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The generalized solution of the diffusion kinetic equation for avalanche ionization is generalized to include 
the region of short radiation pulses of 10-9-10-L'sec. A solution of the differential-difference quantum 
kinetic equation is obtained and it is shown that in the case of large radiation quanta the dependences of 
the critical field on the frequency and on the pulse duration are substantially altered. The relative roles of 
avalanche and multiphoton ionization in laser-induced breakdown of transparent dielectrics are analyzed. 

PACS numbers: 77.50. + p, 79.20.D~ 

We have previously investigated,'-= by solving the 
quantum-kinetic equation f o r  the conduction-band elec-  
trons in the diffusion approximation, the process of 
avalanche impact ionization as one of the principal 
mechanisms of breakdown of transparent dielectrics 
in a strong electromagnetic field. We determined there- 
by the principal regularities of this  process, namely, 
the dependence of the cr i t ica l  field E ,  on the initial lat- 
tice temperature To on the frequency 0, and on the dur-  
ation of the radiation pulse, in a wide range of the in- 
dicated parameters. It was shown in particular that the 
diffusion approximation provides a ra ther  good descrip- 

and lead to a reasonable estimate, vd = 6 X 1014 set-l, 
of the frequency of the electron-phonon collisions. Some 
experimental results ,  however, particularly on the 
temperature dependence of the breakdown thresholds a t  
low and high radiation frequencies, were  not fully ex- 
plained. It was assumed, in particular, that the dis- 
parity between the observed temperature dependences 
of the breakdown threshold and that predicted by the 
theory of avalanche impact ionization fo r  high-tempera- 
ture  laser  radiation (X = 0.53 pm) may be due to the ef - 
fective inclusion of another carrier-generation mechan- 
i sm,  namely multiphonon ionization. 

tion of the process up to field frequencies satisfying the These facts have prompted us to investigate theoreti- 
condition KSZccI, where I is the effective ionization po- cally in greater detail the development of avalanche im- 
tential, and that this approximation leads to a relation pact ionization for large radiation quanta and to analyze 
of the type the relative role of the mechanisms of impact and multi- 

E,"=P~+V:,, (1) photon ionization in laser-induced breakdown of t rans-  

where v& i s  the effective frequency of the hot-electron 
collisions. The frequency dependence of E,(S2) was sub- 
sequently' refined fo r  high frequencies by solving a 
quantum-kinetic difference equation. It turned out that 
the E,(SZ) dependence can be quite weaker in the indicat- 
ed region than in the diffusion case  described by rela- 
tion (1). 

The derived regularities1-4 have made possible pur- 
poseful experimental  investigation^^'^ aimed a t  deter- 
mining the role of the electron avalanche in laser-in- 
duced breakdown of r ea l  crystals. It was shown that the 
dependences of the breakdown thresholds on the radia- 
tion frequency and on the temperature, observed fo r  a 
number of the optically most durable samples of alkali- 
halide crystals  agree with the theoretical predictions 

parent dielectrics. The relative contribution made to 
the ca r r i e r  generation by these two processes, charac- 
terized respectively by the electron-avalanche develop- 
ment constant y and by the r a t e  W n  of n-photon ca r r i e r  
generation, should be essentially determined by the 
dependence of y and W, on the intensity and frequency. 
of the electromagnetic radiation. It follows from an 
analysis and multiphoton transitions (see, e.g., Ref. 6), 
that in the entire investigated range of pulse durations 
t ,  (10-7-10-11 see)  we have Wn =EL if nS 10. As to the 
avalanche development constant y, i t  can have a stronger 
dependence on the frequency fo r  wide-band dielectrics. 
Thus, in the case  of laser  breakdown in the nanosecond 
pulse range, a s  shown in Refs. 1-3, y depends exponen- 
tially on the radiation intensity. On going to the pico- 
second band, the Y(E) dependence can be  weaker. 
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Therefore, to determine which of the two carr ier  gen- 
eration mechanisms-impact o r  multiphoton ionization- 
can predominate, i t  i s  necessary f i rs t  to study in detail 
the dependence of the avalanche-development constant 
on the intensity in a wide range of pulse durations. Since 
this dependence can be significantly different a t  relative- 
ly low radiation frequencies (when the diffusion approxi- 
mation is valid) and a t  high frequencies, we must in- 
vestigate the singularities of the development of the pro- 
cess of avalanche ionization for strong electromagnetic- 
field quanta. 

To answer these questions, we consider in Secs. 1 and 
2 the dependence of the avalanche development constant 
on the intensity a t  low and high radiation frequencies, 
and determine more accurately the region in which the 
diffusion approximation is valid. In Sec. III we consider 
the dependence of the avalanche-breakdown critical field 
on the radiation frequency. Finally, using the results 
obtained in Secs. 1-111, we analyze,the breakdown criter- 
ion and the relative role of the mechanisms of impact 
and multiphoton ionization a t  various durations of the 
electromagnetic-radiation pulse. 

1. DEPENDENCE OF THE ELECTRON-AVALANCHE 
DEVELOPMENT CONSTANT ON THE RADIATION 
INTENSITY FOR RELATIVELY WEAK 
ELECTROMAGNETIC-FI ELD QUANTA (fin << I) 

We consider here avalanche ionization a t  radiation fre- 
quencies in the region of validity of the diffusion approxi- 
mation of the kinetic equation for the electron energy 
distribution function f ( ~ ) ;  this equation takes in the case 
of high-temperature scattering of electrons by acoustic 
phonons the form 

a 
-(z2f' (2)  +axZf ( 5 ) )  =yoaz"f (x) 
az 

(2) 

and must be solved for the boundary conditions 
S(0)=2S(1), (3) 

Here x=  E / I ,  S(X) = -[x?'(x) + ax2f(X)]~(l) is the electron 
flux along the energy axis 

i s  the diffusion coefficient, Qb) =D(x)/6(1 +q)  i s  the 
spontaneous energy-loss power, E is the maximum am- 
plitude of the electromagnetic field, 

q=eZEz/6mZu.'Q2, 6=kTII, 

I,, is the mean free path in scattering by acoustic phon- 
ons, v, is the speed of sound, m and e a r e  the effective 
mass and charge of the electron, yo= yQ-'(l), a 
= [ (q+  1)6]-I. Since the dependence of the avalanche- 
development constant y on the field E (see Sec. I11 below) 
determines, via the breakdown criterion, the dependence 
of the critical field on the pulse duration, while this dur- 
ation, since we wish to determine the relative roles of 
impact and multiphoton ionization, is of interest to us  in 
a wide range including the picosecond region, we solve 
Eq. (3) without the limitation ay,,<< 1.') 

We obtain for Eq. (2) an approximate solution such that 
the behavior of the function y(E) is described with suf- 

ficient accuracy in the intermediate region of variation 
of the parameter a and goes over into the exact solution 
in the limits a >>l and a <<l, which correspond to the 
cases previously considered in Refs. 1-3 and in Ref. 7, 
respectively.2' We note that the case considered in Ref. 
7 was used without justification to analyze an electron 
avalanche a t  nanosecond radiation pulses (for more de- 
tails see  Refs. 1-3). To simplify the notation we intro- 
duce a new function u(x) =x1'2f(x). Since the solution of 
Eq. (2) a s  a!- 0 is expressed in terms of modified Bes- 
se l  functions,' we can change over to the following Vol- 
terra-type integral equation 

where 

G(5 ,  x)=4{K,(4(yoa)"~")Z2(4(r,a)x) 

-IZ (4 (you) '"$'") Kz (4(y0a) ''*xxl') 1. 
Using (3), we obtain an equation for yo: 

At a >>l we can expand the Bessel functions in the inte- 
grands and confine ourselves to the f i rs t  term of the ex- 
pansion. In the other limiting case a c<l,  the e r r o r  due 
to such an expansion is also insignificant, since the de- 
cisive terms in (7) a re  those which do not contain the 
factor a. The e r ro r  in the intermediate region can be 
easily estimated by taking into account the next higher 
terms of the Bessel-function expansion. 

Using the integration formulas 

and the indicated expansion when necessary, we easily 
obtain recurrence relations for the fractional moments 
of the functions u(x) and ul (x) ,  s o  that (7) can be rewrit- 
ten in the form 

where the function F ( a )  is specified by the ser ies  - 2"+2 

z ( 2 m t 3 )  !! (2m+ l) a"' 
n,=o 

and admits of the following integral representation 

where y($-, 5 )  is the incomplete gamma function. This 
representation and Eq. (8) lead asymptotically a s  a - 
directly to the results of Refs. 1 and 3: 
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To estimate the e r r o r  due to the expansion of the Bes- 
se l  functions, we must use the formula for  the residual 
term of the series and perform calculations similar to 
those made above. It turns out that the largest e r r o r  of 
yo is obtained in the range a = 0.8-4.0, where i t  does not 
exceed 70%, as against 2@ outside these limits. 

Figure 1 shows the function y,(q6) calculated in ac- 
cordance with (8). Here and hereafter we use throughout 
the parameter 6 = 1/350, which corresponds to a lattice 
temperature T = 300 K and to an ionization potential 
1 = 9  eV. The same figure shows for comparison a plot 
of y0(q6) calculated from the equation 

which is obtained in the solution of the kinetic equation 
with constant coefficientsS [after replacing the coef- 
ficients of (2) by their values a t  x = 11. It i s  seen that 
the curves differ very little from each other, and a t  
any rate the uncertainty in the quantity 

y=yoQ(f) 

is much larger, inasmuch a s  Q(1) is known only ac- 
curately to one order of magnitude. 

This conclusion has also a much more general charac- 
ter. Calculations similar to those made above were 
performed for other types of kinetic coefficients [the 
coefficient D(x) of diffusion along the energy axis and the 
coefficient Q(x) of the spontaneous energy loss power], 
and in particular for  the case of polar and nonpolar scat- 
tering by optical phonons. The results allow us to state 
that not only the character of the function y,(q) but also 
the numerical values depend little on the concrete form 
and on the behavior of the kinetic coefficients a s  x- 0, 
i.e., in final analysis, on the concrete dispersion laws 
and on the energy dependence of the frequency of the 
electron-phonon collisions. A peculiar exception occurs 
in cases when electron "runaway" i s  possible; since, 
however, the essential role in wide-band materials a t  
high energies is played by scattering by acoustic phon- 
ons, which hinders the runaway, consideration of this 
effect is outside the scope of the present paper. 

2. DEPENDENCE OF THE ELECTRON-AVALANCHE 
DEVELOPMENT CONSTANT ON THE RADIATION 
INTENSITY FOR LARGE LIGHT QUANTA 

We star t  from the differential-difference kinetic equa- 
tion with constant coefficient, derived in Ref. 5 directly 
from the general quantum equationEs9: 

On the basis of the results and discussion in Ref. 5, we 
omit here the terms that contain the derivatives of the 
distribution function in the displaced points x' = x*  x,, as 
well a s  the terms that describe multiphoton intraband 
transitions with participation of phonons, since these 
terms a r e  not essential a t  the electromagnetic-radiation 
frequencies and intensities of interest to us. 

In this section we consider only cases when I/ZS2 = n 
is an integer. Introducing the notation 

FIG. 1.  Dimensionless avalanche development constant yo vs 
the parameter 96 (at f in  ~ 1 ) :  1-calculated from (8); 2-ob- 
tained by solving the kinetic equation with constant coeffi- 
cients. 

we obtain the following system of n linear differential 
equations of second order: 

6-'y,f,=f,"+ 6-'i,'+sf,-'sf,, (1 1) 
. . . . . . . . . . . .  
6-'yo~r=j,"+6-1ta'+sik-L+s~l-,-2sf~. 
. . . . . . . . . . . , . .  

6-'yof.=f."+ 6-'j,'+sf,-,-sj,. 
(1 1' ) 

The solution of this system is of the form 

The values of A, a r e  obtained in the usual manner from 
the characteristic equation 

A.=o, (13) 

where A, a r e  the corresponding determinants of order 
2n, for which the following recurrence relation holds: 

with 

Ao=l, A,=h0.+6-')-s-p. p=yU6-'. 

Thus, 

where y, and y, a r e  the roots of the characteristic equa- 
tion for the difference relation (14). Solving (l3), we get 

and for  the coefficients of exp(h&) in the distribution 
functions we have 

where 

The sought value of the avalanche development constant 
yo is obtained from the solution of the equation 

I u,, l =o. (1 5) 

In the determinant lu,,l, 2n - 1 rows a re  the result of the 
conditions that the distribution functions and the flux be 
continuous a t  the points x, = kx, ,  k = 1,2,  . . . , n - 1, while 
the remaining two rows correspond to boundary con- 
ditions similar to (3) and (4), but with allowance for the 
fact that xo i s  finite: 
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The elements of the determinant equation a r e  thus 
a, ,  ,=ex*, 

23 
u,,~--G,P (Ap+6-') -2h.eL*+ -(eLflo- l ) ,  

I ,  

a,,, , - G , ~ ~ ~ ~ - G , P ,  k=l, . . . , n-1. 

IL.,+,+L. P = h P ~ z + k .  ,, k=l,. . . , n- l ,  p=1, 2 , .  . . , 2n. 

We note that in the considered frequency region 
za/6> 1 (17) 

and the terms containing exponentials of A,x, with A, < 0 
can be neglected in the calculation. 

We consider f i rs t  the case when 

s6xoK 1 ,  (18) 

and a l l  the more, according to (I?), 
sdZK I. (19) 

The general solution of (15) in the lowest orders in the 
indicated parameters is of the form3) 

We note that since the inequality (17) is satisfied with a 
large margin, the second term of (20) i s  negligible a t  
n = 3-10: 

for  all reasonable values of q (q> 10) and 6 (6< &). 

Thus, in contrast to the diffusion solution, in the limit 
(18), when yo<< 1, the avalanche-development constant is 
a power-law function of the field 

In the expansion of (20) in powers of sbx,, the coef - 
ficients a, of some of the terms a re  of order nk, s o  that 
if the inequality (18) is not satisfied rigorously enough 
this expansion cannot be used: with increasingn, the re- 
gion where y,(E) is given by a power law such a s  (21) 
shifts into the region of pulses of increasing duration. 
This explains how the transition to the diffusion solution 
takes place. 

More general y,(q) dependences can be easily calculat- 
ed subject to the rather weak limitation (19), which is 
satisfied a t  n=3-6 a l l  the way to y,=0.1.~) 

The results are given in Fig. 2, which shows for  com- 
parison also the plot of yo(q6) obtained in the diffusion 
approximation (for a kinetic equation with constant coef- 
ficients). It is seen that a t  n 5 the diffusion solution 
describes quite well the function yo(@) in the entire 
pulse-duration region of interest to us. 

The boundary condition (16) and the differential equa- 
tion (11') were written down for  the case when both elec- 
trons are in the vicinity of the point x =  0 after the im- 
pact-ionization act. Of course, this does not correspond 
fully to the real  situation. Since i t  is impossible to ob- 
tain the solution of the complex distribution of the elec- 
trons that take part in the impact ionization, we confine 

FIG. 2. Dimensionless avalanche development constant yo vS 
the parameter 96: 1-for n = 1 quantum, 2-for n =2, 3-for 
n = 3 ,  4-for n =4; 5-dependence obtained in the diffusion 
approximation. 

ourselves to another case that is limiting in a certain 
sense: if the ionization is produced by an electron with 
energy (n - l ) m  + c,, 0 c c, a ti62, then electrons with 
energy c = 0 and & = c, result. EQuation (11') and the 
boundary condition (16) take the form 

Calculations similar to those given above show that the 
character of the function y,(q6) changes insignificantly, 
and in particular, the relation (20) remains valid. The 
coefficients of the higher powers of sx06 a r e  insignifi- 
cantly altered. By way of example we present the simple 
calculation relation for  n = 3: 

where 

3. DEPENDENCE OF THE AVALANCHE-DEVELOPMENT 
CONSTANT ON THE LASER-RADIATION FREQUENCY 

In the preceding section we confined ourselves to the 
case I b S 2  = n  with integer n. The method employed can 
be easily generalized also to the case when I  and ES2 are  
commensurate: 

where n, p, and m a r e  integers. We must subdivide I 
into nm + p  parts, after which we determinef, in the re-  
gion 1 -p/(mn+p) e x  s 1,  f, in the region 1 -m/  
(mn + p )  c x s 1 -p / (mn +p), and s o  forth, and obtain thus 
a system of equations similar to (11) for  2n + 1 functions, 
in which only functions with even (odd) indices a r e  cou- 
pled with one another in the kinetic equations. 

The expansion similar to (20) takes the form (without 
the terms ~ ~ 6 2 ) :  

where z , and z , a r e  respectively the lengths of the even 
and odd segments into which the unit-length interval was 
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broken down. 

It is obvious that this result can be extended, from 
continuity considerations, to include the case when the 
ratio I/fii2 is arbitrary. By way of example we present 
a formula for the avalanche development constant, which 
is valid only if 4 9 xo c : 

Figure 3 shows the calculated plots of the critical field 
against the frequency of the laser radiation for two 
values of the avalanche development constant: yo= 
(for nanosecond pulses) and yo = 3. (picosecond 
pulses). m e  diffusion solution was used in the region 
x o s  0.2 (see Sec. I). 

It is  seen from the figure that the character of the 
frequency dependence of the critical field is determined 
essentially by the duration of the electromagnetic- 
radiation pulse. At nanosecond durations the breakdown 
threshold can decrease with increasing frequency of the 
electromagnetic field even a t  x,2 0.3, as already noted 
p r e v i ~ u s l y , ~  and Ec(l;l) is an oscillating function. The 
oscillations a re  due to the presence of sharp maxima of 
the distribution function f(x). Allowance for the exact 
boundary conditions can lead to the appearance of ad- 
ditional shallow maxima and to a certain smoothing of 
the frequency dependence of the critical field. 

In concluding the analysis of the singularities in the 
development of the electron avalanche a t  large laser- 
radiation quanta, i t  must be noted that the dependence 
of the critical field on the initial sample temperature 
remains the same also in this case a s  in the diffusion 
approximation, under conditions when the field frequency 
exceeds the frequency of the electron-phonon collisions: 
E: a T-l. 

4. RELATIVE ROLE OF THE IMPACT-IONIZATION 
AND MULTIPHOTON-IONIZATION MECHANISMS 
IN LASER-INDUCED BREAKDOWN 

The change of the free-carrier density N in the crystal 
conduction bandband as a result of impact and multiphot- 
on ionization is described by the equation 

where R(N)  is the term that describes the carr ier  re-  
combination. 6' 

FIG. 3. Dependences of the square of the critical field E: 
(in arbitrary units) on the laser-radiation quantum for different 
values of the avalanche development constant: 1--yo = 3 
2-y0 = lom5. 

It is obvious that to determine which of these two car- 
rier-generation mechanisms predominates in laser-in- 
duced breakdown we must not only know the values of 
y and W,,, but also investigate the breakdown criterion 
that connects the rate of free-carrier generation suf- 
ficient to produce breakdown with the duration of the 
radiation pulse o r  with the recombination time. A cri- 
terion for breakdown due to impact ionization was ob- 
tained' for  the case when the pulse duration i s  shorter 
than the carr ier  recombination time 7,. It was shown 
that such a criterion is a rapid explosive-like increase 
of the crystal-lattice temperature T, due to absorption 
of the radiation energy by the f ree  carr iers  in the course 
of the avalanche impact ionization. 

It i s  of interest to analyze this "breakdown tempera- 
ture criterion" in greater detail with account taken of 
the variation of the avalanche-development constant in 
the course of the process, for example,because of the 
change in the lattice temperature, and also with ac- 
count taken of the carr ier  recombination. 

We discuss f i rs t  the case when the carr ier  recombina- 
tion during the time of the field-pulse action can be neg- 
lected (7, >>t,). The equations that describe the avalanche 
generation of carr iers  in the conduction band and the 
heating of the lattice a s  a result of the electron-phonon 
collisions can then be written in the form 

where 8= T/To, To is the initial lattice temperature; if 
scattering by acoustic phonons predominates, the pa- 
rameters are1*=: 

P=4Q(1) ( q ~ o f ' a ~ / n ' i 2 ~ p ~ o ,  60=kTolI ,  x=Vz. 

Here C is the specific heat of the lattice, p is the den- 
sity, 

Y=Y 'TJ (~ ) ,  yo=y(Td.  

The solution of the system (24) is 

(N, is  the initial carr ier  density) and i s  the sought 
breakdown criterion. Since the integral in (25) always 
converges, the function 6( t )  has a vertical asymptote, 
i.e , the temperature r ise  has an explosive character 
The actual value of the energy needed for the break- 
down i s  immaterial here, in other words, there is no 
need to calculate the effective lattice temperature a t  
which the irreversible changes occur in the matrix, pro- 
vided that i t  is  not close to the initial value. It suffices 
to calculate the integral in (25) a s  0- a. Of course, this 
does not mean physically that an "infinite" temperature, 
giant carr ier  densities, and s o  on, will be reached. 
The accuracy of the value of yOt, calculated in this man- 
ner is sufficient. In fact, we present the values of the 
product yOt, calculated in accordance with (25) with al- 
lowance for the y(8) dependence that follows from the 
results of Sec. I for different values of the critical tem- 
perature 8,: 

We see  that in a time exceeding 0.9t, the heat r ise  is 
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only approximately 104 This is precisely the circum- 
stance that allows us to regard the avalanche ionization 
development constant a s  independent of temperature and 
to obtain the simple breakdown criterion 

whose accuracy is perfectly satisfactory. 

We consider now the breakdown criterion for  the 
avalanche breakdown mechanism in the presenceof rapid 
carr ier  recombination: T, < tp. If the electromagnetic- 
field frequency exceeds the electron-phonon collision 
frequency, then the breakdown criterion i s  obvious: 
YT, = 1. The situation is more complicated if SZ c. veff, 
inasmuch a s  in this case the rate of avalanche ioniza- 
tion decreases with increasing lattice temperature, and 
if i t  becomes a t  some instant lower than the recombina- 
tion rate, no further heating will take place. To analyze 
this phenomenon, we consider a solution of a system of 
equations analogous to (24Y): 

This solution is  

To make a final temperature 0, possible, it is necessary 
to satisfy the condition 

rdedB.(loT (8.) -T,-l (elf) ) >0. 
1 

and the breakdown criterion can be written in the form 

j'dn- (ev) -T,-f (e-, , -0. (28) 
I 

In particular, if T, is  independent of temperature and 
c~(B)ae-~, we get 

T",=B, (29) 

The breakdown criterion (29) a t  7,s lo-" makes for a 
much weaker dependence of the critical breakdown field 
on the initial temperature of the sample, and in the case 
when the recombination ra te  increases with increasing 
temperature, complete absence of the temperature de- 
pendence of the breakdown threshold may be observed 
in the experiments. 

If the main carr ier  generation mechanism i s  multi- 
photon ionization, the breakdown criterion, which is 
likewise obtained from a simultaneous solution of the 
system of equations for the rate of change of the car- 
r i e r  density and of the lattice temperature [the f i rs t  
equation of (24) must be replaced] takes the form 

It i s  seen that the critical intensity depends little on the 
final temperature in the interaction region. 

The foregoing results yield the dependence of the cri-  
tical intensity on the laser-radiation pulse duration for 
the two limiting mechanisms of carr ier  generation in 
impact and multiphoton ionization. By way of example, 
Fig. 4 shows these dependences for n =  5, calculated 
using the results of the preceding section and the break- 

Qc 

ZOO 

ID0 

FIG. 4. Dependences of the parameter q, , which determines 
the critical field (q, a E:) on the durationtp of the laser- 
radiation pulse (NaC1 crystal, n = 5), for different laser-break- 
down mechanisms: 1, 2, 3-for multiphoton ionization, 
W, > W, > W,, 4-for impact ionization. 

down criteria (30) and (25). 

The parameters used in the calculations were No= 10'' 
~ m - ~ ,  Q(l) = 5 .  1012 sec-I, p =  2.17g/cm3, Cp = 2.86. 1017 
erg/deg (NaCI), and T = 300 K. 

Curves 1, 2, and 3 show the dependence of the critical 
field on the pulse duration for the generation mechanism 
connected with multiphoton ionization of the lattice a t  
different values of W,. We see  that, depending on the 
rate of multiphoton ionization, two principally different 
cases a r e  possible: 

1. Curves 1 and 4 do not cross. This means that in 
the entire range of laser pulse durations i t  is impossible 
to observe the breakdown mechanism due to the electron 
avalanche, and the dominant limiting breakdown mechan- 
ism is the appearance of nonlinear absorption by the f ree  
electrons produced as a result  of multiphoton interband 
transitions. 

2. In the second case (curves 2 and 4), the breakdown 
threshold is determined by the development of the elec- 
tron avalanche in the pulse-duration region 

Both a t  t,<t'," and a t  t,> t(,a multiphoton ionization again 
predominates. The pulse duration region defined by the 
inequalities (31) can generally speaking be quite large 
and include both the nanosecond and the picosecond 
ranges (see curves 3 and 4). 

 his condition is  equivalent to a >>I. 
,)1t will be made clear later on that ?,,a -const as cr =O 
3)yo=s6 a t n = t .  
4 ) ~ t  n = 2 the results can be easily obtained also without the 

restrictions (19). 
5 ) ~ h e  last term of (22) corresponds to the second term of the 

expansion (20). 
6, We disregard here and below the carrier diffusion and the 

heat dissipation from the interaction region (see Ref. 1). 
?)when f2 < v,ff, the exponent i s  x= (Ref. I), and for sim- 

plicity we neglect the corresponding relation in (24). In 
addition, we confine ourselves to linear recombination, 
since the character of the recombination does not influence 
substantially the results that follow. 
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Manifestation of the proximity effects in tunnel 
conductance of multilayer systems 
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An experimental investigation was made of the tunnel characteristics of thin films of "poorly conducting" 
substances, CuCI, Bi-Sb, and normal metals, Cu and Ag, covered by superconducting lead. These 
characteristics were determined in a wide temperature range (1-3WK) at pressures up to 17 kbar. The 
changes in the tunnel conductance of these systems were explained qualitatively within the framework of 
the familiar ideas of the proximity effect. It was found that a copper chloride film had semiconducting 
properties and did not go over to the metallic and superconducting state. 

PACS numbers: 73.60. - n, 73.40.Gk, 73.40.Jn, 73.40.N~ 

1. INTRODUCTION 

The electron spectrum of a conducting material un- 
dergoes considerable changes when this material is 
brought into contact with a superconductor. An investi- 
gation of this phenomenon, known a s  the proximity ef - 
fect, i s  of fundamental importance for the understanding 
of the nature of superconductivity1 and it makes it possi- 
ble to determine various characteristics describing the 
properties of the electron and phonon subsystems of the 
investigated The extensive experimental 
data on the proximity effect have been obtained mainly 
for contacts of a normal metal with a supercond~ctor.~ 
It seems interesting and desirable to investigate multi- 
layer structures with semimetals and semiconductors 
because of the possibility of superconductivity mecha- 
nisms other than the electron-phonon effect, particular- 

substances with a superconductor, and because of the 
application of hydrostatic pressures up to  17 kbar. 

We carried out additional experiments on normal 
metal-superconductor systems (Cu/Pb, Ag/Pb) com- 
posed of films of the same thickness as in the case of 
CuCl/Pb. In the majority of earlier investigations of 
these structures, attention was concentrated on the be- 
havior of the tunnel conductance near the energy gap and 
the experiments were usually carried out on relatively 
thick (2200 A) films of normal metals.' Having thus ex- 
tended the investigated energy range, we shall consider 
the applicability of various models of the proximity ef- 
fect to the tunnel characteristic a s  a whole in the range 
of energies corresponding to the superconducting gap a s  
well a s  in the range of phonon excitations of the super- 
conducting (lead) coating. 

ly the exciton mechanism near a semiconductor-super- 
conductor i n t e r f a~e .~  In this sense, there is definite in- 
terest in systems such a s  CuCl and Bi-Sb, in which a 2. EXPERIMENTS 

transition to a metallic and even superconducting state 1. We investigated cross-shaped structures of the 
is possible at high pressures."' su~erconducting aluminum-aluminum oxide-investigated 

We carried out tunnel experiments on thin films of substance/lead-(~1-I-N/P~) type, prepared by thermal 
CuCl (10-200 A) and Bi-Sb (1000 A), which were in di- evaporation of the various substances in a vacuum of 
rect contact with superconducting lead. A study was -1W6 Torr. A tunnel barrier was formed by oxidation of 
made of changes in the tunnel conductance because of aluminum in a dry oxygen atmosphere or in air  for 5-15 
the proximity of these relatively "poorly conducting" min at a pressure of 0.3-0.5 Torr in the chamber. Alu- 
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