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The photoreflectance spectroscopy is presented as a powerful tool for the characterisation of
semiconductor bulk and heterostructures. The advantages and possibilities offered by this
electromodulation technique to investigate optical properties of a number of semiconductors and
semiconductor structures, on which the modern electronic and optoelectronic devices are based,
are reviewed. We discuss the application of the photoreflectance spectroscopy to study various
properties of semiconductors, including the composition of multinary semiconducting compounds,
carrier concentration, characteristic lifetimes of carriers, energies of trap states, distribution of the
built-in electric field in homo- and heterostructures, the influence of perturbations such as
temperature, strain and effects of growth, processing and annealing.

1. Introduction

Since its inception in 1964, modulation spectroscopy has proved to be a powerful
experimental technique for studying and characterising the properties of bulk
semiconductors, reduced dimensional systems (surfaces, interfaces, heterostructures,
etc.), actual device structure and growth/processing. The basic idea of modulation
spectroscopy is a very general principle of experimental physics. Instead of directly
measuring an optical spectrum, the derivative with respect to some parameter is
evaluated. This spectroscopy has been shown to be sensitive to critical point
transitions in the Brillouin zone, with the resulting spectrum having sharp deriva-
tive-like features and little, if any, featureless background. Also, weak features that
may have been difficult to observe in absolute absorption or reflection spectrum can
be enhanced. Because of this derivative-like nature, a large number of sharp spectral
features can be observed even at room temperature. In addition, information is also
contained in the other experimental variables such as the modulation frequency,
amplitude and phase.

The modulation can be easily accomplished by varying some parameter of the
sample or experimental system in a periodic fashion and measuring the correspond-
ing normalised change in the optical properties. It is possible to modulate a variety
of parameters, including the wavelength of the incident beam, the sample tem-
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perature, an applied stress or an externally applied magnetic and electric fields. In
this paper we focus our attention on one particular contactless form of electric field
modulation spectroscopy called photoreflectance. This is an alternative to the
standard elctromodulation techniques, which jave not been used so widely because
many of the more interesting samples are fabricated on semi-insulating substrates
and thus present some difficulty in applying electric fields. Even if samples on doped
substrates are available, the use of Schottky contacts or the electrolyte is required,
which would etch away or substantially modify the device under study. Therefore we
are basically intersted in electromodulation caused by photoinduced changes of the
internal built-in electric field.

Fig. 1. Comparison of room temperature reflectivity and electric field modulated reflectivity (electrorefiec-
tance) of GaAs [1] —[3].

In Figure 1, the reflectivity R and electromodulation (electroreflectance — ER)
spectra are compared for bulk GaAs at 300 K [1] —3]. Whereas the reflectivity is
characterised by broad features, the ER modulation spectrum is dominated by
a series of very sharp lines with zero signal as a baseline. Notice that much of the
broad featureless background of the reflectivity measurement is not present in the
ER spectrum. Herein lies the power of the modulation spectroscopy: uninteresting
background structure is eliminated in favour of sharp lines corresponding to specific
transitions in the Brillouin zone. While it is difficult to calculate a full reflectance
spectrum, this is not the case for modulation spectroscopy. For well-known critical
points in the Brillouin zone, it may be possible to account for the line shapes in
modulation spectrum [3] —6].

In this paper, we review the possibilities and advantages of photoreflectance
spectroscopy applied to investigation of different properties of semiconductor bulk,
thin epitaxial layers and heterostructures. In Sec. 2 we start with a brief description
of the experimental technique, followed by short fundamentals of the electromodula-
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tion theory in Sec. 3. The particular applications of the photoreflectance spectros-
copy are detailed in Sec. 4.

2. Experimental details

Modulation techniques including photoreflectance take advantage of the application
of a small periodic perturbation to a physical property of the sample investigated.
The change in the optical function (reflectivity or absorption) is only a small fraction
of its unperturbed value, typically 1 part in 104 or less. The perturbation is usually
extracted through the use of a lock-in amplifier tuned to the modulating frequency.
This aspect of modulation spectroscopy is common to all techniques, including
electroreflectance, photoreflectance, wavelength modulation, piezoreflectance and
thermoreflectance. We will describe in more detail the photoreflectance technique.

Fig. 2. Schematic representation of photoreflectance apparatus [7].

The experimental apparatus for photoreflectance spectroscopy is shown in
Fig. 2[7], The probe light is a monochromatic beam obtained from either a tungsten
lamp or a quartz halogen source dispersed through a monochromator. The reflected
probe beam is detected by a photomultiplier or a suitable photodiode. Modulation
of the electric field in the sample is caused by photo-excited electron-hole pairs
created by the pump source (laser or other light source) which illuminates the same
spot of the sample and is chopped at certain frequency fm Most of the PR
experiments have utilised a mechanical chopper with maximum several kHz. To
achieve higher modulation frequencies up to 1 MHz an acoustooptic modulator can
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be used [8], The photon energy of the pump source is generally above the band
gap of the semiconductor being investigated. The pump beam creates photo-injected
electron hole pairs which modulate the built-in electric field of the semiconductor or
semiconductor microstructure. The mechanism of the photoinduced modulation of
the built-in electric field is explained in Fig. 3 for the case of an n-type semi-
conductor. Because of the pinning of the Fermi energy at the surface, there exists
a space-charge layer. The occupied surface states contain electrons from the bulk.
Photoexcited electron-hole pairs are separated by the built-in field, with the
minority carrier (holes in this case) being swept towards the surface. At the surface,
the holes neutralise the trapped charge, reducing the built-in field.

The light striking the detector contains two signals: a dc or average value 10R
(where 10 s the intensity of the light impinging on the sample and R is the energetic
reflectivity coefficient) and a modulated ac value 10AR varying with the frequency fm
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Fig. 3. Schematic representation of the photoreflectance effect (a), and the photoinduced changes in the
surface built-in electric Geld (b), for an n-type semiconductor.
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(where AR is the change in reflectivity caused by a pump beam). Since it is the
quantity AR/R that is of interest, the common factor JO is eliminated.

In the case of photoreflectance, it is important for the apparatus to have good
filtering of the stray laser light, because it has the same frequency (chopped) as the
signal of interest and can be easily detected. The scattered pump light can be reduced
by means of an appropriate low-pass filter in front of the detector. Furthermore,
laser illumination can produce band gap photoluminescence, which under certain
conditions is greater in intensity than the signal of interest This problem can be
eliminated by using long-focal-length optics or by using a second monochromator
running in unison with the probe monochromator [9]. For a double mono-
chromator, two scans are taken, one with the probe light on and one without it.
Subtracting the two traces effectively eliminates the photoluminescence (PL). An
alternative technique involves use of 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 [10], [11]. The spurious photoluminescence background signal
can also be reduced or eliminated by using, for example, a double detector system
[12], sweeping photoreflectance [13], or double pump beam method called
differential photoreflectance [14].

3. Electromodulation
In photoreflectance spectroscopy, the differential changes in the reflectivity coef-
ficient are measured. We can define the changes as follows:
AR = RoHR
R Roll

where Ro{ and Raa are the reflectivity coefficients when the pump beam (laser) is off
and on, respectively. These normalised changes can be related to the perturbation of
the dielectric function (E = EL+ ie2) [15]

(1)

AB&_ = <(d,e2AEl +f}(el ,e2AB2 @

where a and /? are the Seraphin coefficients, and Ael and Ae2 are the changes of the
real and imaginary part of e, respectively, related by Kramers-Kronig inversion. In
the vicinity of the fundamental gap of bulk materials ft«0 [16], so that
AR/R « del, £2)Ael is the only term that is important However, in multilayer
structures interference effects are important so that both Aexand Ae2 may have to be
considered. The functional form of Afx and Ae2 can be calculated for a given
perturbation provided that the dielectric function and critical point are known.

As mentioned above, the photoreflectance spectroscopy is one of the elec-
tromodulation techniques and thus we will discuss the line shapes of the PR response
in terms of electromodulation mechanisms. Electromodulation is the most complex
form of modulation spectroscopy. This perturbation can destroy the translational
symmetry of the material and hence can accelerate unbound electrons and/or
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holes [16]. It is exactly this aspect of electromodulation that produces a sharp, third
derivative line shape under certain electric field conditions. However, for bound
states such as excitons, impurities, quantum wells, the perturbing field does not
accelerate electrons and/or holes. These types of particles do not have translational
symmetry and are confined in space. Their energy spectrum is discrete and not
continuous as in the case of unbound particles. In this situation the modulating field
can alter the binding energy of the particle (Stark effect). In addition, the field can
cause the intensity of the transition to vary through a physical separation of the
electrons and holes or it can change the lifetime of the state in the case of a finite
potential. In the case of bound states the line shape is the first derivative [17], [18].

We will consider the effect of electromodulation in two regimes depending on the
intensity of the electric field. First we define the energy called electrooptic energy
(energy gained by a free particle in the electric field F) directly related to the strength
of this field

(i3 = 9N Z?
2(i

with (i being the reduced interband mass in the direction of the field. We have the
case of the low field regime when lift » T, where T is the energetic broadening
parameter of the particle state. When this is not true we have the case of the
intermediate electric field. Both cases can be considered when the electric field is not
too strong, which means that gFa«Eg where a is the lattice constant (or an
appropriate periodic length in microstructure) and Eg is the band gap. In this
situation the band structure is unchanged. If gFa as Eg we have the so-called high
field regime and the Stark shifts are produced.

(3)

3.1. Third derivative spectroscopy

For the case of free carriers in solid, we consider the case of low field modulation
from or to flat band. Below, we present a very well-known approach after [17], based
on a simple physical derivation of the effects of an electric field on dielectric function.
A more rigorous and elegant treatment has been given by Aspnes and Rowe [16],
[19]. We begin by calculating the energy gained by a free particle in an electric field.
This can be obtained by replacing k by k + gFt/h. Following Aspnes and Rowe [16],
[19], we find that the energy gained is

q2F2t2
EF) =" (@

where t is the time. If we consider an optical structure near a critical point, with
energy Eg, the dielectric function has the general form

e=HE-Egr) ©)

where E is the photon energy.
The electric field induced change in the dielectric function is given by
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Ae = e(E-Eg+E(F))-E(E-EQ. ©)

If the field is sufficiently small (low field regime), Eq. (6) can be expanded in a Taylor
series to yield

Ae= £(F)(d/dE)E(E-EF,E£) = {q2F2t2/2g.)(d/dE)E(E—EQg, T). )
In quantum mechanics, the time t is also an operator

t = ih(d/dE), )]
so that Eg. (6) becomes

As = (q2F2h2/2fi){di/dE3F.(E-Eg,D = (fii2)3(d7d£JL(E-L8E). ©)]

Equation (9) has all of the essential features of low field electromodulation. The
guantity Aeis proportional to the quantity F2 inversely proportional to the reduced
mass ft and has a line shape that is the third derivative of the unperturbed optical
function. Note also that the condition £(£) < £ is equivalent to hQ * £, if we take
t£ = h, where r is a characteristic lifetime.

In order to evaluate Eq. (9) one must know the dielectric function and the critical
point type. For the case of homogeneous broadening the dielectric function takes
a generalised Lorentzian form. For this dielectric function, the change in reflectivity
can, in general, be written as

AR/R = Re|V*(E—£#+ iT)“n (10)

where tp is a phase factor and m depends on the type of the critical point; e.g., for
three dimensional MO critical point the parameter m = 25.

3.2. Franz-Keldysh oscillations

In the event that the low field criterion is not satisfied, but still there is qFa« Eg,
the dielectric function can exhibit Franz—Keldysh oscillations (FKO). We shall give
a simple physical picture of this phenomenon [3], It will be assumed here that the
broadening paremeter £ = 0.

Under the influence of an electric field £ in the z-direction the energy bands are
tilted by an amount gFz. An electron attempting to tunnel from the valence band
into the conduction band sees a triangular barrier. If during the tunneling process
the electron interacts with a photon of energy £, the effective width of the barrier to
be transferred has to be made smaller. In general, the probabilit\ of transmission
T through the barrier is given by

T —exp(—2jkdz) (1)

where the integral is between the classical turning points and
hk2
~=E g-E-qFz. (12)

The integral yields
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T= eXp .3/2 (13)
where
EA-E
= hQ (14

Equation (13) contains most of the essential features of FKO. For rj > 0 (E < Eg),
the transmission probability is exponential as a consequence of the photon-assisted
tunneling. However, for A < 0 (E—Eg), the transmission probability becomes an
oscillatory function.

In a more rigorous treatment, it can be shown that for a three dimensional
critical point the dielectric function in the presence of the field F (neglecting F) can
be written as [2], [5]

TCQ)ir D(2"Eg- j E g+E)

e(E-EgF) =1+ [~ [GU7) + F(IT)IH- (15)
where

Gfo) = n IAI'(rj)Bi'(r})-tJAi(rj) Bi{rj)+(-rj) LL2H(-rj Y\, (16)

Hrj) = it[AI'2(€]) —rjAi"2(]) —(—j)llzH{ —T)]. a7

The quantities G(i/) and F(rj) are referred to as electrooptic functions, while Ai(ri),
Ai'(rj) and Bi(rj) and Bi'(rj) are Airy functions and their derivatives, and H(—j) is the
unit step function. The parameters C and D are related to matrix element effects and
can be considered constant in the vicinity of the critical point.

For the case of an MO critical point we can write

[ C(hi2)1,z W (18)
L & .

In Figure 4, the imaginary parts of Egs. (15) and (18) are plotted. The curve in
Fig. 4b looks qualitatively similar to that described by Eq. (13), i.e., an exponential
tail for rj >0 and an oscillatory function for A <0. From Egs. (13) and (18) the
positions of the n-th extrema in the FKO are given by

3/2

tin = o +0 (19)

where Enis the photon energy of the n-th extrema and 0 is an arbitrary phase factor.

Ae2(jj) = e2E—Eg F)—e2(e —Eg 0)

A plot of%((Fn—Eg)?lz versus the index number n will yield a straight line with slope

(hQ)312 Therefore, the electric field F can be directly obtained from the period of
FKO ifthe value of n is known. Conversely, /xcan be measured if the field is known.

The period of the FKO is determined by the dominant field in the structure. In
the above expressions the nature of that field has not been specified. There are
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Fig. 4. Imaginary part of Eq. (15) — solid ling and e2(E—E>0) — dotted line (a); dependence Ae2
according to Eq. (18) (b), [3]

two limiting cases to be considered. If modulation is from flat band, i.e., no presence
of 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« F". In this case the period of the FKO is
given by "DC and not Fac [20], SHENand and POLLAK [20] have even considered
the case when FACis not small compared to F”. They have shown that even for
FAC/Fdc as large as 0.15 the few FKO% are still determined by F*.

4. Properties of semiconductor bulk and epilayers

In this section, we will discuss the use of the photoreflectance spectroscopy to study
the bulk properties of semiconductors, such as the composition of multinary
semiconducting compounds, carrier concentration, characteristic lifetimes of carriers,
distribution of the built-in electric field, the influence of perturbations such as
temperature, strain and effects of growth and processing. While a number of studies
devoted to these problems have actually been performed on epitaxial (or thin) layers,
they appear not to explicitly depend on the geometry of the films but rather on their
bulk properties. In Sect. 4.3 and 4.7 we will discuss the explicit studies of layered
homo- and heterostructures.

4.1. Composition of alloys

One of the extremely important parameters of a semiconductor is the composition of
binary AxBi_x, ternary AxBi_xC or quaternary AxBl_xCyDI _y alloys. The com-
positional variation of the fundamental transition EOand/or higher lying features Ei
has been investigated by photoreflectance for a large number of alloys, including
CdxMnl XTe (for x ™ 0.6) at room and liquid helium temperatures [21], AlXn1 xP
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108 AH/H

Fig. 5. Room temperature PR spectra of Al"Ga, .“As/GaAs structures as a function of aluminium
content x [27]. Arrows mark the band gap energies of AlxGa, _XAs.

[22], CuAIXGajl_xSe2 [23], CuAl(SxSel_J2 [24], InxGal_xN [25], AlxGai_xAs (for
X < 0.45) [26] and AIxGal xAs (for x ~ 0.6) [27]. In Figure 5, the PR spectra
obtained by sITAREK et al. [26] of several AlxGai_xAs layers grown by MBE
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(molecular beam epitaxy) on GaAs substrates are shown versus aluminium content.
The spectra are quite complicated because the Franz-Keldysh oscillations are
observed and also the signal related to the GaAs buffer is seen. On the basis of the
transition energies derived from the spectra the dependence of the EO (AI*Ga*As)
on the composition of alloy has been determined as

EO(X) = (1.430+ 0.004) + (1.34+ 0.02)x. (20)

This relation has been compared with the results from the literature [28] as
presented in Fig. 6.

Fig. 6. Band gap energy of Al"Ga! .~s/G aAs versus aluminium content from PR experiment (squares),
see Fig. 5. Solid line — linear approximation to the experimental data; dashed line — taken after [28],

4.2. Carrier concentration

There are a number of reports on the use of photoreflectance in investigations of
carrier concentration and mainly the effects of changes in concentration of dopants
resulting in changes of carrier concentration. PETERS et al. [29] have used the
photoreflectance spectroscopy as a method for calibration of the «-type doping in
Si-doped GaAs. They have studied the blue shift of the fundamental band gap of
GaAs with an increase of the doping concentration. They have found a linear
correlation between the concentration of dopants and the value of the energy gap
shift. They have based their explanation for this effect on some competition between
the many body effects and Burstein-Moss effect related to the filling of the
conduction band. Such an effect has also been observed in n-type [30] and p-type
[31] GaAs. LEE et al. [30] have extended the results of Peters et al. [29]
for Si-doped samples for concentrations from Ix1017cm~3 up to almost
IXxIO19cm*“3

Similar effects have been investigated by PR for the MOCVD (metal-organic
chemical vapour deposition)-grown Si-doped GaN layers. This time, a linear
dependence between the fundamental gap transition energy and the cubic root
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of carrier concentration has been found [32], 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).

Fig. 7. PR response of GaAs as a function of carrier concentration: a — for SriGaAs, b — for Zn:GaAs [33].

20 -
I I I I
1x10%6 1*107 1*101S 1*1019 1*102
Carrier concentrailon [cm'3

Fig. 8. PR broadening parameter as a function of carrier concentration [33],

The effects of carrier concentration can be studied in photoreflectance not only at
the fundamental band gap. BaADAKHSHAN et al. [33] have investigated the PR
spectra of MOCVD-grown Si:GaAs (n-type) and Zn:GaAs (p-type) layers at the
energy of Exand Ex+ A transitions. They have observed almost no shift in energy of
those transitions but very strong increase of broadening parameter Tx with the
increase of carrier concentration. In Figure 7, the PR spectra as a function of doping
concentration and doping type are shown. In Figure 8, the linear dependence of
broadening versus logarithm of carrier concentration is presented.



Photoreflectance spectroscopy applied to semiconductors ... 339

43. Layer thickness

If it is not really the bulk material, that is under investigation but thin (epitaxial)
semiconductor layer, it is possible to observe oscillations in PR spectra for energies
below the fundamental gap of semiconductor. These effects are associated with the
interference of light beams reflected from different interfaces. The observation of
those spectral features can be used to evaluation of the epilayer thickness. This kind
of oscillation in photoreflectance has been observed in many cases, including GaAs
on GaAs homolayers [34], [35], GaAs/AlxGax xAs [36] and for CdTe/Si [37]
heterostructures.

In order to explain this problem in a simple way, we have to take the system
containing two interfaces only: air/film and film/substrate [34]. A schematic diagram
of the interfaces and the notation used is shown in Fig. 9. In general, the measured
guantity in PR experiments is AR/R versus wavelength. The dependence AR/R at
a wavelength A can be expressed as

AR/R = (R/R)—1 21
where R' and R are the modulated (laser on) and unmodulated (laser off) reflectances,
respectively. It follows that R' =f(X,nj.+5nj.,ns+Sngdf) and R =f(X,nf,ns, df),
where nf and n3are the refractive indices of the film and substrate, respectively, 5nf
and Snsare their respective changes due to modulation, and df is the thickness of the
epilayer.

In general, the reflected intensity (reflectance) for unpolarized light can be given by

(22)

where rp and r§ associated with the p- and s-polarizations states, are given by

Fig. 9. Schematic diagram of the two-interface model used for calculation of the AR/R in the multilayer
sample.
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rp3= (rp}+r™e~ix. (23)
In Equation (23), for a film thickness df
X = (2n/X)2nf df cosOf (24)

and raf or rfs are the reflection copefficients for p- and s-polarized radiation
appropriate to the air/film and the film/substrate interfaces, respectively. The
reflected amplitudes (reflectivity) from the air/film interface are given by

</ = [tan(Ofl- Of ~]I[tSin{0a+ 0,)], (25)
K,f = ~ [sin(Oa- Of )/[sin(Oa+ Of H (26)

and similar relations can be written for the film/substrate interface for the two
polarizations. Well below the fundamental gap of undoped semiconductor, where the
oscillations are observed, the refractive index of the film is not modulated, so 5nf « 0
and only 5n, ~ 0. The latter is a function of wavelength and, assuming normal
incidence, it is expressed from Ra= (ns—\)2{ns+ 1)2 as

Sns=~(nl-1)(ARJRY), 20

AR,/R, for the substrate in Eq. (27) has been expressed as an exponential function of
energy using the envelope of the interference oscillations observed in PR spectra.
KALLERGI et al. [34] have used Egs. (22)—27) to generate the PR spectra of
GaAs/GaAs samples in the range below the energy of band gap, and from the best
fit to the experimental data they have obtained the thickness of the epilayer. In
Fig. 10, the computer generated and measured spectra for two GaAs epilayers are
compared. The thicknesses obtained are in good agreement with the results of SEM
(scanning electron microscopy) measurements.

44. Trap states

It has been demonstrated that the frequency dependence of the PR signal can be
used to evaluate the states lying deeply in energy gap, called trap levels, due to the
modulation of the electric field through a recombination of minority speciel with
charge in traps [38] —42]. Thus PR can be closely related to capacitance-voltage
techniques such as DLTS (deep level transient spectroscopy).

It has been observed that the magnitude AR/R of the photoreflectance signal
decreases with increasing modulation frequency fm This dependence can be
accounted for on the basis of the following considerations [40]. The chopped pump
radiation can be considered as a square wave source. When light impinges on the
sample, electron—hole pairs are created. These charges are then free to fill traps and
modify the electric field strength. We assume that these excess carriers abruptly
change the built-in electric field. Typically the response time in such processes is less
than 100 ps [43]. When the light is switched off, the trap population and the electric
field strength decay with a characteristic time t, causing a restoration of the original
potential. Thus, for the chopping frequency fmit can be shown that the Fourier
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Fig. 10. Experimental (solid line) and theoretical (dashed line) PR spectra of two GaAs samples with
different epilayer thickness [34].

component of the PR intensity AR(JM/R is given by

AR{fJ_y
7

L A(frt 29)

m
where

4+fmtf [1 -exp(-Tt//mT;)]2
4(1 +fmzi)
t; is the characteristic time constant of the i-th trap state and [AR(0)/R]i is the PR
signal produced by the modulation of the i-th trap state in the limit of fm~*0Q.
In Figure 11, we have plotted the amplitude of the PR signal as a function of
modulation frequency for semi-insulating GaAs for several values of temperature
[40]. It has been assumed for these experimental data that in this ferquency range
n=2 and [AR(0)/R]2/I(/mI2 « [AR(0)/R]j A(fmeJ, with > t2. Plotted by the
solid lines in Fig. 11 are the least-squares fits of Eqgs. (28), (29) to the experimental
data. From this analysis it is possible to evaluate +,(T) in measured temperature
range.

A2{fmrd = (29)
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A
Fig. 11. Amplitude of PR signal of semi-insulating GaAs as a function of chopping frequency fmfor
several temperatures [40].

Fig. 12. Plot of In(T, T2) as a function of 1000/7 [40]. The solid line is a least-squares fit to a linear
function.

In Figure 12, In™ T2) is plotted as a function of 1000/T 2. The solid line is
a least-squares fit to a linear function yielding in activation energy AE = 0.70
+0.05 eV. Such an activation energy corresponds to two different types of trap states
that may occur in a GaAs, i.e, surface states (responsible for Fermi level pinning) or
EL2.

Fig. 13. Time resolved AR signal of AlI0057Ga0953As [53].

Information about trap states can also come from direct studies of the time
constants involved in PR experiment. There are also many resports concerning the



Photoreflectance spectroscopy applied to semiconductors ... 343

direct investigations of time decay (rise and fall times) of the photoreflectance signal
to determine the characteristic time constants of states involved in the modulation
process. Most of those works have concerned the investigation of GaAs [44] —51].
Other materials have also been investigated, including In0sGa05P099As001 [52]
and Al0057Ga0943As [53]. In Figure 13, an example of time dependence of PR
signal at the energy of the fundamental band gap of the Al0057Ga0 %43As is shown.
The decay time has been found to be 22 ps, which corresponds to the capture of
electrons by surface states. Shen et al. [44] have concluded that since the rise and
fall times are approximately equal, the dynamics of the PR are not related to a trap
state but are due to majority carrier flow.

45. Temperature dependence

The temperature dependence of energy and broadening parameter of the band gap of
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

Eo(T) = £0(0)-21 2 (30)

— the Bose-Einstein expression [54], [55]

2aB

e*P(EqdkT)-I 3L
where aB represents the strength of the electron-phonon interaction and Eg
corresponds to an average phonon energy. The temperature shift EO contains
contributions from both thermal expansion and electron-phonon coupling effects.
Therefore, in order to obtain parameters directly related to the latter influence, it is
necessary to eliminate the contribution of the former. For example, the quantities
a and fi of Eq. (30) and aBand Egp of Eqg. (31) include the influence of the lattice
dilation. The energy shift AEth due to the termal expansion can be written as

AEth= -3aoctkT (32)

where a is the hydrostatic deformation potential and dth is the linear expansion
coefficient Equations (30) and (31) can be written as:

EO(T) = EO(0)-

Eo(T)-AEth= Eo(0) ;t"IZr @)
Eo(T)-AEth= Eo(0)- exp(E;’;‘,‘:(T)_l, (34)

Manoogian and WOOLEY [56] have suggested that after removing the thermal
expansion term the paremeter fi' of Eq. (33) is directly proportional to the Debye
temperaturee 0D by the relation /? = 3/80D
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The parameter al of Equation (33) can be related to dBand Egp of Equation (34)
by taking the high-temperature limit of both expressions, yielding 2haBE'ap.

The variation of the linewidth (broadening parameter) with temperature can also
be expressed by a Bose-Einstein type expression [54], [55]

r(T) =r(0)+ (35)

r-
exp(EpkT)-I"
The first term of this equation corresponds to broadening mechanisms due to
intrinsic lifetime, electron-electron interaction, impurity, dislocation and alloy
scattering effects. The paremeter Fepis an electron-phonon coupling constant and Ep
is the relevant phonon energy. For the direct gap of semiconductors the appropriate
phonon energy is the zone-center LO phonon, ie, Ep=ELO and rep is the
electron-LO phonon coupling constant [54], [55].

Photoreflectance spectroscopy has been used to measure the temperature
variation of the energy gap of GaAs [40], [57], InP [58], Al0 18Ga082As [40], [59],
InN*Gaj.”s on GaAs for various values of x [60] —{63], In053Ga047As on InP
(also for the £ 0+AQtransition) [64], In0515Ga0485As on InP [65], [66], CdTe [67],
Cd072Mn028Te [68], CdO,Mn0XTe [21], InAs [69], wurtzite GaN [70].

Fig. 14. Experimental temperature dependence of Eg of in"Ga, for x =0.06 (closed circles) and
x = 0.15 (open circles) [60], The closed and open squares are the data minus the thermal expansion
contribution AEtk, for x = 0.06 and x —0.15 samples, respectively. The solid and dashed lines are
least-squares fits to Egs. (30) and (33).

In Figure 14, the experimental temperature dependence of the direct gap of
IN006Ga0%¥As and In015Ga085As is presented [60]. The solid lines are least
-squares fits to the Varshni and Bose—Einstein relationships deflend by Egs. (30) and
(31), and the dashed lines are the fits according to Egs. (33) and (34). The obtained
values of £0(0), a, /7and a!, /T as well as aB, Egpand aB, Egpfor both samples are listed
in Tabs. 1 and 2, respectively. The values a, (i and aB, Eg for the In*Gaj™As are
found to be similar to those of GaAs [54], [71] because of the low In concentration
of those layers.
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Table 1 The values of the fitting parameters according to Egs. (30) and (33) for In0 06Ga0 94As and
In0 15GaOB5As layers [60]. For comparison, the respective parameters for GaAs are also shown.

Material £0(0) [eV] a [10"* eV/K] P [K] 0" [10-* eV/K] P [K]
10062044 1.420+0.005 48+0.4 200450 25+0.4 140+40
1015vY08As 1.285:0.005  5.0+0.4 231440  2.6+0.4 150+40
GaAs 1.512+0.005 5.1+0.5 190+82

Table 2. The values of the fitting parameters according to Egs. (31) and (34) for In006Ga09iAs and
In0 15Ga0B5As layers [60]. For comparison, the respective parameters for GaAs are also shown.

Material Eo(0) [eV] a,, [meV] Ea) [eV] aB [meV] K, feV]
10.06"a0HAs  1.422+0.014 44+9 17.5+3.9 33+7 24.1+3.9
N0.5"a0PAs  1.286+0.015 53+10 205+4.4 39+8 259+4.4
GaAs 1.514+ 0.023 57+ 29 20.7+ 8.8

In Figure 15, the temperature dependence of r(T) for the same InJGal xAs
layers is displayed [60], The solid lines are the least-squares fits to Eq. (35). The
obtained values of r O(T), r e and Ep are given in Tab. 3. Hang et al. [60] have
found that Ep= £LQ where ELO for the InjiGal xAs has been evaluated from the
Raman scattering. Due to the low In composition of the material ELO for the
In*G aj.”s is close to the GaAs value. Also, it has been found that r ep for both
samples is similar to that for direct gap of GaAs [72], The difference in To(0) has
been explained in terms of material quality.

It is interesting to note that the phonon energy Epentering into the temperature
dependence of T(T) is generally found to be greater than Eap, which is appropriate
for E(T). For the IngGal As materials these quantities are 33 meV and 25 meV.
The reason for the difference is that Egp represents an average energy for both optic
and acoustic phonons while Ep is the LO phonon energy.

Fig. 15. Temperature variation of the broadening parameter of Et of InxGa,_"~As for x = 0.06 (closed
circles) and 0.15 (open circles) [60], The solid lines are least-squares fits to Eq. (35).
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Table 3. The values of the fitting parameters according to Eq. (35) for In00fiGa091As and
In013Ga0 83As layers [60].

Material T(0) [meV] r...(0) [meV] E, [meV]
M0.06~a0H%iS 75%0.5 23+6 32111
17"0.152a0.85°S 10.5+0.5 23+6 3310

4.6. 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 material. Typically,
such films are pseudomorphic compound semiconductor structures grown from
lattice-mismatch materials by MBE or by MOCVD. Such structures offer nearly
complete flexibility in tailoring their electronic and optical properties and have
proven to be highly successful in novel microelectronic and optoelectronic devices.
This flexibility in tailoring the properties of these devices is enhanced by the
possibility of pseudomorphic growth where the lattice mismatch between 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 reduces or increases the band gaps,
depending on the sign of the strain. It reduces or removes the interband or intraband
degeneracies (e.g., between the heavy and light hole valence bands at k = 0). It
reduces coupling between neighbouring bands.

Concerning the EOQ optical transitions at k = 0, the hydrostatic component of the
strain shifts the energy gap 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:

5ES

HH 36
EQ" Eqt™Enh . (30)

_ (<BEs)2
Eqll= EO+ G, +—s 0 @37)

where:
SEH= 2aClir Cl2e (38)
SEs=2b-“-+2 ¢, (39)
Ell

while Cy are the elastic stiffness constants, a and b are the hydrostatic and shear
deformation potentials, respectively, and e is the in-plane strain which is given by

e- - — ,where as and alL are the lattice parameters of the substrate and layer,
alL
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respectively. The valence band splitting, as measured from the optical spectra is

At ST s Cll+2C12, @)
-

In Figure 16, the PR spectra are presented, showing the heavy and light hole
splitting generated by strain in GaAs layers deposited on Si substrates [73]. The
guantity AE means the splitting between light (feature A) and heavy (feature B) hole
bands. The value of the splitting increases with the decrease of the temperature. It
has been explained on the basis of the difference in the thermal expansion coefficients
of GaAs and Si. From the value of the splitting energy expressed by Eq. (40) the
value of the in-plane strain has been estimated to be 0.12%, which has been in
agreement with the X-ray diffraction results.

Fig. 16. The PR spectra of strained GaAs on Si at several temperatures [73]. A and B are the light and
heavy hole transitions, respectively.

The required strain-dependent properties can be achieved only by carefully
controlling the composition and the epilayer thickness, which should be thinner than
a critical value dcto avoid relaxation via misfit dislocations, which drastically lower
the layer quality and hence, also the device performance. This problem has also been
investigated by photoreflectance spectroscopy for the case of In*Gaj."As layers
grown by MOCVD on GaAs substrates [74], [75], They have determined the
broadening parameter and the PR amplitude of the band gap feature of the
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Fig. 17. Room temperature PR spectrum of 100 nm thick strained 1n003Ga0 97As layer on GaAs sub-
strate [75].

In*Gaj*As for several samples with various indium content and epilayer thickness.
An example of the spectrum is shown in Fig. 17. The dependence of the broadening
parameter and PR amplitude versus Ad are shown in Figs. 18 and 19. The quantity
Ad is defined as the difference between the nominal layer thickness (determined

Fig. 18. Broadening parameter of PR signal of several InjgGal ,(As layers on GaAs versus Ad [ [75].
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Fig. 19. The PR amplitude of several In~Ga, _,As layers on GaAs versus Ad [75].

from the growth conditions and X-ray diffraction measurements) and its critical
value (taken from the theoretical dependence of the critical thickness versus indium
content of IndGal_;0As on GaAs [76]). A very drastic increase of the broadening and
decrease of amplitude of the PR signal is observed at Ad = 0, which corresponds to
the overcoming of the critical thickness and the strong degradation
of the layer optical properties.

There is a number of works on the PR investigations of strain effects in different
material systems, including: In*"Ga”As/GaAs [77], In*"Ga™As/InP [66],
IndGal_xAs/Al0-28Ga0.72As [78], InP/Si [79], ZnTe/GaAs [80], CdTe/GaAs [81],
GaN on different substrates [82] —85],

TcHOUNKEU et al. [83] have investigated the residual strain effects and the
exciton binding energies of GaN epilayers grown by MOCVD on (OOOI)-oriented
sapphire. A comparison of photoluminescence, common reflectivity and photoreflec-
tance spectra for GaAs on sapphire is drawn in Fig. 20 [83]. It is seen that PR
allows, in contrast to reflectivity and PL, the observation of all existing excitonic
transitions including their excited states.

QIANG et al. [86] have used PR at 300 K to investigate the effects of compressive
external stress along [001] and [110] on the EQ and £ 0+ AOQtransitions in GaAs and
Al0., Ga0..As. From the stress-induced shifts and splittings they have evaluated the
hydrostatic and shear deformation potentials of these energy gaps.

4.7. Surface and interface electric field

It has already been discussed in Sec. 3.2 that the observation of the Franz-Keldysh
oscillation in photoreflectance spectra allows 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
possible. It is possible to have different values of the internal electric field at the
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As Of-GoN on sapphire

347 348 349 35 351 352
Energy [eV]

Fig. 20. Comparison of reflectivity, photoluminescence and photoreflectance at 2 K, for GaN layer grown
on sapphire [83].

surface or at the particular interface because of the difference in the density of surface
and interface states. If we can extract the FKO related to surface or interface we can
determine the electric fields independently.

There are at least three methods of decomposing the PR signal into the surface
and interface related ones. The first one takes advantage of 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
changes only one part of the measured signal. The PR subsignal from the interface is
changed due to the change in the distance between surface and interface. For such
a case we can write

(41)
(42)

where 1 and 2 represent the PR signals measured for as-grown sample and after
etching, respectively, and S and | stand for signals from surface and interface,
respectively. Following relations (41) and (42) we can determine the subsignal from
interface as the difference between the spectra measured for as-grown and etched
samples [87] —89], This subsignal is given with the accuracy of a constant factor,
which is sufficient since PR spectra are usually given in the arbitrary units. In
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Fig. 21. The PR spectra for an n-type GaAs/SI GaAs structure [88]: a — before etching, b — after etching
for 1 min, ¢ — after next etching for 1 min.

Fig. 22. PR spectra determined by the decomposition of the spectra shown in Fig. 21 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) [88],
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Figure 21, an example of the PR spectra for GaAs/SI-GaAs homojuction, before
etching and after two sequential etching procedures is plotted [88]. In Figure 22, the
decomposition into subsignals from the surface and from the interface is shown.

A similar method may be used in the non-destructive mode when the etching
procedure is replaced by the two PR measurements with two different wavelengths of
the laser pump beam [27], [90] —{93]. In this case the situation can be even simpler.
If one of the measured spectra is taken by using a very short wavelength of the laser,
the signal is only from the surface (parameter A in Eq. (41) is equal to zero). Then the
subsignal from the interface can be obtained by simple difference between PR signals
obtained with longer and shorter laser wavelengths. An example in which this
method is used is shown in Fig. 23 for the case of Al011Ga089As layer grown on
GaAs substrate [27].

Fig. 23. PR spectra for AI0 n Ga0 B9As layers obtained 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 A0 u Ga0 BAs/GaAs
interface [27],
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Another method of evaluating internal electric fields from the photoreflectance is
the fast Fourier transformation (FFT) of the PR spectrum [94] —99]. The FFT is
applied to the PR spectra in the energy region higher than the band gap energy to
obtain the FKO period and the electric field in the sample. We transform the x-axis
variable from e= (E—£932 to inverse of e as z, and the y-axis variable from AR/R
to G(t) that can be written as [97]

G(v) = J(AR/R) exp (—i2TreT)de. 43)

The main peak t0 evaluated from the Fourier transform is related to the electric
field by

To= (2/37i)(2/i)L2(I/efiF) @4

where p is the reduced effective mass and F is the electric field [95]. While the peak
position depends on the effective mass it is also possible to resolve the contribution
from the light and heavy holes to the PR signal, if the contribution from the light
holes is significant enough to be observed. An example of FFT of PR spectra is
shown in Fig. 24 for the case of the structure consisting of doped (n and p doped)
GaAs layer on SI GaAs substrate [98]. The two distinguished peaks, which can be
seen, are related to the surface and interface electric fields.

Fig. 24. FFT results of PR spectra consisting of two different periods FK ocillations for n and p-type GaAs
layer on SI GaAs substrate [98].

The third, most recent method of subtracting signals from different parts of
the sample is the phase suppression method [100] —{105]. In this method, advantage
is taken of the fact that PR spectrum is commonly measured by the lock-in
technique. It allows separation of the in-phase and out-phase (quadrature) com-
ponents of the detected PR response. The different line shape of the in-phase and
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the quadrature components can be understood by the following considerations
[104]. The PR modulation under a square-wave pump is not a simple square wave
(between two finite electric fields), but rather a complex wave form [100]. The output
from the lock-in amplifier is the fundamental harmonic response

= Rel e 1% 45
. ele 45
where T is the period, <#f is the reference phase with respect to the phase of the
chopped laser beam, <Ael —0, and &2 give the in-phase and out-phase components
of the lock-in amplifier output, respectively. Under small modulation, Eq. (45) can be
simplified to

AR{EJm™* nt) N N
R | +4ngpif T )

where Lt{E,FJ is the line shape atfm= 0 for signal from the i-th region, F; is the
electric field, t; is the characteristic time constant, and  is the phase delay given by

<t = -arctan(2jc/mn). 47)

If the time constants associated with various regions of the samples are different,
Eq. (46) yields a different line shape for the in-phase and out-phase signals. For
example, a “slower” signal (larger t) is more pronounced in the quadrature
component, while a “faster” one is more pronounced in the in-phase component.
Equation (46) also shows the possibility of suppressing one of the features (from the
i-th region) by selecting (PIJ—<RA) = n/2 and the possibility to extract the other
features (from the y-th region) as long as zj » ;.
It can be proven that

AR(E,frI;w,<P«r) AR(ER,fm,O) o <f>rer)+AR(E,F1;mn/2) i<l )

where AR{E,fm0)/R and AR{E,fmn/2)/R are the in-phase and quadrature com-
ponents of the lock-in output, respectively. Therefore, the output in a lock-in
amplifier can be represented as a vector in the reference phase space.

Figure 25 illustrates a vector representation of two signals (FKO-vl and FKO-.B)
with different phase delays, the vector sum of which is shown by FKO-/15.
Its projection on x- (y-) axis represents the in-phase (out-phase) signal. In a new
reference phase frame <A with OX' perpendicular to FKO-S, the projection of
FKO-B on OX' is zero while FKO-T. still has significant projection on OX'.
Therefore, FKO-B can be extracted.

It is important to note that it is not necessary to take many spectra at different
phases to find this reference angle. In fact, only two measurements (in-phase and
quadrature) are enough. Equation (48) can be used to generate a series of spectra at
various angles, examine them, and pick one that suppresses one of the components.
In Figure 26 the spectra of GaAs (5-doped sample are shown. In Figure 26c, there is
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Fig. 25. Vector representation of the two FKO signals with different phase delay.

Fig. 26. Room temperature PR spectra from 5-doped GaAs sample [104], [105]: a — in-phase signal,
b — out-phase signal, c — computer generated spectrum at a phase of i>ref = 67°, d — experimental result
from a re-scan at the same phase angle.

a computer-generated spectrum at <A = 67° using the in-phase and out-phase
spectra of Figs. 26a, b. In this case, the signal of the longer period FKOs disappears
and the shorter-period FKOs remains. Also shown in Fig. 26d is the experimental
result from a re-scan at a phase angle of ¢{ = 67°, which is in good agreement with
the calculated line shape. This feature is designed as FKO-T. Using the in-phase and
out-phase spectra again, we can find that FKO-T is suppressed at phase angle
$rf = 85° In this case the longer-period FKOs remain and are designated as
FKO-B. From the reference phase which suppressed FKO-T (FKO-B) we can find
that the phase delay for FKO-T (FKO-B) is "A——23° (<iB= —5°). The
characteristic time constants for FKO-T and FKO-B were deduced from Eq. (47) to
be 70 and 340 ps, respectively. These time constants are related to limiting process of
discharge and recharge of the surface/interface states, such as thermoionic emission
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over the potential barriers, emission of charges from the surface/interface sta-
tes/traps, etc. Since the density of the interface states in an MBE-grown sample is
typically less than the density of the surface states, we can assign the fast process
(FKO-A) to the buffer region, while the slower process (FKO-B) to the top region.
The values of the electric fields can be obtained from the position of the FKO
extrema in the “purified” spectra (see Sec. 3.2).

4.8. Influence of annealing, processing and growth conditions

Photoreflectance spectroscopy has become an effective tool to study various process
and growth induced effects as well as the influence of annealing [90], [91],
[106] -[116].

The PR has been used to the in situ study of the Fermi level pinning behaviour of
n- and p-type GaAs (001) surfaces in the ultra-high vacuum environment of
a molecular beam epitaxy chamber [108]. The effects of few monolayers of arsenic
deposition/desorption have been investigated in UN+ and UP+ (highly doped layer
on the undoped substrate) structures. In the UN+ (UP+) structures the barrier
heights VBn (VB p) are related to electric field F (as measured from FKO) by vin et al.
[106]

kT
Wb=FL+-"+SCC (49)

where the second and third terms are the Debye length and space charge layer
corrections, respectively, L is the thickness of the doped layer. The surface Fermi
level VFis related to the measured barrier height \B by

kp —VB+ WP (50)

where Wis the photovoltage. Typically, the value of Wat 300 K is about 100 meV
[106], [117].

Fig. 27. In situ measured PR spectra for GaAs UN + and U P + structures for the cases of as-grown samples
and after As deposition and desorption [108],
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Fig. 28. Barrier heights VBn(solid circles) and VBp (open circles) determined from PR measurements for
as-grown, arsenic-deposited and arsenic-desorbed situations [108],

Figure 27 shows the PR spectra of these UN+ and UP+ samples after arsenic
deposition or desorption. The obtained barrier heights for all these cases are shown
in Fig. 28.

The PR has also been used to study the effects of in situ substrate cleaning
processes in GaAs homoepitaxial structures [112], Figures 29 and 30 present the PR
spectra of GaAs films on semi-insulating and n+-doped GaAs substrates, respec-
tively, for three different methods of the surface cleaning: annealing under the
As4 overpressure at a substrate temperature of 570 °C, the exposure to TDMAAS

Energy [eV] Energy[eV]

A

Fig. 29. Room temperature PR spectra for GaAs layers grown on semi-insulating substrates, for three
different in situ substrate surface cleaning processes [112].

Fig. 30. Room temperature PR spectra for GaAs layers grown on n+ substrates, for three different in situ
substrate surface cleaning processes [112].
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(trisdimethylaminoarsine) which is a reactive gas that slightly etches the substrate
surface, and the cleaning by hydrogen radicals (H*). In Figures 31 and 32, the depth

profiles of C and O from SIMS measurements are plotted for samples grown on
semi-insulating and doped substrates, respectively.

Fig. 31. SIMS depth profiles of C and O for samples grown on semi-insulating GaAs substrates [112].
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Fig. 32. SIMS depth profiles of C and O for samples grown on n+ GaAs substrates [112].

Because of the accumulation of impurities at the substrate/epilayer interface, the
generation of interfacial electric fields has a strong influence on the transport of
carriers. The built-in electric fields have been evaluated from the FK.O of the spectra
from Figs. 29 and 30. A first glance shows that PR is indeed sensitive to the
differences observed by SIMS. These differences are manifested, as expected, through
FKO, which shows different characteristic. The PR spectrum in Fig. 29c corresponds
to the sample with the lower amount of C and O impurities (Fig. 31c), then it is
expected that the interfacial electric field is smaller than those present in the other
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samples. Thus, in sample cleaned by H* they have obtained almost a flat-band
condition at the interface. This yields a very low signal-to-noise ratio in the PR
spectrum of this sample. As the content of impurities increases, the PR signal to
noise ratio increases (see Figs. 29a, b). If the region close to the substrate/epi-
layer interface is considered as an intrinsic-heavily doped junction, the charge
density at this interface could be responsible for the rapid damping in FKO
observed in Figs. 29a, b. For the samples grown on n+-GaAs substrates, the slower
damping of FKO for the spectra shown in Figs. 30b, ¢, could be due to the presence
of a more uniform electric field, because of a larger band bending at the interface
caused by n+ substrate. The oscillations present in the PR spectrum shown in Fig.
30a do not follow the Franz-Keldysh model. This could be due to a short of
interference effect, which shows up for highly doped samples during the modula-
tion process.

Fig. 33. Fermi level of annealed low temperature GaAs as a function of the annealing temperature
determined from PR measurements [113]. For comparison, the Fermi level of 200 °C grown low
temperature GaAs is shown (dashed line).

The PR has also been used to study the Fermi level of annealed low-
temperature grown GaAs in sample structures composed of low-temperature
GaAs on top of Si-5-doped GaAs. The plot of the Fermi level as a function of
annealing temperature obtained from PR for this sample is shown in Fig. 33.
The decrease in the Fermi level at higher annealing temperatures can be explained
with the buried Schottky barrier model. For sample annealed at 600 °C, the TEM
image shows a high density of As precipitates. This high precipitate density causees
the overlapping of the depletion regions between the internal Schottky barriers.
Consequently, the Fermi level is pinned near the mid-gap. When samples have been
annealed at higher temperatures, the precipitates increased in size but decreases in
density. The decrease of precipitate density reduced the overlap of the depletion
regions between the internal Schottky barriers. This makes it possible to decrease
the Fermi level with the increase in the annealing temperature.
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5. Summary

We have reviewed the experimental, theoretical and instrumentation details that
occur in photoreflectance spectroscopy. The PR is extremely useful since it is not
only contactless but requires no special mounting of the sample. It can be utilised
under a wide variety of conditions such as elevated temperatures, including in situ
monitoring of growth, in the restrictive environment of a diamond anvil cell for
uniaxial stress studies. The emphasis of this work has been placed on investigating
the properties of semiconductor bulk and simple structures, mainly in relation to the
electronic band structure. Refined theories, particularly the low-field third derivative
formulation and the Franz-Keldysh model of electromodulation, enabled inves-
tigators to quantitatively analyse the photoreflectance spectra. The sharp, derivative
like features of photomodulated signals made it possible to conveniently investiagte
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,
processing and annealing effects. Also, there is more information to be gained from
pump frequency, amplitude and wavelength dependence. The problem of the
spurious background signal has been reduced or eliminated, e.g., by making use of
double monochromator or double detector system, dye laser as a probe beam or
sweeping PR.
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