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We present far-infrared photoconductivitysPCd measurements for a two-dimensional electron gass2DEGd in
an InxAl1−xAs parabolic quantum well grown on a GaAs substrate. By applying a magnetic field, we observe
a response in the longitudinal resistance of the 2DEG caused by the bolometric effect of the cyclotron
resonancesCRd. We can tune the CR across the optical phonon regimes of both InxAl1−xAs and GaAs. In this
regime, we observe both optical effects from the multilayered structure and effects of the coupling between the
2DEG and the longitudinal optical phonons. We compare our results to dielectric calculations and find that the
PC signal arises from the absorption in the 2DEG but not from the total absorption of the multilayers.
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I. INTRODUCTION

Both the experimental and theoretical study of charge ex-
citations of two-dimensional electron gasess2DEGsd in the
regime of optical phonons in semiconductor multilayered
structures is currently of high interest with results remaining
controversial.1–4 There are several effects to be taken into
account for the analysis of the behavior of the optical modes
in the regime of the longitudinal opticalsLOd and transverse
optical sTOd phonons. First, the microscopical coupling be-
tween the cyclotron resonancesCRd and the LO phonon, e.g.,
the polaron effect,5 yield an anticrossing around the LO en-
ergy by tuning the magnetic field.6–11 In addition, there are
also macroscopical effects arising from the dielectric proper-
ties, which vary strongly in the vicinity of the optical
phonons. These effects lead to an absorption by the lattice at
the TO energy and therefore to a damping of the CR.12 In a
multilayered structure, interference effects play also an im-
portant role. The interferences strongly depend on the fre-
quency. Therefore, a careful comparison between the experi-
mental results and theoretical dielectric calculations is
required for the interpretation of the observed effects.

There are experimental difficulties in the study of charge
excitations in the regime of the optical phonons arising from
the reduced transmission in the reststrahlen band. In earlier
works, the electron-phonon interaction was studied by far-
infrared sFIRd reflection measurements.13 In recent works,
the FIR transmission was studied in both GaAssRefs. 1–3d
and In0.75Ga0.25As sRef. 4d quantum wells where the sub-
strate was etched to thin the sample. The results are com-
pared to dielectric calculations. From this comparison, new
questions raised concerning the physical nature of the
electron-phonon interaction. Instead of the polaron coupling,
an interaction of the CR with both the TO phonon and a
hybrid LO-phonon intersubband mode is assumed. The latter
effect is of pure dielectric origin.

We have recently developed FIR photoconductivitysPCd
spectroscopy using the 2DEG directly as the detector. This
technique is a very powerful tool for the study of charge
excitations in the regime of the optical phonons, since the
charge excitations are detected via the sample resistance
change instead of by transmission. The basic mechanism for

the PC is the bolometric effect14–17 where the absorbed ra-
diation causes a heating of the electron gas which leads to a
change in the longitudinal resistance of the 2DEG. However,
in the optical phonon regime the open question remains
whether this technique is only sensitive to the absorption of
the electron gas or also to the lattice excitations, similar to
the optical phonons. The former case means that only the
direct heating takes effect on the 2DEG. In the latter case, a
resistive change can also be induced by an indirect heating
where a heat transport from the lattice to the 2DEG occurs.

In recent works, the FIR photoconductivity response of a
conducting In-doped CdTe layer on a semi-insulating GaAs
substrate was studied.18 In this system, the PC spectra were
compared to the total absorption of the whole structure.

In this paper, we present FIR-PC measurements on a
2DEG in an InxAl1−xAs parabolic quantum well grown on a
GaAs substrate. Such a structure is also interesting for spin-
tronics devices19,20 due to the tunable spin effects.21 We ob-
serve the CR which can be tuned across the reststrahlen
bands of both InxAl1−xAs and GaAs by changing the mag-
netic field. Due to the ternary alloy of our parabolic quantum
well, the CR is relatively broad which is helpful for our
experiment focusing on the optical response of the system in
the reststrahlen band regimes. Inside the reststrahlen bands,
we observe a strong deviation from the Lorentzian line
shape. We have used a dielectric model to calculate both the
total absorption of the multilayered structure and the absorp-
tion of the electron gas only. From the comparison, we can
trace back the deviations of the line shape to macroscopical
optical effects12 arising from the multilayered structure. We
found that the PC signal in our 2DEG structure can be ex-
plained by the direct absorption of the electron system only.

An additional splitting in the vicinity of the LO phonon of
the InxAl1−xAs layers can be observed in our experiments.
This splitting cannot be explained by the dielectric effects
but arises from the microscopical electron-LO-phonon
coupling.6–11

II. THEORY

A. Bolometric model

In a photoconductivity spectroscopy experiment, ohmic
contacts are prepared on the sample and the dependence of

PHYSICAL REVIEW B 71, 035337s2005d

1098-0121/2005/71s3d/035337s6d/$23.00 ©2005 The American Physical Society035337-1



the longitudinal resistanceRxx on the incident FIR photon
frequency is monitored. By absorbing the far-infrared pho-
ton, the total energy of the electron system increases. In a
single-particle picture, one electron is excited to a higher
energy level. By electron-electron interaction, this energy
dissipates in the whole electron system. Within the bolomet-
ric model,14–17 the 2DEG can be described with a steady
state at a higher temperature. The change of the longitudinal
resistanceRxx of the electron system is given by17

DRxx =
] Rxx

] T

Psvdte

Ce
. s1d

Here,Psvd describes the power of the absorbed radiation,
te the energy relaxation time, andCe the heat capacity of the
electron gas determined by22

Ce = p2kB
2TDsEF,Bd/3, s2d

whereDsEF ,Bd is the electron density of states andT the
temperature of the electron gas. The photoconductivity inten-
sity strongly depends on the Landau filling factor and also on
the sample temperature. Energy relaxation processes, espe-
cially their time constants, are significant for the PC.

B. Dielectric calculations

The photoconductivity signal is proportional to the ab-
sorbed radiation. Therefore, macroscopic dielectric effects
are important to analyze the PC spectra. In this work, we
have used the Fresnel equations to calculate both the total
absorption of the multilayered structure and the absorption of
the electron system. In the following, we present the basic
formalism. Similar calculations have been performed in ear-
lier works.23 As we will see later, it is of interest to calculate
the absorption which occurs in a single layer of the multilay-
ered structure. To present this special technique, it is helpful
to reproduce the following equations.

The influence of the optical phonons is included in the
dielectric function of the crystal given by24

ksvd = ks`dp
i

N vLOi

2 − v2 − ivGLOi

vTOi

2 − v2 − ivGTOi

. s3d

Here,G describes the damping of the phonons. The prod-
uct is taken over all phonon modes of the material. In the
ternary mixed crystal of InxAl1−xAs, there exist two optical
phonon bands. The lower energy band is called InAs-like and
the higher energy band AlAs-like. BetweenvTO andvLO the
real part ofksvd is negative. The transmittance is reduced
between these frequencies. This region defines the rest-
strahlen band.

To describe the absorption of the 2DEG, the dielectric
function can be expanded to25

k2DEGsvd = ksvd + i
s

ve0dj
, s4d

where dj is the thickness of the electron gas which is as-
sumed to be small compared to the wavelength of the FIR
radiation.s is the high-frequency conductivity of the elec-
trons with

s± =
NSe

2t

m*

1

1 + isv 7 vcdt
. s5d

Here,NS is the 2D density of the quantum well,m* the ef-
fective mass of the electrons,t the scattering time andvc
=eB/m* the cyclotron frequency.

For each interfacesi − jd one has to calculate the complex
reflection sr ijd and transmissionstijd coefficients by the
Fresnel equations

r ij =
kz,i/ki − kz,j/k j

kz,i/ki + kz,j/k j
,

r ji = − r ij ,

tij = 1 + r ij ,

tji = 1 + r ji , s6d

wherekz,i =Îkiv
2−v2 sin2 u /c describes thez component of

the wave vector in theith layer,ki the dielectric function in
the ith layer, andu the angle of the incident radiation.

For a multi-interface system, one has to calculate the re-
flection and transmission coefficient by a recursive expan-
sion taking into account the phase difference that is collected
by transfer through each layer. For instance, the reflection
coefficient for the transition from the layern−1 to n+m can
be calculated from the corresponding results of the reflection
coefficients for the transitions from the layern−1 to n andn
to n+m by solving a geometrical series

rn−1,n+m =
rn−1,n + rn,n+m exps2ikz,ndnd
1 + rn−1,nrn,n+m exps2ikz,ndnd

, s7d

wheredn is the thickness of thenth layer.
The absorption in a single layer of a multilayered struc-

ture can be calculated from the amplitudes of the incoming
and outgoing electromagnetical waves at both sides of the
layer. These values can be extracted from the components of
the electric and magnetic field. If we define thex and y
direction in a way thatEy=0 sHx=0d, the field components

Exszd and Hyszd are given by Exszd=E0Ẽxszd and Hyszd
=H0H̃yszd, respectively, whereE0 andH0 are the amplitudes
of the incident wave. The relative field components are given
by

Ẽxszd =
ckz,n

knv

t0,n

1 − rn,0rn,N exps2ikz,ndnd

3 hrn,N exps2ikz,ndndexpfikz,nsz− zn,maxdg

− expf− ikz,nsz− zn,maxdgj,

H̃yszd =
t0,n

1 − rn,0 · rn,N · exps2ikz,ndnd

3hrn,N · exps2ikz,ndnd · expsikz,nsz− zn,maxdd

+ exps− ikz,nsz− zn,maxddj, s8d

whereN is the index of the lower half space.zn,max is thez
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coordinate at the top of thenth layer. Then, the absorption in
the nth layer is given by

An = U Ẽxszn,max− dnd + H̃yszn,max− dnd
2

U2

− U Ẽxszn,max− dnd − H̃yszn,max− dnd
2

U2

+ U Ẽxszn,maxd − H̃yszn,maxd
2

U2

− U Ẽxszn,maxd + H̃yszn,maxd
2

U2

. s9d

The total absorption is given by

Atot = o
n

An = 1 − ur0,Nu2 − ut0,Nu2Îk0

kN
. s10d

Now we can defineA2DEG as the absorption of the layer
which contains the electron gasfEq. s9dg. For our PC mea-
surements we find that only the absorption in the electron gas
is important.

III. SAMPLE STRUCTURE AND MEASUREMENT
TECHNIQUE

Our sample is grown by molecular beam epitaxy on a
GaAs substrate. To compensate the lattice mismatch between
GaAs and InxAl1−xAs, a metamorphic buffer was grown with
continuously increasing In content up tox=0.75. The total
thickness of this buffer is about 1.2mm. A Si doped layer
and a spacer follows with a thickness of 10 and 20 nm,
respectively. The parabolic quantum well is composed by
first increasing the In content up tox=1 and second decreas-
ing it down to x=0.75. The total thickness of the quantum
well is about 100 nm. The sample is capped with a 20-nm-
thick In0.75Al0.25As layer. The back side of the sample is
wedged by an angle of 3° to suppress interference effects.

In our dielectric calculations, a GaAs substrate with a
thickness of 30mm is assumed with the phonon frequencies
of 273.3 and 297.3 cm−1 for the transversal opticalsTOd and
longitudinal optical sLOd phonon mode,26 respectively. In
this layer, the dynamic dielectricity isks`d=10.9. The
wedged interface to the lower half space is taken into ac-
count by defining the reflection and transmission coefficients
to be r ij =0 andtij =1, respectively. The metamorphic buffer
of InxAl1−xAs is taken into account by 16 layers with linearly
varying27 values for the phonon frequencies andks`d. For
the In contents ofx=0.0, 0.5, 1.0 the parameters are given in
Table I.

The parabolic quantum well is described by five layers
with different In contents. Because of the fact that the total
thickness of the quantum well of 100 nm is much smaller
compared to the wavelength of interestsabove 20mmd and
the thicknesses of the buffers1.2 mmd and the substrate
s30 mmd, we neglect the detail of the charge distribution of
the 2DEG in the quantum well. We assume that it is located

in the center layer withx=1.0 and a width of 0.6 nm. The
dielectric properties of this layer are described by Eq.s4d. In
this thin layer, the absorption of the optical phonons is weak
and one can interpret the result ofA2DEG described by Eq.s9d
as the absorption of the 2DEG.

The phonon damping parametersG are chosen to be
10 cm−1 for the metamorphic buffer and 2 cm−1 for the other
layers. The carrier density and mobility of our sample are
determined by magnetotransport measurements to be 4
31011 cm−2 and 20 000 cm2/V s, respectively. The effective
mass of the electron gas is determined by the CR at lower
magnetic fields to bem* =0.033me.

To increase the photoconductivity signal, a meandering
Hall bar was fabricated by chemical wet etching. The Hall
bar has a thickness ofW=75 mm and a total length ofL
=5 cm. Ohmic contacts were prepared by evaporating AuGe
alloys followed by annealing.

The sample is mounted in a variable temperature insert of
a liquid He cryostat in the center of a superconducting sole-
noid which allows us to perform measurements for tempera-
tures down toT=1.5 K and for external magnetic fields up to
B=12 T. The FIR measurements are carried out using a Fou-
rier transform spectrometer with a broadband Hg lamp. For
the PC measurements, the sample itself is used as the detec-
tor. By applying a dc current through the source and drain
contacts, the voltage drop between two probes is ac coupled
to a broadband preamplifier and recorded as an interfero-
gram. All data reported here were obtained in Faraday
geometry.

IV. RESULTS

Figure 1sad shows the photoconductivity spectrum of a
parabolic InxAl1−xAs quantum well for a magnetic field of
B=8 T at a sample temperature ofT=1.5 K. The spectrum
was taken by applying a dc current of 450 nA. The dashed
vertical lines indicate the positions of the TO phonon modes
of both InxAl1−xAs and GaAs. In addition, the frequency of
the InAs-like LO phonon mode is shown.

In Fig. 1scd the calculated total absorptionAtot of the
whole multilayered structure is shownfEq. s10dg. In sbd the
absorption of only the electron gasA2DEG is plottedfEq. s9dg.
By comparison of the calculated absorption spectra and the
experimental PC spectrum, one can see the strong similarity
between the absorption of the electron gas and the photocon-
ductivity response. In the calculated spectrum of the electron
gas, only the cyclotron resonance is responsible for the ab-
sorption. At B=8 T the CR mode is expected atvc
=226 cm−1 indicated by the arrow in Fig. 1sbd. The absorp-

TABLE I. Values of the parameters for the metamorphic buffer
of InxAl1−xAs for different In contentsx.

x vTO,InAs vLO,InAs vTO,AlAs vLO,AlAs ks`d

0.0 243.3 cm−1 243.3 cm−1 360 cm−1 402 cm−1 8.16

0.5 231.1 cm−1 243.3 cm−1 350 cm−1 371 cm−1 10.21

1.0 218.9 cm−1 243.3 cm−1 340 cm−1 340 cm−1 12.25
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tion of the electron gasA2DEG without including the phonon
modesfksvd=ks`dg is shown in Fig. 1sbd as the dotted line.
For the result with including the phonon modes, one can see
the strong deviation from the Lorentzian line shape which
indicates the interference feedback of the multilayered struc-
ture with optical phonon modes. The strongest response in
both the calculated absorption and the PC measurement can
be found atv=285 cm−1 inside the reststrahlen band of the
GaAs substrate.

A significant deviation between the calculated absorption
of the electron gas and the experimental result can be found
at the InAs-like LO phonon mode of InxAl1−xAs. In the ex-
periment, a reduced response is observed which shows an
anticrossinglike behavior by switching theB field. This ef-
fect reflects the microscopical electron-LO-phonon
coupling6–11 which is not taken into account in our dielectric
calculations.

In Fig. 2, the corresponding results for a magnetic field of
B=12 T are shown. At this magnetic field, the CR mode is
expected atvc=340 cm−1 farrow and dotted curve insbdg.
By comparing the experimental PC measurementsad to the
calculated absorptionA2DEG of the electron gassbd, one finds
an excellent agreement. The only deviation can be found for
frequencies above 350 cm−1. In this region, the intensity of
the FIR radiation is reduced by the experimental setup. In the
calculations, a constant intensity is assumed.

The total absorptionAtot of the whole multilayered struc-
ture seems to be nearly independent of the external magnetic
field fsee Fig. 1scd and 2scdg. The total absorption is domi-

nated by the absorption of the optical phonons mainly from
the substrate layer and the metamorphic buffer. By compar-
ing these calculated results to the measurement, one can see
that the absorption of the lattice has no significant influence
on the photoconductivity in our structure. This indicates that
the PC in such a structure is dominated by the direct heating
of the electron gas. Indirect heating processes by absorption
in the bulk followed by heat transport to the electron gas
seem to be very weak.

In Fig. 3, we have plotted the peak positions of the pho-
toconductivity spectra. In addition, the results of the dielec-
tric calculationssA2DEGd are shown as solid lines. The gray
areas represent the regions of the TO phonon modes in
InxAl1−xAs. The dashed lines depict the positions of the LO
phonon modes and the TO phonon of the GaAs substrate.

By comparing the experimental data to the results of the
dielectric calculations, one finds an excellent agreement ex-
cept for the region around the InAs-like LO phonon mode.
Here, the electron-LO-phonon coupling occurs which is not
taken into account in our calculations.

The strong photoconductivity response inside the rest-
strahlen band of the GaAs substrate can be observed for a
large magnetic field regime. In the regime of the InAs-like
TO phonons, a strong splitting can be found which can be
well described by the theory. The response above the AlAs-
like TO phonons can also be observed for a large range ofB.
Here, the signal amplitude is much lower than for the mode
at 285 cm−1 fsee Fig. 1sadg. Therefore, it cannot be spectrally
resolved for magnetic fields below 8 T.

FIG. 1. sColor onlined sad Experimental photoconductivity spec-
trum of the parabolic quantum well structure for a magnetic field of
8 T. sbd Calculated spectrum of the absorption of the electron gas
sA2DEGd. scd Calculated total absorption spectrumsAtotd. The verti-
cal lines indicate the positions of the TO phonon modes of
InxAl1−xAs and GaAs and the InAs-like LO phonon mode of
InxAl1−xAs. The dotted curve insbd shows the absorption of the CR
mode at this magnetic field without including the phonon modes.

FIG. 2. sColor onlined sad Experimental photoconductivity spec-
trum of the parabolic quantum well structure for a magnetic field of
12 T. sbd Calculated spectrum of the absorption of the electron gas
sA2DEGd. scd Calculated total absorption spectrumsAtotd. The verti-
cal lines indicate the positions of the TO phonon modes of
InxAl1−xAs and GaAs. The dotted curve insbd shows the absorption
of the CR mode at this magnetic field without including the phonon
modes.
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Note that in the theory only the absorption of the cyclo-
tron resonance is calculated. The CR leads to a single ab-
sorption process whose energy is proportional to the mag-
netic field. The strong modulation of the dielectric properties
and the interference effects of the multilayered structure
yield the multi-peak behavior with splittings around the TO
phonons which require no microscopic electron-phonon-
coupling mechanism.

V. SUMMARY

In summary, we have shown photoconductivity spectra of
a 2DEG in a parabolic quantum well of InxAl1−xAs grown on

a GaAs substrate. By applying an external magnetic field, we
have tuned the cyclotron resonance across the reststrahlen
bands of both InxAl1−xAs and GaAs. In the vicinity of the
optical phonon frequencies, strong deviations from the
Lorentzian line shape are observed. We have performed di-
electric calculations by solving the Fresnel equations of the
whole multilayered structure. Within these calculations, we
extract the theoretical expected absorption of the whole
sample and the absorption of the electron system only. By
comparing the results of our measurements to the calcula-
tions, we find that the PC response can be well described by
the absorption of the electron gas. Therefore, the photocon-
ductivity signal in such a structure is dominated by the heat-
ing resulting from the absorption of the electron gas. No
evidence for an indirect heating arising from the absorption
of the bulk and heat transport to the electron gas are found in
our measurements.

In both the experiment and the theory, we find that the CR
excitation is damped in the vicinity of TO phonon modes.
This damping can be explained by the strong influence of the
TO phonons on the dielectric properties. In contrast, we find
an enhancement of the CR inside the GaAs- and AlAs-like
reststrahlen bands. This behavior can be well explained by
the interference effects of the multilayered structure which
lead to a reflection of the FIR radiation by the buffer and
substrate.
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