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Abstract ; Zinc oxide (Zn0) , as a typical wide bandgap (3.37 eV) semiconductor, has abstracted
increasing interests in optoelectronics field. Its large exciton binding energy of 60 meV endows it
with high radiative recombination efficiency, which is a unique advantage in light emitting and lasing
devices. After more than a decade of developments, the thin film growth, doping and the device
study have achieved much improvement. In this review, we introduce a part of results on the above
aspects in the last five years. In these improvements, the ones achieved by the “973” project group
(2011CB302000) are shown in detail. So far, their jobs cover hertero- and homo-epitaxy of thin
film, interface and surface engineering, carrier transport, energy engineering, p-type doping and
optoelectronics devices. They have realized the 2-D growth of thin film, epitaxial growth on silicon,
solar blind UV detector, LED with dozens-hour continual-operating time, and lasing device with
controllable mode. These advancements are expected to accelerate the process of practical applica-

tions of ZnO.
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Fig.1  The surface morphology of high quality homogenous
epitaxial film grown on ZnO single crystal substrate,
showing quasi-two dimensional growth mode.
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Fig.3
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current ( blue ) characteristics of the homogenous
structure formed by the doping epitaxial film and ZnO
single crystal substrate. (c¢) EL spectrum of the ho-
mogenous structure under large forward current,

showing obvious UV band-edge emission.
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W 0 FiR BB 0 SMER R T EE ol 2
I 007 RS HBTALR, MBI AREZ 2 10 3ol il
JG A ARG A SE RS, B S 0 T 10T et i
HBUNISL, 5 As/Zn SORIHE GRS 19 )7, = 107 m»:.m
HE OB T, BRI [1120] g £ 10 2 l0p T TS
AORAF T LR (45 J R AR KR B b s N N

THMEJZ LA A FIR TS, 10 Bon T
AT 1] Y RS B X (ToF-SIMS ) 73 #7 25
R B PTE Zn0 AR, I HEELL As—0
®1 AE As/Zn S &R ZnO B FRSMEHREHE
e B RN FRAE B £k - 3
Table 1 ~ Surface roughness and XRC FWHM of ZnO single
crystal epitaxial films with different As/Zn ratio

RMS/nm XRC FWHM/ arcsec
Sample R, ;,

(2 pmx2 pm)  (002) (101)

A 0% 0.75 281 767

B 0.5% 0.91 267 878

C 1.0% 0.61 267 812

D 1.5% 0.87 288 828

E 2.05 0.73 252 778

B9 AIE As/Zn “ARBE IR LUl # B ZnO B i AP E ) 5
i AFM 1%
Fig. 9 AFM images of ZnO single crystal epitaxial films-

grown with different As/Zn ratio

| | |
10 100 1000
Depth profile/nm

lb 160 IObO

Depth profile/nm

K10 As/Zn SAHEE R HLA 2% B ZnO 4 HH Y ToF-
SIMS [

Fig. 10  ToF-SIMS diagrams of ZnO film grown with As/Zn

ratio of 2%
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Bl As/Zn SHEE R FEH 2% (9 ZnO #48} Ols (a) Al
As3d(b) 7l TR T REIE L, (1) Ar” WY
(2) Ar* IS 1 ming (3) Ar" 5 5 min,

Fig. 11 Ols(a) and As3d(b) photoelectron spectroscopy of

ZnO film grown with As/Zn ratio of 2% . (1) Be-

fore Ar" sputtering. (2) Ar" sputtering for 1 min.

(3) Ar" sputtering for 5 min.

BEAIREIEAE, 11 & Ols Al As3d 722 T
G FREIE I, AT LAE YA Ar B R
25 min( 29 20 nm) J5 , JL-F- A 2 6 $5 2% 1
{555, iXF SIMS 45 R 02—y, [ Bk Bl 32
BRUEMRSIE X AS A, LRG0, K3
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F A5, FOFTE U FRE 1Y Zn—O 4, il FRIR
% e T I A S T S N A S B U
Hh BRSPS W R SR PRl < W aE T s T
ZnO ) 4 G5 BIES
2.2.1.3  Eis o E

T W A AR Y AL B R vp 2 AR K
JRAAR K S OCHE T2 M4k, T B 4L AE i 5 A R
JBCAS IS L SC BT R BT ZnO HL i TR Y
HERAMNE K] 12 IR ZnO AMEZ B AR
JEF- 5B, R A B2 0.4 nm, B 13 BUR
(0002 ) 1 (1012 ) Tl 4% 12 th £& B9 ¥ 52 40 5] 2
0.051°H10. 175°, i3 BB 6457 5 %5 B I, axX Al
AN TEM B EMEUE, & 14 SR fifs 3 82
BRI IR AL | IEAER DY U HEIE,
X AT RE 5 1 5 A I ZnO RS TH] 30° 1 & 5 e % A7
5%, MARFEATS PLD Ml MBE il 4% () ZnO 4t
AR IR ARFSE ZnO (401 B iF ) ZnO
FEHL AR AL T AR LA

2.00 /710.0 nm
0 nm

0 1.00 2.00

B2 T AR 9 MOCVD il # 1) ZnO B0 AFM %

[ Z

Fig. 12 AFM image of ZnO single crystal surface prepared
by MOCVD after the optimization of the preparation

process

(a) FWHM,1.7,0:0.928"
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(1012) FWHM 1.70:0.175°
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T i i ‘
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=
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=
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PEACLE G ) MOCVD il #1) ZnO H 0 K HL G2
JZ) XRD $E 42 2%
Fig. 13 XRC of ZnO single crystal and its buffer layer pre-

& 13

pared by MOCVD after the optimization of prepara-

tion process

(@) (b)

HR-TEM 4

Tlirea

14 A K S 9 MOCVD i 4 ) ZnO B4k 1T (a)
FIIA (b) TEM &%

Fig. 14  Cross section (a) and surface (b) TEM images of

ZnO0 single crystal prepared by MOCVD after optimi-

zation of the preparation process

2.2.2 SiAtJ&E ZnO 6 F R sh Ak

B Si A RS S AR Tl b R R ) T R A
K, SHLGMNE T AFLIKAR, SiFIRA LM%
B R, 2 b T e, T L H R DR L AT g AR
e 22 R & T2 JT A 3 5 ek
REEL FHORZE A, TN R AR i . BRI,
T Si #HJE_ L ERR E R ZnO F BT AN IE R )
& BAT B DR B SO b FHANEL
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HAGAE Si A1 FAMEA K Zn0 JEHR, L H
SR BT Y ZnO KL SR AR 4TS SR A AE AR KR
M, —AEEFEREHT Si EEA FRES
B AR TC R TE 4548 0 fE AR (SiO, ), BRI X
B ZnO MAME A 3 AR R IRME, B,
WA I & — SR I S A B T 20k R 4 6
F, T 45 11 ZnO WERSE, N4 PE/NLAE Si
WK L4 SiC 2, R85 P ZnO R B
BT —E R H A Kawasaki /N4 2%
ZnS M ZEAR  (HRIRAF Y ZnO W = OB
Stk R T AR R ) B Gk TR BB G RO, 28 I T
HAMRS MG HE" . HA Fujita 55K H7E
350 °C UL 2 min 1Y Mg J& £ 7 850 7 254l
720 nm 1Y MgO Z b )2, RIS VIR T ZnO
ST AT, AR A R R, St TRk 4R
Mg Z [8] 23 A5 SO0 I AR e AR 6 (Mg, Si) | Tl ik
T Mg, Si J2 L&MW MO (14K, AT 52 i
ZnO0 AMEZ B I, S5, W-Mg, Zn, O B
Jigt L HE R Mg ZH5r W-Mg, Zn, _ O F4 il £ X 5t
2R R . A T RIRA &R
RE 12 0 JR T e (o BB S AP e 2 i — 3K
TXCREA AT BB it v Ji i B v L o A e 2
i, AT 3R A5 AR B 85 Mg 293 W-Mg, Zn, _, O
A4, 2 E Vispute /N R FILE Si (100) Ff
Ji&_E VLR SiTiO, \Bi, Ti, O, . TiN 45 2% w2 A4 5 7%
PP Si i, il 45 T 32 5 H MgZnO B R
JE[E Narayan /NHF]FH PLD $ARTE Si(111) %))
AU TN i JZE, RE A T Mg 40U
5 10% 1 W-Mg, , Zn, ,O HE"; H A Koike %
AR DU, CaF, 2 FHTUR Zn0 28 oh )2 1Y

JFEAE Si(111) %I Bl 45 T W-MgZnO F i
JIE, H Mg 2H 53 Kerts B B v AT R 99 22 34% 4.1 eV
AP,

AT, 3R T/ S I il 2 Si &k ZnO AR
WA RHE 28 R SRl anfer 4 i A= R R B B Si 2R 1T
TCRETEE5H Si0, 1A AE A B sk S e AL 1 T
B, A R R Y SR, T 7E I A W-MgZnO
B, QAT 356428 2 3 19 A1 S AR, LA 00 161 A 43 5 1+
PN HE = Mg 2H 43, W2 il 15 ) 3 By Bl K% Fi
PEVEA T LIRS (A% o )

BT AR HERSE, J50 H 21 A1 A e B2 A
BFARGRB 4> F RAME (RF-MBE ) J5 v, 7E# 5
A(0001) \Si(111) fFJiE B FF & T Al Y 32 1f/ A
T T2, 454 B B FH37 B0 4 I8 R
TR B DA 4 ) A () o AP AR AR B R | R G
55T Zn0 1Y Si 4 AME

FEREIE ZnO A T AR ZT P, 100 H 4138
AT DRSS G R R LS R AL L B e R
T Si(111)-(7 x7) R0, B 15 45t TR
FETHERT 25T 800 °C =i b # 5 1) RHEED
FIZE AR Ak, DA TR R A7 5 45 SO T 1 2
W T LU AT R R A 825 bR Si R i 4
J@ 42 A AL 2,800 °C A4k P B i 56 1 7% B2
(R 2% BT — 2D Y, O DA (7 x 7)) R 1 S A4 1Y
J7 R RE

KT B 1k Mg, Si BIE I, 0 H 21 B AR AT IS 1R
JEF) 0~ -30 C, & Mg 5 Si A9 W AEARIR
SEAREAN ], T BT 45 TR LAY Mg B
JEE, &1 16 (a) W7, B W B B9 RS, Si(111)-
(7 x 7)) 32181 H A LE o L2 PR B rh — EL R R

Before annealing

After annealing

KI15  (a) ~ (b) WAATEUEAS Si(111) #EAY RHEED FI%E; (¢) ~ (d) 800 CHULHLSHY Si(111)-(7 x7) K%,
Fig. 15 (a) ~(b) Si(111)-(1 x 1) surface after chemical etching. (c¢) ~ (d) Si(111)-(7 x7) surface after thermal annea-

ling at 800 °C.
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K16 KT Mg(0001) B AR SRR L FHRAS H IR < 112>, (a) Si(111)-(7 x7) FETH ; Mg B8 25 B 43 510 K .

(b) 1ML, (¢) 2ML,(d) 3ML, (e) 4ML, (f) 18ML,

Fig. 16  Deposition of Mg single crystal film (0001) on Si at —10 °C. (a) Si(111)-(7 x7) surface. Mg coverage of 1ML

(b), 2ML(¢), 3ML(d), 4ML(e), and 18ML(f).

FasE . Bl 16(b) ~ (f) B8 THIIREE N - 10 °C
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(c)Fim, et T Zn0 IIRE W ZE (K 17
(d)),SRIETHREE] 650 C AT Zn0 MSMEA K,
B 17 (e) /R THMEJZIEREZ) R 1 um (4 ZnO H
An IR Y RHEED &1 %8, 8501 i 117 55 45 ORI Wi
1) 2 b UE IR R LA R A A 45 o o o

R T 25 A S AR L A T A A AR X Zn0
LB A E A BT (VR T, 300 H 20 R s 0 B
SPHLEEXT ZnO JHERSERE S B 1AL B 25 R HEAT T 4N
FFE (K 18) . NI 18 (a) Al LI B FE ZnO
N Si B IR Z AR — D P2, b SRR K —
WUAEAE—AJEE B 5 ) T it B 22 (IR R 2, BB
23 TR B AR (650 C) K, Me/Si A
R TR, FEIZ )M L3R o X S AT DAY
BB EE A 5 nm H 45 5B R MgO
2,885 /2 Zn0 S A TP HES ], B 18 (b) Y
YEIX HL 747 55 (SAED) 45 5] 1, o 3% 2 Ay
MgO J& T 4 b i 451, Zn0 J& T £F 5E 0 45 #4
MgO . ZnO DL K Si (111) Z [6) By 4 3E & R 5
RHEED J5ifv Wi 45 5 — 3%,

D=0° D=30°

(a) FRIE DU Mg B

<+

(b) Mg 5 9 A% 3l 41

() i)

=

¢0 2

<+

(d) &3 ZnO 25 2

¥

fE il ZnO A

17 FEHE ZnO A Gd Fe b 9 RHEED A Wi 45
Fig. 17 RHEED patterns along two fixed electron azimuths
as measured after different steps of ZnO sample fab-

rication on Si
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PR EERVE I A KA, B[ 1100 ] 097 181 10
A Zn0 fA% 5 11 4> MgO Fh#s AT L, K it
ZnO 5 MgO P ks R ELAL R - 0. 8% , X Bl
PERC Az KA 2 IR B MgO/ZnO FiL i Ab B 37 4% SiE
S5, 11 A MgO [ fbdg FRICIN A — i, B Si
W B 1 A% 25 B AE MgO 28 P )2 N3RS T —
FE MG, R MgO Ry it ZnO B RAR ML T
JEH U SMERLAR >

ZnO WiER) XRD S5 R a8 19 fras, & 19
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B 18 Zn0/MgO/Si LSRG, (a) HLTHUT Si <101 >
IS ZnO/Si S 16 B3 A HRTEM 5 i 4 5
(b) HRL 1 XL TR (SAED) B (¢) K (a)
H S I B X OR R

Fig. 18 (a) Cross-section HRTEM micrograph along Si < 101 >

direction near the interface region. (b) Correspon-

ding SAED pattern. (c¢) High magnification image

near Zn0/MgO interface.
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B 19 Si(111) I ZnO #BAY XRD E, (a)0-20 FHE;
(b) ZnO(1012) HiFl Si(220) Hiff) @ FIH4E R,

Fig. 19 XRD patterns of ZnO film on Si(111). (a) 6-20
scan. (b) @ scans of ZnO(lOTZ) and Si(ZEO)

planes.
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K20 ZnO WA PLOERE . (a)300 K;(b)10 K,
Fig.20 PL spectra of ZnO epitaxial film. (a) 300 K. (b)
10 K.
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K21 ZnO SREER S F R ATE s 215
Fig.21  Schimetic diagram of ZnO crystal structure and the

spontaneous polarization formation
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Fig.22 The directions of spontaneous polarization and piezo-

bstrate

electric polarization, and the distribution of polari-
zation charge in MgZnO/Zn0O heterojunction under

different strains.
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Fig.23  Polarization field and polarization charge distribution

in MgZnO/7Zn0 heterojunction
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Fig. 24 Relationship of piezoelectric polarization and sponta-

neous polarization varied with Mg composition
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tion spectroscopy, RS) %5k T Bt , XJ 5t i f 45
o ERER TS IR ZH o3 L KOt AV RE S5 5 TH
PEAT B GERYRAE , T LA B i I A o e o iy 3
TR LSRR BE , R A A A K T2
KRR, R Keithley =45 807 IR R | K
BN T FRZH Y L A R G o M e R R
T-HE (V) R, R AT 6 I8 Y B (0 ' ik B
(365 nm 1254 nm ) WAGHLIE G R IiK
D5, BRI a AO0 FOG AT R AR
DGR, 456 HL A I 3 2R G T Jre R 25 %o %A gl B
DG R R B R GEIESE o A A DU TR S S A 25
TE Kol W37 Bk 06 (B A 248 nm) FEGTT
F14) W 285 7 A BT 251 18 T T s SO R
3.1 BERES Mg A5 W-MgZnO # 2 #E

MRE/ REIRES BEEIMRNER

WEE AT NI RS, 2 AL T8O S TS

O T 75 #A 2 HE W 2B 0 4 AH B iR BB A

(R A, HAR 2 bk 571 ol Lo 2
Al BT, O &b MNUZ Al & kT 3 Flog
BT B AL 2Rk TR T RE R AR RS
Zoad B R IR AL B R R SR AS % R, (0 B4
A Mg, Zn, O B S i 2 s B0 52 W A T 5%
M Z Mg BB A DL 45 i, IR, AR S8
YEH O Ze kTR R0 R A1 E 1T, 3R A R
T/ ST TR ) B SRR A A K AR Y
RHEED J{7 Wi 25 S an &l 41 FroR . 20 540 4R
EBE TR RA T FE A 0 Kk
(B 41 (a)); MgO #8382 1Y & B2 4 i E H ¢
(E41(b)) , R — Bl AR MeO 5ia &
AR, R BN E R AR AT B I DL R A
HRTEM Z55 %] MgO EMEEZ) R 0.5 nm; #
H AT Mg 414> MgZnO 2% vh 2 By 4MNE AR K | Bl
FHHIMERPETT, MgZnO % v 2 0 Al ke o 12 1 3= T
FHAE B FRAR 2 T B S A G | A5 ATT S A AR ) L
AR JT R I IR SR B (41 (e) ) ;

o A

ALO4[1010]

|"

MgZnO[1120]

il

MgZnO[1120] MgZnO[1010]

Fl 41 @55 AE W-MgZnO A& RHEED J& 57 il
K, (a) %5 B 7 MAh 31 09 5 A FT IR R T
(b)MgO B )Z; (c) Mk Mg 453 MgZnO HE[F it
HMNELE I 5 (d) 5 Mg 2055 MgZnO AMEJZ )

Fig.41 RHEED patterns along two fixed electron azimuths

as measured after different steps of the sample fabri-

cation. (a) Sapphire substrate oxygen plasma pre-

treatment. (b) Ultra-thin MgO buffer layer. (c)

Low Mg content quasi-homo buffer synthesis. (d)

MgZnO epitaxy*.
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Fig.42 XRD 6-26 scan results of MgZnO samples
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Fig.43 XRD ®-scan results of MgZnO samples
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Al, O, sample
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Fig. 46 Mg, ssZn, ,sO nano UV photodetector. (a) SEM image of the FIB-etched electrodes. (b) Mg, ssZn, ,5O solar-blind UV

photodetector structure where a narrow stripe (0.7 pwm x200 pm) etched by FIB technique serves as the active region.

(¢) I-V characteristic of the photodetector, showing dark current and UV photocurrent at 254 nm. (d) Response spec-

trum of Mg, ssZn, 45O solar-blind photodetector at 150 V bias.
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JETT BEMA RS ) 5 () I RIS 3
Electrical and photoresponse properties of Mg -
Zn, 45O solar-blind UV photodetector. (a) Dark I-
V curve measured from —400 V to 400 V (the in-

Fig. 47

set is a schematic of the detector structure). (b)
Spectral photoresponse at 130 V bias (the inset is
photoresponse spectra at different biases). (c¢)

Temporal response.
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Fig. 48 RHEED patterns with incident electron beams along
<112 > Siand <101 > Si azimuths, respectively,
obtained from Si (111)-(1 x1) surface (a), after
Be deposition at 200 °C (b), after exposure of Be
layer to oxygen radicals at 200 °C (¢) , after MgZnO
epitaxial growth at 400 °C (d), and AFM image of
the W-MgZnO epilayer in a 2 um X2 pm scanning

area(e).
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Fig. 499  (a) Cross-sectional HRTEM micrograph along

<112 > Si direction near the interface region.

(b) The corresponding FFT patterns.
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Fig. 50 XRD 6-20 scan of W-MgZnO (002) plane(a), and
@-scan of wurtzite MgZnO (101) plane(b).
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Performance of the photodetector based on n-MgZnO
(0001)/p-Si (111) heterostructure. (a) I-V char-

Fig. 51

acteristic. The inset provides the detailed device
structure. (b) Photoresponse spectrum at 0.5 V bi-
as. The inset is the reflectance spectrum of the cor-
responding sample measured at room temperature

and the black arrow indicates the band gap position.
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Fig. 52 (a) XRD patterns of the films with Mg contents of

0.5~0.7. (b) Normalized photo response spectra

of the photo detectors. The inset shows the cutoff

wavelength as a function of Mg content.
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gradient structure. (b) Cross-section distribution of

Cd composition and bandgap of ZnCdO/ZnO tested
by TEM, EDX, and EELS.
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additional modes in ZnO: N are marked by their re-
spective frequencies. The inset is SIMS profile of
NO~ for samples A, B and C.
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Fig. 71 Raman spectra of ZnO: N films prepared under dif-

ferent flux of NO. The growth temperature of ZnO: N

films is 300 °C, and the flux of O, is 0.

BT N/O.0/Zn i & HLXT ZnO: N j# I N
JRFHPE A B R 2Z A0, 4 R & — A4
HEESL R R, K’ 72 SR RS AR KR E
T ,Zn0: N IR PLZ 6 1% v] LUE B2 4] i IR
JE M 300 °CHE A 400 °C J5, ZnO: N ¥ N
J - BV B 2R [ X Ui W] N—Zn SRR AR H
55, fEm i NARE A S Wi R, B, AR A A iR
JE RSB MR BE N 484% ZnO: N B Y #4750
_‘LIEHZSW N

AR FEACIR T ol IS B @ vk N 84210
ZnO: N s (HFT IS5 R W, N A K| A4
S T ZnO: N VAR A T i, O HL AR N A7 7
Fom A0 H it T 28 R B R 4 X A O
A RN FVELCS R F DT 5 BOA 28 A o] A 3L 1Y)
ZnO: N {8 J 52 B0 35 IR A5 200 3 214 1) #h 4 3
Je , TR BN p AU (R AR TR AT
BRI BN AT ER o 5350, IR 72 Hhigw]
DA B, A m AR 0T A S I A AR T A5 2
TR T, 3 0] LR AR AR 2 SR BE X ZnO: N
W N 52 FRYRMEVE T o H SR A K ] g %



H1 HITENR, &% AACPEILAPRL S B i SO ae 37
ZnO:N T (a) 300 C
p 400 C P
< <
z z
: 5
) - - h/LiO’N—)A\A
1 | L | 1 |
0 200 400 600 800 0 200 400 600 800
Raman shift/cm™ Raman shift/cm ™!
72 AFERSRIELE TR Zn0: N R B3 200iE (b) 400 C
NO SR N 1.0 cm3/min,02 W= N0,
Fig.72  Raman spectra of ZnO: N films prepared under dif- 5 BeZnO:N
ferent substrate temperature. The flux of NO and O, \i
are 1.0 em’/min and 0, respectively. %
» ‘ . g ZnON
N BAR T H R PR, R EEAE AR 25 0F B 2R
- AR AR 2 v i % 2L I :N VHfE | ! ‘ '
K, WARXERF R E R B N 84519 Zn0: N B, 7] 0 T T e

DL N B 24 I A REIA B S BLRE p B3
BE I,

73 (a) WA SR 300 CULEE R, ZnO: N F
BeZnO: N JBE (1) $7 2 3%, D& v A] LLF 3],
BeZnO: N W[ HH (1) N B 7% ¥ Bt ZnO: N 22757,
PGl , Be B AEE T N 7E ZnO HFEFH) B
ZKF, AN 73 (b) Fron, AT B B #)
400 CJ5,Zn0: N JH B9 N W BE ORI
BeZnO: N SR N Ve B FUR B2 Gh T B L 3d 2o
Je S ST AR | S A AT & BE, 3R Y Be—N
BB AN Be 7 B 75 = 7 T o BB 2R
TFHE N FE . AT Be-N 2E3B 8977 1% N 84
ZnO 1y p BIRAG HAHEZE XL,

AT DATIN , BeZnO: N R N JF 4% BE Bt %5
AR Be WAL F: 10 38 00T 3G 0, SR T B8R X
—mi , AN[A] Be i BE Ml 28 PO RE o 0 B = 25 2 A 1A
74 v i, AT LLE Y, BeZnO: N 5 v 19275
em " 4R BTG SR A S 2 B A Be I BE (9 3 i ifi
K,

750 NE 75 iR, IEANFE ZnO: N s —
FE,BeZnO: N Wi i N i F Ik B & O/
(Zn +Be) it LA INMIREAS, X UEHIAE BeZnO: N
W AE KL R N Z AR T O/ (Zn + Be) Wi L
ANERK,

Be-N H:BER TH M T N 78 Zn0 MK Y5
FeUe B RIS 3G I N 78 R v s e M AR
FH, & 76 fizs,Zn0: N L8 14500 °C b B

Raman shift/cm™!

73 300 °C (a) #1400 C(b) FAKAMEIM ZnO: N I
BeZnO: N #7206 3%
Fig.73 Raman spectra of ZnO: N and BeZnO: N films pre-
pared under 300 °C (a) and 400 °C (b)

Ty

1 050 C

1 000 C
0C
1

1 L 1
0 200 400 600 800 1000

Intensity/a. u.

Raman shift/cm”

K74 K[ Be IR T3 2 BeZnO: N IR A7 & 5

1% . BeZnO: N #iflEH Be 1Y% it i Be JLIRLZ 1Y
AR YIR

Fig. 74  Raman spectra of BeZnO: N films prepared under

different Be source temperature. Be content in

BeZnO: N films increases with the Be source tem-

perature.

30 min J5 ,SIMS ML 7R ZnO: N B H Y N iR
T TR T LB YL BRI, 7F BeZnO: N
JEE R B H 2804 600 °C #4E B 30 min, BeZnO: N
R N R A AR AR T H N R
SYA RO 5], N B0 R GE M= ARIE
Zn0 F& p-n GEERURRE TAEMZEEAHTHR . LED T



38

i 535 4

g,
=2

BeZnO:N
Te=1 050 °C

}\J 1.0 em*/min
' ’ 1.5 cm*min
l n Iﬂ .J l 2.0 cm*min

I | 1
0 200 400 600 800 1000

Raman shift/ecm~

FNY

Intensity/a. u.

1

K75 A NO UKW T3 21K BeZnO: N YR A9 &
itk Be PEIRIE K 1 050 C A IGIREE A 300 C.,

Fig. 75 Raman spectra of BeZnO: N films prepared under
different flux of NO. The temperature of Be source

and substrate are 1 050 °C and 300 °C, respectively.

VRIS ghidb 2 e 34 1t nl BE SR BN J5L 1 R A9
BEFIEREAT N, R 02 A N, —Zn B W7 25 7]
RESTEIU(N, ) o 45, X AL R N, —Zn 3 ™ 5
FMEE T AR e

ROR AT KR SCRERGE TR — N B2
ZnO WRESEHL T p B HL ZnO BYSEH, BE 2 0 &
T Zn0 2 p-n 45 HH A 28 70K RIT RS R Y
ARAK I HBEH RS, p B ZnO #2217 n
RS, AR SCHYSE I 45 51 T LLE Y 80X —
SERNY FZFE N W RE R Zn—N SEREACES , LIZE N
JEFAE ZnO: N HR Al LIS AMER R4 8 , B 5 5
PR R AR, X W RE T O A A
N 7 ZnO [ AP A8 47 7 23 32 31 i A9 A2 L2
SAAAE PR, AEF— N 48R Zn0 WA AR

1000 )
0 ) 0
e Zn ' e Zn
" 100 A NO | 4 NO Mna}:
= ‘ w.
: Wepenengy W Re—
3 m‘: i H
10 Vot Wi
[T IR " B H
1m’¥=‘ O osea . Y
0 200 400 600 200 400 600 200 400 600
As-grown Annealed at 500 °C Annealed at 600 °C
t/s
1000
(b) = Be = Be = Be
M e 0 e O N e O
:: A 7Zn M\, 4 7Zn ™ 4 7Zn
g 100N NO e v NO oy * NO
g Moo ¢ - W
S \'Mg.\w e -‘. % M . :
10 i ﬂ*‘:!“"&.”w g
el i e
1 s '.Yi %‘-t | | = | | et | A
0 200 400 600 200 400 600 200 400 600
As-grown Annealed at 500 °C Annealed at 600 °C

phere for 30 min, respectively.

B RN B R R ZAT b PR ) ZnO: N 8 i 5
PR BECIR A | 33 ] B A IR A KA 2 1Y ZnO:
N I AR T R 22 N Z 32 5] H DA ARE
BS80S 07 S5 A AMEE TR 2R 8, ZnO: N I 22 5 31
PACHRJE R IA n B G H B PR A 107 &=
e, PrECHER XPS M R, 2l 5 ik H
() ZnO: N A A N R B 2l R R

it Be-N 4819 07 3K 15 19 p B Zn0

t/s

B 76 JEAAE R FEI LR 250 5 P ZnO: N (a) il BeZnO: N(b) R SIMS MIRE5 R, J5 #3444 500
CHI600 C, JGHAb IR N, , AL RT3 30 min,

Fig.76  SIMS results of ZnO: N(a) and BeZnO: N (b) films, as-grown and post-annealed at 500 °C and 600 °C in N, atmos-

JEE 25 R BE O 10" em B, IR AN 0.3
em’/(V - s), XRWHERT Be-N B & p
BRI Zn0 WA AT 474, — 71, Be B A
ZnO: NS A K42 T T N J7E ZnO: N i
B 42 2K 5 o) — 7 T TR G AR R Be Ji
TREEFVRLFAY R N AER . XX N 2% ZnO il
2 p MEAEKRWBWAEN ., Baj H4ib K5k
T Bt A p 2 ZnO: (Be N ) B AY 32 22 A 2



CIRE|

HITENR, 45 AACREEATRE S

g5k KO R g 39

WA TIE B AP 1 Be-N B EKE O, 4%
Be 453 F IR F 240, XA HIFAR5E,
FEP N E Be 44> BeZnO &4 dE% ANaE, 5
KA TR AT X R 1 ™ O
FH K Be 24> XASBEAF B HS = (1) N B 24K,
TSR ZnO WEEAS S W ARG p AU LR AR
— W AR AT
4.2.2.2 Te-N 4574

FoasHr -V AR K Z AR IER) n BUAE
BEAHA — S Sh: ZnTe I KIRE p Bl 5,
Te JGE X Zn0 HB AT RE XA R p B =

SECH RIS, AR T AFE E Zn0
(a) 3 A B C D
107 ’-.-._‘ isgnwnﬂd‘
’.E: 10“*1 :
é}/ | D
S OM0TL 5o 5T 0 55 0 55 0
., B/KG BKG BKG B/G
™ . annealed
104 ‘.— _______ &
.-n Annealed >
\ »
< 10%- "2 _.’ - =
=]
= 4
<
107 " ! p(n) n(p)
|
n(p) As grown
104 .--.----—’
10! 4
. ' - . Annedled
- “e-
- T~~~ 0
“Z 107 ._ _ O
A K . __:
E ® i grown ®
10 I I |
0 5 10 15 20
n(Te)n(Zn)/ %
K77 (a)i

Fig. 77

films with different Te content.

4.2.3 Li-N & 3%

2006 4F KA ICHLI B A4 55 F H 40+ SR ob
FERARTE W EARE L4 T N #84% p 8 Zn0
W M % ZnO [ E pn 4510 2007 4, Z. P.
Wei &R FHRAMER AR @t N, 1 0,78 N

T Te/N B IIHFSY, KX Te/N 4219 )54
FEEARE i R A n Y E R K AR Sy p A
WIRT Te X N B2 A/EH ,Lﬂimﬁ‘%ﬁ
FRTHIN 25 SR AR — 50 gE R 77 s, K
o XPS A5 SRR T Te X N B 24R0CR 1 14
SRAT AN BRI R IR A B A W B 3K 10V
em’ (IR N2 ~3 em®™/(V - s) A,
FATRHMRE GBI GEEARRANR T 5
N 52 TSI & 606 () B &2 1 AR fb LA, 1155481
B N 2 ERALRERISE T R |, Te 18 2% R i
WRKFET N2 =R fe( [ 78) ™,

(b)

Photoelectron  conunts/a. u.

302 396 400 404
Binding energy/eV

100
T 80
=
E B /
& 0 m N-Zn-Te
o4 @——
<< \
20 N-Zn-0
0 | | | | |
4 8 12 16 20

n(Te):n(Zn) %

BRI Te-N J642 ZnO WA AP RS AL s (b) AR Te BAHEM ) N1s SEHL T,
(a) Electrical property of Te-N co-doped ZnO films before and afer annealing. (b) Nls photoelectron energy of ZnO

BRI F AR L& T p-Zn0 JHE, JF '3
JE A Y ZnO FEIEAY Y p-ZnO: N/n-ZnO [R5 pn 45
RICTAE AR TR T I -4 %/Ezf)z
5 A

2011 4, FRATHAIH Li-N B2 F244145 7 0]



40 O A 5535 %
15K Te 0% Z (a) 15K Te 0.687% (b) 15K Te 0.898% Zp(e)
20 K a K 20 K =
5K 5K
T 3 T
< 50 K 0 < < 50 Ki
= | ek e = R a
g R o g X v g ek
Pl s = fom :
E |5k o O o &4 88 = 2 |50k =)
0k H g3 == 180 K
S T RS RORONDY = = kK
WK 2w 2 A 260 K:
e A Db =B~ 300 Ky
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.10 3.15 3.20 3.25 3.30 3.35 3.40 3.10 3.15 3.20 3.25 3.30 3.35 3.40
Photon energy/eV Photon energy/eV Photon energy/eV
338" FX Te 0% 338 wx Te 0.687% 338 A0x Te 0.898%
»\ 34 N 339 “‘—h"‘ﬂ\
3.360 000-0-0-0—, 3.34- 334 FA
= = = O !
c3 DX 2 332 0 < 332 "‘“""‘""% 0.5ko
e
K 330 05k 330 veeey -
5 DOX-TES £ 338 DAP ' £ 328, PP 1
332 2 e ED=3361 -7 A0 T+ 707) 28, (T)=3.361-8.1x10" T*/(T+768)
+ % 326 Bu(D=E(1)-0.124+0.5kT % 326 Ev(1)=E,(1)-0.118+0.5k,T
& 3301 E(1)=3.376-5.6x10*T"/(T+720)| &= 324/ F.K(Y%Eg(T)—0-225+0-5koT o 3.24Em(p=Eg(D—0-224+0-5ksT
sl 3.22F 0.5k.T 320 Weean v 05T
’ | I 1 3.20C I | | 3.20¢ I t L ’ I
0 50 100 150 0 50 100 150 0 50 100 150
T/IK T/IK T/K

K78 A PL 3 R i HL 7 5132 ERE G 5 5 & G RE B A B Rl IR AR AL, R Te-N SEBIEAR T N 2 198

i

Fig. 78 Low-temperature PL spectra of Te-N co-doped ZnO films, the phonon energy change with the temperature, indicating

132]

that the lionization energy of N acceptor can be deceased by Te-N co-doping' "™’

(a) + (b)

Ni/Au

EL intensity/a. u.

n-Zn0

L L
a-ALO; 400 450

&l 79
FL RO IR T

560 530 6(50
A/nm
(a)ZnO % p-i-n RS EH R B ; (b) SRR 12 K FE ARBTA 23 mA B EL & 6% ; (o) KR

Fig.79 (a) Schematic diagram of p-i-n homojunction device. (b) EL spectrum of the device with driven current of 23 mA at

12 K. (¢)Image of electroluminensce at low temperature

FE M p B Zn0 WHRES FRAF T ZnO [R5 pn 45
B R, E 79 i, L MN Ay E T 1 EMmV
WEICER 78 ZnO v o3 5 34T BH 2 R B B 8%
A HRAIVE S 32 £, (HIE, Li Jst 11 5 76 i
¥R Bl A PR R B B S AMERR L Li BT
fif Li #2419 ZnO 2L A, FRATEBILI—N
Z 1Al A4 A VR, . Li—N R Li R,
AL Li T AR 32 R HEZS X,

[135]

Li-N 238245145 89 Zn0 p-n 45 rf, WL 51 % 45 0,
LG, K 80 i, kB T2 1
2012 4, W HAMSE T Li-N X2 E1B244 £ Zn0
p-n &5 1= IR R EUROE, E 81 FiR, (B2, 1
IR R AT U F TS EI) Li-N
B4 p B ZnO [F AR ELBCRR 2 , 72 11 48 200
AR, — EL2 P p AU S RA Li-
N 5245145 89 ZnO LED BCE 6 D H A6 T4E,



CIRE|

HITENR, 45 AACREERDRE S A SOt 2Rk 41

UEHEA AR e M, FE Ik TAEZ 00, i G
ZnO [F]J5T pn 25 LED M 1 i

fHJ2&, iR ZnO LED HLECE JELART ULk B R
FLARRRIE TR E RO, Wi, i T
U4 A RE AT O 14 1R A5CR R OB AR AR AN 1T R A
W, BAEHT p BB AL PR ZnO Y Gk e %5 B2
SN BRAR T 25 o B AR 1 RO
fe, R8BI T 2 Gl B FE e A

250 2150

200

50 450 550 650

Intensity/a. u.
9
S

100f

50

350 400 450 500 530 600 650
X/nm
K180  Li-N W32 E#B 4441 ZnO [ 5T pn 45 LED 192
T ECR G
Fig. 80 Room-temperature EL spectra of Li-N co-doped ZnO

homojunction LED

1000
T 100 ¥ ey

101 r/E ] B

120

18 ~
16 '»
14

C

(

Resistivity /() cm)
s
—
.[ VAN
Il
S —
(t wa:m)uoueuuaauoo 9[oH
S o
m’ -V

[«=T SIS NN
Mobility

EL intensity/a. u.

A/nm

K181 (a) Li-N X2 EBAHI 1Y Zn0 WA HL 2 F0 08
P£;(b) Li-N X 3Z F #5430 45 19 [ 5T pn 45 LED
i1 28 L BCR O R R M

Fig.81 (a) The electrical stability of Li-N co-doped ZnO

film. (b) Room-temperature EL spectra of Li-N co-

doped ZnO homojunction LED.

p BIZET, WIRABHER T2 & R e
Fr B E Y n B2 AR AT RE AR T & Ok, T
HATE Li-N 82444 p B KT i 2L ath L, I
J&T p B MgZnO RBFFE e, e p-Mgy »5Zn, 5 O:
(Li,N)/n-ZnO Z5¥5 1) LED (&l 82 (a)) H, M T
] p B2 AT AR MeZnO — Ml (455 22 T BELEY | 1]
23X 00) n BRI AT 5 ) A a2 ARG iR
BRSCELT A 0 BUZTPEIR TR A BB
% (&182(b) ) AT LAE R, HA G AT ZnO 1Y
[ pn &5, KOG FWEN T 390 nm, I EHT
420 nm, &K [ ZnO BT HIH K 5T

LA b W H A N E T p-MgZn0/i-
Zn0/n-Zn0 45K LED (&l 83 (a) ) , % HI 4% i Jit
WA i )2 Zn0 B FE & G — BBl i
R 5 B He ) S E G, Z A e A I T A
SR, FAr ATk 23 h LA F L, A R e e
R P I A B ) A AR Ak # &l 83 (b)
PN o

Php B MgZnO R 5Ll i W] LIF EE p-MgZn0O/
n-MgZnO 254 1) LED, X #F, L BUR v DL
BB A A AR E 4SBT A 1Y
LED, 5% 355 nm A9 HL 3 &G, W& 84 TR,
MgZnO B 4= LIk — U5 A Z T 1544
HARZ— A RARAG p B ZnO IR T

(a)

In

800F
7001
600
500
400r
300r >
200F
1004,

(b)

50000

Integrated intensity/a. u.

! I I |
15 20 25 30

EL intensity/a. u.

| |
500 550 600 650
A/nm

82 MgZnO: (Li-N)/ZnO 5 %54 LED 24~ El
(a) FIHLECR IS (b)

Fig.82 Schematic diagram (a) and EL spectra (b) of Mg-
Zn0: (Li-N)/Zn0 heterojunction LED"

|
350 400 450



42 koo

EE ¢

%35 %

(b) z S

£ 30000

o

. =
=1 £ 25000
\i E 200001 %b °© o
=
z P sz729000000000
= E . . ! .
.g - 0 400 800 1200
= Operation time/min
| 30 mA
=

7 mA

350 400 450 500 550 600 650
A/nm

/€183  MgZnO: (Li-N)/i-Zn0/n-Zn0O 5B 454 LED f#%
PR (a) MU (D)
Fig. 83 Schematic diagram (a) and EL spectra (b) of Mg-
Zn0: (Li-N)/i-Zn0/n-Zn0 heterojunction LED

25 %
20
15 7

Intensity/a. u.

0

= &= U U
0 S 2
2383

A/nm

84 MgZnO: (Li-N)/n-MgZnO FJF&5H LED ZEA4 [F] 4K
ST R R B OLE

Fig. 84 Room-temperature EL spectra of Li-N co-doped ZnO

09"

)
=)
=]

0S¢T
00%
0S%

homojunction LED

5 FEERAEK

AREH AN Zn0 F 5045 LED 4549 K
HORCHERE T MR, Z )5, EEANE Zn0
T 2 WO S R BRI R, LA H 2R 24
BEALIOE | 35 -3 2 (F-P) #4006, [l 35 BE
(WGM) B0, 723X 3 Aot , Zn0 [0 BERL L
LA R AV 1 [ R 55 19 o 5 PR, i LA AT
—HE TS Zn0 [0 35 BERL R AN, BAl]

TECAEH Y ZnO (0] BERL BOBATF o2 B Al 1
# T n-ZnO WCKAE/p-GaN SR RMOE S , S
TR ZnO [ BERI RO OF Hol T i —
AR R ORI LT, T IR A RO AR RS |
o 2RI AT AR, $2 8 1 F A8 RO 1)
R

L BIR KR T (LED) SE 8065 A 1L,
BAREREIR FFart AR W RERMA S 7E
A B AT TR A N ET S, LED fE S —
FE AR R BURGaE, HR G 2 R M
R 55 B JAR G (1 B e g sz ™ L Zn0
PR MgO(E, =7.8 eV) \CdO(E, =2.2 ~2.6
eV) \BeO(E, =10.6 eV) F A1 RHIY ks 2% BE B2 52
/N JERLIMg, Zn, ORIl Zn Be, O &4 BHA
ZA T3 e A A I A 2 53 Y A B 9 T
BIF4h #9006 1F, ZnO Y % 1 25 & % (300
em ™ )T GaN (100 em ™) ZEAF KL, HAEE T
PRI T e AR A A

LED FEAZER T2 FH pn 45 L M0 T
WA, X T ZnO [RIBL4SE, BT AA& IC I, B
[ 1Y 7 S S s =4 e e AN | ST s =R
FaE 1Y p-ZnO ARG 5B 3] TR BL, FrAA
ez S = B 45 454, 4 8m  BR 7E 35 B 2
P, B A R X R R B AR e A R
AL, BT, Zn0 H LED 45+ A Wi ol 7k,
ZnO [F] 25 ) 7 BT 45 4540 | 2 S B 45 454, ffi 5
LED AR RE (04 it D2 13508 Ok i
SE)VERAE TARK M, BeAh  BEZ Zn0 4k
BRI K IMEA A B —2E ZnO K25 I
TFBEAHRHE UG T Zn0 5E LED (5145, sk
S5R o LR A AR TR S A T R A
SERUUNE T ELA V22 3 A3 1 Y F R A5 DL Rl A
RIRY LED 778 OGIEAE DG A YL B
A5 A58 A A e A 1 R

FIH ZnO 1958 A1 &6 Re P T Ll 28 45 10 1
FARPL S BB AT — E B T4 2 0 H 3 5 4h
KN T, 0K X S I K &R E AN
50 B A7 A N 2B i Tk . RAE 1967
4E,1. T. Drapak #iEHRIE T ZnO/p-Cu,0 R4
(1540 nm HLBUE G BRI, o T T A &k
TR B TAERCREAR, X 2 i) A S5 S
T p M ZnO $B4ME LIS, R HR 1 20 4E1A]
B — HIRA R RICHE, 4K, p-Zn0 &



CIRE|

HITENR, 45 AACREERDRE S A SOt 2Rk 43

BB, B p BB AT ST A 1B
Ji& AR BB E A 3], (HIE, 7E p
RIFB% Zn0 WY 2SR B SR 2R Z 0T, 55
ZERIY) ZnO LED AR R—MIFrk s Bl &
HAER T TAEARZ T 328 p BB 2% RIXER B
3, —H p MBI H KRR, Zn0 [R5 45
B ERE 1 n] DASE AGHT BB ST B B
5.1 MIS %#J LED

SR, FEIX PR p-n SERES AR, B T REAY R

Jize

BCAAFAE AT 7 25 GRS RE ) B 25 57 | Ik S
e (a)
? Au
=
<
=, Zn0O
g \ ~  n* <100> silicon
= \ | T
\ —
b s Au

L = >
350 400 450 500 550 600 650
A/nm

PR BB SE P AT R Ak B p B2 A
S, WELRUL, R p-n RGO AR RE5 A , AR
MELLIRAS Al ZnO B RSN RO, BRI, 7
— PSSR, &R A AR SR (MIS) 57
IDIEAT A Ca i B a1 )2 B s BB QR oy i 242
Xt ZnO B R BR GF A9 FR HIVE R, AT kA5
JE A ZnO MANE AN L0, WL KRR
B A X — TR T3 209 TAE, ]
FIH Si0,/EN# &R SR H Zn0 BYAE 541
FLECE L N 85 i,

(b)
~ 40 mA@10.0 V
h =20 mA@7.0 V

——
10,—100 nm

| MgZn0O-300 nm -

[ n" -Si<100>
i . — AU |

Intensity/a. u.

J } ———nn
" — B D

1 |
300 400 500 600 700 800
A/nm

85 ZnO % MIS G5#4 1 K& e
Fig. 85 ZnO based light emitting device with MIS structure
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Fig. 86 Schematic diagram of Si/ZnO film device, TEM and

EL spectra of the device!™].
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Fig. 87
ased voltages, the inset presents the schematic dia-

gram of the device.
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Fig. 88 EL spectra of the device under different drive cur-

rents, the inset display the schematic diagram of the

device and the lighting image.
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(a) Schematic diagram of horizontally ZnO mi-
crorod/p-GaN heterojunction LED array. (b) The

Fig. 89

light images of multiple ZnO microrods'"*’.
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Fig. 90 The working current and emission intensity vs. the

1/ pA

EL emission intensity/a. u.

applied voltage. Inset: EL spectra of the as-fabrica-

ted LED array under different forward biases'**.
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Fig.91 (a) Schematic of the CdTe QDs decorated ZnO

nanorods/GaN diodes. (b) The CdTe QDs samples
with different emission peaks at 564, 580, 600,
623, 654 nm. The upper inset is the image of the
samples under UV light, and the two lower insets
are the TEM images of the QDs (A, =564, 654

nm) , the scale bar is 5 nm'"¥"’.
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Fig.92 EL spectra of sample 1(a) and sample 2 (b), and

& 92

(%, y) chromaticity coordinates of the two samples
(c). Sample 1 solid triangle; Sample 2 hollow

triangle .
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Fig. 93  The random lasing of GaN/ridge-like ZnO hetero-
junction. The inset presents the schematic diagram

of the device.
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Fig.94 (a) EL spectra of p-ZnO/n-GaN heterojunction under different currents, the inset displays the schematic diagram of the

device. (b) Enlarged EL spectra of the device under the drive current of 7 and 9 mA.
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Fig. 95 EL spectra of the laser diode under drive currents from 1.5 to 3.6 mA, the inset presents the curve of the drive currents

vs. EL intensity of the devices.
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Fig. 96  EL spectra of the device under different pumped

currents, the inset display the schematic diagram of

the device.
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Fig. 97 EL spectra of the Au/MgO/Zn0 structure under different injection currents. (a) the Au/MgO/ZnO structure. (b) Au/

MgO/7ZnO structure decorated with Ag nanoparticles.
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Fig. 98 EL spectra of As-doped ZnO NR homojunciton de-

vices. Inset shows UV peak intensity as a function

of current.
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Fig. 99

(a) Schematic of the laser device. (b) Side-view SEM image of the device structure showing ZnO thin film and

nanowires, scale bar; 1 wm. (c¢) EL spectra of the laser device operated between 60 mA. (d) Side-view optical mi-

croscope images of the lasing device, corresponding to the electroluminescence spectra
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