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Abstract
Alkali-antimonides, characterized by high quantum ef-

ficiency and low mean transverse energy in visible light,
are excellent electron sources to drive x-ray free electron
lasers, electron cooling and ultrafast electron diffraction ap-
plications etc. Existing studies of alkali-antimonides have
focused on quantum efficiency and emittance, but informa-
tion is lacking on the fundamental aspects of the electronic
structure, such as the energy gap of the semiconductor and
the density of defects as well as the overall nano-structure of
the materials. We are, therefore, conducting photoconduc-
tivity measurements to measure fundamental semiconductor
properties as well as using atomic force microscope (AFM)
and kelvin probe force microscope (KPFM) to measure the
nanostructure variations in structure and surface potential.

INTRODUCTION
Alkali-antimonides are an interesting class of semicon-

ductors that have emerged as promising candidates for
photoemission-based electron sources for next generation
x-ray free electron lasers, ultrafast electron diffraction and
electron-beam based hadron cooling applications due to their
extremely high quantum efficiency (QE) compared to metal
cathodes and a relatively low intrinsic emittance, or mean
transverse energy (MTE), in the visible wavelengths [1]. In-
creasing the QE to its highest possible value to mitigate the
non-linear photoemission effects and simultaneously reduc-
ing the MTE to the smallest possible value, is critical for
obtaining the smallest possible emittance and the bright-
est possible electron beam from photoinjectors used for the
above applications [1].

Alkali-antimonide materials have been well character-
ized in terms of their photoemission properties like QE
and MTE. However, very little is known about their semi-
conducting properties like the energy band-gap and density
of states. Such knowledge is critical for obtaining a deep
understanding of the photoemission process and developing
alkali-antimonide materials and their heterostructures which
exhibit higher QE and lower MTEs [2].

It has been demonstrated that the MTE from alkali-
antimonide photocathodes can be significantly reduced by
operating them at near-threshold wavelengths and cooling
them down to cryogenic temperatures [3]. However, the
thermal limit of MTE [4] has still not been achieved from
alkali-antimonides. One of the reasons for the increased
∗ psaha6@asu.edu

MTE is the surface non-uniformities like physical rough-
ness and work-function variations [5]. Such variations result
from the nature of the deposition process used to grow the
alkali-antimonide thin films [6]. Ultra-smooth surfaces of
Cs-Sb cathodes are required in order to attain the thermal
limit to the MTE from these cathodes [6].

In this paper, we report on the synthesis of several
Cs-Sb cathodes, grown on different substrates using the co-
deposition process [6]. We perform spectrally-resolved pho-
toconductivity measurements to study the properties of elec-
tronic structure of these films. We also study the surface
morphology and work function variations of these cathodes
under ultra high vacuum-atomic force microscope/kelvin
probe force microscope (UHV-AFM/KPFM) [7], and try
to find the factors which contribute to the roughness of
films. We demonstrate the growth of atomically smooth
alkali-antimonide films, which can minimize the surface
non-uniformities contribution to the MTE.

GROWTH PROCESS
Several Cs-Sb cathodes were grown on 10 mm by 10 mm

p-type Si (100), fused silica, and Nb-doped strontium titanate
(STO) substrates using the co-deposition technique [6]. The
0.5 mm thick substrates were rinsed with isopropyl alco-
hol and annealed at 600 ∘C for 2 hours before growth. This
results in a disordered surface for amorphous fused silica sub-
strates and Si substrates with native oxide layers. However,
this generates a well-ordered, atomically clean surface for
STO. The ordered surface of STO substrates was confirmed
by observing the atomic terraces on the surface, using an
UHV-AFM connected in vacuum to the growth/preparation
chamber.

The UHV growth chamber has a base pressure in the low
10−10 Torr range. Sb and Cs are evaporated simultaneously
by heating 99.9999 % pure Sb pellets obtained from Alfa
Aesar [8] and cesium molybdate pellets obtained from SAES
Getters [9], in their respective effusion cells. The substrate
holder is negatively biased to 30-35 V to collect the pho-
tocurrent emitted from the cathode, in order to measure the
QE during and after the deposition process.

During the deposition, the Sb source temperature is main-
tained at 400 ∘C, which corresponds to a flux rate of 0.01 A∘/s
pre-calibrated with a quartz crystal balance. Cs source tem-
perature is in the range of 350-450 ∘C to obtain a Cs partial
pressure of ∼ 1.2 x 10−10 torr, on the RGA. The Cs partial
pressure slowly changes with time at a particular source tem-
perature as the source depletes. We gradually increase the
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temperature to maintain the Cs partial pressure. The rate at
which Cs partial pressure changes during growth is small
enough that we do not need to vary the Cs deposition tem-
perature significantly during one growth. All the growths
were performed at a substrate temperature of 75 ∘C.

The photocurrent emitted by the cathode under illumina-
tion of a 532 nm laser is monitored to obtain the QE during
the growth. When the QE begins to saturate, growth is termi-
nated by cooling down both the sources simultaneously. The
substrate heater is also turned off, which allows a gradual
cooling of the substrate to room temperature. All the Cs-Sb
cathodes yielded a final QE between 3-5 % at 532 nm.

CATHODE CHARACTERIZATION
QE Spectral Response

The QE spectral response of Cs-Sb photocathodes is mea-
sured using an Optical Parametric Amplifier (OPA) — in
this case a Light Conversion Orpheus pumped by the Light
Conversion Pharos [10]. Figure 1(a) shows the spectral re-
sponse of Cs-Sb photocathodes grown on STO, Si and fused
silica substrates, by co-deposition technique. The cathodes
grown on different substrates have identical photoemission
threshold and comparable QE.

Figure 1: (a) Comparison of QE spectral response of Cs-Sb
photocathodes grown on STO, Si and fused silica substrates,
and (b) Plot of PC efficiency of Cs-Sb/𝑆𝑖𝑂2 vs incident
photon energy.

Photoconductivity (PC) Measurement
Photoconductivity measurements require an insulating

substrate and hence was performed on films grown on fused
silica. A thin 100 nm layer of platinum (Pt) was deposited
via evaporation on the 10 mm × 10 mm fused silica sub-
strate on selected regions of dimensions: length = 3 mm,
widt = 2 mm, to serve as contacts for PC measurements. Prior
to the Pt deposition, a very thin 10 nm layer of titanium was
deposited on these regions of the substrate for adhesion of Pt
to fused 𝑆𝑖𝑂2. Spectrally resolved PC response is measured
by shining light from the OPA, modulated with a mechanical
chopper, on Cs-Sb/𝑆𝑖𝑂2, and recording the photo-induced
current across the film with a lock-in amplifier when a bias
of 33 V is applied across the two Pt contacts.

Neutral density filters are used as required to prevent non-
linear optical processes like multiphoton absorption/emis-

sion. The laser spot covered a large area of the sample
surface area to minimize the effect of such non-linear pro-
cesses.

Figure 1(b) shows our measurements of PC response from
Cs-Sb/𝑆𝑖𝑂2 at photon energies between 0.6-2.4 eV, corre-
sponding to wavelengths between 1950-500 nm, at room
temperature. The efficiency is calculated by normalizing
the photo-induced current at different wavelengths, by the
number of incident photons per second. The PC response,
as indicated by the red curve in Fig. 1(b), is obtained by
applying a positive voltage of 33 V across the gap between
the electrodes, while the QE spectral response is obtained
as discussed in the previous section. It can be observed
that at photon energies slightly below and beyond the photo-
emission threshold (above 1.6 eV), PC efficiency (red curve)
and QE response (blue curve) are barely distinguishable
from one another. This could be explained by photoemis-
sion of electrons from the conduction band of Cs-Sb into
vacuum, by overcoming the work function of the material at
these higher photon energies (close to and above the thresh-
old). These emitted electrons move towards the positive
contact in vacuum, thereby constituting the photoemission
response (QE). Pure PC response/ behavior can be obtained,
by subtracting the QE from PC efficiency data (black curve),
below photon energies of 1.6 eV. From the PC experimental
data, the band gap can be deduced as the value of photon
energy at which photoconductivity efficiency stops rising
sharply with photon energy [11]. An order of magnitude
rise of this sort strongly indicates the band gap energy of
Cs-Sb photocathodes to be around 0.65 eV.

Surface Non-Uniformities
The surface morphology and work-function variations

of different Cs-Sb photocathodes, are studied in vacuum
using a RHK UHV-AFM/KPFM, connected to the growth
chamber.

Cathodes grown on different substrates (STO and Si) are
compared and contrasted in terms of their surface roughness.
The commercially available substrates have atomically flat
surfaces, with sub 0.3 nm rms roughness. After growth and
spectral response measurements, the cathodes are transferred
in UHV, into the UHV-AFM.

Figures 2(a) and 2(b) show the 2D topography maps of
two Cs-Sb films grown on doped STO substrate, for 20 min-
utes and 1.5 hours, respectively. It can be seen that the
cathode deposited for a shorter period of time, has a lower
rms roughness amplitude of 0.31 nm and the average spacing
between neighboring peaks is ∼ 60 nm. The cathode grown
by deposition over 1.5 hrs, has a larger roughness ampli-
tude of 0.57 nm rms, with nearest neighbor peaks spaced at
∼ 100 nm apart.

Figures 2(c) and 2(d) show the AFM images of two Cs-Sb
cathodes grown on Si substrate, for 35 minutes and 1 hour
20 minutes, respectively. The film grown over a shorter
period of time is much smoother with a roughness ampli-
tude of 0.32 nm rms, and neighboring peak spacing of ∼
30 nm. On the other hand, the film grown over a longer
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Figure 2: AFM images of Cs-Sb photocathodes grown on: (a) STO for 20 minutes, (b) STO for 1.5 hours, (c) Si for
35 minutes, and (d) Si for 1 hour and 20 minutes.

Figure 3: KPFM images of Cs-Sb photocathodes grown on
STO substrate for (a) 20 minutes, and (b) 1.5 hours.

Figure 4: Surface roughness of different Cs-Sb photocath-
odes measured as a function of film thickness: (a) height
variation/physical roughness, and (b) work function varia-
tion/chemical roughness.

period of time, has a significantly larger roughness ampli-
tude of 1.38 nm rms, with an inter-neighbor peak distance
of ∼ 100 nm.

Figures 3(a) and 3(b) show the comparison between
KPFM images of the two Cs-Sb films grown on doped STO
(reported earlier in Fig. 2(a) and 2(b)). It can be seen that the
amplitude of surface potential variation of cathode grown
for 20 minutes (Fig. 3(a)) is lower. The average rms surface
work function is 2.65 mV, with nearest neighbors spaced
∼ 60 nm apart, whereas the rms surface work function of
Cs-Sb/STO grown for 1.5 hours (Fig. 3(b)) is 4.32 mV, and
the nearest neighbor spacing is ∼ 100 nm.

Figure 4 shows the effect of film thickness and choice
of substrate, on the surface roughness of the different Cs-
Sb photocathodes discussed above. The film thickness was
approximately calculated by multiplying the cesium and an-
timony flux rates, during growth, with time of co-deposition.
It can be seen that both physical and chemical roughness of
the Cs-Sb films on a particular substrate, are directly pro-
portional to the film thickness: the thicker the film is, the
rougher the surfaces are. The roughness amplitudes are not
too different for films of varying thickness grown on doped
STO substrates. However, the effect is dramatic in case of
Cs-Sb/Si films, where the thicker film has an amplitude of
physical roughness three times larger than the film with lower
thickness. This is indicated by the blue curves in Fig. 4,
whose slopes are much higher than that of the corresponding
red curves for Cs-Sb/STO cathodes.

The roughness contribution to the MTE from the smooth
Cs-Sb cathodes is calculated to be <1.0 meV for a wide range
of electric fields typically used in photoinjectors [12, 13].

CONCLUSION AND FUTURE WORK
Based on our photoconductivity measurements,we have

predicted the band gap energy of Cs-Sb photocathodes to
be around 0.65 eV. We have demonstrated the growth of
high QE Cs-Sb photocathodes, with sub-nm physical rough-
ness and ultra-smooth chemical roughness. Simulations of
the contribution of roughness to MTE from these cathodes,
indicate highly promising performance, in low emittance
applications.

Further work is underway to: (i) to perform photoconduc-
tivity studies on films grown on different substrates under
different growth conditions, and (ii) to measure the effect of
different growth conditions (fluxes and substrate tempera-
ture) on the surface non-uniformities of the cathodes.
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