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An analysis is made of the photoexcitation of carriers in a semiconductor by intense light whose frequency is 
close to the band gap. It is assumed that the most characteristic relaxation frequency is the frequency of 
electron-electron collisions. An analysis is made of the evolution of the distribution of nonequilibrium 
camers under the influence of a high-power nanosecond laser pulse and the results obtained are compared 
with the experimental data. The influence of intraband energy relaxation, recombination, and 
nonmonochromaticity of laser radiation on the evolution of the distribution functions is determined. The 
results obtained are applicable to the case of interband excitation as well as to the case of photoexcitation 
from an impurity level. 

PACS numbers: 79.60.Eq, 79.20.D~ 

Photoexcitation of ca r r i e r s  in a semiconductor by a 
high-power laser pulse generates a nonequilibrium el- 
ectron - hole plasma. The nature of the distribution 
functions of these photocarriers is governed by the 
properties of the semiconductor: the frequencies of en- 
ergy relaxation by interaction with acoustic (v,) and op- 
tical (v,) phonons and by collisions of ca r r i e r s  with one 
another (wee), and the recombination frequency v,. 
Light interacting with a semi-conductor a l ters  the car-  
r i e r  density and the inequalities between these frequen- 
cies. An electromagnetic wave of sufficiently large am- 
plitude influences also the dynamics of quasiparticles, 
which is important if the frequency A of the field-induc- 
ed transitions i s  much higher than the relaxation fre- 
quencies.' All this makes the dependences of the char- 
acteristics of an electron - hole plasma on the parame- 

important. If the duration 7 of a laser pulse is of the 
order of sec, the condition for the adiabatic inter- 
action between the wave field and ca r r i e r s  is satisfied 
right up to the end of the pulse. The temperature T ac- 
quired by electrons and holes a t  this moment is govern- 
ed solely by the mass  ratio k = me/mh and by the differ- 
ence w - A. The values of T found for GaAs in the case 
when w - A < 15 meV a r e  in good agreement with the ex- 
perimental  result^.^ We shall analyze qualitatively the 
phase trajectories (paths) in the (p,, T) plane and find 
the steady-state distributions of ca r r i e r s  in the T>> u,', 
v i l  case. We shall determine the influence of nonmono- 
chromaticity of the laser light on the evolution of the 
distributions. Our results  will apply not only to the case 
of interband photoexcitation but also to the excitation of 
electrons from impurity levels. 

t e r s  of an exciting pulse very complex. ~ l e s i n '  solved We shall use a system of units in which A = 1. 
the transient problem of the distribution of ca r r i e r s  in 
the field of an electromagnetic wave of any (no matter BALANCE EQUATIONS 
how large) amplitude by ignoring the frequency wee. We shall consider a two-band semiconductor with ef- 
Levinson and ~ e v i n s k i r ~  found the steady-state distri- fective electron and hole masses  me and mh. The kin- 
bution function of electrons on condition that vo, wee>> v,. etic equations for the electron and hole distribution 

If the field of a light wave creates c a r r i e r s  of energy 
insufficient to emit an optical phonon, then vo = 0 and 
vAs lo9 sec-' (Ref. 3). Under the conditions, beginning 
from relatively low plasma densities n,, the process of 
energy transfer is controlled by collisions between car-  
r i e r s  (n," 3 x 1014 cm-3 for GaAs-Ref. 4). Moreover, if 
the frequency A satisfies the condition A<< vee, the dis- 
tribution functions can be regarded as the Fermi  func- 
tions with nonequilibrium values of the temperature T 
and chemical potentials of electrons (gel and holes (p,). 
The time dependences of these parameters a r e  found 
from the equations of balance of the number of particles 
n and their energy (nc). The steady-state balance equa- 
tions were investigated bv K r ~ k h i n . ~  

We shall consider resonant excitation of ca r r i e r s  by 
light of frequency w close to the band gap A. We shall 
assume that wee >> A>> v,, v,. We shall analyze the evo- 
lution of the carr ier  distribution for t imes t<< vi', vi'. 
The influence of relaxation can be ignored for these time 

functions [f,(p) and fh(p)] can be  written a s  follows 

j . ( p )  = S e h { f e ,  f ~ ) + S e f ( f . ) + S ~ { f J  
+ 2 n h P z ( l - f . ( p )  - f ~ ( p )  ) ~ ( E . ( P ) + E ~ ( P ) - - ~ E o ) ,  

f h ( p )  = S h e  { f h ,  f e } f  S h l  { f h )  + S R { f h )  ' 

(1) 

+ 2 n h p 2 ( l - f . ( p ) - f h ( p )  ) 6 ( s e ( p )  + E A ( P )  - 2 ~ 0 1 .  

Here, ce(p) = p2/2me and = p2/2mh a r e  the disper- 
sion laws of the quasiparticles; A, = I~d , l ;  E is the el- 
ectric field in the incident wave; dD is the interband ma- 
trix element of the dipole moment operator; 2.5, = w - A. 
Collisions of ca r r i e r s  a t  a characteristic frequency wee, 
which conserve the number of electrons and holes, a r e  
described by the f i rs t  t e rms  in the system (1). The sec- 
ond t e rms  correspond to the interaction of the quasipar- 
ticles with phonons and the t e rms  S,{LJ describe re-  
combination. The last t e rms  allow for the interaction 
with a high-frequency field in accordance with pertur- 
bation theory. After a time t>> we:', the following Fermi  
distributions a r e  established: 

intervals t; only the interaction of ca r r i e r s  with the 
electromagnetic wave field and with one another remain 

(2) 
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whose parameters p,, ph, and T a r e  governed by the 
balance  equation^.^ These equations follow from Eqs. 
(1) and (2) and a r e  

n.=l(l-f.(po) - ~ A ( P o )  1-R, 

( (ne)  ')=2eoJ(1-f.(po) -fh(po) ) -P. 

Here, n, is the electron density, (nz) is the carr ier  en- 
ergy, 

R is the density of electrons recombining per unit time: 

P is the energy transferred per unit time to the lattice: 

the bar  above A; denotes averaging over the angle be- 
tween E and d,, and m is the reduced mass. (It is as- 
sumed that cascade emission of acoustic phonons plays 
the dominant role in the recombination process; carri-  
e r s  a re  then captured from the bottoms of the energy 
bands and the energy balance equation does not contain 
the recombination terms.) Equations (3) and (4), supple- 
mented by the electrical neutrality condition 

~ s ( P . ,  T) =nh(~h, T), (5) 
represent a complete system for the determination of 
pew, ~rh(t), and T ( t ) .  

If 

~ . ( P o ) + ~ A ( P o )  =I, (6) 

the field ceases to generate electron - hole pairs. This 
is due to  equalization of the electron occupation num- 
bers of the resonant energy levels linked by optical 
transitions in a strong field. Equations (5) and (6) a re  
specified on the (p,, T)  planeoby a line and the points on 
this line will be called the saturation states. 

INTEGRAL CURVES WITHOUT ALLOWANCE FOR 
RELAXATION 

We shall now consider the case of a strong field when 

JWR, P/eo. (7) 

The condition (7) allows u s  to drop always, with the ex- 
ception of a small region in the vicinity of the line of 
saturation states, the relaxation terms from Eqs. (3) 
and (4). The relationship between p, and T is then given 
by the f i rs t  integral 

he>-%eon=const (8) 
and by the condition (5). The behavior of the integral 
curves is easiest to analyze in the me = m, case. Then, 
the saturation state i s  reached on the straight line p, 
= Eo, and Eq. (8) can be transformed to 

Here, FSl2(q) and F,/,(q) a r e  the Fermi -Dirac inte- 
grals'; x = T/zo is the dimensionless temperature; y 

FIG. 1 .  Intergal curves yc(x) for different values of C: 1)  C 
= -0.109; 2 )  C= -0.0162; 3)  C =  0;  4 )  C =  0.02. The derivative 
&/dy changes its sign on curve 5; the steae-state values of 
x and y are attained on the line 6. 

= pe/zo i s  the dimensionless chemical potential; the con- 
stant C is governed by the initial conditions (the density 
no and the temperature To). Substituting x =  0 in Eq. (9), 
we obtain 

If C> 0, Eq. (10) has just one solution yo> 5/3; if - 2 h /  
15 < C a 0, there a r e  two solutions: 0 G y, < 1 and 1 < y, 
5/3; if C = - 241r/15, curve (9) contracts to the point 
x = 0, y = 1. The integral curve (9) with C = 0 consists 
of two regions: the singular line x = 0, y c 0 and the line 
yo@) which has the asymptote x = 2/3, y- --. This line 
describes a separatrix that divides integral curves y,(x) 
of two types: if C < 0, both ends of the curve correspond 
to the temperature x = 0 (Fig. 1); if C >  0, one end of the 
integral curve also corresponds to zero temperature, 
but in the limit x-Q, the curve yc(x) approaches asymp- 
totically the line 

If the thermal energy of equilibrium electrons is great- 
e r  than co (i.e., if To> 2/3c0), then C > 0 and on applica- 
tion of the field the chemical potential pe increases, 
whereas the temperature decreases. If a t  a moment t 
the distribution is nondegenerate, then 

Cooling occurs because the energy of electrons trans- 
ferred to the condition band is less  than the average 
thermal energy, and when electrons become thermalized, 
the system a s  a whole experiences cooling. When To 
< 2/3~,, the constant i s  C < O  and the electron gas be- 
comes heated again, but on increase in the chemical po- 
tential pe this effect changes t o  cooling. If To= 0, the 
initial density no = 0 and the electron temperature a r e  
governed entirely by photocarriers. In this case for a 
nondegenerate distribution we have T = 2/3z0 and the 
evolution of the system is described by the separatrix 
(C = 0). 

If m, + m h, Eqs. (5) and (8) can be  written in the form 

where k = m,/m, is the mass  ratio; 77, = pe/T, qh = ph/T, 

179 Sov. Phys. JETP 53(1), Jan. 1981 L. I. Glazman 1 79 



x = T/&,. The integral curves given by the system (11)- 
(12) a r e  qualitatively no different from the curves plot- 
ted for a semiconductor with me = mh (Fig. 1). If k << 1, 
Eq. (12) can be simplified in two limiting cases. If 
I],>> 1, then the ratio is 

TXFS (qh) /kv'F~, ( q , )  <i 

(r = k in the region defined by qh>> 1 and y a q i l  if 
m).  In the case of nondegenerate distributions (Iqel >> 1, 
qh- -q,< O), we have Y = 1. In bothcases, Eq. (12) reduces 
to  an equation of the (9) type. Transforming Eq. (6), we 
obtain5 

I t  follows from Eqs. (11) and (13) that the line of satura- 
tion states intersects the ye axis a t  the point p = 2e0(l 
+m,/rr~,)", and inthe l imitx-a  this line has anasymp- 
tote whose slope is governed by the equation 

k%F.,,(q.) =FY,(-q.) . 

In the excitation of an electron from an impurity level 
separated by a gap E, from the bottom of the conduction 
band the quasimomentum is not conserved and the sat- 
uration condition should be written a s  follows: 

fe(Eo) =ft. (14) 

Here, f i  and fe(Eo) a r e  the occupation numbers of elec- 
trons a t  the impurity level and in the band for &,(p) = E,, 
E, = w - Ei .  If we ignore the relaxation processes, the 
integral curves a re  given by Eq. (9) (where &, is replac- 
ed with E,). We shall replace the impurity concentra- 
tion ni by the chemical potential yo: 

If go>> E,, then Eq. (14) and the electrical neutrality con- 
dition in the range y, << p,, readily yield the explicit de- 
pendence T(p,): 

which determines the line of saturation states. 

Let u s  assume that T, and y L  a r e  the coordinates of 
the point of intersection L between an integral curve a 
and a line of saturation states b(Fig. 2). In the case of 
short pulses of duration 

r<ri=nn, ( p ~ ,  T ~ )  / B ~ ~ x , ~ ~ ~ ~  (15) 

FIG. 2. Schematic form of the trajectory in the case when r 
>> v i ' ,  vz':  a) integral curve in the adiabatic approximation; 
b) line of saturation states. The adiabatic (AB) part of the 
trajectory corresponds to times t - 71. The times t - v i ' ,  

v i '  correspond to the part of the trajectory c if vR<< VA and 
to the part d if % >>vA. Here, To is the lattice temperature. 
1); 2) Steady-state solutions for various relationships between 
1 and VA. 

the saturation state is not achieved and at the end of the 
pulse the quantities ye and T satisfy the equation n,(p,, 
T) = 57. In the case of intermediate pulse duration 7, 
we have 

v ~ - ~ ,  v.,-~wTBT,, (16) 

where the values of &(T) and T(7) lie in the direct vic- 
inity of the point L. 

If a laser pulse causes interband transitions, the val- 
ues of T, p,, and yh a t  the point L a r e  given by Eqs. 
(11)-(13). [ ~ t  shouldbe noted that whenapulse of S = lo6 
w/cm2 intensity and 7 =  10-lo sec duration is incident on 
GaAs, the inequality (16) is obeyed for all those values 
of co that have a lower optical phonon frequency.] At a 
sufficiently low temperature To the density of photocar- 
r i e r s  obeys n>>no (for example, according to Ref. 6, the 
ratio is n/n,= 10') and we can substitute C = 0 in Eq. 
(12). A numerical solution of the system (11)-(13) for 
k =  0.1 and C =  0 gives 

The result (17) allows u s  to interpret the experimental 
data6 for frequencies w < A + 15 meV without invoking 
any relaxation mechanism. In the case of GaAs, we 
have k = 0.086-0.14 and a numerical coefficient in the 
dependence T = 0.306c0, deduced from the data of Ref. 6, 
differs by just 3% from the theoretical value (17). We 
recall that in our calculations we used just one charac- 
teristic of the material, which was the mass  ratio me/ 
mh. 

In the case of a long pulse, when 

rwv,-', vR-I, 

the nature of the solution of the system (3)-(4) depends 
strongly on the relaxation processes. In the next sec- 
tion we shall assume that the condition (18) is satisfied. 

INFLUENCE OF RELAXATION AND OF 
NONMONOCHROMATICITY OF LASER RADIATION 
ON THE EVOLUTION OF CARRIER DISTRIBUTIONS 

When the inequalities (7) a re  obeyed, the relaxation 
processes result in perturbation of the "adiabatic" t ra-  
jectory of a system except in the direct region of the 
line of saturation states. If the correction to the unper- 
turbed solutions is calculated, it is easy to show that the 
width of this region is 

Ap.-Tvn.(p, T ) / J  

(v is the higher of the frequencies v, and vR). We shall 
assume that the lattice temperature is T,<<T,. Then, 
if vR << u,, the derivative a t  the point L is d((n&) - 2&on)/ 
dt < 0 and the distribution after the adiabatic stage evolv- 
e s  toward lower temperature (curve c in Fig. 2). How- 
ever, if uR >> v,, and, consequently, R >P at  the point L, 
then the adiabatic stage is followed by the heating of 
carr iers  (curve d). 

The scattering of phonons fixes not only the tempera- 
ture of ca r r i e r s  but also their chemical potential. 
Therefore, the Fermi functions with T = To can satisfy 
simultaneously Eqs. (5) and (6) and cause P to vanish. 
If uR = 0, these functions give the exact solution of the 
system (3)-(4). Recombination results in a finite life- 
time of electrons of energies E < &, and makes i t  possible 
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to create, by a strong field, pairs of ca r r i e r s  of energy 
2co. Thus, in each recombination event the system of 
electrons and holes receives an energy E, - c> 0 and i t s  
steady-state temperature becomes T, > To. 

The influence of light nonmonochromaticity is similar 
to the effect of recombination. The high-frequency wing 
of a radiation pulse (E, > &,) creates an electron-hole 
pair and the low-frequency wing (E, < c,) causes stimu- 
lated recombination of this pair. The energy E, - E, > 0 
is then transferred to the gas of ca r r i e r s  causing i ts  
heating. 

We shall illustrate this by considering a semiconduc- 
tor with equal electron and hole masses. Let u s  assume 
that the profile of the laser  radiation line is given by the 
function p(c), where 2~ = w - A, which has a sharp max- 
imum at  E = c,: 

and the temperature T, satisfies the condition 
eo)T') (msaeo) " (19) 

(s is the velocity of sound). In the case of the polariza- 
tion scattering mechanism,' the energy transferred to 
the lattice i s  

P(p, T) =2Ap(T-To). 

(The coefficient A depends on the electron - phonon in- 
teraction constant.) If the inequality (19) is obeyed, the 
number of ca r r i e r s  captured by unit time by the attrac- 
tive centers tends in the limit of T - 0 to a value R ( @ ,  T)  
= B, which is independent of p. If we assume that 
(E, - p)/2T << 1, we obtain the system of equations 

The system (20) differs from the system (3)-(4) by al- 
lowance for the dispersion of light Ac, whose influence 
is significant if c, - p, 2 (AE)~/E,. If we assume that 
J >>B, we obtain the following steady-state values of T 
and p: 

The expressions in Eq. (21) a r e  in agreement with the 
above considerations. 

the nonmonochromaticity of light and the recombination 
processes make comparable contributions to the heating 
of carriers.  For example, if we assume that the inten- 
sity of a pulse incident on GaAs is S = lo6 W/cm2 and that 
c, = 10 meV, TL = lo%, vR = log set-l, we obtain Ac" 
1.5 X 10" sec-l. It should be noted that the width of the 
radiation spectrum emitted by a crystal lasers can be 
greater than o r  smaller than the above value of A&. 

The author is grateful to I. B. Levinson for stimulating 
discussion and valuable advice, and to V. M. Tsukernik 
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'1 The possibility of investigating the system (3)-(4) with the 
aid of the (p , ,  T)  phase plane was pointed out to the author 
by I. B. Levinson. 
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