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Terahertz sideband generation in quantum wells viewed as resonant photon tunneling through a
time-dependent barrier: An exactly solvable model
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The propagation of light through quantum wells in the vicinity of an excitonic resonance subjected to a THz
electric field is considered. The treatment makes explicit the relationship between THz sideband generation and
resonant photon tunneling through a time-dependent resonant-tunneling structure. A method for the coherent
control of excitons in quantum wells is also sugges{&f163-182@09)11927-1

The basis for much work on transport through harmoni-analogues of time-dependent transport problems therefore
cally varying time-dependent potentials dates back to théold out the intriguing prospect of realizing a number of
work of Tien and Gordohon tunneling between supercon- effects that have been theoretically predicted. Already, con-
ducting films. Subsequent developments in semiconductosiderable experimental work on superluminality and its im-
heterostructure growth and split-gate devices largely accoufact on issues concerning tunneling times has been carried
for the renaissance of interest in this area. A parallel develgyt12
opment is the free-electron laser. The modulation via micro- | this study we present a theoretical treatment of light

wave and TH§Z fields of transport p_roegserties of quantum-rgnagation through a QW in which the exciton energy, line-
point contacts, single-electron devices,and resonant- \yiqih and oscillator strength are modulated with bandwidths
tunneling structurés has been studied. Effort has also beeni, the 100-GHz to 5-THz rangéhenceforth denoted THz

put into observing THz sideband§S’s) in the optical spec- : g .
tra of semiconductor quantum wel@W's) © Despite sub- field), such as provided by excitonic Stark effects induced by

stantial theoretical progress in the area of tunneling througR® THZ field F(t) polarized in the QW plane or the
time-dependent potentials, experimental results have beeftantum-confined Stark effect witk(t) parallel to the
scant. And apart from the common role of the low-frequencygrowth directionz. The formalism employed makexplicit

field (microwave, THz in inducing mutiphoton transitions in the close relationship between TSG and resonant tunneling
the systend, an explicit elucidation of the connection be- of photons through the QW in the presence of a time-
tween resonant tunneling through time-dependent potentiadependent dielectric constant. As is well knolrihe wave

and TS generatioff SG) was hitherto unavailabfeThe con-  and Schrdinger equations can be mapped from one to the
nection though may prove valuable since resonant-tunnelingther via (w/c)n(w,r)H{(Zm/ﬁz)[E(w)—V(r)]}l’z, re-
devices based on semiconductor heterostructures introduspectively, where the symbols here have their usual mean-
numerous complications prohibiting the controlled variationings. Previous studies of TS®ef. 6 have avoided the de-

of a single parameter. These difficulties have hampered tails of the propagation effects which bring to the fore the
detailed analysis of transport experiments through timeelose analogy between the two classes of phenomena.
dependent potentials. Typically, experimental results have We consider linear optical propagation although the THz
been modeled using Tien-Gordon theory which only capture§ield may be strong. Thus, we are concerned with the low-
the most basic effects’ Recently, however, exciting work density regime in which excitation-induced dephasing and
has been published showing that the quantum mechanicahturation may be neglected. Let an optical pligsaplitude
phase of electrons can be measuretbir de forcetransport  1(t)] be incident normally on the QW in the vicinity of an
experiment® ! lending urgency to the exploitation of opti- excitonic resonance. The reflectB¢t) and transmitted (t)

cal analogues where phase measurements are routine. Opticgitical fields are given b

t t
Jloodt’[é\(t—t’)-i-)((t,t')] fﬁxdt’ X(t,t’) |(t’)
B t t {Ra')l' W
—fﬁwdt’ X(t.t) L@dt' [8(t—t)—x(t,t)]
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with x(t,t') the optical susceptibilityto be discussed be-
low) and the integrals operate on everything to the right.
We eliminateR(t) from Eq. (1) to obtain

T(t)=|(t)~l—f_t dt’ x(t,t")T(t"). (2

If F=0, theny(t,t’)=x(t—t"), and Eq.(2) is easily solved
in the frequency domain; however, fBr 0, the susceptibil-
ity no longer depends simply an-t’, but explicitly on the
two time variables. Nevertheless, we shall see that even in
this case, under certain conditions an explicit solution ob-
tains.

The optical susceptibilityy(t,t") in the presence df(t)
can be treated as in Ref. 15 or solved for numericHlly;
however, as we show, a simple model can be considered
which leads to a closed-form solution of Eg). To motivate
a physically reasonablensatzfor x(t,t’), first consider the

caseF=0. For a single resonande.g., retaining the 4 ex-
citon, but neglecting the other bound states and continuum
we have* x(t—t’)fFe‘i(S‘iy)(t‘t') where is the exciton 60 50 40 30 20 10 o 10 20
radiative width!’ ¢ is the frequency of the exciton measured & (inverse picosecond)

from the crystal ground state, andis the nonradiative line- . 5. ) )

) s FIG. 1. Reflectivity|R,(w+ u{)|? into harmonicu normalized
width. The parameters, y, andl” are forF(t) =0. All other o1 reflectivity of the unmodulated fundamentdl/I[")2
'nterband resonances of the QW are neglected and the IIIEl.?% as a function of detuning from exciton line center. The
Shapg 'S.assumed for convenience to be Lorentzian. !f thBarameters are,=2.5 (solid) and 1.52 ps! (dashedt in all cases
Hamiltonian governing the interband electronic excitations, —1 52 ps® T'=0.1 ps?, andy,=0.
of the QW depends on time through a THz-frequency elec-
f[ric field, but with frequency content sufficiently below any =T,—T cosit where (=0 if Fy>F, or {=2Q if Fg
intraband resonance, we can account for the effects of thg0 Tvoical val be found in Refs. 19. We set
THz field through an adiabatic Stark shift, line broadening,” ~- .yp|ca \f’} ues may ? 9”” N Rels. 19. We s¢
and modification of the oscillator strengttor the param- =&i—17v ande; =g —il'j with i=0,1. If F4c=0, Stark ef-
eters investigated here, ultrahigh-quality ZnSe or GaN Qw'dects are quad'ranc and the parameters are modulated at fre-
might be the best candidates due to their high exciton bindquency 2). This leads to even TS's &2 as is expected for
ing energies. We can thus use the ansatg(t,t’) @ System with inversion symmetry. Fq.#0, the system
= G(1)G*(t') with G(t) :Fl/Z(t)e—iftdt’[s(t’)—i7(t/)] where lacks inversion symmetry and both even an_di otdd TS’s occur.

Henceforth, we assumié;=0. Letl(t)=e™'“". Then

e(t), I'(t), andy(t) all depend on time due to the influence
of F.!® The transfer-matrix method is a formulation of the T(t)=T,(t)=e it
scattering approach to such problems and is well known to @

follow from the tunneling Hamiltonian for the appropriate ot . L _ o
structure!® The reflectivity and transmission coeffeicients +Fe*'“’t£wdt’ e !(Fom (- ilea/Olemtmsn et ],
are equivalentto the Green function of the appropriate tun-
neling Hamiltonian. 4
Equation(2) can be converted into a differential equation. , — . .
The Solution iS Set T=1—t " t= (t+t,/2), and SII"[t—SIn{t’
=2sin({7/2)cosit. Fourier transform  T,(w’)

=27t T (t) to obtain T, (o')=027/)[(w

t t " "
T(t)=|(t)+J dt’ x(t,t)1(t")e Jedt'TE) (3 J -
o X —so)/(w—sé)5w’w,+IC#(w)5w,w/’M] with

This defines the response functidift—t’)+ y(t,t’) with

N I
M6t =g(t)g* (), and Kulw)=2ITA 2, 5

g(t) =T Y(t)e= 1/ 'dt {e()=ilnt)+ T},

ek ek
Using T=I+R [cf. Eq. (1), we have R(t) XJ("*")’Z( ﬁ)‘l(k‘“)’z( ﬂ) ®
=t dt x(t,t")I(t).

In the following we assume the THz fiel&(t) =Fy ] ) — 2
+FaccosQt is applied to the QW withF (which may be ~fréquencies,. an integer, A=A (0) =0~ gy=w—ul/2
zerg a dc bias andFy] F,.. We write the modulated param- —¢ the complex detuning between the average frequency
eters as(t) =eqg+e4C0SLt, y(t)= v+ y,cosit, andI'(t) and the radiatively renormalized excitonic resonance, and

w=(w+o')/2 the average of the incoming and outgoing
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FIG. 2. Total reflected probabilitR,(e) for the same parameters as Fig(sblid). Note that for clarity, the regiohs|>20 ps?!is
multiplied by a factor of 50.

=i/, the sum restricted to integekof the same parity a8. R, (w) = (£/2m) [2™¢dt R, (t)[2= (¢/2m)

R,(®") is obtained from the previous formula by replacing x(I'/T")ReR,,(w) (optical theoremwherel'’ =T + y,,.
(0—20)/(0—8() 8,00 DY IT/(0—2() 8, - The first term The foregoing expressions f&and T are compact; how-
leads to the unmodulated restflts ;,;=0. The other term ever, it is useful to reexpress the Kapteyn serieskip(w)
gives the TS's as well as the modified transmission of then Eq. (5) as a power series in=z,/¢ (Ref. 20 to identify
fundamental. Finally, foe;=¢, (y,=0), direct integration the various multi-THz-photon processes that contribute to a
gives for the total reflected probability per unit time given TS:

* 'g 2n on n
. 1 . )
ha AZ- 7 even
(o) r | n—,u/z(Z (|/-L|)jo[ (1971 ) .
K, (w)+i—968, 0= ) . } i
i A w0 o (gl)Zn 1<2n_1)ﬁ [AZ (2j—1§)2}1 \ odd
| = _ , .
n=(ul+1)2 \ 2 |l )iy 5

Series(5) and (6) converge in|ze\f1—zz/(1+ 1-7%)|<1 (1), and'(t) are closely interlinkedsee comments in Ref.
and for arbitrary 2/ not an ever{odd integer.20 Theterms 9), but for our purposes we can treat them as parameters

. . . determined by a microscopic theory external to our model.
to a given order iney summed overu are the nonlinear To illustrate the different types of behaviors expected in

susceptibilities. For fixed., the term of degre@ in &; de-  hese cases, we present results for the normalized reflectivity
scribespth-order multi-THz-photon processes contributing (T'IT)3R,(w+ nd)|? [(T/T")2=0.017 is the peak un-
to the TS. This in turn allows one to write the quantum myoqyjated reflectivity of a high-quality QW in Fig. 1. We
mechanical transmission amplitude as a sum of nonlinegy, o y,=0 and consider the two cases 2(5olid) and
susceptibilities, as is commonly carried out in optics. The1 52 pls—l (dashedlfor x=0, 1, and 2. The results are plot-
expansion(6) in terms of susceptibilities appliesutatis téd as a function oﬁzﬂReA’ fln all 6asesl“=01 s1
mutandisto the transport case, and to our knowledge was 1 -~ X - -+ PS
hitherto unknown. v0=152 ps- (hAy,=1 meV), and{/2m=4 THz.] This
D di hethdF i larized in the or 3 di gives the reflected probability into theth TS as a function
) epen '”9 on whe _'S po anzed in the _or Z AIreC of incident frequency. The normalized reflectivity for=1
tion, the dominant effect will differ; foF|x, the time depen- s in the few % range while that gf=2 in the 10 %% range
dence of y(t) will dominate through the ionization rate, for the parameters. Figure 2 shoRg,(w) for the same pa-

while if Fl|z, e(t) will play a larger role'® Of course,c(t),  rameters. The relative maximum strength of the first TS with



1762 D. S. CITRIN AND W. HARSHAWARDHAN PRB 60

0.007 T T T T

0.006 - £ // ]

0.005 | N/ .

Normalized Reflectivity
~

0.004 | |

0.003 & - s '
30 28 26 24 22 20

& (inverse picosecond)

FIG. 3. Total reflected probability fot,=+27 ps ' (dotted, (1+i)7 ps ' (dashed andi27 ps ' (solid. The parameters are
otherwise those of Fig. 1.

respect to the unmodulated response~i44.5% for ¢;

=25 ps’. Figure 3 showsR,(w) for g,=+27 ps*

(dotted, (1+i)m ps * (dashedf andi2m ps ! (solid) . .

with the other parameters the same as in Fig. 1 to show the =re—iSSt[e—isﬂfxdt”B(t”)+1]J dt’ A(t’)) (7)

effect of modulating the line center versus the linewidth. In —

all casegs;|= 27 ps ™. B .
We turn our attention to time-domain effects. Specifically,andoo Rc(itt?’_BTtg’t).— g Ti THE ptulset_ 1S _cft\osfen S0 tgat

we describe a new technique for coherent control of exciton§1f—“ ( )_.( n ), destructive -interierence  be-

) : . . . fween the polarizations excited by the two optical pulses

in QW's using phase-locked pulse pairs. Previous

hemed-22 tilize the relati h b identi Ioccurs and thus coherent depopulation of the excitons en-
schem utilize the relative phase between two Identical g, qq- f the action integral isr@r, then constructive interfer-

but time-delayed optical pulses coincident with a narrow opsnce ensues.

tical resonance in a QW. If the two pulses are in phase, the As an example, if the half-cycle THz pulse is of 0.5 ps
interband polarizations excited by each are in phase, and asgaration, we needs;~2 meV to achieve ar phase shift.
result ideally four times the population of excitons associatedrhis is feasible using available THz techniques, though car-
with a single pulse are generated; if, however, the pulses amying out this experiment may be difficult. One needs very
o out of phase, the interference is destructive and the QW iBigh-quality QW'’s at low temperatures to ensure narrow ex-
Coherenﬂy depopu|ated of excitons fo"owing the passage 0$it0niC lines. In addition, th? THz transmission structure
the second pulse. Or at least that is the idea; dephasing, noshould be designed witk(t)||z to suppress modulation of
linearities, and inhomogeneous broadening all conspire tée dephasing; however, this can be compensated for by de-
make this effect less marked than one might hpee. the ~ creasing the amplitude of the second optical pulse in the
scheme proposed here, two identical phase-locked time€duence. Finally, the desirable effect will be degraded if

delayed pulses are also used, but rather than modulate tlﬁl@ere is temporal overlap @(t) andA(t=1,/2), thus requir-

relative phase of the two pulses, we introduce a phase shift ing clean optical and THz wave forms. We note that the

the polarization induced bv the first optical pulse by a hahc_present scheme in no way circumvents the central difficulties
P y P P y with coherent depopulation of the exciton level, namely, in-

cycle THz pulse incident on the QW between the two Opt'calhomogeneous broadening and excitation-induced dephasing.
pU|SeS-7.S?t 1(t) =lo(t+1o/2) +1o(t—1o/2) where 1o(t) To conclude, we present an exactly solvable model for
=A(t)e”"*0 A(t) is the slowly varying elnvelopg ofasingle TG by and photon propagation through THz-modulated
constituent pulse of duratiom<to,<7y, ", the time delay Qw's. Because of the mapping between the electromagnetic
between pulses. Also let(t)=go+2,B(t) and ¥(t)=v,.  wave equation and the Scliager equation, light propaga-
B(t) is a peaked function of time centeredtatO whose  tion through THz-modulated QW’s will be a fruitful way to
duration is much less thaty. For exampleB(t) might be  explore resonant tunneling through time-dependent poten-
due to a photoconductively generated half-cycle THz pulseials. We believe the area of optical analogues of time-
propagating down a transmission structure deposited on thgependent quantum mechanical transport problems—as pio-
QW. Fort>t, neered by the work reviewed in Ref. 12—is in its infancy,

— o0

T(t):[‘foo dt’ e_i;()(t_tl)e_islf:/dt”B(tH)l (t’)



PRB 60 TERAHERTZ SIDEBAND GENERATION IN QUANTUM . .. 1763

and in particular, exploitation of optical pulse propagationalternative scheme for carrying out two-pulse coherent con-
through QW’s shows great promise to advance the field mtetrol of excitons in QW's.

rially. In particular, we have explored the effects of modu-  Helpful discussions with T. B. Norris are gratefully ac-
lating the exciton linewidth and energy on the TS’s appearknowledged. This work was supported by the Office of Na-
ing in the optical spectra. We have also proposed awal Research and the Air Force Office of Scientific Research.
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