as United States

a2 Reissued Patent
Huang et al.

(10) Patent Number:
45) Date of Reissued Patent:

USOORE48798E

US REA48,798 E
*Oct. 26, 2021

(54) LED DRIVER AND ILLUMINATION SYSTEM
RELATED TO THE SAME
(71) Applicant: EPISTAR CORPORATION, Hsinchu
(TW)
(72) Inventors: Chih-Shu Huang, Hsinchu (TW);
Chang-Hseih Wu, Hsinchu (TW);
Min-Hsun Hsieh, Hsinchu (TW)
(73) Assignee: EPISTAR CORPORATION, Hsinchu
(TW)
(*) Notice:  This patent is subject to a terminal dis-
claimer.
(21) Appl. No.: 16/172,403
(22) Filed: Oct. 26, 2018
Related U.S. Patent Documents
Reissue of:
(64) Patent No.: 9,894,719
Issued: Feb. 13, 2018
Appl. No.: 15/059,053
Filed: Mar. 2, 2016
(30) Foreign Application Priority Data
Mar. 2, 2015 (TW) o 104106489
Mar. 26, 2015 (TW) .o, 104109847
Oct. 23,2015 (TW) i 104134998
(51) Imt. ClL
HO05B 33/08 (2020.01)
HO02M 5/25 (2006.01)
HO5B 45/31 (2020.01)
HO5B 45/395 (2020.01)
HO5B 45/355 (2020.01)
o

(52) US. CL
HO5B 45/31 (2020.01); HO2M 5/25
(2013.01); HO5B 45/355 (2020.01); HO5B
45/395 (2020.01); HOIL 2224/48091
(2013.01); Y02B 20/30 (2013.01)
Field of Classification Search
CPC ... HO5B 33/08; HO5B 33/0809; HO5B
33/0803; HO5B 33/0824; HO2M 5/25;
Y02B 20/348; HO1L 33/0025
USPC ............. 363/125-128, 81-84; 315/151, 185,
315/224-226, 291, 294, 307, 308, 312,
315/201, 228, 297, 257/96
See application file for complete search history.

(58)

(56) References Cited

U.S. PATENT DOCUMENTS

6,219,263 B1* 4/2001 Wauidart ................. HO2M 1/32
363/125
7,944,411 B2 5/2011 Saeki
8,076,699 B2  12/2011 Chen et al.
8,304,916 B1* 112012 Sarkozy ................ HOLL 23/66
257/774
(Continued)

FOREIGN PATENT DOCUMENTS

CN 102740561 A 10/2012
Jp H09-331025 A 12/1997
(Continued)

Primary Examiner — My Trang Ton
(74) Attorney, Agent, or Firm — Muncy, Geissler, Olds
and Lowe, P.C.

(57) ABSTRACT

A driver includes a semiconductor chip, a bridge rectifier,
and a current driver. The semiconductor chip includes a
rectifying diode and a constant current source formed
thereon. The bridge rectifier includes the rectifying diode.
The current driver includes the first constant current source
to provide a constant current.

12 Claims, 19 Drawing Sheets

DVF1 |




US RE48,798 E

Page 2
(56) References Cited
U.S. PATENT DOCUMENTS

8,653,743 B2* 2/2014 Kitamura .............. HO2M 3/156

315/224

9,071,130 B2* 6/2015 Kitamura . HO2M 1/088

9,194,588 B2* 11/2015 Bach ..... ... F24B 5/02

9,220,135 B2* 12/2015 Huang HOSB 45/37

9,247,599 B2* 1/2016 Lee ....cccoceuvrnnennee HOSB 37/02

2010/0117095 Al 5/2010 Zhang

2012/0280247 Al* 11/2012 Cheah ............... HOLL 23/49524

257/76

2016/0174318 Al* 6/2016 Mignano ............ HOS5B 33/0845

315/201

FOREIGN PATENT DOCUMENTS

Jp 2002-141516 A 5/2002
Jp 2004-511913 A 4/2004
Jp 2007-281551 A 10/2007
Jp 2008-198735 A 8/2008
Jp 2009-231644 A 10/2009
Jp 2010-186925 A 8/2010
Jp 2011-108018 A 6/2011
Jp 2011-146263 A 7/2011
Jp 2012-235101 A 11/2012
Jp 2013-062462 A 4/2013
Jp 2013-161781 A 8/2013
Jp 2013-229975 A 11/2013
Jp 2013-243257 A 12/2013
Jp 2014-507752 A 3/2014
KR 10-2001-0055888 A 7/2001
KR 10-1069550 B1  10/2011
KR 2013-0011820 A 1/2013
™ 201227208 Al 7/2012
™ 201336064 A 9/2013

* cited by examiner



US REA48,798 E

Sheet 1 of 19

Oct. 26, 2021

U.S. Patent

gVl
A
18

\

LED
driver
circuit

power
factor

corrector

FIG. 1 (Prior Art)

VDD

FIG. 2



US REA48,798 E

Sheet 2 of 19

Oct. 26, 2021

U.S. Patent

-

o v o Mppag
8.5 pe sk
-

VDC-IN

TTPS»

FIG. 3

TPy

TP1

!«e*‘—«—«*««

FIG. 44



US REA48,798 E

Sheet 3 of 19

Oct. 26, 2021

U.S. Patent

120

,
;
;
;
!

PR )

L AT AR L m
e H
D :
ool ;
AW :
|
H
H
H
H
H
H
;
;
:

K - v

. U3
;
H
u 2 %w [ ”
1 FOVIRE i
M RYIALL =11, @ !
w0y by B Pogtut oo . !
48 pe E| G wady | T A} :
" . M ICLEASAA Tl ‘
b susag” =3ty of | %_ ‘
T o gty T3 uaa$ 7 t
f] &3 28 ¢8 Ll 2 0w, i

= 2ouet S| e Setyrgiinete st ) 3
B TS DAL 20 5 S L
@ 2875 288 & a fad
% (PN M ATS R
o o » PRSI EYT AN
g &

FIG. &



US REA48,798 E

Sheet 4 of 19

Oct. 26, 2021

U.S. Patent

200
202 -\ \

VDD

FIG. 7

300

FIG. 8



US REA48,798 E

Sheet 5 of 19

Oct. 26, 2021

U.S. Patent

51
52

;

9A

oo B

jf
G.

1

DB
Fi

* ’ ‘. : . .
AL s 2008 . &30 /

DB3

FiG. 9B



US REA48,798 E

Sheet 6 of 19

Oct. 26, 2021

U.S. Patent

FIG. 10

VDD

FIG. 1



US REA48,798 E

Sheet 7 of 19

Oct. 26, 2021

U.S. Patent

FIG. 12

hd

5ad8a® o

4

104e

WAL LT 5 .I.-

® p
LR T

FIG. 13



U.S. Patent Oct. 26, 2021 Sheet 8 of 19 US RE48,798 E

140\
148
. ;
L
142 ¥
\\ i 148
FIG. 14 -
144 k

150
IDS A \ ______________________________
152
;4.;' \\\&
FIG. 15
VDS

500

VDD 518

CF_ —  Voom

r s
\/GND
FIG. 16



US REA48,798 E

Sheet 9 of 19

Oct. 26, 2021

U.S. Patent

550

T2

_M\

| WU

FIG. 17

FIG, 18

580

562

VDD

CFH

Macan [\

FIG. 18



US REA48,798 E

Sheet 10 of 19

Oct. 26, 2021

U.S. Patent

FiG, 20

Vo

VhD

FiG. 21



US REA48,798 E

Sheet 11 of 19

Oct. 26, 2021

U.S. Patent

]

g

g/./

oy

..00-._“ snu, et
LA "ﬁ lﬂ.“i

LA
[PLLTY AN
NOXL S

FIG. 22



US REA48,798 E

Sheet 12 of 19

Oct. 26, 2021

U.S. Patent

vbD

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

lllllllllllllllllllllllllllllllllll

_.VDD
1.
J

CF

|

802

Vi
Vono

FIG, 23

GND

FIG. 24



US REA48,798 E

Sheet 13 of 19

Oct. 26, 2021

U.S. Patent

i
o
iy
s 8 .S g 2 S e
(=] ...r;.a AIS [ S -
TN © A
-1,
o-.nu. PRTELE LAV L «.a..:' ST ISR e
ﬁn v,
-.-rﬁdal. AT e £ P W i) ““_“Huun_. YIS AR ATYY WL vlvau.a o . k,.i\x..) f(\\}run
»e et e ¥ L1 -
--u.atnr VNN A Bk T ] auouaan Y T e T i3 _couﬂc LLX P o H m
500 12 e, Ly _ ! %
PN P LK Sk o Sl 3.8 ] TR a b g ! 1]
Bagay 'yt [ 4 $9e%3 i
P B B YA F W T b " L W P k. T30 1} -n:- 4 |
pane i 2 # e i s |
iy Se yEETEE LIRS b R R TR R AU AP iv_ué !
By @ E
FYYLT W L% P P.cuai. 3 m
e .
a2 P Ak 1Y suaa.nt m
o _ & !
T T s i ' -2
Hal 4 -
K x
s ¢ =
AR T E Y an Th & el =
LR
Fi A Bt XSl 2 uncstc U 4
‘.‘_ a
50,
4 ey A
¥ ¥ LA™ P u"lp
-
W nedt et T Wt NIt O &
e ® ¥ =
M\.w [T BV X TV TSN, ) n“o-i. %
54t
.2 k] AR (e e
s 8y
'3
*\i It W ¥ ”““. .*
o 5% oo B W bas i legs g
3 et ]
= - =
3 ‘-V L]
L % &

FIG. 26A



US REA48,798 E

Sheet 14 of 19

Oct. 26, 2021

U.S. Patent

)

SN L
lt.ﬁ.l!ﬁ

Tt 3

&
LTI

P .i{t‘.uvﬂ

opd
WAL

WAy

T e

™ et

i

ey

FIG. 268

P A

FIG. 28C



US REA48,798 E

Sheet 15 of 19

ACH

Oct. 26, 2021

U.S. Patent

FIG. 28

74 o uy
3 o > = .
o J AI% =
4 /
A Rl Jx 5. 7o AMPLIT RN Yo . - PLE Y Wi 0k 8799 74 .
A AL et Taet
* 7 TR sy ’ = e o
'c.-n & vcno k] LS9 1 ) .tcc ry ] -C.-o kol B0 ™ Aoy 1.3
o -an& & -»»n-- bola. -.on-L
= .ic“t PREYYE R 3 --_“._. Al I Y ¥ l.n“.n PEYEYE TS ;. J 106!.&: PEEFEETTR ¥
wo_* 41 L »
[G) -'an"dt P, i ] —M"ni‘ AT RIS .up..- LIPS K. -“Mnc AP 3. |
»
A " . I e £ (1%
te 0 IVE 807 ] EED ¥y L) o MREEL Vgt g EYHL ko
vcﬂ 54,8 oL LR
-sao.-. P WL XS] c-.- ry W e sad P e voen 2 wrerry o) ‘c.-t F Wl T MW k]
3¥ W T N %
90w & EXECTIEIANG *lep wies -éﬂ......- N, P T -a--- 9 PP TS P
BEH By 8,0 I8
Y LAY _-N‘“- bl W WY, 1] .ﬁavvl S P P, 1 t.t..! TR
DK B i g ooq ey
P 3RO YL WEWE T AT e BV GIVIWEVET MY e S8 ¢ LT EERET Y 8 BB GUE WL AT
o4 Tul
B .
Z 4
ﬂm _G .. s 275 ..ﬁoco . 1M FaYE cu-.-l_-aﬁ ISt T4 a:cnucl- L.. WERLTE
1 [ * L] # 4 »
(5 6.7 P W o nﬂﬂniainuni-| -“ﬂ‘ LS St 3] tao"b LA WS L L 2]
"Mon -s-.--. eto® sba.®
IR ol L DY L X R TN B, IR Vool 7% P, LI b SN I
OQ‘UA ﬂ“dt L2l o &, g
-n.uo-_- MO PR -i"-n-_. T . ™ L --»B. b Y B ) -._N"a-' TR Bl )]
E (1) *
v oy (R ] 'Y
oﬂc..-. b A Y -:-_.-i-od- PG TR < n._- L2 .-h-.- Fr N Ron. vk
& wads 1 ¥ Bgpty
poubt‘ mit otttk SR I rasia £ s s v A TN BEEHEET] [Py 808 LA X AN
1 L . ” Y]
N.nt - - il... it'ﬂ IOOO
PR RY % ot ¥ 3 s %050 K=& L5 PUP AR ket P R d Vo £ 24
- 4 e a® g "y Bady b gty
.co-_- ) X H LT Pa® kg L ek Pe
\ -uu_ :--NJ pEnts T
B TS Set  imE | WA
o T
—
o 5 o o o
e > = >
Q [ a3 @




US REA48,798 E

MD
GR

g T P ¥y ” e @
I AT AT
be Oi’l‘ PN 3

3
R
£okl
T
ME
FIG, 208

d
3
3
¥
3
&
4
L
»
o
L
.
3
3
o
L]
&
»
ol
B
e —

»o 0
AN IR LY W
PORAPLT DALY WL T A

T

Sheet 16 of 19

a®
* 8

Y ]

»
"

& g n¥y

B BgRu, 0,

WL 2T Y

»
* o
*
o
*

o %

)
<

o
»
£ J

e

[

&

B

£

0

)
-

Po
*

®

% oa¥ l‘..‘

% *
AR $%00y. 0g 9
snﬂma LT Pt L T
WINPT A L A

[ J ® ® o
b 'i..‘."l OQQ‘QDQ.OO L]

wde

2%y
a?®

o
]
NM70

b i

L]
@
#

e®e a g
PULNOAPLTST W LA BT L A A

L'y ] P L 1 bl I YE ] §
e LY b LX) $ou®S i
avE B $ poBate v L 3 '

n&utati:toog o

Oct. 26, 2021

o5 GE,

U.S. Patent

FIG. 28A
104h

& L PR 4
LR LAY I

fsola
3

e

FIG. 30



US REA48,798 E

Sheet 17 of 19

Oct. 26, 2021

U.S. Patent

VoD
:
850
gh_-f\
¥
3l

852
GNDV

840

FIG. 31

VAE—IN

FIG. 32



US REA48,798 E

Sheet 18 of 19

Oct. 26, 2021

U.S. Patent

vDbh

AC2

%7 GND

FIG. 33

a

FUpTS Y SRy

voD

T
e C%_
L
t <
(a5
)
i
¥
13
13
13
1
t
;
b e e e e e D
=<
]
) >
+/m«\.



US REA48,798 E

Sheet 19 of 19

Oct. 26, 2021

U.S. Patent

VDD

AC1

D

—-r T7
\/GND

VD

T8
NCT
508
N/ GND

FIG. 35



US RE48,798 E

1
LED DRIVER AND ILLUMINATION SYSTEM
RELATED TO THE SAME

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a reissue of U.S. application Ser. No.
15/059,053.

The present application is a non-provisional patent appli-
cation, claiming the benefit of priority of TW Patent Appli-
cation No. 104134998 filed on Oct. 23, 2015, TW Patent
Application No. 104106489 filed on Mar. 2, 2015, and TW
Patent Application No. 104109847 filed on Mar. 26, 2015.

TECHNICAL FIELD

The present disclosure relates to an LED driver and a
related illumination system, in particular to a driver and an
illumination system.

DESCRIPTION OF THE RELATED ART

The lighting apparatus having light-emitting diode (LED)
are gradually replacing CCFL (Cold Cathode Fluorescent
Lamp) or incandescent light bulbs to be the light source of
back light or lighting systems because of great transition
efficiency between power and light and its smaller size. The
LED is driven by DC power, such as a 3 Volt DC, but the
mains electric supply provides AC input power. Therefore,
a power converter for converting an AC input power source
to a proper DC power is needed.

The power consumed by lighting application needs is
accounted for the majority of the mains electric supply so the
power converter for lighting is regulated to provide low
transition loss and good power factor (between 0 and 1) by
law. The electrical characteristic of an electronic device is
more like a resistive load when its power factor is closer to
1.

FIG. 1 shows an illumination system 10 having a bridge
rectifier 12, a power factor corrector 14, an LED driver
circuit 16, and an LED 18. The power factor corrector 14 can
be a booster circuit. The LED driver circuit 16 can be a buck
converter. When the power converter is a switch type, such
as boost circuit or a buck converter, it needs a bulky and
expensive inductor, and the illumination system needs many
electrical devices, which increases the cost for an illumina-
tion system including a power converter of switch type.

SUMMARY OF THE DISCLOSURE

A driver includes a semiconductor chip, a bridge rectifier,
and a current driver. The semiconductor chip includes a
rectifying diode and a constant current source formed
thereon. The bridge rectifier includes the rectifying diode.
The current driver includes the first constant current source
to provide a constant current.

A driver is connected to a DC power line and a ground
power line and includes a buffer layer, a bridge rectifier, and
a constant current source. The buffer layer has a GaN based
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material. The bridge rectifier is formed on the buffer layer
and has a rectifying diode. The constant current source is
formed on the buffer layer. The first constant current source
is connected between the DC power line and the ground
power line to provide a constant current.

A driver includes a bridge rectifier, a first thermistor, a
second thermistor, a first constant current source, a second
constant current source and a third constant current source.
The second thermistor has a temperature coeflicient different
from that of the first thermistor. [The] Two ends of the first
constant current source is connected to two ends of the first
thermistor [in parallel]. [The] Twvo ends of the second
constant current source is connected to rwo ends of the
second thermistor [in parallel]. The bridge rectifier includes
an end connected to the first constant current source, the
second constant current source and the third constant current
source.

The following description illustrates embodiments and
together with drawings to provide a further understanding of
the disclosure described above.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a conventional illumination system.

FIG. 2 shows an LED driver disclosed in an embodiment
of the present disclosure.

FIG. 3 shows voltage waveforms disclosed in an embodi-
ment of the present disclosure.

FIG. 4A shows a pattern of a metal layer on a semicon-
ductor chip disclosed in an embodiment of the present
disclosure.

FIG. 4B shows a schematic view of a packaged semicon-
ductor chip disclosed in FIG. 4A.

FIG. 5 shows a cross-sectional view of the HEMT T1
along the line ST-ST in FIG. 4A disclosed in an embodiment
of the present disclosure.

FIG. 6 shows a cross-sectional view of the diode DVF3
along the line SD-SD in FIG. 4A.

FIG. 7 shows an illumination system disclosed in an
embodiment of the present disclosure.

FIG. 8 shows an LED driver disclosed in another embodi-
ment of the present disclosure.

FIG. 9A shows a pattern of a metal layer on a semicon-
ductor chip disclosed in an embodiment of the present
disclosure.

FIG. 9B shows a schematic view of a packaged semicon-
ductor chip disclosed in FIG. 9A.

FIG. 10 shows an illumination system accommodating the
LED driver in FIG. 8.

FIG. 11 shows a circuit including an LED and an addi-
tional capacitor connected [in parallel] disclosed in another
embodiment of the present disclosure.

FIG. 12 shows a pattern of a metal layer on a semicon-
ductor chip disclosed in another embodiment of the present
disclosure.

FIG. 13 shows a cross-sectional view of the diode DVF3
along the line SD-SD in FIG. 4A disclosed in another
embodiment of the present disclosure.

FIG. 14 shows a flow chart of manufacturing a diode
disclosed in FIG. 13.

FIG. 15 shows a drawing of the relationship between I
and Vs of a MOSFET and a HEMT disclosed in another
embodiment of the present disclosure.

FIG. 16 shows an LED driver disclosed in further another
embodiment of the present disclosure.
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FIG. 17 shows a pattern of a metal layer on a semicon-
ductor chip disclosed in further another embodiment of the
present disclosure.

FIG. 18 shows an integrated circuit after packaging the
semiconductor chip disclosed in FIG. 17.

FIG. 19 shows an illumination system including an inte-
grated circuit disclosed in FIG. 18.

FIG. 20 shows a circuit of an LED driver disclosed in
another embodiment of the present disclosure.

FIG. 21 shows an LED driver disclosed in another
embodiment of the present disclosure.

FIG. 22 shows a cross-sectional view of a diode disclosed
in another embodiment of the present disclosure.

FIG. 23 shows an LED driver disclosed in further another
embodiment of the present disclosure.

FIG. 24 shows a bridge rectifier disclosed in further
another embodiment of the present disclosure.

FIG. 25 shows a semiconductor chip having a bridge
rectifier disclosed in FIG. 24.

FIGS. 26A-26C show cross-sectional views of a chip
along lines CSV1-CSV1, CSV2-CSV2, and CSV3-CSV3.

FIG. 27 shows a bridge rectifier disclosed in further
another embodiment of the present disclosure.

FIG. 28 shows a semiconductor chip having a bridge
rectifier disclosed in FIG. 27.

FIG. 29A shows an enhance mode HEMT ME and a
depletion mode HEMT MD disclosed in further another
embodiment of the present disclosure.

FIG. 29B shows an electrical connection between the
HEMTs MD and ME.

FIG. 30 shows a cross-sectional view of the chip along the
line CSV4-CSV4 FIG. 29A.

FIG. 31 shows an LED driver disclosed in another
embodiment of the present disclosure.

FIG. 32 shows a waveform of the AC input power and a
waveform of a current passing through the bridge rectifier
844.

FIG. 33 shows an LED driver having a thermistor of
positive temperature coeflicient.

FIG. 34 shows an LED driver having a thermistor of
negative temperature coefficient.

FIG. 35 shows an LED driver having a thermistor dis-
closed in the present disclosure.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The drawings illustrate the embodiments of the applica-
tion and, together with the description, serve to illustrate the
principles of the application. The same name or the same
reference number given or appeared in different paragraphs
or figures along the specification should has the same or
equivalent meanings while it is once defined anywhere of
the disclosure. The thickness or the shape of an element in
the specification can be expanded or narrowed. It is noted
that the elements not drawn or described in the figure can be
included in the present application by the skilled person in
the art.

The LED illumination system disclosed in the present
disclosure has a concise circuit design. The main elements of
the LED illumination system include an integrated circuit
with a packaged single semiconductor chip, two capacitors
and an LED as a lighting source. There is no need to connect
to additional inductor for the LED illumination system.
Besides, the LED illumination system provides good power
factor which meets the requirement of most certifications.
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FIG. 2 shows an LED driver 60 disclosed in the present
disclosure capable of driving an LED 18. The LED 18 can
be a high voltage LED having multiple LED units of smaller
sizes connected in series. For example, the LED 18 in one
embodiment has 15 LED units of smaller sizes (having a
forward voltage of 3.4 V) connected in series, and the
equivalent forward voltage of the LED 18 is around 50V.

The LED driver 60 has three stages. The first stage
connected to the AC input power V . ,, 1s a bridge rectifier
62. The second stage is a valley-filled circuit, functioned as
a power factor corrector, to improve the power factor of the
LED driver 60. The third stage includes two HEMTs (high
electron mobility transistor) T1 and T2 to be a current driver
66. The HEMTs T1 and T2 can be functioned as a constant
current source respectively or connected together in parallel
to be a constant current source providing larger current. Take
the HEMT T1 as an example, while the voltage V , (drain-
to-source voltage) is large enough to turn on the HEMT, the
current I, (drain-to-source current) from drain to source is
substantially a constant value which is barely changed with
the voltage V. So, the HEMT T1 provides a current
substantially of same value to drive an LED 18.

The bridge rectifier 62 includes four rectifying diodes
DB1-DB4, and all of the four rectifying diodes can be SBDs
(Schottky Barrier Diode). The bridge rectifier 62 converts
the voltage from the AC input power V. ;- t0 a DC power
Vpe.v between the DC power line and ground power line
GND. For example, the AC input power can be a 110V . or
220V, provided by mains electric supply.

The valley-filled circuit 64 is connected to the DC power
line VDD and the ground power line GND and includes
three diodes DVF1-DVF3 and capacitors C1 and C2. The
diodes DVF1-DVF3 are reversely connected in series
between the DC power line VDD and the ground power line
GND. In this embodiment, the capacitance value of the
capacitors C1 and C2 are substantially the same. Theoreti-
cally, the voltages V-, and V -, of the capacitors C1 and C2
can be charged to a value equal to a half of the peak value
of the voltage provided by the DC power source V. 1
(0.5%Vpp,z). While the absolute value of the AC input
power V., 1s less than (0.5%V -, ), the capacitors C1
and C2 charges the DC power line VDD and the ground
power line GND. Once the values of the capacitors C1 and
C2 are large enough, the minimum value of the voltage
provided by the DC power source can be maintained to be
substantially equal to 0.5%V o, .- by the valley-filled circuit
64 to provide sufficient power to turn on the LED 18.

The HEMT T1 and HEMT T2 are depletion mode tran-
sistors, and values of the threshold voltages (V) are
negative. Each HEMT has a gate electrode (or gate end) and
two channel electrodes of a source electrode and a drain
electrode (or a source end and a drain end). There is short
circuit between gate electrode and source eclectrode in
HEMT T1 and in HEMT T2. Take the HEMT T1 as an
example, while the voltage V¢ (drain-to-source voltage) is
large enough to turn on the HEMT, the current I, (drain-
to-source current) from drain to source is substantially a
constant value which is barely changed with the voltage
Vps- Therefore, each of the HEMT T1 or T2 can be
functioned as a constant current source to provide a constant
current to drive the LED 18. The light intensity of the LED
19 can be remained at the same level without flicker. In FIG.
2, the LED 18 is driven by HEMT T1, and both the LED 18
and the HEMT T1 are regarded as loads connected in series
between the DC power line VDD and the ground power line
GND. As shown in FIG. 2, the HEMT T2 is connected to the
LED 18 by the dashed line 67, which means the HEMT T2
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can be optionally connected to the HEMT T1 to drive the
LED 18 together, which will be discussed in detail in the
following paragraphs. Some or all parts in the LED driver 60
can be formed on a semiconductor chip. In one embodiment,
the bridge rectifier 62 and the current driver 66 are formed
on the same semiconductor chip so the rectifying diode DB1
of the bridge rectifier 62 and the HEMT T1 configured as a
constant current source are formed on the same semicon-
ductor chip. In another embodiment, the bridge rectifier 62,
the valley-filled circuit 64 and the current driver 66 are
formed on the same semiconductor chip.

FIG. 3 shows a voltage waveform 72 of the voltage
provided by the AC input power source, a waveform 74 of
the voltage provided by the DC power source without
valley-filled circuit 64, and a waveform 76 of DC power
source with valley-filled circuit 64. For example, the wave-
form 72 of the AC input power is a sine wave with 220V~
as shown in FIG. 3. The waveform 74 shows the simulation
result when there is no valley-filled circuit 64. When no
valley-filled circuit 64 is applied, the bridge rectifier 62
provides a concise full wave rectification (such as without
voltage modification or without time period adjustment) to
turn the negative part of the waveform 72 into the positive
part as the waveform 74 shows. The valley-filled circuit 64
fills up the valley of the waveform 74 or makes the valley of
the waveform 74 shallower as the waveform 76 shows. For
convenience of description, the following paragraphs
describe the procedure (or actions) of the circuit by describ-
ing the waveform 74. For example, the situation of “the
waveform 74 reaches the peak” also implies the waveform
72 (AC input power source) reaches the peak or the valley.

Period TP1 begins when the value of waveform 74 is
larger than waveform 76 and ends when the value of the
waveform 76 is increased by time and reaches the peak value
V oz During the period TP1, the power driving the LED
18 to emit light comes from the AC input power source so
the waveform 76 equals to the waveform 74. At this
moment, when the value of the DC power source V- s 18
larger than the sum of voltages V., and V., the capacitors
C1 and C2 are charged by AC input power source. When
waveform 74 reaches the peak value, the voltage values of
capacitors V., and V., are substantially equal to
0.5%V ppyxe

Period TP2 begins when the value of the waveform 74
reaches the V., ends when the value of the waveform 74
decreased and reaches the half of the V5, . During period
TP2, the value of the waveform 74 decreases by time and the
power driving the LED 18 to emit light comes from the AC
input power source, so the waveform 76 equals to the
waveform 74. Because the capacitors C1 and C2 do not
charge or discharge, so the voltage values of capacitors V-,
and V., are maintained at 0.5%V .. .

Period TP3 begins at the time when the value of the
waveform 74 is lower than 0.5%V,. ., and the time is
substantially when the waveform 74 reaches its valley. In the
period TP3, the capacitor C1 discharges through the diode
DVE3 to provide power to the HEMT T1 and LED 18.
Similarly, the capacitor C2 discharges through the diode
DVF1 to provide power to the HEMT T1 and LED 18. The
voltage value of voltage V -, and the voltage value of voltage
V., are decreased by time, and the decreasing speed
depends on the capacitance of the capacitor C1 and the
capacitance of the capacitor C2 respectively. Period TP3
ends when the value of the waveform 74 is bounced back to
be larger than the voltage value V., or V,. Then another
period TP1 comes after the end of the period TP3. As the
waveform 76 shows in FIG. 3, once the sum of the capaci-
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tances of capacitor C1 and C2 is large enough, the DC power
Ve 18 capable of keeping driving the LED 18 to emit
light.

As long as the sum of the capacitances of the capacitors
C1 and C2 are large enough, the power factor adjusted by the
valley-filled circuit 64 can be tuned to meet power factor
requirements of most countries.

In an embodiment, the rectifying diodes DB1-DB4,
diodes DVF1-DVF3 and HEMTs T1 and T2 are commonly
formed on a single semiconductor chip. FIG. 4A shows a
pattern of a metal layer 104 on a semiconductor chip 80, and
the relative positions of the diode and the HEMT in FIG. 2.
Semiconductor chip 80 can be a MMIC (monolithic micro-
wave integrated circuit) having a GaN-based channel. In
FIG. 4A, the diodes are Schottky Barrier Diodes having
similar structures, and the HEMTs T1 and T2 are constructed
of similar structures. FIG. 5 shows a cross-sectional view of
the HEMT T1 along the line ST-ST in FIG. 4A. FIG. 6 shows
a cross-sectional view of the diode DVF3 along the line
SD-SD in FIG. 4A. The structures of other diodes and
HEMTs can be derived from these figures.

In the embodiment shown in FIG. 5, the material of the
buffer layer 94 on the silicon base 92 can be carbon doped
(C-doped) GaN. The channel layer 96 can be made of
intrinsic GaN and a high-band gap layer 98 is formed on the
channel layer 96. The cover layer 100 can be intrinsic GaN.
The cover layer 100, the high-band gap layer 98, and the
channel layer 96 can be patterned as a mesa 95. The
2D-electron gas can be formed in the channel layer 96
adjacent to the quantum well of high-bandgap layer 98 as a
conductive channel. The material of the patterned metal
layer 102 can be titanium, aluminum or a stack of titanium
and aluminum. As shown in FIG. 5, the metal layer 102
forms two metal strips 102a and 102b on top of the mesa 95
as two ohmic contacts, and the metal strips 102a and 102b
are functioned as a drain electrode and a source electrode
respectively. The metal layer 104 can be made of titanium,
gold or stacking titanium and aluminum. The metal layer
104 can also have a layer of nickel, a layer of copper and a
layer of platinum from bottom to top. The layer of platinum
is used to increase adhesion between the metal layer 104 and
the protection layer 105 formed in the following steps, and
to prevent peeling issue while forming the bonding pad. In
another embodiment, the metal layer 104 can be made by
stacking nickel, aluminum, and platinum or by stacking
nickel, gold, and titanium. As shown in FIG. 5, metal strips
104a, 104b, and 104c are formed by patterning the metal
layer 104. The metal strip 104b forms a Schottky contact
above the middle of mesa 95 to be a gate electrode of the
HEMT T1. Metal strips 104a and 104c respectively contacts
the metal strips 102a and 102b to provide an electrical
connection between source electrode and other electrical
elements and an electrical connection between drain elec-
trode and other electrical elements. Referring to FIG. 5 and
FIG. 4A, the gate electrode (i.e. metal strip 104b) of HEMT
T1 is directly connected to the metal strip 104a, and con-
nected to the source electrode of HEMT T1. In another
embodiment, the metal strip 104b can be connected to the
metal strip 104a through an additional metal strip. The right
part of FIG. 5 shows an equivalent circuit diagram of HEMT
T1. A protection layer 105 is formed on the metal strip 104a,
metal strip 104b, and the metal strip 104c, and the material
of the protection layer 105 can be SiON (silicon oxynitride).
The protection layer 105 is patterned to form bonding pads
for packaging. For example, in FIG. 5, the left part of the
protection layer 105 which is not covered can be welded to
a bonding wire connected to a low voltage pin VSS (de-
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scribed in following paragraphs); while the right part of the
protection layer 105 which is not covered can be welded to
a bonding wire connected to a driving pin D1 (described in
following paragraphs).

For brevity, same or similar parts between FIG. 5 and
FIG. 6 are not repeated. In FIG. 6, the metal layer 102 forms
two metal strips 102c and 102d, and the metal strips 104d,
104¢ and 104f are formed by patterning the metal layer 104.
Similar with FIG. 5, the metal strip 104e can be used as a
gate electrode of the HEMT. Though the metal strip 102d
can be used as a source electrode of the HEMT, the metal
strip 102d does not directly contact with the metal strips
104d, 104e and 104f. In another embodiment, the metal strip
102d can be omitted. The metal strip 104 is connected to the
mesa 95 on part of the top surface and a side wall to form
another Schottky contact to form a Schottky Barrier diode
having a cathode equivalently connected to the source
electrode of the HEMT in FIG. 6. Referring to FIG. 6 and
FIG. 4A, the metal strip 104e, which is directly connected to
the metal strip 104{, is used as an anode of the Schottky
Barrier diode. In another embodiment, the metal strip 104e
is connected to the metal strip 104f through an additional
metal strip. The right part of FIG. 6 shows the equivalent
circuit diagram of the left part, wherein the circuit is
functioned as a diode. The right part of FIG. 6 simultane-
ously shows a special diode symbol 120 representing the
equivalent circuit diagram in FIG. 6. The diode symbol 120
is also used in FIG. 2 to represent rectifying diodes DB1-
DB4 and diodes DVF1-DVF3, and each of the diodes is
composed of a HEMT and a Schottky Barrier diode.

FIG. 4B shows an integrated circuit 130 formed by
packaging the semiconductor chip 80. The integrated circuit
130 has 8 pins of high voltage pin VCC, correction pins PF1
and PF2, low voltage pin VSS, AC input pins AC+ and AC—,
and driving pins D1 and D2. Referring to FIG. 4A, the pins
are electrically connected to the metal strips formed by
patterning the metal layer 104 through bonding wires. The-
ses metal strips also provide connections between corre-
sponding input nodes and output nodes of electrical ele-
ments in the semiconductor chip 80. For example, the
driving pin D1 is electrically connected to the drain elec-
trode of HEMT T1, and the correction pin PF1 is electrically
connected to the cathode electrode of diode DVF3.

FIG. 7 shows an illumination system 200 disclosed in the
present disclosure. The integrated circuit 130 is fixed to a
printed circuit board 202. Through the metal wires on the
printed circuit board 202, the capacitor C1 is electrically
connected to the high voltage pin VCC and the correction
pin PF1, the capacitor C2 is electrically connected to the low
voltage pin VSS and the correction pin PF2, the LED 18 is
electrically connected to the high voltage pin VCC and the
driving pin D1, and the AC input pins AC+ and AC- are
connected to the AC input power V. . According to the
above explanation, the illumination system 200 shown in
FIG. 7 realizes the LED driving circuit 60 disclosed in FIG.
2 concisely by only four elements (two capacitors C1 and
C2, integrated circuit 130, and an LED). No expensive and
bulky inductance is applied so the cost of illumination
system 200 is lowered and the size of the total product can
be downsized.

As shown in FIG. 7, the driving pin D2 (electrically to the
drain electrode of HEMT T2) can be optionally connected to
the LED 18 based on the voltage of the AC input power
V_,c.v In other words, the integrated circuit 130 is able to
optionally use one HEMT T1 or two HEMTs T1 and T2
connected in parallel to drive the LED 18 to emit light. For
example, the size of HEMTs T1 and T2 are the same, and the
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HEMTs T1 and T2 are able to provide same constant current
of'about 1 pA. When the AC input power source provides a
voltage of 110V . to the illumination system 200, an LED
having a forward voltage value of 50V is chosen as the LED
18, and the driving pins D1 and D2 are connected to the LED
18. The power consumed by the LED 18 is about 100 pW
(=2 uA*50V). When the AC input power source provides a
voltage of 220V, to the illumination system 200, an LED
having a forward voltage value of 100V is chosen as the
LED 18, and the driving pin D2 is floating. The power
consumed by the LED 18 is about 100 uW (=1 pA*100V).
Thus, although the voltage values of the AC input power
source are different, LEDs having different forward voltages
can be chosen to be LED 18 to have about the same power
consumed by the LED 18 so the light intensity provided by
the illumination system 200 under different input voltages is
substantially the same. In other words, the integrated circuit
130 is not only suitable for the AC input power source of
220V, type but also suitable for AC input power source of
110V, type. This characteristic benefits the manufacturers
of illumination system 200 because the cost of production
control of illumination system 200 can be saved.

As shown in FIG. 2, the current driver 66 is connected to
the LED 18 and the ground power line GND, but the present
disclosure is not limited to this embodiment. FIG. 8 shows
an LED driver 300 disclosed in one embodiment of the
present disclosure to drive the LED 18. The current driver
302 in FIG. 8 has HEMTs T3 and T4. The drain electrodes
of HEMTs T3 and T4 are electrically connected to the DC
power line VDD and the LED 18 is connected to the ground
power line GND and the current driver 302. FIG. 9A shows
a pattern of a metal layer 140 on a semiconductor chip 310
while the relative positions of the diode and the HEMT in
FIG. 8 are labeled. FIG. 5 shows a cross-sectional view of
the HEMT T3 along the line ST-ST in FIG. 9A. FIG. 6 shows
a cross-sectional view of the diode DVF3 along the line
SD-SD in FIG. 9A. FIG. 9B shows an integrated circuit 320
having a packaged semiconductor chip 310. The integrated
circuit 320 has 8 pins of high voltage pin VCC, correction
pins PF1 and PF2, low voltage pin VSS, AC input pins AC+
and AC-, and driving pins D1 and D2. FIG. 10 shows
another illumination system 330 disclosed in the present
disclosure, wherein the illumination system 330 realize the
LED driver 300 in FIG. 8. The description of FIGS. 8, 9A,
9B and 10 can be referred to paragraphs related to FIGS. 2,
4A, 4B and 7 shown above to realize the theory, operation
and benefits, and the descriptions are omitted for brevity.

As the embodiment shown in FIG. 11, an additional
capacitor 19 for stabilizing the voltage is used to connect
with the LED 18 in parallel. The capacitor 19 is used to
lower the variation of voltage applied on the LED 18 and
even increase the duty cycle or light emitting time of the
LED within a period of the voltage provided by the AC input
power V. to eliminate the possibility of flickering of
LED 18.

The pattern in FIG. 4 demonstrates one embodiment
while the presented disclosure is not limited to the embodi-
ment. FIG. 12 shows a pattern of metal layer 104 on another
semiconductor chip. FIG. 12 is similar to FIG. 4 so the same
parts or similar parts between the figures are omitted for
brevity. In FIG. 4A, the gate electrode located at the center
of one diode only connects to its anode electrode through an
arm ARM 1 formed by patterning the metal layer 104, such
as the metal strip 104f in FIG. 6. The gate electrode located
at the center of one HEMT also connects to its source
electrode through an arm ARM 2 formed by patterning the
metal layer 104, such as the metal strip 104a in FIG. 5. In
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FIG. 12, as the gate area GG shown in the figure, the gate
electrode located at the center of one diode connects to its
anode electrode through the arms ART and ARB, and the
gate electrode located at the center of one HEMT also
connects to its source electrode through the arms. Compared
with the design in FIG. 4A, the arms of the diode in FIG. 12
is more symmetrical for manufacturing so the structures of
the arms are not easily compressed by other structures above
and below the arms during process, such as developing,
exposure, epitaxial and etching. The widths of the arms are
more uniform and the structures are not likely to be broken
or deformed. On the contrary, the structure in FIG. 4A has
only one arm so the width of the arm is uneven during
manufacturing other parts. Such varied width is likely to
induce breakdown by crowding of high voltage or large
current. Because the structures of arms in FIG. 12 have
uniform widths, the structures are not easily deformed by
other structures so the structures in FIG. 12 provide better
breakdown voltage protection. In other words, the structure
can be operated at a higher voltage so the HEMT has a
higher breakdown voltage.

The cross-sectional views in FIGS. 5 and 6 are embodi-
ments that are not limitations to the disclosure. For example,
FIG. 13 shows the cross-sectional view of the diode DVF3
along the line SD-SD in FIG. 4A. For brevity, the same or
similar parts in FIG. 13 and FIG. 6 are not described again.
The difference between FIG. 6 and FIG. 13 is an insulation
layer 103 in FIG. 13 formed between the metal strip 104e
and the cover 100, and the material of the insulation layer
103 can be silicon oxide. The insulation layer 103 is used to
improve the performance of the diode by having a higher
breakdown voltage.

FIG. 14 shows a flow chart of manufacturing a diode in
FIG. 13. A mesa is formed in step 140. For example, a
channel layer 96, a high-band gap layer 98 and a cover 100
are formed on a buffer layer 94 in advance. Then, these three
layers are patterned to form the mesa 95 by ICP (Inductively
Coupled Plasma etching) for example. An ohmic contact is
formed in the step 142. For example, the metal layer 102 is
formed by depositing titanium, aluminum, titanium and
gold, and the metal layer 102 is patterned to from metal
strips, such as metal strips 102a and 102b. An insulation
layer 103 is formed in step 144. For example, a silicon
dioxide layer is deposited to be patterned, and the rest of the
silicon dioxide layer is used as the insulation layer 103. A
Schottky contact and a patterning process are performed in
step 146. For example, nickel, gold and platinum are sequen-
tially deposited to form the metal layer 104 which is
patterned later to form metal strips, such as metal strip 104a,
metal strip 104b and metal strip 104c. The interface between
the metal layer 104 and the metal layer 102 is an ohmic
contact, and the interface between the metal layer 104 and
the mesa 95 is a Schottky contact. A protection layer 105 is
formed which is pattered later to form holes for bonding
pads in the step 148. The flow chart of manufacture shown
in FIG. 14 can be adapted to form a HEMT in FIG. 12. With
adjustment, the flow chart in FIG. 14 can be applied to form
a diode and a HEMT in FIG. 4A, such as skipping step 144
or adding another process.

The HEMTs T1 and TS5 in FIG. 2 and FIG. 5 can be
considered as constant current sources, but those transistors
may not be ideal current sources. Drain currents (I,g) of
HEMTs T1 and T2 may be related to the drain voltage (V)
while the transistors are operated in the saturation region.
FIG. 15 shows the relationship between 1,5 and V¢ of a
MOSFET and a HEMT. Curve 150 is related to a silicon-
based MOSFET and the curve 152 is related to a HEMT.
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According to curve 150, the current [, and voltage V¢ are
substantially positively correlated in a MOSFET, wherein
the current I,,¢ is increased as the voltage V55 is increased.
But, it is different in HEMT. According to curve 152, the
relationship between the voltage Vo and current I,
changes from positive correlation to negative correlation
while the voltage is higher than a specific value in HEMT.
The specific value can be set by tuning manufacturing
parameters. This characteristic of HEMT is beneficial for
operation, for example, while the voltage V¢ surges
because of unstable input voltage, the current I, is
decreased to lower the electrically power consumed by the
HEMT so the HEMT avoids being burned down.

In the above embodiments, the LED driver comprises a
valley-filled circuit, but the disclosure presented is not
restricted to this embodiment. FIG. 16 shows another LED
driver 500 to drive LED 518, which comprises several LED
groups 5201, 5202 and 5203 connected in series. No valley-
filled circuit is used in LED driver 500. The bridge rectifier
502 and the current driver 504 in the LED driver 500 can be
integrated in a single semiconductor chip to be packaged as
an integrated circuit. FIG. 17 shows a pattern of a metal
layer 104 on a semiconductor chip 550 and the relative
positions of diode and HEMT are marked. The semiconduc-
tor chip 550 integrates the bridge rectifier 502 and the
current driver 504 in the LED driver 500. FIG. 18 shows an
integrated circuit 552 after packaging the semiconductor
chip 550 in FIG. 17. FIG. 19 shows an illumination system
560 including the integrated circuit 552 in FIG. 18. Embodi-
ments in FIG. 16 to FIG. 19 can be realized through above
description so the details are omitted for brevity. According
to FIG. 19, the illumination system 560 is realized by very
small amount of electrical elements including a capacitor
CF, an integrated circuit 552 and an LED 518. The cost of
the illumination system 560 is reduced, and the final product
is more compact.

Embodiments in FIG. 16 and FIG. 19 are not limitations
to restrict application of the integrated circuit 552. FIG. 20
shows an LED driver 600 to explain another embodiment
including the bridge rectifier 502 and the current driver 504.
In FIG. 20, the HEMT T1 and HEMT T2 in the current
driver 504 are optionally adopted to drive the LED 518,
which comprises LED groups 5201, 5202 and 5203. The
LED driver 600 has dimming circuits IC1 and IC2, wherein
the circuits can be turned on or turned off according to the
voltage level of the DC power source V. s~ For example,
while the voltage level of the power source Vs s higher
than the forward voltage of the LED group 5203, the circuits
IC1 and IC2 are turned on so the LED group 5203 emits light
and the LED groups 5201 and 5202 do not. When the DC
power source V 5 18 increased to a level larger than a sum
of the forward voltages of LED groups 5202 and 5203, the
circuit IC1 is turned on and the circuit IC2 is turned off so
the LED groups 5202 and 5203 emit light while the LED
group 5201 does not. When the DC power source V. p s
increased to a level larger than a sum of the forward voltages
of LED group 5201, 5202 and 5203, the circuit IC1 and the
circuit IC2 are turned off so the LED groups 5201, 5202 and
5203 emit light so the electric-light conversion efficiency is
better and the power factor and THD (total harmonic dis-
tortion) can be well controlled.

The integrated circuit disclosed in the present disclosure
is not limited to integrating a bridge rectifier and a current
driver. The integrated circuits 130 and 522 are embodiments
as examples. Another integrated circuit disclosed in the
present disclosure includes not only the bridge rectifier and
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the current driver, but also some diodes and HEMTs which
are able to be used in the circuit IC1 and circuit IC2 in FIG.
20.

Integrated circuit disclosed in the present disclosure is not
limited to depletion-mode HEMT. In an embodiment, the
integrated circuit comprises an enhance mode HEMT, and
the conducting current can be controlled by providing proper
gate voltage. Thus, the light intensity emitted by the LED
group can be changed. For example, the gate voltage of the
enhance mode HEMTs can be adjusted to change the current
entering the LED groups 5201, 5202 and 5203 while the
circuit IC1 and IC2 are adopted to turn the LED groups
5201, 5202, and 5203 on and off so the light intensities from
the LED groups 5201, 5202, and 5203 can be changed.

Although the LED driver disclosed above is used to drive
one LED 518, the presented disclosure is not limited to these
embodiments. In an embodiment, two or more LEDs are
respectively controlled by different currents. FIG. 21 shows
an LED driver 700, wherein the LED 18R and LED 18B are
respectively driven by the HEMT T1 and HEMT T2. For
example, the current provided by the HEMT T1 is less than
the current provided by HEMT T2, and the LED 18R is
substantially a red light LED and the LED 18D is substan-
tially a blue light LED.

Diodes in FIG. 6 and in FIG. 13 are respectively formed
on a mesa 95, but the disclosure presented is not restricted
to these embodiments. FIG. 22 shows a cross-sectional view
of an LED chip disclosed in an embodiment of the present
disclosure. The same or similar parts in FIG. 6, FIG. 13, and
FIG. 22 are omitted for brevity. Two mesas 95 and 95a are
included in the embodiment shown in FIG. 22. The metal
strip 102e forms an ohmic contact on the mesa 95a and the
metal strip 102d forms another ohmic contact on the mesa
95. Metal strip 102d is electrically connected to the metal
strip 102e through metal strip 104g. The metal strip 104f is
configured as an anode of a diode and the metal strip 104d
is configured as a cathode of the diode. The structure in FIG.
22 provides better breakdown voltage protection.

Current drivers 66, 302, and 504 disclosed above are
configured to drive an LED, but the presented disclosure is
not limited to these embodiments. FIG. 23 shows another
LED driver 800 disclosed in the present disclosure. The
same or similar parts in FIG. 16 and FIG. 23 are omitted for
brevity. The difference between the LED driver 500 in FIG.
16 and the LED driver 800 in FIG. 23 is the TRIAC dimmer
802 included in the LED driver 800. Moreover, the HEMT
T1 in the current driver 804 is directly connected between
the DC power line VDD and the ground power line GND
without driving any LED. When the TRIAC dimmer 802 is
turned off as open state, a holding current (at a predeter-
mined amount) is needed to prevent false action of (turning
off) the LED driver 800. In FIG. 23, the HEMT T1 is
configured to provide the holding current according to the
requirement of the TRIAC dimmer 802. From design point
of view, the HEMT T2 is configured to provide a relative
large current to turn on the LED 518 to emit light and the
HEMT T1 is configured to provide a relative small current
to be a holding current required by the TRIAC dimmer 802
when the LED 518 does not emit light to avoid false action
of turning off the LED 518.

The diodes above are presented as the symbol of diode
120 in FIG. 6, wherein the diode is composed of a HEMT
and a Schottky Barrier diode. All the diodes in the embodi-
ments can be totally or partially substituted by a diode of
other species. For example, FIG. 24 shows a bridge rectifier
806 which contains four Schottky Barrier diodes SBD1,
SBD2, SBD3 and SBD4.
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FIG. 25 shows the metal layer 104 and the mesa 95 on the
semiconductor chip 808 to realize the bridge rectifier 806 in
FIG. 24. FIGS. 26 A, 26B and 26C are cross-sectional views
of the semiconductor chip 808 along lines CSV1-CSV1,
CSV2-CSV2, and CSV3-CSV3. For example, the Schottky
Barrier diode SBD1 in FIG. 24 is connected between the AC
power line AC1 and the ground power line GND. FIG. 25
and FIG. 26 A show a HEMT with multi-finger structure. The
gate node of the HEMT is used to be the anode of the
Schottky Barrier diode SBD1 and the channel node of the
HEMT is used to be the cathode of the Schottky Barrier
diode SBD1. The Schottky Barrier diode can be electrically
realized by multi Schottky Barrier diodes of smaller size
connected in parallel. The HEMT having multi-finger struc-
ture can provide a larger current within a limited chip area.

In the above embodiments, each of the diodes can be
realized by serially connecting several diodes of smaller size
as shown in FIG. 27. FIG. 27 shows another bridge rectifier
810. For example, two Schottky Barrier diodes are serially
connected between the AC power line AC1 and the ground
power line GND. As an example in FIG. 28, the metal layer
104 and the mesa 95 on the semiconductor chip 812 can be
used to realize a bridge rectifier 810 in FIG. 27. FIGS. 26A,
26B, and 26C can be used to show cross-sectional views of
the semiconductor chip 812 along lines CSV1-CSV1,
CSV2-CSV2, and CSV3-CSV3.

As shown above, the semiconductor chips disclosed in the
disclosure are not limited to depletion mode HEMT and
Schottky Barrier diode and can also be enhance mode
HEMT. FIG. 29A shows the metal layer 104 and the mesa
95 of the enhance mode HEMT ME and the depletion mode
HEMT MD. FIG. 29B shows an electrical connection
between the HEMT MD and ME in FIG. 29A. FIG. 30
shows a cross-sectional view of the chip in FIG. 29A along
the line CSV4-CSV4. As shown in FIG. 30, the left part is
an enhance mode HEMT ME, wherein an insulation layer
103 is formed between the metal strip 104h (configured as
a gate electrode GE) and the cover 100. The part of the cover
100 and the part of the high-band gap layer 98 below the
metal strip 104h form a modification area 170. For example,
the modification area 170 can be formed by partially
implanting the fluorine ions into the cover 100 and into the
high-band gap layer 98. Compared with the depletion mode

HEMT MD in the left part of FIG. 22, a modification area
170 and an insulation layer 103 are included in the enhance
mode HEMT ME in the left part of FIG. 30. Both of the
modification area 170 and the insulation layer 103 are
configured to adjust or increase a threshold voltage of a
HEMT.

As shown in FIGS. 29A, 29B, and 30, the gate electrode
GD of the depletion mode HEMT MD is directly connected
to the node S of the enhance mode HEMT ME. In another
embodiment, the gate electrode and the node S are con-
nected through an additional metal strip or metal layer.

Referring to circuit shown in FIG. 29B, the voltage
applied from the node D to the node S is shared by the
HEMT ME and HEMT MD while the HEMT ME is turned
off (in an open state) so the circuit in FIG. 29B is able to
receive high voltage. When the HEMT ME is turned on (in
a conductive state), the HEMT MD is configured as a
constant current source to eliminate the maximum current
value between the node D and the node S.

The enhance mode HEMTs in FIG. 29A and FIG. 29B can
be used as switches in a semiconductor chip. FIG. 31 shows
an LED driver 840 disclosed in an embodiment of the
present disclosure. The LED driver 840 includes an enhance
mode HEMT and a depletion mode HEMT. Besides some
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Schottky Barrier diodes and resistors, the depletion mode
HEMT T8 and current switches CC1, CC2, and CC3 are
included in the LED driver 840, wherein the electrical
connections between the elements are shown in FIG. 31. The
current switches CC1, CC2, and CC3 can be realized by
structures shown in FIG. 39A and FIG. 30. In an embodi-
ment, the maximum current allowed passing through the
current switches CC1, CC2, CC3 and the depletion mode
HEMT T8 are current I1, 12, 13 and 14 respectively, and the
11<12<13<14. Every current switches CC1, CC2, and CC3
are respectively connected to a control end, which is the gate
electrode of an enhance mode HEMT, through correspond-
ing resistors to a Schottky Barrier diode 852 commonly. One
end of the Schottky Barrier diode 852 is connected to the
resistors and the other end of the Schottky Barrier diode 852
is connected to the ground power line GND.

FIG. 32 shows a waveform of voltage provided by the AC
input power V., and a waveform of a current passing
through the bridge rectifier 844. The switches CC1, CC2,
and CC3 are sequentially turned on with the increase of the
voltage between the DC power line VDD and the ground
power line GND from 0 volt. At the beginning, the LED
group 5201 emits light, and the LED groups 5202, 5203, and
5204 do not emit light. The driving current passing through
LED group 5201 is limited by the current switch CC1, and
the maximum value of the current is I1. With the increase of
voltage between the DC power line VDD and the ground
power line GND, the current switch CC1 is turned off, and
the LED group 5202 joins to emit a light. In this state, the
driving current passing through the LED groups 5201 and
5202 is limited by the current switch CC2, and the maximum
value of the current is 12. With further increase of voltage
between the DC power line VDD and the ground power line
GND, the current switch CC2 is turned off, and the LED
group 5203 is added to emit a light. In this state, the driving
current passing through the LED groups 5201, 5202, and
5203 is limited by the current switch CC3, and the maximum
value of the current is 13. When the voltage between the DC
power line VDD and the ground power line GND exceeds a
specific value, the current switches CC1, CC2, and CC3 are
closed, and the LED groups 5201, 5202, 5203, and 5204
emit a light. In this state, the driving current passing through
the LED groups 5201, 5202, 5203 and 5204 is limited by the
depletion mode HEMT T8, and the maximum value of the
current is 14. When the voltage between the DC power line
VDD and the ground power line GND decreases from the
maximum value, the current switches CC3, CC2 and CC1
are turned on sequentially. Referring to FIG. 32, the LED
driver 840 in FIG. 31 has not only good power factor but
also low THD (total harmonic distortion).

The current switches CC3, CC2, and CC1 are respectively
connected to two Schottky Barrier diodes reversely con-
nected in series, which are connected to the control end and
a high voltage end corresponding to each of the current
switches. In another embodiment, these Schottky Barrier
diodes, such as the six Schottky Barrier diodes in FIG. 31A,
are omitted in consideration of cost.

The Schottky Barrier diode 852 connected between the
resistor 850 and the ground power line GND can be used to
restrict the maximum value of the voltage applied on the
control ends of current switches CC3, CC2, and CC1. When
a surge voltage happens on the DC power line VDD, the
Schottky Barrier diode 852 is used to prevent the enhance
mode HEMT from burning caused by too large gate voltage.

All the Schottky Barrier diodes and HEMT in the LED
driver 840 in FIG. 31 can be integrated in a single crystal
micro-wave integrated circuit having GaN-based channel.
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For example, the Schottky Barrier diode can be realized by
the element structure shown in FIG. 6 or FIG. 26A, and the
enhance mode HEMT and the depletion mode HEMT can be
realized by the left part and the right part in FIG. 30
respectively. In other words, an LED driver 840 may be
realized by a single crystal micro-wave integrated circuit,
some passive elements (such as resistors), an LED 848 and
a PCB (printed circuit board), and the cost is lower.

With the increase of environment temperature, the light
intensity from an LED driven by a constant current may be
decreased. In order to compensate the decrease form tem-
perature, a thermistor with NTC (negative thermal coeffi-
cient) or PTC (positive thermal coefficient) can be applied to
adjust the driving current entering the LED.

FIG. 33 shows an LED driver 900 having a thermistor
with positive temperature coefficient, wherein the two nodes
of the thermistor 902 are connected to a gate end and a
channel end of a HEMT MEI1 respectively. The depletion
mode HEMT TS5 is configured as a constant current source
to provide a substantially constant current through the
thermistor 902. The enhance mode HEMT ME1 is operated
within the linear region. When the environment temperature
is increased, the resistance value of the thermistor 902 is
increased, so the voltage applied to the gate end is increased
to increase current passing through the LED 518. Thus, the
amount of light emitted from the LED 518 is substantially
unchanged with the variation of temperature.

FIG. 34 shows an LED driver 906 having a thermistor
with negative temperature coeflicient. The depletion mode
HEMT T6 can be used as a constant current source, and the
constant provided is substantially controlled by its source
voltage. When the temperature increases, the resistance of
the thermistor 906 decreases so the source voltage of the
depletion mode HEMT T6 is decreased and the voltage
between the gate and to the source end of the depletion mode
HEMT is increased. Therefore, the current passing through
the LED 518 is increased. Thus, the amount of light emitted
from the LED 518 is substantially unchanged with the
variation of temperature.

The LED driver disclosed in the present disclosure is not
restricted to one LED or one thermistor. FIG. 35 shows an
LED driver 910 having LEDs 5181, 5182 and 5183. Similar
with the disclosure in FIG. 33, the driving current passing
through the LED 5181 is controlled by the thermistor 902
and the current is increased with the increase of temperature.
Similar with the circuit in FIG. 34, the driving current
passing through the LED 5182 is controlled by the therm-
istor 906 and the current is increased with the increase of
temperature. The driving current passing through the LED
5183 is controlled by a depletion mode HEMT T7, and the
current is substantially unchanged with variance with tem-
perature. In an embodiment, the LED 5183 is a blue light
LED and the LED 5181 or 5182 is a red light LED.

It will be apparent to those having ordinary skill in the art
that various modifications and variations can be made to the
devices in accordance with the present disclosure without
departing from the scope or spirit of the disclosure. In view
of the foregoing, it is intended that the present disclosure
covers modifications and variations of this disclosure pro-
vided they fall within the scope of the following claims and
their equivalents.

What is claimed is:

1. A driver [for connecting to a power line and a ground
power line], comprising:

a buffer layer, comprising a GaN based material;

a bridge rectifier formed on the buffer layer, comprising a

rectifying diode, wherein the rectifying diode com-
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prises a first high electron mobility transistor and a
metal strip, wherein the first high electron mobility
transistor comprises a gate and a first mesa providing
a 2D-electron gas, and the metal strip is in Schottky
contact with the first mesa, whervein the gate of the first
high electron mobility transistor is electrically con-
nected to the metal strip; and

a constant current source formed on the buffer layer,
comprising a second mesa providing another 2D-elec-
tron gas, wherein the first constant current source is
[connected between the power line and the ground
power line] elecirically connected to the rectifying
diode and configured to provide a constant current.

2. The driver according to claim 1, wherein the constant
current source further [comprising] comprises a high elec-
tron mobility transistor [within the constant current source,
wherein the high electron mobility transistor has a first arm,]
having a gate area, a first arm on a side of the gate area and
a second arm on [a] an opposite side of the gate area
[opposite to the first arm].

3. The driver according to claim 2, wherein the first arm,
the gate area and the second arm are patterned from a same
metal layer.

4. A driver, comprising:

a [bridge] rectifier;

a first thermistor and a second thermistor, wherein the
second thermistor has a temperature coefficient differ-
ent from that of the first thermistor;

a first constant current source electrically connected to the
first thermistor [in parallel];

a second constant current source electrically connected to
the second thermistor [in parallel]; and

a third constant current source;
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wherein [the bridge rectifier includes an end connected to]
the first constant current source, the second constant
current source and the third constant current source are
connected to the rectifier.

5. The driver according to claim 4, wherein the first
thermistor has a positive temperature coefficient.

6. The driver according to claim 4, wherein the first
constant source further [comprising] comprises an enhance
mode high electron mobility transistor [within the first
constant current source, wherein the enhance mode high
electron mobility transistor has] having a cover layer, an
insulation layer, and a modification area.

7. The driver according to claim 6, wherein the modifi-
cation area has a width narrower than that of the insulation
layer.

8. The driver according to claim 1, further comprising a
base,

wherein the buffer layer is formed on a base and com-

prises a continuous surface, and

wherein the bridge rectifier and the constant current

source ave formed on the continuous surface.

9. The driver according to claim 8, wherein the base
comprises a material different from that of the buffer layer.

10. The driver according to claim 9, wherein the constant
current source comprises a material same as that of the
buffer layer.

11. The driver according to claim 1, wherein each of the
first mesa and the second mesa comprises a channel layer.

12. The driver according to claim 11, wherein the
2D-electron gas is formed in the channel layer of the first
mesa, and the another 2D-electron gas is formed in the
channel layer of the second mesa.
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