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Abstract

We present measurements of enhanced quantum efficiency
(QE) in thin film photocathodes due to optical interference
in the cathode-substrate multilayer. Modulations in the quan-
tum efficiency of Cs3Sb films grown on multilayer 3C-SiC
substrates are observed over a range of visible wavelengths,
and are shown to increase the QE by more than a factor of
two at certain wavelengths. We derive a model to describe
the modulations in QE based on a three step photoemis-
sion process incorporating cases of both constant density
of states and density functional theory (DFT) derived den-
sity of states, which is shown to be in good agreement with
the measurements. Predictions from the model show that
the QE can be enhanced by more than a factor of four by
optimizing the cathode and substrate layer thicknesses. We
also find that by optimizing layer thicknesses of the cathode-
substrate system in the calculation, optical interference can
enhance the QE beyond optically dense films. Advantages
of this interference effect for electron accelerator sources
are discussed.

INTRODUCTION

Enhancing the quantum efficiency (QE) and performance
of photoemission sources is an active area of development for
electron accelerators to produce high brightness beams [1].
The effect of photocathode material properties on QE per-
formance, such as chemical composition, surface roughness,
and crystallinity, are actively studied [2-4]. Previous works
aim to enhance QE via optical effects such as waveguide
structures [5], while theoretical analyses demonstrate that
optical interference can enhance the QE by over an order
of magnitude for widely studied photoemitting materials
and substrates [6]. Significant QE enhancement has also
been demonstrated from photocathodes grown on distributed
Bragg reflectors (DBRs) [7, 8].

In this article, we present measurements of quantum
efficiency enhancement in alkali antimonide photocathodes
due to optical interference in the cathode-substrate mul-
tilayer. Thin films of alkali antimonides were grown on
a multilayer substrate, effectively a DBR, consisting of a
layer 3C-SiC that was epitaxially grown on a thicker layer
of silicon. Increasing the QE using optical interference
aims to complement the work on optimizing material and
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morphological properties to improve alkali antimonide
photocathode performance [3,9].

THIN FILM SYNTHESIS

Thin films of Cs3Sb were grown on 3C-SiC(001) sub-
strates Fig.1 in a molecular beam epitaxy (MBE) cham-
ber at the Photocathode Epitaxy and Beam Experiments
(PHOEBE) Laboratory at Cornell University. The substrates
were degassed at temperatures between 450°C-500°C for 30
min until a clear RHEED pattern of the substrate surface
was visible. Vacuum levels were maintained near 1x10~°
Torr during film deposition. The growth method was similar
to the one described in [3], using a two-temperature profile
from 50°C to 90°C.

The films were moved to an adjacent UHV sample cham-
ber (P~1x10~'° Torr) for spectral response measurements.
An Oriel Apex Monochromator light source was used to
generate the visible spectrum, as well as a model 843-R
Newport optical powermeter, and a SRS 8340 lock-in ampli-
fier to measure QE. Photocurrent was collected using biased
metallic coil (120 V) placed 5 cm from the photocathode
sample.

The CsSb films were grown on 3C-SiC(001) substrates
at the National Synchrotron Light Source II (NSLS-II) of
Brookhaven National Laboratory (BNL) at beamline 4-ID
ISR. The photocathode growth chamber and experimental
apparatus are described in detail in [9, 10].

RESULTS AND DISCUSSION

QE oscillations were observed in the spectral response of
a thin layer of Cs3Sb on the 1.3 um thick 3C-SiC substrate
shown in Fi.2(a). The QE modulates by up to a factor of
two, within a 30 nm period. We observe this effect again
using a thinner layer, 0.3 yum thick, of 3C-SiC as shown
in Fig.2(b). The dependence of the oscillation period on
thickness indicates thin film interference.

We present a model to further understand the variables that
affect the depth of modulation and periodicity of the QE from
optical interference. We consider two cases in the model:
the first is a photocathode material with constant density of
states (DOS), and the second is with a DOS calculated from
density functional theory DFT.
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Figure 1: Schematic of a multilayer substrate used in this
experiment. 3C-SiC(001) is grown epitaxially on Si(001).
Two 3C-SiC layer thicknesses were used in this experiment:
0.3 gm and 1.3 ym. The photocathode thicknesses are es-
timated to be between 5 nm and 20 nm depending on the
sample.
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Figure 2: (a) Calculated QE vs measured QE of Cs3Sb grown
on 3C-SiC for SiC layer thicknesses of (a) 1.3um, with fits
including a constant DOS assumption and a density func-
tional theory calculated DOS and (b) A 0.3um.
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For the case of constant DOS, the QE is proportional to
the square of the excess energy, as shown in [11], before
considering optical interference. With optical interference,
the absorption in the photocathode layer varies with depth in
a nontrivial way. We define an enhancement factor, %, (%v),
to account for this variation, where / is Planck’s constant
and v = § where A is the laser wavelength and c is the speed
of light. This gives us the relation:

QE o (hv — ¢)*Fe(hv) (1

where ¢ is the workfunction of the material and hv — ¢ is
the excess energy.

We derive the enhancement factor by calculating the total
electric field in the photocathode film:

Ey — Eoeiwt (Cfeiﬁpckx + Cbe—iﬁpckx) (2)

where ¢y and c;, are the coefficients of the forward and
backward travelling waves and npc is the complex index
refraction of the material. We solve the for coeflicients ¢ s
and cp, by applying boundary conditions for the electric field
in the multilayer, then calculate the net power density flow
from the Poynting vector (Sy) = %Ey x H}, where H is
the complex conjugate of the magnetic field in the material
which can be derived from H = (=1/p) [V x Edt. The
power density is then defined as P, = % Re(Sy), and a
power absorption profile a(x) in the photocathode is defined
as: a(x) = P,/Piy, , where the input power at the surface,
Py , is calculated from:

Py, =— (kn—‘““c

2wpopy

After calculating the absorption profile a(x), we assume
the probability of an electron escaping from the material

decays exponentially with thickness, and calculate the en-
hancement factor:

) |Eo|*. 3)

1
7, = / a(x)e” ¥/ ese) gy )
0

where [ is the thickness of the photocathode layer, and A,
is defined as the electron escape depth of the material. The
QE is then modeled for the constant DOS case as:

1
QE(hv)zN(hv—¢)2/ a(x)e”Fes) gy (5)
0

To make the model more robust at predicting QE enhance-
ment, we include a detailed DOS obtained by density func-
tional theory (DFT) in the calculation. To account for vari-
able DOS in the model, we again follow the derivation of
the QE from Saha in [11] to express the quantum efficiency
shown in Eq. (6).

We then input data on the optical properties for Si and 3C-
SiC obtained from [12,13] and the complex refractive indices
for Cs3Sb obtained from DFT calculations to calculate the
QE in Eq.(5). The thickness of the SiC layer, thickness of the
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Figure 3: (a) Measured QE of Cs;Sb; on a 1.3um thick SiC

layer. A thinner Cs;Sb; cathode (blue curve) is compared
to a thicker cathode (red curve).
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Figure 4: Calculated QE for Cs3Sb cathodes with different
thicknesses. The substrate used in the model is 1.3 pm thick
SiC on 0.5 mm thick Si.

Cs3Sb layer, the electron escape depth A, and the vacuum

level energy, E, . are free parameters used to fit to the data.

The resulting fit is shown with the measurements in Fig. 2
for both cases of constant DOS and DTF calculated DOS.

Optical interference was also observed for the growth of
Cs;Sb; photocathodes at BNL as shown in Fig.3. To date,
the refractive index has not been directly measured on this
stoichiometry of cesium antimonide. We plan to apply the
model to Cs;Sb; and other materials after obtaining DFT
calculations or measurements of the refractive indices.

In Fig.4, we test the model by varying thicknesses of the
Cs3Sb layer while keeping the SiC layer fixed at 1.3 um
and holding all other parameters constant. We find that the
QE modulates by a factor greater than four in a 5 nm thick
Cs3Sb cathode. The optical interference from the 5 nm
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thick film will enhance the QE beyond that of an optically
dense, 200 nm thick cathode by a factor of 1.33 at 515 nm,
and by large fractions of the QE at several constructively
interfering wavelengths. The implication of this calculation
is that optical interference allows thinner cathodes to provide
larger QE at desired visible wavelengths.

Dampening of the QE modulation depth for thicker films
is largely due to the absorption of light in the cathode. The
modulations would disappear completely in an optically
dense cathode, which has thickness greater than the absorp-
tion depth of the light. Surface roughness and more detailed
scattering processes could also affect the QE, however mod-
eling these effects are outside the scope of this article.

CONCLUSION

Enhanced quantum efficiency be achieved by exploit-
ing optical interference effects in multilayer photocathode-
substrate systems. We present measurements of QE modula-
tions in Cs3Sb cathodes grown on 3C-SiC(001) substrates
that form this multilayer system, and show that the QE more
than doubles over a wavelength range of approximately 30
nm. Our model of the optical interference effect is shown
to be in good agreement with the measurements, confirm-
ing the effect is thin film interference. Predictions from the
model show that the QE can be enhanced by more than a
factor of four using our conditions, and that the QE can ex-
ceed that of an optically dense cathode by a factor greater
than 1.33 by optimizing layer thicknesses. The modulation
depth and period of the QE oscillations can be controlled
by tuning the substrate and photocathode layer thicknesses,
allowing the QE to be enhanced at desired wavelengths for
photocathode-based accelerators.
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