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Abstract

The key technology for low-noise sub-millimeter and THz receivers lies inevitably in
the employment of super-conductive material as the widely used niobium nitride with
critical temperature Tc of 16-17K of bulk. However, this material exhibits as well short
electron relaxation time which favors its applicability in Hot Electron Bolometers as
most sensitive device for heterodyne detection being used above 1.3THz [2].

The enhancement of phonon-cooled HEB’s limited IF bandwidth has been a relevant
topic since its proposal in 1990 and is associated with the quality of 3.5-6nm thin NbN
films. This thesis revisits the concept of employing buffer-layers which have not been
utilized yet to deposit NbN onto.

First of all, a reliable deposition process by means of DC magnetron sputtering was
set up and yielded to poly-crystalline ultra-thin films on SOI substrate reaching Tc of
10.5K. It has experimentally been verified that, for silicon substrates optimized deposi-
tion parameters are transferable to arbitrary substrates which eased the investigation of
promising epi-layers such as Al,Ga;_,N. As a result, 5.5nm thin NbN films have been
successfully deposited onto hexagonal GaN and exhibit Tc as high as 13.2K and RRR
close to unity, which is evidence of a high quality single-crystal structure. Furthermore,
h-AlGaN layers with different Al content have been studied and clearly show degrada-
tion of Tc when the Al content exceeds about 20%. This behavior was confirmed for 3
different deposition temperatures ranging from 650°C to ambient.

The characterization of micro-bridges processed by means of micro-fabrication revealed
high uniformity and hardly recognizable deterioration of film’s Tc by 0.2-0.3K after pro-
cessing and storage under ambient atmosphere for one month. Moreover, the critical
current density of NbN ultra-thin film grown on GaN and silicon substrates was mea-
sured and amounts to about 6MA /cm? and 2MA /em?, respectively.

According to the studies of Kaplan [3] on acoustic matching between thin-films and
substrates, GaN may provide an enhanced phonon-transmission compared to commonly
used substrates. The growth of NbN ultra-thin films at ambient temperatures on GaN
substrates has also successfully been demonstrated and offers the ability of highly-

integrated THz electronics.
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1 Introduction

The part of the electromagnetic spectrum called sub-millimeter and THz radiation,
loosely defined as the frequency range 0.1-3THz and 1-10THz respectively, can be seen
as the link where microwaves and optical radiation merge. This allows to take advantage
of desirable properties of both frequency regimes simultaneously since the wavelength is
small enough to achieve high resolution imaging whereas on the other hand photon’s en-
ergy is still low on an atomic level and thus not capable of triggering ionization processes.
The utilization of this frequency range awoke especially huge interest in astronomical
spectroscopy as citing C. Kulesa [4] "It is also one of the most diagnostic, harboring
spectral signatures of ions, atoms, and molecules that are central to our understanding
of the composition and origin of the Solar System, the evolution of matter in our Galaxy,
and the star formation history of galaxies over cosmic timescales.". However, the em-
ployment of THz radiation with its desirable features has not been widely utilized yet
due to the fact that the absorption by water vapor is extremely high as seen from Fig.
(1.1p) which still limits applications in safety, medicine, imaging or communication to

short distances.
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(a) Spectral characteristics of an interstellar (b) Atmospheric absorption versus frequency
cloud at 30K with atomic and molecular 5]
spectral lines [4]

Figure 1.1: THz radiation as revealing tool for astronomical spectroscopy and counter-
acting atmospheric attenuation
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Because of this fundamental limitation astronomical observation platforms in the THz
range have been moved to higher altitudes, where the content of atmospheric water
vapor is significantly reduced. Recent projects as seen in Fig. have come reality
due to a wide international network, joint forces and intense ongoing research in this

field.

Alma: 0.1-1THz APEX: 0.2-1.4THz

(a) ALMA - Atacama dessert 5058m above sea- (b) APEX - Atacama dessert 5104m above sea-level
level (Source: NAOJ) (Source: NAOJ)

>

Sofia; 0,2-100THz
% J‘ '

(c) SOFIA - Airborne observation (Source: (d) Herschel - Lower Earth orbit (Source: ESA)
NASA)

Figure 1.2: Recent projects of sensing THz radiation from elevated locations

Up to now, there exists a wide range of sophisticated detectors capable of sensing THz
radiation both operating at room and cryogenic temperatures which have been devel-
oped in the last decades. However, only heterodyne receiver systems with high spectral
resolution can preserve both phase and amplitude information of the weak incoming
radiation by means of mixing it down with a strong LO signal to an easily processable
IF band. This enables the spectral analysis of interplanetary objects and reveal informa-

tions of the elements they consist of. For astronomical purposes mainly three different
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receiver technologies are employed for the mixing process such as Schottky diodes and
the on a superconducting working principle based SIS tunnel junctions and Hot Electron
Bolometer. Despite the fact that SIS tunnel junctions exhibit noise close to the funda-
mental quantum-limit, the frequency they can operate at is limited and HEB becomes
the detector of choice above 1.3THz.

1.1 Motivation

Hot Electron Bolometers have no physical limitation in RF frequency bandwidth, are
not in need of external magnetic fields and provide easy matching to microwave circuitry
due to a purely real impedance. Furthermore, the LO power required for mixing is three
to four order of magnitudes lower than Schottky diodes, which overcomes the issue with
the lack of frequency-stable solid-state THz local oscillator sources [6]. However, those
devices suffer from their limited IF bandwidth which still amounts to maximum reported
8GHz [7] and restrict astronomers in a time-efficient observation.

Many attempts have been made to enhance HEB’s IF bandwidth which intrinsically is
associated with the quality of the super-conductive ultra-thin NbN films. The single-
crystal growth of NbN on MgO is well-established but reliability issues come along with
its hydrophilic attitude. Furthermore, sapphire substrates and 3C-SiC epi-layers present
as well low lattice-mismatch to NbN and promote an epitaxial growth. However, the
afore-mentioned substrates do not provide a sufficient acoustic matching between film
and substrates which hinders the phonon escape and eventually limits the IF bandwidth
[3], [8]. The substrate of choice from a fabrication point of view is silicon. Well-developed
processing techniques allow the integration of additional microwave circuitry such as hy-
brids and waveguides on the same chip, which is of particular interest for waveguide
mixers consisting of thin membrane-like structures. Unfortunately, bare silicon sub-
strates do not favor the epitaxial growth of NbN due to the difference in lattice constant
and forfeit superconducting properties of NbN ultra-thin films. The emphasis of this
thesis is on the investigation of suitable epi-layers promoting high-quality single-crystal
growth of NbN with improved film-substrate interface for enhanced HEB IF bandwidth

and further applications in THz electronics.

1.2 Structure of the thesis

The next chapter is dedicated to the explanation of the Hot Electron Bolometer working

principle and include a thorough investigation of the relaxation process of hot electrons
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determining the intrinsic IF bandwidth as well as the role of buffer-layers and their effect
on HEB performance enhancement.

The third chapter describes the development of a reliable NbN deposition process by
means of reactive DC magnetron sputtering. Several important deposition parameters
were identified and yielded to high quality poly-crystalline ultra-thin NbN films on silicon
and SOI substrates which will serve as a reference for the ongoing investigation of mainly
AlGaN buffer-layers with promising properties as explored in chapter 2.

Many characterization techniques have been applied in order to thoroughly analyze the
NbN film properties and relating them to the applicability in HEBs. The conclusion
will summarize the main findings of this work and presents next steps towards the

employment of the investigated buffer-layers in working HEB devices.

1.3 Goal

The goal of this thesis is to investigate the employment of prospective buffer-layers,
which have not yet been considered as substrates to deposit ultra-thin NbN films onto.
Understanding the process of hot electron relaxation taking place in HEB devices upon
THz radiation shall serve as a starting point to deduce advantageous properties which the
substrates should exhibit and help to overcome the bottle-neck of limited IF bandwidth of
HEB heterodyne receivers. Promising substrates will qualitatively be characterized and
compared to state-of-the-art NbN on silicon depositions. Furthermore, the achievement
of epitaxially grown ultra-thin NbN films on buffer-layers could also serve other THz

electronics based on a superconducting working principle.



2 Theoretical Background

2.1 Heterodyne detection of THz radiation

The frequency limitation of SIS tunnel junctions arises from their working principle and
depends on energy gap A of the super-conducting material being used. When properly
biased (e|Vypes|<2A) Cooper-pairs are broken upon photon-arrival to quasi-particles and
tunnel effectively through the few atomic layer thin insulator, widely known as photon-
assisted tunneling. Thus, this rapid increase of current exhibit a non-linear IV behavior
and is employed as the mixing element of incoming radiation and the LO signal. Prin-
cipally, SIS devices are based on Nb/Al-AlO,/Nb junctions with A=1.45meV which
corresponds to a maximal frequency the junction can operate at of about 1400GHz ac-
cording to Aw<4A. The superconducting tuning circuitry indeed works only lossless
until photon energies of 2A, which corresponds to 700GHz and losses increase dramati-
cally above this frequency, hence the rise of receiver’s noise temperature. The energy gap
is linear to the critical temperature with A(0)=1.764 kzTc and materials as NbTiN or
NbN with A ~2.5meV have been considered in order to extend the maximum operating
frequency up to about 1.4THz.

Schottky diodes are based on a semiconductor-metal junction and the mixing occurs due
to its non-linear current-voltage characteristics as well. Although, they are too noisy
for astronomical applications Fig. ), require significant more LO power to operate
them and therefore suffer from the lack of pure solid-state LO sources as presented in
Fig. ([2.1b).

As depicted in Fig. and , the fundamental difference between the commonly
employed microwave receiver architecture and THz low-noise system is the presence of

a LNA at the front-end of the receiver chain.



6 Chapter 2. Theoretical Background
10° F— ——— —
E  ®Schottky diode 3
. - =HEB o 50hv/k]
< 104 VSIS o T
9 § _-9-- —‘/- L] " §
E C . P 10hvk] S
© r ® _,.— 2 ™ ,,——"'/_ 1 E
g_ 103 L o __.% . " ’=' 4 T
£ E-® }-—1"' 2hv/k3 g
[0} E P s e
2 i.f" e R
N i
=z 10°F r/_,.«—"") _ - 3 g
Eost T T ] 0.01 s
10 L= L 0.001 T
03 05 1 2 3 45 10 100 1,000 10,000 100,00
Frequency (THz) Frequency (GHz)

(a) Heterodyne low-noise receivers

(b) LO solid-state sources (O QCL, o frequency mul-
tipliers, A other)

Figure 2.1: Receiver noise-temperature and availability of LO sources [6]

It mainly determines the overall noise performance of the entire receiver since the noise

contribution of all following components are divided by the LNA gain.

Antenna

2

BPF

Toystem = Lant +Tpr +Trr—na +

RF - LNA

LO
RF IF
Mixer IF amplifier
Thric . Trr-LNa
Grr-tnva  Grr-LNAGMix

Figure 2.2: Ordinary microwave system architecture

Antenna

LO
~_| RF IF
~
BPF o IF - LNA
Tina
Tsystem = TAnt + TBPF + TMzw +
GMiJ:

Figure 2.3: Sub-millimeter and THz receiver architecture
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When going beyond about 100GHz, LNAs do not usually provide sufficient gain and
low-noise performance and the system overall noise-temperature becomes smaller when
placing the mixer component at the front-end of the receiver chain as seen in Fig. .
This matter of fact motivates the keenness of low-noise mixer development, especially

for astronomical observations.

2.2 Thermal Detectors - Bolometers

A bolometer can be considered as a thermometer which senses the temperature change of
an absorber upon incoming radiation. Presupposing a temperature-dependent behavior
of its resistance, the alteration can electrically be detected as a voltage swing. As seen
from Fig. (2.4a) two heat reservoirs are present, the surrounding heat-sink held at
a certain bath-temperature Ty, and the temperature T of the thermally conductive

attached bolometer with heat capacity C. .

hw

|
ADSOrpe ‘ ‘
Coc

R(T:g Rioad v
Tbath ®
Heat sink N
(a) Schematic of a bolometer (b) Electrical read-out circuitry

Figure 2.4: Working principle of bolometers

The general working principle can be derived from the thermal balance Eq. (2.1)) and
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their solutions upon the case of steady power flow as well as under stopped radiation.

d
P = df G (T — Than) (2.1)
Toatn + = el steady radiation P = const. (2.2)
Toatn + £ o€ - stopped radiation P — 0 '
C
ith — 2.3
W1 T = G ( )

The bolometer response time 7 characterizes the speed of the device and is calculated
from the ratio of bolometer’s heat capacity C and thermal conductivity G of the thermal
link to the surrounding heat-sink Eq. . The electrical read-out is performed as sim-
plified illustrated in Fig. ) A constant current is driven through the temperature-
dependent resistance of the bolometer and evoke a certain DC power dissipation. Under
chopped incoming radiation with modulation frequency w the dissipated power alters
and a voltage swing can be coupled through the DC-block capacitor and appears across
a resistive load. Thus, the responsivity of the bolometer is also defined as the change in
voltage drop per watt of absorbed power S,=dV/dP [V/W].

In order to improve the responsivity, superconducting materials have been employed
in Transition Edge Sensors TES since the transition from the superconducting state to
the normal-state resistance exhibit extraordinary high dR/dT ratios and yield to very

low-noise performance due to the operation at cryogenic temperatures as depicted in

Fig. .

600 ‘ : : : 600 5
500/ 500 / ]
dR/dT / / 90%
400 400 - - .
g 3 : AT -
§ 300/ § 300 / 0%
o’ o’
200f 200
TC
100} ] 100f 10% 1
: I oot | |
5 10 15 20 25 30 10 10.5 1 115 12
K] T K]
(a) Transition from normal-state to supercon- (b) Zoomed transition

ducting state

Figure 2.5: Resistance versus temperature behavior of ultra-thin NbN film on silicon
substrate
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TES bolometers operate close to zero Kelvin and provide an efficient detection of photons
in a wide frequency range. Although, they are quite slow devices with characteristic time
constants in the milli- to microsecond regime, i.e. the SCUBA-2 TES array with about
1ms [9].

Reducing the time constants of bolometers to nanoseconds and less by utilizing the
hot electron effect, which is present in some materials, made the bolometer capable of
operate as a frequency mixer device as firstly demonstrated by Gershenzon et al. in
1990 [II]. The principle of NbN Hot Electron Bolometer found widely approval and
was refined in the last decades. The fundamental working principle of HEB will be

thoroughly discussed in the following section.

2.3 Hot Electron Bolometer mixer

2.3.1 Working principle

In a conventional bolometer the incoming radiation is absorbed by the entire absorber
medium and involves the heating of both lattice and electrons. In the case of HEB indeed
only quasi-particles or electrons in a thin superconducting film are thermalized even
before an energy exchange with its lattice is possible. Subsequently, the relaxation of
heated electrons takes place by either out-diffusion to the contact-pads or by exchanging
energy to the film lattice and furthermore to the substrate, held at the bath temperature.
The first mentioned, also known as diffusion-cooling is present in materials with high
diffusion constants and require bolometer bridge dimensions in the order of electrons
mean free path in order to effectively transfer energy from electrons to the as heat
sink serving contact pads. A HEB mixer based on this working principle has firstly
been demonstrated in 1993 [12]. However, the reliable fabrication of bolometer bridge
dimensions in the order of 100nm as required for Nb HEB is challenging and the phonon-

cooled HEB principle established for practical astronomical applications.

Thus, only the phonon-cooling mechanism will be explained by taking the example of

NDbN.

As seen from Fig. (2.6h) the thin superconducting film is driven into the transition
region between super-conducting and normal-state by means of LO power when in a
mixer mode as well as DC power dissipation. In the vicinity of Tc only a small amount
of Cooper-pairs is present and un-paired electrons behave as normal quasi-particles.

Fig. ) illustrates the situation upon incoming radiation.The quasi-particles are
thermalized within a short time amounting to about 7._.<6.5ps for NbN [13], [I4]. The
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LO and RF

(a) DC and LO bias provide operating point on (b) Fast thermalization of electrons upon absorbed
the transition to the resistive state radiation within 7._,.

L.O and RF LO and RF

(¢) Energy exchange of hot electrons to phonons (d) Most phonons escape into the substrate within
within 7._pp Tesc, Small amount of energy exchange back to
electrons within 7,5,

Figure 2.6: Phonon cooling mechanism in HEB mixer

following figure depicts the relaxation process of heated electrons to the film lattice
which takes place within the characteristic electron-phonon time 7._,,. However, a

small portion of excited phonons will re-exchange energy to electrons as quantified by

Eq. .

Ce
Te—ph — Tph—e 2.4
P p Oph ( )
The ratio of electron and phonon capacity amounts to about C,;,/C.=6.5 for NbN [13].
Furthermore, the substrate held at bath temperature serves as heat sink for the phonons,
which relax through the interface across film and substrate within the escape time 7.,.. It
is worth mentioning that in the case of 7.s.>7,,_ a bolometric response can be observed

since electron and phonon subsystem exhibit equal temperatures.

Briefly summarized the non-equilibrium Hot Electron effect is present under following
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conditions.

« Rapid thermalization of electrons

Te—e K Te—phs Tph—e; Tesc

o Preventing the back-flow of energy from phonons to electrons by short escape times
into the substrate

Tese K Tph—e

The importance of the non-equilibrium state and fast "average" cooling rate as expressed
in Eq. (2.5)) taken from [I5], [16] eventually allows the HEB operating as a heterodyne

mixing element.

Ce
Te = Te—ph + (1 + ) Tesc (2.5)
Con

2.3.2 Frequency mixing in HEBs

The superposition of the electrical fields of both applied LO-signal at wyo and weak
incoming radiation wgp, respectively, determines the total power absorbed in the HEB.

The electrical fields with amplitudes Agrp and Apo are defined according Eq. (12.6)),
&7).

Erp(t) = Agp - cos(wrpt) (2.6)
Ero(t) = Aro - cos(wrot) (2.7)

and the resulting absorbed power P(t) under a certain coupling efficiency a between the

radiation and the film

P(t) X @ (ERF + EL0)2 + PDC

x oz(A%O - cos*(wrot) + A%y - cos®(wrpt)+

—|— 2 [ALOARF . COS(wLot) . cos(prt)]> —|— PDC (28)

with 2cos?(z) — 1 = cos(2x) and cos(x + ) = cos(x)cos(y) F sin(x)sin(y)

A? A? A? A?
P(t) < Ppc + ;O + L9 . cos(2wrot) + gF + g’F - cos(2wrpt)+

-+ ALOARF + COS ((wLo -+ pr)t) -+ ALOARF - COS ((wLo — pr)t) (29)
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As seen from Eq. the highest frequency w=1/7, which the HEB can respond to lies
in the order of GHz. A thorough study of relaxation times in NbN HEB was conducted in
1999 by means of short laser-pulse radiation and extracted 7._,,=10ps, T,,_.=65ps and
Tese=38ps yielding to about 5.3GHz IF bandwidth for a device with critical temperature
of 10.5K [I4]. Thus, it is clearly visible that a HEB device is simply too slow to follow
the frequency components 2wgr, 2wro and (wrr+wro) from Eq. which amount to
be above 2THz if the HEB operates at 1THz and only the IF frequency component w;p
= |wro-wrr| is modulating the temperature of the HEB as summarized in Eq. (2.10)).

A3 A3
P(t) = Ppc+«a ( 50 + §F> + AroAgr - cos (lwro — wrrlt) (2.10)
~~ Prp-cos(wrpt)
Py

A more realistic evaluation of device’s gain IF bandwidth can be conducted when taking
into account the self-heating due to dissipated bias power and the positive feedback
effect of the resistive load. The self-heating enhances the response time of the HEB
and the noise temperature and conversion-efficiency under practical assumptions can be
estimated [17].
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2.3.3 Hot-electron relaxation process

This section is dedicated to clarify the overall relaxation process of hot electrons due to
the incoming radiation. The so-called cooling rate of different subsystems being involved
such as electron-electron, electron-phonon and phonon-substrate interactions determine

eventually the intrinsic IF bandwidth, the HEB can be working at.

2.3.3.1 Electron-phonon system

Many theoretical and experimental results have been published about the electron-
phonon interaction in disordered metal films for very low temperatures where the metals
can be considered as being in the impure case or "dirty". A figure of merit to distin-
guish between the "dirty" or "clean" limit is the product of phonon wave-vector times
the electron-mean-free path ql<1 or q,I>>1, respectively, with q;=kpT/Av;. Further-
more, the interactions in the dirty limit is very much dependent on the kind of vibrating
scatterers (see detail in [16], [18]). According to [19] the electron-phonon time can be

expressed for q;l<1 as following:

a4 272
1 T T | By [\ 38 3mT= | By [\ 25,
- Phy(r— )22 U R Bl 2.11
Te—ph 5p% L}f * ( L) 2v} * 2p%.L |y * L) v (211)

longitudinal phonons transverse phonons

and kinetic constant of electron-phonon interaction /5 [16], [20]:

G = <2e >2 v(0) (2.12)

37/ 2ou
g'lf - (Z)Q (2.13)

The term 1/L depicts hereby the electron-mean-free path with respect to the non-
vibrating potential. As long as vibrating impurities (defects, film/substrate interface)
move along the same way as host atoms (L. — o) the interaction with transverse phonons
is negligible and a temperature dependence of T% has been widely observed at very low
temperatures [18]. Indeed, as scatterers are vibrating, the electron-phonon interaction
can be significantly enhanced by means of inelastic scattering and yields to a T? de-
pendence. However, in order to apply this theory for NbN films the condition ql<1
needs to be satisfied. The lower and upper limit of the temperature regime of interest
is defined by the bath temperature of liquid helium 4.2K and the operating point of the
HEB amounting to about the critical temperature of NbN thin films 7-13K, respectively.

The electron-mean-free path can be assumed to be in the order of Inm for ultra-thin
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NbN films [16], [10] and thus belong to the disordered metal films in the dirty limit.
However, the work of Ptitsina [20] describes the electron-phonon interaction also in the
range of moderate disorder in the regime between the "dirty" and 'clean" limit. This
theory is also applicable for high quality NbN ultra-thin films used for HEB since the
product q;l amounts to 0.15 - 0.45 and q;l to 0.08 - 0.25 for temperatures 5K - 15K and

transverse and longitudinal sound velocities of 7800m/s and 4200m/s, respectively [29].

(Tepnt) " = ;WC (3)51%5(%0 (2.14)
(ksT)”

Fy(ql) (2.15)

-1 2
(Teomt) =3 ) (el

For temperatures much smaller than the Debye temperature, the limits of F;(q;1) are

given by Eq. (2.16) and (2.17).

Aat =1 3> ho kT -
n\qit) = '
s (al), 1 < hoy/kpT
17 [> hvt/kBT

Fy(q:l) = (2.17)

(qil), | < hoy/kgT

Now, assuming a temperature of T=10K one can compute the product hv;/kgT = 6nm
and hv,/kp T = 3.3nm, respectively. By comparing those lengths with the mean-free-
path of electrons of about 1nm, one can see that the films do not behave as being clearly
in the "dirty" limit and exact computation of F;(ql) and F;(q; would be required.
Principally, the longitudinal sound velocity is greater than the transverse in disordered
metal films and from Eq. and the main contribution to the interaction is
attributed to transverse phonons.

Introducing the elastic transport time which is simply expressed by the electron mean-
free path divided by the fermi velocity v; Eq. from [20]

T=— (2.18)

The inelastic electron-phonon interaction is due to transverse interaction which allows
to simplify the evaluation to Eq. (2.19).
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9
Te_—lph,t = gBT2Ft(qtl)T_1 (2.19)
4 2
with  Ba D e (2.20)
3€rpPrUy

However, the mean interaction time of the electron-phonon subsystem can be calculated
without neglecting the longitudinal contribution by Eq. ([2.21)).

S o)

Te—ph,t Te—ph,l

An attempt was made to compute the intrinsic electron-phonon relaxation time of NbN
films from its physical properties and turned out to be in accordance with the work of
[21], [22], [23] which include a thorough investigation of ultra-thin NbN HEB and the
electron-phonon cooling processes taking place.

One can already draw some first conclusions from the theoretical considerations in order
to tune film properties towards enhanced electron-phonon cooling later on. As stated
earlier the main contribution to the scattering and therefore to the hot electron relax-
ation process is attributed to transverse phonons. As seen from Eq. or the
interaction time follows a linear electron-mean-free path 1 and a theoretical T~2 temper-
ature dependence, respectively. Polycrystalline NbN films usually exhibit a much higher
resistivity than epitaxially grown ones which can be accompanied with a reduction of
electron-mean-free path and theoretical increase of interaction rate if held at the same
temperature [24]. However, this could not be observed since the density of states v(0) of
those films decreases with increasing resistivity which eventually lowers the interaction
rate, see Eq. and no enhancement can be achieved [25]. An effective influence can
only be exerted by increasing the temperature the HEB is working at, in turn increasing
the critical temperature of the ultra-thin NbN film. Although a theoretical 7,_,, o< T2
dependence is predicted in reality a 7., o< T~'® has been observed [17]. This consid-
eration points towards an epitaxial growth of high quality NbN films which exhibit high

Tc and thus favors the electron-phonon interaction process.

2.3.3.2 Phonon-substrate escape

The next important step is to evaluate the characteristic time needed to exchange the
elevated phonon temperature in the film to the bath temperature that the underlying
substrate is held on. This process is known as the phonon escape into the substrate

and is only dependent on the film thickness d, the acoustic matching coefficient n as
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average of the longitudinal and transverse transmission coefficient and the velocity of
sound in the film. Later on, it will be shown that the escape time is as important as
the electron-phonon interaction since both have the same order of magnitude (near 10K
and films thinner 10nm of the order of ten picoseconds [16]) and need to be considered
together to draw conclusions about the overall relaxation process of heated electrons

and moreover the response of the bolometer itself. Again from [3] and [19] the escape
time is simply defined as in Eq. (2.22)

4d
Tes = ——

= 2.22
oo (2.22)

and remains for instance independent of the ambient temperature or specific heat ca-

pacities of the quasi-particle or phonon system. The mean velocity of sound can be

evaluated by Eq. (2.23)).

1/1 2\°®

vy

Measurements of mechanical properties of NbN in order to extract both longitudinal

and transverse acoustic velocities are rare. Although they seem to be consistent as seen

from Tab. (£2.1)).

Elastic Constants Extracted acoustic velocities | Reference
C1y [GPa] | C13[GPa] | Cyu[GPa] | v; [m/s] | vi[m/s] | vi[m/s]
696.2 112.6 85.9 7762 4241 4730 [26]
498 212 89 7454 3803 4261 [27]
604 223 184 8764 5158 5717 [27]
556 152 125 7808 4511 5007 [28]
705 115 82 7761 4193 4680 [29]

Table 2.1: Compilation of mechanical NbN properties measured by several groups

The average sound velocity for NbN is about 4900 m/s according to the presented

references and will be used in later calculations.

The acoustic transmission coefficient and its derivation will be described more thorough
in the following section. From [16] and [23] one can see that the escape time amounts to
about 160ps for 20nm and 38ps for ~3.5nm NbN film, respectively and is in accordance
with the proportionality of thickness Eq. (2.22). However, enhancing the relaxation
process of film phonons to the substrate cannot be achieved by reducing the thickness to

less than about 3.5nm since for such thicknesses the super-conductivity in NbN is sup-
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pressed and the resistivity rises when approaching the coherence length of the material.
The evolution of Tc of epitaxially grown NbN films versus film thickness in the range
from 100nm to 2.5nm has recently been reported and mechanisms as the weak localiza-
tion and Coulomb interaction, the proximate effect as well as the quantum size effect or

electron wave leakage model have been taking into account to explain this process, see

Fig.

16}
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---=- Ad=0.13 nm
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Figure 2.7: Critical temperature versus thickness for epitaxially grown NbN films on
MgO substrates from [30]

2.3.4 Practical HEB

The impedance of the HEB for very high frequencies can be chosen by the bolometer
dimensions according the aspect ratio of length and width times film’s sheet resistance
Rrr=Rg-L/W. This enables the designer to easily match HEB both to quasi-optical
antennas or systems based on waveguides. When the device is used as a heterodyne
receiver, the LO power requirement is determined by its volume. The bias point on
HEB’s IV curve exhibiting lowest noise-temperature will be selected and features a
characteristic IF impedance close to the differential resistance dV/dI in this specific
operation point.

The studies of Nebosis et al. [I7] allow under certain simplification the estimation of
important HEB parameters such as the noise-temperature, the conversion efficiency as
well as the IF gain bandwidth taking into account the self-heating and positive feedback

effect of the bias circuitry.
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2.3.5 Use of buffer layers

It is evidence that high quality as well as ultra-thin films which exhibit at the same
time high Tc are favorable to achieve ultimate HEB performance in particular with
respect to the IF bandwidth. The quality of growth of NbN films relies more and more
on the underlying substrate the film is deposited onto when going to films as thin as
3.5nm. Commonly used substrates providing epitaxial growth of ultra-thin NbN are
MgO and sapphire reaching critical temperatures up to 12K and 13.3K, respectively
[30], [31]. The requirements a buffer-layer has to satisfy in order to provide improved
film-quality are numerous. In general, one wants to aim for lowest lattice-mismatch
to reduce stress, tension in the film and interface as well as support the growth of a
single-crystal epitaxial phase. This enables high Tc and narrow transition from the
normal to super-conductive state which is favorable for enhanced IF bandwidth as well
as sensitivity. Buffer-layers on silicon serving this purposes are poly-crystalline MgO
[32] or recently demonstrated 3C-SiC [33],[34] and made it possible to attain Tc as
high as Te=12K for 4-5nm thin films. Rarely taken into account is the interface across
substrate and NbN film which mainly determines the relaxation from film-phonons to
the substrate described as acoustic transmission coefficient. The acoustic properties
of silicon, MgO, sapphire or 3C-SiC are fairly similar and do not provide an effective
acoustic matching to NbN which eventually yield for certain angles to phonon-trapping
in the film and reduces the overall-relaxation process linked to limited IF bandwidth.
Thus, an investigation of different substrates was conducted and the acoustic matching
qualitative evaluated by applying the acoustic mismatch theory according to Kaplan [3].
The phonon transmission coefficient 7 is derived by Snell’s Law while neglecting the effect
of phonon attenuation and dispersion as well as assuming the film and substrate to be
isotropic solids. This work particularly describes the estimation of the afore-mentioned
phonon transmission coefficient of super-conductive thin films and various substrates.
sin®,  sin®y  siny; sinye

(U Uj2 V1 VUt

with ® and v with respect to the z-axis. Longitudinal and transverse waves generate
at the boundary between two media, in particular super-conductive film and substrate,

both pairs of refracted and transmitted longitudinal and transverse waves.

2

2, m 2 1Y\ 3®
(2, om\ (2 1 2.25
" (*)(*) (2:25)
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substrate lattice acoustic velocity density | total reflection | dielectric
a [A] ‘ C [A] Vl/ VNN ‘ Vt/ VNBN | P [g/ Cm3] Qc,l [O] Qc,t [O] €r
NbN? 4.4 - 1 1 8.47 - - -
SiP 5.43 - 1.14 1.22 2.33 61 55 11.7
Si0,° amorphous 1.5 1.4 1.8-2.2 42 46 3.9
AIND 3.11 | 4.98 1.42 1.39 3.26 45 46 8.5
AlGaNbf ¢ 1 1.16 1.07 4.71 T T d
GaNP-t 3.19 | 5.19 0.98 0.88 6.15 - - 8.9
Sapphire® | 4.79 | 12.99 1.26 1.34 3.91 53 48 11.3/9.5
MgO4 4.22 - 1.25 1.21 3.58 53 56 9.8
3C-SiCP | 4.36 - 1.2 0.94 3.17 56 - 9.72
4H-SiCP | 3.07 | 10.05 1.58 1.62 3.211 39 38 9.66

Table 2.2: Acoustic matching related properties of several substrates

The ratio of the sound velocities in film and substrate as well as their density ratio is
determining the acoustic transmission coefficient. Taken data for NbN from Tab. ([2.1))
and substrates from Tab. (2.2)) are indicated in Fig. (2.8)) below.

However, as described previously the main contribution of phonon- interaction is at-
tributed to transverse phonons. This case is as well mentioned in [3] and poor matching
of transverse phonons can be considerably improved by choosing a substrate/film com-
bination with v /vy smaller than unity as well as py/p; greater unity whereas the latter
condition is not as important as the first one. Furthermore, fulfilling these conditions
will avoid the effect of phonon trapping inside the film due to total internal reflection
at the interface. The most promising material which can be found from Tab. is
GaN due to the highest density ratio among suitable substrates and velocity ratio close
to unity. Looking at commonly used substrates as silicon, MgO or sapphire which show
low density ratios and sound velocities of 1.28, 1.27 and 1.40 higher than the ones in
NbN, respectively will lead to phonon-trapping and deteriorate eventually the overall
hot electron cooling process. As previously explained epitaxy is favorable over poly-
crystalline growth and can only be achieved if the lattice-mismatch between NbN and
substrate is small. Tab. also provides lattice constants for several buffer-layer and
epitaxial growth has been demonstrated and is well established for MgO, sappire and
3C-SiC substrates. However, the lattice of AlGaN compositions both in their cubic and
hexagonal crystal-structure matches the one of NbN in its [100] and [111]-orientation as

well and may be a promising candidate to grow epitaxially onto. In addition the grow

P http://www.ioffe.ru/SVA/NSM/Semicond f [35] ¢ [36] 9 [37] © [38] @ see Tab.
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Figure 2.8: Contours of longitudinal phonon transmission coefficient 7, [3]

of NbN and NbTiN onto AIN buffer-layer has recently been demonstrated resulting in
improved Tc compared to bare silicon substrates [39] indeed no attempt has ever been

made to use the believed advantageous properties of GaN and its little lattice-mismatch.
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2.3.6 Film/Substrate interface

In addition to the idealized phonon transmission coefficient, one has to take into ac-
count a non-ideal interface between film and substrate which may deteriorate the in-
teraction process. A study of phonon-transmission across lattice-mismatched interfaces
has recently been conducted for Si/Ge-like materials and can qualitatively be applied

for epitaxially grown NbN structures [40)].
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Figure 2.9: Phonon transmission dependence on lattice mismatch and defect size at
Si/Ge interface from [40]

Depicted in Fig. (2.9p) is the dependence of thermal conductance, which in turn is an
equivalent to the relative phonon transmission, as a function of defect size at the inter-
face for both the lattice matched and mismatched case. The effect of defect size across
the interface turned out to overcome the influence of the difference in lattice-matching
on the transmission properties for increasing defect sizes. This is supported by further
experiments with an alloyed layer at the interface and a reduction in thermal conduc-
tance with increasing layer thickness. Fig. ) additionally illustrates the effect of
defect size versus phonon- frequency [40].

This study on Si/Ge like interfaces may reveal general dependences on phonon transmis-
sion properties affected by defects across the interface and deterioration due to lattice-
mismatch which are transferable to the NbN /substrate system. Thus, one can say that
lattice-matched substrates and high-quality interfaces without defects such as stress,
atomic reconstruction or species mixing is favorable for the effective escape of film

phonons into the substrate.



3 Ultra-thin film deposition of NbN

The deposition of NbN thin-films is usually conducted by means of reactive DC mag-

netron sputtering and requires a carefully understanding of the processes taking place.

3.1 Optimization of deposition parameters

This chapter casts light on numerous deposition parameters such as illustrated in Fig.
(3.1), which turned out to influence the superconducting properties of ultra-thin NbN

films.

Prior Storage
.. Magnetron Characterization
depOSItlon Processing

Sputtering

Figure 3.1: Critical temperatures for NbN grown on silicon as a function of Ny/Ar for
different pressure and substrate temperatures

The experiment was partly organized as a fractional design (DOE) in order to exclude
possible interaction effects for example of substrate heating, No/Ar ratio and process
pressure.

3.1.1 General deposition procedure

The deposition of our films was performed in the AJA 3160 DC magnetron sputtering

tool. Prior loading, an ultra-sonic cleaning procedure in Isopropyl Alcohol (IPA) was

22
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conducted in order to remove organics and small particle residues from the film surface.
Furthermore, a two-step Argon plasma cleaning sequence was applied prior transferring
the samples from the load-lock system into the process-chamber. The latter proce-
dure maintained the high-vacuum quality of about 2-10~%Torr in the process-chamber
achieved by the turbo-pump. Both depositions at ambient and elevated temperatures
were performed, whereas rotation of the substrate holder yielded to high uniformity of
substrate temperature and deposition rate across the entire area.

Moreover, after transferring the substrate holder, an additional plasma cleaning step
prior-deposition was applied and the Nb target with 99.95% purity pre-sputtered for
about 3-4min at closed shutter. During this time the substrate holder was already held
at a certain temperature unless an ambient temperature deposition was conducted. This
provided an uniform heat contribution and enabled the substrate itself to adopt to the

chosen temperature.

3.1.2 DC magnetron sputtering of NbN

The actual sputtering process of Nb in a reactive No/Ar atmosphere held at a certain
pressure and deposition rate mainly determines the stoichiometry of the grown NbN
composition. It is worth mentioning that many different phases of Nb,N, have been
observed but only the tetragonal NbyNs, v-phase and the face-centered (fcc) NbN;_, §-
phase exhibit superconductivity at 12-15K and 15-17.3K for bulk, respectively [41], [42].
The latter one is of exceptional interest for phonon-cooled HEB as explained earlier and

the aim will be to synthesize it in a pure manner.

3.1.2.1 Reactive atmosphere

The partial pressure of nitrogen cannot be chosen independently of deposition rate as
well as process pressure and needs to be adjusted over time due to target degradation
in order to attain a proper film stoichiometry. It is not fully resolved whether the
reactive reaction of Nb and N takes place at the Nb target or at the surface of the
substrate itself. The Fig. below illustrates the evolution of Tc of NbN thin film
son silicon substrates under certain process pressure and substrate holder temperatures
as a function of N2/Ar.
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Figure 3.2: Critical temperatures for NbN grown on silicon as a function of Ny/Ar for
different pressure and substrate temperatures

High quality films with Tc as high as 10.5K on SOI (green curve) exhibit a narrow range
with optimal stoichiometry and degrade quickly apart from this. The depositions carried
out without intentional substrate heating (blue curve) shows a smooth curve shape and
indicates a poly-phase composition due to less available activation energy for ordering
and crystallization at the substrate surface. Furthermore, one may point out that the op-
timum Ny/Ar composition turned out to be slightly higher at lower deposition pressures
than at higher. This shift was as well observed and reported in [43]. Taking advantage
of slightly increased deposition rates and longer mean-free path of sputtered Nb atoms
implying higher energies at the surface for low pressure deposition yielded eventually to
improved microscopic and macroscopic film properties as increased Tc, narrower tran-
sition from the normal to the super-conductive state as well as lower resistivity which
is an evidence of more order and less residues enclosed in film’s crystal structure. Fig.
(3.3) illustrates the polycrystalline appearance of thin NbN films deposited at ambient

temperatures for pressures of 2.8mTorr and 5.4mTorr, respectively.

& Dr. Eckhard Pippel at Max-Planck-Institute fiir Mikrostrukturphysik, Halle, Germany
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(a) Process-pressure: 2.8mTorr (b) Process-pressure: 5.4mTorr

Figure 3.3: HRTEM?®of polycrystalline NbN films grown at ambient temperatures onto
silicon-substrates

The interface across SiOq and the NbN film (white-rimmed) appears much more uniform
and with less defects at 2.8mTorr as the ones deposited at 5.4mTorr. Furthermore, the
measured resistance of the films from Fig. turns out to be increased by about 50%
for the film deposited at higher pressure after correction for the difference in thickness
of 7.3nm and 6.1nm, respectively. Drawing the conclusion that those films made under
lowered pressure will as well exhibit better acoustic matching and phonon transmission

due to the improved interface across film and substrate.

3.1.2.2 Substrate heating

Substrate heating is applied to enhance the mobility of Nb atoms at the substrate surface
and as a consequence thereof achieving more ordered films and improved chrystalinity.
Several experiments were conducted to figure out whether there is an optimal temper-
ature range achieving both high Tc, low normal-state resistance and narrow transition
width. Fig. illustrates the critical temperature as well as the RRR figure-of-merit
for a polycrystalline NbN film deposited onto SOI substrate.

A gradual increase of substrate temperature gives rise to improved Tc as well as RRR
since the available energy and mobility at the surface is increased. This trend continues
to about 650°C where it reaches a maximal Tc of about 10.5K and decreases then for
higher temperatures. This behavior can be attributed to a significant rise of enclosures
in the film and is evidentially seen in highly deteriorated RRR ratio. A reasonable
explanation for this could be the out-gassing of the substrate holder and worsening of
the base pressure. It has also been observed that the pressure in the process-chamber
post deposition was noticeable higher than for lower substrate temperatures and almost

as low as prior deposition for unheated substrates.
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Figure 3.4: Critical temperatures and RRR of ~5.5nm NbN on SOI as a function of
substrate temperature

3.1.2.3 RF bias

The motivation of introducing RF power to the plasma while sputtering can be explained
by supporting positive charged Ar-ions with additional energy close the surface of the
film. The frequency is fixed to about 13MHz and low enough for Ar-ions to follow the
electrical field. The energy applied to the ions is effectively transferred to the film surface
by means of ion bombardment and supports the ordering of NbN. This technique is
particularly useful when only little surface energy is available as in the case for unheated
substrate holders. Different experiments were conducted and reveal that the presence of
additional RF bias is already essential and changes in Tc for varying power of 3W to 6W
could not be observed. Although, films with thickness of 5.5nm deposited at elevated
temperatures exhibited Tc as low as 6K when no RF bias was applied in comparison
with those at 4W RF and Tc at about 9K under the same deposition conditions, which
highlights the essentiality of this deposition parameter.

3.1.3 Post deposition treatment

After the deposition process the films are cooled down from elevated substrate tem-
peratures and ready for their characterization. Several attempts have been made to
post-anneal NbN-films by means of thermal treatment as Rapid Thermal Annealing
RTA [44], [45]. Although, it turned out that additional heat treatment of NbN films
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deteriorates its properties which has been confirmed in this work. Furthermore, it was
previously concluded that the deposition at elevated substrate temperatures increases
Nb mobility and supports the more ordered growth on the other hand the enclosure of
impurities in the film rose drastically above 750°C. This fact prompt to investigate film’s
properties when held at high temperatures in vacuum, argon and nitrogen atmospheres

under various pressure, similar conditions as found post-deposition.
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Figure 3.5: Effect of different atmospheres and flows while cooling down the hot de-
posited films

As illustrated in Fig. films exposed to an argon atmosphere post-deposition shows
a clearly higher Tc than those cooled in vacuum or nitrogen. The introduction of argon
at low pressure seems to purge effectively impurities from the vicinity of the still hot
remaining film which otherwise would lead to contamination. However, the purging with
nitrogen gas at elevated temperatures may affect the stoichiometry of NbN and yield to
the deteriorated Tc depicted in Fig.
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3.2 Thickness characterization using ellipsometry

Ellipsometry is a well-developed, sensitive and non-destructive optical tool for the anal-
ysis of thin-films. Polarized light is reflected on the surface of single or multiple stacked
layers and the change in phase over a certain wave-length range measured. The complex
refractive index can reveal important physical properties and even in the case of NbN
a studies was published identifying a W-dependence on film’s bulk critical temperature
ranging from 6-16K [46]. However, the purpose of ellipsometry in this work serve the
confirmation of thicknesses and the assumed presence of a NbyO5 natural oxide layer on
top. Several measurements on NbN/SiO,/Si were conducted since the optical properties

of silicon substrates are well-characterized which eased the extraction of the thickness

of NbN.

NbN

Interlayer + SiO2

Figure 3.6: Applied structure in order to fit layer thicknesses in measured ellipsometry
data

A reliable model of NbN was issued using a harmonic oscillator approach and fine-tune
their coefficients. The model from Fig. fitted well to the measured data depicted
in Fig. and provides a good consistency of thickness taken over several samples as
summarized in Tab.

Dep. time | Tc | Thickness [nm] | Thickness NbN [nm] | Thickness NbN [nm]
[s] [K] | SiOg+Interlayer | scaled to HRTEM | fitted to ellipsometry
45 10.5 4 2.3 0.48
45 10.2 4 5.3 5.64
45 10 4 5.3 5.55
38 9.75 4 4.5 4.4
45 10.05 3.33 5.3 6

Table 3.1: Fitted thicknesses from ellipsometry scans
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Figure 3.7: Plotted phase components from 250nm to 850nm with 70° angle of incidence

The oscillating phase behavior as seen in the zoomed extract in Fig. for wavelengths
greater the 600nm is most-likely attributed to the SOI substrate. The top-layer of
silicon is in the order of um and corresponds under a certain angle to a multiple of
the wavelength where the oscillation begins. Silicon changes its optical properties from
opaque in the visible spectrum to transparent for longer wavelength, which pronounces
the effect. Furthermore, the oscillations in the phase do not appear for NbN films on
bulk silicon substrates which supports the statement. However, it turned out that the
deviation of the amplitude of oscillation goes along with different resistivities of the
NbN films being investigated and shown in Fig. (3.7). The amplitude gets highest for
films with higher Tc and least resistivity whereas NbN exhibiting lower Tc and higher
resistivity clearly show reduced oscillations. This is interpreted as higher quality films
with less impurities exhibit less damping of the light that shines through and occur
visible in the ellipsometry data. This observation is reinforced when comparing the
spectra of films being cooled down in argon or vacuum as discussed previously. The
latter one shows much smaller magnitude of the oscillating envelope corresponding to a

higher film resistance, respectively.



4 Results and discussion

This chapter is dedicated to the characterization of NbN ultra-thin film deposited onto
substrates as AIN, hexagonal Al,Ga;_,N and GaN buffer-layer grown on sapphire and
silicon-substrates as well as bulk GaN in order to exclude stress effects arising from the
buffer-layer itself. All depositions on afore-mentioned substrates are compared with high-
quality films on silicon or SOI-substrates, which also serve as an indicator for possible

changes of deposition parameters over time.

4.1 Transferability of deposition conditions from Si to

arbitrary substrates

First of all, it needed to be proven that the deposition conditions of NbN do not change
for different substrates in order to confirm a proper comparability between them when
deposited at the same time. Thus, the following substrates were used and the partial
pressure of Ny similarly to Fig. changed. The critical temperature of the films was
characterized by a R(T) four-probe-measurement system with an calibrated temperature

sensor.

Ilustrated in Fig. (4.2h) slight changes of the Ny/Ar gas composition effectively influ-
ences film’s stoichiometry and deteriorate the critical temperature especially for elevated
substrate holder temperatures as observed earlier. Moreover, it turns out that all films
reach their maximum Tc at a certain ratio amounting to about 10.2%. The conclusion
can be drawn that the investigated substrates are equally affected by stoichiometric
changes and therefore allowing a direct comparison of films deposited at the same time.
It is also worth mentioning that both poly-crystalline and AIN/AlGaN substrates with
wurtzite-crystal structure seem to be up to the highest investigated temperature since a
potential release of nitrogen or diffusion of aluminum at the interface would have been

indicated as shifted Ny/Ar response and deteriorated Tc as compared to silicon.

The important parameter substrate heating was investigated and a series of deposition

at temperatures from 400-750°C performed. All samples were lying in close vicinity on

30
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Figure 4.1: Film stoichiometry and substrate temperature dependence for different sub-
strates

the substrate holder and held for 5 minutes prior deposition at the chosen temperatures

in order to assure them to be equally heated.

Depicted in Fig. (4.2b) the effect of intentional substrate heating differs between films
deposited onto SOI, AIN and AlGaN, respectively. The most suitable deposition tem-
perature for high Tc films can be achieved at about 550-650°C. However, the films on
AIN and h-AlGaN do not exhibit such a strong dependence on optimized substrate

temperature during the deposition process than the one grown onto silicon-substrates.

4.2 Hexagonal AlGaN buffer-layer

High quality Al,Ga;_,N layer on sapphire substrates with thickness of about 1.2pm and
gradually increase in Al content were grown at ITME in Poland. The growth of 5.5nm
NbN ultra-thin films was performed under conditions that found out to be optimal for
the deposition on silicon-substrates and as previously shown are transferable to arbitrary
substrates.

The deposition was performed at ambient, 525°C and 650°C which turned out to be the
most relevant temperature ranges to observe changes in film’s quality. Fig. ,b) give
Tc and RRR as a function of different Al content in the film which in turn can be seen as
gradual modulation of the lattice constant. The measured film area was about 12x6mm
characterized by means of four-point-probe-measurement. Film’s quality can easily be
assessed by looking both at Tc and RRR. These figures-of-merit correlate whereas a RRR
close to unity give evidence of a epitaxial growth which is desirable for most applications.

Furthermore, when holding the substrate temperature at about 525°C the degradation
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Figure 4.2: Tc and RRR as assessing quality factors for AlGaN-substrates compared to
high-quality depositions on silicon

of film quality with Al content takes place over a wider range of Al variation than the
ones deposited at 650°C which may be attributed to increased enclosure of residues.
This statement is supported by an increased sheet resistance observed for those films.
On the other hand films deposited without intentional substrate heating exhibit Tc as
high as 10.4K for substrates with Al content ranging from 0-20%. Although, the lack of
energy at the surface does not enable the growth of a single epitaxial phase.

Furthermore, it is not fully understood whether RF bias rather suppress the formation
of epitaxy or supports it. Therefore, the following experiment was conducted. A NbN
film assumed to be about 4.5nm from linearly scaling of deposition time from a HRTEM
investigated sample with certain thickness, was conducted and compared to one under

same deposition conditions but without applied RF bias of about 4W.
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Figure 4.3: Influence of RF bias on epitaxially grown NbN (~4.5nm) on GaN buffer-layer

From Fig. (4.3) it is clearly seen that RF bias during the sputtering process promotes the

growth of a high-quality NbN epitaxial composition resulting in improved Tc and lowered
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resistance. It needs to be mentioned that the deposition rate may slightly change under
different RF bias power this indeed does not explain the large deviation and can certainly
be neglected. It is assumed that plasma generated by the additional RF power provides
a cleaner environment and less impurities can be built in NbN’s crystal structure. A

similar behavior has been observed for silicon-substrates.

4.2.1 Comparison of NbN ultra-thin films on various buffer-layers

The outstanding results in terms of Tc and RRR as figure-of-merits on h-GaN buffer-
layers are compared with state-of-the-art NbN films of similar thicknesses on epitaxy
supporting materials as 3C-SiC and MgO as seen Fig. (4.4).

14 T T T T T T
131 o B e B
2 T S S — 1
¥ 11- R R S N -
= = ] W this work | |
104 S N — mole pEag
A [33]
o ° * 7]
—————— ® 32 |
- * [39]
8 T T T T T T
2) .0 ) <>
I S S @

Figure 4.4: Reported NbN critical temperatures for ultra-thin films with 4.5-6nm thick-
ness on different buffer-layer

First of all, it should be mentioned that the NbN films on silicon substrates deposited in
the frame of this thesis reach similar Tc values as state-of-the-art depositions elsewhere.
This testifies the quality of the developed in-house deposition process and constitute the
importance of sensible process parameters as being discussed earlier. The NbN films
grown onto GalN substrates indicate a highly prospective applicability in future THz
electronics since it can be employed on thin membrane-like structures for wave-guide
circuitry, does not degrade when stored in ambient atmosphere as the hydrophilic MgO
does and furthermore exhibit a lower dielectric constant as seen from Tab. (2.2).
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Also worth mentioning here is the predicted improvement of phonon transmission from
NbN films to the substrates due to better acoustic matching and resulting faster HEB
devices with enhanced IF bandwidth.

4.2.2 GaN epi-layer in contrast with bulk GaN

The growth of NbN on the applied GaN buffer-layer can be motivated from lattice
crystal-structure considerations. All used AlGaN-composition exhibit a hexagonal crystal-
structure or in particular a wurtzite-configuration as confirmed by the supplier ITME,
Poland. However, NbN is ordered in a cubic fcc-phase and the lattice constant of bulk
material of about a=4.4A and a=4.46A observed for high Tec thin-films [47]. Although,

the most obvious orientation matching the lattice of AlGaN is the [111]-plane as seen
from Fig. ,c) according a;y;=ay00-/v/2 ~3.15A.
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Figure 4.5: Lattice constant of high Tc films and lattice of NbN and h-AlGaN

Furthermore, yet another experiments was conducted to justify the validity of the
prospective GaN epilayer. Thus, NbN was grown both on bulk GaN also received from
ITME, Poland and 1.2pum GaN /sapphire substrates in order to exclude that the favorable

epitaxial growth arises from the underlying sapphire-substrate.

As clearly seen from Fig. (4.6]) the out-standing critical temperatures of the NbN films
have as well been repeated on bulk material and confirm the favorable properties of GaN

substrates for future NbN superconductive electronics.
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Figure 4.6: Critical temperature of a 5.5nm thin NbN film on bulk GaN and 1.2um GaN
epi-layer on sapphire, deposited simultaneously

4.3 Film-uniformity

The previously presented results are exceptionally promising for further investigation
using micro-sized bolometer bridges in order to confirm the uniformity properties of
films deposited on h-AlGaN buffer-layers. The bridges are distributed over the entire
chip area and their resistance and critical temperatures of small probed areas will serve
as an indicator for uniformity. The demand on high film uniformity arises from the
fact that commonly used 2SB or balanced mixer require 2 identical mixer devices in
order to effectively operate. The investigation of the film area by means of four-point-
probe measurement gives sufficient and a time-effective indication of quality such as Tc,
RRR and sheet resistance at normal-state, but since the probed area is fairly large, the
current takes the path along best superconducting properties. Thus, it is important
to confirm afore-mentioned properties on small probed areas throughout the entire film.

The following illustrated processes were conducted in order to pattern the micro-bridges.

An image-reversal recipe has been utilized in order to define the pattern of feeding-lines
and contact pads on top of the NbN film. This process involves a two-step exposure.
Firstly, a short exposure time is chosen and a positive lithography achieved, Fig. (4.7b).
After thermal treatment the pattern is reversed and would exhibit the edge-profile of
a negative lithography process Fig. (4.7c). Subsequent flood exposure and developing
removes the resist where the feeding-lines will be located later on Fig. ,d). The
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Figure 4.7: Process-flow of micro-bolometer fabrication by means of photo-lithography

deposition of a Nb/Al/Pd layered structure on top of the films takes place by means of
DC magnetron sputtering Fig. @e) The Nb-layer on top of NbN serves as an adhesion
layer whereas the Al provide low resistivity of the lines and Pd on top is favorable for
bonding the pads to the measurement setup. The metalization is found all over the film,
although the areas covered with resist can be dissolved by acetone nonetheless due to the
negative edge-profile Fig. ) The next step involves again the spinning of resist and
proper alignment of micro-bridge like areas between the feeding-lines. Subsequently,
exposure and development by means of a positive lithographic principle provide only
resist on top of the NbN films where the bolometers will be, Fig. (4.7g). The last step
depicts the process of Reactive Ton Etching RIE of the surrounding NbN, Fig. (4.7h,e)
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As illustrated in Fig. (4.8]) the transmission lines, contact pads as well as bolometers
(purple) with dimensions ranging from 4x20um to 5x5um as well as 5x70pm to 20x70um

for critical current measurements have been fabricated.

4.5mm

Critical current Uniformity test area Three-Point-Probe
measurement setup

Figure 4.8: Micro-bridges of different sizes all over the film made by means of photo-
lithography

Subsequently, the contact pads were bonded to a measurement fixture which provides
connection to the current source and voltage read-out needed for the three-point-measurement.
Moreover, it hosts a calibrated temperature sensor located in vicinity to the micro-bridge
structure itself and allows accurate temperature sensing when slowly dipped into a LHe
dewar. Resistance versus temperature curves were recorded separately for every bridge

and evaluated as seen in Fig. .

The high uniformity could be confirmed for all different AlGaN buffer-layer materials
ranging from 0 to 71% Al content. As seen from Tab. a standard deviation of
about 4-5% in sheet resistance and <0.56% in critical temperature was observed for all
investigated bridge-sizes and lies inevitably within the uncertainties allowed for HEB

device fabrication.
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Figure 4.9: Resistance and Tc for various bridge sizes taken from a distributed film area

(thickness =
temperatures

5.3nm), the deposition was conducted at elevated substrate

In addition, the films were stored about one month under ambient conditions in air before

they were lithographically patterned, etched, bonded and re-measured. The observed
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degradation of the films in respect of critical temperature is about 0.15K and can be

attributed to the protective properties of a thin NbyOj layer on top which was naturally

formed and prevent further degradation.

substrate Rp at 20K Tc ATe

Q] | o [%] K] | o[%] K] | o [%]

Silicon 970485 8.8 9.784+0.02 0.2 1.914+0.02 | 1.26
Aly71GagaoN | 900481 9 10.0 +0.12 1.2 2.024+0.07 | 3.69
Aly54GagagN | 807135 4.3 11.3 £0.05 | 0.43 | 1.86+0.05 | 2.81
Alys:GagesN | 587+25.8 | 4.8 | 12.3140.02 | 0.2 | 1.57+0.05 | 3.4
Alp21Gag7oN | 647£23 3.5 | 12.5540.07 | 0.56 | 1.54+0.04 | 2.47
GaN 492420 4 12.83+£0.04 | 0.28 | 1.38+0.04 | 2.93

Table 4.1: Statistical summary of NbN micro-bridges on silicon and Al,Ga;_,N-
substrates deposited at elevated temperatures

Moreover, the superconducting properties of small micro-areas have also been studied

for ambient deposited NbN films on both GaN and silicon substrates without intentional

substrate heating. The fabrication of micro-bridges was the same as previously described.
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Figure 4.10: Resistance and Tc for various bridge sizes deposited at ambient tempera-

tures

The micro-bridges made on NbN/GaN feature a degradation of almost 1K in Tc as well as

rise in sheet resistance after processing them. However, they still show an enhancement

of 2K in critical temperature compared to the ones on silicon-substrates. Although, the

uniformity could be validated as the standard deviation in Tc amounts to about 0.5%

and in

RD to 7%
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substrate Rp at 20K Tc ATe

Q] | o [%] K] | o [%] K] | o [%]
Silicon 981 £99 7.5 7.514+0.02 | 0.26 | 1.53£0.02 | 1.32
h-GaN | 1093+75 | 6.9 9.5+0.05 | 0.49 | 2.084+0.03 | 1.26

Table 4.2: Statistical summary of the micro-bridge characterization of cold deposited
NbN films on GaN and silicon substrates

The growth of NbN at room temperature is desirable in respect to the employment of
more complicated fabrication processes since photo-lithographic steps involving the use

of resist can be performed prior deposition of NbN.

4.4 Critical Current Density Measurement

The critical current density as a function of temperature of NbN bridges both on
hexagonal-GaN buffer layer and SOI was investigated and presented in Fig. (4.11).
The dimensions of the tested bridges are 5.3nm x 10pm x 70pm in thickness, width and
length, respectively and patterned by means of photo-lithography as illustrated in Fig.
. The critical current was extracted from IV-curves taken in the range from 5K to
the temperature they turn super-conductive and converted to a critical current density

since the cross-section of the bridges is known.

The measured data was fitted to Eq. (4.1) and shows satisfying conformity with the
simplified Ginzburg-Landau relationship [48].

3
2

) =a0)- [1-(£) (a1

By extracting the critical current density joo = je|r=o it turned out that an increase by
almost a factor of 3 for the NbN film deposited onto a h-GaN buffer-layer compared
to bare SOI has been achieved. This significant improvement of film’s DC properties
makes the GaN buffer-layer as well promising for other THz electronic applications such

as single-photon detectors.
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Figure 4.11: Critical current density versus temperature for ultra-thin NbN bridges
grown on h-GaN and SOI substrates

4.5 Critical Magnetic Field Measurement

The dependence of critical temperature on an applied magnetic field reveals a deeper
understanding of the super-conductive film properties and allows the estimation of phys-
ical properties as the diffusion coefficient D, coherence length & and critical magnetic
field pH. according to the GLAG theory. The measurement itself was conducted in
a manner that the film-resistance versus temperature was recorded under an applied
magnetic field varied stepwise from 0 to 14Tesla. Subsequently, the critical temperature

was extracted from the R(T) curves and plotted versus the magnetic field as illustrated

in Fig. (4.12).
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Figure 4.12: Critical temperature dependence on magnetic field perpendicular to the
NbN bridges grown on h-GaN and SOI substrates

The measurement points have been fitted to the expected quadratical behavior Eq. (4.2))
according to [48] and yield to a second critical magnetic field poHq2(0) of about 17T and
14T for NbN on h-GaN and SOI, respectively.

T

(1) = 5.0)- 1 - (T)] (12)

The diffusion coefficients represents the ability of electrons to exchange their energy by

means of diffusion under a temperature gradient and can be estimated by Eq. (4.3)).

r (4.3)

Applying the derivative of the critical magnetic field over the critical temperature in the
vicinity of Tc in Eq. D=0.44cm? /s is obtained for our silicon samples which is in
accordance with reported values of 0.4cm?/s [49]. In contrast the NbN film deposited
onto GaN substrate reaches a diffusion coefficient of 0.57cm?/s.

The improvement of electron’s diffusivity on GaN substrates can be employed in utilizing
an additional diffusion channel in phonon-cooled HEB mixers as recently demonstrated
[50], [51].



5 Conclusion and future outlook

Within the frame of this thesis, prospective buffer-layers such as Al,Ga;_,N have been
investigated for the deposition of ultra-thin NbN films by means of reactive DC mag-
netron sputtering. As a result, state-of-the-art NbN films with thickness of about 5.5nm
have been grown on hexagonal GaN substrate and exhibit Tc as high as 13.2K and RRR
close to unity, which is evidence of an epitaxial growth.

The uniformity was confirmed by R(T)-measurements of micro-bridge areas across the
entire film, processed by means of micro-fabrication. The standard-deviation of sheet
resistance was about 4% and thus even lower than for well-established bare-silicon sub-
strates of about 8%. Furthermore, it has been observed that the increase of Al-content
above 20% in Al,Ga;_,N epi-layer gradually deteriorates the super-conducting proper-
ties of NbN down to values similar to the one achieved on silicon substrates. The critical
current density was measured and amounts to about 6MA /cm? on GaN and 2MAcm?
on silicon-substrates which highlights the improved superconducting properties. Process
parameter optimization for the deposition of NbN ultra-thin films has been carried out
on SOI substrates, reaching Tc of 10.5K and turned out to be applied on arbitrary sub-
strates. The most influence on film’s quality was exerted by the substrate temperature,
an accurate No/Ar ratio determining NbN’s stoichiometry, the process pressure, applied
RF bias while sputtering as well as purging still heated films with Ar post-deposition.
Moreover, the deposition of NbN without intensionally substrate heating was demon-
strated and show after processing of micro-bridges still Tc of 9.5K compared to 7.5K on

silicon for about 5.5nm thin films.

Furthermore, a theoretical emphasis was on the employment of buffer-layers for HEB
heterodyne mixers in order to improve their limited IF bandwidth, which is of major
concern for efficient astronomical observations in the THz regime. From studies on
acoustic matching between superconducting thin-films and substrate [3] one can deduce
a prospective enhancement of HEB’s IF bandwidth using GaN substrates as stated

below.

43
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o High Tc and epitaxial growth
The exchange of energy from hot electrons to phonons is 7., «T~¢ which pro-

motes the cooling of hot electrons upon radiation — increase of IF bandwidth

o Acoustic matching of NbN film and substrate
The high density and relatively low acoustic velocity of GaN compared to usually
employed substrates as Si, 3C-SiC, MgQO, sapphire increases the phonon transmis-
sion coefficient [3] and prevents the trapping of phonons at the interface as well as

reduces the escape time of phonons to the substrate — increase of IF bandwidth

 Additional diffusion channel to phonon-cooled HEB proposed in [50]
Recent demonstrations of utilizing an additional diffusion channel for electrons in
phonon-cooled HEB on silicon increased the IF bandwidth up to 8GHz. Enhanced
diffusivity of electrons in NbN on GaN-substrates 0.57cm?/s compared to bare
silicon-substrates 0.4cm?/s have been shown by means of critical magnetic field

measurement, and would promote the diffusion cooling concept even more

The future work will mainly consist of employing this promising material for the epitaxial
growth of NbN and confirm fore-casted enhancement as increased IF bandwidth in HEB
mixers. Terahertz electronics as SIS tunnel junctions or Single Photon Detectors could
also benefit from the high-quality growth of NbN in order to extend the operating
frequency and sensitivity, respectively. Due to its obvious lattice match to GaN one can
also think of employing NbN buffer-layer and support the growth of high-quality GaN
which in fact is widely used in blue laserdiode or LED as well as power transistors due

to its wide band-gap.
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