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We present an optical study of beryllium �-doped GaAs/AlAs multiple quantum well �QW�
structures designed for sensing terahertz �THz� radiation. Photoreflectance �PR�, surface
photovoltage �SPV�, and wavelength-modulated differential surface photovoltage �DSPV� spectra
were measured in the structures with QW widths ranging from 3 to 20 nm and doping densities
from 2�1010 to 5�1012 cm−2 at room temperature. The PR spectra displayed Franz-Keldysh
oscillations which enabled an estimation of the electric-field strength of �20 kV/cm at the sample
surface. By analyzing the SPV spectra we have determined that a buried interface rather than the
sample surface mainly governs the SPV effect. The DSPV spectra revealed sharp features associated
with excitonic interband transitions which energies were found to be in a good agreement with those
calculated including the nonparabolicity of the energy bands. The dependence of the exciton
linewidth broadening on the well width and the quantum index has shown that an average half
monolayer well width fluctuations is mostly predominant broadening mechanism for QWs thinner
than 10 nm. The line broadening in lightly doped QWs, thicker than 10 nm, was found to arise from
thermal broadening with the contribution from Stark broadening due to random electric fields of the
ionized impurities in the structures. We finally consider the possible influence of strong internal
electric fields, QW imperfections, and doping level on the operation of THz sensors fabricated using
the studied structures. © 2005 American Institute of Physics. �DOI: 10.1063/1.1978970�

I. INTRODUCTION

The increasing use of terahertz �THz� frequencies in
various applications has stimulated considerable interest in
the development of compact THz devices based on semicon-
ductor nanostructures. The facilities of modern molecular-
beam epitaxy �MBE� technology enable semiconductor
quantum wells �QWs� to be engineered so that the carrier
transitions in subbands can be used either to generate THz
radiation by a quantum cascade scheme1 or to detect THz
frequencies, for instance, employing quantum well infrared
photodetector �QWIP� approach.2 The other way to proceed,
which attracts much attention due to easier fabrication and
lower costs, is to involve impurities in bulk semiconductors
since their transitions also fall into THz frequency range. As
an illustration of such a kind of detection it is worth men-

tioning the blocked-impurity band concept,3 conversely, as
an example of generator there are phosphorus or gallium
impurities in silicon.4 If a shallow impurity is placed in a
QW, then its intersublevel transitions can be tuned in a con-
trolled way to the desired THz frequency. It is advantageous
to use � doping as it prevents the extension of impurity en-
ergy levels resulting from any distribution of the dopant at-
oms along the growth direction of the QWs. The structures
prepared in such a way seem to be very attractive for fabri-
cation of the THz detectors and emitters.5–7 In this respect,
the Be �-doped GaAs/AlAs multiple quantum well �MQW�
system is of special interest as it gives the maximum possible
confinement for the acceptor states in the valence band and,
thus, the maximum possible tuning range for the dipole-
allowed 1s-2p transition of the acceptor. Usually, such in-
traacceptor transitions are studied at low doping densities
��3�1016 cm−3� to avoid impurity band effects smearing
out the sharp absorption lines at higher concentrations.8

The effect of quantum confinement on the transitions of
a�Author to whom correspondence should be addressed; electronic mail:

jk@pfi.lt

JOURNAL OF APPLIED PHYSICS 98, 023508 �2005�

0021-8979/2005/98�2�/023508/8/$22.50 © 2005 American Institute of Physics98, 023508-1

Downloaded 02 Nov 2006 to 129.11.76.129. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1978970


Be acceptors confined in GaAs/AlAs MQWs has already
been investigated theoretically9 and experimentally by far-
infrared absorption7,10 and photoluminescence9,11 techniques.
The data revealed important information about the binding
energy and the carrier dynamics within the Be acceptor lev-
els, in particular, the ability to alter the transition energy and
the hole lifetime by the confinement potential of the QWs
was demonstrated. However, the previous investigations
were not extended to the spectral region of interband optical
transitions, where excitons are expected to play a dominant
role and can thus be used in the study and characterization of
QW structures.12 As is well known, the structural quality of
QW structures is essential for the performance of semicon-
ductor devices. Therefore, knowledge about the presence of
internal electric fields, interface roughness, and other imper-
fections in �-doped GaAs/AlAs structures is of particular
importance for the technological development of far-infrared
detectors and solid-state terahertz lasers.

Contactless and therefore nondestructive photoreflec-
tance �PR� spectroscopy,13,14 surface photovoltage �SPV�
spectroscopy,15 as well as differential SPV �Refs. 16 and 17�
�DSPV� are especially attractive techniques for studying the
optical and electronic properties of low-dimensional semi-
conductor structures. They offer the possibility of carrying
out an investigation of quantum structures with high spectral
sensitivity even at room temperature. Due to its high sensi-
tivity, the PR technique has been widely used for the inves-
tigation of electronic structure and internal electric fields of
various bulk semiconductors and heterostructures.14 As a
rule, the PR spectra of multilayer systems are very compli-
cated due to the superposition of signals originating from
separate regions, including surfaces and interfaces in the
sample.18 Therefore, a comparative study of QW structures
by various optical characterization techniques, such as PR
and DSPV spectroscopies is useful when interpreting the op-
tical data.

In this work, we present a systematic study of room-
temperature PR, SPV, and wavelength-modulated DSPV of
optical interband transitions in Be �-doped GaAs/AlAs
MQW structures. Analyzing Franz-Keldysh oscillations
�FKO� in PR spectra and the line shape of the DSPV allowed
us to extract information on the built-in electric fields and the
excitonic parameters for a large number of QW subbands, as
well as the structural quality of the samples studied. The
experimental optical transition energies were compared with
calculations performed within the envelope function approxi-
mation taking into account nonparabolicity of the energy
bands. The dominant exciton line broadening mechanisms
were revealed and the interface roughness was evaluated
from an analysis of the dependence of the exciton linewidth
broadening on the QW width and the subband quantum
number.

II. SAMPLES AND EXPERIMENT

A series of Be �-doped GaAs/AlAs MQWs with the
doping at the well center as well as a single epilayer of
GaAs:Be was grown by MBE on a semi-insulating �100�
GaAs substrate in a VG V80H reactor with all solid sources.

Prior to the growth of the MQW, a GaAs buffer layer of
300-nm thickness was grown. Each of the MQW structures
investigated contained the same, 5-nm width AlAs barrier,
while each GaAs well layer was � doped at the well center
with Be acceptor atoms. The structures were capped with a
100-nm GaAs layer. The doping level and the main charac-
teristics of each sample are summarized in Table I. The sche-
matic band diagram of �-doped GaAs/AlAs MQW struc-
tures was calculated from Poisson’s equation and it is shown
in Fig. 1. It was assumed that the surface Fermi level for
p-type GaAs is pinned at 0.5 eV above the valence band.19

Consequently, this results in the formation of a surface deple-
tion layer and a surface electric field. Another depletion layer
is also formed at the interface between the MQW layer and
the substrate due to Fermi-level pinning near the midgap of
the semi-insulating GaAs.

The PR measurements were performed using a He–Ne
632.8-nm wavelength laser or a light-emitting diode �LED�
�470-nm wavelength� as the modulation and/or continuous-
wave illumination pump sources. The penetration depth of
the He–Ne and LED light beams into GaAs were calculated
to be about 250 and 50 nm, respectively. The PR spectra
were measured in phase with the modulated 650-Hz pump
beam. Pump intensities were kept below 2 mW cm−2. The
SPV measurements were performed in a chopped light ge-
ometry using a capacitorlike system with a transparent con-
ducting top electrode20 under normalized incident light inten-
sity conditions. The illumination intensity was selected at
sufficiently low levels in order not to affect the line shape of
the spectra. In the DSPV spectrum measurements, a
wavelength-modulation technique was used.16,17 The wave-
length of the incident probe light was modulated by vibrating

TABLE I. Characteristics of the samples: the repeated period, the quantum
well width �Lw�, the �-doping Be concentration �NA�, and the growth tem-
perature of the epitaxial layer �T�.

Samples Periods
Lw

�nm�
NA

�cm−2�
T

�°C�

1795 400 3 2�1010 550
1794 200 10 5�1010 550
1303 50 15 2.5�1012 540
1392 40 20 2.5�1012 540
1807 100 20 5�1010 550
2068 300 5 5�1010 550
2071 300 5 5�1012 550
1796 5-�m-thick GaAs epilayer 2�1016 cm−3 550

FIG. 1. Band diagram of �-doped MQW structure. Ec and E� are the
conduction- and valence-band edges. �z is the width of the Be-doped layer.
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a fused-silica plate at 87 Hz located near the exit slit of the
monochromator. The PR, SPV, and wavelength-modulated
DSPV signals were recorded by a conventional lock-in de-
tection system. The measurements were performed at room
temperature.

III. RESULTS AND DISCUSSION

A. PR spectra

In Fig. 2 we present PR spectra in the region
1.35–1.70 eV for the GaAs/AlAs MQW samples with vari-
ous well widths and doping concentrations. The PR spectrum
from an epitaxial p-GaAs layer is also shown for compari-
son. By analyzing the spectra, we identified two sets of PR
features related to various optical transitions in the MQW
structure. Firstly, the PR features arising in the vicinity of the
GaAs fundamental gap Eg �1.424 eV� with the characteristic
oscillations are clearly observed in the PR spectra of the
GaAs epilayer 1796 and GaAs/AlAs MQW samples 1794
and 1795. It should be noted that the oscillatory behavior of
the PR signal above the band-gap energy of GaAs is not
related to light interference fringes in the reflectivity spectra
�they are not depicted�. Furthermore, it was found that the
PR oscillation period could be reduced by illumination �op-
tical bias� due to the photovoltage effect. Therefore, these PR
features were associated with FKOs indicating the existence
of an internal electric field in the samples. Secondly, at
higher energies, one can see a number of mnH�L� features
related to optical transitions in the MQW region of the
samples. The notation mnH�L� signifies the transitions be-
tween the mth electron and nth heavy-hole �H� or light-hole
�L� subbands. The energies and broadening parameters of
optical transitions responsible for observed PR features �Fig.
2� were determined from the fit of the PR spectra to the first
derivative of a Lorentzian-type function proposed by

Aspnes21 which is appropriate for excitonic transitions in
QW structures.13,14 The energies of the optical transitions,
denoted by arrows in Fig. 2, were found to change according
to the QW thickness as expected from the quantum confine-
ment effect. For the large well width samples 1807, 1303,
and 1392, the intense ground-state QW transitions occur
rather close in energy to the GaAs band gap. Therefore, bulk-
like FKO signals were not well resolved in the PR spectra of
these samples.

First we discuss the origin of the FKO features above the
GaAs band gap. According to the calculated band diagram
�Fig. 1�, the FKO features for the structures studied may
originate from the photomodulation of the band bending near
the surface, in the GaAs cap layer, and/or near the interface,
in the GaAs buffer layer. Obviously, the effectiveness of the
photomodulation of the interfacial electric field is limited
due to light absorption in the structure above the buffer layer.
Therefore, the PR intensity should be strongly dependent on
the thickness of the structure as well as the wavelength �pen-
etration depth� of the incident light.13,14.

In the analysis of the internal electric-field strength, the
oscillating behavior of FKOs is described as22

�R

R
� cos�4

3
�E − Eg

��
�3/2

+ 		 , �1�

where E is the photon energy, Eg stands for the band-gap
energy, ��= �e2F2�2 /8��1/3 denotes an electro-optic energy,
e designates the electron charge, � marks the reduced mass
of the electron and hole in the direction of the electric field
F, � labels Planck’s constant, and 	 is a phase factor which
is influenced by any inhomogenity of the internal electric
field.23

In addition, the phase of FKOs originating from the bur-
ied interface shifts strongly with the change of the epilayer
thickness due to an interference effect.24 We therefore used
these peculiarities of the spectra to disclose the origin of
FKOs. Let us consider in more detail the PR results for
samples 1807, 1794, and 1795 given in Fig. 2. It can be seen
that the change of the thickness of the MQW layer from 2.5
�sample 1807� to 3.2 �m �sample 1795� hardly affects the
phase of the FKOs. Also, we found that the phase and the
period of the FKOs do not depend on the wavelength �pen-
etration depth� of the pump beams. Therefore, it could be
inferred that the PR signals for these thick MQW samples
arise mainly due to the photomodulation of the surface elec-
tric field. Consequently, taking into account the band dia-
gram depicted in Fig. 1, these �-doped structures should ex-
hibit a nearly uniform electric field in the undoped GaAs cap
layer and cause slowly decaying FKOs in the PR spectra. In
contrast, due to broadening effects and the nonuniform elec-
tric field in a doped epitaxial GaAs layer, the FKOs are more
heavily damped �Fig. 2�. In accordance with Eq. �1�, the
built-in electric-field strength was evaluated by fast Fourier
transform �FFT� analysis of the FKOs in the energy region
above the GaAs band gap.25 Prior to the Fourier analysis, the
experimental PR spectrum has been renormalized substitut-
ing a new argument �E−Eg�3/2 and multiplying the spectrum
by E2�E−Eg� in order to deal with periodic functions and
compensate for the damping of the FKOs, respectively.

FIG. 2. Room-temperature PR spectra of GaAs epilayer 1796 and �-doped
GaAs/AlAs MQW samples with different well widths obtained with pump-
ing He–Ne laser with a wavelength of 632.8 nm. The energies of optical
transitions are marked by arrows. For convenience, the spectra obtained for
the different samples are vertically shifted.
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Then, according to Eq. �1�, the peak quasifrequency f of the
band in the spectrum, evaluated from the Fourier transform
of the FKO, is related to the electric field by

f =
2

3

����3/2 =

4
�

3


1

e�F
. �2�

The FFTs of the PR spectra of several of the GaAs/AlAs
MQW structures are plotted in Fig. 3. For sample 1795, the
two peaks of the FFT correspond to the heavy �hh� and light
�lh� hole subband contributions to the PR spectra. The ratio
of frequencies fhh / f lh=1.29 is consistent with the ratio25 of
��hh /�lh�

0.5. For other samples, only a single peak is seen in
the transformed spectra arising from the more intense heavy-
hole-related band-gap transition. These peaks are very broad
due to the small number of FKOs in the PR spectra, and the
signature of the light-hole contribution is not resolved. The
calculated surface electric fields using Eq. �2� are also pre-
sented in Fig. 3. The electric-field values obtained in the cap
layer of the MQW structures are about 20 kV/cm and are
consistent with the calculated surface field value �Fig. 1� for
an acceptor concentration of 2�1017 cm−3.

B. SPV and DSPV spectra

1. Characteristic features

Figure 4 shows the SPV spectra of the different MQW
samples measured under the same conditions. At low photon
energies, all of these spectra exhibit a sharp increase in the
photovoltage, which can be related to the onset of absorption
in bulk GaAs layers. The shoulder around 1.39 eV in the
spectra seems to be due to the impurities, while the knee at
1.42 eV is related to the GaAs band edge. At higher energies,
pronounced discrete dips that could be associated with exci-
tonic transitions in MQWs are clearly visible. It is an inter-
esting characteristic that the spectra show n-type behavior
�positive sign� in spite of the presence of p-type band bend-
ing near the surface. These results can be understood by
taking into account the fact that two oppositely directed in-
ternal electric fields exist in the structures, one in the cap
layer and another one in the buffer layer �see Fig. 1�. In this
case, the total SPV signal should be considered as a super-
position of the two signal components with opposite sign.15

As the total SPV is positive, it means that the SPV signal

component coming from the interface region of the GaAs
buffer layer is very strong, and that it cancels the signal from
the surface region. This is probably because the ratio of SPV
signals from the surface and interface depletion regions
should depend on the efficiencies of the generation and the
spatial separation of electron-hole pairs. Since the GaAs cap
layer is relatively thin, the SPV signal arises mostly due to
light absorption in the GaAs buffer layer of the MQW
sample. In addition, light absorption also takes place in the
QWs. Consequently, it is very likely that the dips observed in
the SPV spectra at the energies above the GaAs band gap
arise mainly due to the attenuation of incident light passing
through the MQW layer at the exciton resonances.26 There-
fore, the SPV spectra above the GaAs band-gap energy rep-
resent typical transmissionlike spectra of the MQW layer.

Further evidence for the origin of the SPV was provided
by measurements of the edge-incident photovoltage spectra.
We did not observed any QW-related features in these spec-
tra. This rules out the possibility that the observed SPV fea-
tures could be attributed solely to the photovoltage activity
of MQWs themselves. The short electric-field penetration
depth into the MQW region �Fig. 1�, the relatively thick bar-
riers preventing fast carrier tunneling, and the large recom-
bination rate of any photocreated carriers in the doped QWs
can account for the reduced photovoltaic activity of the
MQW samples studied.

The interference pattern due to internal multiple reflec-
tions from the interfaces is also visible below the exciton
transitions edge 11H �Fig. 4�, just like in the reflectivity
spectra. The minima in the SPV spectra correspond to
maxima in the reflectivity spectra. The thickness d of the
layer that produces light interference can be estimated by
using the relationship d=�1�2 /2n0��1−�2�, where n0 is the
refractive index, and �1 and �2 are the wavelengths of the

FIG. 3. Fourier transforms of the FKOs in the PR spectra �Fig. 2� for
samples 1794, 1795, and 1796.

FIG. 4. Experimental SPV spectra of �-doped GaAs/AlAs MQW structures
at room temperature. The spectra are vertically shifted for clarity. The
dashed curve represents data for sample 2071 �Table I�. The interference
pattern due to internal multiple reflections from the interfaces is visible
below the exciton transitions edge 11H similarly to the reflectivity spectra.
Note the absence of excitonic peaks and a step-like behaviour of SPV spec-
tra originating from interband transitions in the highly doped sample 2071
�dash line�.
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two adjacent maxima �or minima�. For example, for sample
1795 using this procedure, we find that d=3.4 �m. This
value is in good agreement with the nominal thickness of the
MQW layer �3.2 �m� of this sample �Table I�.

Note that excitonic peaks in the SPV spectra of the
MQW samples are observed for the doping level NA�2.5
�1012 cm−2. If the doping density is increased to 5
�1012 cm−2, excitonic peaks disappear completely and a
steplike behavior of SPV spectra originating from interband
transitions is observed �Fig. 4, dashed line representing data
for highly doped sample 2071�. This change in the line shape
of the SPV spectra probably occurs due to the screening of
the excitons by free holes in the QWs.

In order to study the QW-related optical transitions with
higher resolution, we have measured the DSPV spectra. The
data for four GaAs/AlAs MQW samples are shown by open
circles in Fig. 5. The excitonic features in the DSPV spectra
were analyzed on the basis of the model assuming that
normal-incident SPV features for MQWs are related to pho-
toabsorption. We suppose that the spectral responsivity of the
buried interface region above the GaAs band-gap energy is
slowly varying with wavelength, compared to the sharp spec-
tral lines of the optical transitions in the MQW. In this case,
neglecting the spectral dependence of the reflectivity, the
measured quantity dV /dE of the DSPV should be related to
the first derivative of the absorption coefficient 
 of the
MQW layer versus the photon energy E �Ref. 27�

1

V

dV

dE
�

1

dw

1

I

dI

dE
= −

d


dE
, �3�

where V is the SPV signal, dw is the thickness of the MQW
absorbing layer, and I is the light intensity absorbed in the
GaAs buffer layer.

We found experimentally that the SPV amplitude above
the GaAs band-gap energy increases linearly with the exci-
tation intensity under weak illumination and tends to saturate

at strong illumination. Therefore, for the regime of weak
excitation, the wavelength dependence of the SPV above the
GaAs band gap can be related to the spectral dependence of
the absorption coefficient of the MQW layer. In this case the
normalized DSPV, �dV /dE� /V, spectra are qualitatively
equivalent to the first derivative of the absorption spectra.27

2. Optical transitions

The optical transitions in the GaAs/AlAs QWs were ex-
amined on the basis of a line-shape analysis of the normal-
ized DSPV spectra. The spectra were fitted to the first de-
rivative of a Lorentzian-type function.21 As can be seen from
Fig. 5, the experimental DSPV data �open circles� are rea-
sonably well described by this line-shape model �lines�.
Moreover, the fit allows estimations of the optical transition
energies �the arrows in Fig. 5� and the line broadening
parameters.

To identify the spectroscopic data, we have carried out
calculations of the energy levels and interband transition en-
ergies for GaAs/AlAs QWs for nonparabolic energy bands
in the envelope function approximation using energy-
dependent effective electron and light-hole masses.28 At the
conduction-band edge, the effective masses of the electrons
are me=0.0635m0 in GaAs and me=0.15m0 in AlAs.29 At the
valence-band edge, the effective masses of the heavy and
light holes along the z direction were evaluated from Lut-
tinger parameters �1=6.98, �2=2.06 for GaAs and �1=3.76,
�2=0.82 for AlAs.29 The forbidden energy-gap values are
Eg

�=1.424 and 3.018 eV for GaAs and AlAs, respectively.30

The conduction-band offset was taken to be 0.65. In the cal-
culations, we assumed that the QW potential profile is rect-
angular. To check this assumption, the calculations of energy
levels by solving the coupled Poisson-Schrödinger equations
have also been performed. It was found that the change in the
ground-state optical transition energy due to distortion of the
rectangular QW potential profile by � doping is negligible
and reaches only �3 meV when the concentration of accep-
tors is 2.5�1012 cm−2 and the width of the QW is 20 nm.
For narrower QWs and higher-order optical transitions the
deviations were found to be even smaller.

The calculated interband transition energies for
GaAs/AlAs QWs with the 5-nm AlAs barriers are plotted as
a function of well width in Fig. 6. The exciton energies ob-
tained from the analysis of the experimental DSPV spectra
are also shown by symbols. As can be seen from Fig. 6, for
most transitions studied the calculated interband energies ex-
ceed the experimental data by �3–10 meV. This difference,
which increases with decreasing QW thickness, should be
equal to the exciton binding energy that was not included in
our calculations. Indeed, it is somewhat smaller than the ex-
citon binding energies in GaAs/AlAs QWs obtained from
photoluminescence excitation studies.31 Some decrease of
exciton binding energies in our samples may be due to exci-
ton screening by free holes in �-doped QWs.32

3. Broadening mechanisms of the spectral lines

Now we shall discuss the spectral line broadening esti-
mated from the DSPV and PR spectrum analysis. The well

FIG. 5. Room-temperature wavelength-modulated DSPV spectra of �-doped
GaAs/AlAs MQW structures �open circles�. The solid lines are least-
squares fits to the first derivative of a Lorentzian-type function. Energies of
the transitions are marked by arrows. The spectra obtained for the different
samples are vertically shifted for clarity.
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width dependence of the broadening parameter � which rep-
resents the full width at half maximum �FWHM� of the ex-
citon line for 11H optical transitions is shown by symbols in
Fig. 7. As can be seen, for thin QWs �Lw�10 nm�, a rapid
rise in the linewidth up to about 35 meV is observed with
decreasing QW thickness from 10 to 3 nm. On the other
hand, for thick QWs �Lw�10 nm�, where � is equal to about
10 meV, it practically does not change with Lw or even tends
to increase slightly with increasing well width up to 20 nm.
This tendency arises mainly from the fact that the � values
for highly doped samples �solid symbols� are found to be
somewhat larger than those for lightly doped ones �open
symbols�.

In analyzing the experimental ��Lw� dependencies, sev-
eral linewidth broadening mechanisms should be
considered:33 �i� thermal broadening ��th� due to phonon
scattering, �ii� inhomogeneous broadening of the exciton en-
ergy levels ��inh� caused by structural imperfections in QWs,

such as interface roughness or composition fluctuations in
the alloy, �iii� broadening due to the Stark effect in nonuni-
form internal electric fields ��St�, and �iv� linewidth broad-
ening due to band filling or exciton scattering by free carriers
��c�.

Considering the experimental ��Lw� data from the point
of view of thermal broadening, we used the value of �th

=6 meV �Fig. 7, dotted line�. This number was estimated
from the study of the temperature dependence of exciton
scattering by longitudinal-optical and acoustic phonons in
GaAs/AlGaAs QWs.34,35

The inhomogeneous linewidth broadening �inh �FWHM�
due to well width fluctuations was evaluated as the change of
exciton energy En with the variation of the well width,12

�inh�n� = 2.36
dEn

dLw

�Lw, �4�

where �Lw is the standard deviation of the well width fluc-
tuations which were assumed to obey a Gaussian distribution
and n is the quantum number of the QW subbands.

As may be seen from Fig. 6, the differential energy shift
dEn /dLw grows with increasing quantum number n. There-
fore, the well width fluctuations �Lw in thick QWs, where
ground-state optical transitions with n=1 are insensitive to a
variation in Lw �Figs. 6 and 7�, were evaluated from the
experimental dependence of ��n� �Fig. 8�. The experimental
data ��n� were analyzed by the relation ��n�=a+�inh�n�
where the parameter a was assumed to include homogeneous
broadening contributions and �inh�n� was calculated using
Eq. �4�. In these considerations, the �Lw and a were treated
as adjustable parameters while the derivatives dEn /dLw were
calculated taking into account the nonparabolicity of the en-
ergy bands. In this way, the average well width fluctuations
�Lw in thick QWs were found to be equal to 0.9–1.3 mono-
layers �MLs� which in GaAs corresponds to 2.83 Å.

The well width fluctuations in narrow QWs were esti-
mated by analyzing the � dependence on Lw for the ground-
state excitonic transitions. The data are shown in Fig. 7. Be-
fore proceeding to a more detailed discussion on these
results, it is worth noting the following. In order to perform
such an analysis, the exciton line Stark broadening �St,
caused by the internal electric fields in MQW structures,

FIG. 6. Experimental �symbols� and calculated �lines� interband transition
energies vs well widths for �-doped GaAs/AlAs MQWs. The solid symbols
and solid lines, open symbols and dotted lines represent allowed heavy-hole-
related transitions, mnH, and light-hole-related allowed transitions, mnL,
respectively. Weakly allowed 13H transition is depicted by open symbols
and dashed line, too.

FIG. 7. Experimental �symbols� and calculated �thick solid curve� broaden-
ing parameter � �FWHM� of 11H excitonic transitions in �-doped
GaAs/AlAs MQWs as a function of the well width Lw. In addition, we have
plotted the calculated contributions to the linewidth broadening due to well
width fluctuations �inh �thin solid curve�, exciton interaction with phonons
�th �dotted line�, and broadening induced by random electric fields of ion-
ized impurities �St �dashed curve�.

FIG. 8. The evolution of the broadening parameters of heavy-hole excitons
related optical transitions as a function of the quantum number n in �-doped
GaAs/AlAs MQWs with different well widths.
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should be evaluated. This is a rather complicated problem as
the spectral line broadening �St can arise from the Stark ef-
fect in a random Coulomb field of ionized impurities in
�-doped planes, in nonuniform surface and interface electric
fields and, also, in electric fields caused by well-to-well fluc-
tuations in doping.33,36 If the �St originates mainly from the
Coulomb fields of ionized impurities, it can be expressed as36

�St � 2 � 10−30Ni
4/3�m0

�

2

Eb
−1, �5�

where Ni is the concentration of ionized impurities, Eb is the
exciton binding energy, m0 is the free electron mass, and � is
the reduced electron-heavy-hole mass.

Therefore, including various broadening mechanisms,
the total ��Lw� dependence was calculated as �=�th+�inh

+�St. The experimental data for lightly doped QWs �Fig. 7,
open symbols� were fitted reasonably by choosing �Lw=0.5
ML �Fig. 7, a thin solid curve representing �inh� and Ni

=1017 cm−3 �Fig. 7, a dashed curve representing �St�. By
calculating �St, the exciton binding energies from Ref. 31
were employed. It should be noted that using the values de-
termined above �Lw�1 ML for thick QWs does not have a
significant influence on the results of the analysis because,
according to Eq. �4�, a 1-ML fluctuation in a 20-nm well
width causes about a 0.8-meV fluctuation in the transition
energy. Further, one may suppose that smaller �Lw values
estimated in narrow QWs as compared to the thick ones can
be due to the correlation effects of well width fluctuations in
narrow QWs.37 Note also the spectroscopically obtained con-
centration of ionized impurities Ni�1017 cm−3 corresponds
to an areal density of approximately �2�1010 cm−2 �assum-
ing the diffusion length of 2 nm�.

By examining the ��Lw� dependence, the exciton line
broadening due to scattering by free carriers was also con-
sidered. According to Shen et al.,38 it has been evaluated that
at a carrier density equal to 2�1010 cm−2 the spectral line
broadening should be �0.2 meV. However, this component
should increase linearly with two-dimensional �2D� carrier
density and could be taken into account by explaining exci-
ton line broadening in highly doped samples.

Thus, the analysis performed on the exciton linewidth
broadening in �-doped GaAs/AlAs MQW structures indicate
that in narrow QWs the dominant mechanism is the
well width fluctuations. In thick QWs, phonon and Stark
broadening due to random electric fields was found to be
predominant.

Before we proceed to the conclusions, it is reasonable to
briefly consider the relevance of the information obtained
concerning the structural properties and inherent features of
studied MQWs with respect to the design of the THz sensors.
It is worth noting that very recently we have fabricated and
tested the THz sensors based on the studied GaAs/AlAs
MQWs. Terahertz photocurrent, measured along the QWs
layers, has shown that such devices can operate within
5.4–7.3 THz frequency range at low temperatures.39 The
main mechanism responsible for the photocurrent signal was
assumed to be photothermal ionization of Be acceptors. Al-
though the optical data reveal the presence of strong internal
electrical fields and some imperfections of different origin in

the structures, one can deduce that these features seem not to
be a serious obstacle for the realization of THz detectors. We
should emphasize, however, that in designing such devices
the effect of doping should be also taken into account: in
interband spectra these effects appear in the quenching of
excitonic lines and the increase of broadening parameter
with higher doping density. Meanwhile, in the THz range, it
could bring about a redshift of detection frequency.39

We conclude that Be-doped GaAs/AlAs structures could
serve as an active component creating a new type of THz
sensor which relies on in-plane carrier transport in doped
QWs, in contrast to the QWIP type of devices where carrier
movement perpendicular to QW layers is responsible for de-
vice operation.

IV. CONCLUSIONS

In summary, room-temperature PR, SPV, and DSPV
spectra of Be �-doped GaAs/AlAs MQW structures de-
signed for THz sensing applications have been measured.
The excitonic interband transitions and the structural quality
of the samples were examined with QW widths ranging from
3 to 20 nm and doping level varying from 2�1010 to
5�1012 cm−2. It has been demonstrated that the nondestruc-
tive PR, SPV, and DSPV methods can give valuable infor-
mation about internal electric fields, electronic structure, and
broadening of excitonic resonances in �-doped MQWs.

The surface electric-field strength estimated by FFT
analysis of FKO in the PR spectra was found to be
�20 kV/cm. We discussed the origin of the SPV signal in
the MQW samples and revealed that a dominant SPV com-
ponent comes from the GaAs buffer layer. Also, it was found
that features in the SPV and DSPV spectra exhibit excitonic
behavior showing that doping effects are not critical for the
observation of excitonic transitions at the acceptor densities
up to 2�1012 cm−2. From the line-shape analysis of the PR
and DSPV spectra the exciton transition energies and line-
width broadening parameters for a large number of QW-
related transitions were determined. The spectroscopic data
of transition energies are found to be in agreement with cal-
culations performed within the envelope function approxi-
mation which took into account the nonparabolicity of the
energy bands.

Analysis of the dependence of the exciton linewidth
broadening on the subband quantum number and the QW
width allowed to evaluate line broadening mechanisms and
interface roughness in the MQW structures. It was found that
in QWs thinner than 10 nm the dominant line broadening
mechanism is from the average half-ML well width fluctua-
tions. In QWs thicker than 10 nm, the average well width
fluctuations are found to be �1 ML. Also, in lightly doped
thick QWs, where the exciton line is insensitive to interface
roughness, the linewidth was explained mainly by thermal
and Stark broadening due to the random electric fields of
ionized impurities. We observed a trend of an increasing
broadening parameter with increasing doping density. This
may be due to enhanced exciton scattering by ionized impu-
rities and free holes. However, to evaluate the effect of dop-
ing on exciton line broadening, more detailed studies of the
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dependence of the modulation spectra of GaAs/AlAs MQWs
on the Be acceptor density are needed. Finally, it was con-
cluded that the presence of strong internal electric fields and
QW imperfections must be taken into account in designing
THz sensors based on the studied structures.
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