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We test radiation detectors made from single-crystalline Bi2Sr2CaCu2O8þx flakes put on oxidized

Si substrates. The 100-nm-thick flakes are lithographically patterned into 4� 12 lm2 large rectan-

gles embedded in thin-film log-spiral antennas. The SiO2 layer weakens the thermal link between

the flakes and the bath. Two modes of radiation detection have been observed. For a bolometric

type of sensors a responsivity of �300 V/W and a noise equivalent power of 30 nW/
ffiffiffiffiffiffi

Hz
p

has been

deduced at 70 K. Much more sensitive is the non-bolometric device showing characteristics similar

to a Golay-type detector while being at least a thousand times faster. Making smaller (sub-lm)

structures is expected to significantly improve the performance of these devices and makes them

very competitive among other microwave and terahertz detectors. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4918788]

Superconducting bolometers have been a subject of

intense interest due to their potential application as detectors

for infrared and terahertz radiation.1 Bolometers based on

high transition temperature (Tc) superconductors (HTS) are

easier to cool2,3 while still yielding high sensitivity at wave-

lengths above 20 lm. HTS thin films, such as YBa2Cu2O7�d

(YBCO),4,5 have been extensively studied for bolometric

applications. One advantage of HTS bolometers is high resis-

tivity of the material, making it easier to adjust the overall

resistance closer to impedances of planar terahertz (THz)

antennas. HTS are best grown on single-crystalline sub-

strates to achieve lattice match. The thermal conductivity of

these substrates is usually high. This makes sensor-

temperature variations due to incoming radiation small. The

sensitivity of these thin film bolometers was improved by

fabrication of suspended micro-bridges or membranes as

substrates.6,7 However, such devices are often subject to

micro-cracking after thermal cycling and poor stability of

characteristics.8

Single-crystalline HTS Bi2Sr2CaCu2O8þx (BSCCO) has

large superconducting gap and quite sharp resistive transition

at Tc � 86 K, similarly to YBCO. BSCCO can be cleaved

and thinned further down to a few atomic layers, similarly to

how graphene is obtained from graphite,9 while still preserv-

ing good superconducting properties.10,11 A small volume of

the radiation-absorbing element is then expected to decrease

the response time constant of the bolometer. Compared to

YBCO thin films, BSCCO single crystals have better chemi-

cal stability in humid atmosphere. Finally, BSCCO flakes

can be laid down onto largely any substrate including plas-

tics which normally have very low thermal conductivity.

This is expected to increase sensitivity of the detector.

BSCCO can also be grown as an epitaxial thin film. This,

again, demands a single-crystalline substrate with usually

high thermal conductivity. Bolometers made from such thin

films have shown quite low responsivity between 1.3 and

2.4 V/W and a noise equivalent power (NEP) of �10�8 W/
ffiffiffiffiffiffi

Hz
p

at 77 K.12

Here, we report on fabrication and properties of

antenna-integrated radiation detectors made from BSCCO

single-crystalline flakes laid on SiO2/Si substrates. The

detectors are sensitive to microwave radiation in a wide tem-

perature range up to room temperature. There are two dis-

tinct operational modes of the detectors. The most sensitive

one is the non-bolometric device showing characteristics

similar to a Golay-type detector while being a thousand

times faster. By analyzing thermal balance in the bolometers,

we conclude that the device sensitivity can be significantly

improved by decreasing the lateral sizes of the absorber.

Initial BSCCO single crystals with Tc � 90 K were

grown by a traditional flux method.13 Thin flakes (Fig. 1(a))

with a thickness of a few hundred nanometers are obtained

by mechanical exfoliation using sticky tape. The flakes are

then laid onto an oxidized high-resistivity silicon substrate.

The SiO2 thickness is 0.8 lm for all samples in this study.

Adhesion between the freshly cleaved BSCCO and clean sur-

face of SiO2 is sufficient to hold the flakes during all subse-

quent lithography steps. There are usually many flakes of

different thicknesses and irregular shapes that are attached to

the substrate. The thickness of the flakes can be roughly esti-

mated in an optical microscope by judging from their colors.

Flakes of �100 nm thick are semitransparent giving rise to

interference effects and consequently to different colors.

The fabrication process of our BSCCO bolometers is

schematically illustrated in Fig. 1(b). A 50 nm thick Ag thin

film is deposited onto the fresh BSCCO surface as a protec-

tion layer during the following lithography processing. The

thickness of all flakes is then measured more accurately

using the optical profilometer (Wyko NT1100). We then

choose a suitable flake and protect it by a photoresist patch

120� 120 lm2 large during wet etching the rest away in the

�10% nitric acid (step 2). By photolithography patterning,

thermal evaporation, and lift-off, everything but a small

square in the middle of the flake is covered by the 100/5 nma)lime@chalmers.se

0003-6951/2015/106(15)/152601/4/$30.00 VC 2015 AIP Publishing LLC106, 152601-1

APPLIED PHYSICS LETTERS 106, 152601 (2015)

http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
http://dx.doi.org/10.1063/1.4918788
mailto:lime@chalmers.se
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4918788&domain=pdf&date_stamp=2015-04-17


Au/Cr thin film (step 3). Finally, we pattern the photoresist

etch mask having the shape of a log-spiral antenna crossing

the square in the middle and etch through the whole flake by

the Ar-ion milling (step 4). The photoresist is then removed

by acetone and oxygen plasma. The Ag oxidation induced by

the oxygen plasma is beneficial because it simultaneously

removes the low-resistance shunt across the active part of

the bolometer without additional Ar-ion etching (step 5).

The sensing BSCCO part in the middle of the spiral antenna

is 4� 12 lm2 large and �0:1 lm thick. The inner- and outer-

diameters of the antenna are 36 and 510 lm, respectively,

which roughly define the antenna bandwidth, �0:09� 0:6
THz.14

The characteristics of the detectors are measured in a

closed-cycle cryostat having optical (quartz) windows trans-

parent for THz radiation. The samples are mounted on a

hemispherical silicon lens with a diameter of 10 mm and

placed in front of the cryostat windows. We normally use a

Gunn-diode oscillator at 95 GHz with a horn antenna and the

maximum power P0 ¼ 17 mW. The radiation is modulated

either by a mechanical chopper at 10� 100 Hz or by using a

pulsed bias of the Gunn oscillator (�10 kHz). Control

experiments at THz-range frequency were conducted by

using a back wave oscillator (BWO) at 500 GHz. The voltage

across the bolometer is amplified by an instrumentation am-

plifier (�1� 100) and synchronously measured by SR850

DSP (Digital Signal Processing) Lock-In Amplifier, usually

using the 24-dB/oct roll-off filter and 0.3 s of the time con-

stant, which define the equivalent noise bandwidth of

0.14 Hz.

Generally, a superconducting bolometer is heated up by

both DC- and microwave power, which leads to a rise of the

bolometer temperature and a change of its resistance. Then,

at a constant bias current, the voltage change in response to

microwaves is proportional to dR/dT.15 As shown in Fig.

1(c), dR/dT for our bolometer is �70 X/K at T¼Tc and

�1 X/K at room temperature. Compared with other HTS bol-

ometers, the peak value of dR/dT of our BSCCO bolometer

is similar to that of the GdBa2Cu3O7�d bolometer on

silicon-nitride membrane or the YBCO bolometer on a bare

silicon substrate.7,16

We present measurements on three devices with the

same in-plane dimensions and similar thickness of �100 nm.

Two devices demonstrate a common bolometric behavior

illustrated in Fig. 2. Typical current-voltage characteristics

(IVCs) of the device S1 at 70 K, with- and without-radiation,

are shown in Fig. 2(a). In order to experimentally determine

FIG. 1. (a) The optical image of a

semi-transparent BSCCO flake

adhered to 0.8 lm thick SiO2 on top of

a Si substrate. Different colors result

from the light interference effect

across the flake with spatially varying

thickness. (b) Schematic view of the

sample fabrication process. The

dimensions are not to scale. (c) The in-

plane resistance R(T) of the patterned

BSCCO flake (red dots); calculated

dR/dT (blue dots). The inset shows the

zoom-in of the superconductivity tran-

sition region.

FIG. 2. (a) IVCs of sample S1 when the source is on (red) and off (black) at

70 K. (b) Response rms voltage at I ¼ 2.5, 3.5, and 3.8 mA at 70 K (see the

inset of (a)) versus attenuation of the Gunn oscillator. (c) The response rms

voltage at different bath temperatures versus attenuation for sample S1 at

I¼ 3.8 mA and sample S2 at room temperature and I ¼ 3.5 and 5.3 mA.
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sensitivity of the bolometers, we add an adjustable attenuator

to the Gunn oscillator and measure the ac voltage resulting

from the reduced radiation power modulated at 17 Hz. We

take the sensitivity of BSCCO bolometer as the minimum

microwave power which is still detectable. Fig. 2(b) shows

the response voltages at the bias currents of 2.5, 3.5, and

3.8 mA and at T0 ¼ 70 K. Generally, the response ac voltage

exponentially decreases with the attenuation. The minimum

detectable ac voltage for this sample is �10 lV at these bias

currents, mainly due to electrical noise from the compressor

of our pulse-tube cryostat. With the compressor switched

off, the noise voltage drops to below 1 lV, corresponding to

the microwave power of �2 lW. Fig. 2(c) illustrates the

response voltage at different T0 at I¼ 3.8 mA. The response

voltage, in general, decreases with T0.

The non-zero dR/dT shown in Fig. 1(c) indicates that

BSCCO bolometers can also work at room temperature

although with reduced sensitivity. The IVCs at room temper-

ature are show in Fig. 2(c). The response ac voltage also

shows an exponential decrease with attenuation. The maxi-

mum response voltage is Vac¼ 2.5 mV at I¼ 5.3 mA, which

is nearly hundred times less than that at 10 K for the same

sample. The minimum detectable power at room temperature

is �20 lW, which is comparable with commercial room

temperature THz detectors.17

Surprisingly, sample S3 revealed almost 100 times better

sensitivity at low temperature. Fig. 3(a) shows that IVCs have

horizontal parts which shift under the microwave radiation

(see Fig. 3(b)). At a constant current, the shift yields a signal

voltage, which only weakly depends on the dc voltage (see

Fig. 3(c)) and is independent of the radiation-modulation fre-

quency of up to 10 kHz. Note that it is only 50 lW of micro-

wave power which gives such a strong signal. We have also

checked that the high responsivity of this detector holds even

for THz radiation, by using a BWO at �500 GHz.

As will be clear from estimations below, the small dc

power (0.1 mW) excludes the possibility of Joule heating the

sample to above Tc contrary to usual scenario for supercon-

ducting bolometers, in general. R(T) is also smooth and fea-

tureless (see Fig. 3(d)). This calls for a different mechanism

of the radiation detection which is, however, not clear at the

moment. The current-driven resistive transition in a few

superconducting layers at the surface of BSCCO single crys-

tal might give a clue to the exact mechanism.18 More experi-

ments are under way.

The electrothermal behavior of a bolometer can qualita-

tively be described by Newton’s law of cooling:

T ¼ T0 þ I2RðTÞ=G, where T is the temperature of the bo-

lometer and G is the overall conductance of the thermal link

to the bath. It is usually assumed that G is nearly constant

which is justified for small heat dissipation and T � T0. It is,

however, difficult to apply this equation to get quantitative
information for BSCCO bolometers. The temperature is

anticipated to be spatially inhomogeneous and much higher

than T0. For instance, taking the thermal conductivity of

SiO2 layer jq � 1 W/(m � K), its thickness t¼ 0.8 lm, and the

bolometer area of 4� 12 ¼ 48 lm2, we get G¼ 60lW/K

which for R¼ 600 X gives ðT � T0Þ � 160 K at I¼ 4 mA.

For a more realistic quantitative analysis, we solve the

coupled heat-diffusion- and electrical-transport equations by

using the finite-element program Comsol.19 The spiral

antenna is simplified to rectangular pads adjacent to the

BSCCO flake also functioning as electrodes. Since the thick-

ness of the flake is much smaller than the in-plane dimen-

sions, the temperature gradient in the c-axis direction is not

taken into account. Therefore, we assume the constant c-axis

resistivity of 1 X cm, the experimental in-plane resistivity as

in Fig. 1(c), and the temperature-dependent thermal conduc-

tivity of SiO2 from Ref. 20. We numerically calculate the

corresponding IVCs and compare them to the experimental

data at 70 K. Fig. 4 demonstrates that the simulations match

the measurements quite well. It is seen that the temperature

is highly inhomogeneous in the ab-plane (see the inset of

Fig. 4) varying from 80 to 177 K at I¼ 3.5 mA. The maxi-

mum T exceeds Tc at high bias current even for T0 ¼ 10 K.

We now calculate the responsivity Rv, thermal time con-

stant s, and NEP for the bolometers. Rv is the ratio of output

voltage to the absorbed microwave power Rv ¼ Vac=P. To

estimate P, we make several necessary assumptions. The

transmittance through N¼ 3 windows of our cryostat is

Tr ¼ ð1� rÞ=ð1þ ð2N � 1ÞrÞ � 0:5, where r ¼ ðn� 1Þ2=
ðnþ 1Þ2 � 0:14 is the reflection loss at one window surface

FIG. 3. (a) IVCs of sample S3 at different temperatures indicated. The arrow

points to a nearly horizontal IVC part which is most sensitive to micro-

waves. (b) The zoomed-in part of IVC at 10 K upon switching on the radia-

tion (95 GHz, �50 lW). (c) The amplified (�50) lock-in signal as a function

of dc voltage across the sample at different temperatures. The triangle marks

the noise level. (c) The temperature dependence of resistance R and dR/dT.

FIG. 4. Experimental IVC (black) and the simulated one (red) for a BSCCO

bolometer at T0 ¼ 70 K.
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and n¼ 2.16 is the index of refraction for quartz.21 Next, we

take the reflection loss at the Si-lens surface 0.3 and the cou-

pling factor to the spiral antenna of about 0.5. We assume a

common 21 dB gain of the horn antenna attached to the Gunn

oscillator with the total power P0 ¼ 17 mW, which is 14 cm

away from the detector Si lens. Putting everything together,

P � 0:009P0 � 0:16 mW and Rv is �320, 44, and 13 V/W for

the ac output signal of 50 mV at 10 K, 7 mV at 70 K, and

2 mV at room temperature, respectively (see Fig. 2(c)). NEP
is defined as the incident signal power required to obtain a sig-

nal equal to the noise in 1 Hz bandwidth.1 Taking the noise

voltage of 0.5 lV and the equivalent noise bandwidth of

0.14 Hz, NEP can be estimated to be 4, 30, and 110 nW/
ffiffiffiffiffiffi

Hz
p

,

respectively. For sample S3, there is an additional attenuation

of 25.3 dB and noise (15 lV) is higher because of �50 pream-

plification; Rv � 2� 105 V/W and NEP �0:2 nW/
ffiffiffiffiffiffi

Hz
p

can

be obtained in a similar way. The latter values are very similar

to the parameters of a Golay-cell detector. However, BSCCO

detector promises to be much faster. Indeed, for BSCCO

density¼ 6.5 g/cm3,22 the thermal time constant s ¼ C=G � 5

ns can be estimated using specific heat of BSCCO absorber

c � 11 J/(kg � K) at 100 K.23 Experimentally, we tested the

modulation frequency of only up to 10 kHz, with no observ-

able change of the response signal.

BSCCO potentially allows for an ultimately small

absorber and significantly improved characteristics. Indeed,

BSCCO preserves its Tc even for d � 1-nm thick single crys-

tals.11 Reducing also lateral sizes to sub-lm range, the

absorber volume can be made more than four orders of magni-

tude smaller making the devices about three orders of magni-

tude faster. This corresponds to frequencies reaching 20� 40

GHz allowing for wide-bandwidth mixing experiments. We

note on passing that G also decreases with decrease of the

characteristic lateral size a of the planar absorber on top of a

thermally insulating layer of the thickness ti. For a < ti, the

heat flow acquires a three-dimensional character for which

G � jqa.24 This means that for small enough, both the device

sensitivity and its response time are improved.

In summary, characteristics of the single-crystalline

BSCCO bolometers are competitive compared to other HTS

detectors. Our devices perform well both at low- and room

temperatures.
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