitor to generate the control voltage.

5. The pixel circuit according to claim 4, wherein, said
first sampling means has a first capacitor for holding therein
the sampled signal voltage, said second sampling means has
a second capacitor for holding therein the sampled reference
voltage, said second capacitor being adapted to be coupled
to the signal voltage, and said first and second capacitors
have the same capacitance value.

6. A display device including a pixel array portion, a
driver portion, and a scanner portion, said pixel array portion
including column-distributed signal lines, row-distributed
scanning lines, and pixel circuits disposed in matrix in
places where said column-distributed signal lines and said
row-distributed scanning lines cross each other, said driver
portion serving to cause signal currents to flow through said
signal lines, respectively, said scanner portion serving to
supply control signals to said scanning lines, respectively,
each pixel circuit including an electroluminescence element,
a drive transistor for supplying a drive current to the
electroluminescence element, and an intra-pixel control por-
tion adapted to operate in accordance with the control
signals for controlling the drive current of said drive tran-
sistor based on the signal current,

wherein said intra-pixel control portion comprises:

first sampling means for sampling the signal current being
caused to flow through said signal line;

second sampling means for sampling a predetermined
reference current being caused to flow through said
signal line just before or after the signal current; and

difference means for generating a control voltage corre-
sponding to a difference between the sampled signal
current and the sampled reference current, and

said drive transistor receives the control voltage at its gate
and supplies a drive current being caused to flow
through its source and drain to make said electrolumi-
nescence element emit light.
7. The display device according to claim 6, wherein when
a relative difference between the signal current and the
reference current sampled by said first and second sampling
means, respectively, is small, an amount of electrolumines-
cence of said electroluminescence element decreases in size,
and when the relative difference between the signal current
and the reference current is large, the amount of electrolu-
minescence increases in size, while absolute levels of the
signal current and reference current are set at a sufficiently
large amount to make the sampling possible even when the
relative difference between the signal current and the refer-
ence current is small.
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8. The display device according to claim 6, wherein, said
intra-pixel control portion comprises correcting means for
detecting a threshold voltage of said drive transistor to add
the detected threshold voltage to the control voltage, so that
an influence of the threshold voltage is canceled from said
drive current.

9. A method of driving a pixel circuit which is disposed
in a place where a signal line through which a signal current
is caused to flow, and scanning lines through which control
signals are supplied, respectively, cross each other, and
which includes an electroluminescence element, a drive
transistor for supplying a drive current to said electrolumi-
nescence element, and a control portion adapted to operate
in accordance with the control signals for controlling a drive
current of said drive transistor based on the signal current,
said method comprising the steps of:

sampling a signal current being caused to flow through
said signal line;

sampling a predetermined reference current being caused
to flow through said signal line just before or after the
signal current;

generating a control voltage corresponding to a difference
between the sampled signal current and the sampled
reference current; and

applying the control voltage to a gate of said drive
transistor and applying a drive current being caused to
flow through a source and a drain of said drive tran-
sistor to said electroluminescence element.

10. A method of driving a display device including a pixel
array portion, a driver portion and a scanner portion, said
pixel array portion including column-distributed signal
lines, row-distributed scanning lines, and pixel circuits dis-
posed in matrix in places where said column-distributed
signal lines and said row-distributed scanning lines cross
each other, said driver portion serving to cause signal
currents to flow through said signal lines, respectively, said
scanner portion serving to supply control signals to said
scanning lines, respectively, each pixel circuit including an
electroluminescence element, a drive transistor for supply-
ing a drive current to said electroluminescence element, and
an intra-pixel control portion adapted to operate in accor-
dance with the control signals for controlling the drive
current of said drive transistor in accordance with the signal
current, said method comprising the steps of:

sampling a signal current being caused to flow through
said signal line;

sampling a predetermined reference current being caused
to flow through said signal line just before or after the
signal current;

generating a control voltage corresponding to a difference
between the sampled signal current and the sampled
reference current; and

applying the control voltage to a gate of said drive
transistor and applying a drive current being caused to
flow through a source and a drain of the drive transistor
to said electroluminescence element.
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