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Abstract
High Frequency Electron Dynamics in Thin Film Superconductors

and Applications to Fast, Sensitive THz Detectors
Peter John Burke
December, 1997

This thesis is an experimental study of the dynamics and noise processes in diffusion and phonon-
cooled superconducting hot-electron bolometer mixers which will serve as ultra-low noise detectors
in THz heterodyne receivers. The conversion efficiency and output noise of devices of varying lengths
were measured with rf frequencies between 8 and 40 GHz. The devices studied consist of 100 A thin
film Nb bridges connected to thick (1000 A), high conductivity normal metal (Au) leads. The lengths
of the devices studied range from 0.08 pm to 3 um. For devices longer than the electron-phonon
interaction length L._ps = \/DTe—pn, with D the diffusion constant and r*,, the electron-phonon
interaction rate, the hot-electrons are cooled dominantly by the electron-phonon interaction, which
in Nb is too slow for practical applications. If the device length is less than 7 L._pp (= 1 pm at
4.2 K), then out-diffusion of heat into the high conductivity leads dominates the cooling process. In
this limit, the intermediate frequency (IF) bandwidth is found to vary as L2, with L the bridge
length, as expected for diffusion cooling. The shortest device has an IF bandwidth greater than
6 GHz, the largest reported for a low-T, superconducting bolometric mixer. The component of the
output noise not due to Johnson noise decreases with frequency in the same manner as the conversion
efficiency, consistent with a model based on thermal fluctuations. The noise bandwidth is 1.4-9.4
times larger than the gain bandwidth, and the mixer noise is low, ranging from 120-530 K (double
side-band).

The crossover from phonon dominated to diffusion dominated behavior is also demonstrated
using noise thermometry measurements in the normal state. Scalar measurements of the device
differential impedance in the intermediate state agree with a theoretical model which takes into

account the thermal and electrical dynamics.
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Chapter 1

Introduction

One of the most fundamental methods of studying physical systems is to observe electromagnetic
emissions which result from changes in the system’s physical state. Therefore, the development
of sensitive detectors is of paramount importance, especially for astronomical and remote sensing
experiments where signal levels are generally weak. This is especially true in regions of the spectrum
where the earth’s atmosphere is opaque, and observation time is limited to high altitude, airborne,
and satellite-based telescopes. The submillimeter range of the spectrum (defined loosely as f =
100 GHz to f = 3 THz) is one these regions, which is the motivation for the work described in this
thesis.

In the past ten years, remarkable progress has been made in the development of ultra-low noise re-
ceivers for the millimeter and sub-millimeter band. These receivers use as detectors superconducting-
insulating-superconducting (SIS) tunnel junctions. For reasons described below, these receivers do
not perform well above approximately 1 THz, and therefore there is still a need for sensitive detectors
above 1 THz.

As research described in this thesis will show, superconducting hot-electron bolometers are ex-
cellent candidates as ultra-low noise detectors in THz receivers. The goal of the work described
in this thesis is to develop and test experimentally a model for the physical processes governing
the performance of hot-electron bolometers (HEB). In this chapter, we first motivate further the
development of such a detector. Next, existing technologies already in use are described. Finally,

1
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the hot-electron bolometer is described and its advantages and disadvantages are discussed. The
remainder of the thesis describes measurements to determine the sensitivity and speed of diffusion-
cooled Nb HEB’s under various operating conditions and device geometries and compares them with

theoretical predictions.

1.1 Motivations and Applications

1.1.1 Emission in the Sub-mm

Emissions in the sub-mm region of the spectrum from naturally occurring objects can be divided into
broadband continuum emission and emission at discrete frequencies. Broadband emission includes
black-body radiation at temperatures such that kgT ~ fiw. For the frequency range of interest
here, this corresponds to temperatures of order 10-100 K. While broadband radiation (such as the
cosmic microwave background) is very interesting topic to study at millimeter wavelengths, there is
also much to be learned by looking in more detail at the spectral intensity. Since the hot-electron
bolometer is being considered primarily for use in precision THz spectroscopy applications, emissions
at discrete frequencies will be considered in more detail. Sources of discrete frequencies in the sub-
mm arise from transitions between molecular vibration and rotational energy levels. Two important
examples of systems which can be studied by THz spectroscopy are interstellar molecular dust clouds
and the earth’s atmosphere.

Figure 1.1 indicates schematically the emission in the submillimeter band from a typical inter-
stellar cloud. A fundamental outstanding problem in physics and astronomy is the birth of stars
and planetary systems. Stars are born by gravitational collapse of interstellar dust in clouds, and
heat must be radiated away for this collapse to continue. Much of this heat is radiated by molecular
transitions in the sub-millimeter band. Information on the composition, density, and temperature
of such clouds is clearly vital to the study of star and planetary formation, and can be provided by
THz astronomy.

THz spectroscopy has also been applied to studies of atmospheric chemistry with great success
(Manney et al. 1996). Many important molecules in atmospheric chemistry such as ClO, O3, OH,

and H,0 have emission lines in the mm and sub-mm band. The first global measurements of ClO, an
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Figure 1.1: Schematic emission in the sub-mm band from a molecular cloud, birth place of stars and
planets. Typical temperatures inside molecular clouds are 10-30 K. (From Phillips et al, 1992, with
permission.)

important molecule in the destruction of O3, were done using mm-wave spectroscopy. Details of the
line shape provide important information about the density, pressure, and temperature of molecules
of interest. Future satellite, airborne, and balloon missions will continue these measurements on the
global scale.

Sub-mm emission can also be produced in artificial quantum wells. Bloch-oscillations and Rabi-
oscillations in semiconductor quantum-well systems have emission in the sub-mm, since the energy

levels of electrons in quantum wells are typically split by a few meV.

1.1.2 Detection in the Sub-mm

At radio and microwave frequencies below about 100 GHz, low noise semiconductor based amplifiers
are available to pre-amplify incoming signals before detection and further signal-processing (Maas
1993). At higher frequencies, incoming signals are coupled directly to a detector. Therefore, the

noise performance of the detector dominates the system noise and is thus deserving of the most
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attention.

Generally, there are two modes of detection to consider: incokerent or direct detection, and
coherent or heterodyne detection. In direct detection mode, a dc signal is generated across the
detector which is proportional to the rf power coupled to the device over a very wide frequency range.
(The phase of the incoming signal is not preserved, hence the term incoherent.) Therefore, a device
operating in direct detection mode offers essentially no spectral resolution. To get spectral resolution,
the rf radiation must be filtered before it is detected. Fourier transform spectrometers in the sub-mm
band can be built for this purpose, but the spectral resolution is at best Av/ry ~ 10~° (Harris
1990). For identification of single molecular species, a spectral resolution of at least Av/v ~ 10~¢
is required. Therefore, heterodyne detection is required for spectral line studies. Additionally, the
hot-electron bolometers developed in this thesis are intended for use in heterodyne systems, so more
attention will be devoted to such systems.

Heterodyne detection requires a non-linearity in the detector which “mixes” the signal with a
local oscillator. For this reason, the detector is also referred to as a mizer. Figure 1.2 indicates a
schematic of heterodyne detection. The (weak) signal to be detected and a locally produced coherent
signal (the local oscillator, LO) are applied to the detector. Non-linearity in the detector produces
an output signal at the difference or intermediate frequency (IF), which is then amplified, typically
by a cooled, low-noise GaAs based HEMT transistor and then detected by a spectrum analyzer.
The phase of the IF signal is equal to the phase of the incoming signal (plus a constant), hence the

term coherent detection.

The parameter used to quantify the noise of a given heterodyne system is the power per frequency
at the rf input required to give a signal to noise of one at the output intermediate frequency.
Therefore, the units are W/Hz. Since a (matched) resistor at physical temperature T radiates kgT'
power per frequency in the Rayleigh-Jeans limit, a common unit for noise power is noise temperature.
This is the temperature a matched resistor would be at to radiate kT power per frequency into
the receiver. (This does not necessarily correspond to the temperature of any physical system.) The

receiver noise temperature is related to the various components of figure 1.2 as follows:

T T
Trec_ — out + lFamp. N (1 .1)
NrfMmizer Nr fNMmizerNMF
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Figure 1.2: Schematic of a heterodyne detection system. For frequencies below 100 GHz, a low-noise
pre-amplifier would be used between the antenna and the mixer.

Here T,.; is the output noise generated by the mixer itself, T;rqamp. is the input noise of the IF
amplifier, 7,7 is the input (rf) power coupling to the mixer, nrF is the coupling between the mixer
and the IF amplifier, and nmpmizer is the conversion efficiency of the mixer, defined as the ratio of
the available power at the mixer IF output to the available signal power at the mixer rf input. IF
amplifiers with noise temperatures in the range of 2 — 3 K are readily available. It should be clear
the the mixer output noise and conversion efficiency are crucial parameters in the system. The rf
and IF coupling can be made unity at select frequencies by careful circuit design, if the input and
output impedance of the mixer are known. In order to quantify the contribution of the mixer itself

to the system’s overall noise, independent of the coupling circuit, the mizer noise is defined as

Tois = 0% (1.2)

Nmizer

For a given device, this is the minimum receiver noise temperature, if the coupling circuits are perfect
and the IF amplifier generates little noise in comparison with To,:. Clearly the mixer noise is the
most important device property, but there are other practical considerations that define desired

mixer properties. In addition to having a low noise, it should ) require low LO power, 2) be fast



3) be easy to couple to at both rf and IF frequencies.

Local oscillators at THz frequencies are usually fixed in frequency, and have limited power, typi-
cally not more than a few mW at best. Therefore, a mixer which requires low local oscillator power is
desirable. During observation, the local oscillator frequency is fixed, and the IF output of the device
is sent into a spectrum analyzer, with many GHz of bandwidth. The spectrum analyzer (usually an
acousto-optic spectrometer) is designed to measure all frequencies within its band simultaneously.
The signal-to-noise in each frequency bin depends on the integration time at each bin, and therefore
the most efficient use of the available observation time is to measure as many different frequencies
as possible simultaneously. For this to be possible, the detector should be fast enough to allow
detection of signals within several (10-20) GHz of the local oscillator. If the local oscillator could
be swept, and the intermediate frequency were kept at some low value, say 1 MHz, then the system
would be “viewing” only a 1 MHz bin of the signal at a time. A broader band IF system allows the
device to view a larger slice of the signal spectrum for a given LO frequency, and results in a larger

observation/integration time per rf frequency bin.

At THz frequencies, the rf coupling is usually achieved quasi-optically. A Si or quartz lens focuses
an incoming THz (Gaussian) beam onto a micro-fabricated antenna, which can be a dipole, slot, bow-
tie, spiral, or log-periodic antenna, for example. The antenna is a coupling circuit and transformer
in one. Since the coupled device is much less than a wavelength in size, it can be treated as a
lumped circuit element. The effect of the antenna is described as a voitage source with a particular
source impedance. The source impedance is usually of order Zy/,/€avg (= 105 (2 for Si), where €44y
is the average dielectric constant of vacuum and the dielectric lens (Rebeiz 1992; Rutledge et al.
1983; Elliott 1981), and Zg = 377 R is the characteristic impedance of free space. For example,
the source impedance of self-complimentary antennas (which have broadband frequency response)
is 114 Q on quartz (Rebeiz 1992). In order to achieve maximum coupling between the device and
the incoming beam, the device impedance should be equal to the complex conjugate of the source
impedance. Broadband matching to the device is easiest if the device impedance is real and of order
100 .

The device output impedance should be well-matched to the IF amplifier. The input impedance

of most “off the shelf” IF amplifiers is 50 €2, by convention. From this point of view, an output
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impedance of 50 € is most desirable for a mixer. In principle, [F amplifiers can be designed with an
input impedance that is different from 50 2. The ideal system would have a mixer output impedance
equal to the input impedance of the HEMT (the first stage of the IF amplifier), since this would
require no matching network between the device output and the HEMT gate input. However, since
low-noise amplifiers with 50 Q input impedance are readily available, a mixer output impedance
near 50 2 is the best compromise.

So far, we have considered an input at only one signal frequency (i.e. single-side-band operation).
However, it should be clear that two different signal frequencies, if symmetrically placed above
and below the local oscillator frequency, will cause an IF output at one frequency, given by the
absolute value of the difference between the LO and rf frequency. More sophisticated circuits can
be constructed which are sensitive to only one “side” of the local oscillator, the “upper side band”,
or “lower side band.” Engineers must decide whether to build the more complicated circuit, or
to keep the circuit simple and use other methods to determine whether a particular feature in
the intermediate frequency spectrum arose from the upper-side-band, or lower-side-band, such as
adjusting the LO frequency and tracking which way the peaks move.

If the system is being used to detect signals in both the upper-side-band and the lower-side-band
at the same time, then the important noise parameter is the double side band noise temperature.
This is defined as the signal power per frequency at the rf input in the upper-side-band plus the
signal power per frequency at the rf input in the lower-side-band required to give a signal to noise
of one at the output intermediate frequency. The single-side-band noise temperature is simply that
power per frequency at the rf input in one of the side-bands required to give a signal-to-noise of
one at the output intermediate frequency. In most systems, the sensitivity to the upper-side-band is

equal to the sensitivity of the lower-side-band, and therefore the noise temperatures are related by:

Tree(DSB) = Tree(SSB) /2. (1.3)

Classically, there is no lower-limit to the noise temperature of a receiver. However, quantum
mechanically this is not the case. The mixers considered in this thesis can be classified as phase-
insensitive linear amplifiers, since the system gain is independent of the phase of the rf input signal,

and the output power at the IF is proportional to (and larger than) the input power at the rf.



Regardless of the details of the system, it can be shown on very general grounds (Caves 1981) that

the minimum noise temperature of such an amplifier is given by
Thin = hw/kpx, (14)

where x is a number of order unity. The noise temperature must be very clearly defined when
operating near this noise floor, and for the various possible definitions, £ =1, 2, In2, or
In3 (Tucker and Feldman 1985). Since the experiments described in this thesis do not approach
this noise floor, we will not discuss the issue further and take £ = 1. This noise can be considered
a combination of quantum fluctuations in the input signal as well as quantum fluctuations in the
internal degrees of freedom of the measurement system (i.e., the mixer). As long as the amplifier is
linear and phase-insensitive, the details of the internal degrees of freedom always conspire to enforce
equation 1.4. This limit is referred to as the “quantum limit”. The goal of any research on THz
mixers is to construct a device which achieves this limit of sensitivity and fulfills the three practical

requirements mentioned above. As we will see, HEB’s promise to achieve these goals.

1.2 Existing technologies

There are two types of mixers in broad use at THz frequencies: Schottky diodes and SIS tunnel
junctions. Both are briefly discussed here.

1.2.1 SIS tunnel junctions

SIS tunnel junctions are widely used as ultra-sensitive mixers for frequencies between 100 GHz
and 1 THz. The material of choice is Nb, which has a critical temperature of 9.25 K. The energy
gap in this material, 3 meV, corresponds to 740 GHz. Experiments performed during the 1980’s
demonstrated that the quantum limit of sensitivity, eq. 1.4, could be achieved using SIS detectors
(McGrath et al. 1981; Face et al. 1986; Mears et al. 1990). Today, practical systems utilizing SIS
mixers are in wide use, and typically achieve a noise temperature a few times the quantum limit.
SIS detectors have a geometric capacitance which necessitates careful design of rf coupling circuits.

Thus, SIS tunnel junctions are low noise, fast, and require low LO power. However, they are not



easy to match at IF and RF frequencies. Additionally, SIS detectors have degraded performance
above the gap frequency, and are expected to degrade sharply at twice this frequency. Higher-
gap superconductors such as NbN or even high-T. superconductors may achieve quantum-limited
performance at frequencies above 1 THz, but none have been demonstrated so far. Finally, the
geometric capacitance requires the construction of low-loss tuning circuits which are difficult to

construct at frequencies abave the gap frequency of Nb.

1.2.2 Schottky diodes

Schottky diodes are used as mixers for frequencies above 1 THz. The noise performance of Schottky
diodes is typically no better than 150 times the quantum limit (Crowe, Mattauch, Roser, Bishop,
Peatman, and Liu 1992). Additionally, Schottky diodes require large LO power, mW, necessitating
the use of bulky molecular gas lasers as local oscillators. Schottky diodes are fast, but they are not
low noise, and require large LO power.

1.3 Hot-electron bolometers

A bolometer is a detector that functions on the following simple principle: rf signal power heats a
device, and this temperature shift is measured via an appropriate thermometer. In a hot-electron
bolometer, the electrons are heated by dc and rf power above the temperature of the lattice. If
the resistance of the electronic system depends on the electron temperature, then the resistance
can be used as a thermometer. A bolometer can operate as a mixer since the temperature shift is

proportional to the power absorbed:

5T o V({t)2/R ~ (VLocos(w[,ot)+V..-gcos(w..-gt))2 (L.5)

~ VioVaigeos((wro — wsig)t) + dc and high frequency terms.

Since the temperature changes at the intermediate frequency (wro ~ Wsig), the resistance changes
at the intermediate frequency. Under a current bias, this leads to an oscillating voltage at the
intermediate frequency. Thus, the device performs as a mixer. This process will be analyzed in

detail in later chapters. Here it is important to note the intermediate frequency must be less than
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the energy-relaxation rate for the electron system, otherwise the electron temperature will be unable
to follow the difference frequency. Quantitatively, the mixer conversion efficiency drops by 3 dB at
an intermediate frequency given by

fsag = 1/(2x108), (1.6)

where 735, is the thermal (cooling) time constant. For the purposes of this thesis, this frequency will
be defined as the gain bandwidth. It is this issue that has limited the use of hot-electron-bolometer
mixers, and which research in this thesis addresses in a very direct way.

1.3.1 Semiconductor based HEBs: InSbh, AlGaAs

The first hot-electron-bolometer mixers used electrons in lightly doped n-type bulk InSb. When
the InSb is cooled to 4 K or below, the electrons become decoupled from the lattice and hence
can be heated above the lattice temperature. The mobility and hence the resistance depends on the
temperature (g & T3/ 2), so the semiconductor can be used as a mixer. The results of the first mixing
experiments in InSb were published in Arams et al. (1966). The first practical receiver was described
in Phillips and Jefferts (1973). Since then, receivers have achieved noise temperatures of 20 to 25
times the quantum limit at rf frequencies of 500, 600 and 800 GHz (Brown et al. 1985; Padman
et al. 1992). Higher rf frequency operation is more difficult since the bulk InSbh sample would have
to be integrated into an antenna. (The above results utilized waveguide coupling.) Additionally,
higher frequency operation based on resonant absorption at the cyclotron frequency (as in Brown
et al. (1985)) requires a magnetic field up to 1 Tesla.

The main reason that InSb receivers are not in widespread use is the limitation on the maximum
intermediate frequency, given by the electron-phonon inelastic interaction rate. In InSb, this rate is
=~ (0.1us)~!, which limits the intermediate frequency bandwidth to about 1 MHz. This is usually
unacceptably low. A multi-GHz intermediate frequency bandwidth is desired. InSb mixers are low
noise, but slow.

The two dimensional electron gas (2-DEG) in modulation-doped AlIGaAs/GaAs heterostructures
has also been investigated as a potential medium for use as hot-electron mixers (Yang et al. 1995;
Yang et al. 1993). By applying enough LO and dc power to heat the electrons in a quantum well

to approximately 90 K from a lattice temperature of 4.2 K or 19 K, it was possible to observe
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mixing and measure the thermal time-constant. A gain bandwidth of 1.7 GHz was measured. Low-
noise receivers based on the 2-DEG medium have not yet been demonstrated, and would have to
overcome some obstacles. The operating temperature of the electrons must be above approximately
80 K, because the mobility is only weakly temperature dependent below this temperature. This will
increase the noise compared to lower temperature devices. Additionally, due to the high mobility
the momentum-relaxation time 7, is long enough to cause wt,;, > 1 at THz frequencies. This will
cause the rf (THz) impedance of the 2-DEG to develop an inductive component, decreasing the
absorption of THz power and hence decreasing the device efficiency, or bandwidth if a tuning circuit

is designed to compensate the kinetic inductance.

1.3.2 Superconductor based HEBs: Nb, NbN

A superconductor near T can be used as a very sensitive bolometer, since the resistance depends
sharply on temperature. In dirty metal thin films below about 10 K, the electron-electron interaction
rate is much faster than the electron-phonon interaction rate, so that dc and rf power can heat the
electrons above the temperature of the lattice. Additionally, in dirty metals, the electron momentum
relaxation time is very short (< 1 fs), so that power should be absorbed up to very high frequencies,
~ 100 THz. Gershenzon et al. (1982) showed that dirty Nb superconducting thin films absorb
radiation uniformly from 10'° to 10!° Hz, with approximately the same efficiency. There, a magnetic
field as well as a current bias was applied to bring the films into the “resistive” state near T.. High
frequency radiation was applied, and the change in the resistance was measured.

Nb superconducting HEB’s were first used in mixing experiments in 1983. In these experiments
(Gershenzon et al. 1983; Gershenzon et al. 1988; Gershenzon et al. 1989; Gershenzon et al. 1990;
Gershenzon et al. 1990), the electron-energy relaxation rate in Nb (the electron-phonon interaction
rate) was measured for a variety of samples at temperatures from 1.6-10 K. It was found that the
electron-phonon interaction time was ~ 1 ns at 4.2 K for dirty films, with a diffusion constant
of D = 1 cm?/s. This would allow for an intermediate frequency bandwidth of ~ 150 MHz,
which is still too small for practical applications. Additional theoretical modeling (Gershenzon
et al. 1990) suggested that the mixer noise temperature could approach 50 K, which is the quantum
limit at 1 THz. This prediction was independent of the rf frequency, as long as the rf radiation
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was absorbed by the electron system. This is true up to the electron-momentum relaxation rate,
~ 100 THz (Prober 1993). Thus, the noise was predicted to be low up to very high if frequencies,
but the IF bandwidth was not sufficient.

Two approaches have been proposed to increase the intermediate frequency bandwidth of the
superconducting bolometer, while keeping the noise low and the rf frequency range broad. The first
approach is to use a material with a shorter electron-phonon interaction time. NbN has a some-
what higher 7. than Nb, and therefore also a stronger electron-phonon interaction. The predicted
noise is still low, and the f frequency range should also be broad. Initial experiments indicated
an IF bandwidth of 5.3 GHz (Gol’tsman et al. 1991; Gousev et al. 1994). There, results between
1.6 K and 5.3 K were presented. By extrapolating the data to 10 K, the authors claim a band-
width of 10 GHz could be achieved. Subsequent experiments have been unable to reproduce these
results. The resuits have varied for the intermediate frequency bandwidth (0.6 GHz (Dzardanov
et al. 1994), 1.1 GHz (Gol’tsman et al. 1995), 0.8 GHz (Karasik et al. 1995; Ekstrom et al. 1995),
3 — 4 GHz (Yagoubov et al. 1996), 1.6 GHz (Kawamura et al. 1996), 2.2 GHz (Kawamura et al.
1997).) For some films apparently comparable to those of Gousev et al. (1994), the mixing band-
width was less than 1 GHz. Recent experiments (Yagoubov et al. 1996) indicate that control of
the film thickness may allow more control over the achieved bandwidth for NbN. Very thin films
(3.5 nm) achieve the largest bandwidths. Promising sensitivities have also been achieved, between
410 K (DSB) at an rf frequency of 410 GHz, and 9000 K (DSB) at 1.2 THz. Thus NbN is worthy

of further investigation.

A different approach was proposed by Prober (1993), and is the approach investigated in this
thesis. The approach consists of using a very short strip of Nb as a hot-electron bolometer, less
than the electron-phonon interaction length, L._ps = /D7c—pn, where 7.}, is the electron-phonon
interaction rate and D the diffusion constant. The electron-phonon interaction length is essentially
the length which an electron diffuses before emitting a phonon. For short bridges, cooling of the
electrons can occur by out-diffusion of heat into high-conductivity, normal metal leads. In this case,
the thermal time constant is the diffusion time, given by

Lz
Tdiff = %. (1.7)
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(The numerical factor will be derived in chapter 2.) Thus, for a 0.1 pm bridge with a diffusion
constant of 1 cm?/s, a time constant of order 10 ps is predicted, allowing an intermediate frequency
bandwidth of order 10 GHz to be achieved.

1.4 Thesis overview

The research in this thesis was designed to determine the limits on the speed and sensitivity of
«diffusion-cooled” hot-electron bolometers. In chapter 2, an overview cf the expected theoretical
performance is presented, and the expected validity of the theories is discussed, with suggestions
for future modifications of the theory. In chapter 3, the experimental designs and techniques are
further discussed. The device geometries, dc properties, and fabrication techniques are discussed
in chapter 4. Due to the relative ease of experiments below 100 GHz, mixing experiments were
performed on devices of different lengths with rf and LO frequencies of 10-40 GHz. The results will
be presented in chapter 5. The thermal time-constant is found to obey the scaling law predicted
by equation 1.7. Additionally, the noise and conversion efficiency were measured, as a function of
LO and dc power and intermediate frequency, for devices of different lengths at a bath temperature
of 2 K. The output noise is found to be dominated by thermal fluctuation noise, whose frequency
dependence is similar to the frequency dependence of the conversion gain. This result increases the
available intermediate frequency bandwidth by a factor of 1.4-9.4. In chapter 6, the results are put
into a broader context by comparing with other results on diffusion-cooled bolometers. Then, in
chapter 7, conclusions are drawn. The hot-electron bolometer can be fast, with a bandwidth of at
least 6 GHz, and is very sensitive. The measured mixer noise is between 120 K and 530 K (DSB).
Thus, diffusion-cooled hot-electron mixers can simultaneously achieve very low noise and very large

bandwidth, and promise to dramatically improve the noise performance of THz receivers.
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Chapter 2

Theory

We begin this chapter with a generic description of bolometers as mixers, and then the particular
realization for Nb hot-electron bolometers is discussed, first as a lumped element and then using a
distributed element approach. The important quantities of interest are the conversion efficiency and
noise as a function of intermediate frequency, dc power, LO power, and temperature. The device

geometry will also be discussed, as it is important for diffusion-cooled bolometers.

2.1 Mixing in bolometers: generic description

In this section, the conversion efficiency and noise for hot-electron bolometers is derived using a
pedagogical approach. More rigorous derivations can be found in the cited literature. Although we
are only considering the case of hot-electron bolometers, the expressions are valid for any generic
bolometric mixer. There are two intrinsic noise sources that are important for hot-electron bolome-
ters: Johnson noise and thermal fluctuation noise. Quantum noise will be an important noise source
in the future if the other noise sources are made small. This will be discussed at the appropriate
times in the following sub-sections. In the mixers described in this thesis, thermal fluctuation noise
dominates. In the first sub-section, the conversion efficiency will be calculated. Next, the thermal
fluctuation noise will be calculated, in the absence of electro-thermal feedback. Then, the total
noise at the output in the presence of electro-thermal feedback is calculated. The final subsection

14
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discusses the mizer noise.

2.1.1 Calculation of conversion efficiency

In bolometric mixers, the non-linearity which causes mixing between the LO and signal (rf) frequen-
cies is the fact that the resistance change is proportional to the power, which is proportional to the
voltage squared. This concept is indicated schematically in figure 2.1. The LO voltage and signal
voltage are shown before they are combined. The signal voltage is usually much smaller than the
LO voltage. The voltages are added and then applied to the device. (This can be achieved optically,
for example, in a 50/50 beam splitter before the gaussian beam is focused onto the device.) The
instantaneous power dissipated is given by V(t)?/R. The electron temperature cannot follow the rf
and LO frequencies. However, if the difference frequency is small enough, then the electron tem-
perature is modulated at the difference frequency. This causes a resistance change at the difference

frequency, and hence a voltage drop across the device at the difference frequency.

In order to describe this process quantitatively, we write down a differential equation to describe
the electron temperature as a function of time in the case of a pure current bias at the dc and IF
frequencies. This will allow the development of an intuitive way to describe the mixing, as well as
introduce the concept of electro-thermal feedback. In a later section, the assumption of current bias
at the IF will be relaxed. We assume the dissipated power oscillates at the difference frequency, and
write:

Pinpue(t) = ﬁcR(Te(t)) + Pye™rrt, (2.1)

where wrr = wro — wrg, Pac = 24/ProPrs (from equation 1.5), and Pro, P,y are the LO and
rf powers, respectively. (There will also be rf oscillations in the input power which the electron
temperature will not be able to follow.) The LO and rf power will cause a dc component of the
input power, which is not included because the response at the IF is of interest here. R(T,(t)) is the
resistance, which depends on temperature, which in turn depends on time.! The power flowing out

is (in the linear response regime) proportional to the temperature difference between the bolometer

1 At this point, no non-linearities in the underlying [-V curve are being postulated. The mechanism for the R(T)
curve is not described at all; it is simply a phenomenological input parameter of the theory.
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and a thermal reservoir or “bath”:
Pyt (t) = G(Te(t) — Ts)- (2:2)

Here T. is the bolometer temperature, which will be the electron temperature wher. we consider the
special case of hot-electron bolometers below. T}, is the bath temperature. The electron temperature
is time dependent, but the bath temperature is held fixed. (In the more general case, the expressions
derived below based on equation 2.2 are still valid if G is replaced by dP,y./dT, (Keizer 1987).) The
inflowing power can either heat up the electrons or flow out to the bath. The conservation of energy

then takes the form:
Pinput (t) = dE(t)/dt + Pout(t) = CdT.(t)/dt + Pous(t)- (2.3)

Here, C = dE/dT., with E the (thermal) energy stored in the electron system. (C is assumed to
be independent of temperature in this calculation.) The electron temperature will have a dc shift

above the bath temperature, as well as an oscillating component. Therefore, we make the ansatz:
OT.(t) = To(t) — Tp = 6T ye + 6T ™I FE. (2.4)
We can now solve for the temperature by Taylor expanding R(T') as
R(T.(t)) = R(T}) + dR/dT. * (T.(t) — Ts) = R(T}) +dR/dT. * 6T(t), (2.5)

and substituting into equation 2.3 expression 2.4 for the temperature of the system. This results in?

Tye = ; = (2.6)

P, 1
oT, = - 2.7
ac Gg!l 1+tw".'1’¢!! (2.7)

2To include the effect of the rf and LO power on the dc shift in the electron temperature, Py. should be replaced
by Pyc + Pro + Pry.
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where

Terr = Tn/(1- ao), (2.8)
wn = C/G, (2.9)
Gerr = G(1-a), (2.10)
ap = -Igc—dg;/g (2.11)

The electron temperature will be modulated by F,./G if the intermediate frequency is small. As
the intermediate frequency increases, the ac component of the electron temperature decreases.
The effect of the electro-thermal feedback between the electron temperature and the dc bias
supply is described quantitatively by the parameter ag. If aqg is small (due to small current or
small dR/dT), then the effect of electro-thermal feedback is small. In particular, the effective
time constant T.fs is equal to the “bare” thermal time constant 74, and the effective thermal
conductance G.zy is equal to the bare thermal conductance G. If the parameter ay is large, then
“electro-thermal feedback” is strong. There is a simple explanation for this: under a current bias,
a small increase in the resistance causes the dc power dissipated to increase, since Py, = I’R.
An increase in the input power causes the system temperature to rise. If dR/dT is positive, as is
the case for superconducting bolometers, increasing the temperature serves to further increase the
resistance, and there is positive feedback. Thus, ap is a quantitative measure of this feedback: when
ag = 1, there is thermal runaway. In practice, the temperature will increase until the normal state
is reached, and then dR/dT and aq will be zero, stopping the process. On the other hand, if the
dc power supply is a voltage bias, then it will serve to stabilize the system temperature: an increase
in the resistance will cause a decrease in the power, since Py, = V2/R, which will cause a decrease
in the system temperature, which will cause a decrease in the resistance, opposing the postulated
resistance increase. Note that this will have the same effect on fluctuations: thus, electro-thermal
feedback affects the system’s response to an external stimulus as well as internal fluctuations of the
temperature, enhancing both in the case of a current bias, and suppressing both in the case of a

voltage bias3.

31f dR/dT is negative (as in InSb), then the conclusions are reversed: A current bias will tend to stabilize, while
a voltage bias will destabilize.
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The ac voltage at the intermediate frequency is given by:

Pac 1

2.12
Gegr L +iwrpTess” ( )

c = IdcdR/a' 6T ac = IdcdR/ae

The conversion efficiency is defined as the ratio of the available output power at the IF to the
available input power at the RF. The output power at the IF is proportional to V2.. The above
calculation was done assuming no load at the IF. If the IF load is equal to the bolometer resistance,
then the AC voltage calculated above will be divided in half. The power coupled into the amplifier
will be (1/2)|Vac[?/R, where V,. is given by one half the value of equation 2.12. Thus, the conversion
efficiency is given by

_ Pro Idc(dR/ﬂ') 1
n(wir) = 3 i ( Gorr TR A—— (2.13)

From this equation, it is clear that the conversion efficiency drops by 3 dB at an intermediate

frequency given by equation 1.6, with 7,4 replaced by the more general 7.z:
faaB = 1/(2n7.4s) (2.14)

In a later section, the physical processes which govern 7 will be discussed in more detail.

The above calculation assumes that the current bias applies at both dc and at the intermediate
frequency. However, at the intermediate frequency there is an additional load resistance, given by
the input impedance of the intermediate frequency amplifier. If the intermediate frequency is in the
GHz range, the amplifier input impedance is usually on the order of 50 Q. A more careful analysis
of the electro-thermal feedback taking into account the different environmental impedance at the
dc and IF frequencies shows that the effect of the load resistance is to modify ag as follows (Arams
et al. 1966; Mather 1984; Karasik and Elantiev 1996):

dR/dT R[, - RL -R
- idc —_ . A .
- (RL +R) o (RL + R) ? (2 15)

where Ry is the load resistance at the IF, i.e. the input resistance of the IF amplifier. This definition
of & reduces to the previous definition when Ry — oco. Since the load resistance is typically 50 2,
if the device impedance is comparable to this, the electro-thermal feedback will be significantly
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suppressed, according to 2.15. Physically, this is because the device is no longer “seeing” a current
source at the intermediate frequency, but a 50 Q “shunt”. This is more like a voltage source than a
current source, which tends to suppress electro-thermal feedback, as discussed above.

In addition to modifying the electro-thermal feedback, there will also be an impedance mismatch
factor between the device output impedance and the input impedance of the IF amplifier, which
should multiply equation 2.13 to predict the coupled conversion efficiency (Arams, Allen, Peyton,

and Sard 1966). It is given by:
4RR;,

M= R Rt (2.16)

This factor is not actually a standard mismatch factor in the usual sense, since the device impedance
is noi: independent of frequency whereas equation 2.16 is. The factor results from a more rigorous
calculation of the effect of a finite load impedance at the intermediate frequency on the electron
dynamics (Karasik and Elantev 1995). The parameter varies between zero and one, and is one when
the device output impedance is equal to the input impedance of the IF amplifier.

Finally, it should be noted that the resistance in the above calculations was assumed to depend
only on the electron temperature, and not on the current. This is not necessarily true a priori for
any bolometer, including those studied in this thesis. However, the deviations from linearity are
generally difficult to predict theoretically, so the standard approach is to neglect the dependence
of the resistance on the current, assume it is not important, and see how well this assumption is

validated by experiments. This will be discussed further in later sections.

2.1.2 Thermodynamic temperature fluctuations: Langevin approach

In this subsection, we will calculate the fluctuations in the electron temperature using a Langevin
equation approach, where a stochastic forcing function is applied to the system*. Any thermal
system in equilibrium with a bath exchanges energy with that bath on a very rapid time-scale.
Thus, the mean energy of the system will be constant, but it will fluctuate in time about the mean
value. The energy fluctuations will give rise to temperature fluctuations, which cause resistance

fluctuations if dR/dT is non-zero and hence voltage fluctuations if there is a current bias.

4This discussion is not rigorous but illustrates the important physical concepts. A rigorous presentation would
require discussion of the Wiener-Khintchine theorem.
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Consider the flow of energy, when no external power is applied. Then:

Pinpu(t)/C = dT./dt+ g(:r, ~Ty) (2.17)
= dST./dt + (Ten) "'6T. = f(2). (2.18)

If no external power is applied, there is still a random exchange of energy with the bath. This is
modeled by postulating a forcing function f(t) which is random, whose auto-correlation function is
given by: |

< f(0)f(t) >=4(t)- (2.19)

Here the brackets < ... > denote an ensemble average, which is equivalent to a time average if the
system is stationary. The strength of the forcing function is given by v. According to equation 2.18,
the time evolution of the electron temperature is no longer a deterministic process. However, there
is a mean and variance of the electron temperature, and these can be calculated from the theory of
Langevin and Fokker-Planck equations (Gardiner 1983). The result, for equation 2.18, is

<6T.> =0 (2.20)

<(0T.)* > =ivmm (2.21)

Result 2.21 is sometimes referred to as the fluctuation-dissipation theorem (Keizer 1987). It re-
lates the magnitude of the forcing function (7), the variance of the system (< (67T.)? >), and the
“dissipative” term, (1¢s)”!. Usually, the dissipative term describes real dissipation. For exam-
ple, in Brownian motion, the equation of motion for a particle’s position is given by an analog of
equation 2.18, namely

dv/dt + Pv = f(t). (2.22)

Here, it is clear that 3 describes real friction. (The fluctuation-dissipation theorem for equation 2.22
would relate a random force to the friction 8 and < (6v)? >). This does not allow the determination
of the variance of the electron temperature. For this, we need to insert a result from thermodynamics.

We can calculate < (4T,)2 > using the Boltzmann distribution, namely that the probability for the
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system to be in a state with energy E is proportional to e~Z/ksT_ Thus (Kittel 1980):

< (6T.)? >= ’—“;’g—?- (2.23)

From this expression, and 2.21, the magnitude of the forcing function can be calculated, and then
the spectrum of the thermal fluctuations can be calculated. One finds

_ 2 kBTE
v= s (2.24)

Now consider the spectrum of the fluctuations of the electron temperature (Van der Ziel 1976).
‘We make the ansatz:
OT(8) = oT.(w)e™* , f(t) =D flw)e™*. (2.25)

Now 0T.(w) and f(w) are random variables. Upon substituting this into equation 2.18, one finds a re-
lationship between f(w) and 6T, (w). Since the spectral density of 6T (w) is given by 207 (w)dT; (w),
and since the spectral density of f(w) is white, one finds

2 4kgT? 1

(6T¢(w)) == TTo (2.26)

This is the central result of this sub-section. If the temperature fluctuates, then so does the resistance.
If there is a current bias, there will be a voltage fluctuation, hence the term “thermal fluctuation

noise.” The fluctuating voltage can be calculated, and is found to be

(V) = (IdcdR/(ﬂ'e)24k2,T3 o (:m_),. (2.27)

The assumption of a white noise source is equivalent to the assumption of random energy ex-
changes with a reservoir. Since, for most hot-electron bolometers, the energy exchange is via
phonons, thermal fluctuation noise is sometimes referred as “phonon noise”. It is assumed that
the phonons are uncorrelated and are emitted and absorbed on a very fast time-scale by the electron
system, much faster than 7;'. If this is not the case, then the above theory would need to be

modified.
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If the output impedance of the device is equal to the input impedance of the IF amplifier, then
the ac noise voltage is also halved. In that case, by calculating the power coupled into the device,
we can determine the output noise temperature of the device due to temperature fluctuations. This
method yields:

2 kg 1

-}?&-m AB, (2.28)

Pout = k5Tout AB = (LoT.(dR/dT.))

where AB is the bandwidth.

In the case of Brownian moﬁon, there is a quantum analog of equation 2.22 (Callen and Welton
1951; Gardiner 1991). In that case, the position and momentum of the particle are interpreted
as quantum mechanical operators. Thus, there is also a quantum fluctuation-dissipation theorem.
The quantum fluctuation-dissipation theorem is usually referred to as “the” fluctuation-dissipation
theorem. The quantum resuit is equivalent to the classical result so long as kgT > Aw. If this is not
the case, quantum noise must be considered in the motion of the particle. This can be done, and
in that case the forcing function on the R.H.S. of equation 2.22 is replaced by a more complicated
operator expression (Gardiner 1991). The fact that a quantum treatment can give results that are
equivalent in certain limits to the classical case can be viewed as profound and interesting, or as just
another example of the Bohr correspondence principle.

Later it will be important to discuss the ultimate limits of the bolometer. Classical predictions,
based on the classical Langevin equation 2.18 can predict a mixer noise temperature less than the
“quantum limit”, equation 1.4. This is because the classical calculation outlined above does not
take into account quantum fluctuations in the resistance or temperature of the electrons. In order to
quantify these quantum fluctuations, a quantum Langevin approach will be necessary. Unfortunately,
the temperature is not an operator in quantum mechanics. However, it should be possible to define
an energy operator, a:nd calculate the energy fluctuations in a fully quantum mechanical way. The
formalism for this approach has been developed (Gardiner 1991), but is not usually applied to the
energy of a system. This is because in most experiments demonstrating quantum effects, the energy
is not an observable. However, to the extent that the electron resistance is dependent on the energy
of the electrons, the energy is an observable in hot-electron bolometer experiments, and so further

theoretical work is merited.
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The above approach has taken a top down view of the problem. However, a more microscopic
theory can be investigated, and has been to a certain extent (Kogan 1996). In a more microscopic
theory, a Boltzman equation approach is taken, where the occupation probability is calculated for
a position in phase space at a given time. A fluctuation term can be added to the scattering
term in the Boltzman equation, as in equation 2.18 for the electron temperature. Again, that
treatment is semi-classical, and does not allow for quantum fluctuations to be accounted for within
the theory. Recently, Kogan (1991) developed a quantum Langevin-Boltzman equation, generalizing
the Keldysh non-equilibrium approach to include, in a quantum mechanical manner, fluctuations
in the occupation probability. However, this approach has not been applied to the problem of
thermal fluctuation noise in electron bolometers. To do so would require calculating how quantum
fluctuations in the occupation probabilities of regions in phase space translate into fluctuations in
macroscopic observables, such as energy, temperature, or resistance. There is hope for a quantum
treatment of thermal fluctuation noise, but none has yet been given. Thus, in this thesis, the thermal
fluctuation noise will be treated classically. In the midst of theoretical confusion, this much is clear:
A full quantum treatment of hot-electron bolometers will not predict a mizer noise below the quantum
limit of equation 1.4. Therefore, as far as the development of detectors goes, the easiest way to build
a quantum-noise limited detector will be to find a detector whose classical prediction for the noise
is below the quantum limit. This is because quantum mechanics usually predicts more noise than
a classical calculation. Let the reader beware, however, that, this is not a theorem. There are (at
least) two counter-examples: sub-shot noise in mesoscopic microbridges (de Jong 1995; Steinbach

et al. 1996) and sub-shot noise in quantum optics (Mandel and Wolf 1995).

2.1.3 Effects of electro-thermal feedback on output noise

Above, the fluctuating ac voltage generated by a current bias was calculated with no load at the
intermediate frequency, and in the absence of electro-thermal feedback. In the presence of electro-
thermal feedback, and an amplifier load Rz, an educated guess as to the form of the thermal
fluctuation noise would be a modification analogous to the modification of the conversion efficiency.
This is because, as discussed above, electro-thermal feedback serves to enhance or suppress both

fluctuation and the response to an external stimulus in the same way. The prediction for the



ST T r T T T s A =TS e e e 2t m e

25

(coupled) output power in the presence of electro-thermal feedback is (Mather 1982; Karasik and
Elantev 1995; Keizer 1987):

2 1 1
TT.F. = (Idcn(dR/ﬂ'e)) RGef!(l — C!) 1+ (wfe!!)z NIF, (2'29)

where 7n;p is the IF mismatch factor in equation 2.16.

In addition to affecting the thermal fluctuation noise, electro-thermal feedback also affects the
Johnson noise. In the absence of electro-thermal feedback, the Johnson output noise temperature
would be equal to the average temperature of the electrons. However, the result is modified in
the presence of electro-thermal feedback. The physical reason for this is as follows (Kogan 1996):
Consider the case of a voltage bias at all frequencies. If the current fluctuates, then the power
dissipated in the system fluctuates. Thus, the temperature fluctuates. But this causes a change in
the resistance, which further changes the current under a voltage bias condition. Thus, temperature
fluctuations and Johnson noise are coupled. The resultant expression for the Johnson output noise

is given by (Mather 1982; Karasik and Elantev 1995):

_ 1 1 + (wren)?
Toue =T A=ay (1 rw; me”)z) nIF- (2.30)

This should be added to equation 2.29 to get the total output noise. Above it was argued that
a would usually be much less than one when the load resistance of the amplifier was 50 2, as is
typical for high frequency amplifiers. This fact will also cause the Johnson noise to tend toward the
Johnson noise in the absence of electro-thermal feedback, since 7.gy — Ten when & — 0. For the
remainder of this thesis, we will treat the Johnson noise as that in the absence of electro-thermal

feedback because of this effect.

2.1.4 Mixer noise

The mizer noise, defined in equation 1.2, can now be calculated on the basis of the above calculations.

The result is:
MG | 2RLGP
Pro = Proli.(dR/dT.)?

Tmic(wrr) = (1+ @rrress)?)- (2.31)
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The first term is due to the thermal fluctuation noise, while the second term is due to the Johnson
noise. There are a few important observations to make. First, the term due to thermal fluctuation
noise is independent of the intermediate frequency, and it contains no effects of electro-thermal
feedback. Both of these are the result of the “fAuctuation-dissipation” result: The fluctuations are
related to the response to an external stimulus. Therefore, the spectrum of the fluctuations is the
same as the frequency response to applied power. Additionally, the enhancement or suppression of
the fluctuations at a given frequency due to electro-thermal feedback is the same as the enhancement
or suppression of the response of the system to an external signal.

The second term, due to Johnson noise, is dependent on the intermediate frequency. This is
simply due to that fact that Johnson noise is white, whereas the conversion efficiency decreases as
the intermediate frequency is increased®. As a result of this, the gain bandwidth (i.e., the intermediate
frequency at which the conversion gain drops by 3 dB) is not necessarily equal to the noise bandwidth,
which we define as the frequency at which the mizer noise increases by a factor of two. In fact,

using equation 2.31, it is simple to show that:

froise3dB _ [ Tionn. + Tr.r.(0) (2.32)

f gain3dB Ty ohn.

Typically, the thermal fluctuation noise if 50 K, and the Johnson output noise is 5 K, so that the
noise bandwidth is predicted to be larger than the gain bandwidth by a factor of three.

2.2 Mixing in superconducting hot-electron bolometers: elec-
tron and phonon dynamics

In all of the above calculations, the thermal time constant was specified as C/G, and not investigated
further. However, as was mentioned in the introductory chapter, this time constant is usually much
too long to allow reasonable (i.e. multi-GHz) intermediate frequency operation. In this section, the
dynamics which determine this time-constant in superconducting hot-electron bolometers will be

discussed in more detail. In order to discuss these dynamics, we must also discuss the important

5The Johnson noise is only white up to kgT./k = 100 GHz for T. = 5 K, which is much higher than the frequencies
used in this thesis.
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length scales of the problem. In the following, we will limit the discussion to the length and time
scales in normal metals. Only later will the superconducting properties be discussed.

2.2.1 Electron-electron interaction rate

In dirty thin films at cryogenic temperatures, the electron-electron interaction is enhanced compared
to the electron-phonon interaction. If the rf power is being absorbed by electrons, the electron-
electron interactions will be strong enough to force a steady-state electron energy distribution close
to a Fermi-Dirac distribution. Therefore, an effective electron temperature can be defined. The
electron-phonon interaction is weaker, yet will allow energy to flow from the hot-electron system to
the (cooler) phonon system. The Nb films studied in this thesis have an elastic mean free path of
5 — 10 A (Gershenzon, Gubandov, and Zhuravlev 1983). The inelastic electron-electron interaction

rate can be related to the resistivity, and for dirty films is approximately given by
7 (s71) = 10°R,,T, (2.33)

where T is the temperature in K and R,, is the sheet resistance in ohms (Santhanam et al. 1987;
Altshuler and Aronov 1985). Thus, for a temperature of 5.5 K and a sheet resistance of 30 £2 (typical
of the thin films studied in this thesis), .. = 60 ps.

2.2.2 Electron-phonon interaction rate

The electron-phonon interaction rate in dirty metallic thin films is difficult to calculate theoretically
from first principles. (For a review, the reader is referred to Mittal (1996).) Numerous experiments
have measured the rate at various temperatures, and the experiments for different metals disagree.
In clean, bulk 3d metals, it is well established that the electron-phonon energy relaxation rate, ‘r:_lp,, R
varies as T at temperatures well below the Debye temperature. However, two separate effects are
important in dirty thin films which are expected to modify this behavior. First, disorder is expected
to modify the electron-phonon interaction. Various theoretical calculations disagree about how this
modifies the interaction rate. Second, in thin films, the effective dimensionality of the film may be
reduced from 3d to 2d. This can also change the power law. For the devices studied in this thesis,
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then, a phenomenological approach must be taken to estimate the electron-phonon interaction rate.
In this thesis, two separate methods are used to determine this: noise thermometry in the normal
state and mixing measurements in the resistive state. The results obtained here agree quantitatively
with the measurements of Gershenzon et al. (1990), who measured the electron-phonon interaction
rate using mixing measurements and weak-localization measurements on a variety of Nb films of
different thickness and resistivity. In both Gershenzon et al. (1990) and here, the electron-phonon
interaction rate is found to vary as 7?2 below 10 K. For the 100 A films measured in this thesis
with R,; = 30 @, both groups have found that the electron-phonon interaction rate at 4.2 K is
-1

Tols = (Lns)™h

2.2.3 Electron-phonon and electron-electron interaction lengths

In this subsection, we consider the transition from a macroscopic resistor to a microscopic resistor.
Other than the length of the resistor itself, there are three other important length scales: the elastic
mean free path, the electron-phonon length, and the electron-electron length. The electron-phonon
length, Le—pn = \/DTc_pn, is the length a hot-electron will diffuse before emitting a phonon, on
average. For the films studied in this thesis, D =~ 1 cm?/s, so the electron-phonon length is
approximately 0.3 pm at 4.2 K. The electron-electron length, L._. = \/D_'r,::, is the length a
hot-electron will diffuse, on average, before undergoing an ipelastic scattering event with another
electron. For the films studied in this thesis, at 4.2 K, L., =~ 0.09 yum. The minimum length
scale over which is it meaningful to define an electron temperature is L... For length scales smaller
than this, the electrons are not able to come to a steady-state local Fermi-Dirac distribution before

diffusing away from the region of interest.

2.2.4 Thermal time constant: diffusion and phonon cooling

In the previous section, the bolometer was treated as one lumped element, with a heat capacity C and
a thermal conductance to the thermal “bath” G. However there are two mechanisms for the transfer
of heat away from the electronic system: the electron-phonon interaction, and out-diffusion of heat
into the leads. The thermal circuit which indicates this is shown in figure 2.2. For the purposes of

this thesis, the two thermal conductances are assumed to add. Thus, the thermal conductance to
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Figure 2.2: Thermal circuit diagram.

the bath G is modeled as two separate thermal conductances in parallel: G = Ge-pa +Gyirs- The
boundary thermal conductance, Gyq, can be assumed to be much larger than the electron-phonon
conductance Ge_pn if the film thickness is less than 10 nm (Gershenzon et al. 1990). Therefore,
in this approximation, the thermal time constant is the result of two separate, independent cooling

mechanisms:

77! = G/C = (Geph + Gifs)[C = Geepn/C +Gaigs|C = T710n +75iss- (2.34)

We now discuss the scaling of the thermal time constant with the bridge geometry, if we neglect
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end effects and if the thermal conductance of the substrate is high. The (electronic) heat capacity
C is proportional to the volume of the electronic system. The electron-phonon thermal conductance
G.—ph is proportional to the electronic volume also, since this is a bulk-effect. Therefore, 7._pn will
be independent of the bridge geometry.

The cooling via out-diffusion can be related to the bridge resistance via the Wiedemann-Franz
law, and hence to its length. The Wiedemann-Franz law relates the electrical conductivity to the

thermal conductivity in a metal®, and is given by:
K = 0thermat = LT 0ctectrical- (2.35)

The prefactor will be worked out below, but it is clear that Ggiss should be proportional to
Getectricat = 1/R. Thus, Ggisy ~ L~!. Additionally, the heat capacity also scales linearly with
the length, so that 74;ry ~ L2. The net result is the sum of two terms, one of which is independent
of the length, and the other depends on the length squared. Schematically,

il =A+BL™. (2.36)

If the length is very long compared to L._ps, then the second term is negligible and the first term
(the electron-phonon time) dominates. In this case, the diffusion cooling is only useful for electrons
that are within approximately L._pa of the end, while the rest of the electrons are cooled by the
electron-phonon interaction, hence the electron-phonon interaction time is the relevant time for m;s.
On the other hand, if the bridge is short compared to L._,4, then the second term dominates. In
this case, a dramatic increase in the cooling rate is expected, which is desired in order to increase
the intermediate frequency bandwidth. This is the central result of this section. In order to derive
the crossover length quantitatively, it will be necessary to determine the constant of proportionally
between the total electrical resistance and the total thermal conductance. To do this, it will be
necessary to calculate the temperature profile, which will be done in the following section.

If the length of the bridge is less than L._., then the concept of a local temperature within
the bridge cannot be meaningfully applied. The bridge is then in the “mesoscopic” regime, and a

S At the temperatures used in this thesis (<10 K), the dominant source of scattering is elastic impurity scattering,
so that the Wiedemann-Franz law is valid.
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qualitatively new theory may be required for that case.

2.3 Temperature Profile

Although the theory presented in the previous section predicts the conversion efficiency and output
noise of a lumped thermal element, the devices studied in this thesis should be treated as a distributed
thermal system. For a distributed system, the output noise due to Johnson noise is predicted to
be the average temperature along the length of the bridge. However, a quantitative theory for the
conversion efficiency and thermal fluctuation noise which treats the device as a distributed system
has not yet been developed’. Therefore, in this section we will calculate the temperature profile
under conditions of uniform dissipation of dc and ac power and attempt to relate the distributed
system approach to the lumped element approach by deriving an effective time constant and thermal
conductance between the electrons and the bath. These quantities can then be used in the theory
of section 2.1 as an approximation to expected device performance.

The outline of this section is as follows: In the first subsection, the temperature profile for weak
and strong dc heating will be discussed in the absence of any electron-phonon interactions. In the
second and third subsections, the temperature profile for weak ac heating will be de;ived, again in
the absence of any electron-phonon interaction. In the fourth subsection, the results of numerical
simulations in the presence of electron-phonon interactions will be presented. The most general
case of dc and ac heating in the presence of electron-phonon interactions is discussed in the final

subsection.

2.3.1 Strong and weak dc heating

In the steady state, the flow of heat and the electron temperature are governed by the time-

independent heat-diffusion equation, namely

Pin(e) ~ pou®) =~ (K5 )- 237

7The case of a lumped element connected to a bath through a distributed system was considered in Mather (1982)
and Karasik and Elantev (1995).
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Here, p;,(z) is the input power density delivered to the electrons, and p,y:(z) is the outflow power
density. The input power density is Piota/Volume = I?R/Volume, if the power dissipation is
uniform along the length of the bridge. The outflow power density is zero if the electron-phonon
coupling is neglected. As the coordinate system, take the bridge to lie between x=0 and x=L. The
boundary condition is T(z = 0, L) = T}, the bath temperature. This approximation assumes that
the conductivity of the metal leads is very large compared to the conductivity of the microbridge.

It is useful to rewrite equation 2.37 in dimensionless variables, namely

T = T.)T; (2.38)
= z/L (2.39)

In this case, equation 2.37 becomes

() +r(55) -

The solution to this equation for the electron temperature can be shown to be (Mittal 1995; de Jong
1995)

T = Ji+to(-2)7, or (2.42)
T.() = Ty /1 + %(1 - %) %%. (2.43)

This result contains in principle all the information about the temperature profile in the case of dc

heating. For concreteness’ sake, the profile is illustrated in figure 2.3 for three different values of p'.

The temperature profile is not directly measured in this thesis. To relate the above calculation
more directly to measurements, we need to calculate the average temperature rise as a function of
input power. The result is (Skalare 1994):

<T.> = [Tz\/;; 4\/FE ] Pi ) (2.44)
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Figure 2.3: Temperature profile in the absence of electron-phonon interaction, for various values of
the input power, p’ = PR/TZL.

T,(.’B) < Tg > oP Tma.z oP AT, mazx
Tb T, < Tg > T aT.maz < ATe >

Case:

LT,
R/12

LTy

weak heating | 1+2'(1-2z')p'/2 | 1 +p'/12

1+p'/8

strong heating | VZ'(1—2)¢ | (x/8)VP Rf(Tg"; (1/2V7 % 4/m =~ 1.27

Table 2.1: Limits of thermal profile calculations in weak (P < LT?/R) and strong (P > LT}/R)
heating limits.
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An additional result of interest is how hot the center gets, compared to the rest of the bridge. The

maximum temperature of the bridge is given by

, PR /
Tmaz=Ts 1+4£_T,,2=Tb 1+%',. (2.46)

Although the bolometer is really a distributed system, one can attempt to define an effective lumped-
element thermal conduction to the bath due to diffusion, in analogy with equation 2.35. There are
two possible ways to define this, as (1) the average change in temperature with power, or as (2) the
change in the temperature at the center with power. Both results can be related to the electrical

resistance in the case of weak heating (p’ < 1) through:

Gc!, = CT@/R:,!; Re!f = R/12, def.(l)(Prober1993) (2-47)
R/8,def.(2) (2.48)

For strong heating, the 12 is replaced by = 13, while the 8 remains unchanged. Table 2.1 summarizes
the results for limits of the above calculations for the weak and strong heating cases. A final note
is that the maximum temperature rise is only about 30-50% higher than the average temperature

rise, in both the weak and strong heating cases.

2.3.2 Weak ac heating

When the source of heating is time-dependent, as in most of the experiments in this thesis, the
equation that governs the temperature profile is the time-dependent generalization of equation 2.37,

namely:

Pin(Z,t) = Pout(z,t) = "aa—z (K aTE(:’ t)) + o T;ﬁx’ ) . (2.49)

Here c is the specific heat. In the case of weak heating, we neglect the dependence of the thermal
conductivity and specific heat on the (local) temperature. For this sub-section, we let the total

bridge length be L = 2, and the bridge lie between z = £l. If the power dissipated in the device is
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written in terms of its Fourrier components as
P(t) =) Pye™, (2.50)
w

and if the initial conditions are that the device is initially at T} and the ends (at z = +l) are
always at T, then the full solution to the time-dependent diffusion equation can be calculated using
Duhamel’s theorem (Carslaw and Jaeger 1959). The author finds:

2 -1\ .
TC(I, t) =T + 16‘ Z Z (2(n -]{;)1)3 [(211 ';ll)ﬂ'z] - +Pi:fn (ewt +e—-t/r..) , (2.51)

where K is the thermal conductivity, and

L2

=TD@n+ 1) (2.52)

Tn

Here the diffusion constant D is equal to the thermal conductivity K divided by the specific heat c.
In the case where the heating is dc only, this reduces to the results of section 2.3.1.

The time-dependent temperature profile is not measured in this thesis. However, an approxima-
tion to the average electron temperature over the length as a function of time is measured, so that

is a quantity of interest. This can be calculated from equation 2.51 to be

8 TC 1 Pw -
<Te(z,t) >== T"*" e ZZ (2n+1)4 1+zm,,( e te t/r") (2.53)

In the case being considered here, the power is never negative. so that there are always at least two

terms in equation 2.50, one with w = 0, and one with w # 0, i.e.

P(t) = Py + Pge™t. (2.54)
In that simple case, we have
£ 8 7 1 1
12D iwt o -
< Te(z,t) >z=Tp + Po-=~ C +e P,,, z @t D) TTTiom (2.55)



ATV TR SIWRANE T apens oo 0%, apgit ST SPER ST R TS AR RAY TR s kAT o m e

LA Sl i

36

where the heat capacity C is the specific heat ¢ times the volume. The second term simply gives the
dc rise in the average temperature, and is equivalent to equation 2.47, if the Drude model expressions
for ¢, D, and £ are used. In other words,

P P

=3 =0 (2.56)
Clis  ChL/E

<T, >:=

The third term in equation 2.55 is the ac component of the average temperature rise. Note that there
is not one single time constant that characterizes this quantity. This is due to the distributed nature
of the time-dependent heat flow.. Equation 2.55 is therefore not equivalent to equation 2.7, w_ith a
suitable redefinition of 7. However, it turns out that the first term in the series in equation 2.55
dominates, and therefore, to a good approximation, equation 2.7 can still be used, provided an
effective time constant of

L2

Teff = 3Ep (2.57)

is used. This time constant is not equal to the heat capacity divided by the dc thermal conductance
G, defined in equation 2.47. In figure 2.4, the ac component of the average temperature vs. frequency
is plotted for the exact result, equation 2.55, the approximation suggested in equation 2.57, and the
(incorrect) result obtained by using the heat capacity divided by dc thermal conductance (eq. 2.47)
as the effective time constant. The conclusion of this subsection is then this: The distributed nature
of the time-dependent heat flow gives rise (approximately) to an effective time-constant given by
equation 2.57, which is not obtained by using the dc thermal conductance to calculate the time-
constant. An additional conclusion is that the diffusion time constant is equal to 7.—,; when the
bridge length is equal to wL.—ps. Therefore, the crossover from phonon-cooled to diffusion-cooled

behavior occurs at L = ®L.—ph-

2.3.3 Spatially distributed temperature fluctuations

In section 2.1.2, the fluctuations in the temperature of a single thermal element connected through
a thermal conductance to the thermal bath was considered.- A more appropriate model for the
diffusion-cooled bolometer is a distributed element approach. Each element is considered to be

linked to its nearest neighbor through a thermal conductance. Fluctuations in the flow between



BT Ml 4 -

37

-

[~ N |

7| = = - =L212 D (incorreey) |

Lnh

S

W

-; Exact reéult
7| 1=L*n’ D approximation
| |--- 1=L%12 D (incorrect)

<t x> /| (P, L#(12D 0))

0.1 s n | LL ,:.: LLLLLLLLL - id
* 3 4 5 6789 2 3 4 5 6789
0.1 1 10

Figure 2.4: Distributed vs. lumped element temperature rise. The lumped element approximation
2.57 is close to the exact solution 2.55, but different from the dc lumped element approximation.
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nearest neighbors are then postulated, and the magnitude of forcing function must be calculated. A
generalization of the lumped element Langevin equation 2.18 can be derived (Landau and Lifshitz

1980), and is stated here:
a aTt(z7 t) a(c TC(z’ t)) af(za t)
Here the forcing function is random in both space and time, i.e.
< £(0,0)f(z,t) > ~ d(t)d(z). (2.59)

The solution to this equation is considered in van Vliet and Fassett (1965) and Voss and Clarke
(1976). There, the case of an infinite one dimensional system is considered. For the devices studied
in this thesis, the appropriate system to consider is a finite one dimensional system. The boundary
conditions are that the temperature at the ends are fixed. In equation 3.12 of Voss and Clarke
(1976), the spectral density of the temperature fluctuations averaged along the length of a one
dimensional system is expressed as an integral over a continuum of allowed k-vectors. If the ends of
the system are kept at a fixed temperature, then only discrete k-vectors are allowed. The integral
can be converted to a sum, and the author finds the following for the resultant spectral density of

the temperature fluctuations:

2 4kpT2 R 1
(< 0T (z,w) >’) - ICD.L:. nz_;) n+1)4 1+ (wm)?’ (2.60)

This equation was derived when no external power is applied, so that T, is well defined, and equal to
the bath temperature. The conclusion of this section is that the spectral density of the temperature
fluctuations is not equivalent to the lumped element case with a suitable redefinition of 7. The first
term in equation 2.60 again is the dominant term, and so the lumped element approximation can
still be used to a very good approximation, provided an effective time constant given by 2.57 is used.
Finally, the low-frequency limit of equation 2.60 can be shown to be:

4kBT2 4kgTe2
C/ 12D ['Tb/ %

(2.61)

,,l,iﬂ},(< 0T (z,w) >,,)2 =
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2.3.4 DC heating with electron-phonon interaction

So far, we have been neglecting the electron-phonon interaction. However, in the presence of electron-
phonon interaction, the diffusion-equation 2.37 contains a “sink” term for the heat flow: power can
flow from the electron system directly to the phonon system. The power flow density depends
on the electron temperature and the phonon temperature, as well as the electron mean-free-path.
As discussed in section 2.2.2, there is no theoretical prediction that accounts for the strength or
dependence of the electron-phonon coupling in Nb, so empirical results must be used. We state the
result here, which was found in Gershenzon et al. (1990), as well as the experiments described later
in this thesis. The electron-phonon coupling is given by:

Pout = AT} —Tjp), (2.62)

where A = 1-210° W m~2 K% for D = 1 cm?/s. The electron-phonon time can be calculated

to give:
C _ I.V _ TV -7

Te-th = G = AP _u/dl. . GAT3V - 1ATE (2.63)

In order to account for this quantitatively, the diffusion equation 2.37 must be solved numerically.

The diffusion equation can again be cast in dimensionless variables, and the result is:

_(%')2 -7 ('{i},) BT -1) =7, (2.64)

where

AT,?L’_I( L )2

ﬂ Ca’ - Z Le—ph

(2.65)

Before discussing this quantitatively, the general characteristics of the solutions can be predicted.
For aeﬁces which are very long compared with L._,s, the temperature profile will be flat except
near (i.e. within L._p, of) the ends, where diffusion cooling will contribute somewhat. For devices
which are much shorter than L._pn, the electron-phonon interaction will not contribute at all, as
the electrons will diffuse out the ends before the electron-phonon interaction can contribute. Thus,
the profile will be given accurately by equation 2.43. For intermediate length devices, both effects

will be important. Note that L._p5 is a temperature-dependent quantity, so that devices that are
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less than L._p for small heating may actually move into the intermediate limit if the temperature
in the center becomes significantly larger than the bath temperature.

Since there is no analytical solution for equation 2.64, numerical methods must be used. The
numerical code to solve equation 2.64 was written by Chalsani (1997). We plot in figure 2.5 several
temperature profiles so generated, for bridges of length 6 L._ps and 20 L.—p4. These should be con-
trasted with figure 2.3. The profiles are in agreement with the discussion of the previous paragraph.
In a later chapter, these simulations will be used to compare with experimentally measured values

of < T. >; as a function of input power, using noise-thermometry.

2.3.5 AC heating in the presence of electron phonon interaction; strong

AC heating

Based on the above results, we can come to the following conclusions regarding the temperature
profile: For very long devices, in the presence of weak or strong dc or ac heating, the behavior
should be that of a lumped element with a single time constant, 7.—ps. For devices much shorter
than wL.—ps in the presence of weak ac heating, a lumped element is a good approximation, with
a single time constant of L?>/x2D. A similar conclusion is expected to hold in the case of strong
ac heating, without electron-phonon interactions, which has not yet been calculated. A numerical
calculation of the time-dependent diffusion equation in the presence of electron-phonon interactions
would be required to quantitatively evaluate the evolution of the behavior between the two regimes.
However, we expect that the cooling rates should approximately add, and this approximation will

be used in the remainder of this thesis.

2.4 Uniform vs. non-uniform dissipation of power

In the previous sections, the temperature profile of hot-electrons in the device was calculated for
dc and ac heating assuming that the local power density was constant. However, the resistance
varies with the local temperature, so if there is a constant current flowing through the device, the
local power density varies. In order to calculate the temperature profile correctly as a function of

input power, a self-consistent calculation would need to be done. The local temperature affects
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Figure 2.5: Temperature profile with electron-phonon interaction, for various values of the input
power, p = PR/T?L, calculated by numerically solving equation 2.64, keeping R = 100 Q. The
code for the simulation was written by Chalsani (1997).






