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We present a detailed experimental and theoretical study of a GaAs/AlGaAs mid-infrared quantum cascade
laser (QCL) under a strong magnetic field. The emitted power and the magnetoresistance show strong oscil-
lations as a function of B, due to a magnetic field modulation of the lifetime of the upper state of the laser
transition. The analysis of these oscillations shows a modulation of the electron lifetime due to inelastic
(LO-phonon emission) and elastic scattering mechanisms. We show that at low temperature, the interface
roughness scattering is the most efficient elastic relaxation mechanism; it becomes dominant whenever LO-
phonon emission is inhibited by the magnetic field. By comparing experimental and theoretical results, we are
able to estimate the relative weight of elastic and inelastic scattering. The magnetic field is thus a powerful
spectroscopic tool to study the scattering mechanisms in QCL active regions.
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I. INTRODUCTION

The application of an intense magnetic field along the
growth direction of a semiconductor quantum well breaks
the two-dimensional (2D) in-plane continuum into discrete
Landau levels. As a consequence, the lifetime of an electron
in an excited state is strongly modified and modulated by the
magnetic field. This general property of heterostructures has
recently been exploited in mid-infrared and far-infrared
quantum cascade lasers."™* In mid-infrared lasers, Landau
quantization was exploited in order to control electron-LO-
phonon scattering.!~> In the THz range, the enhancement of
the intersubband emission* and then of the laser intensity’
has been observed. Furthermore, the quenching of nonradia-
tive relaxation channels for some values of the magnetic field
is responsible for a drastic reduction of the threshold current
density, as observed by many groups.’~3

The aim of this work is to use magnetic fields as a spec-
troscopic tool to study the scattering mechanisms that take
place in a mid-infrared quantum cascade laser (QCL). In a
previous paper,> we showed that the application of a strong
magnetic field along the current direction of this device
causes oscillations in the laser emission intensity. We attrib-
uted this effect to a variation of the optical gain engendered
by a change of the lifetime of the upper state of the laser
transition. In this paper, we calculate this lifetime, showing
that oscillations are mostly due to a magnetic field modula-
tion of the lifetime through an inelastic scattering mechanism
(LO-phonon) and an elastic one (interface roughness). As a
consequence, we can estimate the relative weight of elastic
and inelastic diffusion in the active region of a mid-infrared
QCL at B=0.

By studying low temperature magnetoresistance of mid-
infrared QCLs Smirnov et al.’ showed that the relaxation
rate via acoustic phonons (quasielastic scattering mecha-
nism) is almost an order of magnitude smaller than via LO
phonons. Similar results were also obtained by Radovanovié¢
et al.’ in a recent paper. These authors calculated population
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densities and optical gain as a function of the magnetic field
for the mid-infrared QCL of Ref. 2. In the present work, we
will show that interface roughness is also a very efficient
scattering mechanism, which strongly affects optical and
transport properties.

The role of disorder on the luminescence spectra of a
QCL in a strong magnetic field has only been studied in the
case of a magnetic field parallel to the layers.! Interface
roughness and ionized impurity scattering were taken into
account to interpret the experimental data of Blaser et al.!!
on a QCL based on a photon assisted tunneling transition. In
this case, the disorder potential causes a rapid decrease of the
luminescence peak and tends to cancel its expected redshift.

In this paper, we present a detailed experimental and the-
oretical study of a GaAs/AlGaAs QCL which emits at
11 wm and is subjected to a strong magnetic field applied
along the growth direction. Through comparison between ex-
perimental and modeling results, we elucidate the role of
interface roughness scattering in the relaxation of electrons
in the active region.

In Sec. II, we present the laser structure and the experi-
mental setup. In Sec. III, we present the experimental results
of the emitted power and measured voltage as a function of B
at constant injection current.

Section IV is devoted to the theoretical model. We first
apply to the actual QCL structure our model of LO-phonon
scattering rate calculations in the presence of the magnetic
field. We show that in order to reproduce the measured emit-
ted power as a function of B, we have to introduce an elastic
scattering mechanism in our model. The contribution of dif-
ferent elastic or quasielastic mechanisms is then calculated,
showing that the interface roughness is the dominant effect
in our structure.

In Sec. V, we analyze transport measurements below and
above threshold. We show that below the threshold, the os-
cillations of V(B) are directly related to the oscillations of the
scattering time. On the contrary, above threshold there is an
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FIG. 1. Conduction band diagram of the active region. The
shaded zone represents the doped region.

important contribution of the stimulated emission lifetime,
which primarily controls the lifetime of the upper state.

Finally, in Sec. VI, we conclude and discuss possible per-
spectives of the present work.

II. EXPERIMENT

We studied GaAs/Aly33Gage;As QCLs emitting at a
wavelength of 11.3 um. The structure was grown on a GaAs
substrate using molecular beam epitaxy. It consists of 40
identical periods connected in a series. Each period includes
an active region responsible for light emission and superlat-
tice emitter-collector regions. The active region of the laser
structure is shown in Fig. 1 and is described in detail
elsewhere.!? The active zone is essentially a three level laser
system. Electrons are electrically injected into the third level.
The laser transition takes place between levels indicated by 3
and 2, while level 1, engineered such that E,—FE is approxi-
mately equal to the LO-phonon energy, helps the fast de-
population of level 2 to maintain population inversion be-
tween levels 3 and 2. In the figure, we also indicate by i, i,
and i3 some of the injector states which propagate into the
active region.

The structures are processed into mesa-etched bars 20 um
wide and 1 mm long. The devices are In soldered ridge side
up on gold coated alumina substrates, wire bonded, and
mounted on a brass heat sink. The QCL sample is then
mounted in a helium cryostat and placed at the center of DC
magnets capable of a maximum field of 18 T (superconduct-
ing solenoid), 25-33 T (resisitive magnets), or 45 T (hybrid
magnet), such that the magnetic field lines are perpendicular
to the QW planes and parallel to the current flow direction:

IIIB. All measurements were performed at 6 K and in a
pulsed current mode. Current pulses of 0.4—2 us pulse width
and at 1-2 kHz repetition frequency are injected into the
QCL sample through a low-impedance transmission line or a
semirigid coax cable. The emitted light is reflected up a brass
light pipe and guided toward an external liquid nitrogen
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FIG. 2. P(I) and I(V) curves measured at 6 K and B=0. Inset:
Laser emission spectrum.

cooled HgCdTe detector. To acquire the light versus mag-
netic field P(B) or voltage versus magnetic field V(B) curves,
constant current pulses are applied to the QCL sample and
the signals are measured while sweeping the field. To mea-
sure the magnetic field dependence of P(I) and I(V) curves,
the current pulse amplitudes are linearly modulated at a fre-
quency of 0.05 Hz while the magnetic field is swept at a very
slow rate of 0.2 T/min.

III. EXPERIMENTAL RESULTS

At liquid helium temperature, the QCL exhibits laser ac-
tion with a threshold current /,, of 1.95 A. In the following
text, we normalize all the currents to this value. The light-
current and voltage-current characteristics of the sample at
zero magnetic field are shown in Fig. 2. The insert on this
figure shows the emission spectrum of the QCL under study.
The peak power is obtained at the wavelength of 11.3 um
that corresponds to approximately 110 meV.

Laser emission shows strong oscillations as a function of
the magnetic field as reported in Fig. 3. In this configuration,
the laser threshold is also an oscillatory function of a mag-
netic field as indicated in Fig. 3. The threshold current is
reduced by a factor of 2 at B~33 T [as shown in Fig. 4(a)],
where the maximum emission intensity occurs, while at B
~26T and at B>38 T the emission is completely sup-
pressed.

Similar, but less pronounced oscillations are found on the
V(B) curves measured during the same field sweeps at con-
stant current [Fig. 4(b)]. The inset of this figure presents the
oscillating part of the measured voltage (obtained by the sub-
traction of the monotonous part of the magnetoresistance) as
a function of the magnetic field. It is apparent that these
oscillations are more pronounced at current values below the
threshold, i.e., without the laser radiation in the cavity. This
behavior will be discussed in Sec. V.

IV. MODEL

A. Energy level calculation

Energy levels and wave functions are calculated by using
a two-band Kane model.'”> When a magnetic field B is ap-
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FIG. 3. Emission intensity of GaAs/AlGaAs QCL as a function
of the current bias (normalized to the threshold current value) and
the magnetic field. The white solid line indicates QCL current
threshold. 7=6 K.

plied along the growth direction of the structure, the different
subbands split into discrete energy levels (Landau levels),
given by

1
sn’p:E,,+<p+5>ﬁwc, (1)

where n and p are integers, iw,=heB/m’(s,,) is the cyclo-
tron energy, and E, the energies of the subband edges at B
=0. The energy-dependent effective mass m*(s,,,,,) is calcu-
lated within the Kane model.'> We checked the effect of
band nonparabolicity by comparing our results to those ob-
tained by an expansion'* up to the fourth order in k for the
active region shown in Fig. 1. The two approaches are
equivalent for the ground p=0 Landau level of the subbands
n=1,2, 3 up to 40 T. A slight discrepancy (a few percent) is
found for excited Landau levels at large B values (B
>30 T), when higher orders in the k expansion are needed in
the model of Ref. 14.

B. LO-phonon scattering and magnetophonon resonances

The electron-LO-phonon scattering rates versus the mag-
netic field were recently calculated by Becker ef al.'> In this
model, the overall optical response of the sample originates
from a huge collection of similar ideal w samples which
differ from each other because the well width L varies in a
random fashion from one u sample to the other.'® The thick-
ness variation from a terrasse to the other is thus responsible
for an inhomogeneous broadening of Landau levels, charac-
terized by a parameter &. In the following, we use this model
to quantitatively explain the oscillations in the emitted power
of the QCL discussed in Sec. III.

The oscillating behavior of the emitted power has already
been studied in previous papers:'? the laser intensity has
minima whenever an electron on the |3,0) level can relax on
the |2,p) or |1,p)(p>0) Landau levels by emitting one LO
phonon. This situation takes place whenever the following
condition is fulfilled (magnetophonon resonance):

E;—E,-pheBlm'(s,,) - w o =0. (2)

PHYSICAL REVIEW B 73, 085311 (2006)

7~
[«%)
N’

IS0

1.25

1.00

075 8

Normalized Current Threshold

0.50 n L L 1 L 1 1 1 L 1 L 1 L 1

(b)

6 L 1 L 1 1 1
0 10 20 30

B (T)

FIG. 4. (a) Density current threshold normalized to J,, at B
=0T as a function of the magnetic field. (b) Voltage across the
QCL as a function of the magnetic field at different currents (//1,,
=0.55, 0.64, 0.74, 0.84, 0.94, 1.04, 1.15, 1.24) and T=6 K. Inset:
Oscillatory component of the measured voltage near the current
threshold at B=0 T.

Figure 5(a) shows the calculated Landau levels versus B for
the three subbands of the active region. The dashed line rep-
resents the energy €3 g—fw;p, as a guide for the eye to evi-
dence magnetophonon resonances (two of them are indicated
with a circle).!”

In order to reproduce the measured oscillations of the
emitted power, a simplified system of QCL rate equations is
used!®

: J ng
ny=n——— = 0oSn;,
73

S = oySn; - cas, (3)

where S is the areal density of photons, # is the injection
efficiency, J is the injected current density, ny is the areal
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FIG. 5. (a) Landau levels as a function of the magnetic field.
The circles indicate magnetophonon resonances. (b) Emitted power
measured at the current /=1.42 A (solid line) compared to —1/73 as
a function of the magnetic field. The dashed line is calculated by
taking into account only relaxation to |2,p) and |1,p) Landau lev-
els; the dashed-dotted line also includes contributions from i, i5, i3
states (see Fig. 1).

concentration of electrons on subband 3, oy is the cross sec-
tion per unit of time, ¢ is the velocity of light in vacuum
divided by the mode refractive index, and « is the losses. We
suppose that the subband 2 depopulation is very fast and thus
that the population of level 2 can be neglected. By solving
the system, Eq. (3), in the stationary state, we find either S
=0 and 7n(J/q)=n;/ 7 or

=to— @

and $>0. Hence, the emitted intensity P=ScwkE,,N,
(where w is the ridge dimension, E,,,, the photon energy, and
N, the number of the periods in the active region) decreases
linearly with a linear increase of 1/75. In Egs. (3) and (4),
only 1/7; is expected to vary significantly with B. Thus, the
magnetic field dependance of the emitted power is a power-
ful tool to investigate the scattering mechanisms in QCLs. To
reproduce the experimental oscillations, it is meaningful to
calculate the scattering rate versus B for an electron in the
p=0 Landau level of the third subband.
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In Fig. 5(b), we compare the emitted power of the QCL,
measured at a constant injected current of I=1.42 A (solid
line), with the calculated —1/ 75 as a function of B. The scat-
tering rate is calculated by using the model described in Ref.
15 with 6=6 meV. The 1/73 curve includes the contribution
of the first 90 Landau levels. The most important contribu-
tion to the total scattering rate comes from transitions with
final states n=2 and n=1. The plot of —1/73(1/m3=1/7
+1/73,) as a function of B is shown by a dashed line. The
curve has the same behavior as the experimental one; the
minima of —1/7; correspond to the magnetophonon reso-
nance condition [Fig. 5(a) (circles)]. The dashed-dotted line
shows the total scattering rate when the number of final
states is increased by adding contributions from scattering by
LO phonons to the injector states indicated by iy, i», and i5 in
Fig. 1. The two theoretical curves display the same behavior
and the peak positions are not modified by the increased
number of final states. The only difference is in the relative
amplitude of the oscillations, which also slightly affects the
peak width. The inclusion of the injector states in the calcu-
lation of the total scattering rate 1/7; improves the agree-
ment between the experimental and the calculated curves of
the emitted power as a function of B.

It is worth noting that the general trend of the experimen-
tal curves is relatively well reproduced by the theory. Nev-
ertheless, some of the experimental features are completely
missing [like the peak at 18 T indicated by a vertical arrow in
Fig. 5(b)]. In order to check if there are further contributions
to the total scattering rate 1/73;, we performed a Fourier
transform of both experimental and theoretical data to extract
the characteristic frequencies of the oscillations.! This is jus-
tified by the fact that the scattering rate is quasiperiodic with
the reciprocal magnetic field 1/B, as we can see from the
magnetophonon resonance condition, Eq. (2). The Fourier
transform of the calculated total scattering rate 1/7; as a
function of 1/B is presented in Fig. 6 (dashed line). The
curve exhibits two peaks which originate from two oscillat-
ing series associated with the scattering from |3,0) to |2,p)
and |1, p>.19 In the same way, we perform the Fourier trans-
form of —P as a function of 1/B, as extracted from the ex-
perimental curve shown in Fig. 5 (solid line). The experi-
mental curve presents three peaks: two of them are in very
good agreement with the theoretical ones and correspond to
the energies E;—FE,—fiw;p=75 meV and E;—E,—fhwg
=111 meV (obtained with an effective mass of 0.08m, esti-
mated by taking into account band nonparabolicity). The
third peak corresponds to an energy of =150 meV, which
fits very well with the transition energy E;—E;. Therefore,
this third oscillating series is due to an elastic scattering from
3,0) to the states |1,p) (p>0), as shown in Fig. 5. The
elastic series due to the scattering from |3,0) to |2,p) does
not give rise to an extra peak in the Fourier transform, be-
cause the active region is engineered such that E,=F,
+hwy; therefore, this series oscillates at the same frequency
as the magnetophonon one. The presence of magneto-
oscillations corresponding to elastic scattering and LO-
phonon emission have already been observed in magnetotun-
neling experiments on GaAs/Al(Ga)As double barrier
diodes.?0%!

In the following we shall investigate which are the pos-
sible physical mechanisms providing the elastic scattering.
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FIG. 6. Normalized amplitude of the Fourier transform of ex-
perimental —P vs 1/B (solid line) and calculated 1/7; vs 1/B
(dashed line) as a function of their position in energy. The scattering
time is obtained by taking into account only LO-phonon scattering.
Note the high field peak arising from the elastic scattering
contribution.

The contribution of several mechanisms to the scattering rate
will be calculated at low temperatures: interface roughness,
longitudinal acoustic (LA) phonon emission, impurity, and
alloy scattering. We will show that in the case of the present
active region, the interface roughness scattering turns out to
be the most efficient mechanism responsible for the extra
peak observed in the Fourier transform of the experimental
data.

C. Interface roughness scattering

Several authors pointed out that interface roughness might
contain two or more different length scales.?? In particular,
Warwick and Kopf?® showed that the luminescence proper-
ties of a single GaAs/AlGaAs quantum well are affected by
a “bimodal” interfacial roughness: substantial roughness on
length scales greater than the exciton diameter and micro-
roughness at length scales shorter than the exciton diameter.
This bimodal behavior was confirmed by de Oliveira et al.*
by studying the relation between the interface microrough-
ness and the full width at half maximum of the photolumi-
nescence (PL) spectra for a GaAs/AlGaAs multiquantum
well system.

In our model, we also assume that, in addition to the
inhomogeneous broadening of the Landau levels, the inter-
face roughness, at a smaller scale than the lateral extent of
samples, is responsible of a homogeneous broadening. Fol-
lowing Ando® and many authors (see Ref. 22 for a review),
we assume that the roughness height at the in-plane position

r=(x,y) has a Gaussian correlation function:?¢

2
(AR)AG)) = A2 exp<— 'rA—§|> 5)

where A is the mean height of the roughness and A the
correlation length.
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In a single quantum well, for a roughness located at the
interface L;, the scattering matrix element is given by

<mk'|H,R|nk>:fclsz,,,,,A(r)e"(k‘l‘’)'r (6)

with

an = V()Xm*(LI)Xn(LI)» (7)

where Yy, is the z component of the wave function of the nth
subband and Vj is the barrier height. Let us stress that for
fixed values of A and A, the scattering matrix element de-
pends on the value of the wave function at the interfaces and,
therefore, on n. The scattering matrix element is greater if
the initial and final states are excited states, because their
wave functions are less localized in the quantum well and
have a greater value at the interfaces. As we can infer from
Fig. 1, the active region of the QCL extends over three quan-
tum wells and the n=3 wave function is non-negligible on at
least six interfaces. Hence, it is very likely that the interface
roughness contribution from subband n=3 to n=1 and n=2
of the QCL active region is non-negligible.

The active region of the present QCL contains several
interfaces that are formed between barriers and wells of dif-
ferent widths. As we do not know the actual distribution of
the roughness on each interface, we shall assume that each
GaAs/AlGaAs interface of the active region presents the
same correlation function and that there is no correlation
between the roughness of different interfaces. We first calcu-
late the interface roughness scattering rate as a function of
the magnetic field, considering the mean height of the rough-
ness A and the correlation length A as free parameters.

The calculation of the electron scattering rate due to the
interface roughness in the presence of a magnetic field is
performed in the same way as for LO phonons.!> We evalu-
ate the scattering rate in each of the N u samples, which are
characterized by thicknesses L randomly distributed. Then,
we calculate the mean value of the scattering rate by inte-
grating over L and assuming a Gaussian distribution I1(L)
for the thicknesses

2

II(L) = %exp(— Py

o\N2T

For an initial state |3 ,0,0), the scattering rate to a final state
|n,p.k,) is given by

1 2m A
<_> = —E |<3,0,0 HIR n’p,ky>|2
7-3,n h ky.p

X f h (L) 5(As (L) - phow,)dL, )

—o0

where H is given by Eq. (6) (with the roughness located at
an interface L; of the active region) and A ,(L)=E;(L)
—E,(L). Like in the work of Becker et al.,'” we assume that
around a mean value L, the energy difference A;, varies
linearly with L

085311-5



LEULIET et al.

Az (L) = Az ,(Lg) = YL = Lo). (10)

This results in a Gaussian distribution of the energy differ-
ences A, characterized by a width 6= yo. In the following,
we will take 6=6 meV.

In order to calculate the scattering matrix element, we first
average over the different roughness distributions; then we
Fourier transform x and y components of the correlation
function Eq. (5) to obtain

<L(L1)> = K(LI)E

T3.n P

I
2P(A%4 + 1272)P]

~(E3 - E,, - phw) /(28
Xe(3 n p“‘)z‘)( ),

T 1
K(L) = %(S\f—z_w(FMAA)Z’ (11)

where [.=\#%/eB is the magnetic length.
The total interface roughness scattering rate is obtained by
adding the contribution of all the interfaces L; of the active

region
L=E<i<L,>>. (12

T3n 1, \ T

We choose A=60 A and A=1.5 A in order to have the best
agreement between theoretical results on the total scattering
rate and experimental data. These values are consistent with
those found in the literature concerning GaAs/AlGaAs
interfaces.?®?% Since the correlation function is an assump-
tion of the model, we have also checked that we obtain the
same order of magnitude for the scattering rate with a differ-
ent shape of this function (an exponential instead of a Gauss-
ian).

Figure 7 shows that, as expected, the inclusion of the
interface roughness scattering in the calculation of 1/75 ex-
plains the existence of the missing peak at 18 T. Moreover,
the inclusion of this further oscillating series gives an extra
peak in the Fourier transform amplitude at the same fre-
quency as observed experimentally. From Fig. 7, we can also
see that whenever LO-phonon emission is inhibited, inter-
face roughness (IR) scattering becomes an important relax-
ation mechanism. In the following we compare it to other
elastic relaxation channels and show that the interface rough-
ness scattering is the dominant scattering mechanism when-
ever LO-phonon emission is inhibited. Moreover, even at B
=0 T, when the LO-phonon emission is very efficient, the
interface roughness scattering is not a negligible mechanism
in our QCL structure due to the sizeable value of the wave
functions at interfaces: at B=0 1/ T;LO)=0.8 ps™' and
1/ 7'(31R)=O.4 ps~!. As a consequence, we expect the interface
roughness to considerably affect the performances of the
QCL, as will be discussed in the following.

D. Contribution of other elastic or quasielastic scattering
mechanisms

In this section, we will compare the interface roughness
scattering to other relaxation mechanisms involving elec-
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FIG. 7. Interface roughness (dotted line), LO-phonon (dashed
line), and total (solid line) scattering rates as a function of the
magnetic field. Interface roughness produces the peak at 18 T.

trons on the excited n=3 level of the laser transition: LA-
phonon emission, impurity, and alloy scattering. We will
evaluate them at B=0 T and show that at low temperature,
they are all negligible with respect to the interface roughness
scattering. As their dependence on B is the same as for the
interface roughness scattering, they will not be taken into
account in the calculation of the scattering rates as a function
of the magnetic field. We will finally discuss the effect of
electron-electron interaction on the calculation of the scatter-
ing rates and the reason why we will neglect this relaxation
channel in our calculations.

We calculated electron-LA-phonon interaction within the
deformation potential approximation? by considering isotro-
pic acoustical branches (sound velocity c,). At low tempera-
ture, the scattering rate from state [n=3,k;=0) to |n,ks) by
the emission of one LA phonon is given by ‘

1 c 400 +% —
== d4|f(q)|zf dQ Qhic,\gi + 0’
T wh)_, 0
ﬁ2
><§<E3—E,,—ﬁcsqu+Q2—zm*Qz), (13)

where (g,Q) is the wave vector of the emitted LA phonon,
flg)=JT2dz e°x(z) x/(z), co=D?/2pc? and D is the defor-
mation potential for electrons. LA phonons between 0 and
3.5 meV are taken into account, resulting in a scattering rate
from n=3 to n=2 subband of 0.01 ps~!, which is twenty
times smaller than the one obtained by the interface rough-
ness scattering at B=0 T.

In order to prevent space-charge formation, the injector of
QCLs is doped.'® As a consequence, ionized impurities are
present close to but not in the active region, as shown by the
shaded region in Fig. 1. The scattering by ionized impurities
for an electron on the n=3 subband is calculated following
Ferreira and Bastard.” The scattering rate is given by
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FIG. 8. Schematization of the system constituted by the active
region and the injector as a double barrier subjected to an electric

field F.
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where N,,, is the areal concentration of impurities (in our
case N;,,=2 X 10" cm™), z; is the location of impurities, &
is the permittivity of the vacuum, and « the relative dielectric
constant. Since in our case, the impurities are located far
from the wells where the wave function n=3 is confined, this
ionized impurity mechanism is much less efficient than the
interface roughness; the calculated relaxation rate (with final
state n=2) is 1/735,=4X 1070 ps~!.

We also evaluated the effect of alloy scattering due to
AlGaAs barriers.”®?%30 Since in the present structure the al-
loy disorder is only present in the barriers and not in the
wells, the alloy scattering is expected to be a small effect.
For a transition between n=3 and n=2 subband, we found a
scattering rate of 0.1 ps~!, which is still negligible with re-
spect to the interface roughness.

Electron-electron scattering has proved to be important
for sufficiently high carrier densities and even to be the
dominant mechanism of intersubband carrier relaxation in
QCLs designed to emit in the THz frequency range. Typical
electron densities for the n=3 subband in our system are of
the order of 2X10'° cm™ (evaluated by considering ns
=J,, X 13/e), which is greater than the typical electron
densities® involved in a THz QCL. As a consequence, the
simple value of the electron density does not allow us to
neglect electron-electron scattering in our calculation. A
more detailed analysis needs to be done. Kempa et al.’!
showed that the behavior of the scattering rate as a function
of the applied magnetic field allows one to distinguish be-
tween two-electron and one-electron processes because they
lead to different energy conservation relations. In particular,
for two electrons going from the upper |3,0) Landau level to
two different Landau levels p and m of the second subband,
the energy conservation condition leads to’!

ho,
E3—E2= 5 (p+m) (15)

In this case, the scattering rate as a function of B presents
further peaks with respect to those obtained with a one-
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TABLE 1. Comparison between the different scattering pro-
cesses for an electron on the n=3 subband at B=0. Lifetimes are
presented for 3 — 2 transition (73,) and for the total scattering time

(73)~

Scattering mechanism 735(ps) 73(ps)
LO phonons 2.9 1.3
Interface roughness 5.26 2.5
LA phonons 100 60.6
Impurities 2.8X10° 1.9x10°
Alloy scattering 9.6 5.6

electron calculation, due to the contribution of all processes
with an odd value of p+m. These peaks, already observed in
the case® of a THz QCL, are not observed in our system.
Another possible two-electron process is the one in which
only one electron changes the subband. The scattering rate
due to this mechanism oscillates with respect to B with the
same peaks as the elastic scattering discussed in this para-
graph. Anyway, its amplitude should depend on the electron
density of the |3,0) Landau level;*? as a consequence, it
should lead to a variation of the relative amplitude for the
elastic and inelastic oscillations with respect to the injected
current. This variation has not been observed in our struc-
ture. As we did not find any evidence for electron-electron
scattering in our structure, we neglect this contribution in the
calculation of the total scattering rate.

A summary of the calculated scattering rates is presented
in the Table I.

V. ABOVE AND BELOW THRESHOLD BEHAVIOR

Measurements of the emitted laser intensity as a function
of the magnetic field show in an impressive way how the
different scattering mechanisms affect the electron lifetime.
Nevertheless, these kinds of measurements only give access
to the QCL’s behavior above threshold. On the other hand,
oscillations of the electron lifetime with the magnetic field
also affect transport measurements, in particular below
threshold.

We have already shown in Fig. 4(b), the oscillations of
V(B) at constant current. In order to understand these oscil-
lations, let us consider a simple model for our system. Below
threshold [S=0 in the rate equation system (3)], the popula-
tion in the upper level of the laser transition is given by

) (16)
q T3

As the injection current is constant with B, n; depends only
on 73. The system constituted by the active region and the
injector can roughly be considered as a double well in equi-
librium between two highly charged layers with a common
quasi-Fermi level u spanning the injector and the active
region,® as is schematically shown in Fig. 8. If we suppose
that the population n; does not affect the band profile, we can
write that ny=(m"/wh?)[ u—E5(F)], where F is the electric
field applied to the structure. If L is the total length of a
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FIG. 9. Fourier transform of 1/V vs 1/B for the following cur-
rent values: 0.842 I,;, (solid line), 0.942 I,, (dashed line), 1.04 1,
(dotted line), 1.15 I, (dashed-dotted line). Three peaks are ob-
served as in the Fourier transform of —P vs 1/B, corresponding to
LO-phonon emission and elastic scattering.

period and [ is the distance between the injector and the
quantum well where the optical transition takes place, u
—E;xeVI/L, and hence, n;= V. As a consequence, the oscil-
latory part of the measured voltage varies with the magnetic
field proportionally to 73.

Above threshold, the relationship between the current
density and the scattering rate has to be rewritten by taking
into account the stimulated emission rate, 1/7,=0,S. After
introducing 1/ 7, into the rate equations (3), we find

n1=n3<i+ ). (17)
q

73 Tst

where J is constant with respect to the magnetic field. This
means that below threshold, the oscillations of the measured
voltage are directly related to the scattering rate; on the con-
trary, above threshold they are due to both variations of 1/73
and 1/7, as functions of B. As 1/7, is proportional to the
emitted power, it oscillates like —1/ 73 with the applied mag-
netic field. As a consequence, when the two terms are com-
parable in intensity (like when the device is just above
threshold) they compensate each other and the oscillations
are almost suppressed. In the inset of Fig. 4(b), we see in-
deed that oscillations are less pronounced above threshold.
This effect is also evident in the Fourier transforms of 1/V
versus 1/B, as shown in Fig. 9. We can see that, as 1/1,
> 1, the peak amplitude decreases considerably.
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FIG. 10. Comparison between the calculated (solid line) and
experimental (dotted line) laser emission.

VI. CONCLUSION

In conclusion, we have shown that the magnetic field is an
efficient spectroscopic tool to ascertain the nature and mag-
nitude of the scattering mechanisms in the active region of a
QCL. We have presented a detailed experimental and theo-
retical study of a GaAs/AlGaAs QCL under strong magnetic
field at low temperature.

In particular, we have studied the oscillations of the emit-
ted power as a function of B. By a detailed analysis of the
oscillations, we have found that the elastic scattering is a
non-negligible relaxation mechanism for electrons on the ex-
cited state of the laser transition. We have calculated the
contribution of several elastic scattering mechanisms, show-
ing that, at low temperature, the interface roughness is the
dominant one for this structure. By comparing experimental
and numerical results, we have deduced typical parameters
of the interface roughness correlation function. By using a
simplified rate equation system [Eq. (3)], we have calculated
the emitted power as a function of the magnetic field. The
result is shown in Fig. 10: all the experimental peaks are
very well reproduced. The differences in the relative ampli-
tude of the peaks are probably due to the energy positions of
the injector states, which cannot be deduced from lumines-
cence measurements.

It is worth noting that by interpolating our numerical re-
sults to B=0 T, we find that elastic relaxation is an efficient
scattering mechanism at low temperature in the case of a
GaAs/AlGaAs QCL. This information may be helpful in or-
der to understand which are the most important relaxation
paths for electrons electrically injected in the active region of
the QCL. The problem of the relaxation of carriers in the
active region is not only a fundamental question, but also a
technological one: nowadays, heat dissipation is the most
important limitation to QCLs performances.
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