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1) (KBRS, Bk ROt ERE A%, K5 130022)
2) (KA T RFHARE, K& 130022)

(2021 4F 4 A 23 HF; 2021 45 5 H 25 HUEEIEHHR)

GaAs Y TR 22 B AR @ T AE 250 TP 5] A 24 BB, X Lo 22 BOG S pe e = A e @ HEVE T, 24 GaAs
AR 2 3] — HE ok R RS, th F LRI, 255 B BEF S0 - N EE 0 L AR IR A 4540, AT GaAs 41K 2k
B2 BRI O RR M XA WA AR B W R AR . A U T Be, Si B 28X ALER (GaAs) 94
KL SRR 5 F R E R IR . SR FARAMETE Si(111) 44K b H AL kil 4 T AL, Si 324 Be $
% GaAs 91Kk 28. Raman GG MR & BAIE GaAs G KK L BE0 45 M55 1) B2 B30, Si #82% GaAs KLk
i E2 W 55 I 2, Be $87% GaAs K4 i E2 B E 2% .l 8 /& 20 WS ST L 0 A0BE N Bk X HL A 4
EL L EE B GaAs KL Z5 1 A2 4L . LR EOETE W /R AR GaAs YK K AEFE LT 4F 0 - BE 9 TR AH 11-AY
Ghikb RO, Wit Si B Be B4, % R GWTH I, 578 S Z T A AH G 1 & L.

SEEI: GaAs 40Kk, 4540, 4%, /) THROME

PACS: 78.67.Uh, 61.46.Km, 61.72.U-, 81.15.Hi

GaAs PPRHEAT BHAFER . i TIE R AL
BB, #0120 RS0 an A B0t 2
EHLRI g5 B FDGARE 1 1SR4, GaAs KL
PRI 7 82 JA A TR iy S ) R T 4 32 0G0, R It
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T Z WS, 8 GaAs W Bk KL A4 7 7 N
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WZ 45K ZB 4546 2 8] 1) 2284 fy SR Ry v 1 il
TR G X LR s RN R
PRIV B WZ/ ZB TR AR 45 1 K B AT 94 K 4 1 Bk
Xof i v O T A A g RE AT e A .

LA, REWTSETAERC) TIF RS WZ/ZB
IRARZS P96 AR R4kl 7B s WZ g5 K T2,
FEE AT R AOR LI A K SR T RE (K
HREE 1,V /L R (0 R0 iR 112 5 A S
G 13U 3R 517 45) S —AH. RZBRIE
JRIFRTEA R R A Rl , 3o HOL 2 R FEAR S
B, JEHGERTE IS AR 2 B4R GaAs GIKLY
RICKIEATHRANIE.

AR SR M R LS 4 T R AME (molecular
beam epitaxy, MBE) 45& FI a9 AE K 7 il 25
TAE, SiBZA Be 7% GaAs 4KZL, X H 4
Fa) G 2 R PR 217 43 1. Raman S35 7R A ME
GaAs K A7 16— DB B 1) WZ S5 1 8¢ A 1Y
E2 5\, 8% GaAs 9K2kny E2 B ] o5
SSELRTHR. GaAs POKEN R PEESTHLEE (high-
resolution transmission electron microscope,
HRTEM) I35 DX H, 7 5 (selected area electron
diffraction, SAED) /R4 7] LW R REAIL WZ 25
FI T, 415 WZ/ZB(AME GaAs 99K£k) TR AH
SERIEEAS N ZB(1B 4% GaAs YiKLR) 4544, 7EIL 3
ilh b0 HOG AR T 5T, DAL (photolumine-
scence, PL) Yeil & BUAE | Si #8741 Be $824% GaAs
YURLERAEAEPIA FE R OCIE . ARE GaAs 9K
LRICIRT A BT AOEH - BI85 Y &G, Si
B4R GaAs YUK RORIE N Tl 832 E R A0
Kot F3Z2 FEXTH LG, Be 824 GaAs KL LIk
P50 B R K5 352 1 A0, IRIR PLOGIE
XFHE R, iy hiB 440 WZ/ZB IR AHZSH 1Y
KOG J LAB ARG 2% SR B A DAY 2O 35

2 % Bk

S 5% B 7 .25 MBE & 48 (DCA P600)
TE Si(111) #HJE B4 TAME, Sif878 M Be 72
GaAs N K2k . AUE GaAs kLA KIEE N
620 °C, Ga HIfi N 8.26 x 106 Pa, V/III FLFN 25.8.
Si #5441 Be $54% GaAs 944 LL 14 K & F AR
fIE GaAs KL AH A, FEAE K GaAs 99K 11
FEHFTIF Si R Be Ui, Si UMl 1240 <C,

Be W AR K 835 °C. FIA KRS AE As HUI 14
PrREEHRAE K, WEIE 300 °C LITF. fHRES F AR
HIF IR TGRS

M &S5 (scanning electron micro-
scopy, SEM, H 37 FE-S4800) X} 4= £ By KL & (1
AT RAE, 3745 GaAs HKL MBS, R Lab-
RAM HR Evolution, HORIBA Y&l {3545 GaAs
YKL Raman Y6i%, Wit WZ 2544 B RHFARE
W B2 KA GaAs GKLEEH 15210, H ot
WKl 532 nm. JE ik 4 PEE ST LS (HRTEM,
FEI Tecnai G2-F20) MECEMREX T (SAED)
Wi E GaAs PIKRL N THREEH. R HOR-
IBA iHR550 Stk {C#E AT (R iR 42 T % PL G
K, #1655 nm AR — WA BOE RAE IR TR,
FEBRER/INA R 0.4 cm?.

3 #£R53

Kl 1(a)—(c) Ik AR AE KRG B AL | Si
B4 Be 84219 GaAs 49Kk /9 SEM ] 14 141 .
AR R Si $8 2% 90 K 42 52 BN B0 0] 2 L4 A
Be A% A K 2 5 o] SIS T B4 A H— SRR,
R Be BAYNK L B A B = 45 BT, S 1
FEBIETATE GaAs YR RS GO, 17
T Raman Y& 3% M3, 3 WZ 254 b R A 1
B2 BB 2 KL 2544 . X T GaAs 44K
2k, XY Raman Y6 %3 #7778 = Fisd XA 0
SRR TO (~267.2 cm™Y), REDE#H T
SO (~286 cm 1) AV LO (~291.2 cm 1)19-21)
X TAAAE WZ 254917 GaAs 0Kk, B TAEAE LA
b =R A W AN IR AETE— A WZ G5 )
AR I X5 N7 R84V ~ 259 cm ! 19-21, Raman St
QK 2(a) Fis, AE GaAs 9K LAETE E2, TO
F1LO 18X, 1M Si $844H1 Be 8243104 LI ik
B B2 A, S T 24 2 5 GaAs 44
KR GRS, FH T 28024305, Q& 2(b)—
(d) Fizs. Bl 2(b) R B E) GaAs E2 £, UE
SAAE GaAs GUKL L5 WZ/ZB IR FHZ5HE .
K 2(c) f7n Si 8% GaAs GPREAFAEETI) GaAs
E2 #1006 IS Si$84% GaAs YKLk 1) IR S5 1
FEh 7B 451, E 2(d) B Be 84k GaAs 40K
LA GaAs E2 B, KL Be $84% GaAs 40K
280 7B 454, RYE GaAs YKL ZEIC 2 A1
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K1 GaAs HKZ SEM AL (a) AME GaAs IKZL; (b) Si#B7% GaAs KL, (c) Be 578 GaAs KLk
Fig. 1. The side-view SEM images of GaAs NWs: (a) Intrinsic GaAs NWs; (b) Si-doped GaAs NWs; (¢) Be-doped GaAs NWs.
2 —o— Intrinsic NWs 2 oo Be-doped NW|
=) § oo Gaas B2 2@ I caalo
= - GaAs TO = Js---- GaAs SO
3 i} ---- GaAs sO o 4+ GaAs LO
= Io GaAs LO = ;l
3 $ l g [
s A s I
P Z o H Z Y
R =] e e a
Z < S x%mm < S &
= E i e 1 ER R e .
i 240 280 320 240 280 320
= Raman shift/cm~—! Raman shift/cm~—!
B T
Z 3 ~o~ Sidoped NWs 0-40 60 &
3 = () -~ GaAs E2 2 5 o
b=t 3 . GaAs TO 5 0.36 15.7 >
B g S 3 54 2
Intrinsic =] T ans 5 0.32 15.4 =
~ ~
z i 3 0.8 151 8
i 30 2
. M g \vj ] 14.8 7
R ot e | ~ 0.24F <
220 240 260 280 300 320 5 = . . . N P
Raman shift/cm—! 240 280 320 Si-doped Intrinsic Be-doped -

Raman shift/cm~!

A 2

(a) AL, Si 578 & Be 578 GaAs KA Raman JGilk; (b) A, (c) Si#B44M (d) Be B4¢ GaAs KL B IR XIS

El; (o) BT A GaAs #K£E Y GaAs LO 5 GaAs TO 38 i H.H & GaAs LO By FWHM
Fig. 2. (a) The Raman spectra of intrinsic, Si-doped and Be-doped GaAs NWs; (b) intrinsic, (c¢) Si-doped, and (d) Be-doped GaAs
NWs are fitted by multi-Lorentzian functions; (e) intensity ratio of I o/Irg and FWHM of GaAs LO for intrinsic, Si-doped and Be-

doped GaAs NWs.

5 B GaAs Pk LO PR4aTE (full width
at half maximum, FWHM) &%, [Af LO 5 TO
S E ) FUAE T R, B FRRUEEA T Si Al Be I 5L
;‘?}% [22,23]_

ST B A M B B AR AIE | Si B 4% Fil Be 158 2%
GaAs 99K 1Y iR g5+, X H 4T TEM MK,
i 3 . Bl 3(a)—(c) ATE GaAs KLY
43 #F TEM. &> 3% TEM K% 7 B9 3% IX B, 745
SHRRE. AE GaAs AR 155 X i, 717 5 R REAT
BB, WEXR AT ZB 451, —E£k AT
WZ 2548, ZB S50 AT 5 B 3d 2o i (o RN 21 (o g 2k
FRig, T WZ S5 K4 047 565 B3 i 2 60 i Zebric.
AT DS RIANE GaAs 99K WZ/ZB IRAHSS 1)
HAFAER BB, @853 TEM., &5 9F TEM
KON I XL AT 5 IR SRAIE Si#82% GaAs 92K
2R SR LR, R 3(d)—(f) B, & 3(e) B
Si $84% GaAs YKLN ZB 45, HAFTEZ 2540

[l (twin planes, TP), i i I (4% L bric. Kl 3(f)
WIRTWE ZB S50 N FLF AT EE, 4338k s
MLt g &prid, BT RIS 3] Si B¢ GaAs 94
KL N ZB 454, iR ¥ TEM, HRTEM
FIEIX AT 5T EAEXT Be $824% GaAs KL A0
PRSI BEATRAE, 40K 3(g)— (i) i7n. HRTEM M
VEIX H, TS ERE s Be 848 GaAs 40Kl ZB
Shky. L, BT GaAs 94 K2R A 5 il
iX 5 Raman S R —2

FELIERE b AR 8245 GaAs KLt 4E
PERISZIR. 8] 4 B8 TAIE, Si #8221 Be 824 GaAs
KL AIGIR (10 K) HEBUREIE. AME GaAs
YRR PL OGRS R A FE MR, Fridh A
B, MRS (fght) 4314 818.4 nm (1.515 eV)
F831.1 nm (1.492 eV). 377 ZB 45K GaAs {4
MRRMFREIEN (RER) 2970 816.3 nm (1.519 eV).
Si B4 GaAs 4Ky PL Y615 8% B 5 1Y 8 5
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Ny
E /\\'Z

5 nm~!

5 nm~—1!

Kl 3 GaAs 24Kk TEM I3k X AT 1. AIE GaAs
YKL (a) K539 TEM, (b) & 43 HF TEM K (c) % Ri Y
B X HL T AT 5 BB SidB 4% GaAs KL (d) 184 BF TEM,
(e) 5 43 HF TEM B (f) X 7 1) 35 DX FL 437 9 FEUAE ; Be 8 4%
GaAs 94K 2% (g) 1K 4 ¥ TEM, (h) & 45 3% TEM 2 (i) XJ Jii
AT 28 DX FL AT PR

Fig. 3. TEM and SAED of GaAs NWs: (a) Low-TEM, (b)
HRTEM and (c) SAED of intrinsic GaAs NW; (d) low-
TEM, (e) HRTEM and (f) SAED of Si-doped GaAs NW;
(g) low-TEM, (h) HRTEM and (i) SAED of Be-doped
GaAs NW.

Intrinsic GaAs NWs
Si-doped GaAs NWs
Be-doped GaAs NWs

Normalized PL intensity/arb. units

113 1:4 lj5 1:6
Photon energy/eV

4 AAE, Si $B24H1 Be 154 GaAs KL IIKIE (at 10 K)

TOGECEEERE, WOGIR R T 2% By 300 mW /em?

Fig. 4. The PL spectra of intrinsic, Si-doped and Be-doped

GaAs NWs at low temperature (10 K). The power density

of the excitation light source is 300 mW /cm?.

W, HAL S A A RO, bRidoh C R D, X
N %K (RE &) 43 Bl )& 828.8 nm (1.496 eV) FlI
848.7 nm (1.461 eV). 734k, Be $87% GaAs HKLL
1) PL OGS s I i A4 AO60E, FRidh E
F, %t R i 0§ 7 43 51 & 816.4 nm (1.519 eV) Al
828.3 nm (1.497 eV).

N T HEAIE GaAs GPKRE LRI, 483C
HAT IR AE DL (K 5). 1# 5(a) BoRbEE
DA FE HIE N, 16 P(A) B BEA AR Ak, i g
P(B) FUg A Fifi 25 )32 5% B (0 38 A7 /)N B 114
B, I G2 B TR e 25 il 2800 T 5] i 2129,
W P(A) Fl P(B) BYFRST580 B 5 IR T 9% B 2 [
e (1) R 2520

I =nlg, (1)

Hrr, Iy ABOCHRST A, n HRIRCE, 5850 o B
IR S 2 AP o BIMELE 1A 2 200, &
HIETFHTE A, o WAL 2 1, RS- 2 8]
B &N o BE/ANT 1 EF, B R TE A i g ol 44
AR K. ARME GaAs 9KLEAYIE P(A) Fiig
P(B) Xf R f o B 4390 o4 1.58 F1 0.86, UI&l 5(b)
B, AT AR P(A) i HRISA0, I P(B)
SB[l R, X TFARAE GaAs 42K
L TWATIABZR, B UfheiE P(B) T
RFA R R, TR MR 1/3 K07 (PY?)
A Z M E R, W 5(c) Bin, KMIE P(B)
RN 5 P REEIZPER R, B E oc P3R5t
R R CIRT WZ/ZB T1-RISEHA i 4.

X GaAs KL HATIBA, RN A G H I
B 784k, Si484%F Be $84% GaAs A KL ALIE
(at 10 K) FASDPRMEALE R A 6 Fis. A 6(a)
] LB Si 4844 GaAs 9K Lk 0YTR BE % 1 %
9 I RS T B 0, ARG (R W T A H BB 1
ARAk. SN T R E X A N6 P(C) A P(D)
Y RO EARUR, REHAS T R AT = 4, (RIS
L YPREE SRR EZ RN KER (1) ), X
L) o {E 435104 0.72 A1 0.65, WKl 6(b) AR,
AT DUR 2 1 P(C) Flg P(D) SRR oE 222
[ &G, Arab 55 P8 HRIERY Si$87% GaAs YKL
B A& o 6 X N A I 37 Oh 1,496, 1.488, 1.469 Fl
1.460 eV, X EEIEYR T Si 44 FUAH G &, A
Si$7% GaAs GKZARIR PL GG X 1 WAL Sy
1.496 eV fil 1.461 eV, KL Si$B24% GaAs 44K 2k
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(a) (b) 1516 1(c)
" Intrinsic Power density/ "
= -2 =1
= (mW-cm~—2) =
1.515
-'-f — 40 :1 ?{ 515
g — 60 g >
& 80 & %
;‘ 100 4? g 1514 Linear fitting
% 150 % 8 1.492
- 200 < o
& L
i __ 950 E g 1.490
& \ — 300 & 1.488
\
) — Fitting of P(A) and P(B) 1.486
1.35 1.40 1.45 1.50 1.55 1.60 1.65 50 100 150 200 250 300 25 30 35 40 45 5.0
Photon energy/eV Power density/(mW-cm~2) Power!/3/mW1/3

5 AGE GaAs JOKZIEIIE  (a) AGE GaAs 0K AE AR R T3R8 R F 9 PLOGIEMIZE; (b) A GE GaAs 99K 4 i P(A) Fil
W P(B) 30 BE Wl L 25 B (56 R IZR; () P(A) I P(B) M7 R L 3R 1/3( PY3) 1y 5 2 Hh 4k
Fig. 5. The PL spectra of intrinsic GaAs NWs: (a) The PL spectral curves of intrinsic GaAs NWs at different power density; (b) the

relationship between peak P (A) and P (B) intensity with power density in intrinsic GaAs NWs; (c) the relationship between P(A)
and P(B) peaks and PY/3.

1.500
(a) Power density/ (b) (c)
. Si-doped (mW-cm~?) .
8 — 40 2
= = 1.495
E g >
. . ~
£ £ 5
< < 5 1490}
iy 2 £ 1.465%
17} 17} o
g g o
3 2 2 1.460
k: k: g 10T
2 e A
o, a9 1.455
— Fitting of P(C) and P(D)
. ) . ) A A 1.450 . . . . . .
1.301.351.401.451.50 1.55 1.60 50 100 150 200 250 300 0 50 100 150 200 250 300
Photon energy/eV Power density/(mW-cm~2) Power density/(mW-cm~2)
1.520
(d) (e) ()
Power density/ Be-doped
wn n
Z | (mWem™) E 1.519
| — 40 | E ’
£ — % e &
8 80 8 ]
§> 100 §> 5 1.518%
g — 150 2 g 1.498 |
8 200 g 2
- - o
8 — 250 5 i 1.497
= —_ I~ . i
7 300 7
— Fitting of P(E) and P(F) 1.496 F
1.35 1.40 1.45 1.50 1.55 1.60 50 100 150 200 250 300 0 50 100 150 200 250 300
Photon energy/eV Power density/(mW-.cm~2) Power density/(mW-cm~2)

K6 B¢ GaAs JORLMDLIER  (a) RFEITIHREE T SiB At Gads PIKL Y PLOLIE ML Sif 4 GaAs 91K P(C) #I
P(D) P43 38 B (b) R AL (o) BETI R B A R R ML (d) AR DIFEEE T Be b 4 GaAs KLY PLOGIE M4 ; Be B 2
GaAs #K Lk P(E) 1 P(F) W358 B (o) UGN (f) BTN 2R % 19 56 R it 48

Fig. 6. The PL spectra of doped GaAs NWs: (a) The PL spectral curves of Si-doped GaAs NWs at different power density; the rela-
tionship between P (C) and P (D) integral intensity (b) and peak positions (c) with power density in Si-doped GaAs NWs; (d) the
PL spectral curves of Be-doped GaAs NWs at different power density; The relationship between P (E) and P (F) peak integral in-
tensity (e) and peak positions (f) with power density in Be-doped GaAs NWs.

(1) & GIEETR T Si AR BTk, i T B — 2D H kAt 352 F2 0 Kl 29301, [ e I 2 ) R 1 3
RICHR, FRRETIRE S P RO 2 (A1 i, 1.461 eV &G0 B B RIS, X
KR, il 6(c) Frias. MEIFATLLUA IR, 1 P(C) kil P& 5t -2 X (DAP) $E5HE & &ML DAP
ORI B BN, WA R RS, 1% P(C) FRS S A B W7 AT DL A A 2981331 Sy
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Epap = Ey — (Ep + Ep) + €2/ (er), (2)

Hohr, B, J& GaAs 7R, By Fl Ey 53 52t £ 052
FRARE, r R EEZ EZ I, e REHFH
fif, e A EEEL X T DAP WA A AE Ak, B2 I
KR AIEIN, B 7 A 2 A2 3 s MR B 2
B, W T -2 2 AR R S8 DAP
A S A RE R B I, 0 P(D) it £ -32 X
AR 2 A R,

X Be $82% GaAs 4K LTE PL G
K, B 6(d) g P(E) A P(F) M50 8 &
Ty % B I 8 fin g 38 o, e A B A s Ak
R T 2 PN R R TR, XL T R A
PG, REES P(E) fl P(F) WA R385 i
Z IR R b e, @l (1) SR ilE, T LA
F| Be 82X BN o {H 43310 1.67 F1 0.89,
WE 6(e) Az, AT IAEIEN P(E) iy &6k
R H R TFREA LN, 1 P(F) MR CRIE R fE
JEBEEE Be 292 M KOG, B 6(f) AT LAiE—
A A LR OGR IR, Ty 3R B 5 AN U 2 [R] 1 G
R, B Bk DR B R, WA E %A BB
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P(E) & H BT LG, & P(F) 23212 £
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Z% GaAs AL AT 37 F X 6T A 1.493 eV,
XA 10 K T Be 2% GaAs gk 2k S
FI|52 F0F I BN 1.497 eV EeAWA . I, 5244
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4 % #
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Studies of Be, Si doping regulated GaAs nanowires for
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Abstract

GaAs-based semiconductor doping technology, in which impurity energy levels are introduced into the band
gap, can give rise to a decisive effect on its electrical and optical properties. When GaAs material is reduced to
one-dimensional nanoscale, due to the increase of specific surface area, wurtzite- zinc blende coexisting structure
is prone to appearing. GaAs nanowire doping can not only adjust its electro-optical properties, but also have a
significant regulatory effect on its structural phase transition. The effects of beryllium (Be) and silicon (Si)
doping on crystal structure and optical properties of gallium arsenide (GaAs) nanowires (NWs) are studied in
this paper. Primitive, Si-doped and Be-doped GaAs NWs are grown on Si(111) substrates by molecular beam
epitaxy in virtue of the self-catalyzed growth mechanism. The Raman spectra of primitive, Si-doped and Be-
doped GaAs NWs are measured. The E2 mode peak unique to the WZ structure of primitive GaAs NWs is
found in the Raman spectrum, and the E2 mode peak in the Raman spectrum of Si-doped GaAs NWs weakens
or even disappears. Moreover, The E2 mode peak is not found in the Raman spectrum of Be-doped GaAs NWs.
Furthermore, the structural changes of GaAs NWs are observed more intuitively by high-resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED). The PL spectra
show that the wurtzite (WZ)-zinc blende (ZB) mixed phase II-type luminescence exists in primitive GaAs NWs,

then the luminescence disappears due to Si or Be doping and turns into impurity defect related luminescence.

Keywords: GaAs nanowires, structure, doping, molecular beam epitaxy

PACS: 78.67.Uh, 61.46.Km, 61.72.U—, 81.15.Hi DOI: 10.7498/aps.70.20210782

* Project supported by the National Natural Science Foundation of China (Grant Nos. 61674021, 11674038, 61704011,
61904017, 11804335, 12074045), the Developing Project of Science and Technology of Jilin Province, China (Grant No.
20200301052RQ), the Project of Education Department of Jilin Province, China (Grant No. JJKH20200763KJ), and the
Youth Foundation of Changchun University of Science and Technology, China (Grant No. XQNJJ-2018-18).

1 Corresponding author. E-mail: jl tangcust@163.com

i Corresponding author. E-mail: ciomplikexue@163.com

207804-8


http://doi.org/10.7498/aps.70.20210782
http://doi.org/10.7498/aps.70.20210782
mailto:jl_tangcust@163.com
mailto:jl_tangcust@163.com
mailto:ciomplikexue@163.com
mailto:ciomplikexue@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

