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The authors present the application of contactless electroreflectance (CER) spectroscopy to study optical transitions in low
dimensional semiconductor structures including quantum wells (QWs), step−like QWs, quantum dots (QDs), quantum dashes
(QDashes), QDs and QDashes embedded in a QW, and QDashes coupled with a QW. For QWs optical transitions between
the ground and excited states as well as optical transitions in QW barriers and step−like barriers have been clearly observed
in CER spectra. Energies of these transitions have been compared with theoretical calculations and in this way the band
structure has been determined for the investigated QWs. For QD and QDash structures optical transitions in QDs and
QDashes as well as optical transitions in the wetting layer have been identified. For QDs and QDashes surrounded by a QW,
in addition to energies of QD and QDash transitions, energies of optical transitions in the surrounded QW have been mea−
sured and the band structure has been determined for the surrounded QW. Finally some differences, which can be observed
in CER and photo−reflectance spectra, have been presented and discussed for selected QW and QD structures.
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1. Introduction

Electro−modulation (EM) spectroscopy is known as a very
powerful absorption−like technique to study various mate−
rial issues in different semiconductor heterostructures
including quantum wells, quantum dots and others quantum
systems [1–5]. The basic idea of this technique is to measure
the derivative of the reflectance spectrum with respect to
modulating electric field. In general, the electric field modu−
lation inside the sample can be achieved in several ways,
including contact and contactless modes. The contact mode
called electroreflectance (ER) needs to apply an electric
field directly on the semiconductor, either through

a Schottky barrier or a semiconductor/electrolyte junction.
This approach is destructive for samples and, therefore,
another approaches like photo−reflectance (PR) and
contactless electroreflectance (CER) are more favoured. In
the case of PR, the band bending modulation (i.e., the sur−
face electric field modulation) takes place due to the photo−
voltaic effect, which is induced by photo−generated carriers.
Unfortunately, this carriers lead to an unwanted photolumi−
nescence (PL) signal which can complicate measurements
of PR spectra very significantly. This inconvenience is
overcome in CER spectroscopy and, therefore, this tech−
nique is often recommended for the non−destructive charac−
terization of semiconductor heterostructures. The band bend−
ing modu− lation in CER spectroscopy is realized in
contactless mode by using a capacitor system with one elec−
trode which is semi−transparent for light [5,6]. The periodic
modulation of a built−in electric field inside the sample pro−
duces sharp spectral features at photon energies which cor−
respond to inter−band transitions. Due to the Franz−Keldysh
effect, CER spectroscopy can be also applied to investigate
the built−in electric field and the Fermi−level position in
semiconductor heterostructures [7–10]. For recent years
CER spectroscopy was widely applied to study various
material issues in different semiconductor materials and
heterostructures [7–28]. In this paper we present both main
principles of CER spectroscopy and examples of our recent
application of CER spectroscopy to study quantum wells,
quantum dots/dashes, and other quantum structures.
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2. Experiment

The condition to obtain CER signal is the existence of
a built−in electric field inside the sample under investiga−
tion. This condition is usually fulfilled in majority semicon−
ductor structures since such samples possess a surface elec−
tric field or a built−in electric field at internal interfaces. This
field results from different level of intentional (or uninten−
tional) doping in individual layers as well as different con−
centrations of native point defects in these layers. It is worth
noting that it is usually more difficult to obtain such condi−
tions in narrow gap semiconductors at room temperature
and, therefore, the modulation of built−in electric field in
such structures can be inefficient at room temperature.

Both the bright and dark experimental configurations
can be applied to measure CER spectra [29]. In general, the
classical approach to measure electro−modulation spectra
(including the CER ones) is the dark configuration [1–4]
where the sample is illuminated with monochromatic light.
Recently, the “bright” configuration is widely applied to
measure PR and CER spectra [10–18,29,30]. In this review
paper this experimental configuration is described and ap−
plied to study optical properties of low dimensional semi−
conductor structures.

2.1. Experimental set-up

Figure 1 shows an experimental set−up for CER measure−
ments in the “bright” experimental configuration [29,30].
The typical capacitor used for CER measurements is shown
in Fig. 2. The sample is mounted inside such a capacitor on
the bottom electrode by using a conductive glue. The front
electrode is made from a wire mesh, is semi−transparent for
light and is separated from the sample surface by a spacer.
Thus, there is no electric contact between the top electrode
and the sample surface. It means that the sample does not
conduct any currents and the external electric field is able to
change the carrier distribution inside the sample. Due to no
electric contact between the electrode and the sample the

voltage drop appears mainly in the air gap between the top
electrode and the sample. The limit for the applied voltage is
the electric breakdown in this air gap. A generator of
a square AC voltage is used to create the AC field inside the
capacitor. A maximum peak−to−peak alternating voltage of
2–3 kV with the frequency of 280 Hz is usually used for the
modulation when the spacer between the electrode and the
sample is ~0.5 mm.

2.2. Data analysis

In CER spectroscopy we measure changes in reflectance
spectrum which are induced by changes in the built−in elec−
tric field inside the investigated sample. In order to extract
maximum information from experimental data, an appropri−
ate analysis of spectral features has to be performed. In ge−
neral, changes in reflectance spectrum are related to the per−
turbation of the dielectric function ( )� � �� �1 2i and they
are described by the following equation [1–3]

� � �R

R
� �� � � � � � � �( , ) ( , )1 2 1 1 2 2 , (1)

where � and � are the Seraphin coefficients related to the di−
electric function, and ��1 and ��2 are related by Kramers−
−Kronig relations. The detailed line−shape of CER features
related to optical transitions can be discussed in terms of
electro−modulation mechanisms which can be classified
into three categories depending on the relative strengths of
characteristic energies [31]. In the low−field regime �� �� ,
where � is the broadening parameter and �� is the
electro−optic energy given by Eq. (2)
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�� 3

2 2 2

2
� q F

�
. (2)

In the above equation F is the electric field and � is the
reduced interband mass in the direction of the field. In the
intermediate−field case, when �� �� and qFa0 << Eg (a0 is
the lattice constant), Franz−Keldysh oscillations (FKO)
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Fig. 1. Experimental set−up for contactless electroreflectance mea−
surements in “bright” configuration (BS−beam splitter; PC−personal

computer).

Fig. 2. Capacitor used to contactless electroreflectance measure−
ments.



appear in EM spectra. In the high−field regime the elec−
tro−optic energy is much greater than the broadening � but
qFa0 �Eg so that Stark shifts are produced. Theoretical
descriptions of the spectral features observed in the EM
spectra are discussed in detail in Refs. 31–37. The most
important conclusions are presented below.

Low field limit: Electroreflectance spectra of simple,
lightly−doped systems, measured under low field conditions
can often be modelled using Aspnes’ third derivate func−
tional form [31], so−called Lorentzian line shape

� �R

R
Ae E E ii m� � � �Re[ ( ) ]	

0 , (3)

where E0 is the critical point (CP) energy, � is the broaden−
ing parameter (�~
 /�), A and 	 are the amplitude and phase
factor, respectively. The term m refers to the type of CPs,
i.e., the nature of optical transitions, namely: m = 2, 2.5 and
3 for an excitonic transition, a three−dimensional (3D) CP
one−electron transition and a two−dimensional (2D) CP one−
−electron transition, respectively. This formula is appropri−
ate at low temperatures for high quality structures. At room
temperature, the Lorentzian dielectric function can be inap−
propriate and Eq. (3) should be replaced by more general
equation [2,3]. For a better visualization of optical transi−
tions observed in CER spectra the modulus of CER reso−
nance can be plotted. Such a modulus is defined by Eq. (4)
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where A, E0, , and � parameters are taken from the fitting
procedure by Eq. (3).

Intermediate field limit: When the low−field criteria are
not satisfied, but eFa0 << Eg, the dielectric function can
exhibit Franz−Keldysh oscillations. Although the exact form
of �R/R for the intermediate−field case with the broadening
is quite complicated, Aspnes and Studna [32] have derived
a relatively simple equation
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where E is the energy, Eg is the energy gap for the consi−
dered optical transition, �� is the electro−optic energy
defined by Eq. (2), � is the line−width, and 
 is the arbitrary
phase factor. From the above equation, the position of a nth
extreme in the Franz−Keldysh oscillation is given by

n
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where En is the photon energy of the nth extreme [33].
A plot ( )( )4 3 3 2� E En g� vs. the index number n will yield

a straight line with slope ( )�� 3 2 . Therefore, the electric
field F can be directly obtained from the period of FKO if �
[i.e., the electron−hole reduced mass, see Eq. (2)] is known.

3. Results

The application of CER spectroscopy to study low dimen−
sional heterostructures allows to investigate various mate−
rial issues like (i) the built−in electric field including the
Fermi−level position [7–10,15], (ii) the band−offset at semi−
conductor interfaces [11–14], (iii) the homogeneity of low
dimensional systems [16], (iv) the carrier localization effect
including the Stokes shift [17], as well as other issues/
effects [18]. Some examples of the application of CER spec−
troscopy to study selected material systems/heterostructures
are presented below.

3.1. Quantum wells

In QW structures energies of optical transitions between
both the ground and excited states as well as energies of QW
barriers can be measured by CER due to its absorption−like
character. For well− known QW systems CER spectroscopy
can be used to verify the QW width and/or content since
energies of QW transitions (both the ground and excited
state transitions) are very sensitive to these parameters. For
a QW containing new semiconductor materials CER spec−
troscopy can be used to determine the band gap discontinu−
ity at QW interfaces (the band offset) as well as the effective
masses of carriers. For these purposes the QW width and
alloy content have to be determined very carefully for the
investigated samples using structural methods like X−ray
diffractions and/or the cross section transmission electron
microscopy. In addition, broadenings of CER resonances
are very sensitive to the structural quality of the investigated
QWs, i.e., the roughness of QW interfaces and alloy content
inhomogeneities [16,17]. In this part we focus on the appli−
cation of CER spectroscopy in order to study the number of
confined states in QWs and band gap discontinuities at QW
interfaces.

Figure 3 shows room temperature CER spectrum mea−
sured for a Ga0.47In0.53As/Al0.24Ga0.23In0.53As QW grown on
InP substrate [38]. The strongest CER signal at ~1.06 eV is
associated with the photon absorption in Al0.24Ga0.23

In0.53As bulk−like QW barriers (note that in this figure this
signal is divided by a factor of 5 for a better visualization of
the other part of CER spectrum). The CER resonances
below the AlGaInAs−related transition are associated with
the optical transitions in the Ga0.47In0.53As QW. These reso−
nances have been fitted by Eq. (3) with m = 2 which corre−
sponds to an exciton transition. The fitting curve is shown
by a thick grey line in Fig. 3 together with the moduli of the
individual resonances (dashed lines) obtained according to
Eq. (4). The identification of the resonances is possible on
the basis of the calculations performed in the framework of
the effective mass approximation. Relevant details of our
theoretical calculations can be found in Ref. 38. The nota−
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tion klH(L) in Fig. 3 denotes the transition between the k−th
heavy−hole (light−hole) valence subband and the l−th con−
duction subband. The resonance at the lowest energy is
related to the 11H transition, which is the fundamental tran−
sition for this QW structure. In addition to the 11H transi−
tion, the spectrum shows the 11L transition (i.e., the lowest
energy transition for light−holes) and transitions between
excited QW states like 31H and 22H transitions.

The comparison of energies of QW transitions extracted
from CER measurements with these obtained from theoreti−
cal calculations, which are performed for various conduc−
tion band offsets (QC), allows us to determine the band
structure for investigated QWs. An example of such a com−
parison is shown in Fig. 4 where the horizontal dashed lines
represent energies of QW transitions extracted from CER
measurements and the thick solid curves are theoretical pre−
dictions of QW transitions for various QC, which is defined
by Eq. (7) as

Q
E

E EC
C

C V
�

�
�

�
� �( )

%100 , (7)

where �EC and �EV are the conduction− and valence−band
discontinuities at the heterojunction for unstrained materials
(individual bulk alloys). In the case of Ga0.47In0.53As/Al0.24
Ga0.23In0.53As QW grown on InP substrate the “unstrained”
QC is the same as the “strained” QC since both the QW and
barrier layers are lattice matched to the InP substrate. It is
worth noting that in this approach the QC between QW (ter−
nary alloy) and barrier (quaternary alloy) material is ana−
lysed. More universal approach is to determine the QC
between the QW material (ternary or quaternary alloy) and
the binary compound, which is used as the substrate. For the
Ga0.47In0.53As/Al0.24Ga0.23In0.53As/InP system the QC bet−
ween ternary (quaternary) alloy and InP is known with more
or less accuracy. It means that the obtained QC for Ga0.47

In0.53As/Al0.24Ga0.23In0.53As interface can be verified in the
context of literature data for this material system.

Figure 5 shows the band gap discontinuities for the
Ga0.47In0.53As/Al0.24Ga0.23In0.53As/InP system. After Ref.
39 it has been assumed that the QC for Ga0.47In0.53As/InP
interface is 40%. This value is well known for this system
and is generally accepted. Taking into account the obtained
result that the QC for the Ga0.47In0.53As/Al0.24Ga0.23In0.53As
interface equals 60% and assuming that the QC for the
Ga0.47In0.53As/InP interface is 40% [39] it has been found
that the QC for the Al0.24Ga0.23In0.53As/InP interface is
smaller than 13% (if the QC for the Ga0.47In0.53As/InP is
equal 35% then the QC for the Al0.24Ga0.23In0.53As/InP inter−
face is smaller than 2%). The obtained values of QC for the
Al0.24Ga0.23In0.53As/InP interface are consistent with the li−
terature data since it has been reported that the conduction
band line−up for this system changes from type I to type II at
the Al concentration of ~22–26% [40,41].
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Fig. 3. Room temperature contactless electroreflectance spectrum
of 7−nm wide Ga0.47In0.53As/Al0.24Ga0.23In0.53As QW together
with fitting curves (thick grey line) and the moduli of the individual

resonances (dashed lines).

Fig. 4. Method used to analyse the QC in Ga0.47In0.53As/
Al0.24Ga0.23In0.53As QW, i.e., a comparison of the experimental
data (horizontal dashed lines) with theoretical predictions obtained

for various QC values (solid curves).

Fig. 5. Band gap alignment for InP/Ga0.47In0.53As/Al0.24Ga0.23
In0.53As/InP system.



The energy level structure is difficult to predict for QWs
containing dilute nitrides because of unusual change in the
band structure of III–V host after the incorporation of a few
per−cent of nitrogen atoms [43]. Modulation spectroscopy
including CER is often employed to study band offset in
such QWs [11–14]. In addition, it has been observed that the
incorporation of nitrogen atoms into III–V host generates
point defects in this material system. These defects want to
pin the Fermi−level at the Fermi stabilization energy [15,
42]. It is possible to observe this effect in CER spectroscopy
due to its high sensitivity to the built−in electric field which
for bulk−like materials is manifested by FKO [7].

Figure 6 shows CER spectra measured at room tempera−
ture for Ga0.78In0.28NxAs1−x/GaAs QW structures of various
nitrogen concentrations. In addition to the strong GaAs−
−related signal at 1.42 eV, CER resonances related to optical
transitions in QW region are clearly visible. These transi−
tions shift to red with the increase in nitrogen concentration
due to the N−related reduction of energy gap for GaInNAs
alloys [44]. The analysis of energies of QW transitions
allows us to determine the QC at the GaInNAs/GaAs inter−
face. Using this approach it has been reported that the QC for
GaInNAs/GaAs QW with a few per−cent of nitrogen and
~30–40% of indium atoms is close to 80% [13,14,44]. Very
similar QC has been found for QW structures shown in
Fig. 6. In addition, it is observed that the period of FKO
changes due to nitrogen incorporation. This observation is
associated with the tendency of the Fermi−level shift to

a given energy in the GaInNAs QW region due to N−related
defects [15,42]. It has been observed that this energy is
close to the Fermi−level stabilization energy which is
located ~4.9 eV below the vacuum level [45]. This effect is
illustrated in Fig. 7, where the band bending is plotted for
N−free and N−containing QWs. In the case of GaInAs/GaAs
QW, a pinning of the Fermi−level is expected at GaAs sur−
face and GaAs(buffer)/GaAs(substrate) interface only. It
means that more or less homogeneous distribution of
a built−in electric field is expected in GaAs barriers. For
N−containing QWs the distribution of the built−in electric
field is changing since the N−related point defects in QW
area want to pin the Fermi−level close to Fermi−stabilization
energy [15,42].

For laser applications the active part is very often a step−
−like barrier (SLB) QW since the proper tuning of quantum
barriers can improve laser performances. For such a struc−
ture it is interesting to investigate the number of confined
states as well as energies of step−like barriers. CER spec−
troscopy due to its absorption−like character is an excellent
tool to study such issues [46,47].

Opto−Electron. Rev., 20, no. 2, 2012 J. Misiewicz 105

Fig. 6. Room temperature contactless electroreflectance spectra of
Ga0.78In0.28NxAs1−x/GaAs QW structures with various nitrogen

concentrations.

Fig. 7. Room temperature contactless electroreflectance spectra of
Ga0.78In0.28NxAs1−x/GaAs QW structures in the vicinity of GaAs
transition (a); analysis of GaAs−related Franz−Keldysh oscillations,
inset in panel (a); band bending for GaInAs/GaAs (dashed grey
lines) and GaInNAs/GaAs (solid black lines) QW structures (b).



Figure 8 shows room temperature CER spectra of
a GaInNAs/GaInNAs/GaAs SLB double QW structure, see
layer contents in the figure caption and Ref. 47. Besides the
strongest part of CER signal at 1.42 eV, which is related to
GaAs barriers, two portions of CER signal have been identi−
fied for this structure.

The first portion between ~0.8 eV and ~1.0 eV is associ−
ated with the optical transitions in the active part of the
structure, i.e., the GaInNAs/GaInNAs QW. This part is fit−
ted by three resonances which have been identified on the
basis of theoretical calculations as the 11H, 21H and
22H/31H transitions [47]. The calculated energy level struc−
ture for this QW is shown in Fig. 9(a). It is worth noting that
the symmetric and asymmetric state for this double QW is
considered as one state twice degenerated since the energy
splitting between these states is very small. Optical transi−
tions related to light holes are not considered in this case
since the analysed GaInNAs/GaInNAs QW is type II for
light holes. However such transitions can be expected above
the energy of SLB (i.e., >1.0 eV). Regarding the GaInNAs
QW transition the second resonance (21H transition) is
observed ~38 meV above the 11H resonance, which is the
fundamental transition for this system. It is worth noting
that this transition is observed for this QW structure due to:
i) some imperfections in the shape of the QW potential, ii)
finite QW barriers, and iii) a built−in electric field in this
structure. Because of these factors the selection rules typical
of square−like QWs are not appropriate for this structure.
The third resonance in Fig. 8 at ~0.97 eV could be related to
both a transition between the third heavy−hole and the first
electron subbands (31H) and a transition between the se−
cond heavy−hole and the second electron subbands (22H).
According to theoretical calculations for this system the
31H and 22H transitions are expected ~87 and ~114 meV
above the fundamental transition, respectively. It is very

close and, therefore, CER resonances related to the two tran−
sitions are not resolved in CER spectrum. Moreover, it is
worth noting that the oscillator strength related to the 31H
transition is weaker than this one associated with the 22H
transition.

The second portion of CER signal between ~1.0 and
~1.4 eV (see Fig. 8) is related to optical transitions above the
SLB barrier. It is worth noting that this signal is similar to
FKOs, however such an oscillation is rather not expected for
this structure. Moreover, the analysis of this signal in the
scale typical of FKO behaviour shows a non−linear depend−
ence which confirms non FKO origin of this signal. There−
fore, the part of CER spectrum between ~1.0 and ~1.4 eV
has been attributed to ijH transitions in the GaInNAs/
GaInNAs/GaAs SLB double QW structure, where i > 3 and
j > 2. At least nine confined states for both electrons and
heavy−holes have been found above the SLB in theoretical
calculations. It leads to many optical transitions with non−
−zero oscillator strengths. The electron−hole overlap which
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Fig. 8. Room temperature contactless electroreflectance spectra of
Ga0.62In0.38N0.02As0.98/Ga0.97In0.03N0.02As0.98/GaAs SLB double

QW structure.

Fig. 9. Energy levels for Ga0.62In0.38N0.02As0.98/Ga0.97In0.03N0.02
As0.98/GaAs SLB double QW structure (a) and electron−hole over−

lap integrals for optical transitions in this structure (b) – (e).



corresponds to the oscillator strength has been calculated for
this structure and diagrams of intensities of optical transi−
tions vs. the transition energy have been built and plotted in
Fig. 9(b)–(e). Panels (b), (c), and (d) show the electron−hole
overlap for 1jH, 2jH, and 3jH transitions with 0 < j < 12,
respectively. Electron−hole overlaps for optical transitions
between hole and electron levels confined above the SLB
are shown in Fig. 9(e). The strongest oscillator strength is
observed for 11H and 22H transitions while the oscillator
strength for 21H and 31H transitions is much smaller. The
oscillator strength for 21H and 31H transitions increases if
some imperfections of the symmetry of the QW shape are
taken into account. Simultaneously, these imperfections
lead to a decrease of the oscillator strength for 11H and 22H
transitions. Also, a non−zero electron−hole overlap is obser−
ved for 1jH, 2jH, and 3jH transitions with 2 < j < 12. For
some of them the oscillator strength is quite strong (the elec−
tron−hole overlap is ~0.4). Also very strong oscillator
strength is observed for optical transitions between hole and
electron levels confined above the SLB, see Fig. 9(e).
A change in the symmetry of the SLB double QW potential
leads to some changes in the transition intensities, i.e., the
electron−hole overlap for some transitions increases and for
other transitions decreases. However, the diagram of the
electron−hole overlap is more or less similar to this one
shown in Fig. 9(e). It means that spectral features observed
in CER spectrum between ~1.0 and ~1.4 eV are related to
optical transitions between hole and electron levels con−
fined above the SLB. Such a CER signal is a superposition
of many optical transitions separated by small energies as it
is shown in Fig. 9. CER resonances related to these transi−
tions can interfere constructively and/or destructively be−
cause they have different shapes. The strongest CER signal
in this spectral range can be attributed to the energy gap of
SLB.

3.3. Quantum dots and dashes

Quantum dots (QDs) usually contain more than one con−
fined state for electrons and holes. Optical transitions
between these states can be probed by PL despite the emis−
sion−like character of this technique. It is possible because
of small volume of QDs and their low density in comparison
to photon density used in standard PL measurements. It is
worth noting that the same photon density applied to PL
measurements of a QW allows to detect the fundamental
transition only because of larger volume of QW in compari−
son to the QD volume and faster carrier thermalization and
recombination. CER spectroscopy due to their high sensiti−
vity and absorption−like character is able to probe the each
allowed optical transition in QDs as well as optical transi−
tions in the wetting layer [48–50]. A few examples of the
application of CER spectroscopy to study QD structures is
presented below.

Figure 10 shows room temperature CER spectra mea−
sured for a set of QD samples with various amount of InAs
deposited on GaAs substrate [51]. For the InAs/GaAs QD

system a formation of InAs QDs appears when the amount
of deposited InAs is larger than 1.6 mono−layers (MLs).
Below this thickness the whole InAs material is used to for−
mation of a wetting layer, i.e., a very thin QW. Such a QW
confines one state for electrons, heavy−holes, and light−
−holes. Optical transitions between these states are observed
in CER spectra. The HH and LH resonances in Fig. 10 are
related to optical transitions between the heavy− and light−
−hole subband and the electron subband, respectively. These
resonances shift to red when the InAs amount increases
from 1.0 to 1.5 MLs since the width of the thin QW in−
creases as well. With the further increase of the InAs
amount the width of wetting layer QW does not increase
since the deposited material is used to InAs QD formation.
In Fig. 10 it is clearly visible that for samples with InAs >
1.5 MLs the HH and LH transitions do not shift to red
within experimental error and some CER resonances appear
below the energy of HH transition. This signal is associated
with photon absorption in InAs QDs. It is worth noting that
the intensity of optical transitions observed in absorp−
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Fig. 10. Room temperature contactless electroreflectance spectra
of InAs/GaAs QD samples of various amounts of deposited InAs

material.



tion−like experiment is proportional to the volume of
absorbing material. This volume is very small for InAs QDs
but it is possible to probe these transitions in CER spectros−
copy due to its differential character and very high sensitiv−
ity, see in Fig. 10 that the detected CER signal is the order of
10–5 �R/R.

When an InAs layer is deposited on an InP substrate
both regular QDs and elongated QDs (so called quantum
dashes) can be formed depending on the growth conditions
[52]. For both QDs and quantum dashes (QDashes) a wet−
ting layer is formed but the quantum confinement for elec−
trons is much weaker for InAs/InP system than for InAs/
GaAs one due to a smaller conduction band offset at the
InAs/InP interface. Because of this feature, optical transi−
tions in the InAs/InP wetting layer QW are very sensitive to
built−in electric field (e.g., a surface electric field). This field
can significantly change the electron−hole overlap for HH
and LH transitions and, therefore, spectral features related
to these transitions can be sometimes not observed for InAs
QDs and/or QDsashes grown on InP substrate.

Figure 11 shows an example of application of CER
spectroscopy to study optical transitions in InAs/InP QD
samples obtained at various growth conditions. For the three
samples a strong PL signal from InAs QDs is observed at

~0.7–1.1 eV. CER signal related to photon absorption in
InAs QDs is also observed in this spectral range. The stron−
gest CER signal is observed for the three samples at the
energy of ~1.35 eV. This resonance is associated with the
photon absorption in InP cap/buffer layer. CER resonances
related to the photon absorption in InAs wetting layer are
clearly visible only for the sample # 1. For samples # 2 and
# 3 the electron confinement in the wetting layer region
probably is much weaker and, therefore, HH and LH transi−
tions are not observed for the two samples. It is worth noting
that weaker quantum confinement for electrons in some
InAs/InP QD samples can result from different band bend−
ing around InAs QD layer. Very similar situation is also
expected for InAs QDash structures. However, spectral fea−
tures related to photon absorption in InAs wetting layer
have been observed in CER spectra [50].

Figure 12 shows room temperature CER and PL spectra
of an InAs QDash structure, see details of this structure in
Ref. 50. CER signal related to photon absorption in InAs
QDashes is observed at the energy of ~0.75 eV. This signal
is very well correlated with the PL signal. A weak resonance
associated with the photon absorption in InAs wetting layer
is also observed in this spectrum, see the spectral feature at
the energy of ~0.9 eV. The strongest CER resonance in this
spectrum is related to the photon absorption in AlGaInAs
barriers. For the InP capped structure a CER resonance
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Fig. 11. Room temperature contactless electroreflectance (blue
curves) and photoluminescence (red curves) spectra of InAs/InP

QD samples obtained at various growth conditions.

Fig. 12. Room temperature contactless electroreflectance (blue
curves) and photoluminescence (red curves) spectra of InAs/InP

QDash samples with various cap layers.



associated with the photon absorption in InP cap layer is
also observed at the energy of ~1.35 eV.

3.4. Quantum dots and dashes embedded in
a quantum well

For QDs embedded in a QW it is possible to probe optical
transitions in QDs as well as optical transitions in the sur−
rounded QW [53,54]. It means that the band structure of the
surrounded QW can be determined from CER measure−
ments. In general, the surrounded QW helps to tune the QD
emission but this QW also influence laser performances
and, therefore, it is important to know the band structure of
both QDs and the surrounded QW.

Figure 13 shows CER and PL spectra measured for
In(N)As QDs embedded in GaIn(N)As QW [54]. First it is
visible that the QD emission redshifts due to the incorpora−
tion of N atoms into the InAs/GaInAs system. A redshift of
CER resonance, which is related to QD absorption, is also
observed in these spectra. The strongest CER signal, which
is observed at ~1.42 eV, is associated with bulk−like absorp−
tion in GaAs barriers. In addition to the GaAs transition and
QD transitions, CER resonances, which are associated with
optical transitions in the In(N)As/GaIn(N)As/GaAs QW,
are clearly visible in CER spectra (see CER resonances
between ~1.15 and 1.4 eV). It is worth noting that the opti−
cal transitions in the surrounded QW are not observed in PL
spectra whereas QD transitions (both the ground and excited
state ones) are visible in PL spectra. Therefore, the most
interesting part of CER spectrum, in this case, is the one
which is associated with the optical transitions in the
In(N)As/GaIn(N)As/GaAs QW. A knowledge of the num−
ber of confined states in the surrounded QW and their ener−
gies is important from the point of view of such processes as
i) the thermal quenching of QD emission and ii) the carrier
relaxation to the ground state in QDs.

In order to extract energies of the QW transitions, CER
spectra in the range of QW transitions have been fitted by
Eq. (3) with m = 3. Fitting curves and modulus of CER reso−
nances are plotted in Fig. 13. The identification of the reso−
nances is possible on the basis of the calculations performed
in the framework of the effective mass approximation, see
details in Ref. 54. As in the previous case, the notation
klH(L) in Fig. 13 denotes the transition between the k−th
heavy−hole (light−hole) valence subband and the l−th con−
duction subband. In addition to the fundamental QW transi−
tion (11H), CER spectra show an 11L transition (i.e., the
fundamental transition for light−holes) and transitions bet−
ween excited QW states (21H and 31H). Note that the selec−
tion rules for a square−like QW do not work for this QW due
to strong asymmetry of QW potential in this system.

The calculated band structure and wave−functions for
In(N)As/GaIn(N)As/GaAs QWs can be found in Ref. 54. It
has been found that the QWs confine one electron, one
light−hole and three heavy−hole states. The energy separa−
tion between the QD and QW ground state transitions in this
system has been found to be ~250 meV. Taking into account

this fact that QD excited state transitions are observed in
CER spectra, it can be concluded that this system has the
energy separation between electron (heavy−hole) QD and
QW ground states much higher than the thermal energy at
room temperature. It means that this design of gain medium
is very perspective for laser applications.

Figure 14 shows PL and CER spectra measured for InAs
QDashes embedded in Ga0.47In0.53As/Al0.24Ga0.23In0.53As
QW. In this set of samples the thickness of InAs layer is
changing from 0.8 to 1.3 nm whereas the thickness of the
two surrounding Ga0.47In0.53As layers is constant and equals
5 nm. It means that the InAs layer is inserted centrally inside
the 10−nm wide Ga0.47In0.53As/Al0.24Ga0.23In0.53As QW.
Such a QW system is discussed in Sect. 3.1 and the QC at the
Ga0.47In0.53As/Al0.24Ga0.23In0.53As interface has been deter−
mined to be QC~60%, see Figs. 4 and 5. In this case it is
interesting to investigate how the InAs layer influences the
energy level structure in this QW and what is the nature of
emission peak for these structures.

In PL spectrum in Fig. 14 only one peak is observed.
This peak shifts from 0.71 to 0.64 eV with the increase in
InAs thickness from 0.8 to 1.3 nm. It is expected that this PL
corresponds to the recombination between the ground elec−
tron state and the ground heavy−hole state of entire InAs/
Ga0.47In0.53As/Al0.24Ga0.23In0.53As system. Since the band
gap discontinuity for InAs/Ga0.47In0.53As interface is gener−
ally considered to be of Type I for both electrons and holes,
it can be assumed that InAs/Ga0.47In0.53As QDashes have
at least one confined state for electrons and heavy−holes
and the emission peak is related to the recombination
between these states. It is necessary to note that the obser−
ved peak is asymmetric. Its high energy shoulder may be the
evidence of the existence of the k vector in QDash struc−
tures, since the quantization in one direction (dash length) is
negligible because the energy difference between levels is
smaller than thermal energy (i.e., kT). On the other hand
such an asymmetric PL peak is typical for QW system at
room temperature (due to the same reason). Therefore, on

Opto−Electron. Rev., 20, no. 2, 2012 J. Misiewicz 109

Fig. 13. Room temperature contactless electroreflectance (blue
curves) and photoluminescence (red curves) spectra of InAs/
GaInAs/GaAs (a) and InNAs/GaInNAs/GaAs (b) QD structures.



the basis of PL only, it is not possible to exclude that at least
one of the states involved in the recombination process is
confined in InAs/Ga0.47In0.53As/Al0.24Ga0.23In0.53As QW
potential, i.e., the InAs/Ga0.47In0.53As system is of Type−II
and optical transition occurs between a quasi−three−dimen−
sionally confined state of the dash potential and a state con−
fined in one dimension of the QW only. More reliable con−
clusions on the energy structure in this system can be
extracted from CER data which contain information about
energies of excited states as well as the energy of the QW
barrier.

In case of the CER spectrum shown in Fig. 14, as many
as five characteristic PR features can be resolved below the
resonance at 1.052 eV originating from Al0.24Ga0.23In0.53As
barrier layer [55]. The identification of the resonances is
possible on the basis of the calculations performed in the
framework of the effective mass approximation. In the first
approximation, in order to estimate the number of optical
transitions in InAs/Ga0.47In0.53As/Al0.24Ga0.23In0.53As sys−
tem as well as their energies, the InAs layer can be omitted
and the optical transitions in a single 11−nm thick Ga0.47

In0.53As/Al0.24Ga0.23In0.53As QW can be calculated. In the
next step the energy levels of the whole InAs/Ga0.47In0.53

As/Al0.24Ga0.23In0.53As system can be calculated, taking into
account no formation of QDashes in the InAs layer (as
a kind of an approximation again). The InAs layer is
assumed to be coherently strained and to have the nominal

thickness of InAs layer, i.e., 0.8, 1.1, and 1.3 nm. In general,
the formation of thin InAs WL is expected for this system,
but the thickness of the WL is smaller than the nominal InAs
layer thickness similarly as in QD structures. Calculations
have been carried out assuming that the QC for InAs/Al0.24

Ga0.23In0.53As and Ga0.47In0.53As/Al0.24Ga0.23In0.53As
interface is 70% [50] and 60%, respectively [38].

Figure 15 shows energy levels and possible optical tran−
sitions for the structure with 1.1−nm thick InAs layer. In
addition, integrals of electron−hole overlap for optical tran−
sitions in these structures are plotted in Fig. 14, see black
and grey bars; as for previous examples the notation klH(L)
denotes the transition between k−th heavy−hole (light−hole)
valence subband and l−th electron conduction subband. Bas−
ing on the energy band structure shown in Fig. 15, it be−
comes easier to explain such a high broadening of some re−
sonances and the nature of PL peak. Due to significant fluc−
tuations of the “effective” InAs layer thickness related to
QDash formation the broadening of the first electron and
heavy−hole levels is much larger than the broadening of the
energy levels confined above the intermediate Ga0.47In0.53As
barrier, i.e. the energy levels confined in a regular QW with
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Fig. 14. Room temperature contactless electroreflectance (blue
curves) and photoluminescence (red curves) spectra of InAs/
Ga0.47In0.53As/Al0.24Ga0.23In0.53As QDash structures with various

amounts of InAs material.

Fig. 15. Energy levels calculated for InAs/Ga0.47In0.53As/
Al0.24Ga0.23In0.53As QDash structure with marked optical transi−
tions for which electron−hole overlap integral is significantly larger

than zero.



low roughness interfaces. For example see CER resonances
at ~0.87 and ~0.97 eV and compare them with the CER
resonance at ~0.75 eV.

It is worth noting that an additional CER feature is
observed below the calculated ground state transition in the
whole InAs/Ga0.47In0.53As/Al0.24Ga0.23In0.53As system, see
arrows in Fig. 14. This feature is connected with the funda−
mental transition in QDashes. For the structure with the
thinnest InAs layer this feature does not correlate with PL
peak but this correlation improves with the increase in InAs
thickness. It is worth noting that a very nice correlation
between the QDash resonance and PL peak is observed at
low temperatures (not shown here) that confirms that
QDashes are the main recombination channel in these struc−
tures at low temperatures. However, the energy separation
between the QDash transition and the QW ground state tran−
sition is too small to prevent QDash excitons from the ther−
mal quenching at room temperature. Therefore the room
temperature PL is a superposition of QDash and QW emis−
sion. The contribution QW emission is the strongest for
structures with the thinnest InAs layer and this contribution
decreases with the increase in InAs thickness and the
temperature decrease.

3.5. Quantum dots/dashes coupled with a quantum
well

The discrete density of states for QDs and QDashes makes
possible the low−threshold current laser operation, however,
at the same time it also restricts the fast phonon−assisted
relaxation mechanism from the excited to the ground state
by reducing the efficiency of lasing and preventing ultra−
−high−frequency modulation. Recently QDash based lasers
employing an auxiliary QW placed near the QDash layer
and separated by a thin barrier have been developed [56].
This arrangement provides much faster carrier injection into
QDashes and solves the problem with carrier relaxation due
to the carrier tunnelling from a QW to QDashes through
a thin quantum barrier. The carrier injection efficiency in
the “so called” tunnel−injection (T−I) structures depends on
many factors [56–58] including the energy levels in the auxi−
liary QW and the quasi−0 dimensional (0D) objects. In addi−
tion, the existence of the layer of self−assembled QDashes
affects the energy states in the neighbouring QW which is
separated by the thick barrier layer [57]. CER spectroscopy
is a good tool to study the band structure of such T−I
structures [57].

Figures 16(a), 16(b), and 16(c) show room temperature
CER spectra of the two reference samples (Ga0.47In0.53As/
Al0.24Ga0.23In0.53As QW and InAs QDash samples which
are also shown in Figs. 3 and 12, respectively) and the T−I
structure with the 3−nm thick barrier, respectively. There is
worth noting that the strongest CER signal is observed for
the three samples at ~1.06 eV and this resonance is associa−
ted with the photon absorption in a bulk−like Al0.24Ga0.23

In0.53As layer which is a quantum barrier for InAs QDashes

and Ga0.47In0.53As QW. Below that, CER features related to
optical transitions in InAs QDashes and Ga0.47In0.53As QW
are expected. Spectral features observed for reference sam−
ples have been identified in previous figures (Figs. 3 and 12)
as the optical transitions in Ga0.47In0.53As/Al0.24Ga0.23In0.53 As
QW and InAs QDashes and InAs wetting layer. For the T−I
structure the CER spectrum appears to differ significantly
when compared to the reference samples, see Figs. 16(a),
16(b), and 16(c). It is clearly visible that all transitions are
more broadened and a weak CER feature is observed below
the energy of ~0.8 eV. The latter one is attributed to the
QDash ground state transition whereas all CER features
within the dashed box in Fig. 16(c) are related to the light
absorption in the QW region composed of Ga0.47In0.53As
and InAs layers. It is worth noting that in case of a lack of
quantum−mechanical coupling between the states confined
inside the Ga0.47In0.53As and InAs potentials, a superposi−
tion of independent CER resonances related to both parts
should be expected, i.e., the CER spectrum of T−I structure
should be a superposition of CER spectrum measured for
InAs QDashes and Ga0.47In0.53As/Al0.24Ga0.23In0.53As QW.
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Fig. 16. Room temperature contactless electroreflectance spectra
of reference InAs/InP QDash (a) and Ga0.47In0.53As/Al0.24Ga0.23
In0.53As QW (b) samples and the T−I structure (Ga0.47In0.53As−

−InAs) with 3 nm barrier (c).



However, CER spectrum observed for the T−I structure is
quite different. This strong change in CER spectrum in the
range of QW transitions is an evidence of a strong coupling
between the Ga0.47In0.53As and InAs potential wells in sense
of significant tunnelling probability through the separating
barrier. It is worth noting that an InAs wetting layer is
indeed formed during the growth of self−assembled InAs
dashes on InP substrate, and it is optically active, see the
previous discussion on wetting layer transitions in InAs
QDashes grown on InP and Refs. 50 and 59. Its thickness
has been estimated to be about 0.7–1 nm, whereas the con−
duction band offset for the InAs/Al0.24Ga0.23In0.53As inter−
face is close to 70% [50]. In case of the T−I structures, it is
expected that the addition of the potential associated with
the InAs WL affects the energies and wave−functions of
electrons and holes confined in the QW. It means that the
T−I structure should be considered as a system with the QW
confinement potential composed of Ga0.47In0.53As/Al0.24

Ga0.23In0.53As QW and the InAs/Al0.24Ga0.23In0.53As WL
QW, i.e., an asymmetric double quantum well.

In order to explain the spectral features observed for the
T−I structure in Fig. 16(c), energy level calculations have
been performed for the system composed of both the
Ga0.47In0.53As and InAs potentials. It has been assumed that

the conduction band offset for Ga0.47In0.53As/Al0.24Ga0.23

In0.53As and InAs/Ga0.47In0.53As/Al0.24Ga0.23In0.53As inter−
face is 60% and 70%, respectively, and the WL thickness is
1.0 nm [38,50]. For calculations of the QW−like states the
QDash−related potential is neglected. The obtained energy
levels and wave−functions for the T−I structure with a 3−nm
barrier are shown in Fig. 17. It is clearly visible that the
probability that an electron (or a hole) is localized on the
side of the GaInAs or InAs layer, varies with the energy
level. Moreover, it is visible that the selection rules typical
for the square−like QWs cannot be employed for the T−I sys−
tem, i.e., the system composed of Ga0.47In0.53As/Al0.24

Ga0.23In0.53As and InAs QWs. It means that all the possible
optical transitions have to be considered for T−I structures
and optical transitions with non−zero electron−hole wave−
−function overlap should be taken into account in CER
spectra.

Figures 18(a), 18(b) and 18(c) show the room tempera−
ture CER spectra together with the calculated electron−hole
overlap integrals for the T−I samples with 4−, 3−, and 2−nm
barriers, respectively. These calculations confirm that the
CER signal observed below the energy of 0.8 eV is associa−
ted with the optical transition in QDashes whereas the
remaining CER features can be related to the appropriate
optical transitions between the hole and electron levels in
the GaInAs−InAs QW system. The latter optical transitions
are separated by a small energy compared to the line broade−
ning and therefore, they are not fully resolved in the CER
spectra. However, the three spectra strongly confirm the
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Fig. 17. Energy levels and wavefunctions for the T−I structure
(Ga0.47In0.53As−InAs) with 3−nm barrier.

Fig. 18. Room temperature contactless electroreflectance spectra of
the T−I structure (Ga0.47In0.53As−InAs) with 4−nm (a), 3−nm (b), and
2−nm (c) barrier and theoretical calculations of electron−hole over−

lap integrals for these structures.



character of the confinement potential for electrons (holes)
in the growth direction. It means that there are states which
are localized in both the Ga0.47In0.53As and InAs layers,
respectively. For such a system carriers captured by the
Ga0.47In0.53As−InAs QW can easily penetrate the QDash
region and further can be captured by QDashes and it is
expected further that the efficiency of this carrier capturing
by particular QDashes should depend on the position of
QDash energy levels. This result clearly shows that the
energy level structure for QDashes and QWs separated by
a thin barrier cannot be considered independently. For such
a system a common potential exist for electrons and holes
and energy levels for such a potential should be calculated.

4. Contactless electroreflectance vs. photo-
-reflectance

In general, CER spectra are very similar to PR ones because
of the modulation of the same parameter, i.e., the modula−
tion of the built−in electric field. However, it is well known
that the mechanism of electro−modulation is different for the
two techniques. Thus, significant differences between CER
and PR spectra can appear for some samples [60–62].

As it is mentioned in Sect. 2 the front electrode in CER
measurements, which is semi−transparent for light, is sepa−
rated from the sample surface by a spacer and, thus, there is
nothing with a direct contact with the sample. It means that
the sample does not conduct any currents and the external
electric field is able to change only the carriers distribution
inside the sample. This carriers which are captured by sur−
face states change the surface band bending and lead to
a periodic modulation of the surface electric field.

In case of PR, the modulation is caused by photo−excited
electron−hole pairs created by the pump source (usually
a laser) [1–4]. Photon energy of the pump beam is usually
larger than the band gap of the semiconductor being under
study. However, there is a possibility to use a below band
gap modulation through the excitation of impurity or sur−
face states [63,64]. In both cases photo−generated carriers
can be trapped by surface states and in this way the surface
band bending is modulated [1–4]. However, it is worth not−
ing here that a lot of interfaces appear inside low dimen−
sional semiconductor structures. In some cases carriers
photo−generated in layers separated from the sample surface
by another layer cannot move to the surface and hence these
carriers cannot change the occupation of surface states, i.e.,
the surface electric field. However, these carriers effectively
change band bending at interfaces inside the sample. It
means that the amplitude of band bending modulation can
be different for each layer of a complex semiconductor
heterostructure. For some samples this amplitude can be
effectively tuned by the wavelength of the modulation beam
since in this way it is possible to change the quantity of
photo−generated carriers in a given layer [65]. Such a possi−
bility does not exist in CER spectroscopy. But on the other
hand, the photo−generated carriers are the source of PL sig−

nal which is difficult to eliminate in a low temperature or
even room temperature PR measurements for QW and QD
samples. This problem does not exist in CER spectroscopy
since any extra carriers are not generated due to the external
modulation. The lack of PL signal in CER measurements is
one of the most important advantages of CER spectroscopy.

The other very important difference between CER and
PR techniques lies in the deepness of band bending modula−
tion which is much shorter for CER spectroscopy. Accord−
ing to the above discussion this difference results from the
modulation mechanism taking place in the two techniques.
The smaller sample probing is in favour of CER spectros−
copy when the signal from the investigated layer interferes
with the unwanted signal from the substrate. But on the
other hand, the deeper sample probing can be in favour of
PR spectroscopy if we are interested in a signal from a layer
which is covered by few other layers. Therefore, very often
the two techniques can be complementary in the application
to study a complex semiconductor heterostructures. In order
to illustrate the above mentioned differences in CER and PR
techniques, few examples of application of CER and PR
spectroscopy to study the same samples are presented
below.

Figures 19(a) and 19(b) show the room temperature
CER and the PR spectra of the Ga0.64In0.36N0.046As0.954/
GaN0.006As0.994 multi QW (MQW) sample, respectively.
This sample was grown on GaAs substrate by molecular
beam epitaxy. Prior to growth of MQW structure a 300−nm
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Fig. 19. Room temperature contactless electroreflectance (a) and
photoreflectance (b) spectra of Ga0.64In0.36N0.046As0.954/GaN0.006

As0.994 MQW structure grown on GaAs substrate [13].



thick GaAs buffer layer was deposited directly on GaAs
substrate. Next 12−nm thick GaN0.006As0.994 and 8.1−nm
thick Ga0.64In0.36N0.046As0.954 layers were grown and they
were repeated ten times. No GaAs cap was deposited on the
top of this sample. Other relevant details of the sample
growth are described in Ref. 13. The identification of CER
resonances was accomplished using standard calculations
within the effective mass approximation. As in previous
examples the notation klH in this figure denotes the transi−
tion between the k−th heavy−hole valence subband and the
l−th conduction subband. For this sample a good agreement
between experimental data and theoretical calculations has
been obtained assuming that the QC for GaInNAs/GaAs
interface is 80% and the electron effective mass is 0.09 m0

[13]. In this case we want to focus on differences between
CER and PR spectra measured for the sample. First, it is vi−
sible that the GaNAs barrier transition and QW transitions
are observed in CER and PR spectra at the same energies
within the experimental error. The main difference between
CER and PR spectra lies in the signal intensity and the sen−
sitivity to detect the GaAs buffer layer. As is discussed in
Ref. 62, a higher amplitude of band bending modulation is
easier to achieve in PR spectroscopy. In the case of PR mea−
surements, which are shown in this figure, the intensity of
probing beam was 30 mW (at the spot size of ~4 mm2), i.e.,
quite strong as for PR spectroscopy. In addition to the band
bending modulation at the sample surface, the laser beam
(modulating beam) penetrates the GaAs buffer layer, gene−
rates electron−hole pairs in this layer and hence modulates
band bending at the buffer layer/substrate interface. In the
case of CER spectroscopy, the deepness of band bending
modulation is very small, because of other modulation
mechanism. It means that majority of CER signal originates
from the sample area which is close to the surface. Very
similar differences in CER and PR spectra were also
observed for much simpler structures. For example, it has
been shown in Ref. 62 that for uncapped 100−nm thick
GaInNAs layers grown on GaAs buffer layer the GaAs−
−related transition is observed in PR whereas no such a tran−
sition is detected in CER spectra. Similar situation is
observed in Fig. 19 since the cap layer in this sample is
GaNAs layer in fact. The different relative intensities of the
GaNAs− and QW−related signal in CER and PR spectra are
also associated with different modulation mechanism in
these two techniques.

The other effect leading to much smaller deepness of
sample probing by CER spectroscopy is the screening phe−
nomenon which is typical of heterostructures with the two−
−dimensional (2D) electron gas (2DEG) at semiconductor
interfaces [66,67]. Figures 20(a) and 20(b) show the PR and
CER spectra, respectively, obtained for an AlGaN/GaN
heterostructure with a 2DEG at the interface. In the case of
PR spectrum, strong PR features are observed at energies
corresponding to the GaN and AlGaN band gap. It could be
expected that similar features should be observed in CER
spectra since the AlGaN layer is very thin ~20 nm. How−
ever, any strong GaN−related features are not observed in

CER spectra whereas the AlGaN−related signal is still
observed. Similar behaviour has been observed for other
AlGaN/GaN heterostructures with the 2DEG at the AlGaN/
GaN interface. It means that some parts of GaN layer are not
probed in CER since the 2DEG at the AlGaN/GaN interface
screens the modulation of the built−in electric field in GaN
layer [66,67]. In other words, it means that due to the high
concentration of 2DEG at AlGaN/GaN interface the exter−
nal modulation is not able to change band bending in the
GaN layer. This phenomenon is often called as screening of
the GaN layer in CER spectroscopy by 2DEG [67] and can
be used to a quick and contactless detection of 2DEG pre−
sence at the AlGaN/GaN interface.

Finally, it is worth noting that for low dimensional struc−
tures (QWs, QDs, etc.) an oscillation feature (OF) appear in
PR spectra below the energy gap of GaAs if they are grown
on n−type GaAs substrates [53,60,68,69]. Sometimes
a weak OF is also observed for structures grown on semin−
sulating GaAs substrates [61]. In general such an OF is an
unwanted signal which complicates the analysis of optical
transitions in QWs and/or QDs. This OF can be eliminated
by applying CER instead of PR. This finding shows that the
OF’s origin is the modulation of the refractive index in the
sample due to the generation of additional carriers by the
pump beam (i.e., the laser beam). In the case of CER spec−
troscopy, any additional carriers are not generated during
the modulation hence CER spectra are free of OFs [60,61].
In order to illustrate this advantage of CER spectroscopy
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Fig. 20. Room temperature photoreflectance (a) and contactless
electroreflectance (b) spectra of AlGaN/GaN heterostructure grown

on sapphire substrate.



few examples of CER and PR spectra measured for different
structures grown on GaAs substrate (n−type and semi−isola−
ting (SI) type) are presented below.

Figure 21 shows a comparison of PR and CER spectra
measured at room temperature for InAs/GaAs QDs capped
by GaInAs layer. This structure was grown on n−type GaAs
substrate and hence the strong OF is observed in PR spec−
trum below GaAs energy gap. Very similar OF has been
observed in PR spectra of other QW and QD structures as
well as undoped epilayers grown on n−type GaAs substrates.
In general the intensity of OF in such structures is compara−
ble with the intensity of PR signal related to the fundamental
transition in GaAs or sometimes this intensity is much
stronger than the intensity of GaAs signal. Such a situation
complicates the analysis of PR signal associated with QD
and/or QW transitions especially that the intensity of such
transitions is usually 1–3 magnitudes weaker that the inten−
sity of GaAs transitions. Very often a change in the detec−
tion phase helps to eliminate OFs without significant weak−
ness of PR signal related to the optical transitions. However,
for some samples OFs’ elimination via the selection of an
appropriate phase leads to loss of PR signal related to the
optical transitions in QDs and/or QWs. Such a situation has
been also observed for the sample which is analysed in Fig.
21. Therefore, better approach is to apply CER instead of
PR. As it is seen in Fig. 21, spectral features, which could be
related to QW transitions, are not well visible in PR spec−
trum while a lot of sharp resonances is visible in CER spec−
trum which is free of the OFs. The identification of these
resonances is possible on the basis of calculations within the
effective mass approximation [11], see details in Ref. 53. As
in previous examples the notation klH(L) denotes the transi−
tion between k−th heavy−hole (light−hole) valence subband
and l−th conduction subband in the InAs/ GaInAs/GaAs QW
potential. The optical transitions in InAs QDs are marked by
E1, E2, E3 and E4.

It is worth noting that such an OF is almost always
observed for GaAs−based heterostructures grown on n−type
GaAs substrates, see for example PR spectra in Refs. 60, 68
and 69. It means that such samples cannot be investigated in
detail by PR spectroscopy whereas they can be very care−
fully investigated by CER spectroscopy. In general, the
intensity of OFs for GaAs−based structures grown on n−type
GaAs substrate is weaker if the total thickness of the epi−
layers is higher than one micro−meter. However, no general
conclusion about the critical thickness cannot be obtained
because the intensity of OFs also depends on other factors
such as the content and thickness of the individual epilayers
and probably the grown conditions. Such a result confirms
that the OFs are related to an interference effect inside the
epitaxial layers. The interference effect could be very com−
plex if the sample has lot of epilayers with different refrac−
tive indexes. However, the main contribution to OFs origi−
nates from the epilayer/substrate interface, because the
refractive index has to change differently in the two neigh−
bours layers in order to obtain a signal in PR in the sample
transparency region. It is possible if the two layers have dif−

ferent carrier concentrations. Usually the refractive index of
epitaxial layers is differently sensitive to the additional car−
riers than the refractive index of a n−type GaAs substrate.
Therefore, an efficient modulation of the difference of re−
fractive indexes could appear during PR measurements
where the modulated beam generates additional carriers.
The photo−generated carriers are able to change the refrac−
tive index. In the case of CER, such a mechanism of the
refractive index modulation is absent because in this tech−
nique we do not use the laser beam which is the origin of
additional carriers.

The effective modulation of the refractive index is diffi−
cult to obtain if the refractive index in the two neighbours
layers is almost the same and/or are similarly sensitive to
additional carriers. Such a situation often takes place for
GaAs−based structures grown on SI−type GaAs substrate. In
this case possible OFs are very weak or are not observed in
PR spectra. According to our experience, the OFs are very
rarely observed for semiconductor structures grown on SI−
−type GaAs substrate. In most samples, which we have mea−
sured, the intensity of OFs was below the detection limit of
our PR setup ( )�R R � �10 6 . However, for some samples
the OF signal can be quite strong. An example of such a si−
tuation is shown in Fig. 22. In this case, optical transitions in
GaAsSb−GaInAs/GaAs QW can be also resolved in PR
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Fig. 21. Room temperature photoreflectance (a) and contactless
electroreflectance (b) spectra of InAs QDs capped by 5nm−thick

Ga0.85In0.15As layer.



spectra and their energies can be extracted from these spec−
tra as well, see details in Ref. 70. However, these transitions
are much better visible in CER spectra, see Fig. 22(b).

According to our experience and the study of other
authors [71,72] the ratio of OFs and a PR signal related to
optical transitions (e.g., QW transitions) depends on many
factors: temperature, wavelength and frequency of a modu−
lated beam, phase of the lock−in detection and an additional
illumination of the sample. In general, our investigations
confirm that the ratio varies with mentioned parameters.
However, we have found a lot of samples for which we are
not able to obtain such an optimal ratio for these two sig−
nals. For these samples an analysis of PR features related to
QW transitions is difficult. CER spectroscopy has this ad−
vantage that it gives a possibility to investigate weak optical
transitions (QD and/or QW transitions) in such samples.

5. Conclusions

Experimental set−up for measurements of CER spectra in
low dimensional semiconductor heterostructures and theo−
retical approaches to analyse experimental data have been
described in this review paper. In addition, examples of
application of CER spectroscopy to study various issues in
low dimensional semiconductor structures have been pre−
sented and discussed. For QW structures it has been shown
that CER spectroscopy supported by theoretical calculations
can be used to determine the band structure of the investi−

gated QW including the number of confined states and the
band offset at QW interfaces. For QD and QDash structures
it has been shown that CER spectroscopy is able to probe
optical transitions in QDs (QDashes) as well as optical tran−
sitions in the wetting layer. The application of CER spec−
troscopy is also very fruitful in QDs (QDashes) embedded
in a QW since the band structure of the surrounded QW can
be determined experimentally. For QDs/QDashes coupled
with a QW it is possible to investigate the coupling between
the QD/QDash layer and the QW. Moreover for all low
dimensional structures it is possible to probe by CER spec−
troscopy the energy gap of quantum barrier that is impossi−
ble in emission experiments like PL. Finally, it has been also
clearly shown that CER spectroscopy is OF free which is
usually observed in PR spectra measured for QD and QW
structures grown on n−type GaAs substrates.
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