Organic Electronics 30 (2016) 165e170

Contents lists available at ScienceDirect

Organic Electronics
journal homepage: www.elsevier.com/locate/orgel

The enhanced random lasing from dye-doped polymer ﬁlms with
different-sized silver nanoparticles
Shuya Ning a, b, Zhaoxin Wu a, *, Hua Dong a, Lin Ma a, Bo Jiao a, Lei Ding b, Liping Ding b,
Fanghui Zhang b
a

Key Laboratory of Photonics Technology for Information, School of Electronic and Information Engineering, Xi'an Jiaotong University, Xi'an 710049, PR
China
College of Science, Shaanxi University of Science and Technology, Xi'an 710021, PR China

b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 7 November 2015
Received in revised form
11 December 2015
Accepted 19 December 2015
Available online 30 December 2015

We reported on the enhanced random lasing from organic dyes doped with silver nanoparticles (Ag NPs),
the sizes of Ag NPs ranged from 8 nm to 250 nm. The effects of different sizes of Ag NPs on the lasing
properties were studied. We found a strong dependence of the random lasing properties on the size of
the Ag NPs, and the lowest threshold was achieved by the introduction of Ag NPs with the diameter of
150 nm. By studying the enhanced localized electromagnetic (EM) ﬁeld due to localized surface-plasmon
resonance and the scattering effect of Ag NPs in experiment and Mie theory, we found that the enhanced
localized EM ﬁeld plays a major role on enhanced lasing of organic dyes for the small Ag NPs
(diameter < 50 nm); and the scattering effect is the dominant underlying mechanism for random lasing
for the large Ag NPs (diameter  100 nm), which also suggest that the lowest threshold and strongest
lasing are dominated by the photon scattering.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Recently, metal nanoparticles (NPs) have been widely investigated for the applications in nanolasers [1e5] and optoelectronic
devices [6] to biosensors [7]. It had been demonstrated that the
coherent and incoherent random lasing of gain media were
induced by the golden or silver NPs. Generally speaking, metal NPs
enhance the lasing efﬁciency via two different mechanisms [8]: (i)
enhancement of localized electromagnetic (EM) ﬁeld in the vicinity
of metal NP due to localized surface-plasmon resonance (LSPR)
[9e11] and (ii) enhancement of the scattering strength, resulted
from large scattering cross section of metal NP. As for the gold NPs,
Popov et al. studied the enhancement effect of different sizes of
gold NPs on the lasing characteristics in a polymer ﬁlm doped with
Rhodamine 6G (Rh6G) [8,12]. T. Zhai et al. showed a threshold
reduction for waveguide-plasmonic scheme constructed by coating
the gain medium onto gold nanoisland structures [13]. E. Heydari
reported the threshold reduction in the gold NP-based random
laser by tuning the coupling between the gain material and the
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LSPR of Au-NPs [14]. In these works, the LSPR spectra of Au NPs
overlap sufﬁciently with emission spectra of the dyes, and photon
scattering is expected to be dominant mechanism to enhance lasing
properties for Au NPs. As for the Ag NPs, Dice et al. ﬁrstly demonstrated an incoherent random laser emission by introducing a
suspension of 55 nm-Ag NPs in the solution of Rh6G in 2005 [15].
And then, Meng et al. reported the enhanced emission of coherent
random lasing in polymer ﬁlms by introducing Ag NPs with the
diameter of 2 nm and 50 nm respectively [16,17]. And they also
discussed the coupling between LSPR of coreeshell Ag NPs and
organic dyes [18]. In these works, the enhanced localized EM ﬁeld is
considered to be the dominant mechanism, especially for the sizes
of Ag NPs below 50 nm. However, Rh6G was used as laser dyes
which emission spectrum doesn't overlap with the LSPR spectra of
Ag NPs. The deviation between emission spectrum of Rh6G and
LSPR spectra of Ag NPs is not optimal for the lasing properties.
According to the above works about the Ag NPs, we can know that
the present researches are all limited to used several small size Ag
NPs (2 nm, 50 nm) to enhanced lasing properties, and the research
about the large size Ag NPs (100 nm) on lasing properties is absent. Therefore, systematic investigation on the lasing properties
affected by Ag NPs of different size with different LSPR is desirable.
Here, we report on the effects of Ag NPs with different sizes on

166

S. Ning et al. / Organic Electronics 30 (2016) 165e170

the lasing properties of organic gain medium. The diameters of Ag
NPs ranged from 8 to 250 nm with different LSPR peaks. To this end,
different Ag NPs were doped into gain medium, and kept constant
the mass concentrations to ensure the same gain volume and
enable a more critical examination, and the lowest lasing threshold
was achieved by introducing Ag NPs with a diameter of 150 nm. In
addition, it was also found that the enhanced localized EM ﬁeld
plays a major role on the enhanced lasing of organic dyes with
small Ag NPs (<50 nm); the scattering effect mainly contributes to
the enhanced lasing for the large Ag NPs (100 nm).

Fig. 2. Schematic illustration of glass/PS: Alq3: DCJTB doped with Ag NPs.

2. Experiment
Ag NPs having a well-controlled size were synthesized by a
seed-mediated growth method [19]. Different sizes of Ag NPs were
prepared in two steps by citrate reduction of silver nitrate (AgNO3)
with NaBH4 as strong reducing agent in water. First, 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. And then, slowly
adding the proper portions of Ag salt and citrate reducer into the
starter seeds solution as obtained in the ﬁrst step. The slow process
ensures aggregation of the released Ag atoms on the Ag nucleation
centers without the formation of new centers. In this way, the ﬁnal
sizes of the NPs were tuned, and we prepared NPs with the diameters as: 8, 20, 50, 100, 150, 180, 200 and 250 nm. Fig. 1 shows the
Atomic Force Microscopy (AFM) images of Ag NPs with different
sizes.
The gain medium was fabricated as follows: Polystyrene (PS),
tris(8-hydroxyquinolinato)aluminum (Alq3) and 4-(dicyanomethylene)-2-tert-butyl-6(1,1,7,7 tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) were fully dissolved in chloroform solution (PS: Alq3:
DCJTB ¼ 200:100:3.5, wt%). Different sizes of Ag NPs were doped
into the solution maintained a constant mass concentration of
1.28  103 g/cm3. The solution was then spin-coated with
1500 rpm spin speed atop of the glass substrate, the device structure is shown in Fig. 2. For comparison, the gain medium without
Ag NPs on glass substrate was also fabricated. The thickness of gain
medium ﬁlm is about 420 nm.
In the experiment, the thicknesses of organic gain media layer

were measured with Stylus Proﬁler (Dektak 6M, USA). The absorption and photoluminescence (PL) spectra were obtained by
UVeVis spectrophotometer (HITACHI U-3010, Japan) and Fluorescence Spectrometer (Fluoromax-4 spectroﬂuometer) respectively.
The devices were pumped by the third harmonic of Nd: YAG laser
(355 nm, 10 Hz repetition rate, and 25 ps pulse duration). Through a
pinhole ﬁlter, a slit and a cylindrical lens, the laser beam was
formed as a stripe with the size of 5 mm  1 mm, and was
perpendicular to the surface of the devices. Edge emission spectra
were measured by Fiber Optic Spectrometer (Ocean Optics SpectraSuite, USB2000). The lasing threshold, peak intensity and the full
width at half maximum (FWHM) were measured.

3. Results and discussion
Fig. 3 is the LSPR bands of Ag NPs with different sizes, together
with the absorption and emission spectra of Alq3 and DCJTB. The
LSPR bands presented are the absorption spectra of Ag NPs. Alq3:
DCJTB is the gain media which is a typical donor-acceptor lasing
system reported in previous published reports [20,21]. Alq3 is used
€rster resoas donor and DCJTB is used as acceptor, which is the Fo
nance energy transfer system [22e25]. It can be clearly seen that
the donor emission, centered around 518 nm, overlaps well with
the acceptor absorption peak at 512 nm, enabling efﬁcient resonant
energy transfer between the donor and acceptor. In addition, the
LSPR bands of different sizes of Ag NPs have difference overlaps
with the absorption and emission spectra of the Alq3 and DCJTB,

Fig. 1. AFM images of Ag NPs with different sizes. The average sizes of Ag NPs are (a) 8 nm, (b) 20 nm, (c) 50 nm, (d) 100 nm, (e) 150 nm, (f) 180 nm, (g) 200 and (h) 250 nm.
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Fig. 3. The LSPR spectra of 8 nm Ag NPs (black line), 20 nm Ag NPs (yellow line), 50 nm
Ag NPs (pink line), 100 nm Ag NPs (light blue line), 150 nm Ag NPs (purple line),
180 nm Ag NPs (red line), 200 nm Ag NPs (blue line) and 250 nm Ag NPs (dark red
line), together with the absorption and emission of Alq3 and DCJTB. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

which are required for surface plasmon mediated emission
enhancement. The LSPR peaks of these Ag NPs show redshift from
389 nm to 475 nm as the diameters of Ag NPs range from 8 nm to
250 nm.
For comparison, the device that gain medium without Ag NPs
was prepared as the reference. Fig. 4(a) shows the dependence of
edge-emission spectra of the reference device on the pump energy
intensity. As described in the previous reports [26e28], the neat
gain medium ﬁlm exhibits an obvious Ampliﬁed Spontaneous
Emission (ASE) behavior, which only has one peak in the emission
spectra. When it is pumped at low energy, it exhibits a broad
spontaneous emission spectrum with FWHM of 75 nm. Once the
excitation energy becomes large enough, the emission spectrum
collapses to a much narrow emission with FWHM of 11 nm. The
lasing threshold of 30.1 mJ/cm2 is then determined shown in the
inset of Fig. 4(a). In the reference device, the light is ampliﬁed by
the gain medium as it propagates along the path of optical gain in a
waveguide. Reﬂections from the internal surfaces can increase the
light path length which will build up the ASE. The ASE is light that
originates from spontaneous emission and that is subsequently
ampliﬁed by stimulated emission.
In order to study the effect of different sizes Ag NPs on the lasing
characteristics, the lasing thresholds of devices with different sizes
of Ag NPs were measured. In the devices with Ag NPs, variation
sizes of Ag NPs were maintained a constant mass concentration of
1.28  103 g/cm3. Fig. 4(b)e(d) show the edge-emission spectra
of the devices with small size Ag NPs (20, 50 nm) and large size Ag
NPs (150 nm), respectively. They present the characteristics of
coherent random lasing due to the emergence of the sharp spikes in
emission spectra. When the excitation energy reaches lasing
threshold, the spectrum suddenly becomes narrow, and the FWHM
reduces to about 1 nm as the inset of Fig. 4(b)e(d) show. The
coherent random lasing comes from the coherent feedback, in
those devices, the closed loop paths can be formed through multiple scatterings. These loops could serve as ring cavities for light
and the ring cavities are formed by recurrent scattering. When the
pump intensity increases, the gain reaches the loss, the laser
oscillation occurs in this loop which serves as a laser resonator, and
ﬁnally laser emission from these resonators results in a number of
discrete narrow peaks in the emission spectrum [29,30]. Fig. 4(e)
illustrates the laser emission intensity as a function of pump energy
for devices with different sizes of Ag NPs. It shows that with the
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increasing of the Ag NPs size, the lasing threshold reduces at ﬁrst,
and then increases. The lowest lasing threshold of 8.6 mJ/cm2 is
found for the gain medium with 150 nm Ag NPs, about a factor of
3.5 times lower than that of an organic gain medium without any
embedded nanoparticles. The trend of lasing threshold is shown in
the Fig. 4(f), the thresholds are 25.1, 22.8, 17.3, 12.6, 8.6, 10.8, 11.4
and 13.1 mJ/cm2 when the diameters of introduced Ag NPs are
8e250 nm, respectively.
As mentioned above, for the device with Ag NPs, there are two
main underlying mechanisms to explain these experimental results: (a) Enhancement of localized EM ﬁeld in the vicinity of metal
NPs due to LSPR and (b) Enhancement of scattering strength. In
order to determine which mechanism takes effect on the lasing
properties and how they work, the devices embedded with TiO2
NPs which have same scattering strength as that of the corresponding plasmonic Ag NPs had been fabricated. The scattering
strength is L/l*, where L is determined by the laser illumination spot
(~5 mm), the mean free path, l*, can be calculated via Mie theory
l* ¼ 1=rs , ss is the scattering cross section, r is number density of
s
nanoparticles. Therefore, a series of different sizes of TiO2 NPs
which have about the same ss as that of corresponding Ag NPs and
proper r were introduced into gain medium, shown in Table 1.
Finally, we obtained the devices based TiO2 NPs having the same
scattering strength as that of corresponding Ag NPs. On the condition of same scattering strength, according to compare the lasing
threshold of Ag NP-based random laser and TiO2 NP-based random
laser, the contribution mechanism of enhanced EM ﬁled on lasing
properties could be known.
The lasing thresholds of devices with different sizes of Ag NPs or
TiO2 NPs are shown in Table 1. We can ﬁnd that the Ag NP-based
random laser described here exhibits superior performance and
lower threshold compared to corresponding TiO2 NP-based
ASE is used to express the ASE
random laser. In the Table 1, Eth
threshold of gain medium without Ag NPs; Eth-Ag, Eth-TiO2 represent
the lasing threshold of Ag NP-based random laser and TiO2 NPbased random laser, respectively; DAg (DTiO2) is the diameter of Ag
ASE is the ratio
NPs (TiO2 NPs). For the device with Ag NPs, EthAg =Eth
of lasing threshold of Ag NP-based random laser to the ASE
threshold of reference device, which could show the extent of
threshold reduction of the Ag NP-based random laser comparing to
the reference device, and reﬂect the contribution of enhanced
localized EM ﬁeld and scattering effect on lasing properties; SimiASE is the ratio of lasing
larly, for the device with TiO2 NPs, EthTiO2 =Eth
threshold of TiO2 NP-based random laser to the ASE threshold of
reference device, which shows the extent of threshold reduction of
the TiO2 NP-based random laser comparing to the reference device,
and reﬂects the contribution of only scattering effect on lasing
properties. As shown in Table 1, we can know that, for the devices
with small-size Ag NPs (<50 nm), the enhanced localized EM ﬁeld
effect is the major mechanism for enhanced lasing properties. For
ASE  0:83,
example, for the device with 8 nm Ag NPs, the EthAg =Eth
ASE  1, suggesting that the lasing
and the corresponding EthTiO2 =Eth
threshold of TiO2 NP-based random laser is close to the threshold of
reference device, the scattering effect is weak for reducing lasing
threshold of TiO2 NP-based random laser. Due to the same scattering strength between Ag NP-based random laser and corresponding TiO2 NP-based random laser, we can know that the
scattering effect is also weak in the Ag NP-based random laser, then
the enhanced localized EM ﬁeld of Ag NPs plays a main role in
reducing lasing threshold; in the same way, for the device with Ag
ASE  0:57,
NPs of 50 nm, EthAg =Eth
the corresponding
ASE  0:77, it is found that the enhancement of localized
EthTiO2 =Eth
EM ﬁeld and scattering has comparable effect; for the case of largeASE  0:29,
size Ag NPs (100 nm), such as 150 nm Ag NPs, EthAg =Eth
ASE  0:47, which suggests that the
the corresponding EthTiO2 =Eth

168

S. Ning et al. / Organic Electronics 30 (2016) 165e170

Fig. 4. The emission spectra of the device (a) without Ag NPs; with (b) 20 nm, (c) 50 nm, (d) 150 nm Ag NPs. The insets show the dependence of the lasing intensity and the FWHM
of the emission spectra on the pump intensity. (e) Dependences of the emission intensities on the pump energy intensity for the devices. (f) The thresholds for the devices without
or with different sizes of Ag NPs. The thresholds are 25.1, 22.8, 17.3, 12.6, 8.6, 10.8, 11.4 and 13.1 mJ/cm2 when the sizes of Ag NPs are 8, 20, 50, 100, 150, 180, 200 and 250 nm,
respectively.

scattering effect is the dominant mechanism for enhanced lasing
efﬁciency. These conclusions for the case of Ag NPs (50 nm) are
consistent with the results of Meng et al. [16e18].
In order to explore the reason of experiment results above and
further identify it, we compare the absorption and scattering cross
section of Ag NPs to evaluate the effect of two mechanisms on the
lasing properties [15e17]. For the effect of enhanced localized EM
ﬁeld, it is related to the absorption cross section (sa) of Ag NPs at
l ¼ 620 nm. And the scattering effect is related to the scattering
cross section (ss) of Ag NPs at l ¼ 620 nm. Due to the equal mass
concentration of Ag NPs with different sizes in the gain medium, sa/
Vparticle and ss/Vparticle were calculated as normalized absorption and

scattering cross section to evaluate the mechanism of enhanced
random lasing, Vparticle is the particle volume. Fig. 5(a) presents the
dependence of lasing thresholds of the devices with Ag NPs of
different sizes. In order to determine the origin of the enhanced
lasing properties, two mechanisms are discussed respectively. As
for the effect of enhanced localized EM ﬁeld, the normalized absorption cross section sa/Vparticle of different sizes Ag NPs at
l ¼ 620 nm were calculated by Mie theory [31]. In Fig. 5(b), it shows
that with the increase of the Ag NPs size, sa/Vparticle increases ﬁrstly,
and then reduces, there is a maximum of sa/Vparticle for the Ag NPs
with the diameter of 150 nm at l ¼ 620 nm. For the scattering effect, by the Mie theory, the normalized scattering cross section ss/
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Table 1
ASE is the ASE threshold of reference device; E
The thresholds of different devices. Eth
th-Ag, Eth-TiO2 are the lasing threshold of Ag NP-based device and TiO2 NP-based device,
ASE (E
ASE
respectively; DAg (DTiO2) is the diameter of Ag NPs (TiO2 NPs). For the device with Ag NPs (TiO2 NPs), EthAg =Eth
thTiO2 =Eth ) is the ratio of lasing threshold of Ag NP (TiO2 NP)based random laser to the ASE threshold of reference device.
Reference
ASE
Eth

30.1
30.1
30.1
30.1
30.1
30.1
30.1
30.1

Device with Ag NPs

(mJ/cm )
2

Device with TiO2 NPs

DAg (nm)

Eth-Ag (mJ/cm )

8
20
50
100
150
180
200
250

25.1
22.8
17.3
12.6
8.6
10.8
11.4
13.1

2

±
±
±
±
±
±
±
±

0.98
0.98
0.91
0.91
0.88
0.86
0.81
0.81

ASE
EthAg =Eth

DTiO2 (nm)

Eth-TiO2 (mJ/cm2)

0.83
0.76
0.57
0.41
0.29
0.36
0.39
0.44

15
35
85
165
240
270
290
345

29.6
27.5
23.1
19.5
14.0
15.1
15.5
17.0

±
±
±
±
±
±
±
±

0.91
0.96
0.85
0.94
0.81
0.95
0.88
0.82

ASE
EthTiO2 =Eth

0.98
0.91
0.77
0.65
0.47
0.50
0.51
0.55

size (100 nm), the scattering intensity of Ag NPs is stronger than
the absorption intensity. The scattering effect is the major mechanism for enhanced lasing properties. Furthermore, we can ﬁnd
there is the lowest lasing threshold at the maximum of ss/Vparticle of
150 nm Ag NPs, which suggests that the scattering effect plays a
main role in the enhancement of lasing properties comparing with
enhanced localized EM ﬁeld. And the conclusion of Fig. 5 is in according with that of Table 1, the result is further conﬁrmed.
4. Conclusion

Fig. 5. (a) Lasing thresholds for the devices with different size of Ag NPs. (b) The
normalized absorption cross section at l ¼ 620 nm versus the particle size and the
normalized scattering cross section at l ¼ 620 nm versus the particle size.

Vparticle of different sizes of Ag NPs at l ¼ 620 nm were calculated. In
Fig. 5(b), it also shows that with the increasing of the Ag NPs size,
ss/Vparticle increases at ﬁrst, and then reduces, there is a maximum
of ss/Vparticle for the Ag NP with the diameter of 150 nm at
l ¼ 620 nm. It also should be emphasized that the normalized
scattering cross section ss/Vparticle is inversely proportional to the
mean free path, l*, according to the relation l*~1/(ss/Vparticle). These
allows the evaluation of the scattering strength, L/l*, which is
proportional to ss/Vparticle. Therefore, the scattering strength has the
maximum for the device with 150 nm Ag NPs.
In Fig. 5, for the devices with small-size Ag NPs (<50 nm), the
scattering cross section of Ag NPs is much smaller than the absorption cross section, and the thresholds decrease with the increase of sa/Vparticle of Ag NPs. Therefore, it implies that the
enhanced localized EM ﬁeld is the dominant mechanism to
enhance lasing properties. For the devices with 50 nm Ag NPs, as
shown in Fig. 5(b), the effects of localized EM ﬁeld enhancement
and photo scattering are approximately equivalent on reduction of
lasing threshold. The results of Ag NPs (50 nm) are all consistent
with the results of Meng et al. [16e18]. With the increase of particle

In summary, we investigated the random lasing based on a series of Ag NPs with the diameter ranging from 8 nm to 250 nm. The
effects of different sizes of Ag NPs on the lasing characteristics were
investigated. The lowest threshold is achieved by introducing Ag
NPs with the diameter of 150 nm. By studying the enhanced
localized EM ﬁeld and the scattering effect of Ag NPs in experiment
and Mie theory, we found that the effects of localized EM ﬁeld
enhancement and scattering all contribute to the reduced lasing
threshold. As for the small-size particles (<50 nm), enhancement of
localized EM ﬁeld in the vicinity of Ag NPs is the major mechanism
for enhanced lasing efﬁciency; for the large-size particles
(100 nm), compared with enhanced localized EM ﬁeld, the scattering effect plays a main role in the enhancement of lasing
properties.
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