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A.A.Kabanov and E.M.Zingel’

Studies on the thermal decomposition of solids subjected to the influence of an electric field (EF) are analysed and the effect
of the electric field on the rate of decomposition is considered. Attention is drawn to the likely usefulness of the electric
field in the study and control of the rates of the thermal decomposition of solids.
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I. INTRODUCTION

Advances in solid state chemistry (SSC) depend in many
ways® on the extent of which the theory and experimental
techniques of solid state physics (SSP) have been applied to
it. The principal difficulty here is associated with the
specific features of the problems in solid state physicsand
chemistry, which require not only a systematic treatment
but also an analysis of the achievements of physics in rela-
tion to problems in solid state chemistry. This review is
devoted to a partial solution of this problem: the analysis
and systematic treatment of the scope of the applications
of the electricfield (EF)as a research technique and a method
for controlling the rate of the thermal decomposition of sol-
ids. Weneglectthe magnetic component of alternating elec-
tric fields, since it is too small to influence significantly
the physicochemical processes in solids.

II. EXAMPLES OF THE EFFECT OF AN ELECTRIC
FIELD ON THE DECOMPOSITION OF SOLIDS

The paper of Bel'kevich and Osinovik® is apparently the
first publication concerning a study of the thermal decom-
position of solids in an electric field. The authors inves-
tigated by a volumetric method the thermal decomposition
of silver oxalate ¢z vacuo in the temperature range 105 to
120°C. The specimens were prepared by pressing and
were clamped between metallic electrodes. Although the
strength of the steady electric field was low (of the order
of 3-4 V cm™') a clear effect of the field on the decompo-
sition process was observed. In the absence of the field
the specimens did not explode after attaining the maximum
rate of decomposition inthe given temperature range, while
inthepresence of thefield an explosiongenerally occurred.
The authors believe that the explosion is not associated
with the electric breakdown of the specimensattheinstant
of the mutual approach of thesilver particles, although this
does appear to be most likely. The present authors also
investigated®”* the thermal decomposition of silver oxalate in
aconstant 80 Vem™ electric field. Three series of experi-
ments were performed: decomposition in the absence of a
field, decompositionina steady field, and decompositionin a
periodically appliedfield. Thespecimens wereheated con-
tinuously at a rate of 0.5 deg min~! to 90°C in a vaccum of
10-3-10~* torr. The cell was then disconnected from the
pumps, heating was continued, and the amount of carbon
dioxide formed before the detonation of the specimen was

measured. During the decomposition in the absence of a
field, the specimens exploded at 143°C, in a periodically
applied field the detonation occurredat 130°C, andinacon-
stant field it occurred at 122°C. Thus the field acceler-
ated the attainment of the maximum rate of thermal decom-
position of the specimen at which silver oxalate exploded.
Simple calculation of the heat of decomposition rules out
the explanation of the observed phenomenon as due to the
heating of the specimen by the current.

Bowden and coworkers®® investigated the behaviour of
silver azide single crystals between -100° and 50°C in
steady and alternating electric fields. At room tem}?era-
ture in a steady electric field weaker than 250 V cm™ the
crystals clamped between silver electrodes didnot explode,
while in higher fields detonation was observed. Before,
the detonation the resistance of the specimens fell sharply
to 10* © and the crystals exploded approximately 45 s after-
wards. The field strength necessary for the explosion of
silver azide increased appreciably with decrease of tem-
perature. Thus, whereas at 50°C 19 V was needed for
explosion, at ~45°C 125V was already required andat -100°C
more than 400 V had to be applied. Calculations showed
that approximately 10" electrons per second entered the
crystals before detonation and that this was sufficient to
heat them to the detonation temperature. It was estab-
lished that the decrease of the resistence of the crystals
before detonation is not caused by the formation of silver
dendrites penetrating the crystal. It was suggested that
the decrease of the resistance and the detonation of silver
azide are due to the injection of electrons from the elec-
trodes in the presence of an electric field. It was also
stated® that similar results were obtained by Evans and Yoffe
for copper azide, and by Berthold for silver acetylide. Sub-
sequently Savel'ev and coworkers’™ ® established that a
steady electric field accelerates the thermal decomposition
of silver, lead, and barium azides and of silver oxalate.
Studies of the effect of the electric field on the rate of ther-
mal decomposition of azides confirmed the conclusion
reached earlier using the method of homophase additives.
The electric field influenced only the induction periodin the
decomposition of silver oxalate.

Sukhushin et al. '° investigated thebehaviour of lead, sil-
ver, and thallium azides in a strong steady and a pulsed elec-
tric field. The azides were found to decompose in the
electric field with formation of gaseous and solid products,
which was explained by a discrete development of electron
avalanches and their chemical effect. Related resultswere
obtainedin a study*! where an unexpected phenomenon,
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hindering the investigation of the ferroelectric properties of
potassium nitrate in aconstant electric field, was observed:
after the application of a 1 kV cm™! electric field, a1V
e.m.f. appeared between the platinum electrodes, which
slowly decreased with time and did not disappear even after
the specimens had been short-circuited. It was suggested
that the phenomenon is caused by the partial decomposition
of potassium nitrate in the electric field into potassium
iong, nitrogen dioxide, and molecular oxygen with forma-
tion of an electrochemical battery. Kabanov and Zharovd?
studied the thermal decomposition of KMnO4 at 220°C in a
constant 250 V cm™ electric field and in the absence of a
field. The electric field was applied periodically (for15s
at 5 min intervals) throughout the entire decomposition
period. The maximum rate of decomposition of KMnO4
was reached at 54% decomposition in the absence of afield
and at 64% decomposition of thepreparation under the influ-
ence of the electric field. The rate of decomposition of
KMnO4 was influenced by the electricfield in different ways
during different periods. During the first 25 min, the
electric field did not affect the rate of decomposition atall,
but afterwards the thermal decomposition was accelerated.
In the range between 50 and 70 min from the start of the
decomposition the electric field stabilised the rate. In the
absence of the field there was a smooth increase of the
rate of decomposition up to the maximum.

The studies examined above indicate the possibility of
a marked influence of the electric field on the decomposi-
tion of solids. A common disadvantage of the published
investigations is their superficiality, the main aim being
to establish merely that an electric field affects the rate
of thermal decomposition and yet they permit the conclu-
sionthat this rate can be controlled with the aid of the electric
field. To develop further and extend studies of this kind,
it is necessary to analyse the possible ways in which the
electric field influences the rate of thermal decomposition
and a systematic treatment of the achievements of solid
state physics in this field with an indication of the scope of
their applications to solid state chemistry is needed.

III.WAYS IN WHICH AN ELECTRIC FIELD INFLUENCES
THE RATE OF DECOMPOSITION OF SOLIDS

The rate of thermal decomposition of solids is greatly
influenced™** by point and linear defects and also by the
composition of the atmosphere. On the other hand, they
give rise to many physical and physicochemical phenomena,
which constitutes the basis for consideringthe ways of which
the electric field influences the rate of thermal decompo-
sition solids.

1. Properties of Crystals Grown in an Electric Field

The structure and habit of crystals play13 a major role
in the kinetics of their thermal decomposition. Therefore,
by altering the conditions governing the formation of the
crystals, it is possible to alter the rate of their thermal
decomposition. The study of the influence of the electric
and magnetic fields on various physicochemical properties
of growing crystals is receiving increasing attention'*™*",
since this method of controlling the properties of crystals
is more convenient than the method based on the introduc-
tion of impurities during crystallisation. Ithasbeen estab-
lished that the electric field has a significant influence on
the formation of crystal nuclei and on crystallisationkinet-
ics. Although the problem has been little studied, it is
possible to distinguish three possible ways in which the
electric field influences the formation of crystals: 1. By
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the alteration of the properties of water**”® (in growing

crystals from aqueous solutions) under the influence of a
variable electric field in combination with its magnetic
component. 2, By the effect of the electric field on the
habit and structure of the crystals formed®*~%%, 3. Bythe
electric field® initiating a chemical reaction between the
solvent and solute, which leads to the entrainment of vari-
ous impurities by the growing crystals.

The contactless method of applying an electric field to
solutions (via glass, air, etc.) is more popular®’* than
the contact method. It yields more reproducible proper-
ties of thegrown crystals. When an electric field is applied
to the test substances, various types of polarisation arise
in the prenuclear groups of atoms: electronic, ionic, and
dipole-orientation. The orientation of polar molecules in
the field does not occur instantaneously, which promotes
the formation of crystals with polar species. In an elec-
tric field the number of crystallisation centres initially
increases rapidly and then the growth slowsdown andfinally
stops completely, reaching saturation. Theorienting effect
of the electric field frequently entails structural changesin
the solvent, which makes it more difficult to understand
the mechanism of the influence of the field on the crystal-
lisation process. The nature of the changes in the rate of
formation of crystallisation centres under the influence of
a variable field depends on temperature23 .

Melent'ev and Kozlovskii* studied the effect of an elec-
tric field on the crystallisation of lead sulphide from the
gas phase. Lead sulphide was vaporised at 850~900°C
and, after precipitation on a quartz support, crystallised
in a steady electric field. A 2-3 kV cm™! field influences
significantly the habit and properties of the growing crys-
tals. For example, Mohs' hardness of the crystals is
appreciably lower for specimens grown in the absence of a
field, thisis associated with the influence of the electric
field on dislocation density. Steady and alternating elec-
tric fields in supercooled betol, salol, and piperine melts
lower *° the temperature of the onset of crystallisation.The
rate of mi7gration of the layers in gpiral-laminar crystal
growth®?” from thegas phase can increase in a steady elec-
tric field, which affects the density of the dislocations pro-
duced. A change in the structure and catalytic properties
of CuzO formed in an electric field at 1040°C was observed
by Stadnik and Kuznetsov®®, who explained it by the forma-
tion of an interstitial solid solution with an excess of cop-
per ions or oxygen..

The influence of an electric field on the crgstallisation
of amorphous selenium has been observed® * and a num-
ber of interesting facts have been established. Thus Gel-
ler et al, ®° noted that electric fields up to 10 kV em™ at
mains frequency increase the number of spherolites at 50
to 90°C in selenium specimens with an admixture of bro-
mineand acceleratetheir growth due to the polarising effect
of the electric field on selenium molecules. In a 180 to
360 V cm ™! steady electric field the rate of crystallisation of
seleniun. usually®®»® jncreases and in higher fields begins to
decrease. The growth of spherolites®®*® under the influ-
ence of the electricfield takes place usually (butnot always)
along the lines of force of the field, since the direction of
growthdepends on the material of the support. Onamica sup-
port preferential growth of spherolites in opposition to the
lines of force of the electric field is observed, whileona car-
bon support the growth takes place along the linesof force. A
similar resultwas obtained by Odobescu®, who investigated
the influence of a constant electric field on the kinetics of
the crystallisation of selenium from the amorphous andlig-
uid states in the temperature range 150-190°C. He estab-
lished that the rate of crystallisation of selenium depends
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on the direction of the electric field, which exhibits anori-
enting effect and facilitates the crystallisation process.
Bolotova et al. *° observed the effect of the exposure of lig-
uid selenium to an electric field on its subsequent crystal-
lisation, On cooling in air melts which were not in an
electric field, crystals of selenium were not observed.

2. Effect of an Electric Field on Electronic and Ionic Pro-
cesses

The thermal decomposition of solids is accompanied by
different!?*3*!%%%37 olectronic processes: the excitation of
ions with formation of excitons, polarons, or free elec-
trons and the migration of the local excitation of the crys-
tal with charge transfer, or with energy transfer alone, or
with recombination of the excited electrons, which canlead
to luminescence in self-activating systems®®. Apart from
luminescence, the above processes give rise also toother
physical phenomena a change in the electronic and hole
conductivity'?'2714:%6:87~39 5 change in the concentration of
the colour centres'®'?, and a change in magnetic proper-
ties®®. Chemical transformations of the initial substances
involving the dissociation of old and the formation of new
chemical bonds take place simultaneously with physical pro-
cesses, which implies® a redistribution of charges, the
transmon of electrons from one state to another, or quan-
tum-mechanical resonance.

A common method for altering the concentration of free
electrons in the surface region of crystals is that of heter-
ophase additives, the influence of which is explained**’** by
the transfer of electrons 1nto the substance with a higher
work function. We believe® that at least two other evident
possibilities have been neglected here; chemical interac-
tion of the additive with the substance undergoing decompo-
sition and the influence of the solid decomposition products
of the initial substance on the catalytic activity of the addi-
tive. As in the method of heterophase additives, the elec-
tric field alters the concentration of free electrons in the
surface region without changing the structure of the solids.
We shall analyse examples of the influence of the electric
fiéld on various physical phenomena, whichdepend on point
(in the given case electronic) defects. (The influence of
the field on luminescence will be analysed separately)

A strong electricfield can alter the state of solids*® from
antiferromagnetic to ferromagnetic by generating conduc-
tion electrons. This method is better than the introduc-
tion of impurities (homophase additives), since it does not
distort the crystal lattice, does not alter the chemical
composition of the substance and the nature of the distri-
bution of electron density, and finally makes it possible to
control readily and reversibly the concentration of conduc-
tivity electrons. The electric field can cause the disso-
ciation of excitons with a large radius, as a result of which
the exciton absorptlon bands are broadened. For example,
Thomas and Hopfield*® observed that the absorption lines
corresponding to large-radius excitons in the spectrum of
cadmium sulphide are broadened and merge: inafieldaslow
as 500 V cm™'. Gross and Zakharchenya® observed a sim-
ilar effect in copper(I) oxide, but in a field of 9 kV cm™.
The differenceinfield strengths is consistent with thedimen-
sions of the excitons: the exciton radius in copper(I) oxideis
smaller by afactor of 2 than the radius of the analogous exci-~
tons (on the basis of the absorption spectrum) in cadmium
sulphide and their bonding energy is higher by a factor of
approximately 4. Consequently, the ionisation of excitons
in copper(I) oxide requires an approximately 8 times high-
er field than in cadmium sulphide. The experimental data
are qualitatively consistent with this rough estimate,
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Kucherov et al. *” and Lyashenko*® established that the
electrlcal conductivity of cadmium sulphlde and antimony
sulphide*” increases with time when an electric field is
applied. This has been explained by the diffusion of the
impurities and of the adsorbed gases in the direction of the
field of which diminishes the concentration of the capture
centres for free electrons and holes. Subsequently Cox and
Tredgold® and also Kunin et al. *° observed a changein the
electrical conductivity and colour of SrTiOs single crystals
in an electric field at an elevated temperature. Duringthe
first 1~2 min, the electrical conductivity diminished by an
order of magnitude and then reached a value higher than at
the beginning. It is suggested that the initial decrease of
conductivity is caused by ionic polarisation and the subse-
guent increase is due to the increase of the concentration
of V-type colour centres, formed under the influence of the
electric field andaltering the colour of thecrystals. A sharp
change in electrical conductivity during the application of
the electric field (electrlc ageing) has been observed also
for rutile single crystals® at 300° C, which has been attri-
buted to the formation of new donor centres (defects) inthe
crystal lattice and a transition from p-type conductivity to
n-type conductivity.

It has been establishe that the potential barrier A¢
(the difference between the electron work functions) of the
metal-dielectric couple can be decreased with the aid of
the electric field not only as a result of the Schottky effect
but also owing to the penetration of the electrodes by the
external electric field. Then, for low strengths £ of the
external electric field the condition Ag =+/E holds and at
high field strengths we have Ag < E. The effect observed by
the authors may predominate over theSchottky effectin high
electric fields. It is useful to know this phenomenon in the
study of the thermal decompos1tlpn of substances w1th ahigh-
resistance additive in electricfields. The effect® observed
in B-carotene and selenium is no less interesting. Atrans-
verse constant electric field superimposed on alongitudi-
nal constant electric field causes periodic oscillations in
solids at very low frequencies. Theperiodof the observed
currentoscillationsisinfluenced significantly by the strength
of the transverse field, the intensity andlength of the mono-
chromatic light, the temperature of the specimen, and the
composition of the atmosphere. The authors put forward
two interesting hypotheses to account for the phenomenon.
1. In certain regions of semiconductors and probability of
the localisation of charge carriers (electrons and holes)
may increase with increase of the field strength and local
unstable regions with a variable resistance may appear.

2. The cause of the observed current oscillations may be
the formation of bulk-phase charges. The external field
then disturbs locally the equilibrium current carrier den-
sity.

On the other hand, the application of a pulsed electric
field and of illumination by flashes of ultraviolet light toa
silver bromide photographic emulsion® induces physico-
chemical processesassociated with thegeneration of asym-
metry in the photoproducts and a decrease of the lifetime of
the light-generated electrons. The intensity of these pro-
cesses depends on the strength and duration of the applica~
tion of the electric field.

In a strong electric field the long-wavelength limit of the
intrinsic optical absorption of semiconductors (?\ ) must

shift>>*® towards longer wavelengths (the Franz- Keldysh
effect) This can be explained by a definite probability of
the migration of electrons from the valence band to the
forbidden levels by a tunnel mechanism under the influence
of the electric field. In other words, in a strong electric
fieldtheinteraction of electronswith photons having a large
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momentum can generate electron-hole pairs owing to the
transition of some of the valence electrons to forbidden
energy levels. In consequence of this process, electrons
appear in the semiconductor above the valence band and their
excitation to the conduction band requires a lower photon
energy than for the electrons in the valence band. For this
reason, a shift of A\g towards lower energies is observed.
By definition Ag corresponds to the minimum energy of pho-
tons required for the excitation of electrons from the val-
ence band to the conduction band of the crystal. The shift
of Ag for the semiconductor is observed also from absorp-
tion spectra and reflection spectra in constant and alterna-
ting fields. Seraphin and Bottka® proposed an analytical
method for the interpretation of the electro-reflectance
effect in semiconductors. The Franz-Keldysh theory has
been extended to the majority of the field-induced changes
in absorption and reflection spectra. The authors showed
that the shift of Ag in the field is not always towardslonger
wavelengths but only when the edge of the absorption (or
reflection) band is parabolic. When the edge of the main
band is saddle-shaped, the shift of Ag is towards shorter
light wavelengths. In degenerate semiconductors® (ahigh
concentration of free charge carriers is characteristic of
these) the electric field can shift Ag much more owing to
the “heating ” of the charge carriers than at a concentra-
tion of carriers far from degeneracy. This additional
shift of Ag under the conditions of the field in degenerate
semiconductors is called®’ the Burnstein shift. For example,
in InSb for n = 10'° cm™* and 300 K the shift of Ag is 0.50
eV via the Burnstein mechanism and 0.18 eV for a non-
degenerate state.

The Franz-Keldgysh effecthasbeen frequently confirmed
experimentally®*~® for both atomic semiconductors (ger-
manium and silicon) and for more complex substances with
polar bonds: sulphides, selenides, tellurides, arsenides,
and other typical semiconductors. For example, Moss®?
and Kireev et al. *® measured the shift of the absorption
edge in GaAs, CdS, and CdTe spectra by a 5 kV cm™ elec-
tric field. The authors indicate a satisfactory agreement
between the calculated and experimental shifts of Ag. A dif-
ference was observed between the results for films and
single crystals. There has been an interesting study by
Dneprovskii et al. ®, who observed a shift of the absorption
band in the spectra of mixed crystals of CdSxCdSe,-x semi-
conductors at liquid nitrogen temperature in electrostatic
fields up to 30 kV cm™. The shift of Ag for CdSo.sCdSeo. s
amounts to 30 A in a somewhat weaker electric field than
for CdSo.7CdSeo.s crystals, which the authors attribute to a
steeper absorption spectrum of the specimen. The most
complete study of the shift of the intrinsic absorption band
of a ZnTe single crystal in 60 KV cm™* electric fields was
that of Strel'tsov and Freidin®®, The shift of Agis0.004 eV.
The effective mass of charge carriers m* = 0.16mo was
calculated from the shift, the result being in good agree-
ment with the data obtained in other investigations. The
shift of the absorption edgetowardslonger wavelengthsleads
to a chang e® of the absorption coefficient of PbI» singlecrys-
tals in a 2.85 x 10° V cm~! variable electric field, which
is probably the result of the influence of the field on the
transitions of excitons to the ground state.

One cannot rule out the possibility that the Franz-Kel-
dysh effect also operates in non-classical semiconductors,
which may be investigated in solid state chemistry. The
determination®*®® of the effective mass of free electrons
and holes from the Franz-Keldysh effect is most important
and promising: the energy of the shift of the long-wave-
length absorption limit Ay is inversely proportional to the
reduced effective mass of charge carriers. Itis also
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possible to obtain information about the structure of the
valence levels and the levels of the conduction band involved
in the electronic transitions. Knowing the effective mass
of the majority charge carriers, it is possible to calcu-
1ate®®™ (using additional data for the thermo-e.m.f. and
electrical conductivity) the concentration and mobility of
the free charge carriers, which are needed to analyse the
electronic processes in the thermal decomposition of sol-
ids. In afield of the order of 10° V cm™ the minimum
shift (in terms of energy) for semiconductors amounts to
hundredths of an electron-volt®”, greatly exceeding thepos-
sible Stark effect”, which also shifts A\g. The method for
the determination of the effective mass of charge carriers
with the aid of the Franz-Keldysh effect is much simpler
and no less accurate than the method of cyclotron reson-
ance™, which is the classical procedure.

While chemical bonds are redistributed by electronic
processes, ionic processes are responsible for the trans-
fer and redistribution of mass in the decomposition of sol-
ids. The ionic processes underlying'’’** the formation and
growth of the nuclei of the new phase are much slower than
the electronic processes and for this reason they often con-
stitute the rate-limiting stages in the thermal decomposi-
tion of solids. Naturally, the electric field, influencing
the diffusion coefficient and mobility of ions, will influence
also the thermal decomposition of solids. We shall ana-
lyse examples of this effect.

Geguzin and Solunskii™ observed an effect of a constant
100V em~! electric field on the kinetics of the development of
diffusional porosity in alkali metal halidecrystalsat650°C.
It was suggested that the electric field, influencing the
directed diffusion of chargedvacancies, influences also the
pore-formation process. Together with this phenomenon,
the constant electric field can affect the phase composition
of solid solutions. Thus Freimanis et al. ™ established
that in ceramic specimens of barium niobate there exist
two ferroelectric phases with orthorhombic and tetragonal
symmetry. A 20-90 kV cm™ electric field gives rise to
phase transitions between the orthorhombic and tetragonal
symmetry or conversely, depending on the orientation of
the crystals. The magnitude of the effect depends on the
field strength and the energy state of the specimens. The
influence of the heat treatment of the specimens on elec-
trical ageing has been studied by Harwood™ for rutile. He
established that the greatest changes in electrical conduc-
tivity occur when thefield is applied along the ¢ axis regard-
less of the direction in which the crystals are grown. It
was suggested that the impairment of the dielectric pro-
perties of rutile as electrical ageing progresses is due to
the drift of certain ions under the influence of the applied
electricfield. Thisexperimentisimportantfor theinvesti-
gation of the anisotropy of the thermal decomposition of
ionic crystals. The problem of the effect of the electric
field on the alloying process is no less urgent in practice.
Pavlienko et al. ™ observed that the rate of alloying of sili-
con by boron from the gas phase depends on the electric
field, which causes an additional ionisation of boronathigh
temperatures in the gap between the electrodes and, when
a positive potential is applied to the electrode, causes an
accelerated diffusion of boron to silicon. The tracer atom
technique makes it possible to investigate the rate of self-
diffusion of various ions on the natural cleavage surfaces of
single crystals in an electric field. Thus, it has been
shown™ that a field oriented along the surface of an NaCl
single crystal can alter the rate of self-diffusion of sodium
and chloride ions. On the other hand, a field oriented at
right angles to the surface can influence the amount of the
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“pumping away” of these ions, diffusing on the surface,
into the bulk of the crystal.

The thermal- decompositlon of certain ionic salts, for
example permanganates’ , is accompanied by intense
cracking and atomisation of the crystals. The results of
a study by Kononov et al. ®, who investigated the dust car~
ried away from a fluidised bed furnace in the presence of
an electric field in the working space of a reactor, are of
interest for the investigation of the decomposition of such
substances, with and without additives, in an electricfield.
The field reduced the amount of dust removed by a factor
of 3~5 and caused the coagulation of dust particles whose
size was between 40 and 80 um.

The effect of the electric field on the physicochemical
properties of silver bromide under illumination has been
studied®~*.  Although the aim was to investigate photo-
lysis, the observation that the field influences ionic pro-
cesses is useful alsofor the investigation of suchprocesses
in thermal decomposition. For example, Klein and Mate-
jec® studied the formation and growth of silver nuclei on
silver halide microcrystals (grains). When the silver
halide grain is 1rradiated in a strong stationary field (of
the order of 10 kV cm™) by ultraviolet light pulses lasting

1072-10"% s, it is possible to accumulate photoelectrons on
the anodic side and interstitial ions on the cathodic side,
without the complete disappearance of these charge car-
riers in the remaining parts of the grain. Asaresult, bet-
ter conditions are created on both the cathodic and anodic
sides of the grain for the formation of nuclei compared with
the rest of the grain. The formation of negative centres
on pulsed illumination of a photographic emulsion based on
silver bromide under the conditions of a pulsed electric

field has been observed by Hamilton and Bready®, who pro-
posed a method for calculating the cationic conductivity. At
room temperature the calculation yielded a conductivity

differing only by an order of magnitude from the experi-

mental value for silver bromide single crystals. Thebulk-
phase diffusion of cationic vacancies, arising in the photo-
chemical decomposition, was also observed for the single

crystals®®. A semi-transparent metallic layer was depos-
ited on the one side of the single crystal and a continuous
silver layer, obtained by evaporation ixn vacuo, was depos-
ited on the other side. The light intensity decreased by a
factor e at a depth of 1.5 um, but, owing to the electric field,
a dark reaction took place on the other side of the single
crystal, which resulted in a gradual increase of transpar-
ency of the silver layer and its final disappearance. This
study was apparently the first in which the bulk-phase dif-
fusion of cationic vacancies was observed experimentally.
The problem of the diffusion of ions in an electric field is
no less important. Thus, Arnikar and Chaure® studied
the influence of y-radiation and of the electric field on the

diffusion of the tracer ions **Ca®*, ®sr®*, and **Ba®* through
calcite. The application of a 27-100 V ¢m™* electric field
increased the diffusion coefficients of all three ions in the
direction of the field as well as in the opposite direction.
This effect was explained by an increase in the probability
of the diffusional jumps of the ions in the electric field. The
authors' studies are of fundamental importance, since an
increase of the rate of diffusion had not been observedpre-
viously in similar experiments®”®® and an impression had
been created that the electric field cannot influence thedif-
fusion coefficients of ions.

All these observations are valuable and interesting for
the development of a method for electrophysical studies
on the thermal decomposition of solids in an electric field.

4
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3. Influence of the Electric Field on Dislocations

The influence of dislocations on the rate of thermal decom~
positionof solids is well known*®*#"288, The decompositionof
solids usually begins fron. the surface at the point of emerg-
ence of dislocations and extends throughout the bulk of the sub-
stance. It is therefore necessary to know the influence of
the external field on the behaviour of dislocations in solids.
Sproull® investigated elastic deformation effects, arising
as a result of the application of an electric field, in lithium
fluoride crystals bent at 220°C. He established that the
dislocations in lithium fluorideare chargedand can migrate
over distances which are not susceptible to measurement,
and that a considerable proportion of the mechanical strain
is electrostatic in nature. The migration of the disloca-
tions caused by the electric field in lithium fluoride crys-
tals reaches a maximum in the course of a fraction of a
second. The excess of dislocations of the same sign in
cubic NaCl type crystals can actually disturb the symmetry
and can make the crystal anisotropic, which is extremely
interesting for the investigation of the electrophysical pro-
perties and decomposition of crystals. The migration of
dislocations under the influence of a steady electric field
of up to 15 kV cm™" leads toadecrease in the optical trans-
mission by sodium chloride® at a wavelength of 220 nm.

A strong electric field also intensifies the absorption of
light in this optical reglon The migration of chargeddis-
locations in an 8 kV cm™' electric field has been observed
by following the migration of etchmg figures under the mic-
roscope in studies by Zagoruiko” and Shvidkovskii et al, #
The minimum field in which the migration of dislocations
was observed was found to have a strength of 2 kV cm™.

It was suggested that the migration of dislocationsis caused
by electrostriction, by thedirect action of electrical forces
on the charged dislocation, or by the joint influence of both
factors. Using a similar technique, Zuev and Turchinov-
ich®® studied the migration of dislocations in lithium fluo-
ride crystals under the conditions of a constant electric
field. The authors suggest that the electric field lowers
the potential barrier to the thermal liberation of disloca-
tions from fixation centres. The influence of the electric
field on the structural changes in such solids has been
studied by Trap and Stevels™. The authors observed in
certain chalcogenide glasses a transition to two states with
different electrical conductivities when the electric field
was altered. The conductivities of these states can differ
by many orders of magnitude (up to 7). The transition of
the glasses from one state to the other tookplaceinaperi-
od of about 10-° Since the conductivities of solids are
related solely to the concentration of charges and their mobil-
ity, it is easily understood that the electric field alters
sharply in this case the conditions governing the occur-
rence of ionic and electronic processes.

4. Influence of the Electric Field on Luminescence

The initial stage in the thermal decomposmon of solids
may be accompanied by luminescence®®. Despite the great
possibilities which arise from the appllcation of lumines-
cence measurements, this method has not so farbeen used
in the experimental techniques of solid state chemistry. We
are not aware of any study of the thermal decomposition of
solids employing the luminescence phenomenon. In investi-
gations of the photolysis of solids thereare examples of the
use of luminescence measurement which are of interest
also for the study of thermal decomposition. For example,
Belous and Chibisov®® used luminescence measurements to
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study the photolysis of silver chloride. They established
that, depending on their size, the silver nuclei can serve
as traps for both electrons and holes. The hole traps are
usually aggregates consisting of several atoms with pre-
colloidal and colloidal degrees of dispersion, The thermal
decomposition may be accompanied by luminescence in the
following cases: 1. Thethermal excitation of complex anions
of self-activated®®® inorganic compounds, which usually
contain transition metals with a partly filled 3d orbital.
2. Thethermal decomposition of substances with homophase
additives, which can serve as luminescence centres. 3. The
thermal decomposition of substances in different gases,
whose absorption may be accompanied by luminescence”.

In view of the likely usefulness of luminescence mea-
surements in the study of the mechanism of thermaldecom-
position, it is desirable to analyse the ways in which the
electric field influences the luminescence processin solids.
The electric field can be a source of a specific type of lumi-
nescence of solids — electroluminescence. Electrolumi-
nescence is observed when steady and alternating electric
fields of several kV cm~' are applied. The brightness of
the glow then depends on the field strength, the field fre-
quency, and the duration of application of the field. Itis
particularly characteristic of alternating electric fields.

A few crystalline phosphors are capable of electrolumines-
cence, but the mechanism of the generation of the glow has
been by no means fully studied. Afanas'eva and Mikho®®
observed the electroluminescence of a microcrystalline
alumina powder using a transparent electrode. Thebright-
ness of theluminescence is related exponentially to the excit-
ing potential, which agrees well with the concept of aninho-
mogeneous distribution of the field in the specimen. The
threshold potential for the occurrence of the electrolumi-
nescence of ZnCdS discs was reduced®® when the specimens
were irradiated with light in the spectral region correspond-
ing 1o the excitation of the intrinsic or impurity photocon-
duction. In this way a relation was established between
the electroluminescence and photoconductivity of the speci-
mens. Electroluminescencewas observedalsoinpowdered
tantalum pentoxide'® on excitation by potential [I-pulses
lasting 2 x 107%-3 x 1072 5. The hypothesis of an inhomo-
geneous distribution of the electric field in the specimens
made it possible to explain the shape of the curvesdescrib-
ing the development of the luminescence. The electrolu-
minescence of cadmium selenide single crystals, arising on
excitation by variable 5-25 kV cm™ electric fields, was
studied by Ivanchenko'. The electric field caused appre-
ciable heating of the crystals and the electroluminescence
was observed at a high temperature. It was noted that the
free electrons generated in the electric field and to some
extent thermal electrons pass from the conduction zone to
ionised acceptor levels. Assuming that the luminescence
is excited by the electrons displaced by the field, Henich!0?
and Curevich'® proposed a mechanism of the electrolumi-
nescence of ZnS with an admixture of copper and chlorine.
The holes formed in this process are localised at the lumi-
nescence centres and the electrons are displaced from the
excitation region and are captured by traps.

Apart from initiatin% electroluminescence, the electric
field can also influence'®~'% the intensity of other types of
luminescence: thermoluminescence photoluminescence,
and radioluminescence. For example, this has been estab-
lished for Cu:0, ZnS, and alkali metal halide crystals with
additives. Thus Peka'®*'® observed an effect of constant
electric fields up to 10° V cm™ on the photoluminescence of
copper(I) oxide. The magnitude of the effect depended on
the treatment of the surface, the strength and sign of the
electric field, the surrounding gas, and the wavelength of
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the light exciting the luminescence. The author explains
this dependence by a change in the conditions governing the
annihilation of excitons with the depth of screening on the
Cu:0 surface. Busca et al.'*® determined the temperature
variation of the effect of the electric field on the thermolu-
minescence of ZnS with copper additives. It is suggested
that the electric field influences the capture of electrons by
recombination centres, which consist of copper atoms, and
this alters the intensity of the thermoluminescence. The
influence of the electric field on the X-ray luminescence of
phosphors based on KI-T1 at low excitation intensities is
contradictory'®. At the instant of application of the field
the glow is quenched, but after atimeitisintensified. This
complex behaviour of the luminescence is difficult tointer-
pret, although the most likely mechanism of the increase
of the luminescence intensity is a reduction by the electric
field of the radiationless recombinations outside the lumi-
nescence centres. The results obtained by Denks'® for
alkali metal iodides activated by thallium are close to those

of Pologrudov and Penzina'®, but in this case the electric
field resulted merely in an instantaneous decrease in the
intensity of the thallium luminescence without a subsequent
increase in intengity. The influence of the electric field
on radioluminescence and thermoluminescence has been
studied most completely by Volkov et al. 109 45 alkali metal
halide scintillators. Both positive and negative effects of
electric fields up to 50 KV cm™ were observed. Various
experimental findings enabled the authors to conclude that
the effect of the electric field on radioluminescence and
thermoluminescence reducestoa redistribution of the prob-
abilities of radiative and radiationless processes. It fol-
lows from the studies quoted above that the mostlikely mech-~
anism of the influence of the electric field on the intensity
of the luminescence of solids is a shift of the cloud of qua-
sifree electrons in the electric field, which reduces their
concentration in the glowing region of the crystalline phos-
phor and diminishes the number of radiative recombina-
tions. The influence of the electric field on luminescence
can be used to study the recombination of electrons on the
surface of crystals.

The possibility that an electric field quenches the pho-
toluminescence, thermoluminescence, and radiolumines-
cence of zinc sulphide with admixtures of copper and chlorine
and also of alkali metal halide crystals hasbeen studied***~*'%,
Thus Vereshchaginet al.1*® observed the quenching of the
luminescence of ZnS powder with an admixture of copper
in constant and pulsed fields of the same polarity. The vari-
able electric field led to a brief change in the brightness of
the photoluminescence. Several possible mechanisms
have been proposed for the quenching of photoluminescence:
(1) in the region of electroluminescence the electric field
accelerates free electrons: (2) weak electric fields cause
the migration of holes, liberatedfromthe emission centres
by heat or light, to quenching centres; (3) strong electric
fields ionise the luminescence centres.

The quenching by the electric field of the photolumines-
c_enc&of a powdered ZnS phosphor with an admixture of chlo-
rine ™" occurs differently with light corresponding todiffer-
ent spectral bands. It is suggested that the luminescence
bands are caused by various luminescence centres differing
from one another in their energy structure. The mecha-
nism of the quenching of the photoluminescenceisbelieved
toinvolve the thermoelectric saturation of the luminescence
centres by electrons ionised on photoexcitation. However,
a similar mechanism can lead to an increased intensity of
the photoluminescencedueto the electric field when the elec-
tronic levels of the activator in the crystalline phosphor
are above the middle of the forbidden gap. Andrianov and
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Bogacheva'!? reviewed studies on the effect of the electric
field on the thermoluminescence of activated zinc sulphide
and noted three possible mechanisms for the quenching of
the luminescence: (1) the field accelerates free electrons
and holes; (2) the field displaces the charges to sites of
radiationless transitions; (3) the field alters the potential
barrier to the thermal liberation of the electrons and holes
localised after excitation.

Denks et al, ** and Grigor'ev et al. *** applied the mecha-
nism of the quenching of the ZnS luminescencein an electric
field to alkali metal halide scintillators with an admixture
of thallium, where a 10°V cm™' electric field weakened the
photoscintillation by 25%. The quenching of the lumines-
cence of alkali metal halide crystalline phosphors by the
electric field is of a general type and the authorsbelieveit
to be related to the separating effect of the field, which
prevents the recombination of electrons and holes. An
example of the quenching of the thermoluminescence of
alkali metal halide crystals doped with thallium and indium
by a 50 kV cm™! electric field is provided by the study of
Grigor'ev et al.'** The field intensified the thermolumi-
nescence after prolonged application and quenched it after
brief application. The observed intensification of the
thermoluminescence was attributed by the authors to the
decrease in the potential barrier to the autolocalised holes.

5. Phase Transition in the Electric Field

Phase transitions are usually accompanied' ***!”by anom-
alies in the temperature dependence of the rate of decom-~
position and conductivity under the conditions for investi-
gating the mechanism of the thermal decomposition of the
material. To develop electrophysical methods’ for the
investigation of the thermal decomposition of solids, itis
necessary to know how the electric field affects their phase
transitions.

A semiconductor—-metal phase transition has been
observed in a number of transition metal oxides, such as
vanadium oxides, and has been explained by the instability
of the electronic excitation system''®*'*, Owing to the
intense electron-phonon interaction, the crystal lattice of
the oxide is then rearranged. Andreev et al.'?! observed
a sharp jump in the conductivity of V2Os (an increase by 5
orders of magnitude) in a 10* V cm™* field, whichindicated
the appearance of metallic conduction. The electric field
shifts the temperature of the phase transition. The ther-
mal effect andthe Poole effectdonot then play a significant
role. It has been suggested that the increase of conduc-
tivity is caused by the decrease of the width of theforbid-
den gap due to the piezoelectric effect, which is the main
cause of the semiconductor—-metal phase transition, Valiev
et a1 observed a similar phase transition under theinflu-
ence of the electric field in another crystalline vanadium
oxide (VO2) at T < T (7c is the temperature of the VO2
phase trangition). The authors attribute the phase transi-
tion to a change in the lattice parameters in the electric
field (the reverse piezoelectric effect). The influence of
the electric field on the ferroelectric ghase transition in
barium metatitanate has been studied™® and a change in the
phase transition temperature in the electric field has been
demonstrated. The same problem was investigated by
Zarembskaya et al. *** in a study of the influence of a con-
stant electric field on the temperature of the phase transi-
tion in triglycine fluoroberyllate. The ferroelectric phase
trangition was recorded on the basis of a maximum in the
dielectric constant measured at a frequency of 1 kHz in the
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temperature range 40~90°C. The application of the elec-
tric field decreased the dielectric constant of triglycine
fluoroberyllate and shifted the ferroelectric phase transi-
tion to higher temperatures.

6. Adsorption in the Electric Field

The thermal decomposition of solids is frequently car-
ried out in different vapours and gases: for example, in
water vapour'?®*2 ., in ammonia vapour’?”, in oxygen'®®, and
in carbon dioxide'®. Such studies are performed either to
establish an effect of different components of the atmosphere
on the decompositon kinetics, or to investigate the auto-
catalytic influence of the gaseous decomposition products
of the initial substance, or to investigate the electronic
stages of the decomposition process. In view of this and
also bearing in mind the development of electrophysical
methods' for the investigation of the thermal decomposition
of solids, it is necessary to formulate clearly the specific
influence of the electric field on the adsorption of gases.

The Fermi level can be regarded'® as the regulator of
the chemisorption properties of the semiconductor surface.
The position of the Fermi level fixes the concentration of
the electron and hole gas on the semiconductor surface. The
surface andbulk phase of the semiconductor have a common
Fermi level at equilibrium, The chemisorption of gases
entails the charging®®*** of the semiconductor surface,
which causes the bending of the energy bands at the sur-
face. This alters the position of the Fermi level in the
energy spectrum of the crystal on the surface compared
with the bulk phase. Factors which shift the Fermilevel
in the bulk of the crystal (which corresponds to a change
in conductivity) shift it also on the surface, altering the
catalytic activity of the semiconductor. However, under
certain conditions™° the position of the Fermi level on the
crystal surface is independent of its position in the bulk
phase (the case of a quasi-isolated surface).

Vol'kenshtein and coworkers'*®**?7'* predicted theoret-
ically the possible changes in the electronic properties of
the surfaces of semiconductors under the influence of the
electric field. I a semiconductor plate is placed between
the plates of a planar air condenser, then a positive charge
will be induced on one side of the semiconductor andaneg-
ative charge on the other. The semiconductor as a whole
remains electrically neutral, but the adsorption capacity
of its sides is altered. Vol'kenshtein's theoretical pre-
dictions have been frequently confirmed experimentally.
For example, Stadnik and coworkers'*™**° demonstrated
the influence of a constant electric field on the rate of lib-
eration of various products of heterogeneous catalytic reac-
tions, one of the stages of whichis adsorption. For instance,
studies have been made on the oxidation of the propane-
butane mixture in the presence of platinum with formation
of peroxides, aldehydes, and acids, the oxidation of meth-
anol to formaldehyde on zinc oxide and a zinc oxide (60%)—
copper (IT) oxide (40%) mixture, the oxidation of various
alcohols on silver, and the oxidation of sulphur dioxide to
the trioxide on a platinum catalyst. Thefield caninfluence
only the electronic stages of heterogeneous catalytic reac-
tions and therefore its influence on the rate of reaction
leads to the converse conclusion that electronic processes
take place and play a significant role in the given hetero-
genous process. In the examples quoted the catalysts are
metals. Thisdoes not contradict the previous conclusions
reached for semiconductors, since the catalytic activity of
metals is due to the presence of a very thin layer of oxides,

which are semiconductors!®®'*,
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The gas-solid interaction, which frequently accompan-
ies thermal decomposition, gives rise to the adsorption
phenomenon. The adsorption of gases alters**® various
electrophysical parameters of the surface of solids, pri-
marily their conductivity. A decrease of the concentra-
tion of charge carriers as a result of chemisorption at the
points of contact between the particles in “sintered” spec-
imens can give rise'™ to “blocking” layers due to the
migration of the gas along the pores. These layers cause
a particularly marked change in the conductivity of semi-
conductors. The adsorbed gas species can themselves
behave as electron donors and acceptors if they react with
the solid. The activation energy for chemisorption on
semiconductors is in most cases considerable. The adsorbed
gas molecules charge the semiconductor surface' and a
potential difference, the value of which can be very high,
is established between the surface and the bulk phase. For
example, in the chemisorption of oxygen on zinc oxide'™
a 10° V cm™' field is established between the surface and
the bulk phase. The impurity ions can diffuse into the
bulk phase under the influence of the electric field. The
surfacepotential canbe altered by the field effect and adsorp-
tion methods. Under certain conditions, both effects can
operate simultaneously. Thus in very high fields and in
measurements in a high vacuum the adsorption—desorption
equilibrium can be displaced by the electric field, i.e.
electroadsorption and electrodesorption is possible. In
measurements in a vacuum of the order of 107°-10~° torr,
for a field strength less than 10° V cm™, the electroad-
sorption effect does not influence the field effect'*?. Unfor-
tunately the electrodesorption effect has so far been stud-
ied only on classical semiconductors.

Flitner'®® investigated the effect of the field on germa-
nium under the condition of the adsorption of oxygen, ozone,
and water vapour. He established that ozoneincreases the
number of fast states. Slow energy states arise on the sur-
face of germanium in the adsorptionof oxygen. Amoist atmos-
phereinfluences thefast states, butdoesnot alter the charge
of the slow states. The author believes thatthisindicates
the formation of germanium oxide on the germanium surface.
Lyashenko and coworkers'****® observed theinfluence of the
electric field on the desorption of gases from agermanium
film. The resistance of the film increased following the
desorption of gases. It is interesting that an increase of
gas pressure in the system was observed only after the
first application of the electric field. When the desorbed
gasis evacuated, a repeated application of the field within
the same limits does not alter the gas pressure. However,
after the readsorption of the gas the electrodesorption
process is again observed. The change of pressure in the
system and of the resistance of germanium are due to the
same cause-~the change in the surface charge of the semi-
conductor. The gas contained hydrogen, hydrocarbons
(oil from the pump), nitrogen, and nitric oxide. Mainly
nitrogen was electrodesorbed. In the case of a negative
potential on germanium this phenomenon wasnotobserved.
The external field reduced the negative charge on the sur-
face of germanium, which led to the desorption of the gas.
The electrodesorption effect was not observed on germa-
nium films with a thickness greater than the screening
radius, The studies by Mikheeva and Keier'**™*, who
investigated the influence of a constant transverse electric
field on the chemisorption properties of n-typegermanium
inrelationto methanol and oxygen, constitute a logical contin-
uation of studies on the adsorption capacity of germanium in
the electric field. The field, leading to an increaseinthe
surface potential, which is positive on germanium, and to
an upward bending of the bands), resulted in the appearance
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of charged chemisorbed methanol species. In the
absence of the field under these conditions (at 27°C and a
pressure of 10-? torr) methanol was not adsorbed. It was
established that a transverse electric field disturbs the
electronic eguilibrium between the surface andbulk-phase
bands. After the application of this field, the equilibrium
between the surface and the bulk phase was restoredin1.5
to 2.0 h. When a field is applied, there is a possibility of
side effects associated with the ionisation, polarisation,
and orientation of the molecules in the gas phase. There-
fore measurements must be made at a pressure of the order of
1072-1073 torr. It was also established that the change in
the adsorption properties of germanium in the electric field
is caused by the change in the position of the Fermi level
and the filling of the surface energy levels with electrons.
The influence of the field on the adsorption of oxygen was
observed only following the application of anegativepoten-
tial to germanium, which decreases the electron work func-
tion. By measuring the relaxation of the conductivity of
germanium when the field was switched on and off in vacuo
and in an atmosphere of oxygen, it was shown that oxygen
does not form new acceptor centres and that adsorption
takes place on the existing surface acceptor centres. It
was suggested that the active adsorption centres on germa-
ium are slow donor states for methanol and slow acceptor
states for the adsorption of oxygen. It was concluded that
the adsorption properties of semiconductors are determined
by the chemical state of the surface and the presence of
active adsorption centres. Similar studies on the effect
of a steady electric field on the adsorPtion of CO:z were
carried out by Ivankiv and coworkers™®** using thin tel-
lurium films. Electrodes (silver, aquadag) for the mea-
surement of the resistance were located along the edges of
the film and a field electrode was placed on the other side
of the support. Simultaneously measurements were made
of the CO: pressure, and of the film resistance. The experi-
ment on the electrodesorption of COz from the tellurium
film was performed in a vacuum of 5 X 107° torrina10° V
cm™ field. Under these conditions, with apositivepoten-
tial on the semiconductor, CO: was electrodesorbed. At a
negative potential a slight adsorption of CO: was observed
on the film.  The same workers'®"** investigated the
adsorption of oxygen and water vapour in an electric field
on epitaxial 8-HgS films with n~type conductivity. The
adsorption was investigated on the basis of the changes in
film conductivity. The application of a positive potential
to the film increased the degree of adsorption of donor
molecule and decreased the degree of adsorption of accep-
tor molecules, while at a negative potential the opposite
effect was observed. The removal of the field restored
the conductivity of the previous value owing to intense
chemisorption on certain sections of the film. It wascon-
cluded that the chemisorption of oxygen on mercury sul-
phide is enhanced following the application of the electric
field.

The conductivity of potassium permanganate single crgrs-
tals has been investigated in water and ethanol vapours'®,
Single crystals, clamped between graphite electrodes, were
alternately placed in desiccators [sic]containing water or
alcohol and in a desiccator with phosphorus pentoxide. A
100 V cm™ electrostatic field acted constantly or was
applied periodically (at the instant of measurement of the
conductivity). Aspotassiumpermanganate was made moist
under the conditions of a briefly applied field, its conduc-
tivity steadily increased, tending to saturation. On the
other hand in a steady field the conductivity passed through
a maximum after the first moistening process. Due to
the repeated drying and treatment of the crystals in water
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and ethanol vapours, vesidual effects appeared in the changes
of the conductivity of the single crystals, which were account-
ed for by the influence of the field on the chemisorption of
the polar vapours.

7. The Change in the Properties of the Surfaces of Solids
under the Influence of the Electric Field.

Since the thermal decomposition of solids begins as a
rule from the surfacem’“ the state of the surface plays a
major role in the development of the decomposition pro-
cess. There is usually a complete system of discrete and
contmuously distributed energy levels on the surface of
crystals'*®% 71  which may have different origins. These
may be Tamm levels, arising on the surface as the result
of the termination of the crystal lattice, and also energy
levels associated with impurities or due to surface defects
in the crystal lattice. Finally surface levels may be asso-
ciated with the adsorption of molecules from the surround-
ing gas. The local energy levels on the surface and the
associated surface charge lead to the bending of the energy
bands near the surface, which is reflected in a significant
change of the electron field work function and photoelectric
and other properties. Often the state of the surfacelarge-
ly determines the course of the physical processes asso-
ciated with the bulk phase of the crystal. Thus the sur-
face levels can behave as recombination centres and can
influence the lifetime of the non-equilibrium charge carri-
ers in the specimen. Owing to the presence of the poten-
tial “well” near the semiconductor surface, the migration
of the charge carriers in the surface region differs signifi-
cantly from their migration in the bulk phase. This leads
to a change in the mobility of the carriers owing tothe addi-
tional scattering of the electrons and holes on the surfaces.
The change in the energy state of the surface is attributed
to a change in a particular surface parameter of the sub-
stance—the surface potential ¢g. This quantity can be
determined as the difference between the potential energy
of the electrons in the bulk phase and on the surface of the
crystal. There are many experimental methods for the
measurement of the surface potential, the most conven-
ient of which is the field effect method.

The field effect is characteristic of semiconducting
substances and consists in a change of the conductivity of
the semiconductor following the application of a potential
difference at right angles to its surface (and to the direc-
tion of the current). The field effect was ﬁrst observed
on copper(l) oxide by Schockley and Pearson'®. It can be
interpreted as follows. If one assembles a condenser one
plate of which consists of the specimen and the other of a
metal, using an intervening layer of an insulator with a
high dielectric constant, and an electric field is applied to
the condenser, then a space charge is created near the
semiconductor surface, neutralising the charge onthemetal-
lic plate. Thus Lashkarev and Lyashenko'> continued the
study of the field effect on copper(l) oxide and defined rig-
orously the semiconductor surface as a layer with a thick-
ness equal to the free path of the charge carriers. The
surface charge constitutes an obstacle to the imposition of
an external electric field on the semiconductor. If aneg-
ative potential is applied to the metallic plate of the con-
denser, the semiconductor platebecomes positively charged.
This charge is localised in the bulk phase and on the sur-
face of the semiconductor and the neutrality of the latter
is disturbed, the energy bands being bent upwards relative
to the Fermi level. The decrease of the degree of filling
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of the surface level by electrons (which corresponds to an
upward bending of the bands) leads to the appearance of an
additional surface charge, i.e. to the screening of the
external field. As a result of the field effect, the electron
work function of thin layers of copper(I) oxide is greater
than that of thick layers by 0.13-0.15 eV. Thus aconsid-
erable proportion of the chargeinduced by the electricfield
is captured'*®'**™*%" py the surface states and the bulk
phase of the semiconductor is electrically neutral. If the
metallic plate is positively charged, a negative charge is
induced on the surface of the semiconductor and the sur-
face region of the bulk phase of the conductor is positively
charged. The thickness of the layer screening the exter-
nal charge in the semiconductor is inversely proportional
to the square root of the equilibrium concentration of its
charge carriers outside the limits of the space charge.
The bulk-phase charge carriers near the surface contri-
bute to the conductivity of the specimen, in contrast to the
stationary carriers in the surface energy levels'® By
measuring the resistance of the specimen along the sur-
face layer for different electric field strengths, it is possi-
ble to determine the change in conductivity associated with
the applied field. To increase the accuracy of the mea-
surements, the specimen should be made fairly thin, so
that the change in the surface resistance constitutes an
appreciable proportion of the total r951stance of the speci-
men. The field effect can be mvestlgated in steady and
alternating fields at frequencies up to 10® Hz. In analter-
nating field the degree of screening of the surface from
the bulk phase is reduced at higher frequenc1es, and it
becomes constantfrom 10° Hz upto 10" Hz. The thickness of
the charged region near the surface of semiconductors is
usually'® of the order of 107*=10"° ¢m and the mobility of
the charge carriers in this layer depends on the thickness
of the semiconductor. When the field effect method is
used to measure the surface potential, the density of the
surface states does not change, in contrast to the absorp-
tion method. When a transverse electric field is switched
on, an induced charge is initially created at the surface
and then equilibrium is established between the conduction
band, the valence band, and the fast surface states with a
time constant of 10'7-10 s, as a result of diffusion, cap-
ture, and recombination. After this, an equilibrium
degree of filling of slow surface states is established dur-
ing a period from several seconds to 1 h, Ultimately the
concentration of surface levels remains unchanged during
the measurements and only the degree of their filling is
altered. A continuous variation of the surface potential
within fairly wide limmits up to the mininium in the surface
conductivity of the crystal can be readily achieved by the
field effect method.

The type of surface conductivity and the relation between
the degree of bending of the bands and the applied potential
can be determined, the charge in the region near the sur-
face can be discovered, and the mechanism of the surface
recombination of charge carriers can beinvestigated bY mea-
suring thefield effect under steady-state conditiong**?°~1¢6,
Finally the field effect method makes it possible to deter-
mine whether or not the energy spectrum of the surface
levels is continuous or discrete and their concentrations
and energy positions can be determined. The study of the
kinetics of the field effect (non-steady-state case) makes
it possible to calculate the relaxation time of the surface
levels and to elucidate the mechanism of the exchange of
charge carriers between the bands in the bulk phase and
the surface energy levels. A theory of the field effect
has been devised for band semlconductors but, as shown
by Sandomirskii and Pyasta'®, it is apphcable also to
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polaron semiconductors with jump conductivity. In partic-
ular potassium permanganate, a classical system in solid
state chemistry, is a polaron semiconductor®”, The field
effect has been observed® alsoin organic semiconductors.
Thus Petrova and Rozenshtein'® observed the field effect
in a number of organic semiconductor films obtained by
vacuum sublimation. The authors determined the sign of
the conductivity of the test substances and observed the
enrichment and depletion of the specimens in charge car-
riers under the influence of the electric field. It wascon-
cluded that slow states are characteristic of organic sem-
iconductors. Consequently the type of chemical bond in
solids does not play a decisive role in the manifestation of
the field effect.

Measurement of the field effect using an alternating
current yields information about the time characteristics
of the surface traps, which measurements with a direct
current fail to do. Whereas the field effects measured
using adirect current arefrequently maskedby slow states,
with an alternating current they are clearly manifested.
Mathematical treatment of the frequency characteristics
of the field effect yields quantitative data on the distribu-
tion of surface states with different time constants. Frolov
et al,'®" who studied the influence of the thickness of sili-
con oxide on the field effect in silicon, observed a corre-
lation between the thickness of the surface oxide layer and
the concentration of surface electronic states in etched
silicon specimens. It was shown that the nature of the
fast surface states is determined by the structural defects
at the semiconductor-oxide boundary. By studying the
relation between the surface conductivity of silicon and the
strength of a variable transversefield, Einspruchm showed
that, under the experimental conditions, most of the charge
induced by the field is captures by surface layers. Esaki
et al. '® studied the influence of the field effect on the con-
ductivity of the contact layer in germanium-gallium arse-
nide hetercjunctions. The mobilities found in the contact

layer %roved to be constant for fields in the range 2 x10*—
5x 10°V em™. This case permits a simple investigation
of the surface conductivity of semiconductors. The field
effect in a high-resistance zinc oxide powder mixed with a
silicone resin'™ showed that its magnitude and time con-
stant in such specimens depend more on the associated
charges than on the free charges, in contrast to low-resis-
tance semiconductors. The rate of recombination of free
electrons and the concentration of electron traps were cal-
culated from the change in photoconductivity as a function
of the transverse electric field.

Using the classical method'™ for the investigation of the
field effect on zinc oxide single crystals, it was established
that the surface potential of zinc oxide is negative and the
specific conductance of the specimenincreases rapidly with
increase of the applied potential. It has been suggested
that there are acceptor oxygen levels on the surface of zinc
oxide to which electrons are withdrawn from the region of
the bulk phase near the surface under the influence of the
field. As a result, the layer of the bulk phase near the
surface is depleted in electrons and their concentration on
the surface increases. At a high concentrationtheaccep-
tor levels on the surface of the ZnO crystals may be split
off'™ as a band, which leads to an increase in the surface
conductivity with increasing electric field strength. The
bulk-phase specific conductance of the specimen then dimin-
ishes. For anisotropic semiconductor crystals'™, the
relation between the transverse and longitudinal alternat-
ing currents is linear. 'This makes it possible to control
the current in anisotropic semiconductors.
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A steady influence of a constant electric field on sur-
faces has been established in a number of studies. '™~*
Thus Costa and Murphy”4 observed a persistent internal
polarisation of a sulphur single crystal dueto theoperation
of the electricfield, the removal of which requires the appli-
cation of external energy. It was established that the
relation between this energy and the decrease of thepolar-
isation is exponential. In amorphous selenium the phe-
nomenon of residual polarisation, which decays exponen-
tially as a function of time, was observed by Nasledov and
Malyshev'™, The mechanism of this phenomenon has not
so far been elucidated, although it has been stated that the
electrons get “stuck” within or on the surface of seleni-
um. CdS single crystals placed between the plates of a
charged condenser are quasineutral'™. However, owing
to the inhomogeneous bulk-phase conductivity of CdS, the
charges are polarised and the polarisation may persist for
a long time. It is suggested that in a strong electric field
there is an injection of electrons at the cathode and not a
limitation of the space charge.

The problem of the preparation of specimens for ther-
mal decomposition is no less urgent. Ziman®™ reviewed
studies on methods for the elimination of solid impurity parti-
clesfrom surfaces by the application of a high steady electric
field. The initial specimen is earthed and exposed to the
field via an air gap. The material of the field electrode
does not affect the degree of purification of the dust-cov-
ered surface of solids. It is suggested that the dust par-
ticles are removed as a result of their becoming charged
in the electric field. An electrical interaction thenarises
between the particles and the electrode, which tends to
abstract the particles from the support.

In studies on the electrophysical properties of semi-
conductors and dielectrics attempts are made to carryout
measurements in the region where Ohm's law holds. This
is done to eliminate side effects: contact resistances and
the Poole effect. However, it is not always possible to
avoid the side effects and it is necessary to formulate
clearly the influence of the field on these effects, The
Poole effect'™'™ can be observed only for high-resistance
substances in fields of 10°~10* V em™', The electrical
breakdown of a layer of dielectric thicker than 107°% cm
occurs in fields of (1-5) x 10°Vem™, which increase with
decrease of the thickness. As the field increases, there
is a rise in the concentration of charge carriers and not
an increase of mobility’™. Injection of charge carriers
from the electrodesis one of the causes of the Poole effect,
consisting in a rapid increase of the current with potential,
which follows from Ohm's law. The knowledge of the
relation between the field effect and the properties of the
point contact is no less important in experimental studies.
Nesmelova'® stated that near the point contact the electric
field has both normal and tangential components in relation
to the surface. The presence of the normal component
leads to the bending of the energy bands, similarly to the
field effect, and hence to a change in the conductivity of
the specimen. Then the dependence of the conductivity of
the specimen on the agglied potential should be minimal.
Guerci and coworkers'®*'® observed the influence of a
steady transverse electric field on the lag of the photocur-
rentin CdS crystalsbehind theinstant when lightis switched
on. This lag was proportional to the electric field applied
at right angles. They suggested that the transverse field
disturbed the ohmicity of the contact and consequently
reduced the current through a cadmium sulphide crystal.
The same field induced oscillations in the photocurrent
within the specimen, which made it possible to separate the
surface and bulk-phase components of the photoconductivity.
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Thus the study of the field effect yields importantinfor-
mation about the electronic processes on the surfaces of
solids, which can be used to understand the influence of the
field or the development of the decomposition process.

* k%

The examples analysed leave no doubt about the great
but hitherto incompletely utilised scope of the electric field
as the foundation of a method for the investigation of the
mechanism of thermal decomposition and as a procedure
for stimulating the thermal decomposition of solids. Elec-
trophysical studies of the thermal decomposition of solids
constitute an effective means of comprehending the essen-
tial physical nature of the elementary stages in the decom-
position reactions and the mechanisms of the electronic
and ionic processes whereby the initial substance is con-
verted into the reaction products. These problems con-
stitute the corner stone of solid state chemistry.
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