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IDEENY S M B BT BREE T 3 R I Sk 2 ke T
AERLEE R TR PUiE IR RE ) 5k LR AR 2 e e AR PRI 25410 AL
S BN Z 560, WA R 2 IR 1 SRR S PR 38 10 e ik B 2 — . TR,
TR EACA 9 2 Hb- LA BRI 25 R SEBLAR A 1 AT e,  JGH: GaN/AIGaN
BT HEEA RIE 2 eV B R B AN CRD B TR st TR [ S SR AR A,
AR AR B A AR A R . Horh, 3~5 pm RAUE HE AR R FE
JGETIE T AR ZE AR IRt # A A AR5 2 KB, B8 T TAEE BRI
() 35 T TN B AL ()01 H 23 B A T H D o T R TR BALAE 25 i AR AR 5 5
PRIZSANEL Sh- P 2041 (3~5 pum) XUEE A AR I 25 238 8 FH AU I i 92 LA WK
RTINS, A B, X6 - S50 ] P ) 22 [ BB AR T BRI ) 4 B A R
HEHE L

AW EEITE 7 GaN =R F FAZE SRNG5S AlGaN % 4b
-GaN/AlGaN & Bt ZL AR XU AR B AR ZS BB 8 AR, BRI it it A
T AL 7 AR ) T2, JR I A I RGeS PRI M e HEAT T
Mo BT TAEMEFR AN T

(1) #iHhl 4 73T GaN MR p-i-n BUFD E HEE A =30 2 SRR 5 SHE
M2&, WFT GaN HEIRMMARXS X 2. a ki B K FHIEMERE. FIHB
Fe [ H 4% GaN £k, 193] 7 BARIE 5 mm B R =R X SRR MES, 55T
SEVSEIL T BONTE I A AR . IR, JERFTT T GaN i Y Rp IR A 2 R L it
X B SR LI TTARREE, 7ERINEFE Y 30 puCi mm? [y ONi A4 Z4R T, 15
BTSRRI 0.1V, REEF RIS S 29%.

(2) FF/E T ET GaN/AIGaN =Bk K41 SR 20 SR OB 7T 0T 7
WAx GaN/AIGaN &1 B (1) Ry 45 f A1y L 2, A Crosslight #4F
BT T ALZE Sy B R S5 250 S O RSB K e, etk I il 4
J& A LSS PTR (MOCVD) $ AR 3] 7 UL/ 3~5 pm 3% B 1Y
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GaN/AlGaN &1 Brgi ) (PF5E~3 nm, AlZ14r~30%); FIH & @R %S k5
R A BRI EAE, IE AT SEIR BT 7T 1 e e i . St &8
R IE « ZV iR P R A S 5 PR i K A I SR ACR K52, it IR 21 1
TARAE 3~5 um BB & @R IS5 B T O et s file TOBIRA AL & A
GaN/AlGaN & 1 BHLAMAN &%, MG 2] 11 3~5 um KGIRAE 5 504 1 2%
REZR 5 B H T eI E Y

(3) JFRE 12+ AlGaN #E & JE -~ S ik-& g (MSM) SAMAI 1 At
VR BORIT T . W FT 1 R0 25 2 R0 i LR AN (AR oG 22, LB P 1Y
FEOR, PRI e P 1 R0 ol B 3G R R/ s BIFFE T AEARIR PR R SR AR 2%
o RFE 38 T AR T TT AR i 5 A PRI 2 ) D'e- I HELR 2 BRI ELYVN T B
I IA] o Al R A A A 1D 2R T A SRR K R ER T DL 43 T A5 R 25 £ B P 2t K
FREARIE 4 R .

xegi: MUREMNY), FE¥PEEEHRNSE, RILIWE, GaN/AlGaN
BB
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Abstract

Group Il nitrides have been attracting much attention for their advantages of a
direct wide band gap, high critical breakdown field, high saturated electron drift
velocity, high thermal conductivity, radiation hard property, good chemical stability
and high thermal stability and they are considered one of the best choice of room
temperature semiconductor nuclear radiation detectors. At the same time, the group Il
nitrides offers a possibility to realize integrated detection of ultraviolet (UV) and
infrared (IR) radiation, especially a marvelous choice of short- and mid- wavelength
infrared optoelectronic devices due to an adjustable conduction band offset of
GaN/AlGaN heterojunction up to 2 eV and a subband relaxation time in the
magnitude of femtosecond. However, few reports of group Il nitrides based
optoelectronic devices have been found working in the midinfrared (MIR)
atmospheric window band of 3~5 pm which is widely useful not only in the low loss
optical fiber communication but also in military and civilian detection. It has great
research and application value to develop group Il nitride based room temperature
semiconductor nuclear radiation detectors and UV-MIR (3~5 pum) two color integrated
detectors, which is also very important to fill the domestic and international blank in
the two technical fields.

In this thesis, the research work has been carried out on GaN based room
temperature semiconductor nuclear radiation detectors and AIlGaN based UV
—GaN/AlGaN based MIR two-color integrated detectors, starting from the theoretical
analysis and design, then optimizing fabrication process, and finally testing detection
performance of the devices by establishing test systems. The main contents of this
thesis are as follows:

(1) GaN based p-i-n and Schottky room temperature semiconductor nuclear
radiation detectors were designed and fabricated, of which the performances of the
detection of X-ray, o particle and B particle were investigated. A high performance X
ray detector of diameter of 5 mm was fabricated employing the Fe doped

self-standing GaN, with which a clear profile of an object can be observed by
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scanning imaging. Also, the characteristics of GaN based Schottky B nuclear barrier
were investigated and an open circuit voltage of 0.1 V and an energy conversion
efficiency of 29% were obtained employing ®*Ni as B particles emitter with an
apparent activity of 30 pCimm™.

(2) The response characteristics of GaN/AlGaN quantum well infrared detectors
were studied. The effects of polarization in GaN/AlIGaN quantum wells on the energy
band structure and the subband transitions were investigated and the influence of
structural parameters, such as the Al component, the well width and the temperature
on the absorption wavelength were simulated by the Crosslight software and
GaN/AIGaN guantum well structures (well width~3 nm, Al component~30%) with an
absorption of 3~5 um were designed and obtained by the metal-organic chemical
vapor deposition (MOCVD) technique; the influences of grating period, duty cycle,
metal film thickness, etch depth and passivation thickness of the metal grating on the
performance of the coupling wawvelength and the optical enhancement were
investigated using the theory of interaction between the metal surface plasmonand the
electromagnetic field and metal gratings for the wavelength range of 3~5 pm were
designed and obtained; by fabricating the GaN/AlGaN quantum well infrared
photovoltaic and photoconductive detectors, photovoltaic signals in the wavelength
range of 3~5 pm were measured and the optical absorptions of impurity levels and
free carriers were investigated.

(3) The performance of AlGaN based metal-semiconductor-metal (MSM) UV
detectors was studied. The bias and frequency dependence of the quantum efficiencies
of the detectors were studied and the quantum efficiencies were increased and
decreased with the increase of them, respectively; the response characteristics of the
UV detectors under low temperature environment were studied and the photo-dark
current ratio could be increased and the fall time could be decreased by lowering the
temperature; besides, the dark current level could be reduced up to 4 orders of

magnitude by proper surface treatment and annealing treatment, respectively.
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R A ) AL AR A4 B S A2 [ b BRGS0 Z iR TE, &4k 28 —hE
(S Mg (Ge) JozmF T, ALK (GaAs) MBELE (InP) L&
Ppol Sk 2 J5 I R SR I B = A b R, TR AR SO R R
WoeEs . mIER R AR T AR SRS O AR R 2 MR, R E R
TR AT AR 5T K 571 8 BRI AN g 2 3 T~ S A R S 4% U 65 2 5 R A s 1
FOREE i — 70, TR, TR B A 5R A h- L1 A X Rl I 8% Fy 512
DR 7 AT RENE, AT AN AT BAZk AR 5 AP AL AR BRI 5 B S AR i, 38 mT PR
EATHIA RS B R BRI ACYE ], R R AR T S T, SR Ex H AR
BRIERfZE . JEH: GaN/AIGaN & T B E A T i iy By JR-7 ot 5t 34 Af 170 6 46 5%ty
ML, BN R ZLA G SRR fE e £, (B A BT £ 2P AE 1.55 um
MR B, X TSR 2@ . AR PR 2 B 3~5 um X
A IR T, ) — BB T T 3 T TR B A 6 B B8 AR i
BRI, T R R B AL YN T = i~ S A4 A A S R S A 2 Ah- 2141 (3~5 pm)
XA PRI 8 S5 IS FH AT O BT 9 E AR K RV RS F AR, - R T Py
TH % E bR FAEX BT AU 4 AR A B AR R L

1.2 N FERR IR B

HARFLTE 1907 4£ % 1932 4, Fichter™ 5 Johnson'* 25 A {656 J5 38 T & AL4S
(AIN). BB (GaN) MBI (N L&Y S RIIAEK SR, ST
ZJEW L4, MR BRI A KR 2%, B3 20 4l 60 40K 70 4R
B, SIDEREN SR A A T E— Bk R, I H T 3RS EE
KHAR A H ATz AN E B A I SAH TR (MOCVD) $iR 28 147
HAME (MBE) iR 2%, 20 42 80 FARLIK, Wb A K R A AFIITR AL
F UM FE 7R K. 1986 4, Amano 25 A\ E ORI FRIE AIN
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G A1 A R B AS BAK AR 7 20, BHJS Nakamura 25 AEAIGHR: GaN ZZh 2 k-
RILT FIREIIZOR 20 R, p B985 2% o LAST I A il AT SR BR ) T TR A8 A6 44
BHE 25T 301 B - L3 Amano 55 AT 1989 476 & R IR FAR R L
A LABOE Mg 52 27 K2 J5 ) Nakamura 25 A\ &K B1EE 700°C~800°C I HGE k.
AT LS Mg 52 T R84) 28, A A TIDGR ZAA) - S b RHE S5 A 400k 1) B2 FA 53
PRI A e o

1.2.1 ¥R FE MR

LA GaN AN = AR SRR P BAL S MR gt AT LA, 0k 1-1 o
AIUAE . GaN MOBEZEH T8 I Fiadz o 5 . v MR J5E AR G e 1y
T E A BRI VE LS, TR A R T SEBURIAE A L s D) k. mias i,
A AT LA SN TAF M PUAR IR OE i AR 7 88

2 1-1 S0 SR A A 5 R 1 LA %0
Table 1-1 Comparison of the main physical and chemical properties of the three generation of

semiconductor materials.

Si GaAs GaN 4H-SiC

JR 5 14 32 19 10

AR 5% FE (eV) (300 K) 112 143 3.45 3.26

FEXS A L A 11.8 125 9 10

I 5 FiL 37 58 P (M /o) 0.3 0.6 3.3 2.0

T H B RE(EV) 3.6 4.8 8.9 --

FEL U FTI E (><L0 i) 1 2 3.3 2
GER a2 (e FAD) 1500 8500 1250 1140
15 5(°C) 1420 1238 1700 2830

G HK(W/emeK) (300 K) 1.5 0.46 2.2 4.5

e ARG W T IUMRR SR B S, AN FERMRL R T A T R
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IR EACY) A =Fh A S50 AR SR AR 45 K (Wurtzite, RI7SJ7AHER 6
FH), INEER fi ik k4 (Zincblende, RPSZJ7AHER a #H)F1 S #7445 44 (Rock salt,
I NaCl B8 sQIET7 S54). DA SR S AFAE 10 SR 210 45 A RH TN B S5 4
(I 1-1 ), JFRE T Rae 2 AT M K S 42 . AR IT AR
T RTIS R DGR BAL DAL RL R 2 T8 4584

(a) £F8:0 (Wurtzite) (b) IN#EH" (Zincblende)

] 1-1 ZFREA 45 ) (a) DA B B 45 ) (b) il Ll e 0

Figure 1-1 Comparison of (a) wurtzite structure and (b) zinc blende structure

CHEE 25 K 2 R BN T B HERR G ¢ 7 1A P42 518 BRI Ak, ¢ il
[0001] 75 ] LA ABAB 5 XMtk (UnlEl 1-2 from) . TDEENYI BRI A0/ T7 45
FE I = AR T IR CanlE 1-1 @FTR):
ao: 757 4 KA 5k LS B0 [11.20] 77 i AH AR S - 1A B B
Co: /N7 4544 ML [000L] J7 [vi 1) v i
Uo: 7NJ7 44 i i N [0001177 5] SR 1K) AB JE 1R S
T H LAECAE uolco KAl B 5L P dnh S AR ER AR (uo/co=0.376) MR, HT uo Bk
KR co HAAC, PRI AT LA colag SR & 5B M AR (co/ao=1.633) 7%

EL
Jt o

XA g i T AL ), #E[0001]77 1) 38 € CHFHES T (Ga « AD
TE AL AT AR 7 (ND BTN IETT A . B 1-3 P g fon e Bl LU

3
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B 1-2 L0/ 7 SR 2 (a) TR A (o) 1L P 2

Figure 1-2  Wurtzite hexagonal close-packing: top view and side view

Ga(Al)-face N-face

substrate substrate

1-3 LT 4510 Ga(A)TfT 5 N 4R i *

Figure 1-3 The schematic diagram of Ga (Al)-face and N-face wurtzite structure

H, WA [0001] 77 1R HEA I35 48 XUZ SR 15 [0001] 77 [ HiA 15 5L AS M ], B
Hl S AR R . AR GaN BAT M T, W54 [0001] )7 A fIFR 2 N Ga [HI,
YA [0001] 7 FIRIFRZ 9 N THI o 3 L FRR TR 2 $58 f 2F 40 5 M TR R AL T i
[0001] &[] FHES T4 M & 777 1), AR R 4R AMNE E 2 b im iy J5 1 Fh 2k, Rl
Ga [ af A B 5 R T I AN— € & Ga JR1. Ga [l N [ GaN it HA A FE
ez eE, NI GaN AR A 3R 1 SRR [ 0 58 25 5 EAT A2 B .- GaN 4
BHEY Ga THIAT N T R B AT DI I 326 5 U 6 Ao JERRT R 75 28 G SR AR kAT 28 11

4
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x 12 goth THREMAY — o &M kg S8, AkGai.N =Ja&4 1)
SRR BORT LB T sE s DR A 50 3 %8,
2,=3.189-0.077x (1.1)
¢, =5.186—0.203x (1.2)
A Vegard €215 2 ERAR 5 R S0 HF X S AT A5 2 ) S22 1 4k
LA IR 2578 2% APy 34,

% 12 MIREMY =TT & & KK T A 1 Pk gy 5 %555

Table 1-2 Crystal structure parameters of group Il nitride binary alloys and sapphire.

AIN GaN InN Sapphire
a0 (A) 3.112 3189 3533  4.758
co (B) 4982 5186 5693  12.991
Uo/Co 0.798 0.376 0.379 --
Colap 1601 1.624 1.611 --

Bohr radius 5.814  6.040 6.660 --
Electron mass 04mp 02my 0.11my --

Monolayer thickness (&) 2.3  2.5928 -- --
Optical phonon (meV) 99 91.2 73 --

1.2.3 LFEEH 45/ N FR S L4 p AR 11

XA g i TR ALY, i T B A HE[0001] 77 1) Y S 8 ARERR, IR S A
fif O HIAE S, FERERAAETAN I AE ST BITE LT, dbddk A AT SR A1
—/ME[0001177 I R AR AL, FROMHE K& (AHD ik (Psp). 3 1-3 45t 1 47 %¢
W R DR B A — 0 & S ) B RARAL IR, X T =706 a0 B AR AL 9 7T i
o R AR

&?*Bl'*N (X) = Py"x+ P2 (1—-x) +bx(1-x) (1.3)

PALSN (3) = —0,09x —0.034(1— X) +0.021x(1— X) (1.4)
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P, ™ (X) = —0.042x —0.034(1— x) +0.037x(1— X) (1.5)

P2"™ (x) =—0.09x —0.042(1—- X) +0.070x(1— X) (1.6)
AT I — T0 4 4 R AL SR BE I AR PR, 36 =002 IR nd, Jdid 25
R b KFAL. TSP AR UM/ (<10%), FiT LTS LU .

£ 1-3 MIREAN 1R WA s >

Table 1-3 Spontaneous polarization of group 11 nitrides

AN GaN InN
Psp (C/m?) -0.090 -0.034 -0.042

BEIRE R S5 IDR B A B A IR 9B B Ak, H R A B R B AR
N, BLAIN 9, HEE R RECN dPAN /dT =7.5 uCK™? . X fEARIITEA
WYMER TR A AR mEm DR T8 KI)% LED A0 a5 itk A
A RKHI N FH L

HA MR WAEE BA BRI, R MR TR EAY ) 8 5
AR ViR A1 5~20 £ %% B AEAE K o S A AP E m s AR I, IR £
TR EACY T AFAEAR 52 60 [ B AR AL RS o i Hooke SEARE AT AL, SR N HINAR o 5
A e IR RN

;=2 Ciacy (L.7)

Hrr, Cy 2Btk . EE?’EI‘EU%%'@, Cija FTLAMETR A 6 X6 HIHFE: xx
-1, yy—2, z2z—~3, yz, zy—4, xz, 2x—5, Xy, yx—6. K] Hooke 5& A {1k
N

o, = ZCijgj (1.8)
i
e A M DR B AL R s sk = C
C, C, C; O 0 0
C, C C; O 0 0
Cij =0 0 o C, O 0 (1.9)
0 0 0 0 C, 0
1
0 0 0 0 0 E (Cll - Clz)




Bom R

T ¢ Bl ([0001]) AEKMITR B, BT S s w4 a i R EC A
JER 5 HME JZ R FANE K SR 8] BT 5 B0 SME 2 o 1 R AR LE T I i B T 7
[ CPAT THRTHD, R rEAERK T 3 g, PR o, =0, Ho, =0,
4 (1.8)F1(L.9)H NiZK R 15

&= _2&81 (1.10)
CS3
%:a—% %:C_% (1.11)
N Co

& Ml &, 708 AR H 40 a A1 ¢ MR T st RS ) Al A% B ay A e, AR & . i
&% R BE - B HME JZ i SE T T 1R 8L

C2
o,=¢(C,+C,-2-2 (1.12)
33
7N EI:I
C2
C,+C,-2-2>0 (1.13)
C33
PRI T 1 B A S5 A TG A ) s AR AL
P”=>"d,0, i=12,3 1=12,..,6 (1.14)
|

Hor, PP REmMRML, d REBEE. o TIREAY, 85w L, RE R

B O RFAEE BRI RN, /Y
e, =>.d,C; k=123 1=12..,6 j=12,..,6 (1.15)
i

P :Zeklgl k=123 1=12..,6 (1.16)
|

H T4 S5 A XA, JER 0 F B0

€y =€ =Cyyd; +Cpdy, +Cipdy; = (Cy +Cpp)d;; +Cidy (1.17)
€y = 2C;30y; +Cyydy, (1.18)
e, =6, =C,d. (BIYTINJII0) (1.19)

5 F& 2 QU LA LB I A3t T AL B RZ i v] LLZE (o,=0,=0), KMZF
B S R I AR 7 1A ) I AR AL
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_pP_
sz =B = &85 + 6,85 + &5

0

=268y +E385

C
=2¢&, (85 — €y C_B)
33

a— C
= 2_3-0(631 — €3 —-)

C33

(1.20)

o FIIREL 2, aszzﬁegl_e%%wo 2 3k A I T H B A A B

33

7 s M AR IS s FAR AL Y 1A o RIS T A7 42 XU LA ) T R S M LR AL £

SKNARI, R HR G S B R AR T, FRIF0001] 7 [fls {EFE RS, T HibL
W5 B RWBACRTT ), FRIAI[0001]77 1A, 3 1-4 43 T 4P g5 i LR m A —
ToE e M EARAE A SR B0 AE, X T IX S HUN TR UME 5 — B0 I

R 1-4 BB SHIOE A >4 R o ety >

Table 1-4 Theoretical and partially experimental values of piezoelectric polarization parameters

AIN GaN InN
Higfga®  HEiREb* iR Higfa® HEib{Hb*  SLIE HigfHa Mg Eb*
da[pm/V] 2.1 -2.298 -2.65 -1.6 -1.253 / -35 -3.147
des[pmV] 5.4 5.352 5.53 3.1 2.291 / 76 6.201
e [C/MY]  -0.536 -0.53 -0.58 -0.527 -0.34 / -0.484 -0.41
e [C/M?] 1561 1.50 1.55 0.895 0.67 / 1.058 0.81
Cu [GPa] 396 396 410 390 367 370 223 223
Cy, [GPa] 137 137 140 145 135 145 115 115
Ci3 [GPa] 108 108 100 106 103 110 92 92
Cy3 [GPa] 373 373 390 398 405 390 224 224

ALGaN = C&E EEARZ M ZE E R B AR Cm?®) hy

T IR A ERAE GaN AIN & InN 1) —Ju & &gtz b, g
J7 U NP RN A

_ Apuffer — a(X)
g =————"
a(x)

(1.21)
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PCIN (x) = —0.28x —0.113(1— ) +0.042x(1— X) (1.22)
PALSINGN () — _0,0525x +0.0282X (1 X) (1.23)
PALGANAN () = 0,026(1— X) +0.0248(L— X) (1.24)

Ji HUARALAE R REAR (66 K, AR R EERILL Sy 0 % X F AR R
AIN JZH1 GaN JZ, 3ZZ|7NAZH] AIN JZ L2 3 R RAE 1) GaN =B 45 5 5t 14

I LE S AEAR AT AN E 2 5T 51N € H AT o fR T 10 23 45 B TR AL
Py () AR A SR

ABN ABN | pABN
P =R, +P, (1.25)

H PR AL 51N BRI AR FL A7 3
pPp=—VP (1.26)

TERIBIANEE S, AR P R W E: fERIE SR S AL, AR P
HEANESE, XN e A [ 5 H ey 25 5
Rop :(F)Sl;ottom_FPF:)zottom)_(F)s’[F:)p+P;§)p) (1.27)

o= Pbottom -

Kl 1-4 7gh T Ga AT N A K GaN/AIGaN 5 it 25 7E AN A& T 1
WRAIRGEAN I ST LT o X T 22 00 =08 GaN ) Ga [HIAE K< GaN/AlGaN S+
Jigh, SIS NIER R AL BT, T S AR AL HERR, TR
3~4 AR — 4TS (two dimensional electron, 2DEG), fERIMEEH 5
ZR ML R A 108em®. S5, WA SI NI F A A A, T2
FER TIPS HER . T ARAIRAEAE, SN E E 2SI AR
F..=P,/&¢s, (1.28)

Hrf g R EENHELL o RHXAREE Ry /& B ARBACA S AR IR = AT
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[0001]
[0001]

Ga-face T

|
N-face T
(a) (d)
AlGaN
+0 -0
GaN
’I' PSP relaxed J'PSP
(b) AlGaN (E)
. Psp sz A stained Psp sz -
o lp GaN TP i
sp relaxed sp
(f)
(c) GaN -
AlGaN
J’ PSP relaxed TPSP

B 1-4 GaN/AIGaN 55 45 Hh ) B A0 Rt 82 () S T W 1 L g 2

Figure 1-4 Interfacial charge and polarization in the GaN/AIGaN heterostructures

TENDEEA ) AR A 5 30 A B ik 100Viem, 675 fg i 4h i R A iRt it

B2 H R R A o
1.2.4 XFES5BZF4FM

TR B A 't 2 1 o R e 2 1 o 52 B FLRE T 45 4 AR 4k . BB
Gk R . AR R BEEAT B S, TR E S 56 S I — iRk K
E;™ () =XEN + (1-X)EZN —x(1—Xx)b (1.29)

Heb, b £, P NAFER KPR, AP SCERES b FEUEE BT
Z5F. 1E 300K T = na&llRagzEd e (eV). Smmbh (eV) MAH
S HE L (eV) Ky 3

E?'XGaN (X) =6.13x +3.42(1— x) —1.0x(1—X) (1.30)
E,"*™ (x) =1.95x +3.42(1— X) — 2.5.0x(1— X) (1.31)
E2%™ (x) =6.13x+1.95(1— X) —5.4X (1 X) (1.32)
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AEZ®N (x) = 0.63[E;*" (x) — E;"*" (0)] (1.33)
& can (X) =0.03x+10.28 (1.34)
& can (X) =4.33x+10.28 (1.35)
Eann (X) = —4.30x +14.61 (1.36)

52 3| N AR MR S5 AN E PR R B I , BPRF OGP REAN L S PR BEAE AR AN HRAE
UK ZE . WG S0, FTLASRAG A 0.7 eV 2 6.2 eV I HZELE AT i [
WU 1-5 FiR). BRI AT A 3 1R KB BN AM R BILL A, X e
{EAR 240U % ORI B R R Forh, B3I TAEE H B XSRS,
PLEE A IE R AL 550 BRI AlGaN F1 AlInN PiFh =6 & & E )k 5L
Bo BBAh, ANNN & S AL 273207 83%IS (1 dité # #05 GaN AHIA], A
AR LA S0 % DG L P 5 J 65 5 4, B AT LA SRt B DX PR R, LA A (1
AR EZ BT HET AlInN APEHESME AR AEEA In Ao A ST 7> 5
(L, FEAEREA KR 1 V BUET, [ T AR 78 TAE 3 27 B AlGaN Fil GaN/AlGaN
SR SR B TR ) 4% 6 A0 5 2L AR 25 o

6L AIN +40.2
S _ AllnN 1025
4L 40.3

Bandgap energy (eV)
Bandgap wavelength (pm)

3.1 3.2 3.3 3.4 3.5 3.6
Lattice constant a-plane (A)

Kl 1-5 TR ALY B < 0 i O AN 2517 58 152
Figure 1-5 Lattice constants and band gap of group Il nitride alloys
seAh, FEIDR B BIAME LA RE R B A AT RLZ 6H-SIC Al 5
s AT S B A 3.0806 AR 2.748 A (iH N 30° HIBERL), XFEEIAS
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ARG 1 3 B AR ARG, T KRR S BREE, PR AR & . IR
O MR GaN AT L, (B - 5 5t A 2 FHAMTS SRR vt 10 o7 i 2
B (~10° c®), FTLAIBA TEAMEAE KA R 2RI . AR T NER
FISIZB6 R F T 1 56 1 7 A RO TR S A P ) e 2 R e 2 M R Ay s #4900 3
T HERIMENE, & AV (540%) Z0RIRIIER, THEE Al HrHiE,
R FE AL BE I Y, AEAFERDRL YA AL 2 I BRIGRER,  PRAR T HRTIE.
BEAL, SR EERE DR A H SRR I G S T R T F (i R
& ATEEVERT N IV o e LR AR S B T AR 2 i3 FEE A AE . 1
TG, AR OCH R G TR R AR B A T35 BKIE 25 1 M M R 5 R °°.

1.3 NIERRIZARST RN SRR R TR

AR R SR A% AN — T G5 b B — B AR BOIR A 5 A8 Iy — bt My ml o — Pl
TR A ORI R B OMRL T, BLBRERGIR I AP AE, F2AH « (A
. B CGET). v (BB =R, BRI AREZRIE. ZaeRI A, K
WY, RO, FEHYE. T A, BxzehE (AaiirEha. 8
BHEESEFAR A ). ROBBIR . R TR LR AR AT B H e R R
WS AFRAT 2 T 2 IR o

SHAZ RS R 2 OB R QAR T — B 2R 5L 0.

19 THEEK 20 tH TR AZ SR S PRI T B 3 2R A L BB P AR A
AR AR 26

20 t42 30 AT G L 1 SR BESC I AR OC MR 2%, UL IT U6 B 1 26
PERORES . Bkt #eds . (G-MD i8S, IEHOTHE. = F S RS ACEE

20 tH A0 40 FEARH L T 5 KRG A SR I TN BRH O A6 R 1 4

20 20 50 FARY) Nal(TL) (AR THE S 120 7 S AL

20 the2 50 AR I 1 kA%, JF H I 7 RERE IR Bk 7~ 1) (Ge)
FifiE (SD 1) PN &52F SARIRNZE ;

20 40 60 FEA LG PRS2 T, I ERB 7B x. v STZkRE
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2 7 TS S B ) Bt

20 4l 70 4EAR HPGe AN HR{& BGO (BidGe3012 44HR%4A) PRI ES T il
MURRE, 3 AHE v P4, iy L7~ A s RE BRI AS 2 1) V2 IR

20 42 90 FARE S, HP-Ge M EHZ 0 B He U AE 5L, I T MR
MZFEE R CdTe. CdZnTe - AR IES LA R ZHM AR, 38 TG AR 2%
L [ 5 FNEE APD [E51 5

2005 4 Szweda $H 7 GaN FiI SIC 75 1% 5 12 27 v 1 37 T i 5% 8,

2007 4F Grant %5 A\ 3RIE T GaN B A% e S R 28 1) 4 RERR B 92 e

2008-2011 4F Duboz 55 A4RIE T GaN & X SFZRHM S e ks, b T
RS 2R ORI ] o o7 S5 %5798,

2010-2012 4FRi S NRIE T GaN 2 oo KL F-HRMER X SRR K B 1% it
RIRE E TAE 59°68,

K I P AR R 3 — B R AR TAERAIER B AR, BEIR SikE
WZAR IR &8 FAA IR 6 1 TAR PR RS, (HE AT RSl mU 75 2GR T TR, JF Hi4E
MRF PR . CdzZnTe (CZT) A& W AR IR 25 2 BE 8 76 5 T T SEIAZ SR ST
PRARGF (K3 3%, (Al FHAK T ZME RN, ESMEZSLI LA E R
AR SR A RL, IR HAE T Eot. BL GaN AR ML) i
TH RO MPUREREE . RE 7R CERRRINIZ . BRI % E CEAR
(IR LD SE BN, R AR S R T B T2 AR AT ® . R e A
RIS, TEAEREAT P RGIRL 3 S BT (CERND B RDSO0 1%,
A AR P ) 75 R 0) 48 22 G v S S 1 S A R BRI 25, AR RL AR AN 25
TREPIRIE 7 m), Frt R Rl £ 24 Si (O) . SiC F1 GaN, BT Si i)
PUESTEREA I SIC A1 GaN [, [Hik, SiC A1 GaN f 28 B o B AT 1 34 15
AT ER LS O, ALY 6.4 1L NI MAEETIE fU R TN F 2009 4E 5 H
13 H5EpE K T (BEPCID, XN EESHCRE R 1 100 1,
BRI 2 R U A A8 0 BRI R IR BE S . 10 GaN AR SR AR 25 (¥ B 5
PO T RAFIIHLIE,
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AN, GaN Jb =i Az e i PRI A 7E IR Ak Tk B B, JF Bl T8 ik
PR CRAFUX /N ) MR g o PR35 ) PR ) 1 3 ) KT AR v PE BE R A o 418
P, HATR T GaN LERZ R SR &% b N AE A CAT HR0E, e AT /N
XA 9% GaN A 4 S PR I 2 A Fi it 55 75 T ARFRIE 22 AT, [ PN Oxer 3 75 T ) e

T

14 W REICHS IR AR

1.4.1 NIRRT IMRMEZ AR IERE

ZLAMEFR I TE FEIE 700 nme1 mm () FUBEER S, XL DG T Re B LS 1.24
meV~1.7 eV. 1800 4= William Herschel 7ERF 72 K BH S (1 58 & 73 AT I B T 204k
RSTAEAE, TR EHE T AT L AMES LD AR IR 78« ZLAMR SR RS
LA =A FER S DB 1 pum~3 um, 3 um~5 pm F1 8 pm~14 pm. £ f
YA AL T AWHE Zh AR Z P, P05 S REIRES PR BEIR S AR, Bl ]
AN FERI H B A B R AR S, AR AR e T4 I (0 KD R A HRAE
AN KA LL AR WA AR R B v P A S ) £ AN R OB, S 2
A o 1EFE A I — R, ZDAMAIAE &AW AR 2 1 FH E E AR AR
AN L ZEAMIUEROR | ZDAME R S ERER L Z0ANE Ik L 2D ) SR
LLAMNEE B HR DA AE IR BE HORBL Al bR F R 1K) — R B mb R TE AR
AR 7= TR ZIR S o £ R TR, ZDAMRMI BRI R IR Hi3i 2
PRSI B TR A L A IR T DU AN IS B R IR L Y B R A
0 DAL B ANRRAR R Tl o O #AS 2 1 T2 BN

FESEBRILHT A, AR o), Z20f EE R ) R 1) 240 H AR R ZR ) B R 3R . X
TLLAMRIT S, HARYDR B4R AR AL A O 55 SRR B iR dm A it 2%, S8 —
ZLAMFIN e BOME AME— 1 0 H AR EE . RIS B bR FREATAT AT AH [R] )R
&, JUHIEREE LLAME S R AW R R, e e BB b H AR ST SR AH
AR RS2, AT BALA B AR BN EEEE R B, X LLIRG)

4k 1800 4 William Herschel FIEE 1158 — RN B ZL AN AFAE , ZLAMARD &%
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(¥R i R — R 5| HZ ) R 872

1821 4 Seebeck K. T #HL R RLIFAE Z JE R IE T 58— A HLE,

1829 4 Nobili FJ i — R 51 HLABHIE T 55 — A S HEBR I 35

1833 £ Melloni #J %% (Bi) Algh (Sb) o3 7 AR ¥ it

1880 4 Langley & B T 25—/ ll%g 55 #44% (bolometer) - F 20 4 f¥I i )44
HRBUESR R 1 400 i

1917 4 Case FI FIBR A0 28 HU B ZE £L A 5 N 1 HL BHAR A 0l 17 38 — M0 aMks
SR TR 28

1933 4F Kutzscher %38 1 BRALHT N 3 um ZEAM K )5 S 5

20 20 50 AEARH) I T AEAAE G BCH P 2L MR 25+

20 40 50 AR 60 FEARHIIFAG T FI A Al B SR & SR BB LN T
BRMZE, AFEIL- V (InAsyxSby), IV-VI(Pb1xSnTe)Al I - VI(Hg:.xCdxTe);

1969 4 Esaki&Tsu & H B P PR AT RHA G 2 S A A5 ), i FFas 1 ke
A% AN B BT AL

1977 4 Esaki&Sakaki 15 X2 H GaAs/AlxGay.xAs % & T ME T BRIE 17T R

1987 4 Levine 25 A4RIE 25—~ GaAs/AlxGayxAs T BFHL /MR35

1999 £ Gmachl &8 A\ fiI& 1 XTI B AL 7 1 25 1)1 BRAL BT 5%«

2003 4 Hofstetter 25 A il T 25— A~ TAEFE 1.55um ) AIN/GaN & F B4 4t
FEARIRIFE o

2006 4 Ariyawansa S ARGEFIF GaN () H B E T IRISCRIIE. Al 415y

(~2.6%) (] AlGaN # 22 B ANEW S ZH B (1) 58 - L0/ U BRI 28 CEH T H B3R

T RIS A OB R, AEH R R AL S AR 55D,

2011 4 Machhadani 5 A\ 4738 £ F GaN/AI(Ga)N & 1B 5t T ML ZL 431K
F AP AL

2012 4 Sakr % A FIH GaN/AI(Ga)N &= T2 BER M A7 SEHL 1 um FT 1.7 um 11
S EARIRI
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GaAs Z:III- ViR &P T B AMED 25 (QWIP) AT LI o e A% 35 [ 5 & A
H&amE LI 3~18 pm DR KB ADGGmRE, BA 5 T KmEER. fag
Ve SE P AL PTEREGOCES . ARG R A A L AN R B[]
Pt RN RO S EA S IR - 2 S X WS WA iR e SAR A 73 E B AT
R

FHECZ N, TR A& B 18] (R 3R B A SE e e () P B 42 o A0 82
I35t -

1) Al(Ga)N/GaN =B T i fr i vl LLsis 2 eV, Lt GaAs Z111- V ik
AP B2 5 SEAE 1.55 pm eI TR B 7 T BRE 7 T

2) H17T GaN KR (~3.4eV) Zmm KT 67 HIREE (~0.8eV), KMAS
AV B 22 e SRR IR 18 R B, BT S A5 I L

3) HRTHERE], GaN/AIGaN 1L 1.55 pm i1 [A) B 5t BRI 1a] £
9 80 fs, Lt InGaAs /)N 30 1% 73, 7F 4.5 pm I B TZI [ A] /N T- 150 £574, L InGaAs
YyNT — AN, BT RA SRR R, A LS TAETE 0.1~1 Thit/s 1)
EORS 2 XI5

4) GaN [Yem FhHes (92 meV) Lk GaAs ] (36 meV) K#5£, ALl
SCHLTE 6 5 THz P BEROERIN, (R AB AT A ST ey T AR IR BE I THZ ok 88 ™.

XSGR A BT £L AP BRI 25 B BIE U8 AT 1R 2 [ JUA 1ok, APRLER A1 A
JOF R I R TECREL RS P P s )l RSB ) 1 LR AN Y I K 22 0 7 4 8 -
FIRTFRHZ & TP 1.3 pm f1 155 pm PGB B, 120 T 45k
PR 7 BT T, JCHSZ 3-5 pm Al 8-12 pm BIIX PN KA 3 B £0 AR
TR F AR, — BEBCA R T] TAERD G A 2 4iE . % GaN/AIGaN #4
B ZR I 51 MDA 35 (I FU7E [ A A0 v A2 20 Y BL, o i X — AU Fry
FC AR A BhAR ELE B — AR B2 AMRII 28 RO 78 Hh o 000 34 1 17 B 5 R

1.4.2 I FREALEIMFNEE A 1 R

R H 2 ML K 2R T PRI e KPR SR AR e 28 KU A ISR 00 1 a2 IR AT
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B %

K/ 200 nm RERANER, DA ip BUR SR AMRIUAE AP R 2 R A7 A s T TR
TR R AEJZ XS 200 nm~300 nm Y R A58 A2 ) 5 2 TR AL R R R 0 Hi
SHER, X — BB R B SNE S AR RS U ANEAE, S BN “ H
HIX"” (Solar Blind); JKEHFESS 1 HUIL 5 4k (300 nm~400 nm) HER M
HHER KRR, RBBEFR KT RN E 7

HF HEBEAAMER VR AEABIRKN T =G, BAREIR. syttt
PERT G KA TARSEIL R, A& A BA IR KR v 77 i Al 15 3. AR B
SRR U AR 750 IYVI N b E U e (SR Y ) 5'% N1 )07 NS L BTk 53
AR BB BB o BT 248 3 550 A T ZEAE PR, TE IR AP AT R i)
RIGHE SRS TR INES, XSO e F AR R MR SR T s
R B X7 R 35 KA 5 PR AT SR FUE, T T e oK
FREESS o, (G BB R, SEAWE. AAEMBOCTIEML,
ATEGERA N, BAEPUN, B8R, WP, BERK. REUEG. Rt
5SS AL TR AT IR 2 SRR, TR KL ARREATIE oS5 SR R G0 R 4y
BB, EIARB AR LIERUSFH ) Z B . RAMRINEARE A4
PE 7 AT G T 2 N, R S AR SR AEARSIZ Wi B2 JUOR N v] BB 2
PRASANTS . BbAh, AT A BRI AR F A M AN G, Mgk A0,
BRI AZ S T BhAh, RAMRIECARTE BRI, SRR e L
R BH R BE M L 220088 B R SO S5 T LA T iz i 7872,

BEAL, X FERAMRIM S, RADCAER TR, HT523] 03 M O MK
WA AR T A PR SORT RO S5 T P 2 AR ik, RIS R 1 28 7 T ) e 7 (A
MRS IR 7 S ) AT 1) A 6 P A5 R LUARAIG, S5 50 MR B 28 PRI
AN UNLL AR 45 o

—EPUR, R MR 2 R S A MEUR Y HL AR IS B S LR A AR
A1 55 AU ' L A S AR BRI A% o T SR AR AR 2 =, AR
R AR SRR, MREA S AP B M R 55, JF H i % w6
M IR o 5 A R 5K AR SE T T B ik i o B 98 2 = S AR R T T 32t e
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LR BRI S, NATZ A B ) 0 w] Wt mi B AR /N B ASAE R 28 AT B PRI 2%
fryRTF %0,

EFIERAY, & HKZ AlGaN =t &4 ikl. it fias AlGaN #1k}
H AL Sy, AT DU HARTS SERE A GaN [ 3.4 eV 463 AN (¥ 6.2 eV,
MM, FEXT N R ASE T 25 AR 85 (1) 488 1B A B 3 AT DA 224 A 365 nm A2 4K, 2]
200 nm, iR 7B HE RN B TR EAYDE SR 28 1% BT 46T 20 tH
20 90 AFARHIIN, BRI L TAE 2 L) GaN PR 9 ERT . 4N TR E AL (1)
W E PR LED SHOGER SN R, 0T HAE SR &5 v i 2 F
L) GaN -SRI 3 A0 R AL PR % . 7E 20 tHed 90 ARG 1, TEAEH i)
GaN FPRHE 2L AMAIN &5 H B FT SOOI, JRIT IR 7 AIH AlGaN #4823
X} 200~400 nm 28 4M ik BRI R 7 . B BRI 28 AT SR8 4R 2E 0 Ot 3 BRI 2%
SL82 MR L )R- SRS 8 (MSM) RN 2 53757 Fi1 i k3L 34 22 R I B8 FO I 7T
88,89 BTGB SARM O SMEACFAWHE R A p L5 2% 10 B S,
20 20 90 EAR LA, p-i-n BRI MR ZE A HHEL 2%, HFHHIL T A H &
FEFEEEANE BTG H 2% (avalanche photodiodes, APDs) #ilj#s 96-102,

EAR AlGaN %k H 5 5 /MR & AT 7t CHUSBY BOMERESE, (B i T ol dkg
VERCHIAT S, (U1 P AT SR A AE KRBk, JF HLBEE AL A i93gin, i Al
JETH Ga JRTHIIER R AR, @RI —, ARK N g K3E T A
YRR XL RA T E LA SRS, X T AlIGaN FE ) ER AR &R
AR A A AN g8 1) % A fp 0t — 2B T 9T

15 BXHMEEMRAR

BEXTCLE TR fOBE FEE 5, AR SCEISE LU LA TR 7R AR

(1) B TR RN SR B, R T GaN K 5 I~ 5 AR S A 4% 1Y)
L5 JE I 7T GaN/AIGaN & 1B e RO RS R S BT DF I 45 F S HO IR
BAHIREM, BRI AES~5 wm B 5 B 45 R S X RN s 1) S 1T 3
LRI I 48 I R T 55 1 1 R S5 A S B0 IS & ORI, BH/E3~5 pmd¢
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BN B 18 9 ) < o 2% 1 55 ARGl

(2) Bitas &0 T2, T2, ddutsullaln i, £
TR IIXG . LLAMER SN R 5.

(3) ffill %% GaNF oot ¥ FIXEF R AR 2 K A% FLit, AT L GaN = iff - 3 4 4R
I F AR E ) 2500 LA AR B GaN/AIGaN & 1 BFZL /MR & 1 <2 Js 2R 1
R TAOCHE, W FTERIE B OGRS 6 F e R B e SR M KRR SR s
/- - 28 (MSM) S5 HAIGaN & AMRIIZS, A 7R A, iR
PRI R T2 REXT a3 A LR (52

(4 feJe, MR TAFPTIAE SR T 184, TR TR B G R
2SR AT T e
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O XRS5t RN IR K A R Bt

EB WESSARRNEFERER

AT NI TAR BN T, W50 1 GaN EAZEES RIS . & 8-

FER-&JE (MSM) AlGaN LAMENIZS . GaN/AIGaN &1 B AR 25 57 4K
A= 2T A XU AR 28 1) 25 K Bt o

2.1 GaN B =R ¥ FMHREITERN it

FEARMT T LA, RATEEWR T a BT (He ). AT (BT AT X
Srek CREHRBD BRI IRIm N . Horp

(D o K5 AN AR £ 2028 5YRR T 52z i1 R A e AF
M AEA) o A1 FRL B B, BRI B 2

. o R TR B A T
L, RRTESE G MR LT . I 2- 1 o B TR WA BI
BRI AL 5.

-dE/dx

Single particle |
- = = Parallel particle beam

Penetration distance —
2- 1 o BLFH L RE S 2 s o i TR T 1) A4k

Figure 2-1 Energy loss rate of a particle as a function of the penetration depth.

(2) p KLYy, SRR TR AR SR R, AR
THBE R, KRR, R T IRESKEL a ki, FHELLa
Ry BA RS BT pRr RN, fERERK. R HURM SR
HUR I RE I sl 7 M 2 AR KH 2, A L R P K I KT E A
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(3) X S Eim Py i AN g BB A o 7 28 i B B, AN B Lg%
MR, 752K a7 R EALE SR P AN, B N
AT, TSR SEBINS X S 2R AR o X S 26 (0 5 3B 5E JI/E = hiR o

PRI AT 5 I RYT A2 S LRI 25 A7} LI BB HR R 1Y) e B <
IZHR S PRI #8525t b — AR s (&l 2- 2 fra), TARIRE S A
FAREL, AR A5 A SRR T 38 3 AR RN &5 o ) S o £ S TR SR T
PIRNEE R T A — N R B X (REXD, SNSRI
RIXI, SR EAER, PR -2 700 P2 X -2 O Pt 2
MIRER R T E & RE. T 52 EFR XA ERITY . 2090 1F PY B ARaE sl it
M7 A5 T o BONFE SRR S AR T & P B RHR T vy, DRI BRI A 98
JER: N T IR RIE S, R TR EARRNEREE; N 753
SERHIFES XS /NS AL, 7 ZERUR A PR s O 1 SEF PR 26,
B MR T PR T GaN ARk —Rh AR & o 1 s IR0 AR R SR,
B 1 RRE o B BR 1) GaN AX RS R I &8 IO PERE A A ZR 2 41, GaN AME = [ 5 &
L R 1) 2EL o ) — K ) 7L

a. B. X...

K 2- 2 F A S RN 2 ) A S B
Figure 2-2 Working principle of the semiconductor nuclear radiation detectors.
K] 2- 3 U a RiTH B RLTF7E GaN ZH ISR E H R FRERE LR
18, W o BIFIRA BORCTIR 2 2 #PAm (5.48 MeV) i1 ®Ni (17.4 keV),
PRl 22 /0 75 B L HRIOK B FE ) GaN #4BE A Be B s R S kL1 RO RE& . 28T,
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Figure 2-3 Penetrating thickness as a function of o and g particle energy

GaN HNEJZ (15— A JLANROR B+ LMK, X 27 3R 5 B ik (1 48
SR B RE B AR EE 99 1 o ISR, BEAE SMEKTRISE S, BETHIEL T S
Y GaN #BL, SRR REJLAROR, SR H 4% & ot IS RMER B R H .

iz 2 [ ] [ | [ ]

R ERA & /=B &RC

Gz A 4

p-i-n i 52 Schottky R 3% H 37 #Schottky # il 2%
(a) (b) (c)

2- 4 GaN 2 p-i-n ZYFNZR ] H 5 2 2R A% 5 S PR DN 28 45 44

Figure 2-4 GaN based p-i-n and Schottky nuclear radiation detector structures

A AR EEER A p-i-n RURR ] F R RS PR S5 730 (Cnl&l 2- 4 fls),
AL R PN L DO R AR 1 L O AT 20 TSRS 5 . LA
BEXT GaN B R IR, FATA S TSN E SR (HVPE) A H S
GaN #1k}E, SRWFFUBCKIE M GaN ZEAZ IR AR A M PERE 3T . JFH N 713
) S vy AR £ M EERT SEALR ) S T RS R AL, BRATTXSAPRLEEAT T8 2% Fe AbEE, LI3RE
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FORLERLRE, SEANAR R XA eAh, T i ORI 8 BT A2, fEAN
i i I 5 S A2 58 S AT 2 7 A T B P PR AT LB PRI, BV AT AR D i A
1M, BATE AR BXF GaN FPEMEARZ AR S it i K L A8 1 H2B 0F 7

2.2 GaN/AlGaN E T FHERT 5%t

HIR NN LAAIGaAs/GaAs AR I LI 1l BRAE 2 DT 7 RIR
NS T Rt E B, Bl THREN B & AR T 50E 1B
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wE E —>ih§ 2.2)
XA F AV (r,t) R T
E:p—2+V(r t)—)—h—2V2+V(r t) (2.3)
2m ’ 2m ’ '
5 (B R 1T R
Hy(r,t) = ihgy/(r,t) (2.4)
ot
H ——h—2v2 +V(r,t) (2.5)
- 2m ’ '
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Hy (r) = Ey(r) (2.6)
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[——§ V2 4V (D] w(F) = Ep(r) 2.7)
m
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IR R U, (r) fEE TR L2 R PR AR, DRI SR 8 A5 1 8 15 7 FE IS
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Hr, ARFERPITEA. X)W ANEREE R HTER.T)HEEH
2

2
%¢n (Z)(&+iz)eikrr +_—h,&eikrr %;zﬁn(z) +e""V (2)4,(2)
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_ En]kie“‘i'r¢n(z)
R (2D, 55
@V @8, =Eg@ (211)
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Hoh, MORBTHMGR, E, RSBV (2) BT R R AL

2 2
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1 dg?
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(2.14)
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GaN/AlGaN —=MBHEN AR ZENEE, 7 208 BUEAR UG 2 AL S ek HOH
REEAIEAE -
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AR EREMEWA SR ARHEY E WRES, KB RERERN B, W
R REN
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A(r,t) = Esin(qor —ot) = ";—Oee‘(‘"”"t) +CC. (2.17)
w w

F T L TR 2 R AE R T ks JEL SR B T 92 ) it /N TAm S e, R e
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27 eE;
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v, )| 5(E, ~E ~ho) (2.18)

K'//i |e' p

1T (2.8) A L 2% R B AL U A s A iR BRI 2, T DA
Kl//| |e. p l//f >‘ = e.<uv | p| uv’> < fn | fn'> +e.<uv |uv'>< fn | p| fn'> (219)

IRV MRSEARRBEN (vav), MEHRS (U, |u,) A%, RREE -5,
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HEIEHT e, B 77 Bk A vk P
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R T, AR E . 0 TR MO RR R T, bR Mot R — 2
R, 24 g, Mg, BATAIRIRG A IBIERS, (RRRAERE Q2% I Bk
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.

M) CFRRIELEND . 3T GaN/AIGaN = 1M, B THEENEY, S8ETHA
XTRR, DRI AN 52 A3 0 3 5 ) ) s

EFGIERE T, Gl A BN ER T 55 R R BT i 58 55

2 A2 2Mao,, A2

f”“':m*hconln (nle. o) = hw (nfzjn)

(2.22)
Him e

> =1

(2.23)
Un<n i,

£ 0IEM, RATG >0

fnn’ ?'\jﬁ{ﬁ, %%Eﬁrj‘o Xﬂ‘ﬂ:
S RARIIR B, SR BRIERO R SUIMET — S R 104105,

A

ChoxW, IV ) 5GBSR (1 =1/2xg,cnEy D KR . I AR HE T
Q2L SRR oo X TR PHOME 4RGN RA RN 4k

BB RS R BOE SO AR R VOB ]t PR AT F A

WL 22 5 020

2D

Ap‘n X

K, (2.24)
[f (B, (k) - f(Enr(kL))]5(En'(kL)— E.(k))-70)
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FFERT K, BRSO 4R (5 I& E Jie)

2

e 2

Qypy = R x
2P gocncomznZn;(Z;r)2

[ER G

1502, 12) TR 1T L 7 KT 8 e B (B R A AT

B CFWHMD Oy T Ve 2B SO B 5 B, TR 28(2.22) RO T3 £ 5 21
AR T B @, ~ 0 ARJEATEA K 540 4T — B O A 51

ek T 2 In(1+eXp(EF —En)/kBT) Iz
2e,cnh S ™ 1+ exp(E. —E, )/ kT’ (E, —E, —hw)® +T?

(2.25)
[ (f(E,)- f(E,))S(E, ~E, ~hw)

(2.26)

221

Horr Ep R TOKBERH, ke RBIRZL 2 HH . AE O K I, In BULBASE T (EF —E1) KksT,
Horp B AURIES e, MIIRATAT I IS ER 1 152 (HAbRESERIE, 1525

ne’n Uz

a =0)= - 2.27
0(T=0) 2g,cnm” 2 (E, —E, —haw)? + T (2.27)
/\I:P
o
n, :E(EF - El) (228)

Fe I IR . N TSI RL, AT R T B KA SR BRI A BT T &

T B —REAN S R 1Al

N\

2.2.2 ZIRHMIZIE

HI TR 377 RS B 2 i e 2 MBI B 7 (R R R ) Z A A
TEFI AR, AEX T EB A A T 5, MRS 5 SEBRIE LA IR (i 22 .
Pt DATE S 37 R B0 73 B v 82 2% 18 L 2 TR A EAE L, B AR08 . ) T8 1
BIF AR E — A IR B S A, ORI R Hartree-Fock J7 V201 Jaj it 2% ik
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(2.29)

He rg RAKFRMERTRLENSE, WRFE—3H 8RR a s
TR

- [4?” an(z)] ™ (2.30)
a'=2a, (2.31)
m

W A=21, B=0.7734, =¥ A=11.4, B=0.6213 (Gunnarsson A1 Lundqvist'®").
FH T 22 A 358 PR A TE 7 B0 R JURIT A TAB 1E, 5 BB 2 AR RS J5 1) 1> 2 Be
Al RIT 5 Exn=E,-Er HIK FR N 1°
EL=E.(+a+pB)  aB>0 (2.32)

SR LT S S DL T MR T o 1 28— 1) S 7 B AT R
SO T HL VR N, FEAS ST (45 7 R IR 5 . e T e T
S SRS A — 5 RN T 5 BT B, % 20 25 A i
2e’n,
£&9Es (2.33)
s=["dd[" dz'p,(2)p(2)F
Fop, S RKEEHG, WTUB M, o BT, FT SR 2
U R B/ R R BRAE I (R
5 S AARES HEL LA L, T (RSB R 1 T 5 B 7 25 T R
[ P A A A FE BSOS N T B 1 4 1075

oV,.[n(2)]
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a =

@) —2 == (2.34)

Hrf dVyldn <0, ATUL BNIEME, B—Mit a/ME3Z
2.2.3 GaN/AlGaN 2 F B BT EkiE

TR R 42 7 B (& 2-5) JRATAT LA EUE 0 TR TG E, ., ~
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LT L 24 B B 9, (2) T L LR A A5 m A5 I 7| 2| m)
R T4 f,,, FORRAT ik 3%, 108110
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S oM om (2.35)
0,(2) = ésm(”—ff) (2.36)
(n|z|m) =L = (m m o (2.37)

fom = ié(nf m 7y (2.38)

Al AR B WL T RE BRI IR 750 % £1,=0.96, 14=0.03, f3=1.87, fu=2.72.
STFHIZS n, HORKIE R AL m=n+l 252 08], 10k A 1EBOR 25 18] KT I K
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Figure 2-5 Intersubband transitions in a square potential well with infinite barriers
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Figure 2-6 Asymmetric quantum well structures
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Figure 2-7 Typical GaN/AIGaN quantum well energy band structure
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Figure 2-8 Optical absorption wavelength of GaN/AlGaN quantum wells as functions of (a) Al
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component and (b) well width.
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Figure 2-9 Optical absorption wavelength distribution of the GaN/AIGaN quantum wells with

different well width and Al component.
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Figure 2-11 Effect of temperature on the absorption peak position
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Figure 2-12 Simulation of optical absorption wavelength distribution of the GaN/AIGaN quantum

wells with different well width and Al component
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Figure 2-14 Photoconductive and photovoltaic principle of quantum well infrared detectors
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Figure 2-16 Design of two photon absorption in GaN/AIGaN quantum wells
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Figure 2-17 Schematic diagram of GaN/AlGaN quantum cascade detector
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Figure 2-18 Misalignment between the center of gravities of electronic distribution in the first and

second level in the GaN/AlIGaN quantum well
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Figure 2-19 Enhanced peak wavelength as a function of grating period
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Figure 2-20 Optical coupling enhancement as a function of the hole radius of grating
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Figure 2-21 Optical coupling enhancement as a function of the thickness of Au film
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Figure 2-22  Optical coupling enhancement as a function of etch depth

45



TR A AL e S PR 515 D' L SRS 20T 7

M RORIRSS, HIEABOS PRI A . B, FRATATPAE T2 0] 2 ok & &
ZN R 5 VR B R e RS S ROR o

2.3 ZIN-PLINREIRM B[ LEIRL 1T

it 5 451 I 08 oxe 5% 00 128 R T E 5K A A BB i v, R0 4 BOR A B[]
KAV P, St MR ZOMTTARE. — OB BRI R 48 1%
LA =7 A ke

a. HEEMHWEREBUNIRIN R A ATk

b. PNl AN [N B PRI g AL — AN e R 4

C. FH—NBE R Wiy S P8¢ BRI 25 36 ) — AN le 22 R G A

(a) (b)

B 2-23 XU B ZLAMAI PR ER BT 2 T B 1 (a) AT 7 52 A (b)
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Figure 2-24 Transmission spectrum of sapphire
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Figure 2-25 AIGaN UV detectors of (a) photoconductive structure and (b) MSM structure
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HF: HyO (1:1:10) WHE SO R ImIET AR, PLZFR C A1 O M5 .

2 3-1 XH(ANGaN [ F 78 et 72

Table 3-1 Cleaning process for (Al) GaN wafer

LR 2R =N WARFS 1EH

1 P A A 2{C,  %-5min ZE T

2 S T I B L HFE2K, #%5min B LGS AR
3 EBETK HAEBmin, phyelmin 2 FNEEEL LR
4 BOE (5:1) 2 ¥95min FEMNY)

5  HCIH;0,:H,0 (1:1:10)  /K¥#$70°C, 10min EERETE

6 EETIK Zsmin, FEimin FHR BT

3.2.2 #HBEHE

AT G R A R F G2 A g4 300 B PO LR 5 T 2 ol g B, ) 4R 41
SR AT B R, W 3-1 @R . ERKHTE iR E — BRI TR
H L TR 45 (Hexamethyldisilazane, HMDS), #4585% %1% 5 (Al)GaN FEJE i)
REBE 7, I A 25300 1) 20 ok R i N 5 T PR 00 v ) ke ST v 2 R Y I
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RUHERE, BRI b i B U T 2 O SR 0, 50 ORBR OGS 7 AR TR T A S A%
IR, A NS TR R &) BB E, FERMAEREX &
A ol R R IR IR I A R BB AT X o BRI, AZ5214 AT LA g it
AR, FF BAE N SURAE S ZI 2 TR BUBIRR T, BRI TRE . N 73 [F R
IR, FRATEN AZ5214 VERIERAEHES, SEikE—)Z LOR ik, ffEHAE
IR NZIRTE AR FITRIBS 0 T BGEH, S236 o RAE A H B e A
REIE R EAT A

Xf T GaN/AIGaN & PG OCM b, FRE a4/ T lum, &
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AR AT SEBLBE /N 2 ROST IR T I BRI L7 SR HROR, WA 3-1 (b)AN(c)
I

B 3-1 SEBG H R A () R AMEZIFL (SUSS MAG). (b)B R 6 ZIHL ( NSR1755i7B) Al
(C) LT HIEEHL (JBX5500ZA)
Figure 3-1 (a) ultraviolet lithography (SUSS MAG), (b) stepper projection lithography

( NSR1755i7B ) and (c) electron beam exposure machine (JBX5500ZA)
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T2, Wi 3-2 fim. X (ANGaN [ ICP ZIph T2, W LU EESHE

(1) ICP % ( 0-3000 W)

(2) RF ZjZ (0-1000 W)

(3) EJ39EHE (1-100 mTorr)
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Horb, ICP ThE A RF ThE & e B S s PRk, BT R — B RS
TERE ZEAMBRLR I, (LR~ AN A A 1 Y, TERIERR, 20y
TBCFE P A v B P S S AR o THER KR/ IN B H R 86 28 A T LB 2R, DT S ) 55
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K 3-2 s R A ICP ZIih 4% (OXFORD ICP 180)

Figure 3-2 ICP etching equipment experiment (OXFORD ICP 180)

BT RINEE: REREREREN T ER L, FEREREFIRE, X
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{2 S BSOS A R B 4R 2 1 (3) (ANGaN 221 A & Ak & 4 B i o

2002 TERAR AR BN 2, ARE R A AR 2 g A, W
SR £ THT 1000 T 45 P38 0 20 D T P REDR 82, 0BT S0 3 L 2R B4 1) e 2 M
At % 3-2 A T RAVESLIG T A 21T A& AR, k58 ICP Zl il (¥ 75
ANSHOS 2R R RE 2 . Horh, v 7 RATRECRIEZI T I ER E — 3, X T
Z P 1) B0 78 S T M 256 R A B 31 seiery, JRATE S0 B E 7 — GaN
5 15 £ 21 AR SO TR (R e b BE, TR AR N2 3-1 fioR. xRS
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% 3-2 I1CP ZIph b g it i 21 HASFEHI R Z inh 5% A

Table 3-2 21 groups of etching conditions in ICP etching process

Sample ICP RF Cl BCl; Ar Pressure Etch time
# (W) (W) (sccm) (sccm) (sccm) (mTorr) (min)
1 1500 10 20 8 0 10 2
2 1500 30 20 8 0 10 2
3 1500 50 20 8 0 10 1
4 1500 100 20 8 0 10 50s
5 300 100 10 25 0 20 1
6 1500 30 20 8 0 20 2
7 1500 50 20 8 0 30 1
8 1500 50 20 8 0 5 1
9 1500 50 20 8 5 10 15
10 1500 50 20 8 10 10 15
n 1500 50 20 8 15 10 2
12 1500 50 5 8 0 10 2
13 1500 50 10 8 0 10 2
14 1500 50 30 8 0 10 1
15 300 50 20 8 0 10 4
16 900 50 20 8 0 10 3
17 2100 50 20 8 0 10 1
18 1500 50 20 16 0 10 1
19 1500 50 20 32 0 10 1
20 1500 50 20 40 0 10 1

21 1500 50 20 8 0 20 1
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Figure 3-3 Roughness before and after etching as functions of ICP etching conditions.
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Figure 3-4 Roughness ratio as functions of normalized 1CP conditions.

Pressure > RF power > BCl, > Ar > ICP power > Cl, (3.4)
ICP %I it B AL & B 1 il (322252 RF power A1 BCL, ) AL 22 [ B (F
THE CR) PIRHLE], Jf HOZRINBEATH . i BTSSR RE ], XY

Z P orELA )R i = R B DR 2 T AR S TS S S e R 4 e T R A 5 T

* 3-3 EPAEGHZIh AT

Table 3-3 Recombined etching conditions

Sample ICP RF Cl, BCl Ar Pressure Etch time
(#) (W) (W) (sccm) (sccm) (sccm) (mTorr) (min)
Min 2100 100 30 16 10 5 1
Max 900 50 10 10 5 20 2

[l X REDRE P PR RS e AR /N, DRI AE ICP 241 el o 7B 25 26 9 1 52 i 47 25 1) ok 1)
FAbo HET LIRULSRIG AR, RATH A& IOHRE BE /N I L2 A N A
“Min”, HARRERE BRI 2N “Max” BHTZIhs 5. 455K M, “Max”

ST TR ERLREEEEE “Min” A& K ST AR, XU ICP 2 i 25> S A3
Z b REL R P2 (R 2R R SR ARSI, T A L ORI [ 5 M) B 2 ) 21 ik R THIIR V0L
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Figure 3-5 Etch rate as functions of normalized ICP conditions.
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Figure 3-6 Roughness ratio vs. etch rate.
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E UL R, 78 1ICP Zphat B2 H & 4 1) 715 1Y RF power. Pressure £1 Clk 7] LA
B VR BRI Sk R, 32 T R ) HORE R AT 2 e 2, A5 AT DA R e s
PR B Z) s R AN Z o RS B, anlE] 3-6 Frs

3.2.4 £EHENEIE

EJE AR, R - SR, B PR A AR R A R KR A
fiho - AR TER 2 2R AR S OO R, e B K
FAFEFELZ R AIFENT o 3T ITR B 1K) €8 -~F 2R A adt 4T 7 HF
HVEAII BT AT YO0, JF H— AR OR S PO 0 1 R e R e 5702
WA FE AR ey 5% 98 10345 (P BB HEATAAK . Ela T R, IR KR A R A
WeE e AR RF, SE & e R B 0 B R T Z S A A
Il .

(b)

Bl 3-7 SRR H R 78 K 3% (ULVAC Ei-52) FI(b)HidiE k4" (RTP-500)
Figure 3-7 (a) electron beam evaporation equipment (ULVAC Ei-5z) and (b) rapid annealing

furnace (RTP-500)

Awrgedy, TATFEEH TVAINTVAU (20/160/50/300 nm)& 4 F1 TYAITI/Au
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Figure 3-8 Effect of different annealing processes on specific contact resistance
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3.2.5 FH{LIRIF
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i SiOz. SIN J SiOo/SIN H&Z5. EARMI Y, BATEZERAMEEREAN
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ATULRR, A 3-9 Fran . TEUTRUR AR I 1 20 5 | BN

SiH, +N,O0 — SiO, (+H,+N,) (3.5)
Horb, BT 85 B PRI AR LE T MR HE SR S F 1O o i A& AR BETE M JE ] CRD
FRERA ST AR, FIROIT EE (ANGaN R kA0 IR gtae &, fd
T EANAEBAT e B UL S5 A T AT T DAgE— B W R A, R 1 e 6 J5 R 75 B2 AE
R T AT S 5 FE A5 LAAEARIR T SEBl. A T 5 BN B AL 2 s (Bl
TERZIFEID, AR A A K IR 350°C.

K] 3-9 sie A R A ) PECVD %45 (OXFORD SYSTEM 100)

Figure 3-9 PECVD equipment (OXFORD SYSTEM 100)
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Figure 3-10 Process flow diagram of p-i-n detectors
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Figure 3-12 Schematic diagram of o and 8 particle response test
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P 3-13 X i 2 R 5L 2 P (@) AT X S 2R G (Metris XTV 160)
Figure 3-13 (a) Schematic diagram of X-ray irradiation test and (b) X-ray inspection equipment

(Metris XTV 160)
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Figure 3-14 (a) testing principle diagram and (b) 45° coupling accessory for absorption test.

70



B B SRS

X BRI BT AT A5, HARTERIARS 5 /1500 nm. - BT & 1B AR F I IOE
W, FESGEE IR AT BAS AT po b At MR T, AT R A A R T
BFEIR . anlEl3-14 (b)rr, BRI RS G KA — M it s A
A ULRIEA S G B R i, 2 RSO

3.3.3 22K Rz BN

FRAR T — P A B 2L AR SR 05 A ) SR AR R R, M RR A AR A A 5
PG 2 RAAP I LLAN SSRGS KT OIS AR S TR (A 3-15 Fors)

P(AT)= 2’; 202 {exp(%)—l}_ W /m? / zm) (3.6)

AR TAE A ) SRR A Sy AR U5 BT HFY-200B11 Y, i B 5 Bl Ry = Ui
+5°CHI1000°C, MWEDHF0.1C, AN %0.99, (LR KA, ]
JuFEl4 Hz22 kHz. 7 B bRk (207 R IS 2 80 3%, FRATTRT LIt
FR GG S PR L FEE | AR FE AR 25 08 7 S5 S RO AT MR bR g, He 3 20
B0 & 3- 16 7

E T T T T ¥ T T T T T T

=

= 4x10° - —300K
“c PN ----500K

S 10’/ 700 K
A R 800 K

§ 2x10° 900 K

T e 1000 K

© TS

Sttt Se :
@© I. S

5 i/ 7 B

3;:_ (AP T T T W e i i
D 1 2 3 4 5 6 7 8 9 10 11 12

Wavelength (um)
K 3-15 FRARLEANR] L T ) A 1
Figure 3-15 Spectral radiance of blackbody at different temperatures.
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Figure 3-16 Main schematic diagram of blackbody radiation test.
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Figure 3-17 (a) principle diagram and (b) the photo of experimental apparatus of blackbody

radiation test system
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K 3-18 J T i = 4E~F- & 58 HLHZL AT 0 3 i L It R 4
Figure 3-18 Spectral measurement system based on controlled 3D platform and Fourier transform

infrared spectrometer
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Figure 3-19 Spectrum of the reference detector (solid line) and the frequency response curve
(dashed line)
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Figure 3-20 Partial spectral radiance of IR source in the Fourier transform infrared spectrometer.
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Figure 3-21 (a) principle diagram and (b) the photo of experimental apparatus of UV

responsibity measurement system
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Figure 4-1 GaN based p-i-n detector: (a) profile and (b) top view
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Figure 4-2 1-V curve of GaN based p-i-n detector
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Figure 4-3 Photocurrent to dark current ratio of GaN based p-i-n detector as a function of bias
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Figure 4-4 Time response of GaN based p-i-n detector for X ray irradiation
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Figure 4-5 Response vs. bias to a particle irradiation of GaN based p-i-n detector
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Figure 4-6 Fe doped selfstanding GaN based X-ray detector: (a) optical photograph and (b)

structure diagram
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Figure 4-7 -V curves of Fe doped selfstanding GaN based X-ray detector with and without X-ray

irradiation
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Figure 4-8 Time response and optical quenching effect of Fe doped selfstanding GaN based X-ray

detector
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Figure 4-9 Photocurrent as a function of X-ray source power.
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Figure 4-10 (a) Optical photograph of a steel hex nut, (b) X-ray scanning gray scale image and (c)

the colour fill map of this steel hex nut.
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Figure 4-11 1-V curves of GaN based Schottky detector before and after radiation
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Figure 4-12 Open circuit voltage and short circuit current of GaN based Schottky nuclear battery
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Figure 5-1 GaN/AlGaN quantum well structures grown by MOCVD
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Figure 5-3 TEM image of sample A966
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Figure 5-4 Material and device structure of photovoltaic GaN/AIGaN quantum well infrared

detectors
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Figure 5-5 |-V curves of samples with and without cap layer
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Figure 5-7 Photoconductive GaN/AIGaN quantum well structures.

96



BHE N EEA SNSRI R

i

10" 3

""""
---------

St
~
~
—

=2
.=
Py -
-

-
o
[}

Current (A)

10° F —— A965-2.8K

- - -A965-10K  \if AY65-60K 3
: ) A965-100K ]

A965-20K A965-200K ]
 —.—. A9B5-30K ‘

10% ¢

5 4 2 0 2 4 &
Bias (V)
K 5-8 il A965 XN T AT U AR IR 1-V £k

Figure 5-8 I-V curve of photoconductive infrared detector made by sample A965
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Figure 5-9 Photocurrent as functions of (a) bias and temperature
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Figure 5-12 Effect of SiO, thickness on the optical enhancement of gratings
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Figure 5-13 Quantum efficiency of the MSM detector vs. (a) bias and (b) frequency
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Figure 5-14 1-V curves of the MSM detector vs. temperature
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Figure 5-15 Time response the detector vs. bias under 20 K
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Figure 5-16 Response characteristic of the MSM detector vs. bias under 20K.
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Figure 5-18 Effect of different surface treatment on the reverse characteristics of Schottky devices.

HHAME (HVPE) HAREK M GaN 8 2 MURIFER) 5 NN, SR B 3E4T 1]
FERIA NS, I B T [FIRE S50 1 B R RE 3R 1R o Horpr, R ez i >R
Ti/AlITi/Au (20/20/20/300 nm)# 4, H48—FIHPGEIB Kl 900°CiR kK 30 s, 4
B LF- B 20 A i . R L7 28K UURR NiJAU(25/300 nm) & <104 4y
FFfl, SRRV RTEEAT 0 F AN R B Ab 305 7%
(D AT, HERERE, (EAS% R
(2) FEZ /KK 50°CIRIE 15s;
(3) f£ 45%[1 KOH ¥ 7K i#s 100°CIR I 5min;
(4) FIHINZ A 200W B4R S B2 2R 11 5min;
(5) FI VRS AE G55 8 A2 B (ICP) ZIh 5s, ICP TjZJy 300W;
(6) fE HF: HCl: H,O (1: 1: 10) %R 15s
K] 5-18 45t 1 ANEILLEE T VAR IS R HI S . SEEREE AT, 26 (6) Fh
7 TG 22 B 5 AN A O A MR RE RO BT, AR T A AT AR E K 2R 1F,
P S S R T 4 AN ECE S R MRER TR e LAR L 0, HCI Xt
T Br GaN LT C AT O whiim AR S| 7 IEW EERMEM, M HF XFF%BR C i
AR T EERE . Ak, AR (20 71 (6) PiFh kb3 5 X, 7£ AlGaN/GaN

106



BIE N BEEA LS G RSN R0 T

HMIE Fr bl 2% 1 AE R S5 ) MSM S5 LMD 25, ] 5-19 P . Hedr, AlGaN
JE ) JEEE N 200 nm, Al 41934 30%, GaN 22 ZHIEEE N 2 um. MSM 45/ 1)
JEAR T8 BEAAIRE N 8 um, K 500 pm. MK 5-19 ATLLE H, BT A AR EE 5 2%

(6) [AAFRA TEAFRg A A ERE, JE A4S H S B AR BE 5. Bhdh, 7
ANESAELE GaN B2 365 nm Ak ¥ ma B TF-—#F, 3508 T PR i b 3 7 XA
I E] T _E TR AIGaN J2 & TR B .

10°}
= - —— HF:HCIH,0
o = NH HO
81m

10°L

250 300 350 400 450
Wavelength (nm)
) 5-19 A A B 77 00T N FRJ 28 AN 00 265 £ i 8225
Figure 5-19 Response characteristics of the UV detectors corresponding to the two kinds of

treatment.
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Figure 5-20 Effect of passivation on Schottky contact
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Figure 5-21 Dark current of MSM detectors vs. annealing temperatures.
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