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Abstract: Lasing of N,N'-bis(3-methylphenyl)-N,N'-diphenyl-[1,1':4',1”terphenyl]-4,4”-diamine (BMT-TPD) films on silver island films (SIFs) was
investigated. The size of silver nanoparticles (NPs) of SIFs ranged from 8 to
500 nm, which showed the different localized surface plasmon resonance
(LSPR). It was found that the lasing wavelength of BMT-TPD was tuned by
the LSPR peaks of silver NPs. This was attributed to the coupling between
gain medium and plasmonic silver NPs, that is, the surface plasmon
amplification by stimulated emission of radiation which resulted in the
lasing at the corresponding wavelengths. This is expected to be a new and
easy approach for the tuning of wavelength of lasing.
©2015 Optical Society of America
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1. Introduction
Recently, the metal nanoparticles (NPs) have been widely investigated for applications in
various fields, and the interaction of metallic NPs and gain medium has attracted significant
attention for photonic applications [1–9]. Metallic NPs exhibit the localized surface-plasmon
resonance (LSPR), and the excitation of the plasmon absorption results in a strong local
electromagnetic (EM) field enhancement in the vicinity of the Ag NPs. When they are excited
by the light in resonance with their characteristic plasmon modes, metallic NPs can act as
antennas at visible and near-infrared frequencies: they can modify the emission properties of
optical emitters located near NPs, i.e., the Purcell effect [10–14].
Besides the modification of spontaneous emission properties, the stimulated emissions of
emitters were also affected by metallic NPs. For example, the metallic NPs with periodic
arrangement can act as a grating and lead to distributed feedback lasers [15, 16]; gold or silver
NPs with random distribution were also found to lead to the random lasing by the effects of
enhanced localized EM fields and scattering [17–20]. In addition, the metal nanostructures
have been used as plasmonic nanocavities that rely on surface plasmons (SPs). Because the
plasmon oscillations are coupled with gain media via the near field, the gain material
localized in the vicinity of the metal surface could provide extra energy for the SPR loss
compensation or amplification, and in return, the SPR mode provides a means of strengthrelated feedback for photons in the gain media. Thus, this laser can be called the surface
plasmon amplification by stimulated emission of radiation (spaser) [7–9], which is
nanoplasmonic counterpart of the laser. Although the spaser’s theory and the plasmonic
nanolasers were put forward and demonstrated, the more applications of the spaser are still
desirable [4, 21].
In this letter, based on silver island films (SIFs), a very simple approach was demonstrated
to tune lasing wavelength. SIFs with different size of silver NPs were used as the substrate, on
which the gain media with planar waveguide structure were introduced. With the different
LSPRs for SIFs, the lasing wavelengths were also determined by the corresponding LSPRs.
The precisely tailored lasing was ascribed to the spaser by coupling between gain medium and
plasmonic silver NPs.
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2. Sample preparation and experimental setups
Ag NPs having a well-controlled size were synthesized by a seed-mediated growth method
[22]. 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 nucleationgrowth-ripening principle; the resulting Ag NPs were used as starter seeds. And then, we
slowly added the proper portions of Ag salt and citrate reducer into the starter seeds solution
as obtained in the first step. The slow process ensured 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, 200 and
500 nm.
SIFs were formed by the method of self-assembly. First, the clean glass substrate was
soaked in the 1% aqueous solution of 3-aminopropyltriethoxysilane (APS) for 30 min at room
temperature, then was washed extensively with deionized water and air-dried, and put it into
Ag NPs aqueous solution for 12 h. Finally, the glass substrate with SIF was annealing at
120°C for 5 h to produce thermally stable SIFs. The annealing treatment can benefit to the
fully evaporation of solvent and additive agent, keeping the good adhesion between SIF and
glass substrate, and can also make the morphology of SIF more uniform [23]. Figure 1 shows
the Atomic Force Microscopy (AFM) image and the corresponding size distribution of SIFs
with different sizes.

Fig. 1. AFM images of Ag NPs with different sizes prepared by self-assembly. The average
sizes of Ag NPs are (a) 8 nm, (b) 20 nm, (c) 50 nm, (d) 100 nm, (e) 200 nm, and (f) 500 nm,
respectively. The corresponding size distributions of particles are presented.
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After the deposition of SIFs, the 5 nm-SiO2 layer served as a spacer in order to avoid the
quenching of the emission, was deposited onto the SIFs by radio frequency sputtering at the
rate of 0.3 nm/s. N,N'-bis(3-methylphenyl)-N,N'-diphenyl- [1,1':4',1”-terphenyl] −4,4”diamine (BMT-TPD) was used as gain medium [24]. The planar waveguide with gain
medium was fabricated as follows: Polystyrene (PS) and BMT-TPD were fully dissolved in
chloroform solution (PS: BMT-TPD = 4:1, wt%), and then was spin-coated on top of the SiO2
layers with the speed of 4000 rpm, and the spin-coated films were annealed at 110 °C for 10
min. At last, the devices Glass/SIFs (8-500 nm)/SiO2 (5 nm)/PS: BMT-TPD were fabricated.
For comparison, the devices with 50 nm-thick SiO2 spacer instead of that with 5 nm were
prepared. And the device that gain medium was spin-coated onto glass substrate without any
NPs was prepared. The thicknesses of organic gain media layer on SIFs with 8-200 nm Ag
NPs are approximately 300 nm, and that of the gain media layer on SIFs with 500 nm Ag NPs
is approximately 446 nm.
In experiments, the thickness of polymer film was measured with Stylus Profiler (Dektak
6M, USA). The absorption and photoluminescence (PL) spectra were obtained by UV-Vis
spectrophotometer (HITACHI U-3010, Japan) and Fluorescence Spectrometer (fluoromax-4
spectrofluometer) respectively. The devices were pumped by the third harmonic of a Nd:YAG
laser (355nm,10Hz 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 7 mm × 1 mm,
and was perpendicular to the surface of the devices.
3. Results and discussion
The LSPR spectra of SIFs were measured. Figure 2 shows the LSPR spectra of SIFs with
different sizes Ag NPs (without spacer layer), together with the emission spectrum of BMTTPD. The peaks of LSPR are wavelengths of 388, 413, 424, 446, 464 and 488 nm,
corresponding to the Ag NPs with the size of 8, 20, 50, 100, 200 and 500 nm shown in Table
1. It is clearly seen that the LSPR peaks of these different sizes of SIFs red-shift from 388 to
488 nm as the sizes of Ag NPs range from 8 nm to 500 nm. In the Fig. 2, it is also found that
the LSPR spectra with the peak wavelength 413, 424, 446 and 464 nm for the 20-200 nm Ag
NPs, sufficiently overlap with the emission spectrum of BMT-TPD, and as for the Ag NPs
with 8 and 500 nm, the peaks of LSPR spectra are 388 and 488 nm, which are out of the scope
of emission spectrum of BMT-TPD.

Fig. 2. The LSPR spectra of 8 nm Ag NPs (red line), 20 nm Ag NPs (blue line), 50 nm Ag NPs
(green line), 100 nm Ag NPs (pink line), 200 nm Ag NPs (yellow line) and 500 nm Ag NPs
(dark blue line), together with the emission spectrum of BMT-TPD (black line).
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Fig. 3. (a) Dependence of edge-emission spectra of device glass/PS: BMT-TPD on the pump
energy intensity. The inset shows the output intensity of the emission peak and FWHM as a
function of pump energy for reference device without NPs. (b) The emission spectra of device
glass/SiO2 /PS: BMT-TPD pumped by 80 μJ /cm2, in which the SiO2 thicknesses are 0 nm (no
spacer), 5 nm and 50 nm. The insert shows the lasing thresholds of the three devices.

In order to investigate the tailoring properties on the lasing wavelength, the devices
Glass/SIFs (8-500 nm)/SiO2 (5 nm)/PS: BMT-TPD were designed and discussed. Figure 4(a)
shows the emission spectra of device based on the Ag NPs (8-500 nm) with 5 nm-SiO2 spacer,
together with a spectrum for the reference device without Ag NPs, which are all pumped by
laser pulse of 60 μJ/cm2. As mentioned in Fig. 3, the lasing threshold of reference device is
63.4 μJ/cm2, so the reference device shows a broad emission spectrum centered at 435 nm
under the excitation energy of 60 μJ/cm2. However, the devices on SIFs with different size of
Ag NPs have the lower lasing threshold. When they are pumped by the laser pulse of 60
μJ/cm2, the lasing occurs and sharp peaks in the emission spectra appear, shown in Fig. 4(a).
These lasing wavelengths are different when the gain medium of BMT-TPD on the different
SIFs, that is, the lasing wavelength red-shifted from 416 nm to 466 nm with the increase of
Ag NPs size from 8 to 500 nm. For comparison, we also prepared the devices with the 50 nmthick spacer layer of SiO2 instead of that of 5 nm. Figure 4(b) shows the emission spectra of
these devices pumped by 80 μJ /cm2. It is noticed that there is no obvious wavelength shift of
lasing for the devices on different SIFs with 50 nm-thick spacer layer of SiO2.
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Fig. 4. (a) The emission spectra for devices based on SIFs (8-500 nm) with 5 nm- SiO2 spacer,
together with a spectrum for the reference device without Ag NPs, which are all pumped by
laser pulse of 60 μJ/cm2; (b) The emission spectra for devices based on SIFs (8-500 nm) with
50 nm-SiO2 spacer pumped by 80 μJ/cm2; The inset shows the lasing wavelength for the
devices based on SIFs (8-500 nm) with 50 nm-SiO2 spacer.

According to Fig. 2 and Fig. 4, the relation between the LSPR and the lasing wavelength
can be summarized as the results in Fig. 5 and Table 1. As for the device with 5-nm-thick
spacer layer, we found that when the LSPR peaks of Ag NPs are 414 nm, 426 nm, 446 nm
and 466 nm, the corresponding lasing peaks are 418 nm, 427 nm, 448 nm and 459 nm,
respectively, which shows that the lasing wavelength can be precisely tuned. When the LSPR
peaks are 389 nm and 489 nm, the corresponding lasing peaks are 416nm and 466nm,
respectively. As for the device with 50-nm-thick spacer layer, there is no systematic shift in
the wavelength of lasing, and the lasing peak is always about 435 nm or so.
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Fig. 5. The relation between the wavelength of the lasing and that of the LSPR. Solid blocks
correspond to the devices based on SIFs with 5 nm-SiO2 spacer, solid circles correspond to the
device based on SIFs with 50 nm-SiO2 spacer.
Table 1. The relation between the LSPR of Ag NPs and the lasing wavelength. D is the
diameter of Ag NPs. WLSPR is the wavelength of LSPR peak for the SIFs without spacer
layer. WLSPR-5nm (WLSPR-50nm) is the wavelength of LSPR peak for the SIFs deposited with 5
nm (50 nm) SiO2 spacer layer. WLasing-5nm (WLasing-50nm) is used to represent the lasing
wavelength of dyes based on the Ag NPs (8-500 nm) with 5 nm (50 nm) SiO2 spacer.
D
(nm)
8
20
50
100
200
500

WLSPR
(nm)
no spacer
388
413
424
446
464
488

WLSPR-5nm
WLasing-5nm
(nm)
(nm)
5 nm spacer
389
416
414
418
426
427
448
446
466
459
489
466

WLSPR-50 nm
WLasing-50nm
(nm)
(nm)
50 nm spacer
391
435
416
435
428
433
448
434
469
437
490
434

Fig. 6. (a) the metallic particle of radius a located in the gain medium. (b) Straight lines denote
the transition rates, and wavy lines denote the frequencies of the transitions.

Based on the observation that lasing frequency is near LSPR frequency, the spaser theory
is put forward to explain our experiment results. In our device, the Ag NPs were used as the
plasmonic nanocavities and organic laser dyes was used as optical gain media to compensate
the plasmon losses. Figure 6(a) shows the metallic particle of radius a located in the gain
medium. The gain media is pumped by an electromagnetic wave of frequency ωp, exciting the
dye molecules from ground state g to pumped state p, see Fig. 6(b). Laser transition occurs
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between upper and lower laser states u and l, respectively, and the frequency of the
spontaneous emission is ωse. However, in the spaser geometry, the photoemission is strongly
quenched due to the resonance energy transfer to the SP modes. The plasmons in the spaser
mode create the high local fields that excite the gain medium and stimulate more emission to
this mode, which is the feedback mechanism.
According to the papers for the spaser [7, 8], we can get the spasing frequency as follow:
ωL =

ωsp Γ sp + ωse Γ
1 Γ sp + 1 Γ

(1)

which implies that the lasing frequency ωL lies between the extinction maxima (SP frequency)
ωsp and the spontaneous emission frequency of the gain medium ωse. As for the data of Table
1 in our paper, the lasing wavelength is also in according with Eq. (1). For detail, as for the
20, 50, 100 and 200 nm Ag NPs, the corresponding LSPR responses are 414, 426, 446 and
466 nm, respectively. Those LSPR peaks are located near or in the range of full width at half
maximum (FWHM) of spontaneous emission spectrum of the gain medium shown as Fig. 2.
The extinction maxima of SP could enhance photonic density of states at corresponding
wavelength of gain medium. So that we can consider the spontaneous emission frequency of
the gain medium ωse is equal to the corresponding SP frequency ωsp of Ag NPs. According to
the Eq. (1), when the ωse ≈ωsp, the spaser frequency ωL is equal to the extinction maxima (SP
frequency) ωsp. However, as for the Ag NPs with size of 8 nm and 500 nm, the corresponding
LSPR response are 389 and 489 nm, which are deviating from the scope of spontaneous
emission spectrum too much, and the ωse≠ωsp. Therefore, the spaser frequency ωL lies
between the extinction maxima (SP frequency) ωsp and the spontaneous emission frequency
of the active medium ωse. The data of Table 1 is in agreement with description of Eq. (1).

Fig. 7. The electric-field distribution of the (a) 8 nm, (b) 20 nm, (c) 50 nm, (d) 100 nm, (e) 200
nm and (f) 500 nm Ag NPs surrounding by the gain medium, which were calculated under the
excitation at their plasmon wavelengths.
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Fig. 8. (a) Average electric-field enhancement, (b) The gain coefficient, for the gain medium
with different size of Ag NPs.

In order to more precisely explained our experimental results, the simulations of local
fields around the nanoparticles with different size located in the gain medium were performed
using the finite element method based on the commercial software COMSOL. In these
simulations, the complex permittivity values of silver are from [26], and the complex
refractive index of gain medium is measured by the Ellipsometer. Figure 7 shows the electricfield distribution of the different size of Ag NPs surrounding by the gain medium, which were
calculated under the excitation at their plasmon wavelengths. According to the reference [27],
the average electric-field enhancement is as follow:

ρ =  | E ( x, λ ) |2 d 3 x  | Einc |2 d 3 x
(2)
Figure 8(a) shows the average electric-field enhancement for all the devices with different
size of Ag NPs. It knows the effective gain is determined by the average electric-field
enhancement [27]. According to the simulation result of average electric-field enhancement,
we can also find that for the different size of Ag NPs, there are strongest enhanced fields near
their plasmon wavelengths. For gain medium with different size of Ag NPs, the average field
enhancement amounts to an increase of the gain coefficient g (g = 14.5 cm−1) by a factor of up
2
to | E Einc |≈ ρmax
, ρmax is the electric-field enhancement at the plasmon wavelengths shown in
2
Fig. 8(a), so that the gain coefficient g eff ≈ ρmax
g . According to the Eq. (2) and Fig. 8(a),

giving the ρmax of 13.1, 12.2, 8.9, 5.5, 2.8 and 2.9 for the Ag NPs with 8, 20, 50, 100, 200 and
500nm, respectively. The corresponding gain coefficient geff can be calculated and shown in
Fig. 8(b).
As for the device with 5-nm-thick spacer layer, the tunable lasing is due to the spaser from
the interaction between plasmonic Ag NPs and gain medium. As we know in the previous
reports [28], the effect of LSPR is confined in the local area, and the scope of LSPR effects is
in 40 nm or so. For example, in Meng’ s report [28], by the simulation of spatial distribution
of electric field intensity for the Ag NPs, they used 34-nm-thick SiO2 shell to encapsulate Ag
NPs, which avoided the LSPR effect on the organic lasing dyes near to these Ag NPs. So, the
role of 5 nm-thick spacer is used to avoid the quenching effect of the dyes near to the metal,
while the LSPR effect of Ag NPs is still on. However, when thickness of the spacer layer is
increased to 50 nm, the LSPR effect of Ag NPs is avoided fully, and there is no coupling
between the LSPR and the dye molecules. Without the assistance of LSPR effect, the spaser
was avoided, and the emission spectrum was from the ASE of gain medium, and the
wavelength of lasing was almost kept, shown in Fig. 4 (b) and Fig. 5.
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4. Conclusion

In summary, we demonstrated an easy approach for tuning the lasing of BMT-TPD using the
different SIFs. These SIFs have the different size of Ag NPs ranged from 8 to 500 nm, which
exhibited the different LSPR spectra. We demonstrated the wavelength tuning of the lasing on
the different SIFs. These behaviors were attributed to the spaser from the coupling between
gain medium and LSPR of silver NPs, which resulted in the lasing at the corresponding
wavelengths.
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