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Resonantly enhanced nonlinear optics in semiconductor quantum wells:
An application to sensitive infrared detection

S. F. Yelin
ITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138
and Sensor’s Directorate, Hanscom Air Force Research Laboratory, Hanscom, Massachusetts 01731

P. R. Hemmer
Sensor’s Directorate, Hanscom Air Force Research Laboratory, Hanscom, Massachusetts 01731
and Department of Electrical Engineering, Texas A&M University, College Station, Texas 77843
(Received 22 December 2000; published 11 July 2002

A novel class of coherent nonlinear optical phenomena, involving induced transparency in semiconductor
quantum wells, is considered in the context of a particular application to sensitive long-wavelength infrared
detection. It is shown that the strongest decoherence mechanisms can be suppressed or mitigated, resulting in
substantial enhancement of nonlinear optical effects in semiconductor quantum wells.
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[. INTRODUCTION the moment we assume that all coherent couplings in the
scheme are accomplished by external monochromatic elec-
Theoretical and experimental work of the past few yeardromagnetic radiation.

has led to a renaissance in the field of resonant nonlinear The absorption spectrum of a weak probe figlith Rabi
optics[1,2]. This work is based on quantum coherence andrequencya) can be changed by coherently preparing a so-
interference effects such as electromagnetically inducedalledA system(states a), |b), and|c) of Fig. 1). This can
tranSparenC}(ElT). Under certain conditions they allow to be accompnshed by a Strong coherent f|emth Rabi fre-
eliminate the resonant absorption and control the refractivguency) that gives rise to two interfering Stark split ab-
index, and simultaneously enhance nonlinearities. sorption lines[1]. When a fourth statéd) is coupled by a

i FO; exarr]nple, studiestjnvglvgg seclg)nd—harmo?ic Yenerageak field with Rabi frequencf), (from now on referred to
ion [3], phase conjugatioi4—6], nonlinear Spectroscopy ,q «g field” ) the resulting interaction Hamiltonian reads
[7], and coherent Raman scatterif®] promise to improve

considerably the performance of novel nonlinear optical
mechanisms.

In the present article we show that these improvements, , . ”
can be used to make resonantly enhanced nonFI)inear optigithout IR _ field, the “dark” state |[—)=(Q|b)
feasible in semiconductor quantum well systems. Coherencg @/C))/VQ*+a” is decoupled from the optical field$H(
based nonlinear optics eliminates the need for phase matc —)=0). When the system is driven into this state, the pair
ing and strong fields. Being able to incorporate these nove?f fields propagate through the medium unhindered, i.e., the
methods into semiconductor materials would be a basis for
small and practical devices utilizing nonlinear optics in en-
gineerable structures with desirable properties and wave-
lengths.

As a specific example of such nonlinear phenomena in
semiconductor quantum wells we concentrate on a coherence QR ¢ b
based variety of quantum well infrared photo detector d
(QWIP). Here the presence of infrarddR) radiation can S00maY
modify the transmission spectrum for light of an easier-to-
access wavelength. In our example the two fields are 600meV
strongly coupled via resonant tunnelif@~12].

In particular, we address the challenges connected with
decoherence, which, in semiconductor nanostructures, is a ey
much more demanding problem than in more simple, e.g., L —
atomic, systems. Thus we anticipate that the present ap- growth direction z
proach can also be useful in a number of other applications
such as efficient switching and modulation.

H=%Q|c){a|+Aalb)(a|+2Qglc){(d|+H.c.. (1)

Q o (a)

FIG. 1. (a) Energy-level diagram of & system with stateka),
|b), and|c), and driving field(Rabi frequency), probe field ).
Il. MODEL Additional weak coupling Q) to state|d). (b) Same system but
in a double well. Uncoupled well statéa) and|c) are connected
We begin by illustrating the basic principle of coherenceby resonant tunneling. The dashed levets ~ (|a)+|c))/\2 and
based photo detection, using a generic four-state system. Fpr )~ (|a)—|c))/2 are the eigenstates in this double-well system.
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100% Note that if Ajg=Q the sharp, new transparency reso-

nance appears near the maximum absorption of\tlsgstem
(see Fig. 2, dotted lineThus it is also possible to turn ab-
sorption into transparency.

These features make the present system suitable for a
novel kind of detector. In the case afz=0, i.e., when all
three fields are on resonance, either both the probe and the IR
field are absorbed, or norid4]. If the IR field is a long-
wavelength infrared field, and the probe field an optical field,
the absorption characteristics of the visible probe field on
resonance translate into the absorption characteristics of the
IR field. However, the scheme can be used in the opposite

Voo probe frequency vy mode as well: If one detunes the perturbatiorhig~ (), the
. ) Stark shifted probe field absorption turns into transmission

FIG. 2. Electromagn_etlcally induced transparengy On resonancg o n the IR field is present. In this case, only one of the
(vao=wjq ~ ) as displayed by the\ system in Fig. 88  go|qq is absorbed, either the optical probe field or the IR
(dashed ling The fourth coherently coupled level splits the trans- field, but never both. In the following paragraphs only the
parency into two and a.Sha.rp absorption line on resonance appeag ’setup is closely .examined However, both setups result
(solid ling). The dotted fine is for detuned IR field. in similar sensitivity, and there might be cases where the

o o second mode might be more practi€ab|. This “frequency
medium is transparent on resonaribeoken line in Fig. 2 transiation” can in an obvious way be used not only for
In case ofa<(, |b) nearly coincides with the dark state, detection but also, e.g., for switching, converting, imaging.
thus basically all population collects in ground stgig. It should be mentioned here, that for an ideal setup, i.e.,

A perturbation of the dark state by a coherent fi€lgk  where all three statefb), |c), and |d) are stable and all
does not necessarily lead to the destruction of coherenc@e|ds are monochromatic, this scheme possesses unlimited
However,(z can dramatically affect the absorption of the sensitivity. In any realistic situation the sensitivity depends
weak probe field. The transparency splits in two, and resultgn the total ratio of the decoherence, that is, the lifetime of
in a “double dark” resonance, interfering into a very sharp, the metastable states, and additional incoherent mechanisms
coherent absorption line in between. Nearly all electrons staguch as phonon scattering, to the strength of the coherent

probe transmission

in ground statdb). _ o _ coupling mechanisms.
The propagation dynamics of the probe field is described The sensitivity for such a system can be found through an
by the susceptibility operator£C-number  Langevin  approach,  assuming

S-correlated noise. The strength of the signal is given by the
5 reduction in the probe intensity transmitted when the IR field
LeplaptQig (2 s turned on,

T ap(Teplapt Q)+ Qg

xX=in

J
— liotal 0,0=0Qfk- )

I 'signa™= —
g I

where =3y, .,N'\%/(87?), Nis the electron densityy;;

are the relaxation rates of the respective coherences, and
Lap=YapTiA, Tep=7yepti(A—Ap), and Igp=1ygp+i(A  With that the efficiency reads
—Ay—AR), whereA (Ay,AR) is the detuning of the probe

(coupling, IR field to its respective transition. The absorp-

3 ad 2
tion spectrum of the probe field is shown in Fig. 2, for the IR ISigﬂ‘ﬂz MR ViR @ , (4)
field on (solid line) and off (broken ling [13]. If the Rabi e N e Vidoe T Vaecon
frequency(),z of the perturbation is weak, the sharp addi- ne vt

tional absorption line of the probe field has approximately
Lorentzian line shape with a width oF ~vy, ,Q&/Q?  where y[,?gbe (y/3% is the radiative decay along the probe
+ Avr, WhereA vy is the linewidth of the IR field, and at a (IR) transition, I'=1-10 meV, the decoherencegecon
frequency ofvpew~ v.0+ AR, Wherev,, is the probe reso- =1 meV on the most critical transitiofin this case the
nance frequency, angl, ., the decay from statf) to |b).  transition between statéls) and|c) in Fig. 1(@)]. It turns out
Thus frequency and width of this new resonance can be mdhat for intraband quantum well systems, the ratio
nipulated by changing detuning and intensity of the IR field.(Afz/A 5009 (Va7 Yiagpd is usually of the order of one. For

In a system where all three fields are on resonance and tithe Rabi frequency of the probe fietd<() =40 meV, i.e.,
IR Rabi frequencyQ) g is very small compared t6), the  the saturation point, we can reach an efficiency of up to three
A-type absorption profile is nearly undisturbed everywhereorders of magnitude between the signal and the IR field.
except for the resonance region. But where there was trang&rom equating signal to noise, obtained from a somewhat
parency before is now a sharp absorption line that splits th&engthy calculationsee Ref[15]) we find the minimum de-
transparency in twdsee Fig. 2[13]. tectable power of
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Aol rad IV. DECOHERENCE MECHANISMS
VIR 'Ydecoh)\probe Yprobe

in
PR"=

\/ rad QO AR rad The most important phase destroying mechanisms in
'yprobe;m YR . .
semiconductor quantum wells include phonons, nonparabo-
r Ydecoh MR licity, many-body effects, and geometrical imperfections.
=hvir (5 The problem we are dealing with is adiabatic and includes

\/,yrad 4 Q )\probe, . . .

probem no (or nearly ng excited-state population. Thus, with only
wherefiv|g is the photon energy of the IR field anigl the  the lower band populated, many-body effects can be ne-
measuring time. For the parameters of the semiconductalected, as long asuch as in GaAsthe effective masses of
example discussed later, withhg=10 um, Awg different bands are simildi7,18. (For very different effec-
=10 GHz this gives the order of JuJ/sec for a measuring tive masses the effect is somewhat more complicated, but
time of 1 sec. Unity optical density is assumed. still many-body effects and nonparabolicity act together such

Note that complete transparency is ideal but by no meangs not to introduce additional decohereicEhis aspect is
necessary .|n.0rder for the detector to_ perform yvell: The f'g'particularly important regarding any nonlinear optical appli-
ure of merit is the factok)/ygecon, Which describes effec- . 4qns.
tively_ the coherence-to-incoherence ratio in the system, as Phonons are strongly frequency and temperature depen-
mentioned above. dent: Since the energy gap between sthjeand the higher

IIl. REALIZATION IN QUANTUM WELLS lying states is several hundred meV, not even polar optical
phonons are playing a big role in population transfer, as it

For the solid-state realization in semiconductor quantumyould be the case in a traditional QWIP, where the electrons
well systems, eigenstates can be treated in many aspects sugd\e to be transported only over a range of few tens of meV.
as atomic states. That is, in Fig(bl the eigenstates _of the on the other hand, phonons do play a role as dephasing
uncoupled wells would be analogous to the respective stategents. The relevant quantity for both optical and acoustical
in Fig. 1(a). However, in a double-we_zll pote_ntlal(z) the honons is the matrix elemer®;(q)=(f|€%i), where
cecons tul Hough e very I parter emheen Mcoustal phonons re proporonsif. /G (9, ang

polar optical phonons are proportional f&..dq|Gi¢|*/(q

are shifted by(a|V(z)|c). Approximately, superposition > . i L
states of the uncoupled well statps)x|a)=|c) emerge. T Q). WhereQis the in-plane momentum. The upper limits
The splitting can be compared with the Stark spliting in©f @coustical and polar optical phonofd. [19,20) in this

atomic states caused by a strong-coupling laser fieldike proposgd structure are smaller than 4@neV and 0.1 meV,
in Fig. 1(a). The two resulting resonancésorresponding to ~ fespectively. _ _
states|+) and|—)) also interfere destructively, so that an It thus turns out that the most threatening dephasing
ElT-like spectral pattern emerges. In this case, howeverhechanism derives from geometrical imperfections, that is,
resonant tunneling and not an external monochromatic fieléhterface roughness scattering: The quantum wells and barri-
is the coherence generating mechanism. In this case the EEFs needed for this kind of device are often only several
phenomenon can be viewed as resulting from Fano-type iratomic layers thick. Even in the best molecular-beam-epitaxy
terference. We also note that another degree of freedom canachines that are found today it is impossible to grow the
be added to this systefirig. 1(b)]: If one side(in our case required quantum completely smooth structures. But differ-
the side of increasing) is “opened,” i.e., the potential of the ences in thickness in the barriers or wells have a relatively
right side is lowered, a quasicontinuum of states instead oftrong influence on the energy of and resonances between
the discreet eigenstates is found. The magnitude of the Fanfigenstates. In the experiments on this subjectl] the co-
term is directly proportional to the square root of the multi- herence decay due to interface roughness is roughly 0.5-1
plied widths of the excited statgs-) and|—). This term ey
therefore depends strongly on the excited-state lifetimes. The rule of thumb, that most incoherent broadening can
The theoretical approach to describing states as well age somehow mitigated, probably also applies here: Using the
coupling and dephasing strengths in quantum wells is simplegpin components of the electronior hole eigenstates
but gives only an estimate of the order of 10% accuracy inshoyld improve the decoherence times considerably, in par-
energy and coupling strengths. The envelope function of anycyar if the two states where decoherence hurts reiates
particular one-dimension&l D) well geometry can be deter- Ib) and |c) in Fig. 1), are spin components of the same
mined via a transition matrix method in the case of discretgectronic eigenstatéor details see Ref.15)).
states and borrowing the method of calculating Feshbach
resonancessee, e.g., Refl16]) for quasicontinuous states,
where also the emerging finite lifetimes are foufiihese
states tunnel into the continuum, like the one in Fig) Tar
right, above 600 meV.The dipole element between any two  The simulations shown in Fig. 3 have the parametric val-
states using envelope functions is found wa e(f|z]i) ues incorporated: Two samples, both without and with addi-
=ef” dzy:(2)zi(2), wheree is the electron charge, and tional (i.e., geometric, etg.dephasing, are tested. Both are
¥i1(z) the 1D envelope functions. All emerging parametersGaAs/AlLGa, _,As structures with high wells for a high
can now be plugged into the usual Maxwell-Bloch equationsoffset (800 meV} and mediumx for the shallow well. The

V. SIMULATIONS
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100%

FIG. 3. Transmission spectra
for the probe field witi(solid line)
and without(broken ling weak IR
field present, simulated for a
GaAs/AlGaAs system(a),(c) are
for the ideal case where no addi-
tional dephasing is present; in
(b,d dephasing(phonons, inter-
face roughness scattering, room
temperaturgis added. The differ-
ence of the upper(a),(b) and
lower (c),(d) systems(see insets
is the presence/absence of a quasi-
continuum for largez. The input
IR intensities are 2.5 mW for
(a,b, and 500 nW forc),(d). Note
the difference in scale for the two
examples.

transmission
transmission

(=4

520meV 530meV 520meV 530meV
probe frequency v probe frequency v,

100% 60.5%

()

transmission
transmission

60%

L L 1 1
528meV 529meV 528meV 529meV
probe frequency v probe frequency Vo

emerging offsets and well/barrier widths are as shown in Figwhere the decoherence in the QWIP results from the broad-
1(b). The system is modulation-doped to provide the nec- ening of the lower QWIP statéhrough phonons, tunneling
essary ground-state populatiof©ptimal electronic density into continuum. This is a factor of more than 100.

is assumed which would in practice depend on the number of

repetitions of the structure, beam widths gteor the simu-

lations GaAs/AlGa _,As effective masses of 0.067 electron VI. CONCLUSIONS

masses are assumed.

Figures 3a) and 3b) show a structure with short-lived
excited stategnotice the “open” geometry in the inseand
thus large Fano factorgh) has the dephasing included. The
input IR frequency has a width 6f 10 GHz(for all figureg
and an intensity of 2.5 mW/(1Qum)?, with a parametric

dephasing of 1 meV. In Figs(® and 3d) the excited states detectlo?. hat th i ” ‘
are narrow (no quasi-continuuim and the IR power is We also note that there exists a number of avenues for

0.1 ©W/(10 um)?, with a parametric dephasing of 0.5 improv_e_ment. A better frequency range for _the probe fi_eld,
meV. (This value seems attainable with present day technol€-9-, Visible or 1.5um, can become accessible by moving
ogy, cf.[9,11]). the ground state into the valence band. In this case, doping
It is obvious that this kind of detector is not broadband,would not be necessary. Further improvement in terms of
like QWIPs with the excited state in the continuum, butcoherence lifetimes is expected from utilizing the electronic
rather energy selective. For best results, a frequency filtespin states in the conduction band. In this case static or dy-
should be used. On the other hand, comparing the sensitivityamic magnetic fields can be coupled and detected in intra-
estimate[Eq. (5)] with an analogous one for a QWIP with band transitions in the THz range, or polarized electromag-
comparable coupling strengtvhich should be only possible netic fields in interband transitions. The relevant coherence
with the more restrictive bound-to-bound state QWIR® lifetimes are expected to be up to four orders of magnitude

In conclusion we have demonstrated an example of a dif-
ferent kind of coherence based nonlinear optical process in
semiconductor quantum wells. Specifically we have shown
how it is possible to use this technique for sensitive photo

find for the ratio of the minimum detectable powers, higher than for present systems.
/ d
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