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Abstract

Surface science measurement techniques such as x-ray

photoemission spectroscopy (XPS) and scanning tunnel mi-

croscopy (STM) can provide quantitative information about

the composition and the morphology of thin film samples.

We successfully transferred Cs-Sb samples from the growth

chamber to a surface science XPS/STM system by use of

an UHV suitcase and measured their properties. This will

allow to study the properties of photocathode films and ulti-

mately how to control the growth process to achieve the best

performances, including high efficiency, ruggedness and low

emittance.

INTRODUCTION

Photocathodes are the electron sources of choice for cut-

ting edge linear accelerator applications, such as free elec-

tron lasers (FEL) [1] and ultrafast electron diffraction (UED).

[2] The transverse momentum spread of the photoemitted

electrons is critical for these applications, since it determines

the shortest achievable wavelength in FEL and the coherence

lenght for electron diffraction. When high efficiency is re-

quired, alkali antimonide based photocathodes have demon-

strated to have excellent performance with visible light. [3]

At the same time, when operated at cryogenic temperatures

(90 K) and near the photoemission threshold (690 nm), they

provide electron beams characterized by very low intrin-

sic emittance, down to 0.17 μm/mm (i.e. the normalized

emittance per unit area, proportional to the rms transverse

momentum). [4] A limiting factor to achieving the lowest

possible intrinsic emittance has been identified in the sur-

face inhomogeinities of photocathodes, such as the surface

roughness and workfunction variations. [5, 6] The study of

the surface properties of this class of materials is limited by

their reactivity, that require the samples to be in ultra-high

vacuum (UHV) to avoid degradation and decomposition. X-

ray photoemission spectroscopy (XPS) has been a powerful

tool to characterize the composition and reactivity of alkali

antimonides, thanks to its particular sensitivity to the sur-

face composition. [7–11] Scanning probe techniques, such

as atomic force microscopy in UHV, have been employed

to characterize the morphology and roughness. [12] An-

other very powerful technique is scanning tunnel microscopy

(STM), that is typically performed in UHV and it is capable
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Figure 1: (a) schematics of the vacuum suitcase; (b) standard

growth puck (purple) with the adapter (light purple) holding

the Omicron sample holder (red). The sample (light yellow)

is held by a metal retaining plate and screws (light gray);

(c) multi sample carrier installed in the vacuum suitcase.

to achieve atomic-scale resolution. UHV suitcases are typi-

cally used to transport air-sensitive cathodes from the growth

system to the photoinjector. [11, 13] Here we use a vacuum

suitcase to interface the alkali antimonide growth system to

a standard XPS-STM surface science apparatus, using com-

mercially available sample holders and manipulation tools.

The first results on coupled STM and XPS measurements on

Cs-Sb thin film samples grown on different substrates are

presented.

EXPERIMENTAL

Film Growth and Transfer
Cs-Sb samples were deposited on (001) rutile TiO2 and

(10-10) Al2O3 insulating substrates. Lattice-matched sub-

strates are of interest to promote anisotropic growth of Cs3Sb

and possibly yielding single oriented, lower roughness sur-

faces.

The Cs-Sb samples were grown in the growth system de-

scribed in ref. [14] at a temperature of 70◦C , using pure Cs

and Sb metals. Substrates were mounted on an standard sam-

ple holder shown in Fig.1(b), using a metal retaining plate

in order to provide electrical contact to the sample surface

(relevant both to measure the photocurrent during growth

and for successive STM-XPS measurements); the sample

plate was then installed on the standard growth puck. [14]

The photocurrent emitted by the sample was monitored dur-

ing growth by exciting the cathode with a 504 nm diode

laser and by measuring the drain current from the cathode

biased at -18 V with a lock-in amplifier locked to the fre-
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Figure 2: Spectral response of the sample grown on Al2O3

(red) and TiO2 (blue). Open symbols represent the data

collected after growth in-situ and filled symbols the mea-

surements performed after the transfer to the STM-XPS

analysis system.

quency of an optical chopper that modulates the incident

laser beam. Typical fluxes were 1013 atoms/cm2/s for Cs

and 3 × 1012 atoms/cm2/s for Sb; the fluxes were fine ad-

justed by monitoring the photocurrent. Cs and Sb were

codeposited until a Sb equivalent thickness of about 10-15

nm is reached, that, in the hypothesis that stoichiometric

Cs3Sb is formed, corresponds to a total thickness of 60-100

nm. [15] After the growth, the samples were transferred to

an exchange chamber (P=1×10−10 Torr), where the Omicron

sample plate is extracted from the growth puck and loaded

in the UHV vacuum suitcase shown in Fig. 1(a), capable of

maintaining pressure of the order of 10−10 Torr, as measured

by the ion pump current. Once the samples were loaded in

the vacuum suitcase, the all metal gate valve was closed and

the connection cross vented to disconnect the suitcase. The

suitcase was then connected to the load-lock chamber of the

analysis system. The load-lock was previously baked until

the vacuum reached ≈ 10−10 Torr; the load-lock was then

vented with pure N2 gas and connected to the suitcase and

pumped until attaining a pressure of about 2.5×10−10 Torr

before opening the gate valve for the sample transfer.

XPS and STM Measurements

XPS measurements were performed using a Mg Kα

source. The angle between the sample surface normal and

the electron analyzer aperture (take-off angle) was varied

from 0◦ and 70◦. Due to the angular dependence of the

escape depth of photoelectrons (that is of the order of few

nm), the grazing take-off measurements are more sensitive

to the sample surface, since they probe a smaller thickness.

STM measurements were performed at room temperature

using using a W tip and an Omicron variable-temperature

STM.

��
��
�
�
��
�
�	


��

�
�

�

��� ��� ��� ��� ��� ��� ��� ���

���������������	���

������
�����

 �
�
 �

!

������

�����


�

��
��
�
�
��
�
�	


��

�
�

�

��� ��� ��� ���

���������������	���

��
�

��
��

��
��

�������� ��
��

��
�

��������

��
��

�����

������

��

Figure 3: XPS spectra of the sample grown on Al2O3 and on

TiO2 substrates measured at 0◦ (solid lines) and 70◦ take off

angle, (a) at the Cs 3d
5/2 and (b) at the Sb 3d

3/2−3d
5/2 edges.

In (b) the energies corresponding to various Sb valences and

oxygen species (Osub: Cs suboxide, Oper : O2−
2

in Cs2O2)

are reported by gray and green dashed lines respectively.

RESULTS AND DISCUSSION

The spectral response of the Cs-Sb thin films was mea-

sured after the growth, in a chamber connected to the growth

one, by using a lamp and a monochromator, and by mea-

suring the drain current of the sample biased at -18 V. The

measurement was repeated after the transfer in the analysis

chamber, by using a set of laser diodes and collecting the

photocurrent via a coil biased at 200 V. The results are re-

ported in Figure 2; the quantum efficiency after the transfer

is very close to the initial one. In Figure 3 we report the

XPS measurements of the two samples for different take-off

angles at the Cs and Sb binding energies. The less surface

sensitive 0◦ measurements are very similar for the two sam-

ples, while some differences are evident in the 70◦ spectra.

The Cs peak, in Figure 3 (a), shifts from a binding energy

close to the one of Cs+ (as in Cs3Sb) towards the energy of

metallic Cs, in particular for the Al2O3 substrate. The Sb 3d

edge, reported Figure 3 (b), occurs in the same energy range

of the O 1s one ([527,533] eV), hence the spectra contain

information from both species. Oxygen can be present in

Cs-Sb samples due to residual gas (O2 or H2O) in the growth

and storage chambers [9,10,16], or to contamination during

the transfer process. The 3d
3/2 ([532, 542] eV) and 3d

5/2

([532, 520] eV) peaks are related by spin-orbit splitting: the
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Figure 4: Sb 3d
5/2 XPS spectrum of (a) the Al2O3 substrate

sample and (b) the TiO2 one. Red lines represent the 70◦

take-off angle Sb 3d
5/2 peak, blue lines the Sb 3d

3/2 peak

translated by the spin-orbit splitting energy and multiplied

by 1.5. The grey shadowed area is the difference spectrum,

the black line is the same difference for 0◦ take-off angle.

former differs from the latter for a translation of 9.4 eV and

intensity ratio of 1.5. [9] From the 3d
3/2 peaks we can see

that the majority of Sb is in the 3- valence typical of Cs3Sb,

while some is Sb5+, indicating the presence of Sb2O5. In

the surface sensitive 70◦ data, a shoulder at 537.4 eV reveals

the presence of metallic Sb. The oxygen contribution can

be singled out by subtracting the translated and rescaled

3d
3/2 peaks from the 3d

5/2 region, as shown in Figure 4.

The difference spectrum has a maximum at about 532.1 eV,

corresponding to oxygen in Cs suboxide (Cs11O3); weaker

contributions from Sb oxide at 530 eV and Cs2O at 528.3 eV

can also be identified. [9, 17] By comparing our results with

those present in literature [7–9, 16], our results are in agree-

ment with the formation of a predominantly Cs suboxide

and elemental Sb layer on the sample surface. Additionally

some Sb and Cs oxides are also formed. Light oxidation can

even enhance the quantum efficiency of Cs3Sb due to the

band-bending effect of Cs11O3, in particular at long wave-

lengths.

In Figure 5 we report the STM images of the samples. Both

samples show a similar morphology with structures that we

can identify as grains, with a size of few 10s of nm and

height variation of the order of 10 nm. The structure of

the samples is very similar to previous measurements per-

formed on samples grown on Si substrates, suggesting no

particular influence of the substrate on the film growth in

the present conditions. In conclusion the investigated sam-

ples have similar composition in the bulk, as revealed by the

0◦ take-off angle XPS spectra. The surface sensitive XPS
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Figure 5: STM images of (a) the sample grown on Al2O3

and (b) the sample grown on TiO2.

measurements reveal a higher oxygen content on the surface

of the Al2O3 substrate sample. Since both samples were

transferred together, we cannot attribute the different oxida-

tion of the two samples to the transfer process. However the

sample grown on Al2O3 was grown 5 days before the sample

on TiO2, and it has possibly adsorbed a larger amount of

oxygen while being stored in the storage chamber or in the

vacuum suitcase. The samples appear polycrystalline with

small grains (10s of nm); systematic studies are required

to link the morphology to the growth condition and to the

surface oxidation.

CONCLUSIONS

We successfully transferred Cs-Sb thin film samples from

the growth system to a XPS-STM analysis system via UHV

suitcase. The samples were grown on insulating oxide sub-

strates with possible lattice matching with the Cs3Sb unit cell

structure. Despite the substrate being insulating, quantum ef-

ficiency, XPS and STM measurements could be performed.

Our results pave the way to systematic studies on the effect

of substrate materials and growth conditions on the phys-

ical properties of Cs-Sb photocathode films, with the aim

of achieving epitaxial single oriented films with improved

properties.
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