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Measurements of current have been performed on a very long wave infrared quantum cascade detector under
strong magnetic field applied parallel to the growth axis, both under dark and light conditions. The analysis
of dark current as a function of temperature highlights three regimes of transport involving the different energy
levels of the structure. For photocurrent analysis, we developed a model based on a rate equation approach taking
into account all the electronic levels of the structure. This model is in agreement with the oscillatory component
of the experimental magnetophotocurrent. It allows to identify the key points controlling the electronic transport
such as extraction from the upper level of the optically active quantum well, location of ionized impurities
and scattering mechanisms involved in the structure. This work is valuable for the future conception of high-
performance quantum cascade detectors in infrared and far infrared range.

PACS numbers: 71.70.Di, 72.10.-d, 73.23.-b, 73.43.Qt, 75.47.-m

I. INTRODUCTION

Quantum cascade detectors1 (QCDs) have been proposed
for application in a wide domain of energy radiation extending
from near infrared2 to terahertz3,4 through the long wave5,6 (8
- 12 µm) and more recently very long wave7,8 (12 - 20 µm)
infrared (VLWIR). VLWIR is a spectral range of high in-
terest because of numerous applications,7,9–12 e.g. meteorol-
ogy (global atmospheric temperature profile, relative humid-
ity profile, cloud characteristics and atmospheric chemistry)
or astronomy (analysis of molecular clouds and star form-
ing regions of our galaxy, spectroscopy of molecular hydro-
gen, detection of faint objects such as exoplanets or proto-
planetary dust disks). Quantum well infrared photodetectors
(QWIPs) have been proposed for VLWIR detection and look
very promising.9,10 However, in photoconductive mode, they
operate under an applied bias leading to a strong dark cur-
rent that saturates the read-out integrated circuit capacity and
a significant noise level. In contrast, QCDs are working in
a photovoltaic mode, under no applied electric field, making
them good candidates for higher working temperature, longer
integration times and lower dark current.. They are constituted
of several periods, each one composed of two main parts. The
first one is the “active region” where absorption of infrared
photons occurs. The second one is the “cascade” transfer-
ring electrons from one period to the other by scattering pro-
cesses.1,5

The VLWIR QCD studied in this paper was first presented
in Ref. 8. The maximum spectral responsivity was predicted
at a negative bias,V = −0.6 V, but experiment has revealed
that maximal value was reached atV = −1.1 V. This high-
lights the difficulty of modelling and understanding of this
complex structure. In this context, the application of a mag-
netic field is a valuable experimental technique to evaluatethe
different contributions of scattering mechanisms involved in

these quantum cascade structures.4,13–18The analysis is based
on the Landau quantization. Besides, study of QCDs under
magnetic field is of high interest for the comprehension of
quantum well structures properties. Indeed, in contrast with
other detectors such as QWIPs where transport involves both
two dimensional (2D) and 3D electronic states in the quantum
well and in the continuum, respectively, the transport in QCDs
is fully 2D and a complete modelling of the device is possi-
ble down from quantum principles. For example, the different
electronic paths contributing to the dark current in QCDs can
be highlighted thanks to magnetotransport.19 Under illumina-
tion, magnetomeasurements of photocurrent in a8 µm QCD
have evidenced the crucial role of ionized impurities in QCD
transport properties.20

In this paper, after describing the QCD structure in Sec. II,
we focus on the analysis of dark current as a function of tem-
perature in Sec. III. It is the first step to characterize the trans-
port properties of this QCD. The second step, in Sec. IV, is
to analyse the perturbation of this dark current due to pho-
togenerated carriers, namely study QCD under illumination.
Section V is devoted to the description of the model which is
used in Sec. VI to analyse experimental data.

II. QCD STRUCTURE

The QCD studied in this paper is a GaAs/AlGaAs het-
erostructure for VLWIR detection. Its detection wavelength
is 14.3 µm.8 The sample consists of 30 identical periods of
four coupled GaAs quantum wells (QWs). Figure 1 shows
one period of the QCD structure. Barriers are made of
Al0.27Ga0.73As in order to reach a conduction band offset of
V0 = 222 meV. Starting from the first QW, the layer sequence
in Å is as follows99/60/37/41/47.5/50/50/58 (the barrier
widths are represented in bold types). The thickest QW of
each period isn-doped (Ne = 2.2 × 1011 cm−2) to populate
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FIG. 1: Conduction band diagram of one period of a14.3 µm QCD
for VLWIR detection under zero applied bias showing the square
moduli of the wave function of each energy level|i〉. Waved arrows
represent photon absorption and straight arrows illustrate the elec-
tronic path in the cascade after a detection event.

the first energy level|1′〉 in the conduction band with elec-
trons (see Fig. 1). Contrary to conventional quantum cascade
structures like quantum cascade lasers,21 the doping level is
much higher and dopants are placed in the optically active
QW, i.e. in the active region of the QCD. The performances
of this QCD are detailed in Ref. 8.

As illustrated on Fig. 1, under illumination, electrons lo-
calized on the lowest energy level of the structure|1′〉 are
photoexcited to the upper level|5〉. They are then transferred
through scattering events to the QWs of the cascade where
levels are labelled|i〉 with i ∈ {1, . . . , 4}. By closing the
circuit, a significant photocurrent is expected without anyap-
plied bias. The studied sample is constituted of square-shaped
mesas with100 µm side length obtained by reactive ion etch-
ing.

III. DARK CURRENT

Under dark conditions, at zero applied voltage, the QCD
is at equilibrium, resulting in zero current.19 All the intersub-
band transitions verify micro-reversibility: the contrapropa-
gating fluxes are equal. They nonetheless generate noise,22,23

and their study is crucial to understand the detector perfor-
mances. Once a bias is applied, the micro-reversibility condi-
tion is broken and dark current is generated. The objective in
this section is to analyse the relative contributions of theinter-
cascade transitions involved in the dark current as a function
of the temperature in a QCD.

The QCD is mounted in a helium cooled cryostat inside
an insert at the center of a superconducting coil capable of
producing fields up to 15 T. The magnetic field lines are per-
pendicular to the plane of the quantum wells, i.e. parallel to
the current flow direction. The experiment consists in mea-
suring the dark current (Idark) along the device, the magnetic
field being swept from zero to its maximum value, at seven
different temperatures: 4.5, 20, 40, 60, 80, 100 and120 K.

FIG. 2: Dark current as a function of magnetic field for a fixed value
of the voltageV = −0.1 V at (a)20 K, (b) 60 K and (c)100 K.

Current measurements have been performed under a low bias
of V = −0.1 V for all temperatures. Typical behaviours of
Idark as a function of magnetic field are shown in Fig. 2 for
three temperatures:20 K (a), 60 K (b) and 100 K (c). The
dark current exhibits clear oscillations as a function ofB su-
perimposed on a continuous quadratic decreasing background
which is attributed to the magnetoresistance of the contacts
of the sample.24 Position and intensity of minima and max-
ima strongly depend on the temperature. Finally, note that
the measured current varies by roughly 7 orders of magnitude
from 4.5 up to120 K.

At equilibrium, cascades are well described as ther-
malised.25 Levels |1〉 and |1′〉 having the smallest diffusion
rates, they contain almost all the electrons. Thus, critical tran-
sitions governing the dark current are the LO-phonon assisted
parallel diffusions between level|1′〉 and the neighbouring
cascade. Only electron-LO-phonon absorption has been taken
into account, because it is the predominant mechanism in
GaAs QCD dark current.25,26 Indeed the differences of energy
involved for intercascade transitions are higher than~ωLO, the
LO-phonon energy. Thus other scattering mechanisms can be
neglected. The application of a magnetic field perpendicular
to the layers of the QCD breaks the two-dimensional parabolic
energy dispersion of each subbandEi(k) into a ladder of dis-
crete Landau Levels (LLs)|i, j〉 with an energy

Ei,j = E0
i +

(

j +
1

2

)

~ωc , (1)

and separated by the cyclotron energy~ωc = ~eB/m∗, where
i is the subband index,E0

i the energy of the subband edge at
zero magnetic field,j the LL integer index,B the magnetic
field, andm∗ the energy dependent electron effective mass.
The effect ofB onIdark is quite similar to that in active region
of a quantum cascade structure: depending on the value of
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FIG. 3: (a) Fourier transform amplitude of the oscillatory part ofIdark

vs. ∆E = ~eB/m∗
+ ~ωLO for 4.5, 20, 40, 60, 80, 100 and120 K.

∆Ei,1′ are reported in vertical dashed line. (b,c,d) Guides for the
eyes to identify the electronic transitions observed at (b)4.5 & 20 K,
(c) 40 & 60 K and (d) 80, 100 &120 K. Electrons are symbolised by
small points.

B, the LL arrangement strongly influences the absorption or
emission of LO-phonon.17,19

The analysis of experimental data has been realized follow-
ing the procedure used in Ref. 19, based on the Fourier trans-
form (FT) of the oscillatory part ofIdark. This method is an
efficient way to reveal the different transitions involved in the
dark current. The FT of the dark current measurements for
all temperatures are reported on Fig. 3(a). Their amplitudes
have been plotted as a function of∆E = ~eB/m∗ + ~ωLO.
This allows a clear identification of the energy transitionsbe-
tween level|1′〉 and |i〉: ∆Ei,1′ . The different values of
∆Ei,1′ have been extracted from the calculated band structure
at V = −0.1 V and have been reported on Fig. 3(a). Three
regimes of temperature can be identified. The first, the second
and the third one, contain respectively the curves at 4.5 and
20 K, those at 40 and60 K and these at 80, 100 and120 K. In
the curves at 4.5 and20 K, one peak is identified at low en-
ergy, around45 meV, and is attributed to the contribution of
transitions|1′〉 → |2〉 and|1′〉 → |3〉. In the curves at 40 and
60 K, this peak decreases while at the same time a broad peak
emerges at higher energy, around80 meV corresponding to
transitions|1′〉 → |4〉 and|1′〉 → |5〉. Finally, at 80, 100 and
120 K this behaviour is reinforced. The peak at lower energy
disappears and the one at higher energy translates to85 meV
which corresponds to the transition|1′〉 → |5〉. In addition, a
small wide peak appears at low energy. It is attributed to the
intracascade transitions and/or elastic scattering.19

As a further proof for this behaviour, we calculate, follow-
ing Ref. 19 and 27, the LO-phonon absorption scattering rates
ΓLO phonon-a

1′,i , i.e. the number of transitions per second from
level |1′〉 to level|i〉 with i ∈ {2, . . . , 5} thanks to LO-phonon
absorption for an applied voltageV = −0.1 V. The results
are provided in Table I for the three regimes, at 20, 60 and

TABLE I: Values of the LO-phonon absorption scattering rates
Γ

LO phonon-a
1′,i

for i ∈ {2, . . . , 5} in s−1 at 20, 60 and100 K for an
applied voltageV = −0.1 V. Bold characters correspond to the
highest values of the global transition rates for each temperature.

Γ
LO phonon-a
1′,i

20 K 60 K 100 K

|1′〉 → |2〉 4.1 × 10
−3

2.2 × 10
4

5.0 × 10
5

|1′〉 → |3〉 5.6 × 10
−4

3.3 × 10
4

1.2 × 10
6

|1′〉 → |4〉 2.2 × 10
−8

2.3 × 10
4

5.7 × 10
7

|1′〉 → |5〉 1.9× 10
−10

4.7 × 10
4

3.5 × 10
7

100 K. For each temperature, the peaks extracted from the FT
are in excellent agreement with the relative value of the differ-
ent scattering rates. It is finally worth stressing that the tem-
perature variation of these rates is governed by the LO phonon
populationnLO(T ) and by the electron in-plane distribution.
This is illustrated in the Fig. 4, where we consider, in a very
crude approximation, that the absorption rateΓLO phonon-a

1′,i to-
wards theith level is proportional to the fraction of mobile
electrons in the|1′〉 subband that can overcome the∆Ei,1′

energy difference by the absorption of one LO phonon:

ΓLO phonon-a
1′,i ∝ nLO(T ) exp

(

−
∆Ei,1′ − ~ωLO

kBT

)

(2)

Idark(T ) = Idark(0) + a0

5
∑

i=2

ΓLO phonon-a
1′,i (T )e−2κi∆zi,1′ ,

(3)

where Idark(0) and a0 are fitting parameters, and theT -
independent terms roughly account for the tunnel barrier to
reach the final level (κi =

√

2m∗(V0 − Ei)/~2 and∆zi,1′

the intermediate barrier width (≈ 0, 60, 100 and 100 Å for
i = 5, 4, 3 and 2, respectively)). The line in Fig. 4 corresponds
to Idark and is in agreement with experimental data. Concern-
ing Idark(0), note that: (i) it may be due to assisted scatter-
ing processes involving|1〉 and|1′〉, which are expected to be
small (owing to the large spatial separation of the two states)
and either independent (static disorder) or weakly dependent
(acoustical phonons) on temperature; (ii) it is consistentwith
small current densities (typically in the nAcm−2 range) that
have been reported in QWIPs with weakly coupled wells.28,29

To conclude this section, as well as the establishment of
the different transitions involved in the dark current, their im-
portance as a function of temperature is also demonstrated.
At low temperature, only levels|2〉 and|3〉 contribute toIdark

as it is schematized in Fig. 3(b). On the contrary, at higher
temperatures, mainly levels|4〉 and |5〉 contribute toIdark

(see Fig. 3(d)). Finally, an intermediate regime is highlighted
which involves all the levels of the structure (see Fig. 3(c)).
Measurements and calculations both confirm the intuitive idea
that with increasing temperature, the dominating transitions
involved in the dark equilibrium are more and more vertical in
real space. In addition, this study highlights an importantrule
for the design of a high-performance QCD. Ideally the proba-
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FIG. 4: Measured (symbols) and fitted (line) dark current atV =

−0.1 V as a function of the temperature atB = 0 T.

bilities of diagonal transitions|1′〉 → |i〉 with i = 2, 3, 4 have
to be as low as possible. As written in Eq. (3), the intercascade
current depends on∆zi,1′ and∆Ei,1′ . The former controls
the overlap between the wavefunctions via the evanescent ex-
tensionκi, and the latter gives the number of electrons in|1′〉
that have sufficient energy to be promoted by LO phonon ab-
sorption to|i〉. For short wavelength structures with high op-
tical energy such as the8 µm QCD, the cascade can be abrupt
and benefit from efficient LO phonon emission without creat-
ing dark leakage. On the contrary, at longer wavelength, e.g.
14.3 µm, experiment reveals that the cascade has to have a
flatter slope. This is the case in the studied QCD: the cascade
is constituted of four QWs whereas only two would be enough
to have two phonons stage. To avoid diagonal transitions, the
levels of the cascade have to be spatially separated because
the∆Ei,1′ have low energies.

IV. QCD UNDER ILLUMINATION

Experimental setup used for magnetophotocurrent mea-
surements is very similar to the one described in Sec. III:
the QCD is mounted inside an insert at the center of a super-
conducting coil,B being applied perpendicular to the growth
axis. Light is emitted by a globar source from a Fourier trans-
form infrared spectrometer and guided towards the sample
which is back side illuminated. The experiment consists in
measuring the current under illuminationIlight at zero voltage,
the magnetic field being swept from 0 to15 T. The experi-
ment has been performed atT = 20 K, which corresponds
to the temperature where the best detectivity of this QCD has
been reported.8

The experimental curve is shown in Fig. 6(a). The pho-
tocurrent exhibits clear oscillations as a function ofB super-
posed on a general decreasing behaviour due to the magne-

1|

2|

3|

4|

5|

1'|

x5    5,4

x4    4,3

x3    3,2    

x2    2,1x2    2,1'

x3    3,1'

x4    4,1'

x5    5,1'

x2    2',1'

NeG

FIG. 5: Schematization of the QCD and scattering rates involved
in the model of photocurrent. Electrons can only scatter between
two consecutive levels|i〉 → |i − 1〉 in the cascade and towards the
ground state|i〉 → |1′〉.

toresistance of the contacts. The arguments to understand the
oscillatory part of the experimental data are based on the Lan-
dau quantization previously described in Sec. III. The dark
current is well described by solving the electron balance of
the intercascade transitions. As for the photocurrent, it re-
sults from a displacement of electrons after a photon absorp-
tion. This perturbation of the dark equilibrium is fruitfully
described with a model that follows the photoelectrons while
they go down the cascade. A complete description of the
mechanisms involved in the photocurrent and a model de-
scribing it as a function ofB are presented in the following
section.

V. MODEL DESCRIBING PHOTOCURRENT

In this section, we describe the model that explains the mag-
netophotocurrent oscillations in the QCD. The model of trans-
port proposed is based on a rate equation approach within one
single period. We assume electrons can only scatter between
two consecutive levels|i〉 → |i − 1〉 in the cascade and to-
wards the ground state|i〉 → |1′〉 as schematized in Fig. 5.
This model is a generalization of the previous one presented
in Ref. 20. The sheet densityni of level |i〉 is ni = neq

i + xi,
whereneq

i is the sheet density at equilibrium (no bias applied
and without illumination) andxi the sheet density due to pho-
ton absorption.xi andni follow

5
∑

i=1

xi = 0 and
5

∑

i=1

ni = Ne . (4)

Under illumination, as illustrated in the Fig. 5, the rate equa-
tions relatingxi, the absorption efficiency coefficientG —
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supposed constant — and their time derivatives read:


































dx5

dt
= NeG − x5Γ5

dxk

dt
= xk+1Γk+1,k − xkΓk with k = 2, 3, 4

dx1′

dt
= −NeG +

5
∑

i=2

xiΓi,1′

(5)

where∀i ∈ {2, . . . , 5}, Γi = Γi,1′ + Γi,i−1 and

Γk,l = ΓLO phonon-e
k,l + Γroughness

k,l + Γimpurities
k,l (6)

is the global scattering rate of an electron from level|k〉 to
level |l〉 including LO-phonon emission, roughness and ion-
ized impurities mechanisms. The current we are measuring in
our macroscopic experimental setup is given by

J

q
= x2Γ2,1 , (7)

whereJ is the current density andq the charge of electron. In
stationary state, solutions of Eqs. (5) combined with Eq. (7)
leads to

J

q
= NeGηtot , (8)

where

ηtot =

5
∏

i=2

ηi =
Γ5,4Γ4,3Γ3,2Γ2,1

Γ5Γ4Γ3Γ2

, (9)

with

∀i ∈ {2, . . . , 5} , ηi = 1 −
Γi,1′

Γi

=
Γi,i−1

Γi

. (10)

Theηi represent the probability for an electron on level|i〉 to
go down the cascade instead of going back on level|1′〉. ηtot

represents the probability for an electron on level|1′〉 to scat-
ter on level|1〉, in other word this is the fraction of electrons
that goes from one active well to the other one thanks to pho-
ton absorption. This coefficient is a good figure of merit to
evaluate the efficiency of the QCD.

As mentioned in Ref. 20, three mechanisms are known to
be dominant in midinfrared GaAs QCD — ionized impurities,
LO-phonon and interface roughness. The calculated scatter-
ing rates of these different processes atB = 0 T, T = 0 K and
zero voltage are presented in Table II. LO-phonon scatter-
ing rate has been calculated following Ref. 30. For interface
roughness, we used a Gaussian autocorrelation of the rough-
ness with an average height of∆ = 2.8 Å and a correlation
length ofΛ = 60 Å.20,31 For ionized impurities scattering, we
used Ref. 20. Table II shows that the predominant mechanism
for Γi,1′ andΓ5,4 is ionized impurities scattering. This empha-
sizes the trade-off of the location of doping in the first quan-
tum well, in agreement with previous studies.20 On the one
hand doping is a limiting scattering because electrons on lev-
els|i〉 scatter back to level|1′〉. On the other hand, it enhances

TABLE II: Scattering rates in s−1 for different electronic scattering
processes from level|k〉 to level |l〉 at B = 0 T. The dominant
mechanisms are in bold.

|k〉 → |l〉 Γ
LO phonon-e
k,l Γ

roughness
k,l Γ

impurities
k,l

|5〉 → |1′〉 1.6 × 10
12

2.4 × 10
12

2.0 × 10
13

|4〉 → |1′〉 6.6 × 10
10

9.1 × 10
10

7.4 × 10
11

|3〉 → |1′〉 8.2 × 10
8

7.5 × 10
8

8.4 × 10
9

|2〉 → |1′〉 2.3 × 10
8

1.6 × 10
8

2.2 × 10
9

|5〉 → |4〉 6.1 × 10
4

5.7 × 10
11

2.7 × 10
13

|4〉 → |3〉 7.8 × 10
9

5.4 × 10
11

9.9 × 10
11

|3〉 → |2〉 2.3 × 10
0

8.2 × 10
12

1.7 × 10
13

|2〉 → |1〉 1.7 × 10
10

1.7 × 10
10

8.1 × 10
4

TABLE III: Extrapolated values ofηi atB = 0 T.

ηi η5 η4 η3 η2

(%) 55 64 100 93

the scattering from|5〉 to |4〉, which improves the performance
of the QCD. Besides, we notice that inside the cascade, impu-
rities scattering is most of the time the dominant mechanism,
prevailing over the LO-phonon mechanism, supposed to con-
trol the flow of electrons at the structure conception. Indeed
the differences of energy involved in intercascade transitions
are predominantly smaller than~ωLO making elastic scatter-
ing mechanisms dominant. This reinforces what we pointed
out previously,20 that the design of the cascade has to fullfil
a trade-off: a close cascade to efficiently extracts carriers and
far enough to limit backscattering.

VI. ANALYSIS OF EXPERIMENTAL DATA UNDER
ILLUMINATION

In this section, we focus on the interpretation of photocur-
rent Ilight as a function ofB owing to Eqs. (8) and (9). To
modelizeIlight we need to computeηtot as a function ofB, i.e.
calculate the scattering rates of the different elastic andinelas-
tic mechanisms involved in the QCD. The first part of Eq. (9)
shows thatηtot is the product of 4 terms. It is thus valuable
to compareIlight with each one of these terms. Eachηi, for
i = 5, 4, 3 and 2 has been plotted in Fig. 6(b), (c), (d) and (e)
respectively. According to Ref. 30, we considered a Gaussian
broadening of the Landau levels with a widthδ = 4 meV, a
value consistent with~Γ5,1′ (see below).

The first interesting numbers are the values ofηi obtained
by extrapolation of the data under magnetic field atB = 0 T.
They are presented in Table III. As mentioned in Sec. V, the
key point in QCD electronic transport is the transit of elec-
trons from the upper level of the active region (level|5〉) to the
cascade. In the present case, only 55 % of photoabsorbed elec-
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FIG. 6: (a) Experimental curve of photocurrentIlight as a function of
magnetic field. (b,c,d,e) Evolution of the factors (b)η5, (c) η4, (d)
η3 and (e)η2 as a function of the magnetic field. These factorsηi

appear in the model describing the photocurrent as a function of B
in Eq. (10).

trons go from|5〉 to |4〉 and then 64 % from|4〉 to |3〉. These
fractions are a consequence of the electron-ionized impuri-
ties scattering that transfers backward a non-negligible part of
electrons from level|5〉 to level|1′〉. On the other hand, once
engaged in the cascade, electrons flow with a high efficiency
(100 % and 93 %) thanks to all the mechanisms involved, as
discussed in Sec. V. As a consequence, the oscillating be-
haviour inIlight is governed by theηi that oscillates with the
highest amplitude,η5. This explains the good agreement of
the minima positions betweenIlight andη5. On the opposite
none ofηi=2,3,4 can account for oscillations in photocurrent.

The complete analysis is made by comparingηtot andIlight

as indicated by Eq. (8),G andNe being supposed constant.
The experimentalIlight is shown in Fig. 7(a). The opposite of
its second derivative−d2Ilight/dB2 is plotted as a function of
B in Fig. 7(b). We plotted the opposite of the second deriva-
tive so that its maxima correspond to maxima ofIlight. The
coefficientηtot is presented in Fig. 7(c). It has been mentioned

FIG. 7: (a) Experimental curveIlight as a function of the magnetic
field. (b) Opposite of the second derivative ofIlight as a function of
B. (c) Evolution ofηtot as a function of the magnetic field.

previously that the oscillating behaviour originates principaly
from the ionized impurities scattering process involved inthe
electronic transfer from|5〉 to |1′〉. This transfer leads to the
minima in the photocurrent which fit well withηtot. This can
be clearly seen on the second derivative curve where minima
and maxima are well pointed out. As explained above,η5 is
the main component ofηtot. This appears obviously compar-
ing Fig. 6(b) and Fig. 7(c). The effect ofη4, η3 andη2 is
to slowly modulateη5 and to reduce the global proportion of
electrons flowing from one active well to the next one. Under
magnetic field,ηtot oscillates between 7 % and 45 %. By ex-
trapolating the curve atB = 0 T, one obtainsηtot = 33 %, a
value that should be increased to improve the detector perfor-
mance. This analysis shows the importance during the initial
design of the band structure to drastically optimize the extrac-
tion from the level|5〉 to the cascade.

Finally, we also developed a more complex model, where
electron could scatter not only between two consecutive lev-
els |i〉 → |i − 1〉 but also between|i〉 → |i − 2〉. This model
could better take into account non elastic scattering, partic-
ularly the LO-phonon scattering, which becomes important
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when the difference of energy between two levels is higher
than~ωLO = 36 meV. However, one obtains that the general
behaviour ofηtot remains essentially unchanged: the quantita-
tive change is inferior to 7 % (extrapolation atB = 0 T gives
35 %).

Resonant tunneling has not been taken into account in this
calculation. Looking at the small overlap between wavefunc-
tions |5〉 and |4〉 on Fig. 1, it is not expected to have a sig-
nificant impact in the overall calculation. We have shown al-
ready that an elastic mechanism dominates the extraction in-
side the cascade. Resonant tunneling is more dominant in the
|3〉 → |2〉 transition, but calculation of the wavefunctions|3〉
and|2〉 in the symetric/antisymetric basis already accounts for
it.32

VII. CONCLUSION

In conclusion, magnetotransport experiments have been
performed in a complex multi quantum well structure as a
VLWIR QCD. The current in this structure, both in dark con-
dition and under illumination, is the combination of several
electronic paths due to different scattering mechanisms dif-
ficult to analyse together. In these conditions, the magnetic
field has proven to be a powerful tool to highlight separately
the different channels involved in the current.

Dark current study has revealed three regimes of transport.
At low temperature (T 6 20 K), low energy transitions are
dominant whereas at high temperature (T > 80 K), higher
energy transitions are involved thanks to thermal activation.

Influence of temperature plays a key role because in the VL-
WIR range, the difference of energy between the lower and
the upper level of the optically active QW is smaller than in
long wave infrared. These results are in agreement with the
best performances observed and used for the working opera-
tion of this QCD (T ∼ 20 K).

Under illumination, a model has been developed to describe
the oscillating part of the magnetophotocurrent. This model
has the advantage to include all the levels of the structure,
which was not the case in a previous study.20 From a fun-
damental point of view, it reveals the subtle entanglement of
scattering mechanisms that occurs in quantum well structures.
The transport properties are the result of multiple trade-offs :
the cascade has to be efficient, i.e. have a good extraction
but should be distant enough from level|1′〉 ; ionized impu-
rities promote extraction but enhance the backscattering from
the cascade to|1′〉 ; transport in the cascade was thought to
be principally governed by LO phonon during the design con-
ception of the QCD but the different scattering mechanisms
contribute actually. For applications, this study gives the key
points to optimize the design of the new structures for the next
generation of VLWIR QCD.
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20 F.-R. Jasnot, N. Péré-Laperne, L.-A. de Vaulchier, Y. Guldner, F.
Carosella, R. Ferreira, A. Buffaz, L. Doyennette, V. Berger, M.
Carras, and X. Marcadet, Phys. Rev. B82, 125447 (2010).

21 B. S. Williams, Nature Photon.3, 732 (2009).



8

22 A. Delga, M. Carras, L. Doyennette, V. Trinité, A. Nedelcu,and
V. Berger, Appl. Phys. Lett.99, 252106 (2011).

23 A. Delga, M. Carras, V. Trinité, V. Guériaux, L. Doyennette, A.
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