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‘Bistable output-input light characteristics in the exciton spectral re-
gion have been examined in a ring cavity configuration taking ito account
the influence of the presence of free carriers in the cavity as well as of

~ the density-dependence of the exciton damping. The resulting modifications
could serve as a means to optimize the optical bistable device operation.

PACS numbers: 42.65.Po; 78.20.Dj

1. Introduction

The interest in the phenomenon of optical bistability (hereafter called sim-
ply OB) has grown very rapidly over the last years. OB is defined as a presence
of two stable states of an optical system under one and the same stationary irra-
diation. The simplest example of such a device is a Fabry—Perot resonator filled
with a material whose refractive index is intensity-dependent. The possibility of
OB was first theoretically predicted by Szoke et al. [1]. In semiconductors OB was
observed experimentally for the first time by Miller et al. [2]. It is now well-known
that OB results from the interplay between nonlinearity and feedback. Up to date,
various kinds of optical nonlinearity and feedback, both with and without res-
onator, have been proposed and investigated in detail in a great deal of works
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[3-8]. In all these works, however, the authors have not yet considered the influ-
ence of the free carriers that usually exist in real experimental conditions on the
phenomenon of OB. In fact, free carriers play an important role and may cause
serious effects in many physical processes in highly excited materials. The authors
of [9] and [10] accounted for the contribution of free electron-hole pairs to the
one-photon absorption and luminescence in the spectral region of P-zone, respec-
tively. In [11] the exciton—electron and exciton-hole interactions were taken into
account in the phase transitions for the excitonic excitations in semiconductors.
And, quite recently the authors of e.g. [12] and one of us [13] have paid attention
to the influence of free carriers on the turbulence and chaotic behaviour of dynam-
ical systems. Our group itself has just dealt with the intrinsic excitonic OB in an
exciton—electron-hole system [14, 15] and shown that both the holding intensity
and the hysteresis loop size of the OB are decreased for increasing electron—hole
pair concentration. Suggestions based on the theory of the OB are also made in
[15] for possible experimentally measuring the exciton-carrier coupling constant.

In this paper we would like to present a theoretical treatment of the OB
in a ring cavity filled with an excited semiconductor containing sample a finite
concentration of free electron-hole pairs. As we shall show, the changes of the
OB picture induced by the presence of free carriers and by the dependence of the
exciton damping on the quasi-particle density might be used for better operating
bistable devices.

For convenience we shall utilize throughout the paper the unit system with
h=c¢ =V =1, where k, ¢, and V are the Planck constant, the velocity of light
and the sample volume, respectively.

2. Basic equations

Let us consider a ring cavity (see Fig. 1 and its description later) which
is anticipated to contain a number of free electron-hole pairs whose origin of
appearance is not specified. Supposing now that the cavity is irradiated by an

£y £ Er

Fig. 1. Ring cavity configuration.
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externally driving laser field with given wave vector k, complex amplitudes E(i)
and frequency £2;. The laser frequency is assumed to be in resonance with the
exciton energy so that the exciton will be generated via the photoabsorption.
These excitons also interact between themselves and with the carriers. The carriers,
however, are coupled only one to another and to the excitons but not to the laser
field because the latter is resonant with the excitonic transition but not with the
band-to-band one. The Hamiltonian describing the system under consideration
then can be written as :

H=H+ H,, (1)
where
Hy = wa(p)a;;ap - gk(Eg')e'm"ta;c' +h.c.
p

+
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Hy =) we(p)epep+ Y wh(p)hphp
P p

1
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p.al

In Egs. (2) and (3) ap(ap), ep(ep) and h3, p(hp) are boson operators for excitons and
fermion operators for electrons and holes with wave vector (or momentum) p and
frequency (or energies) wx(p), we(p) and wh(p), respectively. gi is the exciton-light
coupling factor. vx—x(p, ¢, 1), Vx—e(P, ¢, I) and vx_nh(p, g, ]) are the exciton-exciton,
exciton-electron and exciton-hole interaction potentials, whose analytic expres-
sions can be found e.g. in [11]. ; is the Coulomb potential. The light field can be
represented in terms of its positive and negative frequency parts

Ep= E(+) +lnkt+E( =)e=iflt (4)

The problem of OB in the system can be solved semi-classically by utilizing
the equation of motion of the k-mode exciton operator and the wave equation for
the light field. These equations have the forms

6
;t (wx(k)—l')’k)ak ng( ) —qrzu

1
s ,,Z veox(p: g, k= p)at  raqap
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and
32E(—) 2 E\~ ) 92 -
-k = amg gt (©)
0z? ot? ot?
where 7, is phenomenologically introduced damping of the k-mode exciton. The
complex amplitudes of the macroscopic field can be represented as follows:

Eii) — Eex(ikz+i¢(z,i)), v : . (7)

in which ¢ and E are real functions of the space z and time ¢. Moreover, in the
slowly varying approximation the field amplitude E is a function which alters in
time and space much more slowly as compared to the phase of the wave —i§2;t +
ikz + ip(z,t). This approximation which will be applied in this paper can be
formulated by the following inequalities:

Bl<am | ®)

Equation (5) after averaging over the states of the system and invoking to the
Hatree-Fock approximation becomes (see more details in [14])

|_ <<k|E|1

i—a(;tk> = [wy(k) + vN + uN€ — iye](ag) — ngﬁ;)e‘m"t. 9)
For the stationary regime we look for a particular solutions of Eq. (9) in the form
<ak) —_ Ake-inkt+ikx+itp(x,t) (10)

with A}, being the quantity to be determined. Substituting Eq. (10) into Eq. (9)
we get

—grE = [(yN** + uN°® — Ay) — i) Ay, (11)
where N&* = % q(a',*]'aq) = 3¢ N§* is the exciton density of all possible modes in
the system and Ay = 2 — wx(k) is frequency detuning. In all calculations above,
following [11] we have used the approximative values of the various coupling con-
stants as vx—x(p, ¢, ) = vx—x(0,0,0) = v = 52rIa2/3 (I and ay are the exciton
binding energy and Bohr radius) and vx—e(p, ¢, ) ® vx—n(p, ¢, ) = vx-¢(0,0,0) =
Ve-h(0,0,0) = /2 = 24nIxa2 and have assumed that the electron density N¢ =
Y qledeq) = 3-g Ng and the hole density N? = 3= (h}hg) = 3-4 N§ are equal.
Noticing further that Np* = | A)? is the density of the k-mode excitons which are
governed directly by the monochromatic classical light field and thus behave as a
coherent and macroscopically occupied mode leading approximately to N i;‘ ~ Nex
. we may cast Eq. (11) into

PE? = (VN + uN* = A)? 4 72N, (12)
where and onwards the index k is not written anymore for brevity.

At this moment it is worth mentioning that the exciton damping v intro-
duced “by hand” when deriving the equation of motion (5) is so far a constant, i.e.
independent of any parameters. In fact, due to the many-body nature of the prob-
lem 7, as a rule, must depend on the system parameters. Most naturally it should
be a function of, say, exciton density as well as electron and hole ones because
these quasi-particles are coupled to each other and their interactions of course
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determine their dephasing lifetimes. A microscopic approach using Feynman di-
agrams beyond the Hartree-Fock approximation should yield explicitly analytic
expressions for the density-dependent exciton damping via the imaginary part of
the exciton self-energy Zy. Here, however, for simplicity we just touch the question
in a phenomenological manner by considering the various couplings between the
quasi-particles as complex quantities instead of real ones. That means we shall
add imaginary parts to v and u to have v — v —ix; and g — g — iys with x;
and 3 being responsible for the dependence of the exciton damping on exciton-
and electron-hole pair dens1t1es, respectively. After doing so, Eq. (12) gets a more
general form

[(VNex + ﬂNe _ A)? + (7 + XlNex + X2Ne)2]Nex - g2E2. (13)

Since Eq. (13) is a cubic (with respect to N°*) equation, it might exhibit opti-
cal bistability under certain conditions. Obviously, if we put ¥ = 0 and x; = 0
in Eq. (13), i.e. if we neglect the exciton-exciton interaction, Eq. (13) becomes
a linear one and no multistability can appear. This reveals that it is namely the
exciton—exciton interaction what plays the decisive role in generating OB in our
problem. Physically, such an interaction induces an energy shift (blue or red de-
pending on the sign of v) and/or a spectral broadening of the exciton energy level
that cause discontinuous exciton density jumps when the light intensity is sweep-
ing back and forth forming thus a density gap which corresponds to the unstable
solution of Eq. (13). For convenience some normalized dimensionless quantities are
introduced which are proportional to exciton density (), carrier density (p) and
frequency detuning (6)

N:VN ; :“N; 6=-é. (14)
7 v Y
Inserting (14) into (13) gives
(¥ +p—6)+ (1 + 6N +Ep)IN = ¢°E?, (15)

where €& = x1/v and € = xz/p. Then, from Eq (5) and Eq. (6) combined with
Eq. (15) we can easily obtain the following equation for the field amplitude E:

a_E = _27'-9]%72 N(l + €1N + EZP) (16)
o k E )
Equations (15) and (16) are basic equations for further consideration of the phe-
nomenon of OB in a ring cavity taking into account the existence of free carriers
and the nonlinearity originated from the density-dependent exciton damping.

3. Ring cavity configuration

In this section we shall study the carrier-influenced optical bistability in a
ring cavity configuration within the framework of the mean field approximation
[17]. Such a framework allows us to obtain the light-light kind of the bistable
behaviour (for light-density and light-light kinds of OB see e.g. [18]).
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Let us denote by L the length of a resonator confined between two identical
mirrors 1 and 2 whose reflection and transmission coefficients are respectively
labelled by R and T'. These mirrors are assumed lossless, so that

R+T=1. ’ (1m)
Together with two other 100% reflection mirrors 3 and 4 the configuration drawn
in Fig. 1 forms the so-called ring cavity which we shall concern in this paper. It is

worth to remind the well-known boundary conditions [17] for the field amplitudes
at points £ = 0 and £ = L of the resonator which look as

Er

, 77 E(0) = VTE; + RE(L), (18)
where E(L) = E(z = L), E(0) = E(z = 0) and Ey, Er are amplitudes of the
incident and transmited fields. We again introduce the normalized dimensionless
input Ej,; and output Eoy field amplitudes as follows: :

E(L) =

. 3 .
Eout = Ny=N@E=1L); Ei= ;79_2' (19)

Er E. . = By |
EVT T BsVT
Now integrating Eq. (16) from 0 to L within the mean field approximation, we
have two state equations for the system which read

N, .
Einy = Eous + 2CE—L(1 + EINL + {29), (20)
out
B2, = [(NL+p—68)* + (1+ &Nz + &2p)) Nz, (21)
where C is a parameter of the theory and defined as '
al
= & 22
C=1r : (22)
with
4w§224?
o= = (23)

Transparently, if we ignore the existence of the carriers as well as the density-de-
pendence of the exciton damping, Eqs. (20) and (21) are exactly reduced to
Egs. (4.3) and (4.4) in [8]. On the other hand, the case of ¥ = p = x2 = 0
recovers that in [16]. Thus our consideration is more general than the others. In
general, the conditions for OB to occur, i.e. for Eoyy to be three-valued function
of Ein will look very complicated. Nevertheless, in the simplest situation when
6 = p and §; = 0 the above-mentioned condition is found to be very simple: OB
will take place when the parameter C is greater than a certain critical value Ccg,
namely

C > Cor = (5+ 2V6)(1 + &p). | (24)

Since p (the presence of the cariers) and £, (the dependence of the exciton damping
on the carrier density) enter the condition for the occurrence of OB (see Eq. (24)),
it is expected that the operation of a bistable device could be controlled by before-
hand preparing the sample with an appropriate carrier concentration. For control-
ling one should keep in mind that the condition (24) is valid only for a particular
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case of § = p and &; = 0. The most general conditions for arbitrary parameters
entering Eqs. (20) and (21) being very complicated are not written down here.
For plotting, however, we can directly handle the system of Egs. (20) and (21)
numerically.

In order to see how the presence of the carriers modifies the OB characteris-
tics we have drown in Figs. 2 and 3 the output-input light dependence for several
choices of the parameters. Fig. 2 corresponds to C = 30,¢; = ¢, =6 =0and p =0

32 34 36 38 40 42 44
INPUT LIGHT FIELD

L2

Fig. 2. The output light field Eou: versus the input light field Ej,¢ with C = 30,
& =86 =0,8 =0 and p = 0 (solid curve); p = 0.3 (curve with squares) and p = 0.6
(curve with dots).

(solid curve), p = 0.3 (curve with squares) and p = 0.6 (curve with dots), while in
Fig. 3 we choose C' = 30, p = 0.2, § = 0 and different §; such as & = & = 0 (solid
curve), & = € = 0.025 (curve with squares) and §; = €2 = 0.05 (curve with dots).
As it is clear from the figures, the increase in the carrier concentration removes
the domain within which the optical bistability occurs (hereafter referred shortly
to as OB domain) to the low field side (see Fig. 2). On the other hand, the increase
in the dependence of the exciton damping on the carrier/exciton density shifts the
OB domain to the high field side (see Fig. 3). These two opposite influences might
be properly combined by adjusting carrier concentration and by selecting materials
with necessary density-dependent exciton damping towards possible optimizations
of the operation of bistable devices.
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Fig. 3. The same as in Figure 2 but p = 0.2 and & = & = 0 (solid curve), {1 = §2 =
0.025 (curve with squares) and & = £2 = 0.05 (curve with dots).

4, Conclusion

We have investigated the bistable behaviour of the output light versus input
one in a ring cavity configuration in the vicinity of the exciton resonance taking
simultaneously into account the existence of free electron-hole pairs in the cavity
and the nonlinearity due to the density-dependent exciton damping. We do hope
the results obtained, though only qualitative, could be more or less helpful also
for technologists on the way to construct the optical computer which is based on
the principle of optical bistable devices.
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