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Ti/Au  Ultrathin
Application

Films

For TES

Eugenio Monticone, Micaela Castellino, Roberto Rocci, Mauro Rajteri

Abstract—Transition-Edge Sensors (TESs) are versatile super-
conducting microcalorimeters used as single photon detectors in a
large range of electromagnetic wavelength, from X-rays to near-
infrared. Among the many materials investigated in literature,
Ti/Au is one of the most widely used bilayer to fabricate TES thanks
to simple deposition process, long term stability material and pro-
tection against oxidation of Ti film by Au over layer. Moreover,
the critical temperature of Ti/Au can be tuned by trimming the
thickness of Ti and Au films. For low energy photon detection, the
Ti/Au superconducting layer performs simultaneously as absorber
and thermometer. This implies that a TES thickness reduction
helps to significantly reduce the thermal capacitance, which has
a direct impact on the detector energy resolution. In this paper
we present a study of the superconducting properties of Ti/Au
films, grown in UHV by thermal evaporation as a function of Ti
thickness. The chemical state of Ti and Ti/Au were analyzed by
X-ray photoelectron spectroscopy, to evaluate the protective effect
of Au film. The film morphology, structure and optical properties
were investigated by ellipsometry. The critical temperature showed
a marked trend on film thickness and was strongly affected by Au
cover layer. Ti film of only 12 nm thick covered with 10 nm Au film
showed a remarkable critical temperature of about 300 mK.

Index Terms—Transition-edge sensors, XPS, Ellipsometry, UHV
deposition.

1. INTRODUCTION

RANSITION-EDGE Sensors (TESs) are versatile super-
T conducting microcalorimeters used as single photon de-
tectors in a large range of the electromagnetic spectrum, from
X-rays to near-infrared [1], [2]. Among the many materials
investigated in literature, Ti is one of the most used both as single
layer [3]-[6] or coupled to other high conductive metals like
Ti/Au [7], Ti/Al [8], Ti/Pd [9]. Bilayers have the great advantage
of opening the possibility to tune the transition temperature by
trimming the thickness of the normal metal film. In this paper we
concentrate our investigation on the widely used Ti/Au bilayer.
For detection of low energy visible photons, the Ti/Au bilayer
performs simultaneously as absorber and thermometer. This im-
plies that a TES thickness reduction helps to significantly reduce
the thermal capacitance, which has a direct impact on the detec-
tor energy resolution. A reduced thickness also gives practical
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advantages in fabrication of detectors with small dimensions as
nanowires and nanobridges where nanolitography is employed
[10], [11]. In this paper we present a study of superconducting
properties of Ti/Au films as a function of Ti thickness grown in
UHYV by thermal evaporation. The chemical state of Ti and Ti/Au
were analyzed by X-ray photoelectron spectroscopy, to evaluate
the protective effect of Au film. The film morphology, structure
and optical properties were investigated by ellipsometry.

II. EXPERIMENTAL DETAILS

Ti/Au bilayers were fabricated by thermal evaporation of Ti
films and Au films on 500 nm silicon nitride on silicon substrate
in UHV at a base pressure <5 x 10~° mbar. Before introduc-
ing the substrate in the deposition system, from load-lock, its
surface was ion milled to remove the contaminants. Films were
deposited after the recovery time of the base pressure. During
deposition of Ti the pressure was close to 5 x 10~% mbar,
lowering below 10~8 mbar during Au deposition. The deposition
rate for Ti and Au were 0.3 nm/s and 0.02 nm/s, respectively.
Waiting time between the end of Ti deposition and the start
of the Au deposition was less than 10 s in order to reduce Ti
oxidation. [12]. Because interdiffusion between Au and Ti has
been observed at relatively low temperature [13] the substrate
temperature was monitored during deposition. It was observed
a maximum temperature increasing of about thirty degree above
room temperature, a value at which the interdiffusion should be
negligible [13].

Film thicknesses were monitored by using a quartz microbal-
ance calibrated with samples of different thickness measured by
AFM and optical profilometer.

Thickness and optical properties of thin films can be obtained
with non-invasive method applying ellipsometry, an optical
technique based on the measurement of elliptically polarized
light. Measured ellipsometric quantities are expressed as psi ()
and delta (A), values related to the optical properties of the
material, through the ratio of the Fresnel reflection coefficients
rp and r, (polarization p and s, respectively) of the sample, by
the relationship

p=rp/rs =tan (¢) e®
where p is the complex reflectance ratio. In polar coordinates
tan(¢)) is the magnitude of the ratio of the p to s amplitude reflec-
tion coefficients of the material and A is the phase difference be-
tween the p and s reflection coefficients. The phase information
A gives the measurement technique sensitivity, which exceeds
that of intensity reflectance measurements. Spectroscopic ellip-
sometric data for each film were collected with a variable-angle
spectroscopic ellipsometer (VASE). Measurements were taken
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Fig. 1. Critical temperature 7. vs thickness of Ti films. In the inset is shown

the film resistivity at room temperature.

from 350 nm to 1700 nm at two angles, typically 70° and 76°,
at 20 nm steps.

A PHI 5000 Versaprobe Scanning X-ray Photoelectron Spec-
trometer (monochromatic Al K-a Xray source with 1486.6
eV energy) was used to investigate the surface chemical
composition.

A spot size of 100 ym was used in order to collect the
photoelectron signal for both the high resolution (HR) and the
survey spectra. All samples were analyzed with a combined
electron and Ar ion gun neutralizer system in order to reduce the
charging effect during the measurements. All core-level peak
energies were referred to Au(4f7/2) peak at 84.0 eV and the
background contribution in HR scans was subtracted by means
of a Shirley function. Spectra were analyzed using Multipak 9.6
dedicated software. Depth profile, by means of an Ar+ flux at
2 kV accelerating voltage, has been performed in an alternate
mode with sputtering cycles of 6 s each, in order to reduce the
Au thin film to get the signal from Ti(2p) underneath. The Ti
oxide thin film thickness (/) has been evaluated by [14]:

Il = —Apios-cosp-In(R/R+ R")

where A7; o, is the inelastic mean free path (IMFP) of photo-
electrons in Ti oxide (2.35 nm), A7; ., is the IMFP in Ti metal
film (1.74 nm). ¢ is the photoelectron take-off angle (0.79 rad),
R =Irim/Irios and R* = Arim - Crim/Arioz - CTion
where I7; ,, is the peak intensity related to Ti metal state, while
I7i 0. is the peak intensity related to Ti oxide. Cr; ,y, is Ti
metal concentration (94.78 kmol/m?) and Cri 0z 1s Ti oxide
concentration (53.57 kmol/m3).

III. RESULTS

A. Superconducting Properties

The critical temperature for superconductors is the tempera-
ture at which the electrical resistivity drops to zero. Itis extracted
from the experimental data at the midpoint of the resistive
transition. The uncertainty in the 7, measurement is dominated
by the calibration uncertainty of our thermometer that is 5 mK
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Fig. 2. Critical temperature 7. vs thickness of Ti films covered with 27 nm
of Au.
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Fig.3. Resistance, normalized to normal-state resistance R g, Vs temperature
for Ti/Au films with increasing Au thickness as reported in the legend in nm.

under 150 mK and 10 mK above 150 mK. In Fig. 1 is shown the
critical temperature 7. of Ti films as a function of the thickness
and in the inset the resistivity at room temperature is reported.
A film only 30 nm thick has a 7, of 500 mK, close to bulk
value, that confirms the good film quality, but 18 nm thick or
thinner films do not show 7. within the base temperature of
our refrigerator, about 30 mK. When Ti film is exposed to air,
in addition to the formation of few nm of Ti oxide, there is
an extensive penetration of oxygen into the film of the order
of tens of nanometers [15], which affects film superconducting
properties. A frequent reported solution to avoid air oxidation
is to cover Ti films with noble metals, in particular Au films
[16]. In Fig. 2 critical temperatures of very thin Ti films covered
with 27 nm of gold are plotted. Thanks to Au protection, a
film of about 12 nm has a transition temperature of 80 mK.
In Fig. 3 are reported the transition curves of TiAu films, where
the thickness of Ti is fixed to 12 nm and Au thicknesses range
from 5 to 30 nm. 7. saturates for thinner Au films indicating
that the value of 7', for such Ti films is close to 300 mK. By
increasing Au thickness we observe a strong reduction of 7', to
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Fig. 5. XPS spectrum of Ti 12 nm film showing the C 1s HR region, together

with its deconvolution procedure, used to identified chemical shifts due to
ambient contamination [17].

witness an effective proximity effect; moreover the increase in
Au thickness induces also a reduction of the transition width
due to a better temperature uniformity favored by the Au high
diffusivity.

B. XPS Analysis

The same samples characterized from the superconductive
point of view have also been characterized with XPS analysis to
obtain information on chemical state and composition of Ti and
TiAu films. Spectra of Ti film 12 nm thick is show in Fig. 4,
where it is possible to recognize two main peaks related to
stoichiometric TiO2 and a smaller peak at binding energy of
453.19 eV typical of metallic Ti. Thickness of Ti oxide has been
evaluated from relation in [17] to be 3.6 &= 0.2 nm in agreement
with neutron reflectometry technique [18]. From XPS spectra
has been estimated a high concentration of oxygen (50%) and
carbon (30%) due to ambient exposure (see fig. 5) [17], that is
the likely reason for the 7. suppression. XPS analysis spectra of
TiAu film is illustrated in Fig. 6, with peaks resulting from Au
4f 5,2 and 4f 7/ electrons. No other peaks were visible in case
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Fig. 6. XPS spectra of TiAu films, for two different Au thicknesses as reported
in the legend, with two peaks attributed to metal Au.
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Fig. 7. XPS spectra of TiAu bilayer after ion-sputtering of Au film. Only Ti

peak (Ti 2p1/2) and satellite (Ti 2p3/2) were observed.

of thicker Au film (20 and 10 nm), while a small peak of Ti was
observed for thinner Au film (5 nm). With the purpose to analyze
the TiAu interface, the Au films were etched by sputtering at
a constant rate for 6 s followed by analysis in order to detect
Ti oxidation accurately. After a non-complete sputtering of Au
films Ti 2p doublet was detected, which has to be ascribed to
Ti(0), but no peaks of Ti oxide were observed (Fig. 7).

In fig. 8 we show also survey spectrum together with C 1s HR
region (see inset) for sample TiAu 20 nm (after Ar+ sputtering),
to underline that adventitious C was not detected in the Ti/Au
interface region, due to the absence of a layer of contamination
during Ti/Au deposition (same results for samples 10 nm and
5 nm, not reported).

XPS data show that few nm of Au effectively protect Ti from
oxidation.

C. Ellipsometry

To estimate parameters as thickness, morphology and optical
properties from the measured ellipsometric data ¢ and A, we
need a model for the refractive index of each sample layer.



TiAu 20 nm post sputtering
C1s

Au 4f

Intensity (a.u.)

Au 4d

292 290 288 286 284 282 280
Binding Energy (eV)

Intensity (a.u.)

Audp,,

- Au 4p
Au d4s

12

TiAu 20 nm post sputtering

1000 800 600 400
Binding Energy (eV)

1200 200 0

Fig. 8. XPS survey spectrum of TiAu 20 nm post Ar+ sputtering, showing
only peaks related to Ti and Au. In inset C Is region has been reported to confirm
the absence of adventitious C in Ti/Au interface.

45 T T T

i 160
8 >° 140 §
joy) ()]
o 30
=) a
S 2 120 2

20 100

15

1000 1500
Wavelength (nm)

500

Fig. 9. Psi-Delta vs wavelength experimental data (open symbol) of TiAu
sample with 20 nm thick Au film fitted (solid line) using the model described in
the text. In the inset is shown the layer model of the sample.

For our bilayer films, after the information obtained from the
XPS technique, we choose the structure reported in the inset of
Fig. 9. Si substrate has modelled using a tabulated set of data for
semiconductor grade silicon single crystal [19], while for SiN
amorphous layer the analytical model used is a modified Tauc
Lorentz function [20]. For Ti films the optical constants found
in literature did not provide good fit; we built a material model
based on three Lorentz oscillators [21] to get a good match with
the experimental data, while for Au tabulated data are a good
solution [22]. Auroughness is modelled by an effective medium
approximation (EMA) layer composed of 50% bulk material
and 50% void. The thickness of this layer is correlated to rms
roughness of film surface. The roughness of Ti/Au films was
obtained by AFM on a scanned area of 1 um x 1 pum. The rms
roughness value are shown in Table I.

The fit parameters are the complex refractive indexes (n, the
real component, and k, the imaginary component) and the thick-
nesses of every layer, for each sample. To reduce the number
of fit parameters, we used the multiple sample analysis (MSA)

TABLE I
COMPARISON AMONG THE FILM THICKNESSES MEASURED WITH THE
MICROBALANCE AND OBTAINED FROM THE FIT OF THE ELLIPSOMETRIC DATA

Quartz
Ellipsometry AFM
microbalance
Ti/Au Au Ti Roughness
(nm) (nm) (nm) (nm)
12/5 4.9+0.1 13.1+0.1 0.6+0.1
12/10 9.2+0.1 13.2+0.1 0.7+0.1
12/20 21.9+0.2 13.2+0.4 1.0+0.1
T T T T 7
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Fig. 10. Refractive index n and extinction coefficient k of Ti film evaluated

by Lorentz oscillators with parameters obtained by fitting the TiAu samples.
The optical constant of Ti films grown in ultra high vacuum (Savaloni) and high
vacuum (Johnson) are shown, for comparison purpose.

by assuming the same optical functions for all samples and by
varying only the thickness from sample to sample. The minimum
value found for MSE (mean-squared-error) of the fit was 7.8. In
Fig. 9 are shown experimental data ¢ and A (open symbols)
with the best fit (solid curve). The corresponding behaviour of
n and k as a function of wavelength for Ti (-) are reported in
Fig. 10. For comparison are also reported the optical constant
of Ti films grown in ultra high vacuum (Savaloni) [23] and
high vacuum (Johnson) [24]. Thicknesses fit parameters are
reported in Table I. Au and Ti thicknesses are in agreement with
thicknesses measured by the quartz microbalance.

IV. CONCLUSION

The performances of superconducting detectors like TESs are
strictly related to the heat capacity of the detector. A reduction of
the film thicknesses can therefore allow to improve the detector
energy resolution. This study highlight the possibility to obtain
a very thin superconductive Ti layer of 12 nm if a protective
gold layer is quickly deposited after the Ti film. XPS analysis
indicated the absence of a Ti oxide layer between Ti and Au
film; moreover, thickness were also confirmed by ellipsometric
analysis and the optical refractive index of Ti obtained from the
same fit procedure.
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