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Fano interference of collective excitations in semiconductor quantum wells
and lasing without inversion

Dmitri E. Nikonov* and Ataclmamodu
Department of Electrical and Computer Engineering and Center for Quantized Electronic Structures (QUEST),
University of California, Santa Barbara, California 93106-9560

Marlan O. Scully
Department of Physics and Institute for Quantum Studies, Texas A&M University, College Station, Texas 77843-4242
(Received 3 March 1999

Absorption cancellation via tunneling induced Fano interference in semiconductor quantum wells is studied
in the presence of the Coulomb interaction between electrons. For a small subband dispersion, gain or loss is
determined by single-electron Fano interference. For a large subband dispersion, collective excitations domi-
nate the absorption spectrum and are crucial for the observability of tunneling induced transparency, which
exists in spite of subband dispersion. Pumping destroys collective excitations; therefore gain without inversion
is possible only for small subband dispersip80163-18289)04820-1

Many interesting phenomena in optics such as electro- We label the states of electrons in multiple quantum wells
magnetically induced transparend§IT) and lasers without by the subband indep and the quasimomentum in the plane
population inversioh® (LWI) originate from atomic coher- of the wellk (see Fig. 1L The Hamiltonian in the rotating
ence and interference of radiative processes. One commdrame (see Ref. 1Bfor the interaction of electrons with a
feature is Fano interferenéewhere two decay processes laser field€ and their Coulomb interaction in terms of the
from two different states interfere due to coupling of theseelectron creation and annihilation operatarg is**
states to the same reservoir. This interference occurs even

though the processes are irreversible. H=>, hAMkaMka;Lk > (hQ), aﬂkavk—i_h’ﬂ ayka %)
After the successful observation of these phenomena in  wk {u, vtk
atomic media, it is natural to extend them to semiconductor
materials> Motivated by the progress in quantum cascade  + — E AV Py a
. . q wk+q%y k’ —q9v’ K Au’ ks
lasers> some theoretical aspects of EIT and LWI in worv' u' kK g
semiconductor, and specifically in intersubband )

transitions,® have been discussed. The band dispersion, un-

favorable for LWI, is smaller in intersubband transitions than’here A . is the detuning of the statfu k} (see Fig. 1

in interband transitions. Tunneling induced transparency” #* =9 €N is thf Rabi frequgncy of thg eIectromagneUc
(TIT) in intersubband transitons has recently been field, with ¢, = [f,zf,dz denoting the dipole matrix ele-

observed, providing further motivation for a detailed study MeNt: The two-dimensional Coulomb potential ¢,
of LWI in t?]ese syztems y =e?/[2heoepe(q)|q|], whereey, is the background dielectric

A rigorous theory of semiconductor LWI requires the in- constant and the resonant screenk(@)) is given by the

. . O . . _
clusion of many-body effects in connection with reIaxationSta“C Lindhard formuld” The Coulomb interactions be

and subband dispersidfor a review see Ref. 20The Cou- a’

lomb interaction of electrons in semiconductors has been

studied in the local-density approximatfomithout taking A a

relaxation into account. In this paper we study TIT and LWI T S

of collective excitations in intersubband transitibhand ex-

citons in interband transitions, using the formalism of semi- A ‘ —Ag jA k

conductor Bloch equations generalized for a multiband semi- ~ HJ----- -1~

conductor. Ay b
We show that for materials having a large subband dis- w

persion, e.g., InAs, absorption cancellation is possible only

by virtue of the Coulomb interaction. TIT is made possible in A

this case due to the interference of collective excitafibns bk k

and exists even at very large subband dispersion. Injection of
electrons in the upper lasing level destroys the collective F|G. 1. Scheme of the momentum states of subbanasda’
excitations and limits LWI to small subband dispersions. Incoupled by a laser field with the frequeneyto subbandb. Here
this casee.g., GaAg, TIT and LWI originate from interfer- A, A, ., andAy, are the detunings of the states from the field
ence of single particles and are not diminished by pumpingand A= — (A o+ AL/ 0)/2.
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FIG. 2. Change of electron states in processes corresponding to 3
parts of the Coulomb interactioffrom left to right: band gap
renormalizatior/3*?, excitonic enhancemeM;°°?, and depolar-  Usually we envision each level interacting with two reser-
ization Vébab. voirs: The electrons are injected with ratgsnto the wells

from the first one(emittep) and the decay of the electron

tween different subbandg/””'# are V, multiplied by the ~occupancy with rates; is due to coupling to the second
corresponding form factor Form(»,»',x') which is deter-  reservoir(collectoy. It is essential for the creation of coher-
mined by the envelope wave functiohg(z) of states in the ~©€Nnce that the relative phases of coupling to the emitter and

well (see Refs. 11 and 14 for detaild\Ve call Fock terms collector are different so that the injection and the decay
those withu=p', v=2', andq+0 and “depolarization” happen to different linear combination of the two quantum

terms those withu=1"# v=p'; we retain onlyg=0 depo- states. In all calculations we use phases 0 and 0 for coupling

larization terms. Depolarization terms have a finite limit at© the coIIect?r and 0 and for coupling to the emitter for
q—0; we define the effective well width in this limit as Statesa a_nda , respectively. This is the case of absorption
Form(u,v,u,v)/|q|—ay,, asq—0. Processes correspond- cancellatior?

ing to these contributions are depicted in Fig. 2. The subband dispersion &, ;=4 ,k— A0~ A+ A,0.
We can write the semiconductor Bloch equati@rsr the The inhomogeneous broadening associated with the disper-
reduced density matrixo,,=(a%a,), where angular sion of two subbands is estimated for parabolic subbands as
nv vk uk/

_ 2 . .
brackets denote a quantum statistical average with the fufFur=7Kg/2M;,,, whereke is the largest of the two Fermi
many-body density matrix. The Hamiltonian part of the evo-Mmomenta and the reduced mass of the pair of subbands is

lution of the density matrix for an arbitrary number of sub- given bym_'=m_ *—m_ *. The intensity gain coefficient
bands is GM,,Z—2w|pﬂ,,|2/(h080nb)Im(PW/QW) is proportional

to the polarization between subbands. HBrg, =Xy 0,

the sum runs over momenta of all transitions in a unit vol-

T vkl coh™ _i(Auk_Avk)quk+i{%} [Q (S k ume, w is the cyclic frequency of the field, ant,= e, is
the index of refraction.
=0 k0 ) T QN (B0 k= T pak ) ] In the following derivation we approximate all form fac-

tors by unity in the Fock terms. We may do this for only low

+i E (VgKKMUMHqUKvk_V;}Kw(rwkawkw) to moderate electron densitiesee Ref. 11 Additionally we

Kq%0 assume that the rates of relaxation processes are momentum
independent; then it is possible to express the incoherent
+i 2 (V" 0 ik ek = VE0 e T i) terms only via to_tal polarization® ,,. We sum the equa-
<K' tions (2) and obtain

2

We treat the relaxation part of the evolution as the usual
interaction with the reservoir in a rate approximatforin
our case, transition rates between subbadsstly with - [Q 0 (8,Pru—P b))
emission of a phongrarew,,,, a collision rate of electrons {rn}
in subbandu with all others isy, ., and a dephasing rate *
of polarization between subbgnds, e.g., due to interface TN (0P 0= Punda)], )
roughness, iSy,,depn, €tC. A more rigorous treatment of whereS,,=32,8,,k0 .« is the inhomogeneous part of the
electron collisions can be found, e.g., in Ref. 15. Howeverpolarization. This proves, under the above assumptions for
our approximation was found to describe adequately the linean arbitrary number of subbands, that if the subband disper-
width of intersubband transitiofghat depends weakly on  sjon is negligible, then the exchange contribution cancels out
the density of electrons. We describe in more detail the tunand the only effect of the Coulomb interaction on the total
neling processes that experience Fano interference. Discre@|arization is depolarizatioV, that becomes a rigid fre-
subbands interact with the same quasicontinuum modes @fuency shift of the spectrum if the upper subband coherence
the reservoir. The rate of tunneling from and to statés s small.
r,|g,|% where the coupling constag}, has the phase,, . We numerically solve the semiconductor Bloch equations
The frequency associated with the band in the rotating framep) for a multiple quantum well in which two upper subbands
is w, and the reservoir occupation number in E]e modesy anda’ are closely spaced byA2<w and one lower sub-
having the energy approximately equal i@, is n. The bandb is coupled to botta anda’ by a laser field. As a
contribution of the Fano interference is th&n result we find the total polarizations in the laser transitions

uv' v
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FIG. 3. Gain spectrum for a small subband dispergicorre- FIG. 4. Gain spectrum as a function of detuniagwith the

sponding to a GaAs QWas a function of detuning with no injection into subbanda anda’ for m,=0.042(corresponding to a
injection into subbands anda’ with Coulomb terms and Fano GaAs QW, solid curve; form,=0.033, dashed curve; anu,
interference(solid curve, with Coulomb terms without Fano inter- =0.028(corresponding to an InAs Q)Vdotted curve.
ference(dashed curve and without Coulomb terms with Fano in-
terference(dotted curve the tunneling rates from the upper subbandsygre5 meV.
Without the inclusion of the Coulomb terms we obtain a
Pabt Parp for a very small Rabi frequenc§) ., (linear gain  wide spectrum of absorption that is an overlap of the two
or losg. The detuning of the laser field from resonance withshifted flat line shapessee Fig. 5, dashed lineEach flat
the center of gravity of the two upper subbandsAiss  distribution corresponds to coupling to one of the upper sub-
—(Aa+A,)/2; see Fig. 1. In all of the above calculations bands and their widths are given by the inhomogeneous
we will assume an ambient temperature of 12 K. broadening 8| due to subband dispersion. Large inhomo-
The case of small subband dispersion is illustrated by thgeneous broadening is known to destroy absorption cancel-
parameters corresponding to a GaAs quantum well with théation. The calculation shows that absorption is maximal in
intersubband  transition frequency of 100 me\Ag  the center of the line confirming that no absorption cancella-
=10 meV, ande,=12.9. The masses of the subbands action would have existed for single particle excitations.
cording to Kane’s mod& are m,=0.069n,, m, The situation changes dramatically with the inclusion of
=0.07"my, andm,=0.079n,. For TIT, the lower subband  Coulomb termgFig. 5, solid ling. We see two narrow lines
is populated up to a Fermi momentugp by injection with  corresponding taollective excitationgorresponding to each
the rater,=0.1 meV, chemical potentigt,=37 meV, and of the upper subbantf. The width of the peaks is not de-
decay ratey,=0.01 meV. No carriers are injected into upper termined by the subband dispersion, but rather by the homo-
subbandsa anda’, but they can tunnel out with rate,=3 geneous width given by tunneling, collisions, and dephasing.
meV. We take the depolarization values to lg&,,,=0.2 Assuming a stepwise distribution of electron occupation
andkraway =1, the dephasing rate in each transitigp,, numbers and a constant characteristic value of the Coulomb
=0.2 meV, and the effective collision ratg,,=0.1 meV. potentialV;,, we approximately solve Ed2) to obtain a
The numerical result confirms the above prediction: The aberiterion that the spectrum is close to that of a sole collective
sorption line shapes calculated with and without the Couexcitation
lomb terms are not very much different; the line is blue-

shifted due to depolarizatiofiFig. 3). If there were no Fano _ | Sl
. . ") . Vch( Pbb Paa)> ’ (5)
interference included, the positions of the absorption peaks O
would not change; however, the absorption in its local mini- I”(?)
mum between the peaks would be several times higher. This
demonstrates that TIT is still preserved in the presence of 0
many momentum states and the Coulomb interaction; this 01k
prediction is already confirmed by experimehts.
LWI can be achieved by injection to the upper subbands. -02
Now we take for the upper subbands=2 meV andu, Gain -0.3
=34 meV and for the lower subbands=1.5 meV andy, 04
=2 meV. Still there is no inversion between any of the mo- )
mentum states of any of the upper and the lower subbands. 05T
In this case(the right curve in Fig. % gain without popula- 06 P . . .
tion inversion is obtained between the resonance peaks. This 40 30 20 -10 0 10 20
is purely due to Fano interference: We would have obtained Detuning (meV)

loss at any detuning without it. . L FIG. 5. Gain spectrum for a large subband dispergiwmorre-
The case of large subband dispersion is illustrated by @Bonding to an InAs QWas a function of detunings with no

InAs quantum well with the same energies of subbands &hjection into subbands anda’ with Coulomb terms and Fano
zero momentum. Therg,=15.7 and the masses of the sub- jyterference(solid curve, with Coulomb terms without Fano inter-
bands arem,=0.027ny, m,=0.03%ng, andm;=0.041my.  ference(dotted curvg and without Coulomb terms with Fano in-
For TIT the rates for the lower subband afe=0.1 meV and terference(dashed curve The curve with crosses corresponds to
v,=0.01 meV, the chemical potential jg,=80 meV, and injection into subbanda anda’ with the account of all terms.
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where v is the homogeneous width. If one neglects Fano
interference, the absorption between the peaks turns out to be
significantly higher(Fig. 5, dotted ling This shows that the
absorption cancellation exists in our case and is only possible
due to Fano interference of collective rather than single- Gain
particle modes.

We try to obtain LWI by introducing the electron injec-
tion to the upper subbands with=0.5 meV andu,=55
meV. Surprisingly, we obtain an increase in absorpfieig. -3 L
5, crossed ling One can see that now the left-hand side of -40 -35 -30 -25 D'20 15 -10 -5 0 5 10

AR o . . etuning(meV)

the collectivization criterior{5) is smaller and less oscillator
strength is concentrated in the collective mode. Therefore, FIG. 6. Gain spectrum for interband transitioje®rresponding
the inhomogeneous broadening is eliminated to a smalle a GaAs QW as a function of detuning with no injection into
degree and absorption cancellation is less perfect. At largeubbandsa and a’ with Coulomb terms and Fano interference
subband dispersion, this increase of absorption outweighs theolid curvé and with Coulomb terms without Fano interference
increase of emission due to the presence of carriers in th@lotted curve
upper subbands. It is still possible to achieve LWI when the . . .
subband dispersion is appreciable but not too large, i.e., con‘(‘-’OUId be possible. However, our calculation shows that in

: o his case of extremely large subband dispersion, the disap-
E;;?(t:t? Otno rglt?.esretgelzisgph;tlr;gi db dﬁgwfjrgéhe subbands or an earance of excitons overshadows the increase in emission as

. . er the discussion above and lasing without inversion does
Fano interference can be observed as well in interban

i iti ; hen the | bband bel o th ot occur in exciton lines.
ransiions, 1.e., when the lower subband belongs 1o the va- 1, conclysion, we predict the existence of tunneling in-

lence band. This case is analogous to.the |n.tersubba.1nd Proficed transparency and gain without population inversion
lem, but has a much larger subband dispersion. We illustraigiy Fang interference. In the limit of a small subband disper-
it by the example of GaAs with masses,=0.069M  gjon the Coulomb interaction does not modify the gain line
=My and my=—0.37M,. We setAs=6 meV, va=2  ghane |n the limit of a large subband dispersion, tunneling
meV, andy,=0.1 meV, with the collision and dephasing jnqyced transparency exists only due to Fano interference of
rates the same as above. The Coulomb interaction causes 8active excitations induced by Coulomb interaction. Elec-
appearance of two exciton lines separated from the fre€zqn injection to the upper subbands in this case gives gain
electron absorption at higher frequencies; see Fig. 6. Thg;out inversion only for a small subband dispersion. Gain
absorption between them is significantly smaller than ongithout inversion, however, was not possible for a large sub-

would obtain without taking into account Fano interference.pang dispersion, including the case of interband transitions.
It is known that the usual lasing in exciton linéwith

direct photon emissigris not possible: Injection of electrons  This work was supported by the ARO, the NSF, and the
and holes destroys excitons before inversion is created be&enter for Quantized Electronic Structuré@UEST), an
cause of the decrease of the population difference betweedSF Science and Technology Center. M.O.S thanks the
the bands and because of screening of the Coulomb pote®@NR, TARP, and the Welch Foundation. The authors thank
tial; then, only the single-particle transitions are observedLeonid Butov, Holger Schmidt, Pablo Tamborenea, and
One might hope that lasing without inversion in exciton linesGary Woods for stimulating discussions.
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