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Abstract. Comprehensive investigations of the electron field emission (FE) properties of annealed single
crystal and polycrystalline molybdenum plugs, which are used as substrates for actual alkali-based photo-
cathodes were performed with a FE scanning microscope. Well-polished and dry-ice cleaned Mo samples
with native oxide did not show parasitic FE up to a field level of 50 MV/m required for photoinjector cavi-
ties. In situ heat treatments (HT) above 400 ◦C, which are usual before photocathode deposition, activated
field emission at lower field strength. Oxygen loading into the Mo surface, however, partially weakened
these emitters. X-ray photoelectron spectroscopy of comparable Mo samples showed the dissolution of the
native oxide during such heat treatments. These results reveal the suppression of field emission by native
Mo oxides. Possible improvements for the photocathode preparation will be discussed.

1 Introduction

Molybdenum is often used in fundamental research and
industry, e.g. as substrate for high quantum efficiency
semiconductor photocathodes like Cs2Te or CsK2Sb [1–5].
These are utilized for the generation of high brightness
electron beams in normal conducting as well as supercon-
ducting [6] radio-frequency (SRF) photoinjector cavities.
Operation at high electric fields on the cathode surface is
required to obtain a low electron beam emittance, thus
increasing the probability of field emission (FE) from the
cathode surface. Such photoinjectors, however, often suf-
fer from dark currents due to parasitic FE, which limit
the electric field on the photocathode surface to about
20 MV/m [7–9]. Usually, only the center of the Mo plug is
coated with the photocathode material to reduce the pro-
duction of an unwanted beam through stray laser light.
Hence substrate material is also exposed to the RF field
and parasitic FE can limit the performance of the injec-
tor cavity. Usually, the Mo substrate is heated in situ over
400 ◦C before the photocathode deposition to release
absorbed gases and dissolve the native oxide layer [1,10],
which might activate FE similarly as for Nb [11]. There-
fore, FE from Mo must be investigated and prevented.

The interest in Mo is beyond the cathode preparation.
For example, the compact linear collider (CLIC) is very
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demanding in terms of the peak surface field and requires a
peak field of 243 MV/m with low FE and breakdown rate.
It was proposed to use Cu accelerator cavities with refrac-
tory metal irises, and surface fields up to 420 MV/m were
achieved in such 30 GHz structures [12]. Comparative dc
spark measurements on Cu and Mo samples confirmed
increased breakdown fields and decreased field enhance-
ment factors [13–15]. Nevertheless, the origin of FE and
its dependence on heat treatments (HT) remained unclear.

Mo is also used as a carrier for GaAs photocathodes,
which are e.g., used for the generation of polarized elec-
tron beams in a 100 keV [16] or an unpolarized electron
beam in a 500 keV [17,18] dc gun. Similar to our appli-
cation, the GaAs-photocathode on a Mo plug is heated
to about 550 ◦C to remove oxides and carbon contami-
nations from the photocathode surface prior to the final
in situ activation of the GaAs surface to negative electron
affinity and transfer into the gun cavity.

Systematic investigations of various electrode materi-
als like molybdenum, titanium and stainless steel revealed
that a combination of a molybdenum cathode and a tita-
nium anode provides the best FE performance for high
field dc electron guns [19]. Therefore, Mo electrodes are
used for example in a 40 keV spin-polarized transmission
electron microscope [20].

For all of these applications, a deep understanding of
FE from the naturally oxidized or heated Mo surface is
required. Therefore, we have systematically investigated
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(a)

(b)

Fig. 1. Surface quality of the single crystal Mo sample mea-
sured by a white-light interferometer (a) and AFM (b). Mea-
surements were performed prior to dry ice cleaning.

the FE from Mo before and after HT. Additionally, X-ray
photoelectron spectroscopy (XPS) of similarly heated Mo
surfaces was used to reveal the actual oxide structure.

2 Experimental details

2.1 Mo samples

Two Mo samples with a diameter of 10 mm and a rounded
edge with r ∼ 0.3 mm were investigated. Such Mo plugs

are used as substrates for semiconductor photocathodes in
SRF injector cavities [21,22]. A single crystal Mo sample
was mechanically polished to a RMS surface roughness
in the flat part of about Sq < 2 nm and peak-to-valley of
St < 40 nm as measured by a white-light interferometer on
a view field of 235 μm2 and a Sq < 1 nm as measured by an
atomic force microscope (AFM) in non-contact mode on a
view field of 25 μm2 (Fig. 1). A polycrystalline Mo sample
was polished to a Sq of about 3 nm. Both samples were
first cleaned with ionized nitrogen (SIMCO, PG-5) and
then by dry-ice cleaning (DIC, CryoSnow, SJ-10) under
ISO class 2 cleanroom conditions. It is remarkable that
the single crystal sample received only one times DIC for
5 min, but the polycrystalline sample three times DIC for
altogether 15 min. Finally, the samples were protected by
a DIC Teflon� cap (2 min) to avoid any surface damage
or dust contamination during transport.

2.2 Field emission scanning microscope (FESM)

The FE properties of the Mo samples were investigated
in the FESM (see Fig. 2) at a vacuum pressure of about
10−7 Pa as described in detail elsewhere [23]. At first, each
sample was tilt-corrected with respect to the truncated
cone anode of 300 μm in diameter to achieve a constant
gap Δz of at least 50 μm and correspondingly constant
macroscopic electric field E = V/Δz within ±10% over
the flat part of the plug. Then all emitters which generate
a FE threshold current I of 1 nA up to the given maximum
voltage Vmax were localized by means of PID-regulated
scans V (x, y) for a step width of Δx = Δy = 150 μm.
Accordingly, emitter distribution maps with 67×67 points
for a scan area of 1 cm2 were obtained at a given Emax of
50 or 100 MV/m. All data were taken and recorded by a
LabVIEW�-based software.

Guided by these maps local V (z) and I(E) measure-
ments were carried out to calibrate the actual onset field
Eon for 1 nA as well as to get the field enhancement factor
β and the effective emitting area Ae of the emitter by a
fit to the modified Fowler-Nordheim (FN) equation [24]:

I = Aea (βE)2 ϕ−1t−2
N exp

(
−bϕ1.5νN (βE)−1

)
. (1)

Fig. 2. Schematic view of the FESM.
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Fig. 3. Temperature profile during heat treatment (HT) up to
600 ◦C with linear ramp (I), annealing time (II) and natural
cool down (III).

For I in A, Ae in m2, ϕ in eV (was set to 4.3 eV for
Mo), and E in V/m, a = 1.54 × 10−6 A eV V−2 and
b = 6.83 × 109 eV−1.5 V m−1 are constants, tN and νN
are tabulated dimensionless functions of ϕ and E [25,26],
which were set to 1 for simplicity. It should be noted, that
equation (1) assumes a single emitter and is not valid for
a large area surface with several emitting sites.

For the in situ HT of the Mo samples a resistively
heated furnace in the preparation chamber of the FESM
was used at about 10−5 Pa (see Fig. 2). Its temperature
is measured with a thermocouple Pt10Rh-Pt and regu-
lated with a PID controller (JUMO cTron 04). A typical
temperature profile of a HT is given in Figure 3.

Most of the emitters were finally investigated by means
of ex situ high resolution scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX).
By means of marks on the sample holder, the relocaliza-
tion of an emitter region is possible within a precision of
about 500 μm.

2.3 X-ray photoelectron spectroscopy (XPS)

The oxide structure of a comparable polycrystalline Mo
sample of 99.9% purity was investigated by means of XPS
at the Russian-German beamline of the synchrotron radi-
ation source BESSY II [27]. The XPS spectra were taken
at an incident photon energy of 650 eV and at a base
vacuum pressure of about 4 × 10−8 Pa. A high resolution
hemispherical energy analyzer PHOIBOS 150 (SPECS)
was used to reveal the XPS spectrum of the Mo 3d level,
which is very sensitive to oxide contaminations.

3 Results and discussion

3.1 FESM maps

In order to investigate the role of the natural oxide on the
FE properties of Mo, six FE scans were performed on the

(a)

(b)

(c)

Fig. 4. FE maps up to E = 50 MV/m of the single crystal Mo
sample after HT at 500 ◦C (a) and 600 ◦C (b) and of the much
better cleaned polycrystalline sample after HT at 600 ◦C (c).

whole area of the single crystal sample up to 50 MV/m
which is a reasonable peak surface field for SRF cavity
operation, i.e., as received and after HT at 200, 300, 400,
500 and 600 ◦C for about 1 h. No FE was observed after
HT up to 400 ◦C, but 19 (26) emitters occurred after HT
at 500 (600) ◦C as shown in Figures 4a and 4b. It is
remarkable that a major part of these emitters are
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(a)

(b)

Fig. 5. FE maps of the polycrystalline Mo sample up to E =
50 MV/m after prompt venting of the vacuum chamber with
O2 (a) and after additional HT at 600 ◦C (b).

located near the edge of the sample, thus indicating a
worse surface quality of the rounded edge. There are
three strong emitters after the HT at 500 ◦C with
Eon ∼ 20 MV/m, which is relevant for the applications
in RF cavities.

A comparable polycrystalline Mo sample was also step-
wise investigated which, however, received a more careful
preparation by longer DIC. Accordingly, no emitter was
found in the FE maps up to 50 MV/m of the unannealed
sample as well as up to HT at 500 ◦C, and a weak emitter
(Eon = 49 MV/m) occurred after HT at 60 ◦C (Fig. 4c)
but disappeared during the following local measurements.
In order to get more emitters for the systematic study of
the effect of oxide on FE, this Mo sample was exposed
to 1 atm of oxygen gas from a bottle by prompt vent-
ing of the preparation chamber of the FESM without any
effort for dust prevention. As expected, some μm-size par-
ticulates were observed on the Mo surface by means of
the long-range optical microscope with CCD-camera
(see Fig. 2). Nevertheless, the resulting FE maps in
Figure 5a showed only two emitters up to 50 MV/m
which became significantly stronger after HT at 600 ◦C
(Fig. 5b).

(a)

(b)

(c)

Fig. 6. FE maps of the polycrystalline Mo sample up to
E = 100 MV/m after HT at 600 ◦C (a) and after different
reoxidation steps with O2 pressure: p = 105 Pa at 25 ◦C (b)
and p = 1 Pa at 400 ◦C (c).

Finally, this polycrystalline Mo sample was scanned
up to 100 MV/m to enhance its FE significantly. Beside
both formerly present emitters, about 18 additional ones
with Eon values of 30–90 MV/m could be activated now as
shown in Figure 6a. It is remarkable that some new emit-
ter show rather low values for Eon now. This well-known
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(a)

(b)

(c)

Fig. 7. Fowler-Nordheim plot of the activated emitter marked
in Figure 4b (a) after HT at 500 ◦C (Eon = 29.5 MV/m,
β = 133, Ae = 2.1×10−3 μm2) and 600 ◦C (Eon = 25.3 MV/m,
β = 114, Ae = 8.65 × 10−1 μm2). The SEM image (b) and
EDX spectrum (c) around the emission region revealed Ba
particulates.

activation effect for field emitters is usually explained by
the creation of conducting channels in the insulating oxide
layer [11,28].

Therefore, this sample was well-suited to look for the
reverse oxide effect, i.e., a suppression of FE by a thicker

Fig. 8. Least square fit parameters Ae versus β of measured
FN-plots for the strongest emitters in Figure 4 for a work func-
tion ϕ = 4.3 eV.

oxide which was realized in the preparation chamber of
the FESM by two steps: at first a slow venting over 1 h to
1 atm with filtered oxygen and then by a HT at 400 ◦C
and 1 Pa for 0.5 h. As expected, some weak emitters dis-
appeared in the maps (Figs. 6b and 6c), and most of the
others were significantly weakened.

Based on these FESM maps of both samples, there is
already a statistical evidence for the enhancement of FE
by dissolution of the insulating oxide as well as the sup-
pression of FE by the native or in situ grown Mo oxide.
More challenging, however, remains a study of the accord-
ing change of the FE from individual emitters.

3.2 Characterization of single emitters

The I-V curves of most of the emitters found on the single
crystal Mo sample (see Figs. 4a and 4b) were measured
after HT at 500 and 600 ◦C. Moreover, SEM images and
EDX spectra were ex situ taken in the emitter regions.
In Figure 7, a typical example for the strengthening of
a field emitter by HT at the higher temperature is given
which is most probably a particulate with Ba content.
Beside the 15% reduced Eon value, the resulting FN para-
meters of this emitter hint for an increased size of Ae

rather than for a higher β value.
Similar results were obtained for most emitters on this

sample, i.e., nearly stable FN-like I-V curves with slightly
changed fit parameters which are summarized in Figure 8.
Obviously, their effective emitting area Ae becomes larger
on average, while the range of β values remains unchanged.
It is remarkable that a few emitters yielded much higher
unreasonable Ae > 104 μm2 which hint for resonant tun-
neling effects [29] due to adsorbates [30] or thin oxide
layers [31]. Moreover, careful SEM studies revealed only
particulates as origin of the parasitic FE, and no surface
defects were found on the well-polished Mo surface.

Local measurements of the strongest emitters were
also performed on the polycrystalline Mo sample after

21301-p5



The European Physical Journal Applied Physics

(a)

(b)

Fig. 9. SEM image (a) and EDX spectrum (b) of a non-
emitting particulate, which occurred on the surface after
prompt venting with O2.

all the three steps shown in Figure 6. Similar results in
terms of stable I-V curves and FN fit parameters were
obtained. Due to the prompt venting, however, much
more particulates than emitters were found in the SEM
images, most of which did not emit (e.g., Fig. 9). There-
fore, further correlation studies between FE properties
and morphology of these emitters were not possible for
this sample.

3.3 X-ray photoelectron spectra

It is commonly known that formation of the oxides on the
surface can significantly affect FE properties and particu-
larly suppress FE [11,32]. To investigate the influence of
HT on molybdenum oxides we used XPS, which is very
sensitive to the chemical state of the surface. The shape
of Mo 3d spectrum prior to HT reveals besides
metallic molybdenum the presence of conducting MoO2,
semiconducting MoO3 (energy gap of 3 eV and a work
function of 6.9 eV [33]) and nonstoichometric MoOx

Fig. 10. Mo 3d photoemission spectrum prior to HT with
deconvolution and corresponding fit curves.

Table 1. Estimated weights of individual oxides and thickness
of the total Mo oxide layer.

Treatment f (MoO2) f (MoO3) h (nm)
As received 0.11 0.33 3.5

100 ◦C 0.14 0.11 2.7
300 ◦C 0.14 0.05 1.9
400 ◦C 0.00 0.00 1.1

oxides (Fig. 10). After deconvolution of the spectrum the
weight of each component f is obtained as a ratio of the
area under the corresponding peak to the total area of the
spectrum.

After the XPS measurement the sample was moved
into a preparation chamber for a HT. Four treatment
cycles were performed in situ with increasing temperature
of 100, 300, 400 and 600 ◦C for 1 h. After each treat-
ment step the sample was transferred back into the ana-
lyzing chamber for the XPS measurement. The position
of the illuminated area remains unchanged. The weight f
for MoO3 reduces from ∼0.33 for the unannealed sample
to 0.05 after HT at 300–600 ◦C (see Tab. 1). After HT
at 400 ◦C the molybdenum trioxide layer is dissolved into
the bulk (Fig. 11). After the last HT at 600 ◦C all
Mo oxide correlated peaks disappeared, indicating that
the oxide film was removed completely. The thickness
of the oxide layer can be estimated as:

h = −λ × ln(I/I0), (2)

where λ is the electron inelastic mean free path (IMFP)
in the oxide layer, I and I0 are the intensities of metallic
component in the XPS spectra with and without oxide
layer, respectively. For MoO3 and an electron energy of
420 eV, λ ∼ 1.1 nm and for other oxides IMFP is nearly
the same [34]. Therefore, the total oxide layer thickness
prior to HT can be estimated as h ∼ 3.5 nm (Tab. 1).
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Fig. 11. Mo 3d photoemission spectra after HT at 100 ◦C (a), 300 ◦C (b), 400 ◦C (c) and 600 ◦C (d).

4 Conclusion

Insulating oxides naturally present on well-polished sin-
gle crystalline as well as polycrystalline Mo samples pre-
vent parasitic FE up to 50 MV/m. HT for about 1 h
above 400–500 ◦C, however, activate FE with Eon val-
ues as low as 20 MV/m especially from rough particulates
which are still present despite of DIC. Exposure of the Mo
surface to one atmosphere of pure oxygen or vacuum
annealing under partial oxygen pressure partially weak-
ened such emitters. Systematic XPS spectra after compa-
rable HT revealed the dissolution of MoO3 due to oxygen
diffusion into the bulk, thus explaining the enhanced FE
of in situ annealed samples. The preparation of semicon-
ductor photocathodes, however, requires an oxide-free Mo
surface. Selective removal of the oxide layer by a laser
with a short pulse length solely in the photocathode
region prior to the alkali-based material deposition might
be the right solution to prevent FE from the surrounding
naturally or artificially oxidized Mo substrates. Further
investigations of FE in the presence of such layers and its
influence on RF properties are required to improve the
brilliance of the electron sources.

This work is supported in parts by the German Federal
Ministry of Education and Research under Project number
05K13PX2, Land Berlin and grants of Helmholtz Association.
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