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A simulation of an optically pumped laser based on a ZnSe/Zn;_,Cd,Se double quantum well with
a Zn;_MnSe diluted magnetic semiconductor barrier is presented. Giant Zeeman splitting in
diluted magnetic semiconductors leads to splitting of electronic states, which in turn leads to
tunability of laser wavelength by external magnetic field. Tunability is predicted throughout the
wavelength range between 60 and 72 um at low temperatures. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2355544]

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) are semicon-
ductor alloys partly composed of magnetic materials. Due to
their unique, qualitatively different behavior from that of
non-DMSs, they attract an increasing scientific interest.'®
Several interband devices utilizing DMS were proposed,HO
but very few attempts were made in designing quantum in-
tersubband devices based on DMS."! Application of external
magnetic field leads to field-dependent splitting of the DMS
conduction band edge. Variation of the magnetic field, mate-
rial composition, or temperature changes the material param-
eters, which can be transformed into tunability of output
characteristics via appropriate device design.lz’13 Tunable la-
sers in the terahertz range would be very useful spectro-
scopic tools, with numerous molecular lines in this range,
and would find application in fields such as medicine, as-
tronomy, environmental protection, security technology, etc.
A lot of research is devoted to the development of terahertz
quantum cascade lasers'*™"" and quantum well infrared
photodetectors.lg*20 The lasers are essentially fixed-
wavelength devices, possibly tunable only within a fraction
of the spontaneous emission linewidth.

In this paper we present an approach to designing tun-
able intersubband lasers, based on double quantum wells
with a Zn;_Mn,Se DMS barrier, which we chose due to its
rather thoroughly investigated properties. The mechanism of
tunability is that the wave functions of different subbands
have generally different overlaps with the DMS portion of
the structure, and will thus experience different changes of
the potential when the external magnetic field varies, which
results in field-dependent transition energies. We consider an
optically pumped laser, which is simpler than an injection
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pumped laser, with the advantages of selectivity in populat-
ing higher energy levels and absence of carrier losses at con-
tacts. We set up a model of electron dynamics, which in-
cludes phonon scattering transitions and optical transitions,
and use it to predict the device feasibility.

Il. THEORETICAL CONSIDERATIONS
A. Conduction band edge and giant Zeeman splitting

The structures considered here comprise two non-DMS
Zn;_,Cd,Se quantum wells separated by a thin DMS
Zn,_Mn_Se barrier and embedded in ZnSe bulk. The height
of the barrier is above the ZnSe bulk and was modeled as a
graded interface between the barrier and the wells. The
graded interface represents the diffusion region, taken to be
2 ML (monolayers) thick. Band offsets of Zn;_Mn,Se and
Zn,;_,Cd,Se relative to ZnSe are, to a good approximation,
linear functions of Mn and Cd concentrations

AE..=520.7x meV,

AE,,=-780y meV. (1)

The graded interface intermixing region is regarded as a
Zn_y(1-y)CdyMn,(,_,)Se alloy with a band offset

AE,,,=[520.7x(1 - y) — 780y] meV. (2)

The 3d orbital of Mn, the typical constituent of DMS
such as Zn;_ Mn,Se, is only half filled, with all five electrons
having the same spin orientation. The external magnetic field
partly orders electron spins in different Mn ions, and the
spin-spin interaction between bound Mn electrons and free
subband electrons in DMS then introduces a spin dependent
potential acting on free electrons, stronger than that caused
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by the magnetic field acting on spins themselves. This is
known as the giant Zeeman splitting of the conduction band

edge.” The amount of splitting is™”~'"?!
AEC = =* aN()f<SZ>, (3)
where the “+” and “—" signs apply to opposite spins, « is

the sp-d exchange integral for the conduction band, N is the
cation density, X is the effective Mn?* concentration, and (S.)
is the thermal average of Mn?* spin, given by the modified
Brillouin function''

5 [5/2g*MBB]

S)==B

where g*=~2 is the Landé factor, g is the Bohr magneton,
and T, is the phenomenological fitting parameter known as
effective temperature.

The effective Mn concentration is introduced due to
paramagnetic interaction between neighboring ions, and in
the limit of x=1 it tends to x=0. The x(x) dependence has a
maximum approximately at x=0.2, reaching ¥=0.04.” How-
ever, in the intermixed barrier-well interface region the num-
ber of nearest neighbors is reduced, enhancing the giant Zee-
man splitting, with effective Mn concentration taking the
value x=0.12 for x=0.2. This enhancement makes a substan-
tial contribution to the giant Zeeman splitting at DMS/non-
DMS interfaces, requiring the intermixed region at interfaces
to be accounted for.

B. Electronic states

The subband energies E and envelope wave functions
7(z) were found within the effective mass approximation,
with the potential given by (1) and (2), and assuming a con-
stant effective mass m across the structure, which is a rea-
sonable approximation for the materials with Mn and Cd
concentrations involved. The electrostatic potential of free
electrons and donor ions was neglected. At zero magnetic
field the in-plane dispersion of subbands is parabolic, starting
with the subband bottom energies E;;. However, in a mag-
netic field perpendicular to the quantum well layers (i.e.,
parallel to the z axis), the in-plane wave vector continuum of
states in each subband splits into discrete, infinitely degener-
ate, set of Landau levels®* (LLs) with energies

1
Ei,j: (] + E)hw( + EiO (4)

and the corresponding wave functions

O4=0y \e"B—/Z
o=)0p= \’/7_TF/2

f .
ge=\ g'i + (7123 = \/0%3/2 + 7['%/4 in other cases,
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4 [eB hk,
W= ik p=(eB)I2R)y + (ﬁkx)/(eB)]an|: z<y + 5)} 72, (5)

where w.=eB/m, and H, are Hermite polynomials. The sets
of LLs originating from the same subband will be denoted as
the corresponding subsets.

C. Electron-phonon scattering

In nonzero magnetic field the electron-phonon scattering
rates take a different form from the zero-field case. The scat-
tering rate with confined phonon modes has been derived

23
as

11
= _w()e (_—_ 2Pi5[ﬁa)c(vi— Vf)+Ei0_Ef0_ﬁwO]
d \e. ¢g/7, ’ ’

o 2

|F gy, vis vp)°dgy

« | g, ®
0 a, +q

where w, is the phonon frequency, d is the confining layer
thickness, P, is the overlap integral along z axis P,
=fg7];(z)sin(anz) n:(z)dz, a,=nr/d, v is the LL index, and F
is the overlap integral in the x-y plane

K 2 \ vy 2 2
|F(q|,v.,v)|2:e—42/2ﬂzi<q—> : L”.f—”i(i> s
i Pf ny 2B2 v; 232

where B=eB/#, and L’,‘l is the associated Laguerre polyno-
mial.

Considering the bulk phonons as confined phonon
modes in the limit d—oc°, the summation in (6) changes to
integration, yielding

1 1

2
" wpe
WE‘}O_ = _<_ - _> Ao (v;- Vf) +Ei—Ey- ]
T \&, &

X | No(h )+l+l
o\ltwy )

o |F(gy. vinvp)|?
XJ f PHq)q— 55 —dqdq.. (7)
0o Jo q; t 4

with «, substituted in notation by ¢, and with the factor
No(hwy)+1/2+1/2 added, where N, is the phonon number,
according to the Bose-Einstein distribution. In actual calcu-

lation the Gaussian distribution function was used instead of
the delta function

1
S(x) = —— e 8)

2\NmTo

where

for intrasubset transitions (v; # vy, E;g= Ep)

for Landau level conserving transitions (v;= v, E;y # Ep)
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FIG. 1. Conduction band potential profile along the z axis and the envelope
wave functions of the first three subbands, shown at the corresponding en-
ergy level positions. The energy difference between the first two subbands is
equal to LO phonon energy. Energy difference between the second and third
subband is approximately 20 meV, which corresponds to the lasing fre-
quency of 5 THz.

where g,=1 meV, and I" was taken as 15% of the transition
energy.

For the case of acoustic phonons, we derived the transi-
tion rates in the form”

DA(E,— E)? 11
WAi: A\ f NAE. —E) + —+ —
if Wﬁ:;pU? 0( i f) 779
4z max
Xf |P(q.)]*|F(q10)|*dq.. )
0

where D, is the acoustic deformation potential, p is the den-
sity, v is the sound velocity, ¢, mu=|(Ei=E)/fv ], g0
= \/[(Ei—Ef)/ ﬁvx]z—qf, and other symbols are as in (7).

D. Rate equations

In the conventional intersubband lasers (without the
magnetic field) the electron distribution is found by solving
the set of rate equations, which use the scattering rates be-
tween all pairs of subbands. Such scattering rates are in fact
weight averaged over the in-plane wave vector, assuming the
distribution within a subband is Fermi-Dirac-like, and the
number of rate equations is then equal to the number of
relevant subbands. In a magnetic field, with all the states
being discrete (LLs), there is no averaging to be performed,
but the number of states to account for is much larger. Elec-
tron densities in LLs generally decrease with their index (i.e.,
energy), though not necessarily in a Fermi-Dirac-like manner
as they do in continuous subbands, and only a limited num-
ber of LLs really have to be accounted for. The number of
LLs to be taken can thus be roughly estimated from their
spacing, which depends on the field. Since this spacing in-
creases linearly with the field, it is very difficult to get the
zero-field limit in a formal manner because the number of
states becomes too large for numerical calculation.

In the system of rate equations, the electron-phonon
scattering rates were calculated for each pair of LLs, while
the optical transitions are allowed only among the LLs of the
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FIG. 2. Positions of subband bottoms (E;)) as a function of magnetic field
for the chosen structure at 7=77 K. Zero of the energy axis is at the bottom
of the conduction band edge in ZnSe; the “+” and “—" superscripts corre-
spond to opposite spins.

same index (assuming z-polarized light). Spin-flip transitions
are less significant than phonon s.cattering26 and were ne-
glected, implying that electron distribution between spin-up
and spin-down states corresponds to equilibrium. This was
calculated assuming Fermi distribution among LLs, with a
common Fermi level!

eB 1
ni,j(Ei,j) = 2ah e(Ei,j_EF)/kT+ 1 5 (10)
and with the total electron density
Ns=2n,~,j~ (11)
ij

Similar to the case of zero magnetic field, the electron
densities in LLs are determined by electron transition rates,
used in two independent sets of nonlinear rate equations for
electrons with the two spin orientations””**
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FIG. 3. The lasing transition wavelength as a function of magnetic field for
the chosen structure at 7=77 K.
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dn; probability of finding an empty final state, i.e., accounting
o=
dr 0= niWip—ny > Wii+ 013/ P(np—no), for Pauli exclusion principle
t ifi%f ifi#f
(12) W, p= (WO + W1 — fep(Ef Epp)] (13)
if=Wir it W1 = fep(EpErp) |,
where the subscripts 7 and f run over all LL subsets with one
spin orientation, and the transition rates are multiplied by the and
|
o3 with f representing a level from the third subset
o13,=10 with f representing a level from the second subset (14)
— o3 with f representing a level from the first subset,
with n. denoting the electron density in the “complementary” ny—1,
LL, i.e., the one with the same index from the first (third) 8§=023 Ly (15)
subset in the case of f representing a level from the third

(first) subset, respectively.

From the calculated electron densities, the gain amounts
29
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where Ly is the total width of the structure.
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FIG. 4. The electron densities in LL subsets of the designed structure vs the pump flux dependence at 7=77 K, for spin-up (left) and spin-down electrons

(right), calculated for B=30 T (top row) and B=15 T (bottom row).
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FIG. 5. The gain vs pump flux dependence at 7=77 K for different values of the magnetic field, calculated for spin-up (left) and spin-down (right) electron

transitions.

lll. NUMERICAL RESULTS AND DISCUSSION

In order to design a magnetic field tunable laser struc-
ture, we have varied the parameters to get a large sensitivity
of the spacing between the third and second subsets, i.e.,
E3y—E» (the adjustable-wavelength lasing transition), and a
small sensitivity of the spacing between the second and first
subsets, i.e., Ey—E; (the LO phonon relaxation transition,
fixed energy preferred). By varying the widths of the barrier
and the quantum wells, as well as the Mn?** and Cd** con-
centrations, the structure was optimized to give a maximal
gain and a strong dependence of electronic state energies on
the magnetic field. Its parameters are a=34 ML, c=15 ML,
and =2 ML (Fig. 1), with 1 ML=0.28 nm. The Mn and Cd
concentrations are x=0.2 and y=0.26, respectively. The
structure is asymmetric and thus provides a finite optical
cross section for pump absorption and also for the stimulated
emission. In general, all structures of this type have a pro-
nounced splitting of the second level, as a consequence of
the wave function forms (Fig. 1), and the structure with
maximal sensitivity of the 3-2 transition was chosen.

The positions of subband bottoms (E;y), as a function of
the magnetic field at 7=77 K, are shown in Fig. 2, and the
lasing transition wavelength versus field dependence for this
structure is shown in Fig. 3. Larger magnetic fields are re-
quired to get the same amount of splitting at higher tempera-
tures.

The level population and the gain versus pump flux de-
pendences were calculated for different magnetic fields, tak-
ing the electron surface density of Ng=5X 10'' cm™ and the
lattice temperature 7=77 K. Some results are shown in Figs.
4(a), 4(b), and 5. The gain increases with the magnetic field
as a consequence of increasing transition rates between LL
subsets of the lowest two levels. This follows from (7),
where the overlap integral F depends on 8, which increases
with the magnetic field. In addition, a slight difference be-
tween spin-up and spin-down electrons is observed. In the
case of spin-down electrons, the increase of the magnetic
field reduces the spacing between the second and first subsets

of LLs below the LO phonon energy. This adversely affects
the lower laser level relaxation, while the opposite holds true
for spin-up electrons, as follows from (7).

The dependence of gain on the magnetic field for two
spin orientations is shown in Fig. 6 for the pump flux of ®
=2.5X10% cm™2s7!. The typical waveguide and mirror
losses of intersubband lasers are very small in comparison to
the gain obtained, and lasing can be anticipated throughout
the whole range of magnetic fields. The case of small fields
could not be really investigated because a large number of
narrowly spaced LLs would have to be included. However,
even if lasing was not possible for small magnetic fields in
Fig. 6, the wide large-field region of wavelength-tunable las-
ing still remains.

IV. CONCLUSION

The design of an optically pumped intersubband laser
based on double quantum wells with a DMS barrier was
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FIG. 6. The dependence of gain on the magnetic field, calculated for ®
=2.5%10% cm™2 s~! at T=77 K, for both spin orientations. For every value
of the magnetic field there are two lasing wavelengths which are indicated.
The difference between the wavelengths increases with the magnetic field
according to Fig. 3. The line connecting the actually calculated points is just
the guide to the eyes.
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considered, and the operation of such a device was modeled
by the rate equation approach. The structure was optimized
with respect to the value of gain and the frequency tunability
in the range around 5 THz. High gain at high magnetic fields
(at and above 15 T) was predicted at T=77 K, while the
operation at smaller magnetic fields (below 15 T) was not
investigated due to computational limitations. A considerable
tunability, approximately 20% of the central frequency, could
be achieved with very high magnetic fields (up to 40 T), and
it is anticipated that high magnetic fields can be traded off
for operation at lower temperatures, where DMSs reach satu-
ration at even lower fields.
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