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We use a polarizer to investigate quantum-well infrared absorption, and report experimental results as
follows. The intrasubband transition was observed in GaAs/AlxGa12xAs multiple quantum wells~MQWs!
when the incident infrared radiation~IR! is polarized parallel to the MQW plane. According to the selection
rule, an intrasubband transition is forbidden. Up to now, most studies have only observed the intersubband
transition between two states with opposite parity. However, our experiment shows not only the intersubband
transitions, but also the intrasubband transitions. In our study, we also found that for light doping in the well
(431018 cm23), the intrasubband transition occurs only in the lowest subband, while for the heavy doping
(831018 cm23), such a transition occurs not only in the lowest subband, but also in the first excited one,
because of the electron subband filling. Further experimental results show a linear dependence of the intrasub-
band transition frequency on the root of the well doping density. These data are in good agreement with our
numerical results. Thus we strongly suggest that such a transition can be attributed to plasma oscillation.
Conversely, when the incident IR is polarized perpendicular to the MQW plane, intersubband-transition-
induced signals appear, while the intrasubband-transition-induced spectra disappear for both light and heavy
well dopings. A depolarization blueshift was also taken into account to evaluate the intersubband transition
spectra at different well dopings. Furthermore, we performed a deep-level transient spectroscopy~DLTS!
measurement to determine the subband energies at different well dopings. A good agreement between DLTS,
infrared absorption, and numerical calculation was obtained. In our experiment, two important phenomena are
noteworthy:~1! The polarized absorbance is one order of magnitude higher than the unpolarized spectra. This
puzzling result is well explained in detail.~2! When the IR, polarized perpendicular to the well plane, normally
irradiates the 45°-beveled edge of the samples, we only observed intersubband transition spectra. However, the
intrasubband transition signals caused by the in-plane electric-field component are significantly absent. The
reason is that such in-plane electric-field components can cancel each other out everywhere during the light
propagating in the samples. The spectral widths of bound-to-bound and bound-to-continuum transitions were
also discussed, and quantitatively compared to the relaxation timet, which is deduced from the electron
mobility. The relaxation times deduced from spectral widths of bound-to-bound and bound-to-continuum
transitions are also discussed, and quantitatively compared to the relaxation time deduced from electron
mobility. @S0163-1829~98!01912-2#
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I. INTRODUCTION

Infrared absorption due to electronic transitions betwe
subbands in doped GaAs/AlxGa12xAs multiple quantum
wells ~MQW’s! has recently attracted considerable inter
due to potential applications for infrared detection. Up
now, most studies of quantum-well infrared photodetect
have concentrated on the intersubband transition in
GaAs/AlxGa12xAs material system,1–7 in which the selection
rules forbid intersubband infrared~IR! radiation into the
structure. Optical gratings, usually metallic, or waveguid
have been used. As an exception, Rosencheret al.8 observed
intrasubband photoconductivity for parallel-polarized light
GaAs/AlxGa12xAs MQW’s for the case of normal incidence
They attributed the intrasubband transition to a hot-elect
bolometric effect. As pointed out in that work, excitation
570163-1829/98/57~19!/12388~9!/$15.00
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bolometric rather than optical. Recently, Peng and Fons9

also observed an intrasubband transition ind doped
InxGa12xAs single quantum wells. They attributed such
transition to an intrasubband plasma oscillation, but not
hot-electron transport. In this paper, we report another in
subband transition in GaAs/AlxGa12xAs MQW’s which oc-
curs for light polarized parallel to the quantum-well plan
and also attribute this phenomenon to the intrasubb
plasma oscillation mechanism. A quantitative analysis ba
on the plasma oscillation model will be given in detail in th
paper.

In the case of light doping, we can only observe plas
oscillation in the lowest subband and 0–1 intersubband tr
sition. For heavy doping, however, the plasma oscillat
was observed to occur not only in the lowest subband
also in the upper one. Both 0–1 and 1–2~continuum state!
12 388 © 1998 The American Physical Society
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intersubband transitions were observed. This paper will g
a detailed analysis about this aspect.

Our measured absorption spectra reveal two distinct p
nomena:~1! The scale for the polarized absorbance is o
order of magnitude higher than the unpolarized absorba
@see Figs. 1~a!–1~c!#. A reasonable explanation is as follow
In the case of unpolarization, the projection of incident na
ral light in a typical direction will reduce the incident ligh
intensity I 0 by half. Further projections of such light wit
intensity of I 0/2 to the x and z directions give values o
(sin 45°)2I 0/25I 0/4 and (cos 45°)2I 0/25I 0/4, respectively.
Therefore, the magnitude of absorbances for the inters
band transition caused by an electric-field component in thz
direction, and for the intrasubband transition caused
x-direction component, are both less than 1@see Fig. 1~a!#,
respectively. However, in the case of polarization, the p
jection of incident light, with an intensityI 0/2 ~just transmit-
ted throughout the polarizer!, in thex andz directions isI 0/4
in all cases. Later analysis will show that the compon
along thex direction will be canceled out by other parall
incident light~see Fig. 2!, and that the component along th
z direction will be increased by the other light. Thus, t
component light along thez direction can be obtained a
I 0/2. According to the absorbance definition, we can obta
larger value of the absorbance, which is almost one orde
magnitude higher than that of the unpolarized spectra.~2!
When the IR polarized perpendicular to the well plane n
mally irradiates the 45°-beveled edge of the samples,
only observed intersubband transition spectra. However,
intrasubband transition signals induced by the in-pla
electric-field component are significantly absent. The rea
considered here is that such an in-plane electric-field com
nent can be canceled out by another parallel incident l
within the samples. We will discuss the situation for som
typical points in the sample, and then extend it to analyz
general case. As a result, the in-plane electric-field com
nent is canceled out everywhere in the samples.

In addition to the above two aspects, it is also notewor
that the spectrum, labeledA, located at wave numbe
1309 cm21, as shown in Fig. 4~b!, which is believed to be
due to the bound-to-continuum transition at heavy dop
(831018 cm23), shows a spectrum half-width of 35 cm21. It
is broader than those bound-to-bound transition spe
(;25 cm21). Before explaining peakA, we must answer the
question of why those bound-to-bound transitions resul
narrow spectra with half widths;25 cm21. We speculate on
the carrier relaxation time deduced from the Lorentzian d
tribution function by fitting, and from the relaxation tim
deduced from the mobility measured at room temperat
The former is 0.42 ps, and the latter is 0.15 ps. Two rel
ation times are of the same order~subpicosecond!. The dif-
ference between them can be explained as follows. At ro
temperature, LO-phonon scattering is the main mechanis
broaden the spectra. For the mobility, at room temperat
in addition to LO-phonon scattering, deep center scatter
and heterointerface roughness scattering, for example,
make additional contributions to the mobility. Furthermo
for the case of peakA, because the second excited state
of the well will be split into a continuum with a width o
several meV, the bound-to-continuum transition spectra
wider than the bound-to-bound transition spectra.
e

e-
e
ce

-

b-

y

-

t

a
of

-
e
e

e
n

o-
t

e
a

o-

y

g

ra

n

-

e.
-

m
to
e,
g,
an
,
t

FIG. 1. Absorption spectra for a typical sample~sample 1! with
doping densityNd5431018 cm23 in MQW’s measured by using
~a! unpolarized incident light,~b! incident light polarized perpen
dicular to the MQW’s plane, and~c! incident light polarized parallel
to the MQW’s plane. In the inset,P denotes the polarizer. The sca
of the vertical axis is absorbanceA given byA5 ln(Io /It), whereI o

and I t are the intensities of the incident and transmitted lights,
spectively.
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One may raise the question of why our absorption spe
show not only intersubband transition signals, but also in
subband transition signals, which is very different from p
vious results obtained by other authors. There may be sev
reasons for this:~1! The unpolarized spectra due to collecti
excitation are very weak in magnitude, so that they may
covered up by the noise background.~2! Generally, the well
doping level is 131018 cm23 or less, as reported by man
authors. According to our plasma model, the expected os
lation frequency is less than about 450 cm21, which is much
lower than the intersubband transition frequency
1000 cm21 ~corresponding to a wavelength of 10mm!. If one
is careless, this spectrum, appearing on the very l
frequency side, can be hardly observed.~3! The collective
excitation can be observed only in high-quality samples
demonstrated by our many experiments.

The observation of plasma oscillation encourages us
study additional physical problems, for example, the plas
and LO-phonon interaction. Such interaction can be stud
by absorption measurements performed at different temp
tures. This work remains to be done in the near future. F
thermore, for application, if the plasma oscillation can g
rise to lateral photocurrent, it can be used to create nor
incidence photodetectors that perform at room temperatu

Because the intersubband transition energy depe
strongly on the subband energy in the wells, it is necessar
perform another experiment to determine the subband p
tions. The deep-level transient spectroscopy~DLTS! method
is a good candidate for investigating the subband energy
the case of a square quantum well, the well itself acts a
‘‘giant trap’’ for the DLTS measurement. This concept w
first proposed in Ref. 10, and then adopted in Refs. 11 an
to determine the InxGa12xAs/Al0.2Ga0.8As and
In0.49Ga0.5P/GaAs conduction- and valence-band offsets a
subband energies. We extended the ‘‘big trap’’ concept fr
a square well to the V-shaped potential well ofd-doped
GaAs to determine the subband energies,13 and determined
the x conduction-subband energies in a type-II GaAs/AlA
GaAs single quantum well.14 In this study we will use this
method to demonstrate the subband energies and to com
it with numerical results and infrared-absorption data.

FIG. 2. ~a! Schematically illustrated light passes in a samp
Five typical single lights separated by an equal distance norm
irradiates the 45°-beveled sample edge.p denotes the polarizer.~b!
and~c! show the electric fields at pointsc ande for light 3, respec-
tively. ~d! and~e! show the electric fields at pointc for light 2 and
at pointe for light 4, respectively.
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II. EXPERIMENT

A. Sample preparation

The samples used were grown by conventional molecu
beam epitaxy~MBE! in a VG-80H MBE system. The sub
strates were undoped, semi-insulating~100! GaAs. A buffer,
consisting of undoped 200-nm GaAs, and 1-mm n1-type
GaAs with a Si concentration of 431018 cm23, and fol-
lowed by 5-nm undoped GaAs, was grown at a substr
temperature of 690 °C. The active region, consisting o
stack of 50 quantum wells each with a width of 8 nm, sep
rated by 40-nm-thick AlxGa12xAs (x50.34) barriers, was
next grown at a substrate temperature of 610 °C. The w
were doped in the center 5.2 nm with Si concentrations
431018 and 831018 cm23, respectively, for observing the
plasma oscillation in the lowest excited subbands in
wells. The samples were capped by 5 nm of undoped G
and finally by 0.4mm of n-type GaAs for infrared-absorption
and DLTS measurements. For the latter measurement,
Schottky barriers with an area of 331022 cm2 were formed
by evaporation.

B. Measurements

Absorption spectra are measured at room temperature
ing a Fourier transform infrared spectrometer. The samp
are typically 4 mm long and 0.4 mm thick, and have th
ends beveled at 45°. In this case, nine double passes
made through these quantum wells as the light passed d
the length of the samples. The scan of the incident li
covers a wave number range from 700~14.3 mm! to
1400 cm21 ~7.1 mm!. A polarizer is introduced to polarize
the incident infrared light. The light is polarized parallel
perpendicular to the plane of the quantum well to meas
intrasubband and intersubband transitions, respectively.
fabricated diodes typically have a leakage current of 0.2mA
at reverse bias 0–6 V. The DLTS measurements are car
out with a high sensitivity system which can detect a mi
mum deep level concentration down to 531012 cm23. The
temperature scan covers a temperature range 77–400 K
the quiescent bias, total wells are out of but quite near
depletion region edge, so at the reverse bias (23 V), all
wells are active for DLTS measurement. In order to det
mine the subband energies and subband population
MQW’s, the frequency of output pulse is changed from 26
2600 Hz to obtain the subband energies~‘‘giant trap’’ acti-
vation energies!.

III. THEORETICAL CONSIDERATIONS

Considering ann-type GaAs quantum well with an effec
tive well width of d* in the well, the electrons act as
two-dimensional plasma. Such a plasma can be consid
an anisotropic slab with an effective thicknessd* and a spa-
tially uniform effective dielectric tensor with principa
components15

«x~v!5«xF12
4pnse

2

«xmxd* v~v1 igx!
G , ~1!

.
ly
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«z~v!5«z1(
i j

4pnse
2f i j

mi j d* ~v i j
2 2v22 ig i j v!

, ~2!

«y~v!5«x~v!, ~3!

wherex, y, and z are the directions of propagation of th
modes. x and y axes are defined to be parallel to th
quantum-well plane, and thez axis is parallel to the growth
direction ~because thex-y plane is parallel to the well, the
choice ofx andy axes used in the present case is arbitra!.
gx is the damping constant of the carriers for motion in thex
or y direction.«x , «y , and«z are the optical dielectric con
stants parallel and perpendicular to the quantum-well pl
in the GaAs active layers, respectively («x5«y). f i j , v i j
and g i j are the oscillator strength, frequency and damp
constant of thei - j intersubband electronic excitations.

The longitudinal plasma eigenmodes~plasmons! are ob-
tained from

«~q,v!50, ~4!

that is,

«y~q,v!5«x~q,v!50, ~5!

«z~q,v!50. ~6!

For multiple-layered interacting plasmons associated w
several zero-thickness two-dimensional electron gas~2DEG!
layers separated by spacer layers of thicknessd, it has been
shown that the plasmon frequency is16

vx
25

nse
2qxy

2«0«xmx*
S~qxy ,qz!, ~7!

where the structure factorS is given by

S~qxy ,qz!5
sinh~qxyd!

cosh~qxyd!2cos~qzd!
,

whereqxy is the in-plane wave vector, andqz is the wave
vector normal to the quantum wells. In the strong-coupl
limit, i.e., qxyd!1 ~in the present case, the in-plane wa
vector is qxy;(2p/l),104 cm21,17 where the incident
light wavelengthl is about 10mm, and the well thickness
d58.231027 cm!, the electron-electron density oscillatio
along thez direction constitutes a 3D-likeqz plasmon for a
2DEG of finite thickness@qz;104 cm21, which can be re-
garded asqz;0 ~Ref. 17!#. The initial pxy8 and final pxy

electron momenta in the plane of the quantum wells are
lated by the conservation lawpxy5pxy8 1hqxy , q
5(qxy ,qz). At the Brillouin-zone edge, the wave vector
2p/a>108 cm21, wherea is the GaAs lattice constant~5.6
Å!. Comparing to this value,qxy is negligibly small
(;104 cm21), that is, it is very close to the Brillouin-zon
center. Thus, to a good approximation, the in-plane elec
momenta conservation law becomespxy5pxy8 . Summing up
the above analysis, Eq.~7! becomes

vx
25

4pNde2

mx* «x
. ~8!
e

g

h

g

e-

n

This is a 3D plasmon, with an effective 3D electron dens
Nd5ns /d* , whered* is the effective well width.mx* is the
electron effective mass in a different subband in thex direc-
tion. Due to the subband-filling effect, the carrier densities
0 and 1 subbands are different, which obeys the Fermi
tribution function. Furthermore, we assume that the value
the optical dielectric constant«x is no different between the
0 and 1 subbands.18

Letting d be the well width andd* the effective well
width, and defining a ratioj5d* /d,19 the plasma frequency
can be rewritten as

vx
25

4pNde2

mx* j«x
, ~9!

where Nd is the 3D average doping density given byNd
5ns /d. In the case of infinite barrier height,j50.58,19

while in the case of finite barrier height, 0.58,j,1.
If the incident wave includes an electric-field compone

of Ez in the z direction ~perpendicular to the quantum-we
plane!, the electric radiation field can be coupled to t
z-direction oscillation mode, and provides wave energy
the plasma oscillation. WhenE5Ei j* , plasma resonance in
thez direction will occur, and then an absorption peak can
observed at this frequency. On the other hand, if the incid
wave has an electric-field componentEx , the radiation field
can be coupled to thex-direction oscillation mode, and pro
vides wave energy to thex-direction plasma oscillation
When E5Ex , resonance in thex direction will occur, and
then the absorption peak can be observed at the energyEx .

To deal with the intersubband transition problem, one h
to add an effective plasma energy termEp

2 to the bare tran-
sition energyEi j

2 . Then the frequency of the collective inte
subband mode can be expressed as

Ei j*
25Ei j

2 1Ep
2, ~10!

where

Ep
25

8pnse
2Ei j Li j

«x
. ~11!

In Eq. ~11! Li j is the Coulomb matrix element,20,21 that de-
scribes the depolarization shift. It is given by

Li j 5E dxF E c j~x8!c i~x8!dx8G2

. ~12!

c i(x) andc j (x) are the envelope functions of the two su
bands.

In polar semiconductors like GaAs, collective intersu
band excitations are coupled to optical phonons, and
coupled-mode frequencies are given by22,23

12
ETO

2 2E6
2

ELO
2 2E6

2 3
Ep

2

E6
2 2Ei j

2 50, ~13!

whereELO andETO are the energies of LO and TO phonon
The solution of Eq.~13! is
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E6
2 5

Ei j
2 1ELO

2 1Ep
2

2

6
A~Ei j

2 1ELO
2 1Ep

2!224~Ei j
2 ELO

2 1ETO
2 Ep

2!

2
.

~14!

In our study, the intersubband transition energyEi j ~E01 or
E12! is more than 100 meV, andELO is only ;36 meV. Thus
Ei j @ELO . In this case, the high-energy mode isE15Ei j* ,
which can be observed from experiment.

IV. RESULTS AND DISCUSSION

A. Light doping in quantum wells

To reveal the absorption spectra clearly, we carefu
draw the spectra from the original data without any corr
tion, and show them in Figs. 1 and 4. In these figures,
background of the polarized spectra is much flatter than
of unpolarized spectra, like the background absorption sp
tra reported by Peng and Fonstad.9 We measured many
samples, and found the same behavior.

Figure 1~a! shows the absorption spectra from a typic
sample~sample 1! containing 50 Si-doped (431018 cm23)
quantum wells at room temperature without using a po
izer. Two peaks, labeledA and B, are observed at wav
numbers 1166 cm21 ~corresponding to wavelength 8.6mm!
and 943 cm21 ~10.6 mm!, respectively. However, when th
incident wave is polarized perpendicular to the quantum-w
plane, only one absorption peakA appears, as shown in Fig
1~b!. On the other hand, when the incident light is polariz
parallel to the quantum-well plane, only one absorption p
B appears, as shown in Fig. 1~c!, in which the absorption
peakA completely disappears. In order to identify the orig
of peakA, we calculated the subband energies in the w
For the GaAs/AlxGa12xAs system, the band gap o
Al xGa12xAs is given by Eg5(1.42411.247x) eV ~in the
present case,x50.34! at 300 K. Using the ratio of
DEc /DEg50.60, we obtain the band offsetDEc
50.254 eV. The plane-wave extension method was use
calculate the lowest and first excited subband energies.
first ten extended plane waves were adopted to calculate
subband energy values approximately. Many researc
have used the plane-wave extension method to calculate
subband energies because of its accuracy. More recently
group successfully used this method to determine subba
in the MQW’s to evaluate absorption spectra broadeni
One will see that, throughout this paper, we use this met
to calculate subband energies which agree well with the
perimental data. In the present case, by using this met
the energies of the two subbands in the wells are 46 and
meV above the bottom of the well, respectively. Taking in
account theEp contribution, good agreement between t
expected and measured results is obtained. Thus we pro
that peakA corresponds to the 0–1 intersubband transiti
For peakB, we can calculate the plasma frequencyvx by
using Eq.~9!. With Nd5431018 cm23, «x510.2,24 and j
50.68 for the Al molar fraction ofx50.34, we obtain 10.8
mm for the plasma wavelength. This value is in good agr
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ment with the measured value of 10.6mm. The small devia-
tion may be attributed to the fact that the true Si-dopi
density is slightly higher than the designed value of
31018 cm23 in the GaAs active layers. If so, the plasm
oscillation peak would appear on the short-wavelength s

We also measured another ten samples with different w
widths and Al molar fractionx, and found that they show th
same behavior. The positions of peaksA andB for a sample
with the same well width, Al molar fractionx, and doping
density are very close to each other. As can be seen in F
1~a!, 1~b!, and 1~c!, the polarized absorbance is one order
magnitude higher than the unpolarized spectra. This p
nomenon is also observable in Figs. 4~a!, 4~b!, and 4~c!. Let
us now explain these results. When the incident light n
mally irradiates the 45°-beveled sample side~without using a
polarizer!, the wave vector of the electric field of the incide
light is well distributed in all directions~0°–360°!. If such
lights project in a typical direction, the incident light inten
sity I 0 will decrease toI 5I 0/2. Furthermore, we decompos
the I to I (sin 45°)25I 0/4 along the x direction and to
I (cos 45°)25I 0/4 along thez direction, respectively; then
the absorbanceA can be expressed as

A5 ln
I 0

I t
5 ln

I 0

I 02I 0b/4
5 ln

4

3
50.29, ~15!

whereI t is the transmitted light intensity, and the introduc
parameterb is the quantum efficiency which describes ele
tron and incident photon interaction.b is very close to unity.
For the light doping sample (n5431018 cm23), Fig. 1~a!
gives the absorbanceA50.16 for peakA and A50.37 for
peakB, respectively. These data are in good agreement w
our simple prediction given by Eq.~15!.

Conversely, when the incident light polarized within th
x-z plane normally irradiates the 45°-beveled sample e
@see Fig. 2~a!#, the intensity of such polarized light decreas
to I 5I 0/2 ~I 0 is the incident light intensity!. Furthermore,
decomposition of this light inx andz directions gives inten-
sities of I x5(sin 45°)2I 0/25I 0/4 and I z5(cos 45°)2I 0/2
5I 0/4, respectively.I x can be canceled out by other parall
incident light @see Fig. 2~a!#, i.e., I x1(2I x)50, andI z can
be summed up by this parallel incident light, i.e.,I z1I z
5I 0/2. Details will be given in the next paragraph. Assumi
that the incident light is mostly absorbed by electrons in
wells, the absorbanceA can be obtained as

A5 ln

I 0

2

I 0

2
2b

I 0

2

5 ln
1

12b
. ~16!

When the quantum efficiencyb50.99, the absorbanceA
54.6, and whenb50.999,A56.9. This result can be com
pared to our experimental data as shown in Figs. 1~b! and
1~c! and 4~b! and 4~c!.

From the description of the experiment and the schem
insets to Figs. 1~a!–1~c! and 4~a!–4~c!, it is apparent that
while 100% in-plane polarization of the electric-field com
ponent of the incident light can be obtained, the maxim
perpendicular polarization is only 50%. The component
the parallel polarization is nonzero but also 50%. Howev
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we can hardly find an in-plane plasma oscillation in Fig
1~b! and 4~b!. In order to explain this phenomenon, we sch
matically illustrate light passes in some detail in Fig. 2. E
perimentally, the incident light can be regarded as many p
allel single lights. For the sake of simplicity, we draw on
five typical lines separated by an equal distance, as show
Fig. 2~a!. These lights, with the same frequencyv and initial
phase angleu0 , can be expressed asF5F0 exp@i(vt2kr
1u0)#, where the incident lights polarized perpendicular
the quantum wells normally irradiate the sample at the 4
beveled side. In Fig. 2~a!, we can see that the distance b
tween positionsa andb, b andc, c andd, andd ande are
all the same. Thus the phase angles at pointsa, c, ande are
all the same. In addition, according to optical reflecti
theory, after light reflection at the interface between the m
dium and air, the phase angle will changep. Taking this
aspect into account, the electric fields found at pointsc ande
for line 3 have an opposite component of electric fieldFx’s
along thex direction, as shown in Figs. 2~b! and 2~c!. At the
same time, the electric fields at pointc for line 2 and at point
e for line 4, as shown in Figs. 2~d! and 2~e!, can completely
cancel out theFx’s at pointsc ande for line 3, respectively.
On the other hand, the upward electric-field components
be added to one another at pointsc and e. As a result, the
electrons can only absorb the electric-field component p
pendicular to the MQW’s, but cannot absorb that paralle
the MQW’s. The same analysis is also valid for any po
within the sample, as shown in Fig. 2~a!. Therefore, we can
only observe signals which stem from the intersubband tr
sition, as shown in Figs. 1~b! and 4~b!.

As shown in Figs. 1~c! and 4~c!, when the incident radia
tion is polarized parallel to the quantum wells, we can clea
observe the absorption spectra believed to be due to th
trasubband transition. This implies that normal incidence
also cause such a transition. In order to confirm this idea,
performed a normal-incidence experiment on the sa
sample to observe the absorption signal. As a result, a w
spectrum at wave number 943 cm21 @which is same as pea
B in Fig. 1~a!# with the same spectrum half-width was o
served. In this study, we used a waveguide approach ra
than a normal-incidence method to realize strong absorpt

Finally, to confirm the origin of peakB in Fig. 1~a!, sev-
eral samples with the same structure but different dop
densities were measured. Figure 3 shows the experime
data. We find that the frequency of peakB is linearly pro-
portional to the root of the carrier concentration. This res
is strong evidence to support our point of view: that peakB
stems from the intrasubband plasma oscillation.

We are now in a position to discuss what is different h
compared to the work of Rosencheret al.,8 who used a nor-
mal incidence to observe an intrasubband transition, and
tributed it to the hot-electron bolometric effect. Howeve
they did not discuss the hot-electron signal as a function
doping density. When we consider the doping, the h
electron bolometric effect fails in explaining our dat
Whereas, if we use a collective excitation mechanism to s
our experimental results, we find that the plasma freque
vx is proportional to the root of doping density, as shown
Fig. 3. We also used our plasma oscillation mechanism
explain the experimental results of Ref. 8 tentatively. In R
8, the GaAs well widths were 6 nm, with a Si doping dens
.
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ns5531011 cm22 ~corresponding toNd50.8331018 cm23!.
According to Eq.~9!, the predicted plasma oscillation wave
length is 24.9 mm ~corresponding to wave numbe
401 cm21!. However, Rosencheret al. observed an absorp-
tion peak atl510.2mm. This experimental value is much
lower than the predicted plasma wavelength. It is also wo
noting that the measurement performed by Rosencheret al.
was at a much lower temperature of 15 K, while our me
surement was done at 300 K. In addition, our spectra
much different from these of Ref. 8 in shape. It is appare
that the absorption observed by Rosencheret al. was not
based on collective excitation. On the other hand, our a
sorption result also cannot be explained by the hot-elect
bolometric effect. Therefore, we believe that plasma oscil
tion is a more reasonable mechanism than the hot-elec
bolometric effect to analyze our experimental results.

B. Heavy doping in quantum wells

When the Si-doping density increases to 831018 cm23,
the absorption spectra are much different from that of lig
doping in quantum wells. Figure 4~a! shows the measured
absorption signals without using a polarizer. Five peaks,
beledA, B, C, D, and E, located at wave numbers 130
~7.7 mm!, 1207 ~8.3 mm!, 988 ~10.1 mm!, 968 ~10.3 mm!,
and 847 cm21 ~11.8 mm!, respectively, are observed. Whe
the incident wave is polarized perpendicular to the quantu
well plane, only three absorption peaksA, B, andC are left,
as shown in Fig. 4~b!. On the other hand, when the inciden
light is polarized parallel to the quantum-well plane, anoth
two absorption peaksD andE are left, whereas peaksA, B,
andC completely disappear, as shown in Fig. 4~c!.

FIG. 3. Wave numbers of peakB measured from severa
samples with the same structure but different doping densities a
function of root doping density in quantum wells. The solid line
calculated using Eq.~9!.
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Let us now analyze the width of the intersubband tran
tion spectra. As shown in Figs. 1~b! and 4~b!, the 0–1 inter-
subband transition spectra all exhibit the narrow full width
half maximum ~FWHM! of ;25 cm21 for both light and

FIG. 4. Absorption spectra for a typical sample~sample 2! with
doping density 831018 cm23 in MQW’s measured by using the~a!
unpolarized incident lights,~b! incident light polarized perpendicu
lar to the quantum-well plane, and~c! incident light polarized par-
allel to the quantum-well plane. In the inset,P denotes the polar-
izer.
i-

t

heavy doping. The intersubband transition spectra can
well fitted by the Lorentzian distribution function, which i
given by

L5
1

p

\/t

~E12E02\v!21~\/t!2 ~17!

where t is the carrier relaxation time. By lettingE12E0
2\v50, the maximum Lorentzian is

L5
1

p

t

\
. ~18!

The energy separation between the center and half maxim
of the Lorentzian isE12E02\v52pc\kh51.55 meV,
where the wave numberkh5FWHM/2512.5 cm21. Then we
obtain

1

2
L5

1

p

\/t

~2pc\kh!21~\/t!2 . ~19!

Both Eqs.~18! and ~19! give a result oft50.42 ps. On the
other hand, the electron mobilitym for our heavily doped
samples measured at room temperature is ab
4000 cm2/V s. Fromm5(e/m* )t, a value oft50.15 ps can
be obtained. The relaxation timet deduced from the spectr
is about three times as large as that obtained from the
bility. There may be several factors that broaden the abs
tion spectra:~1! carrier lifetime, ~2! nonparabolicity of the
in-plane 2D conduction subbands,~3! fluctuation of the
thickness of the well, and~4! LO-phonon scattering. Among
them, LO-phonon scattering is the major mechanism to
duce the carrier relaxation time. Nonparabolic broaden
can be neglected because the depolarization effect com
sates for the line distortion induced by different curvatures
the subband. In the case of mobility, we must consider ad
tional scattering processes. They are~1! ionized impurity
scattering,~2! deep center scattering,~3! neutral impurity
scattering,~4! deformation potential scattering,~5! piezo-
electric scattering,~6! heterointerface roughness scatterin
and other unknown scattering processes. The scatte
mechanisms for the electron mobility are more numero
than those for spectra broadening processes. On the o
hand, at room temperature, LO-phonon scattering is the m
mechanism to broaden the spectra. However, in the cas
mobility, at room temperature, in addition to the LO-phon
scattering, other scattering, for example, deep center sca
ing and heterointerface roughness scattering, also make s
contribution to mobility. ~The influence of heterointerfac
roughness on mobility is more considerable than that on
absorption spectra broadening.! Thus it is reasonable to pro
pose that the relaxation timet deduced from the mobility is
lower than that speculated from optical broadening. We t
now to peakA. PeakA in Fig. 4~b!, with a FWHM of about
35 cm21 is wider than others (25 cm21). This implies that in
addition to the scattering-induced spectra broadening, as
cussed above for bound-to-bound transition, we have to t
into account the second-excited-state broadening. Bec
this state is out of the well, it will be split into the continuum
Therefore, spectrumA must be wider than the others. W
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refer the reader to Ref. 25 for further results on the bou
to-continuum transition spectra width.

At the next step, we consider the intersubband transi
at room temperature. Prior to doing this, we have to de
mine the Fermi levels at light and heavy doping in the we
For light doping (431018 cm23), the Fermi level is in the
minigap betweenE0 andE1 . In this case, we use the equ
tion

ns5E
0

`

D2F~E!dE, ~20!

where the sheet doping densityns is given byNd3d53.2
31012 cm22. D2 is the 2D density of state given b
m* /p\2, andF(E) is the Fermi distribution function. The
solution of Eq.~20! is

EFL5kT lnFexpS p\2ns

m* kTD21G . ~21!

The subscriptL denotes the light doping. This equation giv
a value ofEF5114 meV above the bottom of the well. Th
value is 69 meV higher thanE0 , so the lowest subband ca
be populated by all the electrons, while the first excited s
band can be populated by negligible electrons. On the o
hand, for heavy doping (831018 cm23), the Fermi level is
above theE1 level. In this case, the 0 subband is filled u
with electrons, and the first excited state, with a density
state of 2m* /p\2, which is twice as high asD2 appearing in
Eq. ~20!, is expressed as follows:

ns5E
E0

E1
D2dE1E

E1

`

2D2F~E!dE. ~22!

The solution is

EFH5kT lnH expF p\2

2m* kT

3S ns2
m*

p\2 ~E12E0!D G21J 1E1 , ~23!

where the subscriptH denotes the heavy doping. Equatio
~23! gives the resultEF5223 meV, which is 52 meV highe
than E1 ~171 meV!. By using the Fermi energyEF2E1
552 meV for the heavy doping at room temperature,F
(300 K)50.88. Therefore, the population for the lowest sta
is N05Nd /(110.88)54.2631018 cm23, and that for the
first excited state is N150.88Nd /(110.88)53.74
31018 cm23. Considering the contribution of the energyEp

to E01* , the value of 1208 cm21 ~8.3 mm! is close to the
experimental value 1207 cm21 ~8.3mm!. Because of the sub
band filling effect, in addition to the 0–1 transition, the su
band 1 to continuum state transition will occur. The abso
tion coefficients for 0–1 and 1–2~continuum state! subband
transitions appear as follows:

a01~v!5A1E d2k F~E0!@12F~E1!#L1~E12E02\v!,

~24!

a12~v!5A2E d2k F~E1!L2~E22E12\v!, ~25!
-
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with

L15
1

p

\/t1

~E12E02\v!21~\/t1!2 , ~26!

L25
1

p

\/t2

~E22E12\v!21~\/t2!2 , ~27!

whereF is the Fermi distribution function, andk is the vec-
tor perpendicular to the growth axis.E0(k), E1(k), and
E2(k) give the dispersion relations perpendicular to t
growth axis for the 0 and 1 subbands and continuum sta
t1 and t2 are the relaxation times which were discussed
length previously.A1 andA2 are the proportionality factors
including the dipole matrix elements, respectively. The a
sorption coefficienta12 is smaller thana01. PeakC, with a
small absorption amplitude at 988 cm21, shown in Fig. 4~b!
may be due to one or two quantum wells with well widt
larger than the designed value during the growth proces

We now turn to the intrasubband transitions. Using E
~9!, the predicted plasma frequency for peakD is 905 cm21

which is close to the measured value of 968 cm21, and that
for peak E is 849 cm21, which is very close to measure
data at 843 cm21. The measured spectra are shown in F
4~c!.

C. DLTS results

To identify the subband population, a DLTS measurem
was performed on lightly and heavily doped samples. Fig
5 shows these results. For a doping density of
31018 cm23 ~sample 1!, only one signal, peakB, with an
activation energy of 0.2360.02 eV below the top of the well
can be seen. When the well doping density increases t
31018 cm23 ~sample 2!, in addition to signalB, peak A,
with an activation energy of 0.1160.02 eV, appears. Thes
activation energies for signalsA andB are very close to the

FIG. 5. DLTS signals measured from sample 1 with dopi
density 431018 cm23, and sample 2 with 831018 cm23 in the
MQW’s. For sample 1, only one signal, labeledB, due to electron
emission from the lowest subband to the AlxGa12xAs conduction
band, appears. For sample 2, in addition to peakB, peakA also
appears, which is due to electron emission from the first exc
subband to the AlxGa12xAs conduction band.
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calculated subband energies, which are 0.21 and 0.09
below the top of the wells for 0 and 1 subbands. We furt
repeat the DLTS measurements with Schottky diodes m
on the same sample after removing the MQW’s by chem
etching. PeaksA andB, believed to be due to quantum-we
emission, are significantly absent. Though the experime
results have some uncertainty, the measured activation e
gies are in good agrement with the caculated subband e
gies.

V. CONCLUSION

In conclusion, we observed intersubband and intras
band transitions in GaAs/AlxGa12xAs MQW’s with light and
heavy Si doping, when the incident light is polarized in d
rections perpendicular and parallel to the quantum-w
plane. The suggested mechanism, intrasubband collective
citation, is supported by an important experimental fact:
pl
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plasma frequency is linearly proportional to the root of do
ing density in MQW’s. In the case of light doping (
31018 cm23), we need only take into account the intrasu
band transitions in the lowest subband. In the case of he
doping (831018 cm23), however, in addition to the lowes
subband, the plasma oscillation in the first excited subb
was also observed due to the upper subband filling. T
agreement between the experiment and the calculation
sults was obtained. The subband energy levels identified
DLTS measurement can be compared with the calcula
results and the absorption data on the same samples.
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