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Germanium Quantum Dot Optoelectronic Devices
— Photodetectors
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AT HZMA R 2 BACRG LR SRR RS ETE (NE 3 mm BEE S 28 X
107 cm™) > 3t B3 AR ALK ~ B4 24T - RIRRE 0 MR LT HAb sk
FTEHMNRE  wRFRD SR EE AL BB R MHF o AR o) RBOE
W 4w HETE S —AALE R &K 400—550 nm X B > FEE 2 TR0 45 A BAFA MY
B L - KMAARERAAET R ALZ LI RA B LB R4 E TR &5 — AL
M — R R AR o A 405 nm ERBH T B TEHE LB — At — 8 B E R
BAEE 0L TR KA ER R 5iE 812 mA/W > M H R0 B T % & 245% °

Using thermal oxidation of SiGe-on-insulator structures for forming Ge quantum dots (QDs)
embedded in a SiO, matrix, we have systematically investigated possible structure factors that
would affect the properties of Ge QDs such as size, density, and even the position.
Cathodeluminescence spectra reveal significant light emission at 400—600 nm from the Ge-
QDs/Si0, system as the QD size is scaled from 9 nm to 3 nm. This finding strongly motivates the
exploration of Ge-QDs/SiO, metal-oxide-semiconductor (MOS) photodiodes (PDs) for visible to
near ultraviolet photodetection. MOS PDs with Ge QDs have high rectifying ratio (~10°) in darkness
and a high photocurrent/dark-current ratio (~10%). Increasing the number of Ge-QD layers from
zero, through one to three improves the photoresponsivity from 4.64, through 482 to 812 mA/W
corresponding to quantum efficiencies of 1.42, 148, and 245%, respectively.
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FHE 1 Y TEM 2 8Fr > & Sig 9sGeg gs/Si-on-
insulator FEIFEHEE 900 °C 30 /3 E L% - AVELE
MRS FREE N S ENEF - ¥
BT S B S B0 3 nm B 1 x 10"
cm” o (REEATREN TEM 24 /R a4
B —ffit] - HA RIS EIFE Ry 0.32 nm > BEBEAS
HEE TSR (111} SR EEMHER" - g
N TERFEENE LR PR IS E 8

F 1.8 485418 900 °C 2L AT s T AR KN dE B -

Siy95Gegos Oxidation Time Fixed at 30 min
Oxidation time (min) | Size (nm) | Density (cm™) | Ge content in Si;_,Ge, | Size (nm) Density (cmfz)
10 89+35 12x10" x=0.05 270 12x10"
20 6.1+20 7.0 x 10" x=0.15 62+22 24x10"
30 30+10 12x10" x=025 9+40 3.1 % 10"
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(b) 20 K48 EPTH MAE B T RN FEXE T8
BELFAR
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Ge condensation !
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7 O nof Bulk Ge

Ak of Bulk Ge
—s—n of Ge QD
k of Ge QD

Ej of Ge QDs

EVEi+A
of Ge QDs

s,

Ej of BulkGe

FEVE+A
of Bulk Ge
L L L L L L

Complex refractive index
w

1.5‘ B 2 2.5‘ 3 3.5 4
Energy (eV)
6. 1 % ik KAk B AR AT E R KR 458 T 23
EIREE 4

MBSO EE RS EERE - ER R E IR B E
FEE TR POLEBE N ERE > RMEETHETH
B8 s DU ] BB RO B IT R AME (JREN
400—600 nm 7 5) HPEEHIERN - 55t fERVE:
R EDAEREZE LR TR R — S a B B — SR
g - B BEEYIEE g =REaIkat
B s GEEE MR EEN 10—13%) /IR
LW - W8 7 B

£ 900 °C HRELERE T - Kit— =)
HBE TR gV EE = ErEREE s
ElfsEE s E T EER AW ER+ - 1l
8 AR o sy B LSS AU 2 sa iR Ak

Elliiptic-shaped Ge QDs
L: 9.06 +/-2.5 nm
W: 5.56 +/-2.45 nm

2746 810121416162022
Diameter of Ge QDs (nm)

2T
——

Si substrate

B 7.(a) BB (b) ZR&IELE HE L sE,/ I
B RN ERRZ BB FEXT T
EMEEE -

FrE G B Ry [T EM > SERSER TR E IO
FRESHIEE - 200E 8 Fir - B —fgiisE TR ER
K/NER T BE FE 43 Ry 9.06 + 2.50 nm Bl 1.77 + 10"
em” o T = B8 B T B A B A/ INE T 725 7 1 1)
Fy 5.14 £ 248 nm B 626 + 10" cm” o HAFFH
R ENEAEEE « REIIREE DR TR EREHE
KEIRAGR o s BRI\ i 48 { LR ] B
TASEIR TRURBTEFTIRE - S5 R T BH{EE 8(a) T
S A R E {111} A% > BRI T
BEIERCER BT EE® -

9 ByifE TR BSOS S RIE R
IRz 48 pm [ 405 nm SEiEE TR E T — &
%5 (current-electric field, I-F) ¢4 7= o 1B &

Elliptic-shape Ge QDs
L:5.14 +/-2.48 nm
W: 3.94 +/-2.02 nm

246 810121416182022
Diameter of Ge QDs (nm)
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e IR TR EE - [ — = T8
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(ratio of photo current to dark current) 7¢ 5 x 10° H4Z
1.1 x 10° = Fy T [RE (RS B8 I e B RAEE S
Uikt o FRAMLUEE R (120—300 K) KT 7547
I EE ARSI - B 10 RRBE g =g 2 1 Es
FETBEEESE (G ERR G=1V) HiRE
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G < exp(—\/gj (2)

Hep 7, (RFEMEHEE WANES InG) T B2
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RERZERM S » Z<HUHEY T, AT RS B & B
K/~ [EIEE (QD spacing) E1VE{LEE (activation
energy) * LA K Flf #f & B9 3H F¢ RE & (charging
energy) ™™ o (HE B EIEAT AL B Bl = g 5
TR T, {H7 Ry 54629 K K 185106 K °
TESC =LA - A TS % (hopping) HYME
B> 53 By Efros B Shklovskii HY variable-range-
hopping (ES-VRH)®® LA Simanek f#9 percolation-
hopping (PH)"*" » AT FH 2 figtRes 1 115 P Bl 2 S AU il
X o HEEE B AR EE S 2 H ES-VRH
AR 138 > AR EZEERS Y 7, mat&E
H B g B = i = B B RN Ry 0.44 nm B2
0.13 nm™”  JLEEE/NAR B E T EMERE
LEFESHIE T B/ » BRI PERR ES-VRH R A iH
7o U R 14 A0 R - ==L
TR E X RS R R R R R — A LAY AIRY
HNEETEANEEESR  FEEXRER
percolation hopping(m' #2129 5 Percolation HH A
BB S LAY SR s — (IR AR
{ESLA IR A R BT RE AR BB - ME AT
DIZEf%EEPE (tunneling resistor) A fHEEEZ > [l ZAEEE
HEk T Rl 2 A2 R i s AT RO B RG R2 8) « {206 PH
A > Ty B RHYE T BERTEE (Sma) PARERARHY
TEALAE (B ma) FILL I HIAIRBE (RS2 " -

TO < Smax X EA,max (3)

o o T i e TR SRS 2 PH
AR T8 > DL T, TG E R E g S = g 8 = 75
R AIELREST By 66.1 meV Bl 425 meV©® - 55
Lo B A 2855 0 - BRI TS BV & T B A/ N
PR (g =lgrE B/ SRR 9.06
+2.50 nm/14.7 nm 2 5.14 + 2.48 nm/7.5 nm) iz1E
Y B g B = g T BRI R RS L RE (9350 Ry 63.9
meV H 435 meV)® HHEWE - EEEEFR
percolation-hopping {EFTHFCHYIH jE A — E LAY Y
SEET-EAM T EE RN AT o T DaE—
SR EEE =g EE TR RIERREE > o0k
32 meV i 120 meV®? © FIF PH AU {5 E A
Rt E R E TR HE T E LRI EL — B
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R ARFT RIS SRR R ™ BB -
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EREE -~ —Wink=g MY EANCEEE
(responsivity) T 4.64 ~ 482 BEHIZE 813 mA/W - {H
SFHEERZ  LEEEEED Y TATEAE T —&
T (e-h pairs) & [HiH BERIRR - HRFEEL
NiER TS MBS - LS ESE
HIEE T — B R R EEWENR, —a( LAY S HE
MZEZ i » B IR ES 6 s LT
BEATIEE - 2 BRFEBA S EHEE T RS
St miEmE » BT — BN NMEEE R E
W ERZEZE > hEEEERELEEE T 5
A - MR RBFE A LEEEEEEEY - Fit{fetEs
TEENFTEARIE T — BN SIS B B
Mt R EMPEOLER - K& TRt Mgy
SR E R RIRHEE T T -

11 RZE -~ —H=[gHE e a L M
BEAE 350—700 nm SEHEET T TR EROLEIER (IR
FREES Ry 0.7 MV/em) » [EFRYERR S H1FR7 100
—400 % HJE TR (quantum efficiency, 1) ° Z[E
$EE T BUCHAE 440 nm #EECELIE(E - (HE2RE
JEEIEF AR - AR & E T B S el
KRB RO IE RS - B E TR ER
K/IME 9.06 £ 2.50 nm #E R 5.14 £2.48 nm [ » {7
&R O LR EAE 53 B¢ 450 nm EH 600 nm E5



B2 390 nm E 500 nm ° HIEEAVEEFS (blue-shift)

BRI R A S £ E R B N R T
LA B TSI - ks T BB — SR
H SRR

EHE—EAE - MEEANSHHEETERDE
SR T OB E ORI (FrEERE TR
BRI 100%) » BRI R G IE & A Y asE &1
BEA 4 AP iR h g E E " o Nayfeh A
38 B B O o 1 e B R — (E R LR S E
(photoconductor) FHEHI "™ 1 552 Nayfeh Fif
W BB N A 5 T EE TR
(R Iy A RE & 8 A4 R RS - M E 1E

B HHREEFICERAIN 100% < MK R
ﬁﬁ*”VEE@ﬁ%ﬁiﬁiﬁﬁjid\%ﬁ‘*iﬁéﬁﬁﬁE%ﬁt’ sty
A iR 8 o I A S = o L B 1432 0 AN
% o R FAMER 1 rTRERY BRI sk R B2 e ik
PAGOETE
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