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We consider the electron-hole—pair generation and the resulting free-carrier-density
buildup in a semiconductor irradiated with laser beams whose frequencies are below the
band gap. Using a simple model, we show that the free-carrier density may exhibit hys-
teresis and that when placed in a cavity, the semiconductor causes optical multistability at
relatively low input cw intensities. For InSb the model predicts hysteresis at or above ~ 100

W/cm?

I. INTRODUCTION

Sometime ago it was observed that electron-
hole—pair generation plays an important role in the
nonlinear absorption properties of a semiconductor
irradiated with a laser beam which has a frequency
less than the band gap.! Specifically, it was seen
that even for relatively low-intensity pulsed beams,
pair generation can cause the formation of an
avalanche in the density of free carriers and thus
alter the optical response of the semiconductor. In
the present paper we consider this phenomenon in
the context of optical multistability. In particular,
we show that when the semiconductor is irradiated
by a laser beam whose frequency is less than the
band gap, the density of electrons and holes can ex-
hibit hysteresis as a result of rapid pair generation,
and that if the semiconductor is in a ring cavity, the
optical output of the cavity displays multistability.

There is usually a population of mobile carriers
even in relatively pure crystals at low temperatures.
These carriers, even though small in number, play
an important role in the response of a semiconduct-
or to a laser field whose frequency does not allow
single-photon interband transitions. For the sake of
definiteness, let us consider a slightly n-type materi-
al whose band structure is something like the one
shown in Fig. 1. There is then a small population of
mobile electrons at the bottom of the conduction
band. These electrons can absorb photons via emis-
sion or absorption of phonons, which is free-carrier
absorption and does not depend on the light fre-
quency in a significant way. When the sample is ir-
radiated, free-carrier absorption causes the tempera-
ture of electrons to rise and form a hot electron pop-
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ulation in the conduction band. Energetic electrons
normally relax by phonon emission. However, an
electron which has kinetic energy greater than the
band gap can preferentially decay to the bottom of
the conduction band by producing a pair, that is, by
exciting a valence electron to the conduction band.>3
The mechanism responsible for this pair generation
is the binary Coulomb collisions between conduction
and valence electrons. Such a relaxation has a
strong resemblance to Auger processes in that it is
the inverse of the Auger recombination. Thus, via
the heating of the original free carriers, more free
carriers are created by pair generation, and they in

FIG. 1. Bucket model for a two-band semiconductor.
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turn can absorb more photons via phonon emission
or absorption and thereby create more hot carriers.
Unless balanced by electron-hole recombinations,
this process can lead to an avalanche growth in the
free-carrier density.

In Ref. 3, a simple “bucket” model was developed
to describe the behavior of InSb (at T=4 K) under
intense and pulsed CO,-laser beams. In this prob-
lem the band gap is larger than twice the laser fre-
quency and neither single-photon nor two-photon
interband transitions are allowed due to energy con-
servation. To determine the optical response of InSb
to CO,-laser beams, the bucket model partitions the
conduction and valence bands into various regions
according to photon energy, and uses a simple set of
equations to obtain the particle transfer rates among
these regions, or “buckets.” Despite its gross simpli-
fication of the problem, one may have confidence in
this model on the basis of two facts. First, the
model leads to results which are in reasonable agree-
ment with experiments in which the beam is pulsed.’
Second, more precise analysis of the same problem
with appropriate electron and hole distributions,
which are continuous and energy dependent
throughout the bands, has generally confirmed the
results of the model.* A further advantage of the
bucket model is that it can easily be adapted to other
semiconductors with different band structures. In
the present paper we extend the use of the bucket
model to the case in which the laser beam is cw and
the semiconductor is placed in a ring cavity. For
the sake of definiteness, we also consider InSb, with
the simplified band structure as shown in Fig. 1.
However, the semiconductor is now irradiated by cw
CO,-laser beams and steady-state conditions prevail.

In Sec. I we study the bucket model for I <I,,,
where I is the average light intensity inside the semi-
conductor and I, is some critical intensity. I, is
on the order of 500 W/cm? for InSb. In the prob-
lem there appears another critical intensity I, ,, such
that the model gives two possible values for the
free-carrier density if I,; <I <I,,. This result is il-
lustrated in Fig. 3 and demonstrates that the free-
carrier density can exhibit optically induced hys-
teresis due to the pair generation. I, is on the order
of 100 W/cm? for InSb. For 0<I <I,,, the model
gives a single value for the free-carrier density and
no hysteresis is observed. The high-intensity regime
corresponding to I >1., is not investigated in the
present paper. In Sec. III we consider the situation
in which the sample is placed in a ring-cavity con-
figuration as shown in Fig. 4. We use the Drude
theory to take into account the dispersive and ab-
sorptive effects of the sample on the field inside the
cavity. One can distinguish two types of behavior in
the response of the semiconductor. For large detun-

ings from a cavity frequency, the nonlinearity is
mostly dispersive in nature, and input-output inten-
sities display hysteresis. When the laser frequency is
resonant with a cavity frequency, the nonlinearity is
absorptive, and the input-output intensity curve cor-
responding to the higher density displays bistability
by itself. As one varies the frequency detuning, one
observes both types of behavior in conjunction.

A final remark here concerns possible practial ap-
plications of this hysteresis of the free-carrier densi-
ty. As the discussion above makes clear, none of the
processes which it involves is a resonance
phenomenon. The hysteresis is therefore relatively
insensitive to light frequency. This is especially im-
portant from a practical point of view, since it may
lead to a broad-band bistable system.

II. HYSTERESIS OF FREE-CARRIER
DENSITY

In this section we briefly describe the bucket
model for InSb and solve the relevant rate equations
in the steady state. The bucket model for InSb has
only two bands, as shown in Fig. 1: a heavy hole
band and a conduction band. The model divides the
conduction band into three regions: a, b, and c.
These regions have equal energy spread, each rough-
ly #w, where o is the laser frequency. Starting from
¢, electrons can go to b and a by free-carrier absorp-
tion. Electrons reaching region a can create
electron-hole pairs and go to c. Electrons that are in
¢ can recombine with holes in the valence band. The
model also divides the valence band into two
separate regions, v; and v,. The size of v, is sup-
posed to be roughly the same as that of region a.
Region v, does not contribute to the pair excitation,
whereas v, does. On the other hand, v; is involved
in electron-hole recombinations, but v, is not. In all
regions, whether in the conduction or valence band,
electrons relax by phonon emission and go to lower-
energy states.

The bucket model uses parabolic bands. If the
capital letters N,,Ny,N.,N,, and N,, designate the
number of states per unit volume in the various re-
gions described above, then

I et —1fn, % 1221372 172
Ne= [~ dEQm)™'m /R HE ~Eg)

=37)"'2mrw/5)?, 1

where m_ is the effective mass for the conduction
band. Let the sample be at T=4 K. Then
m2~0.014m, and N,~3.4X 107 cm~3. Similarly,
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Ny=037)"12m /%[ (20)? —(0)*/?]

=1.8N, )
and
N,=(37)"'2m} o /H)*[(30)*?—(20)*?]
=2.4N, . 3)

For the valence-band electrons, from Fig. 1 it fol-
lows that

Ny =037 "'2mpEy/#)**=N, , @)

where m;, is the effective hole mass, mj~0.4m,,
and Eg=m_}#w/m;. N,, is taken to be the same as
N,.

Let the lower case letters n,, ny, n., n,;, and n,,
designate the actual electron densities in their
respective regions. There are five rate equations for
these quantities, which in the steady state become

0=n,=y;[(Ng—ng)ny —(Ny—np)n,]
—Vela(Np—np)
~Vphahys (N, —n.)? 5)
0=np = —¥[(Ng—ng)ny —(Np —ny)n,]
+7i[(Ny—np)n.— (N, —n,)ny ]
+¥ena(Ny—np)—7Veny(Ne—n.),  (6)
O0=n,=—y[(Ny—np)n.—(N,—n)n,]
+2¥,nany2(N. —n. )
+Yenp(No—n,)—Vep(Nyy—nyy) , ()
0=ny 1=V (Ny1—11) = Vo1 1(Ny2—12) ,

(8)
and

0=ﬁ02= _‘VpnanvZ(Nc —nc y
+ ¥y 1tNy2—ny,) - 9)

The various terms here have the following mean-
ings: ¥, (N,;—n,,) represents electron-hole recom-
binations. Recombinations are assumed to affect
only regions ¢ and v,. The terms y,.n,(N, —n,) and
Yenp(N.—n,) represent thermal relaxation in the
conduction band. y,n,,(N,,—n,,) describes thermal
relaxation in the valence band. y,n,n,,(N.—n, )2
describes the pair excitation process which is as-
sumed to involve only the a, ¢, and v, regions. The
terms that are proportional to ¥;, such as

Yil(Ng—ng)ny —(Np—np)n,] ,

represent free-carrier absorption. The model as-
sumes that free-carrier absorption takes place in the

conduction band but not in the valence band. 7., 7,,
Vp» and v, designate the rate coefficients for relaxa-
tion of conduction electrons, relaxation of valence
electrons, pair excitation, and recombination, respec-
tively. 7, is a compound rate for free-carrier absorp-
tion and is proportional to the laser intensity. Equa-
tions (5)—(9) are five equations for five unknowns.
One can substitute the expression for particle con-
servation, which is much easier to deal with, for one
of these equations. Summing all five rate equations
for n,, n, etc., one finds that

na+nb+nc+nvl+nv2=Nvl+Nu2+n0 (10

at any time ¢, and in particular for the steady state
at t—+o. The right-hand side of (10) follows
from the fact that before the light beam is turned on
(which corresponds to t—— ), n,=n,=0,
n,1=N,1, n,y=N,,, and n.=n,. We assume that
ng is on the order of 10'® cm 3. We can also obtain
two other equations from (5)—(7) that are more con-
venient to work with than (5) and (7). Summing
(5)—(7),

ypnanvz(Nc_nc)2=7’cu(Nul_nvl) . (11

This equation states that, in the steady state, the
number of electron-hole pairs lost due to recombina-
tion must equal the number of pairs created by hot
electrons. Now using (11) in (7), we find

Yi(Npn.—Nny )=7cnp(N.—n,)
+7’cv(Nvl_nvl) . (12)

Keeping (6) and (8) as they are, we now have a new
set of five equations, (10)—(12), (6), and (8), for five
unknowns.

At this juncture we will make an approximation
that follows from the extreme rapidity of the pair
excitation process.> It turns out that as hot electrons
move into region a, they are quickly scattered back
to region c via pair excitation. It turns out that the
rate for pair generation for InSb is nearly 5 to 6 or-
ders of magnitude larger than the rate for recom-
bination.> Thus generally, n, <<n;,n, even for rela-
tively large laser intensities. We therefore neglect n,
in the various sums that involve ny, n., n,, and n,,,
and the working equations become

ny+ne+ny1+n,=N,1+Ny+ng , (13)
Yi(Nyn.—N.ny)=v.np(N.—n,)
+Yeo(Ny1—11) (14)
YI(Npne —Ncnp)=y1Nanp
+¥enp(Ne—n,) , (15
Yoo (Np1—ny1) =71, 1(Ny2—ny3) (16)
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and
ananUZ(Nc—nc)2=Ycu(Nvl—nvl) . amn

Equation (17), which determines n,, will not be
needed as long as n, <<n,n., since the total
conduction-band electron density is essentially given
by ny +n,.

To solve the system of equations (13)—(16), we
start from (16), which gives

NvZ_n02=(7cu/7’v)(Nvl—nvl)nv_ll . (18)

Substituting (18) and (13), we obtain a second-order
equation for n,, in terms of n, and n:

nvzl +nvl(nb +nc_n0—Nvl+7cv/Yv)

— (Yo /¥ )Ny1=0. (19)
|

2 [ngNvl—YIchNa(Nvl+7cv/7’u_n0+nc)]

This equation has one positive root and one negative
root. The positive root gives n,;:

ny1=—73 (M +n.—no—Ny1+¥es /75)
+ 51 +1y—no—Nyy+ ¥ /7,
+470 N1 /7,12 . (20)
From (14) and (15) we find
Ny1—ny1=ViNap /Yoy - 21

Equations (20) and (21), when combined, yield an
equation for n, in terms of n, alone:

N, (n.—
ng vl(n nO) 22)

ny—n
b b‘ YINa(Yw_YINa)
Let the roots of (22) be n* (which may be complex):

YINa(ch —YINa) B

ni=[Y?:vNol_YIYCDNa(Nvl"f'YCU}’;l +n. —nO)] [ZYlNa(ch —YINa )]_1

+ { %[Ytz:val_yIchNa(Nvl+7wY|:_l+nc _nO)]ZYI_zNa_Z(ch '_YINa )——2

+'}’3va1("¢ —nO)Yl_]Na_l(Yw —YINa )_1 } 172 .

(23)

Only real and positive roots are acceptable for n,. We distinguish two regimes for which n * are real: First,

Yeo > V1N, -

In this “low-intensity” regime, n ~ <0< n™, and therefore n * is the only acceptable root. Second,

Yoo < YINa

and

[YcuNul_YlNa(Nvl+chY|:—l+nc “"o)]2> 47’chINanl(nc —nO)(Yw —YINa) .

In this regime both n * 50, and either one of the roots, are possible values for n;, provided that it is less than
N, (and also if the resulting equation for n, gives an acceptable root).

The parameters for InSb are such that the internal light intensity which corresponds to ¥, =v;N, is on the
order of 10° MW/cm?, which is much larger than I,,~500 W/cm?. As we stated earlier, the discussion of the
present paper is restricted to intensities less than I.,, and therefore

np=n%t. (24)
Note that
Yeo > ViNg =>7ng01>Y1Nan(Nul+ch7'zz_l+nc_no) ’ 25)

since n, is supposed to be such that n, > n,.

Going back to our system of equations, we note that from Eq. (15) one can obtain another expression for n,

in terms of n,:

nb=YIanc'Vc-l[Nc_”c +71(Na +Nc)/7/c]_l .

(26)

Finally, using Eqs. (26) and (23), one finds a cubic equation for n. alone. Let x=n,/no. Then,
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x34rx24rx +r3=0, 27
where
r1=d " { =Y YeNo1—ViNaNg(Yeo —ViNa) Ve Ve i) ™!
~YeViNsNying ' +ViNaNyng ' (Nyy +¥a¥s ' —no)
—(d +7eYeu N DINRG  +7(Na + Ny 05 ' 1) (28a)
ro=d "' [Neng ' + (N, +N)y: 'ng ']
X {2¥eYeNo1 + Y ViNp Ny 1ng !
+YeVeNNeng ' +71(Na + NV '  1=ViNNpng  (Ny1 + Ve ¥y ' —10)) (28b)
r3=—d" Y Yo Np[Neng ' +7(Ny+Nong 'y ! (28¢)
and x1=2(—p /3 %cos(¢o/3+2m/3)—r, /3
d =YY Ny1 +VINN . (28d) (30b)
An acceptable root pf (27) must be real and equal or and
lrger than N it st 2o reduce 10 10 ot xactly x2=2(=p/3)" cosfo/3+47/3)=r1/3 .
I=0, since n,=n, before the field is applied [see (30c)

Eq. (10)]. In Ref. 3 it is found that for InSb at T=4
K and for ny=10® cm~3, the parametric values
7,=10"1 cm3sec™!, 7,=2.2%10"% cm3sec™!,
Y =3.0x10% sec™!, and y;=(1.1%x1072))
cm3sec™!, where I is the average field intensity in-
side the sample and is given in units of W/cm?, give
the best agreement with pulsed beam experiments.’
For these values of parameters one finds that there
exists a critical intensity I, such that for I <I,,, the
cubic equation may either be reducible or irreduci-
ble,’ but there is only one acceptable root. For
I.,<I<I, the cubic equation is irreducible
throughout the range of I and there are two accept-
able roots. Let

p=ry—ri/3, (29a)

q=ryi—rry/342r3 /27, (29b)

A=—(4p3+27%/27 (29¢)

po=tan"'(—g ~'A'2)+(7/2)(1+sgng) , (29d)
and

u=—q/2+(—27A/108)% (29€)

For I <1,,, the acceptable root is given by

2(—p/3) 3cos(¢o/3+2mw/3)—r, /3
Xo= if A>0 (30a)
uP—pu=13/3—r,/3 if A<O.

For I, <I <1,, the acceptable roots are given by

The critical intensity I, is determined from the
transcendental equation

2(—p/3)%cos(¢po+4m/3)—r, /3=N,/ng .
(31)

On the other hand, I, is determined from the equal-
ity of x and x,, which means

sin(¢y/3)=0. (32)

Figure 2 shows the allowed solutions for n./n, as

’—&7 Vr\
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FIG. 2. Electron density in region ¢ as a function of
internal light intensity.
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functions of I. One solution starts off from 1.0 and
monotonically increases as I increases. It corre-
sponds to xo for I <I., and goes over smoothly to
x; for I>1.,. For I <I,, it is the only allowed
solution for n./ny. The second solution, which cor-
responds to x,, is defined only for I >1I,,. It starts
off from N_/n, and decreases monotonically as I
approaches I.,. The two solutions meet at I =1,,.
Figure 3 shows the corresponding total electron den-
sity n,~ny +n, solutions.

An immediate question concerns the stability of
these solutions. One can perform a stability analysis
using the rate equations (5)—(9) and assuming small
fluctuations n,—>ny +8n,(t), n,—n.+8n.(1), etc.,
where 8n;, <<n,, 8n. <<n,, etc. One then finds that
all fluctuations are damped, and that the solutions

" discussed above are all stable.

The solutions depict the following physical pic-
ture. For I <1, the pair generation, although ra-
pid, is sufficiently compensated by the recombina-
tion so that the free-carrier density does not increase
significantly. Such a compensation also persists for
I>1,,, and the slow rise of the lower branch of the
density curve in Fig. 3 illustrates this situation.
However, as one approaches I.,, the pair generation
becomes more efficient and can lead to a density
buildup. Furthermore, if I is then decreased, start-
ing from I,, the pair generation protects the density
buildup, and the system moves along the upper
curve in Fig. 3. Finally, when I returns to I,
recombinations take over and there is a sharp de-
crease (which may be considered as an “avalanche
recombination”) in the density of free carriers. The
system returns to the original lower-density branch.
Note that hole relaxation plays an important role in
the hysteresis. The rate for hole relaxation is con-
siderably less than the rate for recombination, and

50 + “\ 1
AN
AN |
L . \\
' \ |
o 30| \ ‘
£
:w \
1
- 1
|
1
0 1
! |
e ‘lcz‘
0 T T T . A 1 1 — 1 1 1l
0 100 300 S00
1 (W/cm?)

FIG. 3. Total electron density in the conduction band
vs I.

therefore hole relaxation acts as a bottleneck in the
transfer of electrons from v, to v,. This reduces the
efficiency of the entire recombination process and
allows a buildup in the density of free carriers. Con-
sistent with this picture, the value of I, is sensitive
to changes in ¥,, and also to changes in the size of
N, relative to the other densities of states. Dou-
bling v, increases I.; by about 70% and halving 7,
decreases I.; by about 50%, if all the other parame-
ters are kept unchanged. On the other hand, dou-
bling v,, increases I, by less than 6%, and halving
it decreases I by less than 5%. When N,;/N, is
varied instead of y,, the changes induced in I, are
similar to those when 7, is varied. Finally, we note
that free-carrier absorption can retard the relaxation
of holes to the band edge more effectively at higher
intensities. This somewhat abates the efficiency of
the pair generation and causes the density of elec-
trons to decrease along the high-density branch in
Fig. 3 as I increases from I, to I,,.

A brief remark here concerns I>1,,. When
I>1., one generally does not get an acceptable
solution for n, from the cubic equation, in that all
three roots are real but are larger than N,. We be-
lieve that this is due to the breakdown of the ap-
proximation n, <<ny,n.. As we mentioned above,
free-carrier absorption becomes more efficient in re-
tarding relaxation of free carriers at high intensities.
This leads to a population buildup even in region a.
It follows from (10) that the fractional density alot-
ted to region c is decreased if n, is not neglected
(both n, and n,; increase at high intensities). Thus
one should actually work with a biquadratic equa-
tion near and above I,.

III. RING-CAVITY CONFIGURATION

In this section we assume that the semiconductor
is placed in a ring cavity as shown in Fig. 4, and use

Ew / Eour
—

4 3

FIG. 4. Ring-cavity configuration. The mirrors at 3
and 4 have 100% reflectivity.
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the Drude theory and the mean-field approximation
to take into account the dispersive and absorptive ef-
fects of the sample on the cavity fields. According
to the Drude theory, the dielectric function of the
semiconductor can be written as

elw)=€,+ie,

L A (33)
=€ i s
* o’ +1 o(0*?+1)

where € is the high-frequency dielectric constant
(€, =16.0 for InSb), 7 is an effective scattering time,
o is the light frequency, and w, is the plasma fre-
quency of the electron-hole plasma of the free car-
riers, given by

2
| ne ny 47e’n,
a)12,=47're26 ! - T = " (34)

m; my €. m;

Here n,~ny,+n,, and n, is the density of the holes,
i.e.,

ny=Ny1+Nyy—ny,1—ny; .

The last equality in (34) follows from the fact that
ms <<my and n,~n;. Thus € in the Drude form
depends on the density of the free carriers through
the plasma frequency. From the preceding discus-
sion it follows that in the bucket model, € may de-
pend on I in two distinct functional forms. Apart
from its functional relation to I via w,, € may fur-
ther depend on I via 7, whose numerical value is ad-
justed to give the actual losses in the crystal. In Ref.
3 it was found that the best agreement with the
pulsed beam experiments is obtained for

7=2000(n, /ny) o1 . (35)

We also use (35) for 7.

Let us assume that the semiconductor is placed in
a ring cavity as shown in Fig. 4. To simplify the
problem we assume that the sample fills the cavity
entirely and that the fields are linearly polarized
plane waves. In order to obtain the equation of
propagation for the field amplitudes, we closely fol-
low the method of Ref. 7, and write the fields in the
form

E=J’€E(z,t)eik°ze“""' (36a)

and

D=%D(z,1)e"%e ~or | (36b)
Here E (z,t) and D (z,t) are the slowly varying ampli-
tudes of the electric and displacement fields. k. is
the wave vector related to a cavity frequency .,
such that

O, =ce;*k,=ck, , (37

where ¢’ is the speed of light in the semiconductor.
Substituting (36a) and (36b) into the Maxwell equa-
tion of propagation,

VZE=c~23D, (38)

and using the fact that E (z,¢) and D(z,t) are slowly
varying, one finds

¢'3,E+d,E=—i(Q,—w)E
+i(w/2)e—e )e'E . (39

To obtain (39), we neglected all second derivatives of
E and D, and used

D=¢E, (40a)
9,D=¢€d,E , (40b)
(w/c')0,E =k.0,E , (40c)
0e—€ )E=wQ. (e—€)E . (40d)

With the use of (33), the equation of propagation for
the steady state becomes

¢4 E=—iolS —id)E, @
where

S=0.07 ' —14+(0;?/D(*P+ 17! (422)
and

A=10;20) (o’ +1)7". (42b)

In the ring-cavity configuration, the boundary con-
ditions are®

E(z=0)=T'?E,,+RE(z=L), (43a)
TVE(z=L)=E,, , (43b)

where the mirrors at z =0 and z =L have the same
transmission coefficient 7. R is the reflection coef-
ficient, R =1—T. E;, and E, are the incident and
the transmitted fields, respectively. Since the sam-
ple fills the cavity for z =0 and z =L, the mirrors at
1 and 2 are somewhat symbolic, referring actually to
the surfaces of the semiconductor. T therefore de-
pends on the free-carrier density, and hence on the
internal field intensity. From the Drude model one
finds that

T=4el(1+€/?)~2, (44a)
where
€1=€,(1—0}/0?) . (44b)

We now use the mean-field approximation® to in-
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FIG. 5. Input vs output intensities for various detunings: (a) Q./w=0.9; (b) Q./0=0.965; () Q./w=1.0;
(d) Q./w=1.1. For these curves L =10 um. I and I, are the critical output intensities corresponding to I, and I.,.

tegrate (41):

E(0)—E(L)=—i(wL /c')
X[S(E(L))—idA(E(L))]E(L) .
(45)

Clearly, the amplitude E(L) corresponds to I, the
average intensity inside the sample. From (45), and
(43a) and (43b), we obtain

Iin=1I,{(wL /c' TSIy, /T)

+[14+(oL /' DA /) . (46)

Here we have converted the solution for the ampli-
tudes into one that involves the corresponding inten-
sities. The use of mean-field approximation restricts
this result to thin films.” Figures 5(a)—5(d) show
the output versus input intensities. As we stated
earlier, when Q,/w is varied from 0.9 to 1.1, the
nonlinearity goes from being mostly dispersive in
nature to being mostly absorptive on ), =w, then
again back to being dispersive.
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