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Abstract. Wide band gap semiconductors are electronic 
materials in which the energy of the band-to-band electronic 
transitions exceeds approximately 2 eV. These materials have 
different kinds of chemical bonds and of crystal lattice 
structures, but the electronic and optical processes taking 
place in them have a great deal in common. Diamond, silicon 
carbide SiC, gallium phosphide GaP, cadmium sulfide CdS, 
and some other related compounds of the A n B V I type occupy a 
special place among the wide-gap semiconductors. Recent 
developments in optoelectronics and other fields of practical 
applications (in particular, high-temperature devices and 
methods of detecting photons and charged particles) have 
stimulated a wide interest in wide band gap semiconductors. 
The data available for some of the most widely studied members 
of the very large family of wide gap semi-conductors have been 
used to analyse the most characteristic properties of the 
processes taking place in these materials, and especially those 
induced by the strong excitation of their electronic subsystem 
and by the phenomena associated with the always present 
carrier localisation centres. 

V S V a v i l o v P N L e b e d e v I n s t i t u t e o f P h y s i c s , R u s s i a n A c a d e m y 
o f S c i e n c e s , 53 L e n i n s k i i p r o s p . , 117924 , M o s c o w , R u s s i a . 
T e l . ( 7 -095 ) 135 05 51 

R e c e i v e d 10 D e c e m b e r 1993 
Uspekhi Fizicheskikh Nauk 3 7 (3) 0 0 0 - 0 0 0 ( 1 9 9 4 ) 
T r a n s l a t e d b y J I C a r a s s o 

1. Introduction 
The term wide b a n d gap semiconductor (WS) is applied to 
substances whose electric conduct ivi ty at r o o m t empera tu re 
is vanishingly small in the absence of electrically active 
impuri t ies with a small ionisat ion energy. The term W S has 
been generally used for m a n y years, t hough strictly speaking 
it should no t be forgotten tha t the wide b a n d gap is the 
forbidden energy gap (wider t han approx imate ly 2 eV), and 
no t the b a n d of permi t ted energies of the charge carriers. 
Unl ike the alkali hal ide crystals, in which the width of the 
forbidden gap is 7 - 1 0 eV, the W S m a y contain chemical 
impuri t ies or defects with small or modera te ly high ionisat ion 
energies ( 0 . 0 5 - 0 . 5 eV). Ano the r typical feature of these 
mater ia ls is their s t rong luminescence in the visible region of 
the spectrum in response to the generat ion of a high concen
t ra t ion of excess charge carriers. Some practical ly impor t an t 
and extensively studied mater ia ls (like gall ium arsenide and 
cadmium telluride) have a b a n d gap Eg close to 1.5 eV and 
are no t included in the W S group . Accord ing to the ideas 
developed by A F Ioffe in the 1950s the term semiconductor 
can be applied to any condensed med ium which displays 
p h e n o m e n a induced by the presence of free charge carriers 
(electrons and holes). 

At present any substance, whatever its Eg value, can be 
m a d e a semiconductor for short t imes by using rad ia t ion 
ionisat ion (s t rong laser i r radia t ion with hv > Eg9 mul t i -
p h o t o n excitation, or high energy pulses [1]. However , when 
excess carriers are excited by high-energy electrons or 
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Figure 1. S e m i c o n d u c t o r s s u i t a b l e for f a b r i c a t i o n o f v i s ib le l igh t 

s o u r c e s [9]. 

p h o t o n s (hv^>Eg) the 'cost of an electron-ion p a i r ' t is 
approximate ly ( 2 . 5 - 3 ) £ g , i.e. two- th i rds of the energy is 
converted into excitation of the a tomic v ibra t ions in each 
ionisat ion act lasting approximate ly 1 0 - 1 0 s. Therefore a 
longer interact ion with a s t rong beam of rad ia t ion mus t cause 
heat ing of the sample, which m a y result in irreversible 
changes in the proper t ies of the semiconductor [2, 3]. It 
follows tha t in order to establish longer (or steady-state) 
processes we mus t resort to dop ing the W S with electrically 
active impuri t ies or to injection of charge carriers t h rough p -
n junc t ions , heterojunct ions , or Schot tky barr iers . However , 
these approaches are not always realisable. 

2. Wide band gap semiconductors (WS) 
as the object of physical experimentation 
and as materials for technical applications 
F r o m the very large number of mater ia ls with a large energy 
gap, Eg, which can be classified as W S we shall choose for 
detailed discussion a relatively n a r r o w set and exploit the 
latest informat ion on their electrophysical pa rame te r s and 
the mode rn technologies available for their p roduc t ion . 
Approx- ima te da ta on the width of their forbidden gap, the 
mobil i ty of their charge carriers, and on their strongest 
luminescence b a n d are given in Table 1 and in Fig. 1. 

The present writer, who has cont r ibuted for m a n y years 
to the development of the physics and technology of W S , 
must accept his share of any criticism for the inclusion of such 
a limited number of substances in the review. The reference 
h a n d b o o k by Landol t -Borns te in [4] conta ins detailed infor
ma t ion on m a n y tens of crystalline substances which can be 
classified as W S . Several m o d e r n m o n o g r a p h s (see, for 
example, Ref. [5]) are devoted to families of substances 
defined by having a c o m m o n chemical na tu re in accordance 
with the Periodic Table : in the case of Ref. [5] the feature 

f T h i s d e f i n i t i o n w a s s u g g e s t e d b y V L G i n z b u r g in 1959 . 

c o m m o n to every member of the chosen class is its complying 
with the physics of c o m p o u n d s of the A n B V I family. 
However , these chemical families m a y include semi
conduc to r s characterised by very strongly different p r o p 
erties: the aim of the present review is to analyse p h e n o m e n a 
typical of W S . 

Two initially independent approaches to the s tudy of W S 
are n o w available: the ' luminescence ' technique [6]; in which 
the W S are referred to as crystal phospho r s , and the 'semi
conduc to r ' app roach . But by using b o t h techniques over a 
per iod of t ime to ta l consistency in te rminology and in the 
fundamenta l concepts of the basic p h e n o m e n a in W S have 
n o w been achieved. 

One of the main characterist ics of crystalline semi
conduc to r s (in the ideal case) is the unh indered t r anspor t of 
the charge carriers within the allowed energy bands . In real 
crystals some scattering of the charge carriers (electrons and 
holes) always takes place, and p roduces a marked lowering of 
the carrier mobil i ty. 

It can be seen from Table 1 tha t the mobi l i ty of d i a m o n d 
exceed those of all the other selected W S . Judging from da ta 
available [4] bu t not included in Table 1 the same applies to all 
the other W S . 

The choice of a small g roup of substances for further 
s tudy is consistent with current teaching t rends in the 
development of semiconductor physics, reflected in par t i c 
ular in Q u e i s s e r ' s m o n o g r a p h Kristallene Krisen [7], available 
(in addi t ion to the Germina l original) in English and in 
Chinese t rans la t ions bu t no t in Russ ian . It is n o w generally 
agreed tha t the invention of the t ransis tor by Bardeen, 
Bra t ta in , and Shockley (all N o b e l Prize winners) has had 
the most powerful influence on the development of solid-
state electronics. However , the format ion of p-n junc t ions , 
the electroluminescence, and the generat ion of electric 
oscilla-tions in silicon carbide (SiC) crystals were all 
discovered in the 1920s by O V Losev in Pe t rograd 
(Leningrad) [8]. The present a u t h o r ' s pu rpose in referring to 
tha t p ioneer ing work is to under l ine the impor tance of having 
available an adequa te supply of research samples: sufficiently 
perfect crystals with reproducib le proper t ies . Losev 's claim 
to pr ior i ty is recognised in b o o k s on electroluminescence and 
light-emitt ing diodes [9] (Fig. 1). However , Losev had to 
work with individually selected c a r b o r u n d u m crystallites, 
and his results were therefore t reated as inexplicable. 

Unl ike the devices studied by Losev, even the earliest 
t rans is tors were p repared from perfect single crystals of 
ge rmanium. The present writer is well aware , from his own 
experience, tha t the requisite technology could be set up by 
groups of workers having only m o d e r a t e resources. The 

T a b l e 1. S o m e p a r a m e t e r s o f t h e W S (300 K ) [4, 5, 9, 47 ] . 

V a l e n c e o f 

c o m p o n e n t 

W S Ve V fin / c m 2 V - 1 s _ 1 fip/cm2y-1s~1 

I V Si 1.12 1300 4 7 0 

I V D i a m o n d 5.5 2 5 0 0 1800 

I V - I V S iC ( 6 H ) 2 .9 ^ 1000 100 

I V - I V S iC ( 4 H ) 3.26 

I I I - V G a P 2 .25 110 75 

I I - V I Z n S 3.58 120 

I I - V I Z n S e 2 .67 530 16 

I I - V I Z n T e 2 .26 530 30 

I I - V I C d S 2 .59 340 18 
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much m o r e difficult technology needed to g row silicon 
crystals also reached (quite rapidly) a high level of 
development . This change in objective was st imulated by 
the much greater width of the forbidden gap in silicon than in 
ge rmanium, which allowed opera t ing t empera tu re ranges 
consistent with mil i tary requi rements to be expected from 
silicon devices. The leading experimenters of the 1950s tu rned 
their a t tent ion to silicon: they received adequa te suppor t and 
achieved impor t an t successes. Amer ican economists n o w 
believe tha t each dollar invested in silicon technology has 
a l ready p roduced a hundred-fold profit , and tha t the revenue 
from the silicon indust ry at the end of the century will be 
comparab le to the revenue from the car industry. 

The ' fate ' of the wide band-gap semiconductors , begin
ning with silicon carbide, was much less bril l iant, t hough the 
W S had become an at t ract ive research topic and a mater ia l 
widely used in pract ical appl icat ions long before the 
invention of the t ransis tor (Table 2). 

The W S group includes a m o r p h o u s modif icat ions of 
some substances which have been intensively studied in 
their crystalline modif icat ions. It has been convincingly 
established tha t a m o r p h o u s ca rbon (but no t graphite!) can 
be p repared as thin films having a large area. It is possible to 
g row a m o r p h o u s films of G a P , and p robab ly also of other 
A m B v c o m p o u n d s . However , their s tudy is only beginning, 
and it m a y be bet ter no t to embark on p r e m a t u r e discussions. 

To conclude this section we shall ment ion the visible 
luminescence observed in the so-called p o r o u s silicon, 
which has a t t rac ted great interest from technologists . The 
p h e n o m e n o n is p robab ly due to substant ia l changes in the 
b a n d s t ructure p roduced by q u a n t u m size effects (see below). 

3. The generation of excess carriers. 
Hot electrons and holes and their 
thermalisation. Carrier transport phenomena 
The p h e n o m e n a which we shall n o w consider are a m o n g the 
most fundamenta l p rob lems in semiconductor physics and 
technology [2]. As was said above, in order to excite large 
deviat ions from equil ibrium into the electronic subsystem 
of a semiconductor we must supply an excess of energy. 
The first repor ted interact ion of this type was the excitation 

e / e V 16 , -

Figure 2 . M e a n i o n i s a t i o n e n e r g y a g a i n s t t h e b a n d g a p in s o m e s e m i 
c o n d u c t o r s . (7 ) oc-part icles, ( 2 ) e l e c t r o n s , (3) p h o t o n s [10]. 

by fast electrons, originally k n o w n as ca thode rays: this 
gave rise to the term 'ca thodoluminescence ' , which is n o w 
widely used. The internal ionisat ion energy, i.e. the energy of 
format ion of pai rs of nonequi l ibr ium charge carriers 
( N C C ) in nonmetal l ic substances, is related to the width 
of the forbidden gap, and exceeds it by a factor of 2 . 5 - 3 , 
mainly as a result of energy transfer to the p h o t o n s dur ing 
the thermal isa t ion of the p r imary electrons. Exper imenta l 
da ta [10] on the mean ionisat ion energies in var ious semi
conduc to r s are shown in Fig. 2. Impac t ionisat ion models of 
this process were developed by Popov , Shockley, and also by 
Antonc ik [12], and later extended by other workers . 
Evidently, effects such as the 'direct ' generat ion of excitons 
and the impact ionisat ion of impur i ty centres (which are 
usually present in W S in high concentra t ions) do no t 
cont r ibu te significantly to the generat ion of N C C by b e a m s 
of fast electrons. 

T a b l e 2. S o m e A p p l i c a t i o n s o f t h e W S s (see a l s o Ref . [47] ) 
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e l e c t r o n i c s p u m p e d l a s e r s l a s e r s g e n e r a t o r s d i o d e s a n d c o u n t e r s a n d d e t e c t o r s 

t r a n s i s t o r s d o s i m e t e r s 

D i a m o n d A p p l i c a t i o n A p p l i c a t i o n s U s e d u n d e r l a b o r  I n u s e A p p l i c a t i o n s 

e x p e c t e d e x p e c t e d a t o r y c o n d i t i o n s e x p e c t e d 
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Z n S I n u s e F i r s t 

r e s u l t s 

Z n S e I n u s e 

Z n T e I n u s e I n u s e F i r s t 

r e s u l t s 

C d S I n u s e I n u s e W i d e l y u s e d 

P o r o u s A p p l i c a t i o n s 

s i l i con e x p e c t e d 



2 7 2 V S V a v i l o v 

The loss of energy by an electron result ing from all types 
of inelastic interact ion is described by the Bethe equat ion 

dE 
~ds'' 

NAe Zp 1 1.66£ 
— - I n 2n&l A E J 

- 7 . 8 5 x l 0 4 ^ r l n -
AE J 

keV sm ( i ) 

where dE is the change in the energy of an electron hav ing 
an energy E (keV) after travell ing a pa th ds (cm), Z is the 
a tomic number , A is the a tomic mass , p is the density, and 
So « 8.85 x 1 0 1 2 . The poten t ia l / increases monoton ica l ly 
with the a tomic number , and can be described approx i 
mate ly by the formula 

1 . 1 5 x l O " 2 Z keV (2) 

T h u s the energy losses dE/ds are also an increasing function 
of Z , especially in the low-energy region, since the 
denomina to r in Eqn (1) is p r e d o m i n a n t over \nE in the 
numera to r . 

-e-

= 60 k e V 

4 6 8 

D e p t h pzl m g c m 2 

Figure 3 . D i s t r i b u t i o n o f t h e d o s e o v e r t h e d e p t h (j)(z) for e l e c t r o n s h a v i n g 
a n e n e r g y o f 60 k e V in g o l d a n d c a r b o n t a r g e t s [13]. 

In addi t ion to inelastic energy losses we have a s t rong 
scattering of the fast electrons due to elastic in teract ions with 
the electrons and a t o m s of the mater ia l . This effect influences 
the dis t r ibut ion of the ionisat ion density (dose) p roduced by 
a focussed b e a m of electrons over the pene t ra t ion depth . The 
dis t r ibut ion curves of the dose as a function of depth are 
shown in Fig. 3 for electrons having an energy of 60 keV in 
gold and carbon targets . 

In principle this me thod of exciting the N C C is quite 
universal , the only l imitat ion being set by the acceptable level 
of hea t ing of the W S . T h u s by using short pulses at 
sufficiently long intervals we can achieve excitation levels 
high enough to p roduce popu la t ion inversion of the levels 
and to generate coherent rad ia t ion , as was suggested by 
Basov et a l . 1 1 and experimental ly achieved in CdS and 
(later) in other semi-conductors . The probabi l i ty of 
r ea r rangement of complexes of poin t defects and of 
chemical impuri t ies increases rapidly with the level of 
excitation of the electronic subsystem of the crystal, leading 
to a change in the energy spectrum of the localised electronic 

states. This p h e n o m e n o n has been studied in detail in the 
A n B V I family of W S (and in par t icular in CdS) by She inkman 
et al., and an extensive analysis of the results ha s been 
publ ished [24]. Similar processes, often called 
pho tochemica l react ions, t ake place also under s t rong 
generat ion of N C C by light dur ing in te rband or mul t i -
p h o t o n absorp t ion . At present the choice of lasers available 
to m a n y labora tor ies is insufficient to al low the excitation of 
practical ly all the W S with high rates of generat ion of N C C . 

However , present and future optoelect ronic and other 
devices based on W S are likely to cont inue using processes in 
which nonequi l ibr ium charge carriers are created by electric 
injection t h rough p-n junc t ions , heterojunct ions , or meta l -
semiconductor junc t ions (Schot tky barr iers) . Structures in 
which electric injection can t ake place and having near- ideal 
proper t ies have been analysed in depth by m a n y workers . 
Unfor tuna te ly , in all the W S so far selected for discussion 
(except G a P and SiC) the injecting s t ructures contain m a n y 
centres located near the interface and able to s t imulate the 
recombina t ion of the nonequi l ibr ium carriers. Ano the r 
special feature is the relatively low equil ibrium conduct ivi ty 
of most of the W S , result ing from the absence (or the 
compensa t ion) of shallow donor and acceptor impur i ty 
levels. As a result, only a small fraction of these shallow 
centres can cont r ibute equil ibrium carriers to the allowed 
energy b a n d s at r o o m tempera tu re . Thus , in semiconduct ing 
d i amond the pr incipal shallow acceptor impur i ty (boron) has 
an ionisat ion energy of 0.37 eV, and theoret ical est imates for 
the donor impuri t ies (Li, N a , and P) are approximate ly 0.15, 
0.2, and 0.1 eV, respectively. Exper imenta l da ta for Li are 
close to 0.1 eV. 

The p rob lem of in t roducing into W S electrically active 
impuri t ies with energy levels low enough to p roduce the rmal 
ionisat ion is still far from solved in spite of the intensive effort 
devoted to it. Trad i t iona l m e t h o d s of dop ing dur ing the 
growth of monocrys ta l s or of epitaxial layers, or by the rmal 
diffusion from the surface, gave good results with gallium 
phosph ide and (to some extent) with silicon carbide. 
However , the the rma l diffusion of impuri t ies such as B and 
Al in SiC requires t empera tu res close to 2000 °C. Wide-band 
semiconductors of the A n B V I type show marked p h o t o -
luminescence, and some of them can easily be grown as 
platelet crystals from the gas phase . In recent years some 
success has been repor ted in the fabricat ion of p-n junc t ions 
in Z n S , and l abora to ry versions of injection lasers based on 
this c o m p o u n d have been p roduced . Detai led informat ion on 
the stability of p-n junc t ions and lasers of this type is no t yet 
available. 

4. Transport phenomena and recombination 
of excess carriers 
As can be seen from Table 1 the mobil i ty of excess carriers is 
small in all the W S except d i amond . In m a n y cases the avail
able da ta are unrel iable. It is well k n o w n tha t the progress 
m a d e (especially in the early stages) in the development of the 
technology of ge rman ium and silicon, leading to the p r o d u c 
t ion of increasingly perfect crystals with a gradual ly lower 
concent ra t ion of uncont ro l led impuri t ies , m a d e available 
mater ia ls with much improved carrier mobili t ies. In Ge, Si, 
and G a A s the mobil i ty is n o w limited only by scattering on 
lattice v ibra t ions at free surfaces or at interfaces. There is no 
doub t tha t further progress in the me thod of growing W S 
crystals will lower the cont r ibu t ion from typical mechanisms 
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for these mater ia ls , including scattering by charged centres 
and by dislocations. 

Processes of radiat ive and nonrad ia t ive recombina t ion of 
N C C have been subjected to detailed analyses since the 
p ioneer ing work of Shockley and van Roosb roeck (see 
Ref. [18]), in which the probabi l i ty of direct radia t ive 
recombina t ion was calculated from the principle of detailed 
ba lanc ing applied to events leading to the absorp t ion and to 
the emission of p h o t o n s . The ra te of the radiat ive 
recombina t ion is s trongly dependent on the character of the 
b a n d s t ructure near the edge of the pr incipal absorp t ion 
b a n d . In semiconductors for which indirect phonon-ass is ted 
t rans i t ions are the most p robab le the N C C lifetimes with 
respect to direct radiat ive recombina t ion can be very high. 
A m o n g the mater ia ls considered here a direct b a n d s t ructure 
is found only in cadmium sulfide, zinc sulfide, and other 
substances of the A n B V I type (see Fig. 1). Radia t ive t rans i 
t ions accompany ing the format ion of excitons, and especially 
of excitons localised on impur i ty centres or on crystal lattice 
defects [9], are much m o r e p robab le . Processes associated 
with excitons, exciton molecules, and the e l e c t r o n - h o l e 
' l iquid ' (predicted by Keldysh) n o w const i tute a very large 
field of s tudy in solid-state optics [19], bu t they lie outs ide the 
scope of the present review. 

5. Nonradiative recombination processes 
In a lmost all the cases examined the t ransi t ion of the 
electronic subsystem of a semiconductor from the excited to 
the initial state involves a number of compet ing processes 
(channels) whose na tu re can be inferred from indirect 
evidence, and mainly from the kinetics describing the 
lifetimes of the N C C . P h e n o m e n a such as the Auger effect, 
the surface recombina t ion , and the t r app ing of carriers by 
deep centres with energy transfer to p h o n o n s have been 
examined in detail [2, 9, 10], bu t to s tudy these effects 
experimental ly we require an analysis of the da ta for each 
individual case. The Auger effect is often called impact 
recombina t ion , since the energy released by a recombin ing 
electron is absorbed by a ne ighbour ing electron which then 
loses it by emit t ing p h o n o n s . In this three-carrier process 
p h o t o n emission does no t t ake place. M a n y var ian ts of the 
process are possible: P a n k o v e lists 12 types, according to the 
p r e d o m i n a n t carrier t r anspor t mechanism, in intrinsic and 
in impur i ty semiconductors [20]. Exper imenta l da ta on the 
Auger effect for Ge, Si, InAs , and G a A s at high excitation 
levels were obta ined and analysed by Galk in [21] and 
others [22]. Accord ing to Bergh and D e a n [9] the Auger 
effect plays a dominan t role in the recombina t ion of an 
exciton localised on an a tom in gall ium phosph ide at 
t empera tu res above 100 K: the probabi l i ty of this n o n 
radiat ive process is approximate ly 500 t imes greater t h a n 
the same probabi l i ty for the radiat ive t ransi t ion. The Auger 
effect should also p lay an impor t an t role in s trongly excited 
W S , p robab ly because of the relative instabili ty of a system of 
po in t defects and complexes t owards the s t rong excitation of 
its electronic subsystem, especially in the W S and of A n B V I 

family [5]. Other forms of nonrad ia t ive recombina t ion 
involving the localisation centres of charge carriers with 
deep levels can be p r e d o m i n a n t in determining the overall 
ra te of recombina t ion of N C C , mainly because the concen
t ra t ion of these centres (which is often no t deliberately 
control led) is relatively high [3, 5]. Thus , in a series a crystal 
of nitrogen-free d i a m o n d excited by short pulses of fast elec

t rons the lifetimes of N C C pairs were less t han 10 ~ 9 s [23]. 
Surface recombina t ion in W S has no t yet been adequate ly 
studied, bu t recent advances in growing thin-film structures 
of these mater ia ls suggest tha t a successful ou tcome m a y be 
expected very soon. 

6. Photochromic reactions 
This term is used for one of the types of process con t r ib 
u t ing to the format ion and rea r rangement of complexes 
(aggregates) of po in t defects (PD) and chemical impuri t ies 
often st imulated by the excitation of the electronic sub
system, as was shown by the exper imental studies of A n B V I 

c o m p o u n d s by She inkman and coworkers [5, 24]. The term 
' P C R ' , n o w widely used, was first p roposed by Beer and 
Borcha rd t [25] in 1953 to describe the ' pho toexhaus t ion ' 
effect which they had discovered in CdS crystals. It was also 
shown tha t the change in proper t ies of the semiconductor 
s t imulated by i l luminat ion are due to the generat ion (or 
the d isappearance) of recombina t ion centres. U n d e r these 
condi t ions the impor t an t effect is no t the absorp t ion of the 
p h o t o n energy by the crystals bu t the act ion of the excess 
charge carriers generated by the light. T h u s processes of the 
P C R type are one form of the general p h e n o m e n a of 
the generat ion, rea r rangement , or annihi la t ion of defects 
and complexes initiated by ionising radia t ion , which also 
t ake place under the influence of fast electrons. F u r t h e r 
more , whereas in P C R processes the presence of a high 
concent ra t ion of excess carriers is a necessary and sufficient 
condi t ion, the P C R should take place also in the absence of 
an external ionising rad ia t ion under condi t ions of electric 
injection or avalanche b r eak d o w n . This observat ion is 
relevant to well k n o w n aspects of ageing and degrada t ion of 
semiconductor devices. 

7. The photohardening effect 
This process, associated with the mot ion of dis locat ions in 
A n B V I c o m p o u n d s , was discovered in 1968 by Osip 'yan and 
Savchenko [26]. It was found tha t the i r radia t ion of CdS 
(and other) single crystals by light of a given wavelength 
causes a s t rong hardening , i.e. an increased resistance to 
plastic deformat ion . A typical deformat ion d iagram illus
t ra t ing the P H E is shown in Fig. 4. I l luminat ing the sample 
in the region of easy plastic flow (cr= const) p roduces 
a ma rked mechanica l s t rengthening, so tha t beyond this 
po in t the sample deforms elastically, and plastic flow begins 
again only at a stress c r T c well in excess of the threshold 
stress in the darkness c r T T . The relative ha rden ing effect, 
( c r T C — c r T T ) / c r T T , can be as high as 100% or more , while the 
ra te of plastic deformat ion sn under i l luminat ion decreases 
by several orders of magn i tude for the same value of a. 
Switching off the i l luminat ion restores the original plast ic 
proper t ies of the sample, as can be seen from Fig. 4. The P H E 
is usually observed with the sample under a uniaxial stress; 
however , s t rengthening by i l luminat ion can be achieved also 
under deformat ion of other types (such as to rque , bending, 
etc.) provided tha t plast ic deformat ion can be induced in this 
way. The P H E has been observed in a lmost all the A n B V I 

w ide-band semiconductors , including poly crystalline 
samples. The P H E is excited most effectively by light which 
p roduces in te rband t ransi t ions: it is u n d o u b t e d l y similar in 
na tu re to the p h o t o c h r o m i c react ion in W S . I ts 
manifest ia t ions are associated with the type of electric field 
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near dislocat ions of var ious types. A negative P H E (the 
plastic softening effect) has been observed in some cases for 
excitation in a n a r r o w spectral range. The first microscopic 
models of the P H E st ipulate the accumula t ion of electrons 
from their t r app ing levels by moving dislocations: increasing 
the number of these electrons increases the charge on the 
dislocation and therefore lowers its mobil i ty. As far as the 
present writer knows the P H E has no t been studied in other 
wide-band semiconductors including SiC or d i amond . 
Accord ing to a pr ivate communica t ion Hal l m a d e an 
unsuccessful a t t empt to observe the P H E in G e 
monocrys ta l s . 

1 0 V / N m - 2 

I l l u m i n a t i o n o f f 

I I I I I 
0 2 4 6 e, % 

Figure 4 . P h o t o h a r d e n i n g effect in C d S . a is t h e a p p l i e d s t r e s s , e is 
t h e d e f o r m a t i o n o f t h e s a m p l e , T= 100 ° C , v g = 10 \im m i n - 1 , 
X = 550 n m [5]. 

8. Radiation control of the properties of WS 
The special proper t ies of W S , induced by the presence of 
electron localisation centres with deep levels, are no t always 
control lable by t rad i t iona l m e t h o d s of crystal growth . 
M e t h o d s of dop ing the W S under s trongly nonequi l ib i r ium 
condi t ions therefore had to be found. These m e t h o d s consist 
in in t roducing the required impuri t ies dur ing the growth of 
the crystal from a gas p lasma or by ion implan ta t ion under 
condi t ions such tha t the addi t ion of impuri t ies , leading to 
the b r e a k d o w n of the initial s t ructure, is accompanied by 
reduct ion (usually dur ing an anneal ing process, i.e. a heat 
t r ea tment of prescribed length). D u r i n g the last few years 
the implan ta t ion of high-energy ions ( 5 0 - 1 0 0 0 keV) has 
become an essential pa r t of the technology of solid-state 
electronics [13]. T h o u s a n d s of ion accelerators are current ly 
used in industr ia l countr ies , most ly in the p roduc t ion of 
silicon p lanar devices. As is well known , reliable t abu la t ions 
of da ta on the pene t ra t ion depth of ions of different masses 
in different solids are n o w available for exper imental 
scientists and engineers. However , p rob lems on the n a t u r e 
of the accompany ing rad ia t ion damage and on the poss i 
bility of el iminating it still have to be solved individually. 
In recent years special a t tent ion has been devoted to the ion 
implan ta t ion of impuri t ies in d i a m o n d [14, 17]. W o r k e r s 
engaged in the p roduc t ion of l ight-emitt ing diodes and 
other devices based on W S are increasingly tu rn ing to ion 
implan ta t ion and other m e t h o d s of rad ia t ion interact ion to 
cont ro l the energy spectrum of centres with deep levels, and 
in par t icular the i r radia t ion of SiC with fast electrons [37]. 
The use of neu t ron t r ansmuta t ion doping, as n o w pract ised 

in silicon technology [10], is a likely future development in the 
cont ro l of the proper t ies of W S such as CdS . 

9. Effect of point defects and extended defects 
on the energy levels of the local states and 
of non-equilibrium processes in WS 
The analysis of the effect of po in t defects (PD) and of 
extended defects on the proper t ies of semiconductors and 
the ra t iona l cont ro l of defect concent ra t ions are a m o n g 
the most impor t an t p rob lems in solid-state physics and 
technology. M a n y m o n o g r a p h s and reviews have been 
wri t ten on these topics, and a biennial in te rna t iona l confer
ence has been established [27]. As was said above, the role of 
defects is specially impor t an t in all member s of the very 
large class of W S , mainly because of the large b inding energy 
of localised carriers and of the (so far) invariably high 
concent ra t ions ( ~ 1 0 1 7 c m - 3 ) of the P D and of the 
uncont ro l led impuri t ies . The the rmal generat ion of P D in 
c o m p o u n d semiconductors has been discussed extensively by 
Sakalas and Yanushkyav ichus in their m o n o g r a p h 2 8 and 
also in Ref. [5] (for A n B V I compounds ) . Detai led 
informat ion on P D in d i amond can be found in the 
m o n o g r a p h [14] edited by Field in 1992, and considered 
a m o n g specialists as the Bible of D i a m o n d . A n d yet, the 
p rob lem of defects in d i amond layers deposi ted from the gas 
phase , whose technology is being rapidly developed, is still 
far from being solved. The same is t rue of silicon carbide, in 
which the polytypism of the crystal s t ructure has serious 
hindered, for m a n y years, the in terpre ta t ion of available 
da ta . 

10. Methods of experimental study of defects 
in WS 
The wide b a n d gap of the W S was an obvious reason for the 
general adop t ion by workers in this field (as h a d been done 
earlier for alkali hal ide crystals) of optical me thods , i.e. of the 
analysis of absorp t ion , luminescence, and pho toconduc t iv i ty 
spectra [29], and also of electron pa ramagne t i c resonance 
( E P R ) spectra. M o s t of the P D (and their complexes with 
chemical impurit ies) in crystalline Si were unambiguous ly 
identified by Watk ins , Corbe t t , and their coworkers using the 
E P R method . These results are of fundamenta l value in the 
technology as well as the physics of this mater ia l [31, 32]. 
In the case of silicon extraordinar i ly favourable condi t ions 
were created by combining the E P R procedures with electro-
physical measurements , by vir tue of the possibili ty of con
troll ing the F e r m i level and of ob ta in ing (in most cases, with 
great ease) da ta on the energy levels of impuri t ies and defects. 

In W S comprehensive studies of this type are possible 
only exceptionally, as can be seen from the contents of recent 
m o n o g r a p h s [5, 28] and original papers . On the other hand 
the optical me thod , and especially the analysis of the lumines
cence [33] and the E P R spectra, often allow us to determine 
the symmetry of the defects from the fine s t ructure p roduced 
by an isotopic shift of the lines. Alternat ively we can use 
rare-ear th impuri t ies in t roduced by var ious m e t h o d s (in 
par t icular , by ion implanta t ion) : these are characterised by 
radiat ive t rans i t ions within the centres, and they can be used 
as p robes acting on factors such as the lattice strains 
p roduced by defects close to the emitter [30]. 
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11. Radiation defects 
In addi t ion to the grown-in poin t defects, [31] the interact ion 
of the pene t ra t ing rad ia t ion with high-energy p h o t o n s plays 
an impor t an t role in the generat ion and stabil isation of these 
defects. Since S e i t 3 4 publ ished an est imate of the energy 
needed for the impact (a thermal) transfer of one of the 
regularly posi t ioned a toms from its lattice site to one of 
the nearest interstit ials (25 eV) exper imental values of the 
threshold energy varying between 5 and 80 eV were obta ined 
for m a n y semiconductors . These exper imental values are 
often used to calculate the upper limit of the concent ra t ion 
of displaced a t o m s [10]. I m p o r t a n t correct ions which were 
later applied to these calculat ions were discussed by Emtsev 
and Mashove t s [35]. The pr incipal considerat ion under ly ing 
these correct ions is tha t a well defined threshold cannot be 
expected: we have a range (band) of threshold energies, so 
tha t at least in the classical semiconductors (Ge and Si) the 
componen t s of F renke l pa i rs are very mobi le and closely 
spaced pai rs are uns table . 

However (and this is specially impor t an t in WS) the 
impact displacements of a t o m s from the lattice sites are no t 
the only impor t an t processes in these mater ia ls . A n equally 
impor t an t role is played by the interact ion of the excited 
electronic subsystem with poin t defects and impur i ty 
centres [36]. P h e n o m e n a which were conveniently observed 
in alkali hal ide crystals as changes in optical absorp t ion 
and in the luminescence spectra in the visible region were 
also observed in semiconductors , and termed subthreshold 
defect generat ion. These processes are basically similar to 
p h o t o c h r o m i c react ions (see Section. 6). 

12. Luminescence in porous silicon 
A fairly s t rong luminescence of silicon in the visible region 
of the spectrum was recently repor ted (in 1991) by Cullis 
and C a n h a m [38]. Their observat ion, confirmed by m a n y 
workers , s t imulated great interest because the possibili ty of 
fabricating electroluminescent devices on the basis of a 
technologically well unde r s tood mater ia l like crystalline 
silicon was irresistibly at t ract ive. It has long been k n o w n 
tha t some m e t h o d s of chemical t r ea tment (etching) of silicon 
monocrys ta l s lead to the format ion of spongy or part ial ly 
tube-l ike s t ructures to a depth of several micrometres from 
the etched surface of the crystal [39, 40]. Accord ing to 
n u m e r o u s studies by electron microscopy these s t ructures 
resemble a dendri t ic coral with irregularly spaced bridges 
between the individual b ranches . M e t h o d s of p repa r ing 
p o r o u s silicon have long been k n o w n to specialists in 
'silicon electronics ' , t hough differences in detail were 
evident between the techniques used by workers in England 
[39], in the U S A ( IBM) [41], and G e r m a n y (Technical 
Univers i ty of M u n i c h ) [42], and in m a n y other labora tor ies . 
There is little doub t tha t the discovery of visible rad ia t ion in 
p o r o u s silicon will u l t imately lead to technologically 
impor t an t develop-ments , bu t the physics of these devices 
will no t benefit to the same extent. M o s t of the workers who 
publ ished da ta on the photo luminescence and 
electroluminescence of this mater ia l (or, m o r e precisely, on 
the whole family of he te rogeneous mater ia ls , which include a 
wide variety of microcircuit elements based on crystalline Si), 
have been inclined to the conclusion tha t a ' q u a n t u m 
conf inement ' effect takes place and leads to radia t ive 
t ransmiss ions within the strongly modified system of energy 

levels . 4 3 Theoret ical studies have been aimed at a quant i ta t ive 
descript ion of the repor ted emission spectra. However , it is 
legit imate to ask whether a p o r o u s s t ructure is essential to the 
emission of visible rad ia t ion in silicon. V D Tkachev , of 
Minsk , t hough t tha t the same effect could be achieved by 
dop ing the silicon with rare-ear th elements and by developing 
improved m e t h o d s of exciting ' in t racent re ' opt ical 
t ransmiss ions . However he did no t suppor t his suggestion 
with exper imental results. Michel and coworkers (USA) 
claimed [44] to have detected photo- luminescence (as well as 
electroluminescence) in the IR region (1.54 um) in silicon 
monocrys ta l s doped with Er by ion implan ta t ion . A 
theoret ical explanat ion of the effect was pu t forward by 
I N Yassievich (St. Petersburg) at the same conference [45]. 

R e p o r t s by H F u c h s and coworkers [45] (Germany) of the 
p repa ra t ion of free (substrate-free) thin layers of crystalline 
silicon by anodic oxidat ion are of interest: according to 
optical absorp t ion results these films had a forbidden b a n d 
gap of approximate ly 2 eV and showed photo luminescence . 
Accord ing to the publ ished results the following observat ions 
are no tewor thy . 

(a) The photo luminescence seen in p o r o u s silicon is the 
most effective. However , m a n y workers stress the 'ageing ' 
effects found in this mater ia l , i.e. the change in the spectral 
composi t ion and the decrease in the luminescence effective
ness with t ime, and their dependence on the excitation level. 
This is not surprising in view of the complicated geometry 
and of the marked irregulari ty of the s t ructures so far 
p roduced . 

(b) The m e t h o d s of electric excitation mos t impor t an t for 
pract ical purposes (like the electron beam excitation me thod ) 
have not yet been adequate ly studied. 

(c) If the concept of ' q u a n t u m conf inement ' are valid it 
should be possible to preserve the po re s t ructure by filling the 
pores with a suitable neu t ra l med ium. W o r k in this direction 
began t owards the end of 1991, and rapid progress can be 
expected shortly. 

13. Practical application of wide band 
semiconductors 
A ra t iona l j udgmen t of the cont r ibu t ion m a d e by advances in 
physics to social progress will be m a d e by our descendents 
in the next century. T h o u g h the present writer would no t 
p resume to compare the social effect of semiconductors with 
tha t of (say) the appl icat ion of nuclear physics he is ready to 
suppor t the widely held belief tha t since the 1950s solid-state 
electronics and its associated compute r technology have 
played a direct role in the development of m o d e r n 
civilisation. 

Wi th in the scope of the present review we should confine 
our comment s to the appl icat ions of the W S . As has a l ready 
been stated in the In t roduc t ion their par t ia l appl icat ions will 
be found, in the first instance, in the field of optoelectronics , 
including the universally familiar colour television sets, 
indicator l amps used in household appliances, and electro
luminescent panels . W e could ment ion an example familiar to 
the citizens of St. Pe te rsburg (then called Leningrad , 15 years 
ago). Very pleasing electroluminescent lights were fitted all 
over the city to i l luminate the house number plates. 
Unfor tuna te ly , within 2 - 4 years the intensity of their r ad ia 
t ion had fallen sharply as a result of physical changes of 
the pho tochemica l react ion type similar to those briefly 
ment ioned above. Specialists in the field of silicon 
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electronics and helioenergetics k n o w very well the extent to 
which the pract ical appl icat ion of semiconductor devices 
depends on their reliability and service life. As a concrete 
example, users of solar bat ter ies expect a service life of at least 
10 years, and similar criteria are specified for devices in 
communica t ions by fibre optics based on genera tors and 
detectors of the luminescence type. In the light of the facts 
and concepts discussed above the closing pa r t of this review 
will be devoted to a brief examinat ion of the prospec ts of 
further developments in technology and of new appl icat ions 
of physical p h e n o m e n a typical of W S (Table 2). 

(1) The b roades t (and mos t profi table) field of appl icat ion 
of the W S is their use in colour television as crystalline 
p h o s p h o r s excited by fast electrons. 

(2) Nex t in order of impor tance is the use of W S in 
injection excitation appl icat ions exploit ing the energy of the 
outer electric field in indicators and in electroluminescence 
panels , and also (in the near future) as flat television screens 
to replace the vacuum tubes . On the basis of a l ready available 
da ta these screens are expected to become serious 
compet i tors of the m o d e r n devices (based on scanning 
b e a m s of fast electrons) dur ing the next 5 - 1 0 years. 

(3) The W S (mostly cadmium sulfide) are a l ready widely 
used as photores i s tors in a u t o m a t i o n and other convent ional 
fields (exposure meters in cameras and c ine-photography 
appara tus ) . 

(4) The special features of h u m a n visual percept ion have 
been used for m a n y decades in traffic lights and in the cont ro l 
panels of aircraft (and also, m o r e recently, of m o t o r cars). 
Electroluminescence devices will p robab ly replace the less 
reliable t rad i t iona l systems (based on filament lamps) dur ing 
the next few years. 

(5) The semiconductors most widely used at present 
(silicon and gallium arsenide) cannot be opera ted at t emper 
atures above 100 °C. However , devices opera t ing at higher 
t empera tu res are required in some areas of technology. 
D i a m o n d and silicon carbide are the a m o n g the W S mos t 
likely to be used in these cases. Accord ing to recently 
publ ished da ta these two mater ia ls have only each other 
as compet i tor for several of the impor t an t pa rame te r s 
(leaving out of considerat ion cubic b o r o n nitr ide, B N , 
whose technology is at a less advanced stage). N o w and 
in the forseeable future the field of appl icat ion of h igh-
t empera tu re devices will remain limited bu t impor tan t . W e 
no te tha t in addi t ion to a wide work ing range (extending 
from 300 to 500 °C) b o t h compet i tors (d iamond and silicon 
carbide) offer a high stability against nuclear rad ia t ion 
damage . 

14. Conclusions 
D u r i n g the last 50 years the fundamenta l and the applied 
studies in the physics of nonmeta l l ic solids have achieved 
successes widely recognised outs ide the field of specialists in 
these mater ia ls . After the invention of the t ransis tor and the 
development of silicon device technology we witnessed the 
appearance of m a n y interest ing new ideas and new concepts 
in m a n y related areas of semiconductor physics, bu t their 
social effect is still no t comparab le with tha t of the main 
achievement: m o d e r n solid-state electronics. The present 
writer is confident tha t new development lines of great 
impor tance to m a n k i n d will very short ly be identified in the 
physics of wide b a n d gap semiconductors . This belief stems, 
in the first instance, from the ability of this class of mater ia ls 

to act as a 'b r idge ' between the h u m a n eye (limited by n a t u r e 
to a given region of spectral sensitivity) and the control l ing 
signals used in solid-state electronic devices. 

The writer is grateful to A N Georgob ian i and 
Yu A V o d a k o v for helpful r emarks . 
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