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Photon-Drag Effect in Intersubband Absorption by a Two-Dimensional Electron Gas
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Intersubband transitions stimulated by a light wave propagating in the plane of a two-dimensional
electron gas are accompanied by a “‘photon-drag” current due to the momentum imparted by the ab-
sorbed photons. In a high-mobility electron gas at low temperatures, a peculiar effect is predicted to
occur as a result of the difference in the momentum relaxation times in the ground and the excited sub-
bands. This effect permits the implementation of novel far-infrared detectors, as well as a new type of
spectroscopy containing information about the momentum-relaxation kinetics in 2D subbands.

PACS numbers: 73.40.Lq, 07.62.+s, 42.80.Lt, 85.60.Gz

Infrared absorption between quantum-well (QW) sub-
bands was recently demonstrated by West and Eglash!
in modulation-doped GaAs/AlGaAs superlattice and also
by Levine et al.*3 using conventional doped quantum
wells. These dipole transitions are similar in nature to
those used previously for intersubband spectroscopy of Si
inversion layers*® and other charged-surface states.®
The purpose of this Letter is to discuss the state of the
motion of the QW electrons irradiated by an infrared
light propagating parallel to the plane of a QW superlat-
tice (situation quite feasible experimentally, since such
superlattices usually form a dielectric waveguide). In
general, the intersubband transitions will be accom-
panied by a measurable “photon-drag” current due to
the momentum imparted by the absorbed photons. The
frequency dependence of this current contains a wealth
of information regarding the momentum-relaxation ki-
netics in 2D subbands.

The classical (radio-frequency) photon-drag effect in
semiconductors was first discussed by Barlow.’ At low
frequencies, the electron current can be pictured in terms
of the ordinary Hall effect in crossed electric and mag-
netic fields of the electromagnetic wave. The quantum
photon-drag effect in p-type Ge at optical frequencies
was predicted by Kastalsky® and observed by himself
and co-workers® and, independently, by Gibson, Kim-
mitt, and Walker.'? In these experiments, the optical ab-
sorption was due to electronic transitions between the
valence subbands in bulk Ge. The practical utilization of
germanium photon-drag detectors was so far limited by
their low sensitivity,® typically less than 10 "% A/W. As
will be shown below, the use of a waveguide geometry
with the photon-drag current induced in a two-
dimensional electron gas (2DEG)—with its high-
mobility and high intersubband absorption coefficient
—allows one to increase the sensitivity by many orders
of magnitude (bringing it into the range ~1 A/W), and
at the same time observe a novel frequency-dependent
effect peculiar to a 2D system.

Consider a transverse-magnetic wave propagating
along the waveguide formed by an AlAs/GaAs superlat-

tice and two AlAs cladding layers, cf. Fig. 1. The super-
lattice core thickness is D =pd and each of the p periods
d consists of a dy-thick QW and a dp-thick barrier with
a duty cycle r=dw/dg. The superlattice is modulation
doped, and each QW contains a 2DEG of areal density
n. The fraction of light intensity contained within the
core is then given by

T =Qr2D?/A$)r Ae, (1)
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FIG. 1. Schematic diagram of an experimental arrange-
ment. Throughout this work, we shall be using as an example
an AlGaAs/GaAs superlattice waveguide with the following
parameters: n=10'2cm 72, d =150 A with r =%, D=0.75 um
(i.e., p =50 wells).
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where %o is the vacuum wavelength of the electromagnetic wave and Ae=eGaas — €alas With €gaas=10.88 and
€ealas =8.16 being the relative permittivities of the two materials.!! The absorption coefficient a can be calculated with
the Fermi’s “‘golden rule” for the transition probability per unit time

w(k)=%ﬂ7ez(E/2)2|<1|z|2>|2 v/n
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where Aiw;; is the intersubband separation, q is the pho-
ton wave vector, m the electron effective mass (assumed,
neglecting nonparabolicity, to be the same for all elec-
trons in the 2DEG), E is the electric field amplitude in
the direction normal to the QW, and

y=1/211+1/21, 3)

is the lifetime contribution to the width of the subband
levels | 1) and |2).

Let us ignore in first approximation the dependence of
w on the electron momentum Ak, i.e., neglect in (2) the
term A (k-q)/m which arises from the conservation of
energy and 2D quasimomentum during intersubband
transitions. In this approximation, w(k)=w and the to-
tal transition rate per unit volume equals nw/d, giving
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where f=Qmaw/h)|(1]z]2)]|? is the oscillator strength
(f==1),' i is the average refractive index of the materi-
al, Aw=w— w3, and Ro=uoc =377 Q is the vacuum
magnetic permeability constant. For A¢g=~ 10 um and
the superlattice parameters as in Fig. 1, Eq. (1) gives
I'=0.1 and with y=10"'3 s~ (cf. Refs. 1-3) one has
a=2x103cm L

In the above approximation, the entire photon-drag
current is carried by electrons in the excited subband,
since the cylindrical symmetry of the electron distribu-
tion in the lower subband is not distributed by w transi-
tions. Each excited electron receives an extra momen-
tum hq =2rmh/x, which, on the average, relaxes after the
time 7. The photon-drag current is in the direction of
the light propagation and its density Jy is related to the
radiation energy flux S in the waveguide as follows:

(4)

a=alw(w)l=
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where pu.gs=(e/m)t; is an effective mobility. A simple
way of understanding (5) is to note that a(i/c)S
represents the transferred momentum per unit volume
per unit time, i.e., the drag-force density acting on elec-
trons. Since Joxa, the spectrum Jo(w) contains little
additional information over the conventional absorption
spectra.'=® However, as we shall now see, the photon-
drag effect is much richer than that given by (5). The
above approximation, although undoubtedly reasonable
for calculating a (as done, e.g., in Ref. 1), is totally
inadequate for estimating the photon-drag current.
The gist of the matter is that the photon-drag current
J represents a small net difference between two opposite-
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ly directed larger currents: one due to excited electrons
in the upper subband, the other to remaining holes in the
lower subband. Indeed, consider Fig. 2. If we ignore the
level broadening, then the conservation laws of energy
and momentum imply that the allowed transitions must
obey

27,2
fzw+hk

h?
= + —(k+ 2
hw> 3 (k Q) y (6)

i.e., to a good approximation, A (k-q)/m =Aw. For ex-
ample, if Aw>0, then only those electrons whose
momentum has a positive component in the direction of
q can make a transition. Thus, in the presence of radia-
tion both subbands acquire an electron distribution dis-
turbed from cylindrical symmetry. The next point to
note is that the relaxation times in the two subbands can
be very different, ;> 15, especially at lower tempera-
tures. If we could follow the time evolution of J upon a
short infrared pulse with Aw > 0, then we would observe
the current to change sign after — rp, with the magni-
tude |J| rising, possibly, to a much higher value than
the initial current and then decaying after ~ 7, (during
the time interval 1, <t < r; the characteristic drift ve-
locity in the 2DEG will be of the order of its Fermi ve-
locity, hkg/m, rather than hq/m). In a steady state, the
resultant current may be directed either along or against
the “primary” current, depending on the sign of Aw, and
its magnitude can be substantially higher than that given
by (5).'> The effect is, of course, limited by the validity

FIG. 2. Intersubband transitions stimulated by an elec-
tromagnetic (TM) wave propagating along the plane of a
2DEG in the y direction. The diagram illustrates the selection
rule: k, >0 for AShAw> 0. Similarly, k, <0 for A<0, as
follows from the conservation laws for energy and momentum.
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of the conservation laws (6), i.e., by the quality factor of the intersubband resonance. In the relaxation-time approxi-
mation this limitation is described by the width y of the Lorentzian line (2).
Quantitatively, the total steady-state current is given by the difference of currents excited within each of the two sub-

bands
et et
J=—’nl—£i— njgz =7n%[(1'1_1.'])f1_1'2(f3_f|)], (7)
where f; are the rates of momentum transfer in the /ith subband per unit area of one 2DEG:
d’k _rnhn Aw
=) —hkw(k)=nh —_— 7, 8
1= Ehenkwio = ngnw 2 st (8a)
2
fo= 4K kw0 = 1+ hgni. (8b)
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Evaluation of the integrals in (8) has been done to second order in the small parameter g/kg. The result can be con-
veniently expressed in terms of the quantum efficiency of the drag-effect detector,

rhn(ti— 1)  2yAw

n= S/hw Am
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The first term in the brackets corresponds to the primary
drag current (5), whereas the second (which may be
denoted by ) describes the novel enhanced effect re-
sulting from the drag force (8a) and the difference in the
relaxation times for the two subbands. Relative impor-
tance of the two terms depends on the frequency, the
second term being maximized at Aw = y (at which point
a is reduced by a factor of 2 from its value at Aw=0).
The maximum ratio [t/ 5] = rhnt/m=Ert/h
can substantially exceed unity (Ef is the 2DEG Fermi
energy).

Varying the frequency of incident radiation in a nar-
row range near the intersubband resonance w;, and
measuring the photon-drag current J(w), one obtains
valuable information on the momentum-relaxation kinet-
ics in 2D subbands. The predicted spectral curve is given
by (9) or, for 7;>> 1,3, by

Erty  2yAw

K o)+l ] (10)

J(w)=Jo(w) |1 —

with Jg given by (5). It is worth noting that the addi-
tional information is provided entirely by the enhanced
effect, since Jo(w) mimics the intersubband absorption
spectra and depends only on 7;= (2y) ~!, whereas the
enhanced photon-drag current spectrum is modulated by
r;. It may also be possible to probe the drug-current
response at a fixed frequency, but varying carrier con-
centration.

Let us estimate the detector sensitivity for the exem-
plary structure of Fig. 1 at temperatures well below the
Debye temperature ©, say at 7=77 K. In this case, 1,
is limited mainly by optical phonon emission and 7; by
impurity scattering. Taking 7,~7x%10~ "% s, and
11~ 1071, we find [§7/7]nax~300 and n—~6%. This
corresponds to a sensitivity J/S=1.24[1o/(1 um)lp
=0.7 A/W for Ao=10 um. This estimate should be
compared with the thermal noise in the detector. In an

2ym (Aw)*+y2 |
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ideal close-circuit current-measurement arrangement,
the root-mean-square noise current in a bandwidth Af is
given by the Nyquist formula, [Inse=4kTAf/R)'?,
where the resistance R in the detector is given by
R '"=e(pn)ué with y=er;/m and & being a geometri-
cal factor. In the above example, taking R~10 Q and
Af~1 GHz, I find /05, ~6%10 "7 A, which implies that
in order to beat the noise in a detector with a 1-GHz
response, I must couple into the waveguide at least | uW
of infrared power.

In summary, [ have considered the photon-drag effect
in intersubband absorption of polarized infrared radia-
tion by a two-dimensional electron gas. In addition to
the usual drag current— present in the absorption of
light by any conductor—the intersubband absorption in
a high-mobility 2DEG system is shown to give rise to a
much enhanced frequency-dependent effect due to the
difference in the momentum relaxation times in the
ground and the excited subbands. The maximum
enhancement factor, Egti/h, is given by the ratio of the
2DEG Fermi energy to the collision-broadened width of
ground-subband levels. The photon-drag effect permits a
new type of spectroscopy containing additional informa-
tion compared with that contained in conventional ab-
sorption spectra in the same wavelength range. It also
permits the implementation of novel infrared and far-
infrared high-speed detectors.

The author is indebted to Dr. A. A. Grinberg for help-
ful discussion and for making available his monograph®
on the photon-drag effect in germanium.
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