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Performance of Photon-Number Resolving
Transition-Edge Sensors With Integrated

1550 nm Resonant Cavities
D. Rosenberg, A. E. Lita, A. J. Miller, S. Nam, and R. E. Schwall

Abstract—Many quantum-information applications require
high-efficiency, low-noise, single-photon detectors that op-
erate at visible and near-infrared wavelengths. The tunable
superconducting critical temperature and anomalously low elec-
tron-phonon coupling of tungsten make it a suitable material for
the fabrication of transition-edge sensors (TESs) that meet these
requirements. The quantum efficiency of a typical tungsten TES
detector, intrinsically around 15% at 1550 nm, can be increased
by placing the tungsten detector in a resonant cavity, but the
performance of a device embedded in a cavity has not been tested
previously. We demonstrate that the presence of the cavity does
not adversely affect the sensitivity or response time, and we report
on the device characteristics of a new generation of tungsten TESs
with greater than 80% quantum efficiency at 1550 nm.

Index Terms—Infrared detectors, photodetectors, quantum effi-
ciency, superconducting radiation detectors.

I. INTRODUCTION

T RANSITION-EDGE SENSORs (TESs) are micro-
calorimeters that provide excellent energy resolution with

very low noise. A microcalorimeter consists of a thermometer
and an absorber that is weakly linked to a thermal bath. When a
photon is absorbed, the temperature of the system increases and
then decays back to equilibrium as the heat flows to the thermal
bath. TESs use the temperature dependence of the resistance at
the superconducting transition as a very sensitive thermometer.
The devices can be made sensitive to single photons from
UV to near-infrared frequencies through the proper choice
of materials and size [1]. A typical TES designed to detect
near-infrared light is a small (tens of micrometers on a side),
thin (tens of nanometers) square of tungsten. The absorber for
a tungsten TES is the electron system, and the weak link is
provided by the anomalously low electron-phonon coupling in
tungsten at low temperatures.

The tungsten TES is cooled to well below the supercon-
ducting transition temperature and voltage
biased. The Joule heating generated by the bias causes the
temperature of the electrons to be higher than the thermal bath
temperature. If the voltage is adjusted so that the tungsten is
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in the region of superconducting transition, the system experi-
ences negative feedback and is stable to perturbations [2]. When
a photon is absorbed by the detector, the electron system of
the tungsten heats up, changing its resistance, and the resulting
current change is read out by a SQUID array amplifier [3], [4].

The quantum efficiency (QE) of tungsten TESs, defined as
the ratio of electrical pulses out to photons incident on the de-
tector, is typically around 15–20% broadband at 1550 nm and is
limited by light being reflected from the front surface of the de-
tector or transmitted through the tungsten. We can improve the
QE by embedding the TES in a resonant cavity that maximizes
the absorption in the tungsten [5]. The cavity structure discussed
in this work necessitates depositing the tungsten over a metallic
mirror and dielectric buffer layer and then depositing a dielec-
tric anti-reflection coating on the tungsten. To be effective these
layers must affect neither the superconducting transition tem-
perature nor the thermal coupling of the tungsten to the bath.

II. DEVICE FABRICATION

A challenging aspect of tungsten TES fabrication is control
of the superconducting critical temperature, . Depositing the
tungsten in situ with an underlayer of amorphous silicon and a
coating of amorphous silicon (a-Si) has been found to stabilize
the of DC-sputtered films. Tuning of the is accomplished
by adjusting the sputtering pressure and power [6].

Fig. 1 shows four detectors and a schematic of the cross sec-
tion, neglecting the wiring layer. The 60 nm-thick aluminum
layer is deposited on a silicon substrate using electron-beam
evaporation. A photoresist lift-off process is performed, leaving
the squares of aluminum that will form the backside mirror of
the cavity. The is deposited using plasma-enhanced chem-
ical vapor deposition, and the a-Si/W/a-Si trilayer is DC-sput-
tered. The next two steps, patterning the tungsten into squares
and depositing the wiring layer, are outlined in Fig. 2. The tri-
layer is patterned with photoresist and the top layer of a-Si is ion
milled to expose the tungsten, which is etched with a commer-
cial tungsten etch. The wafer is again coated with photoresist
and patterned, exposing the edges of the trilayer squares for the
wiring layer. The a-Si is ion-milled to expose the tungsten, and
the 60 nm of aluminum for the wiring layer is e-beam evapo-
rated directly onto the tungsten. The final step is the deposition
of the anti-reflective layer. The photoresist is removed and an-
other 50 nm of amorphous silicon is sputtered to complete the
cavity structure.
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Fig. 1. The center of the figure contains four detectors with sides of 25 �m
(upper) and 50 �m (lower). The parallel lines at the top of the figure are the
aluminum leads used to make electrical contact to the detector. The tapered lines
pointing to the center are an aid for alignment to the optical fiber.

Fig. 2. Fabrication steps for patterning the tungsten and depositing the
aluminum wiring layer. (a) Photoresist is applied and patterned for the tungsten
etch. (b) The top layer of amorphous silicon is ion milled and the tungsten
is etched, resulting in squares of tungsten lying over the aluminum mirrors.
(c) Photoresist is reapplied and patterned for the wiring layer. (d) The top layer
of amorphous silicon is ion milled and aluminum is e-beam evaporated. The
thickness of the photoresist layers and the width of the aluminum wiring layers
are not to scale.

III. DEVICE PERFORMANCE

A. Superconducting Critical Temperature

As discussed above, the tungsten is sandwiched between two
layers of amorphous silicon to yield reproducible critical tem-
peratures. Improvement of the process reliability allows us to
control the of our devices. A low is desirable to reduce
the heat capacity of the device, making it more sensitive, but a
high results in a faster device. The devices we describe in this

Fig. 3. Power and current as a function of voltage for 25 �m�25�m sensor.
Below 0.4 �V the sensor is self-biased and the power is approximately constant
as a function of voltage. The power in the self-biased region can be used to
estimate the electron-phonon coupling.

paper had transition temperatures of 110 5 mK. This allowed
us to cool the samples in an adiabatic demagnetization refrig-
erator [7] while still providing the sensitivity to detect single
photons at near-infrared wavelengths.

B. I-V Characteristics

The inset to Fig. 3 displays the I-V curve for a 25 sensor
embedded in a resonant cavity designed to maximize absorption
at 1550 nm. The main part of the figure shows the power dissi-
pated in the sensor as a function of the voltage across the sensor.
The power in the self-biased region (where the power as a func-
tion of voltage is relatively constant), is known as the quiescent
power and is given by

(1)

where is the sensor volume, is the electron-phonon coupling
constant, and is around 5 for electron-phonon coupling below
1 K. We can extract by fitting to (1) the variation of with
temperature close to . Although we have not measured
as a function of temperature for the devices described in this
paper, we have done so for other tungsten devices deposited
under similar conditions. We obtained
for devices with , about an order of magnitude
lower than typical values of for other metals

[8], [9].
At temperatures well below , the thermal conductance

. The data give for the 25
device and for the 50 device. If the sharp-
ness of the superconducting transition is the same for both de-
vices, the quiescent power should be proportional to the sensor
volume. A possible explanation for the discrepancy is the pres-
ence of an additional heat load of 53 fW. We have seen prior
evidence of a heat leak of this order, which could be due to
RF power coupling to the sensor through the leads. Assuming a
heat load of 53 fW, the thermal conductances for the 25 and
50 devices are 5.14 and 20.6 , respectively.
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Fig. 4. Histogram of pulse heights for a 25 �m sensor embedded in a cavity
and illuminated with a pulsed source of 1550 nm photons. The FWHM for this
device is 0.20 eV, giving excellent discrimination between one- and two-photon
events.

We will use these numbers in the next section to calculate the
intrinsic time constant of the device.

C. Pulse Decay Time

The intrinsic time constant of the system is , where
is the heat capacity. For this calculation, we will use the heat

capacity for normal tungsten multiplied by the expected BCS
increase in heat capacity just below . The electronic heat ca-
pacity for normal is , where
[10]. For our and

sensors and critical temperature, we obtain
and . Using these numbers and

the thermal conductances we calculated in Section III-B, we find
that for both devices.

The actual time constant of the device is shorter due to
electrothermal feedback and is given by

(2)

where describes the sharpness of
the superconducting transition [2]. We can use the measured
value of and the intrinsic time constant to estimate . The
time constants of both devices were approximately 5 , giving

. We have also measured time constants as long as 20
for identically fabricated sensors from the same wafer. Because
the decay time of the pulses depends on , the sharpness of
the superconducting transition, it is likely that the differences
in decay times are due to differences in .

D. Noise and Resolution

Fig. 4 shows a histogram of pulse height for illumination of
a 25 detector with a pulsed 1550 nm source. Our measured
values for the full width half maximum (FWHM) of the small
and large devices are respectively 0.20 eV and 0.28 eV.

The theoretical energy resolution limit is [2]

(3)

In Section III-C we estimated that , giving expected reso-
lutions of and

. However, as pointed out in [11], the expected FWHM
will be larger because not all of the energy of each absorbed
photon is captured in the tungsten electron system. Typically
only about 40% of the energy is captured [11], resulting in ex-
pected energy resolutions of 0.088 eV and 0.18 eV.

We can also estimate from the saturation energy above
which additional photons do not change the temperature of the
electrons. The measured saturation energies for the small and
large devices are 6.4 eV and 21.6 eV. The saturation energy

[11], where is the fraction of energy ab-
sorbed in the electron system. Again using , we find
that and , giving

and .
The we measure, while on the same order as what

we calculated above, is consistently larger than that obtained in
calculations. We expect our energy resolution to be worse than
that given by (3) because we do not perform the optimal fil-
tering assumed in the derivation. We have not yet determined
whether the discrepancy between the calculated and measured
resolution is due to noise from our electronics, nonoptimal fil-
tering, or excess noise in the sensors. However, excess noise in
TESs has been observed by several groups [12], [13], and recent
work suggests that the noise can be reduced by applying mag-
netic fields to the sensors or by changing their geometry [14]. By
reducing the excess noise and improving the fraction of energy
collected, we could obtain performance similar to that shown in
Fig. 4 at higher temperatures and speeds.

E. Efficiency

Details on the components forming the optical cavity can
be found elsewhere [5]. Measurements and simulations of the
layers indicate that 85% to 90% of the incident 1550 nm pho-
tons should be absorbed in the tungsten substrate. Careful mea-
surements [15] indicate that the quantum efficiency (QE) of the
detector, measured from the top of the cryostat, is 82 2%. We
believe that the discrepancy is due to system losses arising from
bends in the optical fiber carrying the light and misalignment of
the fiber to the detector. We are working to reduce our system
losses to enable the end-to-end system efficiency to approach
the intrinsic QE of the device.

IV. CONCLUSION

With their low noise and photon-counting ability, transi-
tion-edge sensors are the enabling technology for a number
of quantum-information experiments [16], [17]. They become
even more valuable if their quantum efficiency is increased
by placing them inside a resonant cavity. We have shown that
the addition of a cavity structure around the sensor does not
degrade the performance of the detector and improves the
optical performance. Our new generation of tungsten TESs
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have quantum efficiency greater than 80% but still maintain
their excellent number resolving ability at 1550 nm.
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