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On the Interdiffusion-Based Quantum Cascade Laser

Saa Katinac, Stanko TomicZoran Ikonic and Vitomir Milanovic

Abstract—Design procedure for the active region of current incorrect conclusions may be obtained [7]. In current pumped
pumped quantum cascade laser is proposed, so to achieve maximaligser this is given by
gain. Starting with an arbitrary smooth potential, a family of
isospectral Hamiltonians with predefined energy spectrum is gen-
erated using the inverse spectral theory. By varying the relevant — dme 2271 — Ty J (1)
control parameter the potential shape is varied, inducing changes " g2l 32 T32
in transition dipole moments and electron—phonon scattering
times, and the optimal potential which gives the largest gain is whereJ is the injection current densitythe electron charge,
thus found. For purpose of realization, a simple step quantum-well the vacuum permittivityji is the modal refractive index the

oSt growth heating-induced fayer interdifosion, it wil acquire 8 €MISSION wavelengt, = (3]z12) the dipole matrix elemert
shape as close as possible to the optimal smooth potential. of the lasing transition, andl’ is the luminescence linewidth
[full-width at half maximum (FWHM)]. The lifetimes of laser
levels arE]./TQ = 1/7’21 + 1/7‘23 ~ 1/7’21 andl/’/'g = 1/7’31 +
1/7a2, where1/7;; denotes the sum of optical and acoustic
phonon scattering rates. The gain maximization problem is thus

Index Terms—Gain optimization, layer interdiffusion, quantum
cascade lasers.

[. INTRODUCTION to find the QW profile which maximizes the target function
OLLOWING the seminal paper [1] by Kazarinov and
Suris, who proposed lasing based on intersubband 2 = 22,73 <1_ @) 2)
transitions in biased quantum wells (QW), and the first demon- 732

strattion of lasing by.Fal.ﬂ al. 2], who employed astrain-free Each term irE depends on the wavefunctions involved, and the
InGaAs—AlInAs periodic structure, lattice matched to InP, tg - . .
realize the quantum cascade laser (QCL), a significant pro rscgltterlng times also depend on state energies. They also de-

q QCL), a sig PrOgr&3®d to some extent on the temperature and electron density, but

has been made in covering a W'de_ spectra_1| range of EMISSRIL dependence is not very strong and will here be neglected,
wayelengths 4—201m.[3]. The main task n the design Ofto avoid having the case-specific optimization. Concerning the
unipolar QW lasers (either electrically or optically pumped [4]énergies, there are some constraints imposed from the outset,
is to maximize the gain. ~ which make the state energies fixed, rather than variable quanti-
In this letter, we develop a procedure for realization Qfeg The spacing between the upper and lower laser state is fully
optimal QW profile by first designing a comparatively simplgixed by the lasing wavelength, and the spacing between the
structure with just a few layers at the time of growth, whiclpwer laser and the ground state is essentially fixed to be equal
would in the next, post-growth processing step—the heat tregf{ongitudinal optical (LO) phonon energy, because this choice
ment induced layer interdiffusion—acquire the approximateprovides the fastest relaxation (i.e., emptying) of the lower laser
optimal smooth shape derived by inverse spectral theory (IS3thte. Generally, there may exist special circumstances where
[5]. We focus the analysis on electrically pumped three-levehe would want to relax the latter condition, e.g., shifting the
AlGaAs QCL based on vertical transitions [6]. These havelewer laser state away from the ground state may sometimes
smaller sensitivity to interface roughness than the diagorslppress electrons backfilling it, with a favorable overall effect.
transition QCLs, and hence, a narrower gain spectrum aHdwever, such subtleties would require more complicated con-
lower threshold. siderations of both the active and injector regions of QCL, which
For comparative analysis of various structures, it is reasds-not the subject of this work. Therefore, we consider state en-
able to consider modal gaif,,,, rather than gaig = G,,,/Lw  ergies to be fixed, and the paramefmay then be varied by
(where Ly is the effective width of the structure), otherwisechanging the QW potential shape in isospectral manner, which
affects only the wavefunctions and not state energies.
To perform the gain maximization, we have used in the first
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Fig. 1. The normalized value of paramefgfa)/=..x, Which determines
the laser gain as it depends on the IST-parametier s°P* = 5.4 (in the PT
potential) calculated foh E'5; = 152 meV. The maximal value & is obtained

for a°Pt = 0.125. 00— . . . +— 0.0
-250 -200 -150 -100 -50 0 50 100 150 200

the parametes for any specified value of the (free) parameter z[Al
s. Then, using the IST a whole family of isospectral potentialgy > The IST-optimized (dashed) and interdiffusion-generated (solid)
of different shapes, controlled by the IST parametgis gen- potential with K, = 40 kV/cm bias included, and the wavefunctions of the
erated. Here, we have requirddEs; = 152 meV which, after three relevant states in the interdiffused QW.
shifting the lower lasing leveR) by the IST formalism so that
AFE,, becomes resonant with the LO phonon energy (36 ma) structure growth, but this is not very practical. An alternative
in AlGaAs), will deliver the lasing wavelength of 10,6n. A route to approximate realization of the optimal potential is
family of potentialsl/ 5™ {z, o, Vpr(s)} is thus formed, all of to start with a structure which has a small number of layers
them having the sama ), = 36 meV andAE3; = 116 meV.  and use interdiffusion. In course of post-growth heat treatment
Thus, with the potential shape controlled by the (isospectral) (typically) initially stepwise-constant QW structures, the
IST parametetr and the external-to-IST parametgiwe have constituent materials diffuse toward smoothed profiles, hence
aconsiderably expanded “range” of explored potentials, as cogitanging the potential, wavefunctions, and energies. This
pared to applying the IST alone to a fully fixed initial potentialtechnique has been successfully employed for tuning the wave-
At this point, we recall that QCL structure is biased, and langth of AlGaAs-based intersubband infrared photodetectors
part of the potential generated by any particular choicearid [10]. Here, we employ this technique to generate QW profiles
« in fact originates from the electric field, the rest being dugpproximating those derived as optimal for the laser.
to the material composition grading. We have here assumed @onsider a structure made if layers of Al,Ga,_,As with
“typical” value K, = 40 kV/cm, i.e., the corresponding linearAl mole fraction in jth layer denoted as; (constant within
potential is subtracted from the currently considered potentialaniayer), embedded in bulk of the compositiom on the left
order to get the part to be realized by composition grading. Thiad 2 5 ; on the right of the multilayer stack. In a specified
part, however, is valid within the constant effective mass modebordinate system, the left boundary;ofi layer is denoted as
so we use the coordinate transform method to generate the po-;, and the right boundary as (i.e., the width ofjth layer is
tential consistent with the effective mass variation, as describgd— z;_;). Starting with this stepwise-constant profile, due to
in [8]. In evaluating the target function (2), we include the northe interdiffusion by thermal annealing at constant temperature,
parabolicity, as described in [9]. It should be noted that the notive profile will change in time according to [10], [11]
parabolicity (which cannot be embedded in the IST-procedure
itself) slightly changes the state energies, and this is compen— N Zj—1 z— 2z
sated for by slightly detuning the initially chosen state energies, * Z { <T) — bl < )}
within the parabolic model, from the actually required values. =1

d

By repeating this procedure across the two-dimensionak) [1 _ Exf < 70)}

space of free parameters, the set that maximizes the target func-

tionis spotted (Fig. 1). In this example, the maximum was found —ZN

to occur atoy = 0.125 ands = 5.4, from which the necessary +50 2 [1 + B < d )} (3)

grading is derived. This IST-optimized potential, with the bias

included, is shown in Fig. 2. The full potential (i.e., its centravhere L, = 2v/D't is the diffusion lengthD is the diffusion

part) is almost symmetric, while the bias-free, gradient-inducedefficient, which depends on the annealing temperature (and is

part of it clearly is not. This feature of the optimal QCL potentialvell known for the AlGaAs system [11]), andthe annealing

is consistent with the form of the target function (2), and is itime. Note that the influence of temperature (via the coefficient

sharp contrast to the situation in optically pumped lasers, whebg and of time is in case of AlIGaAs system grouped into a single

the optimal potential necessarily has to be quite asymmetric [parameterl,, but in, e.g., 4-component systems, these would
The derived smooth potential profiles may in principle beome inindependently. One then has the task to design the initial

realized by directly modulating the alloy composition at timstructure (the widths and compositions of inner layers) so that
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TABLE | GaAs (£, = 0.90 eV, Dy = 3.6 x 10~ cm?/s [13]) and for

DIPOLE MATRIX ELEMENT 235 IN [A], RELAXATION TIMES 7;; IN [pS], AND GaAs—AlAs interdiffusion £, = 6 eV, Dy = 2.4 x 10% cm2/s
THE FIGURE OF MERIT = IN [psA2] FOR THE IST-OPTIMIZED AND e ’

3-LAYER |NTERDIFFUSEDSTRUCTURES [11]) we find that the process temperature shoulg-i€85 °C
in order to have the dopants diffusion slower than interdiffusion.
29 To1  Tm Ts2 T3 S The QCLs usually have 40-150-A wide doped regions, spaced
by 50-250 A from the active region, so the dopants spreading
IST 265 022 226 219 111 690 equal to the above stated (optimal) interdiffusion valué gt
Diff. 29.3 022 1.77 1.63 0.85 630 28 A should be acceptable. Therefore, the interdiffusion should

be performed at high, though still realistic temperatures.

In conclusion, a design procedure for the active region of
after interdiffusion specified by an additional free paramétgr  QCL is proposed, which relies on layer interdiffusion in a simple
the resulting profilez(z, ¢) is as close as possible to the desiregtep QW structure to approximately realize the theoretically
Trarger (7). FOr anN-layer structure there are, th2$/ 4- 1 free  derived optimal smooth profile. Comparison with a few other
parameters, while the bulk compositions on the left and rigbtructures [6], [14] shows an improvement of the gain param-

are actually fixed byttar et (2) itself. For finite V itis generally  eter by at least 40% is achieved in the present design, making it
impossible to get full coincidence of the two profiles, but fairlyyotentially useful in QCL fabrication.

good agreements may be obtained by fitting.
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