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We reported on the enhanced lasing in organic dyes based on plasmonic hybrid structure of Ag nanoparticles (NPs)-Ag ﬁlm, the diameters of Ag NPs ranged from 20 nm to 100 nm. The lowest lasing
threshold was achieved by the optimal size Ag NPs-Ag ﬁlm hybrid structure, which was reduced by 5.2
times than that of the neat gain medium. Comparing to the separate Ag NPs or Ag ﬁlm, the hybrid
structure presented the more intense local electric ﬁeld due to the plasmonics coupling between the
localized surface plasmons of Ag NPs and the surface plasmon polariton of Ag ﬁlm, and the stronger
scattering due to the reinjection of the leaking photons by external feedback of Ag ﬁlm. The effects of
different sizes Ag NPs-Ag ﬁlm hybrid structures on lasing were investigated. It found that when the Ag
NPs in hybrid structure is small (diameter40 nm), the enhanced localized electric ﬁeld plays a major
role on enhanced lasing; with the increase of Ag NPs size, the enhanced electric ﬁeld and scattering have
comparable contribution on enhancing lasing; for the larger size Ag NPs-Ag ﬁlm (diameter80 nm), the
scattering effect is the dominant mechanism for random lasing. Then the lowest threshold was dominated by the balance of enhanced localized electric ﬁeld and scattering effect. Our results could provide
us a unique idea to effectively enhance the lasing of organic dyes, and realize the lower pumped
threshold and stronger lasing.
© 2017 Published by Elsevier B.V.
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1. Introduction
Localized Surface Plasmons (LSPs) can be excited on metal
nanoparticles (NPs) whereas delocalized surface plasmon polariton
(SPP) can be excited on metallic ﬁlm, which both can induce the
ﬁeld enhancement in the near-ﬁeld region [1e4]. Various groups
have already used metallic NPs to enhance lasing. For example, O.
Popov et al. utilized gold NPs to enhance lasing from a polymer ﬁlm
doped with Rhodamine 6G [5,6]. X. Meng et al. achieved the
enhanced emission of coherent random lasing in polymer ﬁlms by
introducing Ag NPs [7,8]. T. Zhai et al. demonstrated an enhanced
random laser based on gold nano-island structures with a layer of
dye-doped polymer [9]. E. Heydari et al. reported the emission
enhancement for the gold NP-based waveguided random laser [10].
However, for the metallic ﬁlm in planar waveguide structure, it
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would increase the lasing threshold duo to the quenching effect of
metallic ﬁlm on lasing of dyes, which is a major obstacle to obtain
stimulated emission under electrical pumping [11,12]. Substantial
efforts have been made to restore and optimize the optically
pumped lasers in the presence of metallic ﬁlm, such as polymer
ﬁlm deposited on distributed feedback metallic structure [13,14],
adopting in low loss metal cladding [15e17], or introducing the
spacer between polymer ﬁlm and metallic ﬁlm [18]. Despite all
these attempts, it is still desired to further reduce the lasing
threshold of optically pumped laser in the presence of metallic ﬁlm.
Here, a particularly interesting plasmonic system which has
received somewhat less attention, metallic NPs-metallic ﬁlm
hybrid structure was explored. We systematically investigated the
effects of different sizes Ag NPs-Ag ﬁlm hybrid structures on the
lasing of gain medium, the diameters of Ag NPs ranged from 20 to
100 nm. The lowest lasing threshold of the gain medium deposited
on 60 nm Ag NPs-Ag ﬁlm hybrid structure was found, which greatly
reduced 5.2 times than that of the gain medium deposited on glass.
For comparing, the devices that gain medium deposited on Ag ﬁlm,
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silver island ﬁlm (SIF) were also prepared. It found that the Ag NPsAg ﬁlm coupled system could better enhance lasing, which is
because that the Ag NPs-Ag ﬁlm hybrid structure presents the more
intense local electric ﬁeld due to the plasmonics interaction between LSPs of the Ag NPs and the SPP of Ag ﬁlm, and the stronger
scattering effect due to the re-injection of emitted light into the
organic gain media of planar waveguide structure by the external
feedback of Ag ﬁlm.
At meanwhile, the effects of different sizes Ag NPs-Ag ﬁlm
hybrid structures on lasing properties were studied. It was noting
that the enhanced localized electric ﬁeld and scattering effect of Ag
NPs-Ag ﬁlm all work on the reduction of lasing threshold. However,
according to the experiment and theoretical analysis, it was found
that when the Ag NPs in hybrid structure is small
(diameter40 nm), the enhanced localized electric ﬁeld plays a
more signiﬁcant role on the enhanced lasing of organic dyes; with
the increase of Ag NPs size for hybrid structure, the enhanced
localized electric ﬁeld and scattering play the comparable role on
the lasing; when the Ag NPs size is larger (diameter80 nm), the
scattering effect of Ag NPs-Ag ﬁlm mainly contributes to the
enhanced lasing. Then we concluded that the optimal size Ag NPsAg ﬁlm could provide a balance between enhanced local electric
ﬁeld and scattering to realize maximum lasing. At meanwhile, the
negative effect of metallic ﬁlm is avoided to realize the lower
pumped threshold than that of the metal-free device.
2. Experiment
2.1. Synthesis of different size Ag NPs
Different sizes Ag NPs were synthesized according to the seedmediated growth method by citrate reduction of silver nitrate
(AgNO3) with NaBH4 as strong reducing agent [19]. Firstly, small Ag
NPs were synthesized under chemically reducing AgNO3 in
aqueous solution by a rapid nucleation-growth-ripening principle,
the resulting Ag NPs were used as starter seeds. Then, slowly
adding proper portions of Ag salt and citrate reducer into the starter

seeds solution obtained in the ﬁrst step. In this way, we prepared
Ag NPs with diameters about: 20, 40, 60, 80, 100 nm.
2.2. The devices based on different sizes Ag NPs-Ag ﬁlm hybrid
structure
In order to systematically study the properties of different sizes
Ag NPs-Ag ﬁlm hybrid structures, we developed the devices that
gain media deposited on different sizes Ag NPs-Ag ﬁlm, the diameters of Ag NPs were about 20, 40, 60, 80, and 100 nm, respectively. The device structures were Glass/Ag ﬁlm (50 nm)/SiO2
(10 nm)/Ag NPs/LiF (5 nm)/PS:BMT-TPD (shown in Fig. 1). For
comparison, the gain medium deposited on glass was also prepared
as reference. The preparation process of devices was following
manner:
Firstly, a continuous Ag ﬁlm of thickness 50 nm was evaporated
onto a glass substrate. The 10 nm-SiO2 layer was radio frequency
sputtered over the silver surface, which could serve to protect the
metal surface from chemical attack, and to provide a means to
chemically attach silver colloids. SIFs were deposited according to
the procedure described elsewhere [20]. The Ag ﬁlm coated with
SIF was prepared. Fig. 2 shows the atomic force microscopy (AFM)
images of the Ag NPs with different sizes.
Then the planar waveguide structures were fabricated. N,N0 bis(3-methylphenyl)-N,N0 -diphenyl-[1,1':40 ,100 -terphenyl]
-4,400 diamine (BMT-TPD) was used as gain medium [21]. Polystyrene (PS)
and BMT-TPD were dissolved in chloroform solution (PS: BMTTPD ¼ 4:1, wt%). The gain medium ﬁlms were obtained by spin
coating the solutions onto LiF layers at speed 4000 rpm, and were
annealed at 110  C for 10 min to remove the solvent. The 5 nm-LiF
layer was deposited over the SIF surface to prevent quenching
caused by direct contact between Ag NPs and gain medium. The
thickness of gain medium layer is approximately 250 nm.
2.3. Characterization
The absorption and photoluminescence (PL) spectra were

Fig. 1. The schematic illustrations of different devices. (a) Glass/LiF (5 nm)/PS:BMT-TPD (reference device); (b) Glass/Ag ﬁlm (50 nm)/SiO2 (10 nm)/Ag NPs/LiF (5 nm)/PS:BMT-TPD.
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obtained by UVeVis spectrophotometer (HITACHI U-3010, Japan)
and Fluorescence Spectrometer (Fluoromax-4 spectroﬂuorometer).
The thicknesses of polymer layers were measured with Stylus
Proﬁler (Dektak 6M, USA). The devices were photopumped at
normal incidence with a Nd: YAG laser (355 nm, 10 Hz repetition
rate, and 5.5 ns pulse duration). An adjustable slit and a cylindrical
lens were used to shape the beam into a stripe with the size of
7 mm  1 mm. For the devices shown in Fig. 1, they present the
waveguide scheme. When the devices are pumped, the light is
partially conﬁned into the waveguide and ampliﬁed by the gain
medium as it is reﬂected (or scattered) by the internal surfaces of
waveguide and propagates along the path of optical gain. As a
result, the light emitted from the edge of the waveguide could
undergo the longer light path and more gain process in gain
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medium, which leads the lower lasing threshold and stronger
emission intensity according to the optical conﬁnement of the
waveguide. Therefore, the edge emission spectrum was measured
to study the lasing properties of devices [22,23]. And The edge
emission spectra were collected by Fiber Optic Spectrometer
(Ocean Optics SpectraSuite, USB2000).
3. Results and discussion
Fig. 3 shows the localized surface-plasmon resonance (LSPR)
bands of different sizes Ag NPs, together with the absorption and
emission spectra of BMT-TPD. It exhibits that the LSPR peaks of
these different sizes Ag NPs undergo a red shift from 410 to 449 nm
as the diameters of Ag NPs range from 20 nm to 100 nm, which lead

Fig. 2. The AFM images of different sizes Ag NPs, the diameters are about (a) 20 nm, (b) 40 nm, (c) 60 nm, (d) 80 nm, and (e) 100 nm.
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the different effect on surface plasmon mediated emission
enhancement.
For comparison, the device that gain medium deposited on glass
was fabricated as reference (shown in Fig. 1(a)). Fig. 4(a) depicts the
emission spectra of reference device at different pump intensities,
which exhibits an obvious ampliﬁed spontaneous emission (ASE)
behavior [24,25]. At ﬁrst, the emission intensity increases slowly
with the increase in pump intensity, the broad emission spectrum
is shown. With further increase in the pump intensity, the emission
spectrum becomes narrow with a steep increase of the emission
intensity. The rapid decrease in linewidth of emission spectra above
the threshold is shown in the inset of Fig. 4(a), which exhibits the
threshold of 42.9 mJ/cm2.
To investigate the effect of different sizes Ag NPs-Ag ﬁlm hybrid
structures on lasing properties, the different sizes Ag NPs-Ag ﬁlm
hybrid structures were introduced into the gain media (the device
structure is shown in Fig. 1(b)) and the optimal size Ag NPs-Ag ﬁlm
hybrid structure was found. Fig. 4(b)-(d) show the emission spectra
of devices that gain media deposited on Ag NPs-Ag ﬁlm hybrid
structures, the diameters of Ag NPs in hybrid structures are 20, 60
and 100 nm, respectively. The sharp spikes with full width at half
maximum (FWHM) of about 1 nm are observed, which indicate the
occurrence of coherent random lasing. For the waveguideplasmonic scheme shown in Fig. 1(b), a large part of the scattered
light may be totally reﬂected back at the gain medium/air interface
to propagate within the waveguide and scattered further by the Ag
NPs, then the scattered light is enhanced or ampliﬁed by the gain
medium through the conﬁnement of the scattered light into the
waveguide. Therefore, the multiple scattering of Ag NPs and
waveguide conﬁnement mechanisms provide effective gain channels [9,26,27]. The random lasing could occur. The intensities and
FWHMs of corresponding emission spectra are shown in the insert
of Fig. 4(b)-(d). It shows that when the pump energy is higher than
the lasing threshold, the emission intensity increases rapidly and
the FWHM decreases to about 1 nm. Fig. 4(e) illustrates the emission intensity as a function of pump energy for devices that gain
medium deposited on different sizes Ag NPs-Ag ﬁlm hybrid structures, the Ag NPs diameters are 20, 40, 60, 80 and 100 nm,
respectively. The corresponding lasing thresholds are exhibited in
Fig. 4(f) and Table 1. It shows that with the increase of Ag NPs size,
the lasing threshold exhibits a profound reduction at ﬁrst, and
turns to increase. The lowest lasing threshold of 8.3 mJ/cm2 is found
for the device with 60 nm Ag NPs-Ag ﬁlm hybrid structure, about a

Fig. 3. The LSPR spectra of different sizes Ag NPs, together with the absorption and
emission spectrum of BMT-TPD.

factor of 5.2 times lower than that of neat gain medium.
For further presenting the advantages of Ag NPs-Ag ﬁlm hybrid
structure on enhanced lasing, we developed the devices that gain
media deposited on Ag ﬁlm, SIFs, respectively, the corresponding
device structures are Glass/Ag ﬁlm (50 nm)/SiO2 (10 nm)/LiF
(5 nm)/PS:BMT-TPD, Glass/Ag NPs (60 nm)/LiF (5 nm)/PS:BMT-TPD,
respectively. Fig. 5 (a)-(c) show the emission spectra of the devices
that gain medium deposited on Ag ﬁlm, 60 nm Ag NPs, and 60 nm
Ag NPs-Ag ﬁlm with 100 nm SiO2 spacer, respectively. Fig. 5 (b) and
(c) show the sharp spikes in emission spectra above the lasing
threshold, which indicate the random lasing behaviors due to the
existing of Ag NPs. Fig. 5(d) illustrates the emission intensity as a
function of pump energy for the devices that gain medium
deposited on glass, Ag ﬁlm, 60 nm Ag NPs, 60 nm Ag NPs-Ag ﬁlm
with 100 nm and 10 nm SiO2 spacers. The corresponding lasing
thresholds are 42.9, 37.4, 28.3, 21.4 and 8.3 mJ/cm2, respectively. We
can ﬁnd that the lasing thresholds of device based on Ag NPs-Ag
ﬁlm are lower than that based on other substrates, suggesting
that the Ag NPs-Ag ﬁlm hybrid structure could more effectively
enhance the lasing properties than independent Ag NPs and Ag
ﬁlm. In addition, for the device with Ag NPs-Ag ﬁlm hybrid structure, comparing to the Ag NPs-Ag ﬁlm with 100 nm SiO2 spacer,
there is lower lasing threshold for that with 10 nm SiO2, which
indicates that the interaction of LSP and SPP plays the important
role on enhanced lasing.
As we known, the metallic nanostructures are constantly used
to enhance the lasing due to the both underlying mechanisms of
enhanced localized electric ﬁeld and enhanced scattering strength
[6]. On the one hand, the enhanced localized electric ﬁeld could
increase pump light density and excitation rate, the more dye
molecules could be excited to the higher energy levels. Meanwhile,
the quantum yield and radiative decay rate of dye molecule could
be increased. On the other hand, the metallic nanostructures could
also scatter the emitter energy with the greater scattering strength,
which could further enhance the lasing properties.
In order to determine which mechanism of hybrid structure
takes effect on enhanced lasing properties, the devices based on
different sizes Ag NPs-Ag ﬁlm hybrid structures with 50 nm-LiF
spacer between SIFs and gain media were prepared, the thickness
of LiF spacer of device shown in Fig. 1(b) was changed to 50 nm [28].
For the device with 5 nm-thick LiF spacer, the quenching effect of
dyes could be avoided, both the enhanced localized electric ﬁeld
and scattering of Ag NPs-Ag ﬁlm contribute to enhanced lasing; and
for the device with 50 nm-thick LiF spacer, the enhanced localized
electric ﬁeld effect of Ag NPs-Ag ﬁlm is avoided, only the scattering
effect of Ag NPs-Ag ﬁlm hybrid structure works [28].
The lasing thresholds of devices with 5 nm or 50 nm LiF spacer
layers between gain medium and SIFs are shown in Table 1. In
Table 1, Eth-5nm (Eth-50nm) is the lasing threshold of devices with
5 nm (50 nm) LiF spacer; Eth is the ASE threshold of reference device; D is the diameter of Ag NPs. Eth-5nm/Eth (Eth-50nm/Eth) is the ratio
of threshold for device with 5 nm (50 nm) LiF spacer and the
reference device, which exhibits the degree of threshold reduction
for the devices with 5 nm (50 nm) LiF spacer comparing to the
reference device. Eth-5nm/Eth reveals the contribution of both
enhanced localized electric ﬁeld and scattering effect of Ag NPs-Ag
ﬁlm hybrid structure on threshold reduction, and Eth-50nm/Eth reﬂects the contribution of only scattering effect of corresponding Ag
NPs-Ag ﬁlm on reduced threshold.
In Table 1, it shows that the devices with 5 nm LiF spacer exhibit
the superior performance and lower lasing threshold comparing to
corresponding devices with 50 nm LiF spacer. And we found that
the effects of enhanced localized electric ﬁeld and scattering of
hybrid structure all contribute to the reduced lasing threshold.
When the Ag NPs is small in hybrid structure (the diameter of Ag
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NPs40 nm), the enhanced localized electric ﬁeld is the major
mechanism to enhance lasing. For example, for the device with
40 nm Ag NPs-Ag ﬁlm, the Eth-5nm/Eth~0.25, the corresponding Eth50nm/Eth ~0.74, suggests that comparing to the scattering effect of
40 nm Ag NPs-Ag ﬁlm, the contribution of enhanced localized
electric ﬁeld of 40 nm Ag NPs-Ag ﬁlm on the lasing can be more,
which plays the main role on reducing lasing threshold. With the
increase of Ag NPs size, the scattering effect is stronger, for the
device with 60 nm Ag NPs-Ag ﬁlm, the Eth-5nm/Eth~0.2, the corresponding Eth-50nm/Eth~0.62. It shows that the enhanced localized
electric ﬁeld and scattering have comparable contribution to
enhance lasing. In the same way, when the size is larger in hybrid
structure (the diameter of Ag NPs80 nm), such as device with
100 nm Ag NPs-Ag ﬁlm, the Eth-5nm/Eth~0.33, the corresponding Eth50nm/Eth~0.43, suggests that comparing to the enhanced localized
electric ﬁeld effect, the scattering effect of 100 nm Ag NPs-Ag ﬁlm
plays the main role on reducing lasing threshold.
In order to investigate the reason of experiment results above,
two mechanisms of enhanced localized electric ﬁeld and scattering
are discussed respectively.
On the one hand, for the enhanced localized electric ﬁeld of Ag
NPs-Ag ﬁlm hybrid structure. We know that the light can directly
excite the LSPR of metallic NPs, but it cannot directly excite the SPP
of metallic ﬁlm due to the inherent wave vector mismatch between
the SPP and the photons traveling in the air region. In the Ag NPs-
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Table 1
The thresholds of devices with 5 nm or 50 nm LiF spacer layers between gain medium and SIFs. Eth is the ASE threshold of reference device; Eth-5nm, Eth-50nm are the
lasing threshold of devices with 5 nm or 50 nm LiF spacer; D is the diameter of Ag
NPs. Eth-5nm/Eth (Eth-50nm/Eth) is the ratio of lasing threshold for device with 5 nm
(50 nm) LiF spacer and the reference device.
D (nm)

20
40
60
80
100

Device with 5 nm LiF spacer

Device with 50 nm LiF spacer

Eth-5nm (mJ/cm2)

Eth-5nm/Eth

Eth-50nm (mJ/cm2)

24.6 ± 0.98
10.7 ± 0.91
8.3 ± 1.18
13.1 ± 1.36
14.1 ± 1.1

0.57
0.25
0.2
0.31
0.33

36.5
31.8
26.6
22.9
18.6

±
±
±
±
±

0.96
0.99
1.1
0.84
1.04

Eth-50nm/Eth
0.85
0.74
0.62
0.53
0.43

Ag ﬁlm hybrid structure, the Ag NPs could provide an indirect way
to excite the SPPs of the Ag ﬁlm by the diffraction effect, thus the
SPP can be excited [3,4].
In order to investigate the localized electric ﬁeld of different
sizes Ag NPs-Ag ﬁlm hybrid structures, the electric ﬁeld intensity
distributions of different sizes Ag NPs-Ag ﬁlm hybrid structures
were calculated using the COMSOL software. Fig. 6 (a)-(e) show the
electric-ﬁeld distribution of different sizes Ag NPs-Ag ﬁlm hybrid
structures with 10 nm SiO2 spacer at the incident wavelength of
435 nm which is wavelength of emission light, the diameters of Ag
NPs are 20, 40, 60, 80, and 100 nm, respectively. We can ﬁnd that

Fig. 4. The emission spectra of the devices that gain media deposited on (a) glass, (b) 20 nm, (c) 60 nm, (d) 100 nm Ag NPs-Ag ﬁlm hybrid structures. The insets show the
dependence of the emission intensity and the FWHM of the emission spectra on the pump intensity. For the sharp spikes of spectra appear in (b)e(d), the FWHMs above the lasing
threshold were estimated from those of sharp spikes, instead of that of the broad background. (e) Dependences of the emission intensity on the pump energy intensity for devices
with different structures. (f) The lasing thresholds of the gain media deposited on glass and different sizes Ag NPs-Ag ﬁlm hybrid structures.
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Fig. 5. The emission spectra of devices that gain media deposited on (a) Ag ﬁlm, (b) 60 nm Ag NPs, (c) 60 nm Ag NPs-Ag ﬁlm with 100 nm SiO2. The insets show the emission
intensity and the FWHM of the emission spectra. (d) Dependences of the emission intensity on the pump energy for different devices.

Fig. 6. The electric-ﬁeld distribution of (a) 20 nm, (b) 40 nm, (c) 60 nm, (d) 80 nm, and (e) 100 nm Ag NPs-Ag ﬁlm with 10 nm SiO2 spacer.

with the increasing of Ag NPs size, the electric ﬁeld intensity of
hybrid structure increases at ﬁrst, and then reduces, there is the
strongest electric ﬁeld when the diameter of Ag NPs is 40 nm. In
addition, for illustrating the advantage of Ag NPs-Ag ﬁlm hybrid

structure on enhanced localized electric ﬁeld and proving the
existing of the plasmon coupling interaction between Ag NPs and
Ag ﬁlm, the electric ﬁeld intensities of independent 60 nm Ag NPs
(Fig. 7(a)) and the 60 nm Ag NPs-Ag ﬁlm with 100 nm SiO2 spacer

S. Ning et al. / Organic Electronics 50 (2017) 403e410
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Fig. 7. The electric-ﬁeld distribution of (a) 60 nm Ag NPs on SiO2 without Ag ﬁlm, (b) 60 nm Ag NPs-Ag ﬁlm with 100 nm SiO2 spacer.

(Fig. 7(b)) were also simulated. Comparing with those two structures shown in Fig. 7, we found the 60 nm Ag NPs-Ag ﬁlm with
10 nm SiO2 spacer has stronger electric ﬁeld. Fig. 7 also shows that
when the distance between 60 nm Ag NPs and Ag ﬁlm changes to
100 nm, the electric ﬁeld intensity is similar as that of independent
60 nm Ag NPs, which indicates that there is no plasmon coupling
when the distance between Ag NPs and Ag ﬁlm is too large.
Therefore, the lasing threshold of device based on Ag NPs-Ag ﬁlm
hybrid structure with 100 nm SiO2 spacer is higher than that with
10 nm SiO2 spacer shown in Figs. 4 and 5. And the stronger localized
electric ﬁeld of hybrid structure due to the plasmon coupling
interaction between LSPR of Ag NPs and SPP of Ag ﬁlms is identiﬁed
in Figs. 6 and 7.
On the other hand, to evaluate another mechanism of scattering
effect of different size Ag NPs-Ag ﬁlm, the scattering cross sections
(ss) of different sizes Ag NPs at l ¼ 435 nm were calculated using
Mie theory [29]. For comparison, ss/Vparticle was calculated as
normalized scattering cross section, Vparticle is the particle volume
[5,6]. Fig. 8 shows that, with the Ag NPs diameter increasing from
20 nm to 100 nm, the ss/Vparticle increases. Moreover, comparing to
the Ag NPs only, the Ag NPs-Ag ﬁlm has stronger scattering effect.
Theoretical and experimental have already veriﬁed that the leaking
photons escaping from gain medium can be reﬂected and reinjected into the gain media by the external feedback of metallic ﬁlm

[30e32]. Fig. 5 shows that the gain media deposited on hybrid
structure with 100 nm SiO2 spacer has lower lasing threshold than
that deposited on separate Ag NPs, which is due to the stronger
scattering by external feedback of Ag ﬁlm (the electric ﬁeld intensities of separate Ag NPs and hybrid structure with 100 nm SiO2
are about the same shown in Fig. 7). And Table 1 shows that with
increase of Ag NPs, the Eth-50nm is lower, which also suggests that
with the increasing of Ag NPs size, the scattering effect of hybrid
structure increases.
According to the discussion of two mechanisms about enhanced
localized electric ﬁeld and scattering effect of different sizes Ag
NPs-Ag ﬁlm hybrid structures, we can know that comparing with
the independent Ag NPs or Ag ﬁlm, the two mechanisms of
enhanced localized electric ﬁeld and scattering effect of Ag NPs-Ag
ﬁlm hybrid structure are all stronger, which lead to the signiﬁcantly
enhanced lasing. When the Ag NPs is small in hybrid structure
(diameter40 nm), comparing to the scattering effect, the
enhanced localized electric ﬁeld is the dominant role to enhance
lasing. With the increase of Ag NPs diameter, the scattering effect
increases, the enhanced localized electric ﬁeld and scattering have
comparable contribution on enhancing lasing. When the size is
larger (diameter  80 nm), the scattering effect is the major
mechanism for enhanced lasing. And it found that there is the
lowest lasing threshold in device with 60 nm Ag NPs-Ag ﬁlm hybrid
structure, about a factor of 5.2 times than that of reference device,
both the enhanced localized electric ﬁeld and scattering effect play
the important role on reduction of lasing threshold. At meanwhile,
the negative effect of Ag ﬁlm is avoided in gain medium to realize
the lower pumped threshold than that of the neat gain medium.
4. Conclusion

Fig. 8. The normalized scattering cross section at l ¼ 435 nm versus the Ag NPs size.

In summary, avoiding the negative effect of metallic ﬁlm on the
lasing has been an important issue for the electrical pumped laser.
In this article, we investigated the lasing properties based on
different sizes Ag NPs-Ag ﬁlm hybrid structures, the Ag NPs diameters ranged from 20 nm to 100 nm. The lowest lasing threshold
was achieved by introducing 60 nm Ag NPs-Ag ﬁlm hybrid structure. Comparing to the separate Ag NPs and Ag ﬁlm, the Ag NPs-Ag
ﬁlm hybrid structure presented the more intense local electric ﬁeld
due to the plasmonics coupling between the Ag NPs and the Ag
ﬁlm. In the meantime, the re-injection of emitted light into the
organic gain media by the Ag ﬁlm could also enhance scattering
strength. By studying the enhanced localized electric ﬁeld and the
scattering effect of Ag NPs-Ag ﬁlm hybrid structure in experiment
and Mie theory, we found that the enhanced localized electric ﬁeld
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and scattering all contribute to the enhanced lasing. When the Ag
NPs is small in hybrid structure (diameter40 nm), enhanced
localized electric ﬁeld is the major role for enhanced lasing; with
the increase of Ag NPs size, the enhanced electric ﬁeld and scattering all play the important roles on the enhanced lasing; when
the size is larger (diameter80 nm), compared with enhanced
localized electric ﬁeld, the scattering effect plays a main role on the
enhancement of lasing properties. The lowest lasing threshold was
achieved due to both the enhanced localized electric ﬁeld and
scattering effect. Our results could provide us a unique idea to
effectively avoid the negative effect of metallic ﬁlm and realize the
lower pumped threshold. This method is expected to be a potential
metal-modiﬁed technology for improving the lasing performance.
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