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Simultaneous measurements of spectroscopic terahertz emissions from and SiC photoluminescent

local temperature T(r) distributions of high transition temperature Tc superconducting

Bi2Sr2CaCu2O8þd rectangular mesa devices were made. A local region with T(r)>Tc known as a

hot spot can emerge with current bias changes. When the hot spot position was moved to a mesa

end by locally heating the mesa surface with a laser beam, the intensity of the emission increased,

but no changes to its frequency or line width were observed. These results suggest that higher

power radiation is attainable by adjusting the hot spot position. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906768]

The recent discovery of coherent THz emission from

mesa structures of the high transition temperature Tc super-

conductor Bi2Sr2CaCu2O8þd (Bi2212) has brought an enor-

mous potential for THz sources characterized by coherent,

continuous, and either monochromatic or tunable radia-

tion.1–3 In particular, these superconducting THz emitters

span the entire frequency range of 0.3–2.0 THz, filling the

“THz gap” frequency range between 1 and 2 THz still lack-

ing in good sources.4

The superconducting THz emitter consists of a stack of

alternating superconducting double CuO2 layers and insulating

Bi2O2 layers forming intrinsic Josephson junctions (IJJs) along

the c-axis direction. For emission from the stack of IJJs, the fol-

lowing two conditions have to be fulfilled: The ac-Josephson

effect that transforms the applied dc-voltage V across the N
IJJs to a high-frequency ac-current and photon emission at fre-

quency f¼ (2e/h)v, where v¼V/N, e is the elementary charge,

and h is the Planck’s constant.5 Another condition to be satis-

fied is the electromagnetic cavity resonance condition that

enhances a particular excitation mode of the superconducting

plasma waves in the mesa. For a rectangular cavity, the excited

mode is usually that of a half wavelength across the mesa

width w, with f¼ c0/2nw, where c0 is the speed of light in vac-

uum and n is the refractive index of Bi2212.1 Although this

radiation has the considerable power P of several 10 lW, it

may not be sufficient for many applications.6 Since P / N2,

increasing N could, in principle, enhance P greatly.7–9

However, in practice, thicker mesas lead to considerably larger

Joule heating, which can drive the local mesa temperature T(r)
above Tc in a region known as a “hot spot,”10–13 greatly limit-

ing the emission P. Indeed, enormously inhomogeneous T(r)
distributions in a mesa were observed by low temperature scan-

ning laser microscopy (LTSLM)14–16 and by photolumines-

cence (PL) techniques,17,18 and were predicted by numerical

simulations.19,20 More recently, by directly measuring the mesa

T(r) using the photoluminescence of attached SiC microcrys-

tals during simultaneous spectroscopical investigations of the

THz radiation from the Bi2212 devices, we also confirmed

the formation of a hot spot in the higher current I bias region of

the I–V characteristics (IVCs).21,22 Furthermore, small changes

in the I bias were found to lead to sudden jumps in the hot-spot

position plus strong changes in the emission intensity.22 These

observations strongly suggest that the emission intensity from

the mesa may be sensitive to the hot-spot position, and there-

fore may be enhanced by carefully controlling it. This behavior

was also found in numerical simulations of local heating

effects on Bi2212 mesas.23,24

The mesas used for the present measurements were

fabricated as described previously.21,22,25,26 The dimensions

of Mesa L were measured by an atomic force microscope

to be 400 lm in length, 79 lm in upper width, 89 lm in lower

width, and 2.4 lm in thickness, including the thickness of

the electrode pad (see Fig. 1(a)). Mesa L, highlighted by

the solid red rectangle, was then uniformly embrocated by SiC

fine powder in order to measure T(r), as shown in Fig. 1(b).

A schematic view of the experimental setup is shown in

Fig. 1(c), which represents the technique of controlling the

hot-spot position with an external laser beam. We used both

blue and red lasers, with respective wave lengths of 405 nm

and 660 nm, each having a maximum power of about 80

mW, sufficient for this purpose. The laser was attached to an

external manipulator, as shown in Fig. 1(c). The laser spot

can be focused within the width of the mesa (about 80 lm in

diameter). The sample was mounted on the Cu cold finger of

the He-flow cryostat by silver paste. UV light with a central

wave length of 375 nm emitted from a commercial UV-light

emitting diode (UV-LED) was uniformly irradiated upon the

mesa device. In order to measure the mesa T(r), the blue

component of the PL from the SiC microcrystals was

recorded by a charge-coupled device (CCD) camera through
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an objective lens at the angle of 20� tilted from the normal to

the surface of the mesa device. Either the mesa’s THz emis-

sion spectrum or its intensity could be, respectively,

observed by a commercial FTIR spectrometer (FARIS-1,

JASCO Corporation)27 (indicated by (i)) or an InSb hot elec-

tron bolometer (indicated by (ii)) at the angle of 70� tilted

from the normal, although it is not the ideal direction for the

measurements.28,29

The IVCs of the mesa at bath temperature Tb¼ 25 K

under UV light radiation were first measured in the constant

I mode without the laser beam. The results pictured in Fig.

2(a) show a typical IVC hysteresis curve and a drastic back-

bending behavior due to significant self heating effects.19,20

The red circle indicates the point I¼ 50.2 mA of all subse-

quent PL and emission frequency spectral studies.

Then, to study the effect of the hot-spot position on the

emission frequency, the blue laser was focused on four top

device surface positions. In Fig. 2(b), optical images

obtained from the CCD camera are shown in panels L1-L6.

The red solid rectangles represent the position of Mesa L,

and the many small blue dots arise from the PL of the fine

SiC powder under UV light. Panels L1 and L6 were, respec-

tively, obtained before and after the laser was applied to the

device. The large bright white regions in panels L2-L5 arise

from the laser beam and presumably from its reflections off

the device edges. Since the PL intensity from the SiC powder

decreases strongly with increasing temperature,21,22 the hot

spot is observed in panels L1-L6 as the black regions in the

optical images. Since the bright white spots due to the laser

obscure the hot spot in panels L3 and L4, these regions and

FIG. 1. (a) A stereographical drawing

of the mesa device. (b) An optical pho-

tograph of the 5-mesa array structure.

The solid red rectangle highlights

Mesa L used in the present as well as

in previous experiments.21,22 In order

to measure T(r) of the mesa, it was

embrocated by SiC fine powder, shown

as the light blue region indicated by

the red arrow. (a) and (b) are taken

from Figs. 1(a) and 1(b) in our previ-

ous letter.22 (c) A sketch of the optical

setup for controlling the hot-spot posi-

tion with either a blue or red laser

beam, and for the simultaneous THz

emission spectral measurements using

either (i) an FTIR spectrometer or (ii)

an InSb hot electron bolometer.

FIG. 2. (a) IVCs of Mesa L at

Tb¼ 25 K under UV radiation without

the laser. The red circle indicates the

I¼ 50.2 mA point studied. (b) UV PL

images L1 and L6 taken at I¼ 50.2 mA

before and after the blue laser was

turned on and off, respectively. UV PL

images from L2 to L5 were taken at

I¼ 50.2 mA with the blue laser beam

applied over the white disk regions.

The solid yellow rectangles and the

horizontal dashed green lines indicate

the hot-spot positions and their centers,

respectively. The solid red rectangles

highlight the fixed mesa position. (c)

The emission spectra corresponding to

L1 to L6 measured by the FTIR

spectrometer.
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their centers are highlighted in panels L1-L6 by the solid yel-

low rectangles and the dashed horizontal green lines, respec-

tively. When the laser beam is switched off, the hot spot can

be observed in panel L6 to have returned to its original posi-

tion shown in panel L1, just below the center of the mesa, as

was observed previously.21 We note that this hot-spot posi-

tion is far from the current feeding position at the upper end

of Mesa L.

As soon as the laser beam is switched on and is focused

on the top edge of Mesa L, as shown in panel L2 of Fig.

2(b), for example, the position of the hot spot changes sensi-

tively. In panel L2 of Fig. 2(b), the hot-spot position has

moved slightly up toward the laser beam. As the laser beam

intensity is increased, the hot spot moves further up Mesa L,

and its center eventually merges (not pictured) with the cen-

ter of the laser spot. When the position of the laser beam is

then shifted down the length of the mesa, the hot spot moves

down with it, and is completely obscured by the laser spot,

as shown in panel L3. Once this occurs, the hot spot cannot

be separated from the laser beam until the laser nearly

reaches the bottom edge (L4) of Mesa L. When the laser is

centered just below the bottom edge of Mesa L, the hot spot

moves up the mesa (L5). The hot spot returns to its original

position after the laser beam is turned off (L6). Hence, the

hot-spot position is controllable with the laser.

The remarkable feature observed here is that the THz

radiation intensity varies strongly depending on the hot-spot

position. This is seen in the spectral intensity data shown in

Fig. 2(c), for which panels L1-L6 have a one-to-one corre-

spondence with panels L1-L6 in Fig. 2(b). The THz emission

intensity is much larger in panel L2 than in all the other pan-

els of Fig. 2(c). Although it is not clear why the emission in-

tensity is the strongest when the hot-spot position is nearest

to the top of Mesa L as pictured in panel L2 of Fig. 2(b), it

seems that the area of the superconducting region(s) or the

position of the hot spot influences the emission intensity. In

panel L3 of Fig. 2(b), the hot spot separates into two small

superconducting regions, and the intensity shown in panel

L3 of Fig. 2(c) is the weakest. However, there is an asymme-

try in the overall behavior, as the superconducting regions in

panels L2 and L4 of Fig. 2(b) appear to have nearly equal

areas, but the emission intensities are not the same in panels

L2 and L4 of Fig. 2(c). This asymmetry is difficult to

explain, although we note that in panel L2, the hot spot and

the laser beam are near to the current feed position. It was

also suggested previously that the strongest THz radiation

was observed when the hot spot could not be observed at

high Tb values, and the mesa had the greatest superconduct-

ing area.6 Note that the line width of the emission remains

below our experimental resolution for all hot-spot positions,

and the frequency of the emission only decreases by a few

percent due to the hot-spot position. Since the quality Q fac-

tor of the TM10 cavity mode resonance is rather low,2 the

emission f appears to satisfy the cavity resonance condition

(420–480 GHz).

In order to better understand the mechanism of the

increase of the intensity by controlling the hot-spot position,

Mesa H was fabricated and T(r) was measured in detail.

Mesa H (not shown here) is 80 lm in width, 400 lm in

length, and 2 lm in height. The same experimental setup, as

shown in Fig. 1(c), was used for the experiments. Since the

photoluminescence of SiC powder has the strongest tempera-

ture T dependence for blue light,21 in the former measure-

ments, both the SiC photoluminescence and the blue laser

beam were detected by the blue CCD pixels. Therefore, it

was not possible to accurately measure the local T(r), espe-

cially in panel L3 of Fig. 2(b). This enabled us to track the

position of the laser beam, but interfered with our T(r) meas-

urements. In order to better detect the T(r) with the most sen-

sitive blue CCD pixels, we used a red laser beam in our

studies of Mesa H, and again used the blue CCD pixels to

measure T(r). The above experiments shown for Mesa L

were also performed on Mesa H at various T values at vari-

ous IVC points. As a result, although the position of the red

laser beam was not directly detected, the red laser’s consid-

erable effects on the position of the hot spot and on the THz

radiation were observed using Mesa H.

Before red laser irradiation, a typical example of the

IVCs of Mesa H at Tb¼ 40 K is shown in Fig. 3(a), and the

strong THz radiation observed is shown in Fig. 3(b).

FIG. 3. (a) IVCs and (b) emission intensity of Mesa H versus I at Tb¼ 40 K. (c) Panels H1 to H6 indicate the color coded T(r) of Mesa H at 40 K and

I¼ 65 mA. The red circles indicate the center position of the focused laser spot. (d) Mesa H emission intensity (pink histogram, left scale) and V (blue filled

dots, right scale). (e) Tb dependence of the maximum emission intensity when Mesa H was (blue dots) and was not (pink dots) irradiated by the red laser beam.

042603-3 Watanabe et al. Appl. Phys. Lett. 106, 042603 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.158.56.100 On: Thu, 26 Mar 2015 04:21:30



In Fig. 3(c), we show the T(r) obtained from Mesa H at

Tb¼ 40 K and I¼ 65 mA, which is injected from the right

hand side of the mesa. The white solid rectangles and the red

solid circles, respectively, highlight the position of Mesa H

and the central position of the red laser beam. Before this

laser was turned on, the hot spot appears near to the I injec-

tion point at the right hand side of Mesa H, as seen in panel

H1 of Fig. 3(c). This sometimes appears for mesas with

larger contact resistances, because the I injection generates

considerable extra heat that may attract the hot spot to the

contact region.

As seen in panel H2 of Fig. 3(c), when the red laser

beam is focused on the right edge of the mesa, more than

half of the right hand side of the mesa was heated above Tc

due to the additional heating of the laser beam. Then, the red

laser beam was scanned from right to left on the mesa sur-

face (H2-H5) and heats up the mesa near its point of impact,

but the hot spot center mostly does not follow the laser

beam. Figure 3(d) shows the emission intensity (the pink his-

togram) of the THz wave observed by the InSb hot electron

bolometer and the applied V (the blue dots). It is surprising

that the emission intensity in Fig. 3(d) corresponding to

panel H3 of Fig. 3(c) is approximately three times as large as

that corresponding to panel H1, before the red laser beam

was turned on. However, the emission intensity suddenly

decreases when the laser beam spot is moved only slightly

from its position in panel H3 to its position in panel H4, and

the area of the superconducting region of Mesa H deduced

from panel H4 becomes somewhat smaller than that deduced

from panel H3, but the V values corresponding to panels H3

and H4 are almost the same, as shown in Fig. 3(d).

Eventually, the emission intensity drops almost to zero at

laser spot position H5, as shown in Fig. 3(d), when the mesa

was heated at the left side of the mesa as shown in panel H5

of Fig. 3(c), since T(r)> Tc for nearly the entire mesa.

Finally, the laser beam was turned off, and the T(r) pictured

in panel H6 of Fig. 3(c) and the corresponding emission in-

tensity of laser spot H6 in Fig. 3(d) return to their original

function shown in panel H1 of Fig. 3(c) and intensity value

at spot point H1 in Fig. 3(d). These results are consistent

with those described above for Mesa L, as shown in Figs.

2(b) and 2(c). We note, however, that the enhancement of

the emission intensity indicated at laser spot H3 in Fig. 3(d)

corresponding to the application of the laser beam as in panel

H3 of Fig. 3(c) could not be observed when I¼ 59 mA, at

which the overall emission intensity was the maximum

(45 mV) in the absence of the laser, as shown in Fig. 3(b).

The reproducibility of the enhancement phenomenon by

the laser beam control as well as the previous measurements

were confirmed at I¼ 65 mA and Tb¼ 40 K. Moreover, this

phenomenon was observed at the wide Tb region between 30

and 50 K, as shown in Fig. 3(e), until about 50 K above

which the hot spot was no longer observed. In Fig. 3(e), the

pink dots represent the maximum emission intensity when

the mesa was not heated by the red laser beam, while the

blue solid squares indicate the maximum emission intensity

when the mesa was heated by the red laser beam. It is evi-

dent that the THz emission intensity of 90 mV as measured

by the InSb hot electron bolometer at 50 K with the laser

beam is twice as high as that (45 mV) without the laser

beam, when the laser beam is adjusted so as to have the max-

imum power emission. It is noted that such an enhancement

of the emission intensity could not be achieved if the mesa

were not heated locally by the focused laser beam.

In conclusion, we could enhance the THz emission

power by manipulating the position of the hot spot by heat-

ing the mesa locally using a focused laser beam. The experi-

mental results clearly show that the THz emission intensity

can be enhanced by at least a factor of two by adjusting the

hot-spot position by local laser beam heating. Although the

mechanism of the enhancement of the THz emission is still

not well understood, it is evident that the area and location

of the normal part of the mesa play very important roles for

the high power emission, consistent with previous work on

stand-alone mesas.6,30–32
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