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The performance of X-ray Free Electron Lasers and Ultrafast Electron Diffraction experiments is largely dependent on
the brightness of the electron sources from photoinjectors. The maximum brightness from photoinjectors at a particular
accelerating gradient is limited by the Mean Transverse Energy (MTE) of the electrons emitted from the photocathodes.
For high Quantum Efficiency (QE) cathodes like alkali-antimonide thin films, which are essential to mitigate the effects
of non-linear photoemission on MTE, the smallest possible MTE and hence the highest possible brightness is limited by
the nanoscale surface roughness and chemical inhomogeneity. In this work, we show that high QE Cs3Sb films grown on
lattice-matched Strontium Titanate (STO) substrates have a factor of 4 smoother, chemically uniform surfaces compared
to those traditionally grown on disordered Si surfaces. We perform simulations to calculate roughness induced MTE
based on the measured topographical and surface-potential variations on the Cs3Sb films grown on STO and show that
these variations are small enough to have no consequential impact on the MTE and hence the brightness.

The brightness of electron beams is a key figure of merit for
state-of-the-art ultrafast science tools such as X-ray Free Elec-
tron Lasers (XFELs) and Ultrafast Electron Diffraction/ Mi-
croscopy (UED/UEM) experiments. An increase in the elec-
tron beam brightness can lead to generation of higher power
and shorter wavelength x-ray pulses in existing XFELs1 as
well as enable the development of compact XFELs2. From the
perspective of UED applications, higher beam brightness will
cause an increase in the spatio-temporal resolution and allow
study of crystals with larger lattice sizes, enabling ground-
breaking research in the ultrafast study of quantum materials
and critical chemical and biological processes3.

High density bunched electron beams for the above applica-
tions are typically produced using photoinjectors which con-
sist of a photoemissive surface (photocathode) placed in an ac-
celerating electric field (E) along with electron optics to mit-
igate the brightness-degrading effects of space charge. The
accelerating electric field is typically in the range of a few to
100 MV/m depending on the design of the photoinjector and
the required application4.

For most photoinjectors the maximum achievable bright-
ness scales according to the following relation:

B ∝
En

MTE
, (1)

where n is a real number between 1 and 2 depending on the
design of the photoinjector and MTE is the mean transverse
energy of the electrons emitted from the photocathode.

The Mean Transverse Energy (MTE) can be related to the

normalized transverse emittance εn,x from the photocathode
via the relation:

εn,x = σx

√

MTE
mc2 , (2)

where σx is the rms size of the emisison area on the cathode,
m is the rest mass of a free electron and c is the speed of light.

Typically, the maximum possible accelerating electric field
is set by the design of the photoinjector, however, the MTE
is a function of the photocathode material, its surface and
the photon energy used for emission. Hence minimizing the
MTE from photocathodes is critical for maximizing the elec-
tron beam brightness from photoinjectors. For a typical bunch
charge, the smallest possible MTE (and hence highest bright-
ness) is limited to a few meV due to point-to-point elec-
tron interactions5 and disorder induced heating of the electron
bunch6.

The MTE from the cathode is typically proportional to one
third of the excess energy (energy difference between the
incident photon energy and the work function of the cath-
ode surface)7. However, for low or negative excess energy
the MTE becomes limited by the Fermi tail of the electron
distribution to kBT , where kB is the Boltzman constant and
T is the lattice temperature of the cathode8. This thermal
limit has been experimentally demonstrated for thin polycrys-
talline Sb films at room temperatures resulting in an MTE
of 25 meV9. Reduction in MTE down to 5 meV from the
Cu(100) surface cooled to cryogenic temperatures has also
been demonstrated10. However, such metal cathodes have an
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2

extremely low Quantum Efficiency (QE), typically less than
10−6-10−8 at threshold photon energies. Hence, a large laser
fluence is required to extract the charge densities required for
the various XFEL and UED photoinjector applications. The
large laser fluence conditions result in MTE of few 100 meV
due to non-linear photoemission effects of laser heating11 and
multiphoton emission12,13.

One way to mitigate the MTE-degrading effects of non-
linear photoemission is to use high-QE, low-electron-affinity
semiconductor cathodes like alkali-antimonides. Such cath-
odes don’t require very large laser fluence to attain the re-
quired charge densities. Alkali-antimonides like Na2KSb,
K2CsSb and Cs3Sb have already been successfully used in
photoinjectors to achieve very high average beam currents
approaching 100 mA due to their very high quantum effi-
ciency (>1%) in visible (green) light for energy recovery linac
applications14–16. The MTE and QE performance of Cs3Sb
close to the photoemission threshold (wavelength range of 600
nm -700 nm) has also been investigated at both room and cryo-
genic temperatures, with the goal of minimizing the MTE17

and achieving the highest possible brightness in photoinjec-
tors. The smallest MTE measured from Cs3Sb films was 40
meV at room temperatures and 22 meV at 90 K - significantly
larger than the thermal limit of 25 meV at room temperature
and 8 meV at 90 K17. This MTE above the thermal limit
was attributed to the non-uniform nature of the Cs3Sb surface.
These measurements were performed at low electric fields
well below 1 MV/m. Hence it is critical to produce alkali-
antimonide films with minimal surface non-uniformities to
maximize the brightness of electron beams.

Surface non-uniformities such as physical roughness and
work function variations (often termed chemical roughness)
can result in transverse accelerating fields close to the cath-
ode surface increasing the MTE in photoinjectors. Nano-scale
physical roughness on the cathode surface bends the accel-
erating electric field lines close to the surface resulting in
transverse acceleration of the emitted electrons increasing the
MTE. The resulting MTE increase is proportional to the accel-
erating electric field, the square of the amplitude of the rough-
ness and inversely to the periodicity18. Chemical roughness
on the other hand produces transverse electric fields between
regions with varying work functions. These electric fields also
result in increased MTE, however, their effect on MTE re-
duces with increasing accelerating electric field19. The com-
bined effects of physical and chemical roughness from re-
alistic cathode surfaces on MTE can result in a non-trivial,
non-monotonic dependence of MTE on the accelerating elec-
tric field. This dependence can be obtained computationally
by using a Fourier-like decomposition of the resultant electric
field close to the surface and numerically tracking the trajec-
tories of electrons in this field20.

In order to minimize the effects of physical and chemical
roughness on MTE, there has been a considerable effort un-
dertaken to develop alkali-antimonide thin film growth tech-
niques that result in minimal surface non-uniformities. The
films that are grown using the traditional sequential process
of first depositing several nm thick Sb film followed by the
deposition of alkali metals at elevated temperatures results

in a large roughness exceeding several nm rms with a spa-
tial period of 100 nm21. Such films often result in unaccept-
ably large roughness induced MTEs. A significantly smoother
surface of alkali-antimonide films (with 0.6 nm rms rough-
ness) was achieved by co-depositing the Sb and alkali-metals
onto a Si substrate at elevated temperatures18. The MTE
increase per unit accelerating electric field ∆MTE/E = 0.5
meV/(MV/m) due to the physical roughness was computed
from the atomic force microscopy (AFM) measurements on
such surfaces. Co-deposition of Cs and Sb on single crystal
substrates like 3C-SiC (100), Al2O3(101̄0), TiO2 (001) that
are lattice matched to Cs3Sb , was investigated as a route
toward achieving smoother, ordered surfaces of Cs3Sb with
reduced MTE22. Among these lattice-matched substrates,
3C-SiC(100) resulted in the smallest physical roughness with
∆MTE/E ranging between 0.24-0.79 meV per MV/m. Even
in the best case scenario of 0.24 meV/(MV/m) the MTE in-
crease due to physical roughness at large accelerating gra-
dients of 100 MV/m is comparable to that of the thermal
MTE (kBT ) at room temperature and significantly exceeds it
at cryogenic temperatures.

Despite the significant reduction in surface roughness of
alkali-antimonide films, as stated above, the smoothest sur-
faces achieved will still result in non-negligible contribution
to MTE at very large accelerating gradients when trying to
achieve the smallest possible MTE. Moreover, the chemi-
cal roughness or work function variations on such alkali-
antimonide films have not been measured in a reliable fashion.
Such variations could dominate the roughness effect on MTE
at smaller accelerating fields of < 20 MV/m and could explain
the higher-than-thermal MTE measurements from Cs3Sb at
low electric fields17.

In this paper we present the growth of Cs3Sb cathodes on
the lattice matched ordered (100) surface of Strontium Ti-
tanate (STO). We perform simultaneous Atomic Force Micro-
scope (AFM) and Kelvin Probe Force Microscopy (KPFM)
measurements to obtain detailed nanoscale physical and
chemical roughness maps of the surface of these Cs3Sb films.
We compute the effects of this measured physical and chem-
ical roughness on MTE. Our results show that the Cs3Sb
films grown on STO have a less than 1 meV impact on MTE
for a wide range of electric fields up to 100 MV/m, mak-
ing the issue of surface roughness induced MTE from alkali-
antimonides inconsequential for electron beam brightness in
any photoinjector even at cryogenic temperatures.

STO(100) was chosen from an open-source list of 150 com-
mercially available candidate substrates23, which are lattice-
matched to Cs3Sb using the MPInterfaces software package24.
The (100) face of STO (lattice constant 3.93Å) was found to
have a 0.7% lattice mis-match with Cs3Sb (lattice constant
9.334Å), with 3 unit cells of STO corresponding to 1 cubic
unit cell of Cs3Sb. Growth performed on a lattice matched
surface could result in epitaxy with higher degree of crys-
tallinity and thus may result in smoother films compared to
those grown on disordered/non-lattice-matched substrates like
Si or polished metals as demonstrated in this paper.

Cs3Sb films were grown on both STO and Si substrates.
Both STO and Si substrates were purchased from MTI Corp25
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3

and were atomically-flat, single-crystal, epi-ready substrates
with a dis-ordered native oxide formed on the surface. The
STO substrate was p-doped with Nb dopants to a value of
0.05% by atomic weight, while the Si substrate was p-doped
with boron atoms. Both STO and Si substrates were rinsed
with isopropanol and annealed at 600 ◦C for two hours in
an ultra-high-vacuum (UHV) growth chamber18 with a base
pressure in the low 10−10 Torr range as is typically done prior
to alkali-antimonide growth. For STO, this resulted in a well
ordered, atomically smooth, pristine surface, that was con-
firmed by observing atomic steps/terraces with rms roughness
of <0.1 nm using the AFM. For Si, annealing at this tempera-
ture gives rise to an atomically smooth, but disordered surface
with the native oxide layers and a AFM measured rms rough-
ness of <0.3 nm.

Cs3Sb thin films were grown via co-deposition of Cs and
Sb onto the substrates. During growth, the substrates were
heated radiatively and held at a constant temperature of 75 ◦C.
Sb was evaporated by heating 99.9999% pure Sb pellets (Alfa
Aesar)26 and Cs was evaporated by heating cesium molybdate
pellets (SAES Getters)27, placed in their respective effusion
cells28. The Sb source is heated to 400 ◦C, which corresponds
to a flux rate of 0.001 nm/s at the location of the substrate.
This flux rate was pre-calibrated using a quartz crystal bal-
ance. Cs source temperature was set in the range of 350-450
◦ C, and was adjusted by a few degrees during the growth to
maintain a constant Cs partial pressure of (1.2±0.1)×10−10

torr, on a residual gas analyzer (RGA). The Cs source is lo-
cated 4 inches away from the substrate while the RGA was
located in the growth chamber, but out of the direct line of
sight of the Cs source.

During deposition the growth was monitored by measur-
ing the QE of the film under illumination with a 532 nm CW
laser. The substrates were held at a -30 V bias w.r.t the cham-
ber walls and the current emitted from the substrate was mea-
sured using a picoammeter. Growth on both substrates was
performed until the QE plateaued. At this point the sam-
ples were allowed to cool to room temperature. All the films
yielded a high final QE between 2-5 % in the green, as typi-
cally expected from Cs3Sb cathodes.

The QE plateau on the STO substrate was attained within
a very short time period of ∼15 min from the start of the de-
position, while the films on Si typically took ∼1.5 hours to
plateau. Given the Sb deposition rate of 0.001 nm/s and a fac-
tor of 7 higher thickness of the Cs3Sb film compared to the Sb
film thickness29, the 15 min growth on STO corresponds to a
very thin film of 6.3 nm and the film on the Si substrate was
estimated to be ∼40 nm thick. In order to compare the prop-
erties of films of equal thickness on the two substrates, a thick
film was intentionally grown on the STO substrate as well.
Although the QE plateaued on the STO substrate in ∼15 min,
growth was continued for ∼1.5 hours to reach a thickness of
∼ 40 nm, comparable to that of Si. During this period, the QE
was largely constant and increased very slowly to a value of
∼5%.

Such thin (6.3 nm) films of Cs3Sb with a QE>2% in the
green are atypical. However, recent results of epitaxially
grown single crystalline Cs3Sb films on 3C-SiC (001) have

demonstrated such low-thickness-high-QE behavior30.
The QE spectral response and surface non-uniformities

(physical and chemical roughness) of the films were investi-
gated. The QE spectral response was measured by monitoring
the photocurrent emitted by the sample using a lock-in am-
plifier, while light from a pulsed Optical Parametric Ampli-
fier (Light Conversion Orpheus pumped by Light Conversion
Pharos) was incident on the sample surface. The fluence of the
laser pulses incident on the sample was kept small enough to
ensure linear photocurrent to avoid effects of space charge and
non-linear photoemission. The physical and chemical rough-
ness was measured using a UHV RHK-AFM instrument con-
nected in UHV to the growth chamber. AFM-KPFM measure-
ments are performed on the samples grown, in the frequency
modulation mode by using Si tips coated with Cr/Pt suited
for electrical measurements like KPFM31. For the AFM mea-
surements, the tip images the sample line by line via raster
scanning the sample surface (x,y), while the frequency regu-
lation feedback system maintains a constant frequency shift
from the resonance by adjusting the tip-sample distance. The
z-motion of the tip to maintain constant frequency shift is the
measure of the physical roughness of the sample32. The force
between the tip and the sample goes to a minimum when the
electrical potential difference applied between them is equal
to the contact potential difference. The contact potential dif-
ference (relative work function) between the sample and the
conducting tip is measured by adding a small voltage oscilla-
tion to the sample bias and running a separate feedback loop
to keep the force to a minimum during the AFM scan32. The
electrical potential difference applied at each point during the
raster then gives the KPFM image of the surface contact po-
tential variation or the work function variation. Due to the
larger height variations on the film on the Si substrate and the
volatile nature of Cs3Sb, it was not possible to obtain a reli-
able KPFM image. However, a very clear KPFM image of the
films on STO substrate was obtained.

FIG. 1. QE spectral response measured from Cs3Sb photocathodes
grown on STO and Si substrates.

The QE spectral response of the films is shown in figure
1. The cathodes grown on different substrates exhibit similar
profiles, QE ranging between 2-5 % in green light and a pho-
toemission threshold near ∼ 2.1 eV as indicated by the knee
in the spectral response curve.

FIG. 2. 3D topography images of (a) thin Cs3Sb film on STO, (b)
thick Cs3Sb film on STO and, (c) Cs3Sb film on Si.

FIG. 3. 3D chemical potential maps of (a) thin Cs3Sb film on STO
and, (b) thick Cs3Sb film on STO.

Fig. 2 shows the AFM images of the thin film (Fig. 2(a)),
thick film (Fig. 2(b)) grown on STO and the film (Fig. 2(c))
grown on Si. Fig. 3 shows the KPFM images obtained on the
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thin film (Fig. 3(a)) and the thick film (Fig. 3(b)) on the STO
substrate. The KPFM images are taken during the AFM scan
and hence represent the exact same area of the film surface.

The thin film on STO has the smallest out-of-plane rms sur-
face roughness of 0.3 nm with an in-plane periodicity ∼ 60 nm
and a rms surface potential variation (chemical roughness) of
2.65 mV. The thick film on STO has a larger out-of-plane rms
surface roughness of 0.6 nm with a larger in-plane periodicity
∼ 100 nm and a rms surface potential variation of 4.32 mV.
The film on Si has a significantly larger out-of-plane rms sur-
face roughness of 1.4 nm (4 times larger than that of the thin
film on STO) with a periodicity ∼ 100 nm. The error associ-
ated with physical and chemical roughness measurements due
to instrumental uncertainty has been estimated to be ∼ 10 %.

In order to estimate the effects of these measured physical
and chemical roughness on the MTE, the electric field close
to the surface was calculated using a Fourier-like decomposi-
tion for various accelerating gradients. For the Si surface the
surface potential variation was assumed to be zero as this data
is unavailable. The calculated electric fields closely represent
the resultant fields at the actual surface due to the physical
roughness, chemical roughness and the accelerating gradient.
Electrons with zero initial velocity were launched from vari-
ous points on the surface. Their motion was tracked in the cal-
culated electric fields until a point sufficiently far away from
the surface where the roughness-induced transverse fields be-
come negligible. The rms of the transverse velocities gained
by these electrons was used to estimate the roughness-induced
MTE increase. The details of this calculation are provided
elsewhere20.

Fig. 4 shows this calculated roughness-induced MTE for
the 3 surfaces measured at various accelerating gradients. For
the film of Si, the roughness induced MTE starts from near 0
at very low electric fields and increases rapidly at larger gra-
dients. At 100 MV/m (typically the maximum accelerating
gradient used in photoinjectors) the roughness induced MTE
is 40 meV (∆MTE/E = 0.4 meV/(MV/m)). The zero rough-
ness induced MTE at low fields is due to the uniform surface
potential assumption for the films on Si. In reality, we expect
the low-accelerating-gradient-roughness-induced MTE to be
larger due to variations in the surface potential (chemical
roughness). The MTE increase calculations performed for the
films on STO include effects of both physical and chemical
roughness. The thick film on STO is significantly smoother
giving an MTE increase of only 8 meV at 100 MV/m (dom-
inated by physical roughness) and only 2.2 meV at low gra-
dients (dominated by chemical roughness). Finally, the thin
film on STO is smoothest and gives roughness induced MTE
smaller than 1 meV at all gradients.

FIG. 4. Effect of surface roughness on MTE. The calculations for the
film on Si include effects of physical roughness only.

In conclusion, we have demonstrated the growth of high
QE, topographically ultra-smooth and chemically homoge-
neous Cs3Sb cathodes on lattice-matched STO substrates. Our
results show that the films grown on STO exhibit sufficiently
small physical and chemical roughness to make the roughness

induced MTE increase inconsequential at all commonly-used
field gradients in photoinjectors.

This work was supported by the U.S. National Science
Foundation under Award No. PHY-1549132 - the Center for
Bright Beams, the DOE under Grant No. DE-SC0021092,
and Grant No. DE-SC0020575. P. Saha and O. Chubenko
contributed equally to this work.
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