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Semiconductor heterostructures and device structures
investigated by photoreflectance spectroscopy
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In this review, we present the photoreflectance (PR) spectroscopy as a powerful tool for investiga-
tions of bulk semiconductors and semiconductor heterostructures. We discuss the application of PR
technique to investigation of various properties of semiconductors, including the composition of multi-
nary compounds, distribution of the built-in electric field and the influence of perturbations such as
temperature, strain, pressure; low-dimensional structures such as quantum wells, multiple quantum
wells and superlattices, quantum dots; and the structures of semiconductor devices like transistors and
vertical/planar light emitting laser structures.
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1. Introduction

Because of their novel physical properties and device applications, new materials
and based on them semiconductor heterostructures such as quantum wells (multiple
quantum wells, superlattices) and heterojunctions have been produced. To explore vari-
ous physical properties of these materials and structures based on them, a number of
characterisation methods, including photoluminescence (PL)** , photoluminescence ex-
citation (PLE) spectroscopy, transmission electron microscopy (TEM), X-ray
techniques, Hall measurements, etc., have been applied. Most of the above-mentioned
methods require special experimental conditions such as low temperatures (PL, PLE),
or special sample preparation (TEM, Hall measurements). For practical applications, it
is advantageous to use techniques, which are simple and at the same time provide a lot
of valuable information. Such are electro-modulation spectroscopy techniques.

__________
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** See list of abbreviations, p. 301.
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These methods were introduced in the sixties and were used in investigations of
semiconductor band structure parameters in the seventies. We focus our attention on
one particular contactless form of electric field modulation spectroscopy called photore-
flectance (PR). Glembocki et al. in 1985 [1] reported the first application of
photoreflectance to studies of semiconductor microstructures. Because of its extreme
sensitivity to interband electronic transitions, many papers on this subject have been
published since 1985. A number of review papers about the application of photoreflec-
tance spectroscopy to the investigation of semiconductors and semiconductor structures
have been published up to now [2–8].

In this paper, we present applications of the photoreflectance spectroscopy for in-
vestigations of bulk semiconductors, epilayers and low-dimensional semiconductor
structures which provide studying and understanding the optical processes in semicon-
ductor device structures. We start with a brief theoretical background to the technique
and lineshape formulas associated with photoreflectance.

2. Principles of photoreflectance spectroscopy

Since its inception in the sixties, modulation spectroscopy has proven to be a powerful
experimental technique for studying and characterization bulk semiconductors, reduced di-
mensional systems (surfaces, interfaces, quantum wells, wires and dots, etc.), actual device
structures (transistors, lasers) and growth/processing. A derivative of an optical spectrum
(i.e. of the reflectivity) with respect to some parameter is evaluated with any modulation
spectroscopy. The measured optical signal depends on the joined density of states making
this method sensitive to transitions at the critical point in the Brillouin zone of the material
studied. The resulting spectrum has sharp, derivative-like features on a featureless back-
ground. Figure 1 shows the comparison of the reflectivity and electroreflectance spectra for
bulk GaAs at 300 K [5, 9, 10]. While the reflectivity is characterized by broad features, the
electroreflectance (ER) modulation spectrum is dominated by a series of very sharp lines
with a zero signal as a baseline.
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Fig. 1. Comparison of room-temperature reflectivity
and electroreflectance of GaAs [5, 9, 10]

The modulation can easily be accomplished by varying some parameters, associated
with the sample or the experimental system, in a periodic fashion and measuring the
corresponding normalised change of the optical properties. It is possible to modulate a
variety of parameters, i.e. the wavelength of light, temperature, stress applied or electric
field in the sample studied. The electromodulation techniques are based on the modula-
tion of the electric field. One of the electromodulation techniques is photoreflectance
spectroscopy where the varying parameter is the internal (built in the structure) electric
field.

In the PR, the modulation of the electric field in the sample is caused by photo-
excited electron-hole pairs created by the pump source (usually laser) which is chopped
with a given frequency. The photon energy of the pump source is generally above the
band gap of the semiconductor being under study. There is a possibility to use a below
band-gap modulation through the excitation of impurity or surface states [11]. The
mechanism of the photo-induced modulation of the built-in electric field FDC is ex-
plained in Fig. 2, for the case of an n-type semiconductor. Because of the pinning of the
Fermi energy EF at the surface, there exists a space-charge layer. The occupied surface
states contain electrons from the bulk (Fig. 2a). Photoexcited electron–hole pairs are
separated by the built-in electric field, with the minority carrier (holes in this case) be-
ing swept toward the surface. At the surface, the holes neutralize the trapped charge,
reducing the built-in field from FDC to FDC-FAC, where FAC is a change in the built-in
electric field (Fig. 2b).
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Fig. 2. Schematic representation of the photoreflectance effect (a), and the photoinduced changes
in electronic bands and the surface bulit-in electric field (b), for an n-type semiconductor

In photoreflectance spectroscopy, relative changes in the reflectivity coefficient are
measured. The changes we can define as
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onoff∆
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In the above expression Roff and Ron are the reflectivity coefficients, when the pump
beam (laser) is off and on, respectively. These normalized changes can be related to the
perturbation of the dielectric function (ε = ε 1 + iε 2) expressed as [12]

( ) ( ) 221121 ∆,∆, εεεβεεεα +=∆
R
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where α and β are the Seraphin coefficients, related to the dielectric function, and ∆ε1

and ∆ε2 are related by Kramers–Kronig relations.
We will discuss the lineshapes of the PR response in terms of electromodulation

mechanisms. Electromodulation can be classified into three categories depending on the
relative strengths of characteristic energies [13]. In the low-field regime |ћΩ | ≤ Γ, whereћΩ  is the electro-optic energy given by:

( )
µ2

222
3 FqΩ hh = (3)

In the above equation, F is the electric field, µ is the reduced interband mass in the
direction of the field. In the intermediate-field case, when |ћΩ| ≥ Γ and qFa0 << Eg (a0 is
the lattice constant), the Franz–Keldysh oscillations (FKO) appear in the spectrum. In
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the high-field regime the electro-optic energy is much greater than the broadening but
qFa0 ≈ Eg so that the Stark shifts are produced.

Recently, Pollak [5] as well as Glembocki and B.V. Shanabrook [2] provided
a most detailed theoretical background of the photoreflectance technique.

2.1. Low field limit – third-derivative spectroscopy

Due to the modulation of the electric field, the perturbation destroys the transla-
tional symmetry of the crystal and hence can accelerate free charge carriers [14, 15]. In
effect, under certain electric field conditions, the electromodulation results in sharp,
third-derivative lineshapes.

For Lorenzian form of the dielectric function, low-field modulation, and under
a parabolic band approximation, one can rewrite Eq. (2) as [13]

( )[ ]m
g

i iEEARe
R

R −+−= Γϕe
∆

(4)

where Eg is a band gap energy, Γ is the broadening parameter (Γ ~ ћ/τ), A and ϕ are the
amplitude and phase factor, respectively. The parameter m in the lineshape factor of
Eq. (4) depends on the type of the critical point. In a three-dimensional system, m
equals 2.5, while for a two-dimensional critical point m = 3.

2.2. Low field limit – first-derivative spectroscopy

The perturbation due to the changes of the electric field does not accelerate charge
carriers in their bound states such as excitons, quantum wells or impurities. These types
of particles are confined in space which does not have a translational symmetry. For
bound states, the photoreflectance lineshape has a first-derivative character [16], and
the changes in the dielectric function may be expressed as
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where FAC is the change in the built-in electric field and I is the intensity of the optical
transition. Equation (5) can be rewritten as [17]
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with
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Depending on the broadening mechanism (i.e. temperature), the unperturbated di-
electric function can be either Lorenzian or Gaussian. For quantum wells, the dielectric
function is excitonic, even at elevated temperatures. Thus for the quantum microstruc-
tures, the Lorenzian or Gaussian profiles of dielectric function are appropriate. The
Lorenzian dielectric function can be written as [15]
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The modulation terms of Eq. (6) are given by
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If the intensity modulation terms are ignored, only two independent lineshape factors
(see Eq. (9)) do not vanish. The combined spectral dependence can then be expressed by
Eq. (4) with m = 2 [15].

The unperturbed dielectric function of a Gaussian profile is given by [17]
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Φ is the confluent hypergeometric function. In this case, the modulation terms of
Eq. (6) can be written as
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Hence, for the dielectric function of the Gaussian type one can get
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2.3. Intermediate field limit – Franz–Keldysh oscillations

When the low-field criteria are not satisfied, but eFa0<<Eg, the dielectric function
can exhibit the Franz–Keldysh oscillations. Although the exact form of ∆R/R for the
intermediate-field case with the broadening is quite complicated, Aspnes and Studna
[10] derived a relatively simple expression
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From the above equation, the position of an n-th extreme in the Franz–Keldysh oscilla-
tions is given by

χ
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where En is the photon energy of the n-th extreme and χ is an arbitrary phase factor [18].
A plot [4/(3π)](En – Eg)

3/2 vs. the index number n will yield a straight line with the slope
(″Ω)3/2. Therefore, the electric field F can directly be obtained from the period of FKO if µ is
known. Conversely, µ can be measured if the electric field is known.
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The dominant field in the structure determines the period of the FKO. In the above
expressions the nature of that field was not specified. There are two limiting cases to be
considered. If modulation is from a flat band, i.e. no presence of a DC field, then the
field is clearly the modulating field FAC. A more interesting situation occurs when there
exists a large DC electric field in the material and a small modulating field is applied,
i.e. FAC << FDC. In this case, the period of the FKO is given by FDC and not by FAC [19].
Shen and Pollak [19] even considered the case when FAC is not small compared to FDC.
They have shown that even for FAC/FDC as large as 0.15 the first few FKO are still de-
termined by FDC.

3. Experimental details

In Figure 3, a schematic diagram of the photoreflectance apparatus is shown. The
probe light is a monochromatic beam obtained from a quartz halogen lamp dispersed
through a monochromator. This beam of intensity I0 is focused on the sample. The laser
(pumping) beam illuminates the same spot of the sample. The laser beam is chopped
with the frequency of a few hundreds Hz. The photon energy of the pump source should
be generally above the band gap of the semiconductor being investigated. A He-Ne laser
(the energy range below 1.96 eV) or Ar+ ion laser (the energy range below 4.5 eV) are
used as typical pump sources. The intensity of the laser light can be adjusted by a vari-
able, neutral density filter. The light reflected from the sample is detected by a
photodiode or a photomultiplier. In order to prevent the detection of laser light, an ap-
propriate longpass glass filter is used in front of the photodetector. The signal
separator, connected to the detector, separates the signal into two components. The DC
component is proportional to I0R, and AC component is proportional to I0∆R. The AC
component is measured with a lock-in amplifier. A computer divides the AC signal by

the DC component giving the photoreflectance spectrum, 
R

R∆
(″ω), where hω is the

photon energy of the incident beam.
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Fig. 3. Schematic diagram of the photoreflectance apparatus

In the case of photoreflectance, efficient filtering of the stray laser light is required,
because it has the same frequency (chopped) as the signal of interest and can easily be
detected. The scattered pump light can be reduced by means of an appropriate longpass
filter in front of the detector. Furthermore, the laser illumination can produce a band-
gap photoluminescence, which under certain conditions is more intense than the signal
of interest. This problem can be eliminated by using long-focal-length optics or by us-
ing a second monochromator running in unison with the probe monochromator [20].
For a double monochromator, two scans are taken: one with the probe light on and one
without it. Subtracting the two traces effectively eliminates the PL. An alternative tech-
nique involves using a dye laser as the probe beam and a detector placed sufficiently far
away from the sample so as to reduce the PL, which is usually emitted isotropically
[16, 21]. The spurious photoluminescence background signal can also be reduced or
eliminated by approaches such as the use of double detector system [22], sweeping
photoreflectance [23], or double pump beam method called differential photoreflectance
[24].

4. Properties of semiconductor bulk and epilayers

A study of separated layers (or thin films) and its properties is a preliminary work to the
investigation of more complicated structures (e.g. quantum wells, etc.) and, finally, semicon-
ductor device structures. Here we will discuss the use of the photoreflectance spectroscopy to
study bulk properties of semiconductors such as the composition of multinary semiconduct-
ing compounds, carrier concentration, distribution of the built-in electric field, the influence
of perturbations like temperature and strain. Although a number of investigations have
actually been performed on epitaxial (or thin) layers, the results do not explicitly depend
on the nature of the films but they are the consequence of bulk properties.

4.1. Composition of alloys

One of the extremely important parameters of a semiconductor is the composition of
binary AxB1–x, ternary AxB1–xC or quaternary AxB1–xCyD1–y alloys. The compositional
variation of the fundamental transition (E0) and/or features lying at higher energies (E1)
have been investigated by photoreflectance for a large number of alloys including, Cd1–

xMnxTe (for x ≤ 0.6) at room and liquid helium temperatures [25],
AlxIn1–xP [26], CuAlxGa1–xSe2 [27], CuAl(SxSe1–x)2 [28], ZnO on ScAlMgO4 [29],
InxGa1–xN [30] and AlxGa1–xAs, for x ≤ 0.6 [31, 32].
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Fig. 4. Room-temperature PR spectra of
AlxGa1–xAs/GaAs structures as a function

of aluminium content x. Arrows mark
the band gap energies of AlxGa1–xAs

(after Sitarek et al. [32])

Fig. 5. The band gap energy of AlxGa1–xAs/GaAs
vs. aluminium content from PR experiment (squares)
(see Fig. 4). Solid line – linear approximation to the

experimental data; dashed line – taken after [33]
(after Sitarek et al. [32])

In Figure 4, the PR spectra obtained by Sitarek et al. [32] of several AlxGa1–xAs
layers grown by MBE (molecular beam epitaxy) on GaAs substrates are shown vs. the
aluminium content. The spectra are quite complicated because the Franz–Keldysh os-
cillations are present and also the signal related to the GaAs buffer is seen. Using the

transition energies derived from the spectra, the dependence of the AlGaAs
0E on the com-

position has been determined as

( ) ( ) ( )xxE 02.034.1004.0430.10 ±+±= (17)

Equation (17) was compared with the literature data [33]. The comparison is pre-
sented in Fig. 5.
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4.2. Carrier concentration

There are few reports on the application of the photoreflectance spectroscopy to the
investigation of carrier concentration and relation between dopants concentration and
free carrier concentration. Peters et al. [34] used the photoreflectance spectroscopy as a
method for calibration of the n-type doping in Si-doped GaAs. Having studied the blue
shift of the fundamental band gap of GaAs with the increasing doping concentration,
they found a linear correlation between the dopant concentration and the value of the
shift of the energy gap. They explained this effect as the result of the competition be-
tween the many-body effects and the Burstein–Moss effect related to the filling of the
conduction band. Such an effect has also been observed in the n-type [35] and p-type
[36] GaAs. Lee et al. [35] extended the results of Peters et al. [34] for Si
-doped samples of concentrations from 1×1017 cm–3 up to almost 1×1019 cm–3.

Fig. 6. PR response of GaAs as a function of carrier concentration:
a) for GaAs:Si; b) for GaAs:Zn (after Badakhshan et al. [38])

Fig. 7. The PR broadening parameter as a function of
carrier concentration (after Badakhshan et al. [38])
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Similar effects were investigated using PR for Si-doped GaN layers grown by the
metal-organic chemical vapour deposition (MOCVD). In this case, a linear dependence
between the fundamental gap transition energy and the cubic root of the carrier concen-
tration has been found [37]. This red shift of the band gap with the increase of the level
of Si doping has been fully explained by the many-body effects (the renormalisation of
the band gap).

The effects of the carrier concentration manifest themselves not only at the fundamental
band gap. Badakhshan et al. [38] investigated the PR spectra of MOCVD-grown GaAs:Si
(n-type) and GaAs:Zn (p-type) layers in the range of E1 and E1+∆ transitions. They observed
almost no shift in their energy but a very strong increase of the broadening parameter Γ1 with
the increase of the carrier concentration. In Fig. 6, the PR spectra as a function of doping
concentration and doping type are shown. In Fig. 7, the linear dependence of broadening vs.
logarithm of the carrier concentration is presented.

4.3. Temperature dependence

The temperature dependence of the energy and broadening parameter of the band
gap of a semiconductor can be the source of different information about the scattering
effects. The two most popular relations describing the temperature dependence of band
gap are: the semiempirical Varshni expression [39]

( ) ( )
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+
−=
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α 2
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and the Bose–Einstein expression [40, 41]
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where aB represents the strength of the electron–average phonon interaction and ΘB

corresponds to an average phonon temperature. The temperature shift E0(T) contains
contributions from both thermal expansion and electron–phonon coupling effects.

The variation of the linewidth (broadening parameter) with temperature can be also
expressed by the Bose–Einstein type expression [40, 41]
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The first term of this equation corresponds to the broadening mechanisms due to in-
trinsic lifetime, electron–electron interaction, impurity, dislocation and alloy scattering
effects. The parameter ΓLO is an electron–LO phonon coupling constant and ΘLO is the
LO phonon temperature.
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The photoreflectance spectroscopy has been used to measure the temperature variation of
the energy gap of GaAs [42, 43], InP [44], Al0.18Ga0.82As [42, 45], InxGa1–xAs on GaAs for
various values of x [46–49], In0.53Ga0.47As on InP (also for the E0+∆0 transition) [50],
In0.515Ga0.485As on InP [51,52], GaSb, InxGa1–xAsySb1–y on GaSb [53], CdTe [54],
Cd0.72Mn0.28Te [55], Cd0.9Mn0.1Te [25], InAs [56], wurtzite-type GaN [57].

The temperature dependence of the fundamental band gap and broadening parameter
of GaSb and InxGa1–xAsySb1–y alloys between 14 and 377 K were studied by Muňoz et
al. [53]. The four quaternary samples have the compositions (x, y): (0.07, 0.05), (0.09,
0.07), (0.12, 0.11), (0.22, 0.19). The values of E0(T) obtained from PR measurements
for all samples being under study are shown by solid lines in Fig. 8. The quantity E0(T)
was taken from the fit to the experimental data with the Varshni and Bose–Einstein
expressions (Eqs. (18) and (19)). As a consequence of the above analysis, Muňoz et al.
obtained the correct value (comparable with previous results) for E0(0) equal to 0.809
eV for GaSb and the corresponding ones for the quaternary compounds.

Fig. 8. Experimental values of E0(T) vs. T for different
samples (solid squares); the (x, y) notation – the

composition of the quaternary samples; the dashed
and continuous lines – the fits according to the Varshni

relation (Eq. (18)) and the Bose–Einstein (Eq. (19))
expression, respectively (after Muňoz et al. [53])

Fig. 9. Γ0(T) vs. T for the GaSb
and In0.22Ga0.78As0.19Sb0.81 samples

(solid squares); the solid lines are the fit
according to the Bose–Einstein relation

(Eq. (20)). Representative bars are shown
(after Muňoz et al. [53])

In Figure 9, closed squares are the experimental values of Γ0(T) for the GaSb and
In0.22Ga0.78As0.19Sb0.81 samples, respectively. Because of the error bars on the above
data, it was necessary to fix the parameter ΘLO in order to obtain two significant quan-
tities Γ0(0) and ΓLO by means of a least-squares fit using a the Bose–Einstein equation
(Eq. (20)) – solid lines in Fig. 9.
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4.4. Influence of strain

One of the main goals of strained-layer epitaxy is to create metastable thin films
with properties different from those of the corresponding bulk materials. Typically,
such films are pseudomorphic compound semiconductor structures grown from lattice-
mismatch materials by molecular beam epitaxy (MBE) or by metal-organic chemical-
vapour deposition (MOCVD). Such structures offer nearly complete flexibility in tai-
loring their electronic and optical properties and have proven to be highly successful in
novel microelectronic and optoelectronic devices. This flexibility is enhanced by the
possibility of pseudomorphic growth, where the lattice mismatch between the epilayer
and substrate is accommodated by elastic strain. In fact, the in
-plane biaxial strain, arising at the interface with the substrate, considerably affects the
electronic structure and the optical response of the epilayer. It changes the band gaps,
depending on the sign of the strain, reduces or removes the interband or intraband de-
generacies (e.g., between the heavy and light hole valence bands at k = 0), and also
reduces coupling between neighbouring bands.

Concerning the E0 optical transitions at k = 0, the hydrostatic component of the
strain shifts the energy gaps between the valence bands and the lowest lying conduction
band. In addition, the uniaxial strain component splits the heavy (HH) and light (LH)
hole valence bands. The resulting energy gaps between the conduction and the split
valence bands are
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while Cij are the elastic stiffness constants, a and b are the hydrostatic and shear deformation
potentials, respectively and ε is the in-plane strain which is given by ε = (aS – aL)/aL, where
aS and aL are the lattice parameters of the substrate and layer, respectively. The valence
band splitting, as measured from the optical spectra, is
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The PR spectra showing the heavy- and light-hole splitting generated by strain in GaAs
layers deposited on Si substrates [58] are visible in Fig. 10. The quantity ∆E stands for the
splitting between light (feature A) and heavy (feature B) hole bands. The value of the split-
ting increases on lowering the temperature. It has been explained on the base of the
difference in the thermal expansion coefficients of GaAs and Si. From the value of the split-
ting energy expressed by Eq. (25), the value of the in-plane strain was estimated to be 0.12%
being in agreement with the X-ray diffraction results.

Fig. 10. PR spectra of strained GaAs on Si
at several temperatures (after Glembocki [58]).

A and B are the light and heavy
hole transitions, respectively

The required strain-dependent properties can be achieved only by careful controlling
the composition and the epilayer thickness, which should be lower than a critical value
dc to avoid relaxation via misfit dislocations which drastically degrade the layer quality
and hence also the device performance. This problem has also been investigated by
means of the photoreflectance spectroscopy for InxGa1–xAs layers grown by MOCVD
on GaAs substrates [59, 60]. Sęk et al. determined the broadening parameter and the
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PR amplitude of the band gap feature of the InxGa1–xAs for several samples with vari-
ous indium contents and epilayer thicknesses. An example of the spectrum is shown in
Fig. 11. The dependences of the broadening parameter and PR amplitude vs. ∆d are
shown in Figs. 12 and 13. The quantity ∆d is defined as the difference between the
nominal layer thickness (determined from the growth conditions and X-ray diffraction
measurements) and its critical value (taken from the theoretical dependence of the criti-
cal thickness vs. indium content of InxGa1–xAs on GaAs [61]). A rapid increase of the
broadening and decrease in the amplitude of the PR signal is observed at ∆d = 0 due to
the overcoming of the critical thickness and a strong degradation of the layer optical
properties.

Fig. 11. Room-temperature PR spectrum of 100 nm thick
strained In0.03Ga0.97As layer on GaAs substrate (after Sęk et al. [60])

Lastras-Martinez et al. [62] report on photoreflectance-difference (PRD) measure-
ments of n-type (001) GaAs crystals under uniaxial stress along [110]. The authors
study the difference between two photoreflectance spectra, one measured with unpolar-
ized light and the other with linearly polarized light along one of the symmetry axis of
the crystal. The PRD spectra were recorded in the 2.6–3.6 eV energy range around the
E1 and E1+∆1 interband transitions of GaAs.

In general, PR spectra comprise, both linear electrooptic (LEO) and quadratic elec-
tro-optic (QEO) components, with this second component dominating the PR lineshape
[62]. For light normally incident on the (001) surface of zinc blende crystal, neverthe-
less, the PRD spectrum comprises only a LEO component because the QEO term is
isotropic for cubic symmetries. In addition to the previously reported LEO component
[63], they have found a QEO component when stress is applied.
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Fig. 12. The broadening parameter of
the PR signal of several InxGa1–xAs layers on

GaAs vs. ∆d (after Sęk et al. [60])

Fig. 13. The PR amplitude of several
InxGa1–xAs layers on GaAs vs. ∆d

(after Sęk et al. [60])

Fig. 14. Photoreflectance difference spectra
of GaAs (001) (open circles)

for: a) no applied stress and stresses,
b) X = –1×108 N/m2, c)  X = –4.4×108 N/m2.

Solid lines are the fits obtained using
adequate formula. The hydrostatic
and splitting energy shifts obtained

from the fits are also presented
(after Lastras-Martinez et al. [62])

The PRD spectra are presented in Fig. 14. The open circles were obtained by subtracting
polarized from unpolarized PR spectra for GaAs without strain (the lower spectrum) and
with applied stress (two upper spectra). The solid lines are fits to PRD spectra with formula
proposed by Lastras-Martinez et al. The QEO term is well resolved for a stress of X = –
4.4×108 N/m2 and, in fact, it dominates the PRD spectrum. From the fitting to the PRD
spectra, Lastras-Martinez et al. obtained the hydrostatic energy shifts ∆Eh = 2.1 meV and
∆Eh = 9.4 meV, for the spectra in Figs. 14b and c, respectively, and, additionally, the
splitting energy shifts meV,04.0∆ =′′sE  meV,1.2∆ =′sE  and meV3.9∆ =′sE for the

spectra in Figs. 14a–c, respectively.
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The model proposed by Lastras-Martinez et al. [62] gives an excellent description
of the evolution of the PRD spectra with a stress. The results presented give a further
evidence that the PRD has its physical origin in a piezo-optic effect and help the devel-
opment of PRD spectroscopy as a characterization tool of surface electric fields and
piezo-optical properties of zinc blende semiconductors.

There is a number of reports on the PR investigations of strain effects in various
material systems including: InxGa1–xAs/GaAs [64], InxGa1–xAs/InP [52], InxGa1–

xAs/Al0.28

Ga0.72As [65], InP/Si [66], ZnTe/GaAs [67], CdTe/GaAs [68], GaN on different sub-
strates [69–74].

4.5. Built-in electric field

As was discussed earlier, the observation of the Franz–Keldysh oscillations in pho-
toreflectance spectra allows the determination of the built-in electric field in the sample.
If the sample consists of one or more epilayers on the substrate, the superposition of
two or more PR signals from different depths of the structure is probable. It is possible
to have different values of the internal electric field at the surface or at a particular
interface because of the difference in the density of surface and interface states. If we
extract the FKO related to surface or interface, we can independently determine the
electric fields.

There are a few methods of the decomposition of PR signal into the surface and in-
terface related contributions. The first one uses the fact that we have two signals from
different depths in the sample. In the case of PR signal consisting of two subsignals:
from the surface region and from the interface one, the etching procedure changed only
one part of the signal measured. The PR subsignal from the interface is changed due to
the change in the distance between the surface and interface. For such a case we can
write
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where 1 and 2 represent the PR signals measured for as-grown sample and after etch-
ing, respectively, and S and I mean the signal from the surface and interface,
respectively. Following the relations (26) and (27), we can determine the subsignal from
interface as the difference between the spectra measured for as-grown and etched sam-
ples [75–77]. This subsignal is given with the accuracy of a constant factor. It is
sufficient because PR spectra are usually given in arbitrary units. Plotted in Fig. 15 is
the example of the PR spectra for GaAs/SI-GaAs homojunction, before etching and
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after two sequential etching procedures [76]. In Fig. 16, the decomposition into signals
from the surface and from the interface is shown.

Fig. 15. PR spectra for an n-type GaAs/SI GaAs
structure: a) before etching, b) after etching for

1 min, c) after next etching for 1 min
(after Jezierski et al. [76])

Fig. 16. PR spectra determined by the
decomposition of the spectra shown in Fig. 14

into spectrum connected with the internal electric
field in the surface region (dotted line)

and the spectrum connected with the internal
electric field in the interface region (solid line)

 (after Jezierski et al. [76])

An analogous method may be used in a non-destructive mode when the etching pro-
cedure is replaced by two PR measurements with two different wavelengths of the laser
pump beam [32, 78–81]. In this case, the situation can be even simpler. If one of the
spectra is measured using a very short wavelength of the laser, the signal comes only
from the surface (parameter A in Eq. (26) is equal to zero). Then the subsignal from the
interface can be obtained by taking the difference between PR signals obtained with
longer and shorter laser wavelengths. The example of application of this method is
shown in Fig. 17 for the case of Al0.11Ga0.89As layer grown on GaAs substrate [32].
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Fig. 17. PR spectra for Al0.11Ga0.89As layers
obtained with using the  following pump beams:
a) 632.8 nm line of the He-Ne laser, b) 457.9 nm
line of the Ar+ laser; c) the difference between

the two former spectra giving the Franz–Keldysh
oscillations connected with the electric field

at the Al0.11Ga0.89As/GaAs inteface
(after Sitarek et al. [32])
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Another method of evaluating internal electric fields from the photoreflectance is the
fast Fourier transformation (FFT) of the PR spectrum [82–88]. FFT is applied to the
PR spectra in the energy region higher than the band gap energy to obtain the FKO
period and than the electric field in the sample.
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Fig. 18. Room-temperature PR spectrum of the
δ-doped GaAs layer (after Nowaczyk et al. [88])

Fig. 19. Fast Fourier transform of the PR spectrum
from Fig. 18 (after Nowaczyk et al. [88])

Nowaczyk et al. [88] investigated silicon delta doped (approx. 1×1012 cm–2) GaAs
MOVPE-grown layers on undoped GaAs substrate. Figure 18 shows the PR spectrum
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for this δ-doped sample. A lot of well-distinguished Franz–Keldysh oscillations (more
than 20 extrema) above the GaAs band gap energy are seen, demonstrating the exis-
tence of a strong uniform electric field in a high quality epitaxial layer. Fast Fourier
transform has been applied to this PR spectrum in the energy region higher than the
band gap to obtain the FKO period and then the internal electric field. Prior to the Fou-
rier transformation, the experimental PR spectrum was renormalized. A new argument z
= (E – Eg)

3/2 was chosen and then the spectrum was multiplied by E2(E – Eg) in order to
deal with periodic functions and compensate the inherent damping of FKO, respec-
tively. Then the Fourier transform of a new function

( ) ( )( ) 2∆
EEEz
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is calculated as follows
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where z1 = (E1 – Eg)
3/2 and z2 = (E2 – Eg)

3/2 are the left and right boundaries of the win-
dow for the Fourier transform. The frequency Ω is directly related to the magnitude of
the electric field by
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where Θh  is defined by Eq. (3). The square of the modulus of the complex Fourier
transform is plotted in Fig. 19. Ideally, each built-in electric field should produce two
peaks in the FFT corresponding to light hole (lh) and heavy hole (hh) channels of the
optical transitions, which is seen in our case.

The width of the peak is inversely proportional to the window selected for the FFT,
i.e. to the range of the original PR spectrum. The built-in electric field determined for
the GaAs sample, for both heavy and light hole frequencies, is 53 kV/cm. This allowed
determining the potential barrier height VB between the surface and the δ-doped region
of the sample. The value of the potential barrier was found to be 0.74 V.

4.6. Influence of annealing, processing and growth

Photoreflectance spectroscopy has become an effective tool to study various proc-
ess- and growth-induced effects [78, 79, 89–100]. Ga(As,N) presents a new class of
semiconductors which are promising materials for optoelectronic devices such as lasers
and detectors operating at 1.3 and 1.55 µm. In such an alloy the band structure de-
creases dramatically due to N incorporation.
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Klar et al. [99] used the PR spectroscopy to
study the electronic and lattice properties of
GaNxAs1–x epitaxial layers before and after hydro-
genation. Five GaNxAs1–x epitaxial layers with
x = 0.00043, 0.00095, 0.0021, 0.005, and 0.019
and the thickness of 0.5 µm were grown on (100)
GaAs substrates by MOVPE technique. The sam-
ples are unintentionally n-type doped. Pieces of all
samples were hydrogenated by ion-beam irradiation
from a Kaufman source with the sample tempera-
ture held at 300 °C.

Figure 20 shows the PR spectra of a GaNxAs1–x

epitaxial layer with x = 0.005 before and after hy-
drogenation, together with the GaAs reference
spectrum. The PR spectrum after hydrogenation
shows the shift of the E– band gap toward that of
GaAs. The corresponding E– + ∆0 band exhibits
a comparable blue shift. The E+ feature disappears
after hydrogenation.

The energy positions of the three signals before and after hydrogenation are summa-
rized in Fig. 21. The solid lines are the fit of the level repulsion model to the
experimental data. The dashed horizontal lines indicate the position of E– and  E– + ∆0

in GaAs.

Fig. 21. Energy positions vs. N concentration x of the direct
band gap E–, the spin-orbit split-off band E– + ∆0 and the
N-induced E+ band of the as-grown GaNxAs1–x samples

(full circles). The solid lines are the fit of the level repulsion
model to the experimental data. Corresponding data for E–

and E– + ∆0 of the hydrogenated samples (open squares);
there is no E+ signal after hydrogenation. The dashed
horizontal lines indicate the position of E– and E– + ∆0

in GaAs. T = 300 K (after Klar et al. [99])

Klar et al. [99] found that hydrogenation leads to an effective removal of the
N-related perturbation due to the formation of a NH-complex. Hydrogenation literally
reverses all the effects of N on the band structure of the GaAs host.

The influence of the carrier localization on modulation mechanism in photoreflec-
tance of GaAsN and GaInAsN was investigated by Kudrawiec et al. [100]. They
recorded the photoreflectance spectra of as-grown layers of GaAsN and GaInAsN from

Fig. 20. PR spectra taken at T = 300 K
of GaAs (i), GaN0.005As0.995 (ii)

after hydrogenation, and GaN0.005As0.995

(iii) as grown (after Klar et al. [99])
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10 to 300 K. Different modulation intensities and laser beam wavelengths were used.
For the interpretation of PR data, the Kramers–Kronig analysis was employed. Ku-
drawiec et al. observed a decrease in PR signal with decreasing temperature and
attempted to explain such a behaviour (observed by others as well) for the first time.
They explain the above-mentioned effect as a weakening of the modulation efficiency
induced by the carrier localization that has been evidenced earlier in alloys with diluted
nitrogen.

5. Photoreflectance study of low-dimensional
semiconductor structures

5.1. Quantum wells

Since the middle of sixties, the modulation spectroscopy techniques have proved
their high applicability for studying and characterizing properties of bulk semiconduc-
tors. During the first decade, the method was recognized as a new, high-resolution
technique for the solid state spectroscopy [13, 15, 101].

In the eighties, the modulation spectroscopy had a renaissance. The advantages ex-
ploited for bulk studies were applicable also in the semiconductor microstructures
fabricated by MBE or MOCVD such as quantum wells (QWs), multiple quantum wells
(MQWs) or superlattices (SLs). In 1985, Glembocki et al. [1] showed that multiple
quantum wells, grown on semi-insulating substrates, could be studied by the photore-
flectance technique.

Lineshape analysis, based on Eqs. (4), (14) and (15) (we will call it further fitting
procedure) is an integral aspect of the photoreflectance spectroscopy. These procedures
allow analysing complicated photoreflectance spectra in terms of theoretical parame-
ters. Thus, the fitting provides valuable information about the energy gaps and
linewidths associated with the optical transitions.

Photoreflectance spectra (dotted lines) of a GaAs/AlGaAs MQW structure (with the
well width of 20 nm) at the temperatures of 6 K, 77 K and 150 K in the region of the
11H and 11L features [6, 21] are shown in Fig. 22. The solid and dashed lines are fits
to the first-derivative of Lorenzian (first derivative Lorenzian lineshape – FDLL) and
Gaussian (first derivative Gaussian lineshape – FDGL) profiles, respectively. At 6 K,
the fit of the Lorenzian profile to the data is very good. At 77 K, the data cannot be
adequately represented by either profile. An intermediate profile is required to fit the
data. A Gaussian dielectric function results in a nearly perfect fit at 150 K.

For quantum wells, because of the enhanced exciton binding energy caused by the
reduced dimensionality, the dielectric function has an excitonic character even at ele-
vated temperatures, where the dielectric function broadening, caused by strong exciton–
phonon interaction, impurities and defects, changes the absorption profile of excitons
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from Lorenzian to Gaussian. Thus, at high temperatures, the Gaussian profile of the
dielectric function must be used to fit the experimental data. At low temperatures, the
Lorenzian dielectric function is more appropriate. Between 50 K and 150 K the transi-
tion from the Lorenzian to Gaussian profile is not abrupt and the lineshapes are of an
intermediate form between Lorenzian and Gaussian. Equation (4) with the parameter m
= 3 (2D critical point) sometimes is used to reflect the FDGL, providing a reasonable
fit to the room-temperature experimental data.

Fig. 22. Photoreflectance spectra (dotted line)
at different temperatures from a GaAs/AlGaAs

MQW structure. First-derivative Lorenzian (solid
lines) and Gaussian (dashed lines) lineshapes

are compared (after Glembocki [6])
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At the beginning, single QW or MQW structures received most attention in PR
studies. In MQW structures, the barrier layer is thick enough to prevent any significant
wave function overlap between wells.

In addition to parity-allowed transitions (m – n = 0, ±2, ±4, ...), it has been shown
that parity-forbidden transitions can be observed in QWs. The selection rules may be
broken, i.e. by nonparabolicities in the valence band states and by electric field (internal
and external).

Allowed and forbidden optical transitions in a GaAs/AlGaAs MQW structure were
studied by Sitarek et al. [102]. The structure was grown by the MBE on (001) GaAs
substrate. The MQW under investigations consisted of 60 periods of GaAs and
Al0.35Ga0.65As layers, each 15 nm thick. The PR spectrum measured at room-
temperature had a very rich structure. In order to identify all features, a PR measure-
ment was also carried out at a liquid nitrogen temperature. The PR spectrum obtained is
shown in Fig. 23.
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Fig. 23. Photoreflectance spectrum of GaAs/Al0.35Ga0.65As MQW with wells
and barriers of 15 nm width measured at 80 K. The vertical lines indicate

optical transition energies obtained from the theoretical calculation
(after Sitarek et al. [102])

The vertical lines indicate intersubband transitions. Both, the symmetry-allowed and
symmetry forbidden transitions are marked in the figure. A small, built-in electric field
is probably responsible for the presence of 21H, 23H and 21L symmetry-forbidden
transitions in the spectrum, which are much weaker than the symmetry-allowed ones.
Because of the finite depth of the well, the 13H transition is parity allowed and its in-
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tensity is comparable to the symmetry-allowed transitions. Optical transitions involving
unconfined states are present above the feature corresponding to the band gap of Al-
GaAs [103]. The energies of resonances present in the spectrum were accurately
determined by Sitarek et al. through the fit of the first derivative Gaussian lineshape
function (14) to the experimental data.

In order to identify the nature of the large number of intersubband transitions ob-
served in the MQW, Sitarek et al. have performed a theoretical calculation based on the
envelope function approximation [104]. The energy values obtained from this calcula-
tion agree very well with the experimental data.

The temperature dependence of both the energy and broadening of interband elec-
tronic transitions can yield important information about, e.g. electron–phonon
interactions or excitonic effects. An increase of temperature leads to a red shift of the
band gaps and an increase in the linewidth. The temperature variation of the energy
gaps can be described by equations involving three parameters such as the Varshni
expression or the more recently proposed term containing the Bose–Einstein occupation
factor for phonons (Eqs. (18), (19)) [3]. A similar Bose–Einstein equation has also been
used to fit the temperature dependence of the broadening function (Eq. (20)).

Fig. 24. The photoreflectance spectra of
GaAs/Al0.35Ga0.65As MQW structure
in the energy range of 11H and 11L
 transitions measured at different

temperatures. Their intensities are not
in scale. Arrows mark 11H transition

energy (after Sitarek et al. [102])

1.42 1.44 1.46 1.48 1.50 1.52 1.54 1.56
Energy (eV)

∆ R
/R

 (
ar

b 
.u

ni
ts

)

T = 80 K

T = 100 K

T = 130 K

T = 190 K

T = 300 K

↑ 11H

11H ↑

11H ↑

11H ↑
↓ 11H

GaAs/Al0.35Ga0.65As
MQW - 15 nm/15 nm



Structures investigated by photoreflectance spectroscopy 289

Sitarek et al. [102] have reported a study of the temperature dependence of PR
spectra from Al0.35Ga0.65As/GaAs MQW in the 80–300 K temperature range. In Fig. 24,
the PR spectra of the 11H and the 11L transitions at different temperatures are shown.
From the least-squares fits to the experimental data with FDGL, the values of E11H were
obtained. The fit also yielded the broadening parameter Γ.

The parameters in the Bose–Einstein expression such as the strength of the electron–
phonon interaction aB, and ΘB corresponding to the average phonon temperature, (see
Eq. (19)) describe the temperature dependence of 11H transition energies of
AlGaAs/GaAs MQW. The values of aB and ΘB obtained for 11H transition are very
similar to the values for bulk GaAs. In the lattice matched AlGaAs/GaAs heterostruc-
tures, the temperature dependence of the band gap of the material forming the wells is
the main factor affecting the relation of the transition energy and temperature.

The variation of the broadening parameter with temperature can also be expressed
by the Bose–Einstein expression (see Eq. (20)). Parameter Γ0 contains inhomogeneity
contribution resulting from the interface roughness, alloy clustering and strain distribu-
tion (a small value of Γ0 tells us that structure is very homogeneous). For the 11H
transition, Sitarek et al. [102] found that Γ0 = 0.71 meV.

In the studies of electronic and optical properties of quantum wells (and multiple
quantum wells), the major attention was focused on confined states. In quantum well
structures, the existence of energy levels formed above (below) the conduction (valence)
band of the barriers has been observed in both low-temperature Raman spectroscopy
[105] and low-temperature PLE spectroscopy [106]. Using photoreflectance spectros-
copy, it is possible to investigate optical transitions involving unconfined states at room
temperature [107, 108]. Up to now little work has been done on the study of such sub-
bands.

The features observed at the energies higher than the resonance corresponding to
bulk AlGaAs seen in Fig. 23 were under detailed study by Sitarek et al. [103]. A room
-temperature PR spectrum for a Al0.35Ga0.65As/GaAs MQW with a 15 nm well width, is
shown in Fig. 25 for the energies equal and higher than the band gap of the barrier en-
ergy. The feature at about 1.87 eV corresponds to the direct band gap of AlGaAs.
Three additional features, marked A, B and C, were observed above the resonance re-
lated to AlGaAs band gap.

Sitarek et al. [103] reported energy level splitting in the optical transitions between un-
confined electron and hole subbands in AlGaAs/GaAs MQWs. The splitting is associated
with the energy dispersion in the direction along the MQW growth direction (z-axis). This
dispersion leads to the formation of subbands in superlattices (and MQW structures). The
width of the subband is determined by the energy difference between the quantized state at
kz = 0 (Brillouine zone centre) and kz = π/d (Brillouine zone edge). Here d = LW + LB is the
sum of the well thickness LW and the barrier thickness LB.
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In order to obtain the transition energies between subbands, the third-derivative
functional form (Eq. (4)) [109, 15] was used to fit the PR experimental data. The solid
line in Fig. 25 shows the least squares fit to the TDFF.

The quasibound states at the above-barrier region in type-II ZnTe/CdSe superlat-
tices were observed at room temperature by photoreflectance, contactless
electroreflectance, as well as photoconductivity measurements by Tseng et al. [110].
They provide a concrete evidence for the strong localization of the carrier waves in the
barrier region. It was found that the barrier-width dependence of the above-barrier
ground-state transition energies can be well described by the constructive interference
condition. Tseng et al. observed the absorptive spatially indirect transition between
electrons confined in the CdSe and holes confined in the ZnTe layers.
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Fig. 25. Photoreflectance spectrum of GaAs/Al0.35Ga0.65As MQW structure in the range
above the barrier transitions. Solid line is the fit according to Eq. (4). Vertical lines mark
the energies of optical transitions involving unconfined states (after Sitarek et al. [103])

In strained systems, the properties of the electron and hole quantum states depend on
both the strain and quantum confinement. It is useful to define the conduction band
offset parameter
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where ∆EC and HH
VE∆  are the conduction band and the heavy-hole valence band dis-

continuities, respectively. When thin InGaAs layers are grown on a AlGaAs buffer
layer, a biaxial in-plane compression and a corresponding extension (tensile strain)
along the growth direction are sustained in InGaAs. Such a strain alters the band
structure of InGaAs [111]. The energy band gap increases due to the compressive hy-
drostatic component of the strain while the tensile, (001) uniaxial strain splits the
heavy-light hole degeneracy at the Brillouine zone centre. The relative positions of the
bands in the InGaAs/GaAs QWs can lead to two possible configurations of the poten-
tial of the well. If the conduction band offset parameter QC is less than 0.5, both the
electrons and the holes are confined to the InGaAs region. In the other case
(QC > 0.5), the electrons and the heavy holes are in the InGaAs region (configuration of
type I), while the light holes are in the GaAs region (configuration of type II).

Sęk et al. [112] studied the InGaAs/GaAs QW structure grown by MOCVD. The
structure consisted of five 10 nm In0.115Ga0.885As quantum wells separated with 80 nm
GaAs barriers. They also concluded that light holes are confined in GaAs layer configu-
ration of type II.

Because of their potential applications for long-wavelength optoelectronic devices,
e.g. high-performance laser diodes emitting at the 1.3 and 1.55 µm optical fibre win-
dow, narrow band-gap semiconductors and especially low-dimensional structures based
on such semiconductors are widely investigated.

A recent increase in interest in QW structures operating in the 1.3–1.55 µm spectral
region caused an increase in applications of the post-growth techniques that produce
non-square QWs, for the modification of the operation wavelength of well-known InP-
based laser structures. The InGaAsP/InP laser structures grown by gas source MBE
have been investigated by Kudrawiec et al. [113]. The structures were modified using
the rapid thermal annealing (RTA) technique. The migration of atoms across quantum
well interfaces (during RTA) changes the quantum well profile from a square to a
rounded well and is responsible for that blue shift (in comparison to as-grown structure)
of all optical transitions observed in PR. Thus using RTA (or other techniques) enables
tuning the laser structure to a proper wavelength.

Another alloy which may be used for the construction of long-wavelength optoelec-
tronic devices is the quaternary alloy InGaAsN. Compared to the InGaAsP quantum
well system, GaInAsN/GaAs QW’s have a larger conduction band offset which leads to
a stronger electron confinement and hence higher characteristic temperatures. The high-
temperature performance of GaInAsN-based laser diodes is expected to be better than
that of InGaAsP devices. Due to its possible applications GaInAsN/GaAs QWs have
been widely investigated in recent years (see for example [114–119]).
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The InxGa1–xSb/GaSb strained system has potential applications for example in:
trace gas sensing, atmospheric pollution and drug monitoring, medical procedures such
as laser surgery and medical diagnostic, absorption spectroscopy or long-haul telecom-
munications, and especially low threshold current lasers at wavelengths ranging from
1.5 to 2.2 µm.

Single quantum well In0.22Ga0.78Sb/GaSb structure grown by MBE on GaSb sub-
strate was investigated by Kudrawiec et al. [120]. Figure 26 shows a comparison of
photoluminescence, reflectance, photoreflectance, transmittance and phototransmittance
spectra of a In0.22Ga0.78Sb/GaSb single quantum well recorded at T = 10 K. In the PL
spectrum, three peaks are observed. Two high-energy peaks (at 0.776 and 0.790 eV)
are GaSb defect-related and were previously observed in GaSb-based quantum well
structures. The third, dominating, very narrow (3.5 meV) peak at 0.691 eV, labelled
1C-1HH, originates from the quantum well and represents ground-state heavy-hole
exciton radiative recombination. In reflectance spectrum only a feature associated with
GaSb band gap exciton (in the buffer and/or cap layer) is clearly observed. Only a very
weak trace of the quantum well-related signal is seen. On the contrary, strong and well-
resolved features are observed in the photoreflectance and phototransmitance (PT)
spectra below the GaSb band gap energy.

Fig. 26. Comparison of photoluminescence (PL),
reflectance (R), photoreflectance (PR),

transmittance (T) and phototransmittance (PT)
spectra of In0.22Ga0.78Sb/GaSb single quantum well

at 10 K (after Kudrawiec et al. [120])
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Due to the transparence of the GaSb substrate for light of wavelengths longer than
1.55 µm (at 10 K), it was possible to carry out the photomodulation spectroscopy ex-
periments in reflection and transmission modes and both techniques appeared to probe
the single In0.22Ga0.78Sb quantum well. In both derivative spectra (PR and PT), the same
quantum well-related transitions are observed. There is only one important difference
between photoreflectance and phototransmittance and hence also between their spectra.
In PR, a strong GaSb-related feature is seen in the shape of the Franz
–Keldysh oscillations, reflecting the existence of a weak built-in electric field at the
surface of GaSb or at GaSb buffer–GaSb substrate interface. It is impossible to ob-
serve such a signal in PT spectrum due to the strong absorption in the GaSb substrate
which starts to increase significantly when the photon energy of the probe beam ap-
proaches the energy of GaSb band gap (0.8 eV).

In terms of device applications, wide band-gap semiconductors are very important,
especially for so-called “blue optoelectronics”. Wetzel et al. [121, 122] have performed
enhanced studies of multiple quantum well InxGa1–xN/GaN systems using photoreflec-
tance spectroscopy.

As long as the barriers in multiple quantum wells structure are thick, the coupling
between the wells does not occur. The simplest structure containing coupled QWs is
double quantum well (DQW). Sęk et al. [123] studied undoped symmetric structure
with two GaAs/AlGaAs quantum wells separated by an AlAs mono-layer (ML). The
structure was grown by the MBE on a (001) semi-insulating GaAs wafer. In Fig. 27,
a room-temperature PR spectrum for the investigated structure is shown. A few reso-
nances related to DQW transitions occur above the feature related to GaAs band gap
transition. The transitions are labelled according to the common notation with indices s
and a, where index s (a) means the transition between symmetric (antisymmetric) states.
Sęk et al. [123] obtained a very good agreement between the experimental transition
energies and those from theoretical calculations based on envelope function approxima-
tion.
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Fig. 27. Photoreflectance spectrum from the GaAs/Al0.3Ga0.7As
double quantum well structure. Arrows indicate

the experimental transition energies (after Sęk et al. [123])

The In0.045Ga0.955As/GaAs DQW structure was investigated by Sęk et al. [124].
They examined the dependence of the intensity of forbidden transitions on the built-in
electric field. To change the electric field in the structure, the authors used an additional
laser beam (third light beam). They found that the ratio of the intensity of forbidden
transitions to the intensity of the fundamental allowed transition depends linearly on the
third beam power density and hence approximately linearly on the internal electric field
in the region of DQW.

To obtain an enhanced spatial resolution comparing to conventional PR, Cho et al.
[125] put forward the near-field scanning optical spectroscopy combined with PR to
investigate Al0.3Ga0.7As/GaAs quantum well structures.

5.2. Quantum dots

With nanoscale lithographic techniques used to 2D heterostructures, it is possible to
obtain quantum dots (QD) – quasi zero dimensional (0D) objects.

Qiang et al. [126] reported room-temperature PR studies of GaAs/Ga0.7

Al0.3As quantum dots arrays, fabricated by reactive ion etching. An MBE structure,
consisting of a 500 nm of an unintentionally doped GaAs buffer layer followed by 100
periods of GaAs(8 nm)/Ga0.7Al0.3As(12 nm) quantum wells, capped by 10 nm of GaAs,
was grown on (001) semiinsulating GaAs substrate. Three quantum dot arrays, with the
lateral sizes of 500 nm, 400 nm and 230 nm, and MQW control structure have been
investigated. The distance between the dots was four times greater than their diameter.
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Fig. 28. Photoreflectance spectra at 300 K in the region of 11H and 11L
transitions from three GaAs/Al0.3Ga0.7As quantum dot arrays

and the spectrum of the control structure (after Qiang et al. [126])

The solid lines in Fig. 28 show room-temperature photoreflectance spectra of the
control sample and the QD arrays. The dashed lines are the least-square fits of the data
to the first derivative of a Gaussian profile. The calculations yield the energy positions
and the broadening parameters of PR features. Energies of 11H and 11L optical transi-
tions obtained from the experiment are denoted by arrows.

The energy positions of 11H and 11L from the control sample are consistent with an
8 nm GaAs quantum well. The energy of the 11L transition varies very little from sam-
ple to sample. When compared to the control sample, the energy of 11H optical
transition in the 500 nm dot structure is blue shifted by about 5 meV. It decreases to
almost its original position (in the control sample) in the 230 nm dot array. The strain
induced by RIE is fairly uniform resulting in small differences in the broadening pa-
rameters for all resonances.

Qiang et al. explained the behaviour of 11H and 11L transition energies in terms of
the strains in the quantum dots. For the 500 nm dots there is a compressive strain of
about –7×10–4 along the growth direction. A reduction of strain was observed when the
lateral dimension of QD decreased. For the structure with the smallest dots the strain
was reduced to about –2×10–4.

Gumbs et al. [127, 128] investigated the intersubband transitions from modulation
-doped GaAs/GaAlAs quantum dot arrays fabricated by RIE. By using PR performed
at 77 K and 300 K, they studied two quantum dot structures with dots of 60 nm and
100 nm in diameter.

Klar et al. [129] investigated high-density patterns of ZnTe/Zn0.93Mn0.07Te quantum
dots. Quantum dots with the diameter of 200 nm were prepared by electron lithography
followed by Ar+ ion beam etching from four MBE grown ZnTe/Zn0.93

Mn0.07Te MQW structures with 4 nm, 6 nm, 8 nm and 10 nm well widths. Photoreflec-
tance measurements were performed at 10 K. The modulation was carried out with
a 632.8 nm (1.96 eV) He-Ne laser (below-bandgap photomodulation). Klar et al.
showed that the main effect of the nanofabrication process is a change in the strain of
the quantum dot structures when compared with control sample. The parent structure
is, in a good approximation, strained to the ZnTe buffer layer whereas quantum dots
are unstrained.

For light hole excitons, an increase in the oscillator strength was observed in the QD
structures. An electric dipole moment, parallel to the growth direction, introduced by
the probe light that can penetrate the QD side walls (the side walls are not perpendicu-
lar to the surface) is a possible explanation of this effect.

Klar et al. [129] did not observe any confinement effects due to the reduction of the
dimensionality from 2D to 0D. The lateral sizes of dots being under study were too
large to observe such confinement effects.
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The quantum dot structures, described in the above papers, were obtained by the li-
thography followed by etching processes. The size of dots and the level of perfection in
such structures are limited by the lithographic processing. Using an epitaxial growth of
materials with a large lattice mismatch is a way of obtaining islands of small lateral
sizes of one material grown on the other material. Quantum dots obtained in such a way
are referred as “self-assembled” or “self-organised”.

Ulrich et al. [130] used the above method to obtain nanoscale InP islands embedded
in In0.48Ga0.52P matrices. The structures were grown by MBE on (001) GaAs substrate.
The substrate layer was followed by 200 nm of In0.48Ga0.52P and from three to ten
monolayers of InP, covered by another 200 nm In0.48Ga0.52P cap layer. The atomic force
microscope (AFM) pictures showed that the island density is of the order of 1010 cm–2.
This structure, with nominally three monolayers of InP, formed dots (islands) of 20–30
nm in diameter and 5–10 nm high. When the number of monolayers increases to seven,
the dot diameter increases up to 40–50 nm.

Fig. 29. Photoreflectance spectra of
InP/In0.48Ga0.52P island (dot)  structures

with 3 ML (solid line) and 7 ML (dashed line) of
nominal InP thickness (after Ulrich et al. [130])

Figure 29 presents photoreflectance spectra, measured at 300K, for structures with
three and seven monolayers of InP, respectively. Both spectra show resonances corre-
sponding to E0(GaAs), E0+∆0(GaAs) and E0(InGaP) optical transitions. The transition
denoted as 11H is an optical transition between the first heavy hole and the electron
states of the InP islands. For the three-monolayer sample, the 11H transition is partially
obstructed by the PR feature of E0+∆0(GaAs) transition. The transition labelled 22H is
observed in the PR spectrum of the seven-monolayer sample. Ulrich et al. [130] pro-
posed a simple theoretical model, based on the envelope-function approximation, to
calculate the subband energies. The transition energies, obtained from the theoretical
considerations, agree well with energy values obtained from the experiment for the
structures with InP nominal thickness between three and ten monolayers.

Sęk et al. [131] used room-temperature photoreflectance spectroscopy to investigate op-
tical transitions in MOCVD-grown, InAs/GaAs structures with self-organised quantum dots.
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Tellurium-doped GaAs substrate was followed by the following layers: 100 nm GaAs
buffer, 25 nm Al0.3Ga0.7As, 100 nm GaAs and 1.65 nm monolayer of InAs. A strong lattice
mismatch between the latter two compounds induces the formation of InAs pyramids. The
QD pyramids are covered by 1 nm layer of In0.3Ga0.7As. This structure was then covered
with the 20 nm layer of GaAs, 25 nm of Al0.3Ga0.7As and capped with 20 nm of GaAs. From
the transmission electron microscope measurements, the diameter of the dots is in 10–12 nm
range while the height is about 2.5–3 nm.

A room-temperature PR spectrum of the investigated QD structure is presented in
Fig. 30 (circles). In the figure, we can see three groups of features related to quantum dots,
InAs wetting layer and GaAs band gap, respectively. The features labelled QD1, QD2 and
QD3 correspond to optical transitions in quantum dots. The resonances designated as WL1
and WL2 correspond to the 11H and 11L transitions in the step-shaped quantum well,
formed in the InAs wetting layer and the In0.3Ga0.7As layer covering the dots.

Fig. 30. Room-temperature PR spectrum of InAs/GaAs quantum dot structure (circles).
Solid line represents a fit according to the first-derivative Gaussian lineshape

to the experimental data. Arrows indicate the transition energies (after Sęk et al. [131])

In order to obtain the transition energy values, fitting of the first derivative of
the Gaussian lineshape to the experimental data was performed. The FDGL fit is pre-
sented in Fig. 30 as a solid line. The interpretation of QD related transitions was
possible after theoretical calculations for buried, pyramid-shaped InAs QD’s on (001)
GaAs bound to {101} facets. Assuming the pyramidal shape of the dots, accounting for
strain distribution, piezoelectricity, valence band mixing and conduction band
–valence band coupling, the electronic structure and optical properties were modelled
using 8-band k⋅⋅⋅⋅p theory [104]. After extrapolating these results to room temperature
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and taking into account the exciton binding energy, the values of transition energy are in
good agreement with the experimental results. QD1, QD2 and QD3 transitions were
identified as e0-h0, e2–h1 and e1–h3, respectively, where e0 (h0) denotes the ground
electron (hole) state.

The vertical stacking of dots in laser structures and the idea of employing coupled
dots in quantum computational concepts caused an increase of interest in the investiga-
tion of a dot–dot interaction in double dot systems. The photoreflectance turned out to
be adequate also in this case. Sęk et al. [132, 133] investigated three self-organized
vertically coupled In0.6Ga0.4As/GaAs double quantum dots structures differing only in
the thickness LS of the GaAs separating layer. The spectra of the structures obtained at
10 K PR are presented in Fig. 31.

Fig. 31. Photoreflectance spectra of double
quantum dot structures for various

thicknesses of the separating GaAs layer
(after Sęk et al. [132])
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The splitting of double wetting layer quantum well and quantum dot states due to
the coupling has been observed even though the experiment was carried out on millions
of dots and the PR lines were inhomogenously broadened. The DQD’s splitting energy
has been determined from the experiment and compared to its calculated dependence on
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the spacer thickness. A very good agreement was obtained which confirmed that for 10
nm thickness of the separating GaAs barrier the dots are almost uncoupled and struc-
ture can be treated as two independent layers of dots.

6. Photoreflectance study of device structures

In the preceding sections, it was shown that photoreflectance spectroscopy is
a powerful tool for investigation of characteristic properties of bulk semiconductors and
low-dimensional semiconductor heterostructures. The PR technique may be used not
only for characterization of the low-dimensional structures but also to examine semi-
conductor device structures as well. In the next few paragraphs, we will present
applications of PR spectroscopy for the studies of high electron mobility transistor
(HEMT) structures, pseudomorphic HEMT (PHEMT) devices, heterojunction bipolar
transistors (HBT), and vertical/planar light emitting lasers.

6.1. Transistors

A HEMT structure is formed by a charge transfer from a heavily doped AlGaAs
layer to an undoped GaAs layer. This process results in placing the electrons in a very
pure GaAs layer, resulting in very high electron mobility. A scheme of such a structure
is shown in Fig. 32. The electrons transferred to the GaAs layer are confined to the
interfacial region and form a two-dimensional electron gas (2DEG) in a nearly triangu-
lar potential well. In order to avoid Coulomb interactions between the electrons with
enhanced electron mobility in 2DEG and the ionised donors in n+ AlGaAs layer, an
insulating AlGaAs spacer layer usually separates these two layers. The thickness of the
spacer determines the number of electrons transferred. The presence of a potential well
results in the formation of subband states in the conduction band. The valence band
exhibits no confinement and hence has a three-dimensional characteristics.
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Fig. 32. Schematic diagram
of AlGaAs/GaAs HEMT structure

Soares et al. [134, 135] investigated three AlGaAs/GaAs HEMT structures with
different spacer widths. All structures were grown by MBE on a semi-insulating GaAs
substrate. The GaAs substrate was followed by 500 nm undoped active GaAs layer, an
undoped Al0.3Ga0.7As spacer, an Si-doped Al0.3Ga0.7As barrier layer and an Si-doped
GaAs cap layer of donor concentration ND = 3×1018 cm–3. The widths and donor con-
centrations of the barrier layers were 50 nm and ND =1×1018 cm–3 for structure 1 and
40 nm and ND = 1.5×1018 cm–3 for structures 2 and 3, respectively. The thickness of the
spacer layer was 0 nm, 6 nm and 8 nm.

Figure 33 presents room-temperature PR spectra of three HEMT structures. Each
spectrum exhibits two types of oscillations: short-period oscillations at the fundamental
gap of GaAs and wide-period oscillations extending over the whole spectral range. The
wide-period oscillations originate from the Franz–Keldysh effect. The strength of the
surface electric field, obtained from the period of FKO, is slightly lower than that ob-
tained from the electric field profile calculations (about 750 kV/cm).

Fig. 33. Photoreflectance spectra from AlGaAs/GaAs HEMT structures
1 (a), 2 (b) and 3 (c) (after Soares et al. [134])

The short-period oscillations in structure 1 differ from oscillations in the other
structures. For example, the amplitude of these oscillations for structures 2 and 3 is
considerably smaller than for structure 1. The differences between structure 1 and the
other structures, concerning GaAs layers, occur only at the AlGaAs/GaAs interfaces.
Thus Soares et al. [134] attributed the lineshape discrepancies to different interface
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qualities. In the case of sample 1, the interface is of relatively good quality and the
charge density, associated with the interface defects, is small. Interface defects and the
associated interface charge seem to be present in samples 2 and 3. The quality of the
interface influences the electric field profile and hence the PR spectra. The short-period
oscillations cannot be traced back to the Franz–Keldysh effect. Soares et al. assumed
that the origin of these features is from optical transitions to subband states above the
Fermi level. These subbands are formed in AlGaAs/GaAs potential well.

Sęk et al. [136] studied two AlGaAs/GaAs HEMT structures grown by MBE.
A buffer layer, 100 periods of GaAs(2.5 nm)/AlGaAs(2.5 nm) superlattice, 510 nm
GaAs active layer, AlGaAs spacer layer of 40 or 80 nm width and 200 nm n-doped
(1×1017 cm–3) AlGaAs layer were grown on a GaAs substrate. The structure was termi-
nated with a 17 nm GaAs cap layer.

A PR spectrum of HEMT structure with an 80 nm spacer layer is presented in
Fig. 34. The spectrum can be divided into several independent regions. In the region
around 1.42 eV, the main peak corresponds to GaAs band gap transition. A weak peak,
visible in the low-energy part of this spectrum, is related to the excitonic transition. The
additional resonance at 1.435 eV is probably related to a two-dimensional electron gas.
Sęk et al. [136] interpreted the oscillatory signal around 1.6 eV as the Franz–Keldysh
oscillations associated with the superlattice (SL) present in the structure. In the pres-
ence of an internal electric field, the electrons can be accelerated in the field direction
and transitions in short-period SL may be analyzed in terms of the miniband Franz–
Keldysh effect. The electric field value, deduced from the period of the oscillations, is
4.4 kV/cm.

Fig. 34. Room-temperature spectrum from
Al 0.33Ga0.67As/GaAs HEMT structure (after Sęk et al. [136])

Between 1.45 eV and 1.6 eV there is a broad oscillation. Such an oscillation is
characteristic of the Franz–Keldysh effect from the fully depleted GaAs cap layer.
A feature corresponding to the AlGaAs band gap transition, appears in the spectrum
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above 1.85 eV. From the position of this resonance, the Al content was deduced to be
33%. An additional feature is present at about 1.95 eV. This feature probably results
from the overlapping of two Franz–Keldysh oscillations associated with AlGaAs band
gap resonances from different parts of the structure: from the highly doped AlGaAs
layer and the undoped AlGaAs spacer.

The photoreflectance spectrum obtained from the structure with a 40 nm spacer
layer was very similar to the previous one. The only difference was in the absence of the
excitonic feature due to the higher (6.3 kV/cm) electric field formed in this structure.

One type of HEMT, the pseudomorphic AlGaAs/InGaAs/GaAs modulation doped
structure (PHEMT), demonstrated an outstanding power performance. In the AlGaAs
/InGaAs/GaAs system, a large electron concentration in the two-dimensional gas can be
achieved while the electron mobility remains very high. These structures promise device
performance up to a few hundred GHz. The energy band profile of PHEMT structure is
shown in Fig. 35.

Fig. 35. The energy band profile
of AlGaAs/InGaAs/GaAs PHEMT structure

A detailed study of a pseudomorphic Al0.22Ga0.78As/In0.21Ga0.79As/GaAs HEMT
structure in the temperature range from liquid nitrogen to the room temperature was
reported by Yin et al. [137]. The structure was fabricated with MBE on (001) GaAs
substrate. It has similar profiles as those in HEMTs used for both low-noise and power
amplification at 94 GHz. A 300 nm of not-intentionally doped GaAs, followed by 15 nm of
In0.21Ga0.79As, 3 nm of Al0.22Ga0.78As, a planar Si doping layer of 5×1012 cm–2,
50 nm of Al0.22Ga0.78As and a 5 nm GaAs cap, was grown on the top of the buffer
structure. From Hall measurements, sheet electron densities of Ns = 2.3×1012 cm–2 at
77 K and Ns = 2.5×1012 cm–2 at 300 K were determined.

Figure 36 shows both the PR and the electroreflectance (ER) spectra of PHEMT
structure. The features below 1.4 eV, labelled A, B and C, are associated with InGaAs
quantum well. The features between 1.4 eV and 1.45 eV originate from GaAs and those
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at about 1.75 eV from the AlGaAs layer. The peaks at energies lower than those from
AlGaAs, originate from GaAs/AlGaAs MQW. The part of the spectrum originating
from InGaAs quantum well is the most interesting. Lineshapes of A, B and C features
are unusual for modulation spectroscopy from a QW system. The traces should have
positive and negative lobs but in this case they lie only on one side of the baseline. Also,
the peak labelled as A is asymmetric on the high-energy side. This asymmetry property
is due to the Fermi level filling factor. This enabled Yin et al. [137] to determine the
Fermi energy and hence Ns.

In order to identify the origins of the A, B and C peaks, Yin et al. performed a self-
consistent theoretical calculation. They found a very good agreement between ER ex-
periment and theory associating features A, B and C with 21H, 32H and 42H
transitions, respectively. Transitions which involve the ground electron subband are not
allowed since EF lies above this level. The densities of two-dimensional electron gas,
obtained from the data, are in a good agreement with the Hall results. The Fermi energy
(and hence Ns), obtained from the PR studies, is larger than that corresponding to the
ER measurements. The discrepancy results from the presence of carriers photoexcited
by the pump beam. Decreasing the pump light intensity can reduce the differences be-
tween the PR and ER spectra.

Fig. 36. Photoreflectance and electroreflectance
spectra  from AlGaAs/InGaAs/GaAs PHEMT

structure. Features labelled A, B and C are associated
with InGaAs quantum well (after Yin et al. [137])

Yin et al. [138] performed room-temperature PR investigations of three different
AlGaAs/InGaAs/GaAs PHEMT structures. Besides the investigations of InGaAs region
of the PR spectra, they studied features related to the GaAs and AlGaAs layers. They
deduced electric fields corresponding to the GaAs and AlGaAs and also the Al compo-
sition. The field related to the GaAs signal is in agreement with the calculated built-in
electric field. The Al composition also confirms the intended growth conditions.

Han et al. [139] studied the AlGaAs/InGaAs/AlGaAs PHEMT structures with different
doping profiles. The doping on both sides of the InGaAs channel affects the electric field in
GaAs and AlGaAs layers. The front side doping (Si delta-doped top AlGaAs layer, 2 nm
from AlGaAs/InGaAs interface) influences mostly the Franz–Keldysh oscillations (electric
field) in the AlGaAs layer, while back-side doping (Si-doped AlGaAs layer 3 nm below
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InGaAs/AlGaAs interface) affects the Franz–Keldysh oscillations of the buffer GaAs fea-
ture. Han et al. [139] have not found any relationship between the electric field present in the
structure and the channel carrier concentration.

There is a considerable interest in heterojunction bipolar transistor (HBT) technol-
ogy for use in high-speed digital circuits and efficient microwave devices. The large
valence band discontinuity at the emitter-base junction introduces an energy barrier
which limits the injection of minority carriers from the base to the emitter. Hence, the
emitter injection efficiency and the current gain can be improved significantly. An im-
portant drawback of HBT is a large collector–emitter offset voltage resulting from the
turn-on voltage difference between the emitter–base heterojunction and base-collector
homojunction.

Bottka et al. [140] studied AlGaAs/GaAs HBT structures grown by MOVPE tech-
nique. After growth, HBTs were fabricated in a portion of the wafer. In order to assess
the transistor performance, current–voltage (I–V) and capacitance–voltage
(C–V) characteristics were collected.

Figure 37 shows the PR spectra from the sample grown on a thick base layer (low
current gain, β = 5), obtained using 400 Hz modulated 488 and 633 nm laser light. In
part (a) of the figure, the damped oscillations between 1.45 and 1.7 eV correspond to
the Franz–Keldysh oscillations mainly from the emitter-base space charge region. An
electric field corresponding to these oscillations is about 130 kV/cm. In part (b) of the
figure, an additional lower period Franz–Keldysh oscillation is observed in the spectral
region between 1.44 and 1.5 eV. This feature originates from the base-collector space
charge region. The oscillatory structure above 1.79 eV corresponds to the Franz
–Keldysh oscillations of the AlxGa1–xAs emitter layer, having an electric field of about
100 kV/cm. The x = 0.28 Al mole fraction was deduced from the energy gap.

Fig. 37. Room-temperature photoreflectance spectra
from a wide base AlGaAs/GaAs HBT structure

(after Bottka et al. [140])
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The base–emitter region is most critical for the overall device performance. A small
difference in the placement of the base-emitter p-n junction can have considerable im-
pact on the device. From the analysis of certain spectral features, Bottka et al. [140]
evaluated the built-in DC electric field in both the AlGaAs emitter and in the n– GaAs
collector region.

Sun and Pollak [141] studied the origin of the Franz–Keldysh oscillations, observed
in photoreflectance spectra, associated with the electric fields in the AlGaAs emitter and
the GaAs collector of graded band gap heterojunction bipolar transistors. They derived
analytical expressions for the origins of the Franz–Keldysh oscillations, associated with
the fields in the graded emitter and collector regions of AlGaAs/GaAs HBT. The
authors found that the oscillations from the collector are the measure of the maximum
collector space charge field at the collector-base junction. The Franz
–Keldysh oscillations, originating from the graded band gap AlGaAs emitter, are
a function of both the space charge field and emitter-base grading dimension.

Compared to GaAs/AlGaAs based structures, lattice matched InP/In0.53Ga0.47As
HBT structures have several advantages. Low turn-on voltage, low surface recombina-
tion rate and a use of the same substrates as sources and detectors of 1.3–1.55 µm
wavelength radiation (favoured in optoelectronics) are some of the examples.

Using PR, Yan et al. [142] investigated a lattice-matched InP/In0.53Ga0.47As HBT
structure grown by gas-source MBE. They performed a room-temperature measure-
ment. From the periods of the Franz–Keldysh oscillations, they evaluated built-in
electric fields to be 30 kV/cm and 100 kV/cm and corresponding donor levels of
4.5×1015 and 3.5×1016 cm–3 in n-InGaAs collector and n-InP emitter regions, respec-
tively. The energy of the optical transition in InGaAs indicates that this material is
lattice-matched to the InP.

A heterojunction bipolar transistor, based on InAlAs/InGaAs, has a break-down
voltage lower than the two types of HBTs described above. Because of this fact, the
InAlAs/InGaAs HBTs become an interesting topic in low-bias integrated-circuit appli-
cations. The simplest way to reduce the offset voltage is the method of inserting an
intrinsic spacer, made of material with a small band gap, between the emitter and the
base. Confining the two-dimensional electron gas, the spacer reduces the energy spike in
the emitter-base junction.

Using photoreflectance spectroscopy, Chen et al. [143–146] studied lattice-matched
InAlAs/InGaAs HBTs, grown by MBE. The structures were fabricated on an n+ InP:Si
substrate (001). Two samples, with 30 nm and 50 nm width of the undoped InGaAs
spacer layer, have been studied. Figure 38 shows a self-consistent calculated energy
band diagram of a sample with the 30 nm spacer layer.

Photoreflectance spectra of the structures studied are presented in Fig. 39. Spectrum
#1 comes from the structure with the 30 nm spacer and spectrum #2 is related to the
structure with the 50 nm spacer. Features labelled as A and E denote the transitions due
to the InxGa1–xAs and the InyAl1–yAs band gaps, respectively. From the energy position
of these two features, In contents x = 0.516 and y = 0.540 were obtained. The quantum
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confined excitonic transitions, with excitons formed by electrons confined to the QW in
the emitter–spacer junction and unconfined holes in the valence band, are denoted as B.
The features denoted as C are due to the electronic transitions between the valence band
and a subband edge in the triangular quantum well in the spacer portion. The E0 + ∆0

transitions in InGaAs are labelled D. The Franz–Keldysh oscillations near C and E are
related to the built-in DC electric field. From the oscillations, Hsu et al. [143] found
that the electric field in the InGaAs spacer and InAlAs emitter regions are 50.2 kV/cm
and 107.6 kV/cm, respectively, for the sample with LS = 30 nm and 41.4 kV/cm and
107.6 kV/cm for the sample with LS = 50 nm. The electric field associated with C de-
creases as the spacer thickness increases. The authors estimated that the interface
charge carrier density, NS, is 3.54×1011 cm–2 for LS = 30 nm and 4.22×1011 cm–2 for
LS = 50 nm.

Photoreflectance studies on the InAlAs/InGaAs HBT structure with LS = 30 nm
were continued by Chen and Jan [145]. They analyzed the behaviour of a two-
dimensional electron gas at the temperatures between 10 K and 300 K. For the first
time, Chen and Jan [145] utilized the temperature dependence of the effective mass to
analyze Franz–Keldysh oscillations with the photoreflectance technique. The values
deduced from the oscillations were in reasonable agreement with the calculations based
on the intended growth condition.

Fig. 38. Self-consistent calculated energy band
diagram of InAlAs/InGaAs HBT with a spacer

layer of 30 nm (after Chen et al. [144])

Fig. 39. The photoreflectance spectra from
InAlAs/InGaAs HBTs with 30 nm (#1) and 50 nm

(#2) spacer thickness. The origin of optical
transitions marked with arrows is described

in the text (after Hsu et al. [143])

Chen et al. [147] investigated graded InAlAs/InGaAs HBT structures at the tem-
peratures between 8 K and 300 K. Using the Varshni and Bose–Einstein equations, they
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described the temperature variation of energy gaps. From the observed Franz–Keldysh
oscillations, they evaluated the built-in electric fields in the i-InGaAs collector, i-
InGaAs spacer and n-InAlAs emitter regions. In the interfaces between the emitter and
base, the electric field values agree with the continuity condition of electric displace-
ments.

The n-p-n double-heterojunction bipolar transistor structure InGaP/InGaAsN/GaAs was
characterized by Lin et al. [148] using polarized photoreflectance spectroscopy. The ordering
parameter of the InGaP was deduced from the polarization ([110] and [ 011 ]) dependence

of the PR signals from the emitter region. The ordering-related piezoelectric field was also
found to influence the electric field, as evaluated from the Franz–Keldysh oscillations ob-
served in the InGaP emitter region. The field in the emitter region was found to be about 25
kV/cm smaller than the theoretical value that does not take into account the possible ordering
induced screening effect, while the field in the collector region agrees well with the theoretical
value. In addition, the InGaAsN band gap was also determined by analyzing the PR spec-
trum of the base region.

6.2. Semiconductor lasers

The vertical cavity surface emitting laser (VCSEL) became recently very important
in opto-electronics. VCSEL has several advantageous properties such as single longitu-
dinal mode operation, small beam divergence, low threshold current and ease of
integrability.

The photoreflectance results on VCSEL structures were reported by Berger et al.
[149, 150]. The samples were grown by a gas source MBE. The structures consisted of
an n+ distributed Bragg reflector (DBR) as the bottom mirror, a cavity with three
GaAs/AlGaAs QWs and a p+ DBR as the top mirror. The full VCSEL structure de-
scribed above is marked DU. The structure obtained at the same conditions but without
top DBR is marked DT.

Berger et al. [149] recorded both the reflected signal RI0 (not normalized reflectiv-
ity) and the modulated signal ∆RI0. A numerical division of ∆RI0 by RI0 gave the PR
spectra. Reflected spectra and PR spectra obtained at room temperature for full struc-
ture (DU) and the structure without top DBR (DT) are plotted in Fig. 40. The dashed
lines represent the RI0 signal. For the DU structure, the RI0 signal shows a reflectivity
plateau of the cavity. Near 1.58 eV, RI0 exhibits a slight dip, which is due to the reso-
nance (Fabry–Perot) mode of the cavity. Solid lines represent PR spectra. The PR
spectra in Fig. 40 exhibit two groups of features in each structure. A transition attrib-
uted to the quantum well occurs around 1.5 eV. Between 1.6 and 1.7 eV is a feature
related to the AlGaAs layers. In the energy range of the plateau, both features in the DU
spectrum are screened. Therefore, it is not possible to precisely determine the transition
energies from this spectrum. The PR spectrum for the DT structure was used to deter-
mine the transition energies in the DU spectrum. Berger et al. [149] discovered that the
features around 1.5 eV originate from the optical transition between the heavy hole and
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the electron subbands. From the energy position of the AlGaAs related feature, the Al
content of 16% was determined.

In order to change the quantum well transition energy, the measurements were per-
formed at temperatures down to 9 K. The PR and RI0 spectra for full VCSEL structure
obtained at 300 K, 110 K and 9 K are shown in Fig. 41. In the PR spectra, the AlGaAs
related transitions exhibit Franz–Keldysh oscillations, from which the value of the elec-
tric field in the cavity is estimated to be 38 kV/cm at a room temperature and decreases
to 17 kV/cm at 9 K. At lower temperatures, the AlGaAs related transitions are no more
screened. As the temperature decreases, the energy shift of QW transition is larger than
the Fabry–Perot cavity mode shift. The intensity of the PR feature corresponding to the
11H transition rises as the temperature decreases. The maximum intensity was observed
at 110 K. Two features around 1.57 eV are present in the spectrum recorded at 110 K.
The higher energy feature originates from the 11H transition and the lower energy one
corresponds to the Fabry–Perot cavity mode [150].

Klar et al. [151, 152] performed photoreflectance and conventional reflectance
studies on an InGaAs/GaAs/AlGaAs vertical cavity surface emitting laser structure at
a room temperature. The structure was grown by MBE on n+ GaAs substrate. It was
designed for operation at λ = 1 µm, and consists of a GaAs cavity with a 8.5 nm wide,
compressively strained In0.28Ga0.72As quantum well in the centre. The cavity is embed-
ded between bottom (n+) and top (p+) distributed Bragg reflectors.

Fig. 40. Photoreflectance spectra at 300 K Fig. 41. Photoreflectance spectra from
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from the full VCSEL structure (#DU)
and structure without a distributed Bragg reflector

(#DT) – solid lines. Dashed lines represent
reflected signal RI0 (after Berger et al. [149])

the full structure of a vertical cavity surface
emitting laser (#DU) at 300 K, 110 K and 9 K

(solid lines). Dashed lines hold for the reflected
signal (after Berger et al. [149])

Figure 42 shows a set of room-temperature PR spectra for different angles of inci-
dence of the probe light. The spectra were taken with the lock-in amplifier set to detect
∆R/R signal, in-phase with respect to the constant PL background from the sample
[151]. All the photoreflectance spectra show three prominent features. The first, at
about 1.185 eV is 11H exciton transition in the In0.28Ga0.72As quantum well. The second
signal moves to a higher energy with increasing angle of incidence. It shows the same
angular dependence as the cavity mode in the R spectrum, hence Klar et al. [151] con-
clude that this PR signal is due to the modulation of the cavity mode. Due to a variation
in the In concentration, the ground-state QW transition is about 100 meV lower in en-
ergy than the cavity mode. The third signal, above 1.4 eV, is due to the FKO in the
GaAs layers.

The strength of the signal from the cavity mode varies with the angle of incidence
and is stronger between 30° and 60° than at the angles of 15° and 75°. This may be
explained as follows. When the cavity mode feature overlaps in energy with a higher-
order quantum well transition, probe light at this energy will be more strongly modu-
lated by the QW than at other angles of incidence (such as 15° and 75°). Thus, one
would expect a stronger photoreflectance signal for the cavity mode when it passes
through positions of resonance with the higher-order QW transition, which are 12H,
13H, 21H and 22H for the QW being under study [151]. For the ranges of incidence
between 30° and 60°, the cavity mode passes through 13H and 21H resonances.

The origin and lineshape of the photoreflectance signal associated with the cavity
mode, Klar et al. [151] explained as follows. Due to the modulation-induced changes in
the complex refractive index of the cavity layers, the cavity mode feature in the reflec-
tance spectrum gives rise to a corresponding feature in the photoreflectance. Thus, the
PR lineshape of this feature corresponds to the first derivative of the cavity mode dip in
the reflectance spectrum.

Gosh et al. [153] report the PR studies on the coupling between the Fabry–Perot
cavity mode (CM) and the QW ground-state excitonic feature in VCSEL structures.
They applied changes in the symmetry of the CM-QW spectral feature by changing the
angle of incidence of the probe beam.
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Fig. 42. Photoreflectance spectra from
InGaAs/GaAs/AlGaAs VCSEL structure for

different angles of incidence of the probe light
(values indicated on the right) taken at a room

temperature (after Klar et al. [151])

Fig. 43. Photoreflectance spectra from
InGaAs/GaAs/AlGaAs VCSEL structure

for various hydrostatic pressures. The pressure
values in GPa are indicated on the left

(after Klar et al. [152])
Klar et al. [152] continued the studies of InGaAs/GaAs/AlGaAs VCSEL structure,

measuring the photoreflectance spectra at hydrostatic pressures up to 1.24 GPa.
Figure 43 shows a series of photoreflectance spectra for various hydrostatic pressures.
All the spectra display two signals. At ambient pressure, the low-energy signal at about
1.19 eV can be assigned to the 11H transition. The high-energy signal, at about 1.295
eV is attributed to the cavity mode. Both signals shift towards higher energy with in-
creasing pressure. Because the energy shift of quantum well exciton feature is bigger
than that of the cavity mode feature; at the highest pressure the overlap between those
two features is observed.

From the photoreflectance data, Klar et al. [152] calculated the pressure coefficients
for the QW exciton and the cavity mode, which are 92 meV/GPa and 15 meV/Gpa,
respectively. The pressure coefficient for 11H transition is in agreement with the studies
of strained InGaAs QWs embedded in GaAs barriers. The authors found that the value
of the pressure coefficient for the cavity mode is mainly caused by the pressure-induced
change of the refractive index of the cavity.



Structures investigated by photoreflectance spectroscopy 311

Fig. 44. Position-dependent PR spectra (open circles)
of InGaAs/GaAs/AlAs at 80 K. By varying

the position of the probe beam on the sample,
indicated on the right (in mm), the cavity mode

was tuned through resonance with the e1hh1 transition
(after Klar et al. [154])

Because of the growth variations across the samples, there may be differences in the
cavity mode energy, so that it can be tuned through the position of resonance with the
QW ground-state exciton, by varying the position of measurement. Such investigations
were performed by Klar et al. [154, 155] on the InGaAs/GaAs/AlAs microcavity
VCSEL structures. Figure 44 depicts the PR spectra of VCSEL structure at 80 K in the
spectral region near the cavity mode/e1hh1 exciton resonance, as a function of the
probe beam position (in mm). The PR spectra clearly show two features which can be
assigned to the cavity mode and the e1hh1 exciton. The e1hh1 transition energy does
not depend noticeably on the probe position but the cavity feature increases in energy
with increasing micrometer setting, crossing the energy of the e1hh1 exciton. The resonance
occurs near the 4.0 mm position. From the scaling factor indicated on the left of Fig. 44 it
may be seen that the PR signal strength is enhanced at resonance by the factor of 25. Al-
though the PR signals of e1hh1 exciton and cavity mode are clearly distinguishable when
they do not overlap, a complicated lineshape arises when they do.

The InGaAs/GaAs/GaAlAs VCSEL structure was investigated using photoreflec-
tance, normal-incidence reflectivity (NIR) and surface photovoltage spectroscopy (SPS)
in the temperature range between 15 K and 400 K by Huang et al. [156]. The PR data
show only the ground (1C–1H) excitonic transition (and FKOs) while the cavity mode
is detected by NIR. The changes of the energy of the ground state and the cavity mode
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energy with temperature are shown in Fig. 45. The open circles and squares in Fig. 45
are E1C–1H(T) and Ecav(T), respectively, from the SPS investigation.

Fig. 45. The changes of the energy of  the ground state and the cavity mode
energy with temperature. The open circles and squares are E1C–1H(T)

Ecav(T), respectively, as determined from the SPS. The solid circles and squares
are E1C–1H(T) and Ecav(T) as determined from PR and NIR, respectively.

The solid and dashed lines are least-square fits to a Bose–Einstein-like expression
and a quadratic term, respectively (after Huang et al. [156])

The closed circles and squares in Fig. 45 are E1C–1H(T) and Ecav(T), respectively, as
determined from the PR and NIR spectra. There is a good agreement between the SPS
data and the relevant PR/NIR measurements. The solid line in Fig. 45 is a least-squares
fit of E1C–1H(T) to a Bose–Einstein-type expression. The quantity Ecav(T) has been fit to
a quadratic expression. Basing on the above-mentioned structural characteristics for the
relevant portions of the sample, the calculated field in the i-GaAs region is 60 kV/cm,
what is substantially higher than the field determined from the FKOs.

Pollak et al. [157] investigated multiple quantum well planar emitting laser struc-
tures. They performed a room-temperature PR study of two pseudomorphic InGa
AsP/InP 1.3 µm MQW laser structures. The structures were fabricated by the MOCVD
technique. The first structure was grown on a (001) InP substrate with a n+ InP buffer. A
lattice-matched InGaAsP separate confinement heterostructures (SCH) about 50 nm
thick, followed by 6–10 InGaAsP QWs (strained layers) with lattice-matched InGaAsP
barriers were grown on the buffer layer. The MQW stack was followed by another
lattice-matched InGaAsP SCH and by a p+ InP layer. The entire structure was covered
with a lattice-matched InGaAsP cap.
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Figure 46 presents the room-temperature PR spectrum of a structure with 6 nm
QWs. The features below 1.1 eV originate from the MQW stack. The signal above
1.3 eV comes from the top InP p+ layer. The feature exhibits the Franz–Keldysh oscil-
lations which can be used to find information about the built-in electric field in this
region. Between these two groups of features is a Franz–Keldysh oscillation originating
from the SCH. The built-in electric field in the SCH region is about 41 kV/cm. The
band gap of SCH material is 1.104 eV, which means that the materials are lattice-
matched.

Fig. 46. Photoreflectance spectrum from a pseudomorphic 1.3 µm
InGaAsP/InP MQW laser structure with QWs 6 nm wide

(after Pollak et al. [157])

A lineshape fit made it possible to accurately determine the energies of five quantum
transitions in the MQW. The lowest energy feature is due to the 11H optical transition.
This transition is responsible for the lasing frequency of the structure. The energy of
11H transition is 0.925 eV (1.34 µm).

Aigouy et al. [158] evaluated the energy of the fundamental transition (11H) in
a 0.98 µm InGaAs/GaAs/InGaP p-i-n quantum well laser, as a function of both the bias
applied to the laser, and the position on the laser stripe. They used photoreflectance as
well electroreflectance techniques with a spatial resolution of about 10 µm. The laser
device was grown by MOCVD on an n+ GaAs (001) substrate. The active region con-
sisted of two undoped pseudomorphic 7-nm In0.19Ga0.81As QWs separated by a 20-nm
undoped GaAs barrier. The active region was surrounded on each side by 85 nm of
GaAs, sandwiched between n- and p-type InGaP.

The application of a forward bias results in a blue shift in the 11H transition energy,
a decrease in the linewidth and an increase in the amplitude of the spectral feature. Re-
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verse bias has the opposite effect. These changes in various parameters are a conse-
quence of the quantum confined Stark effect. At zero bias, the QWs are in the electric
field of the p-i-n structure. Application of the bias changes the electric field, giving rise
to a shift of the transition energy and to changes of other parameters. Aigouy et al.
[158] evaluated the electric field to be 70 kV/cm at zero bias.

They also performed a scan of the 11H transition energy vs. the localization of the probe
light spot on the surface of laser structure. They scanned a surface of 750×50 µm and found
spatial variations in the 11H transition energy of 6–7 meV over the entire region, which are
probably due to inhomogeneities in composition and the electric field distribution.

Dilute-N InGaAs/GaAs based laser structure designed to emit at 1.3 µm was inves-
tigated by Choulis et al. [159]. Interdiffusion effects performed by dielectric capping
and rapid thermal annealing of the InGaAsP-based laser structures were studied by
Kudrawiec et al. [160].

7. Summary

In this article, we presented the review of the experimental, theoretical and instrumenta-
tion aspects of photoreflectance spectroscopy. The photoreflectance is extremely useful since
it is contactless and does not require any special mounting of the sample. Moreover, photore-
flectance can be carried out even at room temperature, providing as much information as
other optical methods (PL, PLE) at very low temperatures. It can be utilized under a wide
variety of conditions such as elevated temperatures (e.g. in situ monitoring of growth), stress,
external electric field or magnetic field.

The emphasis of this paper has been placed on the investigation of the properties of
semiconductor bulk, low-dimensional semiconductor structures and semiconductor de-
vice structures, mainly in relation to the electronic band structure and its consequences.
Refined theories, particularly the low-field first and third derivative formulations and
the Franz–Keldysh model of electromodulation, enabled investigators to quantitatively
analyze the photoreflectance spectra. The sharp, derivative like features of photomodu-
lated signals made it possible to conveniently investigate the band structure of a wide variety
of semiconductors and to explore the influence of different perturbations like temperature,
strain, built-in electric field, growth and processing.
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2DEG –two-dimensional electron gas
CB –conduction band
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DBR –distributed Bragg reflector
DQW –double quantum well
ER –electroreflectance
FDGL –first-derivative Gaussian lineshape
FDLL –first-derivative Lorenzian lineshape
FFT –fast Fourier transformation
FKO –Franz–Keldysh oscillations
HBT –heterojunction bipolar transistor
HEMT –high electron mobility transistor
HH or hh –heavy holes
LH or lh –light holes
MBE –molecular beam epitaxy
ML –monolayer
MOCVD –metal-organic chemical vapour deposition
MOVPE –metal-organic vapour-phase epitaxy
MQW –multiple quantum well
NIR –normal-incidence reflectivity
PHEMT –pseudomorphic high electron mobility transistor
PL –photoluminescence
PLE –photoluminescence excitation
PR –photoreflectance
PRD –photoreflectance-difference
PT –phototransmittance
QD –quantum dot
QW –quantum well
R –reflectivity
RIE –reactive ion etching
RTA –rapid thermal annealing
SCH –separate confinement heterostructures
SL –superlattice
SPS –surface photovoltage spectroscopy
TDFF –third-derivative functional form
TEM –transmission electron microscopy
VB –valence band
VCSEL –vertical cavity surface emitting laser
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