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Polyethylene Imine as an Ideal Interlayer for Highly
Efficient Inverted Polymer Light-Emitting Diodes

Young-Hoon Kim, Tae-Hee Han, Himchan Cho, Sung-Yong Min, Chang-Lyoul Lee, and

Tae-Woo Lee*

Electron-injecting interlayers (ILs) which are stable in air, inject electrons
efficiently, block holes, and block quenching of excitons, are very important
to realize efficient inverted polymer light-emitting diodes (IPLEDs). Two
air-stable polymer electron-injecting interlayers (ILs), branched polyethyl-
eneimine (PEI) and polyethyleneimine ethoxylated (PEIE) for use in IPLEDs
are introduced, and the roles of the ILs in IPLEDs comparing these with a
conventional Cs,CO; IL are elucidated. These polymer ILs can reduce the
electron injection barrier between ZnO and emitting layer by decreasing the
work function (WF) of underlying ZnO, thereby effectively facilitating electron
injection into the emitting layer. WF of ZnO covered by PEl is found to be
lower than that covered by PEIE due to higher [N*]/[C] ratio of PEI. Further-

air-stable metal oxide as an electron injec-
tion layer have been proposed as a novel
structure which solve those air-sensitivity
problems. 10

In IPLEDs, inorganic n-type metal
oxides, such as titanium oxides (TiO,),?®
zirconium dioxide (ZrO,),’ and zinc oxide
(ZnO)*#-19 have been evaluated as elec-
tron injection materials due to their air-
stability, solution processability, transpar-
ency to visible light, and tunable electrical-
optical properties. ZnO has been most
widely investigated due to its n-type prop-
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more, they can block the quenching of excitons and increase the luminous
efficiency of devices. Thus, IPLEDs with PEI IL of optimum thickness (8 nm)
show current efficiency (13.5 cd A™"), which is dramatically higher than that

of IPLEDs with a Cs,CO; IL (8 cd A”Y).

1. Introduction

Polymer light-emitting diodes (PLEDs) are promising for large-
area displays and solid state lighting sources due to many
advantages including ease and low cost of fabrication, large-
area application and the possibility of fabrication using the roll-
to-roll process.l!! Although luminous efficiency and lifetime of
PLEDs have been increased, their air-sensitive electron injec-
tion materials (e.g., Ca, LiF) still limit the viability of PLEDs as
displays and lighting sources. These air-sensitive electron injec-
tion materials make device fabrication impossible in air and
induce rapid device degradation. They also induce the increase
of fabrication cost due to the necessity of depositing them
under high vacuum. Thus, the conventional structure of PLEDs
has been a critical obstacle for roll-to-roll mass production at a
low cost. Therefore, inverted structure PLEDs (IPLEDs) having
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erty resulting from interstitial Zn atom
and oxygen vacancies.>”1112 However,
ZnO has a high electron injection bar-
rier into the emitting layer (EML) because
the lowest unoccupied molecular orbital
(LUMO) energy level of ZnO (=4.4 eV) is
much deeper than the LUMO (2.8-3.2 eV)
of the EML.' This large electron injection energy barrier
(=1.2-1.6 eV) impedes electron injection into the EML and
limits overall electron-hole balance. Furthermore, the metallic
nature of ZnO induces electron-hole exciton dissociation!'*-17]
which reduces device efficiency. Employing a thin caesium
carbonate (Cs,CO;) interlayer (IL) on the ZnO can induce an
interfacial dipole and thereby reduce the work function (WF)
of Zn0.®% Therefore, the electron injection barrier from ZnO
to EML is reduced and electrons can be injected easily. Further-
more, decomposed Cs* ions can facilitate electron injection by
doping EML to n-typel'®1% and can also form a hole-blocking
layer.?%) However, the air-sensitivity of Cs,CO; limits its feasi-
bility in roll-to-roll processes,?!) and Cs* ions that diffuse into
a polymer EML can form exciton quenching sites.'¥l An inter-
facial layer should be stable in air, inject electrons efficiently,
block holes, and block quenching of excitons.

This paper reports two air-stable polymer ILs for IPLEDs:
branched polyethyleneimine (PEI) and polyethyleneimine eth-
oxylated (PEIE) which can induce efficient electron injection
as well as efficient blocking of holes and blocking of exciton
quenching. Figure 1 presents the structure of IPLEDs and
chemical structure of PEI and PEIE. These polymers are com-
posed of amine groups in their backbone and side chains, and
can therefore cause a strong molecular dipoles not only within
the structure but also between an adsorbed PEI molecule and
the under-lying ZnO surface.’? These strong dipoles can shift
the vacuum level and reduce the WF of ZnO, and can reduce the
electron injection energy barrier to make electron injection into
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Figure 1. The IPLEDs structure using PEl and PEIE on ZnO layer.

the EML more efficiently than that use Cs,CO;. We also found
that the electron injection barrier and the WF of ZnO tend to
increase with increasing polymer IL thickness and studied the
effect of the [N*]/[C] ratios of the two polymer ILs on the WF of
ZnO. Furthermore, polymer ILs also efficiently block holes and
block quenching of excitons that occur at the interface between
ZnO and EML. In addition, quenching of excitons tends to
gradually decrease with increasing polymer IL thickness and to
saturate at around =10-nm thickness. Finally, in IPLEDs with
optimum IL thickness and an 8nm PEI layer, we achieved
high current efficiency (13.5 ¢d A™!) which were higher than
that obtained using a Cs,CO; IL (8 cd A™'). Our device archi-
tecture enables non-vacuum roll-to-roll processed IPLEDs with
improved luminous efficiency because polymer ILs lack all the
drawbacks (e.g., air-sensitivity) of commonly-used charge injec-
tion layers (e.g., Cs,CO;, LiF) in PLEDs, but facilitate electron
injection, blocking of holes and blocking of exciton quenching.

2. Results and Discussion

To study how the polymer ILs reduced the electron injection
barrier, we used ultraviolet photoelectron spectroscopy (UPS)
to measure the WFs of samples with ZnO (22 nm)/no IL,
Cs,CO; IL, PEI IL (4, 8, 12, 16 nm) (Figure 2a), PEIE IL (4, 8,
12, 16 nm) (Figure 2b). PEI (2.47 eV at 4 nm) and PEIE (3.29
eV at 4 nm) both shifted the WF of ZnO (4.4 eV) much more
than did Cs,COj; (3.56 eV) due to the strong interfacial dipole
induced by the large number of amine groups in their struc-
ture (Table 1). The considerable reduction in the WF of ZnO
with polymer IL (=2.47 eV for 4 nm PEI) can greatly reduce
the electron injection barrier more than can ZnO/ Cs,CO; (WF
=~ 3.56 eV). These reduced electron injection barrier facilitated
easier electron injection into the EML and established efficient
electron-hole balance in the device.

As the thickness of PEI and PEIE increased, the WF of ZnO
gradually increased from 2.47 eV (4 nm PEI) to 3.39 eV (16 nm
PEI) and from 3.29 eV (4 nm PEIE) to 3.6 eV (16 nm PEIE).
These changes indicate that as the thickness of the polymer ILs
increases, randomly oriented dipoles gradually countervail each
other and the interfacial dipole between ZnO and ILs gradually
decreases as a consequence. Thus, the electron injection bar-
rier between ZnO and EML increases and electron injection
capability decreases with polymer IL thickness. To characterize
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Figure 2. a) UPS spectra of ZnO, ZnO/Cs,CO3, and ZnO/PEIl (4 nm,

8 nm, 12 nm, and 16 nm). b) UPS spectra of ZnO, ZnO/Cs,COs, and

ZnO/PEIE (4 nm, 8 nm, 12 nm, and 16 nm). c) Current density versus

voltage characteristics of electron-only devices; ITO/ZnO/no interlayer,
Cs,CO3, and PEI (4 nm, 8 nm, and 12 nm)/super yellow/Ca/Al.

20

the increased electron injection capability and thickness effects
of polymer ILs on devices, we fabricated electron-only devices
with ITO/ ZnO/no IL, Cs,CO; IL, PEI IL (4, 8, 12 nm)/super
yellow (SY) (=230 nm)/Ca (3 nm)/Al (120 nm) and measured
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Table 1. Work function of ZnO with no interlayer, Cs,CO3, PEIE, and PEI.

Thickness ZnO Zn0O/Cs,CO4 ZnO/PEIE  ZnO/PEI
4.4eV 3.56eV

4nm 3.29eV 247 eV

8 nm 3.36eV 244 eV

12 nm 3.55eV 3.17eV

16 nm 3.6eV 3.39eV

current density (Figure 2c). Electron-only devices with a 4-nm
PEI IL showed current density 80 times higher than devices
with no IL, but devices with a Cs,CO; IL showed current den-
sity only 5 times higher than devices with no IL at 20 V. As
PEI thickness increased, electron current density gradually
decreased; this trend was coincident with UPS spectra (Table
1). In addition to the increased WF arising from randomly-
oriented dipoles in the thick IL, increased insulating polymer
thickness makes electron injection into the EML difficult.

PEI reduced the WF of ZnO more than did PEIE at every IL
thickness. To prove this fact, we conducted quantitative X-ray
photoelectron spectroscopy (XPS) analysis. Because the inten-
sity of an interfacial dipole is attributed to protonated amines
which induce electrostatic dipoles, and to carbon atoms which
interrupt self-assembly of protonated amines in a polymer
1Ls,23] we compared the [N*]/[C] ratios of ZnO/ PEI (8 nm)
and ZnO/PEIE (8 nm). In XPS spectra, ZnO/PEI and ZnO/
PEIE showed clear carbon 1s peaks near 286 eV, and nitrogen
1s peaks that correspond to protonated (401 eV) and non-proto-
nated (399.5 eV) amines (Figure 3a).?*2%/ Compared to PEIE,
XPS spectra of PEI showed a slightly higher nitrogen peak and
a similar carbon peak. Furthermore, PEI had proportionally
much more protonated amines than did PEIE (Figures 3b,c).
ZnO/PEI had higher [N*]/[C] ratio (=0.207) than did ZnO/
PEIE (=0.135); this means that ZnO/PEI has more protonated
amines than does ZnO/PEIE, so ZnO/PEI can therefore induce
stronger electrostatic dipoles on the ZnO surface than can
ZnO/PEIE. These differences result from the larger number
of N atoms in the PEI polymer chain than in the PEIE chain.
Thus, more N atoms in PEI than in PEIE can adsorb onto the
ZnO surface and be easily protonated. Therefore, PEI causes a
stronger electrostatic dipole and a deeper reduction of the WF
of ZnO than does PEIE.

In IPLED structure (ITO/ZnO/IL/SY/Mo0Os/Ag), a recombi-
nation zone can form at the ZnO/SY interface due to ohmic
contact in SY/MoO3;/Ag and 1.5 times higher hole mobility
of SY than electron mobility.?”:?! Thus, in devices with no IL
which can block holes and block exciton quenching, the metallic
nature of ZnO induces exciton dissociation.'*'”] Therefore, an
IL that can block holes and block exciton quenching at the ZnO
surface of the ZnO/SY interface is needed. To study the effect
on quenching of excitons occurring on ZnO surface of polymer
ILs, we conducted time-correlated single-photon counting
(TCSPC) with different polymer ILs to obtain the fluorescence
lifetime change of the EML film and steady-state PL with var-
ious thickness of PEI to study the thickness effect on quenching
of excitons of polymer IL. We fabricated various samples
of glass/ no IL, PEIE IL (8 nm), PEI IL (8 nm)/SY (=10 nm)
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Figure 3. a) XPS spectra of ZnO/PEIE and ZnO/PEI, b) N (1s) response
in XPS spectra of ZnO/PEl, c) N (1s) response in XPS spectra of ZnO/
PEIE.

and conducted TCSPC measurements (Figure 4a). Very thin
polymer ILs can block exciton quenching. Fluorescence life-
time from ZnO/PEI/SY (0.45 ns) and ZnO/PEIE/SY (0.42 ns)
were much higher than that from ZnO/SY (0.34 ns) (Table 2).
These increases of fluorescence lifetime obtained by inserting
PEI and PEIE indicate that quenching of excitons is reduced

Adv. Funct. Mater. 2014, 24, 3808-3814
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Figure 4. a) PL lifetime curves obtained from time-correlated single photon counting measurement (TCSPC) of super yellow (=10 nm) on different
under-layers in ZnO, ZnO/PEIE (8 nm) and ZnO/PEI (8 nm). The lifetime was monitored at 550 nm; t,,, is average lifetime from fi7; + f,75, where f;
and f, are fractional intensities and 7, and 7, are measured lifetimes, respectively). b) Photoluminescence (PL) intensities of super yellow (=10 nm) on

ZnO/PEIl (0 nm, 4 nm, 8 nm, 12 nm, and 16 nm).

and radiative decay of excitons is increased. Furthermore, PEI
showed slightly longer fluorescence lifetime than did PEIE,
which means that PEI can block holes and block quenching of
excitons more efficiently than can PEIE. This difference can be
ascribed to two mechanisms of exciton quenching: exciton dis-
sociation at the surface driven by the large energy level differ-
ence between the LUMO (=2.82 eV) of SY and the WF of the
underlying ZnO layer; and non-radiative energy transfer from
SY to metallic ZnO.[2930

Energy differences between LUMO of SY and ZnO, ZnO/
PEIE (8 nm) and ZnO/PEI (8 nm) were 1.65 eV, 0.61 eV, and
0.31 eV, respectively. Because exciton dissociation was caused
by energy level difference, fluorescence lifetimes tended to
decrease with the relative energy level difference between the
LUMO of SY and the WF of the underlayer. Fluorescence life-
time was shortest (0.34 ns) in ZnO/SY with the largest energy
level difference (1.65 eV), intermediate (0.42 ns) in ZnO/PEIE
(8 nm)/SY (0.61 eV), and longest (0.45 ns) in ZnO/PEI (8 nm)
(0.31 eV); this trend implies that compared to PEIE, PEI blocks
exciton quenching more efficiently.

Steady state PL results in samples with glass/no IL, PEI IL
(4, 8, 12, 16 nm)/SY (=10 nm) showed the thickness effect on
blocking of exciton quenching of PEI occurring on ZnO/ SY
interface (Figure 4b). Increasing the thickness of PEI caused
the intensities of PL peak to gradually increase and to saturate
at =10-nm PEI thickness; this trend is due to the increasing
distance between generated excitons and the quenching ZnO
interface as the PEI increases, and to the estimated exciton
diffusion length in SY film (=10 nm).3%l We did not observe

Table 2. PL lifetimes obtained from TCSPC of super yellow on different
under-layers in ZnO, ZnO/ PEIE (8 nm) and ZnO/ PEI (8 nm).

Polymer film .(f) 7(f,) x Tavr

[ns] [ns] [ns]
ZnO/Super Yellow 0.83 (0.17) 0.24 (0.83)  1.585  0.34
ZnO/PEIE/Super Yellow 1.07 (0.19) 0.27 (0.81) 1.735 0.42
ZnO/PEI/Super Yellow 1.07 (0.19) 0.31 (0.81) 1.712 0.45
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any PL spectrum change of the thin SY film with polymer
ILs and with a Cs,CO; IL from that with no IL; because the
polymer ILs did not affect the chain orientation of SY, but just
changed the surface properties of ZnO (Supporting Informa-
tion, Figure S1).

Atomic force microscopy (AFM) measurements of ZnO sur-
face with different thickness of PEI IL, a Cs,CO; IL and no IL
indicated that the PEI IL gradually reduced the roughness of
ZnO with increasing thickness of PEI IL (Supporting Informa-
tion Figure S2). Root-mean-squared (RMS) roughness values of
the ZnO surface decreased from 4.28 nm in the ZnO film to
0.737 nm in the ZnO/PEI (16 nm) film; this means that PEI IL
can flatten the peaks on the ZnO surface. Thus, PEI can reduce
the leakage current caused by these peaks. PEIE also showed
similar surface morphology improvement (Supporting Infor-
mation, Figure S3). However, ZnO/ Cs,CO; (Supporting Infor-
mation, Figure S2b) showed increased RMS (=5.72 nm) and
many peaks > 80 nm tall; these protruding peaks can induce
leakage current in IPLEDs.

Relationships of current density (mA cm™) with respect
to voltage (V) of the IPLEDs with different ILs and with no
IL showed that the devices with PEI and PEIE exhibit lower
threshold voltages (Vy,), above which current density increases
rapidly, that were 1.5 V and 2.5 V, respectively, than that of
device with Cs,CO; (=3 V) (Figure 5a). Furthermore, devices
with polymer ILs showed much higher current density under
high V than did devices with the Cs,CO; IL and with no IL.
These high current density and low Vy, in devices with polymer
ILs demonstrate convincingly that polymer ILs can effectively
reduce the electron injection barrier and facilitate electron
injection into EML; these conclusions are coincident with UPS
data and electron-only devices (Table 1; Figure 2). This result
is consistent with previous research that shows that electron
injection is dominantly influenced by the surface WF rather
than by layer conductivity although it has a thin insulating
layer.3+37] However, IPLEDs with no IL showed no clear Vy,
and low current density under high V due to the absence of a
hole-blocking/ electron injection IL. At voltages < Vj,, IPLEDs
with a PEI IL and with a PEIE IL showed low leakage current
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Figure 5. a) Current density versus voltage characteristics of inverted
PLEDs with no interlayer, Cs,CO;, PEIE, and PEI, b) luminance versus
voltage characteristics of inverted PLEDs with no interlayer, Cs,CO;,
PEIE, and PEI, and c) current efficiency versus voltage characteristics of
inverted PLEDs with no interlayer, Cs,CO3, PEIE, and PEI.

due to reduced surface roughness of ZnO and hole-blocking
capability (Supporting Information, Figures S2,S3). Devices
without an IL showed relatively high leakage current due to
the high electron injection barrier between ZnO and EML, and
to the absence of a hole-blocking layer. Devices with a Cs,CO;

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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IL showed the highest leakage current: although Cs,CO; can
act as a hole-blocking/ electron injection interlayer, increased
surface roughness in ZnO/Cs,CO; induced such high leakage
current. The turn-on voltage (voltage at 1 cd m2) and operating
voltage (voltage at 1000 cd m?) of IPLEDs using a PEI IL (=3
V/=10 V) and a PEIE IL (=3.8 V/=10 V) were much lower than
those with a Cs,CO; IL (=5.14 V/18 V) and with no IL (=16.3
V turn-on voltage) (Figure 5b). These results were attributed
to the increased electron injection and increased blocking of
exciton quenching by polymer ILs.

The current efficiency (CE) versus voltage characteristics
were measured for IPLEDs with different ILs and with no IL
(Figure 5c). Devices with a PEI IL had CE =13.5 c¢d A™! and
devices with a PEIE IL had CE =12 cd A™'; these were much
higher than those of the devices with a Cs,CO; IL (=8 cd A™)
and with no IL (=0.08 cd A7™); this improvement indicates
that our polymer ILs have excellent capability for electron-
injection, blocking of holes and blocking of exciton quenching.
The slightly higher CE of devices with a PEI IL compared to
devices with a PEIE IL can be ascribed to better electron injec-
tion capability (Table 1) and blocking of exciton quenching capa-
bility (Figure 4a) of PEI compared to PEIE. The improved CE in
the device with PEI indicates that PEI has excellent capability
to inject electrons and to block hole/ exciton quenching, which
are important factors for increasing CE in an IPLED device with
emitting polymer having higher hole mobility than electron
mobility, because CE is closely related to efficient exciton recom-
bination without exciton quenching at the ZnO/EML interface.

Current densities and luminance of IPLEDs with a PEI IL
gradually decreased as the thickness of the PEI IL increased
(Figures 6a, b). As PEI thickness increased, turn-on voltage and
operating voltage tended to gradually increase, but maximum
luminance tended to gradually decrease. These trends are due
to the increase in the electron injection barrier as the PEI IL
thickness increases, as confirmed by UPS data. The CE of the
device using 8-nm PEI (=13.5 cd A™!) was greater than those of
devices that used other thicknesses of PEL: 4 nm (=8.5 cd A™}),
12 nm (=13.1 cd A™) and 16 nm (=5.04 cd A7Y). This non-linear
trend indicates that a trade-off occurs between decreasing elec-
tron injection capability and increasing blocking of exciton
quenching capability as PEI thickness increase, and that the
optimum thickness for IPLEDs is =8 nm.

We also tested the device lifetime with initial luminance at 500
cd m™ for the device using PEI and Cs,COj as an electron injec-
tion IL (Supporting Information, Figure S4). The half-lifetime of
the device with PEI (20 h at 500 cd m™) increased dramatically
compared with the halflifetime of the device with Cs,CO; (1 h
at 500 cd m2). While the Cs,COj is intrinsically very unstable
to moisture and oxygen, PEI is stable to moisture and oxygen.
Therefore, the greatly increased lifetime can be ascribed to the
more environmentally-stable characteristics of the PEI inter-
layer as well as the enhanced device efficiency resulting in lower
driving current density at the same luminance.

3. Conclusions

We have demonstrated an efficient and air-stable IPLEDs by
employing two kinds of amine-group-based polymers as an IL

Adv. Funct. Mater. 2014, 24, 3808-3814
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Figure 6. a) Current density versus voltage characteristics of inverted
PLEDs with PEI (4 nm, 8 nm, 12 nm, and 16 nm) b) luminance versus
voltage characteristics of inverted PLEDs with PEl (4 nm, 8 nm, 12 nm,
and 16 nm), and c) current efficiency versus voltage characteristics of
inverted PLEDs with PEl (4 nm, 8 nm, 12 nm, and 16 nm).

between ZnO and EML, and achieved a much improved CE
(=13.5 cd A™! for device with PEI, =12 cd A™! with PEIE) com-
paring with IPLEDs with Cs,CO; IL (=8 cd A™). These polymer
ILs significantly reduce the WF of ZnO and the electron
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injection barrier by inducing a strong interfacial dipole. We
also used quantitative XPS measurements to quantify how the
[N*]/[C] ratio in PEI and PEIE affects the WF of ZnO, and used
TCSPC to determine that the insulating polymer interlayers
blocks quenching of excitons at the ZnO/EML interface where
electrons recombine with holes in IPLEDs that have an domi-
nantly hole-transporting emitting layer (SY). We used UPS to
demonstrate gradual increase of WF of ZnO and used PL to
demonstrate the decrease of exciton quenching with increasing
IL thickness. Therefore, efficient radiative-recombination of
holes with electrons at the ZnO/EML interface can be achieved
by using an IL with optimum thickness. Our work suggests
that the IL in IPLEDs should consider three important factors:
1) air-stability, 2) efficient electron injection, and 3) efficient
blocking of holes and of exciton quenching at the EIL/EML
interface. This strategy that uses an air-stable polymer IL in
IPLEDs can reduce the fabrication cost due to the feasibility of
processing in air, and can increase the radiative recombination
related to both increasing electron injection into the EML and
blocking of exciton quenching. Because, according to the sci-
entific and technological roadmaps which suggest that future
flexible OLEDs will be commercialized by PLEDs, our strategy
using an insulating polymer IL for simultaneous electron injec-
tion and blocking of exciton quenching suggests that large-
area displays and solid state lighting can be realized by using
IPLEDs.

4. Experimental Section

OLED Fabrication: Indium-tin-oxide (ITO) coated substrates were
sonicated twice in acetone and once in isopropanol for 15 min each. They
were boiled in isopropanol for 15 min to remove the residue, then dried
on a hot plate. On the pre-cleaned ITO coated glass, ZnO was deposited
by sputtering to give 22-nm thickness. Then the ITO with deposited ZnO
UV-ozone treated for 30 min to increase its hydrophilicity. PEI and PEIE
dissolved in 2-methoxythanol were spin cast onto ZnO to give layers of
4 nm, 8 nm, 12 nm, and 16 nm and then was dried at 100 °C for 10 min
in air. The substrates were transferred into a glove box and Super Yellow
(Merck OLED Materials. GmbH, catalog number PDY-132) dissolved in
toluene was spin cast onto the PEl interface layer to give a 230-nm layer.
The device was annealed at 80 °C for 20 min, then transferred to a high-
vacuum chamber (<1077 Torr), in which MoOj; (5 nm) (powder, 99.99%,
Sigma-Aldrich) and Ag (50 nm) was deposited as the anode.

OLED Characterization: The current-voltage-luminance (/-V-L)
characteristics were measured using a Keithley 236 source measurement
unit and a Minolta CS2000 Spectroradiometer.

Photoluminescence (PL) Measurement: PL spectra were measured
using a JASCO FP6500 spectrofluorometer. The wavelength of excitation
light was 450 nm.

Time-Correlated Single Photon Counting (TCSPC) Measurement: PL
decays of Super Yellow on diffferent substrate were investigated by
the Time-Correlated Single Photon Counting (TCSPC) measurement.
The second harmonic (SHG = 420 nm) of a tunable Ti:sapphire laser
(Mira900, Coherent) with =150 fs pulse width and 76MHz repetition
rate was used as an excitation source. The PL emission was spectrally
resolved by using some collection optics and a monochromater
(SP-2150i, Acton). The TCSPC module (PicoHarp, PicoQuant) with a
MCP-PMT (R3809U-59, Hamamatsu) was used for ultrafast detection.
The total instrument response function (IRF) for PL decay was less
than 140 ps and the temporal time resolution was less than 10 ps. The
deconvolution of actual fluorescence decay and IRF was performed
by using a fitting software (FlouFit, PicoQuant) to deduce the time
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constant associated with each exponential decay. All measurements are
performed under ambient conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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