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Na2KSb/CsxSb interface engineering for high-efficiency photocathodes
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Optical and photoemission measurements were performed on alkali antimonide Na2KSb and
Na2KSb/CsxSb photocathodes in order to determine their energy-band diagrams, elucidate the photoemis-
sion pathways, and explore the options for interface engineering in order to reach high quantum efficiencies
of the photocathodes. This study is motivated by the recent discovery of optical orientation in Na2KSb and
emission of spin-polarized electrons from Na2KSb/CsxSb photocathodes [V.S. Rusetsky et al., Phys. Rev.
Lett. 129, 166802 (2022)]. We have shown that the band gap Eg of Na2KSb at T = 295 K lies within the
range of 1.40–1.44 eV. The Na2KSb surface activation by the deposition of Cs and Sb results in effective
electron affinity decrease by approximately 0.37 eV, and in an increase of the quantum efficiency up to 0.2
electrons per incident photon. The analysis of longitudinal energy distribution curves (EDCs) proves that
the surface of activated Na2KSb/CsxSb photocathodes have negative effective electron affinity of approx-
imately −0.1 and −0.25 eV at T = 295 and 80 K, respectively. EDC measurements under increasing
photon energy �ω demonstrate the transition of photoemission pathway from the surface states’ photoion-
ization at �ω < Eg to the emission from the conduction-band bottom at �ω ≈ Eg and from the states with
high kinetic energy in the conduction band at �ω > Eg . EDCs measured at 80 K reveal a highly direc-
tional photoelectron emission from the Na2KSb/CsxSb photocathode, as compared to the p-GaAs(Cs,O)
photocathode. This fact, along with the observed significant, by an order of magnitude, increase in the
photoluminescence intensity under the Na2KSb surface activation by Cs and Sb, indicates relatively weak
diffuse scattering in the “quasiepitaxial” CsxSb activation layer of a Na2KSb/CsxSb photocathode, com-
pared to strong scattering in the amorphous (Cs,O) activation layer of a p-GaAs(Cs,O) photocathode.

DOI: 10.1103/PhysRevApplied.22.024008

I. INTRODUCTION

Photocathodes based on the emission of photoelec-
trons from solids into vacuum are widely used in various
devices—photomultipliers, image intensifiers, and spin-
polarized electron sources. Polarized electron sources are
key instruments for the development of modern and future
electron-ion [1–3] and electron-positron colliders [4–6].
Also, polarized electron sources are used in various ana-
lytical methods, such as spin-polarized transmission elec-
tron microscopy and spin-polarized low-energy electron
microscopy [7,8]. All these applications require robust,
low-emittance, and efficient spin-polarized sources.

*Contact author: rozhkovs@isp.nsc.ru
†Contact author: teresh@isp.nsc.ru

At present, the highest quantum efficiencies (QEs)
are obtained for semiconductor photocathodes based on
p-GaAs and other III-V compounds with negative effec-
tive electron affinity (NEA), at which the vacuum level
Evac lies below the conduction-band bottom in the bulk
of a semiconductor Ec [9]. The state of NEA is achieved
by the deposition of cesium and oxygen, which form an
activation layer of subnanometer thickness. In the NEA
state, the photoemission threshold of the photocathode is
decreased from several electron volts at the clean semi-
conductor surface down to the semiconductor band gap
Eg , and the QE is increased by several orders of magni-
tude, up to approximately 0.5 electrons per incident photon
[10,11]. Due to the effect of optical orientation of elec-
tron spins under the excitation by circularly polarized light
[12], semiconductor photocathodes make it possible to
produce beams of spin-polarized electrons [13,14]. The
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maximum spin polarization of electrons emitted from
unstrained GaAs photocathodes is P = 50%. Lifting the
valence-band degeneracy in strained photocathodes or
superlattices allows increasing this value up to P ≈ 90%
[15]. The record parameters of semiconductor photocath-
odes are based on their crystalline perfection and detailed
knowledge of the electronic band structure, mechanisms
of photoexcitation, transport, and escape of photoelectrons
into vacuum.

Another group of photocathodes, which are also
widely used in photoemission devices, is based on alkali
antimonide compounds [16–18]. The most effective in
this group are multialkali Na2KSb/CsxSb photocathodes
(MPs). An MP consists of a 100–140-nm-thick polycrys-
talline Na2KSb active layer deposited on a glass substrate
and covered with a thin (approximately 1 nm) “activa-
tion” layer of cesium and antimony in order to reduce
the work function φ [19]. In MPs, QE near the photoe-
mission threshold reaches approximately 0.1 electrons per
incident photon [19,20]. These values are significantly
lower than for NEA photocathodes based on III-V semi-
conductor compounds. However, MPs have a number of
advantages, in particular, fabrication simplicity and higher
stability of photoemission properties. It was shown in
Refs. [21–23] that alkali antimonide photocathodes are
capable of stable electron-beam generation with record
high-average currents, along with acceptable values of
QE, response time, and mean transverse energy (MTE) of
emitted electrons.

In the recent work by Rusetsky et al. [24], the effect of
optical orientation of photoelectron spins during the exci-
tation by circularly polarized light has been demonstrated
in Na2KSb/CsxSb photocathodes, as well as a high spin

polarization of the emitted photoelectrons. These results
open wide prospects for developing stable high-brightness
spin-polarized electron sources based on MPs for accel-
erator facilities and analytical instrumentation. As in the
case of III-V NEA photocathodes [14,25], the realization
of these prospects also requires detailed knowledge of the
electronic band structure of the active layer, the energy
diagram of the photocathode–vacuum interface and the
mechanisms of photoelectron emission into vacuum.

At present, the data on the electronic band structure and
photoemission properties of multialkali Na2KSb/CsxSb
photocathodes available in the literature are contradic-
tory. The first uncertainty is related to the band gap Eg
of the Na2KSb active layer: the values of Eg given in
the literature vary from 1.0 eV [17,18,22,26] to 1.4 eV
[27,28]. The second unresolved question is whether the
effective electron affinity χ∗ on the surface of acti-
vated Na2KSb/CsxSb photocathode is positive or negative.
The energy-band diagrams of photocathodes with posi-
tive effective electron affinity (PEA) and NEA are shown
in Figs. 1(a) and 1(b), respectively. In a large number
of papers [17,18,22,26,27,29,30], the effective affinity of
Na2KSb/CsxSb photocathode at room temperature was
considered to be positive χ∗ ≈ 0.3 eV, while in Ref. [28]
it was found that it is negative χ∗ ≈ −0.1 eV.

Along with the questions about the band gap and effec-
tive affinity at room temperature, photoemission properties
of MPs at low temperatures, which so far were stud-
ied insufficiently, are of scientific and practical interest.
This interest is due to the temperature dependence of the
spin-relaxation rate of photoelectrons in semiconductors
[31,32], which can significantly affect the spin polar-
ization of electrons emitted from the MPs. In addition,

(a) (b)

FIG. 1. Energy-band diagrams of photocathodes with PEA (χ∗ > 0) (a) and NEA (χ∗ < 0) (b). Relevant photoemission pathways
are shown: direct emission of hot photoelectrons (1, 3), emission of thermalized photoelectrons (2, 4) and photoemission from occupied
surface states (5). Ec and Ev are the conduction-band bottom and the valence-band top in the bulk of the active layer, respectively, EF
is the Fermi level, Evac is the vacuum level, E0 is the initial energy of photoexcited electrons, φ is the work function, ϕs is the surface
band bending, and w is the width of the band-bending region.
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cooling of the semiconductor photocathode can reveal new
photoemission pathways [33–35] and enable a decrease in
the MTE of emitted photoelectrons [36,37].

To resolve the contradictions and fill the gaps in the
literature, in this work, we studied the optical and pho-
toemission properties of Na2KSb/CsxSb photocathodes,
which demonstrate the effects of optical orientation and
emission of spin-polarized photoelectrons [24,38]. The
spectra of QE, light absorption, and photoluminescence
of these photocathodes, as well as energy distributions of
photoelectrons emitted into vacuum were measured in the
temperature range 80–295 K. It was established that the
state of NEA is characteristic of the Na2KSb/CsxSb photo-
cathodes both at low and room temperatures. It was shown
that, at low temperatures, the angular distribution of pho-
toelectrons emitted into vacuum is concentrated near the
normal to the photocathode surface.

II. EXPERIMENTAL DETAILS

Planar vacuum photodiodes [20,24,33,35,39] with semi-
transparent Na2KSb and Na2KSb/CsxSb photocathodes
were fabricated for these studies. The photocathode growth
was carried out in an ultrahigh vacuum chamber with the
base pressure of 10−8 Pa by a simultaneous deposition of
Na, K, and Sb on a flat glass window until the required
thickness of the Na2KSb active layer was reached [19].

Photoemission current was monitored at all stages of pho-
tocathode preparation. The glass substrate temperature
during the active layer growth was approximately 470 K
[18,19]. The Na2KSb photocathode activation was car-
ried out by depositing Cs and Sb at T ≈ 420 K [18]
until the maximal photocurrent was obtained. This proce-
dure results in a luminous sensitivity up to 850 µA/lm at
T = 295 K. The measured spectra of optical transmission
and reflection of the fabricated photocathodes were similar
to those published in Refs. [19,28]. The thickness of the
Na2KSb active layers was about 120 nm and was deter-
mined from the interference observed in the reflectance
spectra. The vacuum photodiode was formed by mount-
ing the photocathode and anode parallel to each other at
a distance of about 0.5 mm in an alumina ceramic body.
Anodes were made by depositing Cr layers or by bonding
the Al0.11Ga0.89As layer to flat glass substrates [24]. The
working diameter of the photodiodes was equal to 20 mm.
The schematic representation of a vacuum photodiode and
its photograph are shown in Figs. 2(a) and 2(b), respec-
tively. A typical quantum efficiency spectrum and the QE
map of the Na2KSb/CsxSb photocathode are shown in
Figs. 2(c) and 2(d), respectively. QE values up to 0.2 were
obtained with relative variations over the working area less
than 10%. To compare Na2KSb/CsxSb and p-GaAs(Cs,O)
photocathodes, we fabricated planar vacuum photodiodes
with p-GaAs(Cs,O) photocathodes [35].
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FIG. 2. Structure of a photodiode with a Na2KSb/CsxSb photocathode and its photoemission properties measured at 295 K.
(a) Schematic cross section of the vacuum photodiode. (b) Photograph of the photodiode. (c) Quantum efficiency spectrum. (d) Quan-
tum efficiency map measured at �ω = 1.9 eV. (e) Photocurrent-voltage curve Jph(U) (solid line) and its derivative (dash-dot line)
measured at �ω = 1.55 eV. The longitudinal component of the electron kinetic energy Elon is plotted along the lower axis. The contact
potential difference UCPD, vacuum level Evac, and the conduction-band minimum in the bulk of Na2KSb Ec are shown with arrows.
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All the data presented in this work were obtained on
vacuum photodiodes. The measurements of reflectance
R(�ω), transmittance T(�ω), photoluminescence IPL(�ω),
and photoemission quantum efficiency QE(�ω) spectra of
the photocathodes, as well as the longitudinal energy dis-
tribution curves (EDC) of photoelectrons emitted into vac-
uum, were carried out in the temperature range 80–295 K.
The measurements of R(�ω) and T(�ω) spectra were done
on a special photodiode with an anode replaced by a trans-
parent glass window. The R(�ω) and T(�ω) spectra were
measured at an incidence angle of approximately equal to
20◦. The absorbance spectrum A(�ω) of the photocathode
was calculated from the following relation:

T(�ω) + R(�ω) + A(�ω) = 1. (1)

EDC measurements were performed in the planar vacuum
photodiodes, which were used as electron spectrometers
with a uniform retarding electric field [33,35]. In such a
spectrometer, photoelectrons reach the anode if the longi-
tudinal component of their kinetic energy Elon satisfies the
condition:

Elon > e(UCPD − U), (2)

where Elon = Ek cos2(θ), Ek and θ are the total kinetic
energy of the photoelectron and the polar emission angle
[see Fig. 2(a)], respectively, UCPD is the contact potential
difference between the photocathode and the anode, U is
the acceleration voltage, e is the electron charge modulus.
The electron energy distribution Ne(Elon) is proportional to
the derivative of the photoemission current Jph with respect
to U [33,35]:

Ne(Elon) ∼ dJph(U)/dU. (3)

A typical photocurrent-voltage curve Jph(U) of a photodi-
ode with Na2KSb/CsxSb photocathode and its derivative
are shown in Fig. 2(e). The value of contact potential dif-
ference UCPD and, accordingly, the position of Evac were
determined by the position of the extremum in the second
derivative of the Jph(U) curve and are marked with arrows
in Fig. 2(e).

The vacuum photodiode was mounted in a continuous-
flow nitrogen optical cryostat. The photocathode was illu-
minated in the transmission mode by a light spot of
approximately 1 mm in diameter. A halogen lamp and a
monochromator were used as a light source with a cal-
ibrated photon flux. To measure EDC, the sum of a dc
voltage U and a small ac sinusoidal voltage U∼ of about 10
meV in amplitude was applied to the photodiode. Then, the
ac component of the photocurrent, which is proportional
to the derivative of Jph(U), was measured by the lock-in
amplifier. The electron spectrometer resolution was deter-
mined both by the value of U∼ and by the nonuniformities
of the anode work function within the light spot area.

III. RESULTS

A. Photoemission and optical spectra of Na2KSb and
Na2KSb/CsxSb photocathodes at 295 K

To determine the energy-band diagrams and to elucidate
the photoemission pathways, we compared the photoemis-
sion properties of Na2KSb and Na2KSb/CsxSb photocath-
odes. For this purpose, two photocathodes with identical
Na2KSb layers were simultaneously fabricated in a growth
chamber. Then one of the photocathodes was immediately
sealed in a vacuum photodiode. The second photocathode
was sealed after activation of its surface with Cs and Sb.
The photoemission quantum efficiency spectra QE(�ω)

measured at 295 K at these Na2KSb and Na2KSb/CsxSb
photocathodes are shown in Fig. 3(a). The measurements
of the spectra were done at acceleration voltage U = 10 V.
As can be seen, the QE spectrum of the Na2KSb photo-
cathode contains two thresholds at �ω = 1.435 ± 0.01 eV
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FIG. 3. Photoemission and optical spectra of Na2KSb and
Na2KSb/CsxSb photocathodes at 295 K. (a) Quantum efficiency
spectra QE(�ω). The vertical dash-dot line indicates the thresh-
old of direct photoemission at 1.9 eV. The vertical dashed line
indicates the threshold at band gap Eg = 1.43 eV. (b) Absorbance
spectrum A(�ω). (c) Photoluminescence spectra IPL(�ω). Excita-
tion energy �ωex = 1.59 eV is shown with an arrow.
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and �ω = 1.90 ± 0.04 eV. The threshold energies were
determined by the peak positions in the QE(�ω) deriva-
tive [40] and are marked by vertical lines. The high-energy
threshold corresponds to the direct emission of hot photo-
electrons into vacuum [pathway 1 in Fig. 1(a)]. The low-
energy threshold is due to the photon-enhanced thermionic
emission (PETE) [41,42], i.e., emission of thermalized
photoelectrons that are excited in the Na2KSb conduc-
tion band with initial energies lower than Evac and receive
the energy necessary for emission from the crystal lattice
by the absorption of phonons [pathway 2 in Fig. 1(a)].
The position of the high-energy threshold is determined
by the PEA value of Na2KSb photocathode χ∗, and the
position of the low-energy threshold coincides with the
Na2KSb layer band gap Eg . It is seen in Fig. 3(a) that
the QE(�ω) spectrum of the Na2KSb/CsxSb photocathode
has only one threshold located at �ω = 1.43 ± 0.01 eV.
The coincidence in the positions (within approximately
5 meV) and shapes of the low-energy threshold in the
QE(�ω) spectra of the two photocathodes fabricated in
the same growth process and different only in the pres-
ence or absence of a approximately 1-nm-thick activation
layer indicates that this is the threshold of interband transi-
tions, and the band gap in the Na2KSb layer Eg = 1.43 ±
0.01 eV at room temperature. In the QE spectrum of
the Na2KSb/CsxSb photocathode, we do not observe the
high-energy threshold, which is associated with the direct
emission of hot photoelectrons in the state with PEA. This
means that the deposition of the activation layer reduced
the effective affinity χ∗ by approximately 0.5 eV, down to
negative or near-zero values. In such a photocathode, at
�ω > Eg , a fraction of photoelectrons escape into vacuum
without significant energy loss [pathway 3 in Fig. 1(b)]
[25,43]. The remaining photoelectrons thermalize to the
conduction-band bottom in the Na2KSb layer bulk, reach
the band-bending region and may undergo energy and
momentum scattering at the surface before escaping into
vacuum [pathway 4 in Fig. 1(b)] [25,33]. At �ω < Eg , the
QE spectrum of the Na2KSb/CsxSb photocathode consists
of two exponential regions. The high-energy exponential
region with a slope of approximately equal to 15 meV is
due to the interband transitions between the tails of the
density of states of the valence and conduction bands of
the Na2KSb layer [44]. The low-energy exponential region
with a slope of approximately equal to 28 meV is due, pre-
sumably, to the emission of electrons into vacuum from the
occupied surface states [pathway 5 in Fig. 1(b)] and defect
states in the band-bending region [45–47].

Shown in Fig. 3(b) is the absorbance spectrum A(�ω) of
Na2KSb/CsxSb photocathode measured at 295 K on a spe-
cial photodiode with a transparent glass window instead
of an anode. It is seen that the low-energy part of the
spectrum contains two exponential regions with different
slopes. In the steep region, the absorbance increases by
an order of magnitude with increasing �ω in the range

of 1.35–1.45 eV. This region is due to the onset of inter-
band optical transitions in the Na2KSb layer. The band-gap
value determined from the position of the maximum in the
A(�ω) derivative was Eg = 1.42 ± 0.01 eV. The thresh-
olds coincidence in the QE(�ω) spectra of Na2KSb and
Na2KSb/CsxSb photocathodes with the threshold position
in the A(�ω) spectrum of Na2KSb/CsxSb photocathode,
with the accuracy of 10 meV, further confirms that the
low-energy thresholds in the QE(�ω) spectra are due to
the onset of interband transitions in the Na2KSb layers.
The less steep exponential tail in the A(�ω) spectrum at
�ω < 1.35 eV is presumably caused by electronic transi-
tions involving defect states or by variations in the bang
gap due to fluctuations in the chemical composition of the
active layer [27,48,49]. The weak variations in A(�ω) at
�ω > Eg are due to the light interference in the Na2KSb
layer [19,27].

The photoluminescence spectra IPL(�ω) of the same
Na2KSb and Na2KSb/CsxSb photocathodes are shown in
Fig. 3(c). The spectra were measured at 295 K for excita-
tion energy �ωex = 1.59 eV. The maxima of the IPL(�ω)

spectra of Na2KSb and Na2KSb/CsxSb photocathodes are
at �ω = 1.425 ± 0.005 eV and �ω = 1.430 ± 0.005 eV,
respectively, and coincide with the position of the low-
energy thresholds in the QE spectra with the accuracy of
approximately 5 meV. This indicates that the IPL(�ω) spec-
tra correspond to the interband transitions in the Na2KSb
layer. The integral photoluminescence intensity of the
Na2KSb/CsxSb photocathode is by an order of magnitude
higher than that of the Na2KSb photocathode. This, proba-
bly, indicates that the CsxSb activation layer passivates the
nonradiative recombination centers at the emitting surface.
The sharp drop in IPL at �ω > 1.55 eV is due to the use
of an optical filter to cut off the excitation laser radiation.
Small differences in the shape and width of the spectra are
due to the parasitic contribution of the photoluminescence
signal from the photocathode glass window [24]. Thus,
the analysis of QE(�ω), A(�ω), and IPL(�ω) spectra pre-
sented in Fig. 3 proves that, at 295 K, the Na2KSb active
layer band gap for these particular MPs lies in the range
of Eg = 1.42–1.43 eV, and the effective electron affinity
of the Na2KSb/CsxSb photocathodes is close to zero or
negative.

B. Photoelectrons energy distributions of Na2KSb and
Na2KSb/CsxSb photocathodes at 295 K

In order to determine the energy-band diagrams of the
MPs, the longitudinal energy-distribution curves of emit-
ted electrons were measured. The EDCs of Na2KSb/CsxSb
and Na2KSb photocathodes are shown in Figs. 4(a)
and 4(b), respectively. The EDCs are measured at T =
295 K at various �ω; the longitudinal energy is referred
to Ec. The EDCs are normalized so that the area under
each EDC is equal to the QE value at the respective photon
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marked with arrows. Insets: the EDC width (FWHM) depen-
dences on photon energy �(�ω). Na2KSb band gap Eg and direct
photoemission threshold �ωth are marked with arrows.

energy �ω. The procedure for determining the energy posi-
tion of Ec is described below and illustrated in Fig. 5. It can
be seen that, for all �ω, the EDCs of both photocathodes
are asymmetric peaks with the low-energy edge corre-
sponding to the vacuum level Evac. The insets of Figs. 4(a)
and 4(b) show the dependences of the distributions FWHM
� on the photon energy.

As can be seen in the inset in Fig. 4(a), at �ω < 1.3 eV,
when the photoemission occurs from the surface states
[pathway 5 in Fig. 1(b)], the width of the EDC of the
activated Na2KSb/CsxSb photocathode is approximately
60 meV and increases slowly with increasing �ω. At
�ω ≈ 1.35 eV, the sharp increase in the EDC width up
to approximately equal to 100 meV is observed. This
increase is due to the onset of the interband optical tran-
sitions in the Na2KSb layer. At �ω ≥ Eg the emission
of electrons generated in the Na2KSb layer bulk domi-
nates over the photoemission from the surface states. In
the range �ω = 1.4–1.5 eV, the shape of the energy distri-
butions weakly depends on �ω, and their high-energy tail
has an approximately exponential shape with a slope of

approximately equal to 38 meV. This indicates the emis-
sion into vacuum of thermalized photoelectrons from the
conduction-band bottom in the Na2KSb layer bulk [path-
way 4 in Fig. 1(b)] [43]. With further increase in �ω, the
EDC width increases due to the increase in the contribution
of hot photoelectrons, which undergo only a partial energy
relaxation before their emission into vacuum [pathway 3
in Fig. 1(b)] [25,43]. Also, at sufficiently high photon
energies �ω > 1.6 eV, a distinct shoulder emerges in the
high-energy region of the EDC, which shifts to higher
energies with increasing �ω. In Fig. 4(a) we marked the
position of this shoulder E0 for the distribution measured at
�ω = 1.7 eV. The positions of the shoulders can be deter-
mined with the accuracy of 20 meV from the positions
of the high-energy minima in the EDC derivatives shown
in Fig. 5. The main minima in the derivatives, which are
observed at lower energies, are related to the emission of
electrons thermalized to the conduction-band bottom in the
Na2KSb layer bulk. The positions of the low-energy max-
ima of the EDC derivatives correspond to vacuum-level
energy Evac. As can be seen in the inset of Fig. 5, the posi-
tion of the high-energy minimum depends linearly on �ω.
This result is consistent with the linear dependence of the
initial energy of photoexcited electrons in the conduction
band E0 on �ω [25]:

E0(�ω) = Ec + (�ω − Eg)/(1 + me/mh), (4)

where me and mh are effective masses of electrons and
holes, respectively.
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Thus, the high-energy shoulder of the energy distribu-
tions is related to the emission into vacuum of photoelec-
trons that have not undergone scattering in the Na2KSb
layer [25]. The measured slope of the E0(�ω) dependence
is equal to 0.80 ± 0.05. The ratio of the effective masses
of electrons and holes in Na2KSb estimated from the slope
is equal to me/mh ≈ 0.25. A detailed analysis of the EDCs
high-energy features of the Na2KSb/CsxSb photocathodes,
which provides the data on the electronic band structure of
the photocathode active layer [25], is beyond the scope of
this work and will be presented elsewhere. In accordance
with expression (4), the extrapolation of the dependence
E0(�ω) down to �ω = Eg , as shown in the inset of Fig. 5,
allows us to determine the position of Ec relative to Evac,
and, correspondently, the sign and magnitude of the affin-
ity χ∗. As is seen in Fig. 5, the Ec position lies at higher
energies than Evac. Thus, the effective affinity of activated
Na2KSb/CsxSb photocathode is negative. For this particu-
lar Na2KSb/CsxSb photocathode at room temperature, the
effective affinity χ∗ = −0.08 ± 0.02 eV.

It turned out that the value of Ec, determined as shown in
the inset of Fig. 5, coincides with the accuracy of 20 meV
with the position of the main minimum in the EDC deriva-
tives measured at �ω > Eg . In the following, the values
of Ec for NEA photocathodes were determined by the
position of this minimum, as shown in Fig. 5.

The EDCs measured at various �ω at the nonactivated
Na2KSb photocathode are shown in Fig. 4(b). At �ω <

1.7 eV, the shape of the EDCs is independent of �ω, with a
distribution width of approximately 66 meV. This indicates
the generation of photoelectrons in the conduction band of
Na2KSb with initial energies E0 below the Evac. For the
emission into vacuum, photoelectrons must receive addi-
tional energy from the lattice by the absorption of phonons
[pathway 2 in Fig. 1(a)]; therefore, only a small fraction
of photoelectrons escapes into vacuum [42]. The EDC’s
width � ≈ 66 meV is close to that of the Na2KSb/CsxSb
photocathodes at �ω < Eg and significantly exceeds ther-
mal energy kT ≈ 25 meV, presumably, due to relatively
high nonuniformities of the Cr anode work functions of
these two photodiodes. At �ω > 1.7 eV the EDC width
starts to increase with increasing �ω due to the direct
emission of hot photoelectrons, when E0 > Evac [25] [path-
way 1 in Fig. 1(a)]. At energies close to E0, as for the
activated Na2KSb/CsxSb photocathode, a characteristic
shoulder appears in the measured EDC; the shoulder shifts
to higher energies with increasing �ω. In Fig. 4(b), the
position of the high-energy shoulder is marked for the
EDC measured at �ω = 2.1 eV. As seen in Fig. 4(b), for
all photon energies, the high-energy tail of EDCs of the
nonactivated Na2KSb photocathode has an approximately
exponential shape with a slope of approximately equal to
33 meV.

It should be noted that, due the state of PEA, the high-
energy shoulders in the EDCs of nonactivated Na2KSb

photocathode are observed at higher �ω, compared to
those observed for the Na2KSb/CsxSb NEA photocath-
ode. It turned out that, upon the increase in �ω, these
shoulders are significantly broadened, so it is difficult to
obtain the dependence E0(�ω) with an accuracy sufficient
for determining Ec. Therefore, we used two alternative
methods to determine Ec and χ∗ of the Na2KSb pho-
tocathode. The first method is based on the assumption
that the intersection point of the two linear regions on
the �(�ω) dependence, shown in the inset of Fig. 4(b),
corresponds to the direct photoemission threshold �ωth =
1.80 ± 0.04 eV at which E0(�ωth) = Ec + χ∗. To find the
value of χ∗, it is also reasonable to assume that the slope of
the E0(�ω) dependence is the same for both Na2KSb and
Na2KSb/CsxSb photocathodes since they have identical
Na2KSb active layers. Using relation (4), we determined
the position of Ec and the value of PEA of the Na2KSb
photocathode χ∗ = 0.30 ± 0.05 eV.

The second method is based on the comparison of
the EDCs of Na2KSb and Na2KSb/CsxSb photocathodes
measured at �ω > �ωth. In this case, photoelectrons have
equal initial energies E0, form identical energy distribu-
tions in the bulk of the Na2KSb layers and, therefore, may
produce high-energy tails of similar shape in the EDCs.
The result of comparison of the EDCs, which are nor-
malized by the QE value, is shown in Fig. 6. In order
to align the position and amplitude of the high-energy
regions of the distributions, the EDC of Na2KSb photo-
cathode is shifted by 0.37 eV towards higher energies and
multiplied by a factor of 0.25. As is seen in Fig. 6, the high-
energy regions of the EDCs coincide over a wide range of
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FIG. 6. EDCs of Na2KSb/CsxSb (solid line) and Na2KSb
(dashed line) photocathodes measured at �ω = 2.2 eV. T =
295 K. The areas under EDCs are normalized to QE values.
For comparison, the EDC of Na2KSb was multiplied by a
factor of 0.25 (dash-dot line). The vacuum-level positions of
Na2KSb/CsxSb and Na2KSb photocathodes ENEA
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respectively, the conduction-band minimum in the bulk of
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024008-7



S. A. ROZHKOV et al. PHYS. REV. APPLIED 22, 024008 (2024)

energies. Consequently, the Na2KSb photocathode activa-
tion by the deposition of CsxSb layer leads to a decrease in
the Evac position relative to Ec by �χ∗ = −0.37 ± 0.02 eV
and to a decrease in the amplitude of the high-energy
region of the EDC by a factor of approximately 4. Taking
the value χ∗ = −0.08 ± 0.02 eV for the Na2KSb/CsxSb
photocathode, we conclude that the PEA of Na2KSb pho-
tocathode equals χ∗ = 0.29 ± 0.04 eV. Thus, the values
of χ∗ for the nonactivated Na2KSb photocathode obtained
by two different methods coincide within the experimental
accuracy.

C. Photoemission spectra of Na2KSb/CsxSb
photocathodes in the temperature range 80–295 K

To elucidate the photoelectron emission mechanisms
and to determine the energy-band diagrams of MPs at low
temperatures, the QE(�ω) spectra of Na2KSb/CsxSb pho-
tocathode were measured at various temperatures in the
range of 80–295 K and are shown in Fig. 7. The positions
of QE(�ω) thresholds at different temperatures are marked
with arrows in Fig. 7.

It is seen that, with the decreasing temperature, the pho-
toemission threshold shifts toward higher photon energies,
in accordance with increasing the band gap. Consider the
temperature evolution of low-energy region �ω < Eg of
QE spectra (Fig. 7). It is seen that the decrease in tem-
perature from 295 to 80 K does not essentially change the
shape of the exponential tail associated with the threshold
of interband transitions in the Na2KSb layer. In contrast,
upon cooling, the shape of the spectra at lower �ω under-
goes a significant modification: structureless exponential
tail, with a slope of approximately equal to 28 meV at
295 K, is gradually transformed into a broad shoulder. At
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tum efficiency at �ω = 1.8 eV. The line is drawn to guide
the eye.

T = 80 K the low-energy exponential tail of this shoulder
has a slope of approximately equal to 8 meV. The closeness
of the exponential slopes to the thermal energy kT confirms
the assumption that these tails are due to the emission of
electrons from filled surface states [46,50].

As seen in the inset of Fig. 7, for �ω > Eg , upon
cooling from 295 to 80 K, the quantum efficiency of
the transmission-mode Na2KSb/CsxSb photocathode first
increases, reaches its maximum value at about 160 K
and then decreases. Similar nonmonotonic behavior was
observed on NEA GaAs photocathodes [25]. The increase
in QE with decreasing T is explained by the increase in
the modulus of NEA |χ∗| = Ec − Evac. The QE decrease
at lower temperatures is presumably related to the decrease
in the diffusion length of photoelectrons.

The temperature dependences of the QE(�ω) thresholds
and IPL(�ω) maxima, which represent the band-gap val-
ues, are shown in Fig. 8 for a set of typical Na2KSb/CsxSb
photocathodes. The photoluminescence maxima positions
of “modern” MPs studied in Ref. [28] and the tempera-
ture dependence of the band gap in intrinsic GaAs [51]
are also shown in Fig. 8 for comparison. It is seen that
all dependences are similar; the overall variations of the
band-gap values in the studied photocathodes are within
approximately 40 meV. The band-gap variations from sam-
ple to sample are, presumably, due to small variations
in the stoichiometry of the samples. There is also a sys-
tematic shift, up to 20 meV toward lower energies, of
the IPL(�ω) maxima with respect to the QE(�ω) thresh-
olds. Such a low-energy shift of the IPL(�ω) maxima in
doped semiconductors can be explained by the recombi-
nation between the conduction band and impurity states,
which contribute to the formation of the near-band-gap
photoluminescence [52].
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D. Photoelectron energy distributions of
Na2KSb/CsxSb photocathodes at 80 K

The EDCs of the Na2KSb/CsxSb NEA photocathode
were measured at 80 K for various �ω and are shown in
Fig. 9. The dependence of the EDCs full widths at the
half-maximum on the photon energy �(�ω) is shown in
the inset of Fig. 9. Cooling to T = 80 K reduced thermal
broadening and led to a decrease in the Evac position rel-
ative to Ec, which resulted in a significant increase in the
NEA modulus. For this particular Na2KSb/CsxSb photo-
cathode, at T = 80 K, the effective affinity χ∗ = −0.27 ±
0.02 eV. The photocathode cooling allowed us to trace
more clearly, compared to room temperature, the transi-
tion of the emission pathways upon the increase in �ω

from the region �ω < Eg , where the photoemission from
surface states dominates [pathway 5 in Fig. 1(b)], to the
region �ω > Eg , where photoelectrons excited by inter-
band optical transitions in the Na2KSb active layer yield
the major contribution to photoemission [pathways 3 and
4 in Fig. 1(b)].

At T = 80 K and �ω < 1.25 eV, the EDC shape is
almost independent of �ω, with a width of approximately
29 meV. It is reasonable to assume that the photon energy
in this spectral region does not exceed work function φ,
and photoemission occurs from the partially filled sur-
face states above the Fermi level [46]. This assumption is
consistent with the low-energy shape of the QE(�ω) spec-
trum at 80 K (see Fig. 7). In contrast, at �ω > 1.25 eV,
an increase in �ω leads to a linear growth of � with a
slope close to 1. Therefore, the high-energy edge of the
EDCs is determined by the emission of photoelectrons
excited from the Fermi level [47,50]. We determined the
work function of the Na2KSb/CsxSb photocathode at 80 K
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φ = 1.29 ± 0.05 eV as the intersection point of the two
linear regions on the �(�ω) dependence, as shown in the
inset of Fig. 9.

When the photon energy reaches the threshold of inter-
band transitions Eg(80 K) = 1.52 ± 0.01 eV, a narrow
peak emerges at Ec on the broad distribution of photo-
electrons emitted from surface states (see Fig. 9). This
peak is associated with the emission of thermalized photo-
electrons from the conduction-band bottom of the Na2KSb
layer [pathway 4 in Fig. 1(b)]. Unlike room temperature, at
T = 80 K, as can be seen in the inset of Fig. 9, the onset of
interband transitions is accompanied by an abrupt drop in
the EDC width from � ≈ 200 meV to � ≈ 75 meV, which
is equal to the width of the thermalized photoelectrons
peak. At �ω = 1.55 eV, the high-energy tail of the EDC
has an approximately exponential shape with a slope of
approximately 14 meV at T = 80 K. Upon further increase
in �ω, a shoulder emerges in the high-energy region of the
EDC due to the emission of hot and ballistic photoelectrons
from the Na2KSb layer bulk [pathway 3 in Fig. 1(b)]. The
comparison of Figs. 9 and 4(a) shows that, at low temper-
ature, the shoulder is revealed much more distinctly due to
the reduced thermal broadening.

IV. DISCUSSION

The measurements and analysis of optical and photoe-
mission spectra, as well as energy distributions of emitted
photoelectrons, allowed us to determine the parameters
of the energy-band diagram of multialkali Na2KSb/CsxSb
photocathode. The results are summarized in Fig. 10.

At 295 K the band gap Eg of the Na2KSb layer
of the investigated photocathodes lies in the range of
1.40–1.44 eV. These values coincide with the accuracy of
0.1 eV with those obtained in Refs. [27,28] and exceed the
Eg values given in Refs. [17,26] by 0.3–0.4 eV. One of

FIG. 10. The energy-band diagram of a typical multialkali
Na2KSb/CsxSb photocathode.

024008-9



S. A. ROZHKOV et al. PHYS. REV. APPLIED 22, 024008 (2024)

the possible reasons for the discrepancy in the Eg values
may be differences in the chemical composition of multial-
kali photocathodes studied by different authors. Indeed, as
was shown by the density-functional-theory (DFT) calcu-
lations [53], the band gaps of cubic Na2KSb and hexagonal
NaK2Sb are close to 1.5 and 1.0 eV, respectively. However,
this explanation contradicts the previous studies, which
showed that the chemical composition of the active layer
of high-efficient MPs is close to Na2KSb [16,29,48,49].
The fact that the cubic Na2KSb demonstrates superior pho-
toemission properties, compared to hexagonal NaK2Sb,
is probably related to the n-type doping of the latter.
According to Refs. [16,17,29,49], the alkali antimonide
compounds with a hexagonal structure are n-type semicon-
ductors, which usually have upward band bending at the
surface and, therefore, increased work function.

The analysis of the phase diagram of the Na-K-Sb sys-
tem, which was studied in Ref. [54], further proves that the
variations in the active-layer composition cannot explain
the discrepancy in the Eg values. Indeed, it was shown
in Ref. [54] that this system forms cubic solid solution
Na2−xK1+xSb in the range of x = 0–0.05. According to
the estimates based on the available data on ternary III-V
semiconductor compounds [51], variations in the composi-
tion of Na2−xK1+xSb phase within this range should lead to
variations in Eg less than 0.1 eV. Beyond this range the for-
mation of NaK2Sb or Na3Sb hexagonal crystallites occurs
with the band gaps of 0.8–1.1 eV [17,27,53,55]. A substan-
tial fraction of these crystallites would lead to an additional
absorption threshold around 1.0 eV. The weak optical
absorption below 1.4 eV observed in Ref. [28] and in the
present study [see Fig. 3(b)] indicates that high-efficiency
MPs contain only a small fraction (approximately 1%) of
the hexagonal phase.

Following the approach used in Refs. [27,28], we mea-
sured the QE and absorbance spectra of relatively thick
(100–150 nm) Na2KSb and Na2KSb/CsxSb films, with
distinct sharp thresholds of interband transitions at �ω ≈
1.4 eV. In contrast, in the work by Spicer [17], due to
the small thickness of the studied films, it was diffi-
cult to determine Eg from the absorbance spectra; so, Eg
was determined by the threshold in the photoconductiv-
ity spectrum. In Ref. [26], the band gap of Na2KSb and
Na2KSb/CsxSb photocathodes was also determined from
the photoconductivity spectra, while the absorbance spec-
tra were not measured. We believe that the analysis of the
absorbance spectra is a more reliable and direct method
to determine Eg , because, along with the interband transi-
tions, optical transitions involving impurities and defects
could make a significant contribution to the photoconduc-
tivity spectra of thin polycrystalline films [27,56,57]. Upon
cooling, the Na2KSb layer band gap Eg of the investigated
photocathodes increases to 1.51–1.54 eV at 80 K.

The results of the present study prove that a non-
activated Na2KSb photocathode has a positive effective

affinity χ∗ ≈ 0.3 eV. Upon the Na2KSb surface activation
by depositing Cs and Sb, a transition from PEA to NEA
occurs. The obtained change in the effective electron affin-
ity due to the activation equals �χ∗ = −0.37 ± 0.02 eV.
Thus, in the investigated Na2KSb/CsxSb photocathodes,
the effective affinity χ∗ is negative and lies in the range
from −0.08 to −0.13 eV at room temperature. This fact
well agrees with Ref. [28] and contradicts many other
papers [17,18,26,58], where the effective affinity χ∗ of the
Na2KSb/CsxSb photocathode was considered to be pos-
itive, with the value of χ∗ in the range of 0.3–0.55 eV.
Broad variations in the values of χ∗ can be explained
by differences in empirical photocathode activation tech-
niques. Indeed, as was shown recently, the stoichiometry
of Cs-Sb compound strongly depends on the substrate tem-
perature [59]; this dependence can lead to variations in the
effective electron affinity. We believe, however, that the
variations in the sign and magnitude of χ∗ are mostly due
to the use of underestimated values of Eg in the calcula-
tion of χ∗. Indeed, in Refs. [17,18,26,58] it was assumed
that Eg ≈ 1.0 eV, and this yielded positive effective affin-
ity χ∗ ≈ 0.3 eV. However, if we assume that Eg ≈ 1.4 eV,
then the value of χ∗ decreases by 0.4 eV and becomes neg-
ative, in agreement with Ref. [28] and the results of the
present work. It should be noted that Hoene [27] obtained
the band-gap value in the range of 1.3–1.4 eV and still
slightly positive affinity χ∗ = 0–0.05 eV, probably, due
to the peculiarities of the photocathode growth and acti-
vation procedures. Upon cooling to 80 K, the effective
electron affinity χ∗ of investigated Na2KSb/CsxSb photo-
cathodes further decreases and lies in the range from −0.25
to −0.30 eV.

It should be noted that the values of the surface band
bending ϕs and the width of the band-bending region
w (see Figs. 1 and 10) in the Na2KSb layer are not
directly derived from our experimental data; these values
are also not available in the literature. The NEA state of
the Na2KSb/CsxSb photocathode unambiguously proves
that the Na2KSb layer is p-doped and the band bending
is downwards, as for the NEA photocathodes based on
p-doped III-V semiconductors. For a reasonable estimate
we can assume that, similar to p-GaAs, the Fermi level
on the Na2KSb surface is pinned near the middle of the
bandgap; so, ϕs ∼ 0.7 eV [26,60,61]. The concentration of
acceptors Na, which is needed to calculate w, can be esti-
mated from the position of the Fermi level EF with respect
to the top of the valence band Ev, which, in its turn, can be
determined from the obtained values of the band gap Eg ,
effective electron affinity χ∗ and work function φ:

(EF − Ev) = Eg + χ∗ − φ. (5)

According to formula (5), at 80 K the Fermi level in
the Na2KSb layer bulk is located near the top of valence
band EF ≈ Ev ± 0.05 eV, in agreement with the previous
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studies [26,28,30,60]. Taking EF = Ev, we estimate Na �
1019 cm−3. This yields the estimate for the band-bending
region width w � 10 nm.

The obtained results indicate the similarity of the
multialkali Na2KSb/CsxSb and III-V semiconductor
p-GaAs(Cs,O) photocathodes [24,28]. Indeed, the photo-
cathode band gaps have close values at room and low
temperatures. The activation of both types of photocath-
odes leads to the state of NEA. However, along with
these similarities, in this work we found fundamental dif-
ferences in the optical and photoemission properties of
Na2KSb/CsxSb and p-GaAs(Cs,O) photocathodes, which
indicate, in our opinion, significant differences in the
activation-layer properties of these photocathodes.

The first difference clearly shows up in the shape of low-
temperature EDCs. The EDCs of the p-GaAs(Cs,O) and
Na2KSb/CsxSb photocathodes measured in the transmis-
sion mode at T = 80 K are shown in Fig. 11. For compari-
son, the distributions are normalized to the maximum. For
both photocathodes, the photon energies �ω > Eg were
chosen so that the majority of photoelectrons are thermal-
ized to the conduction-band bottom in the active-layer bulk
before emission.

As can be seen in Fig. 11, the photoelectrons emit-
ted from p-GaAs(Cs,O) are approximately uniformly dis-
tributed over the entire energy range from the vacuum level
to Ec. A narrow high-energy peak located near Ec is formed
by a small fraction of “ballistic” photoelectrons emitted
into the vacuum without energy and momentum scattering
at the surface and move predominantly along the normal
to the surface [33,34]. In contrast, the major fraction of
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T = 80 K: p-GaAs(Cs,O) (solid line) and Na2KSb/CsxSb (das-
hed line). Excitation energies �ωex for p-GaAs(Cs,O) and
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photoelectrons undergoes momentum and energy scatter-
ing at the surface and forms a broad longitudinal energy
distribution. As it was shown earlier [62], a significant part
of emitted electrons moves in vacuum almost parallel to
the GaAs surface with the total kinetic energy close to
Ec − EGaAs

vac ; this indicates a strong elastic diffuse scattering
of photoelectrons at the p-GaAs(Cs,O) surface.

In contrast to p-GaAs(Cs,O), EDC of the Na2KSb/Csx
Sb photocathode consists of a strong peak located near Ec
and a weak low-energy wing extending down to the vac-
uum level EMP

vac . The comparison shows that, in the EDC of
Na2KSb/CsxSb, the fraction of photoelectrons emitted into
vacuum with low Elon is by an order of magnitude smaller
than that in p-GaAs(Cs,O). Consequently, the momen-
tum scattering of photoelectrons at the Na2KSb/CsxSb
photocathode surface is much weaker, compared to the
p-GaAs(Cs,O), and the velocity vectors of emitted photo-
electrons are concentrated near the normal to the emitting
surface. The observation of highly directional photoemis-
sion from polycrystalline Na2KSb/CsxSb photocathodes,
in contrast to the photoemission in a broad solid angle
from high-quality monocrystalline p-GaAs(Cs,O) photo-
cathodes, is an unexpected, interesting and potentially
useful fact. The exact reason for this fact is not clear. Pre-
sumably, in the p-GaAs(Cs,O) photocathode, photoelec-
trons undergo diffuse scattering in the amorphous (Cs,O)
activation layer [63–67]. Strong diffuse scattering at the
(Cs,O) activation layer and its amorphousness are proved
by the observed disappearance of diffraction spots and a
strong increase of the diffuse background in the low-energy
electron diffraction images under the GaAs activation [65].
The amorphous nature of the (Cs,O) activation layer stems
from the lattice mismatch and nonisomorphism between
a monocrystalline GaAs substrate and Cs-O compounds
[68], along with relatively low temperatures (approxi-
mately equal to 300 K) of cesium and oxygen deposition.
In contrast, the Na2KSb surface activation by Cs and Sb
occurs at elevated temperatures, which usually facilitate
the growth of ordered layers [18,19,69]. Also, the activa-
tion layer of MP can be isomorphous to the Na2KSb active
layer [18,19,48,49]. Finally, the lattice-matching restric-
tions for the ordered growth can be weakened in the case
of a polycrystalline MP with a crystallite size of approx-
imately 100 nm [69]. Indeed, according to Ref. [70], the
critical thickness of the ordered pseudomorphic epitax-
ial layer significantly increases with decreasing the lateral
dimensions of the substrate to the nm scale. The formation
of such a “quasiepitaxial” CsxSb activation layer with an
ordered structure on each crystallite of the Na2KSb active
layer can explain relatively weak diffuse scattering of pho-
toelectrons at the Na2KSb/CsxSb photocathode surface.
One can assume that the Cs3Sb activation layer is grown
on top of the Na2KSb active layer [22]. However, previous
studies indicate that the activation layer of high-efficiency
MPs may have various chemical compositions due to
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the peculiarities of activation procedure, such as possi-
ble incorporation of Na and K atoms into the activation
layer due to the diffusion from the bulk or unintentional
deposition from the growth chamber [18,19,48,49]. It is
desirable to validate the directional emission from MPs by
the measurements of the transverse momentum distribu-
tion of the emitted photoelectrons [71]. The preparations
for these measurements are under way. The results will be
presented in a separate publication.

The second difference is that the Na2KSb photocathode
activation by Cs and Sb increases the photoluminescence
intensity IPL by an order of magnitude [see Fig. 3(c)],
while the activation-induced changes in IPL of the
p-GaAs(Cs,O) photocathode do not exceed approximately
20% [72,73]. The increase in IPL upon activation may indi-
cate the passivation of nonradiative recombination centers
on the emitting surface. Another explanation consists in the
decrease of the effective surface recombination velocity in
a heavily doped p-type semiconductor due to an increase
in the specular reflection coefficient of electrons on the
surface [74,75]. This second hypothesis is consistent with
the shape of the EDCs measured at low temperature and,
again, indicates the weakness of photoelectron diffuse scat-
tering at the surface of Na2KSb/CsxSb photocathodes with
a quasiepitaxial CsxSb activation layer. The increase in
reflection is also consistent with the several-fold decrease
in the amplitude of the high-energy region of EDC (see
Fig. 6).

A problem with the above hypothesis is that to explain
activation-induced increase in IPL by an order of mag-
nitude, one should assume that the rates of nonradiative
recombination in the Na2KSb layer bulk and at its inter-
face with glass are, at least, an order of magnitude smaller
than on the emitting surface. This assumption is inconsis-
tent with the general conception about high concentration
of nonradiative recombination centers in a polycrystalline
Na2KSb film. In its turn, the conception is in agreement
with the experimental value of photoelectron diffusion
length LD ≈ 110 nm [28], approximately equal to the
Na2KSb film thickness.

The nonradiative recombination rate at the glass-
Na2KSb interface should also be high. It is known that,
in transmission-mode p-GaAs(Cs,O) photocathodes, the
reduction of the nonradiative recombination rate at the
interface with glass is due to the use of a high-quality
lattice-matched GaAs/(Al,Ga)As heterojunction [9,76].
The suppression of nonradiative recombination in the bulk
and at the glass interface of MPs can be explained by
the existence of quasielectric fields due to the chemical
composition gradient or electric fields due to the doping
gradient in the Na2KSb layer bulk. These fields accelerate
photoelectrons toward the emitting surface so that pho-
toelectrons can reach the emitting surface without under-
going nonradiative recombination in the bulk or at the
interface with glass.

An alternative explanation of the activation-induced
increase in IPL by an order of magnitude consists in
the activation-induced modification of Na2KSb layer bulk
properties. It is known that, upon activation by Cs and
Sb, the electrical conductivity of the Na2KSb film can
increase by an order of magnitude [29]. This increase
can be associated with an increase in the hole concen-
tration in the Na2KSb layer, and, therefore, lead to an
increase in the radiative recombination rate and IPL mag-
nitude [76,77]. In addition, possible diffusion of Cs and
Sb along grain boundaries may lead to the passivation of
nonradiative recombination centers in the Na2KSb layer
bulk and at the glass-Na2KSb interface. Thus, the question
about the reasons for the IPL increase during the activa-
tion of Na2KSb/CsxSb photocathode remains open and
requires further studies.

Thus, the results obtained in this work allow us to
get deeper understanding of the factors that determine
the photoemission properties of polycrystalline multial-
kali Na2KSb/CsxSb photocathodes, as well as the reasons
for the similarities and differences between the MPs and
single-crystal p-GaAs(Cs,O) photocathodes. The first sim-
ilarity is the closeness of the band-gap values in Na2KSb
and GaAs. Second, a state of NEA at room temperature
with close values of χ∗ can be achieved on the surface of
both materials by the activation with the CsxSb layer in the
case of Na2KSb and the (Cs,O) layer for GaAs.

Third, DFT calculations showed that both semiconduc-
tors, Na2KSb and GaAs, are direct-gap semiconductors
with a qualitatively similar band structure [24,53]. There-
fore, as in the case of GaAs, the optical orientation of
electron spins [12] and emission of spin-polarized elec-
trons into vacuum should take place in MP; recently,
this has been experimentally proved by Rusetsky et al.
[24]. It should be noted that the polycrystallinity of MPs
is not an obstacle for the manifestation of the optical
orientation since the electronic properties of condensed
matter are determined mainly by the short-range order in
the atomic structure, which exists within each crystallite.
Moreover, replacing the anion, i.e., As in GaAs with Sb in
Na2KSb, leads, as in III-V compounds, to an increase in
the spin-orbit splitting of the valence band approximately
as Z2, where Z is the anion atomic number [78]. This
increase facilitates the manifestation of the effect of optical
orientation.

The main difference and disadvantage of MPs, com-
pared to III-V semiconductor photocathodes, is the rel-
atively low quantum efficiency values. According to
Ref. [28], to a large extent, low QE values are due to
the incomplete light absorption in a thin active layer, the
thickness of which lies in the range of 100–150 nm and
is limited by the small electron diffusion length LD ≈
110 nm. Taking into account that the characteristic crys-
tallite size lies in the range of approximately 10–100 nm
[29,69], it is reasonable to assume that both the effective
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diffusion length and the active-layer thickness are limited
by the crystallite size since the transport of electrons across
the boundaries between crystallites is apparently hindered.
As a consequence, the MP consists of an array of local
photocathodes, each being one separate crystallite. The
fluctuations in crystallite sizes in the MP active layer can
also contribute to a decrease in QE. A possible way to
increase the QE of MPs is to select a substrate and opti-
mize the growth conditions of the active layer in order to
increase the crystallite size or to grow MPs epitaxially on
a suitable crystalline substrate [59,79].

An advantage of Na2KSb/CsxSb NEA photocathodes,
which is revealed in this work, is the possibility to
obtain highly directional electron beams, as compared to
p-GaAs(Cs,O) photocathodes. We believe that this advan-
tage is due to the ordered activation layers that are formed
on the MP surfaces, in contrast to the amorphous (Cs,O)
layers of III-V semiconductor photocathodes on which
photoelectrons are diffusely scattered. A necessary condi-
tion for beam directionality is the preferential orientation
of the emitting crystallites relative to the photocathode
surface. The results of x-ray diffraction and electron-
microscopy experiments indicate that this condition is
satisfied [58,69].

V. CONCLUSION

In conclusion, we performed the photoemission and
optical measurements on Na2KSb and Na2KSb/CsxSb
photocathodes in order to determine their energy-band dia-
grams and to elucidate the photoemission pathways. The
measurements of quantum efficiency, photoluminescence,
and absorbance spectra indicated that the Na2KSb band
gap at room temperature is in the range of 1.40–1.44 eV.
The measurements of longitudinal energy distribution
curves prove that, at room temperature, Na2KSb pho-
tocathodes have positive effective electron affinity of
approximately 0.3 eV. The adsorption of Cs and Sb on
Na2KSb leads to a decrease in the effective electron affinity
down to negative values and to the reduction in the sur-
face recombination velocity. The effective electron affinity
of Na2KSb/CsxSb photocathodes lies in the range from
−0.08 to −0.13 eV at room temperature. Upon cooling to
the liquid nitrogen temperature, the effective electron affin-
ity of Na2KSb/CsxSb photocathodes further decreases and
lies in the range from −0.25 to −0.30 eV.

The comparison of the longitudinal energy-distribution
curves of polycrystalline Na2KSb/CsxSb and monocrys-
talline p-GaAs(Cs,O) photocathodes at 80 K reveals
the highly directional photoelectron emission from the
Na2KSb/CsxSb photocathode, which indicates weak dif-
fuse scattering at its surface, in contrast to the surface of
p-GaAs(Cs,O). The obtained results open up the opportu-
nities for engineering multialkali NEA photocathodes for

various practical applications, including the development
of high-brightness sources of spin-polarized electrons.
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