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Abstract

With the breakthrough in GaN-based light-emitting diodes (LEDs), visible light
communication (VLC) develops rapidly and shows high potential for applications. In
recent years, it has attracted much attention for further research. Because of large and
direct band-gap of GaN materials, GaN-based LEDs with high efficiency have been
widely used in illumination and display applications. On the other hand, GaN-based
LEDs as blue or green sources in VLC system can not only lower the cost but also
increase the practical value of VLC system. The modulation bandwidth of LED is a
key factor that affects transmission of VLC system. However, the research on the
modulation mechanism of GaN-based LED is still not detailed. To solve this issue, in
this study we fabricated the hybrid array of LEDs with different sizes and investigated
the influence of device size on the characteristics of LEDs, including the modulation
bandwidth and electrical properties. Here are the main results listed as follows:

1. We design the experimental details and fabricate the hybrid array of LEDs with
different sizes. Each unit contains twelve different devices, including eight micro
devices with the diameters from 30pum to 100um increased by 10um and four large
devices with the diameters from 150pum to 300pm increased by 50um. For each unit,
p-pads are individual while n-pad is common to all pixels.

2. We set up a system for LED modulation bandwidth measurement, which can
measure frequency response curves of LED and obtain the -3dB bandwidth.
Maximum bandwidth of the system is 1.2GHz, supporting light spectrum ranged from
200nm to 1100nm.The frequency response is recorded by a network analyzer.

3. We measure the characteristics of the devices with different sizes, including the
current-voltage (I-V), output power-current (P-I) and electroluminescence (E-L)
properties. With the device size increasing, series resistor and threshold voltage at
20mA gradually decreases, while the maximum light output power increases. It
indicates that device size has an impact on the performance of LED. The emission
peak of the device exhibits blue shift with the current increasing. However, the

devices with different sizes but the same current density have almost the same
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emission peak, which indicates that shielding effect of the built-in electric field in the
light-emitting area depends on the injected carrier density.

4. We investigate the influence of device size and inject current on the
characteristics of modulation bandwidth, based on the measurements in different
conditions. Among them, the device with the diameter of 30pum exhibits a large -3dB
bandwidth of ~165MHz with the inject current of 110mA. Measurement results show
that modulation bandwidth gradually improves along with the current increasing, due
to the decrease of carrier recombination lifetime. On the other hand, for the
micro-LEDs with different sizes but the same current density, the modulation
bandwidths are similar. These results show that the current density (carrier

recombination lifetime) plays a key role in the bandwidth modulation.

Keywords: GaN; LED; modulation bandwidth



B TR SR 22 AR S0 AT WGl 5 ] GaN A0t — s W 7T

H x

g = 1
1.1 GaN Z LED BIFIZE ..o s 1
1.1.1 GaN AFRHFIFEARGE R FLEEME oo 1

1.1.2 GaN 3& LED HIBF FCHERE c.oooooooeeeeesessessseeeeeeessssss s 3

L2 FETBIZIETR oo e 6
121 TEEZRTEIELT oottt 6

1.2.2 A WLOGIEAE B A A LT T T A e 6

1.3 ZRIBITEIHIIR ..o 10
BTE FILIE(SE LED BSIEEARRBHEIEFE e 11
2.1 GaN EMREKHIFRRBEARESEWRFE oo, 11
2.1.1 MOCVD AMEARFER e 11

2.1.2 RN A S B TIRZVEIR oo 13

213 TG o 15

214 FEJR 16

215 FLELR I oo 17

2.2 LED BOYBEIEFMIRIL ..o 18

2.3 125 LED FHLEEBENIT AR oo, 22

2.4 ZREEINGE oo 24
B=EF AR LED Mz HFI & RRHITEIAIRB........ 25
3.0 SRR RRAVIEET oo 25
32 TEHHEIRR oo 27
3.3 PR TR RGATIERE oo 34
RICIVI 0123 0 I e R 34

3.3.2 JEIEHINRBL oo 35

3.3.3 HIAMHRZR G oot 37

334 TR R GEHIETIE oo 38

3.4 ZRBEIMGE oo 41

I\



H =

FUE SERTIX LED XEFMRIRM....oooooooos 42
41 TEIAERT T VEMEEB. .o, 42
42 FEIGERYTTH E-LFRMEEEB. ..o, 44
43 TRIAERT TR PTEFMEEEE ..o, 50
A4 ZRBBINGE oo 54
FHE SERTX LED BHEIFEFERISOND ....o.oooooeo 55
510 ARIAE FAIHETEMERLER ..o 56
5.2 B RS R BERIREMI AT o 62
5.3 BER T BB BEAIRI T oo 63
SAZRTEINGE ..o e 64
BNE B REE. ..o 65
B TTRE ..o bbb 67
557 OO OO 6571



B TR SR 22 AR S0 AT WGl 5 ] GaN A0t — s W 7T

Contents

Chapter 1 INtroduction ... 1
1.1 Research on GaN-based LEDS................ccccoiiiiiiiiii e 1
1.1.1 The basic characteristic of GaN materials ...........cccoeeeeiiiiiienieniienieee 1

1.1.2 The research progress of GaN-based LEDS ..o, 3

1.2 Optical commnication technology .................ccccoiiiiiiiiiiii e, 6
1.2.1 Wireless light communication...........ocerieriernieieiiieeie e 6

1.2.2 The development and difficulty of visible light communication............. 6

1.3 The sturcture frame of this thesis.................c..ccccoi i 10

Chapter 2 The fabrication technology and modulation characteristics

of visible light communication ..., 11

2.1 The key fabrication technology of GaN-based materials ......................... 11
2.1.1 MOCVD teChNIQUE.....cccviveveieieieiiiriiieisrsr et 11
212 TCP e 13
2.1.3 LithOZraphy ..c.oociiiiiiic e 15
2,14 BONAING ...t 16
2.1.5 EleCtrolUmin@SCONCE ..........c.euveririiiiriiieieieisieeie s 17

2.2 Theory of LED modulation characteristics .................ccccooniiiiiininn, 18
2.3 Scheme of increasing the modulation bandwidth of LED........................ 22
2.4 Summary of this chapter..................cccoiiii 24

Chapter 3 The fabrication and measurements of the LEDs for VLC

APPLICATION ... 25
3.1 Design of the experimental scheme ..................c.ccccoiiiiii, 25
3.2 Process of device fabrication...............cc.cccooiiiiiiii 27
3.3 Construction of the modulation test system ................c.cccocceriiiiiininnnennn 34

3.3.1 Principle of LED modulation characteristics test..........c.c.cocoevvvvrrnnnnne 34
3.3.2 BONAING PrOCESS ...evuiviiiiiiiciieisteis e 35

\



Contents

3.3.3 Initial MeasuremMent SYSEIM .......cccovuvrrrrereieirsinisrrsss s 37

3.3.4 Imporved measurement SYStEM.........ccoeurireuriierieinieineeisee s 38

3.4 Summary of this chapter.................c.ccooco i 41
Chapter 4 Size effects on the optical properties.................cccoooernnennnn, 42
4.1 I-V charcteristics with different sizes...................ccooiiiii 42

4.2 E-L charcteristics with different sizes ..................ccococoniiiiiii i, 44

4.3 P-I charcteristics with different sizes ...................ccooiiiiii 50

4.4 Summary of this chapter................c.ccocoii 54
Chapter 5 Size effects on modulation characteristics ...................c..c...... 55
5.1 Bandwidth results with different sizes ...................ccccoiiiiiiis 56

5.2 Influence of the current on modulation bandwidth................................... 62

5.3 Influence of device size on modulation bandwidth ..............................o. 63

5.4 Summary of this chapter..................cccoi i 64
Chapter 6 Conclusions and Prospects..............ccocoovviirnniiensscens 65
ReferencCes..............oooiiiiiiiiii s 67
AcKnowledgement..................ccooiiiii s 71

VI






FE iR

F—E 4t
1.1 GaN £ LED g9#f33

1.1.1 GaN ##}EARLH K

JLRFAMFERS, IR #(Ga). $HADS V EHEN)ICER S SR
L AP)(GaN. InN. AIN)FIEATRA AR £ 0 & S a2 S8 (InGaixN-
AlGai-N. AldnyGaiyN)GFN T BREY) -3 . T BRENA) - SR 3
TURSEILN G &, (il TAFEMEE S AR, Rtz RER, SEUL G
e B B R A T R AR R DUR =R i3l e
PR ASCE BT, B 1-1 Bros. Jodr, BANIT BRI T Rl S50 2 IR
TR SLT NG 8 T RS 54, IX PP EE R LE AR T b LU AT L o
AR A SAE 50GPa [ RS N A S AT St F AT R . GaN AR
RILF N 25K & T 7S T A5, B8 43 S 4L A7 7 HE 9 A 288 R T U 2 4
R R b AN T A 0 S 75 5 65 4 0 Ty R T o P A B, o T P N —
BEF, WEEF AR HHAE P AR T 2 R SR .

B 1-1 B =maaEs (a) RER (b)) A& (o) 485

UM B =A EERIRAAFIE: REMARFIE . AR R AR AR . ANRE
WHRFIERG, FPMRL A, B ETT I I RE T SRl LT B E T i
BARAAT o il EJR AT RZ ARG T IR, AT R0 A Ry
Sl o Wl 5 S L R RR B BT B, T Eg SRR AR A, RAL AR S
Aty THR 2 18] 18] B8 ¥ e B TRV o 7 B P CABE IR EE AR Ak, mT DU — > i R 0 A
WFRIR -



BT TR SR AR S0 AT DGl S GaN R0 — W7t

Ey(T) ~ Eg(0) - 2o (1.1)

ERE, (00 RIREAE 0 K MR, o p AR EHERE 22
FFA T, Sl TRBAE— i 7 WA ERIT 2T, TIAE S
BHT, M DB BIARIEEUR . 2 SRR AT DU 6 5 T0UR 5
JEAE k7 1A] iR B 73 9 BT B S AR R R TR By B S AR . BT IR
PR A AN RAE k AR — AL E, 78 TR Al R A 75 2R
WBE s TR SARMRI ) 35 78 k R FA B, PRI, IR RE
) [ I B U B & P DL E BT R S AR R LG T TR B SRR R 2
MAE MR SEE, il ARG R 29 45147 AIN. GaN.
InN &Y K B IR T B B SRR BT &4 Bl AL In, Ga, N
(Vo5 B 1 mT DU 2090 PR SE B InN (1 0.7eV 3E2L7E k3] GaN 1) 3.4eV,
FFE| AIN MEHE 6.2eVE 31, il 12 FraR, 78w 1 v Bl AL 38 58 A0 30T I,
BZLAN, AR E S MO CET R AT L

AIN -~ 200
6

3o 6 _
> [ £
2 £
g GaN o
T ko)
o3 400
g 2
© >
£ 600 g
m

800

InN 31200
2000

1 " 1 " 1 " 1 1 r
0.31 0.32 0.33 0.34 0.35 0.36
Lattice Constant (nm)

& 1-2 AIN. GaN. InN K BRAI B E B R

/

FEHL AR ST, GaN APRMENEE = SRR ARG B RRI#: (D
SRR R 8 T S AR AR, R TE AR R = A ()
Yo k3.3 X 109V /cm, ZIREER) 11 1% (3) MR 2.5x107cm/s
FAr, JUTREER 2.5 5188, FIREMLL, B TAHIZ AL T R A, HoAh iS4k



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

