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We investigate the spectral line shape of radiative intersubband transitions in a quantum well as
determined by two factors: the electron scattering rate from states of given energy and the mass
difference between the two subbands involved. The interplay between these factors leads to an
essentially non-Lorentzian form of the spectral line. We develop an analytic theory of the line shape
and calculate the dependence of the intersubband optical gain in a quantum well on both the
population inversion and the temperature. Under typical conditions, the effect of electron
temperature on the gain is similar to that of the lattice temperature, which points to the importance
of hot carrier effects in understanding the behavior of intersubband laserd.99® American
Institute of Physicg.S0003-6951(96)00916-4]

The quantum cascade lag€CL)* 3 based on intersub- over, the evaluation of gain is reduced to one quadrature.
band transitions in a quantum welQW) is a serious con- The nonparabolicity in a QW is estimated from the Kane
tender for various applications in the midinfrared rangemodel® including the interaction between six valence sub-
(A=4 um). Because the QW subbands are nearly parallelbands and two degenerate conduction bands and neglecting
the QCLs are commonly considered by analogy with a twothe spin-orbit interaction. For a QW bounded by infinite
level laser, where the temperature dependence of outputalls, equations of this modéritten in terms of envelope
characteristics is controlled by tiveidth of the spontaneous functions)admit an exact solution, which gives the disper-
emission line, the latter having the usual Lorentzian sapesion relations in both subbands in the form:

The subband nonparabolicity is then taken into account as a E AEO) 9722
refinement similar to inhomogeneous broadening. E, (k)= —G n

As shown below, this approach is valid only at very low 2 Ec meEc

electron temperaturek, . However, in a practical QCL, even wherem, is the Kane effective mass at the conduction band

at !OW tempe_rature_&’, _the effectiveTe_may b_e rather high. .bottom, E; is the semiconductor band gap, arlﬁ]o)
ThIS results in a S|g_n|f|.cant broadening <.)f.|nterban.d transi-_ 7242n2/2ma’, n=1,2, are the QW energy levels in the
tions b){ phqnon emission and other collisions, which Iead%zcrabolic approximation. Expanding ky we find the effec-
Fo the situation \_/v_here the spectral power at ea(_:h_ yvaveleng e masses at the bottom of the two subbands

is due to transitions from a broad range of initial states.

Therefore, a consistent treatment of the line shape problem 2E,(0)
requires that both the collision broadening and the nonpara- mn:me( + E—e)
bolicity effects are taken into account on equal footing from

the outset. In this letter we develop a first-principlesFor an InGaAs QW withE,(0)—E;(0)=7,=0.3 eV, the
temperature-dependent model for the intersubband line shajgéfective mass ratio is rather larg®, /m; =1.5. The nonpa-
and the resulting optical gain in a QW, which is consistentrabolic subband structure is illustrated in Fig. 1, which also
with the experimental data available. The model has beefhows electronic transitions, both radiative and nonradiative.

successfully usé&dto predict the behavior of QCL as con- The line shape and the gain are determined from the
trolled by bothT and T,. dynamic conductivity related to the intersubband transition,
We shall consider a QW with infinitely high walls— following the well-known techniqueS.First we solve the
ignoring the question of how electrons are pumped into thélensity matrix equations for a two level system in the pres-
upper subband and how they are removed from the QW. Th&Nce of an electromagnetic wave at the optical frequéddicy
ratio of electron populations, /n, in the two subbands will 500 —TH Tik —eFz 3a
thus be regarded as a parameter. Of all the scattering pro- piz-[H.pliz yP12 [Zpiz, (32)
cesses we shall include only the dominant interaction with 70 py,—[H,ploy+i% ypar=eF(Z,p]01, (3b)
polar optical phonons, and neglect impurity scattering and ) o o _
electron-electron interaction. These simplifying assumptiong/nere F is the electric field. The Hamiltoniahl entering
enable a consistent analytic treatment of both the nonparab&9s-(3) for the off-diagonal elements of the density matrix is

licity and the transverse relaxation due to scattering: morelSelf diagonal, but includes the nonparabolicity. Equations
(3) describe a particular “vertical” transition
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FIG. 1. The subband diagram in an infinite quantum well. The direct inter-
subband radiative transition energi$) depends on the wave vector of the
initial state. The largest separation between the subbBp@dg and E (k)

is denoted byi (). Also shown are inter- and intra-subband transitions with
emission of a polar optic phondnwyy, .

Lineshape, a.u.

whe_re en(k)EEn(k)—_En(O), n=1_,2. The trans_ition can be 296 ' 2;38 300
designated by=e,, since for a giverk (neglecting the pho-
ton momentumthe energye, determinese; and vice versa
(see Fig. 1 The damping ternifi yp,, describes the trans- FIG. 2. Calculated spontaneous emission specifa=afl ranging from 100
verse phase relaxation, whete=y(e) results mainly from to 400 K (curves 1-4, respectively)a) Ass_umed material parameters:
the intrasubband optical phonon scattering. Es=1 eV, m,=0.04m, anda=76 A, resulting inE, =138 eV,E,=438 eV,
The intersubband dipole mometit)=z 47 andm;=1.28m,, m,=1.88m,. (b) Same spectra calculated in the parabolic
. dip 120217 221P12; model, m,=m,.
corresponding to transitio) equals

Photon energy, meV

1 1
(D=eFz)*(p22— p10) —+ —, _ y(e)m
Aralatly —0xale 7 7= G O ®)
where py,=f,(e;) and py="fy(e;) are occupation prob- Spontaneous emission line in the same limit is:
abilities in each subband. 477€%|215°m,02 (=
Integrating (5) over all possible transitions, we obtain WSDZWJO de7(Q)f(e)[1-Tfi(e1)]. (9)
the susceptibilityy - F=(1/27?) fd?ke&(z), and the dynamic -
conductivity,o,,=Q Im x. When averaging over an optical The validity of Egs.(6)—(9) is not restricted to any par-
period, we find the power absorptidor generationper unit  ticular scattering mechanism, responsible for the transverse
QW areaWg=0,,F?/2, phase relaxation. In order to proceed with exemplary calcu-
lations, we need to make certain assumptions ab@t We
16€%|215°myQ°N, assume thaty is dominated by the interaction with polar
st™ fikV optical phonon$=1° Only intrasubband scattering need be
considered, since in a narrow QW intersubband processes are
=d(elh) y(€)QQ(e)[fa(€) —fale)] ©6) much slower due to the large momentum transfer involed.
o {[Q(e)]P—(Q%—y2)}2+4°02 ° For a sufficiently narrow QW of any shape, one ffhds
wherek., is the dielectric permittivity at optical frequencies . ez( 1 1 ) {Nph 10
andV the QW volume. In accordance with the quantum me-}’(e) 2 h\kg Ku Gon> (Npnt+1)6(e—fewpp)’ (10)

chanical C_orrespon_de_nce principle, we have replaced the €Where the top line corresponds to absorption and the bottom
ergy density of radiation by the number of photons per unii o o emission of optical phonongy,, is the phonon

volume as follows: k../8m)F?=4QN/V. Equation(6) de-  pjanck function, #(e) is a step function, andg,,

scrlrllaes_, stlmulgted prr]ocesr?&xbsorptlonsand emlssmn:)ug = V2mewpn/h. The steplike nature of(e) is important in
to the interaction with a photon mode Spontaneous emis- o jine shape formation. However, the ultimate sharpness of

S|onA|nto the sa.mefmodr:a IS fqun?j frqmdimstt;:m sdrilatmn. the step, peculiar to the QW case, is not essential: results
n expression for the optical gam(() is found from obtained with the 3D scattering rate function are similar.

Eq.(6) and the usual relationi(2cN, /V_\/"_w)gzwst/a be- In the numerical examples presented below, the rétio
tweenWs, andg, wherea is the QW width anct the speed  _ /p, petween the electron populations will be regarded

of light. In th_e natural limity(e)<Q this expression reduces ,q 45 independent parameter, essentially governed by the ki-
to the following form: netics of intersubband transitions and electron removal from
) ) the QW. Electron distributions in the two subbands will be
_ Ame®|zy)*myQ ”d T (O fa(e)—F assumed in a quasiequilibrium form, characterized by Fermi
= — | deZQ)[fa(e)~Fi(e)], (7) . !
#3acyk., 0 functions, corresponding to an electron temperaiiye
Figure 2(a)shows the calculated spectral line shapes for

where.7(Q) is the line shape function: several differenT,. Even though it is assumed that the elec-
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FIG. 3. Calculated intersubband gain spectra for material parameters as in Q‘;’ - X

Fig. 2(a)andn,=10" cm™2 for different values of the population inver- o 0 0.005 0.01
sion parameteg= n, /n,. Inverse temperature, 1/K

FIG. 4. Temperature dependence (@) the peak gaing,. and (b) the
tron and the lattice temperatures coincide, we stress that catlifferential gaing;, for different values of the population inversion param-
culations with a constant lattice temperatdre100 K and ~ €t€ré=ni/n.
only T, varying give practically identical results. Whén,
strongly departs fronT, the line shape is mainly determined highest gain achievable at given, and T, corresponds to
by T, since the only effect oT <T, is through the factor ¢=0; in the present case it is about .50 cm™*.
Npn in Eg. (10). This is a noteworthy result: it shows that  Equations(7) and (8) yield a convenient expression for
carrier heating is as important for the operation of an interthe differential gaing,,. Temperature dependence @ is
subband laser as is the ambient temperature. shown in Fig. 4b). Plotted against T/ the functiong/, is
For comparison, Fig. ®) shows the spectra calculated rather well approximated by a straight line in a wide range of
in the parabolic modei, =m,. We see that the nonparabo- n,/n,. The high values ofy, suggest that intersubband la-
licity has a dramatic effect on the line shape. Not only doessers will have a superior high-frequency performance.
it broaden the spectra considerably in the long wavelength  |n summary, we have developed a theory of the intersub-
direction, but most importantly, the maximum spectral inten-band optical gain which takes into account the transverse
sity is no longer determined by the linewidth. degrees of freedom of QW electrons. In essence, we have
The gain spectra calculated from E@d) are presented in replaced the conventional two-level model of intersubband
Fig. 3 for parameters similar to those in Fig. 2 with  transitions by a two-band model, which includes from the
=10 cm 2 and the population inversion parametér first principles such effects as energy-dependent scattering
=n,/n,=1/3. We see that the gain can be positive even irand the subband nonparabolicity. We have shown that inclu-
the absence of inversion between the two subbands, i.e., fgion of these effects leads to a qualitative change in the line
n;=n, [see Fig. 3(for £&=1)]. In the modef where both  shape of the intersubband resonance. This implies that the
subbands are characterized by the sdm#his effect occurs  electron heating effects are of paramount importance in un-
due to nonparabolicity: at a sufficiently high wave vedtor derstanding the behavior of intersubband lasers.
the occupation probability of state,(k) in the upper sub-
band is higher than that of sta¢ég(k), even though the lower
subband has higher overall population.
The characteristic kink seen in Figs. 2 and 3 in the long 1. Faistet al., Science64, 553(1994).
wave portion of the spectra, occurs @t,=Q(e=7%w,p) 23. Faistet al., Appl. Phys. Lett65, 2901(1994).
~Qo—(my/my—1)w,, and reflects the fact that transitions 41- F\;"“S_‘a al., Appl. Phys. Lett66, 538(1995). _ _
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corresponding ta>7% w,, suffer a steplike increase in the 1991), Chap. 5.
broadening by optical phonon emission. Accordingly, the 5v. B. Gorfinkel, S. Luryi, and B. Gelmonunpublished).
spectra are depressed QKQph and at the same time en- ‘;G. Bastard, J. A. Brum, and R. Ferreira, Solid State Ph¢s229(1991).
hanced in the vicinity of),, on theQ2>Q , side. Because éhaYpa'éV' Quantum Electronics, 2nd edWiley, New York, 1975),
of this, at highT, the gain spectra exhibit a second maxi- sp_; price, Phys. Rev. 80, 2234(1984).
mum near(},, which may lead to a shift in the lasing fre- °B. Gelmont, M. Shur, and M. Stroscio, J. Appl. Phy3, 657(1995).
quency with increasing current. 10s.-C. Lee, I. Galbraith, and C. R. Pidgeon, Phys. Re#2B1874(1995).

: ; . AlThis is a reasonable model for the experimental conditions reported in
In the entire range of temperatures presented in Fig. 3 Refs. 1-3, where the average -carrier concentration per period

the peak value of the gain is suppressed _compared to the =107 ¢cm3) is sufficiently high to establish a unifori, throughout

parabolic case by at least an order of magnitude. The calcu-the entire period~400 A). A very interesting situation arises in the

lated peak gain is shown in Fig(&) as a function ofT, for opposite limit of low carrier concentrations, where the rate of electron-
; ; ; electron collisions is too low to establish Maxwellian distribution func-

.dlffer.ent values OE.' It should be kEpt in mm_d that the peak tions in the two subbands. In this limiRef. 5), the existence of a positive

in gain occurs at different wavelengths for different tempera- gain persists to concentrations far from an overall inversion and does not

tures, shifting to longer wavelengths with high€. The rely on the nonparabolicity.
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