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Negative intersubband absorption in biased tunnel-coupled wells

F. T. Vasko,1,2,* A. V. Korovin,2 and E. P. O’Reilly1
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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 interactions~depolarization and
exchange effects!. Population 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

Stimulated emission in the THz spectral region has b
demonstrated in bulkp-type semiconductors during the pa
20 years ~see Ref. 1, and references therein!. Different
schemes for the realization of THz lasing based on inters
band transitions have also been considered during the
decade,2,3 including the case of photon-assisted tunneling
tween neighboring QWs in resonant tunneling dio
structures,4 motivated by the improvement in device param
eters and the successful application of cascade structure
mid-IR lasing.5 Stimulated THz emission has recently be
reported in tunnel-coupled cascade structures,6 following
previous investigations of the spontaneous THz emissio7,8

The investigation of different mechanisms to achieve po
lation inversion in structures with closely spaced levels
now timely. In this paper we study the conditions for t
stimulated emission of THz radiation from independen
contacted tunnel-coupled double quantum well~DQW!
structures where population inversion can be realized by
ing the contacts to control the electron concentrations
quasi-Fermi levels in the upper (u-! and lower (l -! QW’s
@see Fig. 1~a!#.

DQW structures with independent contacts have been
vestigated during the past decade9,10 with the process of
photon-assisted tunneling also considered recently.11,12 We
extend here previous studies of intersubband transition
DQW’s with a common Fermi level13,14 to consider the case
where there are nonequilibrium electron populations in theu-
and l-QW’s, described by quasi-Fermi levels«Fu and «Fl ,
and where an applied bias ensures«FuÞ«Fl @see Fig. 1~b!,
1~c!#. By varying the bias, it is possible to achieve eith
absorption or stimulated emission regimes due to reso
transitions between the tunnel-coupled electronic states@see
Fig. 1~b! and 1~c!, respectively#. The modal gain can be
maximized if the DQW structure is placed along the cen
axis of a THz resonator with ideal mirrors atz56L/2,
whereL is the width of the resonator, with dielectric perm
tivity e. A simplified formula for the gain coefficientg is
0163-1829/2003/68~4!/045320~6!/$20.00 68 0453
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given for the fundamental mode by~see Ref. 15 for details!

g5
8pVResDv

c2Ae~VL/c!22p2
, ResDv.

~ev'!2

\V

ndn

Dv21n2
.

~1!

HereV is the resonant frequency,Dv5v2V is the detun-
ing frequency,v' is the intersubband velocity, anddn is the
population difference. Equation~1! assumes a Lorentzia
line shape for the intersubband peak, with relaxation f
quency n. Numerical estimates for a GaAs-based wea
coupled QW system, withv'.1.73106 cm/s, give usgmax
;5 cm21 if dn.1011 cm22 and \n;0.2 meV. Thus, a
measurable gain is possible in the system under consi

FIG. 1. Schematic figure showing an independently contac
double QW structure placed in a THz resonator~a!. The dispersion
relations of tunnel-coupled the wells with different doping leve
(«Fu and«Fl are the Fermi levels inu- andl-QW’s! for the cases of
absorption~b! and stimulated emission~c!.
©2003 The American Physical Society20-1
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ation, justifying a more careful examination of this schem
of stimulated emission, as performed below. The integra
absorption/emission is determined by the wavefunction ov
lap between the two QW’s, while the broadening of the re
nant peak is influenced by short-range scattering and lo
range inhomogeneities~see Ref. 12 for a discussion of th
influence of the homogeneous and inhomogeneous cont
tions!. The transition energy is calculated to be strong
renormalized due to the Coulomb interaction.14 Below we
take into account both the high-frequency self-consist
electric field ~depolarization! and exchange contributions
We also examine how the efficiency of the interaction w
THz radiation can be enhanced if a multi-DQW structure c
be placed into a THz waveguide.

The analysis below is divided into two sections. The ba
equations describing the resonant response of the stru
under consideration are presented in Sec. II, including
Coulomb interaction and large-scale inhomogeneities.
numerical results for intersubband absorption and the dis
sion of the conditions to achieve stimulated THz emission
a resonator are given in Sec. III, with our conclusions p
sented in Sec. IV.

II. SELF-CONSISTENT RESPONSE

The response of the electrons in a DQW to a transve
electric field E'exp(2ivt) is described by the linearize
quantum kinetic equation16

~2 iv1 iv•¹x!d f̂ px1
i

\
@ h̃,d f̂ #px1

i

\
@dh̃,r̂ #px5I c~d f̂ upx!,

~2!

which determines the modification of the density mat
d f̂ pxexp(2ivt) in the Wigner representation. In Eq.~2! r̂ is
the equilibrium density matrix, whilev5p/m is the in-plane
velocity of electrons with effective massm. The collison in-
tegral, I c(d f̂ upx) is replaced below by2nd f̂ px , wheren is
the relaxation frequency due to homogeneous broaden
and@ . . . , . . .#px is the commutator in the Wigner represe
tation. Equation~2! uses the effective Hamiltonian:

h̃5ĥ1(
Q

8vQ@e2 iQ•rsp~eiQ•r r̂ !2e2 iQ•r r̂eiQ•r#, ~3!

which includes the Coulomb interaction to second ord
with the perturbation operator given by

dh̃5
ie

v
E'v̂'1(

Q
8vQ@e2 iQ•rsp~eiQ•rdr̂!

2e2 iQ•rdr̂eiQ•r#. ~4!

HerevQ is the Coulomb matrix element,\Q is the momen-
tum transfer,r the position vector, and the symbolsp•••
indicates an averaging over electron states. The 232 opera-
tors ĥ and v̂' in Eqs. ~2!,~3! describe the single-particl
Hamiltonian and the transverse velocity operator~see ex-
plicit expressions in Refs. 12,17!. The interwell contribution
to the current density induced by the fieldE'exp(2ivt) is
04532
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given byJvx5(2e/S)(ptrv̂'d f̂ px , whereS is the normaliza-
tion area and tr••• stands for the trace over the upper (u-!
and lower (l -! QW states.

Below we calculateJvx for weakly coupled DQW’s with
an accuracy of the order ofT2, where T is the tunneling
matrix element. Since vˆ

' is proportional toT, we write

Jvx5 i
2ev'

S (
p

@d f ul~px!2d f lu~px!#, ~5!

wherev'5ZT/\ and Z is the interlevel spatial separation
The nondiagonal components of the density matrix in E
~4!, d f ul(px) andd f lu(px), are considered with an accurac
of the order ofT. For such a case, we use in Eq.~3! the
diagonal Hamiltonianĥ determined through the matrix ele
ments« jp1wj x , j 5u,l . Here« jp5« j1p2/2m describes the
carrier dispersion in thej th QW with the random potentials
wj x and including the self-consistent contributions fromh̃,
which are proportional tosp(eiQ•r r̂). Using a basis of self-
consistent wave functions we can transform Eq.~2! into the
system

@v1 in2vul~px!1 iv•¹x#d f ul~px!

2dhul~px!~ f lpx2 f upx!/\50, ~6!

@v1 in1vul~px!1 iv•¹x#d f lu~px!

2dhlu~px!~ f upx2 f lpx!/\50.

Here f j xp5u(« jF2« jp2wj x) is the zero-temperature Ferm
distribution in thej th QW, with Fermi energy« jF and with
the interlevel energy separation\vul(px) given by

\vul~px!5«ul1wux2wlx

2 (
j 5u,l

E dp1

2pm
f jp1xFMu j juS up2p1u

\ D
2Ml j j l S up2p1u

\ D G . ~7!

The Coulomb kernel is calculated using the electron en
lope functions,waz , in theu- and l-QW’s ~Ref. 14!

Mabcd~q!5
1

aBqE dzwazwbzE dz8wcz8wdz8e
2quz2z8u,

~8!

whereaB is the effective Bohr radius,q is the in-plane com-
ponent of the wave vectorQ5(q,q') and we have inte-
grated over the component of wave vector,q', perpendicular
to the QW plane. The perturbation operator~4! is then evalu-
ated for Eq.~6! using the kernel of Eq.~8!:
0-2
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dhj j 8~px!6
eE'v'

v
5E dp1

2pm (
ab

d f ab~p1x!F2M j j 8ba~0!

2M jab j8S up2p1u
\ D G

.2E dp1

2pm
d f j j 8~p1x!M j j j 8 j 8

3S up2p1u
\ D , ~9!

where we have neglected the overlap of theu and l orbitals
on the right hand side and the signs ‘‘1 ’’ or ‘‘ 2 ’’ correspond
to the casesj 5 l , j 85u, or j 5u, j 85 l . This expression dif-
fers essentially from the single QW case, so that the cha
ter of the Coulomb renormalization is then different from
Ref. 16.

It is convenient to introduce new functionsd f px
(6)

5d f ul(px)6d f lu(px), so that the induced current densi
takes the formJvx5 i (2ev' /L2)(pd f px

(2) and the pair of
equations in Eq.~6! are transformed to:

@v1 in1 iv•¹x#d f px
(1)2vul~px!d f px

(2)

2upxE dp1

2p\m
MuullS up2p1u

\ D d f p1x
(2)

52
2eE'v'

\v
upx ,

@v1 in1 iv¹x#d f px
(2)2vul~px!d f px

(1)

2upxE dp1

2p\m
MuullS up2p1u

\ D d f p1x
(1)50. ~10!

Here upx[ f upx2 f lpx is the population factor and we hav
used the symmetry propertyMuull5Mlluu . Below we ap-
proximate the Coulomb kernels as Muull(q)
.exp(2qZ)/aBq,Muuuu(q)5Mllll (q).1/aBq and introduce
the functions wpx

(6) according to d f px
(6)52(2eE'v' /

\v)upxwpx
(6) . Equation~10! can then be rewritten as

~v1 in!wpx
(1)2vul~x!wpx

(2)1E dp1

2pm

up1x

aBup2p1u

3@wpx
(2)2e2up2p1uZ/\wp1x

(2)#51, ~11!

~v1 in!wpx
(2)2vul~x!wpx

(1)1E dp1

2pm

up1x

aBup2p1u

3@wpx
(1)2e2up2p1uZ/\wp1x

(1)#50,

where vul(x)[D/\1dwx and dwx[wux2wlx is the ran-
dom contribution to the interlevel energyD ~Fig. 1!. In Eqs.
~11! we have also neglected non-local effects, omitting
spatial derivativesv•¹x andw (6) are only dependent onupu
because the Coulomb contributions in Eqs.~11! do not de-
pend on thep-plane angle.
04532
c-

e

Introducing the local conductivitysvx by the standard
relation Jvx5svxE' we express the response~5! through
wpx

(2) according to

svx5
2~ev'!2

i\v
nxv

(2) , nxv
(6)52E dp

~2p\!2
upxwpx

(6) . ~12!

The conductivity appears to be parametrically dependen
vul(x) in the local approximation, when nxv

(6)

5nv
(6)@vul(x)#. The averaging over the random contributio

to the interlevel energydwx is performed according to

^nvx
(2)&5

\

2ApG
E dv8nv

(2)~v8!expF2S \v82D

2G D 2G ,
~13!

where ^•••& denotes the averaging procedure18 and G
5A^dwx

2&/2 is the inhomogeneous broadening energy. Th
the averaged conductivity~12!, sv , is given by sv

52(ev')2^nv
(2)&/ i\v. The relative absorption of a DQW

structure, introduced as the ratio of the energy flux absor
compared to that transmitted through the structure,19 is given
by jv5(4p/cAe)Resv .

III. RESULTS

Here we consider the average response of the tun
coupled DQW’s and their potential to generate stimula
THz emission. Before discussion of the numerical resu
based on Eqs.~11!–~13!, we consider simple analytical for
mulas for the high-concentration limit«u,lF@u«u2« l u.

A. High-concentration case

For the high-concentration case, the system of integ
equations~11! is transformed below into the balance equ
tions fornxv

(6) . We can neglect the momentum dependence
wpx

(6) in the narrow region close to«u,lF and we obtain the
system of balance equations

Uv1 in 2Vx

2Vx v1 in
UUnxv

(1)

nxv
(2)U5UDnx

0
U, ~14!

whereDnx is the difference in concentration between theu-
and l-QW’s. The renormalized frequencyVx is given by

Vx5vul~x!2E dp1

2pm

up1x

aBup2p1u ~12e2up2p1uZ/\!up5pF

5vul~x!2
Dnx

aBpFr2D
A~ZpF /\!,

A~y!5E
0

pdw

p

12e2yA2(12cosw)

A2~12cosw!
, ~15!
0-3
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wherer2D is the 2D density of states, and we have also u
*dpupx /(2p\)25Dnx/2. The function A(y) can be ap-
proximated as 0.6y0.4 with an accuracy of about 5%.

The conductivity~12! averaged over the 2D plane is the
given by

sv5 i
2~ev'!2

\v K DnxVx

Vx
22~v1 in!2L

.2
~ev'!2dn

\V E
2`

0

dteiDvt1nte2(Gt/\)2
, ~16!

where the denominator has been expressed by mean
an integral over time as (E2 ig)215( i /\)*2`

0 dtexp@(iE
1g)t/\# for the near-resonant region. The averaged redis
bution of concentration between theu- and l-QW’s dn is
given by dn5^Dnx&5r2D(«Fu2«Fl). The averaged reso
nant frequencyV in ~16! is given by

FIG. 2. Transformation of the line shape of ResDv upon an
increase in the contribution of the inhomogeneous broadening g
by the ratioG/\n.
04532
d
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i-

\V5D2
dn

r2D

A~ZpF /\!

aBpF
. ~17!

In contrast to the case of a DQW structure with a comm
Fermi level, when«Fu2«Fl5D, the renormalized resonan
frequencyV is now dependent ondn. Note also thatsDv

50 if dn50, as is clear from Eq.~16! and Fig. 1. For the
near-resonant spectral region, whereuDvu;n,G/\!V, we
can neglect ImsDv and the line shape of ResDv depends
only on the relative contribution of the inhomogeneous a
homogeneous broadening mechanisms, given by the r
G/\n. Figure 2 shows how the line shape of ResDv changes
on increasing the ratioG/\n, transforming from a Lorenzian
towards a Gaussian line shape. The asymptotic formulas
the limiting cases where either collisions or nonunifor
broadening mechanisms dominate are given by

ResDv

52smaxH @~Dv/n!211#21, \n@G,

~Ap\n/2G!exp@2~\Dv/G!2/2#, \n!G.

~18!

Here and in Fig. 2 we have introduced the peak conductiv
smax5(ev')2dn/(\Vn) .

B. Negative absorption and gain

Now, we turn to the general case based on the numer
solution of Eqs.~11!–~13!. We consider the relative absorp
tion peak in a DQW structure with two wells of width 120 Å
separated by a barrier of 125 Å. This is close to the sam
design of Ref. 10, but we assume Al0.12Ga0.88As barriers, for
which v'.1.73106 cm/s. We assumeG.\n.0.2 meV
~see the numerical estimates in Ref. 12! while the level split-
ting between theu- and l-QW’s is chosen asD510 meV.
The distribution of concentration over theu- and l-QW’s is
described bynu1nl and dn. The relative absorptionjv

of the assumed structure is shown in Fig. 3 as a funct

en
nd
FIG. 3. The relative absorptionjv for the absorption~a! or stimulated emission~b! regimes under total concentrations 2, 4, 6, a
831011 cm22 ~dotted, dashed, solid, and dash-dotted curves, respectively! anddn561011 cm22 or 6531010 cm22.
0-4
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NEGATIVE INTERSUBBAND ABSORPTION IN BIASED . . . PHYSICAL REVIEW B68, 045320 ~2003!
31010 cm22. One can see not only the transformation b
tween the absorption@if dn,0, Fig. 3~a!# and the stimulated
emission@if dn.0, Fig. 3~b!# regimes but also a visible shif
of the absorption/emission peaks due to the Coulomb re
malization effect. Note, that the shift of the absorption pe
increases withudnu and decreases withnu1nl .

By comparison with the recently demonstrated6 cavity
losses in a tunnel-coupled cascade structure, it isunlikely
a single pair of QW’s will provide sufficient gain to achiev
lasing. We therefore estimate here the modal gain that co
be achieved in a multi-DQW structure. The practical imp
mentation of such a structure remains to be addressed
garding how to extend the techniques in Ref. 10 to ena
many DQW’s in series, or else to design a DQW cascade
structure which would achieve an equivalent population
version between each pair of wells. It is nevertheless of va
to estimate the gain that might be achieved in such a st
ture. The interwell current in aN-layer structure is given by
Jv.NsDvE' , where the conductivity in Eq.~1! is replaced
by NsDv . Figure 4 shows the calculated gain in a six-lay
DQW structure versus\v for the values ofnu1nl and dn
considered in Fig. 3 and forL.25 mm. The maximal gain
value is proportional todnT2 and to the inverse broadenin
energy, so thatg can be enhanced in structures with mo
strongly coupled QW’s~reduced barrier width and/or A
composition in the barrier.! Since the calculated gain appea
comparable to the experimental value in Ref. 6 it could
possible to realize the stimulated emission regime in str
tures which are of order a millimetre in length, so long
additional losses are not significant.

*E-mail address: ftvasko@yahoo.com
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IV. SUMMARY AND CONCLUSIONS

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

Let us briefly discuss the assumptions used in our ca
lations. The DQW’s are described with an accuracy of
order T2 for the case of independently-contacted DQW
with a thick barrier. The high-frequency response was c
sidered self-consistently, with an accuracy of the order ofe2

terms, which has been successfully used both for a sin
QW with large-scale nonuniformities15 and for a DQW struc-
ture ~see Ref. 14!; these results show that the approach us
is valid for DQW structures with a broadening ener
>0.1 meV). The balance equations~14! are valid for the
high-concentration limit. The appearance of long-range
tential fluctuations in the DQW’s and the corresponding
sumptions are discussed in Ref. 12 while the validity of t
local approximation was considered in Ref. 16. We assu
that the cavity losses for the stimulated mode do not dep
on the electron concentration in the DQW’s because ther
no free carrier absorption. The introduction of differe
quasi-Fermi levels in the independently contactedu- and
l-QW’s supposes that the in-plane currents balance the in
well tunneling current~see Ref. 20 for an examination o
size-dependent phenomena in DQW structures!. All these
simplifications do not change either the character of the T
response or the numerical estimates for the stimulated e
sion regime conditions.

To conclude, we have examined the conditions for re
ization of the stimulated emission regime using a mu
DQW structure with independent contacts, placed at the c
ter of a THz wave guide. In spite of the technologica
complicated structure considered, the results obtained cle
demonstrate the possibility to use independently contac
DQW’s as a coherent source of THz radiation.
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