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The electron field and photo-field emission from GaN nanostructures has been analyzed in this review. In
order to explain the obtained experimental results, a model was proposed taking into account the change
in carrier concentration distribution in the main and the satellite valley during the emission process. The
lowering of work function (due to the increased number of carriers in the satellite valley) can explain
the decrease in the Fowler-Nordheim plot slope. It was shown that the energy difference between the
main and satellite valley in GaN was decreased in the case of quantum confinement, thus increasing the
probability of electron transition from I" to X valley at same electric fields.

Investigations of electron photo-field emission demonstrated that the Fowler-Nordheim plots of the
emission current have different slopes for nonilluminated and illuminated devices. A model based on
the electron emission from valleys having different specific electron affinities is proposed to explain the
experimental results. In the absence of illumination the emission takes place only from the lower valley.
Upon UV illumination and presence of a high electric field at the emitter tip, the upper valley of the
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conduction band appears to be occupied by electrons generated at the valence band.
© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

Wide bandgap semiconductors, such as GaN, are very promising
for novel applications in optoelectronics, solid-state and vacuum
nanoelectronic devices. Tremendous progress both in the science
and engineering of group-III nitrides and devices based on them
has been made [1].

The large bandgap of group-III nitrides and the chemical and
thermal stability allow new applications. Important are also the
positive characteristics such as high saturation drift velocity of elec-
trons of nearly 3 x 107 cm/s [2] and extremely high breakdown field
strengths of (3-5) x 108 V/cm [3]. Furthermore, these materials find
application for various sensor concepts because of their large piezo-
electric coefficients and robustness in harsh environments [4-7].

One of the most amazing properties of Ill-nitride semiconduc-
tors, particularly the family of direct-bandgap semiconductors,
is light emission in response to excitation mainly by means of
electrical injection of minority carriers or optical and electrical
beam excitation, the discovery of which revolutionized the field
of optoelectronics. Specifically, light emission induced by electrical
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injection of minority carriers, which is termed electroluminescence
(EL), has seen the most practical applications. The direct bandgap
nitride semiconductors, ranging from about 0.8-6.2 eV, are ideally
suited for a large variety of detectors, especially in the ultraviolet
(UV) range as there are currently no serious semiconductor-based
competing technologies. A large absorption coefficient (a result of
the direct bandgap) and the ability to detect the UV- and solar-
blind regions of the spectrum make them very attractive detector
candidates.

New vacuum nanoelectronic devices can help to overcome
the frequency and power limitations of solid state devices [8,9].
Field emission based vacuum micro-nano-devices (e.g. miniatur-
ized tubes) are promising for amplification and generation of high
frequency electromagnetic waves [8,10,11]. In such devices, elec-
tron transport is performed through vacuum without scattering,
as is in case of solid state components, therefore setting up the
basis for attaining ultrahigh frequency operation. Efficient elec-
tron field emission cathodes are here of major importance. New
developments in field emitter arrays (FEAs) are therefore discussed
and experimentally investigated. FEAs with high current densities
are considered as promising sources of cold electrons in miniature
tubes for millimeter-wave generation.

Functional field emitter based on nitride materials shows new
effects, which can be used for miniaturized vacuum devices, as well

1230-3402/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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as new sensors. They open the possibility for density modulation
of the electron beam with a gate electrode or photo-modulation
instead of velocity modulation after electron emission in the vac-
uum tube. The advantages obtained by pre-bunching the beam
are high efficiency and 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 [12,13].

Currently one-dimensional and three-dimensional nanoscale
materials are under focus due to their unique electronic, optical
and magnetic properties, as well as potential applications in con-
structing novel nanodevices [14,15].

Gallium nitride (GaN), as a wide-bandgap semiconductor, has
attracted a lot of attention as a material for electron field emission
(EFE) devices [16]. It has strong chemical and mechanical stability,
high melting point (2600 K), and low electron affinity of 2.7-3.3 eV
[17-21]. Moreover, FE cathodes based on GaN have longer lifetimes
than based on Si or other conventional semiconductors.

There are many researches on FE from GaN films [18,22]
and pyramid arrays [23]. It was reported that the pyramid or
rough-surface GaN increased the field enhancement factor (f),
lowering the applied voltage for the electron emission. Thus,
further enhancement of EFE characteristics is expected by the
one-dimensional (1D) GaN structures. Various GaN nanowires
and nanorods were fabricated and their field emission properties
were investigated [24-28]. In recent years many attempts have
been made to synthesize one-dimensional and three-dimensional
GaN morphologies. Up to now, one-dimensional and quasi-one-
dimensional GaN nanorods [15], nanowires [29], nanotubes [30],
nanoribbons [31], nanobelts [32] and prismatic rods and cone
nanowires [27] have been synthesized. There are also some reports
about three-dimensional GaN nanostructures [33-35].

Such different GaN morphologies were produced by numerous
methods such as sol-gel method, simple thermal evapora-
tion method [24,36], templates method, pulse laser ablation
(PLA) [25,37,38], and chemical vapour deposition (CVD) method
[36,37,28-40]. The 1D GaN structures were obtained either by NW
growth or GaN etching, where etching is widely used for GaN sur-
face roughening and nanotip formation [18,41,42].

Photoelectric field emission has attracted great interest from
two points of view: drastic improvement of beam brightness due
to increased emission current [43] and generation of modulated
electron beams by means of photomixing. The ability to generate
a high frequency modulated beam directly at the cathode, known
as prebunching, through pulsed optical excitation would benefit
vacuum nanoelectronics devices. A photo-assisted field emission
spectroscopy method has been developed for characterization of
the energy bands of wide bandgap materials used in optoelectron-
ics, solid-state and vacuum nanoelectronic devices.

2. Intervalley carrier redistribution in nanostructured
semiconductors at electron field emission

The intervalley redistribution of hot electron in semiconduc-
tor materials plays the principal role in a set of important physical
effects such as Gunn oscillation effect, HEMT (High Electron Mobil-
ity Transistor) transistors, electron field emission, etc. [44-49].

However, for some perspective materials, in particularly GaN,
the external electric field is not enough for intervalley redistri-
bution by conventional ways, when the bulk structures of the
experimental samples is used [47], due to the scattering on rather
large energy optical phonon (for GaN E,, 90 meV), large value
of the electron-phonon interaction factor and, as a result, very
low optical phonon lifetime 7, ~3x10~14s, whereas experimen-
tal times of the spontaneous decay gives substantially larger values

Tgec ~ 8.5 x 10714, That means, that even at ultra short electric pulse
(Tt <10ps)[47,48], the applied electric field pulses, usually used in
experiments, is less on the order the values of the presented ty,,
measured with help of the optical time decay t method or obtained
by Monte Carlo theoretical calculation [46-52].

Hence, the problem appears how to obtain in GaN (and simi-
lar wide bandgap semiconductors) high energy hot electrons, with
energy enough for intervalley redistribution. The mechanism of the
“phonon throat” for quantum well phonons has been proposed in
[44,45] for solution of this problem in relation to HEMT. The barrier
for scattering of electron energy appears due to the quantization of
the phonon spectra in narrow potential wells and, as a result, sub-
stantial decreasing of the electron-phonon interaction. This allows
in such a way to obtain the rather high value of carriers mobility in
quantum channel, and hence, high frequency HEMT transistors.

Electron field emission offers a new possibility for the study
of band structure parameters, such as intervalley energy differ-
ence, electron affinity from different conduction band valleys, and
intervalley free electron redistribution due to heating of carriers by
external high electrical fields. The conelike shape and small size of
the field emitter cathodes allow reduction in lattice overheating,
which is a serious problem for devices operating at high electric
fields [53-61]. Important peculiarities of the wide bandgap semi-
conductors are their large intervalley distance (1-2 eV or higher),
as well as charge trapping and piezoelectric phenomena [55,62,63].
The conduction band nonparabolicity can also play a significant
role leading to the decrease in the electron mobility. Under such
circumstances, the drift mobility at high electrical fields decreases
even without any carrier redistribution taking place from the cen-
tral to the upper (satellite) valley [57]. At extremely high electrical
fields, additional field emission mechanisms can appear, namely,
the emission from charged traps in the wide forbidden gap, local-
ized on the surface or in the bulk, and emission from the valence
band. In the case of wide bandgap semiconductors, these effects
can be substantially suppressed.

Several EFE measurements and simulations for quantum sized
cathodes have shown possible transformation of the energy bands
[54-60]. The quantum-size effect decreases considerably the
intervalley energy difference for cathodes with tip radii of few
nanometers [60]. The first theory of field emission from semicon-
ductors was reported in Refs. [64,65]. It was based on degenerated
carrier statistics and took into account different electron masses in
semiconductor and vacuum.

Additional important features, such as complex many valley
structure of the Brillouin zone, hot carrier generation, and inter-
valley carrier redistribution have been considered in Ref. [52].
Furthermore, the quantum mechanical tunneling process from the
backside metal-semiconductor junction is an important mech-
anism for current transport through thin barriers. The top of
the triangular barrier used in the proposed model [52] of the
semiconductor-vacuum interface was additionally lowered by the
image force potential.

Tunneling probability of electrons from a semiconductor into
vacuum has been derived from the time independent Schrédinger
equation:

R A2y

which can be rewritten as:
d>y _ 2me(V —E)
dx2 12

where h is the normalized Planck constant, ¥ is the wave function,
me is the effective electron mass, V(x) is the potential relief on the

electron path, E is the energy of electron, and x is the tunneling
direction from the surface into vacuum (see inset in Fig. 1).

v, (2)
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Fig.1. Experimental [-V characteristics of the field emission current from GaN in F-N
coordinates. In the case of bulk material, the difference in two curves is caused by dif-
ferent micrometer radii of curvature for the emitter. The inset shows the schematic
energy band diagram of a two-valley semiconductor [52].

Assuming that V(x) — E is independent of position in a section
between x and x + dx (Wentzel-Kramers-Brillouin (WKB) approxi-
mation), this equation can be solved yielding:

W(x 4 dx) = W(x)- e kX, (3)
with k =

The minus sign is chosen since it is assumed that the particles
move from the left to the right. For a slowly varying potential, the

amplitude of the wave function at x=L can be related to the wave
function at x=0 through the following equation [66]:

W(L) = ¥(0)exp /Vzme[v(")_ (4)

2me[V(x)—E]
= .

where L is the classical turning point (L is the external barrier bor-
der that is the last point where an electron is inside of the barrier
potential). Eq. (4) is also referred to WKB approximation.

In general, a triangular barrier is assumed to approximate the
semiconductor-vacuum interface. The tunneling probability (®)
can be calculated in the case of the triangular barrier approximation
by the following equation [61]:

L

W) V/2me x

o= Giog -ord - [T e (=Dt o
0

where g is the barrier height at the cathode-vacuum interface.
The parameter ® can be evaluated as a function of the electric
field F:

Oa(F.E)=C exp (—5nz V/2me(xo— £ ). (6)
where © 4is the tunneling probability trough the triangular barrier
and C is a constant.

The tunneling current J;(F) from valley i can be obtained from
the product of the density of available electrons n, tunneling prob-
ability, and effective drift velocity vp*. The latter can be different
from the ordinary determined bulk drift velocity due to the influ-
ence of scattering in the barrier. It has been assumed, however,
that the barrier does not considerably disturb the field dependence,
which is in any case a much weaker function compared with the
other multiplier. The velocity corresponds to the average veloc-
ity of the carriers approaching the barrier, while the carrier density
equals to the density of available electrons (before the barrier) mul-

tiplied with the tunneling probability. Based on the above, J(F) can
be expressed as:

Ecy
]c1(F)=Ac1/n1(F, E)- ©1(F,E)-vp1(F, E)dE

fa (7)
Jea(F) =Acz/nz(F, E)- ©,(F, E) - vpa(F, E)dE

Ecy

where ¢ (F) is the current from the main valley; Jo(F) is the cur-
rent from the satellite valley; E¢; is the energy position of the main
valley, and E, is the energy position of the satellite valley.

The tunneling current shows consequently an exponential
dependence on the 3/2 power of the barrier height, when all other
multipliers (ny, ny, Vp1, Vp2, Ac1, Acz2) are constant or differ slightly.

In the well-established F-N approximation, Jpy(F) shows only an
exponential dependence on the 3/2 power of the barrier height (¢)
at the cathode-vacuum interface:

F2
Jn(F) = Cey x - exp(~B*/2/F), ®)
where the multipliers such as n(F,E) and vp(F,E) (in the degenerated
free carriers F-N approximation) are included in the constant Cgy,

and B is a constant. In considering approximation, n(F,E) can be
found from

3
ﬁm? vE
n3D(F7E): ﬂ2h3 . (E—,LL)
kgTe (F
 1rerane® (9
2
m
nip(F, E) = € .
ol B= e (E u) m
14e kBTe(F)

where n3p(F,E) and nqp(F,E) are the densities of available electrons
for the bulk and quantum-size one-dimensional (1D) cases, respec-
tively, Eq is the energy of the quantum confinement level, kg is
the Boltzmann constant, T is the electron temperature, d is the
quantum structure diameter, and u is the Fermi energy.

The distribution functions of density of states (D) and density
of available electrons (n) for the 1D and three-dimensional (3D)
cases are illustrated in Fig. 2. Quite different energy behavior of D
and n is present for 1D and 3D cases. It is clear that the F-N slope
change originates from n(F,E), which is equal to the density of states
multiplied by the Maxwell-Boltzmann carrier distribution, since
the dependence of vp(F,E) becomes rather weak (nearly constant)
at the high field region when considerable emission takes place
[67,68].

In the following, the carrier heating by the applied electric field
Fis considered, where the hot carrier redistribution in the main and
satellite valleys takes place. The effect of quantum confinement on
the carrier distribution will also be shown.

First, the distribution of carrier density based on the Maxwell
distribution has been analyzed. Contrary to the highly doped
(degenerated) case, one can use the shifted Maxwell distribution for
strong anisotropic and nondegenerated semiconductors. For low
carrier concentration and nonelastic collisions, this assumption is
quite reasonable and the following approximation holds:

po 3
2m. ~ szTe(F),

where pg is the electron momentum, T, is the effective temperature
of carriers, and kg is the Bolzman constant.
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Fig. 2. Density of states (D) and density of carriers (n) as a function of the band energy for GaN main and satellite valleys in the case of 3D (a) and (c) and 1D (quantum
confinement) structures (b) and (d): (a) density of states for bulk semiconductor (3D), (b) density of states for quantum states (1D), (c) density of carriers for bulk semiconductor
(3D), and (d) density of carriers for quantum states (1D). (All curves were plotted for the electric field value 5 x 10° V/cm) [52].

In this case, the carrier distribution function can be found using
the Maxwell approximation for Te(F) [69-73]:

f(p) = C x exp{—(p — po)* /2meksTe(F)}, (10)

where p is the electron momentum, and pg is the unheated electron
momentum.

When the carrier concentration equals to the ionized impurity
concentration, one can use the following form of carrier distribution
function [52]:

Jo(E) = C x e{—E/kgTe(F)}, (11)

where E is the energy of free electron, and F is the electric field.
2.1. Energy band reconstruction

In the case of nanostructures, the energy band of the material
under consideration can be reconstructed based on the quantum-
size confinement effect. Changing of the energy band parameters
(energy bandgap, energy distance between main and satellite val-
leys, etc.) will influence the electron field emission significantly.
Detailed analysis of energy band reconstruction of GaN due to the
quantum-size confinement effect has been presented in [52]. A
quantum oscillator approximation [71] has been used to estimate
the possible influence of the quantum-size effects on the increase in
the energy bandgap (which degrades the field emission efficiency
due to the decreased free carrier concentration) and on the decrease
in the electron affinity (which enhances the field emission). GaN
has been used as a wide bandgap semiconductor material and
the impact of the nanostructurization on the electronic proper-
ties has been considered. In the oscillator model, the heavy holes
are considered as the nonmobile central particles, while electrons
are represented as negatively charged spheres. In such a case, the
solutions of the Schrodinger equation can be represented as Bessel
functions with spherical symmetry. In the effective mass approx-
imation the quantum dot (QD) electron spectra can be obtained
from the Schrodinger equation with spherical potential U (r) and
finite band barriers (due to offsets of conduction and valence bands
at semiconductor-vacuum interface). The eigenvalues of energy
are obtained from the Schrodinger equation. The energy difference

1.6 4

1.2 1

0.8

E, eV

0.4

0.0

d, nm

Fig. 3. Calculated energy shift of satellite valley (a), main valley (b), and inter-
valley energy difference (c) in GaN due to the quantum confinement effect:
zero-dimensional case (1a-1c), 1D case (2a-2c), and two-dimensional case (3a-3c)
[52].

between the Eyg(X) and Eo(I") conductance band minima is about
1.19eV [55] for the bulk GaN material and continuously decreases
down to 0.6 eV with decreasing QD size d. In Fig. 3, one can see the
calculated curves which illustrate the band transformation due to
quantum confinement effects. The increasing of energy bandgaps
for main (k-space point I") and satellite (k-space point X) valleys has
been observed with decreasing nanotip diameter d < 10 nm. Due to
lower electron effective mass in main valley, the growth of Eg(I")
is higher than Eg(X). As a result, the intervalley energy difference
decreases with the decrease in nanotip diameter (Fig. 3).

The solution of the Schrédinger equation in the case of spherical
symmetry corresponds to spherical Bessel functions (J, N):

¥y =Bj(k, 1) (12)
(inside the QD),
'1/2 :AN(ﬂ, T') (13)
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(outside the QD), with

e \/Zm*ez(V(r)—E), K= \/Zm*ﬂE’ (14)
h h
where m*,; and m*,, are the effective masses of electrons inside
and outside of the QD, respectively, A and B are constants which
define the magnitude of wave function, and E is the eigenvalue of
energy for ground s-orbital state.
Using boundary and initial conditions such as

W (92) = vr(92), (15)
1 dy(92) 1 dende) (16)
m*e 1 dr T mtey, dr

one obtains the following non-algebraic equation:

d d kd
7‘9— _ 1—7‘cot(—). (17)
UDP me 1

The solution of Eq. (17) provides the electron energy levels. A
similar relation takes place for holes (with effective masses of m*j,
m*p»). To determine the constants A and B [Egs. (12) and (13)], it is
necessary to use the normalization requirement:

/|11/|2dr =1,
0

which is typical for single electron approximation.

Calculations have been performed for the energy band recon-
struction of nanometer size objects in the presence of the
quantume-size confinement effect. The calculation shows a decrease
in the energy difference between the main and satellite valleys
(Fig. 3). This enhances the possibility of an intervalley electron
transfer effect during field emission.

2.2. Comparison of the theory with experiment results

The GaN structure used in experiments was grown by low-
pressure MOCVD on (0001) c-plane sapphire using a modified
EMCORE GS-3200 system with trimethylgallium (TMGa) and
ammonia (NH3) as source materials. A buffer layer of about 25-
nm-thick GaN was first grown at 510°C on sapphire. The structure
used is asingle 1.5-pm-thick n-GaNlayer (n=2 x 1017 cm—3).It was
grown at the temperature 1100 °C. A patterned Ti mask served to
provide electrical contact to the sample as well an etch mask. The
Ti metal contacts were unannealed. Quantum nanostructures were
formed by photoelectrochemical etching of GaN [74]. With an addi-
tional current and under process-specific conditions it produced
high etch selectivity at the dislocations. Photoelectrochemical etch-
ing of GaN is a means of greatly improving the chemical reactivity
of GaN at room temperature. Ultraviolet illumination generates
electron-hole pairs at the semiconductor surface, which enhance
the oxidation and reduction reactions within an electrochemical
cell. The GaN layer with quantum dots shown in Fig. 4 was etched
for 6 mininastirred 0.1 M KOH solution using Hg lamp illumination
and a 1 mA current source.

At the beginning the electric field enhancement coefficient due
to geometry of tips (see Fig. 4) has been determined S*~ 30. The
electric field enhancement coefficient was calculated by using the
floating sphere model according to equation 8*~ h/r+3, where h is
the tip height and r is the radius curvature of the tip [75].

Consideration of the above analyzed mechanisms allowed the
calculation of the current-voltage characteristics I-V of the EFE
for GaN. The corresponding F-N plots are shown in Fig. 5. The F-
N curves for nanostructured (1D) and bulk (3D) materials are quite

AccV SpotMagn Det WD Exp 200 nm

200kV 3.0 167290x SE 102 1 Probe 1 gekippt 18 Grad

Fig. 4. SEM micrograph of a photoelectrochemical etched GaN surface.
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Fig.5. Comparison of FE currents for bulk GaN surface (a) and 1D GaN nanotextured
surface (b). Differences in the slope change originate from differences in density of
states for bulk and nanotextured many valley semiconductors [52].

different. Such behaviour can be explained by peculiarities of elec-
tron intervalley redistribution (Fig. 6). In contrast to quantum-size
cathodes (1D), with almost full intervalley carrier redistribution
(Fig. 6) above the threshold field, the bulk (3D) wide bandgap mate-
rial shows different characteristics. The electron redistribution for
GaN (r=np/(np+ny)) has not exceed 60% (Fig. 6). Thus the total
number of carriers is constant, but when the field is increased the
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Fig. 6. Comparison of the intervalley redistribution of electrons for GaN with large
intervalley distance (1), GaN with quantum-size confinement (2), and GaAs with
small intervalley distance (3). (n is the electron concentration in the main I” valley,
and ny is the electron concentration in the satellite valley).

carrier energy increases and electron transfer effect takes place. The
values n and ny have been calculated according to equations:

Ecy

np(F)= [ N(E, F)dE, (18)
Ecy
Xo

nx(F) = /N(E, F)dE, (19)
Ecz

where np is the total amount of carriers in the energetic band
between Ec; and E¢; (in the main valley), ny is the total amount of
carriers in energetic band between E., and vacuum (in the satellite
valley), and N(E,F) is the carrier density distribution.

Therefore, the resulting current consists of two (number of
active valleys) parallel currents, which depend on F in a rather dif-
ferent manner. Each of them can be described by the F-N equation
for small electric field changes.

The total field emission current is the sum of two currents from
the main and satellite valleys J=]c» +Jc1 [(see Eq.(7)]. Therefore, the
F-N relation is a very rough approximation in case of multivalley
semiconductors, which is only valid for the case of low fields.

The calculated curves in F-N scale (Fig. 5) were compared with
experimental field emission currents (Fig. 1) over a wide field
range. The experimental samples had a nanotextured surface [52].
The experimental curves manifested unique peculiarities (slope
change, etc.) but could be described well by the extended modified
F-N theory; this theory includes the quantum confinement effects
on the nanotextured sample surface and nondegenerated statis-
tics for hot carriers. It is clear that the intervalley redistribution
becomes remarkable when the energy of hot carriers reaches the
intervalley energy difference of AE. Fig. 6 illustrates the intervalley
redistribution of electrons in GaAs with small intervalley difference,
GaN with large intervalley difference, and GaN with quantum-size
tips. In the case of GaN cathodes, the intervalley redistribution
occurs at significantly higher electric fields (>1 x 10° V/cm). An
important result is also that for quantum-size GaN emitters, almost
all carriers transit into the satellite valley at high electric field, while
for bulk GaN emitters, a significant part of carriers is left in the main
valley, even at very high fields.

The calculated drift velocity [52] and the electron temperature
are shown in Fig. 7 as functions of the electric field and corre-
spond to the result in Ref. [67]. Indeed the field dependence of
electron temperature causes the intervalley electron redistribution
[54,60,61].

It should be mentioned that the curve with a smaller slope at
higher electric fields was obtained only for quantum-sized cathodes
(Fig. 5).Inthe case of bulk emitter, a concave curve with larger slope
at higher electric fields was observed (Fig. 5(a)). Using Fig. 5(a) the
calculation for bulk emitter has shown saturated carrier redistribu-
tion at very high fields with maximum carrier fraction of about 60%
in the satellite valley (see Fig. 6). Whereas in the case of quantum
size emitters [(Fig. 5(b)], sharp and complete carrier redistribution
must take place.

The field emission -V characteristics in F-N coordinates (Fig. 5)
were calculated according to Eq. (4), with taking into account the
energy (Fig. 2) and field (Fig. 6) intervalley electron redistribution
for 3D and 1D cases.

Taking into consideration the higher mobility for the main val-
ley, it is clear that for the bulk emitter the current from the upper
valley never becomes dominant at high fields. For bulk emitter, the
emission starts from the main valley at low fields, with extremely
small currents (practically undetectable). At moderate fields, the
carrier distribution demonstrates remarkable concentration in the
satellite valley. Here, the slope of the F-N characteristics is deter-
mined by the satellite valley work function. In the region of the
highest electric fields, the main valley begins to play an important
role because of the increased probability of tunneling through the
emission barrier and high electron concentration. The slope in the
F-N curve increases again (Fig. 5(a)).

In the case of quantum-size cathodes, the experimental curve
in Fig. 1 corresponds to electron emission from the main valley
(at low electric field; before the slope changing point) and from
the satellite valley (at moderate fields; beyond the slope changing
point) with two different slopes. The current from the main valley
becomes negligible beyond the slope changing point. At moderate
fields, most of the carriers are transferred into the satellite valley
(Fig. 6). As a result, the slope of the F-N curve is decreased and
determined by the work function of the satellite valley [(Fig. 5(b)].

The reason for the slope change in GaN compared with GaAs
cathodes is the following: in GaAs the carriers are already heated
before field emission, demonstrating remarkably high currents. As
aresult, the slope changes are not seen in the field emission charac-
teristic for a GaAs emitter. The slope change in the case of emission
from GaN nanostructured surfaces is a good evidence of the quan-
tum confinement effect on nanosized cathodes.

The calculated and experimental F-N curves are shown together
for comparison in Fig. 8. Different calculated curves in Fig. 8 cor-
respond to different intervalley distances. The quantum-size effect
decreases the intervalley energy differences AE (see Fig. 3). The
theoretical and experimental curves are practically coincident for
AE=0.8eV (Fig. 8, curves 1 and 4). The sharp current increase at
low electric fields for a small intervalley distance in GaN (Fig. 8,
curve 2) is caused by easier intervalley carrier redistribution and
low work function of the quantum-sized cathode.
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Fig. 8. I-V characteristics of the field emission current (in F-N scale): Experimental
results (1), calculated curves for the intervalley distance of 0.5eV (2),0.7 eV (3), and
0.8eV (4)[52].

The difference in the slope values in the F-N plot can be used for
intervalley distance estimation. Large heating of the free electrons
and interband electron redistribution take place in the studied GaN
field emitter with nanostructured surface.

3. Photo-field emission from GaN nanorods

GaN is a promising material for high-frequency, high-power,
and high-temperature electrical and optical ultraviolet devices due
to its unique material parameters [76,77]. It is very important to
know the precise band structure of GaN. Many groups have theoret-
ically calculated the band structure for GaN [78,79] and measured
some characteristic values in it, e.g., the intervalley energy distance
[60,80-82]. But until now, there have been different calculated and
measured values for the GaN energy-band parameters, including
the difference between the main I" and the satellite valley.

There are several methods for studying of the energy-band
structure of materials. The first method to determine the electronic-
band structure for semiconductors is the electroreflectance (ER)
modulation spectroscopy due to its high resolution and its sen-
sitivity with small changes in band structure. The ER modulation
spectroscopy method is based on electromodulation, in which
reflection spectra are studied [83]. Wide application of this method
is complicated due to the requirement that the electric field must be
uniform at the space-charge region. The second method is inverse
photoemission spectroscopy (IPES) [84]. IPES is a surface-science
technique used to study the unoccupied electronic states, structure
of surfaces, thin films, and adsorbates. In case of IPES investigations,
a well-collimated beam of electrons with energy less than 20 eV is
directed to the sample. Due to low energy of incident electrons,
their penetration depth is only several atomic layers. The studies
of a field-emission energy distribution also give information about
electronic states that lie within the Fermi energy [85-87]. The ultra-
violet photoelectron spectroscopy method allows one to determine
the electron affinity of IlI-nitrides and their alloys [62]. Photofield-
emission spectroscopy is also used for the characterization of the
energy-band structure [88]. Several authors have discussed the
possibility of investigating the electron states between the Fermi
and vacuum levels by studying the field emission of optically
excited electrons [89,90]. This method is based on the work func-
tion change under photoexcitation of electrons at their tunneling
through a barrier according to the Fowler-Nordheim mechanism.
A spectroscopy of the GaN band structure will be possible for field-
emission measurements with monochromatic illumination of the
depleted emitter tips.

Det WD 1 10um
SE 52

Fig. 9. SEM image of the argon plasma (20 min) and PEC (12 min) etched GaN rods.
Only n*-GaN mesa region is affected. On the top right side is the side view of the
GaN rods [59].

The investigation of the photon-assisted field emission from
GaN nanorods and determination of some energy band structure
parameters have be performed in [54,91]. The GaN field-emitter
rods were fabricated on a wafer with n-GaN active layer (5 wm)
sandwiched between n*-GaN cap layer (100 nm) and 300 pm thick
n*-GaN substrate. The active layer and top layer were grown with
metal-organic chemical vapor deposition using a standard method.
A photoresistant mask was used for the argon plasma etching (Ar
flow of 20 sccm, background pressure of 50 mtorr, and rf power
of 300 W) of a circular mesa with 400 nm height. Afterwards, the
samples were cleaned in acetone and photoelectrochemically (PEC)
etched [74] in KOH. UV illumination generates electron-hole pairs
at the n™-GaN surface, which enhance the oxidation and reduc-
tion reactions taking place in the electrochemical cell, formed by
immersing the substrate ina 0.1 M KOH stirred solution. This allows
one to achieve selectivity in etching n*-GaN with respect to n-GaN.
The GaN sample was PEC etched for 12 min in the presence of Hg
lamp illumination. The scanning electron microscope (SEM) image
of GaN nanorods after PEC etching is shown in Fig. 9. Further etching
up to 38 minincreased the height of the rods by extending them into
the n-GaN layer below the n*-GaN cap. The n-GaN material around
the mesa was not affected by this step and remained unetched.
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 “nanorod area”, which promotes PEC etching. An
Ohmic-contact cathode electrode was formed on the back side of
the n™-GaN substrate, while an indium tin oxide (ITO) coated quartz
glass was used as the anode electrode. The distance between the
GaN emitter and ITO anode was controlled by the 7.5 or 20 pum
thick Kapton spacer disk with 1 mm hole diameter. The light was
focused onto the field emitter in a high-vacuum chamber through
the quartz glass from inside or outside the positioned laser or
LED. LEDs were connected to the anode side for illuminating the
sample during FE measurements (Fig. 10). Laser diodes with differ-
ent wavelengths, namely, infrared (IR) (A ~ 880 nm, P=5 mW), red
(R) (A~ 650nm, P=5mW), green (G) (A ~532nm, P=5mW), and
ultraviolet (UV) (A ~365nm, P=110mW) were used for the pho-
toassisted field emission. The vacuum achieved in the FE setup used
for the characterization was ~2 x 10~8 mbar.

The experimental electron-field-emission curve in the
Fowler-Nordheim coordinates (lg I/V2-1/V) has two different
slopes, namely, a lower slope at low voltages and a higher slope
at high voltages [(Fig. 11(a)]. The voltage of the slope change is
equal to 670V, which corresponds to a macroscopic electric field
of 8.9x10°V/cm. The effective electron affinities (barriers for
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Fig. 10. Biasing scheme of the GaN rods for photoexcited FE spectroscopy in the vacuum chamber [59].

electron tunneling at field emission) have been determined from
the slopes of the F-N plot,

Xer = Xx/B*>, (20)

where y is the electron affinity and g is the electric field enhance-
ment coefficient.

The ratio of x1/X2 = X1ef/X2¢f is equal to 2.07. This is in good
agreement with the ratio of electron affinities of the GaN I” valley
(3.3eV) and the X valley (2.21eV) [62,81] if we take into account
the energy barrier lowering due to Schottky effect (A® ~1.1eV).

The electron-field emission from the upper X valley dominates
in the low-voltage region. The electric field in GaN is high enough
to heat some of the electrons and transfer them from the I" valley
into the X valley. Because the X-valley electrons go through a lower
and thinner vacuum barrier (high tunneling probability), their con-
tribution to emission current dominates. But following the growth
of voltage and corresponding lowering and thinning of the energy
barrier due to the Schottky effect, the influence of I"-valley elec-
trons is increased. These processes were theoretically described in
Ref. [52].

During the investigation of the photofield emission, the influ-
ence of illumination on the emission current was observed only in
the low-voltage region of the curve. The experimental curves in F-
N coordinates without and with illumination were similar in the
high-voltage region.

3.1. IRirradiation

The experimental field and photofield emission curves at IR
illumination are shown in Figs. Fig. 11(b) and (b’). The increase
in emission current (1.8 times) and decrease in the curve slope
were observed. Under IR illumination, the change of the emission
curve slope was at lower voltage (V=554V, Ey, =7.4=10°V/cm).
The effective electron affinities were determined from the slopes
of the F-N plot measured without (Fig. 11(b’), curve 1) and with IR
illumination (Fig. 11(b’), curve 2). The IR light excited the electrons
from the bottom of the I"-valley. Excited electrons gave significant
influence on the emission current. The comparison of experi-
mental curve slopes without and with illumination allowed to
estimate the energy barrier of IR light-excited tunneling electrons
as @ =1.34eV (taking into account a Schottky barrier lowering of

AP =0.56eV). The difference of the I'- valley electron affinity and
the energy barrier of IR light-excited electrons was 1.40 eV, which
practically coincided with the energy of the IR photon (hv=1.41eV).
In this case, the subbandgap transitions (inner band electron transi-
tions) caused by photon adsorption were realized. The adsorption
coefficient due to subbandgap transitions in GaN increased with
the photon energy.

3.2. Green light irradiation

Fowler-Nordheim plots before and under G light illumination
are shown in Fig. 11(c). In the case of green-light illumination
(hvg=2.25eV), the sum of @ + hyg is noticeably higher (3.8-4.0eV
versus @ =3.3eV), where @ is the energy barrier of green light-
excited tunneling electrons determined from experiment. This
indicates a partial electron thermalization before the field emission
took place.

During electron-field emission from GaN mesa without PEC
etching, an increase of the current due to G light illumination
was also observed. On the other hand, R light had small influ-
ence on emission. This fact could be explained by the lower R
light-absorption coefficient in GaN. Some other peculiarities were
obtained for photofield emission from the GaN mesa (without PEC
etching). One such peculiarity was the sharp growth of the cur-
rent at a determined voltage (sharp conditioning). The maximum
applied voltage was successively increased with initial emission
550V.The macroscopic-threshold electric field for a cathode-anode
distance of 20 um was 2.75 x 10° V/cm. After the sharp condition-
ing at 800V, the G light influence disappeared. The possible reason
of this effect may be caused by desorption of atoms and molecules
from the surface of the tips. As a result the effective work function
is decreased due to removing the influence of positive dipoles on
the surface. Another peculiarity of the photofield emission was the
memory effect. The electron-field emission curves were practically
coincided in subsequent measurements. At R light illumination, a
small growth in current was observed. The subsequent measured
curves without illumination showed equal results. Further mea-
surements at G light illumination demonstrated an increase in the
emission-current with similar values for the subsequent measure-
ments without illumination. During R light illumination there was
the partial desorption of atoms and molecules from the surface of
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Fig. 11. Fowler-Nordheim plots of the electron field and photofield emission from nanostructured GaN rods: (a) F-N curve without illumination; (b) and (b’) without and
with IR light illumination (in different scales); (¢) without and with G light illumination; (d) without and with UV light illumination: (1 without illumination; 2 and 3 under

illumination) [91].
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/
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Fig. 12. Energy band diagram of a depleted GaN rod and FE path from the I valley
(FE path 1, electron affinity x,) and from the satellite valley (FE path 2, xx < xr)
without and with UV illumination, respectively. The applied field penetrates into
the GaN rod with E>150kV/cm [59].

the tips. Subsequent illumination with G light causes additional
desorption of the atoms and molecules. After that the emission
current is the same as during illumination.

3.3. UVirradiation

The initial FE current was set to several nanoamperes. Upon
emitter illumination, the current increased immediately and then
fluctuated around a value, which was up to one order of magni-
tude higher than the initial current. Additional electron-hole pairs
were generated by absorption of UV photons with energies larger
than the bandgap of the GaN nanorods (3.4 eV). Electrons reached
the surface quickly due to the small diameter of the GaN nanorods.
The field necessary for FE penetrated into the depleted GaN rod
(electrical field E>E;, =150kV/cm) and enabled electron transfer
from the I valley to the satellite valleys. The photoexcited elec-
trons contributed to the FE process from the satellite valley due to
their smaller electron affinity x (Fig. 12). The electron FE current
shown in the F-N plot (Fig. 13) clearly demonstrates two differ-
ent slopes for nonilluminated and UV illuminated emissions. In the
case where the GaN rods are not illuminated, the emitter is almost
depleted and emission takes place from the I valley (x=3.3eV).

Upon UV illumination, new electrons are generated from the
valence band and they occupy the upper valley. The main emission
occurs from this valley, which has lower electron affinity. The pres-
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Fig. 13. F-N plots of the electron FE from nanostructured GaN rods. The slope
decreases under UV illumination [59].

ence of a high electric field in the emitter tip supports the presence
of the electron transfer effect. The electron affinity difference (equal
to the energy difference between the valleys) can also be calculated
by evaluating the two slopes m of the F-N characteristic.

m= —2.84x 107(®3/2/B). (21)

Correct estimation of the field enhancement coefficient S is diffi-
cult tobe made from the scanning electron microscopy (SEM)image
of nanostructured surfaces and so is the calculation of the absolute
value of the real work function @. The ratio of @1 /@, (work function
for I" valley/work function for the satellite valley) can, however, be
determined from the two emission F-N curves (Fig. 13) with the
same f8

D1/Pr=xr/xx = (m1/my)*/3 (22)

The obtained value of x,/xx=1.53 (GaN rod) can be used to
calculate xx for given values of x, i.e. x=3.3eV. The calcu-
lated energy difference between the valleys AE=1.15eV is in good
agreement with the values published in [81] (AE=1.1eV). The UV
illumination and the presence of a high electric field in the emitter
tip permit the manifestation of the electron transfer effect in the
GaN field emitter structure, leading to the change in the emission
characteristics. The current from the upper valley becomes domi-
nant at a rather small electron concentration n in the upper valley
due to much smaller electron affinity in this valley, as compared to
the I" valley.

4. Conclusions

The small electron affinity of wide gap structures opened a new
way for realizing effective electron field emitters, especially when
combined with nano-dimensional features offered, for example by
nanowires. Structures with a quantized band spectrum have impor-
tant features of optical, electric etc. properties. Special attention is
paid to semiconductor structures with a many-valley band spec-
trum, where the quantization provides the electron field emission
from upper satellite valleys with a relatively low work function.
The equilibrium electron population of these bands in low-strength
electric fields is very low, but electron emission will be facilitated by
the decreasing of the distance of these bands from the main conduc-
tion band, by the specific energy distribution of the electron states
and, even more effective, by heating of the free electrons due to the
dimensional quantization. In addition, the energy of the main con-
duction band gradually rises to vacuum (free electron) level, where
the field emission starts even at low fields due to the decreasing
of the work function. The fundamental factor for quantum cath-
odes is the decreasing of the inter valley energy distance due to the
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size quantization from AE=E~-Ec; =1.3 eV to 0.6 eV for quantum
dot cathode of GaN, i.e., more than two times. Other positive fac-
tor is the multi tips structure, which determines the enough large
electron emission current from the unit of the cathode area.

Photo-assisted field-emission experiments on various wide
bandgap semiconductor materials allowed a systematic study of
the material properties including details of their band structure.
Nanowires were studied using various semiconductors such as I1I-N
(GaN). This allowed an in-depth study of their energy band diagram
such as electron affinities and satellite valley positions. The quan-
tum confinement effect strongly changed the energy band diagram
of nanostructures and consequently, the main physical properties
of the materials of which they were made. 1D and 0D structures of
semiconductors are ideally suited for the realization of devices for
high-speed/high-frequency.
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