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Microwave kinetic inductance detectors (MKIDs) have shown great potential for sub-mm

instrumentation because of the high scalability of the technology. Here, we demonstrate for the first

time in the sub-mm band (0.1–2 mm) a photon noise limited performance of a small antenna

coupled MKID detector array and we describe the relation between photon noise and MKID

intrinsic generation-recombination noise. Additionally, we use the observed photon noise to

measure the optical efficiency of detectors to be 0.8 6 0.2. VC 2011 American Institute of Physics.

[doi:10.1063/1.3624846]

Advances in sub-mm astronomy (100–1000 GHz) have

always been driven by advances in radiation detection tech-

nology. Current state of the art imaging arrays consist of up

to 1000 pixels of cryogenic detectors with a sensitivity

approaching the photon noise limit.1 Significant further

advances in observing speed are only possible by increasing

the pixel number. Microwave kinetic inductance detectors

(MKIDs)2 are very promising to use for very large arrays due

to their intrinsic multiplexing capability.3 Despite the very

low reported values4,5 of the (dark) noise equivalent power

(NEP) �3� 10�19 W/Hz1/2, MKIDs have yet to demonstrate

photon noise limited performance. In this letter, we demon-

strate photon noise limited performance of a lens-antenna

coupled MKID array. The presented device geometry

ensures that all radiation to the antenna is converted into qua-

siparticles in the sensitive part of the MKID, which is made

of Al. This design, combined with the recent observation of

generation-recombination noise in an Al MKID,5 enables the

demonstration of photon noise limited radiation detection.

The fundamental limit of any ideal photon integrating

sub-mm detector is the noise associated with the Bose-

Einstein fluctuations in photon arrival rate6 which results in

a photon noise limited NEP:

NEPphoton ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2PhFð1þ mBÞ

p
’

ffiffiffiffiffiffiffiffiffiffiffi
2PhF
p

; (1)

where P is the sky power loading the detector at a frequency

F from the sub-mm source. B is the photon occupation num-

ber per mode and m the efficiency from emission to detection

of one mode. The (1þmB) term is the correction to Poisson

statistics due to wave bunching.6 In the presented experi-

ment, m is small to enable low power coupling.

MKIDs are superconducting pair breaking detectors, in

which incident sky radiation changes the equilibrium

between Cooper pairs and quasiparticles and hence the

microwave conductivity in a planar superconducting resona-

tor.2 The number fluctuations between quasiparticles and

Cooper pairs in the MKID will limit the device sensitivity

giving a generation-recombination (g-r) NEP:5,7

NEPg�r ¼
2D
gpb

ffiffiffiffiffiffiffiffiffiffiffiffi
Nqp=s

q
: (2)

In the limit where the quasiparticle number in the MKID is

dominated by the sky power, then NEPG�R can be approxi-

mated by

NEPg�r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2PD=gpb

q
; (3)

where we only consider recombination noise contributions

as quasiparticle creation is correlated with the photon arrival.

Here, Nqp is the number of quasiparticles, s is the quasipar-

ticle recombination lifetime, gpb � 0.6 is the efficiency for

conversion of energy into quasiparticles,8 and D is the super-

conducting gap. Under illumination, we therefore find that

the ratio NEPphoton=NEPg�r �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hFgpb=ðDÞ

q
. Note that for

MKIDs, the detector speed is set by the quasiparticle life-

time. Hence, any signal in quasiparticle number, such as a

sky signal or quasiparticle noise signal, has a Lorentzian

roll-off in the measured noise spectra and signal response of

1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2pf sÞ2

q
with f the signal modulation frequency.5,9

Therefore, photon noise limited detection in a MKID is asso-

ciated with a white noise spectrum, rolled-off at the quasi-

particle lifetime, and with a NEP /
ffiffiffi
P
p

at a level higher

than NEPphoton due to the g-r noise contribution. MKIDs also

have non-fundamental noise contributions. Using phase read-

out,2 MKIDs are limited by two level system fluctuations in

the dielectric which have a f�0.25 or steeper spectral contri-

bution to the NEP rolled-off by the resonator ring time.10 In

the MKID amplitude (or dissipation) readout,10,11 MKIDs

are typically limited by the noise contribution of the ampli-

fier chain, even down to the quantum noise level.12a)Electronic mail: s.yates@sron.nl.
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In the experiment presented, we study an array of 8� 9

pixels of lens-antenna coupled MKIDs. The MKIDs are quar-

ter wavelength coplanar waveguide (CPW) superconducting

resonators2 weakly coupled to a CPW line (throughline, with

a 6 lm wide gap with 10 lm central line) which connects all

pixels (see Fig. 1). The resonator acts as a short for a probe

signal on the throughline at a frequency F0 � 6 GHz. At its

shorted end, the MKID CPW acts as the feed to a single

polarization sensitive twinslot antenna,13 optimized for 325

GHz radiation, placed in the geometrical focus of a Si lenslet

mounted to the back of the detector chip. The lenslet is part

of a laser machined Si lens array as shown in the inset of

Fig. 1. The only affect the antenna has on the MKID proper-

ties is a slight shift in MKID resonance frequency. The

devices14 are made of 300 nm sputtered NbTiN, a supercon-

ductor15 with 2D¼ 1.1 THz and so lossless at both probe and

sky frequency. The central line of the MKID close to the

antenna is made of sputtered 80 nm thick Al, 2D¼ 90 GHz

and normal state resistivity 1.1 lXcm, for a length of 1.2

mm. Hence, radiation with 1.1 THz>F> 90 GHz traveling

from the antenna into the resonator will be absorbed only in

the Al central line. The created quasiparticles are confined

within the Al because of the presence of an Andreev barrier

due to the difference in superconducting gap between Al and

NbTiN. To prevent parasitic odd modes at the sky frequency

coupling to the MKID,16 lithographical airbridges of 200 nm

sputtered Al are manufactured using a resist reflow technique

over the MKID CPW. The MKID CPW has a 4.5 lm wide

gap and central line, both narrowing to 3 lm near the antenna

while the coupler has a 30 lm gap with a 10 lm central line.

The arrays are tested at 100 mK in a commercial adia-

batic demagnetization refrigerator with a cryogenic black-

body radiator as calibration load. The sample holder

containing the detector chip and Si lens array is placed into a

closed box at 100 mK. Electrical connection for readout

from the outside of the cryostat to the sample holder is done

via two coaxial cables and one low noise amplifier (LNA) at

4 K with a �4 K noise temperature. The variable tempera-

ture blackbody radiator, a 40 mm diameter copper cone, is

placed in a separate 4 K box opened with a 1 cm aperture

and a 1 THz lowpass filter. Radiation coupling from sample

to blackbody is defined by placing on the 100 mK box an

aperture of 2 mm with a bandpass filter of 90 GHz around

325 GHz. To obtain high emissivity for radiation emission

and stray light absorption, a coating17,18 of carbon loaded ep-

oxy and 1 mm SiC grains is used on the inside of the 100

mK box and blackbody cone. Power radiated on each pixel

is numerically calculated from the blackbody temperature by

integrating the Planck equations with one polarization versus

frequency for the optical throughput over the measured filter

transmission.

The detector optical NEP is measured at various loading

powers by measuring the detector noise and responsivity at

various temperatures of the blackbody calibration load. We

use conventional MKID phase and MKID amplitude readout

(see Ref. 11) based on the homodyne detection of the com-

plex transmission of a probe signal at the MKID resonance

frequency F0¼ 6.301 GHz. Here, we present MKID ampli-

tude readout because then the only additional noise source

which is present on top of the photon and g-r noise is the one

from the LNA, which can be directly measured. The ampli-

tude signal, denoted by R, is measured as a function of time

for a stable blackbody reference temperature (Tref), from

FIG. 1. (Color online) Scanning electron micrograph (SEM) of the hybrid

MKIDs used. Indicated is NbTiN, the silicon substrate, and aluminum which

is used as the sensitive area of detector and for airbridges. Inset bottom

shows the aluminum airbridges. Inset top right is an SEM of a laser

machined Si lens array, used to couple radiation via the antenna into the

MKID.

FIG. 2. (Color online) (a) Optical spectral density (in W/Hz1/2) in MKID ra-

dius readout under black body illumination. Higher curves are at higher

power. The quasiparticle roll-off is visible above 1 kHz, below which this is

identical to the NEP. The higher dotted curve is the highest power optical

NEP including the quasiparticle roll-off. The lower dotted curve is the LNA

noise floor for the lowest power. (b) 500 Hz NEP value versus black body

power. The stars are the measured 500 Hz NEP and the diamonds NEPdet

which are also indicated in (a). The dotted line is the photon and g-r noise

contribution, while the solid line is the fit to the measured data for the detec-

tor optical efficiency, plotted for g¼ 0.8.

073505-2 Yates et al. Appl. Phys. Lett. 99, 073505 (2011)



which the MKID amplitude power spectral density (SR) is

calculated. Subsequently, the amplitude signal (R(T)) is

measured while slowly varying the blackbody temperature

over a small range around Tref, from which we obtain the op-

tical responsivity @R/@P by a linear fit to the data. The exper-

imentally obtained optical NEP is then

NEP ¼
ffiffiffiffiffi
SR

p
� @R

@P

� ��1 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð2pf sÞ2

q
: (4)

This procedure is repeated at various blackbody reference

temperatures representing different simulated sky background

loading powers.19–21 In Fig. 2(a), we show SR.[@R/@P]�1

for all powers which gives the spectral shape of the noise

spectrum and is equal to the NEP at modulation frequencies

f< 1/(2ps). For the lowest powers, the spectra are dominated

by the white noise contribution of the LNA. At higher

powers, a white noise spectrum with a loading power de-

pendent roll-off frequency Z1:5kHz increasingly dominates,

consistent with a separate direct measurement of the lifetime

(�150 ls) using a decay response to a light emitting diode

(LED) pulse.9,11 Fig. 2(b) (black stars) shows the measured

optical NEP versus power, taken at 500 Hz to avoid 1/f noise

due to the readout chain and drift in the blackbody tempera-

ture. The measured NEP has a
ffiffiffi
P
p

dependence at high power

which in combination with the spectral shape of the noise is

the signature of photon noise limited performance. Under a

loading of P � 2 fW, the optical NEP � 5� 10�18 W/Hz1/2,

dominated by the LNA. The photon and g-r noise dominate

at P> 100 fW up to P¼ 20 pW.22 Sky loading power for

ground based imaging arrays is typically of the order of 1–20

pW, hence the measured array is photon noise limited for

these applications except at low modulation frequencies due

to 1/f noise contributions.

The measured optical NEP can be described by

NEP2 ¼ NEP2
det þ ðNEP2

g�r þ NEP2
photonÞ=g: (5)

Here, g is the optical efficiency of the detector, defined as the

ratio of the power in front of the lens and the power

detected.23,24 NEPdet is the extra contribution from the detec-

tor or readout. For MKID amplitude readout NEPdet is deter-

mined by the noise contribution from the LNA, shown in Fig.

2(a) by the lower dotted line as being independent of fre-

quency. At modulation frequencies f � 1=ð2psÞ then SR is

equal to the LNA noise floor. Hence, NEPdet at all modulation

frequencies is given by the value of SR.[@R/@P]�1 at 200 kHz.

Therefore, Eq. (5) enables us to find g using the measured

NEPdet and the numerically calculated values of NEPphoton

and NEPg�r. We find g¼ 0.8 6 0.2 for a single polarization.25

Other experiments using different arrays, bath temperatures,

and loading powers give reproducible results. The measured

optical efficiency is in agreement with both a direct 3D elec-

tromagnetic simulation of the lens-antenna used in the experi-

ment and older, more general calculations.13

In conclusion, we have demonstrated high optical effi-

ciency photon noise limited detection with a lens-antenna

coupled MKID array made of Al and NbTiN at loading

powers above 100 fW. This opens the way to the planning

and building of the next generation of very large cameras for

sub-mm astronomy based on MKIDs. We also demonstrate

that the devices can be calibrated using a measurement of

the photon noise. This is relevant for MKIDs as they are not

direct power meters like bolometers.
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