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An electronic device may be provided with a display mounted
in a housing. The display may include a liquid crystal display
module and a reflective polarizer having an in-plane optical
axis. The display may also include a backlight unit that
includes a light source, a light guide element, and a reflector
film coupled to a backside of the light guide element. The
display may also include a light retardation layer such as a
quarter wave film. The quarter wave film may be arranged
between the reflective polarizer and the reflector film of the
backlight unit. During operation of the display, partially
polarized light that is output from a front side of the light
guide element may have a first component parallel to the
in-plane optical axis and a second component perpendicular
to the in-plane optical axis of the reflective polarizer. The
second component may be reflected from the reflective polar-
izer.

/M

46" LCD PANEL
100" REFLECTIVE POLARIZER 104
1021 QUARTER WAVE FILM

?Q_f OPTiCAL FILMS

49" BACKLIGHT UNIT




Patent Application Publication Jan. 8,2015 Sheet 1 of 29 US 2015/0009451 A1




Patent Application Publication Jan. 8,2015 Sheet 2 of 29 US 2015/0009451 A1

10
14 12 /




Patent Application Publication Jan. 8,2015 Sheet 3 of 29 US 2015/0009451 A1




Patent Application Publication Jan. 8,2015 Sheet 4 of 29 US 2015/0009451 A1

[‘!4

46" LCD PANEL
100~"1 REFLECTIVE POLARIZER ‘o
102" QUARTER WAVE FILM

70— OPTICAL FILMS

42~ BACKLIGHT UNIT

FIG. 5



Patent Application Publication Jan. 8,2015 Sheet 5 of 29 US 2015/0009451 A1




US 2015/0009451 A1

Jan. 8,2015 Sheet 6 of 29

Patent Application Publication

Ll "Old

MO TVIXVYIE

001"

HIAZ1HV 04 AALOI1H43H

Ol "Old

qcLe—"1

W0 TVIXVINGD

AV Seall

4MD VIXVIND

ALY

ez Le—"]

WD TVIXVIND

0011

HIZIHYTOd BAILLOFA3Y

8 Oid

ZLE—"]

W40 TVIXVINND

AMO TTVIXVING

Wmow

HAZIHV10d dAILLOF143Y

X
\ru H 001"

K?Qr

6 Ol

A

AAD TVIXVINGD

AL

WHA-O TVIXYIND

WND«

001"

HIAZIHYTIOd FAILDTTA43Y

L Ol

//vo i

4AMD TVIXVIND

GO L—"1

HAZ1GV10d JAILDF 43










US 2015/0009451 A1

Jan. 8,2015 Sheet 9 of 29

Patent Application Publication

FIG. 14



Patent Application Publication Jan. 8,2015 Sheet 10 0of29  US 2015/0009451 A1

121

FIG. 15



Jan. 8,2015 Sheet110f29  US 2015/0009451 A1

Patent Application Publication

91 ©Old

08

g4

Ni /////////////////////////////////////////////////wx

]
1

VOV NN/ NAVSN)NaVON) N AVSVIV NSV N aVSN).N V0V N ANV sV N

0€ L~

LIS SIS IS TSI SIS AL

s NN RN NN N

20l

YT

00 L~

L L L L L L L L LS L L L

09—~

s

8G~

Ciml T €58 O OO D D Y S

9¢

L

4%}

4

>04

> 9

~ L



Jan. 8,2015 Sheet120f29  US 2015/0009451 A1

Patent Application Publication

Ll "9Old

08

/

84

7 T T T T TR

il
o]
]
£

DDA DI,
O N S
NI T 77T 7T T T T T T T T 7 T 77 77

>04

OO N NN N N NN N NN N N NN N
oy, 77 7SS
— ]

- ]

TR G50 A OO O GO O8O o

L L
_

4

>V

~ L



Jan. 8,2015 Sheet130f29  US 2015/0009451 A1

Patent Application Publication

gL ©ld

04a

RS,
v

AUUUUUUUUALA LR EEUUUALALLRRRLLEEUUARARRRRRAR,

TAt]?

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0gt

AN,

901~

ONNONON NN N N NN N NN

00 L~

L L L L L LS L L L LSS

e ]

>04

R A &S 80 G 8 G50 KK

(L

4

>O1

[



US 2015/0009451 A1

Jan. 8,2015 Sheet 14 of 29

Patent Application Publication

6l ©Old

08

\ FAL)"

NA§§S§§S§§§§§§§§§

AR EERAAAA A DV VAV AL A VAN AR AN NN\

=l

0gi

4

IDAINAINOIS ISP ISP INSIIIND, 8L

90 L~

SN N N N N N N N N NN N N

00 b~

L L L L L L LS LS L

—

-

R AT &80 G OO 80 G50 <35

(L

=

4

TN

-,

>




Jan. 8,2015 Sheet150f29  US 2015/0009451 A1

Patent Application Publication

0¢ 'Old

08

N% ANEA1HETAAAAEAEERAARAARESAEAAERARAARRRRRRRARR RN

84
.m\m\ ol

SN NN SN SN NS SIS NN

o$/§§§§§§§§

N7

e T D e o Sy Sy o S

90~ T N S N S S S S S N
20~J7777777777177777777777777777777 777777717 77777777)
77— 7 77 7]

e ———— |

S N Q5D GO a8 SO D &S

S
_ |

S\\

>4

>or




US 2015/0009451 A1

Jan. 8,2015 Sheet 16 of 29

Patent Application Publication

L ©ld

08
\ E

......

NN NN NN

0L~

1<\ﬂ4\ﬂ4sﬂﬂﬁidﬁﬂdqﬂ4\11<\4sin

W i 7 e

N NI N N RN T T T R T T

NI L
PO N N N N N N N N N N N N N N T
W T LT 7L

A —SSSS ———

R 0 £ R0 Ao €8 &S OO >Gt

vV S A
e

vw\\

-



US 2015/0009451 A1

Jan. 8,2015 Sheet 17 of 29

Patent Application Publication

¢¢ Old

08

R e R R R L R R R R R P R s A N

o T T T T Y -

SN NN N N S SO SN SONN T

SO IIIT T )

0oLl

SR T i 2

/.

ﬁ‘i\\14\‘!\*‘1&\11\\‘1\\‘1\*‘4&\‘«\1\

NN ey N NN e N A S N RN RN

PUISING NN NN N N N NN N N N NN ]
N Tl

e —

e — ]

TS CK S0 GO O 80 O &8

VA S A

] |

iﬂ\\m

>4

>9v




Jan. 8,2015 Sheet180f29  US 2015/0009451 A1

Patent Application Publication

€C Ol

08

T e

N IIITIIITTIIT T

(49

NN NN N N NN N N N N N

O

_\.ﬂﬂd\\iq\ﬁﬂﬂ*iﬂ.ﬂ‘aﬂﬂﬂd\@d‘i d.f.!.a\ﬂik

804 ™

Yz

NN B T N N O L A A R R N Y

e DN NN NN NN

Ny T 7 7 7 7 ]

= ]

G X5 Q&0 5 &« S5 e 588 &5

VA S A

e —

'

=04

P el




Jan. 8,2015 Sheet190f29  US 2015/0009451 A1

Patent Application Publication

v "Old

08
\ NE

% _\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
/ANENARRARARARARANANANY ////////////////////////////A\E\ ot
N:‘)__V///////////////,_
ok A

%7&\\\\\\\\\ \\\\\\ \\\\\\\\\\\\\\\\\\\\ 2007

N M M N T N R T R

VNN NN NSNS SIS SN S SN
Oy T T 7
e ——

CE 8D O S T80 K &K &8> >39t

S S S
1 |

o

=04




US 2015/0009451 A1

Jan. 8,2015 Sheet 20 of 29

Patent Application Publication

7 T T T R
NS NSNS SN S S S SS S S SN
o~ LTI LTI T T T T

001

GZ "Old

08

/

\\mh

L L L L L L L L L L L

v S S S S S S
— e T T

'

-

-

T

> Gt




US 2015/0009451 A1

Jan. 8,2015 Sheet 21 of 29

Patent Application Publication

N?_ﬁ ,//////////////////////////////////////////////////

20 b~

\\mm.

L L L

a0t

NN NN NN NN NONON N N N N

001

S S S S S S S S SSSSSS

—

S
—_

3&\\\

0L

-

> O




US 2015/0009451 A1

Jan. 8,2015 Sheet 22 of 29

Patent Application Publication

LC Ol

08

/

/L7777 7T T 77T T T 7777777777777

O T I M I I M T A M T A N I T I R I L I i s B e S T 3
e ey s b s el A T s Fus s ban o Fes ta yae By dra by et .1..,\\

k
v

AL1ATARRRARALARARARAREAARARAAAARARERAARARARARARRA

- ]

901~

ANANANANA NN NN NN

00 L~}

L LSS S LSS S L L L L LA

f!f///////

- ]

S5 &30 S O 80 GO a8 &0

L

]

E‘.\\

>GY




US 2015/0009451 A1

Jan. 8,2015 Sheet 23 of 29

Patent Application Publication

8¢ "Oid

g4

L

INIWIZ 3AIND LHDIT
8004

WSIHd NAMOG-3DV4H

cl

\

|

40¥N0S
LHOIT




US 2015/0009451 A1

Jan. 8,2015 Sheet 24 of 29

Patent Application Publication

0 08 04

09

0 0OF O

6Z 9Oid

(*Bap) IIONY LN4LNO

€ 02 0Ot

\

/

=

Lo

N

0

0L~ 02 Q- OV 0% 09 04~ 08 06

0

\

/

/

\

/

ol
/

w0

VOO L

oo

2004

'L

Vi

FAHNA0¥d ALISNILNI SOONINGT WL ONINENL

ALISNIINI SNONINNT A3Z1MVINEON



Patent Application Publication Jan. 8,2015 Sheet 25029  US 2015/0009451 A1

1.2

[eegveE————
P daaritaml

| N 1104(T
r““' p)
0.8 —_—R \
\E\ﬁ 06(Ts)
a

)

/V\wﬁw(as)

| ;ii

02 4__/’ 4 f——1102(P)
) g A4 A= 1108(Rp)

0 51015202530354045

INCIDENT ANGLE INSIDE PMMA
LIGHT GUIDE ELEMENT (deg)

0.6 ------Tp

04

]
|
i'
l
1K

T, R, AND DEGREE OF POLARIZATION

FIG. 30

Z 12
= i
é L S T T ﬁ“ ~"\ 14 T )
© T e 1114(Tp
S 084==Rs N
5 ——Rp | \“‘E’\M‘!B(Ts)
N 0.6 —— 13 | ; '
8 . ~==Tp | !

4 1= ="DEGREE OF PO TION ‘
0 L’ﬂz“ / 1120(Rs)
8 02 1 -
g N B W“WQ(F’)
0 0 m—jﬂ_ﬁrﬁwf":‘;:;=fmﬁif fw11?3(R}3)
Z "9 5 10 15 20 25 30 35 40 45
v 02
- INCIDENT ANGLE INSIDE FACE-UP

PRISM FILM (deg)

FIG. 31



US 2015/0009451 A1

Jan. 8,2015 Sheet 26 of 29

Patent Application Publication

¢t "Olid

R SSNSNNNNEEE LTRSS

VZ0Zh~_ -
R SNNNNNNREREGEANNN __
| | mNom_ﬁ!,w -

Obi— ——

43g-"




ve "Old

Ol

\xmv \scm

L4
f?,ﬁ + SN

US 2015/0009451 A1

g3.1L037143

L GRZIMVYIO4 ATHVINOHID ﬁ TWIIL4O

>

A2V I0d ATV INOWHIO

2 I NANG aﬁou-mm + AQIAZIMYIOENN ATIVLOL
= | a3ZIiviod-d
o ﬁ _ + QIZIYVI0dNN ATTVLOL
3 TNV G5 HIZIHV IO [« Mo < g + SIS
= " [ G3LLINSNVEL {3ALOT 43 E RO E R R A3IzZEY10d | WOILdO
- AININOQWOD-d 7 ATTVILvYd
3 o 004 201
&
2
=S
€€ Ol
=
2= A SN I
S
E AN NN Jane
m m‘ . H[.l\.\.u i {;‘\i\!ﬂ!}l“.-mm\
.m ¢0 /v\\\\\\\\\\\\\\\\\\ M VA
i k-4
E 00b~N0 N N\ /\/ /anf ANGE AN
g r:.v
=
[~



Patent Application Publication Jan. 8,2015 Sheet 28 0f29  US 2015/0009451 A1

GAIN COMPARED TO WITHOUT

GAIN COMPARED TO WITHOUT
REFLECTIVE POLARIZER

REFLECTIVE POLARIZER

EMPIRICAL: GAIN 1=1.33

1.8
1.5
1402D(r=0.6)
et
1.4 Ak

- ,,.1{;02(:0:0.5)

1.1 % WMMMA r=0.3)

02 025 03 035 04 045 05
P POLARIZATION CONVERSION EFEICIENCY

FIG. 35

GAIN 2=1.43

\

I - 41200=08)
C O'O'O*O-o_o_o_ovw

-,
““ﬂ‘-‘ﬂus-n_.”ﬁ

% szcmo 5)

-
&%W 412B(r=0.4)
’ 31412,&(;':0‘3}

02 025 03 035 04 045 05
P. POLARIZATION CONVERSION EFFICIENCY

FIG. 36



Jan. 8,2015 Sheet290f29  US2015/0009451 A1

Patent Application Publication

006 <

~

A

LE Ol

08

/

P!

84
Ni‘ VL Y \\\\\\\N\ B~z

e~ N N SN SN S SN NN NSNS SN
O~ A
8OV~ LA
SO~ N N N N N N N N N N N N N Y

>4

gz051 ./E.

‘ _
x IYAHON ~
~_ | _

Bop 04~
| | _— Y2051

A

TYWHON




US 2015/0009451 A1

DISPLAYS WITH REFLECTIVE
POLARIZERS

BACKGROUND

[0001] This relates generally to electronic devices, and
more particularly, to electronic devices with displays.

[0002] Electronic devices often include displays. For
example, cellular telephones and portable computers often
include displays for presenting information to a user.

[0003] Itcan be challenging to form displays for electronic
devices. Displays such as liquid crystal displays typically
include a backlight unit that generates light for the display.

[0004] Lightis commonly emitted into a light guide plate in
the backlight unit and exits the light guide plate into a display
module such as a liquid crystal display module. However, if
care is not taken, light that exits the light guide plate can
sometimes be reflected back toward the light guide plate. This
type of reflected light can cause unwanted light leakage from
the display, thereby reducing the efficiency of the display.

[0005] Itwould therefore be desirable to be able to provide
improved displays for electronic devices.

SUMMARY

[0006] An electronic device may be provided with adisplay
mounted within a housing. The display may include a display
module such as a liquid crystal display (LCD) panel, a back-
light unit, a reflective polarizer, and a light retardation film
such as a quarter wave film. The quarter wave film (QWF)
may be arranged between a reflector film within the backlight
unit (BLU) and the reflective polarizer. The QWF helps
improve light recycling efficiency from the reflective polar-
izer and increase light efficiency into the LCD panel.

[0007] The reflective polarizer may be configured to trans-
mit a first polarized light and reflect a second polarized light
where the polarization of the second polarized light is
orthogonal to the polarization of the first polarized light. The
backlight unit may include a light source, a light guide ele-
ment such as a light guide plate, and a reflector film coupled
to abackside of the light guide element. The quarter wave film
may be arranged within the backlight unit, among optical
films associated with the backlight unit, or between the opti-
cal films and the display module such that the quarter wave
film is located between the reflector film of the backlight unit
and the reflective polarizer.

[0008] Further features of the invention, its nature and vari-
ous advantages will be more apparent from the accompanying
drawings and the following detailed description of the pre-
ferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a perspective view of an illustrative elec-
tronic device such as a laptop computer with a display in
accordance with an embodiment of the present invention.

[0010] FIG. 2 is a perspective view of an illustrative elec-
tronic device such as a handheld electronic device with a
display in accordance with an embodiment of the present
invention,

[0011] FIG. 3 is a perspective view of an illustrative elec-
tronic device such as a tablet computer with a display in
accordance with an embodiment of the present invention.

Jan. 8, 2015

[0012] FIG. 4 is a perspective view of an illustrative elec-
tronic device such as a computer display with display struc-
tures in accordance with an embodiment of the present inven-
tion.

[0013] FIG. 5 is a cross-sectional view of an illustrative
display including a backlight unit, a reflective polarizer, and a
quarter-wave film in accordance with an embodiment of the
present invention.

[0014] FIG. 6is a cross-sectional side view of an illustrative
display in accordance with an embodiment of the present
invention.

[0015] FIG. 7 is a cross-sectional view of an illustrative
quarter wave film stack having a uniaxial quarter wave film in
accordance with an embodiment of the present invention.
[0016] FIG. 8 is a cross-sectional view of an illustrative
quarter wave film stack having a uniaxial quarter wave film
and a uniaxial c-film in accordance with an embodiment of
the present invention.

[0017] FIG. 9 is a cross-sectional view of an illustrative
quarter wave film stack having a uniaxial quarter wave film
and a uniaxial c-film interposed between the uniaxial wave
film and the reflective polarizer in accordance with an
embodiment of the present invention.

[0018] FIG. 10 is a cross-sectional view of an illustrative
quarter wave film stack having a uniaxial quarter wave film
and multiple uniaxial c-films in accordance with an embodi-
ment of the present invention.

[0019] FIG. 11 is a cross-sectional view of an illustrative
quarter wave film stack having a biaxial quarter wave film in
accordance with an embodiment of the present invention.
[0020] FIG. 12 is a perspective view of an illustrative back-
light unit and optical films including two face-up prism films
in accordance with an embodiment of the present invention.
[0021] FIG. 13 is an enlarged view one of the two face-up
prism films of FIG. 12 in accordance with an embodiment of
the present invention.

[0022] FIG. 14is a perspective view of an illustrative back-
light unit and optical films including a face-down prism film
in accordance with an embodiment of the present invention.
[0023] FIG. 15 is an enlarged view of the face-down prism
film of FIG. 14 in accordance with an embodiment of the
present invention.

[0024] FIG. 16 is a cross-sectional view of an illustrative
display including a backlight unit, a face-down prism film, a
reflective polarizer, and a quarter wave film between a reflec-
tive polarizer and a diffuser film in accordance with an
embodiment of the present invention.

[0025] FIG. 17 is a cross-sectional view of an illustrative
display including a backlight unit, a face-down prism film, a
reflective polarizer, and a quarter wave film between a dif-
fuser film and the face-down prism film in accordance with an
embodiment of the present invention.

[0026] FIG. 18 is a cross-sectional view of an illustrative
display including a backlight unit, a face-down prism film, a
reflective polarizer, and a quarter wave film between the face-
down prism film and a light guide element in accordance with
an embodiment of the present invention.

[0027] FIG. 19 is a cross-sectional view of an illustrative
display including a backlight unit, a face-down prism film, a
reflective polarizer, and a quarter wave film between a light
guide element and a reflector film in accordance with an
embodiment of the present invention.

[0028] FIG. 20is a cross-sectional of an illustrative display
including a backlight unit, two face-up prism films, a reflec-
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tive polarizer, and a quarter wave film between the reflective
polarizer and a top diffuser film in accordance with an
embodiment of the present invention.

[0029] FIG. 21 is a cross-sectional view of an illustrative
display including a backlight unit, two face-up prism films, a
reflective polarizer, and a quarter wave film between a top
diffuser and a top prism film in accordance with an embodi-
ment of the present invention.

[0030] FIG. 22 is across-sectional of an illustrative display
including a backlight unit, two face-up prism films, a reflec-
tive polarizer, and a quarter wave film between a bottom
prism film and a bottom diffuser film in accordance with an
embodiment of the present invention.

[0031] FIG. 23 is illustrates a cross-sectional view an illus-
trative display including a backlight unit, two face-up prism
films, a reflective polarizer, and a quarter wave film between
abottom diffuser film and a light guide element in accordance
with an embodiment of the present invention.

[0032] FIG. 24 is a cross-sectional view of an illustrative
display including a backlight unit, two face-up prism films, a
reflective polarizer, and a quarter wave film between a light
guide element and a reflector film in accordance with an
embodiment of the present invention.

[0033] FIG. 25 is a cross-sectional view of an illustrative
display including a backlight unit, a reflective polarizer, and a
quarter wave film between a reflective polarizer and a diffuser
film in accordance with an embodiment of the present inven-
tion.

[0034] FIG. 26 is a cross-sectional of an illustrative display
including a backlight unit, a reflective polarizer, and a quarter
wave film between a diffuser and a light guide element in
accordance with an embodiment of the present invention.
[0035] FIG. 27 is a cross-sectional view of an illustrative
display including a backlight unit, a reflective polarizer, and a
quarter wave film between a light guide element and a reflec-
tor film in accordance with an embodiment of the present
invention.

[0036] FIG. 28 is a diagram showing how light may be
output from alight guide element and a face-down prism film
in accordance with an embodiment of the present invention.
[0037] FIG. 29 is a graph showing illustrative luminance
intensity output profiles from a light guide element and a
face-down prism film in accordance with an embodiment of
the present invention.

[0038] FIG. 30 is a graph showing illustrative light polar-
ization from a light guide element in accordance with an
embodiment of the present invention.

[0039] FIG. 31 is a graph showing illustrative light polar-
ization from a face-down prism film in accordance with an
embodiment of the present invention.

[0040] FIG. 32 is a diagram showing how light may propa-
gate within in a light guide element, a diffuser film and a
face-up prism film in accordance with an embodiment of the
present invention.

[0041] FIG. 33 is a diagram showing illustrative light recy-
cling between a reflective polarizer, a quarter-wave film, opti-
cal films, and a backlight unit in accordance with an embodi-
ment of the present invention.

[0042] FIG. 34 is a flow diagram showing how light may be
recycled through the reflective polarizer, the quarter wave
film, the optical film and the backlight unit in accordance with
an embodiment of the present invention.

[0043] FIG. 35 is a graph showing an illustrative gain for a
display having a reflective polarizer in comparison with a
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conventional display that does not include a reflective polar-
izer in accordance with an embodiment of the present inven-
tion.

[0044] FIG. 36 is a graph showing an illustrative gain for a
display having a reflective polarizer and a quarter wave film in
comparison with a conventional display that does not include
a reflective polarizer in accordance with an embodiment of
the present invention.

[0045] FIG. 37 is adiagram of an illustrative test system for
measuring light luminance from a backlight unit at a normal
direction and other angles from the normal direction in accor-
dance with an embodiment of the present invention.

DETAILED DESCRIPTION

[0046] Electronic devices may include displays. The dis-
plays may be used to display images to a user. Illustrative
electronic devices that may be provided with displays are
shown in FIGS. 1, 2, 3, and 4.

[0047] FIG. 1 shows how electronic device 10 may have the
shape of a laptop computer having upper housing 12A and
lower housing 12B with components such as keyboard 16 and
touchpad 18. Device 10 may have hinge structures 20 that
allow upper housing 12A to rotate in directions 22 about
rotational axis 24 relative to lower housing 12B. Display 14
may be mounted in upper housing 12A. Upper housing 12A,
which may sometimes referred to as a display housing or lid,
may be placed in a closed position by rotating upper housing
12A towards lower housing 12B about rotational axis 24.
[0048] FIG. 2 shows how electronic device 10 may be a
handheld device such as a cellular telephone, music player,
gaming device, navigation unit, or other compact device. In
this type of configuration for device 10, housing 12 may have
opposing front and rear surfaces. Display 14 may be mounted
ona front face of housing 12. Display 14 may, if desired, have
openings for components such as button 26. Openings may
also be formed in display 14 to accommodate a speaker port
(see, e.g., speaker port 28 of FIG. 2).

[0049] FIG. 3 shows how electronic device 10 may be a
tablet computer. In electronic device 10 of FIG. 3, housing 12
may have opposing planar front and rear surfaces. Display 14
may be mounted on the front surface of housing 12. As shown
in FIG. 3, display 14 may have an opening to accommodate
button 26 (as an example).

[0050] FIG. 4 shows how electronic device 10 may be a
computer display or a computer that has been integrated into
acomputer display. With this type of arrangement, housing 12
for device 10 may be mounted on a support structure such as
stand 27. Display 14 may be mounted on a front face of
housing 12.

[0051] The illustrative configurations for device 10 that are
shown in FIGS. 1, 2, 3, and 4 are merely illustrative. In
general, electronic device 10 may be a laptop computer, a
computer monitor containing an embedded computer, a tablet
computer, a cellular telephone, a media player, or other hand-
held or portable electronic device, a smaller device such as a
wrist-watch device, a pendant device, a headphone or ear-
piece device, or other wearable or miniature device, a televi-
sion, a computer display that does not contain an embedded
computer, a gaming device, a navigation device, an embedded
system such as a system in which electronic equipment with
adisplay is mounted in a kiosk or automobile, equipment that
implements the functionality of two or more of these devices,
or other electronic equipment.
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[0052] Housing 12 of device 10, which is sometimes
referred to as a case, may be formed of materials such as
plastic, glass, ceramics, carbon-fiber composites and other
fiber-based composites, metal (e.g., machined aluminum,
stainless steel, or other metals), other materials, or a combi-
nation of these materials. Device 10 may be formed using a
unibody construction in which most or all of housing 12 is
formed from a single structural element (e.g., a piece of
machined metal or a piece of molded plastic) or may be
formed from multiple housing structures (e.g., outer housing
structures that have been mounted to internal frame elements
or other internal housing structures).

[0053] Display 14 may be a touch sensitive display that
includes a touch sensor or may be insensitive to touch. Touch
sensors fordisplay 14 may be formed from an array of capaci-
tive touch sensor electrodes, a resistive touch array, touch
sensor structures based on acoustic touch, optical touch, or
force-based touch technologies, or other suitable touch sen-
sor components.

[0054] Display 14 for device 10 includes display pixels
formed from liquid crystal display (LCD) components or
other suitable image pixel structures.

[0055] A display cover layer may cover the surface of dis-
play 14 or a display layer such as a color filter layer or other
portion of a display may be used as the outermost (or nearly
outermost) layer in display 14. The outermost display layer
may be formed from a transparent glass sheet, a clear plastic
layer, or other transparent member.

[0056] A cross-sectional side view display 14 of device
(e.g., for display 14 of the devices of FIG. 1, FIG. 2, FIG. 3,
FIG. 4 or other suitable electronic devices) is shown in FIG. 5.
As shown in FIG. 5, display 14 may include backlight struc-
tures such as backlight unit 42, a display module such as
display layers 46 (e.g., a liquid crystal display (LCD) panel),
and additional light processing layers such as optical films 70,
alight retardation layer such as quarter wave film (QWF) 102,
and reflective polarizer 100. The QWF helps increase the
efficiency of the reflective polarizer. The mechanisms for
improving efficiency are explained in further details later.
[0057] TIf desired, optical films 70 may be formed as a
portion of backlight unit 42 or may be formed separately from
backlight unit 42. Quarter wave film 102 may be located
between optical films 70 and reflective polarizer 100. How-
ever, this is merely illustrative. If desired, quarter wave film
102 may be located between one or more of optical films 70,
between optical films 70 and backlight unit 42, or within
backlight unit 42.

[0058] A cross-sectional side view of one illustrative con-
figuration for display 14 of device 10 (e.g., for display 14 of
the devices of FIG. 1, FIG. 2, FIG. 3, FIG. 4 or other suitable
electronic devices) incorporating the elements of FIG. 5 is
shown in FIG. 6.

[0059] As shown in FIG. 6, backlight structures 42 may be
used for producing backlight 44. During operation, backlight
44 travels outwards (vertically upwards in dimension 7 in the
orientation of FI1G. 5) and passes through display pixel struc-
tures in display layers 46. This illuminates any images that are
being produced by the display pixels for viewing by a user.
For example, backlight 44 may illuminate images on display
layers 46 that are being viewed by viewer 48 in direction 50.
[0060] Display layers 46 may be mounted in chassis struc-
tures such as a plastic chassis structure and/or a metal chassis
structure to form a display module for mounting in housing 12
or display layers 46 may be mounted directly in housing 12
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(e.g., by stacking display layers 46 into a recessed portion in
housing 12). Display layers 46 may form a liquid crystal
display or may be used in forming displays of other types.

[0061] 1In a configuration in which display layers 46 are
used in forming a liquid crystal display, display layers 46 may
include a liquid crystal layer such a liquid crystal layer 52.
Liquid crystal layer 52 may be sandwiched between display
layers such as display layers 58 and 56. Layers 56 and 58 may
be interposed between lower polarizer layer 60 and upper
polarizer layer 54.

[0062] Layers 58 and 56 may be formed from transparent
substrate layers such as clear layers of glass or plastic. Layers
56 and 58 may be layers such as a thin-film transistor layer
and/or a color filter layer. Conductive traces, color filter ele-
ments, transistors, and other circuits and structures may be
formed on the substrates of layers 58 and 56 (e.g., to form a
thin-film transistor layer and/or a color filter layer). Touch
sensor electrodes may also be incorporated into layers such as
layers 58 and 56 and/or touch sensor electrodes may be
formed on other substrates.

[0063] With one illustrative configuration, layer 58 may be
a thin-film transistor layer that includes an array of thin-film
transistors and associated electrodes (display pixel elec-
trodes) for applying electric fields to liquid crystal layer 52
and thereby displaying images on display 14. Layer 56 may
be a color filter layer that includes an array of color filter
elements for providing display 14 with the ability to display
color images. If desired, layer 58 may be a color filter layer
and layer 56 may be a thin-film transistor layer.

[0064] During operation of display 14 in device 10, control
circuitry (e.g., one or more integrated circuits such as com-
ponents 68 on printed circuit 66 of FIG. 5) may be used to
generate information to be displayed on display (e.g., display
data). The information to be displayed may be conveyed from
circuitry 68 to display driver integrated circuit 62 using a
signal path such as a signal path formed from conductive
metal traces in flexible printed circuit 64 (as an example).

[0065] Display driver integrated circuit 62 may be mounted
on thin-film-transistor layer driver ledge 82 or elsewhere in
device 10. A flexible printed circuit cable such as flexible
printed circuit 64 may be used in routing signals between
printed circuit 66 and thin-film-transistor layer 58. If desired,
display driver integrated circuit 62 may be mounted on
printed circuit 66 or flexible printed circuit 64. Printed circuit
66 may be formed from a rigid printed circuit board (e.g., a
layer of fiberglass-filled epoxy) or a flexible printed circuit
(e.g., a flexible sheet of polyimide or other flexible polymer
layer).

[0066] Backlight structures 42 may include a light guide
element such as light guide plate 78. Light guide plate 78 may
be formed from a transparent material such as clear glass or
plastic. During operation of backlight structures 42, a light
source such as light source 72 may generate light 74. Light
source 72 may be, for example, an array of light-emitting
diodes.

[0067] Light 74 from light source 72 may be coupled into
edge surface 76 of light guide plate 78 and may be distributed
in dimensions X andY throughout light guide plate 78 due to
the principal of total internal reflection. Light guide plate 78
may include light-scattering features such as pits or bumps.
The light-scattering features may be located on an upper
surface and/or on an opposing lower surface of light guide
plate 78.
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[0068] Light 74 that scatters upwards in direction Z from
light guide plate 78 may serve as backlight 44 for display 14.
Light 74 that scatters downwards may be reflected back in the
upwards direction by reflector 80. Reflector 80 may be
formed from a reflective material such as a layer of white
plastic or other shiny materials.

[0069] To enhance backlight performance for backlight
structures 42, backlight structures 42 may include optical
films 70 and additional optical layers such as quarter wave
film (QWF) stack 104.

[0070] Optical films 70 may include diffuser layers (dif-
fuser films) for helping to homogenize backlight 44 and
thereby reduce hotspots, compensation films for enhancing
off-axis viewing, and brightness enhancement films (also
sometimes referred to as turning films) or other prism films
for collimating backlight 44. Optical films 70 may overlap the
other structures in backlight unit 42 such as light guide plate
78 and reflector 80. For example. if light guide plate 78 has a
rectangular footprint in the X-Y plane of FIG. 5, optical films
70 and reflector 80 may have a matching rectangular foot-
print.

[0071] QWEF stack 104 may include a light retardation film
such as quarter wave film 102 and a polarizer such as reflec-
tive polarizer 100. QWF 102 may be located between reflec-
tive polarizer 100 and optical films 70 as shown in FIG. 6.
However, this is merely illustrative. If desired, QWF 102 may
be located at any suitable location between reflective polar-
izer 100 and reflector 80 of backlight structures 42.

[0072] QWEF stack 104 may vary in various embodiments
as shown in FIGS. 7, 8, 9, 10, and 11. As shown in FIG. 7,
QWF stack 104 may include a QWF 102 formed from a
uniaxial QWF having an in-plane slow axis and an in-plane
fast axis, which are both parallel to the surface of QWF 102.
The uniaxial QFW may be formed by stretching a polymer
film along a single direction. This stretching direction is
either along the in-plane slow axis or the in-plane fast axis.
[0073] As shown in FIG. 8, QWF stack 104 may include a
QWF 102 formed from a uniaxial QWF and a uniaxial c-film
312 on a bottom surface of the uniaxial QWF. Uniaxial c-film
312 has an optical axis normal to plane of c-film 312. Uniaxial
c-film 312 may be included to compensate for the viewing
angle dependence of QWF 102.

[0074] As shown in FIG. 9, QWF stack 104 may include a
QWF 102 formed from a uniaxial QWF and uniaxial c-film
312 on the top surface of the umaxial QFW 102 (e.g., between
QWF 102 and reflective polarizer 100). Uniaxial c-film 312
has an optical axis normal to the plane of ¢-film 312. Uniaxial
c-film 312 may be included to compensate for the viewing
angle dependence of QFW 102.

[0075] As shown in FIG. 10, QWF stack 104 may include a
QWF 102 formed from a uniaxial QWF, uniaxial c-film 312a
on the top surface of the uniaxial QWF 102, and uniaxial
c-film 3124 on the bottom surface of the uniaxial QWF 102.
Uniaxial c-film 3124 and uniaxial c-film 3125 both have an
optical axis normal to their own film surface. Uniaxial c-film
312¢ and uniaxial c-film 3125 may be included to compen-
sate for the viewing angle dependence of QFW 102.

[0076] As shown in FIG. 11, QWF stack 104 may include a
QWF 102 formed from a biaxial QWF having an in-plane
phase retardation between an in-plane slow axis and an in-
plane fast axis, and also an out-of-plane phase retardation. A
biaxial QWF of this type may be formed by stretching a
semi-crystalline polymer film along two perpendicular direc-
tions. Such a semi-crystalline polymer film includes but not
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limited to polypropylene film, polyethylene terephthalate
(PET) film, or other polymer films.

[0077] QWF 102 may be a wave retarder that is formed of
birefringent materials. Birefringence is the optical property
of a material having a refractive index that depends on the
polarization and propagation direction of light. A wave
retarder alters the polarization state or phase of light traveling
therethrough. The wave retarder has a slow axis that is also
referred to an extraordinary axis, and a fast axis that is also
referred to an ordinary axis. As polarized light passes through
the wave retarder, the light along the fast axis travels more
quickly than along the slow axis.

[0078] A quarter wave film retards the velocity of one of the
polarization components (x or y), such that the one of the
polarization components is one quarter of a wavelength out of
phase from the other polarization component (y or x). Polar-
ized light passing through a quarter wave retarder thus
becomes circularly polarized, which is also referred to as
twisting or rotating the polarized light. The retardation of a
QWF is expressed in Equation (1)

Retardation=(x,-»,)t Equation (1)

where n,, is a refractive index along an extraordinary axis, n,
is arefractive index along an ordinary axis, and tis a thickness
of the QWF.

[0079] Referring to FIGS. 7-11 again, in order to improve
light recycling efficiency, the uniaxial QWF and the biaxial
QWF may have an in-plane retardation ranging from 50nm to
200 nm (for example) between the in-plane slow axis and the
in-plane fast axis of the QWF. The in-plane retardation
between the in-plane slow axis and the in-plane fast axis may
be in the range of 100 nm to 160 nm (for example). In a
particular embodiment, the in-plane retardation between the
in-plane slow axis and the in-plane fast axis may be about
137.5 nm.

[0080] Referring to FIGS. 7-11 again, reflective polarizer
100 may transmit linearly polarized light along a first axis and
reflect linearly polarized light along a second axis that is
perpendicular to the first axis. The in-plane slow axis of the
uniaxial QWF or the in-plane slow axis of the biaxial QWF
may form an angle ranging from 30 to 60 degrees or ranging
from 120 to 150 degrees (as examples) with respect to the first
axis or the second axis of the reflective polarizer.

[0081] In one particular embodiment, the in-plane slow
axis of the uniaxial QWF or the in-plane slow axis of the
biaxial QWF may form an angle ranging from about 40-50
degrees or about 130-140 degrees (as examples) with respect
to the first axis or the second axis of the reflective polarizer.

[0082] Inanother particular embodiment, the in-plane slow
axis of the uniaxial QWF or the in-plane slow axis of the
biaxial QWF may form an angle about 45 degrees or about
135 degrees (as examples) with respect to the first axis or the
second axis of the reflective polarizer.

[0083] Referring to FIGS. 7-11 again, reflective polarizer
100 may transmit a first circularly polarized light (right-
handed or left-handed) and reflect a second circularly polar-
ized light (left-handed or right-handed) that is orthogonal to
the first circularly polarized light. The in-plane slow axis of
the uniaxial QWF or the biaxial QWF may have no orienta-
tion constraint as long as the in-plane slow axis is substan-
tially parallel to the surface of QWF 102.

[0084] Optical films that may be used in various embodi-
ments described herein include diffuser films and prism films.
A diffuser film is used to provide more uniform light distri-
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bution toward the LCD panel and hide cosmetic defects. A
prism film is used to collimate the light such that the light
output from the light guiding element can be collimated
toward the LCD panel in a direction that is perpendicular to
(e.g. normal to) the LCD panel surface.

[0085] As shown in FIG. 12, in one suitable configuration,
optical films 70 may include two face-up prism films such as
face-up prism film 108 and face-up prism film 110. Prism
films 108 and 110 may be interposed between diffuser film
106 and diffuser film 112. Face-up prism film 108 may have
prism elements 109 facing toward the reflective polarizer and
display module 46. Face-up prism film 110 may have prism
elements 111 facing toward the prism film 108. As shown,
prism elements 109 and 111 of face-up prism films 108 and
110 may be arranged to be perpendicular to each other (e.g.,
prisms 109 and 111 may be offset from one another by a 90
degree angle).

[0086] Two crossed face-up prism films of this type can
rotate the angle of the light output from light guide element 78
to be normal to the LCD panel surface.

[0087] FIG. 13 illustrates an enlarged view of one of the
face-up prism films of FIG. 12. The prism pitch or distance
between two nearest prisms 109 may vary from, for example,
5 microns to 300 microns. Prism elements 109 (or prism
elements 111) of each of the two face-up prisms may also
have an apex angle of 90 degrees as shown in FIG. 13,
although prisms with different apex angles may be used.
[0088] The configuration of FIGS. 12 and 13 is merely
illustrative. If desired, optical films 70 may include a different
set of optical films from those described above in connection
with FIG. 12.

[0089] As shown in FIG. 14, in another suitable configura-
tion, optical films 70 may include a single diffuser film such
as diffuser film 106 and a turning film such as face-down
prism film 120 having prism elements 121. Face-down prism
film 120 has prisms 121 facing toward light guide element 78
of backlight unit 42.

[0090] FIG. 15 illustrates an enlarged view of face-down
prism 120 of FIG. 14. In the example of FIG. 15, face-down
prism film elements 122 have an apex angle of 68 degrees.
However, this is merely illustrative. Generally, the apex angle
may vary from 58 degrees to 78 degrees (for example). The
pitch (i.e., the distance between prisms 121) may vary from,
for example, 5 microns to 300 microns (for example).
[0091] When partially polarized light passes through a
stack of optical films 70, which may include a bottom dif-
fuser, one or more prism films or turning films, and a top
diffuser, the partially polarized light may become further
depolarized. For example, if optical films 70 include two
face-up prism films (e.g., films 108 and 110 of FIG. 12), the
partially polarized light becomes less polarized before enter-
ing reflective polarizer 100. If optical films 70 include a single
face-down prism (e.g., film 120 of FIG. 14), the input partially
polarized light also becomes less polarized. However, the
depolarization effect of a single face-down prism is usually
less than that of two face-up prisms. This can be verified by
measuring the luminance ratio of two polarized components,
such as the ratio of a p-component to an s-component of the
light.

[0092] Light may have a p-component and an s-component
that is perpendicular to the p-component. A luminance ratio
of the p-component to the s-component may be used to deter-
mine the degree of polarization light. Generally, an optical
film with a luminance ratio (p-component/s-component)
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close to 1 generates a relatively larger depolarization effect
than another optical film with a luminance ratio (p-compo-
nent/s-component) that is relatively further away from 1 (e.g.,
either smaller than or larger than 1). When the luminance ratio
is lower than 1, the s-component is more dominant than the
p-component. On the contrary, when the luminance ratio is
greater than 1, the p-component is more dominant than the
s-component.

[0093] Diffuser films (e.g., top diffuser 106 and bottom
diffuser 112 of FIG. 12 or diffuser 106 of FIG. 14) may also
have an impact on the degree of polarization of light that has
passed through the top diffuser or the bottom diffuser.
[0094] Diffuser films may also vary from manufacturer to
manufacturer. For example, a diffuser from one manufacturer
may depolarize more than a diffuser from an alternative
manufacturer.

[0095] Inorder to reduce this type of depolarization effect,
the base film of a diffuser film may be a film that is either
optically isotropic or a film that has relatively low (near zero)
in-plane birefringence. In this way, the base film of the dif-
fuser sheet may be arranged to have a small or negligible
impact on the polarization of the input light.

[0096] In order to reduce depolarization effects from prism
films, the base film of a prism film may be a film that is either
optically isotropic or a film that has relatively low (near zero)
in-plane birefringence. Alternatively, to have less depolariza-
tion effect, the base film of the prism film may have an
in-plane optical axis that is either parallel or perpendicular to
the prism orientation direction.

[0097] Display 14 may have optical films 70 and QWF
stack 104 each having one of several arrangements. As
examples, QWF stack 104 may include a reflective polarizer
and a quarter wave film or may include only a reflective
polarizer without any quarter wave film. As examples, optical
films 70 may include two crossed face-up prism films, asingle
face-down prism film, or may be provided without any prism
films.

[0098] It has been found that, for any of the above-men-
tioned optical film stacks, providing a display with a reflective
polarizer increases the efficiency with which light is output
from the display and providing a display with a reflective
polarizer and a quarter wave film that is interposed between
the reflective polarizer and the reflector of the backlight unit
further increases the efficiency with which light is output
from the display.

[0099] Illustrative configurations for display 14 in which
display 14 includes a reflective polarizer and optical films 70
that include a diffuser film and a single face-down prism film
are shown in FIGS. 16, 17, 18, and 19. Tllustrative configu-
rations for display 14 in which display 14 includes a reflective
polarizer and optical films 70 that include top and bottom
diffuser films and two crossed face-up prism films are shown
in FIGS. 20, 21, 22, 23, and 24. Illustrative configurations for
display 14 in which display 14 includes a reflective polarizer
and optical films 70 that include a diffuser film and no prism
film are shown in FIGS. 25, 26, and 27.

[0100] As shown in FIG. 16, display 14 may include back-
light unit 42, optical films 70 having diffuser film 106 and
face-down prism film 120, reflective polarizer 100, and quar-
ter wave film 102 formed between reflective polarizer 100 and
diffuser film 106. Reflective polarizer 100 may be formed
between optical films 70 and display module 46. Reflective
polarizer 100 may be formed adjacent to lower polarizer 60 of
display module 46. In the example of FIG. 16, quarter wave
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film 102 forms a top layer of optical films 70. In this example,
QWF 102 may be laminated to the bottom surface of reflec-
tive polarizer 100 or may be a standalone film. The configu-
ration of display 14 of FIG. 16 in which optical films 70
include diffuser layer 106 and face-down prism film 120 and
in which QWF 102 is formed between diffuser 106 and reflec-
tive polarizer 100 is merely illustrative. QWF 102 may be
formed in other locations in display 14 having optical films 70
that include diffuser layer 106 and face-down prism 120 as
described below in connection with FIGS. 17, 18, and 19.

[0101] If desired, QWF 102 may be formed between dif-
fuser film 106 and face-down prism film 120 as shown in FIG.
17. In this type of configuration, QWF 102 may be laminated
to the bottom surface of diffuser 106, or may be a standalone
film.

[0102] If desired, QWF 102 may be formed below prism
film 120 (e.g., between prism film 120 and light guide ele-
ment 78 of backlight unit 42) as shown in FIG. 18. In this type
of configuration, QWF 102 may be laminated to the top
surface of light guide element 78 or may be a standalone film.

[0103] If desired, QWF 102 may be formed as a layer of
backlight unit 42 (e.g., between light guide element 78 and
reflector 80 of backlight unit 42) as shown in F1G. 19. In this
type of configuration, QWF 102 may be laminated to the top
surface of reflector 80 or may be a standalone film.

[0104] Asshownin FIG. 20, display 14 may include optical
films 70 having diffuser film 106 implemented as a top dif-
fuser, two crossed face-up prism films 108 and 110, and
bottom diffuser 112. Optical films 70 may be interposed
between QWF 102 and backlight unit 42. In the example of
FIG. 20, reflective polarizer 100 and quarter wave film 102
are formed between diffuser film 106 and display module 46.
Reflective polarizer 100 may be formed adjacent to lower
polarizer 60 of display module 46. Quarter wave film 102 may
be formed adjacent to diffuser film 106. In this example,
QWF 102 may be laminated to the bottom surface of reflec-
tive polarizer 100 or may be a standalone film. The configu-
ration of display 14 of FIG. 20 in which optical films 70
include a top diffuser, two crossed face-up prism films, and a
bottom diffuser and in which QWF 102 is formed between
diffuser 106 and reflective polarizer 100 is merely illustrative.
QWF 102 may be formed in other locations in display 14
having optical films 70 that include a top diffuser, two crossed
face-up prism films, and a bottom diffuser as described below
in connection with FIGS. 21, 22, 23, and 24.

[0105] If desired, QWF 102 may be formed between dif-
fuser film 106 and face-up prism film 108 as shown in FIG.
21. Inthis type of configuration, QWF 102 may be laminated
to the bottom surface of diffuser 106, or may be a standalone
film.

[0106] If desired, QWF 102 may be formed between dif-
fuser film face-up prism film 110 and diffuser film 112 as
shown in FIG. 22. In this type of configuration, QWF 102 may
be laminated to the top surface of diffuser 112, or may be a
standalone film.

[0107] Ifdesired, QWF 102 may be formed below diffuser
film 112 (e.g., between diffuser 112 and light guide element
78 of backlight unit 42) as shown in FIG. 23. In this type of
configuration, QWF 102 may be laminated to the top surface
of light guide element 78 or may be a standalone film.
[0108] If desired, QWF 102 may be formed as a layer of
backlight unit 42 (e.g., between light guide element 78 and
reflector 80 of backlight unit 42) as shown in F1G. 24. In this
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type of configuration, QWF 102 may be laminated to the top
surface of reflector 80 or may be a standalone film.

[0109] As shown in FIG. 25, display 14 may include back-
light unit 42, optical films 70 having diffuser film 106 and no
prism films, reflective polarizer 100, and quarter wave film
102 formed between reflective polarizer 100 and diffuser film
106. Reflective polarizer 100 may be formed between optical
films 70 and display module 46. Reflective polarizer 100 may
be formed adjacent to lower polarizer 60 of display module
46. In the example of FIG. 25, quarter wave film 102 forms a
top layer of optical films 70. In this example, QWF 102 may
be laminated to the bottom surface of reflective polarizer 100
or may be a standalone film. The configuration of display 14
of FIG. 25 in which optical films 70 include diffuser layer 106
and QWF 102 formed between diffuser 106 and reflective
polarizer 100 is merely illustrative. QWF 102 may be formed
in other locations in display 14 having optical films 70 that
include a diffuser layer and no prism films as described below
in connection with FIGS. 26 and 27.

[0110] Ifdesired, QWF 102 may be formed below diffuser
film 106 (e.g., between diffuser film 106 and light guide
element 78 of backlight unit 42) as shown in FIG. 26. In this
type of configuration, QWF 102 may be laminated to the top
surface of light guide element 78 or may be a standalone film.

[0111] If desired, QWF 102 may be formed as a layer of
backlight unit 42 (e.g., between light guide element 78 and
reflector 80 of backlight unit 42) as shown in F1G. 27. In this
type of configuration, QWF 102 may be laminated to the top
surface of reflector 80 or may be a standalone film.

[0112] FIG. 28 illustrates light output from the light guide
element of a display such as display 14 in a configuration that
includes a face-down prism. As shown in FIG. 28, light 74
from light source 72 enters light guide element 78. A light ray
such as light ray 1006 may exitlight guide element 78 atabout
70 degrees from the normal direction of light guide element
78 and refract into prism film 120 at a surface 1010A. The
light then reflects from a surface 1010B and refracts from the
prism at a surface 1010C, such that ray 1006B exiting from
face-down prism 120 is nearly in a normal direction with
respect to surface 1010C.

[0113] Inanother example, alightray such as ray 1008 may
exit light guide element 78 at an angle of 30 degrees from the
normal direction, enters surface 1010D of prism film 120 ata
very small incident angle and then be reflected at surface
1010C back into the prism.

[0114] FIG. 29 is a graph that illustrates luminous intensity
output profiles of light from a light guide element and a single
face-down prism. As shown, curve 1002 represents the light
output from the light guide element, while curve 1004 repre-
sents light output from the single face-down prism. The
example of FIG. 29 represents light output for a face-down
prism in which the prism pitch is 50 microns and the apex
angle is 66 degrees.

[0115] A Brewster angle is an angle of incidence at which
light with a particular polarization is transmitted without
reflection. When unpolarized light is incident at the Brewster
angle, the light that is reflected from the surface is completely
polarized. If a prism or a light guide element is made of
polymer (e.g., polymethyl methacrylate), the Brewster angle
of the prism is about 34 degrees.

[0116] At the Brewster angle, no p-polarized light or
p-component is reflected from the surface. The reflected light
is s-polarized or s-component light. The light transmittance
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output from the light guide element varies with polarization
direction, as shown in Equations (2) and (3) below.

[0117] Inequations 2 and 3 below, Tp is the light transmit-
tance for a polarization component parallel to the incident
plane, and T is light transmittance for a polarization compo-
nent perpendicular to the incident plane. Both Tp and Ts are
dependent upon an incident angle 6, and a refraction angle 6,
from a normal direction that is perpendicular to the light guide
element.

Tp=sin(20,)sin(20,)/sin’(9,+0,)/cos>(0,-0,) Equation (2)

Ts=sin(20,)sin(20,)/sin>(0,+9,)

[0118] FIG. 30 illustrates light polarization from a light
guide element according to embodiments of the present dis-
closure. As shown, the transmitted polarized light 1104(Tp)
and 1106(Ts), reflected polarized light 1110(Rs) and 1108
(Rp), as well as degree of polarization 1102(P) vary with
incident angles. The light output from the light guide element
is partially polarized. The light guide element emission may
be predominately at angles ranging from about 50 degrees to
about 80 degrees from the normal direction (as examples)
when the incident angle inside the light guide element ranges
from 31 degrees to 40 degrees.

[0119] FIG. 31 illustrates light polarization from a face-up
prism film according to embodiments of the present disclo-
sure. As shown, the transmitted polarized light 1114(Tp) and
1116(Ts), reflected polarized light 1118(Rp) and 1120(Rs),
as well as degree of polarization 1112(P) vary with incident
angles. When the incident angle inside the face-up prism film
is about 25 degrees, the light comes out of the prism film
nearly in a normal direction with respect to the LCD panel. As
shown in FIG. 31, the light coming out of face-up prism film
may also be partially polarized.

[0120] FIG. 32 illustrates the light propagation in a light
guide element, a diffuser film, and a face-up prism film such
as face-up prism film 110 according to embodiments of the
present disclosure. Light output from light guide element 78
may be angled at about 70 degrees (for example) from the
normal direction to the light guide element, as shown by rays
1202A. Rays 1202A from the light guide element are colli-
mated slightly by the diffuser film, as shown by rays 1202B.
Rays 1202B are further collimated by the face-up prism film
toward a normal direction to the reflective polarizer, as shown
by rays 1202C.

[0121] FIG. 33 illustrates light recycling between reflective
polarizer 100, quarter wave film 102, and BLU 42 (which
may include some or all of optical films 70) according to
embodiments of the present disclosure. As shown, P, and P,
represent light components transmitting through reflective
polarizer 100 for respective first and second times. Elements
s, and s, represent the s-component reflected from reflective
polarizer 100 and recycled by QWF 102, optical films 70 and
BLU 42 for respective first time and second times.

[0122] As shown in FIG. 33, the light rays 1ST, 2ND, 3RD
and 4TH represent light passing through the QWF for respec-
tive first, second, third, and fourth times. The 2ND and 3RD
times in the QWF represent a round trip for one recycle.
[0123] FIG. 34 illustrates a flow process representing light
that is recycled through the reflective polarizer, the quarter
wave film, the optical films and the BLU according to
embodiments of the present disclosure. As shown in FIG. 34,
the light output from BLU 42 (and optical films 70) is par-
tially polarized. This partially polarized light passes through
QWF 102 for a first time and 1s still partially polarized. The

Equation (3)
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partially polarized light has a p-component that passes
through reflective polarizer 100 to LCD panel 46 while an
s-component is reflected back from reflective polarizer 100.
The reflected s-component enters QWF 102 for a second time
and becomes circularly polarized. This circularly polarized
light then goes through the round trip as light rays 2ND and
3RD (see FIG. 33) in one recycle in the optical films and the
BLU.

[0124] The polarization of the circularly polarized light is
partially depolarized and partially preserved, such that the
output includes unpolarized light and circularly polarized
light. The circularly polarized light enters into QWF 102 for
a third time and becomes linearly polarized light that rotates
about 90 degrees which is now a p-component. This p-com-
ponent passes through reflective polarizer 100 and enters into
LCD panel 46 to illuminate it.

[0125] The unpolarized portion of the partially polarized
light from the optical films and the BLU goes through the
light recycling over again. As one can see from the flow
diagram of FIG. 34, the partial polarization preservation
property of the optical films and BLU enable the QWF to help
improve the reflective polarizer light recycling efficiency.
[0126] The total transmittance of the reflective polarizer
without a QWF can be expressed by Equation (4) as follows:

T=0.5+0.5%r%p/[1-1*(1-p)]

[0127] The total transmittance of the reflective polarizer
with a QWF can be expressed by Equation (5) as follows:

Equation (4)

T=0.5+0.5%r*(1-p)/(1-r*p) Equation (5)

where r is the light reflectance from optical films and BLU
during light recycling, p is the polarization conversion effi-
ciency for the reflective polarizer, which counts the percent-
age of linearly polarized light being rotated 90 degrees after a
round-trip in the optical films and the BLU. A brightness gain
of the reflective polarizer is defined by T/0.5. Typically, a
display having a reflective polarizer has a gain ranging from
1.3 to 1.35 (for example) compared to a display that does not
include reflective polarizer.

[0128] Based upon Equations (4) and (5), the gain versus
polarization conversion efficiency can be plotted. FIG. 35
shows an exemplary gain versus polarization conversion effi-
ciency for a reflective polarizer without a QWF. Linear lines
14024, 1402B, 1402C, and 1402D represent gain versus
polarization conversion efficiencies for the optical films and
BLU with a reflectance of r equal to 0.3, 0.4, 0.5, and 0.6,
respectively. At p=0.4 and r=0.55, the empirical gain with the
reflective polarizer but without the QWF is 1.33. It should be
appreciated that these are sample values and may vary
between embodiments.

[0129] FIG. 36 shows an exemplary gain versus polariza-
tion conversion efficiency for a reflective polarizer with a
QWF according to embodiments of the present disclosure.
Linear lines 1412A, 1412B, 1412C, and 1412D represent
gain versus polarization conversion efficiencies for the opti-
cal films and BLU with a reflectance of requal t0 0.3,0.4, 0.5,
and 0.6, respectively. As shown in FIG. 36, when p is less than
0.5, the gain of the reflective polarizer with QWF is higher
than that of the reflective polarizer without QWF. For
example, at p=0.4 and r=0.55, the gain (GAIN 2) is 1.43 (for
example) for the reflective polarizer with the QWF.

[0130] Comparing FIGS. 35 and 36, the brightness gain
increases 7.5% with the QWF added to the backside of reflec-
tive polarizer. When p=0.5, the QWF may not affect the gain
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of the reflective polarizer, because the optical films and BLU
do not preserve the polarization.

[0131] FIG. 37 illustrates a test system such as system 900
that may be used for measuring light intensity from display 14
(e.g., light that is emitted from BLU 42 and passes through
optical films 70 and, if desired, a reflective polarizer and a
quarter wave film) during design and/or manufacturing
operations for a display such as display 14.

[0132] Inthe example of FIG. 37, system 900 is configured
to measure light output a normal angle with respect to the
surface of display 14 and an additional angle such as 70
degrees from normal. Photodetector 1502A may be config-
ured to detect backlight generated by backlight unit 42 in the
normal direction with respect to optical films 70 and BLU 42.
Photodetector 1502B may be configured to detect light from
light guide element 78 in absence of the optical films 70. A
system of this type may allow measurements of luminance
ratios between p-components and s-components in various
configurations of a display such as display 14.

[0133] The foregoing is merely illustrative of the principles
of this invention and various modifications can be made by
those skilled in the art without departing from the scope and
spirit of the invention.

What is claimed is:

1. A display, comprising:

a liquid crystal display module;

a backlight unit having a reflector;

optical films that include a diffuser film and a prism film

having prism elements that face the backlight unit; and

a reflective polarizer interposed between the reflector and

the liquid crystal display module.

2. The display defined in claim 1, further comprising:

a quarter wave film.

3. The display defined in claim 2 wherein the quarter wave
film 1s interposed between the diffuser film and the reflective
polarizer.

4. The display defined in claim 2 wherein the quarter wave
film is interposed between the diffuser film and the prism film.

5. The display defined in claim 2 wherein the backlight unit
further comprises a light guide layer and wherein the quarter
wave film is interposed between the prism film and the light
guide layer.

6. The display defined in claim 2 wherein the backlight unit
further comprises a light guide layer and wherein the quarter
wave film is interposed between the light guide layer and the
reflector.

7. A display, comprising:

a liquid crystal display module;

a backlight unit having a reflector;

optical films that include top and bottom diffuser films

arranged on opposing sides of first and second prism
films having crossed prism elements that face the liquid
crystal display module; and

a reflective polarizer interposed between the reflector and

the liquid crystal display module.

8. The display defined in claim 7, further comprising:

a quarter wave film.

9. The display defined in claim 8 quarter wave film is
interposed between the top diffuser film and the reflective
polarizer.

Jan. 8, 2015

10. The display defined in claim 8 wherein the quarter wave
film is interposed between the top diffuser film and the first
prism film.

11. The display defined in claim 8 wherein the quarter wave
film is interposed between the bottom diffuser film and the
second prism film.

12. The display defined in claim 8 wherein the quarter wave
film is interposed between the bottom diffuser layer and the
backlight unit.

13. The display defined in claim 8 wherein the backlight
unit further comprises a light guide layer and wherein the
quarter wave film is interposed between the light guide layer
and the reflector.

14. A display, comprising:

a liquid crystal display module;

a backlight unit having a reflector;

a diffuser film; and

a reflective polarizer interposed between the reflector and

the liquid crystal display module.

15. The display defined in claim 14, further comprising:

a quarter wave film.

16. The display defined in claim 15 wherein the quarter
wave film is interposed between the diffuser film and the
reflective polarizer.

17. The display defined in claim 15 wherein the quarter
wave film is interposed between the diffuser film and the
backlight unit.

18. The display defined in claim 15 wherein the backlight
unit further comprises a light guide layer and wherein the
quarter wave film is interposed between the light guide layer
and the reflector.

19. A display, comprising:

a liquid crystal display module having upper and lower

polarizer layers;

a backlight unit having a reflector; and

a reflective polarizer interposed between the reflector and

the liquid crystal display module.

20. The display defined in claim 19, further comprising a
light retardation film between the reflective polarizer and the
reflector.

21. The display defined in claim 20 wherein the light retar-
dation film comprises a quarter wave film.

22. The display defined in claim 21 wherein the quarter
wave film comprises a uniaxial quarter wave film.

23. The display defined in claim 22, further comprising:

auniaxial c-film adjacent to the uniaxial quarter wave film,

wherein the uniaxial quarter wave film is interposed
between the uniaxial c-film and the reflective polarizer.

24. The display defined in claim 23, further comprising:

an additional uniaxial c-film interposed between the reflec-

tive polarizer and the uniaxial quarter wave film.

25. The display defined in claim 22, further comprising:

a uniaxial c-film interposed between the reflective polar-

izer and the uniaxial quarter wave film.

26. The display defined in claim 21 wherein the quarter
wave film comprises a biaxial quarter wave film.
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