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Abstract

The performance requirements for next generation elec-
tron accelerators put ever increasing demand on the pho-
tocathode performance, where it fundamentally limits the
achievable beam quality. Metal photocathodes are limited
by their high work function and relatively low quantum ef-
ficiency, necessitating the use of high powered deep UV
lasers. Metal oxide thin film interfaces have been shown to
reduce the work function of the underlying metal photocath-
ode, whilst maintaining the ease of use, high durability and
fast response time. This leads to an improvement in quan-
tum efficiency and spectral response to desirable incident
laser sources. We present the characterisation of a thin film
yttria (Y,03) enhanced Au photocathode at various film
thicknesses. Quantum efficiencies were measured at 265 nm
along with surface compositions via X-ray photoelectron
spectroscopy.

INTRODUCTION

Next generation accelerators, such as, X-ray free elec-
tron lasers (XFEL) and ultrafast relativistic electron diffrac-
tion (UED) systems both require specialised photocathodes
to drive them. XFELs demand a high brightness electron
sources with a focus on relatively high beam currents. In
contrast, UEDs require high coherence, low beam emittance,
and short pulse width. In both cases, high quantum effi-
ciency (QE) and low intrinsic emittance is required. The
former allows for higher beam currents or reduces power
demand from the drive laser and the latter improves beam
brightness as poor beam emittance cannot be improved fur-
ther along the accelerator. These requirements highlight
the need for the investigation and characterisation of novel
photocathode materials. The photoemissive properties of
a photocathode are predominantly governed by the surface
properties, surface roughness and work function (WF), as
they strongly influence both the QE and intrinsic emittance.

It has been shown in recent years, by first-principles cal-
culations, that ultra-thin metal oxide films at the surface of a
metal photocathode can dramatically improve the QE[1, 2].
This is principally from work function reduction induced
by a strong dipole moment, which itself is brought about by
three main mechanisms: interfacial charge transfer, electro-
static compression and surface reconstruction mechanisms
[3]. Experimentally, it has been confirmed that an epitaxial
MgO film approximately one monolayer thick reduces the
WF of Ag(100) by around 1 eV. This WF reduction conse-
quently improves the QE and the spectral response of the
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underlying metal photocathode[4]. An additional benefit is
an improvement of the photocathode’s resistance to contam-
ination by gases, which its surface can be exposed to during
operation in a photoinjector.

In this work, we investigate a novel metal oxide enhanced
metal photocathode system, in the form of yttria (Y,0O3)
thin films grown on a gold (Au) photocathode. The QE at
265 nm is investigated with respect to the thickness of Y,053
film. X-ray photoelectron spectroscopy (XPS) was utilised
to confirm stoichiometry of the oxide thin film deposition
and to calculate the thickness.

EXPERIMENTAL DETAILS

Sample Preparation

A 15 mm diameter Au foil cathode was cleaned in situ
using cleaning cycles of Kr* bombardment at 5 keV beam
energy for 20 mins and annealing. Cleanliness of the cathode
was confirmed using XPS, showing no surface contaminants,
such as adventitious carbon and oxygen species. The Au
cathode was then subject to a series of Y,05 depositions
by ion beam sputtering deposition. In this method, a Y
target was sputtered with Kr* with a beam energy of 5 keV,
measuring a target current of 30 zA without any secondary
electron suppression. The Au cathode was positioned 30 mm
away from the target. Afterwards, O, was admitted into
the chamber to oxidise the yttrium film. XPS spectra and
quantum efficiency measurements were acquired between
deposition cycles.

Surface Characterisation

XPS spectra were acquired using a non-monochromated
Al Kea x-ray source and a Thermo Alpha 110 hemispherical
analyser. The analyser transmission function was determined
experimentally using the technique described by Ruffiuex et
al. [5], and the effective WF of the analyser was calibrated
using the Fermi edge of Ag. Survey and core region spectra
were acquired with a pass energy of 50 eV and 20 eV respec-
tively. XPS data analysis was conducted using the CasaXPS
software package [6].

Quantum Efficiency Measurements

QE measurements were taken using a 265 nm (FWHM
13 nm) LED with a power of 0.3 mW incident to the sample
surface, measuring the drain current of the sample under a
high voltage extraction electrode.
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Figure 1: XPS core region spectra of: Au 4f, O Is and Y 3d, corresponding to a total deposition time of 155 minutes.

EXPERIMENTAL RESULTS

The Au substrate was chosen due to its chemical stability
and robustness when exposed to oxygen during the deposi-
tion cycles, which could have potentially led to degradation
of QE in typically used metal photocathodes, such as, cop-
per. After cleaning cycles the QE of the Au foil, at 265 nm,
was measured to be 1.02 x 107>, Once the baseline was
established, Y,0O5 was deposited in four subsequent depo-
sitions of lengths: 5, 30, 120 and then 60 mins. Figure 1
shows the XPS spectra for the Au4f, Y 3d and O 1Is core
regions after a total deposition time of 155 mins, the final
deposition where the Au 4f is still observable. As expected,
the Au 4f spectrum (figure 1a) is unchanged throughout the
deposition process with no observable change in full-width
half maximum (FWHM) of the fitted components or shift
in binding energy (BE). The Y 3d (figure 1b) core region
displays two components corresponding to the Y 3ds, and
Y 3d3,, due to spin-orbit splitting. The BE of the Y 3ds,,
was measured to be 157.2 eV, in agreement with literature
values for Y,03[7]. No components at a lower BE corre-
sponding to metallic Y were observed suggesting an oxide
film.

Table 1 shows the atomic percentages of the Au, Y and O
using XPS after each deposition and the calculated thickness
of the Y, O5 film using using the thickogram method outlined
by Cumpson [8]. Figure 2 displays the QE of the Au as a
function of the thickness of the Y,Oj film is shown. After a
deposition length of 5 min an incomplete film was deposited,
this still resulted in a QE increased by over a factor of 3. At
around a monolayer thick (1 nm) the QE increased by a factor
of 4 compared to the clean Au foil. The final two depositions,
with thicknesses calculated to be 3 nm and 6 nm, results in
a QE lower than the Au foil. This suggests an increase in
the Y, O35 film thickness above a few monolayers leads to a
decrease in the QE, below that of the clean Au.
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DISCUSSION

As shown in Tablel, the atomic concentrations derived
from the core region spectra of the XPS suggests that the de-
position method employed did not result in a stoichiometric
oxide film with a slight amount of excess Y present, which
could be, in the form of metallic Y or sub-oxides. This is
due to fact the Y was oxidised after ion beam deposition and
not during. This may have resulted in a small contribution to
the QE from any metallic Y present. However, as discussed
previously, the Y 3d core region (figure 1b) has no observ-
able metallic component and therefore the excess Y must be
below background levels detectable in our XPS system.

In terms of photocathode performance, we observed a
significant increase in QE at 265 nm with the inclusion of
the ultra-thin Y, O3 film. After a total deposition length of
35 mins (around 1 nm), we achieved a factor of four increase
in the QE relative to the clean Au photocathode. Increasing
the thickness of the Y,0O3 film above 2.5 nm resulted in
a reduction in QE, lower than the clean Au photocathode.
Since photoemission is occurring at the Au photocathode,
as the thickness of the Y,Oj film increases the probability
of photoemitted electrons escaping through the Y,O5 to
vacuum decreases. This results in a lower QE which counters
the decrease of the WF reduction occurring at the Au/Y,0O5
interface.

CONCLUSION

In this paper, we have investigated a novel photocathode
system. We have experimentally shown that the inclusion
of a ultra thin Y,O5 film about a few monolayers results
in a QE enhancement of the underlying Au foil. A further
increase in thickness hinders the QE. This is in agreement
with previously discussed work, where the surface dipole
induced at the metal oxide metal interface results in a WF re-
duction, improving the the photoemission response to higher
wavelengths and QE at the at the same wavelength. This
significant improvement in the QE and the robust nature of
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Figure 2: Measured quantum efficiency of a Au photocathode with respect to the deposited Y,Oj5 film thickness.

Total XPS Y,05
Deposition Au4f Y3d O1ls  Thickness
[mins] [at %] [at %] [at %] [nm]

0 100 0 0 -

5 73 13 14 0.3
35 41 29 30 1.1
155 16 43 41 2.8
215 0 57 43 >6

Table 1: Atomic percentages of each element present ob-
tained through XPS and the calculated thickness of the Y,05
after each deposition run.

both Y,05 and Au opens an avenue of research into ultra
thin Y,Oj film enhance metal photocathodes as a candidate
for future photocathode applications

FUTURE WORK

Further characterisation of these photocathodes is
paramount to fully understand the photoemissive proper-
ties observed. In situ ultraviolet photoelectron spectroscopy
is required to determine the change in WF and the result-
ing spectral response observed due to the inclusion of the
oxide thin film. Futhermore, characterisation of the mean
tranverse energy ascertaining the intrinsic emittance of the
photocathode which requires a specialised measurement
systems, such as the tranverse energy spread spectrometer
located at Daresbury Laboratory.
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