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Abstract

We present a study of the superconducting penetration depth A in aluminum thin films of
varying thickness. The range of thicknesses chosen spans from the thin-film regime to the
regime approaching bulk behavior. The penetration depths observed range from A = 163 + 1nm
for the thinnest 28 nm samples down to A = 58 &+ 1nm for the 207 nm-thick ones, allowing us to
provide an estimate of the thickness at which aluminum becomes a type-I superconductor. In
order to accurately determine A, we performed complementary measurements using the
frequency of superconducting LC resonators obtained through novel and efficient methods of
fitting and simulation, as well as the normal-state resistance of meandered structures. Both
methods yield comparable results, providing a well-characterized set of values of A in aluminum
in the relevant range for applications in fields such as quantum computing and microwave
radiation detector technologies.
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1. Introduction

Bulk aluminum has been an extensively studied material in
the literature [1], often considered as the archetype of conven-
tional type-I superconductivity. In contrast, the properties of
thin-film aluminum, conventionally utilized in, e.g. quantum
computing technologies [2-5] and kinetic inductance detect-
ors [6], are not as widely apparent. Specifically, thin-film alu-
minum exhibits type-II superconductivity [7], resulting in a
complete different behavior than its bulk version.

In type-II superconductors, the short range of Cooper pairs
results in the emergence of normal-metal paths, leading to the
appearance of vortices within the material [8]. Furthermore,
type-1II superconductors may exhibit a significantly large kin-
etic inductance, Ly, comparable or larger than their geometric
inductance, Ly [9, 10]. Accurately determining Ly is import-
ant as it needs to be taken into account, e.g. in the design
of quantum circuits [10, 11], requiring a thorough material
characterization, particularly concerning the superconducting
penetration depth, A. This parameter is intrinsically material-
dependent and represents the distance a parallel magnetic field
penetrates into a superconductor. External factors such as the
presence of impurities, the thickness of the film, or the direc-
tion of the magnetic field lead to an effective value of A [12]. In
particular, the film thickness strongly influences microscopic
properties such as the electrical resistivity and the electron
mean-free path [13—15], which then modify the value of . To
the best of our knowledge, the relationship between thickness
and penetration depth in aluminum in the range of thicknesses
targeted in our study has not been extensively documented in
the existing literature [16].

In this work, we determine the penetration depth of thin-
film aluminum samples across film thicknesses in the range
28-207 nm, with the goal of providing a well-characterized
set of values of A for thin-film aluminum usable in the design
of, e.g. resonating structures or circuits to build qubits [4, 5,
10]. This determination is accomplished through two comple-
mentary methods: measurement of the resonance frequency
of a number of lumped-element superconducting resonators,
and by evaluation of the resistance of thin-film test structures.
These methodologies align with previous investigations con-
ducted on other superconducting materials, such as Nb [17],
NbN [18] and granular aluminum [19]. In addition to A, both
methods combined allow us to characterize Ly for all thick-
nesses studied. Therefore, the results obtained in this work
and the methods developed are an important resource in the
design of thin-film aluminum-based circuits. In order to prop-
erly evaluate A\, we have developed a new fitting method
for resonator devices with accurate error estimation, as well
as a simulation technique using an EM solver to efficiently
account for finite thickness effects in the estimation of the
inductance. Finally, our investigation yields an estimate of
the range of film thicknesses at which the transition occurs
between the type-II superconductivity exhibited by thin-film
aluminum and the type-I superconductivity characteristic of
vortex-free, bulk aluminum. This transition may be relevant

for superconducting qubits [20, 21] and resonators [7] since
the presence of vortices alters the quality of devices made of
thin-film aluminum.

The outline of this work is as follows: section 2 intro-
duces the theoretical aspects of superconductivity needed for
the data analysis. In section 3, the methods used in this work
to extract the penetration depth A\ are described. Section 4
presents the simulation methods along with the device char-
acteristics. Section 5 focuses on the experimental implement-
ation. The experimental results are discussed in section 6.
Finally, section 7 presents the conclusions of this work.

2. Theoretical background

In general, the superconductivity type exhibited by a given
material is an expression of the interplay between the super-
conducting penetration depth A and its coherence length &,
which corresponds to the average distance between the elec-
trons forming a Cooper pair [22].

The thickness of a thin film is manifested in the values of
its internal microscopic parameters, as variations of both A and
¢ and the rest of parameters that depend on them. In particu-
lar, the kinetic inductance Ly has a strong dependence on A
through [19, 23-25]

L = L N = o AN, (1

where Ly ¢ is the kinetic inductance per square. N is the num-
ber of squares of a given wire. For wires with constant cross
section, we have N = g/w, where g and w are the wire length
and width, respectively. Otherwise, N has to be calculated
along the wire.

In bulk aluminum, the response of the superconductor to
magnetic fields is non-local, causing A to be larger than the one
predicted by the London equations A, = 15.7nm. Since the Al
bulk coherence length is {, = 1.6 um > Ar, bulk aluminum
is in the non-local limit. In the non-local limit, A\ is modified
by [12]

A=0.65(A2&)"", @)

which, in the case of bulk aluminum, it is Apyx = 50nm [12,
26]. Thus, bulk aluminum satisfies type-I superconductivity
criteria, &y > Apulk.

However, in polycrystalline aluminum, decreasing the film
thickness d eventually decreases the grain size as well [27],
thereby reducing the electron mean free path, [. In this
regime, an effective coherence length & < &y at 7= 0K can
be defined [12, 28]

=+ (€))

The presence of impurities also reduces / and, consequently, &
is reduced as well [12]. In this thin film regime, the BCS theory
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predicts the following expression of \ at zero temperature [8]

/\:AL(O)q/H—%O, @)

where A (0) = AL is the London penetration depth at 7= 0K.
Thus, by lowering d, one may arrive at the regime where § <
A, causing a change of superconductivity to a type-II super-
conductor, where the response to external fields is local. The
transition between superconductivity regimes is determined by
the Ginzburg—Landau parameter « [8]

k= M/E. (5)

Above x = 1/+/2, the superconductor is type-II since the
normal-superconductor interface energy becomes negative,
thus allowing for the generation of normal paths (vor-
tices) [29]. For thick enough films, « decreases below 1/ V2
and the film exhibits vortex-free behavior, thus entering the
type-1 superconductivity regime. By carefully engineering the
thicknesses of different thin films, this boundary between
superconductivity types occurring at a critical thickness d,
may be attained. In actual thin films, local fluctuations in x
are expected given the typically disordered nature of the film,
thus leading to a spread of values of d, over which the trans-
ition takes place.

For very thin films where d < A the response of the film
to external perpendicular magnetic fields follows the London
equations, causing an opposing current j to an incoming field
As. Since d is so small, the magnetic field fully penetrates
the film. Nevertheless, the expression fs = —%KS remains
valid [30]. The correction to Ly  in this regime valid for very
thin films is given by [24]

d
Ly s = poAcoth 3= 140 Athin 5 (6)

where Apin is an effective penetration depth. For d > A,
Ain — A, while for d < A, Apin — 2, significantly enhan-
cing Ly ;. Resonator measurements, as will be detailed in the
next section, give direct access to Ly, which can be used to
derive Aw;, through equation (6), and then converted to \.

An alternative method of estimating A results from using
the Einstein relation connecting the electron mean-free path /
to the residual normal state resistivity p, as [31, 32]

MmMvg

l (N

 np,
Here, m is the electron mass, vg is the Fermi velocity, e
is the electron charge, and n is the density of free carriers.
Combining this expression with equation (4), leads to the
expression [17]

A(nm) =99.5\/2.5 % 1072 4 p, (u2 -cm).  (®)

Therefore, the value of A\ obtained through equation (6) may
be validated by resistance measurements on thin films of the
same nominal thickness d.

Equations (6) and (8) allow a complete characterization of
A and Ly of thin superconducting films, and are the basis of the
experiment in this work.

3. Methodology to extract A

Following from the previous section, two independent
approaches are here proposed and implemented to estimate
A in aluminum thin films. The first method involves reson-
ator measurements combined with EM simulation, where the
effect of A is reflected in the measured resonance frequency.
The second approach utilizes four-probe measurements on
resistive aluminum meanders.

The resonator measurements give access to A through
Athin, While the resistance measurements give direct access to
A. Fabrication inaccuracies affect both methods differently.
Discrepancies between nominal and real dimensions are much
more difficult to track in resonators than in four-probe designs.
Athin 18 also much more sensitive to deviations in the thick-
ness d. Appendix F contains a thorough investigation of the
uncertainties in the parameters to yield the error in A from both
methods.

3.1. Resonance method

Lumped element LC resonators were chosen for this study in
order to achieve a more controlled definition of their induct-
ance L and capacitance C, compared to distributed resonat-
ors. LC resonators are characterized by their resonance fre-
quency w = (LC)~!/2, where C represents the capacitance and
L = Ly + Ly is the sum of geometric and kinetic inductances.
As explained in section 2, superconductors may exhibit a sig-
nificantly high Ly, especially for thin films with d < A [10].

In order to extract Ly, we first perform an accurate sim-
ulation of each resonator studied considering a perfect con-
ductor, thus obtaining L, and C that lead to a simulated res-
onance frequency fgn (figure 1(a) with Ly =0). The value
of the simulated frequency f;i, already contains the dispers-
ive effect from coupling to the measurement line. Resonator
measurements provide fieqs as they contain a total inductance
L= L, + Ly (figure 1(a)), SO fsim > fmeas (figure 1(b)). Ly may
be then obtained with

Ly =1L, (f’fim - 1> : ©)

The Ly obtained in this way determines My, using
equation (6). This method requires a precise simulation of the
perfect conductor resonance fin, (see section 4).

3.2. Resistivity method

Resistance measurements directly lead to A through
equation (8). Since p, is the normal state resistiv-
ity at OK, it can only be measured by destroying the
superconducting state with an external magnetic field.
However, the aluminum resistivity is nearly constant at low
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Figure 1. (a) LC Resonator circuit schematic. In the simulations
conducted, no kinetic inductance is considered, while in the
experiment the kinetic inductance Li contribution adds to the
geometric inductance, Lexp = Ly + Lg. (b) Simulated and
experimental resonances are assumed to only deviate due to Ly.

temperatures, so we instead approximate p, with the value
at4K [1].

It is important to note that p, is connected to A and not
to Awmin as in the resonator method. p, and A are connec-
ted through the intrinsic properties of the material, such as
the charge carrier mass, the Cooper pair number density, and
the electron mean free path. Accordingly, the thin-film effects
described in equation (6) do not play a role in the determina-
tion of A through p,,.

4. Resonator simulations and device
characteristics

In this section, we summarize the procedure we followed to
perform simulations on the resonator circuits, followed by the
device characteristics.

First, for each film thickness d, we employ FastHenry'”
to obtain an estimate of the kinetic inductance fraction o =
Ly /L. We work in the range ov=0.02-0.5, as lower « can
incur in big inaccuracies in A, while higher « leads to fre-
quencies lower than our experimental system bandwidth (4—
8 GHz). FastHenry allows an independent extraction of Lg by
setting A =0. Then, we assume an exponential behavior of
A(d), leading to an estimate of «(d). More details can be found
in appendix D. These simulations allow us to determine the
inductor wire width w in each resonator for a given d.

Next, we employ Sonnet'! to run an entire resonator sim-
ulation to obtain the system transmission (see appendix D
for details on the simulations). In these simulations we use
the value of the electrical permittivity €, = 11.45, validated
in [33] which was also the low-temperature value confirmed
by the wafer manufacturer [35]. As seen in figure 2(a), the
value of the resonance changes noticeably for values of e,
found throughout the literature, leading to a difference in the

10 We use the version found in www.wrcad.com/ftp/pub/fasthenry-3.0wr-
071720.tar.gz which takes into account the London equations and thus the
penetration depth A in the inductance calculations.

11 https://www.sonnetsoftware.com/.

a) 0 A b) O | m——— e
— =]
e ¢z :
U_f? 10 W E tané ¢
=10 7 w = 107
40 107
- 107
-15 T T T T T T T T
7.4 7.5 7.402 7.404
f (GHz) f (GHz)
C) oq4—r
g5
w
23
-10 4 200nm
T . T . 1 L T
72 73 74 75
f (GHz)

Figure 2. Sonnet simulations of the response of LC resonators on
Si. (a) Simulated response with varying Si relative permittivity, e,.
€, = 11.9 corresponds to bulk Si. €, = 11.45 is the value used in this
work, being properly validated at low temperatures and at
microwave frequencies [33]. (b) Effect of Si loss tangent, tand, on
the quality factor of LC resonators. Upper bound obtained using
values from [34]. (¢) Sonnet simulations for a small resonator
transmission. Grey curve represents the default response, i.e. for no
finite metal thickness. Yellow and increasing saturation color curves
correspond to thicknesses ranging from 25nm to 200nm. (d)
Simulated current distribution of a LC resonator. The inset shows
the current in the last capacitor fingers, where it is minimal.

obtained A of up to 100%. Adding realistic values of substrate
loss tan(9) [34] to the simulations did not change the reson-
ance frequency appreciably (see figure 2(b)). Therefore, we
can conclude that the presence of surface lossy dielectrics,
while they significantly impact the internal quality factor of
resonators, will only affect the values of A\ obtained in this
work below the 1% level.

To discern the simulated values of L, and C we follow the
procedure described in [36]. A first simulation of the system
yields the resonance frequency fim. The values of L, and C
are estimated with an additional simulation wherein a sheet
inductance (L) is manually incorporated in a single square
at the center of the inductor, leading to a modified resonance
frequency f%, = 1/(27) - [(Lg + Ls)C]~/2. This procedure is
equivalent to what is shown in figure 1(b), but with a manually
incorporated Lj.

However, in actual films a larger thickness d decreases L,
combined with an increase in C. This thickness-dependence
effect cannot be directly captured by Sonnet since it was ori-
ginally designed to solve only planar structures. To obtain the
effect of d on L, and C in the simulation without resorting
to slower, full 3D methods, the thickness is artificially incor-
porated in Sonnet simulations by including an additional alu-
minum layer containing the same resonator circuit above the
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Figure 3. LC resonator device design variations: (a) medium; (b)
medium with adjusted finger capacitor; (c) large, (d) and small.
Design of a 4-probe measurement meander without (e) and with (f)
surrounding ground plane. (g) Layout of a HB measurement.

existing structure and connecting both through vias along all
edges. For the largest d considered (200nm) the resulting cor-
rection due to thickness on the resonance frequency amounts
to approximately 2% (figure 2(c)). We have actually validated
this method against a full 3D model. More details can be found
in appendix D.

Three types of resonators were designed with varying line
widths and line gaps to introduce different contributions of L.
The three designs are named small resonators (SRs), medium
resonators (MRs), and large resonators (LRs), each with a
meander and capacitor widths of 2, 4, and 6 um, respectively
(see figures 3(a)—(d)). LR are suited for higher Ly contribution
while SR are suited for larger thickness.

The lumped description with isolated L and C is justi-
fied with the current simulations (figure 2(d)), where most
of the current is present in the meander. Using current sim-
ulations as the one shown in figure 2(d), we estimate that
98% of the energy is located inside the inductor meander. The
extra 2% is taken into account to obtain an effective length
of the meander for computing the number of squares N in

equation (1). Moreover, the ground plane is designed suffi-
ciently far from the resonator so we can neglect its contribution
to the inductance.

In order to have better statistics in the value of A for a
given thickness, resonators with the same L and different C
are designed. This is obtained by changing the outermost fin-
gers of the capacitor (figures 3(a)—(d)), where there is nearly
no contribution to L (see inset of figure 2(d)). In figure 3(b)
an example of an MR with the last fingers modified is shown.
This modification of the finger reduces C, thus increasing the
resonance frequency. Resonators are sufficiently spaced in fre-
quency to be experimentally distinguishable (>25MHz) in the
range 7-8 GHz.

For the four-probe measurements, a long meander structure
was designed (see figures 3(e) and (f)). Two different meanders
were considered, with and without ground plane around the
meander. The size of the meander was chosen to ensure that
the resistance at 4K falls within a measurable range of 100 2—
1k€. A horizontal bar structure (HB) has also been used (see
figure 3(g)) as a complementary measurement of resistance.

The thicknesses d chosen for the study range from 25nm
to 200nm. This range includes typical values found for super-
conducting qubit devices and radiation detectors (50—100nm).
Including this range is indispensable for calibrating A for real-
scenario devices. d < 50nm ~ Apyi a1 is chosen to observe
thin-film effects, while d > 100nm is chosen to explore the
regime approaching bulk aluminum behavior. The actual
thicknesses were accurately determined using atomic force
microscopy.

The devices were fabricated using photolitography on high-
resistivity ps; > 100k€2-cm Si wafers (see [35] for more
details on wafer parameters) with the aluminum deposited by
electron-beam evaporation. The chips were later diced and
devices were bonded with aluminum wires to a ceramic prin-
ted circuit board (PCB), or to a chip carrier in the case of
four-probe devices. Images from actual devices can be seen
in figures 4(a) and (b). More details regarding thin film fab-
rication can be found in appendix B, including images of
three samples of increasing thickness, also displaying a clear
increase of apparent grain size.

Two different evaporators, one Plassys at IFAE and another
from Univex at CNM, were used in this study in order to
account for possible fabrication dependencies on A. While the
IFAE evaporator is only used for aluminum, the CNM evap-
orator processes additional metals. We note that both metal
deposition systems are routinely used to fabricate high-quality
superconducting qubits and resonators. Therefore, we do not
expect a high level of impurities in the resulting thin films that
may otherwise impact \ [12].

Altogether, the different variety of designs and fabrication
conditions account for potential systematic variability on A,
ensuring a more comprehensive analysis.

5. Experiment

All resonator devices were mounted in a sample holder at
the mixing chamber plate of a dilution refrigerator (7'=
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Figure 4. (a) Scanning electron micrograph (SEM) of a LC
resonator. (b) SEM of a meander structure measured by 4-probe
method. (¢) S;; data and fit of measured resonators with 100 nm and
200 nm thickness. Each minor tick corresponds to 1 MHz (d)
Resistance measurements at room temperature (RT), 4K and 20 mK.

20mK) and subjected to measurements using a vector network
analyzer at estimated power levels near the single photon
regime, with 10 Hz integration frequency bandwidth and 10
averages per trace. The full measurement setup schematics can
be found in appendix A. 4-probe structures were either loc-
ated in the same chip as the resonators or in a separate chip, in
which case they were located either at the mixing chamber or
at the still plate of the dilution refrigerator.

Resistance measurements were performed at room tem-
perature and at 4K (see figure 4(d)). Then, a continuous
acquisition was run at a low current while sweeping the
temperature around T¢ pukx ~ 1.2K to reach the critical tem-
perature of the sample. 7¢ was determined at the midpoint
of the superconductor-normal transition where the resistance
dropped by 50%. More details on the extraction process of 7¢
is given in appendix C, including a summary plot of all estim-
ated values of T¢ obtained as function of thickness, which are
also reported in table 2 below.

A typical resonator measurement is shown in figure 4(c)
for two different resonator thicknesses. The resonator response
was fit to the following expression [37]

(Q1/]Qc|) e
L+2i01(f/fi — 1)

521 _ aelae—27r ifT

- ; (10)

where the factor between brackets is the actual resonator
response, while the pre-factor in front accounts for the
response of the rest of the circuit. ¢ is an attenuation con-
stant, « represents a phase shift, 7 is the electrical delay of
the measurement line, and f; is the resonator frequency. Q) is

a)
a7 -
-60 1 “ ﬂ
I
|
—_ 't I
& S 0 :
-65 I
I
} ~N
_f'rr -
1 1 1 T
7.000 7.005 7.010 7.000 7.005  7.010
f (GHz) f (GHz)
b)
-40 T
)
N
I
= —50 + I
& s 01 :
I
-60 :
[ J -IT -1
1 1 1 1
7.005 7.010 7.015 7.005 7.010 7.015
f (GHz) f (GHz)

Figure 5. S, resonator response in magnitude (|S1], left) and
phase (¢, right). The fit using our procedure is superimposed to the
light blue data points as a dark blue dashed line. (a) 100 nm-thick
MR resonator. (b) 200nm-thick MR resonator, with the same design
as the device in (a), probed at higher power.

the loaded quality factor related to the complex coupling qual-
ity factor Q. = |Q.|e'? and internal quality factor Q; through
Ql_l = Qi_l +Re(Q7") [37]. ¢ expresses the impedance mis-
match. Typical fits to the resonator response are shown in
figures 5(a) and (b), where one can see that the impedance mis-
match is correctly captured.

Our fitting process follows from a routine inspired by [37].
In that study, the data fitting is performed sequentially, until
the full expression for S,; is obtained. However, with such a
sequential process it is hard to propagate errors in the fitting,
and correlations between parameters are lost. For that reason,
we use the sequential procedure to yield our initial parameter
guess. Once an initial set of parameters is obtained, we use the
iminuit library [38] for fitting the full S»; expression. Iminuit is
a library mainly used by the particle physics community, with
a focus on error propagation and accurate uncertainty estima-
tion. The Sy fit has seven parameters, which makes it a com-
plex fit, and proper error estimation becomes relevant. In most
fits, the initial guess and final fitting parameters were close.
In general, having good initial parameters for iminuit is indis-
pensable. In some resonators, however, iminuit fitting found a
considerably better solution than the initial one, while provid-
ing a correct error estimation.

Table 1 shows fitted parameters from resonators in figure 5,
with the corresponding errors. The relative error in frequency
df; is of order 10~%, which is the most important parameter to
extract . The resonator internal quality factor Q; is not used
in this study. In fact, the resonators in this work are designed
with Q) < Q; to maximize the signal strength, and therefore Q;
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Table 1. Results of the fits from figure 5. All parameters are used in equation (10) to fit the resonator response. Parameter uncertainties are
obtained using iminuit, as detailed in the main text. |Q.| and Q) are related through O, I = o L4 Re(07") [371.

Res. fi ofr

ID (GHz) (kHz) |Qc] 0|0c] O 00 ¢ o) a ge! a da 7(Hz) o1 (Hz)
0  7.0056 8 1.52-10* 3-10>° 9.2-10° 200 022 0.02 —3.78 004 1.01-107° 3-107° 6.97-107% 7.107"
1 7.0115 1 3.47-10° 2 42-10° 3 —0.76 0.001 —2.87 0.001 8.17-1073 1-107°% 6.99.-107% 5.107"

Table 2. Results for both resistance and resonance frequency measurements. dnom is the nominal target thickness, while dmeas is the
measured thickness using atomic force microscopy. A is the measured average penetration depth. Measurement type is ‘LC’ for lumped
resonators and ‘R’ for 4-probe resistance measurements. ‘N’ represents the number of devices measured for each particular thickness, which
include small resonators (SRs), medium resonators (MRs), and large resonators (LRs) for the resonance frequency measurements, and
four-probe (4P), and HB geometry for the resistance measurements. The fabrication facility is specified for each device. For resonator
measurements, Anin 1S shown, together with surface kinetic inductance Ly . For resistance measurements, residual-resistance ratio, defined
as RRR = Rrr/Ruk is shown. In all resonator measurements the system temperature was 20 mK.

Deviceid  dpom(nm)  dmeas(nm)  A(nm) Meas. Design N Fab.  Apin(nm) Lis (fH)  RRR Tc(K)

1 25 28+4 1631 LC MR 9 IFAE 965+12 121245 — —

2 25 28+4 1783 R 4p 1 IFAE — — 2.1£0.1 1.32+£0.03
3 50 5242 118+1 LC MR 9 IFAE 286+t4 359+2 — —

4 75 73+2 94+1 LC MR 5 IFAE 145+3 182+3 — —

5 75 76 £3 89+1 R 4p 1 CNM — — 4.8+0.1 1.22+0.01
6 75 78+£3 97+3 LC LR 9 IFAE 1457 182+£3 — —

7 100 97+£3 83+1 R 4P 1 CNM — — 6.1£0.1 1.27£0.02
8 100 105+2 76+£2 LC MR 5 IFAE 87&+3 109+£3 — —

9 100 105£2 63+1 LC LR 5 IFAE 67+1 84+3 — —

10 100 105+2 73+£1 R 4p 1 IFAE — — 7.2+0.1 —

11 100 105+2 731 R HB 1 IFAE — — 7.2+0.1 —

12 100 127£5 63+3 LC SR 9 CNM 65+4 83+2 — —

13 100 127£5 70+£1 R 4P 1 CNM — — 7.4+£0.1 1.22 £0.05
14 200 188+3 58+2 LC MR 5 IFAE 5843 73£2 — —

15 200 188+ 4 58+1 R 4p 1 IFAE — — 11.6+0.1 1.20+£0.02
16 200 2075 59+2 LC MR 6 CNM 59+2 74+2 — —

17 200 207£5 581 R 4p 1 CNM — — 9.9+0.1 1.20£0.05

is not very accurately determined, lying in the range 10°~10*.
The thickness dependence of Q; will be examined in future
work.

6. Results

The obtained values of A for each sample thickness d from both
resonator and resistance measurements are plotted in figure 6.
Each point of the resonator measurement is obtained by an
average of several resonators on the same chip with vary-
ing capacitance and kinetic inductance ratio (see table 2), as
explained in section 4. The vertical error bars correspond to the
standard error of the mean. The error in the horizontal axis cor-
responds to the uncertainty of the film thickness due to its gran-
ular nature. The resistance measurements are taken on a single
structure in each device, with the vertical error bar correspond-
ing to the error in the fitting of the resistance (figure 4). The
complete error propagation analysis is detailed in apprendix F.

Table 2 shows the full set of experimental results obtained
for both the resonance and resistance measurements. A total of

70 structures have been analyzed, combining the two measure-
ment methods (see section 3), three different designs for each
measurement method, along with eight different thicknesses
and two evaporation facilities. This combination reduces con-
siderably the possibility of a systematic error on the experi-
ment, and provides a good statistical ensemble from which to
extract conclusive values of \.

The data in figure 6 exhibit a consistent trend, with \
increasing rapidly for d < 100nm and approaching bulk val-
ues for d ~ 200nm, validating the chosen thickness range. The
two methods to extract A predict values differing by less than
10% for all thicknesses studied, giving more confidence to the
experimental results obtained.

The resonance frequency method gives access to L through
equation (9), which is then converted to Ly ¢ via equation (1).
Ly s is proportional to Apin, and both are shown in figure 7(a).
In this figure, only LC resonators are plotted, and the expo-
nential increase at low thicknesses is more pronounced than
the increase of A in figure 6, as expected. Large Ly s val-
ues near ~10pH are predicted for aluminum with d ~ 10nm.
Combined with a long enough meander, pure aluminum can
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Figure 6. Measured penetration depth X as a function of device thickness d. Two measurement methods are shown: resistance
measurements (red triangles) and LC resonator resonances (blue circles). Bulk penetration depth is shown as a lower limit. The thickness of

samples is measured using atomic force microscopy.
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Figure 7. (a) LC resonator response, plotted in two scales: Amin (left y-axis) and Ly (right y-axis), which are proportional, see equation (6).
(b) Measured A by the resonance frequency method for different thicknesses. Different resonator types are shown. (c) Measured A using the
resistance method for different thicknesses. Different resistance structures are shown, the two types of four-probe measurements, with

(4P-1) and without (4P-2) ground plane, and the HB geometry.

attain Ly values comparable to those exhibited by superinduct-
ors [39].

Figure 7(b) shows variations in the design for the resonance
measurements. The noticeable difference in the values of \ at
d = 100nm in figure 7(b) may arise from a systematic differ-
ence in the device geometry between M and L resonators not
accounted for.

Resistance measurements are displayed in figure 7(c). Most
data are obtained from 4-probe structures with (4P-1) and
without (4P-2) surrounding ground plane. The single HB geo-
metry value is consistent with the rest of 4-probe measure-
ments. Devices fabricated at different fabrication facilities did
not show visible deviations in A despite exhibiting different
values of the residual resistance ratio RRR (table 2).

The results obtained in this work allow us to provide
estimates of the critical thickness d. where aluminum turns

from a type-I to a type-II superconductor. Such a trans-
ition is expected to occur for a value of x=\/& =1/v/2
in equation (5) [29]. Figure 8 shows the estimated values of
k as a function of thickness d using equations (3) and (7),
leading to d. ~ 100nm. An exact description of / and, there-
fore, x as a function of d will be the subject of future
work.

As argued in section 2, the actual transition between super-
conductivity types may take place over a certain range of
values of d, given the intrinsic inhomogeneity of « due to
the disordered nature of thin films. In summary, our res-
ults suggest that the thicker samples (d > 100nm, device
id 14-17) may enter the regime towards type-I supercon-
ductivity [40], unlike the thinner ones (d < 100nm, device
id 1-13) which are more likely to behave as type-II local
superconductors.
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Figure 8. Estimated dependence of k = A/ on thickness,
combining equations (3), (7) and (5). According to this estimate, the
transition between superconductivity regimes, when x = 1/ V2 (red
horizontal dashed line) [29], occurs at a critical thickness

dc. ~ 100nm.

7. Conclusions

In this work, we performed a characterization of the aluminum
penetration depth A for thicknesses in the range 28-207 nm.
The values of A obtained range from 163 nm for the thinnest
samples down to 58 nm, approaching the aluminum bulk value
for the thickest films. Our measurements of A as function of
thickness represent a guide to superconducting circuit designs
where inductance plays a significant role, such as, e.g. circuit
QED and kinetic inductance detectors.

We have also introduced an accurate fitting procedure for
resonators which can easily be extended to other experimental
settings. For simultaneous parameter fits, sequential fitting can
be a good process to obtain each parameter at a time. However,
this process does not provide a good estimation of the fitting
error and the correlations between parameters. Using the result
of sequential fitting as the initial guess, we then fitted with the
iminuit package, providing an accurate error estimation and,
in particular instances, a better parameter prediction.

Our work has also allowed us to provide an estimate of the
thickness value at which thin-film aluminum starts to behave
as a type-I superconductor, to lie close to 100 nm. This value is
obviously inaccurate but it helps to narrow down the range of

thicknesses in future studies interested in analyzing the trans-
ition region. Further work is needed to explore the actual trans-
ition point by, e.g. measuring the coherence length as func-
tion of thickness or even directly imaging the presence of vor-
tices, as in [41]. One can then investigate potential new cir-
cuit functionalities in thicker aluminum films, such as quasi-
particle traps using the dependence of the superconducting gap
on thickness [42, 43] or the exclusion of vortices in sufficiently
thick films. The effect of, for instance, a thicker ground plane
may be validated in the coherence properties of flux-sensitive
devices such as flux qubits [20].
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Figure 9. Measurement setup. High-frequency coaxial lines are attenuated 50 dB and filtered above 8 GHz. The output signal is passed
through two circulators and amplified through a HEMT amplifier and a room temperature amplifier. Resonators were measured with an
Agilent vector network analyzer E5071B. DC lines for resistance measurement were twisted pairs thermalized in several stages at the
refrigerator. A Keithley 2600B source measurement unit was used for these measurements.

Appendix A. Experimental setup

The experimental setup used in the measurements of all
devices presented in this work is shown in figure 9.

Appendix B. Fabrication

High resistivity silicon wafers from TOPSIL provider are
used as substrates for all the fabricated devices. The basic
processing steps for patterning the electronic devices are as
follows.

Samples are diced as quarter wafers and subsequently
cleaned in acetone, rinsed in isopropanol and blown dry
in N stream. Substrates are dehydrated before photoresist

10

deposition. LOR3A plus HIPR-6512 resists are spin coated
and soft baked sequentially. A Karl Suss mask aligner is used
for resist-stack exposure and then a development sequence
using ODP is applied. The pattern transfer consists in alu-
minum thin film deposition followed by a lift off of the resist in
NMP solvent. The aluminum deposition was performed by e-
beam evaporation for the given thicknesses. Figure 10 shows
SEM images of different samples to observe the grain size.
The remaining LOR3A is removed by mild oxygen plasma
treatment. For electrical characterization, the samples were
diced appropriately and mounted onto ceramic PCBs. Devices
were wire-bonded with aluminum wires to either a sample
holder for AC measurements or to chip carriers for DC meas-
urements. Exemplary images of actual devices are shown in
figures 4(a) and (b).
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Figure 10. SEM Images for samples of increasing thickness illustrating the evolution in apparent grain size. The id of samples with 75 nm,
100 nm, and 200 nm correspond to 4, 9, 14, respectively. Scale bar corresponds to 200 nm.
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Figure 11. (a) /-V curve taken at different temperatures for a

127 nm-thick sample. (b) Fitted resistance at different temperatures.
The horizontal dashed line marks the value where resistance drops
by half, Rmax/2, where Tc is defined.

Appendix C. T¢ measurements

In order to characterize the critical temperature T¢ of each
sample measured in this work, /-V curves are taken while
the fridge temperature is swept in a controllable fashion.
Figure 11(a) shows /-Vs from three different temperatures for
a sample 127 nm thick. The temperature is recorded simultan-
eously at each data point of the /-V curve. The value of the
temperature used in the plots is then the average temperat-
ure across all the values of each /-V curve. This way we take
into account possible heating effects due to the largest cur-
rents applied. A simple linear regression is used to obtain the
resistance R. The results of fitted resistance as function aver-
age temperatures is shown in figure 11(b). The Ropser/2 marks
the value at which T¢ is defined, being a drop in resistance by
a factor 2 from the temperature at which resistance starts to
decrease suddenly.

In figure 12, the T¢ dependence with sample thickness is
shown. As expected, T¢ is enhanced for lower thicknesses
and approaches the bulk aluminum value for the thicker films,
Tc =1.18K.

Appendix D. Simulations

FastHenry simulations were used to obtain an approximation
of the kinetic inductance fractions of the resonator induct-
ances, o = Ly /L. Those simulations determine the width and
gap of the meanders, along with the number of meander turns.

1.4
g 1.3 1 + +
= [
1.2 - + l
|
1141 . , .
100 200
d (nm)

Figure 12. Critical temperature 7¢ of resistor samples at different
thicknesses, as measured following the procedure described in the
text and in figure 11.

For FastHenry simulations, the value of A\ had to be estim-
ated, since it is needed for estimating the kinetic induct-
ance Ly. We fitted a phenomenological behavior of A\ as
a decaying exponential with base Apyx = 50nm and known
values from previous internal studies at d =25nm and
d=50nm. The used expression is A(d)[nm] = Ay + 196-
efd[nm]/74.3_

With the final results, setting 4 um as the meander gap and
width (which corresponds to MR-type resonators in section 4),
for 25 nm thickness o = 0.47 and for 200nm, o = 0.03, being
the limits in thickness established for our work. LR- and SR-
type resonators are designed for lower and higher thicknesses,
respectively.

The main simulations were run with Sonnet, with 1 m fine
meshing. To obtain different resonators with different reson-
ance frequency but the same value of Ly, only the last fingers
of the inter-digitated capacitor were modified (see main text
figure 3(b)), to keep the total inductance as constant as pos-
sible. The current in the last fingers of the capacitor is min-
imal (see main text figure 2(d)). This was easily achieved by
parameterizing a Sonnet file and sweeping over the length of
the last fingers. The frequency values obtained were approx-
imately evenly spaced. The number of fingers modified and
the distance between fingers was different for each resonator
type (M, S and L).
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Figure 13. (a) Sonnet design to simulate thickness in resonator. (a)
Zoom-in of the simulation design in a device like the one shown in
figure 2(d), with the through vias represented as white triangles on
the fingers (upper wires) and meanders (bottom turning wires) to
connect the two layers of metal used to emulate thickness. (b)
Sonnet layer list, where two metallic layers are placed to simulate
the film thickness.

When performing the simulation of a given resonator, not
only the resonance frequency fo, was acquired, but also the
total inductance, L, and total capacitance, C. We followed
the method described by Doyle et al [36], which consists on
adding an extra known sheet inductance in a single square
of the meander and obtaining a new modified frequency f;.
Together with f, and the known added inductance value, L and
C can be separately obtained. More details can be found in the
main text section 3.1.

Finally, we need to add the thickness into the simulation.
This is a sensitive parameter in LC resonators, as shown in
figure 2(c) of the main text, where the difference between sheet
metal (gray resonance) and the thickest sample (200nm) was
around 2%, comparable to the difference added due to Ly in
real experiments for the thickest samples. In order to carry
out the simulations, we followed a technique available within
Sonnet that allows one to mimic thickness into an otherwise
planar geometry, including the effect of sheet inductance'.
In order to implement this technique, two layers of supercon-
ductor are added on top of the silicon, separated by a distance
d. Then, these two layers are connected through vias along all
the edges. This effectively creates a thick resonator, reducing
the inductance and increasing the capacitance. This technique
is significantly faster to simulate entire resonator circuits as
compared to using full 3D finite element solvers. A zoom-in
of the simulation design we developed, including the vias con-
necting the vertical dimension, can be seen in figures 13(a) and
(b).

We have validated the technique by simulating a linear
inductor of the dimensions of our resonators using both Sonnet
as well as the AC/DC-package from COMSOL. The inductor
dimensions are 4 um wide, 100 nm thick, and a varying length.
We first run COMSOL simulations of the inductor to determ-
ine a suitable set of parameters. Using the ‘Finer’ meshing set-
ting the error induced in the value of the inductance is below

12 This is to be distinguished from the ‘Thick metal’ model available within
Sonnet where no sheet inductance can be defined.
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Figure 14. Simulated values of an inductor 4 ym wide, 100 nm
thick using a full 3D model (COMSOL) and the thick-metal
technique with Sonnet. Linear fits are added for visual aid. Both
methods yield similar results with differences in the 1%—-2% level.

0.15%. We also find that a layer of 200 ym of Si substrate
and 200 um of air above the chip lead to sufficient values
with error below 0.1% compared to thicker geometries. The
Sonnet simulations are carried out with the same geometry of
the inductor, substrate and air box, using the technique to con-
nect two layers to simulate finite thickness. The meshing is set
to 100 nm, based on the limit set by the accuracy of the width
(see appendix B). The resulting inductances with both meth-
ods as function of length is shown in figure 14. The values
differ from each other less than 2% in the worst cases, there-
fore justifying our simulation method. The simulation time of
Sonnet for this inductor is a few seconds while it takes a few
minutes for COMSOL, making it an advantageous technique.

Despite being more efficient than a full 3D simulation,
these thick-metal Sonnet simulations required a significant
amount of computer memory. In order to optimize simulation
time, instead of simulating all the resonators with all the dif-
ferent finger lengths, for each resonator width, we only simu-
lated the resonators with the shortest and longest last finger and
compared the difference with their respective sheet resonators
with no thickness, obtaining a ratio of frequencies. We found
that this ratio of frequencies differed less than <0.1% among
the different resonator line widths. Therefore, we applied this
ratio to the remaining 2-dimensional resonators. This way, we
obtained values of the simulated thick metal with just simulat-
ing the device with no thickness.

Appendix E. Data fitting

The main procedure to fit the data using the iminuit package is
already detailed in section 5. Using iminuit one has access to
the correlation matrix between variables, which is defined as

Tij

Voiojj

pi EI)
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Table 3. table with correlation for fitting of resonator on figure 5(a).
Parameters can be seen in equation (10).

a a T QO |Qc| ¢ fr
a 1 0 0 -0.3 —-0.3 —0.1 0.1
« 0 1 1 0 0 -0 0
T 0 1 1 0 0 -0 0
(9} —-0.3 0 0 1 0.8 0 -0
0] -03 0 0 08 1 0 0
1) —0.1 0 0 0 0 1 —-0.7
fe 0.1 0 0 -0 0 —-0.7 1

Here, o;; is the variance of variable i, and o; is the covariance
between variables i and j, if i # j.

When using the fitting formula for the transmission meas-
urements Sy, equation (10), both quality factors, Q. and |Q|,
show high correlation and, indeed, Qr, is bounded by Q.. Other
variables that are highly correlated are f; with ¢y. « and 7 are
instead fully correlated, given that both appear in the expo-
nential pre-factor of S;;. In both cases, a slight change in one
of them, provokes adaptations in the other coupled variable
to minimize the cost function, which indicates correlation.
One could, in principle, parameterize the model in an alternat-
ive way to equation (10) to use purely independent variables.
However, this parameterization will probably require the use
of variables with little physical meaning, thus losing the bene-
fits and information obtained from fitting the variables with
actual physical meaning.

In table 3, correlations between parameters are shown for
resonator in figure 5(a).

Appendix F. Error propagation

In order to take into account the error introduced in the estim-
ation of \ due to the simulation of the resonator frequencies,
we have performed a complete error propagation analysis.

The list of relevant equations already introduced in
sections 2 and 3 is the following:

Lis = 10 Athin, (F1)
Athin = /L())\ coth (d/)\) R (F2)
Lk:NLkS7N:g/W7 (F3)
£ )
Ly=L ( S, (F4)
¢ frzneas

In order to obtain the error from A\ we first obtain the error
from Awin, as they are connected through an implicit relation,
equation (F2). Using equations (F1), (F3) and (F4), A, can
be related to our measurable quantities:

w £
)\hi — 7L < sim_ 1) ,
o Ho8 £ fr2neas

where the resonator inductor width w resonator inductor length
g can be obtained by inspection of the devices using scanning

(F5)

electron microscopy, Ls and fiin, can be obtained from finite-
element simulation solvers like Sonnet, and, finally, fieas 1S
measured in the experiment with very high accuracy given by
our sophisticated fitting method (see appendix E).

In estimating the errors in the observable quantities, we
note that dw ~ dg, but dw/w > dg/g. Therefore we can neg-
lect the error coming from the length, §g ~ 0. Also, since our
fitting method yields a very accurate value of the measured
resonator frequency down to a few kHz, we consider its error
negligible compared to the error in the simulated frequency,
Ofmmeas = 0. The error from Ay, can be then computed by dif-
ferentiation of equation (F5) with respect to w, Ly and fgim:

1 .
O Athin = MT (}czfin; — 1) (Lgow +wiLy)
2wLe fi
4 2 fim g (F6)
Ho8 ﬁneas
Re-arranging terms,
5 (SL L 5 im
Aehin (W + g) +2 (Amm + Wg) Oim ()
wo L Hog ) fsim

Therefore, adding the errors in quadrature leads to
2 2
([ (%)]
1/2
Wi 2 2
+4<)\thin+ £ ) ( )) . (F8)

H08Athin
The next step is to calculate the error from A. To do that
we use the relation between observed quantities (Apin, d) and
inferred () as follows:

dw
w

OLy
L g

6fsim
fsim

d
Athin = Acoth —.

X (F9)

The error on Mg, consists of errors on \ and d, which can be
obtained by differentiating the expression with respect to each
variable:

] 6A

d/\
sinh? (d/)\)

od

~ sinh?(d/\)
(F10)

O Athin = |:COth (d/)\) +

Isolating A:

1
A= ot (/) + (/) simh 2 (d/)

od ]

sinh? (d/\)
In adding them in quadrature, the total error in \ is

X {5)\1111“ + (F11)

1
A= coth (d/\) + (d/X)sinh =2 (d/\)
s> 12

sinh* (d//\)] '

X {&\%hm + (F12)
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Figure 15. Scanning electron micrograph image of a section of the meander of resonator from device id 8 used in the experiment.
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Figure 16. Sonnet simulations of the width dependence of an inductor 150 xsm long, 100 nm thick. The slope around 4 p4m is

—7.65pH ppm ™.

Equations (F2), (F5), (F8) and (F12) are used to calculate the
values of Apin, A and their respective errors in table 2 and
figures 6 and 7 of the main text.

In order to estimate the error from A, we need to establish
bounds on the errors from the width dw, thickness dd, reson-
ance frequency Jf;im, and the simulated geometric inductance
OL,.

The bound on width fluctuations has been set to 200 nm
based on scanning electron microscope images we have taken
from several resonators. Figure 15 shows an example from
the meander of resonator from device id 8. Based on the vari-
ation of the width, we set dw =200nm as an upper bound.
This variation is most likely limited by the resolution of the
optical lithography and deposition processes used to fabric-
ate the resonators. This limit on dw is used to set a limit on
the error from the simulated resonance frequency, Jfsim. By
using Sonnet on a simulated resonator circuit and modifying
the width of the meander by 100 nm, the resonance is seen to
vary on average by 0.6%. Therefore we take Jfiim /fsim = 0.6%.
Similarly, the uncertainty in the width is used to set the uncer-
tainty in the value of the simulated geometric inductance,
0L. In order to obtain the sensitivity of width-to-inductance,
we simulated an inductor with length (150 pm) and thick-
ness (100 nm) comparable to that of our resonators of varying

L ® CoMsoOL
98 '\\ == Linear fit
. ®
T ~
s .
8 96 - \\
5 LN
é 94 - 5\
£ ‘\‘\
92 D
“e
1 1 1 1 1 1
3.0 3.2 3.4 3.6 3.8 4.0

Inductor width (um)

Figure 17. COMSOL simulations of the width dependence of an
inductor 150 pm long, 100 nm thick. The slope around 4 ym is

—7.52pH pm ™.

width around the nominal value of 4 ym, shown in figures 16
and 17 for both Sonnet and COMSOL. The dependence is
slightly nonlinear, but the slope in both simulations differs by
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less than 2% near 4 ym, with a sensitivity of —7.65pH zm !

and —7.52pH pm~! for Sonnet and COMSOL, respectively.
Longer meanders give a slightly higher sensitivity, up to
10pH/pm for 200 pm-long meanders. Using this value as un
upper bound we obtain a relative error in the inductor of
0Ly/Ly = 1%. The last error coming from the thickness is
taken to be d = 2nm, based on AFM images taken from sev-
eral resonators. The error in the inductance from the uncer-
tainty in the thickness is negligible, as the sensitivity of
16pH pm~! (found from simulations) is of the same order as
the sensitivity of the width, but the magnitude of the uncer-
tainty is much smaller.
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