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Negative intersubband absorption in biased tunnel-coupled wells
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We investigate the use of intersubband transitions between two weakly coupled shallow quantum wells to
generate terahertz radiation. The wells are designed for independent contacting and biasing. The maximum
gain (absorption scales with the wavefunction overlap and difference between the well carrier densities. The
absorption line shape is studied taking into account the interplay between inhomogeneous and homogeneous
broadening mechanisms, including both large-scale variations in the coupled levels and also short-range scat-
tering. The intersubband transitions are strongly renormalized due to Coulomb interédépokarization and
exchange effecjsPopulation inversion can be achieved through independent variation of the upper and lower
well Fermi energy with applied bias. Numerical estimates of the negative absorption coefficient are obtained
using realistic parameters, indicating the possible application of such a THz resonator to achieve stimulated
emission.
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I. INTRODUCTION given for the fundamental mode ligee Ref. 15 for details

Stimulated emission in the THz spectral region has been 87 Revy, (ev,)* won

demonstrated in bulk-type semiconductors during the past 9= c2\Je(QL/c)2— 2’ Rery,= hQ Aw?+ 2
20 years(see Ref. 1, and references thejeilifferent (1)

schemes for the realization of THz lasing based on intersub- ) )

band transitions have also been considered during the laktere(? is the resonant frequencw=w—( is the detun-
decadé-?including the case of photon-assisted tunneling beind frequencyp, is the intersubband velocity, anth is the
tween neighboring QWSs in resonant tunneling diodepopulatlon dlfferenc_e. Equatiofil) assumes a Lorer_1t2|an
structure<, motivated by the improvement in device param-“”e shape for thg mters.ubband peak, with relaxation fre-
eters and the successful application of cascade structures f@#ency v. Numerical estimates for a GaAs-based weakly
mid-IR lasing® Stimulated THz emission has recently beencoupled QW system, with | =1.7x10° cm/s, give USax
reported in tunnel-coupled cascade structfrésliowing ~~5cm ' if on=10"cm ? and A»~0.2 meV. Thus, a
previous investigations of the spontaneous THz emissfon. Measurable gain is possible in the system under consider-
The investigation of different mechanisms to achieve popu-

lation inversion in structures with closely spaced levels is THz

now timely. In this paper we study the conditions for the :
stimulated emission of THz radiation from independently
contacted tunnel-coupled double quantum wéeDQW)
structures where population inversion can be realized by us-
ing the contacts to control the electron concentrations and
quasi-Fermi levels in the uppeuy{) and lower (-) QW'’s
[see Fig. 1a)].

DQW structures with independent contacts have been in-
vestigated during the past decad®with the process of
photon-assisted tunneling also considered recéhtf/We
extend here previous studies of intersubband transitions in
DQW's with a common Fermi lev&t!*to consider the case €,
where there are nonequilibrium electron populations iruthe
and [-QW's, described by quasi-Fermi levedg, and g, Al
and where an applied bias ensuegs # ¢¢| [see Fig. 1b), A
1(c)]. By varying the bias, it is possible to achieve either
absorption or stimulated emission regimes due to resonant (b) A (c)
transitions between the tunnel-coupled electronic staes
Fig. 1(b) and Xc), respectively. The modal gain can be g, 1. Schematic figure showing an independently contacted
maximized if the DQW structure is placed along the centraljouble QW structure placed in a THz resonatr The dispersion
axis of a THz resonator with ideal mirrors @t=*+L/2, relations of tunnel-coupled the wells with different doping levels
whereL is the width of the resonator, with dielectric permit- (g, andeg, are the Fermi levels in- andl-QW's) for the cases of
tivity e. A simplified formula for the gain coefficierg is absorption(b) and stimulated emissioft).
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ation_, justifying a more careful examination of thi; schemegiyen bywa=(2€/S)Eptr\A/L'5\fpx, whereSis the normaliza-
of stimulated emission, as performed below. The integrated,, area and tr. - stands for the trace over the upperX

absorption/emission is determi.ned by the wa\{efunction OVer3nd lower (-) QW states.

lap between the two QW'’s, while the broadening of the reso-

nant peak is influenced by short-range scattering and lon

range inhomogeneitiesee Ref. 12 for a discussion of the

influence of the homogeneous and inhomogeneous contrib

tions). The transition energy is calculated to be strongly

renormalized due to the Coulomb interactiérBelow we 2ev

take into account both the high-frequency self-consistent Jox=i—g > [8Fu(px)— 8fiu(px)], (5)

electric field (depolarization and exchange contributions. P

We also examine how the efficiency of the interaction with

THz radiation can be enhanced if a multi-DQW structure cafvherev, =ZT/% and Z is the interlevel spatial separation.

be placed into a THz waveguide. The nondiagonal components of the density matrix in Eq.
The analysis below is divided into two sections. The basid4), ofu(px) and of,y(px), are considered with an accuracy

equations describing the resonant response of the structufé the order ofT. For such a case, we use in Eg) the

under consideration are presented in Sec. I, including theliagonal Hamiltoniarh determined through the matrix ele-

Coulomb interaction and large-scale inhomogeneities. Thenentse;,+wjy,j=u,l. Heresjpzsj+p2/2m describes the

numerical results for intersubband absorption and the discugarrier dispersion in th¢th QW with the random potentials

sion of the conditions to achieve stimulated THz emission ir\NjX and including the self-consistent contributions frém

a resonator are given in Sec. lll, with our conclusions pre- .. . Q17 . .
sented in Sec. IV, which are proportional tep(e'~ "p). Using a basis of self

consistent wave functions we can transform Bj.into the

Below we calculatel ,, for weakly coupled DQW'’s with
%n accuracy of the order of?, whereT is the tunneling

urr_1atrix element. Since,vis proportional toT, we write

system
Il. SELF-CONSISTENT RESPONSE
The response of the electrons in a DQW to a transverse [w+iv—wy(px)+iv-V,]56f ,(px)
electric field E, exp(—iwt) is described by the linearized
quantum kinetic equatidh = 8y (PX) (fipx— fup) /£ =0, (6)
o — i i~ - — , .
(—iw+iv-V,) o i+ %[h,éf]pxjL g[a‘h,p]plec( of |px), [w+iv+ wy(pX)+iv-V,]8f,,(pX)
2 - 5h|u(px)(fupx_flpx)/ﬁzo-

which determines the modification of the density matrix

St xexp(—iwt) in the Wigner representation. In E() p is  Herefj,=0(ejr—&j,—wj,) is the zero-temperature Fermi
the equilibrium density matrix, while=p/m is the in-plane  distribution in thejth QW, with Fermi energy ;s and with
velocity of electrons with effective mass. The collison in-  the interlevel energy separatidin,(px) given by
tegral, 1 ,(5f|px) is replaced below by- v5f,,, wherev is

the relaxation frequency due to homogeneous broadening, 7w (px)= &+ W — Wiy

and[ ..., ...]p is the commutator in the Wigner represen-
tation. Equation(2) uses the effective Hamiltonian: _ dp; M lp—pal
j:u’| 27Tm jplx UjjU ﬁ
h=h+2 "vole ' 'sp(e'*p)—e el ], (3) o= pi|
Q — My (ﬁ } 7
1jjl A .

which includes the Coulomb interaction to second order,

with the perturbation operator given by . .
The Coulomb kernel is calculated using the electron enve-

~ ie_ . , . o lope functions,¢,,, in theu- andl-QW's (Ref. 19
6h=;Elvl+2 vole ' sp(e'? " 5p) .
Q

—i0-r= _i0O. 1 _ i
—e '@ rﬁpelQ r]' (4) Mabcd(q):@f dZ(Paz‘szj dZ' ¢cr par€ dlz=z I,

Herev is the Coulomb matrix elememt,Q is the momen- (8)
tum transfer,r the position vector, and the symbsp- - -

indicates an averaging over electron states. TR dpera-  wherea; is the effective Bohr radiugj is the in-plane com-
tors h and v, in Egs. (2),(3) describe the single-particle ponent of the wave vecto®@=(q,q,) and we have inte-
Hamiltonian and the transverse velocity operateee ex- grated over the component of wave vectpr, perpendicular
plicit expressions in Refs. 12,17The interwell contribution to the QW plane. The perturbation operatéyis then evalu-
to the current density induced by the fidld exp(—iwt) is  ated for Eq.(6) using the kernel of Eq8):
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eE v,
ohjj (px) + :J 5m ab(P1X)| 2M jjpa(0)
B
=713 pr1n5fu (PLXIMjj 1y
><(Ip—ﬁpll | ©

where we have neglected the overlap of thand| orbitals
on the right hand side and the signs " or “ —" correspond
to the case$=I,j’=u, orj=u,j’ =I. This expression dif-

fers essentially from the single QW case, so that the charac-
ter of the Coulomb renormalization is then different from in

Ref. 16.
It is convenient to introduce new function§ff§)

= 6f 1 (px) = 6f |, (px), so that the induced current density

takes the formexzi(Zevl/LZ)Epéfé;) and the pair of

equations in Eq(6) are transformed to:

[w+iv+iv-V]sf() —wy(px)of )

.|

2eE v,
hw

dp;

(=)
27hm of

PyX

Ip—pﬂ)

Iv'uull( A

pX >

[w+iv+ivy] st — wy(px) st

_(,pr

Here 6,,=fpx— fipx is the population factor and we have
used the symmetry propertyl ,,;=M .- Below we ap-
proximate the Coulomb kernels as M,,(q)
=exp(—02)/agd,M yyu(q) =My () =1/agq and introduce
the functlons b’ according to 8f()=—(2eE v,/
hw) HngDpX Equatlon(lo) can then be rewrltten as

lp—pal
7

dp;
27hm

uull

) 5f511=0. (10

dpl aplx

TinoH— (‘)+f——
(@F1v)@py’ — wu(X) Ppy 27m ag|p—py|

X[(PE);)_ e7|p7p1‘2/h¢g;z] = 1,

|

X[y e P g0,

(1D

dp; aplx

+) -
27m ag|p—py|

(0+iv)el) —wu(X) ek

where o (X)=A/h + éw, and dw,=w—Ww,, is the ran-
dom contribution to the interlevel energy (Fig. 1). In Egs.
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Introducing the local conductivityr,,, by the standard
relation J,,= o,E, we express the respongg) through
¢() according to

2(ev,)®
ihw

(*)

Xw ! Xw

q

dp .
ZZJ pr(pé;).

2
(27h)2 12

wX

The conductivity appears to be parametrically dependent on
wy(x) in the local approximation, when n{)

= nﬁf)[wm(x)]. The averaging over the random contribution
to the interlevel energyw, is performed according to

fiw' —A\?
2r '

(e >_2J— fd“"”i‘“w’)exp[—(

(13

where (---) denotes the averaging procediireand I'

= \/<é\/vx2)/2 is the inhomogeneous broadening energy. Thus,
the averaged conductivity(12), o,, is given by o,
=2(ev,)*n{)V/itw. The relative absorption of a DQW
structure, introduced as the ratio of the energy flux absorbed
compared to that transmitted through the structiiie given

by &,=(4m/c\e)Reo,, .

IIl. RESULTS

Here we consider the average response of the tunnel-
coupled DQW'’s and their potential to generate stimulated
THz emission. Before discussion of the numerical results
based on Eq9.11)—(13), we consider simple analytical for-
mulas for the high-concentration limét, r>|e,—¢].

A. High-concentration case

For the high-concentration case, the system of integral
equations(11) is transformed below into the balance equa-
tions forn i . We can neglect the momentum dependence of
(,oE)X) in the narrow region close te, r and we obtain the
system of balance equations

w+iv

-Q,

_Qx n>(<z)
. , 14
w+iv 0 (14)

‘Anx

n{,)|

whereAn, is the difference in concentration between the
andl-QW'’s. The renormalized frequendy, is given by

(11) we have also neglected non-local effects, omitting the

spatial derivatives- V, and ¢(=) are only dependent ojp|
because the Coulomb contributions in E¢kL) do not de-
pend on thep-plane angle.

dp 6p X
Qx:wm(x)—fzwrlnm(l e P~ p1|zm)|
=y (X)— a DF . ———A(Zpe/h),
rdg 1— e VAT
A(y)= — (15

[V

JV2(1—cosp)

045320-3



F. T. VASKO, A. V. KOROVIN, AND E. P. O'REILLY

PHYSICAL REVIEW B68, 045320 (2003

1.0
1 paoa_ O A@pelh) -
T/Av pP2p  @sPr
§ o8\ T ; In contrast to the case of a DQW structure with a common
e 1y 3 Fermi level, wheneg,—eg=A, the renormalized resonant
. 0.6 N 4 frequency() is now dependent o@n. Note also thair,,,
o R =0 if 6n=0, as is clear from Eq16) and Fig. 1. For the
2 0.4 . near-resonant spectral region, whétaw|~v,I'/<Q, we
L3\ can neglect Inr,, and the line shape of Rg, depends
only on the relative contribution of the inhomogeneous and
02 a7 A homogeneous broadening mechanisms, given by the ratio
____________ I’/ v. Figure 2 shows how the line shape ofdRg, changes
lrea T on increasing the ratib/# v, transforming from a Lorenzian
0-00 5 ) 6 3 towards a Gaussian line shape. The asymptotic formulas for

the limiting cases where either collisions or nonuniform
broadening mechanisms dominate are given by

FIG. 2. Transformation of the line shape of &Rg, upon an
increase in the contribution of the inhomogeneous broadening giveReo , ,
by the ratiol' /A v. B

[(Aw/v)?2+1]71, hv>T,

wherep,p is the 2D density of states, and we have also used Tmax [k vi2l)exd — (hAw/T)2/2], #hv<T.
Jdpé,,/(2mh)?=An,/2. The function A(y) can be ap- (19)
proximated as 0y8* with an accuracy of about 5%.

The conductivity(12) averaged over the 2D plane is then Here and in Fig. 2 we have introduced the peak conductivity

given by T max= (€0, )?N/(h Q) .
. 2(evL)2 AnQ, B. Negative absorption and gain
L O (w+tin)? Now, we turn to the general case based on the numerical
x—(@Tly solution of Egs(11)—(13). We consider the relative absorp-

tion peak in a DQW structure with two wells of width 120 A,
separated by a barrier of 125 A. This is close to the sample
design of Ref. 10, but we assume,MGa, ggAs barriers, for
which v, =1.7x10° cm/s. We assumd =#v=0.2 meV
where the denominator has been expressed by means @ee the numerical estimates in Ref) file the level split-

an integral over time asH—iy) '=(i/%)[° dtexd(iE ting between thari- and I-QW's is chosen ag\=10 meV.
+y)t/4] for the near-resonant region. The averaged redistriThe distribution of concentration over the andI-QW's is
bution of concentration between the and I-QW'’s én is  described byn,+n, and én. The relative absorptiorg,,
given by dn=(An,)=p,p(er,—€r). The averaged reso- of the assumed structure is shown in Fig. 3 as a function
nant frequency in (16) is given by of hw for different n,+n, and sn=+10"cm 2 or +5

2
=~ — —(evi;()) 5nf0 dteiAwt+Vte_(Ft/h)2, (16)

— o0

-10-

-121

ho (mevV)

FIG. 3. The relative absorptiog, for the absorption(a) or stimulated emissioifb) regimes under total concentrations 2, 4, 6, and
8% 10" cm~? (dotted, dashed, solid, and dash-dotted curves, respedtivetysn= + 10" cm 2 or +5x10° cm 2.
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IV. SUMMARY AND CONCLUSIONS

We have considerd here the interaction of a biased inde-
pendently contacted DQW structure with a THz radiation
field, and estimated the conditions for the stimulated emis-
sion regime to be obtained. Both the Coulomb renormaliza-
tion of the intersubband transition energy and the homoge-
neous and inhomogeneoeus broadening mechanisms are
taken into account. The enhancement of the emission due to
the THz waveguide effect is also considered for the case of a
multi-DQW structure placed in the center of a resonator.

Let us briefly discuss the assumptions used in our calcu-
lations. The DQW'’s are described with an accuracy of the

8 order T2 for the case of independently-contacted DQW'’s
ho (meV) with a thick barrier. The high-frequency response was con-
sidered self-consistently, with an accuracy of the ordez®of
terms, which has been successfully used both for a single
QW with large-scale nonuniformitié€sand for a DQW struc-

0 2 ) ture (see Ref. 1% these results show that the approach used
x10" cm 2, One can see not only the transformation be-is yajid for DQW structures with a broadening energy
tween the absorptiofif 5n<0, Fig. 3a)] and the stimulated  _ 4 meV). The balance equatioii$4) are valid for the

emissionif sn>0, Fig. 3b)] regimes but also a visible shift high-concentration limit. The appearance of long-range po-

of the absorption/emission peaks due to the Coulomb reno ential fluctuations in the DQW’s and the corresponding as-

mahzatlon effect. Note, that the Sh'f.t of the absorption peaksumptions are discussed in Ref. 12 while the validity of the
increases withon| and decreases with,+n, .

By comparison with the recently demonstrétazhvity local approximation was considered in Ref. 16. We assume

losses in a tunnel-coupled cascade structure, it isunlikely th:’ipat the cavity losses for the s'tlmulated m’ode do not depen'd
a single pair of QW’s will provide sufficient gain to achieve on the electrc_m concentr_ahon in th_e DQWS_ because_ there is
lasing. We therefore estimate here the modal gain that coulf® frée carrier absorption. The introduction of different
be achieved in a multi-DQW structure. The practical imple-duasi-Fermi levels in the independently contactedand
mentation of such a structure remains to be addressed, rkQW's supposes that the in-plane currents balance the inter-
garding how to extend the techniques in Ref. 10 to enabldell tunneling currentsee Ref. 20 for an examination of
many DQW's in series, or else to design a DQW cascadelik&ize-dependent phenomena in DQW structurédl these
structure which would achieve an equivalent population in-simplifications do not change either the character of the THz
version between each pair of wells. It is nevertheless of valugesponse or the numerical estimates for the stimulated emis-
to estimate the gain that might be achieved in such a strucsion regime conditions.

ture. The interwell current in &l-layer structure is given by To conclude, we have examined the conditions for real-
J,=No,,E, , where the conductivity in Eq1) is replaced ization of the stimulated emission regime using a multi-
by No,,,. Figure 4 shows the calculated gain in a six-layerDQW structure with independent contacts, placed at the cen-
DQW structure versu w for the values ofn,+n, andén  ter of a THz wave guide. In spite of the technologically
considered in Fig. 3 and fdr=25 um. The maximal gain complicated structure considered, the results obtained clearly
value is proportional ta\nT? and to the inverse broadening demonstrate the possibility to use independently contacted
energy, so thag can be enhanced in structures with morepQw’s as a coherent source of THz radiation.

strongly coupled QW'’s(reduced barrier width and/or Al

composition in the barrierSince the calculated gain appears

comparable to 'ghe experi_mental valut_e ir] Ref. 6 it cpuld be ACKNOWLEDGMENTS

possible to realize the stimulated emission regime in struc-

tures which are of order a millimetre in length, so long as F.T.V. and E.P.O.R. thank Science Foundation Ireland for
additional losses are not significant. supporting this work.

FIG. 4. The gaing, versusf w for different concentrations,,
+n, (the same curves as in Fig) 8nd on.
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