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Domain theory of self-induced transparency in a semiconductor superlattice
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A self-consistent description of the electrodynamics of a semiconductor superlattice interacting with elec-
tromagnetic field of arbitrary frequency and strength is presented. Central to the present formalism is a
recasting of the proper boundary conditions for the Maxwell problem that enables a speedy and straightforward
solution for the distribution of the internal field in the active superlattice medium. On application of the
self-consistent approach we found a self-induced transparency region in the superlattice layer which takes the
form of a domain. The propagation and evolution of such a domain, which can contain a coherent train of
Bloch oscillations, dominate the electron dynamics of the superlattice. The important properties of the self-
induced transparency domain are also discussed here.
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[. INTRODUCTION vious contradictions between experimental observation of
self-induced transparentyand theoretical results obtained
In the past three decades much research was concernby means of the given field approximation. A recent
with the theory of electron transport in a superlattice in aproposal’ for a stripline terahertz Bloch oscillatdbased on
given field approximation. In particular, Ignatov and Ro- & superlatticéSL) with the weak barriers and SL layer width
manov predicted the possibility of self-induced transparency-~M/2, which is necessary for a resonant condition, again
in a superlattice in 1976 Later, self-induced transparency highlighted the urgency for the inclusion of all transport ef-
was incorrectly associated with the macroscopic appearand&Cts in a superlattice, in particular, the self-induced transpar-
(collapse of minibands) of the electron dynamic €ncy. within the inhomogeneous high-frequency field distri-
localization? Recently, the incorrectness of the connectionPution in the superlattice as a function of given incident
between these two effects was proven in Ref. 5, where it wawave field.
shown that self-induced transparency and dynamic localiza- [N this work we present a self-consistent treatment of the
tion are different phenomena with different physical origins,€lectrodynamics, of the planar semiconductor superlattice,
displaced in time from each other, and, in general they arisgnder the irradiation of an incident electromagnetic wave of
at different electric fields. In all the above-mentioned worksarbitrary amplitude. We obtain the appropriate boundary con-
the given field approximation was employed, along with aditions for the electromagnetic field, which allow us to solve
description of electron-scattering processes of various dehe wave equation in the needed regitime active superlat-
grees of sophistication. The fact that within the given fieldtice laye) only. We generalize the well-known material
approximation there is a possibility of missing important de-eduations for the case of an inhomogeneous electric field. We
tails pertinent to the inhomogeneous high-frequency field@Pply this self-consistent approach to demonstrate the possi-
distribution in a superlattice was nevertheless ignored irility of self-induced transparency in the case in which the
these works. incident wave frequency is much lower than electron-
The first effort to go beyond the given field approximation scattering frequency. Numerical solutions show a domain
was made by Dodin, Zharov, and Ignafbin which the au- ~ character of induced transparency with the possible efficient
thors proposed to describe a volume electron current bgxcitation of a coherent Bloch oscillation train.
means of an equivalent surface current, which led to a self-
consistent equation sys_ter_n in real time, constitgting a link Il. EORMULATION OF THE SUPERLATTICE
between external field incident on the superlattice and the ELECTRODYNAMICS
internal field in the superlattice. However, the latter approach
is still limited since the internal field in the superlattice was ~Consider the active media layer, for example, the planar
considered homogeneous, and obviously this works when thguperlattice, with widtthg, , which is located between two
superlattice layer width is much smaller than the skin layehalf spaces. The left half spaz<0 has the electric and
width. The case of high-frequency irradiation of a semi-magnetic permittivitiese,,uq1, and the right half space
infinite superlattice when the incident frequency is much=hg_ has the electric and magnetic permittivitieg, u,.
higher than the scattering frequency has been considered irhe particular geometry of the system is sketched in Fig. 1.
Ref. 7, using an effective dielectric function. The nonlinearThe superlattice layers lie in the/z) plane. The incident
connection between the incident field and the internal fielcelectromagnetic plane wave with polarization of electric field
led to a reflection coefficient exhibiting hysteresis as a funcE=E,- Xy parallel to the superlattice growth axis impinges
tion of the incident field. Recently, Romanov and from the left half space on the planar superlattice. Now we
Romanovi summarized all the investigations related to self-assume that the incident wavelength greatly exceeds the SL
induced, induced, and selective transparencies of superlgberiodd. This assumption give& dx= 0. Furthermore, since
tices of the last decade, with particular emphasis on the olthe superlattice is considered to be infinitely extended in the
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FIG. 1. Sketch of the geom-
etry.
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y direction, it follows then that/dy=0. Our task is to in- need to specify the form of the boundary conditions. From
vestigate self-consistently the electrodynamic processes othe general integral Maxwell equations we have the follow-
curring in the superlattice due to strong nonlinear transporing boundary conditions a&=0, z=hg,

within the single-miniband approximation in the field of the

incident wave. Ex(t,z=0—0)=E,(t,z=0+0),
Due to the proposed system symmetry it is clear that the
electric field at any positioa is a function of real timeé and Ex(t,z=hg —0)=E,(t,z=hg +0),
z and has only th&, component. The wave equation can be
written in the following form: Hy(t,z=0-0)=H,(t,z=0+0),
e(z)u(z) °E, J°E, iy H,(t,z=hg —0)=H,(t,z=hg +0). )
2 . :_M(Z)Moﬁa 1) .

0 The last two boundary equations can be transformed to a
whereuo=4mX10"7 NA2, co=3x10° ms L. more convenient form. In the case whep,/dt=dug /dt
Expressions for permittivities are _=a;;2/&t=0 we obtain boundary conditions in the follow-

ing form:

- 0),
e(z2)=¢  (z<0) E,(t,z=0—0)=E,(t,z=0+0),

e(z)=e (0<z<hg),
St st E(t,z=hg —0)=E,(t,z=hg +0),
e(2)=¢, (z>hg),

1 JE 1 JE,
— —(t,z=0-0)=——(t,z=0+0),
S

w@)=u  (2<0), w07 Loz
uw(2)=ps.  (0<z<hg), 19 X(t,z=hg —0) ! &Ex(t hg,+0). (3
- . ,Z: SL™ = ,Z: SL '
w2)=pz  (z>hsp). e e

The boundary condition§3) are more convenient than Eq.

The conduction current is given by (2) because they contain only electric field that exists in our

i,=0 (z<0) system. However, these boundary conditidi®s are not
' completely satisfactory yet. They do not allow a solution of

j.=enV (0<z<hg), the wave Eq(1) within the active media layer only 0z
<hg) and do not allow us to concern ourselves with the
i,=0 (z>hg), field outside the active media layer. This is a very important

issue related to the boundary E§). If we want to code our
wheren, is the electron concentration in the first miniband, system in real time with some computational technique or
V=V(t,z) is an average electron velocity from the Boltz- even to arrive at an analytical solution, it is much more ad-
mann equation, and is the electron charge. To proceed we vantageous to solve the wave equation only within the finite
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space(superlatticg To achieve this goal we can use the fact of of of
that in free space the solution of wave E#). represents two ot TV +eE(zt) %ZSU],

independent running waves: incident and reflected waves in

half 5pacez<0, and a transmitted wave in half spaze where f(t,Z,p) is the electron distribution function, and

>hg : e(p)=A/2[1—cosfpdr)] is the energy spectrum of elec-
trons in the miniband taken in the tight-binding approxima-
Ex(1,2) = Ein(t,2) + Erefiect, (1,2),  2<0, tion, v=4de/dp, v,=p,/m,, m, is an effective mass ia di-
rection. A collision integral is taken in the effective
VeIl sE JE. relaxation-time approximation,
inc + |nc:0
Co at Jz ’ St[f]__{f(t,Z,p)—fo(p)}_{f(t,Z,p)—f(t,Z,—p)}
T 27 '
Vet 5E 9E , ) S
reflect 7 —reflect _ where 7y is the electron energy relaxation times
Co at Jz ’ describes the electron-electron  scatteringfy(p)

=d/2{mhlo(AI2kgT)} texp{(A/2kgT)cospdn)} is  the
equilibrium distribution functionkg is the Boltzmann’s con-
stant, andr is the superlattice temperature. The average elec-

Ex(t,2)=Eqansnft,2), z>hg,

Vel (9Etransm+ 3Etransm: 0 4) tron velocity and energy are defined by the following expres-
Co at Jz ' sions:

The last step is the substitution of the spatial partial deriva-
tives of the electric fields of running waves by temporal par- V(t,Z)=f v(p)f(t,z,p)dp,
tial derivatives in Eqs(3) from (4). And finally we obtain the

wave equation, withuniversal boundary conditionsvhich
need to be solved only within the space interval of interest E(LZ)ZJ e(p)f(t,z,p)dp,
(0<z<hg): ) - , .
where integrals are taken within the first Brillion zone
equs, 0°Ey  9°E, djy —(whld)<p<(mh/d). The expressions for the full time
cg g2 92 MsitHo deriv_atives of the average velocity and energy can be directly
obtained as
€1 | B, dEjnc Co JEy dav d d
Vil 0727 a0 O] g 52 WO 2= [ Givmitzpde- [ Siumiitzpdp
82 %Ex _ Co 9K +fv)£ftz)d
1y Ot (tahSL)_EE(tahSL)a ) (p) gz [f(t.z,p)]dp
where E;.(t)=Ej,. (t,z=0) is the incident field which is _ 7&(p)
actually impinging on the left side of the superlattice. This is =el(t,2) ap? f(t.zp)dp+ [ v(p)S{fldp
a completely self-consistent physical approach to investigate
the real time interaction between the incident field and an _eEtz) V(t,2) 63
active medium. S mer(S) Ty

IIl. MATERIAL EQUATIONS WITH INHOMOGENEOUS _2 _ f E
ELECTRIC FIELD IN THE MEDIA dt (t.2) dt[s(p)f(t,z,p)]dp

To investigate the interaction between the quantum super- d
lattice and the incident field with the self-consistent equation = J &[s(p)]f(t,z,p)dp
system(5) we need the material equations in the medium
(SL). This specifies the relation between the conduction cur- d
rent in the superlattice and the electric field. We treat this +J e(p) g;[f(t.zp)]ldp
within the Boltzmann equation for one-miniband electron

transport with the assumption that =eE(z,t)f v(p)f(t,z,p)dp+f e(p)SEf]dp

— (E_Ethermab 6b
honc<A,Ag, —eV(t,z)E(t,z)—T—E’ (6b)

eE(z,t)d<A,A,,

whereA (Ag) is the width of the first allowedforbidden  whereX ynema=A/2(1— winerma) IS the average thermal elec-
miniband, andd is the period of the superlattice. The Boltz- tron energy in the absence of an electric fieldyermal
mann equation in our case can be written as =[11(A/2kgT)/15(AI2kgT)], lo4(X) are modified Bessel
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functions (1hy)=(1/rs)+(1/1ed), and mg(S)=my/(1 frequency12 More interestingly, and perhaps from a more
—25/A) is the energy-dependent effective electron massPractical point of view, we studied the case in which incident
which is determined by the energy spectrum in the minibandvave frequency is much lower than the characteristic scat-
and physically related to the Bragg reflectionn, tering frequency in the superlatticésf,~1.0 THz) at room
=(242/Ad?) is the effective electron mass at the minibandtemperature.
bottom. The dynamics of self-induced transparency in a superlat-
The material Eqs(6a) and (6b) must be rewritten in the tice depends on the interrelations among three spatial scales.
partial derivative form. Because of the symmetry, the operaThe first two are the superlattice widtty, , which can re-
tor of the full time derivatived/dt, which is, in general, main arbitrary in our consideration, and the width of skin
(d/dt)=(alat) +V(r,t)(d/dr), equals the partial time de- layerhg,. The relation betweehg, andhg plays an im-
rivative (d/dt)=(d/dt). The expression for the partial time portant role because of the effective metallic behavior of the
derivative of the electron current, which is a part of the wavesuperlattice with respect to the incident-field distortion when

Eq. (1), generally contains two terms, the average electron is near the bottom of the miniband. The
skin layer width can be estimated bg;,= 1/|Im~ks,_| where
%_e §—V+eV(9ne KL= wlchSSL(wmc Icg,  Es(wind=esL— [w o ®inc( ®inc
at Ne ot —iry B, wine=27fie, fincis the frequency of the incident

wave, wpe= Vitmermal€Ne/€0Mg) is the effective electron
plasma frequency in the metallinot transparentstate, and
£0=8.85x10 2 Fm 1.

The self-consistent approach allows to take into account
an appearance of inhomogeneous internal field in the super-
lattice under irradiation, when the superlattice width is the
order of skin layer width. Therefore, the case of a wide su-
perlattice is of special interest for the self-consistent ap-
proach. Numerical investigations in this case show that inho-
mogeneous electric field in the SL leads gelf-induced
IV. SOLUTIONS OF THE SELF-CONSISTENT SYSTEM transparency, which always appears with a domain charac-

OF THE PARTIAL DIFFERENTIAL EQUATIONS ter. This means that induced transparency occurs only within

Now we can formulate the self-consistent electrodynami({inite superlattice spadevhich can be considered as the do-

system, to be solved within the planar superlattice, whic ain size, near the irradi_ated SL SL_Jrface_, i.e_., inside the skin
describes the interaction between the incident field and th&YS" and propagates with a velocity Wh.'Ch IS ap_proxmately
superlattice: the phase velocity of the electromagnetic wave in the super-

lattice vgomai™ Uphasé™ (Co/VesLusy), leaving behind a re-

) 5 gion of transparent medium. The local transition time for the

esssL I°E E: _ e N transition from metallic to transparent state is close to the

2 gtz g2 Hsto et electron-scattering time, therefore the third space size affect-
ing transparency behavior is the effective domain size

but gn./dt decays very quickly in time according to the
Maxwell  relaxation-time  process dfq/dt)~—[(ne

Np)/ Tmaxwen] @Nd Tviaxwen= (esie0/0) ~2.7X 107s at
doping electron concentration in  superlatticéN
=10 cm 2 and effective scattering frequency ¢ea
=1/(2w7s)=1.0 THz. Thus, the second term can be ne-
glected anch,=Np, for the physical processes with charac-
teristic time 7= Tyiaywell -

a eE \% N domair™= Vdomair/ f scatt . . . .
(t,2)= We say that the active medium is transparent if the elec-

Me(2) 7y tron current equals zero. Therefore it is desirable to analyze
the dynamics of transition processes inside the SL from the
(2= e metallic state to the transparent state in the space-time de-
—(t,z)=eVE- —————, pendence of electron current or velocityz,t) as it is shown
N = in Fig. 2, where we present a development of transparency in
a GaAs/GaAlAs £5, =13, ug =1) planar superlattice with
JE dE cn OE the following parameters:d=5nm, A=0.1 eV, with rela-
pr —(t, dt } — E(LO), tively low electron concentration,= 10 cm™2 [Fig. 2a)]
sl and the highly doped casg=10' cm™ 3 [Fig. 2(b)] at room
temperature in vacuum,;=¢&,=u;=u,=1. The superlat-

at

\f

Co tice width hg; =158 um is chosen so as to exceed the skin
- \/ (t hs)= ( Nsy). (") layer in both casesh’, =118, h3, =37 um. Also we sup-

pose that electron-electron scattering can be negleéted,

The equation syster(¥) has been numerically analyzed. =fs=f4~ 1.0 THz. In the figures the electron velocity is
The goal of the numerical investigation was to investigatetaken in units ofVo=(Aduermal2k) =2.9X 10" cm/s, the
the possibility of observing the well-known effect of self- position inside the superlattice in units BH= vpnasd fscar
induced transparency, which is believed to happen only in=83 um, and time in units of the scattering peridd,

case of high-frequencyTHz) superlattice pumping, when =1/f..~=10 '?s. We choose the incident field in a form,
the incident wave frequency exceeds the scatteringhat is very close to the harmonic form with frequerfgy.
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FIG. 2. (a) Self-induced transparency domain
without Bloch oscillations. (b) Self-induced
transparency domain with Bloch oscillations.

(b)

=30 GHz(at this frequency it is still possible to focus radia- ency is a surface effect. For caseB},.q=94.2 kV/cm: for
tion with a metal wave guide and amplitude Eff  case B,Ef,.q=337.5kV/cm atf,,.=30 GHz. Such a high
=157 kV/cm casegA), Ef*=392 kV/cm caseB) slightly — amplitude of the electric field will be the main obstacle for
modulated to satisfy null initial conditiong;,(t=0)=0, experimental observation of self-induced transparency in a
(dEjnc/dt)(t=0)=0. We should note that none of the results wide-miniband A=0.1 eV) planar superlattice. We should
depends on the form of the modulation, which confirms uni-note that the question of validity of the hydrodynamic de-
versal transparency behavior and good convergence of theeription of electron transport does not appear here. In both
numerical code employed. From both pictures we clearly seeases the internal field in the SL at the transition to the trans-
time-space formation of the skin effect on the initial phaseparent state is five times smaller than the maximum allowed
transforming to the propagating transparency domain. Théield for this description,E, = (A/ed=200 kV/cm. The
propagation velocity of the transparency in case A almosthreshold amplitude of the incident field decreases when the
equals phase velocity, in contrast with case B whegg,.i,, SL width becomes less than that of the skin layer. For ex-
=0.5vna5¢ Which means that the effective domain size inample, for case B SL parameters and width drg
case B,hyomair=41.6 um=0.52,, is half of that in case A, =h§kir/4.5=8.3,um, Eihres= 78.5 kV/cm.
83 um=2Z,. The current does not disappear completely after The main difference between transparency dynamics in
transition to the transparent state, which is in accordanceases A and B is clearly seen. In case B the transparency
with the result of the given field approximation in Ref. 5. dynamics occurs with effective excitation of Bloch oscilla-
To excite a domain of induced transparency the incidention train with frequency gocp= 8.0f .= 8 THz. Similar re-
flux must exceed some critical value, which depends on theults have been recently reported in Ref. 13, where an
superlattice parameters. For every value of SL width thakquivalent screen current approximation in a lateral superlat-
exceeds the skin layer width the threshold amplitude of incitice has been used and it was argued that the transition to the
dent field is the same, which implies that induced transpartransparent state always occurs with Bloch oscillation train
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excitation if the superlattice is in a bistable state, and the V. CONCLUSION
incident fIl_Jx with frequency .~ fscan€Xceeds some critical We have studied numerically the dynamics of self-
value, which depends on surface concentratigi nchg .

Here we generalize this effect in the case of a planar supeirrjduqad transparency in a planar .superlat_tice within a self-
lattice and point out that the threshold incident flux for thegglr\l/sel(sjte;; elvevﬁtr:i(:]d);gznzﬁ fe?{;?sé'esmwgwgggn;neset?astego tﬁs
onset of transparency without Bloch oscillation is less thanpossibility gf self-induced tfanspareﬁcy in the case in which
e eshol ncdent o ansoarency i Sloch S5 tre ncdent wave requency ' ch lowe han th clector-
ency occurs without excitation of Bloch oscillation, but if we s_cattermg frequency in thg superlattice. We found dpmam-
increase  the  incident-field amolitude up 1. like character of the self-induced transparency, which can
— 160 KV/cm, the transparency occuprs with exc?itation 'rl‘sclochcontain a coherent train of Bloch oscillations. The important
oscillation similar to that in Fig. ®). Furthermore, due to properties of the domain are aiso discussed here.

the domain behavior of self-induced transparency the excita-
tion of Bloch oscillations with maximum efficiency at the
given superlattice parameters can occur only if the width of This work was supported in part by the DoD DURINT
the SL exceeds the domain size at these parameters. program administered by ARO.
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