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1. Introduction

Over the last few decades, many kinds of photoemissive 
materials have been used as photocathodes to generate free 
electrons in practical applications. For example, robust metal 
photocathodes are used in accelerator-based light sources 
[1–3] and low work function compound photocathodes are 

used in photomultiplier tubes [4–6]. Photocathodes for elec-
tron accelerator applications such as energy recovery linacs 
(ERL) and free electron lasers (FEL) must operate with a very 
low transverse energy. However, electrons photo-excited from 
the cathode must be accelerated to relativistic velocities in the 
smallest possible distances to avoid the deleterious effects of 
space charge [7]. This requires that the photocathode should 
operate in a very high longitudinal electric field, up to 108 V m−1,  
typically provided by a high power resonant radio frequency 
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Abstract
Reduction of roughness to the nm level is critical of achieving the ultimate performance 
from photocathodes used in high gradient fields. The thrust of this paper is to explore the 
evolution of roughness during sequential growth, and to show that deposition of multilayer 
structures consisting of very thin reacted layers results in an nm level smooth photocathode. 
Synchrotron x-ray methods were applied to study the multi-step growth process of a high 
efficiency K2CsSb photocathode. A transition point of the Sb film grown on Si was observed 
at the film thickness of ~40 Å with the substrate temperature at 100 °C and the growth rate at 
0.1 Å s−1. The final K2CsSb photocathode exhibits a thickness of around five times that of the 
total deposited Sb film regardless of how the Sb film was grown. The film surface roughening 
process occurs first at the step when K diffuses into the crystalline Sb. The photocathode 
obtained from the multi-step growth exhibits roughness in an order of magnitude lower than 
the normal sequential process. X-ray diffraction measurements show that the material goes 
through two structural changes of the crystalline phase during formation, from crystalline Sb 
to K3Sb and finally to K2CsSb.

Keywords: bialkali antimonide photocathode, grazing incidence small angle x-ray scattering, 
x-ray reflectivity, x-ray diffraction, thickness, roughness, critical angle
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(RF) cavity. However, roughness, which will induce local tilts 
into the surface, results in transverse acceleration of the elec-
trons and increase in their average energy. At gradients of 20 
MV m−1 for example, nm perpendicular height change (with 
domain sizes of five times the height) causes a kT-equivalent 
increase in the transverse emittance [8]. This suggests that 
the roughness of the photocathode must be reduced to sub 
nm levels to achieve the highest beam brightness. Newly pro-
posed high brightness light sources have demanded electron 
beams with very low transverse emittance as well as long-life 
time and high quantum efficiency (QE) photocathodes in the 
visible light region [9, 10].

Among various photocathode materials, alkali antimon-
ides, such as K3Sb, Cs3Sb, K2CsSb and Na2KSb, have great 
promise in the application of future light sources because of 
their high QE, fast response time and low thermal emittance 
[11–15]. Especially, the bialkali photocathode, K2CsSb, 
exhibits QE over 5% in the green light range, several orders 
of magnitude higher than that of a metal photocathode 
(typical QE ~ 10−5) [1, 13]. Test results of K2CsSb photo-
cathodes under laser illumination show a low emittance of  
0.37 µm mm−1 rms−1 at 543 nm and a reasonable life 
time of over 20 h even with relatively high residual water  
contamination [14].

The K2CsSb bialkali photocathode was first reported in 
the 1960s by Sommer [16] and much effort has been devoted 
to investigate its characteristics since then. The photoemis-
sion, photoconductivity and optical absorption of K2CsSb as 
a function of wavelength were subsequently measured, and 
the bandgap energy and electron affinity were determined 
[17]. Chemical analysis of the photocathode indicated its 
stoichiometric formula of K2CsSb, which was confirmed by 
x-ray diffraction (XRD) studies [18]. The electronic structure 
of K2CsSb was also calculated using the localized spherical 
wave method (LSW) to explain its optical properties [19]. 
However, the studies of the electro-optical properties and 
chemical composition did not lead to a major improvement in 
the fabrication of K2CsSb photocathodes with high quantum 
yield. Only very few results were reported on bialkali photo-
cathode development by commercial manufacturers [20, 21]. 
These improvements were mainly obtained by structuring the 
substrate surface and paying attention to the details of the 
growth. Furthermore, a survey of literature shows that there 
is no study on the photocathode surface morphology except 
a reported value of ~25 nm measured from a photocathode 
through traditional sequential growth [22]. Due to the fact that 
alkali antimonides are sensitive to air and water, the K2CsSb 
photocathode is always deposited on the inner surface of a 
sealed vacuum envelope in industrial photomultipliers. This 
configuration makes it difficult to directly characterize the 
K2CsSb photocathode using ex situ thin film characterization 
tools. In situ characterization techniques are critical to inves-
tigate its thickness, surface morphology, structure, grain size 
and growth details.

Synchrotron x-ray measurements are well established and 
widely used, both in situ and ex situ, as rapid, simple, noncontact 
and nondestructive thin film characterization methods. These 
x-ray techniques utilize differing geometries and use different 

x-ray beam characteristics. For example, grazing incidence 
small angle x-ray scattering (GISAXS) records the 2D x-ray 
scattering pattern of the incident beam near the critical angle 
to probe the film surface morphology [23]; x-ray reflectivity 
(XRR) records the specular x-ray reflection intensity curve 
from a grazing incident x-ray beam to determine film thickness, 
electron density, as well as surface and interface roughness 
[24]; and XRD records the diffracted beam from a wide angle 
x-ray beam to determine film structure and grain size [25]. We 
have developed tools combining the GISAXS, XRR and XRD 
techniques to in situ study the growth process of bialkali anti-
monide photocathodes, to understand the formation of the pho-
tocathode and to improve the QE and surface roughness of the 
photocathode by optimization of the deposition process.

In this work, we deposited high QE K2CsSb photocathodes 
on Si (1 0 0) substrates by alternately introducing antimony (Sb), 
potassium (K) and cesium (Cs) vapors in multi steps  consisting 
of very thin reacted layers with the attempt to reduce the photo-
cathode surface roughness. In situ real time synchrotron x-ray 
scattering, reflection and diffraction  measurements were per-
formed to explore the evolution of thickness, roughness, den-
sity and structure during the  photocathode film growth.

2. Materials and methods

2.1. Thin film growth

The thin film growth was performed in a custom-built ultra-
high vacuum chamber equipped with several scroll and turbo 
molecular pumps to ensure a base pressure in the low 10−10 
Torr level. After a full bake out at 200 °C, the partial pres-
sures of reactive gases (H2O, O2) were well below 5  ×  10−11 
torr, confirmed by a residual gas analyzer. Each 1 cm  ×  2 cm 
Si (1 0 0) substrate was first degreased in acetone and isopro-
panol alcohol for 30 min, and then etched in diluted aqueous 
hydrofluoric acid (HF) solution for 5 min to remove the native 
oxide layer. After HF treatment, the substrate was rinsed with 
deionized water, dried under a steam of high purity nitrogen 
and immediately inserted into the growth chamber through a 
load lock. Prior to growth, the substrate was heated at 500 °C 
under high vacuum for further surface cleaning treatment until 
the base pressure of the chamber was restored. The K2CsSb 
photocathode film was produced by alternately introducing Sb, 
K and Cs vapors. Sb was generated by thermal evaporation of 
an Sb–Pt alloy, using resistive heating of a bead of material on 
beryllium/tungsten wire. This ensured that Sb was produced 
as monomers, rather than as small clusters normally produced 
from elemental Sb [26]. Alkali metals were produced from dis-
pensers (purchased from Alvatec Alkali Vacuum Technologies 
GmbH, Austria) containing intermetallic bismuth-alkali com-
pounds. These solid sources were mounted directly facing the 
substrate at a distance of 7.5 cm. During photocathode growth, 
the substrate was kept at ~125 °C; the individual vapor depo-
sition thicknesses, growth rates and the photocathode photo-
responses were monitored with a pre-calibrated quartz crystal 
microbalance (QCM) and an electrometer. First, Sb was 
evaporated onto Si (1 0 0) at a growth rate of 0.2 Å s−1. The 
Sb film was then exposed to K vapor until the photocurrent 
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reached a plateau. Subsequently, the film was exposed to Cs 
vapor, forming the K2CsSb photocathode. The Cs exposure 
was terminated when the photocurrent reached another pla-
teau. Specifically, the processing of the K2CsSb photocathode 
may be expressed as the following empirical diagram of equa-
tion (1) and schematic diagram of figure 1:

+ +
° °

Sb K K Sb Cs K CsSb.x
~ 125 C ~ 125 C

2⎯ →⎯⎯⎯⎯⎯⎯⎯⎯   ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯
            (1)

This process was repeated in the current work to maximize 
the photocathode photoresponse. The photoresponse could be 
improved with a second layer growth, but a third layer did not 
yield a further increase.

2.2. QE measurement

During the thin film deposition, photoresponse was recorded 
to monitor the film growth process and to determine the com-
pletion of film deposition. A continuous incident laser with 
532 nm wavelength was positioned to generate a laser spot 
on the surface of the photocathode. The laser power (P0) was 
measured with a silicon power meter, and the laser spot is 
around 1 mm diameter. A metal dynode was placed in front of 
the photocathode surface with a distance of 1 cm. By applying 
a negative bias of  −20 V, the photoresponse current (Iph) was 
measured with a Keithley 6517B electrometer. The QE was 
then calculated with the following equation:

 
( )

( ) ( )λ λ
= =

hcI

e P

I

P
QE

1240 A

nm W
ph

0

ph

0

where h is the Planck constant, c is the speed of light, e is the 
elementary charge and λ is the light wavelength.

2.3. Synchrotron x-ray measurements

The x-ray scattering, reflection and diffraction measurements 
were performed at the national synchrotron light source 
(NSLS) X21 station. Synchrotron x-ray beam with 10 keV 
energy and 2  ×  1012 photons s−1 flux was employed to study 
the thin film growth. The x-ray probe beam was allowed to 
enter and exit the growth chamber through two beryllium 
windows, and the x-ray data were recorded by two Pilatus 
100 K silicon diode array area detectors with a pixel size of 
172 µm  ×  172 µm (487  ×  195 pixels) and a readout time of 

less than 2.7 ms. A schematic diagram of the in situ real time 
x-ray measurement setup is shown in figure  2. During film 
growth, the grazing incidence angle αi was fixed at 1.8°. X-ray 
scattering and diffraction patterns were recorded by the area 
detectors with an exposure time of 20 s/frame. After the com-
pletion of each vapor exposure, in situ XRR and XRD scans 
were taken in a θ  −  2θ geometry, from 2θ  =  0° to 2θ  =  8° at 
a step size of 0.02°/frame and from 2θ  =  9° to 2θ  =  35° at a 
step size of 1°/frame, respectively. XRR intensity parameters 
were extracted from the raw frame images and fitted following 
Parratt’s recursion [27] to simulate the film thickness, elec-
tron density and surface roughness. XRD patterns were also 
extracted and compared with standard data sets to determine 
the film structure and textures.

3. Results and discussion

3.1. Growth of an antimony film

The basic process of alkali antimonide photocathode fabrica-
tion consists of two steps: (1) deposition of an initial Sb film 
on the substrate, and (2) sequential diffusion of alkali vapors 
into the Sb film. Experience has shown that the evaporation of 
Sb is a complex process [28]. Its property may have a strong 
effect on the diffusion process of alkali vapors and eventually 
the photocathode performance.

Figure 1. Schematic diagram shows the diffusion process of the K2CsSb photocathode: (a) Sb thin film deposition; (b) K diffusion forming 
a KxSb compound; and (c) Cs diffusion forming a K2CsSb photocathode.

Figure 2. Schematic diagram of the in situ real time x-ray 
measurement setup.

J. Phys. D: Appl. Phys. 50 (2017) 205303
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Figure 3 displays one of the x-ray scattering patterns taken 
during Sb evaporation at a fixed incidence angle of αi  =  1.8°. 
The specular peak is clearly shown at the position where the 
exit angle αf  =  αi, and the Yoneda peak is observed at the 
position where the exit angle αf  =  θc, where θc is the film 
critical angle (θc,sb ~ 0.277°). Figure  4 shows the specular 
peak intensity oscillation versus deposition time due to the 
interference of waves reflected from the top and bottom inter-
faces [29]. Sb film thickness measured by a pre-calibrated 
QCM is also plotted. We can see that the oscillation inten-
sity at the beginning of the deposition is relatively low and 
increases quickly after 40 Å film deposition. The dramatic 
increase of specular peak intensity indicates a possible film 
property change around 40 Å, labeled as the transition point 
in figure 4. From the film growth process point of view [30], 
the grown antimony forms randomly oriented islands below 

40 Å. These islands are smaller than the transverse coher-
ence length of the x-ray used [31]7 to support strong x-ray 
reflection. At film thickness around 40 Å, these islands coa-
lesce into semi-continuous film with its transverse length 
larger than the transverse coherence length to support strong 
x-ray reflection, resulting in the sudden increase of the spec-
ular reflection peak intensity. The release of edge and sur-
face energy associated with island coalescence is the strong 
driving force leading to crystallization [30]. Our previous 
work on grazing incidence x-ray diffraction (GIXRD) shows 
that the Sb film on Si transits from amorphous to crystalline 
structure at a film thickness of 40 Å at the same substrate 
temperature and growth rate [32], associated with the island 
coalescence.

3.2. Growth of the K2CsSb photocathode

According to the photocathode growth kinetics observed by 
our previous experiments with crystalline initial antimony 
films [32], the initial crystalline Sb film is fully dissolved by 
exposure to alkali vapors prior to forming alkali antimonides. 
The film that is formed has been shown to be rough, with a 
roughness similar to the film thickness. The large variation 
in lattice constant between metallic antimony and potassium 
antimonides likely leads to the formation of the observed 
rough surface structure, as the alkali initially diffuses along 
Sb grain boundaries and pushes the materials apart, forming 
the observed nano-pillar structure [22]. To prevent this surface 
roughening, the current photocathode was grown with an ini-
tial Sb film thickness less than 40 Å, eliminating the crystal-
line Sb phase.

A typical photocathode growth process with detailed 
growth parameters and the film thickness measured by the 
QCM are summarized in table 1. A 30 Å Sb film, well below 
the phase transition threshold of 40 Å for the deposition rate 
used, was first grown on the Si substrate. Exposure of the ini-
tial Sb film to K vapor resulted in a photocathode with QE of 
0.16% at 532 nm wavelength. Further exposure of the film to 
Cs vapor resulted in a photocathode with QE of 3.1%. To fur-
ther enhance the photocathode QE, the process was repeated. 
A second layer of Sb was deposited with a thickness of 50 Å 
and the QE dramatically decreased as expected. After expo-
sure of the film to K and Cs, a final QE of 4.9% at 532 nm 
wavelength was achieved. To ease the following discussion, 
the film after each deposition will be referred to as l  =  0, 
l  =  1, etc as indicated in table 1. A third layer deposition of Sb 
and following exposure to K and Cs did not further improve 
the photocathode QE.

3.3. Specular XRR analysis in photocathode growth

The experimental specular XRR profiles as a function of inci-
dent angle θ for samples after each growth step are shown 
in figure  5. The oscillatory features in specular XRR, i.e. 
Kiessig fringes, are caused by interference between the x-rays 
reflected from the film surface and those from the interface 
of the film and the substrate. The experimental XRR curves 
were fitted with theoretical curves calculated based on layer 
structure models following Parratt’s recursion method [27], 
providing information on film thickness, in-plane average 
electron density, and surface and interface roughness. Since 
the specular XRR was done after each film growth, several 
assumptions were made before the XRR fitting. Here, we 
assumed that (1) the photocathode is a continuous film, (2) 
the material density across the film is uniform and (3) the ini-
tial material density is estimated from the atomic fraction of 
each element in the chemical formula. The parameter values 
of film thickness and surface roughness driven from the data 
via least-squares fitting are reported in table 1. The thickness 
values obtained from QCM and XRR agree reasonably well 
for Sb and K deposition. For Cs, a large amount of Cs film 
is deposited according to the QCM measurement, but the 
XRR shows only a modest increase of total film thickness. 

Figure 3. One of the x-ray scattering patterns during Sb 
evaporation with the specular peak and Yoneda peak labeled.

7 The transverse coherence length LT is calculated to be 300 nm following 

the equation: = λL R

DT 2 ( ), where the wavelength, λ  =  1.2 Å, slit size, 

D  =  0.2 mm, and slit to sample distance, R  =  1 m.
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This difference is most likely due to the fact that the QCM 
was water cooled at 15 °C, while the film growth sample was 
heated at 125 °C. Since Cs has a low melting point of 28 °C 
[33], the Cs atoms deposited on the sample at 125 °C have a 
much faster evaporation rate than those deposited on the water 
cooled QCM. The quick loss of cesium atoms in K2CsSb and 
Cs3Sb photocathodes due to evaporation over 50 °C was also 
reported previously [34]. As in a dynamic vacuum system, 
extra Cs atoms which evaporated from the photocathode sur-
face were pumped out through the vacuum pump system.

The well-defined Kiessig fringes in the XRR curves repre-
sent uniform density films after each growth step [35]. Most 
likely, the Sb and alkali antimonide films have high defect 
concentrations, such as grain boundaries and subsequently 
deposited atoms can easily diffuse into the film to form com-
pounds. This diffusion is a fast process at 125 °C, resulting in 
uniform density films after each deposition. The theoretical fit 
of the XRR profiles reveals that the film thickness increases 
to about four times the initial Sb thickness after K exposure 
and further increases to about five times the initial Sb thick-
ness after Cs exposure. This agrees with the empirical dia-
gram in section 2.1. The exposure of the Sb film to K vapor 
is a redox-reaction which forms K–Sb compounds, mainly 
K3Sb as can be seen from figure 8. During the interaction of 
Cs vapor with the KxSb phase, the Cs atoms, with a larger 

Figure 4. Specular peak intensity oscillation and QCM measured Sb film thickness as a function of growth time.

Table 1. Growth conditions for the photocathode and optimal parameter values obtained from least-square fitting of XRR data.

Layer ID Recipe
Deposited film 
thickness (QCM) QE after deposition

Total film thickness 
(XRR)

Roughness 
(XRR)

l  =  6 Cs–K–Sb–Cs–K–Sb/Si 440 Å 4.9% 469 Å 32.0 Å
l  =  5 K–Sb–Cs–K–Sb/Si 160 Å 0.88% 449 Å 36.0 Å
l  =  4 Sb–Cs–K–Sb/Si 50 Å — 200 Å 21.3 Å
l  =  3 Cs–K–Sb/Si 420 Å 3.1% 174 Å 13.2 Å
l  =  2 K–Sb/Si 120 Å 0.16% 141 Å 10.5 Å
l  =  1 Sb/Si 30 Å — 35 Å 2.9 Å
l  =  0 Si substrate — — — 3.1 Å

Figure 5. Experimental data (points) and simulation (solid line) of 
XRR profiles after each growth step. The plots are offset for clarity. 
The well-defined Kiessig fringes in the XRR curves represent 
uniform films after each growth step, the oscillation decay rate 
increases as the growth process proceeds, indicating that the film 
roughness becomes larger.

J. Phys. D: Appl. Phys. 50 (2017) 205303
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ionic radius than that of K atom, replace K atoms in the cubic 
K3Sb structure to form K2CsSb, further increasing the film 
thickness. The film thickness evolution is further investigated 
by separating the entire photocathode growth process into two 
similar process cycles, l  =  1–3 and l  =  4–6. Since the Sb dif-
fuses into the K2CsSb film in step l  =  4, the diffused Sb thick-
ness cannot be directly calculated from the XRR result and 
a relative comparison is done here. In process cycle l  =  1–3, 
with a 30 Å (QCM) initial Sb film on silicon, the K2CsSb film 
thickness is 174 Å (XRR). In process cycle l  =  4–6, with a 
50 Å (QCM) diffused Sb film, the increase of K2CsSb film 
thickness is 295 Å (=469 Å–174 Å) and is proportional to a 
K2CsSb film thickness with a 50 Å initial Sb film. This result 
indicates that the K2CsSb film thickness is determined by the 
Sb film thickness regardless of how the Sb film was grown. 
This may provide an indirect method to estimate the thickness 
of a K2CsSb photocathode grown in a setup without XRR, i.e. 
by monitoring the total Sb thickness via QCM.

The rapid damping of the interference fringes observed 
in the XRR profile at higher angles is closely related to the 
film surface roughness normal to the interface. The larger the 
roughness of a film, the faster the oscillation decay rate of 
XRR. As shown in figure  5, for the silicon substrate before 
film growth, no oscillation was observed since there is no elec-
tron density difference. A theoretical fitting of Si gives surface 
roughness of σ  =  3.1 Å, confirming its atomic flat surface 
morphology. After the deposition of thin films, the oscilla-
tion can be observed and the oscillation decay rate increases 
as the growth process proceeds, indicating the film rough-
ness becomes larger. Theoretical fitting of the result shows an 
increase of the surface roughness from σ  =  3.1 Å to σ  =  32 Å 
as the growth process proceeds and a sharp increase of the 
surface roughness in sample l  =  4 with respect to the increase 
of film thickness (figure 6). The roughness evolution in pho-
tocathode growth reveals that the surface roughening process 
mainly happens during the exposure to K vapor; the K atoms 
diffuse and penetrate into the Sb film lattice to form a K3Sb 
structure with increased film thickness, resulting in a rough 
surface morphology possibly initiated by lattice expansion on 

formation of the antimonide. The sharp roughness increase in 
sample l  =  4 is possibly due to a ‘harder’ process of Sb pen-
etrating into the crystalline K2CsSb lattice than that of K or 
Cs penetration. A slightly reduced roughness in sample l  =  6 
is due to a better crystallinity of the photocathode film at the 
end. We must emphasize here that the final photocathode film 
grown through the multi-step process exhibits a surface rough-
ness of ~3 nm, which is an order of magnitude lower than the 
reported value (~25 nm [22]) of a conventionally made photo-
cathode film from crystalline Sb for the same overall thickness.

The critical angle (θc) for total external reflection is an 
important parameter from XRR measurement. It is deter-
mined by the surface film electron density (ρ in Å−3): the 
greater the film electron density, the larger the critical angle. 
The surface film electron density can be extracted from the 
following equation [36]:

θ δ
λ
π
ρ= =

r
2c

2 e
2

 (2)

where δ is the dispersive correction to the index of refraction 
for x-rays, usually in the order of 10−5,    = × −r 2.82 10e

6 nm 
is the classical radius of an electron, λ is the x-ray wavelength 
and ρ is the surface film electron density. The film mass den-
sity dm (in g cm−3) can also be extracted with known stoi-
chiometric composition. We determined the critical angle 
positions analytically using Parratt’s approximation that the 
critical angle is that angle at which the reflected intensity is 
half the totally reflected intensity [27]. Figure  7 shows the 
critical angle positions for films l  =  0–6 as defined in table 1. 
A critical angle of θc ~ 0.277° is expected for a uniform crys-
talline Sb film, higher than the observed critical angle θc  
~ 0.213° exhibited by sample l  =  1. A smaller observed crit-
ical angle position indicates a lower density, corresponding 
to an expected amorphous Sb film. The exposure to K vapor 
forms a film with lower average density, and the exposure to 
Cs vapor forms a film with slightly higher average density.

Figure 6. Film roughness versus film thickness. Note the sharp 
increase observed in sample l  =  4 and a slightly reduced roughness 
in sample l  =  6.

Figure 7. Positions of the critical angle for each films l  =  0–6 as 
defined in table 1.
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3.4. XRD analysis in photocathode growth

XRD measurements from 2θ  =  9° to 2θ  =  35° were taken for 
films l  =  1–6 to elucidate the evolution of atomic structure 
(figure 8). The XRD patterns are compared individually with 
the international centre for diffraction data (ICDD) powder 
files to identify film structures. The XRD pattern shows very 
weak and broad diffraction peaks for the initial Sb deposition, 
expected for an amorphous film. The presence of amorphous 
Sb is consistent with the low density observed by XRR. The 
first exposure of the Sb film to K vapor results in a mixed 
phase of cubic and hexagonal potassium antimonides, and the 
exposure to Cs vapor results in K2CsSb formation. With the 
second Sb deposition, there is no evidence of Sb and K2CsSb 
crystalline structures. Further exposure to K yields cubic 
K3Sb and a small amount of KSb. The final exposure to Cs 
transforms the photocathode fully to K2CsSb.

4. Conclusion

In conclusion, a low roughness, high QE K2CsSb photocathode 
was grown by alternately introducing Sb, K and Cs vapors. A 
particular feature of this work is that the initial thickness of Sb 
was less than the critical thickness of amorphous to crystal-
line phase transition. The photocathode obtained through the 
multi-step process exhibits a significantly smoother surface 
compared to a conventionally made film from crystalline Sb 
for the same overall thickness. The growth process was sys-
tematically studied via synchrotron x-ray methods including 
GISAXS, XRR and XRD. GISAXS data show a transition 
point of the Sb film on Si at a film thickness of 40 Å. XRR 
and XRD patterns of films after each growth step reveal the 
evolution of film thickness, roughness, electron density and 
structure during the photocathode growth. Further invest-
igation indicates that the K2CsSb photocathode thickness is 
around five times that of the total deposited Sb film regard-
less of how the Sb film was grown. A bulk diffusion process 
increases the film surface morphology mainly during the K 
diffusion process. The film surface roughening process hap-
pens first at the step when K diffuses into the Sb crystalline. 
XRD measurements show that the material goes through two 

structural changes of the crystalline phase during formation, 
from crystalline Sb to K3Sb and finally to K2CsSb.
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