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1. Inwroduction

"I'he miniaturization of mid-infrared sensing setups i4 an important research topic, gaining momentum during the last
cauple of years. So lar, all miniawrized concepls have been demonstrated with cxtemal upties, lasers or deteclors.
i this work, we present a monolithic mid-infrared on-chip sensor, comprising the source, the interaction zone and
{he detector on the same substrate. Tn urder (o realize this, we combine two major techuologies: intersubband
Iransitions in quantuis wells and surface plasmon polantans.

2. Bi-functional quamtum coscade laser/detecior

{Juantum cascade Jasers are one of the most important compact coherent light sources in the mid-infrared, vlfering
high power, engincerable emrission wavelengths, room-temperature operation, etc. 11). Susch a quantum cascade laser
can also act 45 a photoveltaic detector, but at a significant lower wavelength. This shift is because the detectors
ntical transition occurs beiween the upper Jaser Jevel and an extraction fevel, not the lower laser level. Going one
svp further, CLs can be designed in such a way. that hey provide detection funclionality at the same laser
emission wavelength (2, 3} Therefore, we use computational optimization wilizing an  efficient semni-classical
sone-Catlo simulator. This design framewark gives us the fexibility we need ta develop bi-functional

inersubband devices, We have compensated the intrinsic energy-shift by reducing the coupling of the lasers
vrimction levels and by down-shilting the upper level at zero bias via precise coupling adjustments. Additionally,
we provide efficient electron injectionfextraction toffrom the upper level when used as laser/detecior. Although
wavelength matching Jimits the design freedom, our recently designed structure works at room temperature with a
pulsed laser emission ol 400 mW at 6.5 ym and a superior detection performance, compared 1o discrete quantum
vineade detectors (one order of magnitude higher responsivity). The integrated detector has a responsivity of 45
mAW at room temperature (30% of the theorcue maximum for 37 peritnds), extremely low noise and does pot
saurale at QCL. power levels when a current amplifier is used.

1. {diclectric-loaded SPP wavegnides

ilace plasmon polaritons (SPPs) are used to efficiendy guide Jight from the laser to the detector. An 5PP is an
Ciamagnelic wave propagating along a metat/dieleciric inierface. Due to the evanescent nature of SPPs the mude
Jsinly located outside, which is beneficial to enhance the interaction with a surrounding chemical substance. {n
wickinfrared, SPPs are commonly very weakly confined, as in this wavelengith region metals have a large
Aive permituvity 41 By applying a thin (200 nm thick) dielectric layer on top of an unpatterned metal surface,
propagation properties of the SPP can be modified in such a way, that it the SPP is strongly bound 1o the
stace 15). This increased confinement enables an efficient end-fire coupling to the dielectric waveguide of the
7 and the detector via spatial mode malching. As a funher advaniage, the thin dielectric layer can be used o
fw e the waveguide loss in narrow SPP waveguides. Commanly SPP waveguides are [abricated as meqal siripes o
il lateral guiding. Due 1o scattering on the metal edges the propagation length drops with decreasing siripe
lils. "I'he obvious solution s to eliminate this metal edges, which can be achieved by patterning the thin dielectric
& s a strip on top of unpatterned gold, With this structure, we report a coupling efficiency of up 10 50% from the
¥ I the detecior ilirough a 50pm long SPP waveguide.
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Figure 1: On-chip alsorption measurenient el a water in sopopy! alcohol. At low
concentrations the detector saturations tlue ta the high negauve reverse bias, This effect is
noi present, when a current amplifier is used.

4. Chemlcal sensing

We demonstrate a fully integvated mid-infrared sensor for high dynamic range sensing. The bi-functional quartum
cascade laser/detoctor structure is used La generate and detect the mid-infrared radiation. A 100 um long dielecuu,
loaded surface plasmon polanton waveguide acls as an interaction region and in parallel provide a high coupting
efficiency. To prove the funcuonality of the sensor, we submerged the entire unpassivated device in a solution ot
isopropyl alcohal (fow absorption) and water (high absorption). Figure | shows the detector signal versus the watee
concentration, which agrees with Beer-Lamberts law with aux(h = 6.5 pm) = 810 cm *. While longer waveguides
are preferable lo increase the sensitivity for low concentrations, short interaction fength are beneficial if the
background absorption is high, e.g. water containing liquids or high concentrations of the chemicals. Without aiy
pulse-to-pulse nomalization we achieve a resolution of 0.06% over a large dynamic range. A signilicant higlnm
resolution can be achieved when normalizing pulse-to-pulse intensity, as well as temperature fluctvations with 4
second detector on the back (acet of the laser.
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