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Photocurrent measurements have been performed on a queateade detector structure under strong mag-
netic field B applied parallel to the growth axis. The photocurrent shasgillations as a function d. In order
to describe this behavior, we have developed a rate equatiolel. The interpretation of the experimental data
supports the idea that an elastic scattering contributiagspa central role in the behavior of these structures.
We present a calculation of the electron lifetime versusmeég field which suggests that impurities scattering
in the active region is the limiting factor. These experitsdead to a better understanding of these complex
structures and identify key parameters to optimize theriméur

I. INTRODUCTION I1. QCD STRUCTURE

The quantum cascade detedt((QCD) recenﬂy proposed The QCD under StUdy is a GaAs/AlGaAs heterostruc-
and realized in both the mid-infraréchnd in the TH3#  ture with a detection wavelength &fum. It consists of
range, is a photovoltaic version of the quantum well infdare 40 identical periods of 7 coupled GaAs quantum wells
photodetector (QWIP) The band structure of these devices is(QWS). Al 34Gay 66As barriers are used in order to
designed as a quantum cascade laser (QCL) under no appliégRch a conduction band-offset 875 meV. N-doping of
electric field:® As such, the QCD structure is designed the first QW ¢ x 10'"cm~?) of each period allows to
to generate an electronic displacement under illuminatioopulate its first energy leveldown) in the conduction
through a cascade of quantum levels without the need dpand with electrons (see Fig 1). We stress the fact that
an applied voltage. They are totally passive systems anguch doping level is much higher than in standard QCL
show a response only to photon excitation. Owing to thisstructures, and also that dopants are placed in the first
photovoltaic behavior, QCDs can work with a higher dopingQW, i.e., in the active region of the QCD. The layer se-
level than QWIPs and therefore possess h|ghe|’ quantuﬂ]uenceim Starting from the first quantum well is as follows

efficiencies, lower dark currents and longer integratiore. ~ 67.8/56.5/19.8/39.6/22.6/31.1/28.3/31.1/33.9/31.1/39.6 /31.1/4!
(the barrier widths are represented in bold types). Figure 1

[ecalls the principle of the device: owing to the absorption
of a mid-infrared photon, an electron is excited from the
nf ndamental level of the structuféown) to the upper levels

I_ﬁp) which are delocalized across the first two QWs. High

QCDs have already been realised with different materia
systems over the last few yedr&® A typical mid-infrared
QCD structure contains several identical periods, each o

f th ini 1 I X .
of them containing between 5 and 10 coupled quantu dipole matrix elements betweenp) and the other energy

wells. A period is made of an ‘active region’ dedicated toI vels of th de allows electrons to be transferrdasto t
the absorption of infrared photons and a ‘cascade region'.e €ls ol the cascade aflows €lectrons 1o be transie 0

optimized for the electron transfer between two conseeutiv”ght QWs as a result of a series of LO-p_hor_wn scattering
regions. events. Levels in the cascade are labeliedwith i = 1 to 5.

The last QW of the cascade is identical to the first one and the

) _ . period is repeated in order to increase the induced potentia
Ina semiconductor quantum well structure, a magnetic fielgnat results from this electron transfer. By closing theui;

applied along the growth direction breaks the 2D in-plame co 4 significant photocurrent is expected without any applied

tinuum into discrete Landau levels (LLs). This experimen-pizs  The studied samples aré) x 100 um? square mesas
tal technique has been used to evaluate the different eontrjptained by reactive ion etching.

butions of various scattering mechanisms in complex quan-
tum cascade structuré8:12The aim of the current magneto-
photocurrent study is to understand electronic transport i
QCDs under illumination and to study the scattering mech-
anisms involved in these complex structures at their warkin
temperature§0 K). We further develop a simple model of QCDs are mounted inside an insert at the center of a
transport under illumination in a QCD as well as calculagion superconducting coil where a magnetic fiétdip to16 T can

of rates for various electron scattering mechanisms. Tdgitou be applied parallel to the growth axis. Light is emitted by a
a comparison between experimental and calculation resultglobar source from a Fourier transform infrared spectremet
we highlight the mechanism limiting the response of QCDs. and guided to the sample. The experiment consists in measur-

I11. MAGNETO-PHOTOCURRENT MEASUREMENTS
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FIG. 1: Conduction band diagram of one period ofsgam QCD
showing the wavefunction of each energy levels. Note that th B(T)

ground state of the first QW belongs to the former period andtisd

|down). The arrows illustrate the electronic path during a detecti

event. FIG. 2: (a) Current under illumination as a function of magméeld

at zero bias. (b)i:4n: @s a function of the magnetic field where the
contribution of the magnetoresistance has been subtra@tpéan-

ing the current under illuminatiof ., without any applied  chart of|up, 0) and|down, p) as a function of3 from Eq. 1 taking
voltage, at30 K while the magnetic field is swept from zero into account the band nonparabolicity.

to its maximum value.

Typical results are shown in figure 2(a). The photocurrent;,,
shows oscillations as a function of the magnetic field, super
posed on a general behavior corresponding approximately Figure 2(c) represents the evolution in energy of the Lan-
to a quadratic decrease. This main decreasing componentdgu levels|up, 0) and |down, p) as a function of magnetic
attributed to the magneto-resistance of the contacts of thgeld from Eq. 1, taking into account the band nonparabolic-
samplet? This quadratic decrease has been removed from they. Minima of current in magnetic field are in good agree-
experimental data in figure 2(b). ment with crossing of LL|up, 0) with LLs |down, p) with

p = 6,7,8,9at B = 15.3T, 13.0T, 11.4T, 10.1T, re-

At zero magnetic field, all the quantum levels of a periodspectively (dashed vertical bars in Fig. 2). Comparing Fig-
have plane-wave-like energy dispersion in the directioalpa yre 2(b) and 2(c) leads to the conclusion that an elastic scat
lel to the layers. ADV and without any illumination, elec- tering mechanism is dominant in this structure and mainly
tronic transitions from one level to another compensaté eacinvolves [up) and|down) levels. A complete description of
other resulting in zero current (the system is in equilibfid®  the mechanisms involved in the photocurrent and a model de-
When a magnetic field is applied along the growth axis, thescribing it as a function of are presented in parts IV and V.
subbands splitinto ladders of discrete Landau levels gwen  Oscillations at low magnetic field, betweéh= 4T and9 T
are described in part V.

1
wheren andp are integersy is the index of the subband IV.  MODEL AND SCATTERING MECHANISM S
and p the index of the Landau leveliw, = heB/m* is INVOLVED IN THE CURRENT

the cyclotron energy is the electronic charge and* the

effective mass in GaAs.E! is the energy of the subband In a previous paper, we presented magneto-current mea-
edge at zero magnetic field. The effect of the magnetisurement without any illuminatiotf. These experiments put
field on the QCD photocurrent is quite similar to that in ain evidence some leakages from leyébwn) to the levels
three-level active region of a QCL where electron-scatteri in the next cascade when the detector is submitted to an
from the upper state is modulated by the magnetic fiéld. applied bias. This current is called the dark curreit,(.)
Indeed, depending on the value of the magnetic field, theand we demonstratef};,,, originates from several parallel
Landau level arrangement strongly influences the scagferincross transitions for a fixed temperature. As described in
of electrons from the variouB:p, 0) levels to|n,p), where  part lll, we do not apply any bias on our structure for these
|n, p) designates the Landau level originating from subband photocurrent experiments: the current measured in thig wor



originates from a displacement of electrons after a photon As a conclusion the currentis given by:

absorption.

. . . . J _ Tup—down
In this part, we describe in detail the model that leads to the — = aNdo’wn(
magneto-photocurrent oscillations in a QCD. We propose a
model of transport within one single period by a rate equmatio
approach. We assume that electrons are in the upper det
tor state (up)) through absorption of a photon and we estab-
Electrons can leave th

lish the rate equation for this level.
state either by falling back to the fundamental ledelon) or
through the cascade;). i.e.:

dNu Naown N, N, N,
e d - L + - L +aNdown

dt Tdown—up Tup—down Te—up Tup—c
_ (@
where the subscrlbestands for the whole cascadg; is the
sheet density of level), —1— = 37| % Tm—n the
—c up
scattering time of an electron in leveh) towards the level

|n) and« the absorption efficiency coefficient. The current
we are measuring in our macroscopic experimental setup i

given by:

- €)

Tup—c Te—up

J N, N
q

where/J is the current density angthe charge of electron. We an average helght oA =

recall the equilibrium conditions explained in part Il wheo
bias is applied and without illumination:

e
N

Tup—down
e

e
Ndown

Td —
own—up

(4)

(07 Z— c

Tup—c Te—up

The exponenté’
under illumination (Ngoun =~ N§,,,,,) @nd obviously the pop-
ulation of levellup) varies under illumination/{,,, # N,).

In a stationary state we find from equations 2 and 3:

J Ny Ny,
- = L - L + aNdown

q Tup—down Tup—down

()

The variation of population of leveélyp) in the two different
situations can be expressed as:

Nup — Nsp = &NaownTup (6)
wherez— = c——— + -
Vino (R, R;
imp ( i) = 47r505TS Z Q1

signifies equilibrium. We assume that the
population of levelldown) is the same in equilibrium and

exp[—QL |z —

) = aNdo’anE (7)

Tup—down + Tup—c

s mentioned above, as and N4, are constant, the only
igure which varies under magnetic field is the quantum
eff|C|ency QE, as a function of the subband lifetimes.

This model is in agreement with the trade-off presented
in Ref. 12, where the efficiency of the detector is ruled by
the ability to generate photocarriers and then to extraanth
owing to the cascade. As a consequence, both lifetimes
Tup—down @NdT,,_. have to be involved in the photocurrent.

The lifetimes are directly obtained from calculation of the
scattering rates of the different elastic and inelastic mec
nisms. As mentioned in Ref. 14 and Ref. 10, two mechanisms
re dominant in these mid-infrared GaAs cascade structures
LO-phonon emission and interface roughness.

We present in table | the calculated scattering rates of the
different processes a8 = 0T. For interface roughness,
we used a Gaussian autocorrelatlon of the roughness, with
2.8A and a correlation length
of A = 60A.15 LO phonon emission scattering time has
been calculated as in Ref. 14, In our structure, a third
scattering mechanism becomes important - ionized impsriti
scattering. In Ref. 10 this process has been neglected as the
doped layers were separated from the optical transition. In
this work, instead, the doping level is much higher and the
doped layers is in the core of the active region. As a direct
consequence of these two effects, we calculate that inigsirit
scattering is the most efficient process in our system.

Scattering mechanism 1/7,,—down 1/Tup—c
LO phonon emission 7.0 x 10'* 7.9 x 10!
Interface roughness 6.0 x 10*' 8.6 x 10'?
Impurity scattering 1.8 x 10'* 5.2 x 10*®

TABLE I: Scattering rates ins' are calculated using different scat-
tering processes for an electron in the) subband aB = 0T.

In order to take into account the main scattering process we
calculate ionized-impurities scattering as a function afgm
netic field. The electron-ionized impurity interaction potial
is given by®:

zi| +1Q - (p—p;)] (8)
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whereS = L, L, is the sample surfac®; = (p;,z;) isthe  wherey,,(z) is the heterostructure envelope function corre-
impurity position in the well, an®, = (Q., Q,) isthe elec-  sponding to the fi subbandg,, is the i Hermite function
tron wavevector in the layer plane. The electron wavefamcti  associated with thethLandau level and,. = /h/eB is the
in presence of a magnetic field applied along the heterostrugnagnetic length. We calculate the scattering time for ac-ele
ture growth direction, is given by tron in the lowest Landau leveh(= 0) of the upper subband

_ towards the Landau levels of lower subband using Fermi’s
ghvy 9) golden rule and assuming broadened Landau lédejijing:

VI

|m,n, ky) = Xm (2)dn (z + Eiky)

27 1 (E _E *n/th)Q
<m> ZZZ\1n k"VmpRR)|2n—0k>’ 7P| y — E1 o

i n' 2 252
wherej is the broadening parameter of LLs. According to Ref. 14jnthemogeneous broadening model results in an expression

of the average scattering rate which resembles that olatdipeeplacing the deltalike peaks of the Landau levels dgiagi

states by Gaussian functions. As such we take 6 meV, a value consistent with/ f];‘pdown obtained in the following. The
calculation of the matrix element leads to

1 27 e? 2N-
T2,n=0,k,  h \drweee, "MPs

S/

2 .
(11e Va1 ) G,y + 0, €27 n = 0,y )

1
exp | —
oV 2T P

whereNin. is the area impurity density. Making the variable chafige = + ¢k, and following Mycielskiet al*” we obtain

X

262

(EQ — E1 — n’hwc)2‘|

o | [ L\ o 1
0y + Qul 89 0 = 0.y) = e —exp(-3£0,Q, ) (I5 ) (@ +iQ0)" exp |36 (@2 + @2)]

(11)
which introduced in the previous equation gives
RS W GG R
Ton=ok, /  h \Ameoe,) ~F
1 f% ' " n'—1 (2 _ 2 2|y s 2
DHIE (5) [[ e, @+@)" " ew |- (@24 )| e VaTmallsi )
1 (By — By — nhw,)?
_ . (12
X ST P 557 (12)

Then using polar coordinate§dd@, = ¢ dQ ; df and making the variable change= %QQ , the final expression obtained

is:
1 _ 272 e? 2N
T2,n=0,k, ko \4dmeoer MPs

1
x;;WeX

Figure 3 presents a comparison between the experimental a addtthe calculated electron-ionized impurities scaiteri
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FIG. 3: (a)Al;i4n: as a function of magnetic field where the contri-
bution of the magneto-resistance has been subtrati@).lonized
impurity scattering-'"*? under magnetic field betweéap) and

up—down

|down) levels. (c) lonized impurity scatterinq';”fc under magnetic

field betweerjup) and levels in the cascade. (d) Quantum efficiency

(QE) calculated with Eq. 7

times as a function of magnetic field. Minima in photocurrent

at high field correspond to minima in the calculation (vesttic
dotted lines) and the photocurrent behavior is attributed t
oscillations ofr’""?

up—down”

V. INTERPRETATION OF EXPERIMENTAL DATA

In this section, we concentrate on the description of pho
tocurrent as a function oB owing to Eq. 7. Low magnetic
field photocurrent oscillations are also discussed. Figure

5

oscillating behavior as a function & enhancing the peak in
QF at B = 14T in accordance with experimental dat@F

is the most relevant figure and describes the performance of
the detector. Under magnetic field, tpd” oscillates between
74% and 85%. Note that, on one hand, ionized impurities
scattering is a limiting factor within'™"? but, on the

up—down
other hand, is an enhancing factor f@fﬁ’c. By extrapolating

the data under magnetic field, 8 = 0T, QF is equal to
75%, a value that should be increased to improve the detector
performance. An optimized structure should take thesdtsesu
into account by shifting the ionized impurities from theieet

mp

region, where they are enhancingr, ;.. to a position
where they would only contribute tf"”...

Second, at low magnetic fieldB( < 9T), there is a
discrepancy between the experimental oscillating behavio
and the calculed) F, especially aB T where the data show a
broad peak. There can be two reasons for this: (i) the calcu-
lation of 7, itself, or (ii) a scattering mechanism for the
transport of electrons away from the active region, inshde t
cascade. Concerning the first one, in the calculation,pf .
we took into account the impurity scattering mechanism
which is found to be stronger than any other mechanism, in
particular LO-phonon emission. This is due to the fact that
the energy separation between thg) and|c;) states is short
by ~ 13meV to the LO-phonon energy. But there exists a
particular magnetic field at which the first Laudau level of
|up) will be separated fronic;) by exactly one LO-phonon.
This should occur at3/1.6 ~ 8 T and would enhance greatly
the extraction of electrons from the active region to the
cascade. Concerning the second mechanism that can enhance
the peak a8 T, it can be seen in Fig.2b that/;;,,, presents
actually two maxima aB = 5.8 Tand B = 8 T. According
to Eq.1, the characteristic energy of this series of osmltes
is AE ~ 37meV. This energy is close to the separation
energy of subsequent levels in the cascade. In the vicinity
of the crossings ofc;,0) and|c;+1,p), interface roughness
scattering enhances the flow of electrons through the cascad
Assuming that this series is relevant for our structure, two
extra maxima should arise & = 11.7T and B = 23.4T.

The latter is out of our experimental range, but the former is
present onA ;5. curve superimposed on the short period

oscillating behavior oﬁ?ﬁ’down. As such, this new series of
resonances in the cascade region also provides an explanati
to the discrepancy in amplitude between the experimental

results and the calculation ¢fF around12T.

presents a comparison between experimental results and

our model. Figures 3(b) and 3(c) show the two scattering

times involved in Eq. 7 as a function @ calculated with
electron-ionized impurities scattering. Figure 3(d) shdie
calculation of the related quantum efficiency.

First, the oscillating behavior at high magnetic field
(B > 9T) originates from the scattering process involved
in the electronic transfer frorfup) to |down). This transfer
leads to minima in the current which fit well witH™”

_ p—down
and theQE. At the same timer """

up—c

has a long period

Previously, two models were developed for this structure
to describe the dark currett!® The first one assumed a
quasi-Fermi equilibrium on all the structure due to a fast
extraction in the cascade whereas the second one assumed
a thermalized population in each subband of the cascade.
This second model helped to describe the dark current at
high temperatures, and pointed out the cascade design as a
crucial step in the structure definition. Thanks to the pnese
work, extraction towards the cascade as well as intra-dasca
resonances are highlighted as optimizing factors whicte hav
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to be improved to increase the performance of the detector. and an enhancing scattering tir’nlé;fc. We have performed
calculations in order to describe electron-impuritiestecang
Finally, it is worth stressing that the physics in this parti  as a function of magnetic field and to evaluafg”, . and
ular QCD is quite different from the one in usual quantum_imyp

d » | de | P .. Finally, we have used both our model and calculations
cascade structures (for example quantum cascade lase{gjyafine and evaluate the quantum efficiency of the structure
because the doping level is much higher and positione

) . . order to improve further this efficiency, we suggest tdtshi
in the active absorption layer. As a consequence, usu

R ) : e impurities in another location of the structure in ortter
scattering interactions are calculated to be less effi¢heart A imp .
. : : . . . minimizel/7,’" . Moreover magnetic field has allowed
the impurity scattering as shown in table I. For instance in up—down

Ref. 3. the doping level corresponds to an effective sheetS to highlight the crucial part of the design of the cascade

carrier density 08.7 x 10°cm~2 instead of5 x 10'tcm=2 N order to enhance;;”.. Thanks to this work we assess
in our sample. As such, there is no contradiction with formerthe different fundamental electronic mechanisms witherseh
work in quantum cascade structures.

complex heterostructures.
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