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1. INTRODUCTION

Studies of the charge transport in semiconductors in
high electric fields, (2–5) 

 

×

 

 10

 

7

 

 V/cm, and, in particular,
tunneling emission of electrons from semiconductors
have recently attracted not only theoretical but also
practical interest in relation to the development of high-
speed semiconductor devices for microelectronics,
nanoelectronics, and optoelectronics. We have previ-
ously studied both (i) the tunneling emission of elec-
trons from semiconductors into vacuum in the field and
photofield semiconductor emitters (Ge, InSb, and
GaAs) and (ii) the electron injection from metal into
semiconductor in an Auger transistor (the Al–SiO

 

2

 

–

 

n

 

-
Si structures with the tunneling-transparent insulator
layer); these studies made it possible to identify the spe-
cific features of the tunneling-emission physical mech-
anism in these devices and reveal the common trends
[1, 2]. It was shown that, in both cases, the tunneling
current is governed by the density of minority charge
carriers in self-aligned quantum wells (QWs) that
emerge at the semiconductor surface in high electric
fields. The tunneling current is identified with the elec-
tron current from the valence band of the 

 

p

 

-type semi-
conductor into vacuum for a field-assisted emitter that
operates in the mode of a photofield detector and with
the tunneling injection current of electrons from the
metal into the conduction band of the 

 

n

 

-type semicon-
ductor in the case of the metal–insulator–semiconduc-
tor (MIS) structure in the Auger transistor.

However, according to the available publications, a
quantity-produced operating Auger transistor has not
been fabricated yet; a complete theoretical model of
this transistor is also lacking. A quantum-mechanical

model of the tunneling electron current in 

 

p

 

-type semi-
conductors in the high and ultrahigh electric fields has
not been developed so far despite the fact there are
numerous experimental data published. In addition, the
mechanism of sharp increase in the quantum efficiency
to the values of >100% in the field-assisted photodetec-
tors in high electric fields under illumination has not
been identified with confidence.

Studies of recombination radiation of silicon MIS
diodes with the tunneling-transparent insulator (oxide)
layer and various metals (at forward-bias voltage
applied to the structure) showed that, in the case of high
current densities, the efficiency of the wide-gap emitter,
which is exactly represented by the metal–oxide–semi-
conductor (MOS) heterojunction, is close to unity and
does not decrease as the current density increases up to
150 A/cm

 

2

 

. Compared to the silicon 

 

p

 

+

 

–

 

n

 

 diffusion
homojunctions, the current range where the injection
factor is close to unity is wider by an order of magni-
tude owing to the unidirectional tunneling injection of
minority charge carriers (electrons) from the semicon-
ductor’s valence band into metal in tunneling MIS
diodes based on silicon with 

 

n

 

-type conductivity [3].
These results brought into existence the Auger tran-

sistor based on the Al–SiO

 

2

 

–

 

n

 

-Si tunneling structures
with the quantum-dimensional 

 

p

 

-type base induced by
the electric field in the oxide and represented by a self-
consistent QW for holes [4, 5]. The induced 

 

p

 

-type
layer has the thickness of ~10

 

–7

 

 cm. The energy of
injected electrons consists of two components; one
component is related to the voltage drop across the
oxide and the other, to the voltage drop across the base
layer. The second component can attain values that are
comparable with the silicon band gap. The principle of
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operation of an Auger transistor is based on an increase
in the current gain 

 

α

 

 to a value in excess of unity (

 

α

 

 > 1)
as a result of the generation of electron–hole (

 

e

 

–

 

h

 

) pairs
in the course of impact ionization by hot electrons
injected from the metal. The 

 

e

 

–

 

h

 

 pairs are generated in
the semiconductor’s surface region at a distance of
~100 Å from the oxide–silicon interface [5, 6]. The
presence of the tunneling-transparent oxide layer on the
semiconductor surface makes it possible to attain elec-
tric-field strength as high as (3–5) 

 

×

 

 10

 

7

 

 V/cm in the
structure’s surface region at a bias voltage applied to
the oxide no higher than 2 V and to obtain the unidirec-
tional injection of hot electrons from the metal into the
semiconductor. It is the development of the Auger tran-
sistor that makes it possible to study the tunneling emis-
sion of hot electrons in the MIS structures in high elec-
tric fields.

It is worth noting that the concept of dimensional
quantum effects in the aforementioned self-aligned
QWs at the surface of semiconductors is widely used in
solid-state electronics [7]. However, realization of these
effects in the case of the field-assisted tunneling emis-
sion for electrons moving perpendicularly to the sur-
face is not evident in the typically studied situations,
where the probability of penetration through the barrier
is finite. This issue remains to be solved and verified
experimentally.

From the practical standpoint, the study of the MIS
tunneling structures has made it possible to gain insight
into the conditions for the hot-electron emission from
the metal to the semiconductor and into additional heat-
ing of these electrons in the self-aligned QW at the sur-
face; in turn, this study was conducive to the develop-
ment of the Auger transistor based on the Al–SiO

 

2

 

–

 

n

 

-Si
heterojunction, which has at present the highest speed
of response among the bipolar semiconductor transis-
tors [4–6].

At the same time, the practical result of studying the
tunneling emission from a semiconductor to vacuum at
various currents and at different levels of illumination
consisted in the development of field-assisted photo-
cathodes whose quantum efficiency can appreciably
exceed 100%; these photocathodes can operate suc-
cessfully in the infrared spectral region [8, 9].

The unidirectional injection of electrons in an Auger
transistor is a consequence of the fact that, due to a
large effective mass of holes in the valence band of sil-
icon oxide, the hole current is negligible compared to
the current of tunneling injection of electrons from the
metal. In contrast, as is known, only electron current
exists in vacuum. However, experiments show that the
efficiency of emission of electrons from a 

 

p

 

-type semi-
conductor is as high as that from an 

 

n

 

-type semiconduc-
tor. The effect of an increase in the quantum efficiency
in illuminated tips for the 

 

p

 

-type semiconductors is
studied adequately [1, 2] and is attributed to the forma-
tion of a transistor quantum-dimensional structure sim-
ilar to an Auger transistor at the semiconductor surface

in vacuum, whereas an increase in the quantum effi-
ciency in the field-assisted photodetectors based on the

 

n

 

-type semiconductors required a special investigation.

Our studies of electron tunneling from 

 

n

 

-type semi-
conductors in the high and ultrahigh electric fields have
shown that the currents of emission from the 

 

n

 

-type
semiconductors both into vacuum (the 

 

n

 

-GaAs tips)
and into the metal (the tunneling MIS diodes based on

 

n

 

-Si) appreciably exceed the values expected in the
case of electron emission from the conduction band.

It is typical that the studies of field emission from
semiconductors are mostly restricted to the measure-
ments and analysis of the current–voltage (

 

I

 

–

 

V

 

) charac-
teristics. The data are interpreted in the context of the
Stratton theory for semiconductors based on the classi-
cal Fowler–Nordheim theory of the tunneling field
emission [10, 11]. Various deviations of the 

 

I

 

–

 

V

 

 charac-
teristics from linearity (on the semilogarithmic scale)
are accounted for by various electronic processes
related to the penetration of an external electric field
into the semiconductor. Additional and reliable data are
needed for gaining insight into the phenomenon of
electron emission from semiconductors and for practi-
cal use of this phenomenon.

In this paper, we report the results of studying the
energy spectrum of electrons emitted from the atomi-
cally clean surface of 

 

n

 

-GaAs single crystals. The
energy distribution of electrons (EDE) in the course of
the field emission yields direct information about the
energy of electrons in an 

 

n

 

-type semiconductor that are
involved in the emission-current formation. A study of
the EDE spectra would make it possible to test experi-
mentally a model of tunneling emission suggested by
us; in this model, the major contribution to the emission
current is made by electrons from the valence band of
the semiconductor.
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Fig. 1.

 

 Schematic representation of the energy analyzer for
field-emitted electrons: (

 

1

 

) the probe orifice; (

 

2

 

) the anode;
(

 

3

 

) the screen; (

 

4

 

) the emitter; (

 

5

 

) a cooling system; (

 

6

 

) a
manipulator with five degrees of freedom; (

 

7

 

) a VÉU-6 sec-
ondary-electron multiplier; and (

 

8

 

) an ultrahigh-vacuum
window.
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2. EXPERIMENTAL

A study of the field emission from a semiconductor
is typically restricted to measurements of the total
emission current in relation to the voltage applied to the
cold cathode with reference to the anode. In order to
measure the current from different areas of the tip’s
emitting surface, we complemented measurements of
the 

 

I

 

–

 

V

 

 characteristics with the method of probe scan-
ning of the emission image, in which case emission
from any surface area can be brought out to the entrance
of a field electron spectrometer through the orifice
0.5 mm in diameter using a manipulator with five
degrees of freedom.

The energy spectra of emitted electrons

 

 P

 

(

 

E

 

) were
recorded using an electron field spectrometer with a
spherical 135

 

°

 

 analyzer.
The spectrometer’s resolution was 0.02 eV (at the

energy of emitted electrons 

 

E

 

 = 3 keV); it is noteworthy
that the energy range of analyzed electrons was
extended down to 4 eV below the Fermi level 

 

E

 

F

 

. The
retarding-potential method used in conjunction with the
analyzer is illustrated in Fig. 2. A specific feature of this
method consists in the fact that electrons leave the
semiconductor as a result of tunneling penetration
through the potential barrier at the semiconductor–vac-
uum interface, are accelerated by an external electric
field on their way to the anode, pass through the probe
orifice in the anode, are slowed down by the retarding
field, and arrive at the analyzer’s collector with an
energy that exceeds the potential-barrier height at the
analyzer–vacuum interface; this height is governed by

the analyzer’s work function 

 

ϕ

 

A

 

 in the case where the
corresponding bias voltage 

 

V

 

 is applied to the semicon-
ductor in reference to the analyzer (see Fig. 2). There-
fore, the spectral curves for electrons that left the semi-
conductor with the energy corresponding to 

 

E

 

F

 

 have
their origin at the bias potential 

 

V

 

 = 

 

ϕ

 

A

 

, whereas the
current detected by the analyzer sets in at the potential

 

V

 

 = 

 

ϕ

 

A

 

 + (

 

E

 

v

 

 – 

 

E

 

F

 

) for the electrons emitted, for exam-
ple, from the valence-band top (

 

E

 

v

 

). Thus, the Fermi
level of the semiconductor can be used as the relative
level for the energy origin since its relative position in
reference to the analyzer’s Fermi level depends only on
the applied voltage. It is worth noting that the ana-
lyzer’s Fermi level and the value of 

 

ϕ

 

A

 

 were determined
experimentally in the situation where the analyzer’s
cathode was, rather than the semiconductor, a reference
tungsten cathode with a known work function.

The experiment was controlled and the data were
processed using a specially developed detection system
described in detail in [12] and a software package that
took into account the specific features of semiconduc-
tor field cathodes [13].

The workpieces for cathodes had the dimensions 1 

 

×

 

1 

 

×

 

 15 mm and were cut from 

 

n

 

-GaAs:Sn single crys-
tals that had the resistivity of 0.001 

 

Ω

 

 cm and were ori-
ented along the 

 

〈

 

100

 

〉

 

 crystallographic direction. The
workpieces were subjected to chemical etching in the
1 : 3 mixture of hydrofluoric and nitrous acids with the
addition of doubly deionized distilled water; the tem-
perature of the solution could be varied.

The energy spectra of electrons were measured with
the samples placed in an ultrahigh-vacuum chamber at
a residual pressure of 

 

≤

 

5 

 

×

 

 10

 

–10

 

  Torr; the chamber was
evacuated at temperatures that excluded any variations
in electrical properties of the starting semiconductor
single crystal. Stabilization of emission properties of
the tip during collection of the emission current and
cleaning of the surface was attained by field-assisted
desorption so that an atomically clean emitting surface
was obtained. The degree of cleanness of the surface
was evaluated from reproducibility of the 

 

I

 

–

 

V

 

 charac-
teristics and EDE and also from the symmetric emis-
sion image that is characteristic of crystals; this image
can be observed on a luminescent display mounted in
the high-vacuum chamber of the spectrometer. Using
the tip’s manipulator with five degrees of freedom
(Fig. 1), we could measure the energy spectra of elec-
trons emitted from any area of the active surface with
visual inspection of the surface’s state in a field electron
microscope. Measurements were carried out only if the

 

I

 

–

 

V

 

 characteristics and EDE were reproducible in the
chosen range of operating voltages. The spectra of elec-
trons were recorded under conditions of repeated scan-
ning with the energy step of 37 meV in the energy range
from 0 to 4 eV below the Fermi level 

 

E

 

F

 

 in order to
cover the entire energy range of electrons involved in
the formation of the field-emission current.

 

V

 

L

 

ϕe

nc

nv

E
ϕA

V E

0P(E)

Ec
EF

Ev

f(E) Emitter 0
Semiconductor

Anode Analyzer x
Vacuum

Fig. 2. The energy diagram of a field semiconductor emitter
and the measured density spectrum of EDE P(E) in the case
of emission of electrons from the semiconductor into vac-
uum (the x axis). The following notation is used: ϕA is the
work function for the analyzer; ϕe, work function for the
emitter; EF, Fermi level for the emitter; VL, the vacuum
level; V, the voltage between the emitter (semiconductor)
and the analyzer (the electron collector); f(E), the Fermi–
Dirac distribution function at a temperature T; nv and nc, the
electron concentrations in the valence and conduction
bands, respectively; Ec, the conduction-band bottom; and
Ev, the valence-band top.



SEMICONDUCTORS      Vol. 40      No. 9      2006

TUNNELING EMISSION OF ELECTRONS FROM SEMICONDUCTORS’ VALENCE BANDS 1039

It is worth noting that a study of the EDE in the case
of emission from a semiconductor is a much more com-
plicated experimental challenge than the corresponding
studies of EDE for the field cathodes made of metal.
One of the main difficulties consists in the necessity to
correct the potential applied to electrostatic lenses of
the spectrometer by the voltage drop across the semi-
conductor in the course of the current collection during
measurements. Therefore, in order to control automati-
cally the voltage and analyze the EDE, we developed in
this study a special software package named FEESA
(field electron energy spectrum analyzer) and a preci-
sion system of detection. The FEESA software makes
it possible to analyze a practically unlimited volume of
collected data and choose the operating-mode charac-
teristics such as the energy resolution, the voltage step
in the case of the EDE scanning, and the time interval
of collection in relation to the signal level (to the mode
of counting separate electrons up to 106 electrons per
second). The merits of this software are described in
detail in [13].

Tunneling currents in the MIS transistor structures
were studied for the Al–SiO2–n-Si structures based on
n-Si with the resistivity of 0.3 Ω cm. The tunneling-
transparent oxide layer was grown in a flow of dry oxy-
gen at comparatively low temperatures (600–700°C).
According to the data of ellipsometric measurements,
the geometric thickness of the SiO2 layer was ~2 nm.
The I–V characteristics were measured in the common-
emitter configuration. The experimental conditions
were described in detail in [5]. The conclusion concern-
ing the efficiency of the MOS emitter (the injection fac-
tor γ > 0.5) was arrived at after a comparative analysis
of recombination-radiation intensity for the silicon MIS
diode structures (with various metals deposited on the
tunneling-thin layer of silicon oxide) and silicon diodes
with the diffusion p+–n junctions in relation to the cur-
rent density [3].

3. RESULTS

3.1. Energy Distribution of Electrons in the Case
of Tunneling in an n-GaAs–Vacuum System

The energy spectra of the electrons emitted to vac-
uum were measured at successive stages of cleaning the
GaAs surface using the field-desorption method. The
EDE spectra have a characteristic shape with a single
peak (Fig. 3); as the cleaning of the surface progresses,
the positions of the peak and the low-energy edge of the
spectrum shift towards the Fermi level energy EF
(E = 0) (curves 1–3). The spectra shown in Fig. 3 are
normalized to the peak and are represented in arbitrary
units. In the case of emission of electrons from the
atomically clean GaAs surface, the low-energy edge of
the EDE spectrum corresponds to the energy level E =
1.4 eV below the Fermi level EF (see Fig. 2). The initial
position of the EDE spectra for a semiconductor coated

with a thin oxide layer depends on the voltage drop
across the oxide layer.

As the anode voltage Ua decreases, the spectra are
shifted along the energy scale (see Fig. 3); however, the
edge of the spectra is always limited by the energy level
E = 1.4 eV (curve 4), which corresponds to the valence-
band top Ev for GaAs. This statement is based on the
value of the band gap for GaAs (Eg = 1.4 eV) and on the
principle of measurements by the method of retarding
potential. As mentioned above, energies in the EDE
spectra are measured from the Fermi level of the emit-
ter in this case; the Fermi level closely coincides with
the conduction-band bottom (Ec) for the heavily doped
crystal under study.

In the case of tunneling emission in the crystallo-
graphic direction 〈100〉, the electron spectra feature a
single peak, are well reproduced in repeated measure-
ments, and remain invariable after several hours after
cleaning of the surface by the field-assisted desorption
and at a high anode voltage, in which situation the
GaAs single crystals are evaporated. Moreover, the
shape of the spectra is changed only slightly in the case
where the emitter is rotated by an angle as large as 60°
with respect to the direction of the single-crystal axis.
An analysis of the spectra of electrons emitted from
other areas of the surface shows that the low-energy
edge of the EDE spectra is always located at the energy
E = 1.4 eV. Thus, the analysis of the results suggests
that the major contribution to the tunneling current
from the n-GaAs single crystals is made by electrons
emitted from the valence band within the range of kT
(k is the Boltzmann constant and T is absolute temper-
ature) below the valence-band top; insignificant dis-
crepancies between the spectra corresponding to differ-
ent crystallographic planes are related to specific fea-
tures of tunneling from deeper energy levels. The

1.0

0 1

1.2

0.8

0.6

0.4

0.2

2 3 4 5
E, eV

1234

P(E), arb. units

Fig. 3. Experimental EDE spectra for n-GaAs: (1) the emit-
ter coated with a layer of natural oxide, (2) an intermediate
stage of cleaning of the GaAs surface, (3) the emitter with
atomically clean surface (Ua = 2 kV), and (4) the same at
Ua = 1.4 kV. The energy is measured with respect to EF.
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experimentally obtained width of the EDE curves at the
half-maximum (FWHM) (0.6–0.8 eV) coincides also
with the value predicted by the Stratton theory for emis-
sion from the valence band.

The results obtained are consistent with the physical
model developed previously by us for tunneling cur-
rents in the semiconductor–vacuum and MIS struc-
tures; the characteristic feature of these structures con-
sists in the predominant contribution of the valence-
band electrons to tunneling emission from a semicon-
ductor in the case where the semiconductor acts as the
cathode. Our results confirm the validity of this model.

3.2. Tunneling Emission Currents in the MIS Diodes

Our previous studies of the electron emission in sil-
icon MIS diodes with a tunneling-transparent oxide
layer showed that predominant injection of electrons
from the silicon valence band into metal occurs in the
case of forward bias voltage applied to the structure
(positive potential at the metal) if the voltage drop
across the oxide ∆V is such that e∆V > Eg – EF, where
Eg is the silicon band gap and EF is the Fermi level in
silicon (Fig. 4) [3].

For such a bias voltage and for a relatively thick
insulator layer (2 nm), the electron-emission current
from the valence band of the semiconductor to the
metal can be generally represented (according to [14])

in the form of the hole current from the metal to the
semiconductor’s valence band

(1)

where fm and fs are the Fermi functions for the metal and
semiconductor, respectively; T(Ex) is the probability of
tunneling of valence electrons from the semiconductor
to the metal; Ex is the energy component in the direction
of the x axis (i.e., perpendicularly to the barrier); E is
the total energy; and mth is the effective mass of holes
that penetrate through the barrier. With the proviso that
e∆V > Eg – EF, the hole injection current is in fact the
current of electrons from the semiconductor’s valence
band that tunnel into the metal; the energy of these elec-
trons E is in the range EFm < E < Ev (EFm and Ev are the
Fermi level in the metal and the valence-band top in the
semiconductor, respectively). In this case, the simpli-
fied form of expression (1) can be written as

(2)

where χh is the barrier height for “metal” holes and d is
the effective thickness of the oxide.

It is worth bearing in mind that the effective mass of
holes in the valence band of silicon oxide exceeds more
than fivefold the effective mass of electrons. As a result,
we should consider the tunneling of charge carriers
from the semiconductor’s valence band into metal only
as transitions of electrons from the valence band
through the oxide’s conduction band rather than the
valence band. Therefore, the value of Eg in the semicon-
ductor should be added to the insulator–semiconductor
barrier height.

4. DISCUSSION AND CONCLUSIONS

It is worth noting that the issue of whether the field-
emission current is formed by electrons from the
valence band or from the conduction band has not been
settled unambiguously until now. Prior to the results
obtained in this study, it was widely believed [15] that
the main contribution to the tunneling emission current
is made by electrons from the conduction band for low-
resistivity n-type semiconductors (even more so for
almost degenerate semiconductors, as in the case of
GaAs under consideration). Our results do not support
this belief. Moreover, we assume that it is the electron
emission from the valence band that represents a char-
acteristic feature of the field emission from semicon-
ductors where the current depends on illumination of
the emitter (a photofield cathode). We now substantiate
this statement.

j p 4πmthq/h3( )=

× f m E( ) f s E( )–[ ] T Ex( ) Ex E,dd

0

E

∫
∞–

+∞

∫

j p 4πmthq/h3( ) χh
1/2d–( ) E E,d

EFm

Ev

∫exp≈

e∆V

jc

js

jv

eV
Ev

Ec
µn

µp

Au SiO2 n-Si

Fig. 4. The energy-band diagram for a silicon MIS diode
with a tunneling-transparent oxide layer in the case of a for-
ward bias. A voltage V is applied to the structure; the volt-
age drop across the oxide ∆V ≥ 1 V; jc, js, and jv are the tun-
neling electron currents into metal from the semiconduc-
tor’s conduction band, from the surface states in the band
gap, and from the valence band, respectively; and µn and µp
are the quasi-Fermi levels.
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One of the causes of absence of electrons from the
conduction band in the EDE spectra can be a lower
electron concentration in the conduction band com-
pared to that in the valence band (nc = 5 × 1018 cm–3 and
nv = 1022 cm–3, respectively), which yields the relation
between the currents from the valence and conduction
bands jv � jc, in which case it can be difficult to mea-
sure the value of jc experimentally. However, the high
accuracy of the performed measurements (an unlimited
signal integration on the level of counting of separate
electrons, for example, for measuring the value of jc)
makes it possible not only to measure even lower cur-
rents but also to measure the EDE for the signals that
differ by six–eight orders of magnitude from each
other. In other words, the absence of electrons from the
conduction band in the EDE spectra is not related to
disadvantages of the measuring system.

It is worth noting that the absence of electrons from
the conduction band in the EDE spectra for another
semiconductor, germanium, with the (100) face orien-
tation is accounted for by specific features of the con-
duction-band structure [15]. In germanium, the equien-
ergy surfaces near the conduction-band bottom are rep-
resented by ellipsoids whose centers are distanced from
the coordinate origin in the 〈111〉 direction. The compo-
nents of the vector k are parallel to the (100) plane, so
that the corresponding states are not located in the cen-
tral region of the surface Brillouin zone for the unre-
constructed surface [15]. As a consequence of a large
tangential-energy component related to these states, the
normal energy component for an electron at the con-
duction-band bottom is appreciably smaller than the
energy of an electron with k|| ≈ 0 at the top of the
valence band. The probability of tunneling in the x
direction D(E – E⊥) for an electron that has the energy E

and is incident on the barrier, where E⊥ = (  + )/2m
and py and pz are the tangential components of the elec-
tron’s quasi-momentum, is governed only by the
energy E⊥ related to the normal component of velocity.
Therefore, if E⊥ is fairly large, the probability of emis-
sion from the conduction band is low, as occurs for the
(100) plane of germanium; consequently, jv � jc even in
the case of a degenerate electron gas in the conduction
band of germanium.

However, if it is assumed that, in the case under con-
sideration as well, the absence of electrons from the
GaAs conduction band in the EDE spectra is also
related to a specific feature of the energy-band struc-
ture, we should expect there to be significant differ-
ences between the experimental EDE spectra in differ-
ent crystallographic directions, which was not observed
experimentally. Moreover, it should be emphasized that
electrons from the conduction band were not detected
in the EDE spectra measured in different directions in
the studies of Si [16, 17] and Ge [18–20]. In the study
reported in [19], the accuracy of measurements was so
high that the EDE fine structure was observed for ger-

py
2 pz

2

manium and was related to the band of surface states;
however, emission from the conduction band was not
observed for either of the studied crystallographic
directions.

The levels of the valence and conduction bands in
the semiconductor’s bulk are found to be located at the
same energy in ultrahigh electric fields (up to 5 ×
107 V/cm and higher) required for field emission from
semiconductors. As a result, the tunneling current
within the semiconductor near its surface can be con-
sidered as the Zener breakdown. However, the linear
shape of the I–V characteristic plotted on the logarith-
mic scale (Fig. 5) for the studied low-resistivity GaAs
crystal indicates that the role of the effects related to
penetration of the field into the semiconductor’s bulk is
insignificant, at least for the total emission current. It is
worth noting that a possible mechanism of the tunnel-
ing emission current in n-GaAs may also involve the
electron–hole recombination at the surface via surface
states in the band gap or the direct interband recombi-
nation at the surface, which can undoubtedly reduce the
electron emission current from the conduction band.
However, this issue requires an additional investigation.
Experimental studies show that electrons forming the
tunneling current leave for vacuum with the energies
that correspond to the top of the valence band, whereas
the electron emission from the conduction band of
heavily doped n-GaAs is not observed. This conclusion
is confirmed both by the presence of unidirectional tun-
neling injection in silicon diodes with the tunneling-
transparent intermediate oxide layer at a positive volt-
age applied to the metal (for an n-type semiconductor),
irrespective of what type of the metal was deposited,
and by the development of an Auger transistor whose
unique properties are based on the efficient Al–SiO2–n-
Si emitter with the tunneling-transparent oxide layer.

In conclusion, we should note that the results of the
studies reported in this paper make it possible to
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Fig. 5. The current–voltage characteristics for the emission
current in (1) GaAs with a layer of natural oxide and
(2) GaAs with atomically clean surface.
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address directly the solution of the theoretical and
experimental problem related to the emission of elec-
trons in high electric fields; this problem is common for
both Auger transistors and the field needle-shaped
semiconductor emitters.
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