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Polymer light emitting diodes (PLEDs) using quantum dots (QDs) as emissive materials have received
much attention as promising components for next-generation displays. Despite their outstanding

. properties, toxic and hazardous nature of QDs is a serious impediment to their use in future eco-

. friendly opto-electronic device applications. Owing to the desires to develop new types of nano-
material without health and environmental effects but with strong opto-electrical properties similar

" to QDs, graphene quantum dots (GQDs) have attracted great interest as promising luminophores.

: However, the origin of electroluminescence from GQDs incorporated PLEDs is unclear. Herein, we
synthesized graphene oxide quantum dots (GOQDs) using a modified hydrothermal deoxidization
method and characterized the PLED performance using GOQDs blended poly(N-vinyl carbazole)
(PVK) as emissive layer. Simple device structure was used to reveal the origin of EL by excluding the

. contribution of and contamination from other layers. The energy transfer and interaction between

. the PVK host and GOQDs guest were investigated using steady-state PL, time-correlated single

photon counting (TCSPC) and density functional theory (DFT) calculations. Experiments revealed that

. white EL emission from the PLED originated from the hybridized GOQD-PVK complex emission with

. the contributions from the individual GOQDs and PVK emissions.

© Electroluminescence from colloidal quantum dots (QDs), which was first reported in 1994, attracted
. lots of attentions from researchers working in the light-emitting diode (LED) fields. Since then, inor-
. ganic semiconductor quantum dots (QDs), such as CdSe, CdTe and PbTe have been extensively used as
. promising emissive materials for next-generation and low-cost LEDs, owing to their unique and attrac-
. tive characteristics such as band-gap energies and narrow emission bandwidths that are easily tuneable
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by controlling the size of QDs during synthesis'-®. However, despite their outstanding characteristics,
severe toxic and detrimental effects on humans are still crucial impediments to using inorganic QDs as
next-generation luminophores in future opto-electronic device applications”®.

Recently, zero-dimensional graphene quantum dots (GQDs) have attracted great interest as prom-
ising carbon based nanomaterials for opto-electronic devices”® and energy conversion systems’ owing
to their unique properties: optical properties, which are easily tuneable in a sophisticated manner, sub-
stantial stability and good dispersity in chemicals, in addition to environmentally friendly properties.
Unlike two-dimensional graphene sheets, GQDs can exhibit photoluminescence (PL) analogous to con-
ventional inorganic QDs due to quantum confinement and edge effects'. Several research groups have
demonstrated the possibility of controlling the band gap and PL emission of GQDs using chemical
functionalization method!!. Recently, organic and polymeric LEDs using GQDs as emissive materials
have been reported. Rhee’s group reported electroluminescence (EL) from OLEDs which use GQDs
embedded a 4,4’-bis(carbazol-9-yl)biphenyl (CBP) layer as emissive layer'?. Here, GQDs were synthe-
sized by amidative cutting of tattered graphite (Ami-GQD). Jeon’s group also reported similar results
using poly(9-vinylcarbazole (PVK) as host matrix'®. In both cases, it is suspected that EL from GQDs
originated from (1) electron and hole transfer from the host to GQDs, which were injected into the host
from the electron and hole transporting layers; (2) direct electron and hole injection into GQDs from the
electron and hole transporting layers; and (3) energy transfer from the host to GQDs guest. However, a
clear physical mechanism underlying the EL emission from GQDs in the device or the origin of the EL
emission has not been demonstrated. In addition, reasons for the broadening of EL spectrum and white
EL emission from the GQDs embedded PLED'?, even though GQDs originally exhibited a greenish blue
PL emission in the solution, were not clearly revealed.

In this study, we synthesized chemically functionalized fluorescent graphene oxide quantum dots
(GOQDs) using a modified hydrothermal deoxidization method and fabricated simple structure of a
PLED by blending GOQDs into a poly(N-vinyl carbazole) (PVK) polymer matrix. The PLED exhibited
white EL with maximum peak at ~500nm. The origin of white EL emission from the PLED was inves-
tigated using steady-state PL, time-correlated single photon counting (TCSCP) and density functional
theory (DFT) calculations. The results indicated that white EL emission from the PLED originated from
the hybridized GOQDs-PVK complex emission with the contributions from individual GOQDs and
PVK emissions.

Results

Synthesis and characterization of GOQDs. GOQDs were synthesized by modified hydrothermal
deoxidization cutting of graphene oxide sheets (GOSs), which were prepared from natural graphite pow-
der using a modified Hummers method'*. GOSs were chemically cut by oxidation in a solution mixture
of H,SO,/HNO; after thermal reduction at 250°C for 2h'. During the oxidation, epoxy groups were
formed on GOSs through the epoxy chains, and groups could be easily converted into more energetically
stable carbonyl groups by further oxidation, resulting in the cutting of sheets. GOQDs were synthesized
by mild sonication of oxidized GOSs for 24h, filtered with a 20nm nano-porous Anodisc filter, followed
by further filtration using a 3500Da dialysis bag.

As observed in the Fourier transform infra-red (FT-IR) spectra (Fig. 1A), GOQDs exhibit an -OH
peak at 3450cm ™, a C= C stretching peak at 1632cm ™!, an O-H stretching peak at 1384cm™', a C-OH
stretching peak at 1265cm™', a C-O stretching peak at 1097cm™ and a C-O-C stretching peak at
1049 cm~!. X-ray photoelectron spectroscopy (XPS) was performed to determine the composition of
GOQDs (Fig. 1B). The XPS spectra contain a dominant SP? Cls peak (C=C) at 284.7¢V, a C-O peak
at 286.4eV and a C= O peak at 288.2¢eV. The presence of C=C, C-O and C= O bands indicated that
GOQDs were functionalized with carboxyl and carbonyl groups. Owing to hydrothermal deoxidization,
the oxygen-related moieties were located at the edge of GOQDs, resulting in capping conjugated SP? car-
bons with SP? carbons'®. Figure 2 presents high-resolution transmission electron microscopy (HR-TEM)
and atomic force microscopy (AFM) images of GOQDs. GOQDs are uniformly distributed without
aggregation, and the size of GOQDs was ~7nm, as determined from HR-TEM analysis. The height of
GOQDs on SiO,/Si substrates was ~1.5nm based on the height line profile, which indicates that GOQDs
consisted of approximately 2-3 layers.

Optical properties of GOQDs. The optical properties of GOQDs were investigated using UV-Vis
absorbance, PL and PL excitation (PLE) measurements. Figure 3A presents the UV-visible absorption
and PL spectra of GOQDs, well dispersed in chlorobenzene solvent (4 mg/ml). GOQDs exhibited typical
strong absorption in the UV region and the spectrum was extended up to 700 nm with a long-tail. The
long-tail absorption strongly indicated the existence of defect sites in GOQDs'¢. From the PLE result,
it is confirmed that the absorption peak in the UV region (below 300 nm) originated from the ® — "
transition of aromatic C= C bonds'” and at longer than 300 nm was assigned to the n— " transition of
the substituent, which contained the non-bonding electrons (C= O bonds) (Figure S1 in supplementary
information)'. The monochromatic excitation source (Ao, =350nm) was used to measure the PL spec-
tra of GOQDs. When its size is less than 100 nm, graphene can emit strong PL due to quantum confine-
ment!'3-2. Although exact PL mechanisms of GOQDs are still under debated, many results suggest that
the PL of GOQDs is attributed to two main processes: intrinsic state emission and defect state emission?.
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Figure 1. FT-IR and XPS. (A) Fourier-transform infra-red (FT-IR) spectra and (B) XPS Cl1s spectra of
GOQDs.

The former is induced by either the quantum size effect??, zigzag edge sites'®* or the recombination of
localized electron-hole pairs®*?*, and the latter arises from defect sites?>?*>?, such as vacancies, intersti-
tial atoms, various functional groups in the graphene surface and edges. The PLE spectrum of GOQDs
explained the origin of PL in GOQDs. GOQDs exhibited two PLE peaks at ~267nm and ~325nm. The
PLE peak in the higher energy region originated from the intrinsic state, and the PLE peak in the lower
energy region was attributed to the oxygen-related functional groups in GOQDs?. The relative PLE
intensity at ~267nm and ~325nm was almost 1:1. Therefore, from the PLE result, it is suggested that
both the intrinsic state and surface defect state originated from the oxygen-related functional groups at
the graphene surface and edges almost equally contributed to the PL of GOQDs.

To investigate quantitatively relative contribution of the intrinsic state and oxygen-based functional
groups to the PL emission as well as exciton lifetime of GOQDs, the PL decay profile of GOQDs (Figure
S2 in supplementary information) was measured using time-correlated single photon counting (TCSPC).
The PL decay profile, expressed by a bi-exponential fitting, indicated that the PL decay occurred through
two relaxation pathways. Table S1 in supplementary information summarized PL lifetimes and fractional
intensities of GOQDs. It is reported that the PL emission originated from the defect state generally exhib-
ited a longer exciton lifetime than that from the intrinsic state?®*”. The GOQDs exhibited two exciton
lifetimes of 2.08 ns (50%) and 0.71ns (50%). These results indicated that the luminescence of GOQDs
equally contributed by intrinsic state and oxygenous functional groups, which corresponds well with the
PLE result.

EL from GOQDs blended PVK LED. Polymer light-emitting device using GOQDs blended PVK as
emissive layer was fabricated and characterized. PVK was used as the polymer matrix due to its good
hole transporting and optical properties, as well as favourable film forming properties”. The fabricated
PLED device had a simple structure of ITO/PEDOT:PSS (40 nm)/emitting layer (80nm)/LiF (1nm)/
Al (100nm). The PEDOT:PSS and LiF were used as hole and electron injecting layers, respectively. In
this experiment, simple device structure was selected to exclude the contribution of and contamina-
tion from other layers (e.g., electron transporting and hole blocking layers) to the EL spectrum and
device performance. In particular, 2-(4-biphenylyl)-5-(4-tert-butylphenyl)—1,3,4-oxadiazole (PBD) or
(1,3,5-tri(phenyl-2-benzimidazolyl)-benzene) (TPBI), commonly used as electron transporting layers
for multi-layer organic or polymer light emitting diodes, have their own EL in the 400nm to 500 nm
region, resulting in bluish-white EL when they are combined with polymer matrixes®*-32, Therefore, to
more clearly understand the origin of EL emission from GOQDs in our host/guest system, all of the
contaminating factors must be excluded from the device.

The PLED showed white EL emission with a maximum peak at ~500nm (Fig. 3B). The EL spectrum
was more broaden than PL spectrum of GOQDs in solution. However, the EL peak position was same
as that of PL maximum of GOQDs. Therefore, it is supposed that the EL maximum peak at ~500 nm
originated from GOQDs. Figure 3C,D present digital camera images of the EL emissions from PLEDs
consisting of pristine PVK (violet emission) and GOQDs blended PVK (white emission) as emissive
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Figure 2. HR-TEM and AFM. High-resolution transmission electron microscopy images (A, B). AFM
images of GOQDs on SiO,/Si substrate (C) and height distribution from A to B (D).

layers, respectively. The reason for the broadness of EL spectrum as well as white emission will be dis-
cussed in the density functional theory (DFT) calculations section. Current density and luminescence
vs. voltage curves of PLEDs are displayed in Fig. 3E. The PLED using GOQDs blended PVK as emissive
layer exhibited a lower current density than that of the PLED using PVK as emissive layer owing to
better charge balance achieved by GOQDs. The device performance of our simple structured PLED is
relatively poor (maximum luminance is 1cd/m? at 11 V) compared with reported results'>. However, this
simple structure of PLED is more suitable to reveal the origin of EL emission in PLEDs, which satisfies
our research purpose.

It is suggested that the EL emission of GOQDs in PLED is attributed to three mechanisms: (1) elec-
tron and hole transfer from the host to GOQDs, which were injected into the host from electron and hole
transporting layers, (2) energy transfer from the PVK host to GOQDs guest; and (3) direct charge injec-
tion to GOQDs. Here, the mechanism (1) was not considered because its probability was very low. For
efficient Forster energy transfer from the host to guest, the absorption of the guest material must spec-
trally overlap with the PL emission of the host**. From UV-Vis absorption of GOQDs and the PL spec-
trum of PVK, it is evident that prerequisite conditions for Forster energy transfer are satisfied. Figure 4A
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Figure 3. Device performance and characterization. (A) UV-visible absorption and PL spectrum of
GOQDs. EL spectra (B) and digital camera images (C and D) of PLEDs using pristine PVK and GOQDs
blended PVK as emissive layers, respectively (applied bias was 11 V). Current density and luminance vs.
voltage curves (E) and schematic energy diagram (F) of PLEDs.

presents the PL spectra of pristine PVK and GOQDs blended PVK films. The excitation wavelength for
the PL measurements was 350 nm. Significant PL quenching of PVK emission at ~405nm, originated
from carbazole excimer, is observed in the blended film. The PL quenching ratio of carbazole excimer
emission reached almost 80%. To satisfy energy transfer, the guest emission (GOQDs) must appear in the
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Figure 4. Photoluminescence. (A) PL spectra of pristine PVK and GOQDs blended PVK films. (B) Double
Gaussian fitting of PL spectra of GOQDs blended PVK film. Insert in (A): Normalized PL spectra of pristine
PVK and GOQDs blended PVK films.

PL spectrum with a corresponding decrease of the host PL emission. Owing to low PL emission intensity
of GOQDs, the presence of PL emission of GOQDs was monitored after normalization of the PL spectra
of pristine PVK and GOQDs blended PVK films (Fig. 4A, inset). A slight red shift of the PL spectrum
and higher PL intensity at entire wavelength were observed compared with those of pristine PVK film.
The reason for these phenomena will be discussed in the DFT calculations section. Figure 4B shows dou-
ble Gaussian fitting of the PL spectra of the GOQDs blended PVK film. In contrast to the PL spectrum
of pristine PVK, which consisted of a single Gaussian curve, the PL spectrum of the GOQDs blended
PVK film can be divided into two PL spectra, originated from the PVK and GOQDs moieties. Based
on this result, it is suggested that energy transfer between the PVK host and GOQDs guest occurred.

To quantitatively evaluate the energy transfer efficiency between PVK host and GOQDs guest,
a TCSPC experiment was conducted. Figure 5 presents the PL decay profiles of pristine PVK and
GOQDs blended PVK films. The decay profiles were fitted using bi-exponential fitting. Table 1 summa-
rized the PL lifetimes and fractional intensities of pristine PVK and GOQDs blended PVK films. The
amplitude-weighted average lifetime (7,,.) of PVK decreased from 10.36 to 8.11ns when GOQDs were
blended in the PVK, which is consistent with steady-state PL result. In more detail, T, decreased from
4.63 to 4.23ns, and T, decreased from 19.71 to 16.73 ns. The decrease ratio of T, is larger than that of
T, which suggests that the carbazole excimer more contributed to the energy transfer process than that
of isolated carbazole moiety**.

The energy transfer efficiency was calculated using the following equation®:

<TDA>

e=1-—

<Tp> (1)

where € = 0.22 when the amplitude-weighted average lifetime was used. Based on this result, the occur-
rence of energy transfer between PVK and GOQDs was confirmed.

The probability of direct charge injection to GOQDs was also investigated by analyzing the energy
levels of PVK and GOQDs. Figure 3F shows the energy levels of PVK and GOQDs. The HOMO and
LUMO energy levels of PVK obtained from the literature are 5.4-5.8¢eV and 1.9-2.2 ¢V, respectively®.
The HOMO and LUMO energy levels of GOQDs were 5.48 and 3.0eV'>%, respectively, determined
from ultraviolet photoemission spectroscopy (UPS) (Figure S3 in supplementary information) and the
optical band gap, which was estimated by absorption and PL results. As observed in the energy diagram
in Fig. 3F, the HOMO and LUMO energy levels of GOQDs are located within those of the PVK, and
have a small energy barrier for charge injection from both electrodes; therefore, direct charge injection
is possible in this system?. Thus, the EL emission of GOQDs could have originated from both energy
transfer from PVK host and direct charge injection to GOQDs.

DFT calculations and origin of white EL emission in PLED. Based on experimental results from
the steady-state PL, TCSPC and analysis of energy levels, it was confirmed that the EL emission at
~500nm originated from GOQDs. However, unsolved questions remained: What are the reasons for
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Figure 5. Time-resolve PL. PL decay profiles of pristine PVK and GOQDs blended PVK films.

Polymer films | 7,(f;)/ns 7,(f,)/ns Tyr/MS" xx
Pristine PVK | 4.63 (0.62) | 19.71 (0.38) | 1036 | 1.231
GOQDs

blended PVK 4.23 (0.69) 16.73 (0.31) 8.11 2.181
film

Table 1. PL lifetime of pristine PVK and GOQDs blended PVK films®. ®The monitored wavelength was
410nm. The PL decay curves were fitted to a bi-exponential function to calculate the lifetime of the
samples. "The amplitude-weighted average exciton lifetime (1,,,) was f,7; + f,7,, where f; and f, are fractional
intensities and 7, and 7, are lifetimes. “x ? is the reduced chi-square value.

(1) broadening of EL spectrum and white emission, (2) slight red shift of the PL spectrum and higher
PL intensity at the entire wavelength in GOQDs blended PVK film? To determine these reasons, DFT
calculations which can uncover the interaction between PVK and GOQDs were performed. The GOQD
was modelled with a 19-ring graphene structure with hydrogen termination at the edges for proper
relaxation. The unit structure of PVK was used because the side chain does not contribute to frontier
orbitals, which are associated with essential interactions®.

The molecular orbital (MO) energy and simulated density of states (DOS) are shown in Fig. 6. Four
possible initial geometries of GOQD-PVK systems were designed according to their molecular symme-
try, and each system was fully relaxed to find the energetic minima. The minimum energy geometry is
shown in Fig. 6 (top inset). The other structures obtained from DFT calculations have far higher total
energy compared with the thermal energy of room temperature. As seen in the topmost DOS in Fig. 6,
there are significant MO hybridizations between GOQD and PVK because the GOQD-PVK DOS cannot
be simply deconvoluted into each PVK and GOQD DOS. This finding implies that there are significant
interactions between GOQD and PVK, which could affect PL or EL emissions.

The electronic transition related to PL or EL emissions can be estimated with MO structures as a first
approximation within the framework of Koopmans' theorem™®. To see detailed transition, MOs of the
GOQD-PVK complex system are presented in Fig. 7. Nearly degenerated HOMO and HOMO—1 levels
are located at 4.69 and 4.75eV, while the LUMO and LUMO + 1 levels are located at 2.32 and 1.85¢V,
respectively. Possible electronic transitions for PL or EL emissions are indicated with red arrows. The
emission features measured near ~500nm correspond to the transition from the LUMO to the nearly
degenerated HOMO states (511 and 524 nm). The other features measured near ~410nm are associated
with the transition from LUMO+1 to degenerated HOMO (426 and 435nm). These two main emission
features are quite close to those of individual GOQDs and PVK, as observed in the PL emission (Fig. 3).
However, these two emission features from the hybridized GOQD-PVK complex have completely differ-
ent origins: these features are associated with the HOMO and HOMO—1, where their wave functions are
highly delocalized over both moieties of GOQD and PVK, while LUMO and LUMO + 1 are associated
with a relatively localized GOQD moiety (wave functions are indicated on the right side). This finding
means that PL and EL emissions (Fig. 3B and Fig. 4) are not solely related to individual GOQDs or PVK
but also related to the hybridized GOQD-PVK complex states.
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We assume that white EL emission from the GQDs incorporated PLEDs will occur when organic or
polymeric materials, which have carbazole moieties, were used as host. In previous result'?, white EL
emission was also observed when the CBP was used as host material. To reveal our hypothesis that car-
bazole moieties have a crucial role to generate white EL emission, DFT calculations (calculated MO and
electric transition) of GOQD-CBP was conducted (Figure S4 in supplementary information). Analogous
to GOQD-PVK system, two emissions at ~513 and ~433 nm were observed, which originated from the
hybridized GOQD-CBP complex states. From this result, it is confirmed that host materials containing
carbazole moieties can make hybridization complex states with GQDs and this hybridization has a cru-
cial role to generate white EL emission.

Conclusion

We synthesized chemically functionalized fluorescent GOQDs using a modified hydrothermal deoxidi-
zation method and fabricated a simple structured PLED by blending GOQDs into a PVK polymer host
matrix. The basic device structure was used to reveal the origin of EL by excluding the contribution of
and contamination from other layers. The PLED exhibited white EL emission with a maximum peak at
~500nm. To evaluate quantitatively the energy transfer efficiency between PVK host and GOQDs guest,
a TCSPC experiment was conducted. The amplitude-weighted average lifetime (t,,.) of PVK decreased
from 10.36 to 8.11ns when GOQDs were blended in the PVK, which is consistent with steady-state
PL result, thereby energy transfer between PVK and GOQDs was confirmed. Furthermore, from DFT
calculations, it is concluded that (1) broadening of EL spectrum and white emission, (2) slight red shift
of PL spectrum and higher PL intensity at the entire wavelength region in the GOQDs blended PVK
film are caused by the contribution from the hybridized GOQD-PVK complex emission. Therefore, it
was concluded that white EL emission in the PLED originated from the hybridized GOQD-PVK com-
plex emission with contributions from individual GOQDs and PVK emissions. This work demonstrates
strong possibility that GOQDs can be used as inexpensive and eco-friendly electronic materials for
opto-electronic devices such as displays and lighting devices in the near future.

Methods

Synthesis of GOQDs. Graphene oxide (GO) sheets were synthesized from natural graphite powder
using the modified Hummers method'. To remove any acid, GO was centrifuged (4000 rpm, 30 min)
and then diluted with distilled water (DI water). Any remaining acid was further removed by rinsing,
through centrifugation in water 6 times. To obtain small and uniform sized reduced graphene oxide
(RGO) sheets, purified GO sheets were re-dispersed in DI water and then subsequently deoxidised in
a box furnace at 250°C for 2h under ambient N,. Then, 0.5g of reduced RGO sheets was oxidised in
a mixture of sulphuric acid and nitric acid (100 : 300ml) for 20h under mild ultra-sonication. The
mixture of acids was diluted via previously used rinsing process, and resulting oxidised graphene sheets
were re-dispersed in DI water for 24h under mild sonication. Then, smaller oxidised graphene sheets
were filtered with a 0.02-pm nano-porous Anodisc filter. Finally, to obtain the GOQDs, the mixture was
further filtered overnight using a 3500 Da dialysis bag.

Fabrication of PLEDs. The fabricated PLED devices had a structure of ITO/ PEDOT:PSS(40 nm)/
emitting layer(80 nm)/LiF(1 nm)/Al(100 nm). ITO glass (25 mm x 25mm) was cleaned with organic sol-
vents and UV-ozone for 20 min. The hole injection PEDOT:PSS (AI4083) layer was spin coated on the
ITO with a thickness of 40nm and dried at 150°C for 15min in an oven. Then, pristine PVK and a 0.4
wt % GOQDs blended PVK (Tokyo Chemical Industry) layers were spin coated on the PEDOT:PSS layer
and used as emitting layers, respectively. Chlorobenzene was used as the solvent for dissolving GOQDs
and PVK. After spin casting, the emitting layers with 80 nm thickness were treated at 80°C for 30 min in
an argon (Ar) filled glove box. At the base pressure of ~10~7 Torr, 1 nm thick lithium fluoride (LiF) and
100 nm thick aluminium (Al) layers were thermally evaporated on top of the emitting layers as a cathode.
The size of emitting area was ~ 4 mm?

Characterization of synthesized GOQDs and PLEDs. The structural quality and crystallinity of
GOQDs were inspected using high-resolution transmission electron microscopy (HR-TEM) (JEM-3010,
JEOL Company). The thickness and uniformity of spin coated GOQDs on the SiO, substrate were inves-
tigated using atomic force microscopy (AFM) (XE—100, Park system). X-ray photoelectron spectros-
copy (XPS, Thermo Scientific K-Alpha small-spot system) and Fourier-transform infrared spectroscopy
(FT-IR, Thermo Scientific Nicolet 6700 spectrometer) were employed to confirm functional groups of
GOQDs. UPS measurement was performed in the homemade in-situ photoemission analysis system
(generator: VUV 5000 and detector: SES-100) with a hv=40.8eV, He II source. In order to prepare the
samples for XPS, FT-IR, and UPS measurements, we used exactly same manner as it was in our previ-
ous report.”> The UV-visible absorption spectrum was measured using a spectrophotometer (Shimadzu
UV-2401PC), and PL spectra were measured using a 15cm monochromator (SP-2150i, Acton) with
photomultiplier tube (PMT) and tuneable Ti:sapphire laser (Mira900, Coherent) and/or Hitachi F-7000
spectrofluorometer equipped with a Xenon lamp as an excitation light. The current density and lumines-
cence vs. voltage characteristics of the PLED were recorded using a source measurement unit (Keithley
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2400) and a luminance meter (Minolta CS100). The PL decay of GOQDs in chlorobenzene solution
was investigated using the time-correlated single photon counting (TCSPC) measurement. The second
harmonic (SHG=350nm) of a tuneable Ti:sapphire laser (Mira900, Coherent) with a ~150fs pulse
width and 76 MHz repetition rate was used as an excitation source. The PL emission was spectrally
resolved using some collection optics and a monochromator (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 10ps. The deconvolution of the actual fluorescence decay and IRF was per-
formed using fitting software (FlouFit, PicoQuant) to deduce the time constant associated with each
exponential decay. The PL decay of pristine PVK and GOQDs blended PVK films was also investigated
using TCSPC measurement. The Chameleon laser system, which consists of a diode laser pumping a
Ti:sapphire laser (Chameleon Ultra II, Coherent Inc.), was mode-locked to provide picosecond or fem-
tosecond pulses of light with approximately ~150fs pulse duration and an 80 MHz repetition rate. The
laser was used in combination with a pulse picker (9200 series, Coherent Inc.), which was modified at
4.4MHz pulse frequency, and a 2" harmonic generation signal from BaBO, crystals (3-barium borate:
BBO), which could frequency double the Chameleon’s output to create wavelengths of 350 nm. The flu-
orescence emission was filtered by an appropriate long pass filter (355nm) to remove residual excitation
light and focused into the entrance slit of a spectrometer (SP-2300i, Acton) with a spectral resolution
of approximately 1nm. The spectrometer was coupled to a picosecond streak camera system (C9300,
Hamamatsu Photonics).
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