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A systematic study of the intermediate frequency noise bandwidth of Nb thin-film superconducting
hot-electron bolometers is presented. We have measured the spectrum of the output noise as well as
the conversion efficiency over a very broad intermediate frequency (&oge 0.1 to 7.5 GHxfor

devices varying in length from 0.08m to 3 um. Local oscillator and rf signals from 8 to 40 GHz

were used. For a device of a given length, the spectrum of the output noise and the conversion
efficiency behave similarly for intermediate frequencies less than the gain bandwidth, in accordance
with a simple thermal model for both the mixing and thermal fluctuation noise. For higher
intermediate frequencies the conversion efficiency decreases; in contrast, the noise decreases but has
a second contribution which dominates at higher frequency. The noise bandwidth is larger than the
gain bandwidth, and the mixer noise is low, between 120 and 58fbkible side band © 1998
American Institute of Physic§S0003-695(98)00912-7

Recent research on hot-electron bolometer mixers hais the only model to date. In this model, the output noise is
enhanced the prospect of achieving quantum-noise-limitegredicted to be the sum of two contributions, one due to
performance Tq=hv/K) in heterodyne receivers at THz fre- thermal fluctuation noise, and the other due to Johnson noise,
quencies. Hot-electron bolometer mixers of both the phonomand is given b¥
cooled and diffusion coolet type have already shown ex-

. 1 1
cellent noise performance. We have recently predrcied Toul(f )= ==[l4T(dRAT) P—5——5+T; (3
showrf® that for Nb devices diffusion cooling provides out RG"e'e 1+@mfry)®
much larger intermediate frequengdi) gain bandwidth than 1
can be obtained with phonon cooling, due to faster thermal :TTF(O)erTJ, 4
Tl Tih

response. The IF noise bandwidth has been predicted to be
even larger than the gain bandwidti?.We have studied this with T, the Johnson noise temperature, expected to be
for Nb hot-electron mixers, where the gain bandwidth~T =55 K, andT;(0) the thermal fluctuation noise tem-
achieved with phonon cooling alone is very limited. perature at zero IF. For a well-optimized device, the domi-
The main limitation for any bolometric mixer is that the nant intrinsic noise source should be thermal fluctuation
IF gain bandwidth(defined as the IF at which the conversion noise’ The noise referred to the input of the device is the
efficiency drops by 3 dB from its low IF valyigs limited by~ mixer noise, T (DSB)(f )=Tou(f )/27(f ); this domi-
the thermal time-constant;, . The device rf to IF conversion nates receiver performance. Since the thermal fluctuation

efficiency, », is predicted to obey~*? noise decreases with frequency in the same fashion as the
PLo(la(dR/dT))\? 1 conve.rsion efficiencyz thg mixer'noise does not increase v_vith
p(f )= ﬁ( c 15 (2nfre)? (1) IF until the output noise is dominated by the Johnson noise.
th Therefore, the noise bandwidtbefined as the frequency at
1 which the mixer noise is twice its zero IF vajuean be
=7(0) T+ 2afrg)? (20 substantially larger than the gain bandwidth.

In this letter we present systematic measurements of the
whereP| g is the LO power] 4. the dc currentG the ther-  spectrum of the output noise, conversion efficiency, and
mal conductance to the bafR the resistance, artR/dT the  mixer noise for phonon and diffusion cooled Nb devices of
change in resistance with temperature. Hg{@) is the con-  various thermal time constants. The devices vary in length
version efficiency at an IF of zero. The 3 dB gain bandwidthfrom 0.08 um (<Lepr=\D 7epr) t0 3 uM (>Leph); Tephis
is given by 1/(2r7y,). 2 the phonon cooling time an® the diffusion constant. In

In the simplest model for the hot-electron superconductrecent work we demonstrated that diffusion cooling could
ing mixer, the superconductor is treated as a resistor whos@crease the gain bandwidth from 100 MHz, the value for
resistance depends on just the electron temperakyteThis  phonon cooling alone, to over 6 GHz. We found that the gain
bandwidth (2r7,)"* followed the prediction;®* 7!
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mounted at the end of a section of 80microstrip, using a
“flip-chip” configuration to assure a broadband impedance
match. A cooled directional coupler was used to weakly
couple in the rf signal and the local oscillatdrO). The
through port was connected to a cooled, low noise
(=25 K), broadband amplifier. The amplifier system noise
and gain were calibrated situ to the plane of the device by
using the Johnson noise in the normal state abbveas a
known source of power.

We plot in Fig. 1 the output noise versus frequency,
together with three-parameter functional fits to E4). The
three parameters varied afeg(0), T;, andry,, and the fit
results are given in Table I. In these experiments, the dc and
LO power were adjusted for maximutaoupled conversion
efficiency at a bath temperature of 2 K. These operating con-
ditions were somewhat different than those treated in our
. recent publication. A complete account of all the data will be

Intermediate Frequency (GHz) presented in a future publicatidfWe also measureg(f )
FIG. 1. Output noise vs intermediate frequency. The dashed lines are thecgj-nder identical Con.dltlons and fit the. re.sults to @ The
retical predictions of Eq(4), where a three-parameter fit of E@) to the ~ value of 7y, determined from these fits is shown in Table I.
data has been performed. The three parameters varieb-af@), T,, and  For a given device, the thermal time constants inferred from
Tih - the fits of »(f ) to Eq. (2) are in fair agreement with the

thermal time constants inferred from fits ©f «(f ) to Eq.

measured in phonon cooled NbN devi¢esVe present here (4). The zero IF value of ,,(f ) was determined by calcu-
the first measurements of the noise spectrum in diffusiodating Tp(f ) at each value of IF from the measured values
cooled devices. The main question which we experimentall®f 7(f ) andT,(f ) and extrapolating to zero IF. Similarly,
address is: Is the time constant which governs the frequendjie noise bandwidth was determined by a fil{g,(f ), and
dependence of the conversion efficierid@qg. (2)] numeri-  the results are shown in Table I. The mixer noise is low, and
cally equal to the time constant which governs the frequencyhe noise bandwidth is indeed larger than the gain band-
dependence of the output noigeg. (4)] as predicted by the width.
simple thermal model? Since the mixing process is thermal, At high frequencie > (27 r,) '], the dominant noise
these measurements are expected to be representative of, &adirce should be Johnson noise, with=5.5 K. Experimen-
provide design guidance for, devices used in future THz hettally, we do not find this to be the cas@evice E was not
erodyne receivers. We compare below to THz measure~ell matched to the amplifier input impedance, so that the
ments. measured output noise at high frequencies was not expected

The devices studied were all fabricated from the saméo be equal to the electron temperatuEhe excess we find
thin (100 A) Nb film, deposited on a quartz substrate. Thefor devices A, B, and D is approximately 13—19 K, larger
patterned film has a transition temperature Tof=5.5 K,  than the maximum estimated uncertainty-05 K. This may
transition widthAT.~0.5 K, and sheet resistanee29 ). indicate an unidentified noise source. Further investigations
The length of the bridge was defined by the normal metalill be necessary to elucidate this finding. Nonetheless, the
(1000 A thick Au contacts using direct write-beam lithog- ~ data clearly demonstrate that there is a frequency scale asso-
raphy in a self-aligned proces$%.(The normal state resis- ciated with the dominant part of the output noise that scales
tances were between 50 and 10D) Each device was with device length as it does for the gain bandwidth.

Output Noise (K)

TABLE |. Device parameters and output noise.

(2mry) "t (GH2) Trr(0) (K) T5 (K)
L from fit of from fit of from fit of Noise BW Tiix(0)=Tou(0)/27(0)P
Dev. (uem) 7(f) to Eq.(2) Tou(f) to Eq.(4) Tout to Eq.(4) GHz (K,DSB)
A 0.08 =6 2.3 49 25 >6 120
B 0.16 2.4 1.4 34 23 3.9 320
D 0.6 0.3 0.13 262 19 0.73 120
E 3 0.08 0.13 223 8 0.75 530
Ref. 2 0.27 17 560
Ref. 3 0.3 450
Ref. 4 0.3 1.2 =15 300

@Device C was electrically damaged before the noise spectrum could be measured.
PThe experimental technique used to determifigg(0) in Refs. 2—4 was slightly different than that for this letter. In all cases, however, the mixer noise is
defined asT,,/2%; 7 is the intrinsic device conversion efficiency with no rf coupling circuit losses.
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In the lower half of Table | the estimated mixer noise TABLE Il. Predicted and experimental conversion efficiency and output
temperatures are indicated from recent experiments with 55{P'S¢:
GHz?2 1.2 THz? and 2.5 THz(Ref. 4 signals. These mea-

; : 7(0) (dB) Tou(0)=Tre(0)+T; (K)
surements were generally tuned for lowesteivernoise by
varying the applied dc and LO power. This condition de- Ca'ct‘k‘]'aéef' Ca'ct‘k‘]'aéeg' e Ca'ct‘;'a;ef' Ca'ct‘rjl'aéeg' Exd
. g . . . m m . m m .
pends on the details of the IF amplifier and rf coupling cir-—c"M¢"° etho X etho etho X
cuits, and is similar but not equivalent to the optimum con- A -53 -175 -56 60.5 9 37
version efficiency case presented in this letter. The devicesB —32 —-70 -110 1805 78.5 57
; : ; : C +0.2 -94  -99 2235 205 44
used in Refs. 2—4 were approximately @ in length, with od ) o5 _54 i 1795 118
sheet resistances between 10 andZQn addition, theun- E ; 0.0 86 . 4095 105

pumped(no LO power appliedoutput noise of the devices
measured for the present work, and those of Refs. 2—4, dif+2dB.
fered from one another, ranging from 57 K 4012 K, indi- PA value of 5.5 K was assumed fdt, in the theoretical prediction.

. - b ' he devi lated ! he f “The output noise for device A quoted in this table was measured under
cating variation between the devices unrelated to the fréighyy dgitferent operating conditions than that plotted in Fig. 1.
quency of the applied LO and signal. Given these device-totThe low frequency limit of the noise and efficiency was not well deter-
device variations, the measured mixer noise in all mined for devices D and E, so the experimental value at 125-175 MHz is
experiments is seen to be fairly consistent. quoted in this table.

While the frequency dependence of the conversion effi-

ciency and the major part of the output noise agree with therformance cannot yet be predicted from first principles and
simple thermal model, the magnitude of the conversion effiyyst continue to be investigated experimentally. We find it

causedR/dT, which appears in the predictions fg(f ) and  jmproved performance.

Tout(f ), depends sensitively on the electron temperature
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