Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

FAEEZERZn0RRE LB L L HIRERIEHLH
E% i NAFE FAM B ERE

Thermal regulation mechanism of photoluminescence in intrinsic acceptor-rich ZnO microtube

Wang Qiang  Yang Li-Xue  LiuBei-Yun  Yan Yin-Zhou Chen Fei Jiang Yi-Jian

5] Fi{% B Citation: Acta Physica Sinica, 69, 197701 (2020) DOI: 10.7498/aps.69.20200655
TEZE[R]1E View online: https:/doi.org/10.7498/aps.69.20200655
I N2 View table of contents: http://wulixb.iphy.ac.cn

TR RRIRGER N HoAt SR
Articles you may be interested in

DG A FASIGALITeO g Eu™ 4T 3 MR YR JE I IR K A5 N

Concentration and thermal quenching of SrGdLiTeO: Eu’* red—emitting phosphor for white light—emitting diode
YIH2E 4. 2018, 67(24): 247801  hitps://doi.org/10.7498/aps.67.20181523

ALK IBURE R T 45 B OT A Zn OB B YERE R o

Enhancement of photoluminescence from zine oxide by aluminum nanoparticle surface plasmon

PIFEAEA. 2019, 68(10): 107301 https://doi.org/10.7498/aps.68.20190062

B ~Gay O, AOK BRI R S S B8 et

Size Regulation and Photoluminescence Properties of B-Ga,0; Nanomaterials

PIFEAEA. 2020, 69(10): 108102 https://doi.org/10.7498/aps.69.20200158

AT BRIUAE 2= A A < WA SRR 25 57 A LS F ) R )
Effects of oxidation on silicon vacancy photoluminescence and microstructure of separated domain formed nanodiamond films

YIFI£4. 2019, 68(16): 168101  https://doi.org/10.7498/aps.68.20190422

INHA I MoSe2 BUZ A K A 1y il £ S HOEEAO LM RE
Synthesis and photoluminescence property of hexangular star MoSe2 bilayer
YIBR2EA. 2017, 66(13): 137801  https://doi.org/10.7498/aps.66.137801

FEECESEIFTEAN ] e IR B — U A R 0 Bk b
Photoluminescence spectrum study of defects of potassium dihydrogen phosphate crystals irradiated by different laser fluences

PFEEEAR. 2020, 69(17): 174208 hitps:/doi.ore/10.7498/aps.69.20200482


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200655
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181523
https://doi.org/10.7498/aps.68.20190062
https://doi.org/10.7498/aps.69.20200158
https://doi.org/10.7498/aps.68.20190422
https://doi.org/10.7498/aps.66.137801
https://doi.org/10.7498/aps.69.20200482

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 197701

lﬁ

FEEFZE
HY

=
/L
FEY #HarF? ANz

 ZnO RIKE B LA
FE VR HHl

=R M 2

BRTRY R R D

1) Jestaimfb TR, MORRLE S TR B, dEat 102617)
2) (IR Tl K2, Mo TR I, JEET 100124)
3) (T PIRHL R AE BB, 1IN 545006)

(2020 4E 5 A 3 HY3; 2020 45 6 A 11 HikEIENH)

PR RS2 5 0 2 AR RO B 0 B SR TR 3R 2 — . AR SRR XGRS A R R 32k A B ARAE
Z FR ZnO WOKRE, REMR T HIGCEUR A P HLE]. B R, Bl % ZnO BOK & BA BN 7514
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58 S PR PR R - B PR R -BRAR R B H AR AR AE 80200 K I X PN AY AR K AT O 5 v i E ARG /H
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VER S = A0 R Ry B8R ZnO LT
WEREEIA 60 meV, 7EE T SLAELE 2 B 2 1Y
WA RICAT R, BN R 2 S TR T 2 R
BV A AR RE 1181 ] psf 2 S B H L e v
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T AN Z A1 R, FERIRE KT % ZnO 3
JCHL BT SR A A EERR SR L. A
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WA 72 A Sk HE T 1T BB 1 F -2 R B L, (R4 AR
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SHUEAEIE SN A-ZnO oK, JFil i ik
JEHE T T A-ZnO WORA 71 B 7 Al
L, FAZ# PLOETEHARMISE T AR A-ZnO i
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LA 4l ZnO B3 K (99.99%) h J5 Rk 4% B %
B, B B R R TR b, IR OVSP kil
7 A-ZnO WOKEE P AR R R AE R SEHN
AR/ RIRA R, IATIE R 900 W N %
HZEF RN, BUR A A-ZnO HOKE R IFE4E,
FH RS 2 P I BUAAR. A-ZnO HOKAS F 15556

K T B4B% (SEM, Hitachi S-3400 N)
FAE A-ZnO WK BIROIIESL; SR 5h-11 W43
et (UV-3600, Shimadzu) ik A-ZnO fik
B EROEIE; RAASE PL OGRS R el
X A-ZnO KA 7 IR PL OGS, SOk 6T ik
1 325 nm K He-Cd #OGAY, 15 SRS A Acton
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3.1 A-ZnO Rk ERIFIRRI

Kl 1(a) N A-ZnO WOKE B SEM K, A
VA AR ZnO ROKEE PTE SN | e B0 b
KPR 5 mm PL . B 1(b) FE 1(c) A H T
A-ZmO WK TEARTR X IR 3 SEM &, 1] LIF
IO A R EDEW . BA SRR 7S A IR AR 254 |
BHARZ R 100 pm. 1585 F 2R TF X 345
TR, A-ZnO HOKRE R4 Kb 2 3 sl g
Wl F] DLW AT, HoSASBE e S &) 48— | BE
JEHEA—2.

3.2  A-ZnO GRIKERIREIE

Kl 223 A-ZnO BORERIARTE S I T HIMRIOL
. ATRUA Y, A-ZnO ROK A X 505N BE (200—
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BUFFE R WAL e 2. th T ZnO J& T B EH
Bp AR TR, HOL A RE o W2 Tauc SCER P
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Horr, o AECROCTRIRER, OO SAPRERE | #
JERRHI R, B, JOC w55 5. I, FIH <o
T, LL (ahw)? 990G, LA ho i il BT 75 3)
Tauc M2k, ¥ MZeny b8 1K SRS, 28
SRR B, thIE 24 B0, B, EZA
3.30 eV, T ZnO FHRHEE T S/, 3%
5 A-ZnO WOKE WAFTE R BB AL IR A G, X
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(b)
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Fig. 1. (a) Overview, (b) side-wall view, and (c) close-up
view of the A-ZnO microtube by SEM.
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Fig. 2. The absorbance spectrum of powdered A-ZnO micro-
tube. Inset: Tauc plot.

B 7 FRUGREASSAE A-ZnO BORE R TS | A SR
FaRES, = ECHOO A B BEA 2, AT
{3 i <A M 1 2 A BT 50 1 F D) 29,

3.3 A-ZnO HAERZIR PL i

Kl 3(a) b HLHR A-ZnO K % 7E 80, 270 Al
470 K 19 PL 6%, 80 K i}, A-ZnO HCKEEA 5 1>
Y WY &6, A AT 3.32, 3.31, 3.26, 3.19 FlI
3.12 eV &b, Hh i T 3.32 eV b1y & Otk B T
HHMTF (FX) &4 6T 3.31 eV AL R IEIE S
e ERE T (A'X) E A4 K LT 3.26 eV
Ab 1 a0 Al T B A2 R AR BR AT
(FA) 51if; 3.19 eV 4L & 6K H T DAP B4
3.12 eV bR DAP 4 KCH—Bs Tk,
‘©5 DAP B & &OGIERRE R BIFE A 72 meVI61E,
270 K I}, A-ZnO WK B 1 FX KOG AX &%
FA &I R — 580 NBE &G, Hb g
1E 3.24 eV 4k, i DAP & 6IEN 4T 8% & 3.14 eV
b, TEAESE ZnO Mk, 32 F455) 32 itk R B sl
JE Wk IE I K AR S, T T30 DAP & OGAE R E
100 K DA BB ghias kA $h K, sf A NBE &0
HORTT 439, 1 A-ZnO fCK A B9 DAP K& iRt
R B AR B WK, BT AR AE 7R R
470 K BF 2188 22 2.98 eV AL, B A 5 B RS 55 T
NBE A&t (3.13 eV) BY5E — &G, SXfh i w31
%25 A-ZnO 132 EAREVIMC. AR T
K, A-ZnO WOKE Y32 £ FEORIET AR
BEAL (V) BREG, MHEE TG B e 4K
BB, Vg, 52 A RIRA R AR A (1919,
FTUHANCH) DAP ROGREMSTE R N R e A7 7E.

&l 3(b)—&l 3(d) 4t T HAR A-ZnO ek
FEAR TR BE X)) 28 i PL OGS . £E iR N
80200 K IX[H]. B 5, A-ZnO RUKE 1
Jifi PLIE&BE MR, KotimE 2l N, FX,
FA, DAP &G 2 43 1) B B Rk 1 18.2%,
33.3%, 16.7%; DAP-1 LO [X 75 1 HUi A 1658 1M 12
WA 5B AOX KB BB A A B,
5 FX kOGS IF. 2R 200240 K X [A],
FA &5 FX U5/ 08— NBE
%6, NBE Fl DAP &5 J3 i 4 T 10 T i i 2
W, P RO Ay B R T 2.6 £ AN
1.2, X — kOG5 B AR R 5 ZnO MBI
PL #AP K BG N AR A I AH B2, by B AR KRN
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Bl 3 (a)A-ZnO fi K 45 16 1R FZ o0 80, 270 Al 470 K Af 19 PL Y% 3% . A-ZnO f K 45 46 R A 3R X 1a) 9 /9 45 3R PL Y6 i%: (b)

80— 200 K; (c) 200— 240 K; (d) 240— 470 K

Fig. 3. (a) PL spectra of a single A-ZnO microtube at 80, 270, and 470 K, respectively. Temperature-dependent PL spectra of single
A-ZnO microtube in different temperature ranges of (b) 80—200 K, (c) 200-240 K, (d) 240-470 K.

T N EE A R A P RS R R
bra&. 767 ¥ J 240—470 K X Ji], NBE #il DAP
RIAT BT R I KBON 5, P TR RO
I3 R R FR 5.0% 1 5.2%.

3.4 A-ZnO fKE PL KR EVEENLE

FAFE A-ZnO FCKE PL & GIEREE AR fk
A HL], FRATIFSE T 4 OGRS iR B2 28k
FIXN R, K 4(a) 4511 T FX—NBE, FA—NBE,
DAP & 't 5 B Bt i B 09 A8 4k, AT DUE Y Lk
PL &bt R AR L, 2607 T DI K3 £ 44
VK PR AT A, X — b BT 2
REUR AR A A 24;

1+ Z Dy exp(—E,/ksT)
= SG)
1+ Cjexp(—E;/ksT)

Jj=1

Hodr I(T) #1 10) iR 4y S AE T F 0 K B 1)

PL &GS B, AR K G BTG AL B E;
JARRR S E A R, § OB R E AR
Efm S AR ks WBIR 2% 2 H L (8.617 x
10 eV/K); D, Fl C; R 005 . MRS 23040
PRI, Y w =111 m = 2 RHUERCREE, 1)
BEE IR RN, A-ZnO oK PL ISR kit Rt
AR IS RE BUR 2 AR B E At
E, F By, A ZEFRINZ 1 5.

MF 1A LIE H, DAP #il FX—NBE %G
EHAENT, 254 430 meV, i FA—>NBE %% E;
A 488 meV, B#H 222 58 meV, 1IE4f5 DAP

# 1 R PL KPR RIS 15 L AE

Table 1.

fect for different PL emissions.

Fitting activation energy of thermal ef-

KR E{ /meV  E /meV  E,/meV
FA—NBE 488 628 57
FX—NBE 431 572 39

DAP 424 570 55
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1000T-1/K~1
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Peak energy/eV

75 9I0 1(I)5 150 155 1:50 1235 1é0 1'.I95
Temperature/K

4 (a) FX>NBE, FA—NBE, DAP % I 35 Jif i i i

AR Ak B AU A M2 (b)FX R FA &6 W A7 Bifl 318 J5F 119 28

B A A il 26

Fig. 4. (a) PL intensity of FX—NBE, FA—NBE, DAP

emissions as a function of temperature, and their fitting

curves; (b) peak energy of FX and FA emissions as a func-

tion of temperature, and their fitting curves.

RN REH L I A BT REG B A R Y
RE ] B (29 60 meV) HHT, W] A-ZnO K&
FEFA R LA T 488 meV Ab7E7E T S R, 1410
BT A-ZnO HOKRE I POREEL, REfE i 2R 4F
FIBEABIFARIONE , 57 AR ARORE 77 A 5 I RE R b JRy ik
H PR B UIADE. AR, DAP Fl FX—NBE
KICH) E, 24 570 meV, 1 FA>NBE & GHY
E, 4 628 meV, FH A-ZnO HOKE 78 T4 K LA
T 628 meV AAFFE— A AEFR I A ol , B+
ifiid Shockley Read-Hall(SRH) B4 SHE 417
IS R LIRS R W, ZnO TR RE S BRE £ 0 T
M LA 1.7—3.0 eV 4k 251 Hodr 4823 v BB 107
FWA LA 2.7—2.9 eV JE RN 2528 AL AT RE AL
i A-ZnO HOKE ARG 26 SRR L.
F—J7 L, R T, P AR R AR 2
Tt SRH A HRCR U 2T IR 1

Nyr(np — nlz

(np Et)i E) 3)
ks T
Hp, N HE A PORPIRESIREE; n 1 p 43318 E
AL RIS SR B r M S U R AR,
BUE R SR K ng AR TIRE; B, NE
G HULREGL, BCAARNE SARM TORBEN, LITELE
WP ZAb. WA, B AL AR T R 2 ) R
ARWE GG, M E =~ E W, P800 1 1E
BHET LR ARG, EARTAED, B JE
ST B, =~ E,, BERBOR, TEEIAUE
A HITERT, BTLL A-ZnO WOk RAEEE—AVH
TRBEZLSRSAE S DR A SERR ST E Al BRRATE
P TRPA L 2.7 eV Ab. S5 1, DAP #l FA—>NBE
1) By IEEES RS A-ZnO WOK A i i HL B
FHE B A %, 1 FX—NBE 19 E, JE5a 50 #2145
T ARG HRBOEZ A8, W KX F] A°X [0 FX B 5%
25 4b) AT AX Al FX 2 A KGN BAE
I BE 80200 K X [a] N Y AEfb ith 26, W& i RE 1=
{1 & E(T) AT FIH Varshni 225625 20514 290
oT?

E(T) = BO) ~ 4)

Hr B(0) i AX fil FX & & & J61E 0 K i A RE
HALE; o f1 B RILAH . WA T RIE N,
1E 80 K i, A'X 5 FX RIGIEHIZEZ) 15 meV. Bfi
FIRERE, AX Bl FX 5L % T A Hi
T KRN, F5 FX—NBE MG fE E, 1%
FHERE (20 60 meV). RIGIIALERAT IR H
b SZ E R T7E 163 K I C 2856725 J [
i

K5 25 T A-ZnO fCKAE 2 PL BOLIETE
AR EE X (8] N I 25 A7 R i PR FEAR R DX ]
% PL OGRS EEK E2 M B, FRHE A S
Bifi 2 U B s, SRR B B RR S R FR AA
TG, BB R B R B T, IS HHIE
MRS S A, 7oA T IR ROV 5 Y i B i — 2D
et =TS e G 1o 3| o X N O s R ]
RS E A, Bl SRH IER S50 F#y2s /X
BE, % PLARNCEINN B EEHE A R A
VPRI (EAERA R, A-ZnO HOKE % £ RE
R AR e NIRRT E G0, Va, ZEAR
HH#2 5 PL KRR N, XS A-ZnO 1%
K2 EHASREEN REERE, R T A

U =

n—l—p—|—2nich(
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Thermal regulation mechanism of photoluminescence in
. . . . . *
intrinsic acceptor-rich ZnO microtube
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Abstract

Thermal effect is one of the most important factors limiting the photoluminescence performances of
semiconductor devices. With the increase of temperature, the PL intensity decreases gradually due to the effect
of thermal quenching. However, the abnormal negative thermal quenching effect has been found in many
semiconductor materials in recent years, e.g. ZnO, BiFeOs, InPBi, etc. This effect is generally considered as the
sign of the existence for middle/local energy state in the electron-hole recombination process, which usually
needs to be confirmed by the temperature-dependent PL spectra.

Here, we report the thermal regulation mechanism of photoluminescence in intrinsic acceptor-rich ZnO (A-
ZnO) microtubes grown by the optical vapour supersaturated precipitation method. The grown A-ZnO
microtube with a length of 5 mm and diameter of 100 pm has regular hexagonal cross-section morphology. Its
optical band gap at room temperature is about 3.30 eV. With the increase of temperature, the PL intensity of
A-ZnO microtube exhibits an abnormal behavior from the thermal quenching to the negative thermal quenching
and then to the thermal quenching. The thermal quenching effect at 80-200 K is associated with regurgitation/
ionization of shallow donor, thermal ionization of free exciton, and conversion of neutral acceptor bound
exciton. The negative thermal quenching effect at 200-240 K is associated with thermal excitation of electrons
in a deep level trap of 488 meV below the conduction band minimum (CBM). The thermal quenching effect at
240-470 K is related to Shockley-Read-Hall recombination based on the non-radiative recombination center of
628 meV below the CBM. The non-radiative recombination center and trap level are far from the acceptor level
of A-ZnO microtube, which may be related to the deep-level defect of oxygen vacancy in the intrinsic A-ZnO
microtube. This work establishes the temperature-dependent transition model of photo-generated carriers and
reveals the thermal regulation mechanism of PL for the A-ZnO microtubes. It provides a novel platform for

designing the high-temperature and high-efficiency ZnO-based photoelectric devices.
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