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Abstract—We review the recent progress to achieve air stable
III-nitride photocathodes for applications as photon detectors.
High conductivity p-type films are critically important to realize
high quantum efficiency (QE) photocathodes with effective nega-
tive electron affinity (NEA) and downward surface band bending
with narrow surface depletion width. Initial reports of III-nitride
photocathodes utilize a Cs-surface activation to achieve effective
NEA. To attain air stable, Cs-free photocathodes, novel energy band
engineering has been shown using Si delta-doping and an n+-GaN
cap on the surface of a Ga-polar p-GaN layer. Improvement of
QE has been achieved utilizing the N-polarity of III-nitrides due
to advantageous depletion and polarization charges at the surface.
High QE > 25% has been demonstrated by improvements in p-type
conductivity with improved Mg-dopant incorporation in N-polar
hillock structures and by control over unintentional impurity in-
corporation and distribution. Further, the importance of achieving
high p-type conductivity films is further shown through reviewing
recent simulations of GaN photocathodes with varied band bending
and hole concentrations. Through comparison of experimental
photoemission with Monte Carlo simulations, band structure pa-
rameters such as electron effective mass in the conduction band
valleys have been elucidated.

Index Terms—IlI-nitrides, photodetectors, photocathode.

1. INTRODUCTION

II-NITRIDE photodetectors are technologically significant

devices, harnessing the wide and tunable band gap of the
material system for photon detection of wavelengths spanning
from infrared to ultra-violet [1]-[3]. Photocathodes have advan-
tages over other types of photodetectors as they provide low
noise and fast response time for single photon detection [4],
[5]. Further, the structure of photocathodes is relatively simple,
primarily requiring a p-type semiconductor, in comparison to
detectors such as avalanche photodiodes which require p-i-n
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structures and electrical biasing [6]. Photocathodes are com-
monly employed in photomultiplier tubes (PMTs) or in arrayed
detectors such as microchannel plate (MCP) detectors, and
electron bombarded charge coupled device (EBCCD) detectors
[2], [7]-[9]. Photocathode-based photodetectors find applica-
tions in astronomy for determining the composition of planets
and stars, as well as in defense applications for non-line of
sight communications and missile detection [9]. Beyond photon
detection, photocathodes are utilized as electron sources for
ultra-fast electron diffraction and in linear accelerator applica-
tions [10]-[12]. Additionally, as electron sources, photocathodes
may have the potential for use in electron beam lithography
systems [13].

Through the photoemission process, photocathodes absorb
incident photons and emit photoexcited electrons. Spicer intro-
duced a three-step model to describe the photoemission process
within a bulk material which includes (1) photoexcitation, (2)
transport and (3) emission of electrons [14]. The probability of
photoemission, P as a function of the incident photon angular
frequency (w) and depth from the surface (x) can be described
as the product of the individual probabilities of each process, as
in (1) [15], [16].

T

hw — Ewp)"
P(hw) = IOOLPEeiaI -e A u

1

The probability of photoexcitation is dependent on the inci-
dent photon intensity, Iy, and apg(w), a subset of the optical
absorption coefficient for photon energies large enough for pho-
toemission, decaying in intensity as a function of depth and the
optical absorption coefficient a(w). The probability for photoex-
cited carriers to transport to the surface is exponentially related to
the electron scattering length, A. If a carrier reaches the surface of
the photocathode, it must possess sufficient energy to escape the
energy barrier, Ey, to be emitted into the vacuum level. Here, n,
is an empirically derived constant — most commonly 2 for metals
and 3 for semiconductor materials [17], [18]. By integrating
the photoemission probability over an assumed infinite sample

depth, the photoemitted electron flux or photocurrent, J can be
described by:
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As the quantum efficiency is defined as the ratio of photocur-
rent to incident photons, mathematically QE is described as

app 1 (hw—Ey)"
o+ 1/)L 8 By,

From these equations it can be understood that photocathode
quantum efficiency can be improved through two means; (1)
decreasing the energy barrier at the surface and (2) reducing scat-
tering events that impede emission. The first can be achieved by
the engineering of a favorable energy band alignment compared
to the surface vacuum level. In semiconductor photocathodes
that rely on a p-type absorbing layer, this could be achieved
by obtaining a high hole concentration to achieve downward
surface band bending with a narrow surface potential well. A
small surface depletion width is additionally advantageous to-
ward minimizing detrimental scattering events. As the depletion
width narrows, few electrons experience scattering events in this
region which may lower the energy below the surface vacuum
level and become trapped in the potential well. Surface clean-
ing to remove contaminants can also be utilized to maximize
achievable downward band bending (1) and reduce electron
scattering at the surface (2). An ideal photocathode achieves
effective negative electron affinity (NEA) where the energy of
the conduction band in the bulk is above the vacuum energy level
at the surface and therefore there is no energy barrier for emission
of electrons photoexcited in the flat-band region. Activation of
photocathodes with Cs or Cs/Cs-O coating can achieve such
an alignment by lowering of the effective surface vacuum level
relative to the bulk, although a thin tunnel barrier remains at the
surface [19]. Finally, while phonon scattering is the dominant
scattering mechanism, neutral and ionized impurity scattering is
possible and thus achieving higher material quality may further
decrease carrier scattering and impact QE to a degree [20], [21].

A wide variety of materials have been studied for photo-
cathodes including metals and semiconductors. Among metal
photocathodes copper, magnesium, lead, yttrium and niobium
are commonly studied, however all suffer from relatively low
QE on the order of 10> to 1073, and require UV illumination
[22]. Commonly used semiconductor photocathodes may be
alkali-based or activated III-V crystals [10], [15]. Alkali pho-
tocathodes such as CsaTe, KoCsSb, Csl, and KBr exhibit high
quantum efficiencies of 10%, 25%, 30% and 50%, respectively
[10], [23], [24]. These materials detect photons of energies
spanning the visible to UV wavelengths, and the photocathode
material can be chosen to match the desired spectral range for
a specific application. Alkalis are highly reactive to ambient
gases such as O, CO, CO,, and moisture which requires
many of these photocathodes to be fabricated, packaged and
tested in ultra-high vacuum (UHV) environments, and they are
susceptible to degradation over time due to imperfect vacuum
and ion back bombardment [25]. Of the alkali photocathodes
CsyTe retains a relatively long lifetime on the order of months
in vacuum [26]. III-V semiconductors, such as Al,Ga;_As and
AlGa;_«N, are ideal candidates for photocathodes as they have
tunable bandgaps through compositional alloying, and effective
NEA can be achieved by a thin Cs-activation layer on the
surface [27], [28]. Cs-activated III-V photocathodes, similar to
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Fig.1. Quantum efficiency of Cs-activated p-GaN photocathodes as a function
of (a) hole concentration and (b) p-type conductivity. Reprinted from [31] © 2002
IEEE.

alkali materials, degrade due to exposure to ambient gases and
require constant presence in vacuum. The III-nitride material
system specifically is ideal for use as in photocathodes as it
is inherently chemically inert and radiation hard, meaning that
devices will experience minimal degradation due to exposure
to air, moisture, and high energy radiation. Additionally, by
alloying III-nitride materials the theoretical range of detection
spans from the infra-red at 1900 nm to deep UV at 200 nm,
grading from InN to AIN, respectively.

Here we will review the progress over the last two decades
to achieve high efficiency, stable and high reliability III-nitride
photocathodes for detectors applications. Much of this progress
focuses on improving the band alignment through band structure
and polarization engineering as well as through improvement
in p-type conductivity by increasing hole concentration and
mobility. We will begin by exploring these improvements in
p-type conductivity in Cs-activated III-nitride photocathodes
before discussing novel, air stable Ga- and N-polar GaN struc-
tures. Beyond the novel structures, we will describe the iterative
improvements in material quality and doping required to achieve
photocathodes with high efficiency and lifetime, as well as
modeling using Monte Carlo simulations.

II. CS-ACTIVATED GA-POLAR GAN PHOTOCATHODES

In Cs-activated GaN photocathodes, downward band bend-
ing of the semiconductor is needed in addition to the Cs-
semiconductor dipole [29]. Downward band bending is achieved
with p-type doping of Ill-nitrides and the depletion width is
impacted by hole concentration. It should be noted that the
magnitude of downward band bending with increasing hole
concentration is limited by the pinning of the Fermi level at
the surface to the charge neutrality level [30] which is specific
to the material properties including polarity and doping type.
Increasing hole concentration up to 7x10'® cm™3 in Ga-polar
p-GaN photocathodes have been shown by Shahedipour et al. to
increase QE, achieving ~30% efficiency [31]. Further increases
in hole concentration result in lowered QE, and there is no
continued trend of hole concentration and QE per Fig. 1(a).
There is however a clear trend of increasing QE with increasing
p-type conductivity as shown in Fig. 1(b). Conductivity is the
product of the carrier concentration and diffusion length. This
result aligns with the theoretical equation of QE given in (3)
as the QE has a dependence on both threshold energy and the
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Fig. 2. Quantum efficiency of Ga-polar photocathode samples with varied
thickness and p-type doping concentration. The hole concentrations were mea-
sured to be 1.4x10'7 cm—3, 8.7x10'° cm™3, 1.6x 10'7 cm™3, and 3x10'8 cm 3
for Sample 1-4, respectively. Reprinted from X. Wang, e al. Appl. Phys. Lett.
98, 082109 (2011), with the permission of AIP Publishing [35].

electron diffusion length. Increasing hole concentration will
decrease E;, by minimizing the surface depletion width and
lowering the vacuum level relative to the bulk conduction band.

In the [I-nitride material system, achieving high hole con-
centration and large scattering length are often at odds. The
relatively large activation energy of the Mg dopant at 160 meV
for GaN and increasing with increasing Al content of Al,Ga; <N
[32], leading to a low percentage of activated dopants, typically
around 1%. Therefore, a high concentration of Mg atoms must
be incorporated in the film to achieve p-type conductivity. At
high Mg concentrations self-compensation can occur with the
formation of Vy [33], and the formation of Mg clusters due
to surpassing the solid solubility limit [34]. Studies by Obloh,
et al. show a parabolic relation of hole concentration with the
concentration of incorporated Mg atoms [33]. The authors show
increasing hole and Mg concentrations to a maximum point.
Further increase in the Mg concentration was shown to lead to
decreasing hole concentration, attributed to the formation of Vy.
The formation of such defects commonly results in degradation
of mobility with increased scattering thereby reducing the elec-
tron scattering length. It follows that photocathodes that achieve
a high p-type conductivity, where conductivity is a measure of
both carrier concentration and mobility, result in high QE.

This relationship is further seen in the results of Wang et al.
of Cs-activated Ga-polar p-GaN photocathodes [35]. Low QE
was measured for a photocathode with a hole concentration of
3x10'® cm™, shown in Fig. 2(sample 4). Fitting of the measured
QE to the theoretical equation shows an electron diffusion
length in the sample of 43 nm. Comparatively, a QE of 26%
at 5.1eV was achieved for a photocathode with 1.4x10'” cm™3
hole concentration (sample 1), and a diffusion length of 122 nm
was found via fitting of the data. Many additional studies of
[I-nitride photocathodes have been reported optimizing [Mg],
hole concentration, and conductivity [5], [36], [37]. These re-
sults highlight that high hole concentration alone is insufficient
to achieve high QE. There must be a balance between hole
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concentration and mobility to attain both a narrow depletion
region and a large electron scattering length. This further shows
the importance of achieving high conductivity for enhanced
photocathode performance.

Further advancements in Cs-activated GaN photocathodes
have produced high QE devices. Through optimization of the
[Mg], Uchiyama et al. have reported on a photocathode with
QE as high as 71.9% at 5.4 eV [5]. Siegmund et al. similarly
reported up to 70% QE for Cs-activated GaN photocathodes
[38]. The Cs-activation used in the previously discussed studies
leads to a strong dipole between the Cs and semiconductor, and
in conjunction with the downward band bending at the p-GaN
surface creates effective NEA. The use of Cs also presents
numerous challenges, as briefly mentioned above, as it is py-
rophoric and reactive to water [39]. The high reactivity leads
to the requirement that cesiated photocathodes be activated and
maintained in vacuum, increasing the cost of fabrication and
deployment. Over time, due to incident high energy radiation or
unperfect vacuum the activation decays reducing the efficiency
and lifetime of the photocathodes [40]. The susceptibility of
the Cs layer to moisture and radiation negates the inherent
advantages of Ill-nitride materials such as radiation-hardness
and chemical stability. A thorough review of Cs/Cs-O activated
GaN photocathodes, including device design, fabrication and
performance has recently been published by Wang et al. [41].

III. CS-FREE GA-POLAR III-NITRIDE PHOTOCATHODES

A novel Cs-free photocathode was pioneered by Tripathi et al.
employing a Si n-type delta-doped layer to achieve permanent
NEA [42], [43]. The large effective doping of the delta-doped
layer assists in lowering the surface conduction band closer to the
Fermi-level of the p-type bulk layer. This layer must be capped
with a highly n-type GaN layer to stabilize the surface by pre-
venting oxidation of the delta doped layer. The thickness of the
nt-GaN cap layer is of utmost importance to the photocathode
performance. Band diagrams of identical bulk p-GaN absorbing
and delta-doped layers, with varied thickness of n™-GaN cap
have been simulated by Tripathi e al. [42]. The vacuum level
relative to the p-GaN conduction level decreases with decreasing
cap layer thickness, nearing effective NEA with a 3 nm cap,
shown in Fig. 3. In this structure, negative fixed charges accu-
mulate at the surface due to polarization discontinuity between
the n™-GaN cap and vacuum.

The effect of cap layer thickness has also been shown ex-
perimentally in Fig. 4. Ga-polar p-GaN photocathodes with a
delta-doped Si layer followed by n™-GaN cap of thicknesses
varied from 2 nm to 11 nm. The photocathode with 2 nm cap
resulted in the highest QE of 1.15%. With increasing cap layer
thickness, the QE decreases exponentially to a minimum of
0.108% with 11 nm cap. The exponential behavior is well fit
to the theoretical dependence of QE on cap thickness and QE
attenuation length. The QE attenuation length (L) is dependent
on the electron attenuation length (L.) and photon absorption
length (L), where 1/L = 1/L. + 1/L;;, [42]. The QE atten-
uation length from fitting the experimental data to this model
is 3.45 nm. The absorption length of photons at an energy of
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Fig. 3. Simulated energy band diagrams of Cs-free Ga-polar p-GaN photo-
cathodes with nGaN cap layer. Reprinted from N. Tripathi, e al. Appl. Phys.
Lett. 97, 052107 (2010), with permission of AIP Publishing [42].
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Fig.4. Experimental photoemission spectra of Ga-polar p-GaN photocathodes
with varied nt-GaN cap layer thickness. Reprinted from N. Tripathi, ez al. Appl.
Phys. Lett. 97, 052107 (2010), with permission of AIP Publishing [42].

5.5 eV is ~40 nm, and therefore the QE attenuation length
is dominated by the electron diffusion length and not by the
photon absorption length. The small diffusion length is due to
high carrier scattering resulting from interfacial roughness at
the delta-doped/cap interface. As expected, the threshold energy
increases with increasing cap layer thickness, shown in the inset
of Fig. 4(a). The lowest threshold energy of 4.4 eV is obtained
for n™-GaN cap of 2 nm, corresponding to the highest QE of
1.15%. As expected from the Spicer model and Equation 3, the
QE increases non-linearly as a function of threshold energy.

Further studies regarding the Si delta-doping parameters of
the novel Cs-free photocathode structure were also reported by
Tripathi et al. [43]. While a clear trend with photoemission
threshold energy was not observed with increasing Si dopant
flow rate of the delta-doped layer, increasing roughness, as
measured by atomic force microscopy (AFM) was seen. The
authors also studied the time of delta-doping at a constant SiHy
flow of 40 sccm, shown in Fig. 5. The observed decreasing
threshold with increasing delta-doping up to 60s is likely the
result of increased downward band bending at the surface from
the abrupt p-n junction. For a delta-doping time of > 60 s, the
threshold energy increases for times of 120 s and 300 s.

The increased threshold energy with increasing delta-doping
time beyond 60 s was attributed to increased scattering through
examination of the surface microstructure. AFM images of the
surface of photocathodes with varied delta-doping time are
shown in Fig. 6. The surface roughness increases with increasing
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Fig. 5. Threshold energy of Ga-polar photocathodes with varied Si delta
doping time. Threshold energy decreases with increasing delta-doping time up
to 60 s. Reprinted by permission from Springer Nature, Journal of Electronic
Materials, N. Tripathi, et al. J. Elec. Mater. 40, 382 (2011). © 2011 [43].
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Fig.6.  Atomic force micrographs of delta-doped Ga-polar photocathodes with
increasing delta-doping time of (a) 10s, (b) 30 ¢, (c) 60 s, (d) 120s and (e) 300s.
Reprinted by permission from Springer Nature, Journal of Electronic Materials,
N. Tripathi, et al. J. Elec. Mater. 40, 382 (2011). © 2011 [43].

time up to 60 s, further increases in delta doping time to 120 s
results in a smoother surface and the appearance of a differ-
ent growth mode. Delta-doping for 300s shows a high surface
roughness and — on the macro-scale — the formation of large
hillocks structures.

A large barrier to further development of Ga-polar Cs-free
photocathodes with high quantum efficiency is the presence
of intrinsic polarization charge. The use of a n™-GaN/ p-GaN
structure creates a positive depletion charge needed for a large
downward band bending in the near surface region. However, in
the Ga-polar material the polarization charge is negative at the
surface. The polarization compensates the depletion charge and
the magnitude of achievable downward band bending is reduced.
Increasing electron concentration in the n*-GaN cap layer is re-
quired to overcome the negative polarization charge and increase
in the downward band bending. The doping concentrations
required to achieve this goal result in low material quality leading
to high carrier scattering, shorter electron diffusion length and
low QE.
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Fig. 7. Photoemission spectra of p-AlxGaj_xN photocathodes with composi-
tion increasing from 0% Al to 28% Al. In general, QE decreases with increasing
Al composition due to increasing ionization energy of the Mg dopant in the
p-type layer and decreasing material quality.

In addition to challenges of polarization charge and material
quality in Ga-polar GaN photocathodes, Al,Ga;_«N photocath-
odes targeting UV detection face further obstacles to achiev-
ing high QE. Ga-polar p-Al,Ga;_«N photocathodes grown on
sapphire substrate by MOCVD show a trend of decreasing
maximum QE with increasing Al content varying from 0% to
24%, as in Fig. 7. This is in large part due to the impact of
the Mg acceptor activation energy with increasing Al content.
As mentioned briefly above, Mg acts as a deep acceptor in
GaN 160 meV above the valence band [32], [44]. As Al con-
tent increases, the acceptor energy level also increases to 510
meV in AIN [32], [44]. The deep acceptor nature of the Mg
dopant leads to decreasing activation efficiency and therefore
decreasing hole concentration with increasing Al content. The
challenges to achieving high p-type conductivity compounding
with compensation from polarization charges have hindered
the realization of high QE Ga-polar p-AlGaN photocathodes.
Additional challenge is increased surface roughness at higher
percentages of Al as measured by AFM.

IV. CS-FREE N-POLAR III-NITRIDE PHOTOCATHODES

While polarization charge in the Ga-polar orientation presents
a challenge, in the N-polar orientation it is advantageous. In this
orientation the polarization charge at the surface is positive, as
well as the heterointerface charge in the case of an AIGaN/GaN
heterostructure. The surface-state charge remains positive and
the positive polarization charges compound to increase the mag-
nitude of downward band bending at the surface. The impact
of the aligned polarization, surface-state and heterointerface
charge in the N-polar orientation compared to Ga-polar can
be seen through the energy band diagrams of p-AlGaN/n-GaN
photocathodes along Ga- and N-polarities shown in Fig. 8. For
similar structures, the N-polar photocathode achieved a lower
relative surface vacuum level than the Ga-polar. In fact, when
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Fig. 8.  Energy band diagrams of N-polar (black) and Ga-polar (red) p-AlGaN
photocathode structures with n-type GaN cap layers. A depth of 0 nm represents
the surface of the photocathode.

grown in the N-polar direction, the photocathode structure is
able to use a lower Al composition of the absorbing layer, and a
lower n-type doping concentration in the cap layer; both of which
allow for improved material quality, and still achieve similar or
lower surface vacuum level.

A. Surface Treatments

Initial experiments of N-polar GaN photocathodes, reported
by Marini et al. did not show the expected improvement in QE
predicted by the energy band diagram [45]. For similar p-GaN
photocathode structures, the as-grown N-polar device has a mea-
sured QE of 2.9% compared to a Ga-polar device with 6.25% QE
at 6 eV photon energy. It is well known that N-polar III-nitrides
have a thicker native oxide compared to the Ga-polarity [46],
[47]. The thicker native oxide on N-polar photocathodes may
lead to increased scattering, widening of the potential well at
the surface, or unfavorable surface charge and band alignment.
Surface oxide can be easily removed through chemical surface
cleanings. Many such cleanings have been reported including
HCI and (NHy4)2S solutions [48]. HCI cleaning consisting of
60 s in a 1:10 HCl:ethanol dilution was applied to the N-polar
photocathode which resulted in an improvement in device QE
to 12% at 6 eV [45]. Conversely, (NH4)oS treatment resulted in
reduced QE compared to the as-grown photocathode, exhibited
in Fig. 9; likely due to unfavorable surface charge reducing the
downward surface band bending. Both HCl and (NHy )5S treat-
ments resulted in similar removal of oxygen impurities from the
surface measured by XPS, decreasing from 3 oxygen monolay-
ers (ML) as-grown, to 1.4 ML and 0.75 ML following HCI and
(NHy)2S treatments, respectively. Oxide removal using HF was
also studied, resulting in similar but slightly less improvement
in QE than HCI. The same HCI treatment applied to Ga-polar
photocathodes did not result in any noticeable improvement
in device QE, which is expected given the lack of significant
surface oxide present in the Ga-polarity. The improvement in
the N-polar orientation with HCI cleaning is not stable on the
order of days when exposed to atmosphere, with QE decaying
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Fig. 9. Photoemission from Ga-polar p-GaN photocathode (solid black line),

and N-polar photocathodes as-grown (dashed black line), with HCI (red solid
line) and (NH4)2S (blue solid line) cleanings. Reprinted from J. Marini, et al.
J. Appl. Phys. 124, 113101 (2018), with permission of AIP publishing [45].

back to as-grown values. Studies are on-going to achieve an air
stable oxide removal and passivation.

In addition to chemical surface treatments, in situ surface
cleaning via annealing is effective at desorbing contaminants
and increasing QE in both Ga- and N-polar photocathodes [49],
[50]. Prior to collection of photoemission spectra, QE at a fixed
photon energy can be monitored while increasing annealing
temperature. From room temperature to 240 °C, little change in
photoemission is observed. From 240 — 300 °C the QE increases
rapidly. After about 10 minutes at 300 °C, the emission saturates
and no further increase is observed. No additional benefit was
observed at higher temperatures up to 400 °C. The improved QE
following low temperature annealing may be due to desorption
of hydrocarbons [49], and/or the emptying of charge from the
surface states lowering the effective vacuum level.

B. Impact of N-polar Hillock Structures

Further improvement in N-polar photocathode performance
has been achieved by improving the conductivity of the N-polar
p-GaN film. Studies of Mg dopant incorporation into N-polar
GaN by Rocco et al. has shown that Mg atoms incorporate
more efficiently into the semi-polar facets of hexagonal hillock
structures common on the N-polar surface [51]. Atom probe to-
mography reconstructions of Mg atoms, shown in Fig. 10, from
an area in the planar region surrounding a hillock structure show
Mg clusters with a density of 5 x 10'® cluster/cm ™~ and a large
average radius of 5.1 nm. Comparatively, the Mg incorporation
within the hillock semi-polar sidewall is more evenly distributed
with a cluster density of 1.8 x 10'® cm™ and smaller average
radius of 4.8 nm.

The impact of more efficient Mg incorporation into N-polar
hillock structures on photocathode performance has been studied
by growing photocathode structures of N-polar p-GaN and thin
u-GaN cap layer on high and low hillock density template layers.
The density of hexagonal hillock structures can be modified
during the growth of N-polar template layers on sapphire by
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(b) Hg-probe C-V measurement of photocathodes grown on high (red) and low
(blue) hillock density N-polar GaN templates. Reprinted from [51], © Rocco,
etal.

modifying the growth time and utilizing indium surfactant [52].
The photocathode structure grown on high hillock density ex-
hibited improved p-type characteristics in photoluminescence
measurement, shown in Fig. 11(a), with strong UVL and ac-
ceptor bound exciton peaks in addition to a characteristic “blue
band” peak observed in heavily Mg-doped films [51]. Further,
enhanced p-type conductivity of the high hillock density sample
is measured by C-V in Fig. 11(b).

The impact of the improved p-type conductivity on photo-
cathode emission is seen in photoemission measurements of
the same samples. The photocathode grown on high hillock
density template achieved a QE of 26.6% at 6 eV photon energy,
while the same structure grown on low hillock density template
achieved less than half of the former at 10.8% QE, demonstrated
in Fig. 12. Interestingly the threshold energy of the photocathode
on high hillock density template is higher than on low hillock
density template at 4.37 eV and 4.27 eV, respectively. The
increase in peak QE without reduction in threshold energy may
be due to fewer scattering events as a result of a narrower surface
potential well or increased scattering length.

C. Impurity Incorporation in N-polar Photocathodes

Improved conductivity has also been achieved through con-
trolling the unintentional dopant distributions. Oxygen dopants
are observed to incorporate more readily in N-polar GaN (com-
pared to Ga-polar) during MOCVD growth due to reduced for-
mation energy of Oy, predicted theoretically [53] and observed
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Fig. 13.  Photoemission spectra of N-polar p-GaN without u-GaN cap (blue),

with growth interruption prior to u-GaN cap (red), and with uninterrupted growth
of p-GaN/u-GaN cap layers (green). Reprinted from E. Rocco, et al., J. Appl.
Phys. 129, 195701 (2021), with permission from AIP Publishing [50].

experimentally [54]. Other unintentional impurities have been
observed at regrowth interfaces in a variety of orientations of
[I-nitrides, most notably silicon [55]-[57]. Unintentional im-
purities act as scattering centers — and potentially compensating
dopants — reducing electron mobility and conductivity and, in
turn, photocathode QE.

These effects are seen in the photoemission of N-polar GaN
photocathodes consisting of 450 nm p-GaN and thin, 10 nm
u-GaN cap layer with various growth interruption schemes
between the bulk p-GaN and cap layers, shown in Fig. 13. The
bare, N-polar p-GaN photocathode with no cap layer achieved a
low QE of 0.097%. The addition of a thin u-GaN cap layer with
growth interruption between the p-GaN and cap results in a mod-
estly improved QE to 0.27%. Comparatively, the same structure
of p-GaN/u-GaN cap grown without interruption between layers
achieved 10.79% QE.

SIMS measurements on each of the samples revealed spikes
in Si and O at all regrowth interfaces [50] with O depth profiles
shown in Fig. 14. In each sample there is a spike in O at
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the interface between the N-polar u-GaN template layer and
the bulk p-GaN absorbing layer. The lower photoemission of
the interrupted cap layer photocathode has been attributed to the
additional spike in oxygen and silicon concentration between
the p-GaN and cap layers, leading to increased scattering and
altering the intended electrostatic profile (Fig. 14, middle). The
uninterrupted p-GaN/u-GaN cap photocathode exhibits only the
singular regrowth interface between the template and p-GaN
layers. The profile of oxygen concentration shows a broad
exponential decay from that interface spike towards the surface
(Fig. 14, bottom). This behavior is indicative of a pipe diffusion
of oxygen through dislocations.

Oxygen diffusion in each photocathode was modeled based on
the [O] profile measured by SIMS. A bulk diffusion of oxygen
was observed at the template/ p-GaN interface of the no-cap
photocathode. In the uninterrupted cap photocathode combined
bulk and pipe diffusion is well fit to the oxygen depth profile.
Dislocation-mediated pipe diffusion allows for a high diffusivity
of the species and allows for oxygen to diffuse to a greater depth
[58]. In this case an elevated oxygen concentration is observed
throughout the near surface region. In comparison to the high
[O] concentration in the surface region of interrupted cap sample
which is likely to negatively impact the intended electrostatic
profile, the moderate oxygen concentration in the uninterrupted
cap sample at a Mg:O ratio of 4:1 may allow for co-doping
of Mg and O [50]. Mg co-doping with O has been shown
to decrease the acceptor activation energy leading to higher
hole concentrations [59]. Additionally, Mg-O ion pairs act as
dipole scattering centers which have a lower scattering rate than
coulombic scattering centers [60]. These impacts of co-doping
may improve the conductivity in the p-type photocathode layer
in the near surface region yielding higher QE. These results
highlight the importance of control and engineering of the
electrostatic profile within photocathode structures.
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citation depth (on x-axis) and excess energy above the vacuum level (on y-axis).
The darkness of the color indicates increasing density of points. Reprinted from
J. Marini, L.D. Bell, F. Shahedipour-Sandvik, J. Appl. Phys. 123, 124502 (2018),
with permission of AIP publishing [61].

V. MONTE CARLO SIMULATIONS OF PHOTOCATHODES

The importance of the electrostatic profile in the near surface
region has been reported theoretically by Marini et al. [61].
The Monte Carlo simulation package Archimedes was adapted
to include functionality with nitride semiconductors, 3-valley
materials, as well as to add photoexcitation and emission models,
and scattering mechanisms relevant to minority carrier trans-
port. Through Monte Carlo simulations individual electrons
are tracked spatially and energetically from the initial time
of photoexcitation. From this capability, the starting depth of
electrons that are ultimately emitted can be examined as well
as the excess energy of these electrons at the time of emission,
as shown in Fig. 15. Here, excess energy is defined as energy
above the vacuum level at the time of emission. The majority of
emitted electrons have initial photoexcitation within 70 nm of
the surface [61]. In this structure 70 nm corresponds to the edge
of the depletion region. Further, the majority of electrons are
emitted with little excess energy. These results, while expected,
underscores the need for control of the electrostatic profile in
the near surface region to obtain sharp downward band bending
with a narrow surface potential well, and to maintain high
conductivity of the material to minimize scattering events.

Monte Carlo simulation of Ga-polar p-GaN photocathode
structures have also been used to simulate the importance of high
hole concentration and the magnitude of downward surface band
bending. Increased hole concentration narrows the width of the
surface depletion region or potential well. Electrons excited out-
side of the potential well require energy greater than the effective
electron affinity to escape into vacuum. Carriers excited within
the well or that thermalize to the conduction band minimum
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from J. Marini, et al. J. Appl. Phys. 124, 113101 (2018), with permission of AIP
publishing [45].

within the potential well require increased energy to escape. We
see this result in Fig. 16 showing the impact of varied hole con-
centration (and depletion width) on the fraction of photoexcited
electrons with initial energy above the vacuum level in Ga-polar
p-GaN photocathodes. Here, a larger percentage of electrons
are excited with sufficient energy to escape the surface as the
hole concentration increases. These simulations do not account
for changes in p-type conductivity, which may impact transport,
specifically at high Mg concentrations where self-compensation
is common, as discussed above. An ideal photocathode structure
has high hole concentration to achieve a desired electrostatic pro-
file and high mobility, as discussed previously with Cs-activated
Ga-polar p-GaN photocathodes Fig. 1(b), in order to minimize
scattering of photoexcited electrons that may lower the carrier
energy with respect to the vacuum level.

These Monte Carlo simulations also highlight the signifi-
cance of maximizing the magnitude of downward surface band
bending. Fig. 17 shows Ga-polar p-GaN photocathodes that
were simulated with varied downward surface band bending and
constant hole concentration of 10! cm~3. Quantum efficiency
increases with larger downward band bending, as expected. In
experiment such large magnitudes of band bending is difficult
to achieve due to pining of the fermi-level due to surface states
[30], [62] as a result of terminating the periodic crystal and, in
part, due to the chemical state of the surface. Cleaning of the
surface is of importance to maximize the possible downward
surface band bending, as discussed with the initial N-polar GaN
studies of surface cleaning, which in turn will lower vacuum
level relative to the bulk conduction level.

Beyond predicative modeling of photocathode performance,
the addition of satellite valley transport within the Monte Carlo
simulations developed by Marini et al. provides insight into
fundamental GaN material parameters such as effective mass in
upper valleys and energy offset between the I'; and upper val-
leys. The band structure parameters in the I'; valley are largely
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Fig. 18.  Monte Carlo simulation of Ga-polar p-GaN (hole concentration 10'7
cm~3) photocathodes with varied values for the effective mass in the M-L valley
in solid colored lines compared to experimental results in black dashed line.
Reprinted from J. Marini, L.D. Bell, F. Shahedipour-Sandvik, J. Appl. Phys.
123, 124502 (2018), with permission of AIP publishing [61].

in agreement across literature with an effect mass, m* = 0.2m.
Many studies utilize an effective mass in the upper M-L valley
of 1.0m while theoretical calculations of the band parameters in
the upper M-L valley suggest an effective mass of 0.4m,. [63].
Monte Carlo simulations of a Ga-polar p-GaN photocathode
with varied electron effective mass in the M-L valley from 0.2m
to 0.6m, were compared to experimental photoemission results
shown in Fig. 18. Varying effective mass in the M-L valley
results in significant differences between photoemission slope,
indicating that transport in the upper valley is significant, as
transport in the primary I'; valley is minimally impacted by the
effective mass of the upper valleys. An effective mass of m* =
0.3my used in simulating the photoemission yields the closest
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match with experiment. Further experimentation and simulation
should be used both for accurate photocathode simulation and
for band structure parameters used broadly in the field.

VI. COMPARISON OF CS-ACTIVATED AND CS-FREE GAN
PHOTOCATHODES

GaN photocathodes activated with Cs or Cs/O have some
advantages in terms of maximum achievable QE and threshold
energy compared to the current state of the art Cs-free GaN
photocathodes. As previously mentioned in Section I, the Cs
or Cs/O layer creates a dipole barrier at the surface and lowers
the vacuum energy relative to GaN conduction band creating
effective NEA. A large fraction of photoexcited carriers reaching
the surface will successfully tunnel through the barrier and be
emitted into vacuum. This enables the high QEs above 70% that
have been reported [5], [38]. While the Cs-free photocathode
structures have been engineered to target NEA conditions by
lowering the vacuum level at the surface without a dipole tun-
neling barrier, it is unlikely that these structures have achieved
a true NEA condition.

Cs-activation also impacts device threshold energy. Many
Cs-activated photocathodes have a sharp threshold energy at
or near the bandgap energy. With the NEA condition induced
by the Cs dipole, all photoexcited carriers have a probability
for photoemission. In a Cs-free device, if the structure has not
achieved NEA a photoexcited electron is required to have an ad-
ditional amount of energy beyond the bandgap to be emitted. As a
result, many Cs-free III-nitride photocathodes exhibit threshold
energies above the bandgap. These qualities in both Cs-activated
and Cs-free photocathodes can be utilized to tune the cut-off
energy. For example, in the case of devices targeting mid- to
far-UV energies, larger threshold energy without the need for
high composition alloying (and thus the challenges of obtaining
high p-type conductivity AlGaN films) may be advantageous.

A distinct advantage of Cs-free photocathodes lies in the
stability of the structure. Cs and Cs/O surface activation is
unstable in the presence of many gases, most notably H,O, CO,
CO,, and CHy resulting in decreased QE [64]. There remains
debate on the stability of the activation layer in Ny ambient
[13], [38], [64]. The QE can be recovered to some degree by
annealing after exposure to desorb CO and CO; and recovered
fully by redepositing the Cs/O activation layer [13].

Ga-polar Cs-free photocathodes do not require surface pre-
treatment prior to measurement. Once inside the measurement
chamber an anneal at 300 °C is used to desorb surface con-
taminants prior to measurement. Under constant illumination
on the order of days, QE of these devices is seen to decrease
possibly due to accumulation of charge at the surface. However,
when the light is turned off, no measurable decay in QE is
observed with similar values prior to and following the sample
sitting in the dark for a number of days. Similar experimentation
of Cs-activated GaN photocathodes show a decay in QE even
when kept in the dark between measurements [65]. N-polar GaN
photocathodes have additional decay even when kept in the dark,
possibly due to differences in surface states or oxidation due to
imperfect vacuum.
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The improved stability of Cs-free photocathodes provides a
number of advantages. First, the devices have a long lifetime
once in vacuum. The devices will not require frequent changing
of samples for applications such as electron sources for accel-
erators where it is inconvenient, or space applications where
it is impossible to exchange devices. Further, Cs-free devices
simplify measurement and operational set-ups, removing the
need for an in-situ Cs source or transport in vacuum for cesiated
devices.

VII. CONCLUSION AND OUTLOOK

Significant advancements toward high efficiency, air-stable
Cs-free III-nitride photocathodes over the last two decades have
employed novel band structure, polarization and surface engi-
neering techniques. The experimental and theoretical studies
discussed in this review emphasize the imperative to control
the electrostatic profile of photocathode devices. High p-type
conductivity and surface state have been shown to be important
factors impacting the electrostatic profile and QE.

Increased hole concentration is advantageous in III-nitride
photocathodes leading to a decreased width of the surface po-
tential well. High p-type conductivity films in N-polar p-GaN
photocathodes have been achieved through improved incor-
poration efficiency in semi-polar planes of hillock structures,
resulting in 26% QE. Further, the electrostatic profile and p-type
conductivity can be improved by controlling unintentional impu-
rity incorporation and diffusion throughout the device. Beyond
improvement in the electrostatic profile, improvements in p-type
conductivity may also have some benefit through increasing the
scattering length of electrons.

Surface cleaning has also been studied through ex situ wet
chemical treatments and in sifu annealing. An order of magni-
tude improvement in QE has been shown after HCI cleaning of
N-polar GaN photocathodes, due to the removal of surface oxide
and the creation of favorable surface charge. Additionally, in situ
annealing desorbs contaminants and/or modification of surface
states.

In order for Cs-free GaN devices to achieve their full potential
as robust, high efficiency, stable photocathodes the following
pathways are proposed:

A. Further Improvement in QF By the Use of Novel Device
Structures and Improvements in Material Quality

In order to realize the highest possible QE an NEA or effective
NEA condition must be met. One possibility for a novel device
structure to achieve this is the addition of an AIN interlayer
between N-polar p-AlyGa; «N and n-GaN cap layer which
has been shown in simulation to create a quasi-band offset
and improve NEA [45]. In this structure the depletion width
may be reduced with the addition of polarization charge at the
p-AlGaN/AIN interface supplementing the depletion charge in
p-AlGaN layer. The AIN interlayer may act as a tunneling barrier
similar to what is obtained with Cs/O activation, and provide an
air-stable realization of NEA. The material quality of Cs-free
photocathodes must also be improved to achieve the highest
possible QE. Increased hole concentration has been achieved in
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the Ga-polarity with Mg delta-doping leading to increased QE
[37]. Unfortunately, similar methodology was not successful
for the N-polarity of Il-nitrides [66]. Further novel doping
techniques building off the results of increased Mg incorporation
efficiency in N-polar hillock structures should be explored to
increase the p-type conductivity of photocathodes layers.

B. Development of Surface Passivation Techniques for
N-polar Ill-nitride Material

Further experimentation of wet chemical processes should
be completed in search of a stable treatment which leads to
the removal of surface oxide and contaminants, while creating
favorable surface charge. Novel surface coatings for GaN pho-
tocathodes should also be explored. Liu et al. recently proposed
the use of Al nanoparticles deposited on the surface of GaN
photocathodes for improved QE [67]. Atomically thin coatings
that may increase light absorption, create favorable surface
charge and prevent surface contamination may provide a path
toward high QE, highly stable photocathodes.

The achievement of high efficiency, air-stable III-nitride pho-
tocathodes will benefit a range of disciplines. High reliability,
long lifetime single photon detectors can be employed in astron-
omy and military applications. Advances in lifetime and energy
distribution of emitted electrons may also assist applications in
high-brightness electron sources. Given the wide range of ap-
plications for photocathodes, a tailored approach toward device
design and implementation may be required to optimize devices
for specific purposes.
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