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ABSTRACT: Carbon nanodots (CDs) are known to be a
superior type of lasing material due to their low cost, low
toxicity, high photostability, and photobleaching resistance.
Significant attention has been paid to synthesizing CDs with
high fluorescence quantum yields (FLQYs) to achieve higher
optical gains. In this report, we reveal that excitation wavelength-
independent (λex-independent) photoluminescence (PL) char-
acteristics, rather than high FLQYs, should be given priority to
realize CD-based light amplification. CDs with excitation
wavelength-dependent (λex-dependent) PL characteristics and
FLQYs as high as 99% and 96% were found not to exhibit
amplified spontaneous emission (ASE), while those with λex-independent PL characteristics and FLQYs of only 38% and 82%
realized ASE with low thresholds. The difficulty of achieving ASE using CDs with λex-dependent PL characteristics is likely
attributable to their high contents of C−O−H or C−O−C groups. These groups can induce numerous localized electronic states
within the n−π* gap, which could decentralize the excited electrons, thus increasing the difficulty of population inversion. In
addition, the radiative transition rates and stimulated emission cross sections of CDs with λex-independent PL characteristics were
found to be significantly higher than those of CDs with λex-dependent PL characteristics. ASE in a planar waveguide structure,
which is a practical structure for solid-state lasing devices, was also demonstrated for the first time using CDs with λex-
independent PL characteristics. These results provide simple and effective guidelines for synthesizing and selecting CDs for low-
threshold lasing devices.
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■ INTRODUCTION

As a new type of organic luminescent quantum dots (QDs),
carbon nanodots (CDs) have attracted great interest due to
their advantages of low cost, low toxicity, chemical inertness,
and photobleaching resistance.1−5 With the achievement of
ultrahigh (∼100%) fluorescence quantum yields (FLQYs) in
the past few years,6,7 CDs have great potential for use in
applications such as bioimaging,8−11 fluorescence encryp-
tion,12,13 white light-emitting diodes,14,15 and photocatalysts.16

CDs have also been demonstrated to be promising as lasing
materials whose emission wavelengths (λem) can be tuned in
the entire visible wavelength range,17−19 which will inevitably
expand their applications.
Generally, it is believed that a high FLQY and low optical

loss are the two factors determining the lasing capabilities of
CDs.20−22 Therefore, significant attention has been paid to
synthesizing CDs with high FLQYs and building cavities with
high quality factors (Q) to lower the lasing threshold. The first
CD-based lasing was reported by Yu and co-workers, who used
a high-Q cylindrical fiber microcavity coated with polyethylene-
glycol-modified CDs.20 Qu et al. observed green lasing from a
CD ethanol aqueous solution in a long linear Fabry−Perot

cavity and claimed that the high FLQY and low self-absorption
were responsible for the lasing.22 Despite these pioneering
works, the type of CD that is more suitable for lasing or
amplified spontaneous emission (ASE) remains unclear,
especially under the premise that many CDs with high
FLQYs did not exhibit ASE in our experiments. Moreover,
CD-based solid-state lasing is still in high demand.
Unlike conventional fluorophores such as organic dyes and

inorganic QDs whose photoluminescence (PL) characteristics
follow Kasha’s rule23 that an excited electron will always return
to the lowest excited state through nonradiative relaxation and
will then undergo radiative recombination to return to the
ground state, resulting in λem being independent of the
excitation wavelength (λex-independent), the PL characteristics
of CDs can be either λex-independent or λex-dependent. In most
cases, these characteristics are λex-dependent since numerous
energy levels originating from the effects of the multiple O-
containing functional groups will appear in the n−π* gap.24
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Generally, CDs with λex-independent PL characteristics can be
synthesized by controlling the synthetic method,25,26 reactant
ratio,3 reaction temperature,6 heating time,27 and purification.28

In this study, two groups of CDs with λex-independent and
λex-dependent PL characteristics and different FLQYs were
synthesized and investigated. It was determined that λex-
independent PL characteristics, rather than high FLQYs, should
be given priority to realize CD-based ASE. ASE was not
observed for the CDs with λex-dependent PL characteristics
even though they had high FLQYs of 99% and 96%, whereas
ASE with a relatively low threshold was observed for the CDs
with λex-independent PL characteristics, whose FLQYs were
only 38% and 82%. The C−O−H/C−O−C groups were
determined to play an important role in resulting λex-dependent
PL characteristics since they can induce numerous localized
electronic states within the n−π* gap, which could decentralize
the excited electrons, thus increasing the difficulty of population
inversion. It was also found that the radiative transition rates
(KR) and the stimulated emission cross section (SECs) of the
CDs with λex-independent PL characteristics were significantly
higher than those of the CDs with λex-dependent PL
characteristics. Moreover, CD-based ASE was achieved for
the first time in a planar waveguide structure, which is a
practical structure for future solid-state laser device applications.

■ MATERIALS AND METHODS
Materials. Citric acid monohydrate (CA), tris(hydroxylmethyl)-

aminomethane (Tris), L-cysteine, and ethanolamine (EA) were
purchased from Sinopharm Chemical Reagent Co. Ltd. Sodium

hydroxide, ethanol, sulfuric acid, and urea were purchased from Beijing
Chemical Works. All of the chemicals are commercially available and
of analysis-grade purity without further purification. The ultrapure
water used in all of the experiments was from a Millipore system.

Synthesis of CD1. First, 1.5 g of sodium hydroxide and 0.38 g of
urea were added to an ethanol aqueous solution (100 mL of
anhydrous ethanol and 30 mL of ultrapure water), which was
ultrasonically treated so that it would become transparent. Two C rods
were immerged in the solution to form a dual-electrode system (Figure
S1 of the Supporting Information). The initial potential was set at 5 V,
and the current was kept in the range of 30−40 mA. The
electrochemical process lasted 24 h, during which the color of the
solution changed from transparent to deep brown. Then 100 mL of
H2SO4 solution (0.35 mol/L) was added to the solution, followed by
stewing for 12 h. Finally, the solution was freeze-dried to powder.

Synthesis of CD2. First, 3.5 g of CA and 2 g of Tris were added to
20 mL of ultrapure water, and the solution was ultrasonically treated so
that it would become transparent. The solution was transferred to a
domestic microwave oven and heated at 350 W for 5 min (the heating
curve is shown in Figure S2). The first three heating periods were
performed to remove the water quickly, and regular pauses were taken
between heating periods to avoid sudden boiling. Heating was
subsequently performed for a short period to prevent uneven
carbonization from being caused by rapid heating and then for
additional periods to achieve further carbonization of the unreacted
polymeric structures. Stirring and shaking were necessary during the
intervals between the heating periods to ensure the homogeneity of
the reactions. The products were collected by adding an appropriate
amount of ultrapure water and centrifuging at 5000 rpm (1660g, where
g is the acceleration of gravity) for 5 min to remove the aggregate
precipitate. Finally, the solution was freeze-dried to powder.

Figure 1. Transmission electron microscopy (TEM) images of (a) CD1 and (b) CD2 (upper insets are high-resolution TEM (HRTEM) images,
lower insets are size distribution histogram). (c) X-ray photoelectron spectroscopy (XPS) full scan, (d) C 1s, (e) N 1s, and (f) O 1s of CD1, and (g)
XPS full scan, (h) C 1s, (i) N 1s, and (j) O 1s of CD2.
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Synthesis of CD3. After 3 g of CA and 2 g of L-cysteine were
added to 20 mL of ultrapure water, the same process that was used to
synthesize CD2 was followed.
Synthesis of CD4. After 3.5 g of CA and 1 mL of EA were added

to 20 mL of ultrapure water, the same process that was used to
synthesize CD2 was followed.
Preparation of the CDs Solution. The as-prepared CDs were

redissolved in ethanol aqueous solution (the volume ratio for ethanol
and water is 3:1) with the concentration of 5 mg/mL.
Preparation of CD1/Polyimide (PI) Film. The as-prepared CD1

solution was mixed with PI (in a volume ratio of 3:1), stirred for 30
min, and then treated ultrasonically at 60 °C for 1 h to form a
homogeneous CD1/PI solution. A CD1/PI film was prepared by spin-
coating at 2000 rpm (265.6g) for 40 s and was annealed at 80 °C for 1
h.
Characterizations. High-resolution transmission electron micro-

scope (HRTEM) images and fast Fourier transform (FFT) spot
diagrams were recorded by FEI-TECNAI G2 TEM operating at 200
kV. X-ray photoelectron spectra (XPS) were obtained by Thermo
Scientific ESCALAB 250 Multitechnique Surface Analysis. Fourier
Transform Infrared (FT-IR) spectra were recorded using KBr tablets
with a Bio-Rad Excalibur FTS3000 spectrometer (4000−1000 cm−1).
UV−vis absorption spectra were conducted on Shimadzu UV-3101 PC
spectrophotometer. Fluorescence emission spectra were recorded by
Hitachi fluorescence spectrophotometer F-7000. Absolute fluorescent
quantum yield measurements were performed with a calibrated
integrating sphere on FLS920 spectrometer (Figure S3−S6). The
FLQYs determined by the slope method were obtained by using the
reference of quinine sulfate (Figure S7 and Table S1). The net gain
measurement by Variable Stripe Length (VSL) technique and optical
pumping investigations were performed using a Nd:YAG laser (λ =
355 nm, pulse width 10 ns at 1 Hz repetition rate). The pumping laser
beam was focused into a 0.4 × 10 mm2 rectangular stripe by a
cylindrical lens and the pumping fluence was tuned by a set of
calibrated neutral density filters. The ASE emission spectra were
obtained using an Ocean Optics Maya2000 Pro Fiber Optic
Spectrometer. The pumping fluence was recorded using a Newport
2936C laser power meter. All measurements were performed at room
temperature under ambient conditions.

■ RESULTS AND DISCUSSION

CD1, which had λex-independent PL characteristics and an
FLQY of 38%, and CD2, which had λex-dependent PL
characteristics and an FLQY of 99%, were compared first. (a)
and (b) of Figure 1 show TEM images of CD1 and CD2,
respectively. Both CD1 and CD2 have quasi-spherical shapes
and are uniformly distributed without aggregation. The
HRTEM images (upper insets in Figure 1a,b) of CD1 and
CD2 reveal a lattice spacing of 2.1 Å, which corresponds to the
in-plane lattice spacing of graphite (100 facet).3 The lower
insets in Figure 1a,b present the corresponding size distribution
histograms. The sizes vary from 1.0 to 3.0 nm with a mean
value of around 2.04 nm and from 0.8 to 2.1 nm with a mean
value of around 1.34 nm for CD1 and CD2, respectively. Both
size distributions are approximately Gaussian, which is in
agreement with the literature.29 XPS was then performed to

determine the compositions of the CDs. The full XPS spectra
of CD1 and CD2 (Figures 1c,g, respectively) exhibit peaks at
285.0, 400.0, and 533 eV, which correspond to C 1s, N 1s, and
O 1s, respectively.30 The high-resolution C 1s scans (Figure
1d,h) show four different chemical bonds, corresponding to sp2

C of CC in C at 284.6 eV, sp3 C in C−N/C−O at 286.5 eV,
and sp3 C CO around 288 eV, respectively. The high-
resolution N 1s scans (Figure 1e,i) reveal two different types of
N doping: pyrrolic N at 398.2−399.5 eV and graphitic N at
400.5−401.5 eV.31,32 The O 1s spectra (Figure 1f,j) exhibit
peaks at 531.8 and 533 eV, corresponding to CO and C−
OH/C−O−C groups, respectively.33,34 We also extracted the
amounts of the different types of chemical bonds in the
different CDs (see Table 1). It is notable that the C−N/C−O
bond and graphitic-N contents of CD2 are about 20 times
greater than those of CD1. The N mainly exists in the form of
graphitic N, while the C−O bonds mainly exist in the form of
C−O−C groups and unreacted hydroxyl moieties in CD2.
Since it is common to promote the FLQYs of CDs by
introducing graphitic N and hydroxyl moieties,6,35,36 we expect
that the high contents of C−N/C−O bonds and graphitic N
are the main reasons for the ultrahigh FLQY of CD2. The
chemical bond compositions of CD1 and CD2 were also
characterized by obtaining FT-IR spectra (Figure S8), which
apparently show the stretching vibrations of C−O at 1200 and
1050 cm−1 and the bending vibrations of N−H and O−H at
1585 and 1384 cm−1.37,38 Again, the C−O intensity of CD2 is
much greater than that of CD1.
Parts (a) and (b) of Figure 2 present contour plots of the PL

spectra of CD1 and CD2 solutions, respectively. A blue λex-
independent PL emission band with a peak wavelength of 450
nm is observed for CD1 as the excitation wavelength varies
from 300 to 420 nm. In contrast, the peak λem of CD2 changes
from 400 to 430 nm as λex increases from 300 to 380 nm. The
photoluminescence excitation (PLE) spectra of these CDs were
provided in Figure S9. It is well-known that there are π−π* and
n−π* transitions in CDs; however, the n−π* transition is more
likely to predominate due to the existence of CO bonds.39

According to the first-principle calculations by Yan et al., the
C−O−C and C−O−H groups of sp2-hybridized C can induce
significant local distortions and create various energy levels.40

Therefore, as the numbers of C−O−H and C−O−C groups in
the CDs increase, more hydroxy (or epoxide)-related localized
electronic states are expected to form below the π* state,
creating numerous new energy levels within the n−π* gap
(Figure 2c).41 Since CD1 contains few C−O−H/C−O−C
groups, its energy-level diagram can be depicted as shown in
the left part of Figure 2c. The electrons from the ground state
(n) are excited to a high excited state (π*), undergo thermal
relaxation to the lowest excited state (π*) and further to the
C−O−H/C−O−C-related localized electronic states, and
finally transition back to the ground state and emit photons.
In this case, it is reasonable that λem does not depend on the

Table 1. Amounts of Different Types of Chemical Bonds in the CDs Used in This Work

C 1s N 1s O 1s

sample CC C−N/C−O CO pyrrolic-N graphitic-N CO C−OH/C−O−C

CD1 0.93 0.02 0.05 0.032 0.003 0.038 0.027
CD2 0.42 0.42 0.16 0.007 0.055 0.190 0.432
CD3 0.45 0.29a 0.26 0.056 0.014 0.194 0.118
CD4 0.46 0.35 0.19 0.034 0.050 0.204 0.306

aC−N/C−O/C−S.
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excitation energy since all of the excited electrons, independent
of their initial energies, will relax to the lowest C−O−H/C−
O−C-related localized electronic states before fluorescence
proceeds, which is quite similar to the behavior of conventional
fluorophores, which follows Kasha’s rule.
The energy-level diagram of CD2 could be quite different

because of its high content of C−O−H/C−O−C groups, as
shown in the right part of Figure 2c, where numerous C−O−
H/C−O−C-related localized electronic states appear below the
π* state. The electrons from the ground state (n) are excited to
the different vibrational energy levels of π* by different λex, then
relax to the corresponding energy levels of C−O−H/C−O−C-
related localized electronic states, and finally transition back to
the ground state, resulting in λex-dependent PL characteristics.24

The above physical process can be interpreted further based on
the relationship between λem and λex for CD2, which can be
fitted by the linear equation λem = 306.46 + 0.32λex. The
existence of a linear relationship suggests that the slope, Δλem/
Δλex, where Δλem and Δλex are the changes of the peak λem and
λex, respectively, remains constant. Although there is a linear
relationship between λem and λex for CD1, the slope (0.015) is
much smaller than that of CD2, which indicates that the C−
O−H/C−O−C-related localized electronic states in CD1 are
relatively centralized.
We next investigated the ASE characteristics of CD1 and

CD2 solutions. The CDs solutions were transversely pumped
using the experimental setup depicted in Figure S10. Figure 3a
shows the edge emission spectra of CD1 corresponding to
different pumping fluences. The fwhm obviously decreases with
increasing pumping fluence. For a pumping fluence of about
120 kW/cm2, the spectrum exhibits a peak at 458 nm with a
fwhm of 4 nm. Figure 3b depicts the relationships between the
pumping fluence and the peak output intensity as well as the
fwhm and shows a clear ASE threshold of about 80 kW/cm2,
which is less than half of that reported by Qu et al.22 A clear
blue ASE spot is evident orthogonal to the pumping beam
direction above the threshold (inset in Figure 3b). Figure 3c
shows the normalized emission spectra of CD2 corresponding
to different pumping fluences. Unlike the PL spectra of CD1,

those of CD2 remain unchanged even when the pumping
fluence reaches as high as 1350 kW/cm2 (Figure 3c,d), which
exceeds the damage threshold for ordinary CDs, and no ASE
spot is observable (inset in Figure 3d). We also estimated the
net gain of CD1 and CD2 solutions using the VSL
technique.42,43 As is shown in Figure S11, CD1 shows the
net gain coefficients of 19.7 ± 0.4 and 24.7 ± 0.5 cm−1 under
the input influence of 90 and 115 kW/cm2, respectively,
whereas CD2 shows a negative net gain coefficient of −5.4 ±
0.2 cm−1 under the pumping fluence as high as 1246 kW/cm2.
These results suggest that it is much more difficult for CDs with
λex-dependent PL characteristics to realize ASE than it is for
CDs with λex-independent PL characteristics, even if the FLQY
is higher. We propose that the numerous C−O−H/C−O−C-
related localized electronic states play an important role since
these energy levels can decentralize the excited electrons,
making it difficult to achieve population inversion. Besides, the
higher content of C−O−H/C−O−C groups for CD2 may
cause increased defects which would also quench the ASE.44,45

It is worth emphasizing that this rule is universal for CDs; for
example, it is applicable to CD3, which had λex-independent PL
characteristics and an FLQY of 82%, and to CD4, which had
λex-dependent PL characteristics and an FLQY of 96%, whose
TEM and HRTEM images are shown in Figure S12. The ASE
threshold of CD3 was determined to be about 350 kW/cm2

(Figure S13), whereas no spectral narrowing was observed for
CD4 even when a pumping fluence of 1385 kW/cm2 was used.
The FT-IR and XPS analysis results for CD3 and CD4 are
presented in Figures S14 and S15. The amounts of C−N/C−
O, graphitic N, and C−O−H/C−O−C groups in CD4 are
significantly higher than those in CD3 (also see Table 1); these
amounts are also strongly correlated with the FLQYs and PL
properties of CD3 and CD4. CD3 shows quasi-λex-independent
PL characteristics with a Δλem/Δλex value of only 0.03 (Figure
S16a and Table 2), which is slightly higher than that of CD1
(0.015), and obviously lower than that of CD4 (0.23) (Figure
S16b and Table 2). In addition, it is worth mentioning that Qu
et al.22 reported that CDs with near-λex-independent PL
characteristics realized ASE, while those with λex-dependent
PL characteristics did not; these findings agree well with our
results.

Figure 2. Contour plots of PL spectra of (a) CD1 and (b) CD2
solutions. The insets are fluorescence images of CD1 and CD2 excited
using a 365 nm UV lamp. (c) Energy-level diagrams of CDs with λex-
independent and λex-dependent PL characteristics.

Figure 3. ASE characteristics of CDs solutions. Normalized emission
spectra of (a) CD1 and (c) CD2 under different pumping fluences.
Dependence of the output peak intensity and full-width at half-
maximum (fwhm) on the pumping fluence for (b) CD1 and (d) CD2
solutions. The insets in (b) and (d) are the operating devices pumped
at 355 nm for CD1 and CD2 solutions, respectively.
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For common organic luminescent materials, it has been
shown that the ASE threshold is not directly correlated with the
FLQY but that it is strongly correlated with KR and the SEC,

since KR is related to Einstein’s coefficient B by ∝
π

B Kc
hv8 R
3

0
3 ,

where h is Planck’s constant, v0 is the frequency of light, and c is
the speed of light; the ASE threshold is inversely proportional
to B.46,47 To investigate whether the relationship is applicable
to CDs, the corresponding values of KR and the SEC (σem)

were calculated by using40 KR = φ/τ and σ λ λ= λ
π τ

g( ) ( )
n cem 8

4

2
0

,

where φ is the FLQY, τ is the average fluorescence lifetime (in
nanoseconds), which was measured (Figure S17) to be 4.00,
14.73, 11.70, and 14.78 ns for CD1, CD2, CD3, and CD4,
respectively, λ is the emission wavelength (in nanometers), n is
the refractive index (which was equal to 1.36 in this
experiment), c0 is the speed of light (3 × 108 m/s), and g(λ)
is a linear function of spontaneous emission with ∫ 0

∞g(λ) dλ =
φ.46 KR was determined to be 9.5 × 107, 6.7 × 107, 7.0 × 107,
and 6.5 × 107 s−1, while the maximum SECs were found to be
4.65 × 10−17, 1.99 × 10−17, 2.76 × 10−17, and 2.08 × 10−17 cm2

for CD1, CD2, CD3, and CD4, respectively (Figure S18, Table
2). These values are similar to those of common organic
luminescent materials.48 KR and the SECs of CD1 and CD3 are
higher than those of CD2 and CD4, which indicates a strong
correlation with the ASE threshold.
The steady-state absorption cross section (ACs: σa) of the

four kinds of CDs were shown in Figure S18, calculated by

σ λ = ×( ) 10A
clNa
2.3 3

A
(in square centimeters), where A is the

unitless absorbance, c is the concentration (in moles per liter), l
is the optical path length (in centimeters), and NA is Avogadro’s
constant (6.02 × 1023).49 To facilitate comparison, the effective
stimulated emission cross section (ESEC, defined as the
difference between the SECs and ACs) were also calculated and
are presented in Figure S19. The maximum ESECs for CD1
and CD3 are 3.22 × 10−17 and 1.93 × 10−17 cm2, respectively,
which are higher than that of CD2 (0.71 × 10−17 cm2) and
CD4 (0.68 × 10−17 cm2), indicating that it is more difficult to
realize ASE for CD2 and CD4, which agrees well with the
experiments.
Finally, we demonstrated that CD1 could also exhibit ASE

when it was in a solid state. The ASE experimental setup is
depicted in Figure S20, where a planar waveguide structure
composed of CD1/PI film was used. The UV/vis and PL
emission spectra for the CD1/PI film are presented in Figure
S21. The absorption peak is centered at 380 nm, and a strong
blue emission at 450 nm without shifting is observable between
λex = 300 nm and λex = 420 nm. Figure 4 shows the ASE
characteristics. The dependence of the output intensity on the
pumping fluence indicates a clear ASE threshold around 400
kW/cm2, above which the film exhibits an ASE peak around
458 nm and a narrow fwhm of about 16 nm. A blue ASE spot
can be seen (inset in Figure 4b). The ASE threshold of the
CD1/PI film is higher than that of the CD1 solution, which
may be due to the fact that the concentration of the CD1/PI

solution and the film thickness were not optimized. For the
waveguide structure, the influence of the film thickness on the
ASE threshold is obvious.50,51 On the other hand, the minimum
fwhm of the CD1/PI film is larger than that of the CD1
solution (4 nm); this difference is most likely due to the
reflectances of the two end planes of the cuvette (∼5%), which
constitutes a weak Fabry−Perot cavity and plays a key role in
the longitudinal mode selection.22,52 To the best of our
knowledge, this is the first observation of CD-based ASE in a
planar waveguide structure. We expect that it will be practical
and convenient for CD-based lasing devices.

■ CONCLUSIONS
We proposed that the ASE thresholds of CDs are strongly
correlated with their PL emission characteristics rather than
with their FLQYs. Specifically, CDs with λex-independent PL
characteristics are more likely than CDs with λex-dependent PL
characteristics to realize ASE. This difference likely originates
from the different amounts of C−O−H/C−O−C groups in the
two types of CDs since these groups can introduce numerous
related localized electronic states, which would decentralize the
excited electrons, thus increasing the difficulty of population
inversion. It is strongly recommended that excess C−O−H/
C−O−C groups be avoided when synthesizing and selecting
CDs for low-threshold ASE or lasing. The CDs with λex-
independent PL characteristics also exhibited KR values and
SECs higher than those of CDs with λex-dependent PL
characteristics. Moreover, ASE in a planar waveguide structure
formed from CDs with λex-independent PL characteristics was
successfully demonstrated and could be highly practical and
convenient in CD-based solid-state laser devices.
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Table 2. Basic Chemical, Physical, and Optical Characteristics of the CDs Used in This Work

sample PL characteristics C−O−H/C−O−C Δλem/Δλex threshold (kW/cm2) KR (×107 s−1) SEC (×10−17cm2) ESEC (×10−17cm2)

CD1 independent 0.027 0.015 80 9.5 4.65 3.22
CD2 dependent 0.432 0.32 N/A 6.7 1.99 0.71
CD3 independent 0.118 0.030 350 7.0 2.76 1.93
CD4 dependent 0.306 0.23 N/A 6.5 2.08 0.68

Figure 4. ASE characteristics of CD1/PI film. (a) Normalized
emission spectra of CD1/PI film with different pumping fluences. (b)
Dependence of the output peak intensity and fwhm of CD1/PI on the
pumping fluence. The inset in (b) depicts the operating device
pumped at 355 nm for the CD1/PI film.
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