N

N

Description of transport mechanisms in a very long wave
infrared quantum cascade detector under strong
magnetic field
Francois-Régis Jasnot, Simon Maéro, Nicolas Péré-Laperne, Louis-Anne de
Vaulchier, Yves Guldner, Francesca Carosella, Robson Ferreira, Alexandre

Delga, Laetitia Doyennette, Vincent Berger, et al.

» To cite this version:

Frangois-Régis Jasnot, Simon Maéro, Nicolas Péré-Laperne, Louis-Anne de Vaulchier, Yves Guldner,
et al.. Description of transport mechanisms in a very long wave infrared quantum cascade detector
under strong magnetic field. Journal of Applied Physics, 2012, pp.123705. hal-00911467

HAL Id: hal-00911467
https://hal.science/hal-00911467
Submitted on 4 Dec 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00911467
https://hal.archives-ouvertes.fr

Description of transport mechanisms in a very long wave infared quantum cascade detector under
strong magnetic field

Francois-Régis JasnbSimon Maérd; Nicolas Péré-Laperne; Louis-Anne de Vaulchiet, Yves Guldner; Francesca
Carosella, Robson Ferreird Alexandre Delg&, Laetitia Doyennetté,Vincent Berger, Virginie Trinité,® and Mathieu Carrds
!Laboratoire Pierre Aigrain,Ecole Normale Supérieure, CNRS (UMR 8551),
Université P. et M. Curie, Université Paris Diderot, 24erithomond, 75231 Paris Cedex 05, France
2Laboratoire Matériaux et Phénomeénes Quantiques, Usit& Paris Diderot - Paris 7,
CNRS - UMR7162, Batiment Condorcet, 75205 Paris Cedex f&3)CE
3Alcatel-Thales 3-5 lab, Route départementale 128, 9178@istau Cedex, France

Measurements of current have been performed on a very long iwkared quantum cascade detector under
strong magnetic field applied parallel to the growth axighhander dark and light conditions. The analysis
of dark current as a function of temperature highlightsemegimes of transport involving the different energy
levels of the structure. For photocurrent analysis, we ld@esl a model based on a rate equation approach taking
into account all the electronic levels of the structure.sthbdel is in agreement with the oscillatory component
of the experimental magnetophotocurrent. It allows tofifgthe key points controlling the electronic transport
such as extraction from the upper level of the opticallyvactjuantum well, location of ionized impurities
and scattering mechanisms involved in the structure. Thikvs valuable for the future conception of high-
performance quantum cascade detectors in infrared andffared range.

PACS numbers: 71.70.Di, 72.10.-d, 73.23.-b, 73.43.Q47.5m

I. INTRODUCTION these quantum cascade structuir&s8The analysis is based

on the Landau quantization. Besides, study of QCDs under
magnetic field is of high interest for the comprehension of
guantum well structures properties. Indeed, in contragt wi
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 irB3C

is fully 2D and a complete modelling of the device is possi-

, ) - . ble down from quantum principles. For example, the diffeéren
ogy (global atmospheric temperature profile, relative imi  g|ectronic paths contributing to the dark current in QCDs ca

ity profile, cloud characteristics and atmospheric chewlist o highlighted thanks to magnetotransp8itinder illumina-

or astronomy (analysis of molecular clouds and star formsjg, magnetomeasurements of photocurrent #yan QCD

ing regions of our galaxy, spectroscopy of molecular hydroyaye evidenced the crucial role of ionized impurities in QCD
gen, detection of faint objects such as exoplanets or Prottansport propertie®

planetary dust disks). Quantum well infrared photodetscto |y this paper, after describing the QCD structure in Sec. 11,
(QWIPs) have bleoen proposed for VLWIR detection and 100kye focus on the analysis of dark current as a function of tem-
very promising?*® However, in photoconductive mode, they perature in Sec. lIl. Itis the first step to characterize theg-
operate under an applied bias leading to a strong dark cufsort properties of this QCD. The second step, in Sec. IV, is
rent that saturates the read-out integrated circuit capand 5 analyse the perturbation of this dark current due to pho-
a significant noise level. In contrast, QCDs are working INtogenerated carriers, namely study QCD under illumination

a photovoltaic mode, under no applied electric field, makingsection V is devoted to the description of the model which is
them good candidates for higher working temperature, Ionge,sed in Sec. VI to analyse experimental data.
integration times and lower dark current.. They are coutstit

of several periods, each one composed of two main parts. The
first one is the “active region” where absorption of infrared Il. QCD STRUCTURE
photons occurs. The second one is the “cascade” transfer-
ring electrons from one period to the other by scattering pro
cesses?®

Quantum cascade detectofQCDs) have been proposed
for application in a wide domain of energy radiation exterdi
from near infraredto terahert?* through the long wave (8
- 12 um) and more recently very long wal&(12 - 20 um)
infrared (VLWIR). VLWIR is a spectral range of high in-
terest because of numerous applicati6?s? e.g. meteorol-

The QCD studied in this paper is a GaAs/AlGaAs het-
erostructure for VLWIR detection. Its detection waveldngt

The VLWIR QCD studied in this paper was first presentedis 14.3 um8 The sample consists of 30 identical periods of
in Ref. 8. The maximum spectral responsivity was predictedour coupled GaAs quantum wells (QWSs). Figure 1 shows
at a negative biad/ = —0.6V, but experiment has revealed one period of the QCD structure. Barriers are made of
that maximal value was reachedlat= —1.1V. This high-  Aly.27Gay.73As in order to reach a conduction band offset of
lights the difficulty of modelling and understanding of this V; = 222 meV. Starting from the first QW, the layer sequence
complex structure. In this context, the application of a magin A is as follows99,/60/37/41/47.5/50/50/58 (the barrier
netic field is a valuable experimental technique to evaltree widths are represented in bold types). The thickest QW of
different contributions of scattering mechanisms invdivie  each period isi-doped (Ve = 2.2 x 10! cm~2) to populate
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FIG. 1: Conduction band diagram of one period df4a3 pym QCD E
for VLWIR detection under zero applied bias showing the squa '_(a)
moduli of the wave function of each energy leygl Waved arrows A T T R TP T T |
represent photon absorption and straight arrows illustitae elec- 0 2 4 6 8 10 12 14
tronic path in the cascade after a detection event. Magnetic field (T)

FIG. 2: Dark current as a function of magnetic field for a fixetle

the first energy levell’) in the conduction band with elec- of the voltagel” = —0.1V at (a)20K, (b) 60 K and (c)100 K.
trons (see Fig. 1). Contrary to conventional quantum cascad
structures like quantum cascade lagérthe doping level is .
much higher and dopants are placed in the optically activéurrent measurements have been performed undera low bias
QW, i.e. in the active region of the QCD. The performanceL’ V' = —0.1V for all temperatures. Typical behaviours of
of this QCD are detailed in Ref. 8. I4ark @s a function of magnetic field are shown in Fig. 2 for

As illustrated on Fig. 1, under illumination, electrons lo- frée temperatures20K (a), 60K (b) and 100K (c). The
calized on the lowest energy level of the structiir® are dar!< current exhibits (_:Iear OSC|IIat|0n§ as afunptlorﬂ)éu-
photoexcited to the upper levil). They are then transferred PElimposed on a continuous quadratic decreasing backgroun
through scattering events to the QWs of the cascade wheMsich is attnbgted to the magnetoresistance of the cositact
levels are labelledi) with i € {1,...,4}. By closing the pf the samplé* Position and intensity of minima and max-
circuit, a significant photocurrent is expected withoutapy ~ Ma strongly depend on the temperature. Finally, note that
plied bias. The studied sample is constituted of squarpesha the measured current varies by roughly 7 orders of magnitude

mesas with.00 m side length obtained by reactive ion etch- ffom 4.5 up to120 K. _
ing. At equilibrium, cascades are well described as ther-

malised?® Levels|1) and|1’) having the smallest diffusion
rates, they contain almost all the electrons. Thus, ctitiea-
. DARK CURRENT sitions governing the dark current are the LO-phonon assist
parallel diffusions between levél’) and the neighbouring
Dcascade. Only electron-LO-phonon absorption has been take
into account, because it is the predominant mechanism in
GaAs QCD dark currerf®?Indeed the differences of energy

Under dark conditions, at zero applied voltage, the QC
is at equilibrium, resulting in zero currettAll the intersub-

band transitions verify micro-reversibility: the contrapa- involved for intercascade transitions are higher tharo, the

gating fluxes are equal. They nonetheless generate ffcide, X . ;
and their study is crucial to understand the detector perforl‘O phonon energy. Thus other scattering mechanisms can be

e . . I neglected. The application of a magnetic field perpendicula
mances. Once a bias is applied, the micro-reversibilityléon .to the layers of the QCD breaks the two-dimensional paraboli

tion is broken and dark current is generated. The objeative i . . . .
this section is to analyse the relative contributions ofitier- energy dispersion of each S!Jbb.dﬁ{(k) into a ladder of dis-
crete Landau Levels (LLgj, j) with an energy

cascade transitions involved in the dark current as a fancti
of the temperature in a QCD. 0 1

The QCD is mounted in a helium cooled cryostat inside Eij = E; + (J + 5) hwe @
an insert at the center of a superconducting coil capable of
producing fields up to 15 T. The magnetic field lines are perand separated by the cyclotron enelgy = ke B/m*, where
pendicular to the plane of the quantum wells, i.e. paratlel t i is the subband index? the energy of the subband edge at
the current flow direction. The experiment consists in meazero magnetic fieldj the LL integer index,B the magnetic
suring the dark currentl{y) along the device, the magnetic field, andm™* the energy dependent electron effective mass.
field being swept from zero to its maximum value, at sevenThe effect ofB on Iy, is quite similar to that in active region
different temperatures: 4.5, 20, 40, 60, 80, 100 &pdK. of a quantum cascade structure: depending on the value of



AE.  AE. AE. . , Tﬁ?lﬁgorl]iaValues of the LO-_phonPn absorption scattering sate
;P fori € {2,...,5} ins™" at 20, 60 andlO0K for an
applied voltage = —0.1V. Bold characters correspond to the
highest values of the global transition rates for each teaipee.
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50 100 150 200 100 K. For each temperature, the peaks extracted from the FT

(a) AE (meV) ® are in excellent agreement with the relative value of thiedif

ent scattering rates. It is finally worth stressing that #ma-t
_ _ _ perature variation of these rates is governed by the LO pfono
FIG. 3: (a) Fourier transform amplitude of the oscillatoartof Igark populationn o (7T") and by the electron in-plane distribution.

vs. AE = heB/m” + hwo for 4.5, 20, 40, 60, 80, 100 and0K. Thiq i jllustrated in the Fig. 4, where we consider, in a ver
AE, , are reported in vertical dashed line. (b,c,d) Guides for the g- % ; y

. . . phonon-a
eyes to identify the electronic transitions observed ad(B)e 20K, ~ crude apprOXImatlt?n, that th? absorption rﬁt(% to--
(c) 40 & 60K and (d) 80, 100 &120 K. Electrons are symbolised by wards thei" level is proportional to the fraction of mobile

small points. electrons in thgl’) subband that can overcome theF, 1/
energy difference by the absorption of one LO phonon:

B, the LL arrangement strongly influences the absorption or Lo phonon-a _AE; 1 — hwio

emission of LO-phonof’1 Tus o nio(T) exp keT 2)

The analysis of experimental data has been realized follow- 5
ing the procedure used in Ref. 19, based on the Fourier trans- Tiar(T) = Igar(0) + ao Z kaJiphonon-a(T)ef%iAzi,u
form (FT) of the oscillatory part ofyark. This method is an =
efficient way to reveal the different transitions involvedie (3)
dark current. The FT of the dark current measurements for
all temperatures are reported on Fig. 3(a). Their ampldudewhere I4,«(0) and ay are fitting parameters, and tHg-
have been plotted as a function AfE = heB/m* + hiw,o. independent terms roughly account for the tunnel barrier to
This allows a clear identification of the energy transitibes  reach the final levels; = \/2m*(Vy — E;)/h% and Az, 1/
tween level|l’) and [1): AE; ;.. The different values of the intermediate barrier width( 0,60, 100 and 100 A for
AE; 1 have been extracted from the calculated band structurg— 5 4 3 and 2, respectively)). The line in Fig. 4 corresponds
atV = —0.1V and have been reported on Fig. 3(a). Threeg 7., and is in agreement with experimental data. Concern-
regimes of temperature can be identified. The first, the seconyyg Isan(0), note that: (i) it may be due to assisted scatter-
and the third one, contain respectively the curves at 4.5 anghg processes involving ) and|1’), which are expected to be
20K, those at 40 and0 K and these at 80, 100 and0K. In  small (owing to the large spatial separation of the two sjate
the curves at 4.5 angD K, one peak is identified at low en- ang either independent (static disorder) or weakly depende
ergy, aroundts meV, and is attributed to the contribution of (5coustical phonons) on temperature; (i) it is consistattt
transitions1’) — [2) and|1") — |3). Inthe curves at 40 and small current densities (typically in the nAcrh range) that
60K, this peak decreases while at the same time a broad peigye been reported in QWIPs with weakly coupled W&
emerges at higher energy, arousimeV corresponding to  To conclude this section, as well as the establishment of
transitions|1’) — |4) and[1’) — [5). Finally, at 80, 100 and  the different transitions involved in the dark current,itfie-
120 K this behaviour is reinforced. The peak at lower energyportance as a function of temperature is also demonstrated.
disappears and the one at higher energy translat€sm®V At low temperature, only level®) and|3) contribute togark
which corresponds to the transitigh) — [5). In addition,a 55 it is schematized in Fig. 3(b). On the contrary, at higher
small wide peak appears at low energy. It is attributed to thgemperatures, mainly levelg) and |5) contribute to Jga
intracascade transitions a_nd/or ela_stlc scatteing. (see Fig. 3(d)). Finally, an intermediate regime is hightégl
~ As afurther proof for this behaviour, we calculate, follow- which involves all the levels of the structure (see Fig. B(c)
ing Ref. 19 and 27, the LO-phonon absorption scatteringratepeasurements and calculations both confirm the intuitieelid

3

F&?iphonon'a} i.e. the number of transitions per second fromthat with increasing temperature, the dominating tramsti
level|1’) to level|i) with i € {2,...,5} thanks to LO-phonon involved in the dark equilibrium are more and more vertical i

absorption for an applied voltagé = —0.1V. The results real space. In addition, this study highlights an importate
are provided in Table | for the three regimes, at 20, 60 andor the design of a high-performance QCD. Ideally the proba-
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in the model of photocurrent. Electrons can only scattewbeh
two consecutive levelg) — | — 1) in the cascade and towards the
ground statéi) — [1').
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FIG. 4: Measured (symbols) and fitted (line) dark currenVat=  tgresistance of the contacts. The arguments to underdtand t
—0.1V as a function of the temperature At=0T. oscillatory part of the experimental data are based on the La
dau quantization previously described in Sec. Ill. The dark
current is well described by solving the electron balance of
the intercascade transitions. As for the photocurrentg-t r

to be as low as possible. As writtenin Eq. (3), the intercdsca g jis from a displacement of electrons after a photon absorp
current depends onz; - and AE;1,. The former controls oy - This perturbation of the dark equilibrium is fruithyal

the overlap between the wavefunctions via the evanescent €4ggcriped with a model that follows the photoelectrons evhil
tensions;, and the latter gives the number of electronflil  they go down the cascade. A complete description of the
that have sufficient energy to be promoted by LO phonon abmechanisms involved in the photocurrent and a model de-

sorption to[i). For short wavelength structures with high op- g¢riping it as a function of3 are presented in the following
tical energy such as theum QCD, the cascade can be abrupt ggtion.

and benefit from efficient LO phonon emission without creat-

ing dark leakage. On the contrary, at longer wavelength, e.g

14.3 um, 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 transitioms, th V. MODEL DESCRIBING PHOTOCURRENT
levels of the cascade have to be spatially separated because

the AE; 1- have low energies.

bilities of diagonal transitiond’) — |¢) with i = 2, 3,4 have

In this section, we describe the model that explains the mag-

netophotocurrent oscillations in the QCD. The model of¢ran
IV. QCD UNDER ILLUMINATION port proposed is based on a rate equation approach within one
single period. We assume electrons can only scatter between

Experimental setup used for magnetophotocurrent meay'C Sonsecutive levels) — |i —1) in the cascade and to-

. , ; o
surements is very similar to the one described in Sec. III'WardS the ground staté) — |1°) as schematized in Fig. 5.

the QCD is mounted inside an insert at the center of a supel-f[hls model is a generalization of the previous one presented

. o\ s e
conducting coil,B being applied perpendicular to the growth Ref. %qo The sheet density of level |i) is n; = n;" + i,
axis. Light is emitted by a globar source from a Fourier tFansWhere."i IS fche s_hee_t density at equilibrium (_no bias applied
form infrared spectrometer and guided towards the Sampland W|thout_|llum|nat|0n) and; the sheet density due to pho-
which is back side illuminated. The experiment consists in on absorptiona:; andn; follow
measuring the current under illuminatidgn at zero voltage,
the magnetic field being swept from 0 16 T. The experi- 5 5
ment has been performed &t = 20K, which corresponds Zmi —0 and an — Ne. )
to the temperature where the best detectivity of this QCD has P =
been reported.

The experimental curve is shown in Fig. 6(a). The pho-
tocurrent exhibits clear oscillations as a function®btuper-  Under illumination, as illustrated in the Fig. 5, the rateiaq
posed on a general decreasing behaviour due to the magn@ns relatingz;, the absorption efficiency coefficiett —



supposed constant — and their time derivatives read: ] . ] ] )
TABLE II: Scattering rates in's* for different electronic scattering

d:z:5 processes from levek) to level |l) at B = 0T. The dominant
o = NeG — 51 mechanisms are in bold.
d . ) LO phonon-e oughne: impuritie
=k = Tpp1 Do —2xle wWithk=2,3,4 5 k) =10 Tya Y
dt ' ( ) / 12 12 13
q 5 [5) — |1y 1.6 x 10" 2.4 x 10** 2.0 x 10
1/
dtl = —NeG+ Y Ty [4) — 1) 6.6x10"" 9.1x10" 7.4x10"
=2 13) = [1) 82x10° 75x10° 8.4 x10°
wherevi € {2,...,5}, T =T 1 +T};,-1 and 12) = [1') 2.3x10° 1.6x10° 2.2 x 10°
Fkl _ 1—‘LO phonon- e+ 1—\roughnes '+ 1—umpurmes (6) |5> N |4> 6.1x10* 57x 10" 2.7 x 103
: , 4) —[3) 7.8x10° 54x10'" 9.9x 10"
is the global scattering rate of an electron from lefel to = 13) . b 15
level |I) including LO-phonon emission, roughness and ion- 13) = 2) 23x10° 82x10° 1.7x10
ized impurities mechanisms. The current we are measuring in |2) — [1) 1.7 x 10™° 1.7 x 10*° 8.1 x 10*
our macroscopic experimental setup is given by
J
i wal'a 1, (7) TABLE lII: Extrapolated values ofy; at B = 0 T.
where. is the current density angthe charge of electron. In i 5 U 3 2
stationary state, solutions of Egs. (5) combined with E{J. (7 (%) 55 64 100 93
leads to
S NG 8
q ¢ Thot » @) the scattering fronb) to |4), which improves the performance
of the QCD. Besides, we notice that inside the cascade, impu-
where rities scattering is most of the time the dominant mechanism
5 prevailing over the LO-phonon mechanism, supposed to con-
Mot = H n = U5ala503000, (9) trol the flow of electrons at the structure conception. Imbee
[sDylsly 7 the differences of energy involved in intercascade trast
_ are predominantly smaller thdu o making elastic scatter-
with ing mechanisms dominant. This reinforces what we pointed
Ty Tiig out previously?? that the design of the cascade has to fullfil
Vie{2,...,5},mi=1- 1: = 1;’ . (10) atrade-off: a close cascade to efficiently extracts carded
i i

far enough to limit backscattering.

Then, represent the probability for an electron on lejiglto

go down the cascade instead of going back on leM&l 7

represents the probability for an electron on Igvél to scat- VI. ANALYSIS OF EXPERIMENTAL DATA UNDER

ter on level|1), in other word this is the fraction of electrons ILLUMINATION

that goes from one active well to the other one thanks to pho-

ton absorption. This coefficient is a good figure of merit to In this section, we focus on the interpretation of photocur-

evaluate the efficiency of the QCD. rent Jign: as a function ofB owing to Egs. (8) and (9). To
As mentioned in Ref. 20, three mechanisms are known tonodelizeljigy,: We need to computg, as a function o3, i.e.

be dominantin midinfrared GaAs QCD — ionized impurities, calculate the scattering rates of the different elasticiaalds-

LO-phonon and interface roughness. The calculated seattetic mechanisms involved in the QCD. The first part of Eq. (9)

ing rates of these different processe®at 0T, T = 0Kand  shows thaty is the product of 4 terms. It is thus valuable

zero voltage are presented in Table 1l. LO-phonon scatterto compareljgn: With each one of these terms. Eagh for

ing rate has been calculated following Ref. 30. For intexfac i = 5, 4, 3 and 2 has been plotted in Fig. 6(b), (c), (d) and (e)

roughness, we used a Gaussian autocorrelation of the rougtespectively. According to Ref. 30, we considered a Gauossia

ness with an average height af = 2. 8 A and a correlation broadening of the Landau levels with a width= 4meV, a

length of A = 60 A.2031 For ionized impurities scattering, we value consistent withD's ;- (see below).

used Ref. 20. Table Il shows that the predominant mechanism The first interesting numbers are the valuegobbtained

forI'; ;- andl's 4 is ionized impurities scattering. This empha- by extrapolation of the data under magnetic fieldat= 0 T.

sizes the trade-off of the location of doping in the first quan They are presented in Table Ill. As mentioned in Sec. V, the

tum well, in agreement with previous stud®@sOn the one  key point in QCD electronic transport is the transit of elec-

hand doping is a limiting scattering because electronswn le trons from the upper level of the active region (lefe) to the

els|:) scatter back to levél’). On the other hand, it enhances cascade. In the present case, only 55 % of photoabsorbed elec
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FIG. 7: (a) Experimental curvéign: as a function of the magnetic
field. (b) Opposite of the second derivative pfn: as a function of
B. (c) Evolution ofnio as a function of the magnetic field.

FIG. 6: (a) Experimental curve of photocurrdign as a function of
magnetic field. (b,c,d,e) Evolution of the factors {B) (c) 74, (d)
ns and (e)nz as a function of the magnetic field. These factgrs
appear in the model describing the photocurrent as a funcfid3
in Eq. (10).
previously that the oscillating behaviour originates pifraly
from the ionized impurities scattering process involvethia

o electronic transfer fron) to |1’). This transfer leads to the
trons go from}5) to |4) and then 64 % froni) to [3). These  \hinima in the photocurrent which fit well with. This can

fractions are a consequence of the electron-ionized impuriyg ¢jearly seen on the second derivative curve where minima
ties scattering that transfers backward a non-negligiteq 4 maxima are well pointed out. As explained aboyeis
electrons from levell5) to level|1’). On the other hand, once (o main component of.. This appears obviously compar-
engaged in the cascade, electrons flow with a high eﬁicienc%g Fig. 6(b) and Fig. 7(c). The effect ofi, 75 and s is
(100 % and 93 %) thanks to all the mechanisms involved, ag,"gjowly modulate;; and to reduce the global proportion of
discussed in Sec. V. As a consequence, the oscillating begectrons flowing from one active well to the next one. Under
haviour in gy is governed by they; that oscillates with the magnetic field ;o oscillates between 7 % and 45 %. By ex-
highe;t_amplitudgr,;g,. This explains the good agreemer_1t of trapolating the curve aB = 0T, one obtainsyy = 33 %, a
the minima positions betweefign andz;. On the opposite 5 e that should be increased to improve the detector perfo
none offji—» 3,4 can account for oscillations in photocurrent. ance  This analysis shows the importance during the linitia
The complete analysis is made by comparniggandlig:  design of the band structure to drastically optimize thesext
as indicated by Eq. (8)7 and Ne being supposed constant. tion from the level5) to the cascade.
The experimentaliigh; is shown in Fig. 7(a). The opposite of  Finally, we also developed a more complex model, where
its second derivatiV(-:LdQI”gm/dB2 is plotted as a function of electron could scatter not only between two consecutive lev
B in Fig. 7(b). We plotted the opposite of the second derivaels|i) — |i — 1) but also betweep) — |¢ — 2). This model
tive so that its maxima correspond to maximalgf:. The  could better take into account non elastic scattering,igart
coefficientny is presented in Fig. 7(c). It has been mentionedularly the LO-phonon scattering, which becomes important



when the difference of energy between two levels is highetnfluence of temperature plays a key role because in the VL-
thanhw o = 36 meV. However, one obtains that the generalWIR range, the difference of energy between the lower and
behaviour ofy,t remains essentially unchanged: the quantitathe upper level of the optically active QW is smaller than in
tive change is inferior to 7 % (extrapolation@t= 0T gives  long wave infrared. These results are in agreement with the
35 %). best performances observed and used for the working opera-

Resonant tunneling has not been taken into account in thigon of this QCD (" ~ 20 K).
calculation. Looking at the small overlap between wavefunc Under illumination, a model has been developed to describe
tions |5) and|4) on Fig. 1, it is not expected to have a sig- the oscillating part of the magnetophotocurrent. This nhode
nificant impact in the overall calculation. We have shown al-has the advantage to include all the levels of the structure,
ready that an elastic mechanism dominates the extraction iwhich was not the case in a previous stddyrom a fun-
side the cascade. Resonant tunneling is more dominant in tldamental point of view, it reveals the subtle entanglemént o
|3) — |2) transition, but calculation of the wavefunctio3$  scattering mechanisms that occurs in quantum well strastur
and|2) in the symetric/antisymetric basis already accounts fofThe transport properties are the result of multiple trafig-o
it.32 the cascade has to be efficient, i.e. have a good extraction

but should be distant enough from ley#) ; ionized impu-

rities promote extraction but enhance the backscatterom f
VIl.  CONCLUSION the cascade tfl’) ; transport in the cascade was thought to

be principally governed by LO phonon during the design con-

In conclusion, magnetotransport experiments have beegeption of the QCD but the different scattering mechanisms
performed in a complex multi quantum well structure as acontribute actually. For applications, this study gives kiey
VLWIR QCD. The current in this structure, both in dark con- points to optimize the design of the new structures for the: ne
dition and under illumination, is the combination of severa generation of VLWIR QCD.
electronic paths due to different scattering mechanisris di
ficult to analyse together. In these conditions, the magneti
field has proven to be a powerful tool to highlight separately Vil ACKNOWLEDGMENTS
the different channels involved in the current.
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