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A SCR R AP B S WSO LIS H AR, 7RI LLAM B Xt Ge 4% GaN(GaN: Ge) Sh R #EAT T PR 735 )
SRS AEROE T, BEASWICS 7757 BB SRS KOs s, H rp 18 2o At 7 i B 5 2R T DI 56 39 i ima . 1B
85 W A e 3 i I 90 K T B 1 5, O AE 29 1050 nm &b i 48 AL o 4% 5. R R AT A RS RS A0 20 - 8
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J2 2 AN AR 53 Si B4R GaN By
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Ge Bl Ga fUALIT 51 B A A% R AR 23 458 /)N 101
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AT LA AR S AR 280 - 14 v B 3 T LA il |
A I A . TEHOG T T (one-photon
excitation, 1PE), & W I R 50 & 162 R R 1 X
SR AN SO AE B . RS LT, 2%
W HOFI R T & A 800 23 3 GaN B2 A0t
WA NP R FRCR B R RO AR, UG
¥ & (two-photon excitation, 2PE) & 1E K
BB A B S AR BT, X AT DA Rkt Sk
LAY BRI A 8500, 3 HERR MR A B 5 i
EOE R/ =R I & o e eI DA Kot S R E Rt
UL W WA IR TR] S B A R I R 2 IR A
GaN ¥ 315 o3 AR 7k B8 SR, IR
3 Wk 285 W AT I g #1121,
FIH FCH S (FEB) E M ] LA R B
TR BT WG R T R T A AN ] B
BT s B E G LR A, 45800150
J1F PR = R 115 B 222 5, AR
PRSI IBOETE, BHIIX 43 T p A GaN H 3R
A FAREREA PR RE, AR5 THIN MRS & %
AN AT AR ] 24,

A SCR)FRER K ih 2PE T A9 214G I % A
IS EARSE GaN: Ge UBRBAZEL 31 1B .
FEILZLAMBE BT Sl 2 S b iy 8 m - iz
R TR UWOG B T . SL A, 7E n B GaN Hr,
I W S B RN I 1 S S R, e
I8 Bl Ry 2 T M WG 2 3l ) 2 A U e
PERVE . IR A i) 107 52 B0 SRS HEO ek, g
Py Fdm 7 JLPARBEROR e i & R ARk, T
1) 7510 T BEAE R RE B W K. FIH R TR
BRI AT ARG A B S IR 25 AR, IF HARAS T AR
BRBAA BB TR R AL

2 MdE LRI %

(0001) B[] i) GaN & 74 ) F A Ak 4 <0H A1
{E (hydride vapor phase epitaxy, HVPE) 4 K7
GaN/#E FEAFEIK I (2 3 mm), 7EA KSR H
A HOL fi k5] Ge B4R, S256
MRS NPUIR GaN iR h BRI IR 2 1 mm &b
YI'T, FXIMEE T 7', KRR 10 mmx 10.5 mm x

2 mm. FF i B AR A7 585 % BE (£91x10° cm™2),
R RN E GaN: Ge FEAT-MT T 93T
WRE nyg 297 0.5x10%—1x10'8 em 3. FJFH K&
F i (secondary ion mass spectroscopy, SIMS)
kil T GaN: Ge Hi i WA B4 (O) Flfik
(C) By ¥ BE 43 il 49 2F 2x10'—5x10' cm 3 Fl
0.8x10'—2.2x10' cm3, #EAH T HVPE 4 K 9
GaN HARE 2L

AR HBES WU TE (transient absorption
spectroscopy, TAS) SRiR5E GaN: Ge I8 R
Tah e, AT T RO SC Ry S R . S5 IS
] 73 BECEUR A L, TAS HIEAZEHIRFE A
77 INFEE, RERETEA [FDG T RESARIN T 2R15HEF
Mr R e B, 1T DASE S WS 2 AR AR B A A R
TEREG, ELRI G DL R SR 2 UL SCER [25,26).
TAS 3% % ik #h 6 5 & Light Conversion 23 )
BEOLL (Yb: KGW) KR 2% (PHAROS,
1030 nm) I 16 2= S &K %% (OPA, Light
Conversion ORPHEUS, 190 fs, 6 kHz), # & Y&1E
FERR AL B EEE AR 292 0.8 mm.500—1100 nm P
K B WAt B % 2 3% (whitelight
supercontinuum, WLS) #M ik vh i OPA ZZ ¥ ik
(1030 nm) BAEF] 5 mm LN TR YAG
PR A, FERE SR AL FDEEEE /N T 100 pm. F]
FHRUGOETEALZE A ST A R A 5 H 0 i A
FE i 2Z 5 R0 38 SR K P A5 = FE R A I 3R B[]
XF 300 > BE S WSO T HEA T 1 22 A0 B T R S
SRR TR SN, W AR R R A T
A B KRN TCAE I K b g A R WLS 5
J&, BT A BN [FR IR X, FIREIR I a] ¢ B A
Ahf 223 EHE (AOD):

1
Aon@mwlg(“m““), (1)
pumped

S Lypamped 5 EEA SRR I WLS B3
T 1 a0 SR WS HOSREE. A< 33
AT SR B 4 E SR AT

3 #RE54H
3.1 WRTFEE THIBEARIK L

Kl 1(a) B8 T GaN: Ge fib 4 A e I IS0O'E
B, MK KT B R Y B K B (365 nm,
3.4 eV) i, FERATEAEARATEII, IEM TFE A
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AR a5 A R AR AR A B R 25 B2 . A 650 nm B
AP Z IR BORRIIE GaN: Ge AR ARHIRL
JET MR, GRS BRSSO LT B R G —
5, FERE S ANEBER AR 20 45 pm. ZEAN[R A S
ke T I Z A2 an &l 1(b) Fios. #
st 2 BT I A B AR AR AL, A i Y TR A 2R %
b A AT FTR A

Aa = B, (2)
H 8 RROGTRICREL, TARE AL I EDEE.
FMHA ZHAMBEE T A3 8 = 5.1 cm/GW,
HAEARBEA S RE A2 ML, UERA T RARFIRISCR B T
BOEF M. B 1(a) B9 G B S B8 T 78 2PE
(650 nm) T GaN: Ge @niRIY R F, BEA S A A
THISERBEDE. GaN BT & tIe GaN Wil UL
(4 R I R 5 R Y &6 1. HVPE AR KA AR 7 4
GaN @MWATEZIR FHPDEEUOE (photoluminescence)

(a)
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1 1 1 1 1
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Wavelength/nm

Normalized transmittance
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Kl 1 (a) GaN: Ge i & YL PE R W%, A6 184 2PE T
B KRG B (o) AS IR Bk o B & & R GaN: Ge B FF £L
ZHERMLL, L BRI A L

Fig. 1. (a) Linear absorption spectrum of GaN: Ge crystal.
The inset shows the two-photon excited photoluminescence
photograph of sample; (b) open-aperture Z-scan data of
GaN: Ge at several input pulse energies, the solid lines are
theoretical fitting curves.

HAERT SR [28,29], B TARSRATHTIL A (band-
edge emission, BE) LASh, #KER AT LIOULIN 2] Hr.00 24
H 2.2 eV I A %% (vellow luminescence, YL)
A . 150 B BRI ) A5 At 2R R R 2 VR TS
GalN H I il g3 4 SR 2 0 Ol 2 M Joi 7 A= 7™ i 1Y)
AN

K 2 /R T 2PE(650 nm) f1 1PE(325 nm)
T GaN:Ge By TAS WS 7EA A B HCE BT,
FBAIOETE (1.1—2.6 eV) #REE BT Al 14
FFREIER, X0 1 H AT IORCA B A AR 03,
AN, A TR S 77, L B AT LA Z e
R FE 5 S DGR . It , RS IR AT Ak
R N Y L NS TR S | /S, RS Il
M 1, F4) S8 0T oy A e L - Ml s X i A (B
&5 2PE T TAS W i, A A ))&, 1PE T TAS
M 87 J L AN B SEE 3 N T i, RV A AR A i

30F 37 — rps @
Q 5l — 3 ps
25F Q —— 70 ps
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1
20 L 500 ps
a N
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Wavelengtl
3 avelength/nm
10 |
5+
Oprr—————————— —— "
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25
201 — 3ps (b)
— 1700 ps
o) §15f ps
5 Lo
L 0.5
q 15 e
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10 |

0 . . .
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Kl 2 (a) 2PE F GaN: Ge %8 GRS R WOLHE, ¥k ik
ik 0.8 mJ/em? (b) 1PE T GaN: Ge [ #8 P 5k 245 W i
W, BOR BBV N 0.5 mJ/em?. Y3 &1 24 0 0T UL OB 1Yy
4R

Fig. 2. (a) Ultrafast TAS in GaN: Ge using 2PE under the
excitation fluence of 0.8 mJ/cm?; (b) ultrafast TAS in GaN:
Ge using 1PE under the excitation fluence of 0.5 mJ/cm?.
The insets show the TAS probed at visible wavelengths.
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AEV T (0.1 mJ/cm?). XS T 1PE T AR 2k
TTFHE (29 10" cm 3) 38 K TFAE S A A Bl pE e
(249 10'6 cm ?), B FE X200 F 5 4 s AR /DN, 1
2PE T 1y V- i Tk S i B ok B AR O
I, AR SCHE AT 2PE R TAS Wi B R 73 B
X GaN: Ge @RI+ 3 J1 5 W52 i S AL . F
KR oo o XA 2PE T IIRIBOETE (00, N #k
T IR SRR ), T IOEOEIE T b = 2.5, X AR
PR 4 B A 2 Il B2 (B XA
AN b E R & B (3 ps) B 6.5 2R A 5]
2.5(500 ps). # 4 SCHk [31] AR IE . 7E 1050 nm
B T GaN IRBAT 451, 25 75 [k i R oRE
F 5 MBI I 20T WO B, Iy
L H B W O b, REAR AR PR 2 R B
b > 2.5. XFBES WO TEHLE 02— PR AE
3.3 iy,

BRERFINNEF
K 3(a) 8 T 2PE ANH#CA BET F M TAS
i o HHR LAY GaN: Ge ZERRIIE K 1050 nm T 1Y
BESIOCERR. A T ARG R, # 3(a)
HH B AR TR s T e B ) RUBE T A9 W 285 A A i) )37
(0.8 mJ/cm?). 7E % G IR Fff 3T M TR 1Y 2R 0 i
(0—0.4 ps) 5T ZEH G ANERM S F A 1 7 A 1Y
AHAF BT, TAEZ 5 WGBS 529 1 ps 1Y |
AN TS S S Ny p e [ U= e e e SR 1K 2 |
SR LR GFARR B SR &
23 ps Ji WSO 17 2 T SR ik, R FH AU B e
FENT AR M fUL A S 6 45
A(t) = Are V™ 4 Age V7, (3)

Horp A F 7, o3 AR FEEHT R (R ) A R
1) 5 DB () 5 B0 (F ). FEASTRIBOR BRI T L&
BRI T FF A 3(b) B, Al UL B Pk
Frtm JLF- AN Bl OR RE T & A2 ARk, SR s EIAE 30—
60 ps ZIi); MifgH Ao SR B KT 0.4 mJ/cm?
i it 5 U e A KT S 2 B .

SRS S X NG RN E AT I R D Sl B U ¥ Iy i
LA 18]

3.2

0An (z,t) O An (2,t)
— M - BRadAn(Zat)27 (4)
TSRH
Iex2 i I
Hof 6= /32 SR 2PE TR TR, B =

5.1 GW/cm BTl Z 5504015, I, ORIk
MEGER, DX Y B R AL, Topy & Shockley-
Read-Hall(SRH) [A#55 & %1t Brag 2402 A
E VO 3 M g LS N = B TP S N IE | 8 g
MFWE An2yh 5 x 10" cm3(0.4 mJ/cm?)—
8 x 10" cm™® (1.6 mJ/cm?). T 2PE A A Xt
BSR4, Al L2 BT R A S SR T
A, TR, TR SRH & &% 2k e
GaN: Ge MY T A . Bl Fa X2 73k AT
DA3E i e a0 Kl w] DUE i AR R O X GaN
S i A TE Y YL A ph S X s R R
PR ¥ 4R S 2 G A G, ARl i o — 1
JEERH, 967, C BN £ (Cy) F1C ZAEH Cy-Oy
BN A AT RE B YL B I A, A IR

50 F 1.6 mJ/cm? (a)
o 1.2 mJ/cm?
A 0.8 mJ/cm?
¢ 0.4 mJ/ecm? Q 1.2
40 - mJ/cm 2
. 3 08
g 30 @ 2 04
g £
R 5 0
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ordy . v o5 S ER
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T
600 e T °
&
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Gé °
£
°
= 200k ®
B |}
50| o n [ -
0 | | | |
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Kl 3  (a) AEE BRI T GaN: Ge It RS W 3 ) 2%,

PRI PN 1050 nm, SEL K IR HU-A M2k, AR
JLIS ] R (7 ps) BB ; (b) A Rl #CK BE T B i
SRR I 2 40153 15 B B DR R IR A A (2 i B )

Fig. 3. (a) The transient absorption kinetics in GaN: Ge un-

der various excitation fluence probed at 1050 nm, the solid

lines denote the theoretical curves using bi-exponential de-

cay, and the inset illustrates the transient absorption kinet-

ics in a 7 ps time window; (b) the fast and slow relaxation

time (1, and Ty, respectively) extracted from transient ab-

sorption kinetics under various excitation fluence.
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F (—/0) RBZK, J5 & W AR (0/4) REZR P3-39,
2R THE R Cy-Ox HAMR/NRYHRERE, X
T3 Cy-Oy TE B Rl At B b (KT 1000 K) B
B AR BE G /N T Cx PO T A LA GE A 20
TR ARWAE T7E GaN 1 Cy Ry C 2%t i £ 247
TEIE 2 BT BR SCBBE Ah, LB TDs ik B2
GaN HARSRIT & A FEORIE, HARR & &3
Wi FFEAT Turaa I DLEEHE Npp W R 25 E R K
Turad = kNpp V2, kN ZRECS. HEt, AT DA 5
Torad = 40 ns, ZEH 5@ BMAWKET (£ 107
cm?) dE4B2% GaN (W Fan JL-F-AH[R] 159,

3.3 HAFHBESHE

KTk — 2 R B 2 1 2E L, AR R
32 AT, BT 4 BRI REH R GE, FIH
)RR B 1 AT, TERI 4 th, Ge 2%
JoT 7= A it T BB R AE IR T AR L B FR O
i 0 F R FEAE S D B B S BE G A 2
1) f@S2 3 (-/0) BEZR Cy, HIKEZ N N, iZkFE T
T A (YL); 2) 5IARIERR S 5 & 2 i,
fliiF TDs 51 F 5 Tagaa = 40 ns. XFF
B — RO Oy 22 FRERAEM W L2 0.9 eV
b B339 7F n A GaN H it ERER A AE (IR
JER N,), Cy H—Mrf (B Cy o), Bl RILLEER
REL C AR A = A 25T, Oy 28R CyY
B, BAF AR A as ] LS S d g B LR B
Cu KEEA, KT (YL), C\° AR Cy .
BEAh, FoAT 5 T A i S A O B
&, W G WA By, W EEN 25774 BE.

Conduction band
S °© g
| >-0-C
| Donors
YL
c $ TDs BB
2PE | Brad
TnRad
|
e —-/0 |
I Cyi '
I |
¥
® @ Valence band

Bl 4 TR 2PE T GaN 2 F 30 J1 2= Mg s B Al
BRE R S FR O AT BRAE, 1) il 4R Sk 3R i 4
EaTAR R

Fig. 4. Energy band diagram used to model the carrier dy-
namics of GaN under 2PE. Straight broken arrows denote
non-radiative transitions and curvy downwards arrows de-

note emissions via radiative recombination.

MRS 3.1 51400, BEE R g i, 25
FWIOR ZF I) DT TS . T (—/0)
REEE BT P BCIE, PRI, 245 PR A0 1 T o s P
T TNEGHEE (C,; > Cy), XFETE 2(a)
TR S ST £ 1) b (B i SIE 3R B[] 32 AR
M An < N B, SOGFIOR T A 23 R s 1 57
FREAF A Y An > N IF, CxO % J& P2 A 1h A
On WREERENZE, HF A W HEK 2 2925 70
AR, XM T AT 43Ok RN 0.8 mJ /cm?
AR 1 A W E G, TTREE L RE T B = 1T
Pt (DL 3(b)). MRIEIE IR Tk R,
AL N, = 0.5 x 1062 x 10 cm 3, X5 SIMS
WA C AR IE T —2 M4k, GaN Hikn] g
FEAE 5 R IHAL B &R 2 R e A iR E A
Hul, (BRFZ I AT 2 N RR R BT O, #
TE 107 cm®-s 1 EgR 183439400 fp L] DL BAT]
TERE S AR BE S /N T 1016 em 2.

RG] 4 7R, v LA AT R e

dAn An

—— =G — CyN’n — — BragnlAp,
dt ThnRad
dA A
=P — G- N Ap— =2 — Branip,
dt ! TnRad
dnp? _
dtl = C'pi]\fi AP - C’ni]\/vion7 (5)

Kb, QA (4) Kb iysE S, NN 4350 A vk
SZ R Z EAWREE. S FIREE n WP
N B TR ng(Ng — N) 56 E HLFHRE
AnZ F. HL A PSS Ap+ Na=n+ N,
Ap FAES TR T B R A X 2H R T,
AT LUSE 2PE N AR A BB T3 2l e
[, A i 1T DAl 3t AR 5 R A

AOD (t) = /0 [oeAn (z,t) + owAp (2,t)] dz, (6)

Hrp, oo AT (2570) WS, [R)EE SO
WK U AH S = oy/0.. PGB 12E 25 R A 5
JizR, (5) A (6) Al AR E I S8 1
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Fig. 5. Fitting and simulation of ultrafast carrier relaxation
dynamics in GaN: Ge using carrier recombination model:
(a) The fitting of experimental results; (b) under higher ex-

citation fluence and 1PE.
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Table 1.  Parameters used/determined to model the
experimental results. The values of N, and 7,r.q Were
estimated. The value of Bg, was extracted from
Ref. [18]. The values of G, C,; and S were determ-
ined by fitting the data.
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Fig. 6. Ultrafast transient absorption kinetics in GaN:Ge
probed at communication band 1310 nm under both 1PE
(0.8 mJ/cm?) and 2PE (1.6 mJ/cm?).
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Abstract

Gallium nitride (GaN) is a key material in blue light-emitting devices and is recognized as one of the most
important semiconductors after Si. Its outstanding thermal conductivity, high saturation velocity, and high
breakdown electric field have enabled the use of GaN for high-power and high-frequency devices. Although lots
of researches have been done on the optical and optoelectrical properties of GaN, the defect-related ultrafast
dynamics of the photo-excitation and the relaxation mechanism are still completely unclear at present,
especially when the photo-generated carrier concentration is close to the defect density in n-type GaN. The
transient absorption spectroscopy has become a powerful spectroscopic method, and the advantages of this
method are contact-free, highly sensitive to free carriers, and femtosecond time resolved. In this article, by
employing optical pump and infrared probe spectroscopy, we investigate the ultrafast photo-generated carriers
dynamics in representative high-purity n-type and Ge-doped GaN (GaN:Ge) crystal. The transient absorption
response increased as probe wavelengths increased, and hole-related absorption was superior to electron-related
absorption, especially at 1050 nm. The transient absorption kinetics in GaN:Ge appeared to be double
exponential decay under two-photon excitation. By modelling the carrier population dynamics in energy levels,
which contained both radiative and non-radiative defect states, the carrier dynamics and carrier capture
coefficients in GaN: Ge can be interpreted and determined unambiguously. The faster component (30-60 ps) of
absorption decay kinetics corresponded to the capturing process of holes by negatively charged acceptor Cy.
However, the capturing process was limited by the recombination of electron and trapped holes under higher
excitation after the saturation of deep acceptors. As a result, the slower component decayed slower as the
excitation fluence increased. Moreover, the experimental and theoretical results found that, the carrier lifetime
in n-GaN can be modulated by controlling the defect density and carrier concentration under a moderate carrier

injection, making GaN applicable in different fields such as LED and optical communication.
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