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Abstract: New device concepts and materials for the fabrication of compact high-frequency vacuum sources and micro-
nano-integrated X-ray sources are of particular interest for broadband communication, security screening of packages and
chemical materials, biomedical examination, and other applications. This article integrates results on GaN- and ZnO-
based nano and self-assembled structures. They were used as field emitter tips for cold electron emission at high local
electric fields as well as for photoassisted field emitters to generate bunched electrons directly from the emitter tip. The
results on functional field emitters as cold electron sources will be presented. They are key elements for building, among
other miniaturized vacuum tubes. Such miniaturized vacuum tubes can achieve high power at high cutoff frequencies
and overcome the limitations of conventional GaAs- or InP-based solid-state devices. Furthermore, new functional X-ray

sources with ultrashort pulses will allow 3D imaging with low radiation doses.
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1. Introduction

Future generations of electronics and sensors will rely more and more on the special features and inherent
properties of new devices as the improvement in performance due to progress in design and processing for
solid-state devices reaches saturation. Over the last 2 decades, tremendous advances have been made in
devices ranging from the introduction of new operation concepts to new material choices and improvement
in fabrication processes. Examples of them are devices such as high-electron mobility transistors (HEMTs) with
fmaz = 1.2 THz [1] and heterojunction bipolar transistors (HBTSs) instead of the more traditional MESFETs
and bipolar junction transistors (BJTs), and InP-, Sb-, ITI-nitride-, SiGe-based materials instead of Si and GaAs.
Processing has also improved, opening the way to submicron devices and pushing the limits of silicon technology
to 22-nm node while introducing high-k dielectrics to overcome the difficulties caused by tunneling through
ultrathin gates and maintaining good electrical performance. Technological improvements have almost reached
their limits and new generations of devices are necessary to enable further advances for high frequency generation.
New achievements in high frequency sources have not only practical significance in the scientific context but also
beyond, in fields such as pharmacy, chemical recognition for environmental protection, biomedical engineering,

remote radar-type sensing, and tomography. Materials analysis, package monitoring, and security screening for
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civil defense are other possible applications [2] (Picometrix LLC, Ann Arbor, MI, USA). It has also become clear
that these systems must be compact, inexpensive, and easy-to-use to permit development into a technology of
interest for broader markets outside of science. The majority of application requires in general the availability
of inexpensive and moderate technology with room-temperature application.

New electronic devices are currently intensively studied in view of developing new solid-state components
[3]. Wide bandgap semiconductors, such as GaN, ZnO, and SiC, are very promising for novel applications up
to THz frequencies, and are very suitable for high power, high-temperature, and harsh environment operation
[4-7] due to the high saturation velocity, high breakdown voltage, and direct bandgap.

Semiconductor materials based on group-III nitrides have acquired immense importance worldwide,
mainly because of their large electronic bandgap. This allowed closing significant gaps in the fabrication of
short wavelength optoelectronic devices as blue, green, and UV LEDs; UV and blue laser diodes; and short-wave
detectors [8,9]. The large bandgap and the chemical and thermal stability allow the application in high power,
high frequency electronics [4]. An improvement in microwave power density by about an order of magnitude
compared to the GaAs material system was demonstrated [10]. Important also are the positive characteristics
such as high saturation drift velocity of electrons of nearly 3 x 107 cm/s [11] and extremely high breakdown
field strengths of 3-5 x 10% V/cm [9,12]. Efficient components up to the terahertz region can be developed with
nitride heterostructures [5,6,13] due to their high energy barriers, high breakdown fields, and larger saturation
drift velocities. Furthermore, these materials find application for various sensor concepts because of their large
piezoelectric coefficients and robustness in harsh environments.

Novel cold electron emitters (field emitters) fabricated with the help of nano and self-assembled structures
can help to overcome the frequency and power limitations [14,15] of high frequency devices and have versatile
applications in measurement and sensor technology (e.g., scanning electron microscopy and X-ray image sensors)
[16,17]. The temperature and radiation resistance of field-emitter components are of particular interest for the
fabrication of efficient and robust microwave sources (triode, miniaturized vacuum tube amplifiers).

With the availability of modern micro-nano-fabrication techniques, it became possible to fabricate vacuum
nanoelectronic components based on field emitters (cold emitters), which are suitable for the high frequency
region. The required field strengths for field emission can be achieved by nano and self-assembled structures
(semiconducting) field emitter tips (radius ~ 10 nm and field enhancement factor > 1000). In such devices,
electron transport is performed through a vacuum without scattering, as is in case of solid-state components,
setting up therefore the basis for attaining ultrahigh frequency operation. FEfficient electron field emission
cathodes are of major importance. New developments in field emitter arrays (FEAs) with nanoemitters are
therefore discussed and experimentally investigated. FEAs with high current densities are considered promising
sources of cold electrons in miniature tubes for millimeter-wave generation as well as new X-ray sources with
ultrashort pulses and low radiation doses.

2. Functional field emitter

The above-mentioned unique applications of new vacuum devices have initiated intensive studies in the area of
field emission of cold cathode materials. Field emitters with a small emitter tip radius and long arrays (e.g.,
carbon nanotubes, semiconductor nanowires) are necessary for high field enhancement factors and thus low
operating voltages. The electric field enhancement 8 on the tip of the field emitting cathode can be presented
in the approximation of a floating sphere as 8 ~ h/r + 3 [18], where h and r are the tip height and radius

of curvature, respectively.
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Furthermore, small operating voltages can be achieved with a small emitter-gate spacing (realized with an
easily integrated gate) or materials with small work function (e.g., GaN, AlGaN, AIN, diamond, and diamond-
like carbon (DLC)) [19-24]. In the case of wide bandgap materials with low electron affinity an important
issue for field emission is the electron transport to the surface. Besides low work function (electron affinity)
it is essential to have (i) good electron injection on the back contact, and (ii) easy electron transport through
the emitter material [25]. Therefore, for studies of electron field emission from GaN, AlGaN, and AIN great
attention is paid to ultrathin and highly doped films [24,26,27]. Important for large-scale production is the use
of materials that are easy to process, in order to achieve structures with high field enhancement factors, and
have a good chemical stability, high mechanical strength, and high thermal conductivity.

Field emission itself is a quantum mechanical tunneling effect (named cold emission) and starts at electric
fields F > 107 V/cm. The energy band structure of a metallic emitter at field emission is shown in Figure 1.
The field emission current density J (A/cm?) depends exponentially on the work function of the emitting surface
® (eV) and the local electric field F (V/cm) just above the emitter surface. The well-known Fowler-Nordheim
(FN) equation can be written as:

F2 (1)3/2

J:AE exp(—B 7 ), (1)

where A and B are constants given by A = 1.54 x 1076 AeVV =2 and B = 6.83 x 107 (eV)~%/2 Vem ~!. If the
distance between cathode and anode is d, then the field enhancement factor S is defined by F = gV /d = SE,

where V is the applied voltage across the device electrodes and E the macroscopic electric field.
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Figure 1. Energy band structure with bending of the vacuum barrier at field emission.

Various field emitter materials have been intensively studied. Semiconductor materials such as GaAs,
GaN, AlGaN, and ZnO, as well as carbon-based ones (e.g., carbon nanotube) have been used to explore the
fundamental properties of the semiconductors themselves, as well as their field-emission properties. The field
emitters have been nanostructured by various techniques such as photoelectrochemical (PEC) etching [7] but
self-assembled nanorods [28] or nanotubes have also been used for these studies. The use of low dimensional
wide bandgap structures provides the possibility of nano-engineered bandstructures (growth of the energy gap,
decreasing of the energy distance between main and satellite valleys in the conduction band, etc.) caused
by quantum-size confinement effect upon decreasing of the geometrical sizes to nanometer scale [20]. Hereby

one can control the transport and emission properties. The energy band diagram of GaN has, similar to
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GaAs, 2 subbands for light and heavy electrons in the conduction band [7,29] (Figure 2a). Further investigated
materials such as AlGaN and ZnO have also similar conduction band schemes with different values of the energy
difference between the I" and the satellite valley. A method based on field emission under photo illumination
was reported that allows one to determine the values of the energy difference between the I" and the satellite
valley in the conduction band [20]. Field emitters based on novel semiconductor wide bandgap materials (such
as GaAs, GaN, AlGaN, and ZnO) have been characterized with and without (laser) light illumination, where
modified emission properties were obtained. These have very small threshold field strengths and stable emission
currents. The measurements were used to characterize multiple valley energy-bands and show the possibility of
laser-modulated electron emission to obtain bunched electrons directly from the emitter tip.

GaN B
= =
(IDZ
> q)‘]
" V
= acuum energy
5 Satellite 1 ]
GCJ \r & Electron
L AP valley \ transfe\r effect
N FE path 2
EC
Y \
A e FE path 1
=
r Wave vectork U GaN rod / photoillumination

(a) (b)

Figure 2. (a) Conduction band diagram of GaN with 2 valley positions. (b) Energy band diagram of GaN with emission
from GaN TI'-valley (path 1) and from GaN satellite valley (path 2).

A conventional traveling wave tube with a molybdenum field emitter (Spindt emitter) as cathode was
fabricated and investigated [30] (Figures 3 and 4a). A current density of J = 15.4 A/cm?, absolute current of

I =121 mA, output power of P = 100 W, and operation frequency of f = 5 GHz was obtained for a tube length
of L = 16 cm.
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Figure 3. Traveling wave tube with cold electron emitter as cathode [30].
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Figure 4. Conventional (a) and functional (b—d) field emitters.

New functional field emitters with bunched electrons can be used for miniaturized vacuum devices.
They open the possibility for density modulation of the electron beam with a gate electrode (Figure 4b) or

photomodulation (Figure 4¢) instead of velocity modulation (Figure 3) after electron emission in the vacuum

tube. A new device made of a combination of a carbon-based emitter with low threshold field and ultrafast
compound semiconductor photoswitch (e.g., low-temperature grown GaAs) was also used for modulated electron

emission (Figure 4d). This new electron source with ultrashort electron bunches will allow a greater range of
applications.

The advantages obtained by pre-bunching the beam are high efficiency and a significant reduction in
the required RF interaction length in the tube, thereby simplifying beam transport magnetics and reducing
the weight. Devices with high power and high efficiency can be obtained [31,32]. Furthermore, laser or LED
modulated field-emitters can generate ultrashort electron bunches for pulsed X-ray sources [33,34] or even
for THz and X-ray free electron lasers (FELs) [35-37]. The production of short electron bunches with lower
emittance and higher brightness than the state-of-the-art would have consequences in a variety of scientific and
industrial applications. It is the most direct way to reduce the cost and size of free electron lasers.

A field emission set-up was put in place based on such approaches for analyzing the material properties of
semiconducting emitters as GaN, AlGaN, and ZnO. A (photoassisted) field emission spectroscopy method was
developed for characterization of the energy bands of wide bandgap materials used in solid-state and vacuum

nanoelectronic devices. Their potential for high frequency generation was also evaluated.

3. Self-arranged wide bandgap semiconducting field emitters (GaN, AlGaN, and ZnO)

The work described in this section reports a simple fabrication of ordered field emitter tips with the help of self-
arranged nano-structures. Stable field emitter structures have already been demonstrated using a sophisticated
etching technology in InAs materials [38]. The resulting surface consisted of high density nanostructures with
cone shapes. GaN-based materials are very promising for field emitters. GaN has superior properties such as
a low electron affinity of ~3.4 eV [21], mechanical hardness, and chemical inertness. Photoelectrochemically
etched GaN is often not homogeneous over large areas. However, using smaller pre-defined n*-GaN mesas, an
improved homogeneity of one-dimensional nanowires in these areas was achieved [7]. These emitter arrays could
stabilize the field emission due to the presence of redundant emitters and averaging of the current instabilities
of single emitters.

GaN is a compound semiconductor with multiple valleys in the conduction bands (see Figure 2a). The
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energy separation of the valleys is much higher than in other materials, e.g., GaAs. Such a particular band
structure can be used for modulated electron field emission by filling the upper valley with electrons. The
vacuum energy barriers for electron field emission from main and satellite valleys are different (see Figure 2a).
In spite of the low energy barrier of the upper valley, its impact on the emission current can be remarkable
after hot electron filling due to the Gunn (electron transfer) effect. The use of additional light illumination of

such electron field emitters allows the electron transfer effect to be sustained and decreases the effective work
function [7,39-41]. Photoassisted field emitters are perspective as modulated electron emitters for application

in vacuum micro- and nanoelectronics. An important requirement for such applications is the use of materials
with ultrafast relaxation time from the satellite valley. These devices can overcome the frequency limitations of
grid controlled cathodes. The photoassisted field emitter is not limited by the cathode-grid input capacitance
and introduces an alternative mean of bunched beam production limited only by the cut-off frequency of Gunn
diodes based on these materials.

Although considerable work has been reported on the experimental investigations of GaN devices, much
less has been published on their bandstructure and material characteristics. This applies in particular to
nanostructured materials like nanowires and nanodots, where new effects were predicted [42-44].

The energy separation between the valleys can be calculated from field emission measurements. The
possibility of investigating the electron states between the Fermi and vacuum levels by studying the field emission
of optically excited electrons has been discussed previously [45,46]. This method is based on the work function
changing under photoexcitation of electrons or hot electrons at their tunneling through a barrier according to
the FN mechanism. A (photoassisted) field emission spectroscopy method was developed for characterization
of the conduction band structure of wide bandgap materials such as GaN, AlGaN, and ZnO [7,20,28,29,38—
40,47-50]. It is based on pure field emission or employs light emitting diodes (LEDs) or an optical laser for
photoexcitation of electrons. It can be applied for material characterization used in solid-state and vacuum
nanoelectronic devices. Wide bandgap materials were investigated using this technique and their potential for
high frequency generation was evaluated. The knowledge of the exact band structure of e.g. GaN is essential
for optimal device design and function, and was very helpful in the preparation and characterization of the GaN
Gunn diodes [5,6,51-53]. The electron transfer effect (Gunn effect) could also be shown for AlGaN and ZnO
materials. Experimental results for the electron transfer effect in these materials are very limited or nonexistent.
The described spectroscopy method could be further used for the estimation of the energy band reconstruction

due to quantum confinement effects in nanostructured semiconductor surfaces.

3.1. Fabrication

3.1.1. Fabrication of nanostructured GalN

The GaN field emitter rods were fabricated by top-down approaches such as PEC etching on a GaN substrate.
The wafer had an n-GaN active layer of 5 pm sandwiched between an n™-GaN cap layer of 100 nm and a 300-
pm-thick nt-GaN substrate. The active layer and the top n™-GaN layers were grown by metal organic chemical
vapor deposition with trimethylgallium (TMGa) and ammonia (NH3) as source materials. A photoresist mask
served for argon plasma etching (Ar flow of 20 SCCM, background pressure of 50 mTorr, and rf power of 300 W)
of a circular mesa 400 nm in height. First, the n*-GaN layer was etched in the area surrounding the mesa. The
n-GaN layer cap uncovered as a result of this process was not affected at this step [7]. The samples were then

cleaned in acetone and etched by PEC etching. UV illumination generates electron-hole pairs at the n*t-GaN

surface, which enhance the oxidation and reduction reactions taking place in the electrochemical cell, formed
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by immersing the substrate in a 0.1 M KOH stirred solution. This allows one to achieve selectivity in etching
ntT-GaN with respect to n-GaN [7]. The GaN sample was PEC etched for 12 min in the presence of Hg lamp
illumination.

The GaN field emitter rods resulting from this processing are shown in Figure 5. Further etching up to
38 min increased the height of the rods by extending them into the n-GaN layer below the n™ cap. The n-GaN
material around the mesa was not affected by this step and remained unetched (see Figure 5a). The selectivity
in etching the area containing the nanorods but not the surrounding area is due to the presence of the thin
n*-GaN layer in the mesa area, which promotes PEC etching. GaN rods are promising field emitter structures
due to their small tip radii, which lead to electric field enhancement and reduced effective electron affinity.
The formation of high quality GaN NWs with controllable diameter and length, and uniform distribution is a
challenging task and required extensive experimental studies.

Figure 5. GaN nanowires produced by PEC etching. They are well aligned and have small tip radii for efficient field

emission. SEM images with higher magnification are shown in (b, ¢).

Some etched GaN surfaces showed extremely small nanomorphologies (see Figure 6a). Such quantum-size

dimensions can increase the energy bandgap and thus reduce the effective work function as given in Figure 6b.
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Figure 6. (a) GaN surface nanomorphology and (b) energy shift of valley positions due to the quantum-size restriction

effect in GaN nanostructures.

3.1.1.1 Selective growth of GaN

GaN-based field emitters were fabricated by selective growth of n-GaN on GaN/sapphire layers using a 1- pm-
thick SiN, mask (see Figure 7). The study aimed at emitters with a small tip diameter. Circular openings
with various diameter sizes were patterned in the SiN, mask by reactive ion etching. The growth rate and
homogeneity in the openings were found to depend on the effective area opening, gas flow, gas modulation, and
substrate temperature. Lateral overgrowth on the 1-pm-thick SiNx mask was possible by means of a growth

condition. The surface flatness and lateral overgrowth were studied by optical and scanning electron microscopy
[54].

AccV SpotMagn Det WD ———— 2um
10.0kv 8.0 16674x SE 10.0 HFE

Figure 7. SEM image of a hexagonal pyramid on the patterned substrate.
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3.1.2. Fabrication of nanostructured AlGaN

The AlGaN structure used in our experiments was grown by low-pressure MOCVD on (0001) c-plane sapphire.
A buffer layer of about 25-nm-thick GaN was first grown at 510 °C on sapphire. The investigated multilayer
structures had AlGaN upper layers on GaN. A patterned Ti mask served as electrical contact to the sample
as well as etch mask. The Ti metal contacts were unannealed. Quantum dots were formed by PEC etching of
GaN [55]. Under high current conditions and under process-specific conditions it led in high etch selectivity at
the dislocations. PEC etching of GaN is a means of greatly improving the chemical reactivity of GaN at room
temperature. Ultraviolet illumination generates also here electron—hole pairs at the semiconductor surface,

which enhance the oxidation and reduction reactions within an electrochemical cell. The GaN and AlGaN
were etched from 1 to 15 min in a stirred 0.1 M KOH solution using Hg lamp illumination. The schematic

cross-section of nanometer-size tips is shown in Figure 8.

Figure 8. Schematic of the nanostructured A1GaN/GaN heterojunction surface.

3.1.3. Fabrication of nanostructured ZnO

The energy band diagram of ZnO is also of interest for use in ZnO-based devices. So far the majority of the
device results published in the case of ZnO-based nanostructures [56,57] are based on randomly ordered NWs.
Thus, ZnO field-emitter whiskers with nanometer diameter were fabricated by metal-organic chemical vapor
deposition (MOCVD) growth on Si substrates (see Figure 9) [28,58,59]. These ZnO field-emitter whiskers have
vertically ordered conical nanometer structures and were grown catalyst-free by MOCVD on (100)-Si substrates
(Figure 9). To achieve good crystal quality and to address the issue of difference in crystal structure between
the grown layers and the substrate, a low temperature nucleation buffer layer was first deposited on the silicon
surface at low temperature ~340 °C. The precursors were oxygen and diethylzinc (DEZ) (bath temperature
30 °C), while the carrier gas was nitrogen. The reactor pressure was controlled to be 20 mbar. The DEZ
carrier gas and oxygen flow were 75 sccm and 25 scem, respectively. The high temperature growth steps took
place at 500 °C where the oxygen and DEZ flow were 100 sccm each. The layer features were monitored using
a homemade in situ laser interferometer [28,58]. A typical nucleation layer involves a 2-stage growth process
where island formation results in reduction of reflectivity, followed by growth of either flat top areas covering
the islands or of a planar layer leading to the start of an oscillation. The density and the size of the obtained
ZnO nanowires are dependent on the growth conditions and can therefore be controlled. The resulting ZnO
tips had nanometer size, which is important for high field enhancement and simpler electron emission at smaller
bias voltages (Figure 9). A detailed study of the interferometry of ZnO MOCVD growth and its relevance to

nanostructure growth is given by Biethan et al. [58].
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F
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Figure 9. ZnO nanowires produced by process specific MOCVD growth. They are well aligned and have small tip radii
for efficient field emission.

3.2. Field-emission measurements

The field emission properties of all nitride-based and ZnO samples were measured using a parallel plate
configuration at room temperature in a vacuum chamber evacuated to the pressure of ~5 x 108 mbar. The
bottom sides of the field emitter samples were fixed to a metal electrode using a conducting carbon pad or silver
paste to form a cathode contact. A heavily doped Si wafer was used as an anode electrode with a defined emitter—
anode distance (Figure 10a). For the measurement with photo illumination a light transparent indium tin oxide
coated quartz glass was used instead of the former Si anode [7]. A UV LED (A ~ 365 nm, P,,; =100 mW) was
connected to the anode side for illuminating the sample during field emission measurements. The field emitter
was placed in the high vacuum chamber and the LED beam was focused directly on it through the quartz glass
(Figure 10Db).

l Photoillumination

n* Si (anode) Quartz glass
IT(\) layer (anode contact)
N
GaN rods GaN rods
n* substrate n* substrate
Cathode conta/ct Cathode conta/ct

(a) (b)
Figure 10. Biasing scheme of the GaN rod field emitter (a) without and (b) with UV LED photoexcitation in the

vacuum chamber.
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Figure 10. (c) Fowler-Nordheim characteristics of a field emitter without illumination.

The distance between the emitter and external anode was controlled by a kapton spacer disk (e.g.,
thickness 7.5 pm and diameter 1 mm). The LABVIEW program was then employed to measure the I-V
characteristics. The dependencies of the field emission current density on the applied electric field and the
corresponding FN plots [log(I/U?) vs. 1/U] without (Figure 10c) and with photoillumination were measured.

The straight line in the FN characteristics in Figure 10c evidences field emission of electrons through the
potential barrier into the vacuum (see Figure 1).

The field enhancement factor can be calculated from the initial slope s of the FN plot [log(I/U?) vs.
1/U] using the following equation:

B=—2.84x10"(dgs ®*/?)/s, (2)

where d g4 is the emitter—anode distance in cm, ® is the work function of the emitter in eV (e.g., Pgon = 3.3€V),

and [ is the field enhancement factor.

3.2.1. Field emission of GaN nanorods

The photoelectrochemically etched GaN whisker structures have a small tip diameter of 10-50 nm with high
electric field enhancement and reduced turn-on fields down to E = 4 V/pm [7,60]. These nanoemitters produced
a maximum current density of about J = 40 mA/cm?. Excellent field emission characteristics were also
demonstrated from GaN nanorods of 50 nm average diameter grown on silicon [61]. Their field emission turn-on
was as low as 1.25 V/um at a current density of 0.1 pA/cm? and a field emission current density as high as
2.5 mA/cm? at an applied field of 2.5 V/um [61].

The energy band diagram of GaN is similar to that of GaAs having 2 subbands for light and heavy
electrons in the conduction band (see Figure 2a). An important difference of the wide bandgap semiconductors
compared with traditional III-V compounds is their large intervalley distance (1-2 eV or higher). Many groups
have theoretically calculated the bandstructure for GaN [62,63] and measured some of its characteristic values,
i.e. the intervalley energy difference [20,64-66]. UV photoelectron spectroscopy allows one to determine the

electron affinity of III-nitrides and their alloys. However, the measured values of the energy difference between
the I'-valley and the satellite valley differ from the calculated ones.

553



YILMAZOGLU et al./Turk J Phys

3.2.1.1 Field-emission spectroscopy in GalN materials

A new method was developed [7] for estimating the conduction band characteristics based on field emission
measurements under UV illumination. It requires evaluation of the field emission current from the lower and
upper conduction subbands of the semiconductor and is useful for evaluating wide bandgap materials such as
GaN and ZnO and their alloys. The linear FN characteristic showed a change in the slope for emission from
different subbands (see Figure 11), which depends on the specific affinities of the emitted electrons (Figure 2
and formula 3 where 3 was constant for both valleys [7]). Wide bandgap materials present much more favorable
conditions for the field emission spectroscopy compared to GaAs, which has a small subband energy difference
(AE) value of 0.31 eV.

oo = without illumination Il 1: without illumination
?. e with illumination 2: with illumination

: intersection point

T T T T T T T T

15 16 17 18 20 22 24 26
11U, 10°NV 10, 10°NV
(a) (b)
Figure 11. Fowler-Nordheim characteristics of GaN emitters with and without UV LED illumination for 2 different
samples (a, b).

Upon UV LED illumination, the current increased immediately, and was up to one order of magnitude
higher than the initial current. Illumination results in electron-hole pair generation by absorption of UV photons
with energies larger than the bandgap of the GaN nanorods, 3.4 eV. Electrons can then reach the surface quickly
due to the small diameter of the GaN nanorods. The field necessary for field emission penetrates into the depleted
GaN rod (electrical field E > E;, = 150 kV/cm) and enables electron transfer from the I'-valley to the satellite
valleys. The photoexcited electrons can then contribute to the field emission process from the satellite valley
due to their smaller electron affinity y (see Figure 2b, path 2). The electron field emission current shown in the
FN plot (Figure 11) clearly demonstrates 2 different slopes for nonilluminated and UV illuminated emission.

In the case where the GaN rods are not illuminated, the emitter is almost depleted and emission takes
place from the I'-valley xgon = 3.3 eV. Upon UV illumination, new electrons are generated from the valence
band and occupy the upper valley. The main emission occurs from this valley, which has lower electron affinity.
The presence of a high electric field in the emitter tip supports the presence of the electron transfer effect. The
field emission current from the satellite valley increases rapidly and becomes dominant at a rather small electron
concentration n in the upper valley due to the much smaller electron affinity in this valley, as compared with
the I'-valley (see transition from slope 1 to slope 2 in Figure 11b). Increasing the electric field strength reduces
the vacuum barrier thickness, and increases the tunneling probability and the contribution from the main valley
due to the larger number of electrons. The total field emission current is dominated again by the main valley

emission at electrical field strengths above the interception point IP (see Figure 11b).
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The effective work function (electron affinity) can also be calculated by considering the slope s of the

FN characteristic [log(I/U?) vs. 1/U]:

s=-284x 10" x dpa x O3 = ~2.84 x 107 x dpa x ®*/2/B (3)
with
i
Deyr = e

where d g4 is the emitter-anode distance in cm, & is the real work function of the material in eV, and S is the
electric field enhancement coefficient due to the geometry of the emitter. In practice it is difficult to estimate the
field enhancement coefficient § to separate the influence of the real work function ® and 8 on the determined
effective work function. However, a first estimation can be made by analyzing the surface morphology from
SEM pictures [18]:

h
/6%7—’_3’
r

where h is the tip height and r is the curvature radius of the top.
It is also possible to determine the ratio of ®;/®y (work function for I'-valley/work function for the
satellite valley) and the electron affinity difference (equal to the energy difference between the valleys; see Figure

2) from the 2 slopes in FN plots assuming that 8 is constant (Figure 11a):
D1 /®o = Xr/Xsateuite = (51/52)*°

The obtained value of X1/ Xsateitite = 1.53 (GaN rod) can be used to calculate Xgatenite for given values of

Xxr, i.e. xr = 3.3 eV. The calculated AE = 1.15 eV from the FN characteristics is in good agreement with

values reported previously [65] (AE = 1.1 eV).

The band structure reported above can be used for modulated electron field emission and applied to the
realization of high frequency sources in miniaturized vacuum micro- and nanoelectronics as well as for bunched
electron generation for pulsed X-ray sources. The evaluation of the position of the first upper valley in GaN rods
is also an important issue for better understanding of devices such as Gunn diodes made with such materials.
A detailed spectroscopy study of the GaN bandstructure with different valleys can be possible by field emission
measurements using tunable monochromatic illumination of the emitter tips.

The slope change in the case of emission from GaN nanostructured surfaces is also good evidence for the
quantum confinement effect on nanosized cathodes. Some nanostructured surfaces of GaN had nanometric tip
diameter (d < 10 nm; lower emitter in Figure 6a). Under such circumstances, the quantum-size confinement
effect causes an energy band reconstruction (Figure 6b). The energy bandgap was increased and the free carrier
concentration in the I'-valley was decreased, which negatively influences the field emission. However, the electron
affinity was also decreased, which positively influences the field emission. It was also shown for GaN [20,29]
that the energy difference between the I'= and X -valley was decreased to 0.8 eV (Figure 6b), thus increasing
the probability of electron transition from I'— to X —valley at the same electric field. The experimental FN
characteristic (Figure 12, curve 1) was compared with simulated FN characteristics of different band structures
with intervalley distance of 0.5 eV (curve 2), 0.7 eV (curve 3), and 0.8 eV (curve 4). The theoretical and
experimental curves are practically coincident for AE = 0.8 eV (Figure 12, curves 1 and 4). The sharp current
increase at low electric fields for a small intervalley distance in GaN (Figure 12, curve 2 with AE = 0.5 eV)

was caused by easier intervalley carrier redistribution and the low work function of the quantum-sized cathode.
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1/E x 10, cm/V

Figure 12. Fowler—Nordheim characteristics of the quantized GaN structures. Measurement (curve 1) and simulations

with intervalley distance of 0.5 eV (curve 2), 0.7 eV (curve 3), and 0.8 eV (curve 4).

Further optimization of the spectroscopy technique was performed [67]. The presence of the image force
and vacuum barrier height correction was taken into account. Furthermore, the influence of band bending and
Fermi level shifting due to high electric field penetration was introduced, and showed only a small correction
factor.

3.2.2. Field emission of A1GaN nanoemitters

AlGaN/GaN heterostructure field emitters have been investigated as an alternative to bulk designs. The work
function of the proposed GalN nanorod-based field emitter structures can be decreased relatively easily with the
help of a GaN-Al, Ga;_, N heterostructure emitter, due to the relatively low electron affinity of AlGaN; the
electron affinity of GaN and AIN is 3.3 eV and zero or even negative, respectively. By changing the composition
x in the GaN-Al, Ga;_, N structure it is possible to decrease the effective electron affinity and the work function

at electron field emission.
The satellite valleys of AlGaN also offer interesting properties for field emission. Good electron injection

on the back contact and easy electron transport through the emitter material are essential for this material
system. The peculiarities of electron field emission from nanostructured surfaces of AlGaN on GaN were
investigated. The surface of the upper layers was nanostructured by PEC etching in water solution of KOH
[48]. The change in the FN plots’ slope (Figure 13) was used to calculate the effective work functions upon

electron field emission.
It is possible to determine the ratio of ®.fs1/Pepso for the right two parts (A and B) of the emission

curve in FN coordinates:
Depr1/Pespa = P1/P2 = xr/xx = (s1/52)*,
where ®.¢¢ is the effective work function, ® is the real material work function, and x is the electron affinity.
The experimentally obtained value of xr/xx = 1.71 (AlGaN) can be used with xr, aicany = 2 €V [21] to
calculate the electron affinity from the satellite valley as yxx (AlGaN) = 1.17 eV.
At low electric fields, electrons tunnel directly from the I'-valley of the bottom GaN layer to the I'-valley
of the upper AlGaN layer, then go through the AlGaN layer and tunnel into vacuum (Figure 14a, path 1). At
higher electric fields an electron transfer from the I'-valley of GaN to the X -valley of AlGaN is possible (Figure
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14b, path 2). The probability of indirect tunneling is, however, lower than the direct process due to the need of
pulse scattering by phonons or impurity centers. In the case of electron transition from the I'-valley of GaN to
the X -valley of AlGaN the slope of the FN plot is decreased due to lower electron affinity xx in the satellite
valley of AlGaN.

1.2x10° 1.6x10° 2.0x10°
1V, 1V

Figure 13. Fowler—Nordheim plot at field emission from AlGaN/GaN heterojunction (see Figure 8). The inset shows
the different slopes in the Fowler—-Nordheim plot.

vacuum
vacuum

path 1 path 2

(a) (b)

Figure 14. Energy band diagram of AlGaN on GaN with emission from AlGaN I'-valley (a) or from AlGaN X-valley
(b).

The increased slope in the FN plot (transition from B to C in Figure 13) at higher electric fields was
caused by the contribution to the emission from the lower GaN tips (see Figure 8). The emission from the
X -valley of AlGaN was dominated by the enhanced field emission from the I'-valley of GaN. The electron field
enhancement factor of the 2 different tips was calculated to be 8 = 76.9 and 8 = 72.5 for the AlGaN and GaN
tips, respectively. The main influence on the slope change was caused by the emission material change and not
by the tip shapes.
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3.2.3. Field emission of ZnO nanorods

The electron field emission properties and electron transfer effect between the valleys were also investigated for
ZnO field emitters (Figure 9). The FN plots of the emission current show different slopes for the small and
high electric field regions (Figure 15). The model based on the electron emission from valleys having different
specific electron affinities was used to explain the experimental results. Furthermore, the conduction band of

nano-structured ZnO was studied with the help of these field emission experiments.

1 0~14 i

I/U%, ANV

1 0-15 i

2.8x10°  3.0x10°  3.2x10°  3.4x10°

1/U, 1V
Figure 15. Fowler—-Nordheim characteristic of ZnO field emitters with 2 different slopes.

At small electric fields, the emission takes place only from the lower valley, whereas at higher electric
fields, the upper valley of the conduction band appears to be occupied by hot electrons and electron transfer
effect takes place at the emitter tip.

The obtained value of xr/Xsateite = 2.7 was used to calculate Xgatenite for the given value of
Xr,zno = 5.3 €V. The calculated energy separation between the main and satellite valley AE = 3.3 eV is
a little higher than the theoretically calculated value (AE = 3.1 eV) reported previously [68]. The effective
work function from the satellite valley is much lower than that from the I'-valley. These results can explain the
usually obtained large discrepancies between extremely high field enhancement factors by fitting using the FN
equation with known work function from the I'-valley and the geometrical estimated field enhancement factors

for ZnO emitters.
These functional field emitters based on ZnO materials and their ternaries can also be used as ultraviolet
photodetectors and find new applications for miniaturized photofield assisted vacuum devices.

3.2.4. Functional field emitter with integrated series photoswitch

A photocathode based on semiconductor (or metal) emitters on an ultrafast photoswitch (e.g., low-temperature
grown GaAs) was fabricated and used in a diode configuration (similar to Figure 4d). This configuration has
the benefit of separate optimization of the field emitter tip and the photoswitch. The field emitter tips can be
optimized regarding emitter radius, field enhancement factor, small turn-on voltage, high emission currents, and
small beam diameter as well as chemical, physical, and thermal stability. The photoswitch in series itself should
have ultrafast switching time down to subpicosecond to obtain up to THz modulated bunched electrons and
low dark current to achieve high on/off ratios (Figure 16a). The position and power of the laser illumination

(A =800 nm, P,y =20 mW) was not critical for the photomodulation. The initial configuration was achieved
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with a semi-insulating GaAs photoswitch in series to the bottom of graphene nanoplatelet emitters (Figure
16b). A series connection with a low turn-on field emitter such as graphene nanoplatelets keeps the bias voltage
of the complete photocathode small (e.g., ~100 V), where the GaAs switch can modulate immediately the field
emitter cathode-anode voltage from off-state (~0 V) to on-state (e.g., ~100 V). A low turn-on electric field of
~1.5 V/pm (defined at 1 A/cm?) was obtained for this emitter. A simple low-power low-cost external green
laser illumination (A ~ 532 nm, P,,; = 10 mW) was used for triggering during field emission measurements
(Figure 16b). The laser beam was focused directly onto the emitter through the quartz glass (similar to Figure
10b). Initial field emission measurements showed an on/off ratio > 200 and modulation up to 300 kHz (with
nonoptimized oscilloscope measurement set-up) [69,70]. Small modification of the photocathode configuration
using low-temperature grown GaAs with < 1 ps carrier lifetime and optimized measurement setup with better
output coupling is necessary for short-pulse electron sources to produce fast electron bunches for promising

applications as miniaturized high frequency vacuum tubes as well as THz free electron lasers [35].

60
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(a) (b)
Figure 16. (a) The semi-insulating photoswitch showed low dark current and high on/off ratios using IR illumination.

(b) Initial photoassisted field emission measurement using a green laser.

4. Summary

Various field emitter materials such as GaN and AlGaN were nanostructured by PEC etching, whereas ZnO
field-emitter whiskers with nanometer diameter were fabricated by MOCVD growth on Si substrates. PEC
etched GaN rods are promising field emitter structures due to their small tip diameter of 10-50 nm, which
leads to electric field enhancement and reduced effective electron affinity. A reduced turn-on field down to
E =4 V/um and a maximum current density of about J = 40 mA/cm? were obtained. Semiconductor field
emitter tips showed new functionality for photoassisted field emission to generate bunched electrons directly
from the emitter tip. Upon emitter illumination, the current increased immediately, which was up to one order
of magnitude higher than the initial current. The photoexcited electrons contributed to the field emission
process from the satellite valley due to their smaller electron affinity y. The FN plot clearly demonstrated
2 different slopes for nonilluminated and UV illuminated emission. GaN is a compound semiconductor with
multiple valleys in the conduction bands. The method based on field emission under photoillumination allowed

one to determine the values of the energy difference between the I" and the satellite valley in the conduction
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band of GaN. The energy separation of the valleys was calculated as AE = 1.15 eV, which is in good agreement
with values published and much higher than in GaAs with AE = 0.31 eV. In comparison, the calculated energy
separation between the main and satellite valley of ZnO was AE = 3.3 eV, which is a little higher than the
theoretically calculated value (AE = 3.1 eV).

The band structure reported for GaN and ZnO can be used for modulated electron field emission and
be applied to the realization of miniaturized high frequency vacuum tubes as well as new functional X-ray
sources with ultrashort pulses for low radiation doses. The formation of high quality GaN and ZnO NWs
with controllable diameter and length and uniform distribution is still a challenging task and requires extensive
experimental studies for homogeneous electron emission with high current densities.

A photocathode based on graphene nanoplatelet emitters on a semi-insulating GaAs photoswitch was
fabricated and used in a diode configuration. The turn-on electric field was only ~1.5 V/um. A simple
commercial laser diode triggered the field emission current with an on/off ratio > 200 and a modulation
frequency of 300 kHz. Using low-temperature grown GaAs with < 1 ps carrier lifetime one can obtain short
electron pulses for promising applications in miniaturized high frequency vacuum tubes as well as THz free

electron lasers.
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