Dizuxka HanienpogiOHukis, keanmosa ma onmoenekmponika. 1998. T. 1, Ne 1. C. 50-56.
Semiconductor Physics, Quantum Electronics & Optoelectronics. 1998. V. 1, N 1. P. 50-56.

PACS 72.20.Ht,42.65.Pc,78.66.-w

Switching-on and -off dynamics of MQW structures
with bistable electro-optical absorption
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Abstract. In this work we have studied the dynamics of switch-on and switch-off processes in
biased MQW structures where every well shows optical bistability in a light intensity range (/,,1,).
We have analyzed in detail MQW structures with negligible inter-well transport. We have found
that the switch-on mechanism consists of a time sequence where every QW jumps into the high-
absorption state. Therefore a step-like switching wave propagates through the structure. The switch-
off process resembles a reverse wave propagating in the opposite direction and step-like processes
in the plasma concentration decay. These effects can be used for conversion of an analog optical
signal to digital (optical and electrical) signal(s).
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There are many quantum well heterostructures that show
bistable electro-optical absorption: multiple quantum
well heterostructures placed into the intrinsic region of a
p-i-n diode connected to an electric circuit with a series
resistor (Self Electro-optic Effect Devices, SEEDs) [1-
4]; similar structures with an open circuit [5, 6]; multiple
quantum well structures placed between charged
capacitor plates [7-9]; staked asymmetric double and
triple QWs [10], and others [11]. The bistable absorption
arises due to the screening of the applied field by the
photo-generated electrons and holes, which produces
considerable changes in the optical spectra near the
fundamental edge of absorption. These spectra become
dependent on the concentration of the electron-hole
plasma, i.e., on the intensity of the illumination. If the
spectrum of the illuminating light is tuned into the region
between exciton and interband absorption, the light
absorption becomes bistable; i.e. for a given range of
incident light intensities both, low absorption (LA) state
with low plasma concentration, and high absorption
(LA) state with large plasma concentration can exist.
In these systems the dynamics of the switching
processes between bistable states involves different
physical processes: generation of excitons associated with
the two-dimensional electron and hole subbands, fast
exchange between exciton and electron-hole states, intra-
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well separation of electrons and holes, changes in their
wave functions, and inter-well transport. Understanding
these processes and their manifestation in optics is
important for both, physics and its applications. In this
work we study the dynamics of switch-on and -off
processes in a voltage biased MQW structure without
inter-well electron transfer, i.e., with an independent
balance of the photo-excited plasma concentration for
every QW. Electro-optical bistability in such structures
was investigated in papers [7-9] under quasi-stationary
conditions.

A model describing switching processes in optically
bistable MQW structures should include a self-consistent
calculation of electron-hole states in the wells (parti-
cularly subband energies, E, E,, and wave functions, ¥ ,
W,), the absorption factor 4, and exciton and plasma
concentrations (). Two groups of characteristic time
scales are important for the dynamics of switching. The
first group comprises faster processes with characteristic
quantum mechanical times #/E., 7%/E,, and exchange
times between exciton and electron-hole states, 7,. The
second group of time scales is related to the generation
and recombination of the photo-generated carriers.These
time scales can be estimated as N /4 and T,, where N,
is a characteristic plasma concentration, / is a typical
light intensity, and T, is the recombination time. The time
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Fig. 1. Scheme of a MQW heterostructure illuminated by an inci-
dent light of intensity /, and biased by an electric field E.

scales in the first group are considerably smaller than those
in the second group. Then the dynamics of the system can
be described by means of electron-hole states calculated at
instantaneous plasma concentration N(¢). This results in an
exciton energy E_, which follows the position of the elec-
tron and hole subbands, and an absorption factor adiabati-
cally dependent on N(¢). This approach is valid for light
pulses with a duration of a few picoseconds or longer.

Let us consider a MQW structure biased by an electric
field and illuminated from below, as illustrated in fig. 1.
The QWs have width 2d, and are grown vertically along
the ¢ axis (¢ is expressed in units of d). Introducing the
characteristic energy E; = 1’12/2md2 , we will measure
subband energies and potential energies in these units,
while the electric field is in units of & = E /ed. The
dimensionless electron and hole concentrations (n) are
in units of N, = KE /e’d, K being the dielectric permi-
tivity. The k" QW (k= 1... N, N is the total number of
QWs) can be described by its dimensionless electron and
hole wave functions ¢, ,{, , subband electron and hole
energies £, and €&, (only the lowest subbands are
supposed to be populated), and concentration of the
photo-excited electron-hole plasma (supposedly quasi-
neutral) n,. We also assume that electrons and holes have
equal effective masses for simplicity. According to the
above discussion, the wave functions and energies of the
k™ QW can be found from the self-consistent Schrodin-
ger-Poisson equation at a given plasma concentration 7,

d’y,
d?

+(& +u, —a)y =0

Y =0, J'_lllwk(Z;nk)IZZ =1, (1)
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Fig. 2. Steady state characteristics of individual QWs. (a) shows
the renormalized energy € (scale on top of the figure) as function
of the plasma concentration n (left axis), and bistable
characteristic curve n (/): plasma concentration as function of
the incident light intensity / (left and bottom axis). (b) shows
the hysteresis in the transmitted light through a single QW.

where ¢ is the dimensionless applied electric field, and the
dimensionless electrostatic energy is

1 2
ve@ind = ¢'KEw € in] @)

k@.¢=3le-¢'|-e ')

The electrostatic energy and the wave functions have the
following symmetry properties: U((; n,) = -U,(-C; n,), and
W, (L n) = @, (-G n) = @& n). The cigenvalue &,
depends parametrically on #n,. We have found solutions
of equation (1) by means of a variational method. The
energy & as a function of n, for a particular value of the
electric field ¢ is presented in fig. 2(a). Parameters used
in the calculations are given in table. The increase in the
electron and hole energies with carrier concentration
arises, obviously, from the screening of the applied field.

In case of deep QWs and large exciton radius, the
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exciton energy E,_follows the position of the electron and
hole subbands. Assuming a Lorentz shape for the absorp-
tion factor as function of the photon energy %w , we can
write:

AN
A0 -0+ v

= Aa(n.q,w)

b (3)

where A4 is the maximum absorption factor,
A=(hw+E, —E;)/2E, is the detunning of the photon
energy, and A\ is the dimensionless bandwidth in units of
2E..

0We can describe the MQW structure in the case of
independent concentration balance for each QW by the
following equations:

an a(n, g, )l —n =
= R(nkiq!w’ I k—l)
I, =@-Aa(n,gw)l,,, k=1L.N,. (5)

Here we assume a linear recombination rate. ¢ is
measured in units of the recombination time T,. For some
particular parameters  and g, the stationary dependence
n(l) is presented in fig. 2. /_ is the illuminating £"-QW
layer intensity in units /; = N /T4 . Thus, [ (?) is the
incident light intensity. The instant relationship (4)
between [ (f) and [ _,(¢) requires the condition

1 di, < cl-a)-14

I (t) dt 2d
This relation holds for pulses with a duration of a few
picoseconds or longer. For a given /(¢), and an initial
concentration in every well n,(0), the system of equations
(1) and (2) defines completely the dynamic problem for
the MQW structure.

, ¢ being the velocity of light.

Table. Numerical values used for calculation.

Parameter Value
E, (meV) 5.6
g, (kV/cm) 5.6
N, (cm?) 4.0 x 101
I,/hw (photons/cm’s) 8.1 x10%

Let us consider the steady state condition. For this
case, the equation

R(n,qwli ) =0 (6)
gives the possible solutions for the kth QW. It is easy to
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see that for the absorption factor of (6) there are three
branches of uniform solutions n, = n,(1, g) at some intervals
of intensities / and fields ¢: the low absorption branch [low
concentration #,(/)], the high absorption branch [high con-
centration 7, (/)] and the middle branch (which is unstable).
In fig. 2(b) we present these branches calculated for an indi-
vidual QW for the particular parameter values of table. The
bistable regime occurs in the interval /,< I < [,. The light
intensity transmitted through the &th QW layer shows hys-
teresis, as depicted in fig. 2(b).

Using these solutions for an individual QW, we can eas-
ily construct possible steady states for the whole MQW
structure. If the incident intensity /| is less than the value
I, the MQW structure is entirely in the LA state. If
I, < 1< 1, the whole structure can be in the LA state, or
some of the QWs adjacent to the illuminated face can
switch to the HA state. At [, > I, the very first QW layers
are certainly in the HA state, while the rest of wells can
be in the LA state. In fig. 3 the intensities /, as function
of the index k are presented for a 24-QW structure at
I,=1.25 x I,. The first seven QWs are always in the HA
state and the intensity decreases fast across this region of
the structure. The QWs with k& from 8 to 20 can be in
both states. The QWs with k> 20 are always in the LA
state. This results in thirteen possible stationary states of
the MQW structure. Three of these possible states are shown
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Fig. 3. Distribution of intensities across the MQW structure. Po-
sitions of individual QWs are indicated. (a) corresponds to an
incident light [, = 1.25],. Three of the possible thirteen steady
states described in the text are shown. Triangles correspond to
the case (i), circles correspond to the case (ii) and squares
correspond to the case (iii). (b) shows the stationary situation
when [ = 2I,. All the wells are in the HA state.
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in the fig. 3(a): (i) seven QWs in the HA state and the rest in
the LA state, (ii) eight QWs in the HA state and the rest in
the LA state, and (iii) the wells with
k =1...20 are in the HA state, while the rest are in the
LA state. The larger is the intensity of the incident light,
1, the larger will be the number of QWs switched to the
HA state. There is a critical value of the incident light
intensity |/, dependent on the number of QWs of the
structure, such that if 7 >1 OD , all the wells are switched
to the HA state. Fig. 3(b) depicts such a case for a 24-
QW structure when /= 21,. Thus, the bistability of the
optical absorption in a single QW, generally leads to
multistability in the MQW structure. Which particular
state occurs depends on the prehistory, i.e., on the time-
dependence of the incident intensity, / (#),during the
build-up of the stationary value "

Let us go back to the dynamical problem and consider
a time-dependent intensity of the incident light. We
introduce the characteristic time scale of the build-up of
the stationary light intensity value 7,, so that

=1

_TR
B=K<<1’ @)

we can perform a perturbative analysis. Let us rescale
(3) introducing the new time variable: ¢ = 3t . Then we
obtain that this equation can be rewritten as:

d
BX =a(n,,q.w)l-n, =
=R(n.q.®,1,,)

Under condition (2), we can apply the boundary layer
singular perturbation method to solve (8) (see, for
example [12]). According to this method, the solution
evolves smoothly over time intervals which last periods
t=0 1) separated by sharp transitions lasting times
t =0(). Outer solutions evolving on the long time scale
{ can be found by treating the term multiplied by the
small parameter 3 as a perturbation:

u @)= n,(’o(t_)+ﬁnk’1(t_)+0(/32). ©)

!'If carriers may hop between QWs, the steady state distribu-
tion is, in principle, determined by this transfer. Let ¢, be the
characteristic time of the inter-well transport. A suppressed inter-

well carrier transfer means T, / T, <<l.Thus, the results of our

1dl T

R
analysis are valid for I_E >

T - If the latter inequality is not

int

satisfied, the results are valid for times 7 << T, /T, .
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Here the leading term 7, (t) coincides with one of the two
branches of the solutions of (6), #, (1), n,, (1), with ¢ -depend-
ent/ = [, . The first correction to the outer solution is deter-
mined by

nk,l(t_) =- L X

a(n o) o\

ank,O | k_l(t ) 1@ (1 0)
« Bl ) |

dt

If the leading term lies on the low concentration
branch, 7, =n, [lk_] (t_)] , Iy <1, the first correction

is small everywhere except in a vicinity of 7 = t_,(,h, where

Ik_](t_k’h)zlh at ([/f)E >0. As ¢ - 1, , the denomi-

nator term in (10) goes to zero. Similarly, when the
leading term lies on the high concentration branch,

Ny = nH[[k_1 (t_)] , lwg 1, the first correction is small

everywhere, except in a vicinity of t=f  , with

Ik_l(tk’l):ll, ([/t_)t, <0. For increasing Ik_l(t) near

k=11

t =t,,, and for decreasing Ik_l(t_) near 7 =t,,, the

jumps between low concentration and high concentration
solutions are described by inner solutions on the fast time
scale ¢. To find the latter solutions we can keep

L, @)=1, or I,,()=1,in (8) at 7 =1,, and, 7 =1,
respectively. Then, the inner solutions are responsible for

the process of fast switching between low and high
concentration states. They have the form:

N n =+t_tk,h,l
-[‘h'la(n)lk—l,h,l_n B

(1)

where n, = n, (1), n,= n, (1). The sign «+» corresponds
to the inner solution determining switching from the low
concentration to the high concentration branches at
I, =1, while the sign «—» is for the inner solution joining
high concentration to low concentration branches at
I,=1,

Now we obtain the evolution of the photo-excited
plasma in the kth QW as follows. If the intensity of the
light reaching this well, 7 |, increases from zero, the well
is in the low absorption state with plasma concentration

n=n, [I,(_l(t_)] until 7 =7, ,. In a vicinity of 7, a fast
switch-on process to the high absorption state with

n=ny [[ -l (t_ )] occurs according to (11). A further increase

in the intensity leads to an increase in the plasma
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concentration and the absorption in accordance with the
high absorption branch. If the intensity reaches a maxi-
mum and then decreases, the kth QW remains in this

state up to time 7 =7,,, when a fast switch-off process

(described by (11)) to the low absorption state occurs.
As a result we have dynamic hysteresis for the & QW.
To be switched-on, the k" QW should accumulate plasma
concentration up to n,. The necessary time is estimated

as At =f (nh -n )/ n, .The switch-off process occurs in

a time Afyz = . Important characteristics are the

changes in the intensity /,_, during these fast stages. These
changes are of the order of

I°”~Atoan—B =g ”'|

- [
Al = Ay Eﬂ_t%. =

Let us suppose that Al and Al are small in
comparison with the steady state attenuation in a single

QW, a(n)1,,. These conditions can be rewritten as

n
<<a, PB<<a.

Bnh_ |

n,

(12)

If inequalities (12) are fulfilled, the times at which
different QWs switch are well separated. Indeed, accord-
ing to the above analysis, at the time Z_L,, when the very
first QW switches to the HA state, the adjacent QWs
follow adiabatically the intensity /,. At 7,, the second
QW switches-on, but the following QWs with k£ > 2 still
follow adiabatically the intensity /,, and so on. Thus we
find that the MQW structure switches on sequentially
as the intensity of light increases.

The reverse process — switch-off of the structure —
occurs similarly. It starts when the intensity of light at
the last QW in the HA state reaches the value /, Then a
step-like «switch-off» wave propagates towards the first
QW.

The step-like propagation of a «switch-on» wave
through the structure was also found by direct numerical
simulations. The results were obtained for a MQW
structure with N_= 24 illuminated by an incident light
of intensity

lo(t) = 1,@-exp(- Bt) . (13)

In fig. 4 we present numerical results for / = 1.25 x I,
and B = 0.1. The intensities /_ are shown as functlons
of t for k =1...8. Nonmonotonlc and sawtooth-like
I (0) (k=2...8) are due to the step-like switch-on of the
QWs. In fig. 4(b), the concentrations 7,(¢) of the first nine
QWs are shown. We clearly see that seven QWs switch in
succesion to the HA state at different times, while the other
QWs remain in the LA state. As ¢ — oo the input intensity
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Fig. 4. Dynamics of the MQW structure illuminated by the light
intensity given by (12) lat / = 1.25 x/, and § = 0.1. The critical
intensity values /, and /, are shown. (a) shows the incident inten-
sity, 1,(t), and the mtensmes illuminating the first eight QWs and
the transmitted intensity (the lower curve). (b) shows the plasma
concentration for the same wells. The first seven QWs are switched
to the HA state.

saturates and the structure evolves to the steady state dis-
tribution presented in case (i) of fig. 3(a).

The step-like character of the switching process
obtained above in the limiting case (7) occurs also when
B ~ 1. This is illustrated by the numerical simulations
presented in fig. 5 for a [ (¢) given by (12) with / = 1.25 x [,
and B = 1. As ¢t - oo illumination with such an intensity
results in a steady state distribution with eight QWs in
the HA state (see case (ii) of fig. 3(a)).

Increasing the light intensity leads to a larger number
of QWs switching to the HA state. In fig. 6 we present
simulation results for an incident intensity given by (13)
with /=2 x [, and B=0.1. From this figure we can see
that the step- llke switching process now involves all the
QWs. For this intensity the final distribution corresponds
to the steady state presented in fig. 3(b). It is interesting
to note that the output intensity is close to the value /,.

For a pulse illumination with a maximal intensity
above /, both processes — switch-on and switch-off - take
place. Using a gaussian pulse:

Lo () = 1 ™" (14)

we found step-like switch-on and switch-off waves. In fig. 7
we plot calculations of the transmitted intensity / , as a
function of the incident light intensity /. The results were
obtained for/ =1.25x ] and 3= 0.1. Instead of a smooth
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1(t)

n(t)

Fig. 5. Same situation as of fig. 4 with B = 1. Eight QWs are
switched to the HA state at T — oo,

hysteresis loop, we find one with a fine structure correspond-
ing to the switch-on and switch-off processes.

It is interesting to recall that optical bistability with in-
creasing absorption occurs also in bulk-like semiconductors.
Different mechanisms underlying this type of bistability and
different spatio-temporal patterns have been studied in [13—
16]. For such systems, it has been found [17, 18] that if the
diffusion of the photogenerated carriers is suppressed,
switch-on and -off processes occur in a step-like propagat-
ing wave, which is quite similar to the above discussed re-
sults.

In conclusion, we have studied the dynamics of MQW
structures under bistable electro-optical absorption. We
have formulated a model self-consistently describing the
electron and hole wave functions and energies, and the
processes of absorption, generation of the plasma and
intra-well relaxation. The inter-well transfer has been
supposed to be negligible. Under these conditions, steady
state distributions of the intensity and plasma concen-
tration are multistable. For time-dependent incident
intensities we have found that switching processes between
possible states of the structure occur as a result of sequen-
tial step-like switching of individual QWs. This leads to a
characteristic behavior of the transmitted intensity and in-
put-output dependencies. It is worth to notice that due to
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Fig. 6. Same situation as of figures 4 and 5 with / =2 x [, and 8
=0.1. All the wells are switched to the HA state. Only wells with
an odd index are shown.
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Fig. 7. Output versus input intensity for the pulse given by (14).
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JUHAMIKA BKUIIFOYEHHSA TA BUKJIIOUEHHS BKS CTPYKTYP 3 BICTABIJIBHUM EJIEKTPOOIITUYHUM
INOTJIMHAHHSAM.

B. O. Kouenan
Incmumym ¢izuku nanienpogionuxie HAH Ykpainu

JI. JI. Boninna, K. A. Benacko
Maopuocexuit ynieepcumem im. Kapnoca 111, Icnania

Pe3tome. B po6oTi focnimkeHa arHaMika BKIIOUCHHSI-BUKIIOUEHHST Y HecuMeTpuyHuXx (3mimneHHnx) BKS crpykrypax, ne xoxHa
AMa MOKaszye ONTUYHy OicTabinbHiCTh y oOmacTi inTencuBHOCTel cBitna ([, [,). Jeransno npoananizosano BKS ctpykrypu 3
HE3HaYHUM IIEPEHOCOM MDXK sMaMH. 3HaiJIeHO, 0 MeXaHi3M BKIIIOUEHHS CKJIAaJaeThCs 3 YACOBOI MOCHTIJOBHOCTI , KOJHM KOXXHA
kBaHTOBa siMa (KSI) mepexoauTh B CHIBHONOTIMHAIOUMH cTaH. TakMM YHHOM, B CTPYKTYPi PO3IOBCIOJDKYETHCS CTyIiHYATa
xBuIsl. [Iponecc BUKIIIOYEHHS Haraaye 3BOPOTHIO XBWIIIO, SKa PO3IOBCIOJKYETHCS B NMPOTHIC)KHOMY HANpPSIMKY M CTYIiHYaTH
nporecy y craji KoHueHrtpaiii miasmu. Lli epexktrn MoxXyTh OyTH BUKOPHCTaHI IJIsl HEPETBOPEHHS aHAJOBOIO ONTHYHOTO CHTHAITY
y nudpoBuil (ONTHYHUHN Ta EIEKTPUYHUI).

JUHAMMUKA BKJIIOYEHUS U BBIKJIIOYEHUS MKSI CTPYKTYP C BUCTABUJIbBHBIM
SJEKTPOONTUYECKHUM MOI'JIOIEHUEM.

B. A. Kouenan
Hucmumym ¢usuku nonynpoeoonuxoe HAH Yrkpaunoi

JI. JI. Bonunna, K. A. Benacko
Maopuockuit ynusepcumem um. Kapnoca I11, Hcnanus

Pe3tome. B Hacrosmeil paboTe HccienoBaHa JUHAMHUKA BKIIOYCHUS-BBIKIIOUCHUS B HECHMMETPHYHBIX (CMEIeHHBIX) MK
CTPYKTYypax TJie KaX/as siMa OOHapy KMBAET ONTHYECKYI0 OMCTAOWILHOCTL B obnacTn unTeHcusHocteii ceera (/) , /). dertansho
npoaHanu3upoBaHbl MKS cTpyKTyphl ¢ HE3HAYHTENbHBIM MEPEHOCOM MexIy siMaMu. OOHapyXKeHO, YTO MEXaHHM3M BKIIOUCHUS
COCTOHMT U3 BPEMEHHOMH IOCIIE0BATENILHOCTH, KOI/la Kax/aasi kBaHToBas siMa (K1) mepexosuT B CHIIBHONOIIIOIIAOIIEE COCTOSHHUE.
Taxum 00pa3oM, B CTPYKTYpe pacIpoCTpaHAeTCs CTyIeHdYaTas BONHA. IIpolecc BHIKIIOYEHMS HAIIOMHHAET OOpAaTHYIO BOJHY,
PacHpOCTPaHSAIONUIYIOCS B IPOTHBOIOIOKHOM HAIIPaBIEHHM U CTYIEHYAThIE IPOLECCHl B CNaje KOHLUEHTPALUH IIa3Mbl. JTH
3¢ {eKThl MOr'YT OBITh HCIIOIB30BaHbI JUId IIPe0Opa30BaHMs aHAJIOTOBOI'O ONTHYECKOTO0 CHrHana B HU(poBOH (oNTHYECKUH M
SJIEKTPUIECKHIT).
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