PHYSICAL REVIEW APPLIED 8, 034026 (2017)

Photoemission and Injection Properties of a Vacuum Photodiode
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The photoemission and injection properties of two GaAs/(Al,Ga)As electrodes with effective negative
electron affinity (NEA) are studied in the parallel-plate capacitorlike vacuum photodiode. Both electrodes
are bonded to the glass of the input windows, allowing measuring the quantum yield in the transmission and
reflection modes. The photodiode with NEA states of both electrodes is sensitive to the illumination in the
400-900 nm range and produces the photocurrent with no bias applied between electrodes. The energy
distribution of emitted electrons is studied as a function of the transverse energy component to the surface
in the temperature range of 20-300 K. The presence of the fine structure in the photoemission spectra is
associated with the electron-phonon coupling in two-dimensional quantized states in the band-bending
region. The two-electrode vacuum photoemission system demonstrates the negative differential conduc-
tivity. The cathodoluminescence signal is measured as a function of free-electron injection energy with the
threshold appearance less than 0.05 V between electrodes.
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I. INTRODUCTION

Despite a relatively long (more than 50 years) history of
photoemitters with effective negative electron affinity
(NEA), there still remain a lot of unsolved questions in
photoemission physics and in reaching the limiting param-
eters of devices based on various semiconductor photo-
cathodes with NEA [1-3]. The p-GaAs(001)-(Cs,O)
system with NEA is widely used to create ultrasensitive
(photon-counting), low-noise, and high-speed photodetec-
tors, as well as the sources of ultracold and the spin-polarized
electrons [4—-11]. Recently, it was also demonstrated that
the vacuum systems with a low work function may also be
prospective for solar-cell applications [12,13].

The process, inverse to emission, is the electron injection
into the semiconductor structure [14]. Because of the time-
reversal nature of Maxwell and Schrodinger equations, the
injection of spin-polarized electrons into GaAs and their
subsequent recombination create the polarized cathodolu-
minescence emission. Thus, vacuum photodiodes consisting
of two semiconductor electrodes with NEA can be used to
study the injection properties of low-energy electrons and to
measure the spin polarization of free electrons [15-17].
This should allow modeling a new type of spin detectors for
free electrons with spatial resolution. Such an injection type
of spin detection based on the electron-photon conversion
is alternative to the spin detection based on spin-orbital or
exchange interactions [18-21].

The energy and angular distribution of emitted low-
energy spin-polarized electrons into the vacuum from
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p-GaAs(001)-(Cs, O) is still a subject of intensive inves-
tigations [22-24]. The vacuum photodiodes with one
semiconductor electrode have already showed their
capability in studying interesting photoemission physics
and spin-dependent effects [25,26]. The vacuum photo-
diode with two NEA electrodes with a total volume of
about 6 cm® (vacuum volume less than 0.3 cm?) provides
several advantages combining the possibilities of huge
vacuum systems: The GaAs (or III-V superlattices) cath-
ode can be used as a source of spin-polarized electrons
[27,28]; the GaAs surface-preparation technology allows
obtaining an atomically flat surface with a homogeneous
potential over the macroscopic surface area that gives a
possibility to study electron energy distribution with a high
resolution; two NEA electrodes with equivalent work
functions do not produce the contact potential difference
(CPD), and, as a result, photoemitted electrons are not
sensitive to the stray electric field (this effect is difficult
to exclude in vacuum systems, in particular, in angular-
resolved photoemission spectroscopy); the semiconductor
anode can be used as a detector of spin-polarized electrons
through the detection of the cathodoluminescence polari-
zation from injected electrons [15]. All measurements with
the photodiode mentioned above can be easily performed
at cryogenic temperatures and in the magnetic field. The
detailed study of the energy distribution of the photo-
emitted electrons, related to the electron-phonon coupling,
spin-dependent injection, and detection of free electrons
with spatial resolution and solar-cell properties of the
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vacuum photodiode with NEA electrodes, will be published
elsewhere.

In this work, the emission and injection processes are
studied by the retarding field method [29] in the vacuum
photodiode with two NEA semiconductor electrodes to
demonstrate a wide possibility of the developed system.

II. EXPERIMENTAL DETAILS

The manufactured photodiode is an axially symmetric
vacuum tube with semiconductor structures at the ends.
The cross section of this vacuum photodiode is shown
schematically in Fig. 1(a). The diameter of the electrodes is
20 mm, and the vacuum gap between them is about 1 mm.
This planar vacuum photodiode consists of two identical
NEA p-GaAs(001)-(Cs, O) mounted parallel on the edges
of a cylindrical alumina ceramic body. The active 2.5-um-
thick GaAs layer is passivated by the (Al,Ga)As layer for
suppressing the illuminated surface recombination [30].
The structures are bonded to the glass by the (Al,Ga)As
layer through the silicon monoxide (SiO) antireflection
coating. The active-layer surface-cleaning procedure is
performed inside a glovebox, flooded with pure nitrogen,
where the structures are chemically treated in the solution
of HCI in isopropanol [31]. Cleaned surfaces are activated
to the NEA state by coadsorption of cesium and oxygen.
Ultimately, both structures are sealed in vacuum parallel to
each other on the opposite sides of the alumina ceramic
cylinder.

In the created design of the vacuum photodiode, both
electrodes can play the role of the cathode or anode,
depending on the sign of the applied voltage, and work
in transmission (¢ mode) or reflection (» mode) modes.
Hereinafter, we designate them as electrode 1 (el;) and
electrode 2 (el,). In the previous contributions on the
study of electron photoemission in planar photodiodes, a
metal is used as the anode material. Therefore, it is
necessary to apply an additional voltage to compensate
a contact potential difference of about 3 V [25,26].
Moreover, metals, being microstructured, can have a
greater variation in the magnitude of the work function
on the surface than single-crystal semiconductor electrodes.
The main feature of the created vacuum photodiode is that
both electrodes are semiconductor heterostructures with
close work functions, and the vacuum levels of both
electrodes are below the conduction-band minimum in
the bulk, being in the so-called negative-electron-affinity
state shown in the band diagram of two semiconductor
electrodes (Fig. 2). This leads to the typical photocurrent-
voltage characteristic (/-V curve) shown in Fig. 1(b). One
can see that, at V =0, the photocurrent flows in the
vacuum diode, and the compensated photovoltage (open-
circuit voltage) value is about 0.3 V.

Because of the photodiode axial symmetry, illumination
can be performed on both sides of the electrodes, and that
allows measuring both quantum yield [QY(1)] spectra and
photoelectron energy distributions N(E | ) using the photo-
diode as a retarding field electron spectrometer, which
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(a) Schematic presentation of a compact vacuum photodiode for the investigation of electron emission and injection properties.

The enlarged images of the cathode and anode structures bonded to glass, which consist of the antireflection SiO layer, (Al,Ga)As layer,
p-GaAs active layer, and Cs-O activation layer, are shown in the inset. The measurement circuit consists of the halogen lamp,
monochromator (M), vacuum photodiode, digital-analog converter (DAC), generator (G), amplitude adder (X), transimpedance
amplifier (TTA), current-to-voltage converter, lock-in amplifier, analog-digital converter (ADC), and computer. (b) /-V curve for the
780-nm excitation at 300 K; the inset shows a photo of the vacuum photodiode. (c) Emitted electron energy distribution N(E ) for the
780-nm excitation wavelength at 20 K. The energies corresponding to the vacuum level E,,. and to the conduction band E,. bottom are
shown with the vertical arrows. The negative retarding voltage corresponds to the EDC from el; (cathode), while the positive from el,
(anode). QB; features reflect the emission from quantized levels, and ph; losses on phonon scattering.
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FIG. 2. Band diagram of the vacuum photodiode with two
NEA semiconductor electrodes. E,., conduction band; E,, va-
lence band; Ef, Fermi level; E,,., vacuum level; V, bias between
electrodes (el, has negative potential); N, (E | ), energy distribu-
tion of electrons emitted from el .

allows measuring the energy distribution on the transverse
component (£ ). In the case where el; is illuminated, the
photodiode works in the transmission mode (¢ mode) for el;
absorbing the major part of the incident light in el;. A small
amount of incident light can reach el,, passing through el;,
and cause the photoemission from el,. In this case, el,
works in the reflection mode (r mode). The band diagram
of the photodiode with the applied retarding field for
the electrons emitted from el; is demonstrated in Fig. 2.
The electrons photoemitted from el; are partly held by the
applied field. At the same time, electrons emitted from el,
are accelerated by this field. Thus, in the two-photocathode
system, photoemitted electrons have some energy distri-
butions N,(E,) (from el;) and N,(E,) (from el,, not
shown in Fig. 2).

The retarding field cuts off the low-energy electrons,
and only electrons with energies higher than the potential
barrier are detected. The measured current in the retarding
field analyzer in the general case is given by

1(v) = / eN(U)dU, (1)
where V* =V 4 Vpp, V is a retarding potential, and
Vepp—contact potential difference between electrodes,
which is, in our case, close to zero Vcpp=0;
eN(U)dU—is the current caused by the electrons with
the energy in the range from eU to e(U + dU). In the case
of the photodiode with two NEA electrodes, not only direct
(from a cathode) but also inverse (from an anode) current
should be taken into account due to the light absorption in
the anode (r mode for an anode). Then, with an applied
voltage V at el, and grounded el;, the total current can be
represented as

J(V) = /m eNy(E)dE |
EvacZ_eV

- / ¥ eNy(E) + eV)dE,, 2)
E

vacl

where N;(E ) is the distribution over the energies on the
transverse motion of the electrons emitted from an ith
electrode; E,,.; is the vacuum level of an ith electrode.
The first term corresponds to the el; contribution to the total
current, and the second to the el,. It is expected that
electrons with energies above the vacuum level are free to
enter the corresponding electrode and those with lower
energies refract backward from the potential barrier. The
derivative d(J/e)/d(eV) = N(E,) is the electron transfer
energy distribution in the emitted current. Differentiating
the retarding curve Eq. (2), we get

dJ
ﬁ & Nl (Evac2 - CV) + N2 (Evacl + CV) (3)

In a general case, we measure the sum of the first and
second electrode distributions. However, first, the second
term in Eq. (3) is smaller due to the light absorption in the
illuminated electrode. Second, to measure N(E,), we
need to gradually increase the barrier V while, for N,(E | ),
this is an accelerating potential, and a change in V does not
affect the second term in Eq. (3), since the derivative is
zero. Accordingly, at V < 0 (with the accuracy to CPD),
we measure the N(E,) distribution of el;, while at
V> 0-N,(E,), it is the emitted electron energy distri-
bution from el,.

To measure the energy distribution curve (EDC) of
emitted electrons, it is necessary to differentiate the delay
curve [Eq. (2)] that can be done mathematically or
experimentally. To avoid additional errors induced by
mathematical derivation, the EDCs are measured by differ-
entiating delay curves using the lock-in technique. The
experimental scheme for measuring the EDC based on the
retarding field analyzer is shown in Fig. 1(a). The vacuum
photodiode is illuminated by light produced by the halogen
lamp and monochromator. The illuminated electrode acts as
a photocathode and is virtually grounded via the transi-
mpedance amplifier (TIA). A sine wave with the pk-pk
amplitude 6V = 5 mV and frequency 165 Hz is added to
bias voltage V, and the total signal is applied to the opposite
electrode. The TIA output signal [Eq. (3)], proportional to
EDC, is measured using the lock-in technique. A typical
EDC at 20 K is shown in Fig. 1(c). The energy resolution
of our measurements is evaluated as the steepest slopes of
EDC and amount to 10 meV at T =20 K, 14 meV at
T =100 K, and 28 meV at T = 300 K.

The design of our vacuum diode also allows studying
the process of free-electron injection into NEA GaAs. It is
obvious that electrons injected into the p-GaAs will
recombine with holes, producing the cathodoluminescence
(CL). In order to measure it, the bias voltage is modulated
with the unipolar square wave of amplitude 6V =5 mV
and frequency 33 Hz. The CL signal at the corresponding
frequency is measured through the monochromator-based
optical system using the silicon photodiode as a detector
and a lock-in amplifier.
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III. RESULTS AND DISCUSSION

A. Photoemission properties: Quantum yield
and electron energy distribution
measurements

The QY spectra measured in the ¢ mode for both
electrodes without any voltage applied between electrodes
are shown in Fig. 3(a). The quantum yield is calculated as
the ratio of the registered electrons per incident photons.
The QY spectra of both electrodes are typical of photo-
emitters with NEA GaAs(Cs,0) [32] and well coincide with
each other. The quantum yield is almost constant in the
range of 575-880 nm with a maximum of about 17% at
the zero applied voltage. The photoemission threshold of
QY spectra is determined by the energy gap of GaAs
(1.42 eV/880 nm), while the QY reduction at A < 560 is
caused by the increase of light absorption in the (Al,Ga)As
layer, and it decreases down to about 0.4% at 400 nm. Thus,
even without an additional applied voltage, photoemitted
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FIG. 3. (a) Quantum yield as a function of the incident

photon wavelength measured in the + mode for both electrodes
at V =0 V between electrodes. (b) QY of el, in the r mode at
V(el,) = 41 V (blue curve), and QY of el, in the r mode at
V(el,) = =1V (red curve); T = 300 K.

electrons are able to reach a counterelectrode in a wide
wavelength range (400-900 nm), and it produces a current.
This gives an idea that a photodiode with two NEA
semiconductor electrodes can be used as the solar-energy
converter based on a photoemission solar cell. The spectral
power-conversion efficiency of the GaAs-GaAs photodiode
is only about 1%. However, we would like to stress that
both electrodes are p-type GaAs with the equal position of
the Fermi level in the bulk and at the surface.

The QY spectra with the applied bias between electrodes
under the illumination of el; are shown in Fig. 3(b). In the
case of V(el,) = +1 V, we register the electrons from el;
working in the ¢ mode. In the transmission mode, the
additional voltage increases QY from 17% to 23% due to
the reduction of the space-charge effect and reverse current
[second terms in Egs. (2) and (3)]. In the case of
V(el,) = —1 V, the electrons emitted from el, are detected
at el; (el, works in the » mode). The discrepancy in QY in
the reflection and transmission modes is caused by the light
absorption in the illuminated el; electrode. QY in the r
mode reaches its maximum of 2.5% at 4 = 883 nm.

To study the electron emission process via the electron
energy distribution, the photoelectron spectra (energy
distribution curves) are measured by differentiating the
delay curves using the lock-in technique [Fig. 1(a)]. The
EDC under the illumination of el for different wavelengths
are shown in Fig. 4. The bottom axis corresponds to the
voltage at el,; thereby, at the negative voltage, the photo-
electrons emitted from el; are in the retarding electric field,
and the corresponding EDC N (E ) is registered. At the
positive voltage, most of the electrons emitted from el; are
collected, and only the electrons photoemitted or/and
reflected from el,, being in the retarding electric field,
are registered [N,(E)]. The shape of EDC from el is
independent from the wavelength, and that can be
explained by the fact that el; works in the # mode and
all electrons, regardless of the wavelength, are thermalized,
because the cathode thickness (2.5 ym) exceeds the light
absorption length (<1.0 gm). The maximum (thermalized)
electron energy is determined by the highest negative
retarding voltage, and it corresponds to the energy of the
electrons emitted from the conduction band, indicated as
E.; in Figs. 1(c) and 4 and explained by the band diagram
in Fig. 2. The electrons with the lowest energies are emitted
from the el; vacuum level indicated as E,,.;. The positions
of the vacuum level and the bottom of the conduction band
in EDC are determined as the inflection points at the edges
of distributions, and its difference gives a value of NEA y*.

In contrast to el;, part of the EDC, distributed mostly
from el,, depends on the wavelength. Note that el, works in
the » mode for the EDC shown in Fig. 4. The intensity and
shape of the N,(E ) distribution change in the range of
800-900 nm, and they are very weakly dependent on the
wavelengths below 800 nm. The EDC, measured as a
function of the wavelength, demonstrates that, with the
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FIG. 4. (a) Normalized energy distribution curves of the
photodiode under the illumination of el; for different excitation
wavelengths (T = 300 K). (b) The ratio of N, integral intensity

to that of N (black squares) and QY (r mode)/QY (s mode) (red
circles), as taken from Fig. 3(b).

increase of the wavelength, the fraction of electrons from
el, increases. The number of electrons detected from el
and el, (NV; and N,, respectively) corresponds to the area
under EDC curves for negative and positive retarding
voltages, respectively, which are proportional to the QY
of the respective electrode.

The ratio N,/N,; should follow the ratio of QY's, shown
in Fig. 4(b). However, the N, /N, ratio exceeds the ratio of
the corresponding QYs over the entire wavelength range,
and that indicates the presence of an additional contribution
to the measured EDC, which cannot be explained only by
the photoemission from el,. We connect this discrepancy
with the presence of reemitted electrons, which were
photoemitted from el; and reemitted by el, with a loss
of energy or electrons that are reflected by the electric field
in the gap and return to el; (cathode) with the energy above

T T T T T T T
i j 981 TK ]
—— 300
(@) —— 100
— 20
@
‘e
]
e}
s
g
2
-0.4 -0.2 0.0 0.2 0.4
Voltage (el;) (V)
FIG. 5. Normalized EDC under the illumination of el, with the

780-nm wavelength at (a) 300, (b) 100, and (c) 20 K. The spectra
measured at low temperature are shifted to the position of peak
QB at 300 K. Negative voltage values correspond to the electron
photoemitted from el,, positive values to that photoemitted
from el,.

the cathode vacuum level. These electrons first occupy the
conduction band from which they can be again reemitted.
The ratio of N, integral intensity to that of Ny is N,/N; =
0.04 in the whole wavelength range. Thus, we can conclude
that, for low-energy electrons (0-300 meV), the reemission
coefficient from the (Cs,O)-covered GaAs(001) surface is
less than 5%.

The emitted electron energy distribution provides impor-
tant information about the electron energy loss mechanism
during the emission. The distribution curves of emitted
electrons N(E ) in the transmission mode for the 780-nm
excitation wavelength measured at 300, 100, and 20 K are
shown in Figs. 5(a)-5(c). Note that the horizontal axis
represents the voltage applied to the cathode or anode
(directly related to the electron energy), where it is seen
that, at zero potential, the photocurrent flows in a wide
spectral range. It is also seen that both the cathode and
anode contribute to the EDC.

The temperature reduction of the emitter is known to
reduce the temperature broadening, and it allows elucidat-
ing the microscopic scattering mechanisms. The electron
energy distribution measured for the pT-GaAs(Cs,O)
transmission-mode photocathode at 20 K is presented in
Fig. 5(c). At 20 K, we can observe the most complete list of
features that are marked as QB;-QB, and ph;-ph, for both
electrodes. The QB; and QB, peaks are located 20 + 5
and 180 # 10 meV, respectively, below the bottom of the
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conduction band in the semiconductor bulk and correspond
to the electron emission from the quantized conduction-
band subbands. The shape of the QB, peak in the vicinity
of its maximum is well described by the Gaussian profile
with the half-width of 30 meV. The small effective electron
mass in the " valley ((m*/m) = %) of GaAs, along with the
conservation of longitudinal momentum at the surface,
should cause the mean longitudinal energy to be lower than
(m*/m)30 meV = 2 meV and, as a result, a very narrow
emission cone [33]. The separation of emitted electrons
from the quantized QB; level by cutting low-energy
electrons with the retarding potential gives an idea for a
reduction in the mean longitudinal energy and, as a result,
in the low emittance that is important for light-source
applications and should allow the generation of short
electron bunches from photoinjectors with superior beam
brightness. Note that, in the photoemission from photo-
cathodes with NEA, it is accepted that energy and
momentum components along a surface are called trans-
verse, and, for this reason, the mean transverse energy is
considered [34,35].

Features ph; and ph, are observed on the low-energy side
of the QB, peak. The energy gaps QB,-ph; and ph;-ph,
between the features turned out to be approximately the same
and equal to 38 £ 1 meV, in agreement with earlier findings
[25]. This value exceeds the energy of the long-wavelength
longitudinal optical phonons 7w (LO) = 36.7 meV in GaAs
and the energy of Fuchs-Kliewer surface phonons Awpx =
haorol(eg + 1)/ (ex +1)]'/%, where Awro = 33.1 meV—
transverse optical phonon energy at the I" point in the
bulk—and &,, and ¢, are the static and optical dielectric
constants, respectively. For GaAs(001), the energy of
Fuchs-Kliewer surface phonons is #Awgg = 36.2 meV
[36]. Peak QB, corresponds to the elastic and peaks ph;
and ph, correspond to the inelastic electron emission from
the upper QB, subband of a two-dimensional quantization
band in the near-surface potential in the vacuum with the
emission of one and two phonons, respectively. A more
detailed analysis of the emission mechanism from the
semiconductor photocathodes with NEA will be published
elsewhere.

Besides the fine structure in EDC, the negative differ-
ential conductivity in the region of zero potential appears at
a temperature below 130 K. To our knowledge, negative
differential conductivity (NDC) has never been observed in
a vacuum two-electrode system at almost a zero electric
field. The total current reduction can be caused either by
decreasing the first term in Eq. (2) or by increasing the
second one. Taking into account the fact that the second
term is almost 2 orders of magnitude smaller than the first
one (Fig. 3), it is reasonable to assume that the NDC is
caused by the decrease of the direct photocathode current.
Reducing the direct current at a low accelerating potential
can be caused by the effect of the interference of photo-
emitted low-energy electrons on the surface potential

induced by the image potential and electrostatic field.
The explanation of the observed NDC should involve
the calculation of field-dependent transmission coefficients
for electrons escaping over the mirror-image-applied
electrostatic field potential barrier at the emitting surface.
A further study is needed to describe the NDC mechanism
in a two-electrode system more accurately.

B. Low-energy electron injection in p-GaAs(Cs,0):
Cathodoluminescence study

The CL (cathodoluminescence) spectrum versus wave-
length measured at 2 V and PL (photoluminescence) spectra
from the same electrode el, are shown in Fig. 6(a).
The cathodoluminescence intensity at 880 nm, as a function
of the applied modulated bias at el, (equal to the energy of
the injected electrons) together with the /-V curve, is shown
in Fig. 6(b).

(a)

——CL

— PL

Intensity (arb. units)

800 840 880 920 960
Wavelength (nm)

T T T T T 312

Impact ionization
threshold

60 -

40

Current (uA)
>
CL intensity (arb. units)

20

Voltage (el,) (V)

FIG. 6. (a) Cathodoluminescence (red curve) and photolumi-
nescence (black curve) spectra from the el,; the CL spectrum is
measured at 2 V between the electrodes. (b) Photocurrent (black
curve) and cathodoluminescence intensity (red curve) as a
function of applied bias at el,. The inset shows a scheme of
electron injection in the anode (el,) and radiative recombination
of this electron with cathodoluminescence emission.
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The CL signal starts to rise around O V when the
modulation voltage is applied. One can see that the
photocurrent is close to saturation at 0.5-1.0 V, while
the CL signal continues to increase with the electron
energy. The intensity rapidly increases starting from O to
1V, caused by the electron injection into the semiconductor
bulk and their subsequent radiative recombination. When
the voltage increases to 1 V, the major part of the electrons
get into the anode bulk and the intensity growth slows
down. There is a subsequent rise in the CL curve above
3.6 eV, which coincides with the onset of electron-hole pair
creation by impact ionization [37], while the current
remains constant. During this process, the primary electron
excites an additional secondary electron into the conduc-
tion band. Then both electrons recombine with the emission
of two photons. A study of spin-dependent injection and
the detection of free electrons with spatial resolution is in
progress.

IV. CONCLUSION

In summary, we study the photoemission and injection
properties of the vacuum photodiode with two negative-
electron-affinity semiconductor electrodes. The equiva-
lence of both single-crystal semiconductor electrodes
allows excluding the CPD between electrodes and the
work function inhomogeneity inherent for metal electrodes.
The NEA states of both electrodes allow measuring the
photocurrent in the 400-900 nm range with no bias applied
between electrodes with an energy-conversion efficiency
about 1%, and that gives an idea for the further develop-
ment of a two-NEA-electrode system for the application in
solar-energy conversion. The energy distribution of emitted
electrons is studied as a function of the transverse energy
component in the 20-300 K temperature range. The
presence of the fine structure in the photoemission spectra,
associated with the electron-phonon coupling in two-
dimensional quantized states in the band-bending region,
is demonstrated. The cathodoluminescence signal is mea-
sured as a function of the electron injection energy with the
threshold appearance less than 0.05 V between electrodes.
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