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Abstract—Optical-microwave interaction in high-7. supercon- from integrated optoelectronic and optically tuned microwave
ductors is investigated for performing basic optoelectronic func- devices to high current fast switches for power applications [3],

tions in cryogenic environment. A fast bolometric photoresponse 41 gince the superconducting optoelectronic devices are in-
in conjunction with the unique electrical properties of high-tem-

perature superconductor (HTS) materials allows us to explore a €nded to operate at cryogenic environment, it is expected that
series of novel optoelectronic devices with low-noise/low-power they would exhibit low-noise/low-power and high-speed/high-
and high-speed/high-frequency characteristics. After reviewing frequency characteristics.
the HTS photoresponse categories, we describe the fast bolometric 1 purpose of this paper is to introduce a theoretical frame-
photoresponse and its condition with heat transfer analysis. The k for deali ith optical-mi int tion in HTS
analytical solution of heat diffusion equation for an HTS strip WO' " or dealing wi Qp Ica -r.nlcrowave.ln eéraction |r.1
mounted on a substrate will be presented for three different type Media for optoelectronic applications. First, we consider the
of optical sources. Then the effect of optical irradiation will be HTS photoabsorption phenomenon as a key mechanism of op-
!”Corgorated'“éhf tl‘q"’o‘,ﬂ”'d model bfythe,rmlomg,du,'a“o“,ChO“Tept tical-electrical interaction and review different types of HTS
in order to model the interaction of optical radiation with elec- : : :
trical signal. The current-field relationship and the supercurrent _phOtoreSponse' Based on thgorethal Cons'd,erat'onsf and.exper-
response time are evaluated in the presence of both optical and imental observations, the optical-microwave interaction will be
electrical signals. Our numerical simulations for YBaCuO film investigated via the fast bolometric photoresponse in the HTS
will demonstrate the possibility of RF harmonic generation when  fiims under a certain conditions. A thermal analysis will be pre-
the laser beam is modulated by the RF signal in the presence of dc g e for various optical radiation sources and their analytical
bias current and RF signal mixing when the HTS film is fed by a . . . . . . .
time—harmonic microwave source. The developed model can also diScussion will be introduced. The photoexcited HTS film will
be used to study optical control and tunability techniques for HTS be then analyzed in the presence of electrical signals in a linear
microwave devices for analog signal processing. regime, when the applied signal does not impose any nonlin-
Index Terms—High-temperature superconductors, microwave- earity in the HTS film. The two-fluid model helps us to simply
photonics, superconducting films, superconducting microwave de- analyze the behavior of photoexcited HTS film, while the mi-
vices, superconducting optoelecironics. crowave signal is passing through it. The combined thermal
analysis and the two-fluid model could be used for investigating
|. INTRODUCTION the optical-microwave interaction in HTS films, since the tem-
. . erature shift produced by the optical irradiation causes the vari-
R ECENT developments in photonic technology and supe}?- P y b

: L . . ation of superconducting electrical parameters. Finally, numer-
conducting electronics is opening a window of opportu-

. . . . ical simulation based on the experimental data, presents a series
nity for superconducting optoelectroni¢s]. This term refers P P

) . o e ) of interesting results for performing many optoelectronic func-
to electronic functions performed by optical irradiation via th 9 P 9 yop

photoabsorption effect in hig superconductors in cryogenicﬁons in HTS films such as photodetection, RF harmonic gener-

) . o . . ation and RF signal mixing.
environment. The unique combination of high electrical con- g g

ductivity and ultrafast photoresponse in highsuperconduc-
tors opens a new possibility for a physical interaction to permit
coupling between the electrical and optical domains. PhotonicsSuperconductivity is purely quantum and thermodynamical
can be utilized for performing basic optoelectronic functionghenomenon. As the temperature of a material drops below its
such as generation, detection, processing and control of high fgtical temperaturdl’. the material undergoes a second phase
quency electronic signals in high-temperature superconductd@rmodynamical transition and becomes a superconductor. Ac-
(HTS) media. The photoabsorption phenomenon in HTS mgerding to the well-known BCS theory [5], in the supercon-
terials provides an opportunity for a novel class of optoelegucting state, normal electrons with opposite spins and mo-
tronic devices as well as a new technique for optical contrglenta form pairs, so called Cooper pairs. This pairing mecha-
of superconducting microwave devices, somewhat like a phofism is due to the formation of an energy gafr’) in the elec-
conductivity effect in semiconductors [2]. These devices extefi@n density of states, which is temperature dependent. Cooper
pairs are bound together with an ene@ (7). The energy
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Q can be attributed to the fast bolometric photoresponse under
certain conditions. This type of response in YBaCuO was
O reported earlier by Gershenzehal.[11] and studied by many

Normal electrons researchers [12]-[14].
Excited state

v Ill. THERMAL ANALYSIS OF BOLOMETRIC PHOTORESPONSE
AT)
2A(T) IN HTS HLMS

Ground state Consider a thin superconducting film deposited on a dielectric
substrate. We assume that this structure is intended to operate at

Cooper pairs the following:

1) temperature range57, < 7' < 0.97,;

2) below its critical magnetic field{.;) or in the Meissner

state;

energy gets distributed and subsequently dissipated within the3) well below its critical currenf;

superconductors identify the photoresponse mechanisms. Geife above operating conditions assure that the fast bolometric

erally, the HTS photoresponse has been categorized into batgsponse is contributed to the photoresponse and also the ther-

metric and nonbolometric (nonequilibrium) mechanisms. Whenophysical parameters of the HTS film do not possess a sig-

the optical radiation is applied in the time scale greater thaificant temperature dependence. When the optical radiation is

the electron—phonon relaxation time, the bolometric resporigeident on the HTS film, some part of that can penetrate into

will be manifested. This results that the photoexcited electrotise film. Unlike the conventional lov, superconductors the

to reach thermodynamical equilibrium with the phonons, angkygen-rich HTS materials are a very good light-absorber due

both electron and phonon subsystems are described by the sai& low plasma frequency associated with the low carrier den-

temperature shift [6]. Normally, the speed of the bolometric rgity [15]. The absorbed photons break the Cooper pairs and form

sponse is limited by the time required for transferring the eyhotoexcited normal electrons. As the population of the normal

cess heat from the photoexcited region to a heat sink, so-caligdctron is increased the temperature of the HTS film goes up,

phonon escape time,, [7] and the hot electron out-diffusion due to electron—phonon interaction. Then the photoinduced ex-

process [8]. Depending on the material, geometry and thicknggsss heat can be dissipated through the substrate. Macroscop-

of the HTS film and its substrate as a heat sink, and the charggally, the absorbed optical radiation acts as an internal heat

teristics of the laser source, the speed of the bolometric respogégrce within the optical penetration depth, which creates the

may vary from milliseconds to a few nanoseconds [9]. heat diffusion in the HTS film/substrate. According to the en-

In the nonbolometric regime the quantum response of tkegy conservation law, the temperature siiff'(r, ¢) can be
electron and phonon subsystems are manifested. Generallyinigten as follows [6]:
photon stream is applied in a very short time scale in a form of

Fig. 1. Photoabsorption phenomenon in HTS materials.

pulsed radiation. The optical pulse duration is smaller than the ) Py(r,t)  Cpu
electron—phonon relaxation time, so the photoexcited electroﬁéa AT(r,t) = KVAT(r,t) + vV AT(r,t)
do not have any chance to reach equilibrium with phonons. In (1)

the nonbolometric response the electron subsystem is directly

heated up while the phonon subsystem remains in the equilib- . ,
rium and plays the role of heat sink for electrons. The noWherec andCypy, are the heat capacities of the HTS film and

bolometric photoresponse time is quite comparable with tﬁgonon at initial temperature in J#i, K is the thermal con-

electron—phonon relaxation time and normally occurs in a pg_uctlwty inW/mK, F,(r, t) is the absorbed optical powerin W,
t

cosecond time scale. Therefore, this type of response is ex ne> the volume of phatoexcited HTS film, angl is the phonan

sively used for the measurement of the electron—phonon relg)%cap;aﬂt]lme. Takllln 9 mt((j)_ :icgount'g thle refle;:tlon t?]ndHt;_aénfsP 1S
ation time and also provides more information about the pairit? 0; 0 Ie ?_Omlﬂ y 'r;? Ita' € fop IC?I wavte; ;OT ed ItInI1
mechanism in hight, superconductors [10]. and neglecting the reflection from film-substrate and multiple

In both photoresponse mechanisms the photoinduced teri%f_ractlon within the film, the absorbed optical power can be
xpressed as [13]

perature shift in the HTS film gives rise to an alteration of
macroscopic parameters such as the superfluid fraction and

;ubsequently the electrigal parameters such as j[he k.inetic P, = Pu(1—-R) {1 _ exp<_i>} )
inductance. The conduction process for any electrical signal o

with frequency smaller than a gap frequeriey = 2A(T")/h)

applied to the HTS film, can be controlled via the optical radiawhereP,, is the incident optical poweR; is the reflection coef-
tion, due to a change in the number of Cooper pairs and norrfiaient, &, is the optical penetration depth, aés the HTS film
electrons. Because hidh- superconducting electronic andthickness. Normally the optical penetration depth for HTS ma-
microwave devices usually operate below their gap frequendsrials is in the range of nanometers [16]. The phonon escape
typically 100 GHz, the optical-microwave signals interactiotime indicates the thermal decay time for heat loss out of the
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Fig. 2. HTS film on substrate and simplified equivalent thermal model.

photoexcited region through the substrate and is related to ffatal temperature is then

thermal boundary resistanégs p by [17]

T(t) =T, + AT(t) (5)
Tes = CdRpp. 3 whereT, is the initial temperature of the HTS film.

The thermal time constant of the bolometric responsg,is-
The thermal boundary resistance is expressed in2/Min Cres/Cpy, Which determines the speed of photoresponse. In the

and depends on the dielectric substrate and the geometrfr@f”‘dy state regime, the reduced temperaf}it: can be given
the film-substrate contact. The out-diffusion of hot electror%y

becomes important when the length of photoexcited region, T T, .\ P,

I < /12D7._,n, whereD is the diffusion constant [18]. The T. = T. + <1 - i) P. (6)
photoexcited HTS film structure and its equivalent thermal

model are depicted in Fig. 2 [19]. In order to increase the spe\e{ ere

of bolometric response, it is important to reduce the thickness p - CpnV'Te <1 B E)

of the film and most importantly the boundary resistance. It is T T T,

suggtest;: d tz ustf] .thethmm tthCkr;eSS com?ar?ble (tjo thihOpEFsa{he critical absorbed optical power. This quantity indicates the
gifne.ra 'O?_f etp' ;E N (t))r terto Z?nome ertore tu.ce et gsgorbed optical power required for destruction of superconduc-
fiusion etiect in the substrate. AISo, a narrow strip con aﬁbity, when all Cooper pairs are broken by the absorbed pho-

geometry and a deposition of deoxygenated supercondut_:t{qﬂsl Equation (6) was experimentally confirmed for YBaCuO
layer on the substrate has been demonstrated to effectivel: film [21]

reduce the boundary resistance problem [7]. In its more
complicated form, a comprehensive thermal models shouid Time—Harmonic Optical Irradiation

be applied for the HTS film and substrate structure for more Consider a continuous wave (CW) laser source, when the op-

accurate result [20]. . . . . . .
L . tical signal is modulated by a time—harmonic microwave signal
Here the emphasis will be placed on the solution of (1), Wh%th frequencyf,... Since the optical frequeneyis greater than
the heat capacities of the film and phonon remain constzﬂt q Yfm- P queneyis g

. . : ; Lo e bound energy of the electron pa2s\(7"), modulation fre-
during the optical stimulation and the HTS film is ”Iummate.iuency should be chosen in such a way thl, < 2A(T).

uniformly. In this case the first term of the right hand side i ; . .
zero and the absorbed optical power and the temperature s qéhls case the absorbed CW optical power can be simply ex-

would be a function of time. We will discuss the temperatur%r
shift upon three different optical sources namely continuous, Po(t) = P (1 +msin 27 f,t) (7)
time—harmonic and pulsed laser irradiation.

essed as

wherePF,, is the maximum optical power absorbed in the HTS
film and m is the modulation index. The temperature shift after
t = 0 would be

We wish to find the temporal evolution of the temperature Por )

shift of the HTS film when a continuous pows, is absorbed AT(t) = ﬁ <1 - exp(—L ))
within the optical penetration depth aftee 0. Solution of (1) pl
with boundary conditiomA7(0) = 0 is

A. Continuous Optical Irradiation

Tes
ML, Tes

_l’_
V\/Cgh + (27 fn)?72.C?

_ Pa'res Oph 27rmPanerCfnl _ Cl)h
AT(t) = m <1 — eX}')(-WQS t)) . (4) + V(02 i (27I'f7n)27'3502) exp —CTeS t (8)

ph

sin(27 fnt + ¢)
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where If this is the case, when the interpulse interval tithés greater
than the bolometric response timg, the temperature shift can
_ _1 (27CTes fim . . o
¢ = —tan . be simply written by means of the superposition of the temper-
ph

ature shift presented in formula (10) shifted at tinig, and the

It is seen that in the steady-state regime, the temperatureagérage power’,, is accountable for the average temperature
the HTS film can be modulated by the optical radiation, so calletift in the HTS film.
thermomodulation effect. This fact was theoretically discussedAs most of the mode locked 6}-switched high power lasers
by Perrin [22], experienced by Vennesteal. for conventional are employed at the MHz repetition rate, for the nanosecond
superconductors [23] and Daneretdal. for YBaCuO epitaxial photoresponse time the discussed analysis would be applicable.
film [24].
IV. OPTICAL-MICROWAVE INTERACTION IN HTS HLMS

C. Pulsed Optical Irradiation . .
The microwave properties of superconductors are well-un-

During the last decade, particular attention has been devotggtstood theoretically and experimentally. The electrodynamic
to the HTS photoresponse subject to the picosecond af@ory of superconductors was originally established by London
nanosecond laser pulses. Most of the experiments have shgpg). This macroscopic theory essentially incorporates the zero
nonbolometric response and the bolometric tail due to thgsistance and perfect diamagnetism of superconductors into
time constant of the applied optical pulse comparable willectromagnetic constitutive relations. The basic idea of this
the electron—phonon relaxation time [25]. Here, we assurpRenomenological theory is the two-fluid model presented by
that a laser source provides an optical pulse with the Gauss@érter and Casimir in 1934. According to the two-fluid model,
temporal profile with a time constant In order to take an the electron fluid is composed of Cooper pairs at the lowest en-
advantage of the fast bolometric response, the time constanggfy state and normal electrons in the excited state. The number
the pulse must be greater than the electron—phonon relaxa@®@arriers is dependent on the temperature and can be given by
time [7]. Upon this condition, the absorbed optical power cafe following empirical relations [29]:
be considered as:

T vy
STYy=nl1-[— 12
Pa(t):PmeXp<_(t;—th)2> ()] ! ( ) n< <TC> ) (12)
T T v
wheret, is a time delay of a pulse. () =n <E> o

Solution of (1), gives us the temperature shift as follows: )
where n, and n,, are the Cooper pair and normal electron

number densities; is the total electron number density, and
V2n P, V2t . .
AT(H) =" erf | —— — « is an exponent. For conventional superconductors such as Pb
20V T and Nb,y = 4 and for most HTS materials such as YBaCuO,
Con t2 9 ~v = 2 has been suggested. Under the application of an external
exp| — t— —5 +a« i f ;
Ces 2,2 electric field, the movement of the Cooper pairs are purely
V2rP C inertial but the motion of the normal electrons includes the
TLmT ph . . . . - .
+ Yo erf(a) exp <—? t+ /3> (10) effects of both inertial and resistance due to their collision with

the lattice. When the applied electric fieldl has a period of
oscillation much smaller than the electron—phonon relaxation

whereerf(.) is the error function . . " .
time, r._,., the carrier velocities,, and(v,) can be given by

29]
2 o oh (2 T [
a= v2 t—d+ Cpni7 andg = Cpn (2t + Cpn7 )
2\ 17 Cre 2C \ Tes Cr2 e
ve=—— | Edt (14)
m
As will be seen later on, our analytic solution is in a completgng
agreement with the experiments [13], [26] and a quantitative (va) = _CTeph @ (15)
analysis presented in [7], [9]. . m

Generally, a pulsed laser source consists of a train of th¢?1
. . L o wheree andm are the charge and the mass of an electron, re-
Gaussian pulse by the interpulse time intet¥adr a repetition

rate f — 1/T. If P,, is the average optical power in the pulsespectlvely. The total current density produced by the external

train, then the instantaneous absorbed optical power in the Herlgctri_c field consists of two noninteracting currents namely su-
film by the contribution at a timet, due to all of the pulses in perfluid and normal currents as:

the infinite train is given by [27] I = 3y 30 = —c(nave + nn(va)) (16)

P, T X (t —tq+nT)? - o , N
Pty = = L Z exp<_d—> . (1D The equivalent circuit model for the superconducting medium is
Vvaer T 272 then consisted of the kinetic inductanktg indicating the pres-

n=—o0
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ence of the Cooper pairs and the resistaRgepresenting the L R

effect of normal electrons, as illustrated in Fig. 3 [30]. When th -%—/\/\/\/\/——
superfluid is much greater than the normal current, the norm
electrons are moving within the diffusion skin depth and ex
periencing the lattice collision due to the skin effect, while the 1

Cooper pairs are flowing within the London penetration dept m
without any collision, due to the screening effect [31]. In this ) Ly

case, the impedance of the kinetic inductance is much greater o _ _

than the resistance and the London penetration depth is V@%, 3. Circuit representation of the two-fluid model for superconductors.
smaller than the diffusion skin depth. According to the two-flui
model the London penetration depth is frequency independ
and can be written as [30]

ih? L. Thus, the supercurrent will respond to the optical irra-
diation in a time

(z)
Tj_ﬂ Tc (19)

= R :Te—ph —T 5 -
13 1_ -
(z)

Note that the discussed model assumes the lumped model for

wher n re the m nd the char f r pajr . )
erem,, ande; are the mass and the charge of Coope pai:)bth thermal and electrical parts and does not consider the trav-

r ively, and.;, is the kinetic in nce in Hm. Sin . . . . S
espectively, and.y, is the kinetic inductance Since .eling-wave type of optical-microwave interaction in the HTS

the London penetration depth is much smaller than the diffusi -
skin depth, this implies that the conduction process and conﬁgms' In order to observe the capability of the developed model,

. ) - our discussion will be proceeded by the numerical simulation of

quently the current flow is mainly focused within the London, . . T . .

penetration depth. This physical picture is very useful when tme's type .Of Interaction in the HTS micro strip structure "’T”d th_e
. L . .. results will be compared with the experimental works existed in

applied electromagnetic field does not cause any nonlinearity hne literature

the superconducting medium and its frequency is well below tﬁe '

gap frequency.

Back to the photoexcited HTS film and comparing the optical
penetration depth with the London penetration depth, one carConsider a thin superconducting film made of oxygen-rich
deduce that the current flow in the HTS film is seriously affecte§BaCuO deposited on a substrate, normally LaAl® MgO.
by the optical irradiation. Therefore, since the HTS film acts dde thickness of the film is much smaller than the substrate
a transmission line for any applied microwave signal, the ophickness, and the YBaCuoO film is employed in a microstrip
tical irradiation perturbs the conduction process by Cooper p&iid microbridge configuration as depicted in Fig. 4. This type
breaking or macroscopically raising the temperature and leafsstructure has been used in many experiments related to the
to manipulation of the microwave signal. By the extension of tHéhotoresponse measurements [13], [33]. All of the geometrical
kinetic inductance bolometric model [13], an absorbed opticand physical parameters are listed in Table I. The geometrical
irradiation will break the Cooper pairs, reduce the populatigdarameters of YBaCuO microstrip are taken from [13]. We con-
of the Cooper pair number density and increase the normalsider the geometrical parameters presented in Table I, in order
electron number density,, , via the temperature shift analyzedto minimize the effect of magnetic inductance and nonunifor-
in the previous section and (12) and (13), while their velocity i®ity of the current distribution along the microstrip line by
determined by the microwave electric figel The current can choosingw > h [19]. Although the current distribution for
then be written as HTS microstrip structure is nonuniform especially near its edges
[34], but the peak current density is only about twice the av-
erage value, since the minimum current density takes place at

J=— <n5(t) /Edt +7’Ln(t)7'e_phE> . (18) the center and is about 0.75 the average value for a thin mi-
m crostrip [35]. It has been recently shown that if the temperature
is changed or the optical radiation is absorbed, the shape of the
Since the characteristics of the optical radiation source and therent distribution through the thickness of the film changes ev-
input microwave signal are given, (18) gives the current-fiekerywhere uniformly except within, of the edges [36]. There-
relationship in the HTS film, due to the presence of both ofere the assumption of uniform current density is not an unrea-
tical and microwave signals. The time required for photoesonable approximation. The length of the bridge is also chosen
cited normal electrons to contribute to the normal current idesmaller than the microwave wavelength to guarantee the validity
tifies the speed of interaction between optical radiation and naf the electrically lumped model and greater than out-diffusion
crowave signal. It is worth mentioning that the supercurrent riength,/12D7._,,. The main goal in achieving such a condi-
sponse time; can be estimated by the equivalent circuit modeions is to alleviate the transmission line effects on the propa-
presented in Fig. 3 [32]. When the number of Cooper paigation of microwave signals along the structure. This helps to
is decreased, the kinetic inductance will be increased and tregify and observe the physical phenomenon that takes place in
normal-fluid channel resistance will shunt current away frote optical-microwave interaction in the HTS films.

L, m
2 _ k — s
ALT) = o €Xpons(T) a7

V. NUMERICAL SIMULATIONS
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Fig. 4. Photoexcited HTS film and its electrical configuration.

TABLE |

PARAMETERS USED IN THE ANALYSIS OF PHOTO EXCITED YBaCuO FLM

Description

Value

Initial Temperature (7o) 73 K
Critical Temperature (T¢) 86 K
Exponent (v) 2
Critical Current (I.) 5 mA
Bridge Width (w) 10 pm
Bridge Length (1) 20 pum
Film Thickness (d) 30 nm
Dielectric Spacer (k) 1 pm
London Penetration Depth (Ao) 2 180 nm
Optical Wavelength 532 nm
Optical Penetration Depth (&,) 90 nm
Optical Reflection Coefficient(R) ~ 0.2

Heat Capacity (C)

0.91 Jem 3K !

Phonon Heat Capacity (Cpn)

0.9 Jem*K™!

Phonon Escape Time (7es)

1 ns

where L(¢) denotes the time dependent inductance due to the
optical irradiation and for a microstrip line can be expressed as
[37]

L(t) = Ly, + Ly (t) = pold <1 +2 )\Lh(t) coth <)\Ld(t)>)

2w
(21)

whereL,, and L; are the magnetic and kinetic inductances of
the HTS strip. It is seen that the optical stimulation affects the
kinetic inductance part via the time dependent London pene-
tration depth. The time dependent London penetration depth is
then calculated through the temperatiife) obtaining from the
Sections IlI-A—C for different types of the optical source.

At the first step, we consider a periodic optical irradiation in
the presence of either dc bias curréntand a pure sinusoidal
microwave current with 1-mA amplitude. The absorbed optical
power with modulation frequencg,, = 100 MHz, unity mod-
ulation index and peak power 35 mW is considered, and the
steady state photoinduced temperature in the HTS bridge is cal-
culated by (8). Under the application of such an optical signal,
the temperature is modulated periodically and controlled by the
optical power when the HTS bridge still remains in the super-
conducting state. Fig. 5 illustrates the voltage response, when
the HTS bridge is biased with 1mA dc current and a microwave
local oscillator (LO) with frequencyro = 300 MHz, respec-
tively. Further investigation of the photoinduced voltage in the

The output of a laser source is focused on the bridge su€gauency domain reveals that, because of the nonlinear rela-
that itis illuminated uniformly. The microwave signal is appliedi®nship between the kinetic inductance and the temperature, the

to the bridge from the current source, and the voltage acr

qotoinduced voltage has harmonic frequencies of the modula-

the bridge should be monitored by a fast, sensitive and hiAn frequency of the optical signal, as depicted in Fig. 6 when

frequency oscilloscope. According to the current-field relati

(18), if the electrical current through the bridge part is assum - .
to bei(t) much smaller than the critical current, then by ignoringeq“ency’ due to the second order nonlinearity of the penetra-
I

the normal current, the voltag€t) across the bridge will be

dt

+i(t

d
T L(t)

(20)

e bridge is biased by dc current. Our simulation indicates that
there is a strong second harmonic component of the modulation

on depth with temperature and time derivative relationship be-
tween the kinetic inductance and voltage, which amplifies the
harmonic frequency in the output voltage. This promises the
feasibility of microwave harmonic generation in the HTS film
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Fig. 5. Photoinducted steady-state voltage response of HTS bridge. (a) With
1-mA dc-bias current. (b) 300-MHz LO current. Fig. 7. Normalized spectral density of photoinducted voltage in the presence
of 1-mA LO current.
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Fig. 6. Normalized spectral density of photoinducted voltage in the presence ] S
of 1-mA dc-bias current. Fig. 8. \oltage response of HTS bridge to the pulsed optical irradiation.

(a) With 1-mA dc-bias current. (b) 300-MHz LO current.

by the optoelectronic technique. If the LO current is fed to the

HTS bridge, the photoinduced voltage is the mixed version of In the second step, the optical pulsed radiation with the ab-
the modulation frequency,,, and LO frequency. Fig. 7 indi- sorbed peak power 100 mW and time consga/& ns is incident
cates the frequency spectrum of the output voltage in the aim the HTS bridge. Fig. 8 indicates the photoinduced voltage,
sence of the main components. It is worth noting that becausben the HTS bridge is biased with 1 mA dc current and LO
normally the first term in relation (20) is greater than its secorgignal with frequencyft,o = 300 MHz, respectively. The fast
term, the amplitude of the voltage in sum and difference friipolar transient voltage developed across the bridge, inherently
guencies fLo £ f,») are not the same. Since the temperature atts as an HTS photodetector and optical-to-electrical transducer
the HTS film will approach its critical value by the absorbed ogfor employing in digital communications using rapid single-flux-
tical power, the amplitudes of the harmonic frequencies becompeantum (RSFQ) circuits and optical fiber for high-speed data
highly dependent on the absorbed optical power and initial tetnansmission into the cryogenic environment [26].

perature. When the HTS film is driven near its transition point If the HTS film is mounted on a substrate with low dielectric

to the normal state, frequency harmonics will become strongeonstant such as MgO, the transient alteration in the tempera-
If the photoexcited HTS bridge is illuminated by the critical abture of the HTS film produces an RF pulsed radiation. The ra-
sorbed optical power or higher, the photoresponse is no longkation field is proportional to the time derivative of the current
kinetic inductive and the developed voltage is due to the chanfge our considered structure presented in Fig. 4. The duration of
in the resistivity of the HTS film. This simulation demonstrat¢he emitted electromagnetic pulse depends on the supercurrent
potentials of an optoelectronic HTS mixer in up and down comesponse timez;, and could be enhanced up to the picosecond
version of RF signals in high performance superconducting ntime scale or terahertz radiation from optically excited YBaCuO
crowave/photonic systems. film [15], [38]. When the LO signal is connected to the HTS
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photoexcited bridge the amplitude of the voltage is modulated[9] A.D. Semenowtal, “Analysis of the nonequilibrium photoresponse of
by the optical pulse leading to optoelectronic amplitude mod-
ulation. This technique can also be used for microwave signal
processing and tunability of the HTS microwave devices suclj

as delay lines and resonators, since the temperature and subse-
guently the electrical parameters of such a devices can be co
trolled via the optical irradiation [39], [40].

VI. CONCLUSION [

i1

12]

We have developed a theoretical framework for investigating, 3
the optical-microwave interaction in HTS films. Generally, the
optical signal with frequency greater than the gap frequency of
the HTS material affects the conduction process by breaking tH&*!
Cooper pairs. While the superconductivity is controlled by the
optical radiation, the microwave signal traveling in the HTS film
is being manipulated through the variation of superconductingt®!
and normal carriers by photoabsorption phenomenon. The inter-
action of light with HTS film was theoretically studied by the [16]
thermal analysis, since the absorption of optical radiation can be
macroscopically considered by the temperature raise. The HTS"]
photoresponse from three different optical sources was investi-
gated. It has been demonstrated that in all cases the temperat{ug
shift replicates the variation of the optical power waveform, so
called the thermomodulation effect. Then, the propagation 0{19]
the microwave signal in the photoexcited HTS film was consid-
ered through the two-fluid model. In this framework, the number
of Cooper pairs and normal electrons are controlled by the 06—20]
tical radiation and their velocity are assigned by the microwave
signal. Therefore, the super and normal currents are highly dgz1]
pendent on the variation of both optical and electrical signals.

The combined lumped heat transfer and electrical model h

432)

been developed in the HTS microstrip and bridge configuration.
Our numerical simulations in such a structure, demonstrate the
feasibility of performing optoelectronic functions in HTS films [23]
such as photodetection, RF harmonic generation and mixing,
optical-to-electrical transducing and RF burst generation as wejb4
as optical control of HTS microwave devices.
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