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Abstract

In order to determine optimal parameters of vacuum thermal processing of superconducting
radiofrequency niobium cavities exhaustive information on the initial chemical state of niobium
and its modification upon a vacuum heat treatment is required. In the present work the chemical
composition of the niobium surface upon ultra-high vacuum baking at 200 °C—400 °C similar to
‘medium-temperature baking’ and ‘furnace baking’ of cavities is explored in-situ by
synchrotron x-ray photoelectron spectroscopy (XPS). Our findings imply that below the critical
thickness of the Nb,Os layer (=1nm) niobium starts to interact actively with surface impurities,
such as carbon and phosphorus. By studying the kinetics of the native oxide reduction, the
activation energy and the rate-constant relation have been determined and used for the
calculation of the oxygen-concentration depth profiles. It has been established that the
controlled diffusion of oxygen is realized at temperatures 200 °C—-300 °C, and the native-oxide
layer represents an oxygen source, while at 400 °C the pentoxide is completely reduced and the
doping level is determined by an ambient oxygen partial pressure. Fluorine (F to Nb atomic
ratio is 0.2) after the buffered chemical polishing was found to be incorporated into the surface
layer probed by XPS (~4.6nm), and its concentration increased during the low-temperature
baking (F/Nb = 0.35 at 230 °C) and depleted at higher temperatures (F/Nb = 0.11 at 400 °C).
Thus, the influence of fluorine on the performance of mid-T baked, nitrogen-doped and
particularly mild-baked (120 °C/48 h) cavities must be considered. The possible role of fluorine
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in the educed Nb*> — Nb™* reaction under the impact of an x-ray beam at room temperature
and during the thermal treatment is also discussed. The range of temperature and duration
parameters of the thermal treatment at which the niobium surface would not be contaminated

with impurities is determined.

Keywords: mid-T baking, in-sifu x-ray photoelectron spectroscopy, native niobium oxide,
vacuum annealing, kinetics of oxide reduction, Fick’s law, fluorine

1. Introduction

The final vacuum thermal treatment (or baking) of supercon-
ducting radiofrequency (SRF) niobium cavities is a key tech-
nological step in cavity production. It is used for improving
an intrinsic quality factor Qy of a cavity [1]. A classic pro-
cedure consisting of vacuum annealing of a cavity at 120 °C
during 48 h (often called ‘mild baking’ or ‘low-temperature
baking” which is a part of the baseline treatment) has been
widely used to mitigate the high-field Qy decrease (a Q-slope)
in Qy(E,..) dependence up to now [2, 3]. For more than two
decades there has not been a commonly accepted explana-
tion of the observed phenomenon on cavities with regard to
chemical composition and structure of niobium surface. The
change of the near-surface dislocation content [4], doping of
the niobium surface with vacancy-hydrogen complexes [, 6],
and enrichment [7, 8] or depletion [9] of oxygen interstitial
concentration in the near-surface region caused by dissolution
of the native oxide into niobium were proposed to explain the
increase of the Q. Later, ‘nitrogen doping’ (‘N-doping’) was
developed [10, 11] which resulted in a three-times higher Qg
and ‘an anti-Q-slope’ indicating the decrease of surface resist-
ance with the accelerating field, E,... It has been shown that
such a procedure results in nitrogen-atoms enrichment of the
niobium surface layer within the RF penetration depth which
decreases the BCS resistance by the decrease of the mean-
free path of the electrons in the normal state [1]. The presence
of oxygen, nitrogen and carbon interstitials in a metal lattice
often is related to the hydrogen trapping phenomenon which
further contributes to the reduction of losses by suppressing
the formation of niobium hydrides at low temperatures [12,
13]. These promising results triggered more research in this
direction. In 2017, ‘nitrogen infusion’ treatment consisting in
800 °C baking (3 h) followed by nitriding at lower temperat-
ures (120 °C-200°C, 24-48 h) has shown similar results on
cavities [14]. This treatment is resembling the standard ‘mild
baking’ but the state of the niobium surface subjected to a low-
temperature anneal is different. In the mild baking the sur-
face of niobium is covered with a native oxide after the final
chemical etching and air exposure while in the latter, the nat-
ive oxide is absent since it was dissolved upon a preceding
800 °C/3 h-step. In the present work it will be shown that the
elemental composition of the niobium surface is also differ-
ent in these recipes. The success of infusion was not always
reproducible [15]. Moreover, the information on the interac-
tion of nitrogen with niobium at such low temperatures and

the resulting surface chemical composition is inconsistent [ 16,
17]. In our previous work the role of nitrogen gas at 120 °C in
such treatment was investigated with synchrotron x-ray photo-
electron spectroscopy (XPS) by studying the niobium surface
naturally oxidized after the contact with air [18], and no evid-
ence of Nb—N interaction was determined consistent with [17].
Recently, so-called ‘medium-temperature baking’ (mid-T bak-
ing) and a similar ‘furnace baking’ have raised interest in the
SRF community [19, 20]. Both treatments consist of vacuum
annealing of a cavity at temperatures 200 °C—450 °C for dif-
ferent durations, and in the case of furnace baking the cavity
is subsequently air-exposed and high-pressure rinsed (HPRed)
prior to RF testing.

The performance of cavities treated at these temperat-
ures have been previously investigated [21, 22]. In partic-
ular, dissolution at 300°C of the native oxide grown on
8.60 GHz-cavities previously annealed at 1400 °C showed a
20%-decrease of the BCS resistance (Rpcs) and a 40nf)
increase in the residual resistance (Ry) [21]. It was determ-
ined that the changes in the BCS resistance were caused by
shortening of the electron mean free path by oxygen that had
diffused into the metal [22]. The increase of the residual res-
istance was not exactly identified, while ‘oxygen-induced sur-
face roughening’” was suggested to have an impact. In these
experiments the oxide grown in oxygen atmosphere for two
days was very thin (1.3 nm) and was represented by Nb*>
and NbT! chemical states as identified by XPS.

The procedure of recent experiments on mid-T baking was
slightly different and more successful, since it reduced both
Rpcs and Ry In particular, in [19] the baking was performed
after the standard preparation of a 1.3 GHz-cavity including
the electropolishing and HPR. The best results in this work
were obtained at ~300 °C/2.5 h according to the cavity cold
RF tests conducted immediately after the baking (neither air
nor water exposure) which showed Qp-values as high as 4 x
10" at Epee =30MV m~!, T=1.4K, and 5 x 10" at E,.. =
30MV m~!, T=2K. A BCS resistance of 5 nf2 and the resid-
ual resistance of 0.63 n{2 were demonstrated. SIMS analysis of
similarly treated samples showed a sharp drop in concentration
of Nb, O3 ions, as well as the increase in nitrogen content as
compared to the base-line treated niobium. The reduction of
the residual resistance was related to dissolution of the native
oxide and diffusion of impurities. Re-oxidation of the cavity
in water resulted in increased residual losses.

In [20] thermal treatments at 200°C-800°C/3h were
investigated and all the cavities were HPRed prior to RF tests
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unlike the mid-T baked cavities. Despite the post-treatment
oxidation, the cavities treated at 300 °C-350°C/3 h demon-
strated high Qy-values and an anti-Q slope, and the highest Q
of 5x 10'% at 16 MV m~' was obtained for 300 °C/3 h-baked
cavities.

The cavities annealed at 600 °C-800 °C did not indicate
any increase of efficiency which was related to higher Rpcs
though the lowest values of R,.s were calculated. No character-
ization of the niobium surface was performed in these works.

The mid-T baking was also tested on cavities at higher tem-
peratures and different thermal pre-treatments on large-grain
niobium cavities [23], with nitrogen-gas addition [24] and also
on 650 MHz cavities [25]. The surface of the Nb samples
treated together with cavities was studied primarily by SIMS
that allowed determination of the concentration profile in the
surface layer characterized mainly by the increase in oxygen-,
carbon- and nitrogen-containing species. No change of hydro-
gen as compared to the baseline treatment was observed [23,
24]. In [26] SIMS-depth profiling of the specially prepared
samples using the recipes of the furnace baking [20] demon-
strated a large increase in oxygen concentration and small
quantities of C and N (though larger ones as compared to
the electropolished niobium surface). Using the experimental
oxygen-depth profiles and a known theoretical model of diffu-
sion, both the parameters of the oxide-dissolution kinetics and
the oxygen-atomic diffusion into niobium were determined.
The explored data range covered the temperatures up to 350 °C
but no limits for validity of the used model were noted (tem-
perature range, duration of the anneal, oxide thicknesses). The
authors conclude that the performance of mid-T baked cavity
‘may be fully explainable in terms of oxygen as the alloying
diffusant’ and that ‘interstitial nitrogen may be a secondary
effect’ [26].

Despite the fact that some data on the composition of the
niobium surface prepared with mid-T baking has been gained,
no general conclusion has been made on the optimal treat-
ment parameters of mid-T baking, or whether it is possible to
improve the treatment procedure. The lack of thorough know-
ledge of the state of niobium surface upon particular chemical
and thermal treatment can lead to misinterpretation of the res-
ults of cavity tests.

In the present work we have chosen the XPS technique to
study the mid-T baking and furnace baking processes. XPS
allows determination of the binding energies of occupied states
in the core-level region and thus identify the chemical state
of elements and estimate their concentration in the surface
area. Synchrotron-radiation-excited XPS is a well-controlled
highly sensitive technique which allows in-sifu monitoring of
the chemical changes occurring at the niobium surface during
the heat treatment.

XPS has been previously used to study the niobium-oxide
dissolution at various conditions [7, 27, 28]. King studied the
oxygen-dissolution kinetics of the anodic-oxide films of vari-
ous thicknesses grown on Nb—Zr(1%) alloy foils [29]. In this
work the resistive heating was employed which provided very
high heating rates (from 423 K to 673 K in less than 7 s) neces-
sary for kinetics measurements. Anodized niobium was also
studied in [30] upon heating at temperatures 200 °C-1000 °C

(0.7°Cmin~"). Delheusey explored the oxide reduction on
high-purity single-crystal niobium Nb(110) that was prelim-
inary annealed at 2100 °C to avoid any foreign impurities [8].
The annealing regimes included 145 °C/5 h and 300 °C/50 min
in UHV. The samples were annealed in-situ, but the measure-
ments were performed at room temperature in this work. The
oxide-metal interface of Nb(110) annealed at 1300-1500 K
was studied with synchrotron-radiation-excited XPS in [28,
31]. The studies more similar to mid-T baking were described
in [7, 27]. The fine-grain Nb processed with BCP was treated
at 250°C/20h [7], and at 430K/30h and subsequently at
550°C/8 h [27]. However, all those treatments do not mimic
the exact parameters of mid-T baking.

To complement the aforementioned studies and to clarify
the surface state upon the mid-T baking procedure, in the
present work we employ a variable-energy synchrotron XPS to
study the niobium upon vacuum thermal treatments at temper-
atures and durations similar to mid-T baking and furnace bak-
ing. Detailed information on the chemical state of niobium sur-
face was traced in-situ, i.e. before, during, and after the baking,
as well as after the air exposure. In particular, the annealing
of fine-grain niobium at 200 °C, 230 °C, 300 °C and 400 °C
during 3—15 h has been studied. For the data interpretation the
previously established fitting model with the identified chem-
ical shifts of niobium bonded to oxygen and carbon within the
Nb 3d core level has been used [18]. The process of the native-
oxide dissolution over the heat treatment stages has been stud-
ied by monitoring the changes within the Nb 3d and O 1s core
levels, which allows estimation of the kinetic parameters of the
oxide dissolution and also calculate the oxygen concentration
profile in niobium upon respective treatment. The ‘behavior’
of the surface impurities naturally present at the surface of
niobium cavities after the buffered chemical polishing and air
exposure, such as carbonaceous layer, phosphorus-containing
species, and, most importantly, fluorine with niobium upon
these treatments will be discussed. Based on our findings,
recommendations on how to diminish or avoid contamination
of the niobium surface with external impurities during bak-
ing will be given. The potential future directions of R&D on
niobium-cavity treatments will be proposed.

2. Materials and methods

Niobium cut-outs with a diameter of 8 mm and a height
of 2.8 mm were prepared by electrical discharge machin-
ing from the fine-grain niobium manufactured by Tokyo
Denkai and used for the EU-XFEL cavities production. Each
sample was treated chemically in a buffered chemical solu-
tion (HF:HNO5:H3PO4 = 1:1:2 by volume) for 20 min at
room temperature followed by a thorough washing in a stream
of ultra-pure water. Prior to the experiments, the as-treated
niobium cut-outs were kept in air environment (4—8 days) in
order to build up a sufficient layer of native oxide on their
surface.

Thermal treatments of niobium were performed in the
ultra-high vacuum chamber at RGBL beamline at BESSY
IT (HZB, Berlin) [32]. The samples were heated by electron
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Figure 1. (p), (T) vs. ¢ plots during mid-T baking at 200 °C (a), 230 °C (b), 300 °C (c), and 400 °C (d).

bombardment produced by thermal emission from a tung-
sten filament at the back side of the sample. The temperature
was controlled by a thermocouple attached to a molybdenum
sample holder. Beforehand the thermocouple was calibrated
using a dummy niobium sample with an additional ther-
mocouple welded directly to its surface. The heat-treatment
experiments were performed at temperatures in the range
from 200°C to 400°C and base pressure 1 x 107°-5.2 x
10~° mbar, and the heating rate up to 1 °C min~! (see figure 1).
It was established that at higher heating rates the base pres-
sure in the chamber could rise up to 4.9 x 10~ mbar due to
outgassing from the sample.

In this paper we present the results of baking conducted at
300°C and 400 °C for three hours, as well as at 200 °C for
11.5h, and at 230 °C for 15h.

The heat treatment procedure consists of three stages:
heating-up, baking and cooling-down. In the heating-up stage
above 200 °C the heating rate was kept close to 1°C min~!
to reproduce the heating rate of the industrial furnaces used
for the cavity treatment. When the desired temperature was
reached, it was maintained constant during the baking stage
(for 3h, 11.5h and 15 h in different treatments). When the bak-
ing completed, the sample heating was switched off and the
sample cooled down naturally (mainly by radiation).

The residual gas analyzer used to measure gas species in
the analytic chamber during the heat treatment detected the
following molecules: CO, CO,, H;O.

Most of the XPS spectra were collected in-situ during bak-
ing at photon-beam energies of 900 or 1000 eV and normal-
emission geometry at a 55° angle between the incident beam
and the analyzer aperture. In this measurement configuration
the size of the x-ray footprint at the sample surface is 200 um
per 200 um. In certain cases, for example, to study the surface
contaminant species with more precision (to provide higher
surface sensitivity) or to perform quantitative analysis, lower
photon energies were used.

The narrow-band high-resolution photoemission-energy
distribution curves (EDCs) were collected with the pass energy
of 10eV. The binding-energy (BE) scale of the spectra was cal-
ibrated using the Au 4f7/, core-level peak located at 84.0eV
measured at a metal foil. The EDCs of interest in the present
work included Nb 3d, O 1s, C 1s, N 1s, P 2p, F 1s with
the main focus on Nb 3d core-level analysis. The XPS spec-
tra were collected in at least three different random locations
at the sample surface before and after the heat treatment to
check the niobium oxide layer uniformity. The Nb 3d core
level was measured before and after the measurement of the
listed above core-levels. The spectra used for comparison of
the initial and baked niobium states were measured at the same
sample location.

The spectra were fitted in the CasaXPS software package
using the fitting model described in [18]. Briefly, the back-
ground was fitted with the iterated Shirley-type-curve with
offsets [33]. A linear dependence of the binding energy shifts
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of oxidation states in niobium oxides was considered when
fitting the Nb 3d core-level region. All the spectra were fitted
with the metallic Nb® doublet and the doublets correspond-
ing to niobium oxides with the oxidation states ranging from
+5 to +1. Contributions from oxygen interstitials within the
niobium crystal lattice were included in the model as Nb+%-6
and Nb+%4, The lineshapes of Nb 3d core-level peak features
were chosen symmetric or asymmetric depending on the con-
ductivity type of the respective compound in a bulk state. The
lineshapes corresponding to Nb*>, Nb*# and Nb*3 oxides col-
lected during baking had larger full widths at half maximum
(FWHM) as compared to those at room temperature which is
related to the oxide reduction process.

The information depth, S, was estimated according to [34]:

1
S:/\COSQIHW (1)

where )\ is the inelastic mean free path (IMFP) for the pho-
toelectrons in the sample, « is the angle of emission with
respect to the surface normal, and P is a specified per-
centage of the detected signal. The IMFPs of niobium and
its compounds were calculated using a universal predictive
equation for the IMFPs of x-ray photoelectrons and Auger
electrons (G1 equation) described in [35]. The obtained val-
ues of the 90%-information depth in our experimental setup at
hv = 1000eV (480eV) are 4.64 nm (2.25 nm) for Nb,O5 and
3.80nm (1.87 nm) for pure Nb, respectively.

The samples were additionally characterized by scan-
ning electron microscopy (SEM, Zeiss Merlin) equipped with
an energy-dispersive x-ray analyzer (EDX, Ultim Extreme,
Oxford Instruments). Furthermore, the x-ray diffraction
(XRD) measurements were performed with the Bruker D8
Advance system employing a Cu Ka anode both in Bragg—
Brentano focusing geometry (20 /w scans) as well as at vari-
ous angles w of an incident photon beam.

3. Results

3.1. SEM/XRD

Inspection of the thermally treated niobium samples with SEM
in secondary electron mode did not reveal any precipitates of
new phases compared to the untreated surface (see figure 2).
A few organic particles from the contact with environment
as well as calcium oxide that were also traced by XPS were
found. According to the EDX elemental mapping, some areas
of the initial and the annealed at 200 °C-230 °C samples con-
tained trace amount of phosphorous (P/Nb = 0.01, E,.. =
3-10kV) and fluorine (F/Nb = 0.006-0.1), while in 400 °C-
sample no fluorine could be detected by EDX. No P-containing
particles were found. The XRD analysis did not reveal any
reflexes other than niobium (not shown).

3.2. Initial surface state: niobium after BCP

The survey low-resolution EDCs (pass energy 50eV, hy =
1000eV) of the niobium samples after BCP demonstrate

400 nm

Figure 2. SEM images of the annealed niobium surface: (a)
200 °C/11.5 h, (b) 230 °C/15 h, (c) 300 °C/3 h, (d) 400 °C/3 h.

Initial Nb|3d
1—300°C N
Air exposed 01s

v

Intensity (a.u.)

T T T T T T T T T
900 800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Figure 3. Survey spectra (hv = 1000 eV) collected from the initial
niobium (black), annealed at 300 °C (red), and after the air exposure
(blue).

classical features associated with niobium, oxygen, carbon,
and fluorine (see figure 3).

The typical high-resolution EDCs (hv = 1000eV) for the
regions of interest of the niobium sample after the chemical
etching are shown in figures 4(a)—(f).

A weak peak P 2p3, at BE = 134.25¢eV (figure 4(a)) was
detected which according to [36, 37] may correspond to phos-
phate (PO4)~ or metaphosphate (PO3)~. The roughly estim-
ated position of P 2p peak in the survey EDCs (not visible in
figure 3) at 191.7eV according to [38] may be a character-
istic of (PO3)™. According to [36], the BE of P 2p3 is close
to valence five, so the phosphorus is most likely in P+3-state.
From these data it is hard to distinguish whether it is a salt,
a functional group or an anion. Several compounds originat-
ing from the contact of niobium or its oxides with the phos-
phoric acid may fulfil these criteria. Among the most probable
ones is (H,PO4)~ anion which may be incorporated into the
oxide films typically anodic ones [39, 40], or being adsorbed
on the surface [41, 42]. Niobium phosphate NbOPO,4 was also
reported [43]. Since the intensity of P 2p peak is very weak,
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Figure 4. Typical high-resolution EDCs of P 2p (a), C 15 (b), O 1s (c), N 1s (d), F 1s (e), and Nb 3d (f) collected at hv = 1000 eV for the
initial niobium surface. Inset (d): the EDC of N 1s collected at hv = 480 eV. Inset (e): the EDC of F 1s after the prolonged XPS

measurement.

and it rises as the energy of the primary x-ray beam decreases,
we deem that it may rather correspond to the ionic species
adsorbed to the niobium surface rather than being incorpor-
ated into the niobium-oxide film.

The C 1s core level is represented by carbonaceous
adsorbates, a contamination layer commonly found at the sur-
faces of solids after the air exposure (figure 4(b)). It was
fitted with four contributions. The most intense is located
at 285.1-285.2 eV and interpreted as non-graphitic C—C and
C-H bonds. The peaks of lower intensity may be assigned to
C-OH, C-0-C (286.7eV),C =0 (288.2¢eV),and O-C = 0O
(289.5¢eV).

O 1s is fitted with three peaks located at 530.9 eV, 531.8 eV
and 533.1eV (figure 4(c)). The first is the most intense and
is usually interpreted as O~2 ions in niobium oxides while the
second peak is assigned to low-coordination-number O~! ions
that are compensating for deficiencies in the oxide subsurface
[44]. The feature at around 533.1 eV is associated with weakly
adsorbed species such as aliphatic C—-O-C, C-OH, etc and
possibly (H,PO4)™ [45].

The intensity of N ls was very weak at hv = 1000eV
(figure 4(d)). Two broad peaks could presumably be fitted at
around 400 eV and 395.7 eV that could be related to nitrogen

containing species adsorbed at the surface inhomogeneities
after exposure to the ambient environment and to nitrogen in
Nb lattice, respectively. For more information, the EDC of N
1s taken at hv = 480¢eV is presented in which only a peak at
400.8 eV from adsorbates is present (figure 4(d), inset). At this
photon energy the probing depth is much smaller (/=2.25 nm)
so nitrogen in niobium might not be traced.

F 1s is represented by a single peak located at BE =
685.15eV confirming the chemical bonding of fluorine with
niobium (figure 4(e)) [46, 47]. A hardly noticeable shoulder
at 686.8-687.0eV (indicated with an arrow in figure 4(e),
inset) appeared during the measurements at room temperature
(which will be discussed later.)

Trace amounts of silicon (atomic ratio Si/Nb = 0.01-0.02)
in a state of organic silicon (BE = 102.3 eV) were also detected
(see figure 5).

The Nb 3d spectrum (hv = 1000 eV) with the fitted com-
ponents typical for all niobium samples treated with BCP is
presented in figure 4(f). Peak maxima of the components, as
well as the respective FWHMs estimated by the procedure
described in the previous section are summarized in table 1.
The relative percentage areas of the fitted peaks are summar-
ized in table 2.
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Table 1. Binding energy shifts, ABE, with respect to Nb® (BE = 202.00 & 0.01), and the full width at half-maximums (FWHM:s) of the
fitted components of the Nb 3ds, core level obtained for the initial niobium samples.

Oxidation state Nb+3 Nb+* Nbt3 Nbt? Nbt! Nb+0:6 Nb 04 Nb°
BE shift, eV 595+0.05 4.14+0.07 3.084+0.02 1914+001 1.024+001 0514003 0.31+0.02 0
FWHM, eV 1.184+0.07 1.16+£0.00 1074000 1.13+£0.03 0.75+0.00 0.68+0.04 0.54+0.03 0.47+0.00

The EDC of Nb 3d collected from the initial niobium was
dominated by the Nbt3 state (Nb,Os) with minor contribu-
tions from lower oxides. At that stage it has been assumed that
fluorine may be distributed within the native oxide layer as
Nb,Os_,F, or/and located under the pentoxide.

From the data of table 2 one can approximately estimate
the atomic concentration of oxygen ions found in the state
of niobium oxides (Nb13, Nb™*, Nbt3, Nb*2) and intersti-
tials (the remaining states) within the XPS-information depth
[48]. For calculation, the number of associated oxygen ions in
each oxidation state per Nb-atom was considered as well as the
Nb+3 peak area was corrected (scaled by 0.5) as Nb,Os con-
tains two atoms of niobium. The average values obtained for
the initial BCP-ed niobium samples are 58.6 at% and 5.3 at%
for niobium oxides and interstitials, respectively. These val-
ues have been used for the calculation of oxygen-concentration
depth profiles.

Upon analysis of the room-temperature Nb 3d core-levels
of the initial niobium samples collected from the same loca-
tion it was revealed that the Nb** state was initially absent and
it appeared subsequently while other core levels were recor-
ded. At that, a faint shoulder within F 1s at 686.8 eV appeared
which is interpreted as C—F bond [49]. Thus, the formation of
Nb+* state at room temperature is most likely associated with
the formation of vacancies in the pentoxide due to F-ions trans-
ition to an adsorbed state on the sample surface and interaction
with carbonaceous layer at the niobium surface.

3.83. Heat-treated niobium: Nd 3d core level

The Nb 3d spectra with the fitted components of the samples
baked at 200 °C/11.5h, 230 °C/15h, 300 °C/3h, and 400 °C/3h
are presented in figure 6(a). As an example, the evolution of Nb
3d region measured in-situ during baking at 300 °C is demon-
strated in figure 6(b).

The FWHMs of the Nb 3d components corresponding to
niobium of higher oxidation states (Nb*> and Nb*#) increased
during baking. For example, the FWHM of Nb*> increased
from 1.20eV to 1.84 eV after 3h and to 2.10eV after 11.5h of
baking at 200 °C (hv = 1000eV).

For 230 °C, the FWHM of Nb™> changed from 1.14eV to
2.90eV (3h)andto3.1eV (15h) (hv = 900eV). Similar tend-
ency was observed for the FWHM of Nb*#. On the other hand,
the FWHM of the component related to a newly created bond,
like for example Nbt3, had a larger value (=1.4-1.5eV) as
compared to the average FWHMs of the fitted components
within the Nb 3d core level measured at room-temperature (see
table 1). The broadening of the spectral lines can be related
to the defect structure of the crystal lattice and intermediate
valence states [50].

The relative percentage areas of the fitted peaks after 3h
anneal are summarized in table 2. The data for the 200 °C- and
230 °C-samples that were annealed for longer time are also
presented.

During baking at 200 °C changes occurred in Nb-O system
within the high oxidation states, Nb™> and Nb**. Particularly,
the relative area of Nb*> decreased from 67% to 51% after
3h of baking and to 43% after 11.5h. At that, the relative
area of Nb*# increased from 1.6% to 12.7% after 3h and to
16.7% after 11.5 h. After 3 h baking, the contribution of Nb*2
and Nb? increased insi gnificantly. After 11.5 h, the surface was
represented mainly by Nb*> with nearly equal contributions of
Nb+4, Nb+04 Nb° (within 13%-17%) and slightly less Nb+?2
(9.8%) (figure 6(a), 200 °C).

At 230 °C the changes in Nb-O system become more evid-
ent. The percentage of Nb™> drops from 69% to 31% in 3 h,
and to 17% in 15h. The percentage of Nb** is similar to
200 °C-sample, and maintained at 11%—-13% during baking.
Additionally, Nb*3 bond appears and remains at 13%—-14%
after both 3 h- and 15 h-baking time. The percentage of Nb*?
after 3h was comparable (7.5%) to 200°C/3 h, but finally
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Figure 6. (a) The fitted EDCs of the Nb 3d region (hv = 1000 eV) of niobium after the respective thermal anneal at 200 °C/11.5 h,

230 °C/15 h, 300 °C/3 h, 400 °C/3 h. (b) Evolution of high-resolution EDCs of the Nb 3d region during the 300 °C anneal starting from
room temperature. A standard off-set was given to each curve to spread the curves vertically (the time interval between the neighbouring
spectra is 20 min). The spectra are unaltered experimental EDCs with a subtracted Shirley background and non-normalized intensity.

increased to 16%. The content of Nb*! and Nb™%¢ was small
or close to zero in the both samples at various duration of
baking. The quantity of Nb™%4 changed insignificantly with
respect to the initial values of =~13% in both cases (see table 2).
Thus, after 15h at 230 °C the surface is composed almost
equally of Nb™>, Nb™3, Nb*2, Nb*04 Nb° and slightly less
Nb** (figure 6(a), 230 °C)).

For the niobium annealed at 300 °C/3 h, the Nb1>, Nb T4,
Nb™*3 chemical states almost completely reduced (figure 6(b)),
and the percentage of the remaining chemical states was dis-
tributed in the descending order as Nb*%4(22%), Nb*+2(19%),
Nb°(17%), Nb+!(14%) and Nb*T%® (5%) (figure 6(a),
300°0C)).

At 400°C, the oxides Nbt>, Nbt* and Nbt? vanished,
and the percentage of chemical states within the Nb 3d core
level was dominated by Nb+%4(19%) and Nb*?¢ (16%) fol-
lowed by Nb*! (10%) and Nb*2(5%) (figure 6(a), 400 °C)).
The maximal contribution of metallic Nb® was retained within
the information depth as compared to the other samples. This
might be related to relatively high diffusion rate of oxygen
interstices in Nb-lattice.

Analysis of the data presented in table 2 shows, that in the
initial niobium samples the area of Nb*%¢ peak component is
approximately zero, and it is getting pronounced upon baking.
Thus, it exists only in the niobium subjected to the thermal
treatment, and is the highest for the 400 °C-baked Nb. It was
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Table 3. The concentration of oxygen, at%, in niobium oxides and interstitial phases in the initial and the annealed Nb samples calculated
using the fitted components of Nb 3d core level measured at hv = 1000 eV.

Oxygen in NbOy Oxygen in interstitials
Treatment Initial Baked Initial Baked
200°C/11.5h 58.64 +£1.41 5571+ 1.54 4.27+0.17 3.52+0.14
230°C/15h* 58.86+2.43 47.19+1.00 5.19+0.25 4.80+0.11
300 °C/3h 57.5043.48 24.524+1.50 6.75+0.50 11.62 +£0.54
400 °C/3h 61.86+1.49 4.66 £0.22 4.54+0.19 11.86 £0.37

4 The Nb 3d core level was measured at iv = 900eV.
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Figure 7. The relative peak areas of the fitted components of Nb 3d core level during the respective thermal anneal: (a) 200 °C/11.5 h, hv =
1000 eV; (b) 230 °C/15 h, hv = 900¢eV; (c) 300 °C/3 h, hv = 900eV; (d) 400 °C/3 h, hv = 900 eV.

reported that oxidation of niobium at 400 °C-500 °C proceeds
via creation of NbgO phase [51] which BE is close to Nb+04
state. Alternatively, it can also be assumed that Nb*%6 may
refer to a niobium bond with an element other than oxygen
(for example, fluorine) which is created during anneal.

The calculated atomic concentrations of oxygen ions found
in the state of niobium oxides and interstitials for the baked
niobium are presented in table 3. Thus, the number of inter-
stitials in the vicinity of oxide layer approximately doubled at
300 °C—400 °C as compared to the initial niobium. For the pro-
longed treatments at 200 °C-230 °C, these numbers are com-
parable to the initial ones.

The changes of the relative percentage areas of the fitted
peaks within the Nb 3d core level during these thermal treat-
ments are demonstrated in figures 7(a)—(d).

At 200°C the conversion of Nb™> to Nb** occurs syn-
chronously and gradually (figure 7(a)); Nb*2 and Nb+%4 rise
slowly; Nb*™3, Nb*! and Nb+%6 remain close to zero.

At 230°C reduction of Nb*3 proceeds much faster and
a maximum of Nb** percentage (17%) was observed at
the time when the area of Nb*> was at about 40%—45%
(figure 7(b)). Furthermore, at that moment the formation of
the Nb+3 bonds starts. The percentages of Nb*t# Nb+3, Nb+2,
Nb*%4, Nb® did not change significantly during the whole
duration of baking. Approximately at the same time a new
bond is formed which was assigned to Nb—F bond (associ-
ated with the changes within F 1s, which will be described
later).

At 300°C, the Nb** and Nb*3 states appeared during the
heating-up stage and vanished by the end of baking. The Nb*?
state was at its maximum (29%) when the baking temperat-
ure was reached and it slightly dropped (22%) during baking
(figure 7(c)). The NbT! percentage raised at the time when
Nb™> vanished. Noteworthy that the Nb*! chemical state was
not pronounced at 200°C-230°C. Contribution of Nb+04
increased insignificantly and stayed at ~20%.
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At 400 °C, the NbT>-Nb™! states were reduced during the
heating stage. The Nb+4 state behaved similar to 200 °C—
300°C, and it raised as the baking temperature increased
(200°C: 14%, 230°C: 16%, 300°C-400°C: 18 %-23 %).
The Nb 109 state appeared simultaneously with Nb*!, reached
18% and, unlike NbT!, did not disappear during baking
(figure 7(d)). However, the Nb*! state appears upon cooling
to room temperature.

Comparing the Nb-O states upon 300°C and 400°C
anneals, in the first case the Nb*? state (corresponding to NbO
oxide) still remained on the surface while in the latter only the
chemical states corresponding to oxygen interstices were left.

The maxima of the relative peak areas in figure 7 were
observed during the heating-up, i.e. when the baking temper-
ature was not reached. Since similar maxima were observed
in the kinetics of the niobium oxide reduction at constant
temperatures [29], it can be concluded that the maxima are
inherent to the kinetics of formation and dissolution processes
of niobium oxides.

3.4. Heat-treated niobium: impurities

Analysis of C 1s, N 1s, P 2p and Si 2p core levels showed
no evidence of chemical interaction of these elements with
niobium at 200 °C.

The intensity of Si 2p peak attributed to organic silicon
diminished upon baking at 200 °C-300°C, and completely
vanished after the 400 °C baking (figures 5(a) and (b)).

3.4.1. Phosphorus.  From the analysis of EDC of P 2p
(figure 8(a)) it follows that the phosphorous-containing spe-
cies were stable at 200 °C, while partially (230 °C, 300 °C) or
completely (400 °C) reacted with niobium at higher temper-
atures transforming for the most part to niobium phosphide
characterized by P (BE = 128.50eV) and also P states
(129.15eV), as well as free-state phosphorus, PY (130.25eV),
upon the respective anneal. Thus, at temperatures above
230 °C the chemisorption process of phosphorus was facil-
itated. At 200°C the quantity of P™> depleted (probably by
desorption) as was determined at hv = 480eV (figure 8(a))
which was not evident at ~zv = 1000eV owing to lower sur-
face sensitivity and small concentration of phosphorus.

3.4.2. Fluorine.  The position of the main F 1s peak shifts
to lower BE by 0, 0.1, 0.2 and 0.6 eV for niobium baked at
200°C/11.5h, 230°C/15h, 300 °C/3 h and 400 °C/3 h indic-
ating the change of the chemical state of fluorine during
baking. Additionally, a weak shoulder emerges at ~687 eV
(figure 8(b)). The fitting procedure of F 1s revealed four
components positioned at 684.55eV, 685.15¢eV, 686.70¢eV,
and 688.1eV. In general, metal fluorides reveal peaks in the
range of 684-685.5eV while C-F, O-F, and F-F reveal the
peaks at 686-689 eV [49, 52, 53]. Therefore, the component
at 685.15eV that is present in the initial samples and looses
its intensity upon baking, has been interpreted as the Nb—F-O

state. The component at 684.55 eV, on the contrary, increases
and is associated with the Nb—F bonds. The peaks at 686.70 eV
and 688.1 eV can be assigned to the adsorbed fluorine species
possibly bonded to oxygen or hydrogen since no peaks asso-
ciated with fluorine have been observed within C 1s.

During baking at 230°C-400°C new doublets emerged
within Nb 3ds ; positioned at around 203.63 eV and 204.30 eV
(ABE equals 1.63¢eV and 2.30eV respectively). We suppose
that they could be the Nb—O-F and Nb-F states (the estim-
ated quantity of phosphorus is too small to originate sufficient
peak-components within Nb 3d).

3.4.3. Carbon. At 200°C/11.5h the maximum of the C
1s peak was found to be shifted to lower BE upon baking,
i.e. a new component at 284.5eV emerged. The peak may
be referred to the carbon atoms adsorbed to niobium after
decomposition of C—C or C—O molecules and be considered
as a preceding carbon state prior to the formation of niobium
carbide (figure 8(c)). Alternatively, the peak at 284.5 eV may
be referred to the carbonaceous species produced by the x-ray
beam during measurements.

After 15h at 230 °C a small shoulder at ~282.9¢eV could
be additionally resolved within C 1s when the spectrum was
left for a longer time for accumulation of the signal after the
baking (figure 8(c)). It could be assigned to the formation of
Nb-C or Nb—C-O bonds (because of the small percentage, it
was not included in the fitting model for building the plot in
figure 7(b), but in the analysis of the chemical composition
after the baking). At 300 °C and at 400 °C the Nb-C peak was
located at ~282.65 eV. Within the Nb 3d the peak at approx-
imately 203.37 eV was assigned to Nb-C.

By tracing the Nb 3d, O 1s, C 1s and P 2p core levels in real
time it was possible to determine when the chemical state of
the elements changed, i.e. when the interaction of the impur-
ities with the niobium initiated. The corresponding thickness
of niobium oxide was calculated for each treatment.

It has been established that the interaction of niobium with
carbon and other impurities occurs rapidly when the percent-
age of Nb*> within Nb 3d is below 30% for 230, 300 and
400 °C baked samples, which equals to approximately 1nm
thickness of Nb,Os.

3.4.4. Oxygen. It was identified that at 300 °C and 400 °C,
the maximum of the O 1s peak shifts to lower BE which is
associated with the emerging of a new component at 530.3 eV
(figure 8(d)). It is more intense at 400 °C and it gets more
pronounced at lower photon energy of the x-ray beam which
implies it originates from the surface. This peak may be asso-
ciated with the formation of Nb—O—C bonds or be a character-
istic feature of niobium oxides with lower oxidation numbers.

3.5. Quantitative analysis

The near-surface distribution of elements was estimated in two
different ways.
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Figure 8. The EDCs of O 1s, C 15, F 1s (hv = 1000eV) and P 2p (hv = 480¢eV) at the end of the respective baking: 200 °C/11.5h,
230 °C/15h, 300 °C/3 h and 400 °C/3 h. The EDCs are normalized to the area of the Nb 3d core level.

In the first, the data collected at iv = 900eV or 1000eV
were used. In this case the areas of the peaks of the respective
EDCs were corrected as described in [54]. The advantage of
this method is the larger information depth for niobium and its
oxides (3.8—4.6 nm) as compared to the second approach (1.9—
2.3 nm) described below. Despite the fact that the method may
have a substantial absolute error owing to different IMFPs of
photoelectrons inside the material and the approximated trans-
mission function of the electron energy analyzer, it can be used
for comparison of the samples measured by this method.

In the second approach, the EDCs were acquired at vari-
ous hv providing constant kinetic energy of photoelectrons

(280eV) and thus equal information depth for all elements
[55]. The concentration of elements was calculated according
to the following expression:

el P

ni = k ;
U‘F'Zi
M
— oI
Jj=1

where n; is the atomic concentration of an element i, S; is the
area of EDC originating from a particular core level of the ele-
ment i, o, is the photoionization cross section of the particular
core level of the element i, F; is the photon flux at a particular
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Table 4. Approximate distribution of elements within the near-surface region of the samples, at% (hv = 1000eV).

Treatment Nb F (0] C N Ca P Si

200 °C/11.5h anneal
Initial 24.80+0.09 5.33+£0.29 52.24+0.37 14.054+0.99 1.83+049 0.334+0.20 0.77£0.09 0.644+0.21
Nb-bound  31.00£0.11 6.16+£0.25 61.66 034 0 1.18+034 0 0 0
Baked 29.71+0.13 10.66+0.33 50484025 7.484+0.40 0 0.284+0.19 0.84+0.08 0.554+0.18
Nb-bound  33.994+0.14 10.234+0.21 5578+022 O 0 0 0 0

230 °C/15h anneal®
Initial 24.87+0.15 5.014+0.17 50.24 +0.32 17.53+0.47 0.594+0.20 0.4040.12 1.20£0.08 0.16£0.16
Nb-bound 34.14+£0.20 6.88+0.16 58.974+0.39 0 0 0 0 0
Baked 35.27+0.13 14.07 £ 0.19 39.05+0.19 9.70+0.38 0.234+0.12 0.344+0.14 1.16 £0.11 0.18£0.16
Nb-bound 41.60+0.15 14.56+£0.15 4297+0.18 0.62+0.13 0 0 026+0.07 O
Air 21.69+0.05 1.354+0.13 49.86+0.25 25494+040 051£0.15 0 0.84+£0.06 0.27+0.12
Nb-bound  32.624+0.08 1.15+0.10 65.66+0.27 0.58+0.20 0 0 0 0

300 °C/3h anneal
Initial 26.35+0.23 4.3340.13 54.17+0.31 12.06+0.64 220+£035 O 0414+0.09 047+0.18
Nb-bound  32.074+0.28 5.27+0.16 61.41+0.31 O 1254024 0 0 0
Baked 4876 £0.35 12.04+0.25 30.80+0.32 6.14+0.44 1.56+0.55 0 045+0.14 0.25+0.19
Nb-bound  53.67+£0.39 11.64+0.17 30.154+022 2.99+40.22 1.04+040 O 050+0.15 0
Air 25.08+0.08 0.97+0.19 51.59+0.27 1996+048 1.56+031 O 0404+0.08 045+0.15
Nb-bound  32.86+0.10 0.92+0.12 64.58 £0.33  0.64+£0.20 1.00+022 0 0 0
400 °C/3h anneal

Initial 23.93+0.09 4.11+0.13 53.98+0.29 13.68+0.70 1.81+0.51 0 226+0.11 023+0.14
Nb-bound 30.29 £0.11 5.21+0.16 63.584+0.27 0 0.924+0.35 0 0 0
Baked 60.21+£0.17 6.88+0.22 1749+0.63 1096+0.70 3.10£0.38 0 1.36+£0.13 0
Nb-bound  65.314+0.18 6.96 +0.15 16.00 +£0.21 8.28 £0.23 1.97+£026 O 1.47+0.14 O
Air 23.504+0.06 O 44.66+0.22 28.25+0.35 1.514+0.23 0 1.69+£0.10 0.39£0.12
Nb-bound  34.254+0.08 0 61.10+£0.25 3.334+0.18 0.774+0.18 0 0.54+0.09 O
2 The XPS data were measured at v = 900eV.
hv at which the core level of the element i is measured, kis the  NbO; 33F0sNo.o1 — NbOyg.51Co.05F0.11P0.02Noo1  (300°C);
total number of detected elements. NbO; 6Fp09Ng.o1 — NbOy25Co 13F0.05P0.04No.o1 (400 °C).

The first approach is of particular interest for the initial
samples, as they have a carbonaceous adsorbate layer on the
surface and a thicker niobium pentoxide. The second method
of constant kinetic energy was used additionally to analyze the
samples annealed at 300 °C and 400 °C. In both approaches
the effects related to the angular distribution of the photoelec-
trons (L(f3,7) ~ 1) were minimized by the setup configura-
tion. The inhomogeneity of the element distribution over depth
was not considered.

An estimate of the near-surface composition of niobium
before and after the baking by the first and second
approaches is presented in tables 4 and 5, respectively.
Thus it is possible to write the surface composition of
initial and baked samples estimated according to the
first approach in the following form: NbO| g9F( 20N 04
is for the initial niobium and NbO;eFg3 is for the
baked at 200°C; NbO;73Fg20 — NbO;03C0.02F035P0.01
(230°C); NbO1.91Fo.16No.0s — NbOy 56Co.06F0.22P0.01No o2
(300°C); NbO3.10F0.17No.03 = NbOg25Co.13F0.11P0.02No.03
(400°C). By the second approach we get the following:

The nitrogen interstitials are also given where they were
detectable.

Comparing the initial niobium samples, the estimated
amounts of O and F are smaller when they are measured
at equal kinetic energy which is primarily related to smaller
information depth (2.3 nm at hv = 480eV against 4.6 nm at
hv = 1000eV in Nb,Os), and as a consequence to presum-
able probing of surface adsorbates that are always present at
the surface prior to heat-treatment.

For the baked samples consistent results were obtained
for oxygen and carbon. However, the constant kinetic-energy
approach resulted in a larger amount of phosphorus and a
smaller amount of fluorine which may be related to non-
homogeneous distribution of these elements over the depth.

It is known that fluorine ions readily enter niobium when
it is immersed in HF-acid solution [56] and may be located
not only in the oxide but also underneath it [57]. According
to the presented data, the concentration of fluorine notice-
ably increased upon baking at 200 °C-300 °C, and decreased
at 400 °C. The depletion of fluorine could proceed either via
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Table 5. Approximate distribution of elements within the near-surface region of niobium samples, at%. The XPS spectra were taken at

equal kinetic energy of photoelectrons, Exip.

Treatment Nb F (0] C N Ca P Si

300 °C anneal
Initial 32.53+0.03 2.83+0.11 47.71 £0.12 13.58 £0.25 0.72+£0.11 0 1.15+0.02 1.49 +£0.03
Nb-bound 40.48 +0.04 3.21+£0.13 56.00+0.14 0 0.30£+0.08 0 0 0
Baked 50.06 £ 0.08 6.1140.18 28.51£0.22 13.66 - 0.89 0.44+0.16 0 0.91+0.07 0.31 +£0.07
Nb-bound 59.14 £0.09 6.55+0.12 29.92+0.16 3.06 £0.35 0.27+0.12 0 1.08 £0.05 0

400 °C anneal
Initial 27.88£0.03 2.63£0.10 46.61 =0.15 16.82 +£0.30 0.88+0.15 0 4.04 +0.03 1.14 £0.04
Nb-bound 36.83 +£0.04 3.47+0.14 59.49+0.17 0 0.22+0.11 0 0 0
Baked 60.47 £0.20 3.24+£0.15 17.57 £0.31 15.86 £0.31 0.65+0.17 0 2.214+0.04 0
Nb-bound 68.06 +£0.23 3.47+0.53 16.88 +£0.14 8.70£0.10 0.40+0.10 0 2.494+0.04 0

Table 6. The calculated thickness (in nm) of the top niobium oxide
(Nb1) after the respective treatment. The EDC of Nb 3d was
acquired at hv = 1000 eV, except for the 230 °C-sample (hv =
900eV).

Treatment Initial Baked Air exposed
200°C/11.5h 2.90+0.07 1.57+0.05 —

230°C/15h 2.69+0.11 0.49+0.01 3.36+0.05
300°C/3 h 2.77+0.16 0.17£0.04 3.15+0.06
400°C/3 h 3.524+0.10 0* 2.324+0.03

2 The thickness of NbT2(NbO) is (0.11 +0.01) nm.

evaporation of NbFs (at 233.5°C) or disproportionation of
NbF,(solid) to NbF;(solid) and NbFs(gas) (at temperatures
250°C-350°C) as described in [58].

The total (i.e. not only bound to Nb) amount of phosphorus
was constant at 200 °C, while it decreased at 230 °C—400 °C
likely by desorption as PO,. The interaction of phosphorus
with niobium was noted at 230 °C, and got more pronounced
at 300°C—400°C. The phosphorus species transformed to
niobium phosphides completely at 400 °C. The amounts of
carbon and phosphorus that reacted with niobium at 400 °C
is about twice the amount in the 300 °C-sample.

The O/ND ratio is not equal in the unbaked samples since
the initial thickness of Nb,Os is slightly varied. The calculated
thicknesses of the top Nb™> oxide only (excluding the oxides
having other oxidation states) using the method described in
our previous work [18] for the samples before and after the
annealing are presented in table 6. For the 400 °C-treated
sample the thickness of the remaining Nb*2? (NbO) is given.
Thus, upon baking, the thickness of the pentoxide decreases
as the temperature of baking increases.

3.6. Air oxidation

Since the niobium cavities are subjected to air after ‘furnace
baking’, we have undertaken a detailed analysis of the air-
oxidized niobium after the UHV baking. After the air exposure
for 10 weeks, the XPS spectra (hv = 1000eV) of the niobium

samples baked at 230 °C, 300 °C and 400 °C were acquired
(figure 9).

The EDCs of Nb 3d (figures 9(a)—(a’)) are characterized by
an intense Nb*> doublet and thus look similar to the EDCs
of the initial BCPed niobium surface. Analysis of the fitted
components within the Nb 3d core level of the air-exposed
annealed niobium revealed that the binding energy of Nb*3 is
lower by ~0.14 eV as compared to the initial niobium (table 7).
The FWHMs of the oxides did not change so the number of
defects did not increase noticeably.

The relative areas of the fitted components within the Nb
3d core level are presented in table 2. The smallest percent-
age of Nb™> was observed in the 400 °C-sample. The relative
area of Nb** varied between the samples but tended to be lar-
ger as compared to the initial niobium. The minimal relative
percentage area of Nb** measured was 1%, and its contribu-
tion increased during the prolonged XPS measurements as for
the initial samples. Noteworthy, this was observed also for the
400 °C sample, where no peak within F 1s was detected after
the air exposure. On the other hand, it has been established
that fluorine was not completely eliminated during baking (see
table 5). Based on this, the role of fluorine in the reduction of
Nb ™3 to Nb** by the x-ray beam can not be completely ruled
out.

Comparing to the initial niobium, the Nb*? percentage
decreased for the 230°C-300°C samples (to 3.5%-3.9%)
while it significantly increased for the 400 °C sample (to
12.3%). The contribution of Nb*3 and Nb*! states was neg-
ligible. As for the initial niobium, all the samples were char-
acterized by a higher contribution of Nb**# as compared to
Nb+06.

The features inherent to Nb-C state within the EDCs of Nb
3d and C 1s diminished significantly upon air exposure, and
were better defined for the 400 °C sample due to a higher per-
centage of Nb—C in the pre-oxidized state (figures 9(b)—(b")).

The EDCs of F 1s and P 2p for the air exposed niobium
were studied only at hv = 900-1000€V (figures 9(d)—(d")),
(e)—(e'")). The intensity of Nb-F peak within F 1s significantly
diminished for the 230 °C-300 °C treated samples, and the
components at a higher BE side interpreted as O-F or H-F
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Figure 9. The fitted EDCs (hv = 1000eV) of the Nb 3d, C 1s, O 1s, F 1s and P 2p regions of the air-exposed niobium formerly baked at
230°C/15 h (a)—(e), 300 °C/3 h (a)—(e’), and 400 °C/3 h (a”")—(e’"). These are non-normalized intensity EDCs fitted with a Shirley

background.

Table 7. The binding energy shifts, ABE (with respect to Nb°), and the FWHM s of the fitted components of the Nb 3d core level obtained

for the annealed niobium after the air exposure.

Component ~ Nb*> Nb+4 Nb*2 Nb*!

Nb+0.6

Nb-O-F

Nb 04 Nb° Nb-C Nb-O-F (I

BE shift, eV 5.81+£0.03 4.18 £0.11 2.11+£0.05 1.07£0.07 0.61 £0.10 0.33 £0.05

0+£0.057 1.37£0.03 1.65+0.05 2.39£0.01

FWHM, eV 1.204+0.05 1.424+0.02 1.11+£0.06 0.78 £0.04 0.67 £0.05 0.57£0.03 0.47+0.04 0.63£0.04 0.66+0.08 0.62£0.08

bonds were still resolved [49]. As it has been noted above, no
fluorine was detected in the 400 °C baked niobium.

The quantitative information on the elemental distri-
bution calculated by the first approach is presented in
table 4. Owing to presence of the adsorbate layer, the
second approach was not used. The calculated compound
formulae are NbO701Co.02F0.04, NbO1.97C0.02F0.03No.03 and
Nb01_78C0_]0P0'02N0_02, for 23OOC, 300°C and 4000C,
respectively.

3.6.1 Fluorine.  For the niobium baked at 230°C and
300 °C, the amount of detected fluorine at the surface after
the air oxidation significantly diminished as compared to the
just-baked niobium surface (=10 times), and for the 400 °C
sample it was not detectable in our experimental conditions
(figure 9(d"”)). The possible reason for the depletion of fluor-
ine in the oxidized samples is the high enthalpy of formation
of niobium pentoxide (so fluorine remains in niobium under
the oxide layer) and the instability of the formed niobium flu-
orides in an air environment.

3.6.2. Carbon.  After exposure to air, the Nb-C/Nb ratio
remained the same in the 230 °C sample, while it decreased
about 10 times for the 300 °C sample, and only 1.3 times for
the 400 °C sample (table 4). Thus, the amount of the reacted
carbon within the XPS information depth in the 400 °C sample
after the air exposure exceeded the same characteristic in the
300 °C sample by 20 times, while right after the baking they
differed only 2.3 times.

One could suggest that at 300 °C a portion of the detected
Nb-C bonds was also shared with oxygen as Nb-C-O, and
upon air oxidation a portion of these oxygen atoms particip-
ated in the formation of niobium oxide.

3.6.3. Phosphorus. In the 230°C and 300°C baked
samples both the free (P°) and the bound phosphorus (P2,
P-3) that were formed during the baking transformed to the
P** state (BE(P 2p; 12) = 134.4eV) upon air exposure. Thus,
no niobium phosphides were detected in these samples. In
the 400 °C sample, the P-3 state still remained along with the
P+ state. The total P/Nb ratio slightly decreased as compared
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to the unbaked samples: from 0.05 to 0.04 and from 0.09 to
0.07 for the 230 °C and 400 °C samples, respectively. It was
not obvious for 300 °C (P/Nb = 0.02 before and after the air
exposure), since the quantity of this element was relatively
small in the initial sample. Also, a small non-uniformity in
the distribution of P over the surface could be present. It was
checked whether the P-containing particle agglomerates could
influence the measured photoelectron current between differ-
ent measurement runs. For this purpose several areas have
been tested by XPS. The SEM/EDX inspection also has not
revealed such particles. For example, for the 400 °C sample
the EDX mapping in several locations revealed the P/Nb-ratio
of 0.12-0.02 at accelerating voltages of the electron beam in
the range 3—10kV, correspondingly.

3.6.4. Oxygen. The amount of oxygen in the samples is
determined substantially by the formed surface oxide layer.
The calculated thicknesses of the top Nb,Os layer using the
data collected at ~v = 1000eV for 230 °C, 300 °C and 400 °C-
baked niobium followed by air exposure are presented in
table 6. These values correlate with the amount of carbon
chemically bound to niobium, i.e. the more Nb-C percent-
age, the smaller Nb™> and larger Nb*?2 contributions. Fluorine
effect was hard to establish.

3.7 Kinetics of oxide reduction

The process of niobium oxide reduction via oxygen dissol-
ution into niobium was studied by the analysis of the ratio
of peak areas corresponding to oxygen which is bound to
niobium (fitted within O 1s) and the total area of niobium
(fitted within Nb 3d) as a function of annealing time
(figure 10(a)).

For the analysis, only the XPS data collected at the temper-
ature of baking were accounted for (the data gathered during
the heating-up stage were not used). Since the oxide layer was
completely decomposed during the heating-up before reach-
ing 400 °C, this temperature was not considered. In the studied
temperature range of 200 °C-300 °C, the data fit both the kin-
etics of the first- and second-order reactions. The correspond-
ing data plotted in coordinates lnC—Co and €2=€ against time
t are shown in figures 10(b) and (c), respectively. Probably,
since the oxide decomposition started in some cases earlier
than the target temperature was reached, the deviation from
these models is observed in the beginning.

The dependencies Ink(T~') for the baking experiments
at temperatures 200 °C-300°C are shown in the insets of
figures 10(b) and (c). It follows that the rate constants for
the first- and second-order reactions are determined as k; =
33.96exp(=93:62£299) and k, = 0.85exp(=E-9E497)  These
relations represent the Arrhenius equations with the activ-
ation energy, E,, in kJmol~!. The obtained values of E,
(63.6kImol~! and 68.1 kT mol~!) are much smaller as com-
pared to 174kJmol~! obtained in [29] and 119.9kJ mol~!
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Figure 10. Kinetics of the oxide-layer reduction process: (a) the
time dependence of the normalized ratio of O 1s and Nb 3d peak
area at various temperatures. (b), (c) Fits to the kinetic models for
the first- and second-order reactions, respectively. Arrhenius plots
created using the calculated rate constants are shown in the insets.
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Figure 11. Temperature dependence of the rate constants for the
niobium oxide reduction of the first, k1, and the second order, k>,
obtained in the present work in comparison with the published
values [26, 29], as well as the oxygen diffusion coefficients, Dy,
from [26, 61-63].

[26], but similar to 58.2kJmol~" in [59]. For comparison,
in figure 11 the temperature dependence of the rate constants
for the niobium oxide dissolution reaction of the first, k;, and
second, k,, orders obtained in the present work are plotted
together with the published values.

3.8. The oxygen concentration depth profile

Knowing the rate constants for oxide reduction it is possible to
calculate the oxygen-concentration depth profiles in niobium.

3.8.1. Baking at 200-300°C. In the cases of annealing at

temperatures 200 °C-300°C and the durations applied, the

following solution of the second Fick’s law can be applied

(“the continuous plane source’) [60] (p 262, equation (8)):
e o (r)de

t
/04Dz N/

where D is the diffusion coefficient, cm?/s, t is the duration of
baking, ¢(z) is the rate at which the diffusing species are lib-
erated from the surface plane, i.e. the rate of oxide reduction.
As compared to [60], ‘2’ is excluded from the denominator as
equation (3) is applied for a semi-infinite body. At the duration
of baking used in our experiments ¢(¢) = v, i.e. is constant, so
equation (3) becomes:

[t VX X
C=v W—Dexp ( ) — ﬁerfc (W) . (@)

The oxygen diffusion coefficient was taken from [61] and
is shown in figure 11 for comparison to other referenced val-
ues. The results of calculation of the depth profiles of oxygen
under the surface oxides using both k; and k, are presented
in figure 12. The curves were calculated using v; = k;Cy and
vy = ko C3, where Cy is the average concentration of oxygen in

1
wD

C= 3)
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Figure 12. The calculated concentration profiles of oxygen in
niobium upon respective anneal using the obtained k; and k2 and Dy
from [61, 63]. Dashed line: oxygen was liberated from the oxides
(Nb2Os / NbO; / Nb,O3 / NbO) only, k;(dot-dot: kp) was used.
Solid lines: the O-interstitial concentration enrichment (average
value of 5.3 at%) under the oxides in the initial Nb was additionally
considered, kj(dash—dot: k) was used.

the oxide layer among the studied initial Nb samples. The con-
tribution from a 5 at%-oxygen enriched layer below the oxide
layer was also accounted and was negligible. Oxygen profile
caused by the oxide only (without contribution of the oxygen-
enriched layer) is shown in figure 12 with a dashed line for
the 300 °C sample. The calculated amount of liberated oxy-
gen from the oxide agrees with the XPS data (table 3). With k;
a better agreement was obtained. The obtained curves repres-
ent the depth profiles of oxygen under the remaining surface
oxides.

3.8.2. Baking at400°C. The oxide-dissolution process was
completed during the heating-up before 400 °C was reached.
No gain in the O/Nb ratio was observed during 3 h baking time
(O/Nb = 0.25). A slight increase in the Nb—C/Nb ratio was
observed both during the heating-up stage and constant tem-
perature baking (figure 13(a)).

At 400 °C an oxygen-solute atom may travel within the Nb
lattice at a rate of 40 nm s—!, which is about 6 times faster than
at 300 °C. One could assume that the surface-concentration
level of oxygen is kept constant since its diffusion into the bulk
is compensated by absorbing atoms from the ambient envir-
onment. However, considering the UHV condition this option
can hardly be the case. It is possible to roughly estimate the
maximal gain in solute concentration of gas atoms, AC, which
depends on the number of gas molecules striking the surface
per unit time. According to [64]:

1 pt
ACr ==
Crs &)

where AC is the change of the concentration of dissolved spe-
cies in at%), p is the residual pressure of reactive gases in mbar,
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Figure 13. (a) The Nb—C/Nb ratio estimated by fitting the peak area
within C 1s and Nb 3d (hv = 900 eV) during the thermal anneal at
400 °C. (b) The hypothetical oxygen concentration profile at 400 °C
if the partial oxygen pressure was 6 X 107*-8 x 10™* mbar.

t is the heat treatment duration in s, and d is the thickness of
the sample in cm. Thus, at a pressure of 3.5 x 10~° mbar of
oxygen-containing species in the vacuum chamber at 400 °C,
the maximal AC after 3 h is estimated to be 6.75 x 107 at%.
The real AC is usually smaller since the formulae does not
account for surface reactions. The obtained value of AC is an
order of magnitude smaller than the bulk oxygen concentration
of niobium with RRR = 300 which is below 6.78 x 10~* at%
(i.e. below 10 ppm by weight according to the material spe-
cifications) and thus is negligible in our case.

However, if the base pressure was higher, AC would rise
and the constant surface concentration mode described by
C = Cierfe(; \;E) (where C; is surface concentration) could
be realized during baking. This situation would have taken
place at a base oxygen pressure of 6 x 107#-8 x 10~* mbar
considering the estimated surface concentration of Cy = 15.49
(11.86) at% (if the oxygen sustained both in oxides and inter-
stitials (only interstitials) is counted). This hypothetical case
is demonstrated in figure 13(b).

Since AC is quite low, the oxide dissolution rate and
the oxygen-diffusion coefficient are high, so that one can

disregard the kinetics of oxide dissolution and consider solv-
ing the diffusion equation for the infinitely thin layer:

1
v Dt exp ( ) ’
where M is the number of diffusing species per unit area. The
calculated surface concentration of ~0.02 at% is much lower
than the measured by XPS (figure 12). This is explained by
the presence of a thin oxygen-segregation layer with oxide
precipitates (in our case, trace amounts of NbO and the inter-
stices), typical for exothermal metal-gas system such as Nb-O

at the temperatures under investigation [65], which is probed
by XPS.

—x2

c=M —
4Dt

(6)

4. Summary and discussion

To summarize, the initial BCPed niobium surface was com-
posed of Nb, O, F with surface impurities containing P, O and
C in the form of phosphate species, most likely (HyPO4)™
ions, and carbonaceous contamination. The identification of
the chemical states of niobium was performed by analysis of
the Nb 3d core-level using a well-established fitting model
[18] based on the known chemical shifts of niobium in various
oxides. Expectedly, niobium surface was dominated by Nb+3
state which corresponds to Nb,Os oxide, the most stable in
normal conditions [66]. As it has been mentioned, the oxygen
variation between the samples is governed by the variation of
the native oxide thickness.

Previously it was reported that the composition of the nat-
ive oxide grown in either air or oxygen at atmospheric pres-
sure at the clean Nb surface [7, 8, 67], or after the BCP [27]
is represented by a dominant Nb*> (Nb,Os) as well as Nb+*
(NbO,), Nb*? (NbO), and metal-rich sub-oxides. Our meas-
urements reveal that the native oxide grown at the surface of
the BCPed niobium and stored in air environment for several
days is composed of Nb™> (Nb,Os), Nb™? (NbO) oxides and
oxides of lower oxidation states. It has been established that
the initially absent Nb*# state emerges under the x-ray photon
beam.

It has been revealed that the native oxide contains oxyflu-
oride. Noteworthy, the fluorine was not detected in the BCPed
niobium by XPS in previous works [7, 27].

4.1. Presence of fluorine

The sources of fluorine in niobium lattice is the hydrofluoric
acid which is a constituent of the BCP solution. Fluorine
ions enter the niobium lattice during etching. Niobium and
its oxides undergo fluorination even at room temperature
due to a strong oxidizing ability of fluorine [68]. During
the BCP, niobium and fluorine may form a number com-
pounds and complexes in HF-aqueous solution: NbO,F, NbFs,
[NbOF,-H,0]~, [NbOFs]*, [NbF;]~, [NbFs]~ [69]. Some
of them may subsequently precipitate in different compounds
upon water or air exposure. The type of transformation and the
final compound depend on various factors (humidity, temper-
ature, etc). Besides, the niobium surface is being oxidized by
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oxygen during the chemical treatment and during the rinsing
steps. The oxidation continues when the surface is exposed to
air. Fluorine remains in the lattice during these steps and thus
can not be removed by a water rinsing and HPR.

Identification of the BE shift of fluorine within the Nb 3d
is complicated owing to numerous Nb-oxidation states of its
native oxide. The following aspects may explain the state of
fluorine. Firstly, the very first collected spectra of Nb 3d meas-
ured at hv = 900-1000eV did not contain Nb** component
which is usually attributed to NbO, oxide. During the XPS
measurement at room temperature, a part of the Nb™> state got
reduced to Nb™ (gaining up to ~4% of relative area within
Nb 3d which is close to ~5 at% of F content in the BCPed
Nb samples) during several hours of illuminating the 1000 eV
x-ray beam. Thus, the photon beam promoted the chemical
changes in the Nb—O-F system. At that, a shoulder appeared
at 686.8-686.7eV within F 1s. It is to be explored whether
the x-ray photon beam alone may provoke the reduction of
niobium oxide if it did not contain fluorine in its lattice.

From these data it follows that fluorine is distributed at least
within the surface layer equal to the XPS-information depth,
and thus is being embedded in the native oxide. At room tem-
perature, Nb*™* may be interpreted as Nb-F or more likely
Nb-O-F-bonding [70]. The possibility that Nb—O-F bond-
ing exists in oxides of lower oxidation states (from Nb*3 to
Nb1%%) is not excluded but at least at room temperature their
content is negligible. Since the new weak peak features appear
within F 1s, we deem that in our experimental conditions a
tiny portion of fluorine ions has overcome the potential-surface
barrier and transformed to a surface adsorbate as H-F or C—
F molecules [58]. Complementary, fluorine may have been
redistributed within the interstitial (octahedral [68]) positions
of Nb(oxide) lattice.

It was previously reported that a slight decomposition of
niobium oxyfluoride, particularly Nbs;O7F, occurs readily in
the beam of an electron microscope [71]. Such transformations
upon low-beam heating may proceed via dislocation mechan-
ism involving also grain boundaries. Similarity of the ionic
radii of oxygen and fluorine ensures easy substitution of these
atoms with each other in the metal lattice. It was shown that
fluorine-oxygen substitution yielding oxyfluoride compounds
can be performed both without changing and with cardinal
changes of the initial oxide structure [68]. These facts may
explain the embedding of fluorine atoms in the oxide structure.

Since fluorine atoms easily move in the interstitial positions
of the niobium-oxide lattice, then during baking the increase
of Nb** may be related to both the process of Nb*> reduc-
tion, and the formation of Nb-F states [58]. It is likely, that
during baking F~ ions are also located beyond the pentoxide
layer, and may also overlap with the peaks assigned to niobium
oxides.

4.2. Niobium surface upon baking treatments

A detailed analysis of the surface state of niobium upon
annealing at 200 °C, 230°C, 300°C and 400 °C has been
presented. Briefly, at 200 °C, neither P nor C reacted with
niobium even after the prolonged anneal. The amount of

adsorbed carbonaceous contamination decreased by approx-
imately 50% due to desorption process. The surface was dom-
inated by the Nb™> chemical state with approximately equal
percentages of Nb*t# Nb*2, NbT04 Nb® (Nb+3 Nb*! Np+0:6
were subtle). The thickness of the upper oxide decreased from
2.89nm to 1.56 nm.

At 230°C some interaction with carbon (Nb-C/Nb =
0.015) and phosphorus (Nb-P/Nb = 0.006) was detected upon
the 15 h anneal that was cross-checked with a lower hv provid-
ing higher surface sensitivity. The Nb-F to Nb ratio increased
~1.75 times. The resulted niobium surface at 230 °C was rep-
resented by Nb™>, Nb*# Nb*+3, Nb™2, Nb+t04 Nb’ oxida-
tion states in an approximately equal proportion. Thus, a new
chemical state (NbT3) emerged. The thickness of the layer cor-
responding to Nb*3 changed from 2.68 nm to 0.49 nm.

In the kinetics of Nb 3d components at 200 °C-230 °C the
dissolution rate of Nb™> changes with time and it is slightly
higher at the beginning of the treatment (it was not observed
at 300 °C—400 °C, at least at the heating rates applied). There
are several possible explanations for this observation. One
can suggest that this can be related to the heating process,
which causes the increase of the base pressure in the cham-
ber, thus increasing the sticking probability of gaseous spe-
cies to the adsorption centers at the sample surface, their sub-
sequent absorption and diffusion, thus promoting the oxide
dissolution.

In [72] it was suggested that at temperatures above 100 °C
a transformation of Nb,Os to NbO, is favored by reaction of
Nb,Os with a graphitic layer. This supposes the removal of
surface carbon as CO or CO, by consuming oxygen atoms
from Nb,Os. However, the desorption of oxygen as CO as a
product of Nb,Os reduction to NbO, by graphitic carbon was
previously observed experimentally at 1050-1250K using
solid pellet-type samples [73]. So, this scenario is unlikely
feasible in our case. On the other hand, it can be explained by
fluorine redistribution in niobium, possible exchange of flu-
orine atoms with oxygen in an oxide sublattice, which was
already observed during the heating and the photoionization
process caused by the photon beam.

Finally, the increased dissolution rate of pentoxide may
occur due to thermotransport and electrotransport in addition
to a diffusion flux, DV C. Thus, the overall flux of oxygen can
be described by [64]:

P rzve,

.
RT

DC
J=-DVC+ -0V

@)

where VC, VlT, V& are the concentration gradient, the gradi-
ent of reciprocal temperature, and the electric potential gradi-
ent, respectively; Q* is the heat of transport, 7" is effective
valence.

After the 300 °C baking the surface was represented by
all possible oxidation states of niobium. It was characterized
by Nb*04(22% relative area) and Nb*? (NbO, 19%) fol-
lowed by Nb*™! (Nb,O, 14%) with trace quantity of higher
oxides (Nb*3, Nb*™* and Nb*?). The maximal percentage
of Nb*0% was observed for this treatment. The resulted sur-
face concentration of niobium fluorides significantly exceeded
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the concentration of niobium carbides (Nb-F/Nb = 0.22 vs.
Nb-C/Nb = 0.056, or 11.6at% vs 3.0at%, respectively) for
this sample, and it is only 2.55 times less than the concentra-
tion of oxides. Thus, the role of fluorine has to be considered
when the impact of surface impurities onto the superconduct-
ing properties of niobium is discussed. The thickness of the
pentoxide was equal to 0.17 nm.

At 200°C-300°C (at least at the duration of baking and
base pressures explored), along with increase of fluorine con-
centration, the doping of niobium with oxygen proceeds via
oxide dissolution. In other words, the native oxide is the only
source of oxygen atoms (the absorption of the gaseous spe-
cies from vacuum is negligible). Some interaction of carbon
with niobium occurred at 230 °C-300 °C which in the form
of carbide or oxycarbide was allocated at the surface since
carbon occupies the same interstitial positions (octahedral) in
niobium lattice as oxygen [74] and its diffusion coefficient is
at least two orders of magnitude smaller as compared to oxy-
gen. According to our results, the interaction of carbon with
niobium becomes pronounced when the relative area of Nb,Os
within Nb 3d drops below 30% which equals to the Nb,Os
thickness of ~1 nm. Thus, making the top oxide a few nano-
meters thicker would help to decrease or even eliminate the
amount of reacted carbon, and also phosphorus, as well as
similar kind of impurities. This would open possibilities for
studying the sole effect of oxygen-doping profile modified by
various temperatures and durations on the cavity performance
excluding the influence of precipitates of foreign phases.

At400 °C the vacuum-baked niobium surface is dominated
by pure niobium Nb® (34%) and interstitials (Nb*!, Nb+0-6
and Nb™%4). Only the amount of Nb*? (NbO) (<5% relat-
ive area within Nb 3d) equivalent to 0.1 nm-thick layer was
left. The quantity of Nb—F decreased as compared to the initial
concentration (Nb-F/Nb = 0.11 vs 0.17) and was the lowest
among the treated samples (6.96 at%), while carbide was also
formed and was maximal for this treatment (Nb—C/Nb = 1.13,
or 8.28 at%). It is important to emphasize that the top oxide
was dissolved before reaching the baking temperature, and
afterward, O/Nb ratio did not change with time (figure 10(a)).
Since the oxygen diffusion coefficient in niobium at 400 °C is
pretty high, oxygen can be absorbed by niobium during bak-
ing and the gain of oxygen would be determined by its par-
tial pressure in the vacuum chamber and the decomposition
rate of oxygen-containing molecules that constitute the resid-
ual gas at the niobium surface. Thus, in this regime, a lot more
oxygen than it is retained in the native oxide may potentially
be absorbed by niobium. In this way, along with NbC, form-
ation and possible interaction with ‘native’ furnace contam-
ination (specific to a particular chamber), uncontrolled load-
ing of oxygen into niobium, determined by the residual partial
pressure in the vacuum furnace, is the most probable reason
of poor cavity performance treated with this recipe [20]. This
fact has to be considered when calculating a diffusion profile
of impurities using the Fick’s Law and the empirical formu-
lae predicated on the specific boundary conditions. In partic-
ular, the equation (4) used for calculating the oxygen profile
in niobium by dissolution of niobium oxide [9, 26] is valid at
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temperatures up to 300 °C, and must not be used at 400 °C as
suggested in [26, 75].

4.3. Other aspects of baking treatments

Some carbon adsorbates are still present even at the end of
300 °C—400°C baking, and their amount increases during
accumulation of the XPS spectra. This is explained by the
decomposition of organic species at the sample spot where the
photon beam shines.

In some samples trace amounts of Ca-O and organic
silicon were found. Few Ca-O particles were also identi-
fied with SEM/EDX. These impurities neither affected the
chemical reduction process of niobium oxides during baking
nor the interaction of Nb with C- and P-containing surface
contamination.

4.4. Baked niobium after the air exposure

Upon subjecting the vacuum-baked samples to the air environ-
ment, the niobium surface gets oxidized and the amount of flu-
oride and carbide diminish at the surface. Niobium carbides in
a form of bulk material or powder are more persistent to oxida-
tion as compared to pure niobium, and their oxidation is known
to occur at temperatures above 400 °C [76, 77]. Here the oxid-
ation occurs at room temperature, so we assume that part of
Nb-C bonds breaks off during reconstruction of niobium lat-
tice as oxides are formed. As to fluorine, it easily exchanges
with oxygen in niobium lattice owing to equal ionic radii, and
probably less well with carbon since it has a larger ionic radius
as compared to O and F ions. So, after the air exposure both
fluorine and carbon would be allocated below the oxide layer.
The fluorine concentration profile upon such bakings is yet to
be explored.

The BE of Nb™> of the baked niobium surface oxidized
in air was lower by about 0.14 eV as compared to the BCPed
niobium. Our additional studies of the niobium-oxide growth
at the Nb surface after the 300 °C baking upon air exposure
showed that ABE of Nb™> with respect to Nb” increases with
time (from 5.35 eV for 5 h of air exposure to 5.45eV for 12 h).
One could think that the pentoxide grown in wet condition
(water rinsing after the BCP) is ‘better oxidized’ as compared
to the one grown in air. On the other hand, the presence of
fluorine atoms in the oxide lattice after the BCP may cause a
slightly larger ABE of Nb*3 component with respect to Nb’
owing to high electronegativity of fluorine. However, currently
we did not detect any correlation of ABE of Nb™> compon-
ent with the amount of fluorine detected. Interestingly, a shift
of the Nb*> to higher BE was observed upon phosphate-ion
adsorption onto niobium in [42]. It has been shown by us, that
the pentoxide thickness of the baked air exposed niobium cor-
related with the amount of chemically bound carbon, i.e. the
more carbide is present, the thinner is the formed Nb,Os oxide.
Thus, carbon in the lattice also influences the oxide growth,
and therefore the Nb*> binding energy.

The niobium RF cavities usually undergo HPR before the
thermal processing. This treatment removes the contamination
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(phosphate ions, (H,PO,4)~, organics, surfactant, etc) which is
adsorbed to niobium surface after the chemical etching. As it
has been mentioned above, as fluorine ions are located within
the niobium lattice they cannot be removed by HPR. The HPR
treatment increases the thickness of the native oxide, and the
XPS data may be misinterpreted and it may be concluded that
the fluorine quantity decreased or eliminated by this treatment.
In [78] it was demonstrated with XPS and SIMS that indeed
the concentration of fluorine depleted in the surface layer of
0.5nm. Fluorine is known to be outgassed at temperatures
above 600 °C [39], so the 800 °C anneal applied to cavities for
niobium re-crystallization and hydrogen outgassing also mit-
igates the fluorine-contamination. Noteworthy, in the standard
‘mild’ (120 °C/48h) baking, the mid-T baking and also the fur-
nace baking the niobium surface is not 800 °C-annealed dir-
ectly prior to baking and subsequent RF testing. This means
that fluorine is present in the niobium lattice after such treat-
ments and thus may have an impact on the performance of
the SRF cavities. It is especially critical for the mild baking
since the amount of fluorine is still pretty large. The mechan-
ism of the improved cavity performance upon the mild baking
(mitigation of the so-called high-field Q-slope) has been the
topic of many investigations during the last three decades [2,
5, 9], and to our best knowledge the fluorine contamination
as the lattice impurity has never been discussed. However, in
some works it has been stated that the observed changes in
the performance of cavities caused by mild baking could not
be explained merely by the change of the diffusion profile of
oxygen in niobium at 120 °C [79, 80].

Despite this, the effects related to physical properties
of niobium oxyfluoride compounds (NbO,F,) may also be
present. For example, it has been reported that ReOs-type
structures such as NbO,F exhibit negative thermal expansion
[81]. According to our data, in the new baking schemes at
200 °C-300 °C the content of fluorine in the state of niobium
fluoride or oxyfluoride is even larger than of niobium carbide.
Thus, the influence of fluorine in niobium on the cavity char-
acteristics has to be explored in more detail. For such purposes
niobium has to be treated in a similar way but eliminating
the fluorine contamination prior to the thermal treatment by
annealing at 600 °C or higher. Alternatively, an HF-free chem-
ical treatment has to be used. The first option is only pos-
sible for the samples meant for measurements in a quadru-
pole resonator as the cavities are tricky to be prepared mainly
due to worse vacuum condition achieved thus making a post-
chemical treatment necessary. The fluorine influence on the
superconducting gap via scanning tunneling spectroscopy, on
critical fields via SQUID magnetometry, etc would be inter-
esting to explore.

4.5. Possible role of the remaining surface oxides

After the baking, a mix of niobium oxides with various oxida-
tion states forming the defective distorted niobium lattice is
left after the pentoxide dissolution. These oxides may have
an impact on the cavity performance if the cavity interior
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was not subjected to air or HPR before the cavity testing.
The oxides possess varying electronic properties. For example,
NbO, (Nb**) is electrically characterized as a semiconductor
(at room temperature) [82]. A monolayer of Nb,Oj3 is theoret-
ically predicted to possess quantum anomalous Hall effect [83]
and its properties have been recently explored [84]. However,
the existence of Nb,Os3 in a bulk form is questionable [85].
For example, it was not observed upon thermal reduction of
the anodically oxidized films [29] and of the films annealed at
2100 °C [8]. In our experiments the Nb*3 state was absent dur-
ing 200 °C/11.5 h baking, present at 230 °C/15 h, and appeared
and dissolved at 300 °C/3 h (only trace amounts of Nb*3 were
left) and 400 °C/3 h. It is not excluded that Nb—F bonding may
also be associated with Nb*3 which is normally interpreted as
Nb, O3 in the XPS studies.

Further, NbO in a bulk form is a cubic NaCl-like crystal
and has the largest amount of ordered vacancies (25%) in both
metal and oxide sublattices among all transition metal oxides
[86]. This compound is known to possess metallic type of
electrical conductivity (with a resistivity of 1.8 u£2-m at4.2K
[87]). The reported critical temperature of NbO varies between
1.2K [88] and 1.61 K [89]. In our samples the percentage
of the Nb 3d area referred to NbO (Nb1?) varies between
10%—-19% within the probed by XPS information depth for
the 200 °C-300 °C baked niobium. This would approximately
correspond to a single NbO layer. Thus, NbO may influence
the residual losses of the cavities.

4.6. Kinetics of oxide reduction

The kinetics of the native oxide reduction was estimated at
the respective baking temperature (without accounting for the
sample heating-up stage), providing that the pentoxide was
still present at the surface. The data fitted well both the first-
and second-order reactions determined as In( C%) and C"—EC Vs.
time, respectively.

However, the data did not fit the model In( f:g) with the
oxygen concentration at the end of the anneal, C, = 0.45, used
in [29] in which the dissolution of the anodic niobium oxide
film doped with Zr (1 at%) was studied (it was stated that Zr
does not affect the kinetics). The obtained values of the activ-
ation energy are much lower than in [26, 29] but similar to
[59]. In [59] the samples represented niobium single-crystals
degassed at 2100 K, cleaned with Ar™ and subsequently oxid-
ized with O, gas in a vacuum chamber at room temperat-
ure. However, it is not clear which kinetic model was used
for the data fitting in this work. Based on this, we come to
a conclusion that the discrepancy between the data obtained
in our work and the data of [26, 29] is not related to the pre-
dissolution of Nb,Os during the heating stage (which was not
accounted for) or fluorine contamination. Therefore, the kinet-
ics of oxide reduction has to be further explored in more detail
considering the material history, type of oxide and possible
contamination.

The diffusion equation for the continuous plane source [60]
was used for the calculation of the oxygen-depth profiles upon
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Figure 14. The curves correspond to 1 nm-thick Nb,Os-layer that
remains after the baking at the specified temperatures and durations
and protects the niobium surface from the interaction with foreign
impurities. The curves are given for various initial thicknesses of
Nb,Os: 2.8 nm (blue); 3.5 nm (orange); 4.3 nm (green); 5 nm (red).

oxide-layer dissolution during the bakings at 200 °C-300 °C.
The resulting curves demonstrated the distribution of oxygen
atoms under the remaining surface oxides and an oxygen-
segregated surface layer. A more thorough analysis would be
required exploiting the thermodynamic relations for the estim-
ation of the oxygen concentration profile at 400 °C.

4.7 Contamination-free baking

Since, according to the obtained data, the minimal thick-
ness of the top pentoxide layer protecting the niobium sur-
face from the interaction with impurities (carbon, phosphorus,
etc) is about 1 nm, it is reasonable to calculate the approx-
imate annealing time of the cavity at a specified temperat-
ure maintaining this Nb,Os-thickness threshold. In figure 14
such curves are shown for the niobium having various ini-
tial thickness of Nb,Os: from 2.8 nm (for the BCPed Nb after
2-3 days) to Snm (for the cavities after an intensive HPR).
Thus, the cavity performance would not deteriorate for the
reason of contamination of niobium surface with the impur-
ities (i.e. the carbides, phosphides, etc) if the temperature and
the duration of baking are chosen below the respective curve.
On the other hand, for the treatment parameters laying above
this curve, phases of Nb—C and Nb-P will form even in UHV
environment. Their amount will depend on temperature, dur-
ation and cleanliness of both the niobium sample surface and
the furnace.

In [90] a vacuum baking of a single-cell niobium cavity at
230 °C during 13 h has been demonstrated by us. The treat-
ment resulted in a significant increase of Q of the cavity as
well as an anti-Q-slope phenomenon and no degradation of the
maximal field. At that, the residual resistance decreased from
20 n{2 to 9 n2.
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5. Conclusion

Employing the synchrotron XPS technique we have thor-
oughly studied niobium samples subjected to ‘mid-T baking’
and ‘furnace baking’ thermal treatments that have demon-
strated high Qp values on SRF cavities. It has been estab-
lished that the chemical composition of the niobium surface
treated with BCP is represented by Nb, O, F elements arranged
in Nb,Os_,/NbO/(Nb + interstitials) structure of the native
oxide with a presumable doping with fluorine at least over
the depth probed by XPS. The possible role of fluorine in the
educed Nb™> to Nb** reduction under the impact of an x-
ray beam at room temperature and during the thermal treat-
ments has been discussed. By annealing the niobium samples
at 200°C—400°C in UHYV, the kinetics of the native oxide
reduction was studied in-situ. The Nb—C and Nb-P chemical
states originating from the interaction with surface impurities
such as carbonaceous layer and phosphate ions were quantitat-
ively estimated. Because of their low percentage the precipit-
ates of new phases were neither determined by SEM/EDX nor
XRD.

The fluorine that had been loaded during BCP was found to
increase its surface concentration during baking and to deplete
(evidently by outgassing of Nb-F species) at higher temper-
atures. Thus, this finding would help better understand the
performance of the cavities treated with ‘the mild baking’
(120°C/48 h) and ‘the nitrogen doping’ as distinguished from
the pre-annealed at 800 °C (for example, ‘infusion’ with or
without nitrogen).

The critical thickness of the Nb,Os layer of ~1 nm below
which the formation of Nb—C and Nb—P bonds proceeds at a
high rate has been determined. It has been proposed to increase
the thickness of the native oxide a few nanometers prior to
baking in order to explore the impurity-free mid-T baking on
cavities. The range of temperature and duration parameters of
thermal treatments at which the niobium surface would not be
contaminated with impurities is determined, and is of practical
importance for the cavity production.

It has been established that the controlled diffusion of oxy-
gen in niobium when the native-oxide layer represents an oxy-
gen source is realized at temperatures 200 °C-300 °C, while
at 400 °C more oxygen is provided by a residual pressure in
the UHV chamber, and thus uncontrolled doping with oxygen
(and other impurities) takes place. This finding is important for
interpreting the cavity performance as well as adequate model-
ling of the diffusion process of solute gas atoms (O, N, C, etc)
in niobium using the solution of the diffusion equation for the
continuous plane source. The calculated oxygen depth profiles
would be useful for the analysis of SRF properties of similarly
treated niobium cavities. Further in-depth studies of the kinet-
ics of the niobium oxide reduction by oxygen dissolution into
niobium are necessary, since the origin of the discrepancies in
the obtained activation energies as well as the types of reaction
models of the previously reported data are currently not well
understood.

The presented information on the baked niobium surface
layer after the native oxide dissolution would be helpful for
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interpretation of the results of the cold RF tests of cavities as
well as for optimization of their performance.
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