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Abstract

Molybdenum can be used as a substrate for bi-alkali anti-

monide photocathodes utilized for the generation of high

brightness electron beams in superconducting radio fre-

quency (SRF) photoinjector cavities. Operation at high

field strength is required to obtain a low emittance beam,

thus increasing the probability of field emission (FE) from

the cathode surface. Usually, substrates are heated in situ

before alkali deposition to remove oxide layers from the sur-

face. FE on Mo substrates was measured by means of a field

emission scanning microscope (FESM). It turned out that

in situ heat treatment (HT) of the Mo surface significantly

changes the FE behaviour by activation of new emitters. For

a better understanding of the mechanism for enhanced emis-

sion after in situ heating a witness Mo sample was investi-

gated using x-ray photoelectron spectroscopy.

INTRODUCTION

The integration of a photocathode into the cavity with

low contribution to the dark current is one of the major

challenges for the development of SRF guns. It was demon-

strated that CsK2Sb cathodes with high quantum efficiency

can be grown on Si substrates [1]. However, large dielec-

tric losses of Si inhibit its implementation in the SRF guns.

Instead, Mo can be used as a substrate. Typically, only the

center of the substrate is coated with photocathode material

to reduce a production of an unwanted beam for example

through laser stray light. Hence substrate material is also

exposed to the RF field, for this reason we also want to un-

derstand and prevent FE from Mo. In this paper we describe

our studies of FE on Mo substrates and mechanisms leading

to enhanced FE.

EXPERIMENTAL DETAILS

The Mo sample with a diameter of 10 mm and a rounded

edge r ∼ 0.3 mm was mechanically polished to an 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 (magnification 20x, 235 μm2) and an rms

Sq< 1 nm as measured by an atomic force microscope in

non-contact mode on a view field of 25 μm2. The sample

was first cleaned with ionized nitrogen followed by dry ice

cleaning under ISO class 2 cleanroom conditions. Then the

sample was protected by a Teflon cap to avoid any damages

or dust contaminations during the sample transport to the

FESM [2]. After the sample was inserted into the load-lock
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chamber of the FESM, it was pumped down, the protection

cap was removed at a pressure of about 10−7 mbar, and the

sample was transferred into the analysing chamber with a

base pressure of about 10−9 mbar. Samples can be annealed

in the load-lock of the FESM up to 1200 ◦C.

FE measurements were performed over the entire surface

including the rounded edges. During the scan the applied

voltage is adjusted for a maximum of 1 nA emission current

to avoid emitter modification through the current condition-

ing. The field strength for a constant gap d between the

substrate and the anode tip is adjusted using a 10 kV power

supply. The gap is maintained using a XY Z-stage, which

consists of a stepper motor table and a piezo translator and

is controlled by a long-distance optical microscope and a

CCD video camera with an accuracy of about ±10 μm. In

general, the electric field depends on the anode shape, tip

radius and the gap. For the tungsten anode in the form of

a truncated cone of 300 μm in diameter and a gap of 50 μm

the field strength was estimated just as a ratio of the applied

voltage to the gap. Guided by the FE maps, local I (E) mea-

surements were carried out to characterize the emitters in

terms of the enhancement factor β and the onset field Eon,

which is defined as a field required for 1 nA emission cur-

rent. The resulting curves are fitted by the modified Fowler-

Nordheim (FN) equation [3]:

I = Aea (βE)2 φ−1t−2
N exp

(
−bφ1.5νN (βE)−1

)
, (1)

where I is the emission current (A), Ae is the effective

area of the emitter (m2), E is the macroscopic electric field

(V/m), φ is the work function (eV), a = 1.54·10−6 A eV V−2

and b = 6.83 · 109 eV−1.5 V m−1 are universal constants, tN

and νN are tabulated dimensionless elliptic functions, which

were set to 1. For the local measurements the gap is con-

trolled with higher accuracy than for the field map measure-

ments. For this purpose the anode tip is centered at the emis-

sion site, then the voltage required to keep the current con-

stant as a function of the gap is measured. An extrapolation

of the V (z) to the zero crossing yields an accurate measure

of the gap.

For a better understanding of the processes at the surface

and the role of the oxides a polycrystalline witness Mo sam-

ple with a purity of 99.9 % was investigated using x-ray

photoelectron spectroscopy (XPS) at the Russian-German

beamline of the synchrotron radiation source BESSY II [4].

The XPS spectrum of the Mo 3d level, which is sensitive to

the oxide contaminations, was measured at an incident pho-

ton energy of 650 eV. The base pressure in the analysing

chamber during the measurement was about 4 · 10−10 mbar.
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RESULTS AND DISCUSSIONS

A first FE map of the unnealed Mo sample was performed

at 180 MV/m about 1 week after the polishing. The major

part of the emitters was located near the rounded edges of

the sample and not on the flat surface, indicating a worse

surface quality of the edge. Nevertheless the lowest onset

field of 50 MV/m beyond the fields needed for SRF cavities.

Then the sample was heated at 100 ◦C for 1 h. After the sam-

ple naturally cooled down in the load-lock chamber, it was

transferred into the FESM chamber for further FE measure-

ments. Additional cycles were carried out at 200 ◦C, 300 ◦C,

400 ◦C and 600 ◦C in the same sequence.

Up to the HT at 300 ◦C distribution of emitters has barely

changed. The most dominant effect with many more emit-

ters both at the edge and in the flat region was observed after

HT at 400 ◦C, the number of the emitters has roughly dou-

bled (Fig. 1). The distribution of the emitters after the last

HT at 600 ◦C has slightly changed in comparison to HT at

400 ◦C, already activated emitters become stronger.

Figure 1: FE map of the single crystal Mo sample at maxi-

mum 180 MV/m after HT at 300 ◦C (left) and 400 ◦C (right).

In order to reduce FE, the sample was repolished and par-

ticular attention was paid to the edge. About two months

after the repolishing a field map was taken again at E =

50 MV/m, which is a reasonable peak surface field for SRF

cavity operation. No FE (<1 nA) was observed for the un-

nealed sample and after HT up to 400 ◦C. First emission

was observed after HT at 500 ◦C at Eon ∼20 MV/m, which

is relevant for the applications in SRF guns (Fig. 2). The dis-

tribution of the emitters after HT at 600 ◦C hardly changed.

Figure 2: FE map of the single crystal Mo sample at maxi-

mum 50 MV/m after HT at 500 ◦C (left) and 600 ◦C (right).

Prior to HT the strongest emitters yielded Eon = 60 −

135 MV/m and β = 35 − 125. The range of these values

became narrower after the final HT at 600 ◦C with Eon =

30 − 80 MV/m and β = 25 − 90. A typical example of the

locally measured curves is shown in figure 3.

Figure 3: Example of FN plots for an emitter after HT at

different temperatures.

Despite of slightly different behaviour of the various

emitters after HT the following conclusions can be drawn:

• Emission becomes more stable

• Onset field Eon slightly shifted to lower values.

Most of the local emitters were finally investigated by

means of scanning electron microscopy (SEM) and energy-

dispersive x-ray spectroscopy (EDX). The images of two

emitters are shown in figure 4. The EDX analysis of one

emitter reveals tungsten contaminations; its origin is not

completely understood, but it can not be excluded that some

material transfer from the anode to the cathode took place.

800 nm10kV 30000x

800 nm10kV 30000x

Figure 4: SEM images and EDX spectrum of an emitter

with Eon =60 MV/m (top) and Eon =70 MV/m (bottom).

It is commonly known that formation of the oxides on

the surface can significantly affect FE properties and partic-

ularly suppress FE [5]. To investigate the influence of HT

on molybdenum oxides we used XPS, which is very sensi-

tive to the chemical state of the surface. The shape of Mo 3d
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Figure 5: Mo 3d photoemission spectrum prior to the HT

with deconvolution and corresponding fit curves.

(a) (b)

(c) (d)

Figure 6: Mo 3d photoemission spectra after HT at 100 ◦C

(a), 300 ◦C (b), 400 ◦C (c), and 600 ◦C (d).

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 [6]) and

nonstoichometric MoOx oxides (Fig. 5). After deconvolu-

tion of the spectrum the weight of each component f is ob-

tained as a ratio of the area under the corresponding peak

to the total area of the spectrum. After the XPS measure-

ment the sample was moved into a preparation chamber for

a HT. Four treatment cycles were performed in situ with in-

creasing temperature of 100 ◦C, 300 ◦C, 400 ◦C and 600 ◦C

for 1 h, after each treatment step the sample was transferred

back into the analysing chamber for the XPS measurement.

The position of the illuminated area remains unchanged.

The weight f for MoO3 reduces from ∼0.33 for an unnealed

sample to 0.05 after HT at 300 ◦C (Table 1). After HT at

400 ◦C the molybdenum trioxide layer was removed com-

pletely (Fig. 6). 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 com-

ponent in the XPS spectra with and without oxide layer,

respectively. For MoO3 and an electron energy of 420 eV

IMFP ∼ 1.1 nm, and for other oxides IMFP is nearly the

same [7]. Therefore, the total oxide layer thickness prior to

HT can be estimated as h ∼ 3.5 nm (Table 1).

Table 1: Estimated Weights of Individual Oxides and Thick-

ness of the Total Molybdenum Oxide Layer

Treatment f (MoO2) f (MoO3) h

as received 0.11 0.33 3.5 nm

100 ◦C 0.14 0.11 2.7 nm

300 ◦C 0.14 0.05 1.9 nm

400 ◦C 0 0 1.1 nm

CONCLUSIONS

Preparation of bi-alkali antimonide photocathodes re-

quires an oxide-free substrate surface. An unannealed molyb-

denum substrate shows no FE up to a field strength of

50 MV/m. Nevertheless, HT of the surface at 400 ◦C (for

instance, the entire surface in the preparation chamber or lo-

cal heating in the gun cavity during the current processing)

switches on new emission sites and reduces Eon to about

20 MV/m, which is relevant for SRF cavities. Analysis of

the XPS spectra showed considerable reduction of the oxide

layer (inter alia MoO3) at this temperature. We assume that

molybdenum trioxide acts as a protection layer, which pre-

vents unwanted FE. Selective removal of the oxide layer for

example by irradiation with the excimer laser solely in the

cathode region prior to the alkali deposition might reduce

FE from the remaining substrate material.
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