PHYSICAL REVIEW B

VOLUME 43, NUMBER 6

15 FEBRUARY 1991-11

Intersubband absorption in Ing 53Gag 47As/Ing 5,Al 43As multiple quantum wells

Hiromitsu Asai and Yuichi Kawamura
NTT Opto-electronics Laboratories, 3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-01, Japan
(Received 23 July 1990)

The intersubband absorption in Ing 53Gag 4;As /Ing 5,Aly 43As multiple quantum wells having vari-
ous well widths, barrier widths, and doping densities is investigated. As the well width increases
from 35 to 200 A, the energies of the absorption peaks decrease from 300 to 100 meV. For a quan-
tum well of 130 A, two sharp absorption peaks are observed, corresponding to the transitions from
the second to the third subbands E;, and from the first to the second E,;. This well-width depen-
dence of the peak energy is in good agreement with theoretical calculations of the subband structure
and the Fermi level. Line broadening with the well width is discussed in terms of one-monolayer
fluctuation and the energy spread of minibands. The oscillator strength and the dipole matrix ele-
ment are also evaluated. The barrier width and doping dependencies of the E,, and E, transitions
are studied for the 130-A-well samples. A decrease in the barrier width contributes to line broaden-
ing via the energy spread of minibands, while this has no influence on the oscillator strength. Up to
the electron density N,=8X 10"' cm ™2, only the E,; peak is observed. For N, above 1.8X10"
cm™?, the Ej, transition is found to be observed. This behavior is in good agreement with the cal-
culation of the Fermi-energy position. In addition, depolarization and many-body effects are also

briefly discussed.

I. INTRODUCTION

Over the last decade, advances in growth techniques
for ultrathin layers have spurred many experimental
studies on the optical properties of multiple quantum
wells (MQW’s) and on their application to novel de-
vices.!™> In general, interest has been focused on band-
to-band transitions including excitonic absorptions. Re-
cently, West and Eglash® proposed a new aspect for tran-
sitions between the quantized states; intersubband transi-
tions from one confined state to higher confined state in
the conduction bands.

The intersubband transition in MQW?’s has been receiv-
ing considerable attention because of its novel optical
properties, such as large oscillator strength,®7 strong non-
linearity,® ~!! and fast relaxation.’?”1* Optical detectors
of 10-um wavelength have been demonstrated as
an  application of intersubband transition in
GaAs/Al,Ga,_,As MQW’s.!*"1® There is considerable
interest in a shorter-wavelength infrared detector operat-
ing at 2—-4 um for future ultralow loss fiber commu-
nications systems. However, the absorption in
GaAs/Al,Ga;_,As MQW’s is limited to wavelengths
longer than Sum due to its small conduction-band discon-
tinuity (AE,). The Iny 53Gag 47As/Ing 5,Alj 43As hetero-
structure is a promising candidate for extending the appl-
icable wavelength range of intersubband absorption.!” ™%
This is because this heterostructure has large AE, (500
meV) (Ref. 26) compared with GaAs/Al,Ga,;_,As. In
addition, the Ings;Gag 47As/Ing 5,Aly 43As has several
advantages for other device applications, such as high

electron mobility?” and high tunneling probability.?®?%

Therefore, Ing s3Gag 47As/Ing 55Alg 43As heterostructure
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have the potential to realize new intersubband-absorption
devices combining resonant-tunneling effects.

In addition, from the viewpoint of basic physics there
has been much interest in intersubband absorption. This
is because it gives an experimental solution to finite one-
dimensional potential problems.’® So far, subband levels
in quantum wells or band offset ratios in heterostructures
have been mainly determined by band-to-band transitions
such as photoexcitation and photoluminescence process-
es.’!73% Since the band-to-band transitions involve not
only electron subbands but also hole subbands, funda-
mental absorption edges in bulk materials, and excitonic
binding energy, there are some ambiguities in the experi-
mental evaluation of subband structures. Especially, the
hole subband structure is complicated due to its anisotro-
py and degeneracy. On the other hand, intersubband ab-
sorption reduces to a simple problem because of the tran-
sitions only in the conduction bands, and its spectral
shape is also simple. Therefore, intersubband absorption
can precisely determine subband levels even in more com-
plicated quantum-well structures.

The purpose of this paper is to clarify the subband
structure of electrons by studies on intersubband absorp-
tion in Ings53Gag 47As/Ing 5,Aly 4sAs MQW’s having a
wide variety of well widths, barrier widths, and doping
levels. The outline of this paper is as follows. The exper-
imental procedure including sample preparation is
presented in Sec. II. Section III consists of four subsec-
tions describing experimental results and includes discus-
sion. In Sec. III A, the general properties of intersubband
transitions are presented. Next the well-width, barrier-
width, and doping-level dependencies on the absorption
characteristics are studied in Secs. III B, III C, and III D,
respectively. One of the remarkable features discussed in
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these sections is the observation of two sharp absorption
peaks for wide and/or highly doped quantum wells, pre-
liminary results of which have been previously report-
ed.?! ?* The energies of these absorption peaks are com-
pared with subband level calculation, and the Fermi-level
position is also discussed. Calculations confirm that
these peaks are due to the transitions from the second to
the third subband as well as from the first to the second.
In addition, depolarization and many-body effects are
briefly discussed. Finally the conclusion of this work is
given in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The  70-period lattice-matched  Ing 53Gag 4,AS/
Ing 5,Alp 43As MQW’s were grown on Fe-doped (001) InP
substrates by molecular beam epitaxy (MBE). Prior to
growth, the substrate surface was thermally cleaned un-
der the exposure of arsenic vapor, monitoring reflection
high-energy electron diffraction. Growth temperature
and arsenic vapor pressure during growth were 510°C
and 2X107° Torr, respectively. Growth rate was 1.2
pm/h. In order to study well-width dependence, the
In, 53Gag 4;As well width L, was varied from 30 to 200 A
under a constant barrier width of 68 A. On the other
hand, the In, 5,Al 43As barrier width L, was varied from
20 to 130 A for a fixed well width of 130 A. Almost all
MQW samples were uniformly doped both in the well
and barrier with Si atoms at a concentration of
2X10"7-5x10" cm™ 3. For comparison, MQW’s with
doped wells or barriers were also prepared. The actual
carrier density was determined by van der Pauw measure-
ments. The intersubband absorption was measured by
using a Fourier-transform infrared spectrometer. The
measurements were mainly performed at Brewster’s angle
(73°) to maximize the normal component of the electric
field vector and to reduce reflection. The specular InP
wafer was also measured as the reference sample. For the
experiments with polarized light, a KRS-5 wire-grid po-
larizer was utilized.

III. RESULTS AND DISCUSSION

A. Intersubband-absorption spectra

Figure 1 shows the infrared-absorption spectra mea-
sured for a 68-A-well MQW at 300 K. The sample was
oriented at an angle 6 with respect to the plane of in-
cidence. It is clear from this figure that a strong absorp-
tion peak was observed at 6=70° while it vanished below
0=10°. This indicates that only a normal component of
the electric field contributions to the intersubband transi-
tion. The integrated absorption intensity I, shown in
Fig. 2 makes it clearer. For simplicity, the integrated in-
tensity in this study was estimated by simply multiplying
the peak absorbance [= —logg(transmittance)] by the
full width at half maximum (FWHM) of the absorption
spectra (in units of eV). From simple geometric optics
the angular dependence of the absorption mten51ty is pre-
dicted to vary as sin’a/cosa, where « is the angle of
propagation in the sample relative to the normal to the
sample surface and is related to 6 by Snell’s law
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FIG. 1. The intersubband-absorption spectra for a 68-A-well
MQW oriented at an angle 6 with respect to the plane of in-
cidence.
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FIG. 2. The integrated absorption intensity as a function of
the light incident angle 6. The integrated intensity was es-
timated by simply multiplying the peak absorbance
[ = —log)o(transmittance)] by the spectral linewidth (FWHM).
The solid curve indicates the predicted dependence normalized
at 6="70°.
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sina=(1/n,)sinf. The predicted variation is drawn as a
solid curve normalized to the absorption intensity at
6=70° in Fig. 2, and is in good agreement with the exper-
imental data. In addition, at a Brewster angle of 6=73°
the effect of polarization angles ¢ in the incident light
was also measured. The absorption intensity normalized
at ¢ =0° varied as cos’$, as shown in Fig. 3. The depen-
dence of the absorption on both the light incident angle 6
and the polarization angle ¢ provides direct evidence that
the observed absorption spectra are due to the intersub-
band transition.

For the intersubband transition, it is necessary to accu-
mulate electrons in quantized conduction subbands. For
this purpose, some authors doped impurities into well lay-
ers, 07182025 while others doped the barrier layers (.e.,
modulation doping).%131419.30.34 However, there have
been no reports directly comparing them. We now inves-
tigate the effect of this doping profile difference in
MQW’s on the absorption spectra. Figure 4 shows the
absorption spectra for three MQW’s that have doped
wells, doped barriers, and a combination of doped wells
and barriers. In addition, the experimental data includ-
ing sheet electron density are presented in Table I. For
the sample doped into both the wells and barriers, the ab-
sorption intensity was found to be twice as strong as that
of the other two samples. Moreover, these two samples
indicated comparable absorption intensity. This behavior
is directly related to the electron density in quantum
wells, and means that all of the Si-donor atoms intro-
duced into the MQW’s completely activate and contrib-
ute to the two-dimensional electron gas in quantum wells.
In addition, there is no difference concerning the spectral
linewidth between the doped-well and the doped-barrier
samples (16 meV). This suggests that the scattering of
ionized impurities in the wells does not actually broaden
the absorption spectra.

On the other hand, the absorption peak energy is
different among the three samples due to the band-
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FIG. 3. The normalized absorption intensity of a 68-A-well
MQW oriented at 6=73° as a function of the polarization angle
¢. The intensity is normalized at ¢=0°. The solid line
represents the calculated cos’¢ dependence.
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FIG. 4 The intersubband-absorption spectra for 68-A-well
MQW’s having doped wells, doped barriers, and a combination
of doped wells and barriers.
bending effect,®3*35 where the ionized impurities and ac-
cumulated electrons modify the potential profile of the
quantum well resulting in a change in subband levels. We
now briefly discuss this effect. The doped-barrier sample
has a convex well bottom and the combination of the
doped well and barrier sample also has a weak convex
well, while the doped well is concave. In the order of
these potential modifications, the intersubband energy
shifts to the higher-energy side, as shown in Fig. 4.
Furthermore, the sample doped into both the well and
barrier is predicted to be closest to the flat-band situation
in these samples. In this case, the energy shift was evalu-
ated to be less than the difference (3 meV) between those
for the doped well and for the combination of the doped
well and barrier. A similar value has also been found in
the self-consistent calculation of Schrddinger’s equation
and Poisson’s equation.®**3> To compare the measured
absorption energy with the subband-level calculation de-
scribed later, therefore, we focused on the MQW’s doped
into both the wells and barriers.

B. Well-width dependence

The well width is one of the key parameters for deter-
mining the energy of the intersubband absorption peak.??
The absorption spectra for the well widths from 35 to 200

TABLE 1. Experimental data of the sheet electron density
N, the absorption peak energy E, the linewidth (FWHM) T,
and the integrated absorption intensity 7 4.

N E r I,
Doped layer (cm™2) (meV) (meV) (meV)
Well 9.1x 10" 221 16.1 0.52
Well and barrier 1.9Xx 10" 218 21.1 1.35
Barrier 8.7 10" 213 16.1 0.61
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A are shown in Fig. 5. As the well width decreased, the
absorption peaks shifted to the higher-energy side and
the spectral linewidths became wider. Below a well width
of 35 A, no appreciable spectral peak was observed. It is
noteworthy that two sharp absorption peaks are observed
in a 130-A-well width, where the absorption energies
were 132 and 94 meV, and the linewidths were 12 and 10
meV.

To evaluate experimentally the energy difference be-
tween the subband levels, the absorption peak energy is
plotted as a function of well width, as shown in Fig. 6.
The spectra for a carrier concentration of 1.5X10'
cm™? are indicated by solid circles in this figure. The
maximum energy obtained in this work was 300 meV,
corresponding to a wavelength of 4.1 um. The peak ener-
gy decreased monotonically with an increase in the well
width up to 130 A. At this well width, another peak ap-
peared in the higher-energy side. Subsequent absorption
peaks were smoothly connected with the higher-energy
peak of the 130-A-well sample. When the carrier concen-
tration is 4X 107 ¢cm ™3, the samples above 130-A width
indicated different absorption peaks from those at
n=1.5X10'"® cm 3. These peak energies are plotted as
open circles in Fig. 6. These data were connected
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FIG. 5. The intersubband-absorption spectra for uniformly
doped MQW’s (1.5X 10'® cm %) with various well widths.
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smoothly with the lower-energy peak of the 130-A-well
sample.

To determine the subband structure, we performed a
calculation for subband energy levels in the finite square
potential wells using an envelope-function approxima-
tion®® and taking band nonparabolicity into account.’’
Band-bending, exciton, exchange interaction, and depo-
larization effects are ignored in this calculation for sim-
plicity. In fact, the band-bending effect is relatively small
(~3 meV), as mentioned in Sec. III A. The exciton effect
is the interaction of the excited electron with the hole in
the initial state, analogous to the exciton associated with
the valence to conduction-band transition. The exciton
shift for doped GaAs/Al,Ga,_ As MQW’s (~10'?
cm ™~ 2) has been reported to be ~3 meV,* which is rela-
tively small compared with the exchange interaction and
depolarization effects. The exciton shift in our samples is
also believed to be a similarly minor effect. The exchange
interaction and depolarization effects are very important
at the high doping level. Therefore, these effects will be
discussed from the viewpoint of the peak shift with dop-
ing density in Sec. III D.

The material parameters used in this calculation are as
follows: for Ings3;Gag4;As, electron effective mass
m*/m;=0.042 and energy band gap E, =0.74 ¢V, while
for Ings,AlggsAs, m*/mu=0.075 and E,=1.45 eV;
conduction-band discontinuity AE,=0.5 eV. The non-
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FIG. 6. The absorption peak energy as a function of well
width. The solid and open circles indicate the experimental
data at doping concentrations of 1.5X 10'® and 4X10'7 ¢cm™?,
respectively. The lines are the theoretical results of the energy
difference between the subband levels, taking into account band
nonparabolicity.
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parabolicity parameter of Ing 5;Gaj 47As @ is 1.24 eV ™
which is estimated from the following relationship:*’

a=(1—m*/m0)2/Eg . (D
The calculated results are also shown as solid curves in
Fig. 6. These curves are found to be in good agreement
with the experimental data for both the concentrations of
4x10" and 1.5X 10" cm 3

It is clear from Fig. 6 that the higher-energy peak (132
meV) for the 130-A-well sample corresponds to the tran-
sition from the second to the third subbands E;,. The
energy peaks obtained for wider quantum wells are also
due to the transitions between the hlgher order subbands.
For example, the 89-meV energy peak in a 200-A well is
attributed to absorption from the third to the fourth sub-
bands E ;.

On the basis of our calculations, the second subband
level just reaches the top of the barrier at a width of 35
A. Below this width, it should be pushed up into the con-
tinuum states. In this circumstance, optical transition
occurs between the bound state in the quantum well and
the extended continuum states above the top of the bar-
rier. Therefore, the peak energy shift with a decreasing
well width saturates around 35 A.

Intersubband absorption reflects not only the difference
between the subband energies but also the position of the
Fermi level relative to the subband structure. Figure 7
shows calculated subband and Fermi levels as a function
of well width. The Fermi level was calculated for carrier
concentrations of 1.5X10'® and 4X10'7 cm™3. For a
constant doping level of 1.5X10'® cm™3, as the well
width increases, the higher-order subbands also cross the
Fermi level. Above a width of 110 A, electrons begin to
populate the second subband and make the E+, transition
possible. The E,; transition from the first to the second
subband also occurs at large k, or k,, although the final
empty state density in the second subband is reduced (see
the inset in Fig. 7). For n =4X 10! ¢cm ™3, however, no
electron populates the second subband for a well width
up to 180 A. In this case, the absorption peaks are due
only to the E,; transition. The above discussion is con-
sistent with the assignment of absorption peaks deter-
mined by the subband-level calculation (see Fig. 6). In
this way, we can determine the transition levels for all the
absorption peaks observed in this study.

Figure 8 shows spectral linewidth as a function of well
width. The linewidth of the E;, transition was slightly
larger than that for the E,; spectrum. As the well width
decreased, the linewidth of the E,; transition became
wider up to 32 meV. A similar magnitude and well-width
dependence of the spectral linewidth has also been found
in modulation-doped GaAs/Al, Ga,_, As MQW’s.!?

We now turn to discussions of the linewidth of the in-
tersubband transitions and its well-width dependence.
The linewidth is determined by several mechanisms.!® 38

(i) The intersubband scattering time 7 at the upper sub-
band leads to a spectral width that is proportional to 1/7.
The scattering time is mainly dominated by the interac-
tion with the longitudinal-optical (LO) phonon when the
transition energy is greater than LO-phonon energy. The
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FIG. 7. The calculated subband energy and Fermi level at
carrier concentrations of 1.5X10'® and 4X 107 cm ™ as a func-
tion of the well width. The inset indicates the schematic sub-
band structure.

intersubband scattering time due to LO phonons has been
evaluated experimentally by many authors.'>” 1> Accord-
ing to these reports, the scattering time is in the range of
1-10 ps. This lifetime range corresponds to the spectral
linewidth of 0.14—-1.4 meV, which is very small com-
pared with our experimental data. In addition, the prob-
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FIG. 8. The spectral linewidth (FWHM) as a function of the
well width. The solid and open circles represent the data for the
E,, and Ej;, transitions, respectively. The solid and dashed
lines indicate the calculated line broadening caused by the
structural inhomogeneity of the one-monolayer fluctuation and
by the energy spread of minibands, respectively.
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ability of the LO-phonon interaction is theoretically pre-
dicted to decrease with a decrease in the well width.3%4
This prediction is inconsistent with the well-width depen-
dence of the linewidth in our experiment. Although the
intersubband scattering time is one of the most important
parameters dominating the dynamics of photoexcited
electrons, it cannot be directly projected onto the spectral
linewidth. Therefore, the scattering time was ignored in
our discussion concerning linewidth.

(ii) The nonparabolicity of the conduction band causes
different transition energies in different regions of the k
space and a concomitant broadening of the spectral line.
Since the nonparabolicity in the Ing 5;Ga, 4;As conduc-
tion band is large, the difference in the transition energies
at k =0 and k =k, cannot be ignored.'”** However, the
nonparabolicity parameter [a in Eq. (1)] decreases with
an increase in the energy of the subband states.®® As a re-
sult, the broadening of the linewidth due to this effect
should decrease with a decreasing well width, which is in-
consistent with our well-width dependence. This effect
plays a role in the doping dependence of the linewidth.

(iii) The exchange interaction among electrons in the
ground subband*"'*? causes different energy lowering of
subband states at k =0 and k =k, and results in line
broadening. However, the exchange interaction effect is
insensitive to well-width variation.*! This effect will ex-
plain the doping dependence of the spectral broadening.

(iv) The miniband due to interaction among the adja-
cent wells leads to the energy spread of a transition level.
Since the subband energy increases with a decrease in
well width, the energy spread of the miniband becomes
larger, resulting in a spectral broadening with a decrease
in the well width. In addition, this effect is especially
dominant with respect to an increase in the linewidth for
a narrower barrier-width sample, as will be described in
Sec. ITI C.

(v) The inhomogeneities of layer thickness and compo-
sition influence the energy of the electronic states and re-
sult in a distribution of various transition energies of the
intersubband absorption. This effect becomes relatively
larger as the well width decreases.

From the above discussion, the spectral broadening
with a decrease in the well width is found to be attributed
mainly to the energy spread of the miniband and the in-
homogeneities of layer thickness. Assuming that the
miniband spread yields simply the spectral broadening,
the linewidth can be estimated roughly from the Kronig-
Penney calculation. Furthermore, if tlgere is a one-
monolayer fluctuation of tay/2 (£2.9 A) for the well
width in our samples, the broadening due to the structur-
al inhomogeneity can also be predicted. These calculated
results are drawn as solid and dashed lines in Fig. 8.
Note that the value of 3 meV is added to these theoretical
curves as a well-width-independent component. This
value corresponds to the contribution due to the nonpar-
abolicity effect, as described in Sec. III D. These curves
are found to be in good agreement with the experimental
data. In a wide-well region, the linewidth is mainly deter-
mined by the one-monolayer fluctuation in the well
width, while in narrow wells the line broadening is attri-
buted to the energy spread of the excited miniband.
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Finally we discuss the integrated absorption intensity
and the oscillator strength of the intersubband transi-
tions. Figure 9 shows the integrated absorption intensity
as a function of the well width. The integrated intensity
was estimated by simply multiplying the peak absorbance
[= —logo(transmittance)] by the spectral linewidth
(FWHM). Therefore, note that these intensities are un-
derestimated compared with the absorbance integrated
over the photon energy. As the well width increased, the
absorption intensity of the E,; transition increased steep-
ly up to a width of 40 A, and then increased gradually.
Subsequently, the E,; intensity decreased rapidly at a
130-A-well width, and simultaneously the E 3, transition
appeared and increased. The reduction in the E,, inten-
sity at 130 A is attributed to the electron population in
the second subband, which leads to both the decrease in
the electron density of the E; subband and the decrease
in the corresponding empty-state density of the E, sub-
band.

For wide quantum wells above 130 ;X, therefore, the
E,, and E, intensities must be discussed as related to the
sheet carrier densities in the first subband N;; and in the
second subband N,. The N, and N,, can be evaluated
from the following equation:

Ns:Nsl+Ns2

m* m*
= (E,—E))+—
7T’ﬁ2 f 1 1Tﬁ2
where m?* is the Ings3Gag4sAs effective mass
(m*/m,=0.042), % indicates Plank’s constant, E is the
Fermi energy, and E,| and E, are the energies of the first

and second subband. In the parameters of Eq. (2), total
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FIG. 9. The integrated absorption intensity as a function of
the well width. The integrated intensity was estimated by sim-
ply multiplying the peak absorbance [ = —logc(transmittance)]
by the spectral linewidth (FWHM). The solid and open circles
represent the data for the E,, and E;, transitions, respectively.

The solid lines are drawn through the points as a guide.
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N, is measurable by the van der Pauw method and the E,
and E, subband energies have been indicated in Fig. 7.
Since E; is deduced from Eq. (2). N, and N, can be es-
timated individually.

From this calculation of N; and N, and from the ex-
perimental data of the integrated absorption intensity I ,
at carrier concentrations of 4X 10'7 and 1.5X 10'® cm 3,
we can obtain individually the oscillator strength for the
E,, and E;, transitions. In the case of light incidence at
the Brewster angle, the dipole matrix element {z) and
the oscillator strength f of the intersubband transition
are given by®

f=d4mm*w(z)*/h (3)
and
e’h f

b
degm*c nA(nr+1)!?

I,=NW 4)
where w is the transition frequency (i.e., the peak fre-
quency in the absorption spectrum), W is the number of
wells (W =70), n, is the refractive index of
Ing 5,Gag 43As (n,=3.6), and N, is the sheet carrier den-
sity in each subband. Note that we have used m™ in
these equations rather than the free-electron mass m,, in
order to compare with the values reported by Levine
et al.*® Substituting measured values of I, into Egs. (3)
and (4), f and (z) were obtained for samples of 35-200
A.

Figure 10 shows f,, and f;, as a function of the well
width. It is found that f,, is in the range of 0.2-0.35
and is almost independent of the well width, while f3, is
0.55-0.75. These values are slightly smaller than the
previous data,'”?° because of the underestimation of the
integrated absorption intensity. It is noteworthy that f,
is about 2.5 times stronger than f,,. The dipole matrix
element (z) is shown in Fig. 11. (z,,) increased from 8
to 17 A as the well width increased from 35 to 170 A. In
the well-width range of 130—-200 A, {z3,) also increased
from 20 to 30 A, which is slightly larger than (z,, ).

For an electron in a well between two barriers of
infinite height and width, the {z, ) and f, 4, , of the
transition between the nth and (n +1)th subband are
given by?®

8 n(n—+1)
( )=L,———= (5)
Zn+t, m (2n +1)2
and
64 n’(n +1)’
fripg=tnintll )

w2 (2n+1)}

where L, is the well width. It is found from Eq. (6) that
fo1 and f3, are 0.96 and 1.87, respectively, which are in-
dependent of the well width. In addition, the f5, /f,; ra-
tio of 1.94 cdlculated from Eq. (6) is close to our value of
2.5.

The {z,,) and (z;,) obtained from Eq. (5) are drawn
as dashed lines in Fig. 11. The (z,,) calculated for finite
barrier height by Levine et al.?° is also shown as a solid
line in this figure. It is noteworthy that these three calcu-
lated curves of {z,; ) and {z3,) indicate a similar depen-
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dence on the well width. The experimental data are in
good agreement with the calculation in the range of
narrow-well widths, but they deviate to the small side in
the wide-well region.

A remarkable feature in this section is to observe the
two sharp absorption peaks for 130-A-well samples at
n=1.5X10" cm 3. These absorptions occur as a result
of the contribution of three subband levels and their
properties are very sensitive to the structure of MQW’s.
Therefore, we focus on the 130-A-well MQW?’s for the in-
vestigations of barrier-width and doping dependencies as
described below.

C. Barrier-width dependence

Figure 12 shows absorption spectra of various barrier
widths in a constant well width of 130 A. Note that in
these samples only well layers were doped to unchange
the sheet electron density (N, =2X 102 cm~2). There-
fore we can examine the barrier-width dependence of the
absorption intensity independently of N,. It is clear from
Fig. 12 that the observed spectra consist of two absorp-
tion peaks. As described in the preceding subsection, the
peak at the higher-energy side corresponds to the E;,
transition, while the lower-energy peak is the E,; absorp-
tion. It is found that the peak energies of both the E;,
and E,, absorption remain with respect to the barrier
width. For barrier widths below 25 A, the E;, peak at
the higher-energy side disappears completely and simul-
taneously the E,; spectra broaden steeply.

In order to clarify this, the spectral linewidth is plotted
in Fig. 13. It is found from this figure that the linewidth
variation with the barrier widths is divided into two com-
ponents. One is the barrier-width-independent com-
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FIG. 12. The barrier-wigth dependence of the intersubband-
absorption spectra for 130-A-well MQW’s.
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ponent in the range of wide barrier widths. The other is
the barrier-dependent component in the narrow region.
The former component in the linewidth is believed to be
mainly due to the structural inhomogeneity of the one-
monolayer fluctuation, as discussed in Sec. II1 B.

The barrier-width-dependent component in the
linewidth broadening is considered to be due to the ener-
gy spread of the minibands by the interaction among the
adjacent wells. The energy widths of the minibands can
be calculated by the Kronig-Penney model taking band
nonparabolicity into account. Assuming that the
linewidths are described by the simple sum of the mini-
band widths of the initial and final subbands, the predict-
ed variation of the broadening is indicated by dashed
lines in Fig. 13, which is adjusted at a value of L, =130
A. However, the experimental data were narrow in com-
parison to the calculation of the total miniband widths.

This reason is explained by electron distribution in the
E-k, space, where the Fermi level lies within the E, mini-
band, as shown in the inset of Fig. 13. The linewidth of
the E;, transition is given by the energy width of the
electron distribution in the initial E, band and the corre-
sponding width of the final empty E; band. The E,,
linewidth consists of the energy width of the final empty
E, band and the corresponding initial E; bandwidth.
The energy position of the Fermi level can be calculated
by substituting N, (2X10'? cm™2), E, (38 meV), and E,
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FIG. 13. The spectral linewidth (FWHM) as a function of the
barrier width. The solid and open circles represent the data for
the E,, and E;, transitions, respectively. The dashed and solid
curves indicate the calculated dependence described by the sim-
ple sum of miniband widths and half of the simple sum (see
text). The inset displays the schematic subband structure of the
MQW with L,=130 A, L, =20 A, and N, =2 X 10" cm 2.
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(135 meV) into Eq. (2). The E; is estimated to be 137
meV and lies near the center of the £, miniband. In this
case half of the simple sum of energy widths in the initial
and final minibands is considered to contribute to the
spectral linewidth. This result is indicated by solid lines
in Fig. 13. The agreement with the experimental data is
better than the simple sum of miniband widths.

Figure 14 shows the integrated absorption intensity as
a function of the barrier width. It is clear from this figure
that the absorption intensity remains almost constant for
the barrier-width variation. This means that the oscilla-
tor strength and dipole matrix element are independent
of the barrier width. This property is very attractive
from the viewpoint of device applications. This is be-
cause photoexcited electrons can move in a miniband per-
pendicular to quantum wells without any reduction in the
absorption intensity. Similar characteristics have been
found in bound-to-continuum transitions and have also
been applied to infrared detectors.!” 8

D. Doping dependence

The doping level can easily vary the Fermi level in
quantum wells and has a strong influence on intersub-
band transitions.?* Figure 15 shows the dependence of
intersubband-absorption spectra on the sheet electron
density N, for a constant well width of 130 A. In this
figure, the higher-energy peak corresponds to the E;,
transition, while the lower-energy peak is the E,, absorp-
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FIG. 14. The integrated absorption intensity as a function
of the barrier width. The integrated intensity was es-
timated by simply multiplying the peak absorbance
[= —logo(transmittance)] by the spectral linewidth (FWHM).
The solid and open circles represent the data for the E,; and
E,, transitions, respectively. The solid lines are drawn through
the points as a guide.
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tion, as discussed in Sec. III B. Up to 8 X 10! cm ™2, only
the E,; peak was observed around 95 meV. Above
N,=1.8X10'? cm ™%, the E;, absorption also appeared at
122 meV. Subsequently, the peak shifted gradually to-
ward the higher-energy side and its absorption intensity
increased with the doping level.

In order to clarify this behavior, the energies of the E,,;
and E,, absorption peaks for 130-A-well MQW’s are
plotted as a function of N, in Fig. 16. Data of 68-A-well
samples are also displayed in this figure. It is clear that
the absorption peaks increased gradually with increasing
N, even for a constant well width. The reason for this
peak energy shift is still not fully understood, but some
explanations are possible.

One is the depolarization effect due to the electron
plasma.’>#3746 This effect is caused by resonant screen-
ing of the infrared field with electrons in quantum wells.
As pointed out by Allen et al.,* the screening of the in-
frared field shifts the resonant frequency ., at which
absorption occurs, from the subband-splitting frequency
wy. In addition, the frequency shift increases with the
sheet electron density.

The resonant frequency w, is given by the following

relationship:*> 44
s =03+ f o), (7
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FIG. 15. The doping dependence of the intersubband absorp-
tion spectra for 130-A-well MQW’s.



43 INTERSUBBAND ABSORPTIONIN ...

and
N,e?
0t =—, (®)
€pem™ L,
where o, is the plasma frequency, f is the transition os-

cillator strength, € is the dielectric constant of the well
(€=10.9), and m* is the Ings;Gag 4,As effective mass
(m*/my=0.042). Note that N, for each subband (N,
and N,,) derived from Eq. (2) must be used in Eq. (8) in-
stead of the total N, when electrons populate the second
subband. The oscillator strengths for the E,; and Ej,
transitions (f,; and f;,) have been indicated in Fig. 10.
As a result, using Egs. (7) and (8), we can obtained the
peak energy shift by the depolarization effect, which is in-
dicated by solid lines in Fig. 16. These curves are found
to be in good agreement with the experimental data.
Another possibilty for the energy shift with N, is the
effect of electron-electron interactions.*! It has been re-
ported that exchange interactions of electrons in doped
quantum wells cause energy lowering on the populated
initial-state subbands, while there is no appreciable effect
of the exchange interactions on the energies of the empty
final-state subbands. Consequently, intersubband transi-
tion energies increase with electron density. For exam-
ple, the energy shift of the E;, was roughly estimated to
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FIG. 16. The absorption peak energy for 130- and 68-A-well
MQW’s as a function of the total sheet electron density N,. The
solid and open circles represent the data for the E,;, and E;,
transitions, respectively. The solid lines indicate the calculated
shift due to the depolarization effect (see text).
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be about 19 meV for the 130-A-well sample having
N,=1.1X10" cm™2, corresponding to N,,=4.3X10"?
cm 2. For the E,, transition at high doping levels,
where electrons populate the second subband, the final
state should also be lowered by the exchange interaction.
As a result, the E,,; transition is considered to be affected
only slightly. However, it is difficult to quantitatively
evaluate this effect for both E,; and E;, transitions.

In this way, the N, dependence of the E;, and E,,
peak energies can be explained in terms of the depolariza-
tion effect and exchange interaction. However, further
studies are necessary to clarify this point.

Figure 17 shows the integrated absorption intensity
and spectral linewidth as a function of N,. It is clear
from this figure that, over a wide range of N, the
linewidth of the E,, transition was narrow, compared
with that of the E;, transition. The narrowest linewidth
of the E,; absorption is 6.2 meV at low N, and then in-
creases gradually with an increase in N, while the
linewidth of the E;, spectra (12.4 meV) remains constant.
The discussion of the spectral linewidth will be described
later.

On the other hand, the absorption intensity was
strongly affected by N,. Initially, the absorption intensity
of the E,, transition increased linearly with an increase
in N,. At an N, of 1.8X10'? cm 2, the E,, absorption
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FIG. 17. The integrated absorption intensity and the spectral
linewidth (FWHM) as a function of the total sheet electron den-
sity N,. The integrated intensity was estimated by simply multi-
plying the peak absorbance [= —log;y(transmittance)] by the
spectral linewidth (FWHM). The solid and open circles
represent the data for the E,, and E3, transitions, respectively.
The arrow indicates the calculated N; where the Fermi level just
reaches the second subband E,. The solid curves are drawn
through the points as a guide.
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began to saturate, and simultaneously the E;, transition
appeared. Subsequently, the E,, intensity increased
steeply with N;. This suggests that the Fermi level
reaches the second subband at N,=1.8X10'> cm™2
Furthermore, the sheet carrier density at which the E,
reached the second subband was given by substituting E,
into E, of Eq. (2) (E,=E,), and was estimated at
1.9X 10" cm ™2 This value agrees well with the experi-
mental result (N, =1.8X10'? cm™2), as indicated by the
arrow in Fig. 17.

When the Fermi level reaches the E, subband, the E,,;
and E;, absorption spectra must be discussed as related
to N, and N,, derived from Eq. (2), instead of total N,.
Figure 18 shows the absorption intensities and spectral
linewidth of the E,; and E;, transitions replotted as
functions of N, and N,,, respectively. It is noteworthy
that the E;, intensity increases linearly with N,, in con-
trast to its variation with N, shown in Fig. 17. The E,,
intensity also indicated a linear relationship in the range
of the low doping level. These linear relationships allow
us to determine the well-defined oscillator strength f for
the E,,; and E;, transitions. In the high doping range,
however, the E,; intensity is not determined by N,, but
by N,;—N,,, because the final empty-state density is re-
duced due to the electron population in the second sub-
band. It was also found from Eq. (2) that N, —N,,
remained at a constant value of 1.9X10'> cm™? even
though N, increased above this value. This explains the
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FIG. 18. The integrated absorption intensity and the spectral
linewidth (FWHM) replotted with respect to the sheet electron
density in the first subband N, and the second subband N,,.
The solid and open circles represent the data for the E,, and
E;, transitions, respectively. The solid curves are drawn
through the points as a guide.
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saturation in the absorption intensity of the E,, transi-
tion above N, =1.9X10'2 cm ™2, as shown in Fig. 18.

The linewidth variation shown in Fig. 18 consists of
the doping-dependent and doping-independent parts.
The latter part is attributed to the structural inhomo-
geneity of the one-monolayer fluctuation and the energy
spread of minibands, as discussed in Secs. III B and III C.
These contributions were roughly calculated to be 7 and
9.5 meV for the E,; and E;, transitions, respectively.
These values, especially for the E,, transition, are in
good agreement with the experimental data.

The doping-dependent part is considered to be caused
by the effects of band nonparabolicity®® and the exchange
interaction.*' The nonparabolicity of the conduction
band causes different transition energies in different re-
gions of the k space and a concomitant broadening of the
spectral line. Since the nonparabolicity in the
Ing 53Gag 4,As conduction band is large, the difference in
the transition energies at Kk =0 and k =k r cannot be ig-
nored. The nonparabolicity parameter decreases with an
increase in the energy of the subband states.’® As a re-
sult, the contribution of this effect to the line broadening
for the E,, transition should be smaller than that for the
E,, transition, which is qualitatively consistent with our
doping dependence. On the other hand, the exchange in-
teraction among electrons in the ground subband causes
different energy lowering of subband states at k =0 and
k =k, and results in line broadening. A rough estima-
tion yields 20 meV at N,=4X10'?> cm 2, which is con-
siderably large compared with the experimental data. It
is difficult to quantitatively evaluate these effects because
of the uncertainties in the theoretical treatments, such as
an energy-dependent band nonparabolicity parameter
and the thermal distribution of electrons up to the higher
subbands.

IV. CONCLUSION

The intersubband absorption in Ings;Gag4,AS/
Ing 5,Aly 4sAs multiple quantum wells (MQW?’s) having
various structures grown on (001) InP was investigated.
The doping profile difference in MQW’s among the doped
well, the doped barrier, and a combination of the doped
well and barrier was found to have no appreciable
influence on the intersubband-absorption spectra. As the
well width increased from 35 to 200 A, the energies of the
absorption peaks decreased from 300 to 100 meV. For a
quantum well of 130 A, two sharp absorption peaks were
observed, corresponding to the transitions from the
second to the third subbands E;, and from the first to the
second E,,. This well-width dependence of the peak en-
ergy was in good agreement with theoretical calculations
of the subband structure and the Fermi level, taking into
account band nonparabolicity. The line broadening with
the well width was discussed in terms of the one-
monolayer fluctuation and the energy spread of mini-
bands. The oscillator strength and the dipole matrix ele-
ment were also evaluated using the integrated absorption
intensity. It was found that f,, was in the range of
0.2-0.35 and was almost independent of the well width,
while f3, was in the range of 0.55-0.75. The barrier-
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width and doping dependencies of the E,; and E;, transi-
tions were studied for the 130-A-well samples. A de-
crease in the barrier width contributes to line broadening
via the energy spread of minibands, while this has no
influence on the oscillator strength. Up to N, =8X10'!
cm ™2, only the E,, peak was observed around 95 meV.
For an electron density above N, =1.8X10'2 cm ™2, the
E;, transition was observed at 122 meV. This behavior
was in good agreement with the calculation of the
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Fermi-energy position. In addition, depolarization and
many-body effects were also briefly discussed.
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