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1. introduction

The superconductive hot-clectron bolometer (HEBY [1,2] is presently considered the most prowising
heterodyne mixer device for the terahertz. (THz) frequency range. Recent experiments with a Nb HEB mixer
demonstrated a 560 K double-sideband (DSB) noise temperanue at 533 GHy, and should remain relatively tow tor
radiation frequencics up to at least 10 THy [3]. Currently, the most competitive mixer available at THz lrequencies is
a Schottky-diode mixer with a typical SSB noise temperature at 2.5 THz, for example of 20,000 K and 1.0 power
~ 1-3 mW. The HEB mixer can be especially usetul in space-borne applications for atnospheric rescarch i operated
at clevaled temperatures where low-power mechanical eryocoolers are readily available and where requircments for a
low 1.O power are critical. For such an application, a HEB device made from a thin YBCO film can be used. The
fabrication technology for such films  has been significantly improved since the discovery of high-T_
superconductivity. Now, ultrathin films having a thickness « down to a few unit cells have been successfully
fabricated [4-9]. The critical temperature 7, > 85 K and superconducting transition width 67°, = 1- 2 K are typical
for films with ¢ 2 10 nm, and a critical current density j . = 8x10° Alem” was obscrved in 10 nm thick films at 77
K [&]. Fabrication of superconducting structures made from YBCO with in-plane sizes 100- 500 nm has also been
demonstrated [10- 13]. Critical current densitics as large as 5x10° Asem’ have been measured in 200 nm - wide
superconducting lines {14]. A variety of materials (e.g. MgO, LaAlQ4, NdGaO,, YSY) have been found to provide a
moderate dieleetric constant and epitaxial YBCO film growth. Also, the use of bulfer fayers allows growth of YBCO
films on silicon and sapphire (YSZ7. bufler layer for Si and CeQ, for sapphire). With such promising fihm growth
technology, it becomes important o now examine the theoretical issues involved in designing optimum devices.

In contrast to slow bulk bolometric detectors, an HER mixer can operate with a high intermediate frequency
(1Y) of the order of several gigahertz, and under appropriate 1.0 power. This sets quite different from detector device
criterta for mixer device optimization. In this paper we give a detailed analysis of the thermal processes important for

optimum HEB mixer performance. Within the framework of a model which includes the temperature of both the
"
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clectrons and phonons, expressions for mixer conversion efficiency, and 11 impedance have been derived. which are
valid for a wide range of H:. The contributions of both clectron temperature Huctuations and Johnson notse in the
mixer noise temperature have been investigated as functions of de and € power. the requircinents for the
substrate thermal conductivity in relationship (o the device in-plane size have been determined. Specific examples are

given for (11F = 2.5 Glz, which is a practical frequency for remote sensing applications in-astrophysics and

atmospheric science. A SSB noise temperature 2000 K s predicted for an optimized device and mixer cireuit.

I1. Nonequilibrium Photoresponse and Thermal Relaxation in< YBC

Film/Substrate System.

A wide band of intermediate frequencies is possible in high-T, YBCO films due to the fast nonequilibrium
photoresponse inherent in the material, The origin ol the response has been studied for a number of years. Recent
frequency-domain (15,1 O] and time-domain | 17] measurcments demonstrate that the resistive response to radiation can
be adequately deseribed in terms of a relaxation of the electron lemperate 7', viainteraction with phonons with a

characteristic time Top OF 1-2 ps at 80- 90 K, and of a slower relaxation of the phonon temperature \.w. The time

constant of the latter quantity depends on the filin size and substrate material. One should point out that the mixer
response time in a lumped Tow-T, HEB is determined by 7., only, since the escape time for phonons in ~10 nn

thick films is much shorter, that is, the phonons remain in cquilibrium with a heat sink.

The principal heat removal processes for a high-T, bolometer are shown in a Tow diagram in Fig. 1. The

bolometer is modeled as a thin film microbridge with normal contacts. The noncquilibrium electrons in the

microbridge heated by the absorbed rf radiation and de transport current give their energy to phonons during a very

short clectron-phonon energy relaxation time Tep The clectron diffusion mechanism of heat transport which is
especially important in submicron Nb HEB mixers [2,3]) is less significant in submicron YBCO device due to the

very short clectron diffusion length. The characteristic clectron diffusion length can be estimated as 1, = \f\taa%
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The electron diffusivity 13, can be found as 1, = K, ¢, where &, is the electron thermal conductivity [18], and ¢, 1s
the clectron specific heat per unit volume {191 The data of Table 1 give 1, =23 cmz/.\', thus 7, = 60 nm,
suggesting that electron diffusion may speed up the electron thermal cnergy relaxation by = 30% in ultra-short
devices with a length 1= 0.1 um.

The nonequilibrium phonons leave the film ecither through the filni-substrate boundary or by diffusing to the
normal metal comtacts. The phonon escape to the substrate is gencrally dominated by an acoustic mismateh, or
thermal boundary resistance Ry, = Tt’-\/(('l’(/)’ where 7, is the phonon escape time and ¢, s the phonon specific heat
per unit volume [20]. The value of R, is fairly constant in the temperature range 70 100 K and has been measured
for various substrates. One of the Towest reported values of K, is 5x107 e K/W - for MgO substrates [21.22],
giving T, = 33d ps for d in mn. Such values of 1, have been directly measured i a number of experiments
115,16,22- 247, The diffusion time of phonons to the contacts can be estimated as i = 1,3/(7121),,). where 1)/) is the
plonon diffusivity. Determining D, = I\”[/(‘[) (1\",, is the phonon thermal conductivity [25], see Table 1), we obtain
l)l, = 0,15 em”fs. One can see that Taify = Tes whenlo= 0, 2 pmand d =10 nm. Thus, for submicron bridge

lengths the cooling duc to the phonon diffusion should play a role. For longer samples the diffu sion time increases

1

rapidly, Ingeneral, the cliective time of phonon escape is z'(f/{ e, 4 T(/ll/j

Yet another thermal process atlecting the microbridge thermal relasation speed and the total thermal resistance
is the diffusion of heatin the substrate. If the characteristic in-plane device size /. is chosen to be much smaller than

the substrate thickness d , the effective thermal resistance of the substrate is found as [20]:

ro
2]
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where ks the thermal conductivity of the substrate, a is the cquivalent radius of the deviee arca through which heat
flows into the substrate, /, = /\,C,,,\Tig is the effective length of diffusion at modulation frequency f, D s the
phonon diffusivity of the substrate, and § is the device area, lor a device with a square shape of side [, a= 1/\x
Although the total thermal resistance. R, decreases, the thermal resistance per unit area, >.,,>u. becomes Targer if the
deviee has larger arca

The optimization of the total thermal resistance between an electron subsystem and a heat sink as well as its

that the

modulation frequency dependence is quite inportant for the HEB mixer operation. A rule of thumb

thermal resistance should be made as low as possible and its frequency dependence should be as flat as possible. Tt
minimum  thermal resistance determines the maximum 1.0 power contributing to the 11 signal. A pronounced
frequency dependence of the thermal resistance gencrally yields a loss of power at the IF of interest with respect (o
the maximum attainable conversion efficiency at a zero 11, The contributions from thermal boundary resistance and

from the substrate is compared in the following section.

HI. Conversion Efficiency IF Impedance n a Two-Temperature

Model.

In contrast to a low-T, HEB mixcr, a high-T. HEB mixer cannot be deseribed in terms of the electron
temperature only. This is because at temperatures ~ 90 K the phonon heat capacity is always much larger than that
of the clectrons. A more appropriate approach [27] makes use of a “two-temperatuie” model describing the dynamics
ol the electron and phonon temperatures which are both different from the temperature of the heat sink. This is the
approach we use here.

The coupled differential equations for the electron and phonon temperatures are given in [28]. The following

speetrum of the electron temperature was obtained:
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where ais the rf coupling factor, P, is the amplitude of the incident tf power, V is the bolometer volume, T T;.

and 7, are given by the following formulas:

-
Tip = ﬂ.:: P -
' 21
- -1 -
T AT, T,
e
Ty = Ty 41T,
T, = €/, (3
In YBCO 7, 18 so short that 1, « T, This condition, along with ¢, » Cp allows one to simplify Fign's. 3:
T = T )= Ty Ty T, ()
and obtain the following spectrum of the electron lempetrature:
Tep - A Cp Tes A 5

o1
AT, = aly - v »
¢ 14 ASN. 1 (o1, v

This frequency dependence for a response in thin YBCO filims was observed in recent optical mixing experiments at

A= 154 pm [27) and A= 9.6 pm [29] (sce Fig. 2).

can obtain the effective thermal resistance between clectrons and substrate:

qon Eq. 5 one ¢
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and the total thermatl resistance to the bath is

R,,, =R

tot ¢

Figure 3(a-d) shows the behavior of R Ro_gand R, for two widely used substrates (MgO and 1.aAlO5) and

1ot
two device sizes (L= 10 um and 1= 1 um). The YBCO filn thickness is 10 nm in all cases. R, dominates for
poor thermal conducting substrate, large device sizes, and low 1F (sce LaAlOs for 1= 10 wm in Fig. 3a). We
should point out that Lg. 7 underestimates the total thermal resistance since the reverse flow of phonons from the
substrate to the YBCO filin is not taken into account, The effect should be larger for larger device arcas and lower

substrate thermal conductivity. Nevertheless, it is believed that MgO substrates, where R« R, are nearly ideal.

In addition R becomes negligible for submicron-size devices (which are needed 1o minimize 1.O power requirements)
and will not be considered in the following analysis.

Equations 2 and 5 were obtained assuming no self-heating effects in the superconducting film (small d:
current) and a simple, lincar (with respeet o the clectron temperature shift) dependence for the heat flow from

clectrons to phonons. The latter assumption is applicable for only small differences between T, and 7. Tt has been

_.c:_:_cx?i_:o::_:w::::_%:ﬁO:::m, Tep ™ “[30], hence the heat flow from clectrons to phonons is actually

proportional to 7, ).

Here we discuss the more realistic situation where the device is so far from cquilibrim that one can negleet
neither the non-linearity in the heat conductance (strong pumping), nor the self-heating caused by transport current.
We also include in the model the feedback effect from the 1 Toad impedanceintluencing the mixer conversion

cfficiency and modifying the mixer bandwidth {31). The phonen diffusion to the contacts is taken into account

7
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approximately by assuming the bolometer is lumped clement with an appropriate “diffusion channel™ heat
conductance between the center of the microbridge and the contacts incorporating a diffusion channel.

We start with the following dynamic heat-low cquations:

Y Y S S A S 8

DTN AV 1) v (8a)
dl’ X S 8K

RV /): ; ,,3‘,.‘\>_~ T T U I TS ’

V| Av (1= 17) /\’/,(I” ) E vt - 7). (8h)

Here V, is the volume ol the microbridge, A = 43 t,, 1) (y is the Sommerfeld constant) is the constant
characterizing the coupling strength of the electrons to the phonons, and V,, and 1 are the bias voltage and current,
respectively. The Tast terny in Fq. 8b represents a one-dimensional heat flow due to the phonon diffusion to the
contacts. Itassumes that 77, is the phonon temperature in the center of the bridge, and K, is temperature independent,
Since we are interested in o a periodic solution, the following substitutions can be made = P4 Pel™
Ty= Tt 1?0 T = T 4 Tyed ™ Vi = Vigt Ve 1 14 Te/™ 0 R= Ry Re!™, where P, 7, T,
\7,,. I and R are the complex amplitudes of the corresponding quantitics. 1qn’s. 8 are now split into two systems:

for the de values

AVy (751) - 7}"?0 ) -1 IgVyoaly . () (9a
7o gl S o 8)\‘]} !/ o Ut
el P 1) GOA G o o
and for the 1st harmonics
(j(zx-[, 1 3A'/;i))v(,'i;, < 3AV 10T, 4 16V, - Vil 4 o (10a)
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(e, 4 e fTo 4 8,0, [ 124 3AT )T, = 3T, (10b)

Expression 10b implies that the effective time constant due to the phonon diffusion is Ty = I,'/((\'/)l,)A

The expression for the HEB voltage responsivity can be obtained us;

. /- aC R 14 jo
S\’ 5 V)/]': _l \Y3 ) I JTg, B ‘ (an

Iy R4 Ry [ /s 2 . Ry R
O RET R0 Ty ST 07T, T Jm(t,,l,4 T(,) 4 C R R (14 jory)
' NUREEAYS

where R, = V,,/i is the M load resistance, and R, = V. /1, is the de resistance of  the  device,
/- » o= i o oy \ . . o .
=T, rl,/ Ty (11,0/1(,(,) s Tpg ® <rm. + 71#//) CFhe next step s to relate the single sideband (SSB) mixer

conversion cefficiency to the voltage responsivity. As is well-known [1,2], an ac voltage across the mixer IH load,

Ry, is given by V= ZS'V\//V’L() cxp[j((uﬂ (/7)} where P is the signal power. Then the conversion efficiency 1s

given by:

.2

1y I?[ A 218" P/O ?(ZZCQPI'() R()R,‘ 1+ j(UT() (],,)
T S v 2 ' TR-R N

15 Ry, I'nc (Ry+ Rp) [r(,/r“ - (’)?Typf()* ja)(q,,, 4 z(,)]4 C0T (1 jorg)

Ro+ Ry

One can verily that in the Tow temperature limit, when 1,0 « 7, «1,,, the frequency dependent term in the

e

el .. . . -
product given by Ig. 12 reduces to ’ I4jor, N1+ C(Ry R AR AR | “, giving the expression previously obtained
in [31,32].

The 11 impedancecan be expressed as Z(@) = Ry + (0 R/E/I;,)'E, (scc Ref. 32 for a detailed derivation). Then

using bgn's. &, one can obtain
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[r(,‘/ Tog = 07T, T 4 j(l)(?l,/, + r(,)]-s (14 joty)

Z{m)= Ry4 . R . . ] 4 . (13)
[n,/ Teg = 7T, T4 v/(IJ(T(,I, + r())}- (1 jorg)

which coincides in the low-temperature limit with the following expression from [32]:

T
Lol jo G
4 I
Aoy <ro- "< i (14)
1- ¢ . r('/)
i j-
-

1V. Noise 1'emperature.

The expression for the noise temperature duc to the electron temperature fluctaations of a low-T, HEB mixer
was given in [32]. It was also shown that this quantity does not depend on the conversion efficiency, and thus may
be fairly universal. We believe it is applicable for a high-T, HEB mixer, and the corresponding SSB - noise

temperature contribution is given by:

02
g1t 21000,
M - T oa ,
oo (15)

where G, = 34 Vd'l'(,“/ is the thermal conductance between clectrons and phonons.

The contribution of Johnson noise should be evaluated by taking into accountthe enhancementof the noise
due to the self-heating in a bolometer. Simply, one ¢y us ¢ the equivalent noise circuit introduced in {33] (see
Fig. 4). Vollowing [32,33]), we assume that the classical Johnson noise sourceey= \/le“l\’(,’l;,(, must appear twice

in the bolometer equivalent circuit. Source 7 = e, acts simply as a voltage source in series with the bolometer

10
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impedance Z(w). The source £2 = - ¢ /2 is placed to take into account the output notse enhancement caused by the
self-detection of the Johnson noise in the bolometer. The imipedance 7 represents the bolometer reactance due o its
thermal inertia and sell-heating contribution. 7 is chosen to agree with Eq. 14 for the bolometer IF impedance. that
is, Z, = ZR/AZ- R). Duc to the frequency dependence of impedance 7, a “white” noisc ¢, becomes frequency
dependent at the load R, . "The corresponding expression for the noise temperature is obtained by dividing the noise
power dissipated in the load by the conversion efficiency given i L. 130 A relatively simple expression for
Johnson noise has been obtained for a low-T. HEB mixer {32]. lbl()wcvcr, for the high-T . case the expression turns

oul to be very cumbersome, therefore we just calculate the noise temperature numerically.

V. Numerical Results.

Numerical simulations were performed for an HEB mixer with parameters which represent realistic estimates
foradevice to be used in practical cryocooled mixer applications: anarca o1 0. 1 x(.1 um?. a thick ness of 10 nm,
T,.=85 K, 87 ,.=2 K, normal resistance R, = 200 €, and an operating temperature of 7" = 66 K. A coupling
factor o was chosento be 1 for simplicity (o will depend onthe details of the mixerembedded circuitand optics), so
Py representsthe 1.0 power absorbedin the device. Contour plot in Fig. S(a) rept esents the results of simulations
of the HEB mixer SSB noise temperature, 7y, at f; = 2.5 Glz (an W high enough for practical applications
[Walers]). Figure 5(b) shows the SSB mixer conversion cfliciency undet the s une conditions. The contours in
Figs. 5:11 e plotted versus de and 1.0 power since these are two impottant and exper imentally variable pa rameters for
aHEB mixer. With the given dcand 1.0 powes scales, the topright corner of all plots corresponds to the normal
state, the bottom left corner corresponds to a nearly superconducting state. At both of these edges the mi st
temperature is very high. Inthe nearly superconducting state, where the 1,0 power is low, 'l'/;l/x is high. In the
normal siate, where the conversion 10ss is very high, 'I'AJ, is high. Just at the middie of the resistive transition, the

NOojse lempe rature reaches its minimum value (~2000 K) and the conversion efficiency is greater than unity. Figure 6
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shows the 1Y spectra of the conversion efficiency and the 1F impedance. The low-{requency and high-frequency
platcaus in the conversion cfficiency spectram correspond. respectively, to bolometric (electrons + phonons) and hot-
clectron (electrons only) eflects (see Fig. 2 for comparison). As seen in Fig. 6, the conversion efficiency drops by
= 5 dB over a range of 11 from | GHz to 10 GHz. This is the result of the Tong time constant, 7., due to the escape
of phonons from the film to the substrate. This frequency dependence of 17 will produce a non-flat 11 baseline in a
practical spectroscopic receiver. However, over a range of a few GHz (wide enough for srectroscopic applications),
this bascline shift is small cnough 10 be readily compensated by buackend spectrometer clectronics The optimally
pumped 1V characteristic is shown in Fig. 7. Both slightly underpumped and overpumped curves are presented in the
same Figure. The parameters of the optimal operating point are given in Table 2.

Figure 8 shows the behavior of the noise temperature as a function of 17, . The results suggest that the noise
temperature minimum is formed duc to an intersection of a weak descending '/;{,""(/’,0) and a steep ascending

'I'AJI(I’/,()) dependencies in the vicinity of the middle of superconducting transition. At the 1.O power levels just

below the  optimal point the contribution of Johnson noise is very small and the thermal fTuctuation noise, 'I'A// at
7, represents the total mixer noise temperature. Also, P » Py atthe optimumoperating point see Fig. Sa ad
Table 2). Thisallowsusto simplify the numerical procedure using Fq.15 for the total minimum noise temperature

estimate. Py o, can be found from Fqn’s 9, as following:

Po= 12/ xx,,d)[{['/;?‘» 1’,,()/(/\1?(1)» /] (16)

and 7y, is just given by Yq. 15.
An important practical consideration in fabricating ahigh-T. 1 IHB mixer is device size. To analyze the effect

01" the device size on Ty and Py 4, one should turnto lign’s. 9. in alinear approximation Fq. 9b can be written as

R.7,)/, i ekyhe0, (7)
N B . .
where R, ph = (3/\(//,,0) is the apparent thermal boundary resistance due to  clectron-phonon  scattering,

2 . . o
Ry = l,‘/(h‘h‘,,(/) is the apparent thermal boundary resistance due to phonon diffusion to the contacts,

12

£
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Figure 9 shows how the different mechanisins of heat conductance relate to cach other. The horizontal dashed

1

line is a solution of R, = Ry, beo dy=(3AT7R,) = 1.2 nm. The vertical dashed line is a solution ol

ﬁ
>.?E_ = Ry 1o = /\xrﬁ w\:m = 0.07 pm. Wherever d<d, and L.<l,, (region 1) the electron-phonon thermal

resistance is a “bottle-neck” Tor the heat flow from the bolometer to the bath. This is the case for a low temperature

HER, i.c. the phonons remain in equilibrium with the heat sink (T 7). It gives

3

P AL T and YRRV RN (18)

This noise temperature is the lowest and P, is the highest under given conditions. However, both d;, and 1., are so
small that this case has rather limited practical value.
In region 11 of a diagram in Fig. 9 the phonon escape to the substrate dominates over the phonon in-plane

diffusion. Therefore, 17 I~ T \>.\V = 12Ad ,\M, S\wc = Ppo (see B 9b). In the Timit of a thick film 7,

approaches 7, (=7,) (conventional bolometer), i.c

P P(1.-1)/R,  and Ty = : (19)
. e . . g 2 (43 3 ,
In region HI the diffusion to the contacts dominates, i.c. 8x,d(T,0 1 AlZd(15 T0)= 1. Yoralarge
arca device ,\xc =17 and
2
. - - 3A T
o= 86,d(1.- 7)) and Tar = ‘ (20)

Ak, (1.- 1)
Several examples of the size dependencies are givenin - g 10, According o the above terminology, curves
| and belong to region 11, whercas curves 4 and 4° rather belong to region 1. The general trend is that a

minimization of the device sizes always leads to a decrease of both noise temperature and 1.0 power.

13
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The increase of the bath temperature always leads o a degradation ol the noise tempersture (see Fie, 11). The
1.0 power, however, decreases with T and can be of a few microwaits (see also Table 2). The later circumstance can
be extremely critical at terahertz frequencies where compact powerfut local oscillators are not readily available. A
necessary tade-ofT between a sufficiently low noise temperature and avatlable 1.O power should be found for cach

practical casc.

VI. Conclusion.

We have developed a comprehensive model of the thermal processes ina high-T . HEB mixer. It was shown that
the heat conductance from clectron to phonons, escape of phonons through the film/substrate interface, and the
phonon diffusion to the contacts are the most critical processes in determining the device response und sensitivity.
Using a two-temperature model, all important mixer paraneters were caleulated and studied for a range of conditions
needed for a practical THz heterodyne receiver. The effects of device size and of heat sink temperature have been
evaluated. It was demonstrated that a submicron-size device made of a 10 nm thick film can have a very low noise
temperature (a few thousand Kelvin) and require only microwatts of 1.O power. These combination of parameters are
very favorable for space-borne heterodyne instruments operating at terahertz frequencics

The rescarch described in this paper was perlormed by the Center for Space Microclectronics Technology, Jet
Propulsion Laboratory, California Institute of Technology, and was sponsored by the National Acronautics and

Space Administration, Office of Mission to Planet Earth, and the Office of Space Access and Technology.
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Table  Physical parameters of YBCO at 90 K.

Llectron specific heat

Ref. 19

0.0

ro
N

-2
¢, J K7 ¢m

o

Phonon specific heat

TKZ em™ 0.65 Rel. 20

.,.T,
Phonon thermal conductivity (in
a- b plane)

A, WK em 0.1 Ref. 25

Fieetron thermal conductivity (in

a- b plane)

Ko WK e’

(&)

0.01 Ref. 18

Thermal boundary resistance

(M¢O substrate)

Ry K em” W » i
5.0x10 Ref. 21,22
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Table 2. Parameters of the optimum operating points.

Point#t 1. K Py uW Ty K ndB R Q I A 7(2.5GH:), 2 7(0), (2
! 60 I 2200 431 03 56 10428 145
2 77 4.9 5200 51 18 41 162-27] 197
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Fig. 10. Size dependence of the mixer noise temperature (solid lines) and optimal 1.O power (dashes),
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7= 66 K.
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