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We demonstrate intracavity plasmonic laser spectroscopy using a plasmonic laser created from a

periodically perforated silver film with a liquid gain medium. An active zone of the laser is formed

by a highly elongated spot of pumping. This results in a significantly more efficient diffusive mixing

of dye molecules, which suppresses the effect of their bleaching, and in the ability to reduce the

volume of the gain medium to as little as 400 nl. We use this design for a stable plasmonic laser in

multiple measurements and demonstrate that it is highly effective as a spaser spectroscopy sensor for

intracavity detection of an absorptive dye at 0.07 ppm. This work provides an opportunity to develop

applications of intracavity plasmonic laser spectroscopy in biological label detection and other fields.
VC 2017 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5003655

In laser physics, intracavity laser spectroscopy methods

are known to have an extremely high sensitivity.1 In these

methods, an analyte is placed in the laser cavity. This analyte

should absorb at the lasing wavelength. As a consequence,

the analyte is detected by changing the lasing parameters,

such as the threshold, lasing intensity, and wavelength.

Usually, it manifests in an appearance of dips in the lasing

spectrum.

The dynamics of a plasmonic laser, or spaser, shares

many characteristics with that of a traditional laser.2–7

Plasmonic laser intracavity spectroscopy was first proposed

theoretically.8–10 In particular, it has been shown that, simi-

lar to conventional intracavity laser spectroscopy, the use of

plasmonic lasers can lead to an increase in the efficiency of

plasmonic sensors by up to two orders of magnitude.8

Different successful experimental approaches have been

recently reported.11–13 In these studies, a spaser based on

CdSe and CdS crystals of micronic size has been sunk into

the surrounding medium; an addition of an analyte to that

medium results in the modification of the spaser generation

frequency11,12 or intensity.13 Particularly, in Ref. 13, as

opposed to conventional intracavity spectroscopy, an addi-

tion of an analyte results in an increase in gain, and as a con-

sequence, the laser intensity is boosted.

In this study, we deal with the conventional approach in

the sensor design, in which an addition of an analyte is

assumed to decrease the intensity of radiation. To begin

with, we design a planar plasmonic laser, extending the idea

and implementation of plasmonic lasers reported else-

where.14–22 We use a liquid gain medium and a perforated

metallic film. The use of this “flow-through” liquid gain ena-

bles the direct introduction of an analyte into the active

region that warrants both the maximal sensitivity and multi-

ple usage of the sensor. We expect that the subwavelength

scale of the plasmonic cavity and the employment of micro-

fluidics make plasmonic intracavity spectroscopy suitable for

lab-on-chip technology.23

It seems that for the design of a plasmonic laser, the

greater gain the better. However, it has been recently shown

that dye molecules are optimal for plasmonic lasers because

the usage of quantum wells with greater gain results in

energy loss via spontaneous emission.24 Moreover, the dye

molecules are capable of nearly 100% yield and allow for

the creation of an optically homogeneous medium with high

gain.25

The main shortcoming of this type of active medium is

photobleaching, in which a dye molecule is unable to con-

tinue fluorescence after approximately 105�106 photon

emissions.26 In other words, in the CW regime, a laser using

dye in a polymer matrix lives for only 1 ms.

In this paper, we describe an implementation of a pulsed

pumped plasmonic laser that uses a solution of R101 dye in

dimethyl sulfoxide (DMSO) as the gain medium. The pulse

duration and energy should be small enough so that photo-

bleaching does not occur. The pumping should be sufficient

to saturate the excitation of dye molecules. The experiment

shows that the required pump power is about 1 MW/cm2.

Such pumping causes bleaching of dye molecules in 100
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ls.26 Thus, the pump pulse duration should be shorter than

this value.

The use of a liquid gain medium offers a number of

advantages over a solid gain medium by fixing the bleaching

problem. In a DMSO solution, dye molecules diffuse for a

distance of l �
ffiffiffiffiffiffiffiffi
2Dt
p

with the diffusion coefficient

D � 0:1 cm2=s. In our experimental setup, the size of the

pumped region is about 0:1 cm� 0:002 cm. A dye molecule

diffuses for a distance of l ¼ 0:002 cm per 2:0� 10�5 s that

determines the repeating frequency of 5� 104 Hz. Using any

frequency smaller than 5� 104 Hz ensures that each pulse

interacts with new dye molecules. Therefore, photobleaching

is highly suppressed, and a temporarily stable gain medium

is formed.

Figure 1(a) shows the setup used in this study. It is a pla-

nar waveguide made of a liquid DMSO layer deposited on a

plasmonic crystal. The plasmonic crystal is formed by an

array of nanoholes created in a 100-nm-thin silver film

deposited onto a quartz substrate. The optimal parameters of

the plasmonic crystal have been numerically calculated. To

compensate the uncertainty in the calculated values of the

material parameters, we fabricated and studied structures

with nanoholes of the varying pitch K (545, 555, 565, 575,

and 585 nm) and the diameter (150, 175, and 200 nm).

The nanohole arrays in the silver films are fabricated

by electron-beam lithography and dry etching. As shown in

Fig. 2, the array of holes is patterned on a 100 6 5 nm thick

silver film, which is deposited on a UV-grade quartz sub-

strate with a roughness of the order of 1 nm. The silver film

is deposited by electron-beam evaporation with a base pres-

sure of 5� 10�8 Torr, and then, it is capped by a 10-nm-layer

of SiO2. The process for silver film electron-beam evapora-

tion on quartz substrate is developed as the part of the

detailed study of silver film formation mechanisms.27 The

quality of the silver films is monitored by scanning electron

microscopy (SEM) and electron backscatter diffraction

(EBSD), yielding an average film grain size of about 1 lm

(see Fig. 3), as well as by stylus profilometry, yielding an

rms roughness of less than 1.2 nm, and by spectroscopic

ellipsometry, which results in optical properties similar to

those reported in Ref. 28. Although making an array of nano-

holes with electron-beam lithography creates defects in the

silver film and diminishes the grain size down to several

dozen nanometers, it does not affect the quality of the nano-

holes (Fig. 2). The use of the SiO2-film solves two issues: It

suppresses the silver degradation and prevents the quenching

of excited dye molecules. The quenching leads to an undesir-

able heating of the silver film, which, in turn, leads to sample

destruction at pumping intensities above 2 MW/cm2.

Since the losses in silver are large, we deal with hybrid

modes. In principle, the optimal lasing parameters are

obtained when the bulk of the mode energy is contained in the

DMSO layer with dye molecules. In this study, we experimen-

tally determine that for lasing, the minimal possible gain layer

thickness should be 4 lm. The calculated field distribution in

the TM mode is shown in Fig. 1(b). Hybridization between the

photonic and plasmonic modes is maximal at the DMSO/

metal interface.

The gain medium is formed by the solution of the R101

dye in DMSO with the concentration of 6� 1018 cm�3. This

system provides a material gain near 75 cm�1 via pulsed

optical pumping at the wavelength of 530 nm. To decrease

the threshold pumping, we have chosen a specific geometry

of the pumping beam, which selectively excites some modes.

In particular, the pumping region takes the form of an

extended ellipse with the major and minor axes equal to

1.6 mm and 20 lm, respectively. Comparing to the com-

monly used circular pumping region with the same diameter

as the major axis of the ellipse of this geometry, our

approach leads to an 80�-increase in the intensity of the

light pumping of the dye molecules, and consequently, the

FIG. 1. Planar plasmonic laser. (a) The laser apparatus using a perforated silver film. (b) The spatial distribution of the electric field intensity of the TM polar-

ized mode in the quartz/silver (100 nm)/DMSO (1000 nm)/quartz system. The inset shows the electric field near the silver/DMSO interface.

FIG. 2. SEM images of an array of 200 nm nanoholes with a pitch of 565 nm

fabricated in a silver film.

213104-2 Melentiev et al. Appl. Phys. Lett. 111, 213104 (2017)



power of the pumping laser can be decreased. The major

axis is aligned along the 1.4 mm diagonal of the nanohole

array. Therefore, 0.1 mm of the pumped region lies outside

of the nanohole array on each side. The peak pumping

strength is varied up to the value of 5 MW/cm2, significantly

exceeding the saturation intensity of the R101 optical

transition.

We use the repeating frequency of 40 Hz with a pulse

duration of 10 ns. Such a value of the repeating frequency is

much smaller than the estimation of 5� 104 Hz given above;

therefore, during the time between pulses, the diffusion of

dye molecules ensures their replacement in the working vol-

ume. The volume of the gain medium in the pumped region

is four orders of magnitude smaller than the volume of the

total gain medium. This leads to a long-lived stable genera-

tion regime that can be sustained for several weeks (the sam-

ple was subjected to repeated pulsed pumping for 2 h each

day for two weeks; no degradation of the gain medium was

observed) with the use of only 400 nl of the gain medium.

In order to characterize the system, the spectrum of dye

luminescence is initially measured for the system without

nanoholes. Radiation is brought out through a slit in the

metal film with the width of about 2 lm. In Fig. 3(a), one

can see the change in the luminescence spectrum depending

on the pumping level. This change demonstrates a threshold

behavior. At low pumping, below the threshold, the lumines-

cence spectrum of the sample coincides with that of a single

R101 dye molecule. It has a maximum at 620 nm and the

spectral width at half-maximum being equal to 40 nm.

Above the threshold, at high pumping (>0.9 MW/cm2), a

narrower, 12 nm, spectral line centered at 618 nm emerges.

Such a narrowing line and the presence of the threshold are

characteristics of the multimode amplified spontaneous emis-

sion (ASE).29

Next, we consider the situation when the elongated pump-

ing spot covers the area greater than the perforated area of the

silver film in the (1,1)-direction. The boundaries between the

solid surface and the perforated area form a resonator. The

eigenmodes of this resonator are formed by the reflection of

the hybrid waves from these boundaries. This reflection is due

to the difference in impedances of these waves in perforated

and non-perforated areas. Although the reflectance of the

hybrid waves is small, it is sufficient for lasing.

The smallest lasing threshold, which we observed,

occurs for the sample with the square array of 175 nm nano-

holes and has a pitch of 565 nm. The spectrum of the

plasmonic laser is measured in the far field with the peak

intensity at the angle of h ¼ 5�.
A wave propagating over a periodically perforated

surface is a Bloch wave comprised of harmonics with

wavevectors kx � nxgx; ky � nygyf g, where kx ¼ ky

¼ kt=
ffiffiffi
2
p

, nx and ny are integers, kt ¼ k0neff ,

1:46<neff <1:475, and gx¼gy¼2p=L. In our case, the only

leaky harmonic

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkx�nxgxÞ2þðky�nygyÞ2

q
<k0

� �
is the

one with nx¼ny¼1. Its angle of radiation is

h¼arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkx�nxgxÞ2þðky�nygyÞ2

q
=k0

� �
�5:8�, which is

in agreement with the experiment.

The experimental spectra of dye luminescence for two

values of pumping are shown in Fig. 3(b). At intensities

below 500 kW/cm2, the spectral contour is very similar to

that of usual R101 dye luminescence. However, at higher

(above 500 kW/cm2) pumping intensities, the luminescence

contour changes dramatically, and a very narrow spectral

line with the half-width of 1.7 nm emerges at 628 nm. Such a

narrow linewidth indicates that we deal not with amplified

spontaneous emission (ASE) but with lasing.30

Figure 4 shows the dependence of the lasing intensity

and the spectral width on the pumping strength obtained in

the experiment. These measurements are carried out by

imaging the microscope focal plane onto the CCD camera by

means of a Bertrand lens.31 We observe a threshold behavior

of plasmonic laser radiation with the threshold pumping

value of 500 kW/cm2 corresponding to a gain coefficient of

�40 cm�1.

FIG. 3. Measured radiation spectra of

different samples. (a) The spectrum of

dye luminescence in the quartz/silver/

DMSO/quartz system without nano-

holes, with radiation output through a

defect in the form of the 5-lm-wide

slit passing through the film. (b) The

luminescence spectrum of the plas-

monic laser. The pump levels below

and above threshold correspond to

0.09 and 0.9 MW/cm2, respectively.

The insets show electronic microscopy

images of the samples.

FIG. 4. Generation intensity and linewidth dependence of the plasmonic

laser. Insets show the angular distribution of the intensity in the radiation

pattern for pumping intensities below and above the lasing threshold.

213104-3 Melentiev et al. Appl. Phys. Lett. 111, 213104 (2017)



The insets in Fig. 4 show the dependence of the angular

radiation distribution of the plasmonic laser for pumping

intensities below and above the threshold. Above the plas-

monic lasing threshold, directional radiation is observed.

The radiation pattern is extended in the direction perpendicu-

lar to the extension direction of the pumping region. The

minimal directivity is �1.3�; however, in the orthogonal

direction, it is 4.1�.
Let us demonstrate the possibility of applying the plas-

monic laser in sensing and intracavity spectroscopy.8–10 The

apparatus is shown in the inset of Fig. 5. We start with the

R101 solution in DMSO with the concentration of 700 ppm.

We use the cyanine-5 dye, which has a broad absorption

band around the lasing spectral region, as the analyte. We

prepare mixed solutions of R101 and cyanine-5 dye in

DMSO. While the concentration of R101 is 700 ppm, we use

three concentrations, 7, 0.7, and 0.07 ppm, of cyanine-5.

Before cyanine-5 is injected via a microfluidic input, the

gain medium without cianine-5 dye has been removed from

the lasing cavity. We use the solution volume of 800 nl,

twice than that of the dye solution above the nanohole array.

Therefore, the measurement at each analyte concentration

requires an extremely small probe volume, which is a princi-

pal feature of our sensor.

The resulting lasing curves are shown in Fig. 5. In addi-

tion to the lasing suppression by the absorptive dye, we

detect a minimal concentration of 70 ppb, thereby proving

the ultra-high detection sensitivity of our novel scheme. This

concentration corresponds to the theoretical estimates of the

detection limit based on the dye absorption cross-section.

The results presented in Fig. 5 show that the output power of

the plasmonic nanolaser is sensitive to the analyte concentra-

tion in a nonlinear way. This may happen because the Cy-5

spectral absorption profile differs from the active medium

spectral amplification profile. Adding the analyte solution

into the plasmonic nanolaser not only decreases the output

intensity but also changes the spectral shape of the gain. As a

result, the wavelength of lasing may change as well.

We implement and study the plasmonic laser generation

based on hybrid modes of a plasmonic crystal and a photonic

waveguide interacting with the gain medium of R101 dye

solution. The laser cavity is formed by a nanohole array in a

silver film. The threshold behavior of the radiation character-

istics with an increase in the pump power is demonstrated

along with the high directivity above the threshold. The plas-

monic laser cavity is characterized by an ultra-low loss

(40 cm�1) owing to the use of an ultra-high-quality silver

film and the hybrid plasmonic-photonic mode. Lasing at

628 nm, with a linewidth of 1.7 nm and a directivity of 1.3�,
is observed. Based on the implemented scheme, we also

demonstrate a possibility of intracavity plasmonic laser spec-

troscopy using an analyte concentration of 70 ppb.
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