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The influence of heat treatments at 122, 400, and 800�C on the field emission of large-grain and

single-crystal high-purity niobium samples has been investigated. Buffered chemical polishing of

40 �m and high pressure ultrapure water rinsing under clean-room conditions resulted in smooth

surfaces with a linear surface roughness of 46 to 337 nm. By means of field emission scanning

microscopy, an increasing number of emitters up to 40=cm2 with temperature were found at surface

fields up to 160 MV=m. Two different mechanisms of emitter activation were found, i.e. activation

by the applied electric field and activation by temperature. Some emitters with an onset surface field

of 50 to 100 MV=m appeared already after the low-temperature bakeout. Correlated scanning-

electron-microscopy/energy-dispersive-x-ray measurements revealed particles and surface defects as

emitters. Their activation will be discussed with respect to the thickness of the insulating oxide

layer.
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I. INTRODUCTION

Field emission (FE) is one of the main limitations for the
achievable accelerating gradient Eacc of superconducting
(SC) niobium cavities required for the European x-ray free
electron laser (XFEL) [1] and the planned International
Linear Collider (ILC) [2] leading to dark currents, x-ray
load, radiation activation, power losses, etc. Advanced
surface preparation and clean-room techniques for the
high-purity Nb cavities for the superconducting radiofre-
quency (SRF) technology [3] have to be applied to prevent
FE at electric surface fields Epeak up to 50 MV=m for the

XFEL and up to 70 MV=m for the ILC in case of TESLA-
type cavities [4] or even up to 85 MV=m if low loss shape
[5] of the cavities will be chosen. The main surface prepa-
ration steps are chemical etching [6], electropolishing (EP)
[7], ethanol rinse [8], and high pressure rinsing (HPR) [9]
with ultrapure water to avoid any residues. Two extended
surface polishing schemes, i.e. ‘‘Final EP’’ and ‘‘BCP
Flash’’ [10], have been chosen for the XFEL production.
The first one includes 110 �m EP to remove the surface
damage layer and 40 �m final EP and the second one
140 �m EP and 10 �m final buffered chemical polishing
(BCP) correspondingly. Two different heat treatments
(HTs) are also applied during the fabrication procedure
of the actual XFEL cavities. The first one is an annealing at

800�C under high vacuum for some hours after the bulk EP
to degas the dissolved hydrogen from the bulk Nb [11] and
for stress release. The second one is a final bakeout of the
assembled cavities at 120�C for 48 hours just before the
cryogenic test to improve the quality factor Q0 at high
gradients [12,13].
Former FE investigations on low- and high-purity Nb

samples [14,15] have shown that short (� 30 min ) HTs
at 400 to 800�C create many new emitters at rather low E
around 40 MV=m. Beside the activation of some evident
particles it was speculated that segregation of impurities at
the grain boundariesmight contribute to themuch enhanced
FE. First experiments with a single large-grain (LG) high-
purity Nb sample [16], which have been 100 �m BCP
etched and 150 bar HPR treated have supported this idea
for some emitters but at rather high fields of 250 and
300 MV=m activated by a bakeout at 150�C for 14 hours.
Therefore, a systematic investigation of the influence of the
different HTs on the FE of SC and LGNb samples prepared
with the actual techniques at DESY has been started.

II. EXPERIMENTAL TECHNIQUES

For the systematic investigation of parasitic FE from
the Nb samples a specially constructed field emission
scanning microscope (FESM) [17,18] has been used. The
FESM (see Fig. 1) is an advanced microscope for the
localization and characterization of FE sites on cathodes
up to 25� 25 mm2 under ultrahigh vacuum (10�7 Pa)
conditions. At first, each sample surface was tilt corrected
with respect to a truncated cone anode of 300 �m in
diameter to achieve a constant gap�z and correspondingly
constant electric field E within around �10% over the
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maximum scan area. Then all emitters which are active
below a certain chosen maximum field were nondestruc-
tively localized by means of voltage scans Vðx; yÞ at �z ¼
50 �m while keeping the FE current below the threshold
of typically 1 nA. The procedure applies a proportional-
integral-derivative (PID)-regulated power supply (FUG
HCN100M) providing up to 10 kV voltage (correspond
to around 200 MV=m at �z ¼ 50 �m) and an analog
electrometer (Keithley 610 C). Emitter distribution maps
with 67� 67 points for 1 cm2 area were obtained at mac-
roscopic dc electric fields Escan¼Vðx;yÞ=�z typically be-
tween 100 and 160 MV=m in steps of 20 MV=m. The local
FE measurements of some selected emitters were per-
formed giving the values of the onset field Eon (defined
as a macroscopic electric field required for 1 nA FE
current), effective field enhancement factor �, and emis-
sion area S. It gives also the overall behavior of the
I � VðI � EÞ characteristics of the found FE sites. The
macroscopic electric field Ewas calibrated for each emitter
as the linear slope of the PID-regulated VðzÞ dependence
for fixed FE current of 1 nA by displacing the sample
(cathode) position z with respect to the fixed anode. The
real distance d between the anode and a relevant emitter
was determined by the linear extrapolation of the VðzÞ
curve to zero voltage. The local I � VðI� EÞ measure-
ments were performed using a digital pico-ammeter
(Keithley 6485) with a protection circuit as described
elsewhere [19]. All data were taken and recorded by a
LABVIEW�-based software.

For the heat treatment (HT) experiments on the Nb
samples a resistive furnace has been recently installed
into the load-lock chamber of the FESM. The in situ
furnace provides temperatures up to 1200�C under high
vacuum conditions (< 10�4 Pa). All the inner parts of the
furnace were degreased with acetone, blown clean with
ionized nitrogen, and baked several times up to at least

900�C for half an hour. The temperature inside the furnace
was measured with a thermocouple (Pt10Rh-Pt) and con-
trolled by a commercial PID controller (JUMO cTRON
04). Three HTs up to 122, 400, and 800�C and of different
duration were sequentially applied to the Nb samples and
alternated with the FESM measurements. The main pa-
rameters of the heating cycles are similar to those used
during the Nb cavity fabrication process (HT122, HT800)
[10] or to former FE studies (HT400, HT800) [14,15] and
listed in Table I. A typical temperature profile with linear
warm-up ramp, HT at the nominal temperature (� 1�C)
over a given duration and natural cool-down is shown in
Fig. 2. All the sequences of the HT and FESM study of
the samples have been performed without breaking the
vacuum.
The surface quality of the fabricated Nb samples was

examined before the final BCP of 10 �m and HPR (see
Sec. III) by means of a profilometer setup [20] consisting
of an optical profilometer (OP) and an atomic force micro-
scope (AFM, �2 �m positioning accuracy with respect
to the OP), and a CCD camera. The setup is installed on a
massive granite plate with a passive vibration damping
system. Guided by the CCD camera for fast positioning
of the sample, the chromatic aberration sensor of the OP
provides a lateral (vertical) resolution of 2 �m (3 nm) on
samples up to 20� 20 cm2. Further zooming into defect
areas of 95� 95 �m2 down to the lateral nm range is
possible with the AFM in contact or noncontact modes.
A horizontal laminar air flow from the back (class ISO 5)
ensures clean-room-like measurement conditions. An ex-
ternal scanning electron microscopy (SEM) with energy
dispersive x-ray analysis (EDX) was used for the final
inspection of the sample surface and foreign material in-
clusions in the localized emitter regions.

III. SAMPLE PREPARATION AND SURFACE
QUALITY CONTROL

Four flat samples with a diameter of 26.5 mm were cut
from high-purity (RRR> 250) SC or LG Nb sheets and

TABLE I. Overview of the heat treatments.

Temperature, �C Duration, h Warm-up, �C=min

HT122 122 24 �0:54 (3 h)

HT400 400 2 �6:25 (1 h)

HT800 800 2 �12:91 (1 h)

FIG. 2. Temperature profile for the heat treatment at 400�C.

FIG. 1. Schematic view of the FESM.
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electron beam welded to support rods (Fig. 3). Such
samples can be assembled in the main coupler port of
nine-cell XFEL cavities during the chemical treatments
[21]. Two marks on the circumference of the samples serve
for the identification of their angular position in different
measurement systems (see Fig. 4, left). Both LG samples
contain three large grains with the grain boundary junction
in the middle of the sample (see Fig. 4, right). BCP using
HFð40%Þ=HNO3ð65%Þ=H3PO4ð85%Þ in volume ratio
1:1:2 of all samples have been done in two steps: first a
layer of about 30 �m was removed for the OP/AFM
surface quality control and then again 10 �m to refresh
the sample surface before the final HPR cleaning with
ultrapure water under clean-room conditions at DESY.
The transport of the samples between all the various mea-
surements was performed under Teflon� protection caps
(see Fig. 3) and sealed in plastic bags to avoid pollution as

much as possible. The protection caps were removed in the
OP/AFM under laminar air flow and in the FESM under
high vacuum conditions.
At first the OP was used to determine the surface flatness

of the samples within the area of�1 cm2 envisaged for the
FESM scans. For all samples the overall flatness stayed
within �2 �m, i.e. the resulting field inhomogeneity
(� 4%) is in the same order of magnitude as that due to
the finite tilt correction (see Sec. II). The base linear
roughness Ra of the fabricated Nb samples after 30 �m
BCP was determined by the OP measurements (Fig. 4) in
defect-free regions of 1� 1 mm2 size. The LG samples
showed different Ra values (148 to 337 nm, as measured
within the grains) which were higher than those of the SC
samples (46 to 80 nm). Few local defects up to some
10 �m height were also found on the OP maps, and their
morphology suggested both particulates and scratch na-
ture. In order to estimate the maximum electric field en-
hancement factor �max which might locally occur for such
surfaces, more accurate profilometry measurements of the
Nb surface with AFM were performed as shown in Fig. 5.
Obviously, there are many ridgelike and tiplike protrusions
with height h and curvature radius r which can be directly
measured with the AFM. A good approximation of the
electric field enhancement in an extended field is � �
h=r [22]. Accordingly, typical �max values of 7–15 (left),
8–12 (middle), and 3.5–6 (right image) were derived from
selected AFM profilometry maps in Fig. 5. High �max

values (> 10) might also result for large and rough
particles (> 2 �m), while small grain boundaries steps
(< 2 �m) should not be crucial for FE (�max < 4)
[23,24]. For Nb with a typical work function ’ of 4 eV
[25], Fowler-Nordheim-like FE of 1 nA=�m2 should start
at 2000=�max MV=m [26].

IV. FE RESULTS AND DISCUSSION

The sequential FESM-HT-FESM investigations led to
the expected activation of emitters with temperature. In
Fig. 6 the maps of emitters found at Escan ¼ 160 MV=m on
a LG Nb sample after the different treatments are shown.
Obviously the emitter number density N increased slightly
after HT122 but strongly after higher temperature HTs.
Most emitters occur rather on the grains than on the grain
boundaries, i.e. in contrast to a previous LG sample after

FIG. 4. Full optical profilometry map of a SC Nb sample (left)
with �30 �m lateral resolution showing the two marks (white
arrows) and higher resolution (� 2 �m) map of a LG sample
(right).

FIG. 5. AFM image of the three different grains shown in Fig. 4 (right) with roughness of 313, 298, and 152 nm from left to right
correspondingly.

FIG. 3. Nb sample with Teflon� protection cap.
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100 �m BCP [16]. Therefore, the speculation of a grain
boundary assisted FE cannot be confirmed in the actual
study at least up to fields of 160 MV=m. There is, however,
some evidence that N depends on the grain orientation due
to the different roughness, but the statistical error is still too

large to prove this consideration. On the other side there is
an activation of emitters due to the applied electric field,
too. Therefore, the emitters can be activated either by
electric field or by temperature. Finally, the emitters appear
at lower onset field as compared to the initially applied
field. Therefore, it is necessary to distinguish between the
initial activation field Eact which is in our case equal to the
maximum field applied during the voltage scans Escan and
the final onset field Eon. It is helpful also to define the field
reduction factor � ¼ Eact=Eon. All emitters appeared fi-
nally at the onset field Eon <Eact with a maximum � � 1:7
for the strong emitters on this LG Nb sample.
Similar maps were obtained for the other LG and both

SC Nb samples at the same field steps. The number of
emitters activated by the HTs on each type of sample has
been investigated to get the scaling ofN with the activation
field Eact as shown in Fig. 7. While the slope of N vs Eact

curves seems to be linear for HT800 data, it looks rather
exponential for the other HT cases, especially for the
HT400 one. Such an exponential increase of N with field
was already observed for electropolished polycrystalline

FIG. 7. Emitter number density on the SC (upper) and LG
(lower, please note the different scales) Nb samples at various
activation fields Eact before and after the HTs.

FIG. 8. Stacked histogram of the emitter number density at Eon

(at 1 nA) after each HT on SC (top) and LG (bottom) Nb
samples.

FIG. 6. Distribution maps of emitters with Eon (at 1 nA) up to
160 MV=m of a LG Nb sample in the same area with no HT (a),
after HT122 (b), HT400 (c), and HT800 (d). The lines mark the
position of the grain boundaries.
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Nb samples without any HT [24]. The modification of the
NðEactÞ slope to the linear increase seems to be induced by
the HTs. Two different mechanisms for emitter activation
must be considered here, i.e. activation by the applied
electric field and activation by temperature. Figure 8 shows
that most emitters activated by field or low-temperature
HT122 result already in rather low Eon between 50 and
100 MV=m, what would be crucial for accelerators like
XFEL and ILC.

In order to analyze the underlying FE mechanism, local
IðEÞ measurements of 15 strong emitters from the maps

have been performed. The resulting IðEÞ curves were fitted
to the modified Fowler-Nordheim (FN) law [26]:

IFN ¼ A
SE2�2

’t2ðyÞ exp
�
�B

’3=2�ðyÞ
E�

�
;

where � is effective local electric field enhancement of the
emitter and S is fit parameter interpreted as emission area.
For S in m2, ’ in eV, and E in V=�m, the constants are
A ¼ 154 and B ¼ 6830. The image charge correction
functions t and � were set to 1 for simplicity. Typical
examples of FN-like IðEÞ curves are given in Fig. 9. The

FIG. 9. SEM images (left) and I� E curves (right) with FN plots (insets) of HT-activated emitters: Nb particle (top), Al particle
(middle), and surface irregularity (bottom).
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resulting � values of the activated emitters were between
14 and 85, i.e. significantly higher than the ones estimated
from the OP and AFM measurements. This difference
hints for the presence of particles with complex shape,
i.e. sharper emitter features than resolvable with our pro-
filometry. It is remarkable that the resulting S values of the
activated emitters were in the range of 0.001 to 1000 �m2

which is still reasonable with respect to the typical size of
residual particles and surface defects.

In order to identify the activated emitters, the dominant
emitting regions in all final FE maps (around 30) were
investigated by means of SEM with EDX analysis. The
emission sites were mostly (� 67%) related to particles of
about 2 to 20�m size, and the others showed various kinds
of surface irregularities. The EDX analysis revealed for-
eign material inclusions (e.g. Al or Si) only for some of the
particles. The SEM images of three FN-like emitters are
presented in Fig. 9. While the flakelike Nb particle might
stem from the in situ furnace, the rough Al particle looks
more like a residue of the BCP/HPR. The origin of the
surface irregularity is less clear, yet. In any case the FE
results show that such surface defects or inclusions can be
activated as emitters by heat treatments. The emitter acti-
vation by the electric field explains also one of the draw-
backs of the high power processing of SC Nb cavities [27]
which aimed an elimination of the FE load and lead to
surface damages and permanent emitter activation.

The most likely explanation for the observed
emitter activation by the applied electric field is the
metal-insulator-metal (MIM) model for conducting parti-
cles and the metal-insulator-vacuum (MIV) model for
surface irregularities, both proposed by Latham et al.
[28]. The emitters become activated as soon as the surface
field is high enough to burn a conduction channel through
the insulating oxide layer which is naturally present on the
Nb surface and is typically between 2 and 5 nm [29].
Measurements have shown that Eact of a surface defect is
directly proportional to the thickness dOx of the Nb2O5

layer [30]. The final onset field Eon of an activated emitter
is then determined by the geometry of the defect. The role
of the surface oxide layer for the FE activation has been
partially confirmed by some preliminary experiments on
the FE studies after oxide layer recovery. Some deactiva-
tion or weakening of the FE has been observed after an
exposure of the Nb sample to ambient air for some hours
under the protection caps. More detailed experiments in-
cluding HPR cleaning after HT should follow.

The competition of the two different activation mecha-
nisms becomes more clear in Fig. 10, where the � values
as well as the ratio of emitters activated by field NE

act and
by temperature NT

act to the total number of emitters N are
separately given for the HTs. With increasing temperature,
the range as well as themean�values becomes smaller. For
polycrystalline Nb samples without any HT, higher � val-
ues of 2 to 4were observed [24]. This reduction of� byHTs

should be related to the decreasing of thickness dOx of
the natural insulating oxide layer which was confirmed by
XPS measurements on annealed Nb cavities [31]. It is well
known that already at moderate temperatures the oxygen
diffusion into the bulk Nb [11] and the oxygen desorption
as CO or CO2 [32] due to contamination layer lead to a
conversion of the insulatingNb2O5 layer into semiconduct-
ing NbO2 and conducting NbO layers. Finally, the insulat-
ing layer is completely removed after HTs above around
500�C [32]. This explains also the saturation trend of the
NT

act curve vs temperature of the HTs above 400�C. The
remaining number of emitters activated by the field even
after the HTs at 800�C is explained most probably by
thicker oxide layers in the defect regions and/or due to
presence of insulating particulates on the surface which
requires much higher fields for burning of the conducting
channels. For increasing temperature, therefore, more emit-
ters become activated by the HTand less by the field. These
considerations are also confirmed by the observation thatN
decreases with increasing oxide layer thickness [30].
A quantitative check of the effect of the different HTs on

the emitters is possible when the oxide layer thickness is
taken into account. In Fig. 11 the total N of HT-activated

FIG. 10. Field reduction factor � (left scale) and ratio of field-
(NE

act=N) and HT-(NT
act=N) activated emitters (right scale) on a

LG Nb sample.

FIG. 11. Emitter number density at different electric field
versus thickness of Nb2O5 (as derived from [32]).
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emitters obtained at the different Eact is plotted as a func-
tion of the oxide layer thickness. The first emission appears
at rather high fields (i.e. 160 MV=m) after slight reduction
of the oxide thickness after HT at 122�C. With decreasing
dOx, N increases even for lower electric fields. Slightly
different diffusion lengths and oxygen desorption rate for
different crystal orientation might also contribute to the
varying number of activated emitters in the three areas of
the LG Nb samples (Fig. 6).

One could expect additional enhancement of the FE
due to lowering of the work function of the surface
especially in the defect areas due to carbon contaminants,
e.g. a monolayer-thick NbC formed on the surface upon
cool-down from around 500�C to room temperature and,
subsequently, with the growth of a graphite layer due to
contamination by residual gas [32]. However, the carbon
concentration at room temperature is almost the same or
even less after the heating cycle. It means the carbon
contaminants should have most probably no effect on the
emitter activation. Segregation of such impurities in some
defect areas like in Fig. 9, bottom, might lead, however,
to new emitters. Detailed investigations of such defect
areas and particulates including composition evolution
would be essential for the full understanding of the
emitter activation process. This is, however, a very diffi-
cult experimental task and could not be realized within
the actual work.

Measurements of the work function of Nb with respect
to different crystal orientations and heat treatments might
be performed by applying intrinsic FE measurements as
it was done previously [16]. However, it is not applicable
for the actual studies as the method requires a superior
quality of Nb samples and can be performed only on
absolutely clean and defect-free Nb. The work function
measurements with this method have resulted in a rela-
tively big absolute measurement error of at least 17% to
27%, too.

It would be also interesting to investigate the activation
effect by further increase of the temperature of the HTs. If
the activation process is driven only by the niobium oxide
thickness, one should expect a saturation or decrease of the
emitter activation at temperatures above 800�C.

It was a common practice in the early days of SRF
cavities to anodize the inner surface to grow an oxide layer
with a thickness in the range of 0:1 �m [33,34]. It was
found that the anodic oxide film not only proved suitable as
a protective film, but also produced a considerable increase
in the quality factor and the critical magnetic field. It was
observed also that instabilities, caused mostly by FE ef-
fects and occurring occasionally upon increase the rf field,
are totally eliminated by the oxide film. The oxide layer
plays a crucial role for the FE as suggested by the actual
studies as well and, therefore, it should be considered to
apply the anodization to the actual SC cavities to mitigate
FE and allow further studies.

V. CONCLUSIONS AND OUTLOOK

It was shown that FE from particles and defects on
cleaned crystalline Nb surfaces relevant for SRF technol-
ogy can be activated not only by high electric field but also
by HTs which are usually applied to Nb cavities. A strong
increase of the emitter number density with temperature
has been observed which starts already after the rather
moderate final bakeout of the assembled cavities and might
be crucial for the achievable Eacc especially of the planned
ILC. The ratio of emitters activated by HTs increases
with temperature and seems to saturate at a certain level,
whereas the ratio of emitters activated by electric field and
the field reduction factor decreases. Moreover, the increase
of N with the activation field stays exponential after HTs
up to 400�C but becomes linear after HT at 800�C.
Enhanced FE at grain boundaries with steps of a few �m
has not been observed up to 160 MV=m. These observa-
tions support the MIM and MIV model as initial FE
mechanism of particles and surface defects, respectively.
Both depend strongly on the thickness of Nb surface oxide,
which disappears with temperature due to the increase of
oxygen diffusion into Nb and oxygen desorption.
More systematic FE investigations on Nb samples after

HTs at 120–400�C combined with intermediate SEM stud-
ies are foreseen for more detailed understanding of the FE
and activation mechanisms of particles and surface defects.
Coating of the surface of the actual superconducting cav-
ities with a thicker dielectric layer should also be consid-
ered for suppression of their parasitic FE load as long as the
resulting quality factor and quench field are not affected.
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