FROM THE CURRENT LITERATURE

Exoelectronic emission of semiconductors

R. I. Mints, 1. I. Mi'man, and V. |. Kryuk

Urals Polytechnic Institute, Sverdlovsk
Usp. Fiz. Nauk 119, 749-766 (August 1976)

PACS numbers: 79.75.+-g

CONTENTS

1. Introduction. Concept of Exoelectronic Emission.

Sensitivity of the Effect . . . . . .

Structure
D - 1 K

2. Instruments and Method of Registering the Parameters of

Exoelectronic Emission . . . . e e e s e . . . . . 699
3. Physical Nature of Exoelectronic EI'DISSIOH s e e s e s s ., 700
4. Exoelectronic Emission of Elemental Semlconductors D (1) 4
5. Exoelectronic Emission of Semiconductor Compounds . . . . . . . . . . 704
6. Conclusion . . . . . . . . .. .. B 115
References . . . . . . . .. .. .. .. P (0]

1. INTRODUCTION. CONCEPT OF EXOELECTRONIC
EMISSION. STRUCTURE SENSITIVITY OF THE
EFFECT

Exoelectronic emission is a unique and highly sensi-
tive surface effect, Its uniqueness and sensitivity de-
termine the evolution of the views accompanying the de-
velopment of the experimental research on exoelec-
tronic emission. As noted by Scharmann, the cochair-
man of the 1970 International Symposium on Exoelec-
tronic Emission, “at first the effect caused wonder-
ment, later it was viewed as an undesirable disturbing
factor, by now exoelectronic emission has developed
as an independent branch of physics,” !’

Exoelectronic emission has been known since the
early investigations of radioactivity. In 1897, Rus-
sel,m repeating Becquerel’s experiments on the action
of radioactive substances on photographic plates, noted
that mechanical working of a zinc foil leads to darken-
ing of the emulsion, Curie™’ observed in 1899 what he
believed to be attenuating radioactivity of materials
placed near radium salts, Tanaka,™!in a study of
transformations in aluminum foil bombarded by 300-
keV electrons, observed emission of low-energy elec-
trons and ascertained that these electrons are not emit-
ted by the atomic nuclei. An increased emission ac-
tivity (dark background) was noted®™®! in Geiger-Muel-
ler counters whose internal surface was worked by
grinding.

The first systematic investigations of the phenomenon
were carried out by Kramer,!™? who also introduced
the presently adopted terminology.

Exoelectronic emission (the Kramer effect) is the
name given to low-temperature emission of electrons
from the surface of a solid, resulting from various ex-
ternal actions: ionizing radiation, plastic deformation,
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mechanical working and heat treatment, oxidation, ad-
sorption, etec., which can be regarded as preliminary
excitation of the emitter.

After the excitation has stopped, the emission is ob-
served as a result of additional action-stimulation
(electromagnetic and electric fields, temperature).
What is usually registered is either thermostimulated
exoelectronic emission (TSEE) or optically stimulated
exoelectronic emission (OSEE).

A feature that distinguishes exoelectronic emission
from “classical” types of electron emission is that the
energy transfer in it is much smaller. Exoelectronic
emission can be stimulated in practice with energy
lower than threshold: thermostimulated exoelectronic
emission is observed in the “sub-Richardson” tempera-
ture interval -150°-500 °C, while optical stimulation
is produced by long-wave radiation which does not
produce the normal photoeffect. The exoelectronic
emission current in quite small (from 107'% to 107° A),
and in extreme cases it is possible to register individu-
al electrons; the exoelectron energy as a rule does not
exceed several electron volts.™™!%? An appreciable con-
tribution to exoelectronic emission is made by relaxa-
tion of the excited state of the emitter. This results
also in a nonstationary behavior of exoelectronic emis-
sion in comparison with ordinary photoemission or
thermionic emission. This circumstance makes it pos-
sible, in first approximation, to compare the kinetic
laws governing exoelectronic emission with the kinetics
of phosphorescence and thermoluminescence.*=131 A
detailed formalized approach does not take into account
the influence of the work function, exciton production,
Tamm levels, and other excited states; in spite of this,
however, it permits an approximate estimate of the
parameters of thermostimulated exoelectronic emis-
sion,
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FIG. 1. Thermostimulated
exoelectronic emission (1) and
thermostimulated lumines-
cence (2) of undeformed NaCl
bombarded with x rays. [14]

Intensity, rel. units

Exoelectironic emission accompanies various physical
processes that occur in metals, semiconductors, and
dielectrics. It reveals a high sensitivity to structure
and, in particular, a connection with the defect content
of the surface and near-surface layers of the material
(the depth of the layer that emits exoelectrons is usual-
ly estimated at 10°-10* &).

A. Plastic deformation

The sensitivity of exoelectronic emission to struc-
tural changes that accompany plastic deformation can
be illustrated by comparing the kinetics of thermostim-
ulated luminescence (TSL) with that of thermostimulated
exoelectronic emission from materials that exhibit both
effects. Bohun!*! has established that certain maxima
of thermostimulated exoelectronic emission and ther-
mostimulated luminescence have the same temperature
positions in the case of an NaCl crystal exposed to
x rays at room temperature and containing point lattice
defects (F centers) (Fig. 1). In both thermostimulated
exoelectronic emission and thermostimulated lumines-
cence, plastic deformation induces dislocations and
produced broad R’ peaks that do not appear in unde-
formed crystals (Fig. 2). Plastic deformation leads to
the appearance on the plot of the thermostimulated exo-
electronic emission of a maximum not observed in
thermostimulated luminescence, thus attesting to the
high structure sensitivity of the thermostimulated exo-
electronic emission,

Investigations of the plastic deformation of metalsti%!
have revealed a correlation between the emission curves
and the dynamics of the defects in recovery and re-
crystallization, Data were obtained recently on the con-
nection between the parameters of exoelectronic emis-
sion and the behavior of defects in superplastic flow of
metals [16]

FIG. 2. Thermostimulated
exoelectronic emission (1)
and thermostimulated lumi-
nescence (2) of plastically de-
formed NaCl bombarded with
X rays. L4

Intensity, rel. units
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FIG. 3. v sensitivity of thermostimulated exoelectronic emis-
sion characteristics of BeO as a function of the prior bom-
barding by deuterons with flux density!3®! (particles/cm?:
7x10! (1), 1x10% (2), and 2x 105 (3).

B. Phase transitions

The emission of electrons can accompany changes in
the aggregate state of a substance, and also phase tran-
sitions in the solid state. This was first observed by
Kramer in cooled Wood’s alloy and in a study of the
phase transitions of chromium and nickel, Indication
of the structure state of a solid by the electron emis-
sion method was used to construct the lead-tin!*” and
aluminum-~zinct'® phase diagrams, The appearance of
exoelectrons was observed in'!?! in ferroelectrics and
int2% jn the case of phase transitions in uranium,

Second-order phase transitions were identified by the
emission reaction when a nickel sample was heated.[211
The maximum of the thermostimulated exoelectronic
eMission at 220-247 °C correlates with the transition
of NiO from the antiferromagnetic to the paramagnetic
state. The next thermostimulated exoelectronic emis-
sion maximum at 357 °C corresponds to the transition
of the ferromagnetic state of nickel into the paramag-
netic state (the Curie point),

C. Diffusion

Exoelectronic emission was used to observe:diffusion
migration of point defects (primarily vacancies) pro-
duced by quenching,!22°2¥ plastic deformation 24251 and
ionizing radiation.'?®?7 In particular, it was shown
inf#5? that the instant of emergence of vacancies to the
sample surface is accompanied by the start of exoemis-
sion, In'2%) emigsion was initiated by dislocation mo-
tion excited by ultrasound.

D. Radiation damage

The sensitivity of exoelectronic emission to radiation
damage was observed following various actions (bom-
bardment by y rays, electrons, particles, protons,
etc. ) in a wide range of radiation energies (from sever-
al keV to several dozen MeV2%3%}), Most investiga-
tions were performed on ionic crystals, semiconduc-
tors, and dielectrics. Practically all cases reveal a
dependence of the emission characteristics on the
degree of structure damage in the surfaces of the in-
vestigated objects (Fig. 3). Good emission “memory”
of certain materials, preserved for dozens of days
after the bombardment, is reported in a number of
papers [31+%]

R. I. Mints et al. 698




E. Chemical and sorption processes

Electron emission accompanies changes produced in
the surface state of a solid by chemical reactions and
sorption processes, The characteristics of the emis-
sion depend on the oxidation, adsorption, and chemo-
sorption conditions [33-36)

The structure sensitivity of exoelectronic emission
under various conditions has stimulated a large number
of experimental studies of this phenomenon, By now,
four international symposia were held (Austria 1956,
Czechoslovakia 1967, West Germany 19870, Czechoslo-
vakia 1973), and a number of topical anthologies have
been published.t37-3%

2. INSTRUMENTS AND METHODS FOR
REGISTERING THE PARAMETERS OF
EXOELECTRONIC EMISSION

Two types of measurements of the exoelectronic emis-

sion intensity are in use at present: integral measure-
ments of the emission current from the entire surface
of the investigated object, and local measurements that
yield, within the resolution limits, the distribution of
the emission activity over the surface and its image in
exoelectronic-emission contrast,

Both types of measurement can be carried out in vac-
uum, in air, and in other gas media. Their common
feature is the need for measuring emission currents in
a wide range of values from 107! to 107'® A. Currents
from 107% to 1071® A cannot be reliably measured by
ordinary radio-amplification methods, which are
limited to 10°!* A in the case of direct current. Thus,
in view of the value of the exoelectronic emission cur-
rent, electrons must be detected by nuclear physics
methods or by special electronic devices.

However, the methods of nuclear physies cannot be
used to detect exoelectrons without additional measures,
since these electrons, having in most cases a maximum
energy from one to 100 eV, produce no ionization effect
in the nuclear-radiation detector medium. This makes
it necessary to use pulsed detector operation (involving
counting individual electrons, low level of detector in-
trinsic noise, a sufficiently short dead time),

A. Registration with Geiger-Mueller counter

In nuclear physics, soft 8 particles are registered
by placing the radioactive source, in the form of a
thin layer on a side or end wall, inside the counter,
This principle is used to detect exoelectronic emission
with open Geiger-Mueller counters operating in air or
in a special gas atmosphere. While having a sufficient
gain for the registration of the exoelectronic electrons
and simple to construct and to operate, open counters
have a number of fundamental shortcomings. Fore-
most among them is the presence of feedback between
the electron registration process (the gas discharge)
and the action of this discharge on the surface of the
investigated object, and also the dependence of the state
of the surface and of the counter parameters on diffi-
cult-to-control ambient parameters such as pressure,
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composition, humidity, etc. In spite of these short-
comings, open counters are widely used, and the exper-
imental material accumulated to date on exoelectronic
emission was obtained mainly by using these counters
as exoelectron detectors. In the case of high electron
emission intensity it is possible to use electrometers
without ionization chambers as indicators for the emis-
sion current.

B. Detection with secondary-emission instruments

Exoelectronic emission can be measured with rela-
tively new types of slow-electron receivers, which con-
stitute electron-optical systems with secondary-emis-
sion amplification of the electron flux. Among these
types of instruments are the secondary electron multi-
plier, the semiconductor electron multiplier, and the
channel electron multiplier. The advantages of detec-
tors of this type over the ones considered above are the
following:

1) High registration efficiency, reaching 60% be-
cause of the absence of absorption of electrons in the
gap between the sample and the detector input;

2) The instruments are sensitive enough to register
currents starting with 10°!® A against an intrinsic back-
ground of 0,1 electron/sec;

3) These detectors can operate only in high and ultra-
high vacuum, which helps eliminate difficult-to-control
ambient parameters;

4) As a rule, the secondary-emission properties of
detectors are preserved in the atmosphere for a rather
long time,

C. Local method of registering exoelectronic emission

Local methods of registration of exoelectronic emis-
sion, wherein the image of the surface is produced in
exoelectronic contrast, are new means of studying the
surface of a solid and establishing the nature of the
emission centers. A sharp and magnified image of the
distribution of the exoelectronic emission intensity as
a function of the coordinates of the surface of the object
was obtained by the authors of!4°—#31, The basis of the
method off40-31 jg gcanning the surface of the investi-
gated object by a focused light probe. The only de-
tected emission signals come from those sections of
the surface on which the probe spot is located at the
particular instant, Synchronization of the motion of
the beam in the cathode-ray tube of the indicated device
with the motion of the scanning light probe, upon proper
modulation by signals from the exoelectron detector,
makes it possible to produce on the screen an image of
the surface of the object in emission contrast, the dis-
tribution of the emission intensity over the surface.
Visualization of exoelectronic emission by the method
of L4%43] ¢alls for exact synchronization of the motion
of the scanning and reproducing rays, since the infor-
mation is transmitted sequentially from point to point.
The need for synchronization is completely obviated if a
principally different method is used wherein the entire
image is obtained simultaneously. This method is
based on the operating principle of recently developed

R. I. Mints et al. 699



channel electron-optical converters. The main unit of
such a device is a block made up of parallel hollow
channels, each of which is a channel electron multi-
plier,f4! The output current of the channel excites a
luminescent screen and serves as one element of the

image.,

D. Measurement of the electron energy

A most important characteristic of any type of radia-
tion, besides the intensity, is the energy of the emitted
particles. The energy parameters of exoelectrons con-
tain information on the electronic phenomena that occur
in the interaction between the solid and the ambient.
There are sufficiently well developed methods for an
energy analysis of electron fluxes which are large (usu-
ally 10°7 A) in comparison with the exoelectronic emis-
sion current. Electron energies up to hundreds of

" electron volts are measured with the electrostatic and
electromagnetic analyzers described int4'%1, The di-
rect outputs of these analyzing devices are the electron
distributions in energy or velocity, respectively. Elec-
trostatic and electromagnetic analyzers are used also
to measure exoelectron energies at low flux densities, !4
In this case the electrons passing through the analyzer
systems are registered by the most suitable of the de-
tectors considered above,

3. PHYSICAL NATURE OF EXQELECTRONIC
EMISSION

When the nature of exoemission radiation is inter-
preted, principal attention is paid to identification of the
surface emission centers and to reactions (in addition
to external action) that can produce in the solids the
conditions that contribute to electron emission.

A. Thermoactivation mechanism

Historically this was the first hypothesis advanced
by Kramer to explain emission from the surface of
mechanically worked metals and in phase transitions.
Kramer believed that the electron escapes the solid as
a result of the energy of exothermal transformations,
which either causes the electron emission directly or
is first converted into thermal energy. The term “exo-
electronic emission” was introduced by Kramer pre-
cisely on the basis of this mechanism,

B. Model of electrically charged microgap’

This model is based on the periodic variation of the
work function of the electron as oxide layers build up
on metallic surfaces.t*” Deformation produces in the
oxide layers cracks whose walls are electrically
charged. The strongly damaged layer at the base of
the crack acts as a source of the electron emission,
since it has a lower work function,

C. Vacancy-diffusion mechanism of emission

This mechanism was proposed to explain the emis-
sion observed when metallic surfaces are deformed.
Deformation of the object produces vacancies that can
diffuse to the surface and annihilate with release of en-
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ergy E,. The combined energies of the vacancy and
of the stimulating action become sufficient to overcome
the work function:

E, 4+ bv >0,

where kv is the energy of the stimulating action and ®
is the work function of the electron,

The formation and diffusion of vacancies are assumed
to be the principal processes during the course and
after plastic deformation,

To describe in greater detail the emission mecha-
nisms with allowance for the adsorption-oxidation pro-
cesses, a compromise hypothesis was advanced, ac-
cording to which the vacancies diffuse toward the sur-
face and, after reaching it, turn into adsorption or oxi-
dation centers. Another approach to the solution of the
problem of the relation between the exoelectronic emis-
sion and deformation defects is given inf*®), The de-
formation of the surface layers of metals leads to a
change in the work function of the electron. In the time
after the deformation, the crystal lattice of the metal
becomes ordered. The work function returns to its
previous level, a fact manifest in the attenuation of the
emission,

D. Auger mechanism of the exoelectronic emission

According to the data of 13%4%5% gne of the mecha-
nisms of thermostimulated exoelectronic emission and
optically stimulated exoelectronic emission is the Auger
process,

The “Auger electron” can take part in the exoelec-
tronic emission if the following condition is satis-
fied t49;

Egyo=Eg — B, — E, — 4 >0,

where E, is the width of the forbidden band, x is the
electron affinity, and E, and E, are the energies of the
recombining and emitted electrons.

The probability of nonradiative transition is propor-
tional to T-Y2 and R-% (T is the absolute temperature
and R is the distance between the nearest centers).

A theoretical explanation of the Auger mechanism of
electron emission from semiconductors and dielectrics
was given by Tolpygo and co-workers int*®), The hy-
pothesis they advanced explains many features of exo-
electronic emission,

E. Luminesoencé model of emission

This mechanism was developed on the basis of a
certain similarity between luminescence and exoelec-
tronic emission (Fig. 4). Both phenomena require pre-
liminary activation and both attenuate in time, The
processes can be stimulated by heating or by electro-
magnetic radiation in the optical band, At the present
time doubts are being cast on the assumption that the
trapping centers responsible for luminescence and exo-
electronic emission are the same. Nonetheless, the
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FIG. 4. Simplified band model of the processes of thermo-

stimulated exoelectronic emission and thermostimulated lumi-

nescence under optical and thermal stimulation, t2??

necessary condition for the excitation of exoelectronic
emission is photochemical coloring of the crystals, for
example with x rays or ultraviolet. In a number of
studies it was established =% that the exoelectronic-
emission centers in ionic crystals are volume color
centers in the near-surface layers, Particular signifi-
cance attaches therefore to F centers and to the depen-
dence of their energy states on the dislocation concen-
tration, With increasing dislocation density, the F-
center concentration increases and, as a consequence,
new exoemission maxima appear and their intensity in-
creases. The peculiarities of the emission properties
of crystals, due to the electric relief produced on the
jogs where the dislocations emerge to the surface, have
been determined from the shift of the thermostimulated
exoelectronic emission spectra of LiF as a function of
the edge or screw dislocations contained in it.'’%2! In
the case of an excess of edge dislocations (10° cm™2),
the spectrum shifts towards lower temperatures in
comparison with the spectrum of a crystal containing
an excess (10" cm™?) of screw dislocations. A similar
influence can be exerted on the emission properties by
an atmosphere of charged vacancies, ']

F. “Field-emission”’ mechanism

This mechanism pertains primarily to thermostimu-
lated exoelectronic emission from pyroelectric materi-
als such as LiNbQO;. A temperature-induced change of
only 1% in the spontaneous polarization of this material
gives rise to an electric field of intensity 8x 10° V/em
perpendicular to the surface and sufficient for field
emission.™! The energy of the electrons emitted in
this case, which amounts to several kiloelectron volts,
allows us to regard this mechanism as correct, The
fact that electrons with energies up 120 keV produced
by mechanical working of LiF and NaF crystals have
been registered can also be explained by invoking the
model of surface charging of the crystal. 8!

The high electron energies are explained as being
due to bending of the bands and to electric fields on the
surface of the emitting body. This situation can occur
also when the surface of a dielectric is bombarded with
charged particles, particularly electrons., If the bom-
bardment regimes are maintained such that the sec-

701 Sov. Phys. Usp., Vol. 19, No. 8, August 1976

ondary emission coefficient is ¢ > 1, then the surface
of the dielectric is positively charged. The primary
electrons lose all their energy at the end of their travel,
are localized in trapping centers, and form negative
space charge. Thus, a strong electric field is pro-
duced. The electrons excited into the conduction band
become accelerated in the direction towards the sur-
face. Since the acceleration can exceed considerably
the slowing down by the scattering processes, the elec-
trons are emitted with a relatively large kinetic ener-
gy unaffected by electron affinity., The model was cor-
roborated by the fact that electrons of energy up to

90 eV were observed following electron bombardment
of SiO, layers.®"?

None of the advanced hypotheses and kinetic theories
is capable at present to describe the numerous mani-
festations of the exoelectronic emission, but the con-
cept of structure sensitivity is the basis for the develop-
ment of further ideas concerning the physical nature of
the effect. From this point of view, the experimental
data on emission from elemental semiconductors and
semiconductor compounds are likewise no exception.

4. EXOELECTRONIC EMISSION OF ELEMENTAL
SEMICONDUCTORS

A. General remarks

According to the classification given in Kyaémbre’s
review, %87 all nonmetallic exoelectronic emitters can
be divided into two groups. The first group contains
substances with relatively broad forbidden band E, and
small electron affinity x—principally ionic crystals
such as alkali halides. Most investigations were per-
formed on these crystals, and a parallelism has been
noted between the thermostimulated exoelectronic emis-
sion and thermostimulated luminescence: the excita-
tion produces in the volume or near the surface of the
crystal definite local centers (of the color center type),
the electron emission from which calls for much less
energy than from the levels of the unexcited crystal.
This gives grounds for comparing both processes, al-
though the local emission centers and luminescence
centers are not always identical. The most probable
mechanism for the removal of the electron is the Auger
process, but one cannot exclude the possibility of the
electron falling into the conduction band as a result of
thermoionization of the centers, followed by its emer-
gence from the crystal as a result of thermal fluctua-
tions, just as in ordinary emission,

From this point of view, the picture for the emitters
of the second group, characterized by small values of
E, and large values of x, is less clear. Typical repre-
sentatives of this group are germanium and silicon,
and the group includes the majority of semiconductor
compounds, In these substances the conduction-elec-
tron density is high even at room temperature and their
thermostimulated exoelectronic emission is hindered
by the surface barrier, The high-temperature maxima
of the thermostimulated exoelectronic emission should
correspond to deep levels, either those which do not
fit at all in the narrow conduction band, or else fall
under the Fermi level and consequently are filled with-
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out excitation,

Similar difficulties in the explanation of the effect
within the framework of the band model were the rea-
son why in many papers devoted to exoemission of
semiconductors the principal attention is concentrated
on allowance for the factors that lead to changes of the
potential surface barrier by an external medium (sorp-
tion, oxidation), Since the sorption-oxidation pro-
cesses are initiated to a considerable degree by struc-
ture defects of the surface, the emission mechanism
should be determined by the actual conditions of excita-
tion of the emitter from the point of view of generation
and activation of the defect formations,

The foregoing features can be traced in the results
of investigations of the exoelectronic emission of ele-
mental semiconductors, in which the organization of

the experiments contributes to the determination of the

role of the structure defects of the surface, or else of
the oxidation-sorption processes that develop on the
surface,

Most studies have been devoted to emission under -
thermal stimulation,

B. Emission centers

In view of the complexity of the problem of deter-
mining the nature of emission activities of germanium
and silicon, the most promising way of its solution is
the use of relatively easily controlled types of emitter
excitation, such as ionizing radiation.

The first investigations of the exoelectronic emis-
sion of germanium and silicon were made with excita-
tion by x rays, and by electron, ion, or a-particle
bombardment. Although the results of these studies,
and incidentally of the succeeding ones, are very diffi-
cult to compare with one another because of the differ-
ences in the experimental conditions (for example, the
electrons were detected with gas-filled counters and
with secondary-electron multipliers), it can be stated
that the dependence of the characteristics of exoelec-
tronic emission on the type of excitation has been es-
tablished. Bohun'®? and Hanle and Gourge, "*? by bom-
barding germanium samples with x rays, obtained max-
ima of thermostimulated exoelectronic emission near
300 °C. More complicated temperature emission spec-
tra were observed by Seeger!®!! after bombarding r-
type germanium with slow electrons; in this case emis-
sion appeared already at - 150 °C,

The theoretical and experimental material obtained
by studying the real surface of semiconductors gives
grounds for concluding that a relation should exist be-
tween the volume and surface states when the surface
is excited by radiation.

Radiation damage in germanium and silicon {(even
strong enough to make the surface of a single crystal
amorphous?)) can be produced both by radiation and
by ion bombardment. According to the data of'®! for
silicon, regardless of the type of irradiation (neutrons,
protons, electrons, x rays, ion bombardment), the
radiation damage observed near the surface consists
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only of point-type defects. This agrees with the ideas
of Litovchenko™*! and Distler®*? concerning the struc-
ture of the surface of a semiconducting crystal, ac-
cording to which point defects play the major role as
active centers for the development of heterogeneous
processes. Point defects are regarded as electrically
active formations that determine the defect structure
of the oxide layers. The development of the oxidation
seems in turn to generate in the semiconductor defects
similar to those produced by irradiation.

Thus, excitation of a germanium or silicon surface
by radiation produces on the surface of the semiconduc-
tor and in the oxide film an interrelated system of point
defects corresponding to different electron trapping-
centers. The emission process is aided by the forma-
tiono of positive charge in the oxide, concentrated within
20 A near the Si-SiQ, boundary.'® In Scharmann’s
opinion, ©'? the influence of oxygen on the emission ac-
tivity of silicon is not excluded even by the fact that
thermostimulated exoelectronic emission is registered
after electron bombardment in a vacuum of 10~° Torr.

The role of the charge phenomena was emphasized
in®"®) where measurements were made of the exo-
electron energies., In the case of excitation of thermo-
stimulated exoelectron emission from the surface of
oxidized silicon by slow electrons (0, 5-1, 75 eV), the
energy of exoelectrons range from 15 to 85 eV, with
the maximum of the distribution near 40 eV, In the
authors’ opinion, the trapping levels are formed on
account of structure defects in the oxide. The decisive
role is played here by the accelerating field that is
produced in the direction of the vacuum by the electron
bombardment in the dielectric SiO, layer,

It can be assumed that the excited states responsible
for the thermostimulated exoelectron emission are
localized in many cases not so much in the oxide as on
the boundary between the semiconductor and the oxide
phase, This is evidenced by data‘®’ on thermostimu-
lated exoelectronic emission of p-type silicon heat-
treated at 800 °C in various gases (hydrogen, argon,
oxygen, treatment time 30 min). It turns out that heat
treatment leads to thermostimulated exoelectronic
emission regardless of the composition of the medium,
and the emission activity increases on going from hy-
drogen to oxygen, the largest intensity being noted after
the removal of the SiO, film produced in the oxidizing
medium, As a result of the heat treatment, the num-
ber of defects on the silicon surface is increased by
formation of thermal dislocations and point defects of
the vacancy—trivalent silicon type.!®? If the oxide film
is thick (more than 20 A) it is difficult for the electron
to emerge to the vacuum, whereas uncovering (by etch-
ing) the region where the space charge is concentrated
increases abruptly the number of emitted electrons,

Besides radiation treatment, one of the effective
methods of emitter excitation is plastic deformation.

Thermostimulated exoelectronic emission of n-type
silicon previously subjected to high-temperature
(800 °C) plastic deformation in a vacuum of 10°® Torr
was investigated in'™7. The temperature at which the
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FIG. 5. Exoelectronic emission from Si deformed by dilata-
tion. !’ Relative strain € (%): 0 (1, initial), 0.1 (2), 0.21
(3), 0.4 (4), and 1, 14 (5).

thermostimulated exoelectronic emission is a maxi-
mum remains practically the same for different rela-
tive strains (Fig. 5), indicating that the emission cen-
ters are of the same type. These centers can be the
points of emergence of the dislocations that produce
the local trapping levels. This is confirmed by the ob-
tained dependence of the number emitted electrons on
the relative strain, which agrees with the analogous
dependence of the dislocation density. The conclusion
of"" agrees with data on the effective dislocations on
the emission properties of silicon, obtained by mea-
suring the work function.™ The dislocation struc-
tures of the silicon deformed in vacuum and of the
oxide on its surface are apparently identical, since the
dislocations generated on the boundary between the
oxide and the crystal can “pierce through” oxide films
up to 2000 A thick, 2!

The foregoing data allow us to conclude that the sur-
face structure defects of germanium and silicon are
the decisive factor in the generation of exoemission
centers, the actual features of which are governed both
by the type of excitation and by the influence of the ambient.

C. Emission kinetics

The general laws governing the variation of the emis-
sion current with time (the fall-off curves for optically
stimulated exoelectronic emission with fixed frequency

& 1, counts/sec

10+

g w0 w LT

FIG. 6. Exoelectronic emission from the surface of Si after
the first (1), second (2), and third (3) irradiation—annealing
cycles, '™ 4—Heating of sample after one irradiation—anneal-
ing cycle. Irradiation with 600-keV protons, flux density 10!

em™ sec™l.
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FIG. 7. Diagram of experiment performed to establish the
connection between the exoelectronic emission and diffusion
processes. !7! ABCD—silicon sample, AD—plane bombarded
with protons; BC-—plane from which the emission is regis-
tered; KLMN—radiation damage zone; AB—sample thickness
(400 p); AM—distance between the damage zone and the bom-
barded plane (326 p); BM—distance between the damage zone
and the exoelectronic emission measurement (74 p); KM—
width of radiation-damage zone (1 p).

of the light flux and the “glove curves” in thermostimu-
lated exoelectronic emission) for germanium and sili-
con seem to remain the same as in the case of the well-
investigated alkali halides. It is shown in‘?% that in
optically stimulated exoelectronic emission from Si
and Ge the fall-off curves can be formally described by
using Nassenstein’s formulas, “*? which are analogous
to the phosphorescence equations, Nassenstein has
considered four cases: 1) individual discrete local
levels, 2) uniform distribution of the local levels, 3)
exponential distribution of the local levels, and 4) lo-
calization of the levels in a narrow energy interval,
Despite the fact that the experimental results are most
satisfactorily described by the equation for the third
case, the limited amount of data does not permit unam-
biguous conclusions to be drawn concerning the mecha-
nism of the emission of the exoelectrons.

The thermostimulated-emission curves of germanium
and silicon are usually reduced with the aid of the
known equations of the formal thermoluminescence
kinetics, The shape of the “glove curves” makes it
possible in principle to determine the molecularity of
the process provided that the emission peaks can be
distinctly separated. In most cases the emission peaks
correspond to monomolecular processes, the activa-
tion energy E calculated from the kinetic equations
being connected with the depth of localization of the
exoelectron trapping center, The latter seems to be
sufficiently well justified only for low-temperature
thermostimulated exoelectronic emission peaks due to
surface trapping levels, Values of E close to 0.6-1,1
eV can attest to the fact that the elementary act of elec-
tron emission from levels corresponding to structure
damage goes through a diffusion stage wherein point de-
fects migrate to the surface. Such a conclusion is
drawn, in particular, inf®] since the temperature re-
gions of the emission coincide with the stages of an-
nealing the disorder produced by proton bombardment
(Fig. 6).

One of the experimental proofs of the role of vacancy
diffusion as the limiting stage of the exoelectronic
emission kinetics is provided by data on bombardment
of n-Si samples by 6.3-MeV protons. The registered
exoelectronic emission came from that plane of the
sample (sample thickness 400 n) which was opposite to
the bombarded surface (Fig. 7), under isothermal con-
ditions, The results of the experiments (Fig, 8) sug- |
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FIG. 8. Intensity of exoelectronic emission from z-Si bom-
barded with protons {63 MeV, 10'! particles/cm?) under iso-
thermal conditions at 400 and 300 °C. ™!

gest that the change of the emission intensity is due to
diffusion and annihilation of the defects from the zone
where the radiation damage is concentrated, which is
located 74 p from the investigated surface. The ob-
tained values of the activation energy turned out to be
equal to the vacancy diffusion activation energy.

At the same time, data on the kinetics of thermo-
stimulated exoelectronic emission of silicon and ger-
manium leave open the question of developing an ade-
quate model for the mechanism whereby the energy
needed to overcome the barrier is transferred directly
to the electron,

5. EXOELECTRONIC EMISSION OF
SEMICONDUCTOR COMPOUNDS

Exoemission measurements of the surfaces of com-
pounds that can be regarded as semiconducting within
the framework of the band model were carried out for
a rather limited number of materials.

One of the first seems to be the study by Miiller,"®

who investigated the x-ray-induced thermostimulated
exoelectronic emission of cuprous oxide samples ob-
tained by oxidizing copper samples, and also of a layer
of Cu,O detached from the metal by rapid cooling. The
emission maxima (150 and 280 °C), which were the
same for different samples, were attributed to anneal-
ing of the damaged crystal lattice, as confirmed by
x-ray structure analysis,

Photostimulated exoelectronic emission and thermo-
stimulated exoelectronic emission of sulfides of arsenic,
bismuth, and antimony were investigated in"""7%3,
These investigations have determined the dependence of
the intensity and of the character of the thermostimu-
lated exoelectronic emission on the type and dose of
the irradiation, as well as the correlation between the
thermostimulated exoelectronic emission and the elec-
tric conductivity of the crystals. In the authors’
opinion there are two trapping centers responsible for
the emission process—volume centers, produced by
lattice defects of the basic material, and surface de-
fects generated by oxygen adsorption. Release of elec-
trons from levels of the first type leads to an increase
of the thermostimulated conductivity and causes the ap-
pearance of certain peaks on the thermostimulated
exoelectronic emission curves, whereas thermal ioniza-
tion of the levels of the second type causes only elec-
tron emission without influencing the conductivity. The
authors of"*7®! believe that the parameters of the pho-
tostimulated exoelectronic emission and thermostimu-
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lated exoelectronic emission are determined by the
same centers,

The converse was deduced by Gross and Glaefeke"??
from a study of thermostimulated exoelectronic emis-
sion and photostimulated exoelectronic emission of
polycrystal cadmium films bombarded with slow elec-
trons (1.7 keV). The character of the attenuation of
the photostimulated exoelectronic emission was inde-
pendent of the sample heating, and the peaks of the
thermostimulated exoelectronic emission were not al-
tered by the illumination, On the other hand, simul-
taneous illumination and heating resulted in additive
superposition of the photostimulated and thermostimu-
lated exoelectronic emission curves.

The treatment of the emission mechanism in"%7® is

on the whole analogous to the description of emission
for ionic crystals,

The sensitivity of thermostimulated exoelectronic
emission of sulfur compounds to low-energy action was
observed also in'®®? in which polycrystalline CdS films
were bombarded with electrons of energy 0.2-6.0 keV,
The data of°? give grounds for assuming that the ther-
mostimulated exoelectronic emission curves reflect
the ability to generate structure defects under the in-
fluence of low-energy radiation, The appearance of
the defects, such as cation and anion vacancies, is ap-
parently due to the ionization mechanism, Heating the
samples after the electron bombardment (Fig. 9) makes
possible radiation-stimulated diffusion of the products
of the destruction of CdS towards the surface, "’ and
the diffusion stage can be decisive in the kinetics of the
thermostimulated exoelectronic emission (the activa-
tion energies for all the maxima of the thermostimu-
lated exoelectronic emission are equal to 0.9 eV). An
x-ray microprobe analysis has confirmed that in the
forms not subjected to electron bombardment the cad-
mium is uniformly distributed over the surface, but
after the bombardment regions appeared with notice-
able chemical inhomogeneity of the components, the
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FIG. 9. Exoelectronic emission of cadmium sulfide bombarded
with electrons of energy (keV): 2 (1), 0.8 (2), 4 (3), 4.5 (4),
3.5 (5), and 5 (6).'™
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cadmium content exceeding the stoichiometric value
by 6-12%. The extremal character of the dependence
of the emission maxima on the electron-bombardment
energy, obtained in™"), can apparently be attributed to
the presence of competing processes: on the one hand,
the penetrating power and the ionization ability of the
electrons increases with their energy, and on the other
hand the depth of the excited layer is increased and the
emergence of the electron to the surface of the sample
is made more difficult. The optimal ratio of these
processes is reached at 4 keV, making the depth of the
emission-sensitive layer 1500 A according to %2,

The spectra of the thermostimulated exoelectronic
emission from the surface of gallium arsenide exposed
to a glow discharge in an argon atmosphere were ob-
tained in'®?. Here, too, notice is taken of the role of
the crystal-lattice structure defects responsible for
the high-temperature maximum (290-300 °C),

The high sensitivity of BeO to small doses and to
low-energy radiation was demonstrated in a number of
studies.®*321 The exoelectron trapping levels are con-
nected in this case with vacancies on the oxide surface,
In particular, the thermostimulated exoelectron emis-
sion activity increases sharply when silicon is impreg-
nated in the surface. In the authors’ opinion, the sili-
con ion can replace the Be? ion inside the emitting
layer and act like an electron trap responsible for the
thermostimulated exoelectronic emission maximum at
325 °C due to the additional charge of Si* relative to
the usual position in the Be® lattice. The possibility
of such a process is indicated by the relative proximity
of the dimension of the beryllium ion (0,31 A) and of
the silicon ion (0. 41 f\) and their geometric coordina-
tion. The fact that the emission properties of BeO
could be controlled by introducing into the solid solu-
tion of the main substance activators in the form of
ions with different charges (B*, Al1*, Li'*, P*), chosen
from the condition that the ion radii of the host and of
the doping substances be equal (the ion radius for P%,
for example, is 0.34 .7\), suggests that this mechanism
is reliable, Activation of BeQ by lithium, for example,
has increased the thermostimulated exoelectronic emis-
sion maxima at 450 and 535 °C by 50 and 20 times, re-
spectively.

Using ESR, it was found in"*! that thermostimulated
exoelectronic emission of irradiated beryllium oxide is
connected with two types of activators, one of which
determines the localization of the hole or electron
traps, and the other ensures release of the electrons,

At the same time, Peterson ef al."®®) assume, on the
basis of the exoelectron energy measured after x-ray
excitation of BeO (1.5~10 eV), that the thermostimu-
lated exoelectronic emission cannot be explained with
the aid of the usual models, including the Auger pro-
cess, The authors of™) connect the action of the radi-
ation with formation of electrons in air near the sur-
face of the sample, Penetrating into the sample, the
electrons become thermalized in the layer, produce a
region of negative space charge, and hence positive
surface charge.

705 Sov. Phys. Usp., Vol. 19, No. 8, August 1976

A connection between the emission characteristics of
oxide systems and surface charge can be traced in the
data of'®®!, Comparison of the thermostimulated exo-
electronic emission of pyrocerams bombarded by a
particles and 2. 5-keV electrons with the results of
decorating the surface by chemical precipitation of
CdS shows that the concentration of the active electric
centers of the surface increases abruptly after the ir-
radiation in comparison with the initial sample. This
effect can also be directly connected with the radiation
damage produced in the near-surface layers that create
the local sections of the non-equilibrium charge.

6. CONCLUSION

The use of the exoelectronic emission effect as a
highly sensitive method of investigating surfaces of
semiconducting materials raises a number of theoreti-
cal and experimental problems.

The interpretation of the physical nature of the exo-
electronic emission, as a whole, has so far not gone
beyond the phenomenological stage and calls urgently
for more theoretical research in this field, The most
important is the solution of the problem of the most ob-
scure stage of exoelectronic emission, namely the
mechanism whereby the electron leaves the crystal.
Explanation of this mechanism should be aided by fur-
ther development of experimental work, using a large
number of semiconducting materials under strictly con-
trolled excitation and ambient conditions,

The many factors involved in exoemission, and its
dependence on the stimulation parameters, on the type
of surface defects, and on the energy locally released
near the surface both as a result of internal (structure)
processes and as a result of chemical interaction with
the ambient, raises also the problem of improving the
experimental procedures. A functional approach to the
investigation and practical utilization of exoelectronic
emission is quite promising,

It is also necessary to compare exoemission and in-
ertialess processes of electron emission from an ex-
cited emitter, particularly ion-electron emission.

The features of the exoelectronic emission method
offer great possibilities of its applications to nonde-
structive control of semiconducting materials and arti-
cles,

For example, in®’! thermostimulated exoelectronic
emission was used to estimate the depth of the damaged
layer of silicon subject to mechanical working, and
in®®1 optically stimulated exoelectronic emission was
used to monitor the state of the surface of silicon
plates after technical and chemical working for the
production of integrated circuits, while the feasibility
of quality control of single crystals of germanium by
exoemission was demonstrated in'®1,

There are interesting examples of the effective use
of exoelectronic emission in dosimetry of ionizing radi-
ation and neutrons, ? and in the examination of the
surface state of lunar fragments, #1=93]
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