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Alkali azide based growth of high quantum efficiency photocathodes
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The authors report on successful growth of bialkali photocathode based on CsK,Sb using the alkali
metal vapors generated by thermal decomposition of alkali azides. Details about the ultrahigh
vacuum growth system and the procedure used are provided. The final quantum efficiency of the
photocathode under illumination with 532 nm laser is 9.6%. This value is comparable to the largest
ones obtained in our previous experiments using commercial dispensers, indicating that alkali azides
are a viable alternative. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4876184]

. INTRODUCTION

During the past decade, the scientific community has
shown a renewed interest in the physics of photoemission
electron sources with applications related to the generation
of high brightness electron beams suitable to drive fourth
generation x-ray sources such as energy recovery linacs
(ERL) and free electron lasers, nuclear and high energy
physics experiments (e.g., electron coolers and electron—ion
colliders), as well as an electron source for ultrafast electron
diffraction experiments.'

Many different photosensitive materials are widely used
in photon detection and imaging devices such as photomulti-
plier tubes and night vision cameras. The use of alkali anti-
monides photocathode materials in an RF gun based
photoinjector was already reported in 1995,% but important
properties such as mean transverse energy (MTE), their
response time, and the lifetime of photocathode materials
when operated in modern photoinjector or dedicated devices
have been systematically measured only in recent years.”
Some aspects related to the physics of photoemission are not
yet completely understood, and for this reason, Cornell
University has launched a dedicated effort with the goal of
investigating and optimizing properties of photocathode
materials. Part of the work is dedicated to developing reli-
able growth procedures for synthesizing alkali antimonide
photocathode materials with characteristics suitable for oper-
ation in high average power, high brightness photoinjectors.®
Results related to the growth and characterization of high
quantum efficiency (QE) photocathodes operated in the ERL
injector prototype in use at Cornell University have been
reported, showing that high quantum efficiency alkali anti-
monides not only provide electron beams with MTE similar
to the one obtained from GaAs activated to negative electron
affinity but also offer enhanced ruggedness with respect to
vacuum conditions, resulting in longer lifetime when operat-
ing at very high average current levels.” Alkali antimonide
photocathodes based on Cs;Sb, CsK,Sb, and Na,KSb mate-
rials are routinely grown for the ERL photoinjector proto-
type. QEs in the range of 10% have been achieved at 520 nm
incident light wavelength, the operating wavelength typical
of high current photoinjector drive lasers.
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One of the main limitations in the reproducibility of the
growth procedures is related to an intrinsic unreliability of the
dispensers used to generate alkali vapors during the growth of
antimonide-based photocathodes. Commercially available al-
kali metal vapor dispensers are available using either alkali
metal chromates'' or bismuth alloys.'> The best results in
terms of quantum efficiency achieved so far have been
obtained from the bismuth alloys-based dispensers. Such dis-
pensers hold larger quantities of alkali metal as compared to
alkali metal chromate dispenser and are able to provide larger
atomic fluxes. On the other hand, they present the drawback
of reactivity with oxygen containing species. For this reason,
an indium-based seal is employed to keep the alloy under an
inert atmosphere. Once the seal is broken under vacuum, the
dispenser cannot be exposed to open air; otherwise, the alloy
will be oxidized and permanently contaminated. Furthermore,
as the atomic ratio between Bi and the alkali metal changes
because of the continuous use of the dispenser, the operating
parameters must be adjusted to reproduce the same experi-
mental conditions. In the worst case scenario, Bi can also
evaporate from the dispenser contaminating the sample.

Possible obvious alternatives to the use of alkali chromate
or bismuth alloy-based dispensers are represented by pure al-
kali metals and alkali azides. The use of pure metal based
sources has been already proven to be effective in yielding
photocathodes with quantum efficiency comparable to the
ones grown in sealed tubes,'? but the handling of pure metals
has to be performed in inert gas atmosphere because of the
well-known reactivity of alkali metal in their pure state. On
the other hand, alkali azides are stable compounds in air
(chemical formula AN5, were A is the alkali metal) and are
known to decompose at moderate temperatures,'*'® releas-
ing high purity alkali metals vapors and nitrogen gas, the lat-
ter being inert and not expected to be harmful to the
photoemissive properties of the cathode. Depletion of the
ANj; from the crucible will not result in the release of any
potential contaminants. Moreover, alkali azides can be
reused after the system has been vented without any detecta-
ble effect on the final properties of grown photocathode.

Here, we report on the experimental setup and procedure
used for growth of CsK,Sb material having quantum efficien-
cies close to 10% at 532 nm showing that alkali azides are an
effective alternative to commercially available sources for
the synthesis of alkali antimonide-based photocathodes. The

© 2014 American Vacuum Society 031211-1
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growth system and procedures described herein can be scaled
up for the purpose of growing photoemissive materials over
large area substrates for application in high energy physics
experiments involving single photon detection.

Il. EXPERIMENTAL SET UP

The UHV growth system designed with the purpose of
using alkali azides as sources of high purity alkali metals
vapors for the growth of high QE cathodes consists of a vac-
uum chamber equipped with four furnaces for the evaporation
of metals, a substrate heater, and a quartz microbalance to
measure the atomic fluxes. Because of the different sticking
coefficient of the different alkali atomic species to the sub-
strate and to quartz microbalance crystals surfaces, the quanti-
tative determination of the flux as measured by the frequency
shift of the microbalance crystal can be used only as reference
to compare different procedures and to evaluate the stability
of the flux generated by azides thermal decomposition.

The substrate holder is electrically insulated and is radia-
tively heated with an electrical heating element placed a few
millimeters from the back of the substrate. The substrate is
directly connected to a thermocouple to measure its surface
temperature. In order to measure the photocurrent, the sub-
strate is biased negatively with respect to the chamber walls
to collect the electrons emitted while illuminating the cathode
with a laser. The use of a lock-in amplifier and a mechanical
chopper to modulate the laser light intensity allows further
increasing the signal to noise ratio and to remove unwanted
DC components from the photocurrent signal. During prelim-
inary experiments, the photocurrent flowing out of the sub-
strate depended on the vacuum pressure if a bias larger then
few tens of volts was used. This is attributed to the increase
of the electron impact ionization cross section, which leads to
a larger ion content in the residual gas in the vicinity of the
photocathode surface. Since the substrate is negatively bi-
ased, the ions generated by photoelectrons will be collected
by the substrate, in addition to the measured value of the cur-
rent due to photoelectrons. In order to mitigate this effect a
low voltage of —18 V was used to bias the substrate. A sche-
matic of the growth system is provided in Fig. 1.

Substrate heater

FiG. 1. (Color online) Schematic of the growth chamber assembly and a pic-
ture showing the flange hosting the furnaces and shutters.
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The pumping system has been designed to minimize the
contamination of the samples during the growth over a wide
range of pressures from 10~> down to 10 * Pa levels. When
alkali azides temperature is raised to 300 °C, the molecular
bonds are broken, resulting in a release of high purity alkali
metals and nitrogen gas.'*'® In order to achieve fluxes com-
patible with the growth of alkali antimonides, a vacuum level
in the range of 107> Pa must be supported by the pumping
system.

This continuous gas load cannot be easily handled by an
ion pump. At such high vacuum levels, the sputtering rates
generated by the plasma forming in the vicinity of ion pump
electrodes can induce the release of large quantities of chem-
ical elements and molecules that can quickly poison the
cathode surface. For this reason, a turbomolecular pump was
connected to our chamber through a gate valve to support or
replace the ion pump in maintaining the vacuum once the
pressure becomes too high to be compatible with the ion
pump.

The sources of metal vapors are based on Varian
Molecular Beam Epitaxy furnaces (Mod. 981-4134) hosting a
16cc high purity BN crucible. Each furnace is equipped with
a shutter operated by a rotary pneumatic actuator. Preliminary
experiments revealed that when temperature of the furnaces is
raised high enough to promote dissociation of the alkali azide,
a solid to liquid transition can occur and the liquid will start
to boil, generating a large number of macroscopic droplets
that deposit on the substrate. In order to avoid droplet ejection
from the boiling material contained in the crucible, a special
mask was designed to remove direct line-of-sight between the
alkali azide and the substrate surface. The mask has been
designed so that can be hooked to the BN crucible lip by
means of six small tabs. Another beneficial effect of the mask
is an improved thermal stability of the furnace with respect to
the shutter position. When the mask was not used, we
observed furnace temperature drifts of 15 °C when the shutter
was moved from open to closed position as a result of the
thermal shielding change induced by the shutter position.
Figure 2 shows pictures of one of the shielding mask before
and after being connected to the BN crucible lip.

The bottom flange of the deposition chamber is equipped
with four furnaces allowing evaporating Sb (from Alfa-
Aesar 99.9999% purity beads), Cs (from Sigma-Aldrich
CsNj3 99.99% purity), K (from Sigma-Aldrich KN3 > 99.9%
purity), and Na (from Sigma-Aldrich NaNj3 > 99.5% purity).
Due to the limited space available and to avoid mechanical
interference of the shutters, the evaporation of different
chemical species can occur only in sequence (i.e., no code-
position of different elements could be performed). The four
furnaces are installed so that the intersection of their symme-
try axis coincides with the center of the substrate, which is
placed about 20 cm from the mouth of each crucible.

lll. RESULTS

The substrates used for growth procedures described here
are stainless steel substrates polished with diamond paste to
a mirror finish. The smallest diamond grain size used for the
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FiG. 2. (Color online) Details of the insets used to avoid direct line of sight
between the azides in the crucibles and the substrate where growth is
occurring.

polishing was 100 nm. After a 24 h bake at 150 °C, the cham-
ber vacuum level was 2 x 10’ Pa. Before attempting film
growth, the furnaces and the substrate were extensively
degassed by keeping the substrate at 550 °C and the furnaces
at 160 °C for 24 h. At the end of this procedure, the vacuum
level, with the puck at 550 °C, was of 2 x 10 °Pa.

The source temperatures were set to 100 °C [see Fig. 3(a)]
and substrate heater was turned off to allowing the polished
stainless steel surface to cool down as reported in figure [see
Fig. 3(c)]. The Sb furnace temperature was ramped to 400 °C.
After 40 min the substrate temperature lowered to 200 °C.
The temperature of the Sb source was then increased to
515°C and the shutter was opened. The Sb flux obtained
from the quartz microbalance placed in the vicinity of the
substrate was measured to be 3 x 10'* atoms/cm” s and is
reported in Fig. 3(b). The initial observed transient was

T T T T T T ] ()

Time (hour)

Fic. 3. (Color online) (a) Temperatures of furnaces hosting Sb, KNj, and
CsNs; (b) Atomic fluxes at the substrate surface as deduced by frequency
shift of the quartz microbalance crystal; (c) Substrate temperature and QE at
532 nm of the photocathode as measured during the growth process.
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related to the not yet stabilized temperature of the furnace.
Using the deposition rate inferred from the quartz microba-
lance, the Sb layer thickness grown was limited at 20 nm by
closing the furnace shutter and then by decreasing the operat-
ing temperature of the furnace to 100 °C. During the growth
of the Sb layer, the temperature of the furnace hosting KN3
was raised to 200 °C and, as the Sb layer was approaching the
final thickness of 20 nm, the heater current was set to increase
the temperature of the KN furnace to 275 °C. When the shut-
ter of the KN3 furnace was opened allowing the K flux to
reach the substrate, the temperature of the furnace was not yet
stabilized and the flux slowly increased with the temperature
until a rather stable flux is reached at 2.5 x 10" atoms/cm? s
[Fig. 3(b)]. When the K shutter was opened, the substrate
temperature was 150°C [Fig. 3(c)]. The vacuum level
increased by several orders of magnitude reaching a stable
value of 3 x 10~ Pa. After 90 min of continuous exposure to
K flux, the lock-in amplifier started detecting photocurrent
emitted from the cathode surface [Fig. 3(c)]. In 45 min, the
QE of the photocathode increased to 0.8%, which is within
the range of QEs obtained during this stage of growth when
using Bi alloy based dispensers.'” At this time, the substrate
temperature has dropped slightly below 100°C. The CsNj
furnace temperature was ramped to 310°C and the shutter
opened to expose the K;Sb surface to the Cs flux. Contrary to
the behavior of previously used K sources, the CsNj required
more time to reach a stable operations point. As shown in Fig.
3(b), even though the measured furnace temperature was con-
stant, a continuous decrease of the Cs flux was seen, which
was compensated by increasing the furnace temperature to
350°C [Fig. 3(a)]. When the furnace reached this tempera-
ture, the flux suddenly increased to 6 x 10" atoms/cm? s
[Fig. 3(b)]. At the same time, the substrate temperature was
approaching 60°C, well below the previously reported tem-
perature of 130°C needed in this stage of the photocathode
synthesis while using commercial dispensers. At 60 °C, the
substitution reaction, which leads to K loss in favor of Cs
incorporation inside the film, proceeded at a very slow rate
and the photocurrent, which was so far increasing even with a
relatively low rate, started to flatten at a QE of about 2%,
indicating that Cs is no longer being incorporated inside the
photocathode layer. For this reason, the substrate heater was
turned on for the time needed to increase the photocathode
temperature above 100 °C [Fig. 3(c)], which according to pre-
vious results, is necessary to obtain high QE CsK,Sb photo-
cathodes.'® The CsNj; furnace temperature was decreased to
310°C as well [Fig. 3(a)], and for the rest of the growth pro-
cedure, the generated Cs flux appeared to be constant at
1 x 10" atoms/cm? s [Fig. 3(b)]. The vacuum level stabilized
at a 4.5 x 107> Pa. As the substrate temperature increased, we
observed the QE to rapidly increase and after two more hours
of Cs flux exposure the photocurrent flattened at a QE equiva-
lent value of 9.6% for an illuminating wavelength of 532 nm.

IV. SUMMARY AND CONCLUSIONS

This result demonstrates that high quantum efficiency
photocathodes based on alkali antimonide materials can be
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synthesized using thermal decomposition of alkali azide as
sources for the generation of alkali metal vapors. The growth
occurs in the presence of relatively high vacuum levels as
compared with the process done using alkali chromate or Bi
based alloys, but most of the residual gas is high purity nitro-
gen which does not negatively affect the growth process or
contaminate the samples.

Forthcoming experiments will include modifications of
the existing apparatus, allowing the exchange of substrate
using the same vacuum suitcase and substrate holder used in
the ERL injector prototype'” to measure photocathodes per-
formances in a real photoinjector. We will also attempt the
synthesis of Na,KSb and of the S20 photocathode (which is
a Na,KSb photocathode with a thin Cs3Sb layer at the top).
The latter is known to have a longer wavelength emission
threshold. Additionally, we plan a layer-by-layer and coeva-
poration growth using shutters for precise subnanometer
thickness control to study the effect of deposition procedure
on the surface roughness and the emission properties.
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