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ABSTRACT

Metal photocathodes are widely utilized as electron sources for particle accelerators for their ease of use, high durability, and fast
response time. However, the high work function (WF) and low quantum efficiency (QE) typically observed in metals necessitate the
use of high power deep UV lasers. Metal oxide ultra-thin films on metals offer a route to photocathodes with a lower WF and
improved QE while maintaining photocathode durability and response time. We show how the photocathode performance of an Ag
(100) single crystal is enhanced by the addition of an ultra-thin MgO film. The film growth and WF reduction of 1 eV are character-
ized, and the QE and mean transverse energy (MTE) are measured as a function of illumination wavelength. An eightfold increase of
QE is achieved at 266 nm without adding to MTE through additional surface roughness, and the resistance of the photocathode to O2

gas is greatly improved.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0124528

I. INTRODUCTION

Next-generation electron sources for particle accelerators place
increasingly stringent demands on the photocathode used for
initial charge generation. Photocathodes must show high quantum
efficiency (QE), low intrinsic emittance, fast temporal response,
and long lifetime. The intrinsic emittance is defined as the position
and energy spread of the photoemitted particle bunch in the three
orthogonal axes and the QE is defined as the ratio of the number
of electrons emitted to the number of incident photons. Depending
on the accelerators application, the photocathode requirements can
vary. For example, x-ray free electron lasers require high brightness
beams, while ultra-fast relativistic electron diffraction and micros-
copy requires high coherence, low beam emittance, and a very
short pulse width. In both cases, low intrinsic photocathode emit-
tance is required for high beam brightness as poor beam emittance

cannot be compensated for further along the accelerator.1

Consequently, the photocathode defines the lower limit of the
achievable beam emittance, thus highlighting the importance of the
photocathodes intrinsic emittance. Direct measurement of these
parameters, including comprehensive analysis, is therefore critical
as part of the development of new photocathode materials. The
photoemissive properties are predominantly governed by the
surface characteristics of the photocathode. The surface roughness
(ra) and the work function (WF) strongly influence both the QE
and intrinsic emittance.2

The intrinsic emittance is measurable as its mean transverse
energy (MTE). MTE is a photoemissive property of the cathode
which is dependent on multiple factors: the surface roughness of
the cathode,3 external field incident to the surface, and the excess
energy in the photoemission process. In an ideal case, where
surface roughness contribution is negligible, the MTE can be
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modeled by just the effect of the excess energy following the
Dowell–Schmerge approximation

MTE ¼ 1
3
(hν � f), (1)

where hν is the incident photon energy, f the photocathode WF,
and (hν � f) corresponds to the excess energy of the
photoelectron.4,5

Metal photocathodes are predominantly employed for their
ease of use, high durability, and fast response time. However, the
high WF and low QE typically observed in metals necessitate the
use of high power deep UV lasers, involving harmonic conversions
and pulse shaping; such optical requirements add complexity and
cost.6 First-principles calculations have shown that metal oxide
films on metals can produce a surface with a lower WF.7,8 This sig-
nificant WF reduction is induced by a strong dipole moment at the
metal oxide/metal interface. The dipole moment has been shown to
have three contributing factors: interfacial charge transfer, electro-
static compression, and surface reconstruction mechanisms.9 This
has also been demonstrated experimentally with ultra-thin MgO
films on Ag(100).10

MgO is a wide bandgap material (7.8 eV) with a high photon
transmission all the way to deep UV wavelengths. Thus, an ultra-
thin MgO film has the potential to reduce the WF of the metal
photocathode while impeding neither UV photon absorption in
the underlying metal nor low energy electron emission into the
vacuum. Such a WF reduction should increase the QE across the
mid-UV spectrum. Coupled with its high thermal and chemical
stability,11 MgO also has the potential of increasing the robustness
of the photocathode by preventing degradation of the more reactive
underlying metal surface through contamination by residual
vacuum gases.

This latter property is likely to be important for photocath-
odes operating at high pressure, for example, in gaseous electron
multiplier (GEM) structures.12,13 A robust photocathode with good
QE in the mid-UV range would be suitable for a range of sensing
applications, such as water quality monitoring.14 The lifetime of an
oxide-terminated photocathode in a sealed GEM cell should be
greatly improved over a more reactive surface.

In this work, we demonstrate all of these attributes for ultra-
thin MgO films grown on clean Ag(100) single crystal surfaces. A
reduction of WF close to 1 eV was achieved, corresponding to an
increase of QE by a factor of 8 at 266 nm. The increase of MTE was
minimized since the surface roughness of the photocathode was
not worsened by MgO film growth, and the MgO/Ag(100) photo-
cathode was more resistant to QE degradation on exposure to
oxygen.

II. METHODS

Sample preparation and in situ characterization were carried
out in a customized VG multiprobe ultra-high vacuum (UHV)
system, with a base pressure of 3�10�9 mbar. This characterization
included QE measurement, x-ray and ultraviolet photoelectron
spectroscopy (XPS, UPS), and low energy electron diffraction
(LEED). Ex situ investigation included atomic force and lateral

force microscopy (AFM, LFM) in ambient air, and MTE measure-
ments in a separate system via UHV suitcase transfer.

A. Sample preparation

A 6mm diameter Ag(100) cathode was supplied by Surface
Preparation Laboratory (Netherlands), polished to a ra , 30 nm.
The crystal was cleaned in the UHV system using cycles of 2 keV
Arþ bombardment and annealing at 600 �C.15 The MgO ultra-thin
film was deposited by the thermal evaporation of Mg from a cali-
brated Knudsen effusion cell with the Ag crystal in an O2 partial
pressure of 5� 10�7 mbar. The Ag crystal temperature (Ts) was
300 K during deposition.

B. Surface characterization

XPS spectra were obtained using a non-monochromated Al
Kα x-ray source (1486:7 eV) and a Thermo Alpha 110 hemispheri-
cal electron energy analyzer. The analyzer transmission function
was determined experimentally using the technique described by
Ruffieux et al.,16 and the effective WF (4.26 eV) of the analyzer was
calibrated using the Fermi edge of Ag. Survey and core region
spectra were acquired with a pass energy of 50 and 20 eV, respec-
tively. XPS data analysis was conducted using the CasaXPS software
package.17 UPS spectra was obtained for the MgO/Ag(100) film,
using a He discharge lamp (21:2 eV), extracting the work function
by measuring the low kinetic energy cutoff and the Fermi edge.
Ex situ AFM and LFM measurements were conducted in ambient
air. Both contact (LFM) and peakforce tapping (roughness) mode
measurements were conducted on a Bruker Dimension Icon after
all previous work was conducted.

C. Photoemissive characterization

Absolute QE (QEab) measurements were made in the multip-
robe chamber using a Crylas FQSS Q4 266 nm, 1 kHz pulsed laser
source coupled with a �3 beam expander and 2mm circular aper-
ture, and then a 2.0 OD reflective filter yielding an optical power of
1.16 μW illumination on the sample. A high voltage extraction elec-
trode was placed close to the sample and a lock-in amplifier was
used to measure the total yield photocurrent, thus extracting the
true photocurrent, with an error of +7%, free from DC back-
ground and with reduced noise.

Once prepared and characterized, the photocathode samples
were transferred to the transverse energy spread spectrometer
(TESS) under ultra-high vacuum (UHV) conditions (,10�10 mbar)
via a vacuum suitcase transfer. TESS captures the photoemission
footprint of a photocathode under illumination from deep-UV to
infrared wavelengths.18 The transverse energy distribution curve
(TEDC) is extracted from the photoemission footprint, and the
mean transverse energy (MTE) was determined from the
TEDC.19,20

III. RESULTS

A. Surface characterization

The cleanliness and crystallinity of the Ag(100) surface were
confirmed using XPS and LEED. After the final cleaning cycle, XPS
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spectra showed a surface free from contaminants with oxygen and
carbon not present on the surface. The Ag 3d peak positions
(Table I) closely agreed with reference values.21 Auger parameters
for Ag are also displayed and compared to reference values, to
check for potential surface charge effects introduced by the MgO
insulating film deposition. The modified Auger parameters out-
lined by Gaarenstroom and Winograd.22 are calculated for Ag as
follows:

a1 ¼ Eb þ Ek5,

a2 ¼ Eb þ Ek4,

where Eb is the binding energy (BE) of the Ag 3d5=2 core region
and Ek5,k4 are the kinetic energies of the Ag M5N45N45 and Ag
M4N45N45 Auger peaks, respectively. The clean Ag Auger parame-
ters (Table I) were also in close agreement with reference data.21

Surface crystallographic ordering was confirmed by a sharp (1� 1)
LEED pattern: such a pattern at electron energy of 140 eV is shown
in Fig. 2(a).

After MgO film deposition, a slightly more diffuse (1� 1)
LEED pattern with identical spot spacing was observed [Fig. 2(b)].
The expected Mg and O peaks appeared in XPS, with the Ag sub-
strate peaks still intense. These results are consistent with either
(a) MgO islands on Ag, (b) an ultra-thin amorphous MgO film or
(c) an ultra-thin epitaxial MgO film. Because the LEED spots
remains clear and distinct down to low electron energies (below
70 eV), with similar intensity on both clean and MgO-covered sur-
faces, we discount (b). A typical AFM topograph is shown in
Fig. 3(a). The whole surface is densely decorated with flat islands of
lateral size several tens of nm and average height around 0.5 nm.
The curved line with two cusps is a surface step-bunch on the Ag
substrate (average height 2 nm). The density of islands is higher at
edge of the upper terrace, which we suggest is caused by the
Erlich–Schwoebel barrier23–25 for Mg atoms migrating on the Ag
surface during growth, leading to higher nucleation density on the
upper edge of the step bunch.26 The overall surface coverage by the
islands is approximately 80%. A typical LFM image is shown in
Fig. 3(b). The color scale represents lateral force, which depends on
the frictional properties of the material with which the AFM tip is
in contact. Height contours are overlain on this image (black is
low, white is high). There is a strong correlation between the fric-
tional force and the height, which shows that the islands have dif-
ferent frictional properties to the “valleys.” The simplest
explanation is that the islands are MgO and some Ag substrate
remains uncovered. We therefore discount option (c) and conclude
that the deposition protocol has resulted in 80% coverage of

TABLE I. Peak fitting parameters for the core region spectra from the substrate
before and after MgO film deposition. The Auger parameters are also shown.

Core region
Peak position

(eV)
FWHM
(eV)

Substrate Ag 3d5/2 368.1 1.3
Ag 3d3/2 374.1 1.3

Auger
parameter

a1 725.7 …

a2 720.7 …

Thin film Ag 3d5/2 368.1 1.16
Ag 3d3/2 374.1 1.16
Mg 1s 1303.9 1.78
O 1s
(MgO)

530.3 1.9

O 1s (H2O) 532.9 2.9
Auger
parameter

a1 725.7 …

a2 720.7 …

FIG. 1. XPS core region spectra of (a) Ag 3d, (b) Mg 1s, and (c) O 1s after deposition of the MgO film. Fitted components are distinguished by color.
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epitaxial MgO islands with monolayer or few-monolayer heights.
The epitaxial strain for MgO on Ag is 3.1% so the film could be
partially relaxed, leading to the more diffuse LEED pattern. This
incomplete coverage may also explain the lower WF shift observed,
compared to the predicted �1.16 eV,8 owing to UPS measuring the
average WF value over the sampling area. This growth mode is
consistent with the work of Ouvrard et al.,27 where deposition at
low temperatures (around 373 K) resulted in a high density of MgO
islands due to the small surface mobility.

The Ag 3d spectrum shown in Fig. 1(a) comprises a single
doublet component and indicates that there was no formation of
Ag (sub-) oxide in the substrate. The Mg 1s XPS spectrum, shown
in Fig. 1(b), likewise displays one distinct peak at the BE of
1303.9 eV: this is consistent with MgO, agreeing with previously
reported data.28 The lack of a component at 1303 eV strongly sug-
gests that there is no metallic Mg present. The asymmetry of the
Mg 1s peak we can attribute to inelastic losses from multiple
surface phonon excitation, rather than any chemically shifted

FIG. 2. (1� 1) LEED patterns at electron energy of 140 eV before (a) and after (b) ultra-thin MgO film deposition.

FIG. 3. (a) 0.5 � 0.5 μm2 AFM topograph. (b) 100 � 100 nm2 LFM image overlaid with a contour height map (0.3, 0.6, 0.9, and 1.2 nm represented by black and increas-
ingly lighter gray lines, respectively). Vertical scale represents the lateral force.
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components (a full discussion of this effect will be given in a future
paper). Conversely, the O 1s region has two components, shown in
Fig. 1(c). The more prominent peak with a BE of 530.3 eV is
assigned, using reference spectra,29 to be the MgO contribution.
The smaller peak with a BE of 532.9 eV is from oxide contamina-
tion in the form of adsorbed H2O. Altieri et al.

30 showed that MgO
films have a high chemical activity toward H2O dissociative chemi-
sorption. The source of the H2O is most likely during the introduc-
tion of the O2 during Mg deposition since the gas line cannot be
thoroughly baked.

The thickness of the MgO layer was estimated to be
4.5 + 0.3 Å using the thickogram method outlined by
Cumpson,31 where the peak intensities of the Mg 1s (overlayer),

Ag 3d (substrate) and the attenuation length of electrons through
the overlayer at distinct kinetic energies are evaluated. Overall, the
XPS spectra suggest a stoichiometric MgO layer with a mean thick-
ness around 1.5 monolayers, which is consistent with the growth
mode data obtained from LEED and AFM/LFM.

B. Photocathode properties

Table II shows the measured work function of the MgO/Ag
(100) film photocathode, compared to the Ag(100) reference value
of 4:36+ 0:05 eV.32 The application of the MgO film induced a
significant reduction of 0:96+ 0:11 eV in WF to a measured value
of 3:40+ 0:10 eV.

As expected, the reduction in the WF has a significant effect
on the photoemissive properties of the Ag(100) photocathode.
First, QEab, Table II, for Ag(100) at 266 nm strongly agrees with
the theoretical value of 1.1�10�4 calculated by Camino et al.,33

and the introduction of the ultra-thin MgO film greatly increased
the QE by a factor of 8.4. The reduction in the WF will also
increase the excess energy in any photoemission event, as can be
seen in Eq. (1). This is shown in Fig. 4 where the measured MTE
for the bare Ag(100) photocathode and the MgO enhanced Ag
(100) photocathode under different illumination wavelengths are
presented. The MTE was measured at room temperature for both

TABLE II. Measured QEab measurements of the the Ag(100) substrate and MgO/
Ag(100) film. WF was measured for MgO/Ag(100) film and reference data was used
for Ag(100).

WF (eV) QEab

Clean Ag(100) 4.36 ± 0.05a 1.12 × 10−4

MgO/Ag(100) 3.40 ± 0.10 9.22 × 10−4

aReference 32.

FIG. 4. MTE measurements for the Ag(100) photocathode (green points) and MgO enhanced photocathode at room temperature (red points) and 175 K (blue points). The
red and blue dashed lines represent the MTE thermal floor, defined by kBT, at room temperature and at 175 K. The orange and purple line show the predicted MTE follow-
ing the model in Eq. (1).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 195303 (2022); doi: 10.1063/5.0124528 132, 195303-5

© Author(s) 2022

https://aip.scitation.org/journal/jap


samples and a second set of measurements were taken at 175 K for
MgO/Ag(100). All data points have an experimental error of
+10%.19 Overall, the data show the direct dependence of the MTE
on the excess energy and exhibit excellent agreement with Eq. (1).

At an incident wavelength of 266 nm (the third harmonic of a
Ti:Sapp laser commonly used to drive a photoinjector), the mea-
sured MTE increased from 105 to 426 meV when comparing the
room temperature measurements for Ag(100) and MgO/Ag(100).
When cryogenically cooled, MgO/Ag(100) showed a slight reduc-
tion to 420 meV. At threshold emission, a wavelength of 361 nm,
the sample demonstrated a MTE of 37 meV which reduced to
16 meV when cooled to 175 K. This is commensurate with the
minimum energy determined by the temperature of the system
(kBT), 25 meV and 15 meV at room temperature and 175 K, respec-
tively. The bare Ag(100) sample achieved a minimum value of
29 meV at a threshold wavelength of 286 nm. The data also demon-
strate a substantial broadening in the spectral response of the modi-
fied surface compared to the bare metal.

A degradation experiment was conducted in the TESS facility
where a typical poisoning gas, O2, was admitted into the vacuum
chamber to progressively degrade the photocathode in a controlled
manner. The chamber pressure increased from its base of
5� 10�11 to 6� 10�9 mbar, representing a partial pressure of
5:95� 10�9 mbar of O2. During exposure, the MTE and pressure
were monitored. A relative QE (QErel) measurement was extracted
by considering the photoemission footprint image intensity and
dividing by the calibrated gain parameters of the multi channel
plate, the measured average power, and the exposure time of image.

Figure 5 shows the measured MTE and QErel at 266 nm when
exposed to O2. The photocathode was exposed to around 79 L of
O2 gas which drove a drop of 17% drop in QErel . Oxygen exposure
also slightly reduces the MTE, from 400meV (clean) to 387 meV
(79 L). This trend, discernible despite the error bars, is expected as
the QE reduces.

IV. DISCUSSION

As previously discussed, the WF shift induced by one MgO
monolayer has been predicted to be around �0.94 eV7 and poten-
tially up to �1.16 eV.8 Experimentally, König et al.34 observed a
shift of �0.5 and �1.2 eV, when measured using Kelvin probe
force microscopy and field emission resonances, respectively. The
WF shift observed in our samples of �0:96+ 0:1 eV is within the-
oretical expectation and comparable to the reported values of
König et al.

The observed increase in QEab, at 266 nm, by over 8� relative
to Ag is a result of the reduction in the WF. Therefore, the increase
in the MTE relative to the bare Ag photocathode is also expected.
At threshold emission, both the bare Ag(100) and the MgO film
achieved minimum energy constrained by the thermal energy of
the system. Furthermore, cryogenically cooling the MgO enhanced
Ag photocathode to 175 K reduced the measured threshold MTE to
16 meV. This strongly indicates that the growth of the film did not
introduce additional surface roughness and is not contributing to
the MTE in a significant manner. This is consistent with the AFM
topography observed, where Ag step bunch heights and starting

FIG. 5. MTE and QErel degradation of the MgO-enhanced Ag(100) photocathode when exposed to O2.
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surface roughness are both are larger than MgO island heights of
1–2 monolayers.

When exposed to 13 L of O2, the MgO/Ag(100) photocathode
had a QErel drop of 6.2%. After a further 79 L, QErel fell by a total
of 16%. Previous work conducted on TESS by Soomary et al.35

investigated the stability of the same clean Ag(100) photocathode
using the same experimental setup. They observed a reduction of
6.2% in QErel after a much smaller exposure of 0.24 L. Our results
highlight the great improvement in inertness of the MgO-enhanced
photocathode. The unexpected decay of QErel by 16% can be attrib-
uted to reduced photoemission from the exposed Ag(100) due to
disordered adsorption of O2.

36 Increasing the coverage of the MgO
film should result in further improvements to the robustness of the
photocathode, but possibly causing a drop of QEab from electron
attenuation in thicker MgO islands. Optimization of the film
growth recipe could allow fuller coverage of ultra-thin MgO.

V. CONCLUSION

We have shown experimentally that the inclusion of an ultra-
thin MgO film dramatically enhances the photoemissive properties
of a Ag(100) photocathode. The MgO-enhanced photocathode
exhibited a WF reduction close to 1 eV relative to clean Ag(100), in
agreement with previous theoretical and experimental data.34

Furthermore, an increase in QE to 9:22� 10�4 at 266 nm was
observed, which is in line with theoretical predictions8 and a factor
of 8 increase relative to clean Ag(100). The WF reduction also
demonstrates its potential as a UV-A sensor with a measurable
photocurrent response at wavelengths below 360 nm. Finally, the
O2 degradation experiment also suggests the inclusion of the MgO
film enhanced the robustness of the photocathodes against gas
exposure, in turn potentially improving its operational lifetime of
in an accelerator environment.

The strong potential for MgO-enhanced Ag(100) photocath-
odes in a range of applications has been clearly demonstrated.
Further optimization of the MgO growth could improve surface
coverage without significantly increasing average MgO thickness or
surface roughness. Experiments on other low-index Ag surfaces
would also be valuable to compare with first-principles calculations
and to understand the effects of MgO on polycrystalline Ag.
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