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Abstract

Semiconductor photocathodes, especially Cesium-
Telluride photocathodes, are vital for generation of high
brightness electron beams used in free-electron lasers.
However the quantum efficiency and lifetime depends
critically on manufacturing and operational conditions.
Monitoring the formation of the photocathode is essential
for understanding these dependencies. For example,
the deposition rate of the Cs correlates to the quantum
efficiency and adversely correlates to the lifetime. We
will discuss the use of ellipsometry for monitoring the
formation of the photocathode, describe our experimental
configuration and discuss preliminary results obtained
with Cesium-Telluride photocathodes. These results
seems to indicate that ellipsometry is a viable method for
monitoring the formation of these photocathodes.

INTRODUCTION

Semiconductor photocathodes are used in numerous ap-
plications, such as in photodetectors, but also for funda-
mental research, such as in electron accelerators [1] for
free-electron lasers (FELs) and electron-positron colliders.
Such cathodes usually consist of a bulk metal substrate with
a high melting temperature, coated with a thin semiconduc-
tor layer to provide a low work function. A favorite choice
for the semiconductor material is Cesium-Telluride (Cs-
Te), because it offers the best compromise between a high
quantum efficiency (QE) of about 10 % and a long lifetime
of several months [2–5]. Due to its high chemical reactivity
the Cs-Te layer is deposited in vacuum onto the bulk sub-
strate inside a so-called preparation chamber. The coated
cathode can then be used in an accelerator, either directly
inserted from the preparation chamber with a vacuum feed-
through or transported under ultrahigh vacuum conditions.
Because the quantum efficiency drops during cathode op-
eration, a repeated re-fabrication or re-conditioning has to
be done and most users of such cathodes prepare their pho-
tocathodes at their own location with their specific equip-
ment.

The general belief that Cs-Te is the best choice is weak-
ened by its inconsistent behaviour. This can be seen from
reports on the performance of such photocathodes which
differ considerably between various groups [2–17]. It was
suspected that this lack of reproducibility is related to the
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choice of the substrate material [6, 18, 19], its tempera-
ture [8], its surface roughness [7, 18], the used thickness
of the Cs-Te layer [20], but also to surface contamination
by hydrocarbons or oxygen in the preparation or accelera-
tor chamber [12, 18, 21]. Correspondingly, much research
has been performed on the influence of such parameters in-
cluding rejuvenation of photocathodes with cleaning and
re-coating [13, 16, 18–21]. Nevertheless, even when re-
stricting to Mo substrates and accounting for the variation
of the named parameters, the performance of Cs-Te photo-
cathodes is unpredictable to an extent that is not yet fully
understood [18, 21–23].

From comparison of previously published data and own
measurements we have postulated that it is mainly the
preparation conditions which influences the performance
of the photocathodes, while other parameters are less rele-
vant [5]. Specifically, it appears that a layered structure of
various different stoichiometric compounds of Cs-Te can
form as a result of different Cs deposition rates. As a re-
sult, layers with various different ratios of Cs and Te, such
as Cs3Te2 or Cs2Te3 will lead to different surface proper-
ties and hence, the variation in observed performance.

The normal procedure of monitoring the QE and de-
posited mass (using a micro balance) during growths of the
photocathode is insufficient to obtain information about its
composition. Therefore, another diagnostic is required to
test this postulate, and, more important, improve our un-
derstanding of the cathode formation process. Ellipsome-
try may be such a diagnostic, as it is typically used to mea-
sure the thickness and composition of thin layers of mate-
rial [24]. In the remaining sections we briefly discuss the
manufacturing of our cathodes, an setup for ellipsometry
and preliminary data obtained with the ellipsometry diag-
nostic.

CATHODE FORMATION

In our experimental setup we use a preparation chamber
attached to a 1.3 GHz, 5 1

2 cell RF-accelerator. The cathode
is mounted on a manipulator arm to transfer the cathode
between accelerator and preparation chamber. The cathode
consists of a polished Molybdenum (Mo) substrate. First,
the cathode is cleaned by heating it to about 600 oC for a
few hours. During deposition of the Cs and Te, the cath-
ode is maintained at a temperature of 120 oC to increase
the mobility of the atoms deposited. The Te and Cs sources
are Mo containers filled with 99.999 % Te pieces and Cs
chromate, and are resistively heated. Thermocouples are
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Figure 1: QE (photocurrent), measured at 254 nm, as func-
tion of the Cs deposition time for several photocathodes.

used to measure the container’s temperature. Typically, the
Te and Cs containers are heated to 305 oC and 580 oC re-
spectively. The containers are mounted on a second manip-
ulator arm and one container at a time can be positioned in
front of the cathode. The background pressure of the prepa-
ration chamber is around 10−9 mbar. During the evap-
oration of Te and Cs we monitor the photocurrent using
254 nm filtered light from a mercury lamp. The available
optical power of the filtered light can be varied between
1.4 and 30 μW. Typically, deposition of Te takes 25 to 30
minutes, and conditions for Cs deposition are varied. We
estimate that the Te-layer is about 30 nm thick for 30 min-
utes deposition time. The containers are moved away from
the cathode before cooling them down.

Several examples of the QE (i.e., photocurrent response)
are shown in fig. 1 for five different cathodes (a) to (e)
made with different Cs deposition rates. Based on the
data from ref. [3] we estimate a deposition rate of around
1 nm/min when the maximum QE is obtained after about 80
minutes (cathode (e)). Small oscillations on the curves due
to fluctuations in the power of the mercury lamp have been
averaged out. Usually, deposition is stopped at the peak
in the QE. Here, the Cs deposition has been prolonged af-
ter the maximum photocurrent was reached for illustrating
purposes. The photocurrent then decreases for all curves
and when we removed the Cs source, the current rises im-
mediately. This is due to a combination of partly block UV
light by the Cs container (if the final QE is larger then the
maximum earlier in the trace) and a quick evaporation of
loosely bound, excess Cs from the surface that builds up
due to continued Cs deposition after the maximum QE has
been obtained [5].

Fig. 1 shows that the maximum QE decreases when the
Cs deposition time is increased, i.e., for lower Cs deposi-
tion rates. The photocathodes (a,b) that are prepared with a
few minutes of Cs deposition have QE’s higher than 20 %.
The photocathode (e), which obtains the maximum pho-
tocurrent after 80 minutes, has a QE of 12 %, which is

Figure 2: Schematic view of the modified Rotating Com-
pensator Ellipsometer. Everything below the window is in-
ternal to the preparation chamber

the same value as reported in ref. [3] for photocathodes
prepared with 70 to 80 minutes of Cs deposition. Using
a longer Cs deposition time to reach maximum QE, i.e.,
using a lower Cs deposition rate, usually leads to a more
robust photocathode with a longer lifetime. The observed
correlation between Cs deposition rate and cathode perfor-
mance suggests that the various deposition rates leads to a,
possibly layered, cathode structure with different Cs-Te ra-
tios [5, 18]. Ellipsometry, as a non-destructive diagnostic,
may provide us with additional, real-time information on
the structure of the photocathode during its formation.

ELLIPSOMETRY MEASUREMENTS

Ellipsometry is based on preparation of light in a known
polarization state and measuring the changes in the polar-
ization state after reflection on the sample surface [24]. In
our case the sample consists of a Mo substrate covered with
a growing Cs-Te film that may contain various stoichiome-
tries. The Fresnel amplitude reflection coefficients Rp and
Rs, for p- and s-polarized incident light respectively, are
in general complex and different. Both the amplitude and
phase of the reflection coefficients are influenced by the
(complex) index of refraction of the film and its thickness.
In ellipsometry, two angles are defined, Ψ and Δ, where

tan(Ψ)eiΔ = Rp/Rs. (1)

The information about the film is contained in the ellipso-
metric variables Ψ and Δ and measuring these values dur-
ing the growth of the film allows calculation of film thick-
ness and complex index of refraction [24].

Various versions of the ellipsometer exists, each having
advantages and disadvantages [24]. Here, we considered
the rotating compensator ellipsometer (RCE), see fig. 2.
The incident light is produced by a HeNe laser protected by
an optical isolator and a halfwave plate is used to control
the overall light intensity. The incident polarization is de-
termined by the polarizer and a rotating quarter wave plate
that acts as compensator. Because our preparation cham-
ber only has a single usable window, we use a mirror in the
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preparation chamber to send the beam back along its path
after reflection on the photocathode. The beam therefore
reflects twice of the photocathode. After the beam leaves
the preparation chamber, a beam splitting cube is used to
separate the reflected from the incident beam and direct it
to the analyzer and detector (D1). To simplify the analy-
sis, the angles of the polarizer and analyzer are set to 45 o.
The polarizers used for the polarizer and analyzer are made
from nanoparticles in sodium-silicate glass for an increased
extinction ratio. By rotating the compensator, the incident
light samples all possible polarization states and the de-
tected light intensity I varies with the compensator angle
C as [25]

I(C) = A0 + A2 cos(2C) + B2 sin(2C) +
A4 cos(4C) + B4 sin(4C).

The Fourier coefficients A0 to B4 are related to the ellipso-
metric variables Ψ and Δ by [25]

Ψ = arctan
(

A2

2B4 sin Δ

)

Δ = arctan
(

A2

2A4

)
(2)

in case of a single reflection of a sample and without a
window present. These equations can be obtained using
Mueller matrices for the various optical components to re-
late the light from the HeNe laser to the light on the detec-
tor [24]. The Fourier coefficients still contain the intensity
of the HeNe laser, however, as the expressions for the el-
lipsometric variables (eqs. 2) only contain the ratio of the
Fourier coefficients, the dependency on the source light in-
tensity disappears. The only requirement is that the laser
power remains constant during a single revolution of the
compensator. Similarly, in case of a double reflection on
the sample (see fig. 2) eqs. 2 change into
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4
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(3)

and again, only the ratio of the Fourier coefficients appear
in eqs. 3. It should be noted that for the case of no vacuum
window, the analysis shows that B2 should be zero for both
a single and double reflection on the sample. It should also
be noted that this equation is only illustrative as the vac-
uum window is not included in the calculation since we do
not know the ellipsometric properties of this window. It
is therefore not possible to retrieve the ellipsometric angle
Ψ and Δ from our measured Fourier coefficients with the
current experimental setup. It is planned to install a new,
fully characterized window the next time that the prepara-
tion chamber will be opened. Nevertheless, by installing
the rotating compensator ellipsometer on our preparation

Figure 3: Fourier coefficients A0 to B4 and quantum effi-
ciency (QE) as a function of Cs deposition time for various
deposition rates of Cs. The vertical lines indicate the posi-
tion of maximum QE.

chamber we should be able to measure the Fourier coeffi-
cients for various Cs deposition rates.

Fig. 3 shows the quantum efficiency (QE) and prelimi-
nary Fourier coefficients A0 to B4 as a function of the Cs
deposition time for four different cathodes (1 to 4) made
with different Cs deposition rates. Again the Cs deposition
is continued after the maximum QE has been obtained for
illustrative purpose. Deposition is continued until the QE
reaches a steady state, where the deposited Cs is balanced
by evaporation of Cs from the cathode [5]. The maximum
QE is 14 % and 15 % for cathodes (1) and (2) respectively,
while it is 13 % for the cathodes (3) and (4). The absolute
error in the measurement of the QE is of the order ± 1 %.
Based on the maximum QE, one would expect the cath-
odes (3) and (4) to be very similar, as the QE response is
the same up to a Cs deposition time of 75 minutes. For later
times the QE starts to differ slightly, while the QE in steady
state is again the same within measurement accuracy. Also,
one expects cathodes (1) and (2) to be similar though not
to the extend as for cathodes (3) and (4). As the maximum
QE is almost the same within measurement accuracy for
the four cathodes, we have to analyze the Fourier coeffi-
cients A0 to B4 to find out whether the various cathodes
are similar in layered structure and stoichiometry.

These Fourier coefficients are also shown in fig. 3 and
it is immediately obvious from this figure that the coeffi-
cients evolve in a similar way for cathodes (1, 2) and (3, 4)
respectively. To determine if different cathodes are formed
for different Cs deposition rates, we consider the Fourier
coefficients at the time of maximum QE (indicated by the
vertical lines in fig. 3. The curves show that A0 varies
from 0.31 (1) to 0.37 (4), A2 varies from 0.11 (4) to 0.23
(2), A4 varies from -0.02 (1) to 0.07 (3,4) and finally B4

varies from 0.13 (2) to 0.16 (4). This seems to indicate that
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the various cathodes have different ellipsometric angles Ψ
and Δ at the time of maximum QE. This means that the
cathodes have a different layer structure and/or index of re-
fraction. The latter would indicate a different stoichiometry
for the cathodes.

This is further collaborated by the different shape of
the curves for the Fourier coefficients for deposition times
smaller than the time for maximum QE, especially between
those for cathodes (1, 2) and (3, 4) respectively. This
again illustrates that these cathodes have different thick-
ness and/or refractive indices. This demonstrates that el-
lipsometry is capable of resolving different layer thickness
and/or refractive index of the photocathode during the for-
mation of the cathode. Especially the refractive index pro-
vides additional information about the composition of the
layer, though additional characterization of Cs-Te with dif-
ferent stoichiometry is required to correlate the refractive
index to a particular stoichiometry.

CONCLUSIONS

Although Cs-Te photocathodes have shown to have both
a high quantum efficiency and long lifetime, and are there-
fore very suitable for use in photocathode RF accelerators
for free-electron lasers, its lack of reproducibility is still
an issue. To fully understand the underlying physics ad-
ditional real-time diagnostics tools are required to moni-
tor and probe the composition and structure of the pho-
tocathode during its formation. Ellipsometry, as an non-
destructive, optical diagnostic tool for measuring the prop-
erties of thin films, seems an ideal candidate. Indeed, we
have shown that a real-time, rotating compensator ellip-
someter can be used to follow the formation of the cathode
as it is grown in our preparation chamber. We were not able
to derive the ellipsometric angles Ψ and Δ, and hence layer
thickness and index of refraction, from these measurements
as the unknown ellipsometric angles of the existing vacuum
window of the preparation chamber do not allow calcula-
tion of these variables from the measured data. Still, this
data showed that cathodes made with different Cs deposi-
tion rates have different ellipsometric data. Ellipsometry is
therefore a very useful diagnostic tool that can be used to
monitor index of refraction and thickness of the layers as
the cathode is grown.
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