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Photodetectors are the crucial optoelectronic devices in daily life and
for future technology, which have been widely used in a variety of
applications, such as image sensors, optical communications, medical
sensing and environmental monitoring. Nowadays, photodetectors are
fabricated using high-cost and complex semiconductor processing methods
based on single-crystalline silicon, which cannot be compatible with
flexible substrate for wearable electronics. In contrast, semiconducting
quantum dots (QDs) can be prepared by low-cost chemical synthesis and
can be processed by solution-based methods, such as spin coating and
inkjet printing, thus would be compatible with soft substrate and can be
integrated with Si-based optoelectronic devices for enhancing the
performance or adding the functionalities. Graphene quantum dots (GQDs)
hold several unique materials and photophysical properties, such as tunable
bandgap and large absorption coefficient, which can be inherited from two-
dimensional graphene or introduced by quantum confinement, thus would
be promising nanomaterials for preparing novel photodetectors. In this
proposal, amine-edge-functionalized GQDs were prepared using bottom-
up molecular fusion method, which can hold high crystalline structures
with well-controlled surface states; they also exhibited broadband
absorption and low non-radiative decay processes. Photoconductive
photodetectors were fabricated using metal-semiconductor-metal device
configuration based on amine-edge-functionalized GQDs and ZnO
nanoparticles. In this case, GQDs can serve as photon sensitizers, which

can absorb light and transfer the excited electron to ZnO conduction
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channels, while the ZnO nanoparticle film was employed as conduction
channel layer for carrier transport. Due to the formation of van der Waals
heterostructures with type-II band alignment, the excitons generated in
GQDs can be efficiently dissociated and transferred to ZnO channels. The
current-voltage curves of our photodetectors under vacuum exhibited
linear behavior with high on-off ratio (~19,000) under low-power UV

illumination (< 1 mW/cm?).
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feMe 2 i izl 25 3L §F KX ER v Eann 2EHRE -
y - » Az~ + p 5% (supramolecular self-assembly ) 2 — F&2% #5
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3 @ (n-m stacking) ~ @ 4#(hydrogen bonding) ~ ¥ I # (van der Waals
force)~ & i5 = 3 i¥* (Coulomb interaction) & » 7| 7 & ﬁ";‘ii F 84 F
fEPF 5 A= | B 2 & B (aggregation) > e s ¥ *gé B2EEH T
i % (noncovalent interaction)i& m 2} % § B 2 Az 4 F p X B
(supramolecular self-assembly structures)!” o 4z 4 + p fe KL ¥ % iF
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RAFLERER
2.1 R &

i 2 VERBIOL A AREE R AT E- HBHLTFT R
B * o FE P ATF 2 ER AT L W (pyrene) ~ A i (nitric acid
(HNO»)) ~ # p& (hydrochloric acid (HCI) ~ & % i* 4} (sodium hydroxide
(NaOH)) ~ = * A 9 fg "= (dimethyl fumarate (DMF)) ~ = R § "=
(melamine) ~ ¢ f%(ethanol (EtOH)) ~ ¢ f& 2 fiy(ethyl acetate(EA)) ~ ® ¥
(toluene) ~ % i fit(petroleum ether(PE)) ~ fiy fix & (Zinc acetate) ~ = ¥ P
@ % 1*4%(tetramethylammonium hydroxide pentahydrate (TMAH)) ~ =

7 A I A (Dimethyl sulfoxide (DMSO)) % -

22 HEEHE 2
2.2.1 # B%d~ 1,3,6-= A £ +(1,3,6-trinitropyrene) & =

PP T A2 AT RERE S EEGRE IR APF AUEH
T ER 1,3,6-= AV AT o | H 2 5 4EE 0.5 g e » 40ml ik AV
Fe(HNO;3)® » & 80°C T wjn(reflux) T 34X 12 /] pF » #-iom b =
1,3,6-= F L35 (TNP) > 4o 2-1« F % & (503 R L 4P 30 » &
BF et &~ 250ml 2 Aok ¢ (IL) 8 0 i i i@ip 0 3

3 4ok S Aok A A S0 2R S AR BT RITIR IR 2
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222%EA T a2 F éﬁff- £ + Bt(Amine-functionalized GQDs) & =
FB 0.01g 1,3,6-= A 4 1587 0.06g = F § %2 2.5ml ehz 7 A0

BRI AN Y o RIS BB AP E L e B E R Y 2R Y

HAF RPER 20 A4 200°CH 7R fs o B R P (S 78T 5B

10ul f&F3ET FY > PP EENFTLLEFETE EET7 ]

Bl 4B 2-2 -

300 30
| —Temp IR —Pressure —Power -

200+

223AF pH EEFRAFTR P FEFEIBES
B R 13,6-2 AT s 2 R F MRS Z 7 AT ERR A b
T u4e x 3 kA IN 2 NaOH(10ul)2 HCI(10ul~20ul~

I
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50ul) iR frf 0] (SRR E A SR BR Y ZEE Y 0 ER T
F PSR 20 48 200°CiE 7 F oo fgd P pH Een® it > ¥ 00 iz
RAF AR FEFEFBROLMEEE FRPFRLT T FED
EFEREE I UZFEERIBEERT AELREY - FHREEFH

70.01g1,3,6-= B 7L 7 0.06g = B § "= 2.5ml = @ A 9 fEiea

AP o e r INHCI20ul fopt (27 7 @ ikt 2 7 B £+ Bhe

2.2.4 § i &3 & #F (Znic oxide » ZnO) & =

P-0.554 g fiy e ##7% -.30ml = ¥ AT 0 ¥ FB~0.9995 ¢ TMAH
% 10ml ¢ fg P T #3203 R B FF » s PR v R FRERT
P 24 ) PEF e Ris4e 2L fhe fig 0 BT E A B P A AT 0 12 8000
rpm g g 10 A4 2R R o 4o r 2 iR (200 L) fre
i (SmL) MAETF M43 AR F R K% ¢ e FyikiiErs 8000

rpm g AL 10 A 4D AU LR o ST S ZnO R ok A e

23 REHERBAERRE
231k &~ R
ek (microwave) s & ANt MBEE AT A2 BT R 0 Bk

X% 1mm I 1m 2 & 28FFERFSY S 300 GHz 2 300 MHz
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BRIt R (Eo S il RS SR R RHPRE R P PR
AA B RERAABESR T F RS K S ERRT LR ERS O
FORB R T2 do e R g o AR B0 A BT S g TR
RS A 2 ek AR AP WA AR EREY 4D 3 o A

F @t 2 ok FOR B A5 5 (Monowave 300 © Anton Paar) e

RS 7 R E LIRS A L C S S R ¥

TIBEREE PR AL AT (F S B B a5 LI

HmG e Fl APAI* B 3477 5352 kG R A E S 8

_i 2 “J’ ~ ﬂjﬁ ~ & EIBB gl“é’:*#;*; o

2.3.3 k¥ & (photoluminescence, PL)

K kR A e ek T e BRI 0 A 8IS £
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TIESHEPIERE L DG A RAOR k¥ R g LE

4ol 2-3> AEY Ey Aol TEHEEMETFALIBT S R

E
I
e
&3

T T I LI RREEERI L (B230¢ D) BF
EH ) %ﬁ d 27 %3 (phonon)z_ 2 3 %% £43 3 it & if % (band edge)

(B12-3° Q) Bt T3 Tk od $55445 & A 2k (B 2-3 ¢ 9 ()o

E
N
—— o/ X g
hv \
b
E, > k
(6)

W 2-3 1 k¥ kAR T A W

234 5#n ¥RER AN
AFEEEEY %k kAL h FluoTime 300 % -k z ¥ k4 &dp 5 #
Ao R EE K SLo doB) 2-4 TR R S 375nm PR FF SR R AR L E
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R ARR chE L3 B4 BRRT IR FR PRI iT R
£ F > #4250 nm I 900 nm > B pIHR SRR L T ehy ok
L2 E Rl T E fy e KPR R4 o gt vh > 375 nm A% e

T E 3 RCEar% R R (pulse width, FWHM~100 ps) > ]yt i & 15§

~

ik e R TR ME £ P HET AT %

#y enpeE B {247 & (time resolution ~ 200 ps by deconvolution) °

58
EXC Attenuator EXC Shutter [Xe] EXC Polarizer [Xe]
POL 800-D Postion: closed Positon: closed Postion: 0.0 * Xe Lamp
\
S
e

B 2-4 : % E FluoTime 300 & ¥ % %357 3, F]
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2.3.5 % & 3 »xF £ Rl(Absolute quantum yield measurement)
FERBH NG HE I ST gD RE AR RAS KT R
BRIEAEY > FEHRBSE YRS A IR E AR
AR €5 - BAEE (baffle) B st g ik oowm 2 > WAL K IRMELE
i~ WP F i3 A 4 forc i(saturation effect) » Flpt #15 kU EL Y €
AAFATRN S BRI EREY Y O RS BK
% i (reabsorption effect) € 3 55 > 4o 2-5 #777 - GHE F »cF £ 3
BEFRREE SRS 22 ERA F RS/l 2§ %X
HoJIr KFOF LG FALELAEFE > FE AN T

N _ fPLSampledk - f 1:)]-‘Referenced}“
LY fAbSReferencedx - fAbSSampled}"

NpLqy © ¥ 4G HEF 2
e s z A S D FE T . 2. 2 [N PR PSR 3
PLsample © & i11% 5635 % 56 38 ~ PLeference © 55 & cn8 % % 3 -

Absgeference - 5 B &k Yz ¥ ~ AbSSample DERR Sk

¢

—_—
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light Detector
source

oK

W2-5: A2 ERFLH

2.3.6 7 £ R

kTR FLECERN P HE S LT B E RN

R GEHR 4 EE S R R T 4k (source meter, Keithley 2400) 5 4e
Bl 2-6 #1751 o KT BB AL BT REPIRRAE(B4e: SHwd
) R RS P B 2. 7 - R AF Ay AR (current-voltage curves) 0 i i iT
BRI (e s 7 BR R PERE ) AT AT R

A, F 0T 7k 3 (photoconductivity) i 47, 2. 7 7 @ ﬁia?] (charge

transport) 2 & 7 (charge storage) % »< & °
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Main Lamp Monochromator

Bias Lamp

Source meter
[ |Optical Chopperm\, Lh::::

Bias Lamp|
Igniter

Lock-in Amplifier Chopper

Sample
Chamber

W 2-6: X Ep 552 LEFRLR

237 RELEREUAR

sk 35k B ip) % (photoconductive photodetectors)si-u it § 1t & J§-X
8- &£ ¥4 (metal-semiconductor-metal, MSM) & FA #, i * 152 1
7 & (Interdigitated electrodes)4® 233 L4 + » & <+ 5 10 mm X 6 mm
x 0.75 mm > § &4 5 & (work function, 5.1eV) > 452 LT A 5 5
pum e g2 THEEK S Spum > Rikdg R s 180 0 4ol 2-7 #roT o

BRI L E R E R E A~ 2 7 &g A (conduction
channel layer), 2 & F_#¥-#7& =2 F iV 483 F o3 ¥ K@= 2
(solution processed)? = %] i /& %-(ZnO nanoparticle film).iz & % i €
I * Mg F F MIFE % F 2 2 (drop casting method) & e % # X
(spin coating method)#-% i 4 % sk #+ R E >+ 4pR AT FFP - £
ErsfapBic AN B TT Ry P RLER WA o
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BEAPT LG L E R R B G bR (R LT R ) 0 A

AT 2 RAT A2 B RSB EFEFRET S
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=

R AR FRREE PNCET NI MY

Zoa FR L E ]y o 4@ 2-8 o

-5 =

W2-7: < AT EF LW

Zinc Oxide in ethanol

Graphene QDs in Toluene
Drop-casting & Oven in 50°C

Drop-casting & Oven in 50°C

| Sy
Sum - N\ {{))ﬁ}) PPy ) )
—p \
Electrodes-gap width Au ’ j . ]; ( }% N
\ JIJ I J
A\ Au K Au
Glass ] N\

W2-8: LELERERAS T LW

2.3.8 HHR AR 2

Cyclic Voltammetry(CV) ¥ %k k% i2 > 5 d £ R[HH#hy @R T

R

o

> R EF A gk B F x4 F #ukt (Highest Occupied Molecular
Orbital, HOMO)fr & i< A § & F #13* (Lowest Unoccupied Molecular

Orbital, LUMO) ° % K% 2 E¥-4% 535 4 % o e R 1K (7 5 e



TR EI ML P2 RREEFRREZDERTE LT

g B e @ 2 HOMO B2 LUMO » & %4 $ 18T =
FEEH A HHOMO B2 LUMO > it ¢ B8 § B E 2% > AP 5%
PR CARTRERRG £ TR A H TR F B B

I/Eil-ﬁ"q_‘/n ) 15.@2;&4; ?J*-é’

g
=g
W
ol
]
B
{.X:
]
K
o
8
i}
AR
fod]
W
pal

ERGIPHTE LT RABPHTIET S 1E1E - Bk Bl p
Hh2: CPRRrF B 4ok 85 P F R 1R aBE F 2 BE
i o A9 %1 (T E G 2 N 2R 5 0F >0 ITO glass (Indium Tin
Oxide glass) F » & fofgd &b » (F5 1 (T3 4% o
2.3.9 T EHFEER

kKT HEMER LRI E S T S TR T 4k (source meter,
Keithley 2400) % - & (375nm laser) » ¥ % & £ Rk g ip| B2 7 in-7 &
F Axd A (current-voltage curves) i e R L IEE kAT -7 R
Picd MOoAPVEY LT E2ERE TG ﬁi;f](charge transport) £ 14+
% & J7 4f #i(charge trapping) ¥ i o £ R P B R i-T R FHTY A
3 & & & 42 (Ohmic contact) * 24044 (p—n junction, Schottky barrier) »
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electrodes

375nm
laser

Ohmic
Schottky

Source meter

~

W2-9:LTERAATFLW
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- B:2Hm

Adprg Al »T @ b A5 g £ 2 (bottom-up molecular fusion
method) k & = F S =R F a2 2 SfFE+ 8 482 2 7 1)
NEEFEFIBLFEDERETE T B4 DL g (well-
controlled surface states) o 4r] 3-la 5 "<& F it it 7 &ﬁ%—?@_ <+ BLiR Y
POEhER Y > APl FTIR %@ 7 2 3 Baveh F il i h
% % 4c B 3-1b > & 3200-3500 cm™ ™ 2 g $| N-H ¥ HgdREs 0 1745
cm! 5 C=N jr# 4 > 1602 4w 825 cm™ » %] 5 C=C~ C-N # % ‘ﬁ ’
2800~3000 cm™ R &> C-H &b » P 2 EFEF B4 0 ¥

£

A 1 X SRk T R HXPS) R R A E A

=¥

+ 8:(3-2(a),3-2(b)) & § 422 A k3 3-20)h E e o & Cls b
3¢ 5283.6eV284.2eV286.7 eV fuig £ 0 7 A w3 C=C~
C-N{r C=N %#42%(3-2a)- @ & L A&+ BN 1s LA 7 41 3985
eV s NH, 2 55(B] 3-2b) » 558 N1s v Cls kP % » &
PORAT A SH AT EFEFEEE B T AHURE 3-2(c) &
PR e P EPE RS 0§ 82 LRI hZn(Qp) A A L
BB A AW 5 Zn(2psn) fr Zn(2pin) e A B3 10213
fr 1044.4 eV o
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SETENTFEMETEM) AP T RERIRAT N LT L
GRS EEF B E F RS (Zn0)H 2 Al doB] 3-3() T 0 A
3 R GQDs e7% <+ 42 3~5 nm [ > ¥ B 5 PR en g 2 0F & (lattice
fringe) » # FEEH 5 021 nm > $/E> 7 EH001)T & - P 2 af
2 B BE G BERET - ¥ hd B330b) FUFRAPE R

2.7n0 2 sk F+H X ] 5~4nm-e

T (%)
B

1602

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (em™")

B3-10 ()5 %0 1t 2 2 SAFR S B30T TR (bR 2 R EAFES B

2. FTIR
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Cis

1
1

Counts (a.u.)

Counts (a.u.)

=L .7

292 200 288 286

o 284 282 280 278
Binding Energy (eV)

408 406 404 402 400 398 396 394 392
Binding Energy (eV)

(©) Zn 2p

Counts (a.u.)

1055 1050 1045 1040 1035 1030 1025 1020
Binding Energy (eV)

W 3-2: XPS it ¥ Fl() = 2 & £ A2+ 8- Cls: ONIs: (0)F &7 3
(ZnO) Zn 2p

d=0:21 1y

e ”

L 42 F T (Zn0)2 F 3T T 5N T

Bl3-4(a) s %k 7 SAFE T Bh2 v fc 2 §F X LHE o RO @ sd b AT

27



FUAREUR L F EHFE S B &S UR R BTN UV B
Mg T BAFR S BRE § K R A e 0 UV E 4
FOAEFRE e T OARBCEORET A4 Ry kMg
BEHR590mm) B AFRSFOELEE KA R > FES
BEW I R REET S BB 25 sA SR F R L TR el
WRRREAEFERLLER o BEF R RTRE E R AP
WEFERREFLST Y E - Bk B kA E (fitting by single
exponential decay functions) » ¥ 3| 6 ns £ &+4F & 2 ¢ # (radiative
lifetime)(4- @] 3-4(b)) 5 2t ¢ » B F L FRE R AP LR FIRAF

% % (picosecond scale)z P-if 2L S48 & A% > F]PLif & 18 F ok R

(a) (b)

T T j 10°F
= Absorbance
—— PL

10}

e
=
T

102}

Norm. Intensity (a.u.)
o o
N (-]

Norm. Intensity (a.u.)

bl
o

300 400 500 600 700 800 A0 0 10 20 30 40 50 60 70
Wavelength (nm) Time (ns)

347 (@5 % 02 B BAFE S B fo R 3 kL3 5 (b) 5 2 B AT £ &
WAL

ARtk T LR R E A 2 B 3-5() 7 0 AR A
v & -L 8- £ (metal-semiconductor-metal) % 1‘;& TR A

SR A £ T B Sdk: SleVo A &1 (FREY L RM 4e
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TR PRY F VBRI R BT RS lﬁﬁﬁiilﬁﬁ]

(channel layer) > #]% ¥ “ & @& 5 % ¥ &3 2HF PR 5 @ﬁﬁl#‘%ﬁ’ I~

BF A2 B SR+ BRI IF 5 L ATH# (photon sensitizers) > * K %

Yok F I #gc s 7+ & 7 F & H 4F & (electron-hole recombination) #
#-3L i7 4% (charge transfer) T T /7 B # &
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