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We show theoretically that in quantum wells subjected to a strong magnetic field the intersubband
current peaks at magnetic field values, which reveal the underlying specific intersubband scattering
mechanism. We have designed and grown a superlattice structure in which such current oscillations
are clearly visible, and in which the transition from the purely single-electron to the mixed single- and
two-electron scattering regimes can be observed by tuning the applied voltage bias. The measurements
were conducted in ultrahigh magnetic fields (up to 45 T) to obtain the full spectrum of the current
oscillations.
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Two-electron (electron-electron) scattering is the prime
mechanism which restores the thermodynamic equilibrium
in an electron gas [1]. It can play an important role in inter-
subband transport in quantum wells (QW) with sufficiently
high carrier densities [2–5]. It was also suggested as the
dominant mechanism of intersubband carrier relaxation in
QW cascade structures [6] designed to emit in the THz fre-
quency range [7]. In such structures, electron-LO phonon
scattering is suppressed, since the intersubband separation
is less than the LO phonon energy (�36 meV in GaAs).
Other studies, however, show that single-electron interface
roughness scattering can dominate the intersubband scat-
tering in some QW’s [8,9].

The electron-electron scattering rate gel-el is known to
be strongly dependent on the overall carrier density, its
distribution over subbands, and the overlap of the rele-
vant wave functions, i.e., the details of the structure de-
sign. For example, experiments on model QW systems
show that intersubband electron-electron scattering times
can be very short, of the order of 8 ps for carrier densi-
ties of 1011 cm22, for a strongly excited electron gas [3].
At low excitation levels (i.e., low upper subband popula-
tion), however, the scattering time can be as long as 1 ns,
for the same overall carrier density [2,4]. Random phase
approximation (RPA) based theory fully explains these re-
sults [5]. It was recently demonstrated that applying a
magnetic field, parallel to the growth direction of a QW
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structure designed as a THz emitter, improves the emission
yield [10,11]. This could be understood if the magnetic
field would suppress the nonradiative intersubband trans-
port, for which electron-electron scattering is believed to
be the prime candidate. Motivated by these considerations,
we have examined theoretically and experimentally the in-
fluence of a strong magnetic field on the electron-electron
scattering.

The details of our formalism for the electron-electron
scattering in the presence of a magnetic field, applied along
the growth direction of a QW, are described elsewhere [11].
We calculate gel-el directly from the imaginary part of the
electron self-energy. The screened interaction, which en-
ters the expression for the self-energy is evaluated using
RPA. We retain only the first two diagrams, since, as we
have shown earlier for the B � 0 case, this yields essen-
tially correct results for systems with low electron densities
[5], of interest in this study. For a QW with two subbands,
the final expression gel-el of an electron from the kth Lan-
dau level of the upper subband (2) into all possible Landau
levels of the lower subband (1), is [11]

gel-el �
4p

h̄

X
l,m,p

jVkl,npj
2d�Ek 1 Em 2 Ep 2 El�

3 F�m, p, l� , (1)
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Vkl,np �
ZZ

dx dx0
ZZ

dz dz0f�
2�z�f2�z0�f1�z�f�
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and where the occupation factor is

F�m, p, l� � nF �Em� �1 2 nF �Ep�� �1 2 nF �El�� 2 �1 2 nF�Em��nF �Ep�nF�El� , (3)

where x�b� � b�a2, with a �
p

eB�h̄c, fj are the quantum well wave functions, K0 is the modified Bessel function,
and up are the standard harmonic oscillator wave functions of argument ax. The energies are Ep � �p 1 1�2�h̄vc 1 ep
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where ep � D for p located in the upper subband, ep � 0
for p located in the lower subband, and vc � eB�m�c
is the electron cyclotron frequency corresponding to the
magnetic field B and effective mass m�. The indices k, m
are the initial and l, p are the final Landau level indices
of the two scattering electrons, and D is the intersubband
energy separation. Starting with the initial two electrons in
the upper subband, and ending after the scattering with two
electrons in the lower subband, the energy conservation in
Eq. (1) leads to

D �
n

2
h̄vc, n � 1, 2, 3 . . . , (4)

where n � p 1 l 2 k 2 m. This is the 2121 process,
and the notation here means that the first electron scat-
ters from subband 2 to subband 1 (first pair of indexes),
and the same happens to the other electron (second pair
of indexes). g can be nonzero only for B values which
satisfy Eq. (4). Note, that in real systems in which in-
elastic scattering is always present, g is never zero, and
Eq. (4) becomes a condition for peaks of g vs B. For the
single-electron scattering rate gse, the golden rule formula
also has the general form of Eq. (1), but with the energy
conservation allowing only for “horizontal” (elastic) single
electron transitions, i.e., Eq. (4), but with n even. It is ob-
vious from Eq. (1) that the same happens (n is even) for
the 2221 electron-electron scattering. This clearly shows
that the different scattering processes have their respective
scattering rates nonzero (or peaked for systems with in-
elastic scattering) for different sets of discrete values of
B. Any physical process which depends on the intersub-
band scattering should therefore reflect this distinction, and
could be used to study a specific scattering mechanism.

This distinction could be very useful, provided that there
is no hidden selection rule, originating from the matrix ele-
ments of Eq. (1), which could cause gel-el (2121) to vanish
for odd n. Close inspection of Eqs. (1)–(3), as well as de-
tailed calculations of gel-el for various QW’s, show that
there is no such selection rule. Figure 1 shows an example
of the calculated gel-el vs B, for the combined 2121 and
2221 transitions, and a QW described further below. In this
numerical calculation, to simulate the effects of inelastic
scattering, we replace the delta function [in Eq. (1)] with
its functional representation in terms of a Lorentzian with a
finite width d. Here we take d � 1 and 2 meV. To obtain
the occupation factor, we have assumed a complete popu-
lation inversion between the two subbands of the QW, i.e.,
upper and lower subband electron densities are, respec-
tively, N2 � 109 cm22 and N1 � 0. The calculated curve
shows, as expected, peaks with maxima at B values given
by Eq. (4), for both odd and even n. There is a mono-
tonic reduction of the peak strength with n, which reflects
the decreasing density of states of Landau levels. Also,
the peak-to-valley ratio increases with B, primarily due to
increasing separation between the Lorentzian broadened
peaks. Most importantly, there is no selection rule, i.e., no
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FIG. 1. Calculated electron-electron scattering rate gel-el vs
magnetic field B parallel to the growth axis, in a two-subband
quantum well described in the text. Solid line assumes the
Lorentzian broadening of d � 1 meV, and the dotted line d �
2 meV. Insets show corresponding, relative positions of Landau
levels in the structure, for various values of B corresponding to
n � 1, 2, and 3 in Eq. (4). Parabolas represent the energy vs
momentum dispersions of the two relevant subbands for B � 0,
and for B fi 0 they serve only as a guide to the eye. Thick
lines are for the upper and thin lines are for the lower subbands,
respectively.

suppression of the odd peaks. Inserts in Fig. 1 show the
Landau level arrangement for three values of n � 1, 2, 3.
For even values of n there is a perfect alignment of Lan-
dau levels between the two subbands. For odd values of n
there is a midway misalignment, i.e., the Landau levels of
the upper subband fall exactly in the middle between the
Landau levels of the lower subband.

In the experimental part of this work, our goal was to
design a structure in which (i) a pronounced multipeak de-
pendence of the current density J vs B is achieved, and
(ii) the transition from the purely single electron to the
mixed single- and two-electron scattering regimes can be
observed by tuning the applied voltage bias [12]. To have
J strongly depend on the intersubband scattering, the QW
must have the upper subband selectively injected, and the
lower selectively extracted, and all that at nonzero bias.
This requires a “chirped” superlattice as an injector/ex-
tractor. It might be tempting to use a strongly doped
system to boost the electron concentration, and thereby
the electron-electron scattering. However, this increased
electron-electron scattering rapidly reduces population in-
version in the QW, and as a result of the accordingly re-
duced occupation factor in Eq. (1), strongly reduces g. In
fact, we have observed such a suppression of J vs B os-
cillations in doped QW systems. Therefore, we choose
a lightly doped system with maximized J vs B oscilla-
tions, and minimized single-electron (electron-roughness)
226803-2
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scattering, by improving the quality of the various inter-
faces which define the walls of the QW. The best design
is the cascade structure described below, in which an in-
tersubband THz emission can also be observed. In this
structure, a superlattice, between each pair of QW’s, selec-
tively extracts electrons from a lower subband of the N th
quantum well, and injects them into the upper subband of
the next �N 1 1� quantum well. Specifically [13], each
segment of the cascade structure consists of the chirped
superlattice sequence of thin AlAs barriers and GaAs quan-
tum wells, with widths (in Å) 16, 148, 8, 157, 8, 178, 8,
208, 6.7, followed by the active region quantum well of
width 288 Å. The two middle QW’s in each chirped su-
perlattice are doped to 1016 cm23. The entire structure has
49 active regions, and 50 chirped superlattices sandwiched
between GaAs buffer layers of 1000 Å and Si doped to
3 3 1018 cm23. All this is grown on a 350 mm thick
GaAs substrate followed by a 3000 Å buffer layer, both
doped to 1.5 3 1018 cm23. The use of the high AlAs bar-
riers eliminates undesirable cross talk between the sub-
bands of the active region and the subbands of the chirped
superlattice, thus assuring the purely two subbands sce-
nario in each QW.

Since the intersubband scattering rate in our structure is
roughly proportional to J, by measuring J we can probe
the intersubband scattering. We measure J vs B for vari-
ous biases, and for B in the range 0 to 45 T. The ultra-
high magnetic field is needed to observe the n � 1 peak.
The experimental setup consists of a pulsed-magnet sys-
tem with accompanying cryostat to create large pulsed
magnetic fields up to 45 T in a 20 mm bore coil. This
is achieved by charging a capacitor bank to a high voltage
(4000 V) over a period of several minutes, and then releas-
ing quickly ��10 msec� the stored energy (160 kJ) into a
reinforced copper electromagnet, which is immersed in liq-
uid nitrogen. Six samples were measured in all, yielding
essentially identical results. We show data for a sample
of area 150 mm 3 100 mm. Temperature was maintained
at T � 1.9 K. The results obtained through this setup are
displayed in Fig. 2, for two biases. In addition to J vs
B curves, we measured also the THz emission from our
structure, shown in Fig. 3, using the experimental setup of
Ref. [10]. From the location of the sharp peak of emission
we determine the intersubband separation D � 19 meV.
This allowed us to confirm the validity of Eq. (4) in de-
termining the peak positions on the J vs B curves. The
inset schematically shows the Landau level arrangement
�n � 3� and the transition that leads to the THz emission.

Figure 2 shows J for the full range of B-field variation (0
to 45 T), for two biases VB � 1.7 and 2.0 V. For biases
larger than 2 V our sample enters the unstable region of
domain formation (usual for cascade structures), and the
J vs B curves cannot be reliably measured. As expected,
positions of all observed peaks in J vs B follow Eq. (4).
For VB � 1.7 V, the three main peaks from the expected
series of peaks are near 11 T �n � 2�, 6 T �n � 4�, and
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FIG. 2. Measured current density J vs magnetic field B for two
biases 1.7 V (dotted) and 2 V (solid). The vertical arrows show
positions of the peaks obtained from the equation (4), for the
corresponding values of n � 1, 2, 3, 4, and 6. The inset shows
a closeup of the peak, with background subtracted, at 21 T,
corresponding to n � 1. A Lorentzian model has been fitted
to this peak yielding Jel-el � 0.2 A�cm22, and d � 2 meV.

4 T �n � 6�. Since there are no clearly visible n � 1
or n � 3 peaks, the scattering for this bias is essentially
single electron. For VB � 2.0 V the importance of the
electron-electron (two-electron) scattering increases [13],
and a small but clearly visible peak develops at about 21 T,
which corresponds to the n � 1 condition. The inset in
the right upper corner makes this even clearer. It shows
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FIG. 3. Emission intensity vs emitted THz photon energy for
the quantum cascade structure described in text, for B � 0 T.
The inset schematically shows the radiative transition leading to
the THz emission represented by the peak in the intensity.
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the n � 1 peak with background subtracted, overlapping
with a Lorentzian model. From this model we extract the
peak strength Jel-el � 0.2 A�cm22, and d � 2 meV. A
careful inspection of the curve just below 8 T reveals also
a presence of the tiny n � 3 peak.

Now, we can estimate the degree of population inver-
sion in our structure, as defined by p � �N2 2 N1��N2.
We use here the usual flow equation J � eg�N2 2 N1� �
egN2p (e is the electron charge). It is valid in our low-
density structure for both single- and two-electron scatter-
ing, except that, while gse is independent on N2, gel-el �
N2. N2 in the active region QW of our structure is of
the order of 109 cm22. If we use gel-el � 0.015 meV
(45 ps) from Fig. 1, n � 1 (d � 2 meV curve), and the
extracted n � 1 peak strength Jel-el�2V � � 0.2 A�cm22

(from VB � 2.0 V curve), the flow equation yields p of
the order of 5%, i.e., a very weak population inversion.

More can be obtained from the requirement of the in-
trawell current continuity, which gives J � eN1gsl, where
gsl is the net chirped superlattice pass through rate, es-
sentially independent of B. Combining this with the flow
equation of the previous paragraph, neglecting the small
gel-el contribution, and employing p ø 1, we get p �
gsl�gse. In particular this implies that p oscillates vs B
(maxima of p correspond to minima of gse), and also there
is a monotonic increase of peak values of p with B, reflect-
ing the corresponding decrease of minimum values of gse
with B, for large values of B. This immediately explains
the observed THz emission results from a similar struc-
ture reported in Ref. [10], since the emission intensity is
proportional to p. In addition, if we assume that each
peak of g (either single- or two-electron) is a Lorentzian-
broadened delta function, we get that gse � 1�B2, for
B ¿ B [at n � 2 peak], and therefore

p � 1�gse � B2. (5)

For example, at B � 42 T we expect that p � 20%, i.e., a
much stronger population inversion. This approach might
lead to the demonstration of THz lasing.

We can also estimate gse at the position of the n � 1
peak. Here we assume that the background current is pri-
marily due to the tail of the n � 2 peak. Then, from Fig. 2
at the n � 1 position, we can extract separate contribu-
tions to the total J from Jel-el � 0.2 A�cm2 and Jse �
2 A�cm2, and this leads to gel-el�gse � Jel-el�Jse � 0.1,
i.e., gse � 0.15 meV (4.5 ps). This value is consistent
with the findings in Ref. [7]. From this value, in turn,
we can deduce, that for B � 0, gse must be of the order
of 1 meV ��1 ps�, since the current density there is an
order of magnitude larger than at B � 21 T. This is in
226803-4
agreement with the value measured [8], and shown [9] to
be due to the electron-interface roughness process, for a
similar QW.

In conclusion, we show theoretically that in quantum
wells the intersubband current peaks at magnetic field
values, which reveal the specific underlying intersubband
scattering mechanism. We have shown experimentally that
in a specially grown superlattice structure, which shows a
sharp THz emission, such current oscillations are clearly
visible. Furthermore, by tuning the applied bias, the tran-
sition from the single electron to the mixed single- and
two-electron scattering regimes can be observed.
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