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Materials imperfections in Nb-based superconducting quantum circuits—in particular, two-level-
system (TLS) defects—are a major source of decoherence, ultimately limiting the performance of quantum
computation and sensing. Thus, identifying and understanding the microscopic origin of possible TLS
defects in these devices will help develop strategies that eliminate them, which are key to superconduct-
ing qubit performance improvement. In this paper, we demonstrate an order-of-magnitude reduction in
two-level system losses in three-dimensional superconducting radio frequency (SRF) niobium resonators
by a 10-h high vacuum (HV) heat treatment at 650 °C, even after exposure to air and high-pressure rins-
ing (HPR). X-ray photoelectron spectroscopy (XPS) and high-resolution scanning transmission electron
microscopy (STEM) reveal an alteration of the native oxide composition regrown after air exposure and
HPR and the creation of nanoscale crystalline oxide regions, which correlates with the measured tenfold
quality factor enhancement at low fields of the 1.3 GHz niobium resonator. Tunneling spectroscopy mea-
surements show a pronounced proximity effect that further confirms the presence of metallic layers on the

niobium surface.

DOI: 10.1103/PhysRevApplied.23.044023

I. INTRODUCTION

Superconducting niobium resonators, originally devel-
oped for particle acceleration with exceptionally high qual-
ity factors (Q > 10'9—10'"), are gaining attention in quan-
tum computing applications [1-5]. These resonators are
excellent candidates for storing quantum information as
quantum d-level systems (qudits) due to their remarkably
long lifetimes of up to several seconds and their exten-
sive accessible Hilbert spaces, which provide the potential
for direct encoding of qudits and offer advantages over
the two-level qubit encoding [3—5]. Niobium SRF cavities
have also been proven very useful in studying the losses
in two-dimensional superconducting qubits and measuring
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them with a high level of accuracy, such as in the work of
Checchin et al. [6] using a 3D niobium cavity to isolate
the silicon substrate and quantify its loss contribution. In
another study, Romanenko et al. [7,8] used bulk Nb SRF
cavities as a three-dimensional (3D) resonator and showed
that two-level-system (TLS) defects present in the niobium
native oxide dominate the losses in 3D resonators below
1.4 K and at low fields in a similar manner to what has
been observed in 2D superconducting qubits [8,9]. In this
sense, niobium cavities can be seen as a tool to investi-
gate the microscopic origins of TLS defects in Nb-based
quantum devices and a platform on which to experiment
with different approaches to suppress these loss channels
in niobium 2D qubits.

Upon exposure to air, niobium forms an amorphous
oxide layer with varying stoichiometries that is known
to host TLS defects [7—12]. Recent studies on three-
dimensional niobium resonators have shown that these
native oxide layers contribute substantially to the degra-
dation of quality factors (Q), reducing it to about 2 x 101°
in 1.3-GHz cavities [7,8,10] in the TLS-dominated regime

Published by the American Physical Society


https://orcid.org/0000-0003-2654-4244
https://orcid.org/0009-0004-9397-4425
https://orcid.org/0000-0002-6273-6772
https://ror.org/05k705z76
https://ror.org/03xjwb503
https://ror.org/03xjwb503
https://ror.org/02kzqn938
https://ror.org/02dyaew97
https://ror.org/03xjwb503
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.23.044023&domain=pdf&date_stamp=2025-04-09
http://dx.doi.org/10.1103/PhysRevApplied.23.044023
https://creativecommons.org/licenses/by/4.0/

KALBOUSSI, CURCI, MISERQUE, TROADEC, et al.

PHYS. REV. APPLIED 23, 044023 (2025)

at low accelerating fields (<1072 MV/m). One way of
increasing this quality factor has been demonstrated using
high vacuum annealing from 340-450°C and durations
from 2.5 h up to 5 h, after which the cavity is main-
tained in a vacuum environment to prevent reoxidation
[7,10,13]. While effective, this method is impractical for
quantum computing and sensing applications due to the
need for sustained vacuum conditions. Another approach
for suppressing two-level system losses has been reported
by Kalboussi et al. [14], where the 3D resonators have
been coated with a thin layer of aluminum oxide using
atomic layer deposition (ALD), followed by a heat treat-
ment at 650 °C for 10 h. This resulted in the reduction of
the niobium native oxide while keeping the niobium metal
passivated by the ALD layer. Even though this approach
offers an air-stable improvement in the low-field qual-
ity factor, it is worth noticing that the amorphous Al,O;
deposited by ALD itself exhibits (like all other dielectric
materials) TLS losses that should ideally be avoided.

In this article, we report air and water-stable improve-
ment of the low-field quality factor of a niobium single
cell 1.3-GHz cavity after thermal treatment at 650 °C for
10 h in high vacuum (HV). We also achieve some of the
best performances reported for 1.3 GHz niobium 3D res-
onators after air exposure and high-pressure rinsing (HPR)
in the TLS-dominated regime with a Qy of 9 x 10'°, at low
fields (<10~2 MV/m) corresponding to a resonator lifetime
T~15s.

By performing x-ray photoelectron spectroscopy (XPS)
and scanning transmission electron microscopy (STEM),
we discovered that this thermal treatment changes the
chemical and structural nature of the niobium oxides after
reexposition to air and high-pressure rinsing. In particu-
lar, we reveal the appearance of crystalline regions in the
native oxide layer, which is associated with low TLS con-
tributions and explains the high quality factor measured.

II. EXPERIMENTAL DETAILS

In this study, we report rf results from a 1.3-GHz nio-
bium cavity before and after annealing at 650 °C for 10 h
in high vacuum (pressure <10~ mbar). Before the thermal
treatment, the cavity underwent a standard electropolish-
ing process to prepare its surface [15], followed by a
high-pressure rinsing with ultrahigh purity water under a
pressure of 90 bar for 1.5 h [16]. Subsequently, the cav-
ity was mounted for cryogenic testing in an ISOS5 clean
room environment. The cryogenic testing was performed
in the Synergium vertical test facility at CEA, in which
the cavity was submerged in a dewar of liquid helium and
then cooled through pumping to 1.4 K. An rf test was con-
ducted by employing a phase-lock loop to lock the cavity
onto its resonance frequency, enabling the derivation of the
intrinsic quality factor (Qy) and field. The low-field region
quality factor was measured using the cavity ring-down

method after the rf power was turned off, as described in
Ref. [17]. After the test, the niobium cavity was introduced
to the vacuum oven inside a titanium box with niobium
caps on both cavity flanges to prevent oven contamination
and underwent annealing at 650 °C for 10 h in a pressure
lower than 5 x 10~% mbar using a ramp of 6 °C/min. After
cooling passively, the vacuum was broken in the oven and
the cavity was transported to the clean room again and
remained air-exposed there for a few weeks before under-
going a second high-pressure rinsing and preparation for
the rf test.

In order to investigate the chemical, structural, and
electronic properties changes on the niobium surface,
x-ray photoelectron spectroscopy, transmission electron
microscopy (TEM), and point contact tunneling spec-
troscopy (PCT) analyses were performed on two types of
samples from air-exposed cavity-grade niobium coupons:
(1) electropolished then high-pressure rinsed and (2) elec-
tropolished, high-pressure rinsed then annealed in the same
conditions used for the cavity followed by a second HPR.

The XPS measurements were acquired using an Escalab
250 XTI spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a monochromatic x-ray Al-Ko
source (hv =1486.6 eV) and a charge compensation sys-
tem. The diameter of the analytical spot size is 900 um.
The binding energies were calibrated against the C1s bind-
ing energy set at 284.8 eV. The spectra were treated using
CASAXPS software [18].

For the STEM analysis, cross-section lamellae were pre-
pared in a focused ion beam (FIB) microscope using a Ga
ion source at the University of Lille. Note that, for the FIB
preparation, the sample surface was first protected by a
deposition of carbon followed by another layer of platinum
and a standard lift-out procedure was performed. Bright
field and high-angle annular dark-field (HAADF) images
of the cross-section samples were acquired at LPS using a
Nion Ultrastem 200 scanning transmission electron micro-
scope operating at 100 kV. The probe convergence angle
was 35 mrad. The tunneling spectroscopy was performed
on a homemade apparatus at a temperature of 1.8 K, as
described in Ref. [19].

III. RESULTS AND DISCUSSION

A. Resonator rf tests

Figure 1 shows the results of the rf tests performed on
the 1.3-GHz niobium cavity at 1.43 K. The baseline rf test
(green curve) shows the typical saturation of the quality
factor Qy of air-exposed electropolished niobium cavities
without any thermal treatments with values at low fields
of around 1 x 10'” at 0.01 MV/m, as has been reported
elsewhere [8,10,14] and which is characteristic of the pres-
ence of two-level systems. The blue curve represents the
rf test after annealing the same niobium cavity at 650 °C
for 10 h at high vacuum and exposing it to air for a
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FIG. 1. Graph of Qy vs E for 1.3-GHz niobium cavity before

and after annealing at 650 °C—10 h.

few weeks and high-pressure rinsing. After this treatment,
the Qp saturation level increased approximately tenfold,
attaining an unprecedented value of 9 x 10! at saturation
(0.001 MV/m) after air exposure and high-pressure rinsing.

It is worth mentioning that, among reported rf tests on
bulk niobium cavities [7,8,10,14], this 10 h treatment at
650 °C showed one of the highest performances in the
TLS-dominated regime. As a matter of fact, previous stud-
ies tested Nb cavities with different treatments and, in
particular, annealing at 340°C for 5 h, which showed
improvements over the electropolished baseline with a
quality factor value of 7 x 10'* at 0.01 MV/m [7,10]. This
enhancement was ascribed to the complete dissolution of
the native niobium pentoxide Nb,Os during the annealing
process. However, one needs to keep the cavity under vac-
uum to prevent Nb,Os from regrowing upon exposure to
air; otherwise, the cavity reexhibits electropolished (EP)
performances. The fact that annealing the niobium cavity
at 650 °C for 10 h results in significantly higher Oy, which
is maintained after HPR and exposure to air, suggests that
time-stable and irreversible modification has occurred at
the niobium surface of the resonator.

The red lines in Fig. 1 are fits that use the interacting
and noninteracting two-level-system model described in
Ref. [20]. The fitting and the extracted TLS parameters are
shown in Table 1. The fit parameters for the baseline EP
are consistent with the ones obtained in Refs. [14,20] for
a niobium EP cavity with similar rf performances. The ¢

parameter that describes the saturating value of Q at very
low electrical fields is more than ten times lower after the
annealing. Following Ref. [20], the density of TLS defect,
o1Ls, and the dielectric losses, tan(St.s), can be calculated
from the fitting parameters assuming a dielectric constant
for Nb,Os of 30 and knowing the thickness of the oxides,
as described later. These fitting values reveal an order-of-
magnitude reduction in the TLS-defect density and losses
in the annealed Nb cavity as compared with native niobium
oxides present in the cavity baselines.

In order to identify the microscopic origins of these
changes in the rf performances and TLS losses, we
performed XPS measurements on niobium samples that
underwent the same processes as the cavity, along with
high-angle annular dark-field imaging and a fast Fourier
transform (FFT) analysis.

B. Chemical and structural analysis of the
1. Nb surface

Fig. 2 summarizes the surface analysis obtained on a
cavity-grade electropolished Nb sample that underwent a
high-pressure rinsing without any thermal posttreatment.
XPS provides a detailed analysis of the Nb oxidation
state and chemical environment. High-resolution spectra
of the Nb 3d core levels were recorded using a con-
stant pass energy of 20 eV. In order to fit the peaks, we
used an asymmetrical line shape for the metallic com-
ponent of the Nb 3d core levels and symmetrical mixed
Gaussian-Lorentzian line shapes to fit the other chemi-
cal states. An area constraint of 3:2 was applied to the
spin-orbit doublets of Nb 3ds;, and Nb 3ds/, levels and
their binding energies were set apart by 2.7 eV. Finally,
the valence state of every peak was identified by its bind-
ing energy from the literature [21,22]. The binding energy
ranges for Nb 3ds, in different valence states are as fol-
lows: 202.2+£0.05 eV, 203.14+0.2 eV, 204.34+0.5 eV,
205.54+0.2 eV, and 207.6 0.1 eV, which are consid-
ered as Nb, Nb,O, NbO, NbO,, and Nb,Os, respectively.
The results of the peak fitting for Nb 3d chemical states
are shown in Fig. 2(a). We observe that the surface is
composed mostly of Nb,Os (86.6%), a small fraction of
suboxides, such as Nb,O (1%), NbO (1.6%), and NbO,
(2.7%), and metallic niobium (8%). This oxide composi-
tion is typical of an uncoated electropolished Nb sample
subject to a high-pressure rinsing with a native oxide com-
position dominated by Nb,Os, which is in agreement with
previous studies [14,21,22].

TABLE 1. Fitting parameters using the interacting and noninteracting TLS model [20].
Treatments c [C*1] Ec [V/m] 1/Onon—TLS orLs [em™2] tan(8tLs)
Baseline EP 1.6 x 10723 1.4 x 10* 200 3.4 x107 1 3.7 x 101 1.7 x 1073
EP+650°C-10 h 85x107% 2% 103 600 0.76 x 10711 1.9 x 100 1.5x 1074
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FIG. 2.

electropolished Nb + HPR.

The HAADF image in Fig. 2(b) shows a uniform oxide
layer of 6.5 nm on top of the crystalline niobium substrate.
A local FFT analysis confirmed that the native oxide layer
is amorphous while the niobium substrate is crystalline,
with a cubic (Im-3m) lattice. The average thickness of nio-
bium’s native oxide layer after exposure to air is typically
around 5+ 1.5 nm [23,24], although this varies signifi-
cantly depending on the surface preparation and oxidation
conditions. In our case, it is not surprising that the native
oxide is thicker, as high-pressure rinsing causes a notable
increase in the oxide layer thickness [23,24].

After annealing at 650 °C for 10 h, followed by HPR
and air exposure, XPS reveals an altered composition of
the surface. Figure 3(a) shows a decrease in Nb,Os com-
position from 86.6% to 61.1%, along with an increase
in the percentage of metallic niobium and suboxides. In
particular, we witnessed the emergence of clear peaks cor-
responding to Nb,O and NbO with contributions of 12%

(a)
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FIG. 3.

analysis on annealed niobium at 650 °C—10h Nb + HPR.

=] ) Ve

(a) XPS spectrum of Nb-3d core levels of electropolished niobium + HPR. (b) HAADF imaging and local FFT analysis on

and 8.5% to the Nb 3d signal, respectively. The HAADF
imaging shown in Fig. 3(b) reveals a uniform and signif-
icant reduction in the oxide layer thickness from 6.5 to
4 nm.

The oxide layer alteration is the result of the fur-
nace baking under HV and reoxidation after air expo-
sure and high-pressure rinsing. Based on previous heat-
treatment studies [10,14,22], niobium pentoxide becomes
completely dissolved when annealed at a temperature
higher than 340°C and gives rise to other suboxides,
mainly NbO. When exposed to air, the formation of NbO
on the surface of Nb significantly raises the potential bar-
rier for oxygen uptake from the air, thereby slowing the
oxide’s growth. While studying niobium heat treatments
in the range of 250 °C—800 °C over a few hours, Yu et
al. [22] found that the proportion of Nb,Os progressively
decreases after air exposure as the heat-treatment tem-
perature rises within the range of 300600 °C. After heat

Nb oxide '

nm Nb

(a) XPS spectrum of Nb-3d core levels of annealed niobium at 650 °C—10 h+ HPR. (b) HAADF imaging and local FFT
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treatment at 600 °C, their samples show the lowest con-
centration of Nb,Os and the largest concentration of NbO,
along with the emergence of peaks of Nb,O. These results
are in perfect agreement with our observations: it seems
that our annealing at 650 °C for 10 h results in such a for-
mation of a NbO- and Nb,O-rich layer that significantly
inhibits the formation of a thick Nb,Os layer formation,
even after the high-pressure rinsing step that is known to
favor its growth. This can explain the significant difference
in TLS losses at low rf fields and the associated decrease
in o.g and tan(§t.s) parameters extracted from the fits. In
contrast, annealing at lower temperatures, such as 350 °C
[22], does not seem to create sufficient NbO to slow the
regrowth of Nb,Os after exposure to air. This could explain
why the reduction of the TLS observed by Romanenko et
al. [7,10] after annealing at 340 °C does not persist upon
exposure to air.

More interestingly, we notice the formation of clear
crystalline regions in the oxide layer. Unlike the native
oxide on top of the unannealed sample, which is thick and
amorphous, the annealing at 650 °C during a period of 10 h
results in the formation of nanoscale crystallites inside the
overall amorphous matrix of the oxide. Figure 4 shows
different HAADF images of the Nb sample annealed at
650 °C for 10 h and high-pressure rinsed, along with a local
FFT analysis. It can be seen that, in some regions (such as
zone A), the crystallite is located near the interface with the
metallic niobium. An FFT analysis in this region shows
a d-spacing of 2.1 A, which can be associated with NbO
(200) planes [25]. In zones B and C, we observe another
configuration where crystallite is formed at the surface on
top of an amorphous layer of oxide. The FFT analysis in

HAADF 1

HAADF 2

5 nm

these zones shows d-spacings of 1.5 10\, 2.4 A, and 2.9 10\,
which can be associated with the (220), (111), and (110)
planes of NbO, respectively [25]. In other regions, such
as zone D, the crystal grows starting from the interface
with the metal and continues to the surface. In this zone,
we measure a d-spacing of 2.4 A, which can be associated
with the (111) planes of NbO [25]. Based on these observa-
tions, a plausible scenario is that, during the 10 h annealing
at 650 °C, the original amorphous Nb,O5s decomposes to a
nanocrystalline layer of NbO and possibly Nb,O (although
there is no reported crystalline structure of Nb,O in lit-
erature). Upon exposure to air and high-pressure rinsing,
Nb,Os regrows surrounding the crystallites of NbO and
sometimes underneath it (zones B and C). In other cases,
the crystalline-NbO layer formed during the annealing is
already passivating and, thus, no Nb,Os is formed after the
exposure to air. Similar observations have been reported
by Hellwig et al. [26], who witnessed the formation of a
crystalline and passivating layer of NbO-(111) on top of
a Nb-(110) film. Our discovery of these nanocrystalline
regions is in perfect agreement with the surprisingly low
TLS losses of the Nb 1.3 GHz cavity.

Shortly after the discovery that qubit energy relaxation
and decoherence were linked to TLS in amorphous mate-
rials, several efforts were made to create fully crystalline
tunnel-junction barriers. Despite the technological difficul-
ties of this approach, Seongshik et al. [27] showed the
benefit of integrating single crystal epitaxial Al;O3 tunnel
barriers into Josephson phase qubits and presented mea-
surements showing a correlation between the crystallinity
of the tunnel barrier and the density of TLSs in the qubit. In
another study, Patel et al. [28] incorporated a single crystal

FIG. 4. HAADF imaging on three different locations on the annealed niobium samples at 650 °C—10h + HPR and corresponding

local FFT analysis.
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silicon shunt capacitor into a Josephson phase qubit and
showed that the superior dielectric loss of the crystalline
silicon leads to a more than doubling of the qubit energy
relaxation times compared with those seen in amorphous
phase qubits. Our findings confirm the dominant partici-
pation of the niobium pentoxide Nb,Os in TLS losses of
Nb-based quantum devices and provide evidence that crys-
talline NbO can be a much less dissipative alternative for
passivating Nb-based devices.

C. Tunneling spectroscopy

We measured the surface superconducting properties by
means of point contact tunneling (PCT) spectroscopy, as
described in Ref. [19]. In our setup, the junctions were
formed by approaching the sample surface with an Au tip,
creating a superconductor-insulator-normal (SIN) junc-
tion where the insulator is the oxide layer on the sample
surface.

The PCT data were analyzed using the expression for
the differential tunneling conductance, i.e.,

e [ oo |G o

where [ is the current flowing through the SIN junction
under a difference of potential V, Ng(E) is the supercon-
ducting density of states (DOS), and f (E) is the Fermi
function.

We considered two models to describe Ng(E). The first
is the widely known Dynes model given by the formula
[29]

(D

@

V(E +il)? — A2

where Ny is the DOS at the Fermi surface in the normal
state, A is the superconducting gap, and I is the phe-
nomenological quasiparticle lifetime broadening parame-
ter.

The second model is based on the Usadel equations
for a proximity-coupled, dirty, and thin normal layer (V)
on the surface of a bulk superconductor (S) [30]. The
resulting DOS is controlled by four parameters: the Dynes
broadening parameter I', the bulk pair potential A, and
two dimensionless parameters o and 8. These are deter-
mined via the N-layer thickness and the N—S interface
transparency, i.e.,

dNN de
= ——,8= —RpNy Ad. 3
o éstﬂ hBN 3)

Here, & 1is the bulk coherence length, d is the N-layer
thickness, Ny and Ng are the DOS at the Fermi surface

in the normal state of the N-layer and S-layer, respectively,
and Rp is the contact resistance of the N—S interface.

We performed PCT measurements on the same sam-
ples used for the TEM cross-section measurements,
as described previously. For the reference sample that
received an EP and an HPR, we could not gather suffi-
cient statistics because the tunnel-junction resistances were
too high (>2-5GS) to be measured by our experimen-
tal PCT setup. Such high tunnel-junction resistances are
most likely due to the thick native niobium oxide layer
(6.5—7 nm) measured by the TEM in Fig. 2. We, therefore,
decided to use as a reference sample an electropolished
Nb coupon rinsed in water but without the HPR step. As
far as we know, the main effect of HPR is to increase
the surface oxide thickness, so it is reasonable to assume
that it does not significantly alter the DOS. For each sam-
ple, about ~100 junctions were measured over an area of
~100 ym x 100 pm at 7=1.8 K.

Typical tunneling conductance spectra for both samples
with the corresponding fits are shown in Fig. 5. For the
Nb + HPR 4 650 °C-10h + HPR sample [Fig. 5(a)], the
fits obtained from the Usadel proximity model are in very
good agreement with the data, whereas the fits extracted
from the Dynes model fail to accurately reproduce the
spectra. This indicates the presence of a normal metal
layer on the niobium surface, which is in agreement with
the TEM observations in section B that reveal the pres-
ence of metallic NbO nanocrystals. In contrast, the Dynes
model essentially fits with the reference sample spectra
shown in Fig. 5(b) with no indication of a proximity effect,
which is also consistent with the TEM cross sections of
the referenced sample shown in section B that show an
abrupt transition from an amorphous Nb,Os to the metal-
lic Nb. In the Usadel theory, the gap induced in the normal
metal layer, referred to as gy [31] and sometimes called the
minigap, is given by the following equation:

_ ! (1—(80/A))1/2 @
T (eo/D\ 1+ (e0/8))

The effective superconducting gap g is the one mea-
sured on the conductance spectra in Fig. 5(a) and is
approximately given by half the energy separation between
the quasiparticle peaks. The gap A in the superconductor
underneath the normal metal layer is inferred from the fits
but not directly probed by tunneling spectroscopy. In the
Dynes model, there is only one superconducting gap A.

The statistics of the superconducting gaps A extracted
from the fits on the Dynes and Usadel models and the cor-
responding cartographies are represented in Fig. 6. The his-
togram [Fig. 6(a)] shows, for the annealed sample, a large
distribution of A values centered around 0.9 0.2 meV,
significantly lower than the well-established bulk Nb
gap value around 1.5 meV [31]. In contrast, the his-
togram distribution for the reference sample peaks around
the bulk Nb gap value of 1.45 meV with a smaller
spread of £0.17 meV. The cartography represented in
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(a) Selected tunneling conductance curves from Nb + HPR+650 °C—10h 4+ HPR sample measured at 7=1.8 K and the

corresponding fits using the Usadel and Dynes models. The parameters A,T",, and 8, extracted from the proximity fits are from
top to bottom: 0.64, 0.09, 0.094, 3.18\0.8, 0.07, 0.15, 2.9\1.01, 0.09, 0.2, 3.1\1.13, 0.1, 0.2, 2\ 1.35, 0.09, 0.15, 1.44\1.05, 0.045,
0.13, 0.93\1.28, 0.045, 0.15, and 0.47. The parameters A and I', extracted from Dynes fits, are from top to bottom: 0.19, 0.001\0.32,
0.02\0.46, 0.01\0.83, and 0.001. (b) Selected tunneling conductance from Nb + EP sample measured at 7= 1.8 K and the corre-
sponding fits using the Dynes model. The parameters A and I', extracted from the Dynes fits, are from top to bottom: 1.08, 0.06\1.26,

0.12\1.42, 0.02\1.47, 0.05\1.51, 0.1\ 1.55, 0.07\1.53, and 0.07.

Figs. 6(b)—6(d) illustrates these differences with a signifi-
cant inhomogeneity observed across different locations for
the annealed sample, with some areas showing a strong
suppression of A, reaching values as low as ~0.4 meV. The
low values of the superconducting gap A for the annealed
sample indicate that the superconductor underneath the
normal metal layer is systematically strongly reduced in
comparison with the bulk Nb gap.

The histograms for the other parameters extracted from
the Usadel fits of the annealed sample spectra, namely the
minigap &y, B, and « and their associated spatial vari-
ations, are represented in Fig. 7. It is notable that the
interface transparency S varies significantly between a
nearly transparent N—S interface (8 < 1) and a weak N—S
coupling (8 > 1) [30]. These variations can be explained
by considering that the transparency of the N—S interface

(a) (b)120
H Nb EP
15+ B Nb + HPR + 650 °C-10 h 100

80
E
2 60
>~

40

20

0
0.2 04 06 0.8 1.0 1.2 1.4 1.6
A (meV)

FIG. 6.

X (um)

strongly depends on the proximity of the NbO nanocrystals
to the Nb. For crystals directly above the Nb, as observed
in regions A and D of Fig. 4, we expect a better interface
contact and, therefore, a small 8. On the other hand, for
crystals formed at the surface on top of the amorphous
layer of oxide, as seen in regions B and C of Fig. 4, we
would expect weak coupling since the N and S layers
are separated by an insulating barrier, which increases the
contact resistance Rg.

Despite the complexity of the nanocrystal distribution
within the amorphous oxide matrix, we can perform a sim-
ple calculation to estimate the thickness of the N-layer on
top of the Nb. From « statistics, we obtained a peaked
value at @ =0.15 4 0.05. Assuming Ny ~ Ny in Eq. (3),
we have o ~ d/&s. If we take & ~ 40 nm for bulk Nb,
the estimated thickness of the N-layer on top of the Nb is

c
(€)100 1.40
1.60
1.50 80p 1.20
140~ = 6ol 1.00 S
S E .
1.30 © [0}
E £ B 3
1.20<l 40 0.80<1
1.10 "
20 0.60
1.00
0.90 0 0.40

(a) Histograms of the superconducting gap delta extracted from the fits of the measured conductance curves

of Nb+HPR+ 650°C—10hr (red — Usadel fits) and Nb+ EP (green — Dynes fits) samples respectively over an area of
~100 pm x 100 um at 7= 1.8 K. Contour maps of the superconducting gap A extracted from the fits of the (b) reference sample
and (c) annealed sample. The black points represent the location of the tunnel junctions.
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(a),(b),(c) Histograms and (d),(e),(f) contour maps of &y, &, and S, extracted from the Usadel fits on the measured conduc-

tance curves of Nb + HPR+650 °C—10 h + HPR sample over an area of ~100 pm x 100 um at 7= 1.8 K. The black points represent

the location of the tunnel junctions.

d ~ 5 nm, which is close to the ~4 nm observed in the
TEM images for the nanocrystallites.

IV. CONCLUSIONS

In conclusion, we have investigated the effect of high-
temperature annealing on the rf performances of Nb 1.3-
GHz resonators in the TLS-dominated regime at rf field
intensities below 1072 MV/m. An annealing in vacuum
at 650°C for 10 h resulted in a tenfold enhancement of
the low-field quality factor after air exposure and high-
pressure rinsing, which is caused by an alteration of the
chemical composition of the niobium native oxide and its
partial crystallization, as probed by STEM, XPS, and PCT.
Our findings provide a new route for suppressing TLS
defects in superconducting Nb-based resonators, which
consists of promoting the niobium oxide crystallization
instead of uniquely dissolving the Nb,Os. Our findings on
the chemical composition and structural evolution mech-
anism of Nb surface oxides can also be used to guide
the thermal treatments of other superconducting quantum
devices.

ACKNOWLEDGMENTS

This project has received funding from the region
Ile de France project SESAME AXESRF, Internal
CEA funds through the Program Transverse de Compe-
tence—Matériaux et Procédés, and the European Union’s
Horizon 2020 Research and Innovation program under
Grants No. 101004730 and No. 730871.

YXK. and T.P. have Patent No. PCT/FR2023/051937
pending.

Y.K.: conceptualization (equal), data curation (equal),
formal analysis (equal), investigation (lead), methodol-
ogy (equal), resources (equal), validation (equal), visu-
alization (equal), and writing—original draft (lead). I.C.:
investigation (equal), formal analysis (equal), data curation
(equal), methodology (equal), resources (equal), valida-
tion (equal), visualization (equal), and writing—original
draft (equal). D.T.: resources (equal). F.M.: investiga-
tion (equal). N.B.: investigation (equal), formal anal-
ysis (equal), and data curation (equal). M.W.: inves-
tigation (equal), formal analysis (equal), data curation
(equal), and writing-reviewing and editing (equal). G.J.:
resources (equal). F.E.: resources (equal). M.B.: investiga-
tion (equal). L.M.: investigation (equal). Q.B.: resources
(equal). P.S.: resources (equal). T.P.: conceptualization
(equal), data curation (equal), formal analysis (equal),
funding acquisition (lead), supervision (lead), investiga-
tion (equal), methodology (equal), validation (equal), visu-
alization (equal), and writing—original draft (equal).

[1] H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G.
Catelani, A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frun-
zio, L. I. Glazman, et al., Observation of high coherence in
Josephson junction qubits measured in a three-dimensional
circuit QED architecture, Phys. Rev. Lett. 107, 240501
(2011).

044023-8


https://doi.org/10.1103/PhysRevLett.107.240501

CRYSTALLINITY IN NIOBIUM OXIDES. ..

PHYS. REV. APPLIED 23, 044023 (2025)

[2] H. Paik, A. Mezzacapo, M. Sandberg, D. T. McClure,
B. Abdo, A. D. Corcoles, O. Dial, D. F. Bogorin, B. L.
Plourde, M. Steffen, et al., Experimental demonstration of
a resonator-induced phase gate in a multiqubit circuit-QED
system, Phys. Rev. Lett. 117 (25), 250502 (2016).

[3] M. Reagor, W. Pfaff, C. Axline, R. W. Heeres, N. Ofek,
K. Sliwa, E. Holland, C. Wang, J. Blumoff, K. Chou, et
al., Quantum memory with millisecond coherence in circuit
QED, Phys. Rev. B 94, 014506 (2016).

[4] Y. Wang, Z. Hu, B. C. Sanders, and S. Kais, Qudits
and high-dimensional quantum computing, Front. Phys. 8,
589504 (2020).

[5] T. Roy, T. Kim, A. Romanenko, and A. Grassellino, Qudit-
based quantum computing with SRF cavities at Fermilab
(No. FERMILAB-CONF-24-0026-SOMS) (Fermi National
Accelerator Laboratory (FNAL), Batavia, IL, USA,
2024).

[6] M. Checchin, D. Frolov, A. Lunin, A. Grassellino, and
A. Romanenko, Measurement of the low-temperature loss
tangent of high-resistivity silicon using a high-Q super-
conducting resonator, Phys. Rev. Appl. 18 (3), 034013
(2022).

[71 A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov,
M. Awida, S. Belomestnykh, S. Posen, and A. Gras-
sellino, Three-dimensional superconducting resonators at
T <20 mK with photon lifetimes up to T =2 s, Phys. Rev.
Appl. 13 (3), 034032 (2020).

[8] A. Romanenko and D. I. Schuster, Understanding quality
factor degradation in superconducting niobium cavities at
low microwave field amplitudes, Phys. Rev. Lett. 119 (26),
264801 (2017).

[9] J. Verjauw, A. Poto¢nik, M. Mongillo, R. Acharya, F.
Mohiyaddin, G. Simion, A. Pacco, T. Ivanov, D. Wan,
A. Vanleenhove, et al., Investigation of microwave loss
induced by oxide regrowth in high-Q niobium resonators,
Phys. Rev. Appl. 16 (1), 014018 (2021).

[10] D. Bafia, A. Murthy, A. Grassellino, and A. Romanenko,
Oxygen vacancies in niobium pentoxide as a source of two-
level system losses in superconducting niobium, Phys. Rev.
Appl. 22 (2), 024035 (2024).

[11] J. Burnett, L. Faoro, and T. Lindstrdm, Analysis of high
quality superconducting resonators: consequences for TLS
properties in amorphous oxides, Supercond. Sci. Technol.
29 (4), (2016).

[12] A. Premkumar, C. Weiland, S. Hwang, B. Jack, A. P.
Place, I. Waluyo, A. Hunt, V. Bisogni, J. Pelliciari, A.
Barbour, et al., Microscopic relaxation channels in mate-
rials for superconducting qubits, Commun. Mater. 2 (1), 72
(2021).

[13] S. Posen, A. Romanenko, A. Grassellino, O. S. Mel-
nychuk, and D. A. Sergatskov, Ultralow surface resis-
tance via vacuum heat treatment of superconducting radio-
frequency cavities, Phys. Rev. Appl. 13 (1), 014024
(2020).

[14] Y. Kalboussi, B. Delatte, S. Bira, K. Dembele, X. Li, F.
Miserque, N. Brun, M. Walls, J. L. Maurice, D. Dragoe, et
al., Reducing two-level systems dissipations in 3D super-
conducting niobium resonators by atomic layer deposition
and high temperature heat treatment, Appl. Phys. Lett. 124
(13), (2024).

[15] H. Diepers, O. Schmidt, H. Martens, and F. A. Sun, A new
method of electropolishing niobium, Phys. Lett. A 37 (2),
139 (1971).

[16] P. Bernard, D. Bloess, C. Hauviller, P. Bosland, J. Mar-
tignac, T. Flynn, and W. Weingarten, Superconducting nio-
bium sputter-coated copper cavities at 1500 MHz, Part.
Accel 40 (CERN-AT-91-26-RF), 487 (1991).

[17] H. Padamsee, J. Knobloch, and T. Hays, RF Superconduc-
tivity for Accelerators (John Wiley & Sons, USA, 2008).

[18] N. Fairley, V. Fernandez, M. Richard-Plouet, C. Guillot-
Deudon, J. Walton, E. Smith, D. Flahaut, M. Greiner, M.
Biesinger, S. Tougaard, et al., Systematic and collabora-
tive approach to problem solving using X-ray photoelectron
spectroscopy, Appl. Surf. Sci. Adv. 5, 100112 (2021).

[19] N. Groll, M. J. Pellin, J. F. Zasadzinksi, and T. Proslier,
Point contact tunneling spectroscopy apparatus for large
scale mapping of surface superconducting properties, Rev.
Sci. Instrum. 86 (9), (2015).

[20] N. Gorgichuk, T. Junginger, and R. de Sousa, Model-
ing dielectric loss in superconducting resonators: Evidence
for interacting atomic two-level systems at the Nb/oxide
interface, Phys. Rev. Appl. 19 (2), 024006 (2023).

[21] Q. Ma and R. A. Rosenberg, in PACS2001. Proceedings
of the 2001 Particle Accelerator Conference (Cat. No.
01CH37268) (Vol. 2, IEEE, 2001), pp. 1050—1052.

[22] M. Yu, G. Pu, Y. Xue, S. Wang, S. Chen, Y. Wang, L. Yang,
Z. Wang, T. Zhu, T. Tan, et al., The oxidation behaviors of
high-purity niobium for superconducting radio-frequency
cavity application in vacuum heat treatment, Vacuum 203,
111258 (2022).

[23] C. Antoine, Materials and surface aspects in the develop-
ment of SRF Niobium cavities (No. EuCARD-BOO-2012-
001) (2012).

[24] P. V. Tyagi, T. Saeki, M. Sawabe, H. Hayano, and S. Kato,
in Proc. LINAC 2012 (2012), pp. 336.

[25] Diffraction pattern of NbO number 1010410 from the open
database of crystallography.

[26] O. Hellwig and H. Zabel, Oxidation of Nb (110) thin films
on a-plane sapphire substrates: an X-ray study, Phys. B 283
(1-3), 228 (2000).

[27] S. Oh, K. Cicak, J. S. Kline, M. A. Sillanp4d, K. D. Osborn,
J. D. Whittaker, Raymond W. Simmonds, and D. P. Pap-
pas, Elimination of two level fluctuators in superconducting
quantum bits by an epitaxial tunnel barrier, Phys. Rev. B 74
(10), 100502 (2006).

[28] U. Patel, Y. Gao, D. Hover, G. J. Ribeill, S. Sendelbach,
and R. McDermott, Coherent Josephson phase qubit with a
single crystal silicon capacitor, Appl. Phys. Lett. 102 (1),
012602 (2013).

[29] R. C. Dynes, V. Narayanamurti, and J. P. Garno, Direct
measurement of quasiparticle-lifetime broadening in a
strong-coupled superconductor, Phys. Rev. Lett. 41 (21),
1509 (1978).

[30] A. Gurevich and T. Kubo, Surface impedance and optimum
surface resistance of a superconductor with an imperfect
surface, Phys. Rev. B 96 (18), 184515 (2017).

[31] T. Proslier, J. Zasadzinski, L. Cooley, M. Pellin, J. Norem,
J. Elam, C. Z. Antoine, R. A. Rimmer, and P. Kneisel, Tun-
neling study of SRF cavity-grade niobium, IEEE Trans.
Appl. Supercond. 19 (3), 1404 (2009).

044023-9


https://doi.org/10.1103/PhysRevLett.117.250502
https://doi.org/10.1103/PhysRevB.94.014506
https://doi.org/10.3389/fphy.2020.589504
https://doi.org/10.1103/PhysRevApplied.18.034013
https://doi.org/10.1103/PhysRevApplied.13.034032
https://doi.org/10.1103/PhysRevLett.119.264801
https://doi.org/10.1103/PhysRevApplied.16.014018
https://doi.org/10.1103/PhysRevApplied.22.024035
https://doi.org/10.1088/0953-2048/29/4/044008
https://doi.org/10.1038/s43246-021-00174-7
https://doi.org/10.1103/PhysRevApplied.13.014024
https://doi.org/10.1063/5.0202214
https://doi.org/10.1016/0375-9601(71)90095-8
https://doi.org/10.1016/j.apsadv.2021.100112
https://doi.org/10.1063/1.4931066
https://doi.org/10.1103/PhysRevApplied.19.024006
https://doi.org/10.1016/j.vacuum.2022.111258
https://doi.org/10.1016/S0921-4526(99)01969-9
https://doi.org/10.1103/PhysRevB.74.100502
https://doi.org/10.1063/1.4773996
https://doi.org/10.1103/PhysRevLett.41.1509
https://doi.org/10.1103/PhysRevB.96.184515
https://doi.org/10.1109/TASC.2009.2018757

	I. INTRODUCTION
	II. EXPERIMENTAL DETAILS
	III. RESULTS AND DISCUSSION
	A. Resonator rf tests
	B. Chemical and structural analysis of the
	1. Nb surface

	C. Tunneling spectroscopy

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


