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Using a linear response theory, interwell-tunneling absorption is calculated in a double-quan-
tum-well structure with a wide center barrier in tilted magnetic fields. Tunneling absorption of
infra-red photons occurs between the ground sublevels of the two quantum wells, with an energy
difference that is tunable. In zero magnetic field, the absorption intensity decreases significantly as
the linewidth increases with temperature. The absorption also depends strongly on the carrier den-
sities of the wells. In magnetic fields, both the in-plane and perpendicular components of the field
sensitively control and tune the absorption lineshape in very different ways, affecting the absorp-
tion threshold, the resonance energy of absorption, and the linewidth.

INTRODUCTION

Long-wavelength infra-red (IR) detectors are currently receiving increasing attention for chem-
ical sensing, thermal detection, and other applications. In this paper, we present theoretical studies
of IR tunneling absorption in weakly tunnel-coupled n-type semiconductor double quantum wells
(DQWs) (e.g., GaAs/AlGaAs) in tilted magnetic fields B = (By, B ; ). The QW are separated by a
wide barrier and have a tunable energy mismatch A between the two ground sublevels. Inter-QW
IR absorption is one of many interesting phenomena caused by tunneling between two quasi-two-
dimensional (2D) electron layers [1]. Recently, Simmons proposed to use tunneling-DQW struc-
tures for tunable IR detectors [2]. In this structure, the two QW' have independent ohmic contacts
[3]. In DC and AC tunneling transport and photoconductance, electrons flow in through one end of
a QW, undergo resonant or photon-assisted tunneling through the barrier between the two QWs,
and then flow out of the other end of the second QW. The in-plane conductances in the QWs are
much larger than the tunneling conductance, yielding negligible potential drop along the current
paths inside each QW. The linear driving electric field is in the direction perpendicular to the plane
of the two QWSs. The QWs are in equilibrium. The present study do€s not apply to strongly-cou-
pled DQWs with a thin center barrier, where entirely different physical phenomena occur [1].

Our theory is valid for tunneling absorption of IR photons between the sublevels of one QW and
those of the other QW. However, applications are made only to the typical situation where tunnel-
ing occurs between the two ground sublevels. The effect of spin splitting is neglected. In B =0,
the absorption intensity decreases significantly as the line width increases with increasing temper-
ature (7). The absorption intensity depends strongly on the electron density. In magnetic fields, the
in-plane (B)) and perpendicular (B ;) components of the field are found to sensitively control and
tune the absorption line shape in very different ways. The perpendicular component of the field
B tunes the cyclotron energy, relative positions of the two Landau ladders for asymmetric QWs,
and the interwell spectral overlap of the density of states of the Landau levels. On the other hand,
for B =0, the in-plane field By merely shifts the relative separation of the energy-dispersion par-
boloids of the two QWs in k-space, tuning the absorption maxima, minimum, and the absorption
edges. For B > 0, however, the in-plane field also modulates the effective tunneling strength by
displacing the centroid of the initial- and final-state Landau-level wave functions.
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Fig.1 Relative positions of the dispersion
parabolas of QW1 and QW2, with their
Fermi circles, for increasing By from (a) to
(). The upper parabola slides further rela-
tive to the lower one for larger By. The verti-
cal arrows indicate tunneling absorptions.
The arrows in (b) signify the transitions
responsible for the absorption edges at Z{2..
(b) (c) and the cusps at fw...

(a)
TUNNELING ABSORPTION WITH IN-PLANE MAGNETIC FIELDS (B, = 0)

For B = 0 and in the effective mass (m*) approximation, the energy-dispersion paraboloids of
the two QWS are concentric, offset by 4, as shown in Fig. 1(a) for the k, =0 plane. For nonzero 4,
DC resonant tunneling is impossible because momentum-energy conservations cannot be
achieved simultaneously on the Fermi surface, owing to the fact that the two concentric Fermi cir-
cles in Fig. 1(a) do not intersect [4]. However, tunneling can occur through the absorption of pho-
tons as illustrated schematically by the vertical arrows, which originate from the occupied states
of the lower parabola of QW1 and terminate at the vacant states of the upper parabola of QW2.
The shaded area indicates occupied 2D electron states. The absorption lineshape is sharply peaked
at the photon energy %w = 4, yielding possible applications to IR-detector devices. The energy
mismatch A can be tuned by applying a bias either between the two QW or to a surface gate. As
will be shown later, the absorption decreases with T due to the thermal depopulation and popula-
tion of the lower and upper levels, respectively. .

In By, applied in the x-direction, the in-plane wave vector k = (kXi ) is still a good quantum
number at low B when the classical magnetic length £ = (%c/eBy) /2is much larger than the QW
widths. However, the two paraboloids are shifted in k space relative to each other in the k,-direc-
tion by an amount Aky =dl¢) 2_ This is shown for k=0 in Fig. 1(b)™ 1(c) for increasing By [1].
Here d is the center-to-center distance of the QWs. Inspection of Fig. 1 implies that the absorption
lineshape should change dramatically with increasing By, as will be shown below.

For B, =0, the absorption is given, with or without By and to the lowest order in the zero-field
tunneling integral J,,, by the real part of the tunneling conductance of the QWs:

22 _
Gw)= 2n] *e ZJ' (@)~ f(z+hw)

2Ty Pu@puz ) 16 2), o)

where f(z) is the Fermi function and py;(z) is the spectral density in the i-th QW:
1 I3 (2)

Pu(e) = (z— &) + T ()% @)
The energies are given by

&y, = (k) +ek,),

&y = &(k)+e(k, — Ak))+A, (Ak, =d;—}f') 3)

where g(q) = 72¢*(2m*). In (2), I';4(2) is the imaginary part of the self-energy given in the Born
approximation by I'1y(z) = I 6(z) and Iy (2) = I,6(z - A) for short-range (i.e., delta-function)
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Fig. 2 The temperature dependence of Fig. 3 The density (N;) dependence of G of
G of sample 1 at B =0. sample 1a for a fixed value of Nj -N, at B =0.

scattéring potentials. Here 6(z) is a unit step function and I and I, are constants.
In zero magnetic field (i.e., B = 0), G(w) in (1) can be approximated as

J*ép,, T 1 PR PLC o
o Go-AP+T7 ’

Glo)= @

ﬁ Z 1+ep(A>-l-'~)

where I'=I' + I3, B= (kBT)‘l, Pp= m*S/(77?) is the 2D density of states, S is the area of the
QWs, and A, is the larger of A and Zw. Eq. (4) is exact in the limit I'7 —> O or I; — 0. The line-
shape is peaked at Zw = A. The chemical potential p is a function of the 2D densities of QW1 and
QW2 (N, and N,) and T. In Fig. 2, we show zero-field G for n-type GaAs/AlGaAs DQWs (sample
1) with Ny = 1.74X 101, N, = 0.95X 10! cm™2, A = 2.83 meV, m* = 0.067m, (m, is the free elec-
tron mass), d = 21.5 nm, and J = 0.04 meV [5, 6]. The T =0 K value of I'=0.3 meV corresponds
to the mobility of 57.4X103 cm?/Vsec. T-dependent phonon contributions I ph are added to I'=
0.3 meV for T=72 K and 300 K. Here I ph is obtained from mobility data [7]. The absorption is
broad at T= 300 K and weak due to an extreme depopulation of the lower level and population of
the upper level in this nondegenerate gas. The intensity improves significantly for large N;. This is
seen in Fig. 3 where we show the absorption for sample la for increasing Ny with a constant reso-
nance energy A (i.e., constant Nj - N). Sample 1a is identical to sample 1 except that it has I'=
2.2 meV at 300 K, corresponding to the phonon-limited mobility of 8x10% cm%/Vsec.

In an in-plane magnetic field, the field-induced broadening of the absorption lineshape arising
from the relative displacement of the dispersion parabolas of QW1 and QW2 is much larger than
I'in a high-mobility structure. In this limit (i.e., in the limit I} = I, = 0), we reduce (1) to

J2eS

= *)— F(e" 5
@)= s e (Fe") - F(e* + o)), ®)
where £ = ek, "), ky* = [(4 - Aw)/e(€") + (dI€)*)/2d, and
- dke,
PO~ e i ©

At T =0, G in (5) can be evaluated exactly [8]. Its sensitive B|-dependence is seen in Fig. 4 for
sample 1. The By = 0 T lineshape is for I'= 0.3 meV. DC tunneling is turned on at B; = 0.84 T,
where the two Fermi circles touch tangentially from inside as illustrated in the inset. The absorp-
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Fig. 4 The Bj-dependence of G of sam-
ple 1 with I'=0meV for By>0T,and I"

=0.3 meV for By=0T.
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Fig. 5 The temperature dependence of G of
sample 1 at B =0.84 T with I'=0 meV.

tion diverges as &2 for @ — 0. By-dependent behavior of the DC tunneling conductance has
been studied earlier in detail and will not be discussed here [4 - 6, 9]. The deep minimum in the By
- dependent absorption, with sharp cusps at both edges, arises from the forbidden absorption into
the Fermi sea of QW2. The sharp cusps and absorption edges are rounded for I"> 0. The absorp-
tion minimum is absent for sample 2 in Fig. 6. The parameters of sample 2 are the same as those
of sample 1 except that QW2 is empty (i.e., Ny = 0) and A = 6.7 meV. The physical origin for the

absorption edges (7%{2..) and the cusps (%w.) in Fig. 4 are illustrated in Fig. 1. The sharp edges of
G are rounded at finite T as shown in Fig. 5 at B =0.84 T for sample 1.

TUNNELING ABSORPTION IN TILTED MAGNETIC FIELDS (B, > 0)

When a perpendicular component B // z is added to an in-plane field By, Landau levels are
formed and the plane wave picture above is no longer valid. The interwell tunneling integral
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Fig. 6 Absorption per area of sample 2
with N2 = 0, I'=0.3 meV for B" =0 T, and

I'=OmerorB">OT.
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between Landau levels n and r'is given by [10]

Jn,nv - (_1)n>—n< Joe'—X/2(n<!/n>!)112x(n>—n<)lzl;::—n< (X), (7)
where n., (1) is the larger (lesser) of (n, n'). L, (x) is the associated Laguerre polynomial and x =
o2 = (d/4)*By/2B | . Note that It = do8y p for By = x =0, namely, only the n — n' = n interwell
transitions are allowed in the absence of By.

The absorption is given by

2 oo —
6=y g1, [ AL I0), et haddz+ 1 >2) ®

10)

where g = S/Q7¢ _|_2) is the Landau level degeneracy per spin, €| = (%c/e B _,_)m and

_1 I5,(2)
Pu(2)= n(z—¢, )+, (2" ©

Here I,(2) is the imaginary part of the self-energy for the Landau level energies given by
g, = (—;-+n)hcoc, Ey = (—;—+ n' Yo, + A, (10)

where @, = eB | /m*c. Egs. (8) - (10) can be reduced to Egs. (1) - (3) by using asymptotic expres-
sions for L, (x) in the limit B; — 0 (i.e., x — o) [11].

According to (7), tunneling can occur only between the Landau levels with same quantum num-
bers » in the absence of By. With nonvanishing By, the intensities of n — n transitions diminish
while those of n — n' (3 n) transitions grow from’zero initially and then oscillate with increasing
By This is illustrated in Fig. 7 for symmetric

DQWs (sample 3) for I'— 0. Here, resonant ' Asrymm‘em © Double Quantum Walls
photon energies are given by Zw = dnfiw,

where dn=n'-n=1, 2,--. The parameters of
sample 3 are given by N =N, =4X 101 cm?,
Jo=0.04 meV, and d = 17.5 nm. Three Landau
levels are filled at B | =2.8 T, where Zw, = 4.9
meV. Resonant DC (i.e., n — n) tunneling is
negligible because the Fermi level is halfway
between the Landau levelsn =2 and n =3,
where the density of states is zero. The intensi-
ties for the Zw = 27w, and 7w = 37w, absorp-
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tion arise from the superpositions of two and o B
three transitions respectively as indicated in 0 — 5
Fig. 7. As a result, their minima do not become B, m
zZero.

In Fig. 8, we plot the integrated absorption Fig.8 Integrated absorption per area of sample
from sample 4 where only QW1 has carriers. 4 for By =2.1T with N, = 0. The inset illus-
For sample 4, Ny =2X 101 cm2, N,=0,A=  trates the absorption spectra.
5.0meV, J,=0.04 meV,andd=17.5nmat B
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= 2.1 T, where 7w, = 3.6 meV and two Landau levels n =0, 1 of QW1 are filled. Note, however,
that some electrons migrate back to QW2 from QW1 (i.e., N, > 0) at B ; = 0 since the Fermi
energy (at B | =0 T) is larger than A. In this sample, transitions 0 = dn (dn =0, 1,--)and 1 = 1 +
on (6n=-1,0, 1,--) from QW1 to the empty levels of QW2 yield resonant absorption of photons
of energy 7w = dniw, + A as shown in Fig.8. The intensity for the Zw = A transition drops with
increasing By, while that of Zw = dnfw, + A (8n # 0) transition grows from zero and oscillate.

CONCLUSIONS

We have employed a linear-response theory to study the interwell-tunneling absorption in tilted
magnetic fields in weakly-coupled n-type symmetric and asymmetric double QWs with a tunable
energy mismatch between the two ground sublevels. Photon-assisted tunneling occurs between
the ground sublevels of the QWs. We have shown that applied magnetic fields sensitively alter the
threshold energy, the resonance energy, and the linewidth. In zero magnetic field, the absorption
intensity decreases significantly as the linewidth increases with the temperature. The absorption
intensity depends strongly on the electron density. In magnetic fields, both the in-plane and per-
pendicular components of the field are found to sensitively control and tune the absorption line
shape in very different ways. The perpendicular component of the field tunes the cyclotron energy,
relative positions of the two Landau ladders for asymmetric QWs, and the interwell spectral over-
lap of the density of states of the Landau levels. In the absence of a perpendicular component of
the field, the in-plane field merely shifts the relative separation of the energy-dispersion parbo-
loids of the two QWS in k-space, tuning the absorption maxima, minimum, and the absorption
edges. In the presence of a finite perpendicular component of the field, however, the in-plane field
also modulates the effective tunneling strength by displacing the centroid of the two Landau-level
wave functions involved in the transition.
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