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Abstract

Terahertz waves are utilized for a wide range of applications, from security, medical
imaging to gas spectroscopy, etc. Previous investigations in the Teraherzt and Millime-
ter wave group at Chalmers, has shown that antenna-integrated Y BasCusO7 (YBCO)
bolometer could serve as a potential detector for this range of the electromagnetic spec-
trum.

The detector is composed of a 70 nm thick YBCO film with micron sized dimension
and is deposited on a crystalline AlsO3 (sapphire) substrate. Phonons, the quasi-particles
associated with the lattice vibrations, transport the heat from the film to the substrate,
but are scattered in this process. This scattering is macroscopically represented by the
thermal resistance. The thermal resistance is responsible for the response and speed of
these bolometers. Two parameters are varied that we believe could affect this thermal
resistance. The first parameter is the thickness of the C'eOs buffer layer. This layer is
situated between a YBCO layer and a sapphire substrate. Its purpose is to provide a good
lattice match and chemical isolation of the YBCO layer with respect to the substrate.
The range studied is 10 - 50 nm. The second parameter is the deposition temperature
during the deposition of the film using pulsed laser deposition, this parameter is known
to affect the YBCO film quality, however no study has investigated its influence on the
thermal properties of the detector. The range studied is 780°C' — 855°C..

The thermal resistance is experimentally studied by fabricating the bolometers with
above mentioned parameters and measuring them using DC (IV, Resistance-Power) and
RF techniques (voltage response versus modulation frequency). Results are analyzed
and compared to reported measurements as well as with the Two Temperature model.

Considerable variability is present for all devices, even when fabrication parameters
are kept constant. The performance was not improved by either the buffer thickness or
the temperature deposition in the studied range. The effective thermal resistance ex-
tracted from the DC measurements is found to be situated between 0.1.10 3em?K /W —
1.0.1073em? K /W (excluding outliers). These values are not in accordance with the
RF-measurements. The study suggests that additional knowledge on the phenomena
involved in the heat transport is required.
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Introduction

HE Terahertz range is the last part of the electromagnetic spectrum that re-
mains largely unexplored. It spans from 0.1 to 10 THz, in terms of frequency
or equivalently from 0.03-3 mm in terms of wavelength. It is referred to the
‘terahertz gap’, because of the lack of sources and detectors in this frequency

range. The light in this frequency range starts to find a lot of interesting applications
in very distinct domains of science and technology. On one hand, because of its long
wavelength compared to the visible and infrared, it is semitransparent for many mate-
rials, for instance to clothes, plastics, and some packaging materials, and at the same
time triggers these materials to leave a spectral 'fingerprint’ [1]. On the other hand the
wavelengths are still short enough that diffraction can be coped with and hence still
allow for imaging. This combination enables security applications like detection of con-
cealed weapons [2], industrial quality control, as well as biomedical imaging where the
non-ionizing low energy content of the rays ,unlike X-rays, are not damaging the patient.
For the same reasons we are able to discover hidden paintings without harming the art
work [3]. Space applications benefit as well since the universe is bathed in terahertz
energy, half of the total luminosity and 98% of all photons fall into this range, remaining
one of the last unexplored frontiers of space astronomy [4]. Gases in the earths atmo-
sphere have spectral lines in the THz as well, studying these can reveal information on
climate change [5]. Next generation telecommunication systems will require even higher
bandwidths to satisfy the demand, this will be inherently achieved by moving from the
microwave to the THz range [6]. Apart from the already mentioned technological hurdle,
a major problem is that most of the radiation in the THz range is absorbed by water
molecules contained in the air, however applications like WIFI for short-range indoor
communication are still possible [7] [8], for long distance communications there are some
specific frequency windows that can still be used that are more free of absorption [9],
also the water content decreases with altitude, so that aircraft to satellite or satellite to
satellite communication is feasible. The same problem restricts radio’telescopes to high
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altitudes or space.

To enlarge and improve the scope of applications of the THz range, sources and
detectors must be improved and made more available. Ideally we would like to have
detectors which are operational over the whole THz range, are very sensitive, are very
fast, and operate at room temperature. Uncooled technology has the advantage of being
much more compact, lighter, and cheaper than their cryogenic counterparts.

This thesis focuses on YBCO-room temperature micro-bolometers, one of the possible
detectors that could serve to detect THz radiation. The bolometer is a thermal detector
and consists of a thin film absorber that is in direct contact with a substrate. Incoming
radiation heats the film. The phonons, the quasi-particles associated with the lattice
vibrations, transport the heat from the film to the substrate and are scattered at the
interface between the film and substrate. This scattering is macroscopically represented
by the thermal boundary resistance and is responsible for the response and speed of the
detector. Tuning of the thermal boundary resistance to adjust the performance of the
detector has not yet been investigated.

Two parameters are investigated in this work that should have a major influence on
this thermal boundary resistance. YBCO material has a very complex crystallographic
structure and is grown using Pulsed Laser Deposition; one important parameter that is
known to determine the quality of the film and the interface of the film with the material
on which it is grown, is the temperature at which the material is deposited. Secondly,
since the specific crystalline structure of YBCO does not match the one of the substrate
used, a buffer layer is deposited on the substrate prior to the YBCO. The thickness of
this layer is suspected to affect the crystalline growth of the film.

This thesis investigates how two parameters, the buffer layer thickness and tem-
perature deposition, affects the operation of room-temperature planar YBCO micro
bolometers. There is a strong focus on experimental work involving both fabrication
and characterization of the bolometers. It is organized as follows: Chapter 1 (current
chapter), gives the motivation of developing terahertz detectors and points out what
this work investigates specifically. Chapter 2 gives a theoretical background on how a
bolometer works, both as direct and heterodyne detector, it introduces the two temper-
ature model to explain in more detail the frequency behavior of the bolometer, the same
chapter also describes a technique to couple THz radiation into the device and discusses
the relevant material parameters. Next follows a chapter dedicated to the fabrication
process (Chapter 3). Chapter 4 explains the measurement setups used to extract the
relevant device characteristics, specifically the thermal boundary resistance is experimen-
tally investigated both by DC (IV, Resistance-Power) and RF techniques (IF-power vs
IF-frequency). Chapter 5 shows, discusses and summarizes the data obtained. Finally,
chapter 6 presents some concluding remarks and possible future work.



Theoretical background

E will first introduce the working principle of the bolometer. In a following
section we show the actual implementation and point out what parameters
to tune in order to obtain fast and responsive detectors.In order to extract
information on the speed, we apply signals with varying frequencies. Limi-

tation in the measurement setup forces us to employ the detector both in the heterodyne
and direct, hence a section is dedicated to the principle of operation of both these tech-
niques. The radiation is coupled in the bolometer using an antenna and lens, and this is
discussed in a next section. After measuring the devices, we found out that the bolome-
ter responds in a more complex way to frequencies than what the first introduced model
predicts, a more elaborated model found in literature, commonly referred to as the two
temperature model, is therefore introduced in a separate section. Next, a section on the
choice of materials is provided. Lastly a brief comparison with other detectors is made.

2.1 Working Principle of the bolometer

The bolometer is a thermal detector for electromagnetic radiation. Its name was given
by its inventor astronomer Samuel Langley in 1881, foAn (beam, ray) uetpor (meter,
measure), it enabled him to study solar irradiance far into its infrared region and to
measure the intensity of solar radiation at various wavelengths[10] [11].

The bolometer consists of an absorber of radiation, a thermometer and a thermal
link to a reservoir maintained at a fixed temperature. There exists two categories of
bolometers, monolithic bolometers, the case in this work, where the absorber and the
thermometer are one single entity and composite bolometers where the two are distinct
elements (as on the figure 2.1).

We suppose an initial state in which the bolometer is at equilibrium with its envi-
ronment so the temperature T is the same as that of the reservoir. This reservoir is
supposed to be ideal, i.e. its temperature remains fixed at Ts. At a certain time a power
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Figure 2.1: A bolometer consists of several elements. An absorber material that converts
the power into heat, giving rise a relative increase in its temperature. This absorber is
characterized by a heat capacity C and a thermal conduction G to a constant temperature
reservoir. A thermometer the actual sensor, measures the temperature change in the ab-
sorber. It does this by passing a current I through a material in contact with the absorber
affecting its resistance upon heating, and observing the voltage drop across it. Picture taken
from [12].

of constant amplitude is applied. This power P is converted into heat and leads to a tem-
perature increase in the bolometer with respect to the reservoir at fixed temperature 7.
How efficiently the heat is being removed is characterized by the thermal conductance
G. If power is kept constant, the absorber will reach a new equilibrium temperature
Ty. Mathematically the temperature Tz in the bolometer is described by a first order

differential equation:
dT
C— =P —-G(T -1T,).
dt ( S)
, where C is the thermal capacity of the absorber. Assuming that power is applied
to the bolometer at tg, and T'(t < tg) = T, a solution is:

P P
Ts(t) = (Ts — (= + To))e & + (= + o). (2.1)
G G
Hence:
To =Ts + L (2.2)
0— 14s G .

Similarly, once this equilibrium at Tj is reached and the incoming power is turned
off, by solving this time C' % = G(T —T), we obtain

Tp(t) = T+ (Tp — To)e™ & (2.3)
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Summarized, the equilibrium temperature of the heated bolometer Ty is determined
by G and the dynamics are characterized by an exponential decay (or growth) factor:

T=C/G (2.4)

This analysis of the temperature is necessary because it is the temperature which
will cause a change of resistivity in the material. The change in resistance will induce a
change in voltage this is what will be measured. A lower value of G will cause a higher
temperature change (as heat is less effectively removed) and hence the more sensitive
the sensor is since this leads to a higher voltage readout for a given amount of incoming
power.

The time constant is an important parameter to consider as well, if the bolometer
needs to follow signals that vary over time. The bolometer needs a time around 7 = C/G,
to reach (close enough to) a new equilibrium stage. Hence it is intuitive to say that for
the bolometer to be able to follow! the variations in incoming power, these variations
must be slower than 7 = C/G. In other words the angular frequency of the signal should

be lower then (%)_1.

! by ’following’ is understood that the bolometer has the temperature as in the situation where the
instantaneous incoming power would already have been present for an infinite amount of time.
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2.2 Operation modes

To detect a signal, a bolometer can operate in two different modes as a direct detector or
as a mixer. The choice of technique to detect THz signals depends on the requirements on
responsivity, noise, frequency, bandwidth and phase selectivity [13], a proper justification
falls outside the scope of this thesis. Both techniques are explained however since a
constraint in the measurement setup forces us to use both (see sections 4.2.2 4.2.1).
In this thesis the techniques are used to obtain information on how the intrinsic voltage
response of the detector behaves as a function of frequency.

2.2.1 Operation as a direct detector

The most simple way is to detect the radiation directly. The detector absorbs the
radiated signal and its response follows the signal amplitude. The readout of the electric
signal occurs in a next stage, giving a DC voltage proportional to the radiation amplitude.
In order to determine the spectral distribution of the detected signal within the frequency
band of the detector, in direct detection, it is necessary to include a tunable filter in the
signal path. In the measurement setup this is not required since the signal applied
consists of a single and known frequency Py(t)e?“<t. Since this single frequency, w. lies
in the THz range, the bolometer detects the amplitude of the signal but is not able to
follow the dynamics of this signal (1 THz= 1 ps), hence the power gives a constant offset
according to equation 2.2 , i.e. the same response as a DC signal having power Py. The
bolometer can however detect variations in the amplitude Py if they are slower than the
time constant 7 = C'/G (typically for the detectors used here, below 100 MHz).

To quantify the voltage response to such variations and to proof above statement,
the approach in [14] is used. For incoming radiation P(t) = Py + APe/*!, where w is
the modulation frequency, the temperature in the bolometer varies according to Tp(t) =
Ty + ATe/t. For a constant current biased bolometer, contributing to joule heating,
the heat balance equation together with a first order Taylor expansion on the resistance
yields:

. d . . .
Py + AP + I2R(Tp) + 12£AT6M = G(Ty + AT —Ty) + jwC AT

Separating the time varying and steady state parts:

Py + I*R(Ty) = G(Ty — Ts),
2.5
%:G—i—ij—ﬂ%, 25
this allows to quantify the amplitude of the voltage of the read-out at the same fre-
quency V =V +AVel¥t since AV = IAR =1 %AT . Defining the voltage responsivity
as the change in voltage drop (in volts) per watt of absorbed signal power [14] , this
gives the expression:

AV 14k IRa

R, = = = :
() AP G—IQ(%)ijwC Gepr(14 jwresys)

[V/w] (2.6)

6
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, where 7 = %, Gepr =G — 12% and 7.r5 = GL”, and the temperature coefficient of

resistance (TCR), a = %%. The current applied has an influence on the response of the
bolometer, this effect is known as electrothermal feedback. Apart from semiconductors
where the dR/dT < 0, incident radiation increases the resistance increasing -for current
biased bolometers- the DC bias power dissipation. This leads to an additional increase
in the temperature, so an increased response that compensates somewhat for the heat
loss through the thermal conductance G. Increasing the bias current is beneficial for the
responsivity and reduces the time constant. However there is a risk of thermal runaway
for values of I 2% close to G (an empirical limit in [15] is set to the current such that
I 2% < 0.3G ). In this work we are interested in the intrinsic characteristic of the
detector and hence will keep the current low, such that G.y; ~ G and 7.7y ~ 7 and high
enough to be able to detect a signal above the noise:

IR 1
Ry (w) ~ - 2.
() G 1+ jwr 27)

2.2.2 Bolometric mixing

The other mode of detection is the mixer mode. The signal of interest situated at high
frequency (above the the time constant of the detector), designated as the 'RF signal’?.
This signal is superimposed (i.e. 'mixed’) with a strong signal, called Local Oscillator
(LO) signal, of fixed and known frequency close to that frequency before it hits the device.
The superposition leads to the appearance of a signal at the difference of frequencies of
both signals | wrr —wro |. This frequency is typically lower than the frequency constant,
so the bolometer responds thermally. As a result, the current biased bolometer produces
an output voltage at | wgr — wro | proportional to the electric field of the original RF
signal. The biggest advantage with this detection scheme is that a narrow band RF
signal will have all spectral information preserved after down-conversion where low noise
electronics can be used to amplify it, offering high spectral resolution [13]. This property
defines the bolometer in the mixer mode as a super heterodyne receiver. However the
reason to use this method in this thesis is based on equipment limitation, the (more
simple) direct detection does not allow high enough amplitude modulation (the source
generator limits modulation to 100 kHz) to measure the characteristic time constant
(above 1 MHz typically).

Derivation below is based on [13] and [16]. In this section the RF-signal is assumed
to be a signal of single frequency, its electric field given by: Erpcos(wrrt). The LO field
is added prior to the bolometric detection. These two fields result in dissipated power
over an average resistance value Ry of the bolometer:

Zfor historical reason it is done this way although it does not lie into the radio frequency range but
in the terahertz
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Figure 2.2: Principle of heterodyne detection. Adding an externally controlled signal,
LO, allows for downconversion of the signal into the bandwidth of the bolometer. From an
experimental perspective, increasing the local oscillator frequency will finally lead to a loss
of downconverted signal, allowing to extract the time constant of the bolometer.

P =1/Ry (Egrp cos(wrrt) + Ero cos(wLot))2

= 1/R0 (E}QQF COS(wRFt)2 + 2FERp COS(U.)RFt) * ERFCOS(UJLot) + E%O COS(U.)Lot)Q) (2.8)

Defining and using trigonometric rules we obtain :

P=1/Ry (0,5E§F +05E2 0+
0.5E% ;- cos(2 * wrpt) + 0.5E% 5cos(2 x wrot) + ELoErr cos((wrr + wro)t)

+ ELQERFCOS((WRF - wLo)t)> (2.9)

The first two terms (underlined) are constant in time, hence they will give rise to a
constant temperature offset inside the bolometer. The bolometer is not able to translate
in temperature fluctuations the signals whose frequencies are higher than its charac-
teristic frequency constant 7—1. In typical applications this is always the case for the
frequencies wrr + wro, 2 *wrr and 2 *x wro. Only the power component at wrr — wro
is usually low enough (i.e., lower than 7-1) for the system to heat up and cool down, os-
cillating around the mean temperature imposed by the static dissipation. Summarized,
the applied power will lead to static and dynamic dissipation:

Puissipated = Pro + Prr + 2/ PLoPrr cos(wipt) (2.10)
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wrr =| Wwrr —wro |

,where wrp is defined as the intermediate frequency , wrrp — wro , and Prp =
1/R(0.5(E% ), Pro = 1/R(0.5(E%,). The bolometric responsivity derived in previous
section directly relates the power dissipation at a given frequency to the voltage fluctu-
ations giving us:

V(wIF,t) = RU(MIF)Q PLOPRF COS(w[Ft) (2.11)

From above formula it is clear that the bolometer has achieved the down-conversion
of the RF signal (with a modified amplitude). Also notable is that increasing the local
oscillator power will lead to better detectability. 3

We can also see that the mixer bandwidth, defined as the IF-frequency where the
signal starts to roll off, is determined by the characteristic time constant as well (here
using a basic model):

R, =0
V(U.)]F,t) = M\/ ProPrp COS(W[Ft) (2.12)

A1+ wi,r?

This voltage variations are read out on a matched load, the power dissipated in this
load is defined as the intermediate frequency power Prr and is hence equal to

Prp(w) = (Vin(wyt)) /ARL.

3There is also a limitation to how much power we can inject into the bolometer, since this power
is converted into heat and might lead to thermal breakdown. Not only LO power but DC biasing as
well should be carefully considered. Another remark is that typically in applications the LO power is
at least a factor of 1000 larger than the RF power, allowing the bolometer to down convert not just a
monochromatic signal as was assumed here but a complete band. Indeed, two different frequencies in the
RF signal, lets call them RF; and RF» will unavoidably intermix and create an undesired down conver-
sion, but with a strength according to equation (2.11) proportional to \/Prr, Prr, which is negligible

compared to \/m and \/PRF27PLO .
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Figure 2.3: The equivalent circuit used for heterodyne detection. The graph on the left
show the incident power on the bolometer, which a combination of the LO and the signal of
interest, where the envelope frequency is given by the difference of those two frequencies. The
bolometer extracts the envelope (graph on the right) by the simple fact that it is thermally
fast enough to detect the the envelope but too slow to respond directly to either LO or
RF frequencies. Note that the DC current used to bias the device is separated from the IF
circuit readout by using an inductance and a capacitance (with appropriate values).

2.3 The actual bolometer

Until now we made abstraction from the actual device. The bolometer consists of a
micron sized YBCO strip that is situated on top of the substrate. There are many pads
through which heat from the film is evacuated, but the principal heat removal occurs
through the substrate. 4 For these micro-bolometers, where the bolometer is in contact
with the substrate through an area A = LW, G is given by

A
G ~ Gaupstrate = — 2.13
bstrate = - (2.13)

,where the factor Rpq is defined as the thermal boundary resistance. C is given by:

“Heat diffusion into the antenna contact pads is found to be negligible contribution to the thermal
conductance, for a 1um x lum, G = kp * d/7? = 0.07uW/K [17], more than a factor 10 lower than the
lowest measured thermal conductance on the YBCO devices.

10
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C = cdA (2.14)

,where d is the thickness and c the specific heat capacity of the absorber material.
Hence the time constant is given by:

T = C/G = Cded (2-15)

To achieve maximal responsivity, it is clear that the current should be increased
as much as possible, however in order to avoid the electrothermal feedback to cause
thermal runaway, the term i2aR should be far enough from the value of G. Following
the approach in [15], the maximum applied current is chosen to be:

L (036N
maxr aR

, hence injecting this together with the approximation for thermal conductance (equa-
tion (2.13)) in equation (2.7), the maximum DC responsivity in terms of the bolometer

parameters is given by:
0.6 Rpqap

W2d
These formulas allow to choose the proper dimension.

Rymaz = (2.16)

e The thickness is chosen as small as possible since both the responsivity and speed
are increased as seen from above formulas. However a thinner film is subject to
more defects and results in a degraded temperature coefficient of resistance, as
pointed out in [18] as long as § remains constant (or increases) and reproducibility
is maintained, there is a benefit. During the experiments the YBCO thickness
fixed to 70nm based on research done for cryogenics operation, experimentally
investigating the influence of film thickness on the overall performance has not yet
been done at room temperature.

e The smaller the area the lower the thermal conductance to the substrate, the
devices have a higher relative increase in temperature, leading to higher response.
The speed stays the same since the thermal isolation is compensated by an equal
decrease of the thermal capacitance (see equations (2.13) and (2.15)). Currently, in
parallel to this work, research in the group is being done to scale down the devices
even further, to go from micro towards nano-bolometers.

e Antennas are used to couple the radiation into the bolometer (section 2.5). In
order to minimize coupling losses, the DC-resistance of the film, R = pﬁ, should
match the antenna impedance equal to 88.4(2 (equation (2.26)). Considering the
thickness fixed at 70nm and the resistivity of a typical YBCO microfilm at room-
temperature being equal to 1000uQcm, this leads to the constraint: L/W =~ 0.62.

11
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In this project, micro bolometers were made with a thickness of 70nm and lengths fixed
to 1 and 1,5um, and widths of 1,1.5,2,3 and 4um where optical lithography limits the
smallest achievable lateral dimensions.? Although most these dimensions do not respect
the ratio L/W ~ 0.62, but remains close to this®, close enough so that the optical
coupling was sufficient. The absolute responsivity was evaluated by DC-measurements,
the RF-radiation was only employed to characterize how the responsivity evolves as
a function of the modulation frequency, hence the question of impedance matching is
not crucial. We varied the geometry in order to verify that the responsivity still scaled
inversely to the area as reported in [18], to confirm once again that heat transport mainly
occurs through the substrate (see equation 2.13).

The thermal boundary resistance has influence on the bolometer performance (as
seen in equations (2.13) and (2.15)). This is the interest of this thesis. Unfortunately,
in contrast to area reduction, modifying the thermal boundary resistance increases the
responsivity at the expense of the speed or vice versa. Nevertheless depending on appli-
cations, one of the two might be more essential, it is hence still relevant to be able to
tune this parameter.

®Smaller patterns are possible using electron beam lithography.

SFor comparison in [19] the mismatch in simulation using similar devices the coupling efficiency is
between 68% and 98%, while for a device with resistance of 27k the coupling efficiency is as low as
0.9%
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2.4 Detailed dynamics: the two temperature model

Previous discussions assimilated the bolometer to a single heater connected via a ther-
mal link to a heat bath. It showed that incoming power heated up the device and this
resulted, because of the device isolation, in a temperature change and hence a resistance
change leading to a voltage response. This isolation together with the thermal heat ca-
pacity determines the dynamics, that is, how the amplitude of the temperature/voltage
oscillations evolves as the the frequency of the applied power varies. This single heat
reservoir model is however not sufficient to explain to the full extend the frequency re-
sponse we have measured. A more extended model that comes closer to what is observed
is the two-temperature model in which YBCO film is composed of two subsystems, the
electron and the phonon reservoir each with its own temperature, different from the
temperature of the substrate.

The model relies on the assumption that the electrons and the phonons effective
temperature are established uniformly and instantly throughout the whole micro bridge.
To be more precise, the intrinsic thermalization times between particles of the same type
should be short compared to energy exchange times between the subsystems [20]. In this
case a linearized heat balance equations for both subsystems can be written:

dcedz;e(t) = BP(t) = Gep (Te (t) =T (1) — Gea (Te(t) = Ta) » (2.17a)
Cwip(ﬂ — (1= B)P(t) — Gpe (Ty(t) — To(t)) — Gra (Tp(t) — Ta) — Gese (Ty(t) — Ty)

(2.17b)

, where C,,T,, Cp,T), is the heat capacity and temperature of the electron subsystem,
the heat capacity and temperature of the phonon subsystem. 7,7, and temperature of
the substrate and antenna-pads respectively, those are at the same temperature but are
named differently in order to distinguish the cooling process. Ge¢p,Geq, represents the
electron to phonon cooling efficiency, the electron to antenna cooling efficiency respec-
tively, Gpe,Gpa,Gesc the phonon to electron cooling efficiency, the phonon to antenna
cooling efficiency, the phonon cooling efficiency to the substrate. Transport of heat to
the substrate by means of electrons is not possible since the substrate is nonconducting.
A fraction S of the total incident power per unit volume P(t) is absorbed by the electron
system, the rest is absorbed by the phonon-subsystem. To simplify, the totality of power
is assumed to be absorbed by the electron system, g = 1.

The thermal capacities are considered independent of temperature. Relaxation time
constants are introduced by analogy with equation (2.4): 7., = GC—;, Tpe = GC—; Tese =

ch . Heat flux leaving the electron bath into the phonon bath is equal to the heat flux

received by the phonon bath from the electron bath, Gep(Te — 1)) = —Gpe(Tp — Te). We
can note that the thermal boundary resistance is given by Rpq = %. We can neglect
diffusion into the contact pads for electrons since the diffusion length of electrons is

13
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estimated to be I, = 45nm, much smaller than the length of the bolometer.” Diffusion
of phonons into the contact pads for gives a characteristic time constant of 747y = 25ns
for a 1pum bridge length L.® Considering the average measured value for the thermal
boundary resistance of 0.5.1073cm?K /W, a 70 nm YBCO thickness, and the thermal
capacity ¢, = 2.44JK~'em™3, the escape time of phonons to the film is 7., = 8ns.
Hence the phonon diffusion can not be neglected, however it is still done to simplify
the expressions during the mathematical development, it is easily seen that it can be
introduced by replacing 7,1 by Te_flf cctive = T+ Tcg} s in the final expression.

Defining c. and ¢, as the specific heat capacities and V' as the volume of the bolome-
ter, and knowing that the specific heats have a negligible temperature dependence for
the small signal analysis, the equations become:

dT.(t) P(t)

v E(Te@) — Tp(1)) (2.18a)
& d:/;,zt(t) _ :TD (Ty(t) = To(t)) = - (Ty(1) ~ T3) (2.18D)

If the incoming signal is an amplitude modulated signal at frequency w , P(t) = Py+
APel*t a possible solution to the pair of above equations is one where the temperatures
of the subsystems oscillate at the same frequency, T, (t) = Too + AT,e/*t, Tp(t) = Tpo +
ATpeM. It is solved by separating the time varying part from the time independent
part. The temperature of the substrate is assumed to remain fixed in time. ® For the
time-varying signals, this yields:

AP
JweeAT, = —— — S (AT, — AT,), (2.19a)
Vv Tep
jwe, ATy = << (AT, — AT)) — 2 (AT, — T3). (2.19b)
Tep Tesc
Rewriting equation (2.19b):
AT, oo (2.20)
P n .

N, ~ T/ Detep, where D, = ’Z—: is the electron thermal diffusivity, k. the electron thermal conduc-
tivity in the a-b plane (lateral plane of the YBCO film), c. the electron specific heat capacity [17]. At
room temperature: s, = 0.01Wem K1 [21], ce = 0.072JK tem ™3, [22], 7ep = 10ps estimated from
the RF measurements.

87aify = L?/(n®Dy), where D, = kp/c, is the phonon thermal diffusivity, x, the phonon thermal
conductivity in the a-b plane, ¢, the phonon specific heat capacity [17]. At room temperature: kp, =
0.1Wem™ K1 23], ¢, = 2.44JK " 'em™3. The latter was obtained using the Debye model (explained
e.g. in [24]) with a Debye temperature of 400 K from [25], this value is in accordance with ¢, reported
in [26], for the unit conversion YBCO density of 1.635kg/cm® was used [27].

9This assumes an infinite thermal conductivity, i.e. works as a perfect heat sink, this will be showed
later on. Also, we will make use the principle of superposition to introduce phonon diffusion inside the
substrate without having to modify the final equation (2.23) calculated.
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, this is now injected in equation (2.19a), and the norm of AT, is calculated. The solution
is found in [28]:

AT, — APTP + (€e/Cp)Tese 1+ (w7y)? (2.21)
ceV (1 + (w71)2> (1 + (w72)2>
,with

1 2 1/2

71,2_1—<1j:<1—4 U ) ;
2T TepTesc

7__1 = Tesc_l + Tep_l + Tp_lv (222)

7-(;571 = Tescil + Tpila

Tp = TepCp/ Ce-

For YBCO at room temperature, c,/c. is estimated to be 34. The values of 7,
for YBCO at room temperature is not available in literature, however a value can be
extrapolated after measurement and using the model, this gives a value of typically 10
ps. The same reasoning is applied to the escape time where a typical value for a 70 nm
YBCO thickness is 10 ns.

This allows to simplify the expressions in equations (2.22), as pointed out in [17]:

T = Tep,T2 ~ Tes;T¢ ~ Tp,

so that equation (2.21) becomes, using also the fact that by identification!? 7, = 7,

+ (Ce/Cp)Tese 1+ (wTpe)?
ceV (1 + (LUTep)2> (1 + (WTesc)2>
The temperature change of the electron system is determines the resistance change

measured, AR = %ATB. For a current biased bolometer, a change in voltage occurs
according to:

AT, = AP (2.23)

AV:I@

T AT (2.24)

Teo

The voltage responsivity is obtained by combining equations (2.23) and (2.24):

. AV dR Tep + (Ce/Cp)Tesc 1+ (WTpe)Q
V=g =1—7 .
AP dT ceV (1 + (mepf) (1 + (mesc)2>

9And additionally to this the fact that Tpe = Tepcp/ce Wwhich is obtained by knowing Gep(Te — Tp) =
—Gpe(Tp, — Te) and the definition of the time constants.

R (2.25)
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At low modulation frequency the stationary conditions for all processes are fulfilled,
i.e. single heat bath approach is valid (equation (2.25) simplifies to equation (2.7)),
the response is independent of the incoming photon frequency. At some point the heat
can not be evacuated fast enough between the film and the substrate, this is created
by the thermal boundary resistance which literally acts as the bottleneck, it hinders
the phonons of the substrate to be able to participate in the cooling, the temperature
oscillations become smaller resulting in a decrease in the voltage response. Increasing
the frequency even further a second plateau is observed, associated with the electron and
phonon subsystems, phonons in the film act as a heat sink for the electrons,'' at some
point even the phonons in the films can not remove the heat fast enough, the point at
which this occurs is dictated by the electron-phonon interaction time, and the response
starts to drop again.

. YBCO
RF heating microbridge

Antenna

Tep ‘ YBCO film

(a)

(b)

Figure 2.4: (a) Flow diagram of the thermal process on the physical device and the sum-
marized structure. Principle of energy transfer in the bolometer with the related interaction
times. (b) equivalent of (a) in a block diagram, diffusion into the contact pads and substrate
diffusion is neglected. Pictures adapted from [17] and [29].

There remains two heat contributions which could have an effect on the frequency
dependency of the response. First vertical diffusion in the YBCO film, the temperature
in the film is found to be uniform based on [30]. Secondly and most importantly an
effect commonly observed is heat diffusion inside the substrate, the substrate in previous
derivation was assumed to be an ideal thermal batch, this means that the temperature
is always fixed at T, even just underneath the interface. However the finite conductivity
of the substrate causes a thermal gradient to appear right below the heated film, and

1A bolometer exploiting this effect is referred to in literature as ’hot electron bolometer’
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Figure 2.5: Prediction of the (modulation) frequency behavior of the bolometer of the two
temperature model, using equation (2.25) with ¢, = 244JKtem™3 ¢, = 0.072J K tem™3,
Tese = 4ns Tep = 1.7Tps. Three regions are identifiable, a low frequency plateau associated
with the classical bolometric regime, followed by a roll-off with a cutoff frequency at the
escape time of phonons to the films (associated with the thermal boundary resistance), and
a high frequency plateau where the electrons are heated above the film phonon temperature,
followed by a roll-off associated with the electron phonon interaction time.

causes an additional thermal resistance. Hu et al. describe an analytical solution by
solving the two dimensional diffusion equation assuming a circular contact area of the
film with the substrate, with the boundary condition Ts(r = co) = Ts,'? and calculating
the thermal conductance G associated with this thermal profile [31]. Written in terms
of thermal resistance,

a a 2 a \297-1
B =16 =g W) )
, with A the bolometer area, k4 the substrate thermal conductivity, s = \/Ds/(7f), and
a = L/\/m, with L the device length.
The resistance between the electron and the substrate is defined as R._s = AT, /P
where AT, where the electron temperature of the film obtained in equation (2.23). As
suggested in [17], R._s appears in series with Ry, leading to:

Rtot = Refs + Rs

Figure 2.6 shows that for our bolometers substrate diffusion is negligible, this is due
to the very high thermal conductivity s of sapphire.

12This assumption is justified by the fact that the bolometer dimensions is much smaller than the
substrate thickness
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Thermal resistance (K/W)

Il Il Il Il Il
107 10* 10° 10° 10"
Frequency (Hz)

Figure 2.6: Thermal resistance of the bolometer as a function of frequency. Parameters
used: for the YBCO film: L = 1.5um, d = 70nm, c. = 0.072JK tem™3 ¢, = 2.44J/em3 K,
Tesc = 11ns, for the substrate:ks = 6.4Wem 'K~ ¢, = 0.39JK ~tem™3. Substrate diffu-
sion can be neglected: it is seen that R._s almost coincides with R;;.

2.5 Coupling of the radiation

Au Spiral Antenna
YBCO bolometer

Figure 2.7: An image of the final device, taken with scanning electron microscope adapted
from [12], showing the log spiral antenna and the YBCO microbridge. The inner d =
20pm and outer D = 230um diameter determine the lower and higher cuttoff wavelengths.
Although the antenna must be at least comparable in size to the wavelength, the dimensions
of the region in which the infrared power is thermalized can be made much smaller [31].
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2.5.1 Antenna integrated bolometers.

In order to couple THz radiation into the bolometer a common technique is to use a pla-
nar antenna, with characteristic dimensions comparable to the incident wavelengths (see
next paragraph), this antenna is planar and situated on the same chip as the bolome-
ter.1? In this work a logarithmic spiral antenna was used, based on the work in [20],
it consists of two spiral-shaped arms which are connected by the detector bridge in the
center of the structure. RF-current generated by the antenna necessarily pass through
the exposed YBCO film, the resistance is much higher in that region (because of the
higher resistivity of YBCO with respect to gold), therefore heat develops in the micro-
bridge. The advantage of a log-spiral design is that it is inherently broadband and has
a nearly frequency independent real impedance whereas the imaginary part is approxi-
mately zero, this allows to avoid a design of a complex RF matching circuit. Also, their
fabrication is quite easily done using lithographic techniques (see next chapter).

Since the design is self-complementary (i.e. the structure covered by metal is the
same as the structure of the dielectric), as a corollary of Babinets’ principle, the antenna-
impedance can be estimated by [33][34]:

2y

Zantenna = —— = 88.4Q (226)
201+ 0)

, where Zy = \/po/€o = 377 is the characteristic impedance of free space, and € = 10,
the dielectric constant of sapphire!®. This value is important in order to achieve high
coupling efficiency between antenna and detector: Assuming the RF-impedance of the
detector element (the YBCO microbridge) equal to the DC-resistance, and knowing the
resistivity of the film, a proper geometry should be chosen to satisfy this constraint (the
dimensions are given in section 2.3).

The operating spectral band of the detector can easily be determined by the antenna
design, a rule of thumb for the lower and higher frequency cutoff is given in [20]: Apaz =
6D and A, = 20d, where D and d are the outer diameter of the smallest circle that
encompasses the spiral structure and d the inner diameter of the smallest circle at which
the arms still obey the spiral equation (see figure 2.7). In the case of our research
D = 230pum and d = 20um, hence fiim = 217GHz and fpq; = 740G Hz. In this work
we use RF frequencies at 80 GHz, although this does not fall into the above mentioned
interval, the measured signal strength is still high enough.'®

13 As an alternative to on-chip integrated planar antennas, at microwave and submillimeter frequencies
up to 0.5 THz the radiation is coupled most often to the bolometer by way of wave guides, which provide
for precise low-loss coupling. At increasing frequency, the dimensions of the waveguide have to scale
with the wavelength and become unpractically small[32]. Although corrugated horns can be fabricated
for frequencies of a few terahertz they are getting more expensive to manufacture and the effect of
misalignments becomes more severe [20].

4Sapphire is anisotropic, its dielectric constant varies between 8.9 and 11.11 [35].

151t is not possible generate higher carrier frequencies with the available microwave equipment. The
choice of the frequency band is based on a set of different experimental tests besides the ones conducted
in this work, for instance characterization of the optical responsivity of the bolometers (using sources
lying in the frequency band of the antenna).

19



2.6. MATERIAL SELECTION CHAPTER 2. THEORETICAL BACKGROUND

2.5.2 THz Lenses

The antenna placed on a dielectric substrate, assuming it operates in transmission mode,
primarily radiates into the substrate [33]. For this reason, and by the reciprocity prin-
ciple, backside illumination is used in order to couple most of the light into the antenna
(now in receiver mode). More specifically, the ratio between power coupled into the
substrate, with relative dielectric constant e, and air scales more or less as €%/2 [33]. For
sapphire €sqpphire = 10, this means a ratio of more than 95% [16]. However this is not
accounting for substrate losses: the main beam of such antenna is rather broad [16],
and hence a significant portion of rays radiating from the antenna are subject to ’total
internal refraction, those having an angle incident on the sapphire-air interface higher
than the critical angle 6., = arcsin(1//€supstraze). The problem is solved by introducing
a substrate lens as shown in figure 2.8), the same rays that were previously reflected now
face the surface almost perpendicularly and are hence (at least partially) transmitted.
The lens has to have as close a dielectric constant as possible to the substrate mate-
rial, therefore a silicon lens is appropriate (eg; = 11.8). Different shapes are possible,
hemispherical, hyper hemispherical or ellipsoidal. An elliptical lens is used in this work,
justification of this choice falls outside of the scope of this work, but are explained in
[36]. Although not done, to improve the coupling even further, a quarter-wavelength
anti-reflection coating with appropriate thickness can be applied on the lens, but then
as the name suggests this only is improved in a specific frequency range [37][38].

Trapped Transmitting Antenna
Rays /

Silicon Lens

Figure 2.8: Schematic drawing showing the relevance of using a lens: substrate modes
are suppressed and the coupling of the beam to the antenna is increased. Note that the
antenna is operated in transmission mode but by reciprocity a high outwards coupling from
antenna to the air where the receiver is situated, is equal to a high inwards coupling from
the source, located at the position where the receiver was, to the antenna (now acting as
receiver). Picture inspired by [16],[33].
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substrate
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(b)

Figure 2.9: (a)Schematic drawing of the final device mount for backside illumination. The
lens is well visible on the actual mount (b).

2.6 Material selection

YBCO was used as the absorbing and transducer material. Originally the choice of
YBCO was made because of its superconductive properties: the bolometer is operated
at cryogenic temperatures around 88 K where the bolometer undergoes a transition to
super-conducting state, this transition is characterized by a very high drop in resis-
tance in a short temperature range leading to very high responsivity ( R, = 190V/W
(read-out limited), [39]). Later on the group at Chalmers measured the exact same
bolometer at room temperature, and even though (as expected) the device is less re-
sponsive (R, = 15V /W), it is still very fast, a comparison with other room temperature
detectors can be found in [18]. Metallic films in bolometers can work as well, having
a TCR comparable to YBCO, however conductivity of metals is so high that in order
to make a proper impedance match with the antenna (impedance around 50 — 15012)
the thickness of the films should be very much reduced, such thin films (below 20 nm)
are very difficult to grow uniformly. Hence only a few metals that have a low enough
conductivity can be taken into consideration [40]. Semiconductor based films have the
advantage of having a much higher TCR (100 times higher),'6 however the resistance (
R = kQ -MQ, [19]) is much higher than the antenna impedance, leading to significant
reflection losses.'"1® To decrease the resistance, the semiconductor can be doped but
this leads to a much decreased TCR, leading to a responsivity loss. Recently however a

16The high TCR in intrinsic semiconductors is due because of the exponential dependence on temper-
ature of the charge carrier concentration

"Design of high impedance antennas is possible [41], but at the expense of a reduced bandwidth of
the antenna

18Semiconductor bolometers (VOx) with 100um * 100um size is used in multi pixel arrays for detection
in the infrared range, the TCR combined with a suspended bridge design leads to very high responses
up to several kV/W (compared to 15V/W for the YBCO bolometer) [42] This suspension results in slow
devices (ms seconds instead of ns), also they can not be used for THz detection because of the large
wavelength in the THz (they are not antenna integrated) [19].
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paper was published using planar antenna integrated semiconducting PBCO thin films
showing higher responsivity than (and similar speed as) the YBCO room temperature
detectors [19].

The substrate on which the YBCO film is deposited has to satisfy certain properties,
a good summary of the it has to satisfy is found in [32] and [43]:

e High thermal conductivity - the substrate acts as a thermostat [14], hot phonons
coming from the small YBCO microstrip are efficiently evacuated!'®

e Chemical compatibility - no chemical reaction at the interface that can degrade
the film

e Mechanical strength - should not bend or crack process during handling

e Crystalline lattice match - to provide epitaxial growth.

e Atomically smooth surface - to provide epitaxial growth

e Thermal stability - should withstand temperatures up to 900° C

e Thermal expansion coefficient - to avoid stress and cracks during handling

e Electrically isolating- no interference with the electrical circuit

Epitaxy refers to the growth of a substance (here crystalline YBCO) on the crystal
surface of a substrate, where the growth is oriented, i.e. with a consistent crystallographic
relationship between those two [44], if this condition is not satisfied this will result
in uncontrolled defects degrading the performance and increasing variability. Several
substrates answer above mentioned requirements, like La AlO3 and SrT O3 which provide
the best lattice match [45]. However the device is backward illuminated using THz
frequencies (i.e. the waves travel through the substrate prior to reaching the bolometer
for reasons explain in section 2.5) so dielectric constant matching with the silicon lens,
absorbtion, low loss tangent are thus factors to consider as well in addition to the ones
mentioned above ([32],[45]). LaAlOs3, SrTO3 do not meet these requirements, AloOs3
and MgO do, at the expense of bigger lattice mismatch [32]. Research in the group
had already started using single crystalline AloOs3,also called sapphire (¢, =5 — 12, loss
tangent = 8.4 -10.6 (at 77 K)), hence the choice to continue with this material. Sapphire
is anisotropic, the crystallographic ’R-plane’ is used as the plane on which the YBCO is
grown (1102). The mismatch between both materials, if directly grown on top, is 6% on
the a~axis and 12% for the b-axis. Also chemical reactions occur between the sapphire
and the YBCO.% leading to a suppressed T, (and hence lower quality films) To solve

19Tt might be argued that the substrate should have a low thermal conductivity in order to increase
the device responsivity. However this leads to an frequency dependence of the response and not under
control of the resistive film (the boundary resistance) anymore (see e.g. [17] or [31]) .

29This chemical reaction occurs by diffusion of aluminum contained in the sapphire to the YBCO film
[46]
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these two issues, a thin layer ,typically between 8 and 100 nm, is sandwiched between
the the sapphire and the YBCO, called the ’buffer layer’. For this particular 'R-plane’,
CeOs as a buffer layer has been found to yield the best results. The resulting lattice
mismatch with the YBCO is now greatly reduced, 0.2% and 1.3% along the a and b axis
respectively [47] providing an even better lattice match than LaAlO3 or SrTO3 [45]. In
crystallographic terms it is summarized as: Y BCO(001) || CeO2(001) || AloO3(1102).
Although quite commonly used as a choice in research, investigation of the actual the
thickness of this buffer layer is limited to evaluate film quality in terms of Tc [48], no
paper mentions the effect of the thickness on the bolometric frequency response.

2.7 Brief comparison with other detectors

In this short section, a brief comparison with some other teraherzt direct detectors is
made, by means of a table (table 2.1). It shows that the ultimate detector having all the
desired properties is not present (i.e. fast, large (carrier) frequency range, high voltage
responsivity, low NEP, room temperature operation).
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Detector Speed  |Frequency Range|Responsivity NEP T

type (s) (THz) (V/W) | (W/HZ"?) [(K)

Composite Siz Ny bolometer [49]| 11 x 1073 0.06 — 1.2 9 x 107 2x 10717 0.3

Superconducting 300 x 10712 0.3—1.6 190 20 x 10712 | 77
YBCO microbolometer [39]

Pyroelectric detector [50] 200 x 1073 0.1—30 10° 10 x 10710 |295

Golay cell [51] 15 x 1073 0.2 — 20 10° 10 x 10710 {295

V antenna Suspended bridge 1x10°° b 100 30 x 10712 |295

Bi bolometer [40]
Schottky diode [52] 10 x 10712 0.3 —1.2 1000 — 125 | 10 x 10712 |295
—80 x 10712

Room temperature 2.5 x 1079 0.3-1.6 15 450 x 10712295
YBCO microbolometer [18]

Room temperature 2.5 x 107° 0.3-1.6 45 50 x 10712 (295
YBCO nanobolometer [53]

Table 2.1: Comparison of a few THz (direct) detectors based on different figures of merit.
The speed refers to the inverse of the characteristic time constant as defined in chapter 2.
The frequency range indicates the range in which the corresponding voltage response was
measured. NEP refers to the Noise Equivalent Power, defined as the incident signal power
required to obtain a signal equal to the noise in a one Hz bandwidth [14], or equal to the
noise voltage divided by the voltage responsivity. The videobandwith corresponding to the
values of NEP indicated is left unspecified in this comparison. The temperature (abreviated
by T) refers to the temperature at which the device is operated. Schottky diodes are the
most sensitive room temperature detectors below 1 THz, but as the frequency increases
the voltage response and the NEP starts to increase. Because of the lack of information
on the noise in the schottky diode used here, the NEP was deduced using a noise voltage
equal to 1 x 1078V/H 2% from zero biased schottky diode in-house data. A higher response
is obtained for the nanobolometers while speed is maintained with respect to the same
bolometer with micron sized dimensions. Bridge suspension (instead of direct contact with
substrate) results in a higher response at the expense of speed.
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Fabrication

HE Terahertz bolometers are fabricated in the cleanroom of the Department of
Microtechnology and Nanoscience in Chalmers, MC2. The final device is shown
in Fig. 2.7, it simply consists of a piece of YBCO coupled to a spiral antenna.
The fabrication procedure is relevant to explain, since errors or modifications

in the fabrication steps can affect the performance of the bolometers.

3.1 Substrate preparation with Pulsed Laser Deposition

Towards fabrication, a YBCO film with a thickness of 70 nm is grown on top of a 0.43
mm thick 10 x 10 mm polished R-plane sapphire wafer. This requires the deposition
of a CeOy bufferlayer (see section 2.6). On top of the YBCO film a gold layer of 20
nm is deposited in-situ. The use of the 20 nm gold layer is to avoid the YBCO to be
unnecessarily exposed to the environment during the further processing as well and allows
to have an improved YBCO/Au electrical contact resistance (compared to a situation
were the gold is deposited ex-situ). The chip after the multiple depositions is shown in
figure 3.2.

First, the C'e0y buffer layer is deposited using RF sputtering at substrate tempera-
ture of 750°C' and oxygen pressure of pg, = 0.1mbar. After the deposition the oxygen
pressure was raised to 730 mbar and the substrate cooled down to room temperature at
a rate of 10°C'/min. The thickness is a variable parameter under investigation, we tried
(approximately) 12, 25 and 50 nm.

Next follows the deposition of the YBCO. High Tc superconductors have a complex
crystalline structure and so require the use of a pulsed laser deposition (PLD).} A KrF
laser emits pulses focused on a rotating target containing bulk amorphous YBCO mate-
rial. This results in emission of particles in the form a plume. Particles from this plume

IThere exists other techniques to deposit crystalline YBCO, but PLD is probably the most widely
used; advantages and disadvantages of this technique are discussed in [32].
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Figure 3.1: The deposition system used is equipped with three chambers (tool 1142): Two
of them are dedicated to metal and oxide sputtering while the third chamber is dedicated
only to YBCO deposition. These three chambers are connected through a buffer line which
is kept at a base pressure of 10~ "mbar allowing for in-situ multilayered deposition of the
different materials.

are deposited on the substrate and the films starts to grow epitazially . The physics in-
volved in this PLD process are very complex, not surprisingly the film that is obtained is
very sensitive to the exact condition of deposition. In order to get the YBCO in its fully
oxygenated structure an external source provides oxygen in the chamber as well. A list
of parameters that influence the YBCO film quality in terms of crystallinity, uniformity
and stoichiometry is given below:

1.Deposition temperature - under investigation in this work: varied between 780°C
and 855°C' for the different samples

2.0xygen pressure during deposition - pp, = 0.6mbar

3.Laser energy- 1.6.J/cm?

4.Laser frequency - 4Hz

5.Substrate to target separation - 53mm

6.0xygen pressure after deposition, during cool down - po, = 860mbar

7.Annealing conditions - not applied here since the critical temperature (Tc) re-
mained unaffected.

deposition temperature Flevated deposition temperatures and oxygen pressure
during the growth lead in general to high critical temperature at the expense of surface
morphology according to [54]. However, smoother surfaces are obtained if the deposition
temperature and oxygen pressure is lower [54]. Hence it is a priori not clear what choice
of parameters will give the best results.

The YBCO thickness is determined by the number of pulses, to obtain 70 nm, this
amount was 1250. Lastly the 20 nm gold layer is deposited using RF-sputtering.

The purpose is to fabricate 10 bolometers of different sizes on the same wafer. The
following subsections will explain in detail how the fabrication was carried out. For
convenience and without loss of information, the illustrations are shown for only one
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CeO, Buffer Layer

20 nm —¢

70 nm
12-25-50 nm
0.43 mm Sapphire

Figure 3.2: The wafer after PLD
device.

3.2 Introducing Optical Lithography

In order to fabricate and pattern layered structures, optical lithography is used in this
work. This technique requires an optical mask, a flat transparent glass object covered
in specific areas with light-impenetrable chromium representing the features that needs
to be transferred onto the wafer. This mask is placed directly on top of a light-sensitive
material called photoresist (abbreviated as 'resist’) that is covering the wafer. After an
eventual allignement of the mask with respect to the wafer, UV light is applied (usually)
perpendicular to mask. The light reaches the photoresist on places where no coverage is
provided by the mask, affecting (locally) the chemical properties of the resist. Using the
appropriate developer, the light exposed part or light unexposed gets removed depending
on the nature of the resit, a 'positive’ and 'negative’ resist, respectively (see figure 3.3).
The features on the mask are hence transferred to the resist. The patterned resist can
now be used as a mask for deposition or etching.
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UV-exposure through photo mask

—— Mask
Resist
Substrate

Developed negative resist

Developed positive resist

Figure 3.3: Principle of optical lithography.

3.3 Bolometer Length Definition

The purpose of this step is to define the length of the bolometer. Throughout this thesis,
dimensions are defined with respect to the current flow: the length of the bolometer is
referred to as the dimension corresponding to the (average) direction along which the
electrons propagate when a DC current is applied on the contact pads.

Fabrication starts by spin-coating a layer of HDMS primer (spinning for 30 sec with
a speed of 4000 rpm). This is done to improve the adhesion of the resist which is spin-
coated right after that. AZ5214E resist is used, and the spinning is performed for 30
sec with 4000 rpm. Next, a soft baking is performed at 110 degrees C for 60 seconds.
Before lithographically defining the features, the resist on the the edges removed with
an edge bead exposure (figure 3.4). The reason for this is that on the edges the resist
is usually much thicker than at the center and hence might prohibit a good contact of
the mask with the chip which is important to get the exact features of the mask on the
resist. The edge bead exposure is done with a mask with an dark (light impenetrable)
square pattern just smaller than the area of the chip for 60 seconds under UV light. The
UV light intensity in all the exposures is equal to 6mW/cm?. Since the resist at that
stage still acts as a positive resist, the exposed edges will be dissolved in the developer
solution: the chip is immersed in AZ351B developer and water mixture (ratio 1:5) during
60 seconds, followed by water rinse and Ng blow dry.

To define the patterns lithographically, we use what is called 'image reversal lithog-
raphy’ IRL. IRL is carried out using resist which in the first exposure step acts as a
positive resist, the exposed parts are soluble. However, after applying a baking step
and extra UV exposure the previously soluble parts become insoluble and the process
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Figure 3.4: The chip after depositing the resist. The resist on the edges is thicker and
will prohibit good contact with the mask, so the resist is removed by exposing and then
developing. The bufferlayer will be omitted in following figures although it remains present
below the YBCO film.

becomes equivalent to using a negative resist lithography in the sense that the the final
pattern has resist remaining on the places where the mask allows light to penetrate.
Figure 3.5 depicts the IRL process.

e Mask

Image exposiure (6sec)

Pw Resist, S soluble, P~ photoactive

Bake 125°C (60 sec)

rP D F D F\ D— insoluble derbeative

Flood exposure (60 sec)

Develop (30 sec)

Figure 3.5: Image reversal lithography, note that the edges of the wafer are free of resist.
Picture adapted from [13]
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Since the image will be ’reversed’, a mask is used which is chromium covered every-
where except in tiny rectangles where the bolometers will later be situated.?

Using the Karl Siiss mask alligner (Tool 210), this mask is placed on top of the resist
and exposed to UV light for 6 seconds. As was mentioned, the resist acts as a positive
resist, the exposed parts become soluble.

Towards IRL, we bake the chip for 60 seconds at 125 degrees C. The areas that
were just exposed by the light are now inert to the developer while the unexposed areas
remain photosensitive.

After this we expose the whole chip again without any mask for 60 seconds, also called
flood exposure, followed up by 30 seconds resist developing in the developer AZ351B
solution(ratio and AZ351B - water = 1:5) and a rinse in water. To completely remove
unwanted residuals of resist we proceed to plasma descumming, the chip is placed in
shortly in a weak oxygen plasma. The chip at this stage of the process looks as shown
in figure 3.6.

Sapphire

Figure 3.6: The chip after applying image reversal lithography and developing the resist.

The reason to use this image reversal lithography is justified by the fact that it allows
us to obtain a resist pattern with an undercut, facilitating lift-off. This undercut is a
result of the scattering properties of light so that light is less and less intense on the
edges as it goes deeper into the substrate. A negative resist (e.g. me-N 1410) can also
achieve this undercut, but it does not allow to combine it with the edge-bead exposure
step, in this case the contact between resist and mask is not as tight and less well defined
features are the result.

After IRL, a Ti/Au/Ti (10 nm/ 250 nm/10 nm) stack is deposited using the Lesker
Evaporator (Tool 451). The result of this step is shown in figure 3.7. The first Ti layer is
used to improve adhesion of the 250 nm layer of gold with the wafer. The 250 nm of gold
itself will be etched in the right shape to form the antenna and the contact pads. The
upper Ti layer is used as an etching mask during subsequent process steps. The figure
shows the undercut where no material is being deposited. The resist undercut prevents
contact between the resist and material deposited on the substrate.

Next metal ’lift-off” is performed, the result is shown in figure 3.8. The lift-off is
effectuated by putting the chip in 70°C' warm acetone: The resist is dissolved by the

2 Apart from these rectangles, the mask also contains allignment marks. These marks will serve in a
later step to allign the wafer with another mask that contains other features.
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Undercut

Resist

Sapphire

Figure 3.7: The chip after the deposition of Ti/Au/Ti metal stack. The undercut is also
shown. The scales are unrepresentative: the resist-thickness is more than a micron while
the deposited material Ti/Au/Ti is 270 nm in total.

acetone so that the metal structure on top of the resist starts to separate from the chip.
Low power ultrasounds are applied to facilitate the process.

Sapphire

Figure 3.8: The chip after resist lift-off.

In a last step the exposed 20 nm gold layer is etched using an acid gold etchant
solution. Acid (K1 : Iy) and water ratio of 1:10 is used for 8 seconds, etching all gold
that is not protected by the Ti, followed by water rinsing for 4 seconds. This results
in exposing the part of YBCO (also unsensitive to the acid solution): this exposed
region will form part the final resistive bolometer bridge. However, since the wet-etching
is isotropic and the gold is being laterally exposed to the acid solution, an underetch
is present of about 0.2 microns in all directions (not shown on figure), increasing the
effective length of the device to an approximate additional 0.4um (hard to estimate in
the optical microscope). The device now looks as shown in figure 3.9:

The dimensions of this rectangle is not representing the final bolometer bridge: only
the width of this rectangle widht defines the length of the bolometer (see figure 3.9). The
large geometric length of the exposed YBCO rectangle will in the next process step be
reduced to define the width of the bolometer. As will become clear, the reason to take
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YBCO

Sapphire

Figure 3.9: The exposed 20 nm gold is etched, and the window has YBCO is exposed.

it much larger is to allow an easier allignement in the next lithography.

3.4 Bolometer Width and Antenna Definition

The width of the bolometer and the spiral antenna are defined in the same step.

To achieve this, first a positive resist AZ1512HS is spun on top of the wafer.? After
pattern transfer onto the resist, all parts that are not protected by the resist will be
removed by Argon bombardment. It is hence important to position the mask properly so
that after exposure and developing, the resist covers a part of the exposed YBCO window
-the small YBCO rectangle not covered by any (highly conductive) metals defined in
previous lithography-, as already mentioned it is that specific part that will act as the
resistive (and hence heated) element of the bolometer. In order to obtain this precise
positioning, allignment marks are used: those are situated both on the mask and on the
wafer (the allignment marks on the wafer were defined along with the YBCO window in
the first lithography). Some allignement flexibility is allowed in the direction along the
rectangle width since the window is more elongated then the desired bolometric width.
In the direction along the length of the bolometer very accurate allignement is necessary
in order to respect the symmetrical design of the antenna (see figure 3.12).

Once the mask (figure 3.11) is properly alligned to the wafer underneath (when
the allignement marks on wafer and mask overlap), light exposure is applied during 9
seconds. After 20 seconds develop time in AZ351B and water solution (AZ351B - water
ratio = 1:5) and a water rinse, this results in the resist pattern depicted in figure 3.10.

Ion Etching Next the wafer is placed in the Oxford Ion Beam Milling System ”Tool
4177 . This machine applies Argon bombardment perpendicularly to the chip to remove
everything that is not protected by the resist as depicted in figure 3.13. Ionized argon

3Spinning of HDMS layer and spinning of resist both at 4000 rpm, scratching the resist corners
and applying the edge-bead procedure applies here as well. The resist being different, the softbake is
performed at 100°C' instead of 110°C and exposure time and developing time are 30 seconds instead of
60.
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Sapphire

Resist

Figure 3.10: Resist patterned in order to define both the bolometer width and the antenna,
the length of the device is determined by the width of the window (defined in previous
lithographic step). The resist is shown in black and has a finite thickness around 1,3 ym in

contrast to what the image suggests.

Allignement mark
4
/

,_.
)
3
3

1 mm

p A—a—a— 4 —— g —a—a—

A4 —a—a—— g —a—a—
— |—a— g —a—— 0 — s — 0 —

Figure 3.11: Mask used for lithography the second lithography, the external frame repre-

sents the total dimensions of the substrate (10 * 10mm?).

The allignement marks (the small

L shapes, red circle) and dicing marks are shown (small red arrows). As was mentioned a
total of 10 antenna integrated microbolometers are fabricated, each with a different length

and width.
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(b)

Figure 3.12: (a)Optical microscopy image of the chip after resist patterning for the def-
inition of bolometer width and antenna,(b)zoomed-in version of (a). The dark color is the
deposited resist. This bolometer is well alligned in the vertical direction , but not so in the
horizontal direction, but this does not affect the device performance. Note that the pictures
are 90° rotated with respect to the schematic of figure 3.10.

atoms are accelerated in an electric field V so as to gain momentum, enabling them to
knock out atoms from the surface of the exposed film once they reach it. The argon flow
was set to 2scem, the acceleration voltage to 250 V and the ion beam current density to
0.2mA/em?. The angle of incidence of the beam with respect to the substrate is 90°* so
as to have straight etched sidewalls®.

Considering that we want to remove all material stacked above the sapphire substrate,
etching was performed for a total of 75 minutes since the etching rate under above
mentioned conditions is 2-3 nm/min for YBCO , 1-2 nm/min for titanium and 11-12
nm/min for gold.®

A serious drawback of this etching method is excessive heating: Part of momentum
transfer from the argon-ions is converted into heat dissipation of the lattice. YBCO starts
to lose oxygen content already above 100° as reported by [32] leading to degradation in
film quality.” For this reason water cooling is applied underneath the substrate on which
the film is lying. Additionally, after each 5 minutes of etching a shutter covers the wafer
from the Argon-ion beam for 5 minutes.

4This corresponds, for the tool parameter, to an inclination angle of 0° of the substrate.

5The sidewalls of the etched material do have a slope even under perpendicular beam exposure
according to what is reported in [32], for YBCO this slope is about 30°.

5We did not measure the etch-rate of this layer. Although the CeO2 is non conducting, removing it
was unnecessary.

" The lithography steps could affect YBCO quality as well, since the baking of the different resists,
although only for a short duration, occurs at 100 and 125 degrees
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Antenna

Antenna

Sapphire:

Figure 3.13: The final structure after ion milling. The resist remains present on top of the
YBCO contrary to what is shown on the right figure.

3.5 Dicing

The last fabrication step consists of separating all ten bolometers using a dicing blade.
This was done using a dicing diamond saw (Tool 1008). Since sapphire is a very hard
material, careful selection of the blade was required and to achieve a single cut, two cuts
on different depths had to be performed. The blade was manually displaced before each
cut, and oriented by using the dicing marks provided on the chip (figure 3.11). Also
important to note is that during dicing a lot of dust is produced, this originates from
the substrate (as well as, in negligible amounts, from the blade itself which is loosing
material). In order to protect the bolometers, a resist coating was spun onto the chip
beforehand, and during the dicing itself water is continuously removing the particles.
To avoid heating of the substrate due to the cutting, another jet of water is specifically
directed onto the blade. After dicing,there is no need to remove the remaining resist
(both the one which was spun before ion-milling as well as the one before the dicing),
the contact pads are scratched using a scalpel, also the RF-measurements will not be
affected by this resist since backside illumination is applied.

35



Measurement setups

FTER fabrication the bolometers were characterized using three different types of
measurements: DC-power versus resistance, resistance-temperature and volt-
age response versus modulation frequency or IF Power versus IF frequency
depending on the frequency range. The first two only requires DC sources,

while the other one requires an extensive RF setup.

4.1 DC measurements

4.1.1 Power-Resistance measurement

By definition, the thermal conductance G is equal to % . Neglecting the electrother-

mal feedback (this hypothesis is verified once measurements are done), equation (2.7)
simplifies to:

~dR
1 dR
R, =4 —i— (4.1)
v dpP
e~ "dp

By measuring the current-voltage characteristic (V-I), both R (R=U/I) and P (P=U*I)
are obtained. Then, from the slope of R(P), g—g is calculated.

The setup is simple and is shown in figure 4.1. The voltage is applied by placing
probes on the contact pads. Care should be taken to increase the voltage slowly so as
to be able to have enough sampling points. Also shunt diodes (not shown) are used to
minimize risks of damaging the devices during the measurement, these will short circuit
the bolometers if the (undesired) voltage peaks are generated above a certain threshold.
Hence it is important not to increase the voltage supply above that threshold to avoid
having an IV curve which does not reflect the bolometer properties.
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(a)

(b)

Figure 4.1: (a)Schematic picture of the power-resistance measurement, the contact pads
for the DC connections are on the extension of the antenna. (b) Instruments used, Keithley
multimeter and Yokogawa 7651 programable DC source (middle).

4.1.2 Resistance-Temperature Measurement

Setup. In order to extract the value of the other physical parameters, the thermal
conductance and the time constant, it is required to measure how the resistance changes
with temperature. Indeed:

_dP dPdR

~ 4T dRdT
The first term Z—g is obtained in previous section, to obtain the %, a current bias of
500uA is applied, and the resistance is measured while the device is being cooled down.
A priori, since we are interested in room temperature operation, only a temperature
range of a few kelvin is required to measure the thermal dependence. However since the
bolometers are made of YBCO, it is interesting to measure the superconducting transi-
tion properties so get an idea of the material quality.! For the superconducting transition
to occur cooling below 77 K is required, hence the interest of using liquid helium. The
bolometer was placed between two electrodes on the edge of a long stick, which was then

(4.2)

!The bolometer superconducting transition is compared to the transition of the complete film prior
to the fabrication.
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lowered into a bath of liquid helium. A thermometer close to the bolometer continuously
measures the bolometer temperature, while the resistance was measured with a simple
two-probe measurement. A schematic picture can be seen in figure 4.2. The inside of
the tube is not in direct contact with the helium bath, this would lead to a very slow
cooling because of the mismatch in thermal conduction. Hence the tube is filled with
helium gas as well.

0.5mA
|Thermometer |—

AL

0| o
RS

Figure 4.2: The experimental setup used for the characterization of the bolometer resis-
tance as a function of temperature. The temperature is regulated by lowering the holder
into the dewar.

4.2 RF measurements

As discussed in Chapter 2, gain bandwidth measurement allows to extract the relevant
physical parameters. From previous experiments with these type of bolometers, as well
as from predictions from the DC-measurements, it is known that the range of interest is
between 10H z and 15GHz. In order to obtain the responsivity over this wide frequency
range, due to the limitations of the available equipment, there is a need to rely requires
to use two different measurements setups instead of one: For the frequencies between
10H z to 100k H z, the bolometer is operated as a direct detector. For the frequencies
between 100k H z to 15G H z, the bolometer is operated as a mixer.

4.2.1 Measurement setup 10Hz to 100kH z, direct detection

To obtain the response versus frequency, we apply amplitude modulation as explained
in the section on direct detection (section 5.2.1). A power P at frequency w needs to be
applied to the bolometer and corresponding voltage V is read:
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If the power P(w) is kept constant when the frequency is varied, the read-out voltage
will be proportional to the responsivity. Since we are only interested in the relative
variations of R, versus frequency, the absolute value of the power does not need to be
known.

The quasi-optical setup requires a sufficiently high carrier frequency. Simultaneously
these frequencies should low enough such that they can be generated by the available
tools. The frequency generator,Agilent technologies, E8257D PSG Analog Signal gener-
ator,reaching a maximum frequency of 20 GHz, combined with a frequency multiplier,
OML E8257 DS 10, with a multiplication factor of 6, can meet this requirement: 80 GHz
as carrier frequency was used.

Summarized, an amplitude modulated signal with a fixed carrier frequency of 80G H z
is generated where the modulation frequency fans is varied from 10Hz to 100kHz in
discrete steps, with a modulation depth of 50%:

y(t) = (1 + 0.5 cos(2m fam t+ qs)) E'sin(27r80GHz t)
10H z—100kHz
The amplitude F of the signal is unknown, but is set to the maximal possible value

on the source generator in order to achieve the highest voltage response. This signal is
send over the air using a 3.6 mm diagonal horn antenna with a directivity of 26 dB and
captured by a lens which focuses the signal on the bolometers log-spiral antenna. The
beam waist of the horn antenna and the detector (on the 5 mm silicon lens) are hence
placed about 5 mm from each other in order to achieve a high coupling efficiency.?

DC BIASING: A voltage source with a 10k{) resistance in series with it creates a
constant current source.® As can be seen from equation 2.7, the higher the current, the
higher the the response. A bias of 500uA is applied during all measurements (for both
setups discussed), since it is high enough to observe the response with the the available
equipment.

The bolometer will produce a voltage response at the modulation frequency wapy.
The response is recorded using a Stanford research system, SR830 DSP lock-in amplifier.
This type of amplifier has an internal reference source used for the detection of the AM

4

2 Although we are not interested in the absolute values of responsivity, it is interesting to note some
important losses in the setup. The spiral antenna is circularly polarized in contrast to the incoming
beam emitted by the horn antenna which is linearly polarized, this leads to an estimated 0.5 coupling
loss. Also the lens air interface has a transmission coefficient of 0.7. These values were taken from [39].

3The bolometer has a typical resistance between 50 and 100 Ohms and is placed in series the 10kQ
, hence the assumption of an ideal current source is valid. During noise measurements in the group,
additional noise appeared when using a current stabilized source, possibly attributed to the current
control feedback loop of the current source. This is the reason for the current biasing using a voltage
source in series with a resistance although this is not a requirement here where we are interested in the
IF response which lies well above the noise flour.

4A response is also present at 80GHz. However this response is much weaker since this frequency
is much higher than Tepfl, only the electron subsystem is able to translate these power oscillations in
thermal oscillations. In any case this is undetectable by the lock-in amplifier.
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signal. The internal reference is synchronized with the generator by a connection of the
generator to the lock-in amplifier.
The voltage read out on the lock-in is given by:

1
‘/lock:fin = =
WAM 2\/§

,where the factor 2%/5 is present because the lock-in read out gives the root mean
square value of the peak to peak amplitude of the signal, and the definition of the
responsivity, equation (2.6), assumes the half-width voltage. Standing wave phenomena
between the horn and the bolometer detector block makes that the response varies as
a function of the position of the bolometer. This is the reason that the bolometer
(together with the lens) is mounted on an adaptable table where screws that can shift
the device in the 3 spatial directions so as to maximize the incoming power. Once a
maximum is found, the modulation frequency can now be varied and at each of the steps
the bolometer response at the corresponding modulation frequency is recorded by the
lock-in amplifier. The setup scheme is found in figure 4.3.

0.5 % (0.5E?) Ry (wanr)

0.5mA

= VNA

80 GHz

Frequency AM 10HZ'100kHZ
Multiplier llll— bolometer Lock-in
)»)G 10Hz-100kHz .
X6 Antenna |ens amplifier
| N .
Frequency * i
Generator reference 10Hz-100kHz i
_______________________________________________________________

Figure 4.3: Schematic picture of the experiment setup for the bandwidth measurement
10H z to 100kH z. Signal emitted at carrier frequency of 80 GHz, and the AM modulation
varied after readout on lock-in. A signal with frequency equal to the AM frequency signal is
being sent from the signal generator as a reference signal to the lock-in through a seperate
cable (dotted lines).
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4.2.2 Measurement setup 100kHz to 15GH z, heterodyne detection

To obtain the frequency response for higher frequencies a different setup is required
(figure 4.4). Indeed, the lock-in amplifier used in previous measurement setup is not
able to go above 100kHz. The spectrum analyzer will be used instead. The lock-in
amplifier is however still used but for a different purpose, i.e. to compensate for frequency
dependent fluctuations in the incident power as will be explained later on. The main
limitation of the previous setup however is the inability of the frequency generator to
produce a reliable amplitude modulation above 100kHz. This new setup avoids this
particular issue by exploiting the mixing property of the bolometer.

In this setup we will apply two incoming signals at frequency wro and wgrp, the
mixer produces a voltage as was deduced in previous section (2.11):

V((,L)[F,t) = RU(WIF)Q PLOPRF COS(w[Ft) (4.3)
Frequency LNA Spectrum
Generator analyzer
X6 rlllllllIlllllllll-. Lock—in
80 GHz = amplifier

X6 i EEEEEEEEREESR

I 80 GHz + IF MHz

AM 1kHz JF
Frequency e
Generator

reference 1kHz

Figure 4.4: Schematic picture of the experiment setup for the bandwidth measurements for
Intermediate Frequency (IF) from 100kH z to 15GH z. The two LNA amplifiers (represented
by the single triangle on the figure), are added for IF between 70 MHz and 15 GHz.

Signal emission: As was explained in Chapter 2, two sources are needed for mixer
operation, one source responsible for the generation of the LO signal, the other for the
RF signal. The frequency generators (Agilent technologies, E8247c, PSG CW signal
generator and Agilent technologies,E8257D PSG Analog Signal generator) can gener-
ate signals up to 20 GHz. This maximum frequency is not high enough for the quasi-
optical detection setup (as was already mentioned for previous setup). Hence the respec-
tive signal from each frequency generator goes through a SMA cable into a frequency
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;__::':ﬁ....."

\

Figure 4.5: Experimental setup for the bandwidth measurement, for Intermediate Fre-
quency (IF) from 100kHz to 15GHz. Legend: 1-2 Frequency generators, 3-4: frequency
multipliers, 5: voltage source for the LNA amplifiers, 6: screws to adjust the measurement
setup, 12: Spectrum analyzer. LNAs visible on the upper left of the number 3 square.
Missing numbers: see zoom in on figure 4.6.

multiplier, OML E8257 DS 10 and Omnisys Instrument frequency multiplier, with the
multiplication-factor of both being 6, enough to reach final frequencies of 80 and 95
GHz. In order to obtain the responsivity over the desired frequency range of the IF
frequency, 100kH z to 15GH z, the LO oscillator generator is kept fixed at 80 GHz and
the RF-generator is being varied from 80.0001GH z to 95G'Hz.5 After this the signals
are combined in a waveguide using a directional coupler (Flann microwave instruments).
This single waveguide is followed up by the horn antenna emitting the combined signal
to detector block. A schematic picture of the setup is shown in figure 4.4, and one of
the actual setup is shown in figure 4.5 and4.6.

Signal detection: Similar to the first setup the signals coming from the antenna,
are going into the detector block: signals are focused by the lens onto the spiral antenna
which further brings the radiation to the bolometer.

Since the bolometer works as a mixer, the bolometer will generate a signal at the
intermediate frequency |wro — wrr|. The bolometer is supplied with a constant bias

5In this setup, it is clear that either source can be interpreted as being the LO or RF source. We will
take here the convention that the RF signal is designated as varied signal.
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Figure 4.6: Picture of the experimental setup for the bandwidth measurements . Legend:
3-4 Frequency multipliers, 7: Tuner to tune the amplitude of the local oscillator signal, 8:
directional coupler/waveguide, 9 horn antenna, 10: lens and bolometer, 11: bias T.

current of 500uA. Simultaneously the IF signal, our signal of interest, has to be separated
from the DC signal and read out subsequently. This is done by a so called 'bias T’ , a
three terminal device where one port is the combined IF and DC signals, one output has
a capacitor letting the IF signal through and blocking signals with frequencies between
0Hz to 3 kHz so as to protect the ac measurement instruments from DC currents, and
the third port contains an inductance, allowing the DC signal to bias the bolometer and
simultaneously blocking ac signals from 40 kHz to 40 GHz, as to avoid a loss of IF signal.

The AC signal, separated from the DC-bias by the bias T, is led to a spectrum ana-
lyzer: either Agilent technologies, PXA Signal analyzer 3Hz-28.5GHz N9030A or Rhode
and Schwarz FSUP Signal source analyzer 20Hz-50GHz, depending on the availability of
the instruments on the day of measurement. This frequency analyzer will give the power
contained at each frequency of the incoming signal, that is the information we desire:
the amplitude of one peak situated at |wro — wrp|.

The bolometer response starts to roll off at IF around 1MHz, at 100MHz the signal is
typically 20 dBm weaker than at 1MHz, at 1GHz up to 50 dBm weaker, hence the signal

5Video bandwidth and Resolution bandwidth for the Agilent analyzer is set to 75Hz and 12Hz re-
spectively. For the Rhode and Schwarz: 100Hz and 50Hz.
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can start to drop below the noise floor of the spectrum analyzer (-130 dBm). Hence,
either the incoming power must be increased, but is discarded since it is already at the
maximal value. The other option is to amplify the detected signal using microwave low
noise amplifiers (LNA) : two myteq 0.1GHz-20GHz amplifiers are used, having a total of
42 dB gain and 5012 input impedance, but raising the noise floor to (-110 dBm), so the
signal to noise ratio is improved by 20dBm, enough to record the response of the devices
up to 15 GHz. These amplifiers are added to detect the IF signal, between 70 MHz and
15 GHz (figure 4.4).

Monitoring of power variation of the RF source during the frequency
sweep: The voltage read-out will be representative of the sensitivity over the whole
frequency range only if the incoming power incident onto the bolometer is frequency
independent, as seen by the mixer equation (equation (4.3)). This is however not the
case: To obtain the desired bolometric response over the frequency range from 100k H z
to 150G H z, the RF source is varied from 80,0001GH z to 95GH z, resulting in a differ-
ent interference pattern between horn-antenna and the detector block as a function of
frequency.” The detector, being held in a fixed position, will produce a lock-in read-
out different from the intrinsic response at that given frequency. Hence, this should be
rewritten as:

| V(wrr,t) |loc Ry(wir)y/ Pre(wrr) (4.4)

The RF-power or at least the way it varies with frequency has to be estimated. This is
done by amplitude modulating the varying frequency source,the RF signal, and reading
the response at the chosen AM frequency using a lock-in amplifier (the same lock-in
amplifier as for the low frequency measurements). This lock-in readout is effectuated at
each point of the frequency sweep and is used to take into account the power loss when
reading the signal amplitude on the frequency analyzer. The AM-frequency was chosen
at 1kH z allowing this signal to go through the DC port of the bias T.

Mathematically, we can derive the mixer behavior with an amplitude modulated
signal by substituting in the incident power expression, equation (2.9) of Erp by Erp(1+
M cos(want + ¢)). The short proof is found in appendix, the final expression after this
substitution gives:

Piissipated = Pro + Prr + PREM cos(wamt + ¢) + M? cos(2 * (want + ¢))
+ 2\/ PLOPRF COS(wIFt)
+ 1/ ProPrp COS((OJ[F + wAM)t + (ZJ)) + 1/ ProPrp COS((OJ]F — wAM)t — (;5)) (4.5)

From this equation it is deduced that the lock-in amplifier locked in on the AM
frequency will produce a voltage proportional to the incident RF-power:

" The antenna emission itself and interferences inside the directional coupler as well lead to varying
RF-power, however those contributions are negligible. The generators and the multipliers have a flat
response over the whole frequency range.
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The spectrum analyzer does not indicate the voltage response but gives the interme-
diate frequency power as was already defined in chapter 2, Prp(w) = (Via(w,t)) /4Ry,
expressed in units of dBm, note that this assumes a lossless transmission line with
matched impedance, which is not entirely the case (R the load is fixed at 5082 which
the detector seldom matches to). Since we are not interested in the absolute response
values but only the behavior as function of frequency this is not a problem.

Side remark: When the signal on the spectrum analyzer is read out it is necessary
to switch off the amplitude modulation. As seen in previous equation (A.3) the AM
modulation causes harmonics to appear around the IF frequency with a spacing equal
to whole multiples of the AM frequency. These peaks are lower in amplitudes than the
one at the IF, and it is possible that the computer takes one of those as a sample point
instead. Also, part of the power is redistributed on these other frequencies, making the
effective amplitude at the IF lower as without AM-modulation.’

Side remark: In principle it does not matter which source is used as local oscillator
source and which one as RF source. However it is clear that the one whose frequency
is being varied should be the one with amplitude modulation. Also only the frequency
generator Agilent technologies, E8257D PSG Analog Signal generator, is able to apply
modulation.

Compensation of the transmission line after the detector block: The cables
after the detector block where the IF is generated, the bias T, the LNA (when used)
and the spectrum analyzer do not have a flat response over the whole frequency range.
Hence their transfer function needs to be evaluated, this is experimentally done by
simply effectuating a sweep over the IF frequency range (i.e. from 100kHz to 15 GHz)
onto the bias T entrance (removing the detector block) and measuring the response on

8This normalization is strictly speaking not necessary since, as already mentioned, we are not inter-
ested in the absolute value of the responsivity

9All the readout is done via LabView on a desktop computer through GPIB port connections. Lab-
View also applies to appropriate control signals to each measurement device (for instance to switch off
AM modulation prior to readout on spectrum analyzer).
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Figure 4.7: Lock-in response normalized to the lock-in response as a function of the inter-
mediate frequency. The lock-in response is normalized with respect to its value when the
RF source is at 80.1 GHz. The standing waves become more apparent when the wavelength
starts to be comparable in dimensions to the distance between antenna and detector, as
expected.

the frequency analyzer. Although not mentioned before, a similar measure was taken
for the other setup (from 20 Hz to 100kHz).

Frequency Generator

LNA

Figure 4.8: Setup used to evaluated the transfer function of the IF line.

To conclude, the setup discussed here can not be used to obtain the band 10 Hz-100
kHz because the frequency generators are not able to produce ’carrier’ frequencies with
a precision below 100 kHz (e.g. frr = 80GHz + 10kH z can not be generated), limiting
the lowest possible IF frequency to that same value. We again note that in the frame of
this research it is the relative variations of IF power with respect to frequency that is of
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Figure 4.9: Transfer function of the IF line, evaluated by the setup shown if figure 4.8,
using the Rhode and Schwartz spectrum analyzer. Red curve is for the response between
100 kHz and 100 MHz were the LNA was not present in contrast to the blue curve taken
between 10MHz and 15 GHz. We can deduce that gain of the LNA is approximately40 dBm.
At higher frequencies, the response is not so flat, this is due to interference effects inside the
transmission line.

interest, the absolute values are not of interest. ' AM-modulation was used not as the
detection signal of interest but as a calibration tool to compensate for carrier-frequency
dependent losses, the modulation frequency was hence kept constant.

10T order obtain absolute values of the responsivity, the incident powers on the bolometer have to be
known, this would require to estimate the losses (mainly reflection losses on the air-lens interface and
polarization losses).
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Results and discussion

HIS chapter outlines the results obtained from the DC and RF measurements.

These results are discussed and also briefly compared with the two-temperature

model that was introduced in chapter 1. No reproducible results are obtained

inside a batch and across the different batches so we show the data of all

measurements, both DC and RF, for each batch consecutively. The chapter ends by

summarizing and further commenting the observations made (supported by additional
summarizing graphs), together with some suggestions for future work.

5.1 Films

After PLD deposition and prior to the lithography the films are as depicted in figure 3.2.
For each, the resistance versus temperature is measured, in the range where transition to
superconducting state occurs.! This allows to give have an idea of the film quality. The
higher the transition temperature Tc and the less broad the range of temperature over
which transition to zero resistivity takes place the better.? Typically high quality YBCO
possesses a Tc of 8 K and transition width of 0.5K. The film quality is very sensitive
to the deposition conditions as was already mentioned previously, measuring the Tc a
one way to characterize the quality, even though it is a priory not clear wether this
parameter has any effect on the thermal properties (we are specifically how the phonons
will be scattered at the interface between film and substrate). Deposition temperature
and buffer-layer-thickness are the two parameters that have been varied in this work.
Figure 5.1 shows the result of these measurements.

1This requires cooling in liquid helium or liquid nitrogen, the experimental setup is almost same as
the one used for individual bolometers described in figure 4.2 where instead of a 2-probe measurement,
a 4-probe measurement is used

2The Tc coresponds to the point of highest slope and the transition width at 90% of the resistance
values at the point where the change in slope occurs.
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Figure 5.1: Resistance as a function of the temperature for the different batches. The buffer
thickness has no apparent influence. The higher the deposition temperature the higher the
Tec, a trend that has been reported before. As a side remark, the values of the resistance is
only a few ohms above the superconducting transition, this is because the film is coated with
the thin layer of gold which has higher conductivity compared to the YBCO film underneath.

In the four first batches, from figure 5.1 it is seen that the temperature depositions
of 780 degrees gives the worst result, 855 the best. We decided to keep the deposition
temperature at 835°C' and vary the thickness of the buffer layer. From the graph it is
clear that the thickness of the buffer-layer has no influence on film quality regarding its
superconducting transition features.

5.2 Batch-per-Batch Review

5.2.1 Batch 1, 25-30 nm, 780°C'

First a discussion on the dc measurements obtained is presented, following this the RF
measurement for this batch is discussed and compared with the DC-results.

Only 3 devices could be characterized in this batch, all others showed extremely high
resistance values, more than 10k§2, an explanation for this might be that the devices are
very sensitive to electrostatic discharges. Since the slope is constant over a large range of
temperature and we are not fast enough to record the data immediately when the cooling
is applied, we generally extrapolated the values at room temperature (294K )from the
slope at around 260 — 280K of the RT curves, plotted below in figure 5.2. At low
temperature, a change in slope that is most probably associated with superconducting
transition, as was the case for the film prior to device fabrication, however the resistance
in that case is expected to drop completely to zero but does not(figure 5.2). We do not
know the cause of this. For later batches this identical problem was observed only in a
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one case, device 2 of batch 6 (figure 5.15). A possible explanation lies in a residual contact
resistance, in series with the bolometer, while the device still goes into superconduction
with effectively zero resistivity. But the physical origin of this series resistance can still
not,in that case, be explained. The other possibility, being the YBCO itself and not some
series resistance that explains the phenomena, is supported by observation in device 4
of batch 7, on figure 5.15 the first kink at 86K is followed by a second drop only at
much lower temperatures -around 55K. Since we only cooled down till 60 K, a small
experiment could consist of recording the whole temperature range and observe wether
the zero resistivity occurs.
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Figure 5.2: Resistance as a function of temperature for bolometers 5, 6 and 7 (different
vertical axis values). A drop in resistance is observed in the three devices around 80K.

The resistivity of the device is obtained by measuring the resistance (at room tem-
perature), p = (R * [ * w)/d, | the bolometer length, w the width, d the thickness of the
YBCO film, in all cases equal to 70 nm. Since this parameter is an intrinsic property
of the material it should be constant for all devices , yet it is not in this case (table
5.1). An explanation might be a wrong estimation of the area. We use the dimensions
on the lithographic masks for all calculations, and we verify under optical microscope,
which has roughly estimated,a precision of half a micron. It turns out that the lengths
are between 0.5um and 0.75um larger than the one on the mask although the width is
very well respected.?This error can explain a possible offset in the values measured, but
not scattering in data. The resistivity is also much higher than in the other batches and
to what is reported by [18], the dimensions are estimated in exactly the same way and
uses the same material and fabrication process (scattering is not mentioned). Defects in
the YBCO film probably are probably at the origin of the scattering.

3The increase in length is probably due to the wet etching which creates an undercut in the gold-layer
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bolometer|Length|Width| R | dR/dT |dP/dR
number | (um) | (pm) [(Q)|(1072Q/K)|(1W/Q)

5 1.5 2 294 8 40
6 1.5 1 1500 11 18
7 1.5 4 |58 3 228
bolometer| p a G Rpq R, at 1mA| 7 | fpc | frr
number |(uQem)|(1073/K)|(uW/K)|(103em?*K/W)| (V/W) |(ns)|(MHz)|(MH?z)
) 2740 0.4 4.5 6.8 25.0 120 1.3 X
6 5250 0.3 2.5 5.9 56.2 110 1.5 0.4
7 1640 0.5 7.2 5.6 4.4 100| 1.6 1.1

Table 5.1: Summary for batch 1. The upper table contains the information directly ob-
tained from the measurements (all obtained at 295 K), the lower table gives the relevant
physical parameters extracted from these. fpc and frp, in bold, correspond respectively
to the 3dB cut-off frequency that is calculated from the DC-measurements and the actual
3dB roll-off taken from the RF-measurements using a lorentzian fit.

The value of % is in accordance to what is reported by [18]. However the resis-
tances of device number 5 and 6 are higher than those reported by that same paper,
this makes the temperature coefficient of resistance, TCR, a = %%, another intrinsic
material property, lower than what is reported by [18] (0.5.1073/K instead of 2.1073/K)
(a comparison with the other batches, see figure 5.26). Contrary to resistivity where di-
mensions are estimated, the TCR is deduced using nothing but electrical measurements.
It is noticeable that the lower the TCR the higher the resistivity. These low values for
the TCR indicate that the film quality is low, this is as well reflected from the low Tc
(around 80K) for all devices and film. It was hence interesting to plot the relation TCR
versus Tc for the devices in all batches: the result is that there is no general correlation
present, but a high Tc is a necessary condition to have a high TCR.

From the %, as was shown in equation (4.1) the responsivity of the device is directly
obtained.* The smaller the bolometer area, the higher the responsivity, as is expected
(see chapter 2). However the response, for a given area, is one order of magnitude higher
than what was previously reported by the same paper [18] as well as what is measured
on the next batches.

The responsivity being higher and the % being the same as in [18], this means
that, using equation (4.2), the thermal conductance G is an order of magnitude lower
than what is found in that same paper. Somehow the bolometer is more isolated from
the environment. The thermal boundary resistance is calculated by dividing the ther-
mal conductance by the area®, equation(2.13). We note that to extract the thermal

4Tt can be verified that the electrothermal feedback can be neglected. The worst case values used in

this work, for a current of 1mA, % = 1.10729/[( ]2% is 100 times smaller than G = 1uW/K
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boundary resistance this assumes that the principal path of heat removal is through the
substrate G ~ Ggupsirate- Values of the thermal boundary resistance are almost equal in
each case. This is expected since this parameter is independent of geometry and solely
determined by the materials interface, also the scaling of G with the area confirms the
above mentioned assumption. It is however not observed in all batches (figure 5.28).

Higher thermal boundary resistance, although beneficial for the responsivity, will lead
to slower devices. The time response found in the table is calculated using the definition
in equation (2.15), dividing the thermal capacity C by the thermal conductance G or
equivalently using d.c.Rpq where the thickness d is T0nm, Rpq given in the table, and the
specific heat capacity ¢ equal to 254.10*[J/(m?.K)] . The corresponding frequency roll-
off is calculated in the next-to-last column as % and is, not surprisingly anymore, an
order of magnitude lower than what is previously measured in paper [18]. Also compared
to the other batches, as seen in figures 5.23, the thermal boundary resistance is higher
(and corresponding roll-off frequency lower) in this first batch.

The RF measurements, from 100kHz to 15G Hz intermediate frequency, were per-
formed on device 6 and 7, device 5 was ’killed” during measurement. The result is shown
in figure 5.3. A first observation is that for device 7 the IF power is higher than for
device 6 although the DC-responsivity is lower. This is not necessarily in contradiction
with the DC measurements: incident power for both bolometers is not necessarily the
same. Each time a device is measured, it is required to align the bolometer: by visual
adjustment the bolometer is aligned with respect to the lens, once this done, the whole
detector block is aligned with respect to the horn antenna by adjusting the position until
maximal response is obtained on the lock-in amplifier. This alignment is hence not very
rigorous and can thus easily defer from one device to another. Since this contradiction
is present in other batches as well, we will hence not make any further comparisons in
that respect.

The second and most important observation, relates to the shape of the curves. The
shape of both curves are very different, between 600kHz and 5M Hz device 6 has a
distinctly higher slope than device 7, device 6 shows a flat response between 6 and
40M H z (black ellipse on the figure), and then rolls off again whereas device 7 rolls of
continuously. Also in that same range, after 40M H z the slopes are identical.

The simple model derived in section (or the two-temperature model) states the re-
sponse is flat at low frequencies and starts to roll-off with a slope of 20 dB (or dBm)
per decade. We decided to make a lorentzian fit of equation (2.7) using the least square
method, this allows to extract the characteristic time constant 7. The equation shows
that 271” is the frequency at which the signal is 3 dB lower than at zero frequency, so
that an estimation of this parameter can be made directly on the graph. The model fits
very well for device 6, whereas for device 7 there is a significant deviation.

The time constant of the RF measurements and from the DC-measurements can be

1

compared. The characteristic roll-off frequency from the fitted curve (5 -) is placed in

5 As was already mentioned the thermal boundary resistance is extracted using the area that is present
on the mask, with exception of batch 3 where the dimensions had to be reevaluated by optical microscope
due to the fabrication error.
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the last column of the table for the DC measurements (referred to as fgrr), and the one
of the DC measurements (referred to as frp) is placed as well on the RF-curve (black
arrows). For device 7 the time constants match (we note though that the fit for device
7 is not perfect), but not for device 6. In later batches, this match is far from being the
case (with the exception of batch 3).

We further proceed with the analysis of the RF-measurements at higher frequency. As
already mentioned device 6 shows a flat response between 6 and 40M H z, assuming that
the first plateau is associated with the phonon escape time, this plateau (black ellipse
on figure) can not be associated with the hot electron response since the frequencies are
far too low (occurring most often above 1GHZ as seen in other batches (figure 5.29)
and literature, for instance in [55]), furthermore starting at 10GH z there seems to be
the onset of such a plateau (although the picture is quite noisy somehow). The observed
behavior is unexplainable by the two-temperature model as described in section 2.4). The
lowest frequency shelf could be associated with another thermal phenomena and then we
could attribute the second one to the thermal boundary resistance (in that case -for this
batch- this would give a low value for the thermal boundary resistance in contradiction
with the thermal boundary resistance extracted from the DC measurements, at least
in this batch). In literature (e.g. [17], [31], [56]) heat diffusion in the substrate is
mentioned to be responsible for a low frequency slope. However a simulation shows that
heat diffusion in sapphire, having a very high thermal conductivity and thermal capacity,
only contributes to a very minor frequency dependence (see section 2.4, 2.6). Device 7
rolls of continuously and the onset of a plateau at 4G H z seems to be present for device
7 (dashed black ellipse on the figure).

In summary, from the DC measurements, on the three devices that were measured,
the device properties deviate from previous reported values as well as on the other
batches that were measured, but apart from the resistivity which scatters a lot and a
resistance which shows a drop without reaching superconductivity, the DC-results inside
this first batch are consistent. The thermal boundary resistance extracted from the
DC-measurements is exceptionally high. The RF-measurements show two devices with
entirely different behavior. A very good match with the DC extracted time constant is
found for device 7.
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Figure 5.3: IF output power versus intermediate frequency for the mixing using the setup
discussed in subsection 4.2.2. For all measurements, in all batches, the noise floor is at -130
dBm from 100k H z up to 70 MHz, and the equivalent noise after adding the LNA amplifiers
from 70MHz on is situated at -150 dBm ; this noise is due to the spectrum analyzer (and
LNA’s when present). Note that the fluctuations of the incoming power as well as the
transmission-line are taken into account. The arrows indicate the frequencies at which the
roll-off ought to occur based on the DC-measurements. In the range between 5 and 11 MHz,
a flat response is present for device 6. At much higher frequencies from 7GHz on, for device
7 a flat response is visible as well.

5.2.2 Batch 2, 25-30 nm, 855°C'

In this batch, 7 out of the 10 devices were DC measured (1 device was ’dead’ and
2 were left unmeasured) and 4 of those were RF-measured. The results inside this
batch are scattered (TCR, thermal boundary resistance...). The initial film quality
in terms of Tc is the best of all batches (89K, figure 5.1), however on the individual
devices the transition properties are only as well preserved for two devices, number 1
and 10. The other devices show significantly lower Tc (zero resistivity is measured, in
contrast to previous batch). Not unsurprisingly, this scattering is also present in the
other quantities like the resistivity, and the thermal boundary resistance and number
10 and 1 also pair up together with lower values for those quantities. The scattering
on the thermal boundary resistance can also be seen in figure 5.28, where the thermal
conductance G is not following the area in a linear trend. Device 2 and 6 have a very
high thermal boundary resistance 2.9.1073¢cm?K/W. The TCR is relatively good for
device 3 and 8 (1.5.1073/K) even though the Tc is bad (80 K).

The RF curves show very interesting behavior for the devices that were measured
(figure 5.5). First observation is that the pairing up of device 1 and 10 is more or less
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Figure 5.4: Resistance-Temperature curves for batch 2

present as well here. These two curves start reaching the plateau associated with the
electron phonon interaction, very early, already at 100M H z (upper dashed ellipse)! For
device 6 this plateau is observed as well but only at 3GH z (lower dashed ellipse). The
data for device 2 is partly missing, the effect might still occur. Device 1 and 6 show a
change in slope which we could associate with a second plateau at low frequency (we
will from now on define it as ’intermediate plateau’) for both situated between 6 and
11M Hz. This was the same range as device B1 — 6, although in the latter the effect
was more pronounced (really flat). All devices show more or less the same response at
100k H z, and this is the case for the DC-responsivities as well.

For device 1 the response is seen to be flat at 100kHz. The 3-dB roll-off occurs
somewhere around 1MHz as seen on the figure (see frp, extracted from lorentzian fitting
in table), this is in contradiction with the DC-measurements that gives a cut-off at
38M H z (black arrows on figure 5.5). There is actually a roll-off for device 1 somewhere
between 40 — 45M H z, close to the place where the arrow is pointing. As was already
pointed out in batch 1, it is possible that the first roll-off in this feature is associated
with an even slower relaxation process than the phonon escape time from the film to the
substrate. Device 6 shows this same roll-off feature as device 1 (at 40M H z), although
in this case the DC roll-off arrow points to 3M H z.

It is important to note that the time constant from the lorentzian interpolation (that
matches very well for device 1 and 6, but not so for 2 and 10), if it would indeed corre-
spond to the phonon escape into the substrate, leads to a thermal boundary resistance
that is by far too high compared to what is measured in literature and for all DC-
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bolometer|(Length{Width| R | dR/dT |dP/dR
number | (um) | (um) [(Q)](1072Q/K)|(uW/Q)
1 1.5 1.5 |34 8 279
2 1 4 |112 9 147
3 1 2 1320 49 187
5 1.5 3 |679 58 213
6 1.5 2 1199 14 71
8 1.5 1 617 96 41
10 1.5 3 71 11 1000
bolometer| p o G Rpq R, at lmA| 7 | fpe | frr
number |(uQem)|(1073/K)|(uW/K)|(103em?K/W)| (V/W) |(ns)|{(MHz)|(MH z)
1 1200 2.02 97 0.2 4 4 39 1.7
2 3140 0.85 14 2.9 7 51 3 0.7
3 4480 1.52 91 0.2 5 4 41 X
5 9510 0.85 123 0.4 5 7 24 X
6 1860 0.73 10 2.9 14 52 3 0.6
8 2880 1.53 39 0.4 24 7 23 X
10 1490 1.52 108 0.3 1 5 32 1.8

Table 5.2: Summary of DC measurements. The upper table contains the information
directly obtained from the measurements (all obtained at 295 K), the lower table gives the
relevant physical parameters extracted from these.

measurements (not considering batch 1), e.g. frr < 3MHz (a value below most of
what is predicted by the DC-measurements) leads to a thermal boundary resistance of
Ryipp 2> 3.1073cm2K /W . Cherednichenko et al. reports using the same DC measure-
ment technique for sapphire with CeOy buffer layer Ryy = 0.3 — 0.4.10 3cm? K /W [18].
Nahum et al. reports Ryg = 0.8 — 1.4.1073em?K/W for YBCO on sapphire but with
other buffer layers (with a different method but stilled based on static (zero frequency)
dissipated power), [57]. The thermal boundary resistances has also been extracted from
the optical response vs frequency modulation, for different substrates and with other
buffer layers in [55], thermal boundary resistance Rpy = 0.4 — 0.8.103cm?K/W was
obtained.”

From 10GH z and higher, the IF power starts to fluctuate considerably (inside square
orange rectangle on figure),but since it is out of range of interest (we were initially inter-

5These measurements were performed at cryogenics, but the thermal boundary resistance is found to
be very weakly dependent on temperature (much less then 1 order of magnitude difference between 10
and 300K) [18], [58],[57], [59].
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ested in the roll-off frequency related to the phonon escape time) we did not investigate
this further. The problem is probably caused by the LNA’s used to amplify the IF signal.
Due to this coming figures show the response up to 10GHz (instead of 15GH z).
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Figure 5.5: Intermediate Frequency output power versus IF-frequency. The fitting curves
are omitted (values for roll-off see table ). The arrows indicate the time constant extracted
from the DC measurements; for device 2, 6 and 10 they do not point to any specific actual
roll-off. The onset of the high frequency plateau occurs already at 100 MHz for device 1 and
10, not observed in literature.
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5.2.3 Batch 3, 25-30 nm, 780°C'
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Figure 5.6: Resistance-Temperature curves for batch 3

Because the unusual results obtained in batch 1, (for instance the very high thermal
boundary resistance extracted from the DC measurements), we decided to fabricate a
new batch with exactly the same parameters. The Tc of the film was very low as well
(83K compared to 82K for batch 1). The Tc of the devices is higher than the film,
simultaneously the transition is broader. The resistivity was extremely high in most
devices, only 3 devices had a resistivity below 3000uQem (table 5.3).For those 3 devices
the DC-measurements are very close to each other: almost identical and quite high TCR
(around 2.1073/K) and a thermal boundary resistance in the range that is expected
based on literature and on measurements on other batches. The resistivity is relatively
high (2650u82cm for device 8 and 9, and 2000u82em for device 10).

The RF curves were obtained for two samples (figure 5.7) . Both curves are very
similar to each other (as are the values from the DC-measurements), and are very differ-
ent from the ones measured in previous batches: No intermediate plateau is present, a
4dB/dec slope is followed by a 10dB/decade slope till 100MHz, followed by a 15 dB/dec
slope till 120 MHz to finally slow down and reach the high frequency plateau. The onset
of the plateau occurs however earlier for device 9. Transition between the 4dB/dec and
15dB/decade slope occurs at around 12Mz.

Even though the lorentzian fit is not very accurate in this case, the time constant
matches well with the DC-measurements (for both devices), as can be seen in table
5.3, or by the arrows on the figure that indicate the roll-off estimated from the DC-
measurements.
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BATCH-PER-BATCH REVIEW CHAPTER 5. RESULTS AND DISCUSSION

bolometer|Length|Width| R | dR/dT |dP/dR
number | (um) | (pm) [(Q)[(1072Q/K)|(uW/Q)
8 2.8 2 1526 100 89
9 3.4 3 430 92 151
10 3.3 4 1236 53 363
bolometer| p o G Ryq R, at 1mA| 7 | fpe | frr
number |(uQem)|(1073/K)|(uW/K)|(103em?K/W)| (V/W) |(ns)|{(MHz)|(MH z)
8 2630 1.92 90 0.6 11 11 14 X
9 2650 2.14 151 0.7 7 13 12 15
10 2000 2.24 363 0.7 3 13 13 12

Table 5.3: Summary of DC-measurements for batch 3. Resistivity for devices 1 to 7 is
higher then 3000u£2cm, so no tests were performed on those devices. The effective length is
estimated here by optical microscopy to account for processing errors. The single lorentzian
was used for the fit of the roll-off frequency in the last collumn, instead of the 2T-model, to
remain consequent with respect to the other batches.

-100

IF Power (dBm)

=110

-120

il

il

il

=% B3-9 ||

=1 0

10 10

1
10
Intermediate Frequency (MHz)

10°

Figure 5.7: IF output power vs IF frequency combined with the a least square fit with using
the two temperature model ( equation (2.23), 7.s. and 7pe and an amplitude factor are used
as fitting parameters ). The slope at low frequency is unexplained by the model, in literature
this is attributed to substrate diffusion (e.g. [55], not for sapphire), but simulations using
the appropriate parameters seem to contradict this. The roll-off fits with the time constant
evaluated using the DC-method.
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The DC-characteristics (TCR, thermal boundary resistance) of the devices were not
at all identical to the first batch, and more in line with other batches and the values
reported by [18]. Why the results are so different even though the fabrication parame-
ters (deposition temperature, C'eOs thickness) are the same, might reside in fabrication
errors. Errors could have occurred in the first batch, although none were noticed, since
it was the first made, this is still possible. An error, of which the cause is unknown,
occurred during fabrication of the third batch. After the wet etching, respecting the
etch-time, the 20nm of gold was not fully removed as seen by inspection under micro-
scope (figure 5.8a). It was decided to continue etching for 15 seconds, and it resulted in
the almost complete (and desired) disappearance of the gold, some spots are still visible
on after the last process step, figure 5.8b. The same figures also reveals the presence
of a large under etch, explained by the longer etching time. This undercut increases
the effective bolometer length, but not to the extend to explain the very high value
of the resistances. Definitely another batch should be fabricated with same deposition
temperature and C'eOs thickness to confirm or contradict results in batch 1 and 3.

(a) (b)
Figure 5.8: (a) After first wet etch, gold is still visible on top of the grey YBCO. (b) After

a second etch and performing the rest of the lithography gold is still present but in lesser
amounts. The underetch is also visible (blue ripples on the border of the YBCO) .

5.2.4 Batch 4, 25-30 nm, 835°C

DC tests were performed on six devices in this batch. It is the only batch where all
measured devices have a transition to superconductivity above 85K (figure 5.9). Maybe
surprisingly, devices 1 and 2 had a Tc that was better than the film itself. The TCR
is between 2.10721/K and 2.4.10731/K for all devices with the exception of device 4
having TCR equal to 1.1073.1/K (visible by the lower slope on figure 5.9). Resistiv-
ity remains below 1500ucm? for all devices, this trend is also present for the batches
that are fabricated afterwards (figure 5.25). This batch has the lowest measured ther-
mal boundary resistance of all batches, and has a low scattering, with values between
0.14.103cm?K /W and 0.25.10 3cm? K /W

For the RF-measurements only three of the six DC-characterized devices were still
working. The three curves are very similar, all flat at low frequency, all three show a
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Figure 5.9: Resistance-Temperature curves for batch 4

first roll-off around 3 MHz -the DC extracted time constant lies at least 10 times higher
in frequency (figure 5.10)- and all reach the plateau at 1GHz. Device 6 and 7 have a
change of slope at 6 M Hz. Their initial slope is 10dB/dec, whereas for device 1 it is
lower, 6dB/dec. From 6M Hz on all have the same slope. At 40M H z the slope becomes
steeper again,14 dB/dec for all of them, to finally become flat at 1GHz.

By accident, device 7 was first measured without applying any bias current (leaving
the bias line open), surprisingly the device showed a non-zero response above the noise
level of the amplifier. The effect has been observed for THz pulses (80ps) in [60], however
the author attributes it to heat dissipated by vortex motion in the YBCO generated by
the RF-currents. Yet vortexes are only observed when a material is in its superconducting
state, so this can not justify the response at room temperature (where the film is in its
normal state). Hence the origin of this phenomena remains unexplained, and puts a
doubt on the explanation at superconducting state found in [60]. We decided to repeat
this experiment, and measured the curve for different bias currents between 0 and 500 A
(else the bias current is always at 500pA) on a device in batch 7 (see figure 5.21).
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bolometer|Length|Width| R | dR/dT |dP/dR
number | (um) | (pm) [(Q)[(1072Q/K)|(uW/Q)
1 1 2 97 22 634
2 1 3 60 14 794
3 1 1.5 |119 X 350
4 1 1 67 58 558
6 1.5 1.5 (139 14 262
7 1.5 1 119 14 385
9 1.5 72 X 667
10 1.5 4 149 X 1000
bolometer| p o G Ry R, at 1mA| 7 | fpe frF
number |(uQem)|(1072/K)|(pW/K)|(103em?K/W)| (V/W) |(ns)|(MHz)|(MHz)
1 1360 2.26 139 0.1 1.6 3 62 2.8
2 1270 2.25 108 0.3 1.3 5 32 X
3 1250 X X X 2.8 X X X
4 470 1.04 39 0.3 1.8 4 35 X
6 980 2.46 90 0.3 3.8 4 36 2.6
7 560 1.98 91 0.2 2.6 3 54 2.4
9 1000 X X X 1.5 X X X
10 910 X X X 1.0 X X X

Table 5.4: Summary of DC-measurements for batch 4. The discrepancy in the estimated
time constant from both methods is extreme (two last columns), not even a correlation is

present.
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Figure 5.10: IF power versus IF frequency. Device 7 left unbiased gives a frequency
response above the noise floor, but with an overall shape very different from when the
5001 A is applied.
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Figure 5.11: IF power versus IF frequency. The response of device 1 has been shifted
down by 3dBm in order not to overlap with the other curves. All curves are very similar.
The arrows do point at a place where a change in slope is occurring, but it is not associated
with the lowest frequency roll-off (occurring around 3M H z).
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5.2.5 Batch 5, 50-60 nm, 835°C'
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Figure 5.12: Resistance-Temperature curves for batch 5

From this batch on we decided to maintain the temperature deposition at 835°C'
and vary the buffer thickness. As was already mentioned, the Tc of the films remained
unaffected by the buffer thickness (figure 5.1).

Prior to the discussion, it is important to note that a fabrication error was made
in this batch. Etching of the 10nm of gold to expose the YBCO was forgotten, the
mistake was only noticed when the second lithography had already been performed and
the sample had been exposed to 10 minutes of ion etching. To correct for this, the (baked
and burned) resist for the pattern definition had to be removed. After several plasma-
etches (up to 3 minutes on 350W of oxygen plasma) and high-power ultrasonic baths
remains of resist were still visible on the microscope. Nevertheless, the gold etch was
then performed and the second lithography repeated. Here alignment was crucial in both
(lateral) directions since the film had already been exposed once to argon bombardment
that started to pattern the YBCO bridge. Surprisingly, in spite of this mistake and the
numerous extra processing that required to correct this, results in terms of transition to
superconducting state and resistivity for batch P5 are good.

Nothing peculiar in this batch in terms of DC measurements is present. The resis-
tivity of all devices is relatively normal, with an average of 1100uf).cm and standard
deviation of 200u2.cm. The TCR is not so good overall, with only 2 out of 7 mea-
sured devices having a TCR above 2.1073/K. The transition to superconducting state
is rather good, although the transition width is somewhat broad, compared to batch 4,
all Tc’s lies between 85K and 90K (as defined as the point where the slope is highest),

65



5.2. BATCH-PER-BATCH REVIEW CHAPTER 5. RESULTS AND DISCUSSION

bolometer|(Length{Width| R | dR/dT |dP/dR
number | (um) | (um) [(Q)](1072Q/K)|(uW/Q)
1 1 2 78 10 455
2 1 3 56 X 1690
3 1 1.5 |97 11 250
4 1 1 |152 11 2380
6 1.5 1.5 (102 12 360
8 1.5 2 |158 32 190
10 1.5 4 156 12 667
bolometer| p o G Ry R, at ImA| 7 | fpe frF
number |(uQem)|(1073/K)|(uW/K)|(103em?K/W)| (V/W) |(ns)|{(MHz)|(MH z)
1 1090 1.33 47 0.4 2.2 8 21 0.09
2 1180 X X X 9 X X X
3 1020 1.17 28 0.5 5 9 17 0.06
4 1060 0.74 11 1.0 5 17 10 X
5 1000 1.68 142 0.3 0.4 5 32 0.7
6 714 1.15 42 0.5 2.8 10 17 0.4
8 1480 2.05 62 0.5 5.3 9 18 X
10 1050 2.13 80 0.8 1.5 13 12 1.0

Table 5.5: Summary of DC-measurements for batch 5. As for batch 4, the discrepancy in
the estimated time constant from both methods is extreme (two last columns)

with the exception of device 4, which is clearly different. Also noticeable is device 10
showing a higher Tc¢ than the film. The thermal boundary resistance is comparable to
the one in batch 6 and 7, but overall less scattered, and higher than batch 4 (figure 5.23).
Related to this, the (DC measured) thermal conductance scales well with the area, with
the exception of device 10.

The RF-measurements reveal very different curves. Contrary to batch 4 where all
devices have flat response between 100kHz and 1M Hz, here none of the devices do.
We decided to record the response below 100k H z using the setup described in figure
4.3. This setup reads the response at the amplitude modulation frequency in units
of volts on the lock-in amplifier and was thus converted to units of power (assuming
a 509 load for conversion) so that after concatenation with the data above 100kH z,
both frequency ranges could be shown on the same graph. There is continuity of the
slope at 100kH z for all devices, with the exception of device 5, this is clearly due to
some measurement artifact. 3dBm roll-off extracted using the lorentz fitting reveals
frequencies below 1M Hz. Like for batch 4, this is more than a factor of 10 lower than
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the DC estimated frequency roll-off occuring for all devices above 10M H 2!

Looking at figure 5.14, device 1 and 10 show very similar behavior versus frequency
as well as device 3 to some extend with 6. The thermal boundary resistance extracted
by the DC measurements is again not revealing a cut-off or change in slope. Also, the
thermal boundary resistance for 5 and 10 are very different, 0.28.1073cm?K/W and
0.78.1073cm? K /W respectively, although the frequency behavior are very similar. The
Tc is seems not to be a factor for the frequency behavior: devices 3 and 6 have almost
identical transitions (figure 5.12) but non similar frequency curves.

The last plateau is reached at 200M H z for device 1, 5 and 10 , at 1GH z for device
3 and 4GHz for device 6. Also for this behavior no correlation was found with the
measured DC-parameters (p, TCR, Tc, Rpq).
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Figure 5.13: IF power versus IF frequency. Note that the lock-in amplifier voltage response
for the low frequencies has been converted to an equivalent power expressed in dBm to enable
to view the overall response on a single graph. The setup is changed at 100 kHz, denoted
by the black line. The frequency response below 100 kHz was not taken for device 6.
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Figure 5.14: IF power versus IF frequency. The response of device 1 is shifted downwards
by 10 dBm for clarity.
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5.2.6 Batch 6, 12-15 nm, 835°C'
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Figure 5.15: Resistance-Temperature curves for batch 6

This batch has a much thinner C'eOs layer than the others, it does not affect the Tc
of the film. The Tc of most devices lies also above 85K . It is worth noting that device 2
does not reach to zero resistance, although a small feature related to the superconducting
transition is visible, this is similar to what was observed in batch 1.

The resistivity of the film is similar to the one of batch 5 with an average of
990u).cm and standard deviation of 330u.cm. The thermal boundary resistance,
on the contrary, is very scattered, with device 2, 7 and 10 showing very high wval-
ues between 3.5.103cm?K /W and 3.8.10 3cm?K /W the other devices lying between
0.4.103em?K /W and 0.8.103em?K /W (this can also be seen in figure 5.17, where the
arrows indicate the cut-off frequency which is proportional to Rpq, or by looking in figure
5.23 or again at figure 5.28). The TCR is low in this bach, with an average of 1.1073 /K,
the highest value measured is 1.61073 /K.

Since the slope for several devices was not flat at 100kH z, we measured the low
frequency response using the setup on figure 4.3 as was done with previous batch. This
time however, the slope at 100k H z, which is the frequency at which transition between
the two setups occurs, was far from being continuous for several devices. This result
cannot be explained, it is definitely not physical but linked to the measurement-setup,
further investigation would be required. 7

"The transfer function of the transmission line after the detector block for this setup was performed
in a similar way as is done for the mixer setup.
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bolometer|(Length{Width| R | dR/dT |dP/dR
number | (um) | (um) [(Q)](1072Q/K)|(uW/Q)
1 1 2 |67 9 458
2 1 3 56 3 294
3 1 1.5 |58 ) 385
6 1.5 1.5 |211 33 176
7 1.5 1 112 ) 68
8 1.5 118 15 253
10 1.5 4 158 4 399
bolometer| p o G Ryq R, at 1mA| 7 | fpoec | frr
number |(uQem)|(1073/K)|(uW/K)|(103em?K/W)| (V/W) |(ns)|{(MHz)|(MH z)
1 940 1.40 43 0.5 2.2 8 20 1.2
2 1180 0.48 8 3.8 3.4 67 2 04
3 610 0.84 19 0.8 2.6 14 11 X
6 1470 1.61 60 0.4 5.7 7 24 2.8
7 520 0.52 4 3.8 14.8 68 2 1.0
8 1100 1.30 39 0.8 4.0 14 12 X
10 1080 0.74 17 3.5 2.5 62 3 1.0

Table 5.6: Summary of DC-measurements for batch 6. For the fitting, because of the
discontinuity in the response between the two methods, only the data above 100 kHz was
used in the case of device 6 and 7.

Nonetheless, it is clear by just looking at figure 5.17 that the DC extracted time
constant and the fitted lorentzian function do not match.
In order to verify that the measurements are reproducible for a same device, device
2 was measured on two different occasions, identical frequency-responses were obtained

(figure 5.16).

The final plateaus are reached at 200, 400 , 600M H z for devices 10, 6 and 1 respec-
tively. For device 2 and 7 the plateau is not observed in the measured frequency-range,
interestingly these have devices have a bad Tc (70 K for device 7 and a slight drop
without going to zero in resistivity for device 6 at 86 K). The devices in other batches
having such low Tc characteristics also did not show a clearly identifiable high frequency
plateau (see summarizing figure 5.29).

70



5.2. BATCH-PER-BATCH REVIEW CHAPTER 5. RESULTS AND DISCUSSION

; [p— - - T
—soi A >3 :% - % -B6-1 I
e -¥-B6-223/04
PR, el Al el -B-B6-229/04 |
. , -©-B6-6
“TOA === A= A== e A B -9 -B6-7
& —sof
T
2 oot
@]
[a W
~100 -
~110F
~120F

N
(o)}
(o]

2

10 10 10 10 10
Frequency (Hz)

Figure 5.16: The transition from low frequency and high frequency occurring at 100k H z
is not smooth for some devices. Device 2 was measured on two different days, the response
is identical on both occasions.
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Figure 5.17: Scattering in the thermal boundary resistance. The low frequency DC roll-
offs values are attributed to a low dR/dT used to calculate the thermal boundary resistance,
however this does not affect by any means the actual frequency response.
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5.2.7 Batch 7, 50-60 nm, 835°C'

1 | ‘ ‘ 1
00 80 :
160 {|—2
] —3
80 ]
140} ] p
120} —>5
—~ 60} ] 8
g 100 {|—9
@ 40} ilm
60}
20! ] 40t
20}
80 85 90 0 100 200 300
T(K)

Figure 5.18: Resistance-Temperature curves for batch 7

Because of the fabrication error in batch 5, a new film was deposited in exactly the
same conditions, with the same thickness of C'eOs, four times as thick as in batch 6,
twice as thick as the one in batches 1-4.

Not much difference with batch 5 is observed. A slightly higher resistivity: 1180u£2.cm
and a standard deviation of 370uf).cm, the TCR is scattered to the same extend. The
same thermal boundary resistance is obtained (well illustrated in figure 5.28).

The RF-measurements reveal for devices 8 and 9 as was the case in batch 2 and 4,
a (not entirely flat) 'intermediate plateau’ around 6M Hz. Interestingly, device 9 has a
very similar RF-response to the devices in batch 4 (flat till 1M Hz, change of slope at
6M H z and high frequency shelf starting at 2GH z). Device 1 and 8 have some additional
features between 570 and 820G H z (indicated in the black ellipse on figure 5.20).

Device 8, 9 and 10 have flat responses below 1M Hz, whereas device 1 is still in
decrease. In contrast to batch 5 (and batch 6), the high frequency plateau occurs at
much higher frequencies, 1GHz, for device 1, 9 and 2GHz for 10, and 3.5GHz for
device 8.

The thermal boundary resistance exctacted from the DC measurements is situated
in a narrow range in this batch, which can also be seen by the linear behavior in of G
versus area in figure 5.28.

Again it is clear by just looking at figure 5.17 or table 5.7 that the DC extracted
time constant and the fitted lorentzian function do not match.

In batch 4, it was mentioned that a non zero response was obtained although the
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bolometer|(Length{Width| R | dR/dT |dP/dR
number | (um) | (um) [(Q)](1072Q/K)|(uW/Q)
1 1 2 91 12 290
2 1 3 59 8 770
3 1 1.5 |75 ) 320
4 1 1 92 3 156
5 1 4 45 8 1818
8 1.5 2 |134 18 286
9 1.5 3 |73 13 833
10 1.5 4 58 12 1250
bolometer| p « G Ry R, at 1mA| 7 | fpe frF
number |(uQem)|(1073/K)|(uW/K)|(103em?K/W)| (V/W) |(ns)|{(MHz)|(MH z)
1 1270 1.36 36 0.6 3.5 10 16 X
2 1240 1.46 66 0.5 1.3 8 20 2.0
3 790 0.67 16 0.9 3.1 16 10 X
4 640 0.35 ) 2.0 6.4 35 5 X
5 1270 1.67 138 0.3 0.6 5 31 X
8 1250 1.38 53 0.6 3.5 10 16 1.1
9 1870 1.76 107 0.4 1.2 8 21 2.8
10 1090 2.02 147 0.4 0.8 7 22 7.6

Table 5.7: Summary of DC-measurements for batch 7. The outsider number 4 can be
noted, having a low resistivity, low TCR and high thermal boundary resistance.

current was set to zero (kept floating). The response curve as such was different than
the one of were a bias of 5004 A was applied. Hence we decided to repeat the experience
but this time we varied the bias current gradually from zero to 500uA and to gain time
measured on a smaller frequency interval, from 70 MHz to 2.200 GHz. The results are
plotted in figure 5.22 and 5.21. The influence of the bias current on the RF-curves was
recorded for device 8. The responsivity scales linearly with the current as it should by
equation (2.7) (the bias current is low enough so as not to alter the dR/dT). However
for currents below 50uA the RF-curves are not a shifted replica of each other, this effect
becomes visible starting at frequencies above 200 MHz.
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Figure 5.19: Resistance-Temperature curves for batch 7
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Figure 5.20: The curve of device 2 is shifted down by 10dB to allow for clarity. Device 8
has the most complex structure with 2 small plateaus on at low frequency 7 — 20M H z and
one at 570 — 820M Hz (indicated inside the ellipses) to finally become flat later than the
other devices, at 2GH z. DC thermal boundary resistance is exactly the same in all 4 cases
(arrows on same frequency), however the responses are very different
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Figure 5.21: IF-power as a function of IF frequency, from 70M H z to 2.2G H z, for different
values of bias current of device P7-8. At bias currents below 50uA, the relative responses
as a function of frequency are different.
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Figure 5.22: Voltage response at different bias currents, for device P7-8, at 1 kHz recorded
with lock-in amplifier and at 70 MHz with the spectrum analyzer. As expected it scales
linearly with current. The response on the spectrum analyzer was taken at 100 kHz from
figure 5.21 and was converted from dBm to pV, assuming a 502 load. It can also be
noted that the response is at 70 MHz is lower than that at 1kH z, but quantitatively not in
accordance to the at least 25dBm difference in response observed on figure 5.20.
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5.3 Summary

The Tc of the films was clearly influenced by the deposition temperature. The buffer
layer thickness did not modify the Tc. Toma reports increased C'eO» resulted in reduced
Tc [60]. Ronnung et al. on the other hand mentions no influence of the thickness of the
buffer layer on Tc [48]. No literature at all is available regarding the effect of a buffer
layer thickness on the thermal properties of the bolometer.

Apart from the Tc, from the results presented in this work it can be concluded that
neither the temperature deposition nor the buffer layer thickness-in the range for which
the parameters were varied- has any influence on the electrical or thermal properties.
Specifically, the property that was hoped to be influenced upon was the thermal boundary
resistance (figure 5.23). The fact that the C'eOs thickness has no influence is maybe not
surprising, when considering work in [61] and [57]: both papers investigate different
substrates and buffer types, and obtain very similar thermal boundary resistances. The
former extracts the thermal boundary resistance from the optical response vs modulation
frequency and obtains values between 0.4.10 3em?K /W —0.8.103cm?2 K /W for different
substrates. Although these measurements are performed at cryogenics, the thermal
boundary resistance has been shown to remain almost constant with temperature [18],
[58],[57], [59]. The latter [57], evaluates it by probing the stationary temperature profile
beneath a heated YBCO strip and obtains 0.8.103cm?K/W — 1.4.10 3cm?K/W for
using different buffer layers on sapphire (CeO; is not one of them).

The thermal boundary resistance extracted using the DC method remains fairly
constant in some batches whereas in others the scattering is more pronounced (figure
5.23, we note also that not all devices in all batches have been measured). Overall
the magnitude of variations is more than a factor of 10, with several values exceeding
3.1073em?K/W. Thermal boundary resistances higher than 1.5.10 3cm?K/W to the
best of our knowledge has only been reported in [59]. Most values are however, situated
between 0.1.10 3cm?K /W and 1.1073em?K /W, this is consistent with what is found in
literature (i.e. for different substrate and thickness since no thermal boundary resistance
has been evaluated for C'eOs on sapphire, summarized results are found in [58]).

The thermal boundary resistance ought to be extracted using the RF method as well.
Fitting a simple lorentzian, we obtained values for the time constants; these are however
always below 3 MHz, with the exception of batch 3. Assuming this time constant to be
associated with the phonon escape to the substrate, a thermal boundary resistance using
Ryq = 73, would give values above 3.1073cm?K /W , this is in contradiction with the
values mentioned in above paragraph (both from literature as from the measurements).
Figure 5.30 compares the frequency roll-offs using the two methods. The two frequency
roll-offs do not to match. We are unable to explain this discrepancy, but we expect it to
be related to unaccounted thermal phenomena. We believe the measurement methods
are correct.®

Deviations with the two temperature model are omnipresent. As was mentioned, for

8To confirm that the de-responsivity, using the method described in section 4.1.1, is correct, optical
responsivity tests could be performed as well.
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all devices (with the exception of batch 3), the fitted lorentzian model® has a roll-off
frequency that is below 3M H z, this results in high values for the thermal boundary re-
sistances, which we believe are unphysical. Also in some cases the fit on the experimental
data was not accurate. Based on these arguments we suspect this first roll-off not to
be associated to the phonon escape time. A considerable number of devices show after
the first roll, a flat or low slope at frequencies followed by a second roll-off in a range
lying between 4 and 60 MHz (for instance B1-6, B2-1, figures 5.3 ,5.5), we rather suspect
this second roll-off lying at higher frequencies to be associated with the phonon escape
time (at least when present). In literature a low frequency behavior is attributed to
diffusion inside the substrate. It can be modeled using the diffusion equation assuming
a radial temperature profile as discussed in section 2.4. Modeling this in the particular
case of sapphire at room temperature however shows that the substrate diffusion cannot
possibly account for the observed slope or roll-off. This is due to the very high thermal
conductivity of sapphire compared to other substrates. The result of this modeling is
shown in figure 2.6. Another thermal process neglected in the final equation of the two
temperature model is phonon diffusion into the contact pads. It is easily verified that
including this effect only results in a shift to the right of the roll-off frequency but ought
to be taken into consideration for a proper quantification of the thermal boundary re-
sistance from the RF measurements: Te_flf cotive = Tose + T(;} f.lo Further investigation
in the thermal phenomena is hence required to find the origin of the discrepancies with
the model. Since thermal constants like specific heat capacitance and conductivity are
temperature dependent, it would also be interesting to measure the RF-curves at Tc to
see to what extend the curves are modified.

Apart from the thermal boundary resistance, the resistivity and the TCR are inde-
pendent of geometry, these intrinsic material properties should be constant for all devices
inside one batch, however this is not the case (figures 5.25,5.26).

The Tc of the individual devices was in some cases lower than the one of the film.
A few devices showed an excessively degraded transition to superconductivity. In those
cases the TCR was very low resulting in an above average value for the thermal boundary
resistance or equivalently, low value for the extracted frequency roll-off. The RF-response
of these devices did not have a high frequency plateau in the measured frequency range
(with the exception of B1 — 7 where it seems to occur).

The high frequency plateau was observed in most devices. According to the two
temperature model (explained in section 2.4) the onset is associated with the phonon
electron interaction. That onset was found to vary over a considerable range of frequen-
cies (figure 5.29). Some devices showed, as already mentioned in above paragraph, no
high frequency plateau in the measured frequency range, and it is seen that those have a
degraded Tec. Apart from this, no correlation to other measurements values in this work
is observed. With CeOs buffer layer on sapphire Ronnung et al. obtained the onset at

9The two temperature equation ,equation (2.25), at low frequencies (w << 7';51 ) is approximately
equal the lorentzian equation ,equation (2.7).

10 As mentioned in section 2.4 Td_i}f is equal to 25ns for a 1um long bridge using the heat capacitance
and conductivity of YBCO at Room temperature
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2 GHz [48], while in [62] it was not observed in the studied range (maximal frequency
of 10 GHz). Danerud et al. reports this starts at 3-4GHz for several different substrate
materials [61].11 It should be noted that in literature all measurements are performed at
Tc (where detectors are usually operated), no room temperature results are discussed.
Lastly, extension to higher frequencies is required to observe the roll-off of the plateau.
For an onset of the high frequency shelf at 4 GHz, the two temperature model predicts
that the roll-off will take place around 140 GHz. Additionally, extending the range will
allow to determine whether it occurs on the devices where the plateau was not revealed.
The setup would have to be completely redesigned to reach these high frequencies.

We observed a non-zero response for unbiased devices, the shape of the curves was
significantly different from biased devices however. This result is still unexplained. A
discontinuity of the slope is present at the frequency at which the setups are changed
(setup between 20 Hz and 100 kHz using direct detection, compared to the setup from
100 kHz to 15 GHz using super heterodyne (mixing) detection). The origin of this
experimental error needs to be further investigated.

Finally the variability in the RF curves (for frequencies between 100 kHz and 10
GHz) is clearly summarized in figure 5.31, by aligning all curves at 8 GHz (for visibility
concerns). Investigation on the fabrication process to gain control on reproducibility is
required. In this respect, parallel with electrical characterization, a microscopic study
could be performed, using AFM and TEM techniques to analyze the quality of the
interface (as well as the film and the substrate).

1The physical interaction occurs in the film and is a priori unrelated to the interface.
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Figure 5.23: Thermal boundary resistance evaluated by the DC method for the different
batches. A considerable scattering is present in each batch and between batches. Batch 4
is seen to have the lowest values and least scattering, between 0.1 and 0.3.10 3em?K/W.
Temperature deposition was varied in the first 4 batches, buffer layer thickness in batch 5-7
with deposition temperature equal to the one in batch 4.
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Figure 5.24: Calculated cut-off frequencies based on the DC measurements, using equation
2.4.
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Figure 5.25: Resistivity scatter plot. This plot shows the devices having resistance below
10k42.
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Figure 5.26: Temperature coefficient of resistance scatter plot.
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Figure 5.27: Temperature coefficient of resistance versus transition temperature to super-
conductive state. The highest TCR’s are obtained in the case that the Tc of the film is
high ,if the Tc is below 80K then the TCR is low as well, but a general correlation is not
present. The question-marks beside the symbols for some of the devices mean the drop to
zero resistivity was not observed.
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Figure 5.28: Thermal conductance as a function of the area. According to equation
(2.13) the thermal conductance should scale linearly to the area, the slope being inversely
proportional to the thermal boundary resistance, Rpq. This is verified for batches 1,4,5 and
7. This includes batch 6 if the 3 devices with area larger than 3um? are neglected. 5,6 and
7 have the same Rpq. Batch 4 has the lowest thermal boundary resistance whereas, batch 1
has the highest. Batch 2 and 3 are very scattered.

85



5.3. SUMMARY CHAPTER 5. RESULTS AND DISCUSSION

B6-2?
B6-77?
e? :
B1-6 - 10GHz 82_-6?
4 .o? : (o}
e
3 @) o
~
E 2 )
- 2
1 6} oo e e Y
o 3
0 o0
1 2 3 4 5 6 7

Batch number

Figure 5.29: The onset of the second plateau for the different batches. Using the two
temperature model this frequency is related to the phonon electron interaction time. The
normalization with a factor 27 was omitted. The question marks indicate that the onset was
either not clearly discernible or could still occur but falls outside the measurable frequency
range (limited up to 10 GHz). Interestingly, those devices show a bad transition-curve to
superconducting state (very low Tc in the case of B6-7, or a drop in resistance without going
to zero resistivity, see the RT curves: figures 5.2, 5.4, 5.15).
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Figure 5.30: Frequency cut-off estimated by the DC-measurements fpc and the frequency
cut-off obtained from the lorentzian fit frp are incompatible (with the exception of batch
3). The frr cutoff lies for most devices below 3 MHz. The incompatibility remains unex-
plainable.
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Conclusions

HE YBCO room temperature bolometers were designed, fabricated and char-
acterized. It was observed that the thermal boundary resistance remains
unaffected by the buffer layer thickness and the temperature deposition.
Variability in the thermal boundary resistance was however present and

needed to be controlled, Ryg = 0.1em?K/W — 1.0.1073em?K /W (excluding outliers).
Significant variations were observed in important electrical parameters e.g. resistivity
and thermal coefficient of resistance.

The RF measurements (IF power vs. intermediate frequency) showed variability
over the whole frequency range. Further, from the complex frequency behavior, it was
deduced that, excluding the thermal resistance at the interface, other thermal phenomena
should be present. The two temperature model could explain the behavior at very high
frequencies. According to the model, the variations are related to heat exchange between
electrons and phonons in the film, but was seen to vary as well, and in some cases not
observed (inside the measured frequency range). Although the effect of the thermal
boundary resistance is considered by the two temperature model, the model was unable
to predict the response curves at low and moderate frequencies. In this range substrate
diffusion was believed to play a role. However the simulation results showed this effect to
be negligible. In order to explain the results additional research on the thermal transport
phenomena involved seems to be required.

Lastly, the thermal time constants calculated from the dc measurements are overall
an order of magnitude higher than the actual ones obtained from low frequency roll-offs
from the RF measurements. This inconsistency remains currently unexplained but we
suspect it to be related to unaccounted thermal behavior.

Based on our literature studies and the results obtained during the current work,
there seems to be strong evidences showing that the thermal boundary resistance can
not be altered by any considerable amount in order to achieve a significant improvement
in current responsivity or speed in this type of bolometers.
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Appendix 1: derivation of
bolometetric mixing with AM
modulation on the RF source

2
P=1/R <0~5(ERF(1 + M cos(wapnrt + QZ))) + 0'5E%O
2
+ 0.5(ERF(1 + M cos(wanrt + gb)) cos(2 * wrpt)+
0.5E%, cos(2 * wrot) + EroErr(1 + M cos(want + ¢) cos((wrr + wro)t)

+ EroERr(1 4+ M cos(want + ¢)) cos((wrp — wLo)t)> (A1)

Only the terms at frequency wrr — wro and waps give rise to thermal oscillations,
the others just contributing to a thermal offset, summarized as:

2
Piissipated = Pro + Prr <1 + M cos(wamt + ¢)) +
27/ ProPrr COS(W[Ft)(l + MCOS(wA]V[t + gf)) (A2)

This can be further simplified, leading to the final expression:

Piissipated = Pro + Prr + PreM cos(wamt + ¢) + M? cos(2 * (want + ¢))
+ 2v/ ProPrp COS(W]Ft)
+ 1\/ProPrr cos(wrp +wapt + @) + 1/ PLoPrr cos(wip —wapt — ¢)) (A.3)
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