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 Surface plasmons (SPs) can be generated at the interface 

between two materials having opposite signs of dielectric 

susceptibility. [  1  ]  This principle has recently been exploited in 

many applications, ranging from enhanced optical transmis-

sion (EOT), [  2  ]  which can be used for enhanced photodetec-

tion, [  3  ]  biosensing, [  4  ]  optical trapping of small particles [  5  ]  and 

bacteria, [  6  ]  and even detection of the optical gradient force. [  7  ]  

Lately, there has been an increased interest in using SP devices 

for optical modulation, [  8  ]  including all-optical modulation. [  9  ,  10  ]  

SP based devices can also be integrated with other semicon-

ductor technologies, one example being the quantum cascade 

laser (QCL). [  11–13  ]  When the QCL, a semiconductor laser that 

works based on the principle of intersubband transitions, [  14  ]  

was invented, it gave the community a compact laser source 

that worked in the mid to far infrared. The mode of this laser 

source is very sensitive to the refl ectivity of the facets, [  10  ,  15  ]  

which means that changing the refl ectivity of one of these 

facets gives a viable way to externally modulate the output of 

the laser source. There has also been a keen interest in using 

plasmonic integrated QCLs, [  11–13  ]  and because many mole-

cules have vibrational resonance in the mid to far infrared, [  16  ]  

some of these devices may be used for biosensing. [  12  ,  13  ]  

Recently, an effi cient method of chip-scale mechanical tuning 

of QCL has been demonstrated. [  17  ]  Here we experimentally 

demonstrate an alternative approach, where a small change 

in the position of an atomic force microscope (AFM) tip with 

respect to an optical antenna hotspot tunes the laser oper-

ating frequency as well as its output power. Because we are 

using the near fi eld interaction between the apex of the AFM 

tip with the antenna hot spot to modulate the entire laser, 

our approach uses a volumetric change that is many orders 

of magnitude less than previous approaches to modulate the 

laser output. [  17  ]  We have measured the output spectrum and 
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amplitude of the device as a function of AFM tip position 

over the hotspot, as well as measured the near-fi eld image 

using a modifi ed apertureless near-fi eld scanning optical 

microscope. [  12  ,  13  ]  Our measurement quantifi es the sensitivity 

of such an antenna integrated device which can potentially 

be used for molecular sensing. 

 Our device has been fabricated by defi ning a 

metal-dielectric-metal (MDM) based bow-tie antenna struc-

ture on the facet of the quantum cascade laser. We have previ-

ously optimized the process such that the fabrication reduces 

the threshold current density by 25% without changing the 

other laser parameters signifi cantly. [  10  ,  12  ,  13  ]  This reduction is 

mainly due to the increased refl ectivity of the gold coated 

facet. [  13  ]  These composite material based nano-antennas 

have showed an improved performance in terms of near 

fi eld intensity enhancement over single metal designs. [  12  ,  13  ]  

First the antenna is designed to strongly couple to the laser 

modes using full 3D fi nite-difference-time-domain (FDTD) 

simulations. The antenna consists of two triangle structures 

separated by a gap of 100 nm. The fabrication details are dis-

cussed in the experimental section. 

 The AFM tip is placed over the hot-spot of the bow-tie 

nanoantenna. The measured near-fi eld is shown in  Figure    1  b. 

The experimental set-up is shown in  Figure    2  . A lock-in ampli-

fi er allows us to synchronize two frequencies: the driving 

frequency of the laser and the frequency of the AFM tip. 

This allows us to vary the delay of the trigger signal of the 

QCL driving pulse to measure the spectrum at each vertical 

position of the AFM tip over the hot spot. A more detailed 

explanation of the setup can be found in the methods section. 

The QCL is operated just above the threshold current. The 

spectrum was recorded at 6 equidistant delay points between 

0 and 2 π  with respect to the AFM tip cycle. The time resolved 

step-scan for all measurements is shown in  Figure    3  . As the 

delay was varied, the central frequency of operation of the 

laser shifted. In effect, this has created mechanical frequency 

modulation in the laser device.    

 The time resolved step-scan showing 50 ns of laser opera-

tion is shown in Figure  3 . The fi gure also shows normalized 

amplitude of the step scan measurement so that one can see 

the shift of lasing frequency with varying delay which corre-

sponds to the varying position of the AFM tip. In this mode 

of operation we have recorded the frequency shift when 
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     Figure  1 .     a) 3D simulation showing the intensity enhancement above the antenna at resonance condition. b) 3D NSOM image showing the 
squeezing optical mode of the device. Full-width at half-maximum (FWHM) was found to be  ≈ 100 nm. c) Refl ected fi eld intensity inside core of QCL 
without AFM tip near hot spot. d) Refl ected fi eld intensity with tip near hot spot.  
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the AFM tip moves with an amplitude of  ≈ 50 nm toward 

and away from the hotspot and recorded a signal ampli-

tude modulation of 33.3%. We also experimentally observed 

more than 74% laser power variation when an AFM tip is 

moved near and away from the hotspot laterally (distance of 

micrometers) as shown in  Figure    4  . Thus, a small variation of 

the AFM tip position can change the output of the laser sig-

nifi cantly due to the strong infl uence of the plasmonic modes 

on the laser cavity modes. This behavior is very interesting, 

because without the strong infl uence of the nanoantenna, the 

emitted light at   λ    =  6.1  μ m would not be signifi cantly scat-

tered by an object that is  ≈ 60 times smaller than its wave-

length. Also, the motion of such a small scattering point by a 
2 www.small-journal.com © 2012 Wiley-VCH V

     Figure  2 .     Set-up used to simultaneously measure near-fi eld scanning
(NSOM), topography, and time-resolved spectrum of the device.  
small amount ( ≈   λ  /120) would only lead to an extremely small 

change of laser output. Without the antenna this interaction 

would have produced a nearly four orders of magnitude less 

amplitude change according to our simulations, a change of 

only 0.007%.  

 In order to explain the experimental observation, we 

have solved the rate equations [  15  ]  that govern the density of 

carriers in the upper and lower states of the QCL and photon 

density, since these are rapidly changing near our operating 

point which is right above the threshold current. The rate 

equations are given below:
erlag GmbH & Co. KGaA

 optical microscopy 
 

J

q
− n3

τ3
− s gc (n3 − n2) = 0

  
(1)   

 

n3

τ32
+ s gc (n3 − n2) − n2

τ2
= 0

  
(2)

   

 

c

neff

(
s (gc (n3 − n2) − α) + β

n3

τsp

)
= 0

  
(3)   

where  J  is injected current density,  q  is 

electron charge,  n  3  and  n  2  are populations 

of states 3 and 2,  s  is photon density,   τ   is the 

lifetime for the states and transitions,  g  c  is 

the gain cross section,  n  eff  is the effective 

refractive index,  c  is the speed of light,   α   is 

the loss (addition of mirror and waveguide 

loss), and   β   is spontaneous emission factor. 

The QCL laser parameters we have used 

to model our QCL are:  n  eff   =  3.2,   Γ    =  0.5, 

 z  32   =  1.6 nm,   γ   32   =  25 meV,   τ   32   =  1.4 ps,   τ   2   =  

0.2 ps,   τ   3   =  0.8 ps,   α   w   =  20 cm  − 1 , where  n  eff  
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     Figure  3 .     Right: Schematic diagram of the set-up used to measure the spectrum of the laser at different positions of the AFM tip. Left: A shift in 
laser frequency and amplitude was observed due to feedback from the apex of the vibrating AFM tip. At 2 π /5 phase, mode hopping causes the fi t 
line to split the two modes in the fi gure. The white dotted line shows the calculated theoretical model for the shift in frequency.  

f 30 GHz
is the effective index,  z  32  is the dipole matrix element of the 

optical transition,   γ   32  is the luminescence linewidth,   τ   32  is the 

LO-phonon scattering time,   τ   3  and   τ   2  are the upper and lower 
© 2012 Wiley-VCH Verlag Gmb

     Figure  4 .     a,b) Composite image of the antenna topography and the sche
when the AFM tip is near and away from the hot-spot laterally. c) Experim
modulation in near-fi eld intensity signal with varying AFM tip position. Wh
(amplitude  ≈  50 nm), the amplitude modulation is  ≈ 33%. When moved l
micrometers) the amplitude modulation is nearly 74%.  
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state lifetimes, respectively, and   α   w  is the waveguide loss. The 

QCL parameters are based on published data [  14  ,  18  ]  with a 

similar active region design to ours and show a good agree-
H & Co. KGaA, Weinheim
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current density. The rate equations con-

tain a mirror loss term which contains the 

refl ectivity of each of the facets, one of 

which was found to be changing through 

FDTD simulations because of the motion 

of the AFM tip with respect to the bow-

tie antenna. To model our system which 

is being modifi ed by the moving AFM tip, 

we have performed FDTD simulations 

that show a dramatic change in the electric 

fi eld intensity when we record the fi eld 

within the QCL waveguide structure 

(see Figure  1 c,d). To calculate the change 

in refl ectivity of the bow-tie antenna, 

we record the electric and magnetic fi elds 

near the back of the device and calculate 

the refl ected power with and without the 

AFM tip over the hot spot to be 12%. We 

solved the rate equations self consistently 

for the photon density  s,  and the state den-

sities  n  3  and  n  2  as a function of time for 

a moving tip. The laser output power can 

change by a maximum of 93%, while we 

have observed a change of 74%. The dif-

ference between these two fi gures is likely 

due to imperfections and non-optimal 
3www.small-journal.com
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conditions between experimental setup and measurement 

technique. Thus, the amplitude of the laser is also modulated 

mechanically. To calculate the change in frequency as a func-

tion of time we have taken the rate carriers that produce heat 

through different non-radiative mechanisms from the rate 

equations,  n  3 /  τ   3  and  n  2 /  τ   2  and multiplied them by the respec-

tive energy of those transitions as well as the heat losses due 

to photon absorption in the waveguide. We also included the 

variation of the Joule heat in the laser due to rapid change 

of laser current density near threshold at a constant bias [  19  ]  

which gives a term that is the change of current density near 

threshold times the voltage at our bias point of the QCL 

(1 percent above threshold) to get the power density lost due 

to heat in the QCL:

 
Pheat = L × w × d

(
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τ2
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c

neff

hc
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+

�J Vapp

d

)
  

 (4)   

where  L  is the length of the cavity,  w  and  d  are the width and 

height of the active region,  h  is Planck’s constant  h- ω   LO  is the 

LO phonon resonance energy (30 meV), multiplied by two 

because the active region of our design generates two pho-

nons per transition,   λ   0  is the operating wavelength (6.1  μ m), 

 Δ  J  is the change in current density near threshold (defi ned 

as point of maximum positive second derivative in current-

power plot), and  V  app  is the applied voltage. Then, we have 

calculated the change in core temperature when considering 

this power term and the thermal resistance of the laser. [  20  ]  

The core temperature is found to be varying as a function 

of time, due to the time varying terms in the  P  heat  equation, 

originally coming from the laser facet change in refl ectivity. 

Finally we have used the relation  �k = �Tk (b + aneff )/neff

  to fi nd the change in wavenumber as a function of time, and 

converted to frequency. [  21  ]  Here,  k  is wavenumber in cm  − 1  

converted to  Δ  f –frequency in GHz,  b  is temperature coeffi -

cient of change in refractive index (5.9  ×  10  − 4 ), and  a  is linear 

thermal expansion coeffi cient (5.54  ×  10  − 6  K  − 1 ). [  21  ]  The results 

of this calculation show a fi nal  Δ  f  of 31.8 GHz, in good agree-

ment with our experimental data. 

 In non-contact mode operation, the AFM tip has an 

oscillation amplitude of  ≈ 50 nm toward and away from 

the hotspot, and there is never a point of contact with the 

surface. The calculated fi gure of merit of the system is 

 g  =    Δ  f / Δ  d   ≈  6.4  ×  10 8  Hz nm  − 1 . Although the previous external 

mechanical frequency tuned QCL show a larger relative 

tuning range, the  g  value of the device was on the order of 

 ≈ 2.7  ×  10 7  Hz nm  − 1  which is an order of magnitude less than 

what we report here. In parallel, our device requires approxi-

mately fi ve orders of magnitude less volumetric change per 

  λ   3 . We believe that the reason for the higher  g  in our device 

versus the previous design is the high mode confi nement via 

the plasmonic nanoantenna and the strong coupling of that 

mode to the cavity mode of the QCL. When the plasmonic 

mode is modifi ed by the AFM tip, it strongly changes the 

cavity mode of the laser through this strong coupling. Both 

devices differ from previous designs that use the optical gra-

dient force to modulate the frequency. [  22  ]  In those cases, the 

devices can actually be mechanically self-actuated by the 
4 www.small-journal.com © 2012 Wiley-VCH V
optical gradient force, while the devices discussed here are 

externally actuated. 

 In conclusion, the laser cavity mode has shown an 

extremely high sensitivity with respect to the position of the 

probing AFM tip over the optical antenna hotspot. The laser 

power is reduced by  ≈ 74% and shifts by nearly 30 GHz with 

a change in the AFM tip position near the hot-spot, creating 

mechanical frequency and amplitude modulation. We have 

developed a theoretical model based on the rate equations 

for a QCL and dynamic mirror refl ectivity that confi rm our 

experiments. This strong infl uence relies on a metal-dielec-

tric-metal plasmonic bow-tie antenna integrated onto the 

facet of a QCL which can squeeze the optical mode to within 

a spot size of  ≈ 100 nm; this is 60 times smaller than the oper-

ating wavelength. We used fi nite-difference-time-domain 

(FDTD) software to optimize the design of such a device and 

measured it using a modifi ed apertureless near-fi eld scanning 

optical microscope (a-NSOM), which can also measure the 

amplitude and spectrum of the device as a function of time 

and AFM tip position. We have compared our device to a pre-

vious frequency modulated QCL [  17  ]  and calculated a fi gure of 

merit which is an order of magnitude higher while our design 

uses a volumetric change per   λ   3  that is fi ve orders of magni-

tude smaller. Our device differs from optical gradient force 

actuated devices in that our devices is externally mechani-

cally actuated while those devices are self actuated through 

the optical force. [  22  ]  This sensitivity of the laser cavity mode 

to the fi ne position of a nanometer-scale metallic absorber 

opens up the opportunity for modulating large amount of 

optical power by changing the optical properties of a minis-

cule volume in an integrated, chip-scale device. 

  Experimental Section 

 For the simulation, a plane wave with wavelength 6.1  μ m (oper-
ating wavelength of the device) was launched from the inside 
of the laser core material at normal incidence to the surface. All 
material data used in the simulation were from ref. [  23  ]  For the laser 
core, a weighted average (3.2) of the refractive index of InGaAs/
InAlAs was used, which constituted the active layers of the QCL. 
To fi nd the resonant length of each arm of the bow-tie, the peak 
intensity enhancement was simulated at the antenna gap on the 
same level as the top surface as a function of the length of each 
arm of the bow-tie. To achieve better accuracy, a very fi ne mesh 
size near the antenna region was used. Perfectly matched layer 
(PML) boundary conditions were employed across the simulation 
boundary. The simulated fi eld intensity was an integrated average 
over the volume (100 nm 3 ) near the antenna gap. The antenna was 
resonant at a length of the arm of  ≈ 1.75  μ m. The gap between two 
bow-tie arms was kept to be 100 nm for all simulations. 

 After optimizing the design, the MDM bow-tie structure was 
fabricated on the coated facet of the QCL using a focused ion 
beam (Hellios FEI). The fabrication details for this device have 
been described previously. [  12  ,  24  ]  The plasmonic mode that reso-
nates with the optical antenna exists only in the near fi eld and 
thus cannot be studied with an ordinary microscope. Previously, 
a backscattered apertureless near-fi eld scanning optical micro-
scope was used to study the near fi eld of the device (a-NSOM). [  25  ]  
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simultaneously measure the spectrum of the device with respect 
to time and AFM tip position, was used. During the measurement, 
the laser was operated in pulsed mode and biased using a voltage 
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was fed into the reference input of the lock-in. Next, the trigger-
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signal from the pulse generator is simultaneously used to trigger 
the FTIR. The voltage pulse generator allows the delay of the pulse 
sent to the laser to be varied with respect to the AFM trigger signal. 
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ments is shown in Figure  3 . As the delay was varied, the central 
frequency of operation of the laser shifted. In effect, this created 
mechanical frequency modulation in the laser device. The set-up 
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