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In this paper, we present the applications of photoreflectance spectroscopy for investigations of low-dimensional, semicon-
ductor structures. We briefly introduce the theoretical background of this technigue including the line-shape expressions re-
lated to semiconductor microstructures. We show examples of photoreflectance investigations of two-dimensional structures
such as quantum wells, multiple quantum wells and superlattices, one-dimensional structures — quantum wires, and quasi
zero-dimensional structures — quantum dots. Finally, we concentrate our attention on investigations of the structures of semi-
conductor devices like high electron mobility transistors, heterojunction bipolar transistors and vertical/planar light emitting

laser structures.

Keywords:
1. Introduction

Because of their novel physical properties and device ap-
plications, new materials and based on them semiconductor
heterostructures such as quantum wells (QWs), multiple
quantum wells (MQWs), superlattices (SLs), and hetero-
junctions have been produced. To explore various physical
properties of these structures, number of characterisation
methods, including photoluminescence (PL), photolumi-
nescence excitation (PLE) spectroscopy, transmission elec-
tron microscopy (TEM), X-ray techniques, Hall measure-
ments, etc., have been applied. Most of the above methods
require special conditions such as low temperatures (PL,
PLE), or special sample preparation (TEM, Hall measure-
ments). For practical applications, it is advantageous to
have a technique, which is simple and at the same time pro-
vides a lot of useful information. Such is photoreflectance
(PR), a contactless modulation spectroscopy technique.
This method was proposed in the sixties and was used in
investigations of semiconductor band structure parameters
in the seventies,

Glembocki ef al. in 1985 [1] reported the first applica-
tion of this technique to semiconductor microstructures stud-
ies. Because of its extreme sensitivity to interband electronic
transitions, many papers on this subject have been published
since 1985. This sensitivity to interband electronic transi-
tions is due to the derivative nature of the measurements [2].
Another important feature of photoreflectance is that the
measurements can be carried out even at room temperature,
still providing as much information as other methods (PL,
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photoreflectance, low-dimensional heterostructures, transistors, semiconductor lasers.

PLE) at very low temperatures. By using photoreflectance at
300 K, it is possible to determine the interband transition en-
ergies in semiconductor microstructures (QWs, MQWs, and
SLs) or device structures (i.e., transistors or lasers) with an
accuracy of a few meV.

A number of review papers about the application of
photoreflectance spectroscopy to the investigation of semi-
conductors and semiconductor structures has been pub-
lished up to now [2-6].

In this paper, we present the applications of photo-
reflectance spectroscopy for investigations of both low-
-dimensional, semiconductor structures, and semiconductor
device structures. We briefly introduce the theoretical back-
ground of the technique and line-shape formulas associated
with semiconductor microstructures. We show examples of
PR spectroscopy applications for studies of two-dimen-
sional (QWs, MQWs, and SLs), one-dimensional (quantum
wires) and zero-dimensional (quantum dots) structures.
Finally, we turn our attention to investigations of semicon-
ductor device structures such as transistors and semicon-
ductor lasers.

2. Principles of photoreflectance spectroscopy

A derivative of an optical spectrum (i.e., the reflectivity)
with respect to some parameter is evaluated with any mod-
ulation 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 studied material. The resulting spectrum has sharp, de-
rivative-like features on a featureless background. The
modulation can easily be accomplished by varying some
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parameters, associated with the sample or the experimental
system, in a periodic fashion and measuring the corre-
sponding normalised change in the optical properties. It is
possible to modulate a variety of parameters, i.e., the wave-
length of light, the temperature, the applied stress or the
electric field in the studied sample. The electromodulation
techniques are based on the modulation of the electric field.
One of the electromodulation techniques is photoreflec-
tance spectroscopy where the varying parameter is the in-
ternal (built-in) electric field.

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 fre-
quency. 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 [7].

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

2.1. Line-shapes

The chopped laser light affects periodically the built-in
electric field. The perturbation, due to the changes of elec-
tric field, causes modulation of the complex dielectric func-
tion € (¢ = & + ig,) of structure under investigation.
Changes in the dielectric function are directly connected
with the changes of the optical response of the structure,
i.e., reflectivity. The relative changes of the reflectivity
AR/R can be written as [8]

AR
5 - o (&1,€y YAE, + B (€1,87 )AE, (D

where og and Bg are the Seraphin coefficients, related to
the unperturbed dielectric function, and Ag; are A€, the
changes in the complex dielectric function due to the per-
turbation. The quantities Ag; and Ag, are related by the
Kramers-Kronig relations.

Electromodulation can be classified into three catego-
ries depending on the relative strengths of characteristic en-
ergies [9]. In the low-field regime [#0| < I where 10 is the
electro-optic energy given by

_32h2F2
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In the above equation, F is the electric field, p is the re-
duced interband mass in the direction of the field. When
|h6| < T but eFag << E, (a is the lattice constant and E, is
the band gap energy) it is the intermediate-field case. In
this case, the Franz-Keldysh oscillations (FKO) appear in
the spectrum. In the high-field regime the electro-optic en-
ergy is much greater than the broadening but eFay = Eg so
that Stark shifts are produced.
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2.1.1. Third-derivative spectroscopy in low-field limit

The perturbation, due to the modulation of the electric
field, destroys the translational symmetry and hence can
accelerate free charge carriers in the crystal [10,11]. In ef-
fect, under certain electric field conditions, electromo-
duiation results in sharp, third-derivative line-shapes.

For Lorenzian form of the dielectric constant, low-field
modulation, and under a parabolic band approximation, one
can rewrite Eq. (1) as [9]

AR . i -
= Ref e’ (E-E, +iD)] " 3)

where T is the broadening parameter (I ~%/t), A and @ are
the amplitude and phase factor, respectively. The parameter
m in the line-shape factor of Eq. (3) 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.

2.1.2. First-derivative spectroscopy in the low electric
field limit

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 line-shape has first-derivative character
[12], and the changes in the dielectric function may be ex-
pressed as

OE
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where F4¢ is the change in the built-in electric field and I is
the intensity of the optical transition. Equation (4) can be
rewritten as [13]
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Depending on the broadening mechanism (i.e., temper-
ature), the unperturbated dielectric function can be either
Lorenzian or Gaussian. For quantum wells, the dielectric
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function is excitonic, even to elevated temperatures. Thus
for the quantum microstructures, the Lorenzian or Gaussian
profile of dielectric function is appropriate. The Lorenzian
dielectric function can be written as [11]

I
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The modulation terms of Eq. (5) are given by
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If the intensity modulation terms are ignored, only two
independent line-shape factors [see Eq. (8)] do not vanish.
The combined spectral dependence can then be expressed
by Eq. (3) withm =2 [11].

The unperturbated dielectric function of a Gaussian
profile is given by [13]

e=1+1I(L; +iL;), (10)

where
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® is the confluent hypergeometric function. In this case the
modulation terms of Eq. (5) can be written as

(11)
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In Fig. 1, various modulation terms of Eq. (12) are plotted.
Some of the profiles from F1¥ 1 look quite similar to each
other (ie. fE and _fr) If f; and f, are ignored, only two
line-shape profiles can be used to fit experimental data. Hence,
for the dielectric function of Gaussian type one can get

(12)
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Fig. 1. Calculated line shapes for the derivatives of the real and
imaginary parts of a Gaussian dielectric function.

2.1.3. The Franz-Keldysh oscillations

When the low-field criteria are not satisfied, but eFay <<

o the dielectric function can exhibit Franz- -Keldysh os-
CLIIatlons Although the exact form of AR/R for the inter-
mediate-field case with the broadening is quite compli-
cated, Aspnes and Studna [14] have derived a relatively
simple expression

ﬁx——-exp[—Z(E—Eg}lﬂ 3 ]
R EXE-E,) @]
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T Pt
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From the above equation, the position of the n™ extreme in
the Franz-Keldysh oscillations is given by

3/2
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3| he )

(15)

where E, is the photon energy of the n'" extreme and  is an
arbitrary phase factor [15].

2.2. Experimental details

In Fig. 2, a schematic diagram of the photoreflectance ap-
paratus is shown. The probe light is a monochromatic beam
obtained from a quartz halogen lamp dispersed through
a monochromator. This beam (of intensity Ip) is focused on
the sample. The laser pumping beam illuminates the same
spot of the sample. The laser beam is chopped with fre-

AR = Afé + Bfg ] (13) quency of few hundreds Hz. The photon energy of the
R pump source should be generally above the band gap of the
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Fig. 2. Schematic diagram of photoreflectance apparatus.

semiconductor being investigated. A He-Ne laser (the en-
ergy range below 1.96 eV) or Ar* ion laser (the energy
range below 4.5 eV) is used as a typical pump source. The
intensity, of the laser light can be adjusted by a variable,
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 appropriate longpass
glass filter is used in front of the photo-detector. The cur-
rent-voltage converter, connected to the detector, separates
the signal into two components. The DC component is pro-
portional to IzR, and AC component is proportional to
I,AR. The AC component is measured in a lock-in ampli-
fier. A computer divides the AC signal by the DC compo-
nent giving the photoreflectance spectrum, AR/R(fiw).

3. Photoreflectance study of low-dimensional
semiconductor structures

3.1. Quantum wells, multiple quantum wells
and superlattices

Since the middle of sixties, the modulation spectroscopy
techniques have proved its high applicability for studying
and characterising the properties of bulk semiconductors.
During the first decade, the method was recognised as
a new, high-resolution technique for the solid state spec-
troscopy [9,11,16].

In the eighties, modulation spectroscopy had a renais-
sance. The advantages exploited for bulk studies were ap-
plicable also in the semiconductor microstructures fabri-
cated by MBE or MOCVD such as QWs, MQWs or SLs.
In 1985, Glembocki et al. [1] showed that multiple quan-
tum wells, grown on semi-insulating substrates, could be
studied by the photoreflectance technique.
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Line-shape analysis, based on Eqgs. (3), (13), and (14)
(we will call it further fitting procedure) is an integral as-
pect of photoreflectance spectroscopy. These procedures
allow analysing the complicated photoreflectance spectra
in terms of the theoretical parameters. Thus, the fitting pro-
vides valuable information about the energy gaps and line
widths associated with the optical transitions.

A photoreflectance spectrum (dotted lines) of
a GaAs/AlGaAs MQW structure (with a well width of
20 nm) at temperatures 6 K, 77 K and 150 K in the region
of the 11H and 11L feature [6,17] is shown in Fig. 3. The
solid and dashed lines are fits to the first-derivative of
Lorenzian (first derivative Lorenzian line shape — FDLL)
and Gaussian (first derivative Gaussian line shape —
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 in-
termediate profile is required to fit the data. A Gaussian di-
electric function results in 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
elevated temperatures. At the elevated temperatures, the
dielectric function broadening, caused by strong
exciton-phonon interaction, impurities and defects, chan-
ges the absorption profile of excitons from Lorenzian to
Gaussian. Thus, at high temperatures, a Gaussian profile
of dielectric function must be used to fit the experimental
data. At low temperatures, a Lorenzian dielectric func-
tion is more appropriate. Between 50 K and 150 K the
transition from Lorenzian to Gaussian is not abrupt and
the line shapes are of an intermediate form between
Lorenzian and Gaussian. Equation (3) with parameter m
= 3 (2D critical point) sometimes is used to reflect the
FDGL, providing a reasonable fit to the room-tempera-
ture experimental data.
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At the beginning, single QW or MQW structures re-
ceived the most attention in PR studies. In MQW struc-
tures, the barrier layer is thick enough to prevent signifi-
cant wave function overlap between wells.

Room temperature spectra for several MQW structures
and thick heterostructure of GaAs and AlGaAs layers (for
comparison) obtained by Glembocki et al. [1], are shown in
Fig. 4. In the top spectrum, two resonances corresponding
to the direct band-gaps of GaAs (low-energy resonance)
and AlGaAs (high-energy resonance) are visible. The other
spectra were obtained for MQW structures with quantum
wells width of 15 nm, 24 nm, and 46 nm. The arrows indi-
cate the energies of the allowed quantum well transitions.
The notation mnH (mnL) represents the QW optical transi-
tion between the m' electron subband in the conduction
band and the n™ heavy (light) hole subband in the valence
band. It is worth to note that at room temperature
Glembocki et al. observed up to nine transitions in QWs.

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 bro-
ken, 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 was also studied by Sitarek ef al.
[18]. The structure was grown by the MBE on (001) GaAs
substrate. The MQW under investigations consisted of 60
periods of GaAs and Aly35GaggsAs layers with thickness
of 15 nm each. Measured at room temperature PR spectrum
had a very rich structure. In order to identify all features,
PR measurement was also carried out at a liquid nitrogen
temperature. The obtained PR spectrum is shown in Fig. 5.
The arrows indicate the intersubband transitions. Both, the
symmetry allowed and forbidden transitions are marked in
the figure. A small, built-in electric field is probably re-
sponsible for the presence of 21H, 23H and 21L symmetry
forbidden transitions in the spectrum. These transitions are
much weaker than the symmetry allowed transitions. Be-
cause of the finite depth of the well, the 13H transition is
parity allowed and its intensity is comparable to the sym-
metry allowed transitions. Optical transitions involving un-
confined states are present above the feature corresponding
to the band gap of AlGaAs [19]. The energies of present in
the spectrum resonances, were accurately determined by
Sitarek et al. through a fit of the first derivative Gaussian
line shape function, Eq. (13), to the experimental data.

In order to identify the nature of the large number of
intersubband transitions observed in the MQW, Sitarek
et al. have performed a theoretical calculation based on the
envelope function approximation [20]. The energy values
obtained from this calculation agree very well with the ex-
perimental data.

The temperature dependence of both the energy and
broadening of interband electronic transitions can yield im-
portant information about, e.g., electron-phonon interac-
tions or excitonic effects. An increase of temperature leads
to a red shift of the band gaps and an increase in the line

Opto-Electr. Rev., 8, no. 1, 2000
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Fig. 3. Photoreflectance spectra (dotted line) at different temperatu-

res from GaAs/AlGaAs MQW structure. First derivative Lorenzian

(solid lines) and Gaussian (dashed lines) line shapes are compared
(after Ref. 6).

J. Misiewicz 5



Photoreflectance spectroscopy of low-dimensional ...

T I ! 1

T=300K
GaAs ﬂ <+ AlGaAs
2 L
il
0 -
_1 _
=
il JJW T
-1+ 22H
GaAs ||11H 22L33H33L
~ -2}
|
s u” k L, =240 A
(1 g ) —_— -~
% i GaAs||22L T
33L  44L
l l l l AlGaAs

1

1_

ol
—F
-2

HH—»| t s3n 44H 55 H

U22H

i 1 L, =460 A 7

&k «—22H AGaA
ans

1 GaAf =

ngH? ?;HT ggH

_} =
o [1H> | Jl4an 66H  88H
<+«—33H : |
1 1
1.4 1.5 1.6 1.7
Energy (eV)

Fig. 4. Room temperature PR spectra for three GaAs/AlGaAs
MQWs with different well width L,, and spectrum for thick
AlGaAs/GaAs heterostructure (after Ref. 1).

width. 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
[5]. A similar Bose-Einstein equation also has been used to
fit the temperature dependence of the broadening function.

6 Opto-Electr., 8, no. 1, 2000

1.5
<«—11H GaAs/Alg 35Gag gsAs
MQW 15 nm/15 nm
1.04
GaAs
Aly 35Gag gsAS
4 L13H 22H 0.35980.65
2 0.5+
& i l i 22L 33H
o
< '
<
0] YL\
12 tﬁ T
L4 21H 23H
-0.51 % 0.05
T=80K
-1.0

150 155 1.60 1.65 1.70 1.90 200 2.10
Energy (eV)

Fig. 5. Photoreflectance spectrum of GaAs/Alj 35Gag gsAs MQW

with wells and barriers of 15 nm width measured at 80 K. The

arrows indicate optical transition energies obtained from the theo-
retical calculation (after Ref. 18).

Sitarek et al. have [18] reported a study of the temperature
dependence of PR spectra from Aly;5Gag¢sAs/GaAs MQW
in the 80 K to 300 K temperature range. In Fig. 6, the PR
spectra of the 11H and the 11L transitions at different tem-
peratures are shown. From the least-squares fits to the ex-
perimental data with FDGL the values of E| iy were ob-
tained, The fit also yielded the broadening parameter I'.

The parameters in the Bose-Einstein expression

E(T)=Eg —ap{l+2/lexp(@g /T)-1}  (16)
such as the strength of the electron-phonon interaction ag,
and the corresponding to the average phonon temperature
Oj, describe the temperature dependence of 11H transition
energies of AlGaAs/GaAs MQW. From the obtained data,
Eg = 1.588 eV, ag = 56 meV and Oy = 247 K. For bulk
GaAs, these parameters are Eg = 1.571 eV, ag = 57 meV,
and Oy = 240 K. The values of ag and ©g, obtained for 11H
transition, are very similar to values for bulk GaAs. In the
lattice matched AlGaAs/GaAs heterostructures, the temper-
ature 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 temper-
ature can also be expressed by a Bose-Einstein expression

[(T)= Ty + Iy [[exp(E p KT) 1] a7

where I’y contains inhomogeneity contribution resulting
from the interface roughness, alloy clustering and strain
distribution (a small value of T’y tells us that structure is
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Fig. 6. Measured at different temperatures the photoreflectance

spectra of GaAs/Alj 35Gag gsAs MQW structure in the energy ran-

geof 11H and 11L transitions. The intensities of transitions at diffe-

rent temperatures are not in scale. Vertical lines mark 11H transi-
tion energy (after Ref. 18).

very homogeneous); parameter I'; represents the strength
of electron-phonon coupling; Ey;, is the energy of the longi-
tudinal optical phonon (36 meV for GaAs). For the 11H
transition, Sitarek ez al. found that T’y = 0.71 meV.

In studies of electronic and optical properties of quan-
tum wells (and multiple quantum wells), the major atten-
tion has been focused on confined states. In quantum well
structures, the existence of energy levels formed above (be-
low) the conduction (valence) band of the barriers has been
observed in both low temperature Raman spectroscopy
[21] and low temperature PLE spectroscopy [22]. Using
photoreflectance spectroscopy it is possible to investigate
optical transitions involving the unconfined states at room
temperature [23,24]. Up to now the little work has been
done on the study of such subbands.

The features observed at energies higher than the reso-
nance corresponding to bulk AlGaAs seen in Fig. 5 were
under detailed study by Sitarek et al. [19]. A room temper-
ature PR spectrum for an Aly;5Gag gsAs/GaAs MQW with
a 15 nm well width, is shown in Fig. 7 for the energies
equal and higher than the band gap of the barrier energy.
The feature at about 1.87 eV corresponds to the direct band
gap of AlGaAs. Three additional features, marked A, B,

Opto-Electr. Rev., 8, no. 1, 2000
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Fig. 7. Photoreflectance spectrum of GaAs/Alj35Gag gsAs MQW

structure in the range above the barrier transitions. Dotted line is

the experimental curve. Solid line is the fit according to Eq. 4.

Arrows mark the energies of optical transitions involving unconfi-
ned states (after Ref. 19).

and C, were observed above the resonance related to
AlGaAs band gap.

Sitarek et al. reported energy level splitting in the opti-
cal transitions between unconfined electron and hole sub-
bands 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 for-
mation of subbands in superlattices (and MQW structures).
The width of the subband is determined by the energy dif-
ference between the quantised state at k, = 0 (Brillouine
zone centre) and k, = m/d (Brillouine zone edge). Here
d = Ly + Ly is the sum of the well thickness Ly and the
barrier thickness Lg.

In order to obtain the transition energies between
subbands, the third-derivative functional form — Eq. 3,
[11,25] was used to fit the PR experimental data. The solid
line in Fig. 7 shows the least squares fit to the third-deri-
vative functional form (TDFF). The optical transitions en-
ergies obtained from the fitting procedures are listed in Ta-
ble 1. The notation m-nH/L (I'/rt) denotes transitions be-
tween the m'™ conduction subband to n valence subband
corresponding to heavy (H) or light (L) holes, while I"
(or m) means that the transition occurs in Brillouine zone
(BZ) centre (or BZ edge).

The transition energy values, obtained from using the
envelope function theoretical model, are listed in Table 1 in
the column named “Theory”. Only the symmetry allowed
m = n transitions were analysed.
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Table 1. Experimental and theoretical values of the unconfined optical transitions of '
MQW structure with well width of 15 nm. The capital letters A, B and C indicates the
features present in the figure.

Transition Experiment Theory

6-6H (m) 1.891

5-5L (I 1.901

6-6H (T') 1.919 (A) 1.918

5-5L () 1.942
1.930 (B)

7-TH (I') 1.949

6-6L (1) 1.959
1.968 (C)

7-TH (m) 1.985

As it can be seen in Table 1, the first feature, marked in
Fig. 7 as A, originates from the optical transition between
the sixth electron subband and the sixth heavy hole
subband at the BZ centre [6-6H(I")]. There is a very good
agreement between energy values obtained from the exper-
iment and the theory. Enumeration of transitions is con-
tinuos and starts with transitions confined in the wells. Un-
confined transitions start with the number six for heavy
holes and five for light holes (for structure with well width
of 15 nm). Agreement between the experimental and theo-
retical energy values for the next two features, B and C, is
worse than for A feature. In that energy region there are
four allowed transitions: 5-5L (m), 6-6L (m) and a split
7-7H transition making the identification of B and C fea-
tures difficult.

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 off-
set parameter

Oc = AE | (AE + AEHH ),

(18)
where AE. and AE f}'H are the conduction band and the
heavy-hole valence band discontinuities, respectively.
When a 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 [26]. The energy band gap increases due to the
compressive hydrostatic component of the strain while the
tensile, (001) uniaxial strain splits the heavy-light hole de-
generacy at the Brillouine zone centre. The relative posi-
tions of the bands in the InGaAs/GaAs QWs can lead to
two possible configurations of the potential 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 (Q¢ > 0.5), the electrons and the
heavy holes are in the InGaAs region (type I configura-
tion), while the light holes are in the GaAs region (type II
configuration).
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Sek et al. [27] studied InGaAs/GaAs QW structure
grown by MOCVD. The structure consisted of five 10 nm
Ing ,5GagggsAs quantum wells separated with 80 nm GaAs
barriers. In Fig. 8, the PR spectrum of this structure is
shown. Three features are present in the spectrum. The
highest energy resonance originates from both the cap and
the buffer GaAs layers. The two lower energy features cor-
respond to the optical transitions in the QWs. Comparing
the transition energy values, obtained from experiment
(line shape analysis with FDGL) and from theoretical cal-
culations (based on an envelope approximation [20] includ-
ing strains and the exciton binding energies) S¢k et al.
found that the feature at about 1.33 eV corresponds to 11H
transition and the feature at about 1.37 eV corresponds to
11L optical transition. They also concluded that light holes
are confined in GaAs layer — type II configuration.

4x1075
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K
_2x1075 - :
3 MH 4y,
E . -
: |
= 5
e Mﬁ. Y “a,h&
= . : ?
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128 132 136 140 144 148
Energy (eV)

Fig. 8. The room temperature PR spectrum (dotted line) from
Ing 115Gag ggsAs/GaAs MQW structure. Solid line is first-derivati-
ve Gaussian lineshape fit to the experimental data (after Ref. 27).
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Table 2. The calculated transition energy values for 11H, 11L, 22H and bulk Cd;Mn,Te, made for
undoped structure and those obtained from the experiment, for Sample 1 and Sample 2.

Energy [eV]
11H 11L I 22H CdMnTe
From calculation 1.563 1.578 1.693 : 1.890 |
Sample 1 — from exp. 1.563 _ 1.577 1.705 1.893
Sample 2 — from exp. 1.572 1.575 1.736 ‘ 1.891 |

All of above discussed quantum structures were
undoped. Using photoreflectance, it is also possible to in-
vestigate doped structures. The influence of indium planar
doping on CdTe/Cd; Mn,Te MQW structures was investi-
gated by Sitarek et al. [28]. The samples used in that inves-
tigation were grown by MBE on GaAs substrates. The two
studied heterostructures consisted of 50 periods of
CdTe/Cd; ,Mn,Te with thickness of 8 nm and 13 nm, re-
spectively. The samples were planar doped with indium in
the centre of the wells.

Room temperature PR spectra for the structures are
shown in Fig. 9. The result for Sample 1 is shown in part
(a) of the figure. Part (b) presents a spectrum for Sample 2,
which had four times higher impurity concentration than
Sample 1. Solid lines were obtained from a fit of the FDGL
shape to the experimental data. Four oscillators were as-
sumed for both spectra. Optical transitions, obtained from
the fit, are marked in the figure as vertical lines. The transi-
tion energies are listed in Table 2. The optical transitions of
undoped structure were calculated using the envelope func-
tion approximation. Calculated energies are also listed in
Table 2.

The higher energy resonances originate from optical
transitions in the CdMnTe layers. The Mn content esti-
mated from the higher energy peaks position is 27%. The
lower energy resonances were identified as 11H, 11L and
22H optical transitions.

For Sample 1 (with the lower In concentration) the en-
ergy values of 11H and 11L transitions obtained from the
experiment agree very well with transition energies ob-
tained from calculations. Only transition 22H is blue
shifted by 12 meV compared to an undoped structure. For
the second structure (with higher In concentration) there
is relatively large blue shift of 11H and 22H transition en-
ergies and small red shift of 11L transition energy com-
paring to the transition energy values of undoped struc-
ture. The planar doping in the middle of the wells affects
in some way the well potential. Doping has grater influ-
ence on the optical transition energies between heavy-
-hole subbands and electron subbands than on the transi-
tion energies between light-hole subbands and electron
subbands.

As long as the barriers in multiple quantum wells struc-
ture is thick, coupling between the wells does not occur.
The simplest structure containing coupled QWs is double

Opto-Electr. Rev., 8, no. 1, 2000

quantum well (DQW). Sek et al. [29] studied undoped
symmetric structure with two GaAs/AlGaAs quantum
wells separated by an AlAs mono-layer (ML). Structure
was grown by the MBE on (001) semi-insulating GaAs wa-
fer. In Fig. 10, a room temperature PR spectrum for the in-
vestigated structure is shown. Few resonances 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 (antisymme-
tric) states. Sek et al. obtained a very good agreement be-
tween the experimental transition energies and those from
theoretical calculations based on envelope function approx-
imation,

(a) CdTe/CdMnTe MQW

T x=0.27
T=300K

i 11H 1L 22H CdMnTe
% 1.563 | | 1577 | 1.705 1.893
M i PR R VO TR MNP S AL LA Wl
= +—1 |1:||—|I 11;|_| —t } .22.H| +—+ ._ll +—t—
<t
5| is2liss 22k CdMnTe
1.891
4 Emhddok Exper]ment
— Fit ’
: —————r T T T T T T T T 7
1.4 1.5 1.6 1.7 1.8 1.9 20
Energy (eV)

Fig. 9. Room temperature PR spectra of two CdTe/CdMnTe MQW

structures with different dopand concentration. Solid lines are obta-

ined from a fit to the experimental data with first-derivative Gaus-

sian lineshape. Vertical lines marks the optical transition energies
obtained from the fit (after Ref. 28).
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Fig. 10. Photoreflectance spectrum from the GaAs/Alj3Gag7As
double quantum well structure. Arrows indicate the experimental
transition energies (after Ref. 29).

Using PR spectroscopy, Labrie and Dubowski [30] re-
ported an evidence of miniband dispersion in a CdTe/
CdMnTe superlattice structure. The SL structure consisted
of 49 periods of 5.4 nm thick CdTe wells and 2.7 nm thick
CdgoMng  Te barrier layers. The structure was grown by
the pulsed laser evaporation and epitaxy on a Cdy ¢sZng gsTe
substrate. Figure 11 shows the PR spectrum of the struc-
ture. The features observed in the 1.62-1.65 eV energy
‘range are attributed to the fundamental QW transitions oc-
curring at the Brillouin minizone centre (index “07). The
feature near 1.742 eV is attributed to the transition occur-
ring in the CdMnTe layers. Two very weak resonances are
observed at 1.679 eV and 1.695 eV. Labrie and Dubowski.
attributed these two features to the 11H! and 11L! transi-
tions, occurring at the edge of the mini Brillouin zone.

3.2. Quantum wires

The first time the study of the optical properties of quan-
tum wires, fabricated by electron beam lithography and re-
active ion etching (RIE) in SiCl; were reported by Tang
and co-workers [31].

The structure was grown by MBE technique. A 300 nm
Si buffer layer, followed by a 50 nm Si 3Gey» layer (QW),
a 30 nm undoped Si spacer and a 50 nm 5x10'® cm boron
doped Si layer were grown on a (100) silicon substrate. The
sample was divided into several 5x5 mm chips. Using elec-
tron beam lithography followed by RIE, the chips were pat-
terned with a series of 2.5 pm long and 10 nm to 500 nm
wide wires.

The photoreflectance measurements were carried out at
room temperature. The PR spectra of the quantum wires
structures and a control structure are shown in Fig. 12. The
arrows mark 11H optical transitions between the first
heavy hole subband and the first electron subband. The
11H transition, in the case of control sample, originates
from Sig gGeg »/Si quantum well. The reduction of the wire
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Fig. 11. Photoreflectance spectrum of CdTe/Cdj oMny ; Te superlat-
tice taken at 5 K. Index ‘0’ mark the transitions at the Brillouin mini-
zone centre. Transitions occuring at the Brillouin minizone edge are
marked with index ‘1°. The feature X is due to an excitonic-related
transition occurring in the CdZnTe substrate (after Ref. 30).

width to 200 nm did not change the energy associated with
the 11H transition. The resonance, corresponding to 11H
transition, in a 100-nm wide quantum wire is red shifted.
Strain relaxation, produced during the wire fabrication, is
responsible for the red shift of the resonance. The effect of
dimension reduction is observed for quantum wires with
width of 40 nm and less. When the width of wires de-
creases, the 11H transition energy shifts to higher energies.
A quasi one-dimensional (1D) confinement in the system
and a strain relaxation process arising from the dry etching
determine the 11H transition energies in these wires.

3.3. Quantum dots

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

Qiang and co-workers [32] reported room temperature
PR studies of GaAs/Gag;Aly3As quantum dots arrays, fabri-
cated by reactive ion etching. An MBE structure consisting
of a 500 nm of a not intentionally doped GaAs buffer layer
followed by 100 periods of GaAs (8 nm)/Gay;Aly3As
(12 nm) quantum wells, capped by 10 nm of GaAs, was
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Fig. 12. Photoreflectance spectra of Sij gGe »/Si quantum wires of
different width and the spectrum of the control structure (CS) (after
Ref. 31).

grown on (001) semiinsulating GaAs substrate. Three quan-
tum dot arrays, with lateral size 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.

The solid lines in Fig. 13 show room temperature
photoreflectance spectra of the control sample and the QD
arrays. The dashed lines are the least-squares fits of the
data to the first derivative of a Gaussian profile. The calcu-
lations yield the energy positions and the broadening pa-
rameters of PR features. Obtained from the experiment en-
ergies of 11H and 11L optical transitions are denoted in
Fig. 13 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
sample 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 al-
most its original position (in the control sample) in 230 nm
dot array. The strain induced by the RIE is fairly uniform
resulting in small differences in the broadening parameters
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 —7x10~* along the growth direction. Reduction in
strain was observed when the lateral dimension of QD de-
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Fig. 13. Photoreflectance spectra at 300 K in the region of 11H and
11L transitions from three GaAs/Al 3Gag 7As quantum dot arrays
and a spectrum of the control structure (after Ref. 32).

creases. For the structure with smallest dots the strain has
been reduced to about —2x10~*,

Gumbs et al. [33,34] investigated the intersubband tran-
sitions 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 dots structures with
dots of 60 nm and 100 nm in diameter.

Klar et al. [35] investigated high-density patterns of
ZnTe/Zngo3sMny ;Te quantum dots. Quantum dots with
a diameter of 200 nm were prepared by electron lithogra-
phy followed by Ar* ion beam etching from four MBE
grown ZnTe/Zng ¢3Mny o;Te MQW structures with 4 nm, 6
nm, 8 nm and 10 nm well widths. Photoreflectance mea-
surements were performed at 10 K. The modulation was
carried out with a 632.8 nm (1.96 eV) He-Ne laser (be-
low-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. Parent structure is in a good approxi-
mation 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 di-
pole moment, parallel to the growth direction, introduced
by the probe light that can penetrate the QD side walls (the
side walls are not perpendicular to the surface) is a possible
explanation of this effect.

Klar and co-workers did not observed any confinement
effects due to the reduction of the dimensionality from 2D
to OD. The lateral sizes of dots being under study were too
large to observe such confinement effects.

Quantum dot structures, described in above papers,
were obtained by the lithography followed by etching pro-
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cesses. 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 mis-
match is a way of obtaining islands of small lateral size 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. [36] used the above method to obtain
nanoscale InP islands embedded in Ing43Gag 5,P matrixes.
The structures were grown by MBE on (001) GaAs sub-
strate. The substrate layer was followed by 200 nm of
Ing 45Gag 5,P and three to ten monolayers of InP, covered
by another 200 nm Ing43Gays,P cap layer. The atomic
force microscope (AFM) pictures showed that the island
density is of the order of 10! cm=2. This structure, with
nominally three monolayers of InP, formed dots (islands)
of 20-30 nm in diameter and a 5-10 nm high. When
a number of monolayers increase to seven monolayers, the
dot diameter increases up to 40-50 nm.

Figure14 presents photoreflectance spectra, measured at
300 K, for structures with three and seven monolayers of
InP, respectively. Both spectra show resonances corre-
sponding to Ey(GaAs), Ey + Ag(GaAs) and Ey(InGaP) opti-
cal 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 Ey + Ayp(GaAs) transition. The transition labelled 22H is
observed in the PR spectrum of the seven-monolayer sam-
ple. Ulrich er al. proposed a simple, based on the enve-
lope-function approximation, theoretical model to calculate
the subband energies. The transition energies, obtained
from the theoretical considerations, agree well with energy
values obtained from experiment for the structures with InP
nominal thickness between three and ten monolayers.

Sek et al. used room temperature photoreflectance
spectroscopy to investigate optical transitions in MOCVD-
-grown, InAs/GaAs structures with self-organised quantum
dots [37]. Tellurium doped GaAs substrate was followed
by 100 nm GaAs buffer layer, 25 nm of Aly3Gag;As, 100
nm of GaAs and 1.65 monolayer of InAs. A strong lattice
mismatch between the latter two compounds induces a for-
mation of InAs pyramids. The QD pyramids are covered by
1 nm of Ing 3Gag7As. This structure was then covered with
20 nm of GaAs, 25 nm of Al,3Gay;As and capped with
20 nm of GaAs. From the transmission electron micro-
scope 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. 15 (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
WLI and WL2 correspond to the 11H and 11L transitions in
the step-shaped quantum well, formed in the InAs wetting
layer and the Iny3;Gay-As layer covering the dots.
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Fig. 14. Photoreflectance spectra of InP/Ing 45Gag spP island (dot)
structures with 3 ML (solid line) and 7 ML (dashed line) of nominal
InP thickness (after Ref. 36).

In order to obtain the transition energy values, fitting of
the first derivative of a Gaussian line shape to the experi-
mental data was performed. The FDGL fit is presented in
Fig. 15 as the 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 a 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 mod-
elled using 8-band k-p theory. After extrapolating these re-
sults to room temperature and taking into account the
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Fig. 15. 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 Ref. 37).
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exciton binding energy, the obtained transition energy val-
ues are in good agreement with the experimental results.
QDI1, QD2 and QD3 transitions were identified as e0-h0,
e2-hl and el-h3, respectively, where e0 (h0) denotes the
ground electron (hole) state.

Rowland and co-workers [38] presented photoreflec-
tance spectra of MBE grown, self-assembled InAs/GaAs
quantum dot structures.

4. PR study of semiconductor devices

In the previous section, it was shown that photoreflec-
tance spectroscopy is a powerful tool for investigation of
characteristic properties of low dimensional semicon-
ductor heterostructures, like quantum well structures,
quantum wires and quantum dots. The PR technique may
be used not only for characterisation of the low-dimen-
sional structures but for the investigation of semiconduc-
tor devices structures as well. In the next few para-
graphs, we will present applications of PR spectroscopy
for studies of a high electron mobility transistor (HEMT)
structure, a pseudomorphic HEMT (PHEMT) device,
a heterojunction bipolar transistor (HBT), and a verti-
cal/planar light emitting laser.

4.1. Transistors
4.1.1. High electron mobility transistors

A HEMT structure is formed by a charge transfer from a
heavily doped AlGaAs layer to an undoped GaAs layer.
This process places the electrons in a very pure GaAs layer,
resulting in very high electron mobility. Figure 16 shows a
schematic of such structure. 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

JPhGarhs
GaAs | 7| nALGagas

Conduction band

Valence band

Fig. 16. Schematic diagram of a HEMT structure.
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Fig. 17. Electric potential and field profiles for AlGaAs/GaAs
HEMT structures 1 (a), 2 (b) and 3 (c) (after Ref. 39).

2DEG and the ionised donors in n* AlGaAs layer, an insu-
lating AlGaAs spacer layer usually separates these two lay-
ers. The thickness of spacer determines the number of
transferred electrons. The presence of a potential well re-
sults in the formation of subband states in the conduction
band. The valence band exhibits no confinement and hence
has three-dimensional characteristics.

Soares and co-workers [39,40] investigated three
AlGaAs/GaAs HEMT structures with different spacer
width. All structures were grown by MBE on a semi-insu-
lating GaAs substrate. The GaAs substrate was followed by
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Fig. 18. Photoreflectance spectra from AlGaAs/GaAs HEMT
structures 1 (a), 2 (b) and 3 (c) (after Ref. 39).

500 nm undoped active GaAs layer, an undoped Aly3Gag7As
spacer, an Si-doped Alj3Gay;As barrier layer and an
Si-doped GaAs cap layer of donor concentration Np =
3x10'® ¢cm=, The width and donor concentrations of the
barrier layers were 50 nm and Np = 1x10'® cm™ for struc-
ture 1 and 40 nm and Np = 1.5%10'® cm for structures 2
and 3, respectively. The thickness of the spacer layer was
0 nm, 6 nm and 8 nm. The potential and electric field pro-
files of the HEMT structures are shown in Fig. 17.

Figure 18 presents room temperature PR spectra of the
three HEMT structures. Each spectrum exhibits two types
of oscillations: short-period oscillations at the fundamental
gap of GaAs and extending over the whole spectral range,
wide-period oscillations. The wide-period oscillations orig-
inate from the Franz-Keldysh effect. The strength of sur-
face electric field, obtained from the period of FKO, is
slightly less than that obtained from electric field profile
calculations (about 750 kV/cm).

The short-period oscillations in structure 1 differ from
oscillations in the other structures. For example, the ampli-
tude of these oscillations is considerably smaller for struc-
tures 2 and 3 than for structure 1. The deviations, between
structure 1 and the other structures, concerning GaAs lay-
ers occur only at the AlGaAs/GaAs interfaces. Thus,
Soares et al. attributed the line shape discrepancies to dif-
ferent interface qualities. In the case of sample 1, the inter-
face is of relatively good quality and the charge density, as-
sociated with the interface defects, is small. Interface de-
fects and the associated interface charge seem to be present
in the case of samples 2 and 3. The quality of interface in-
fluences the electric field profile and hence the PR spectra.
The short-period oscillations cannot be traced back to the
Franz-Keldysh effect. Soares ef 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.

Glembocki and co-workers [1] have shown that the PR
technique provides a room temperature fingerprint of
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Fig. 19. Photoreflectance spectra of an undoped AlGaAs/ GaAs
heterojunction (top) and four HEMT structures with different car-
rier densities (after Ref. 1).

a two-dimensional electron gas. They have studied a few of
HEMT structures with different electron gas concentration.
Figure 19 shows a series of spectra ranging from thick lay-
ers to a HEMT structure, which failed to form the two-
-dimensional electron gas. Only one feature, which origi-
nate from the GaAs layer, is present in the spectrum of the
structure without the two-dimensional electron gas (the top
spectrum). The two-dimensional carrier concentration was
measured with a cyclotron resonance technique at 4 K. For-
mation of a two-dimensional electron gas results in an ad-
ditional PR feature above the GaAs sigal. The intensity of
this feature decreases as the carrier density is reduced, until
it is hardly visible in the structure having zero carrier den-
sity at 4 K. Low temperature measurements indicates that
this feature does not originate from the Franz-Keldysh ef-
fect. Although the nature of the PR feature is still unknown
[1], it serves as a fingerprint of a two-dimensional electron
gas.

Sek et al. [41] studied two AlGaAs/GaAs HEMT struc-
tures grown by MBE. A buffer layer, 100 periods of
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Fig. 20. Room temperature spectrum from Aly33Gag g;As/GaAs
HEMT structure (after Ref. 41).

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 (1x10'7 cm=3) AlGaAs layer were grown
on a GaAs substrate. The structure was terminated with
a 17 nm GaAs cap layer.

A PR spectrum of HEMT structure with an 80 nm
spacer layer, is presented in Fig. 20. 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 proba-
bly related to a two-dimensional electron gas. Sek et al.
interpreted the oscillatory signal around 1.6 eV, as the
Franz-Keldysh oscillations associated with the SL pres-
ent in the structure. In the presence of an internal electric
field, the electrons can be accelerated in the field direc-
tion and transitions in short-period SL may be analysed
in terms of the miniband Franz--Keldysh effect. The
electric field value, deduced from the period of the oscil-
lations, is 4.4 kV/cm.

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

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.
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4.1.2. Pseudomorphic high electron mobility
transistors

High electron mobility transistors offer superior signal-to-
-noise performance compared with other solid state
amplifiers. One type of HEMT, the pseudomorphic AlGaAs/
InGaAs/GaAs modulation doped structure (PHEMT) has
demonstrated outstanding power performance. The
pseudomorphic structures overcome the problem associated
with the DX centres in the AlGaAs in AlGaAs/GaAs
HEMTS, and make it possible to achieve a larger conduction
band discontinuity for a given Al content. In the
AlGaAs/InGaAs/GaAs system, 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 few hundred GHz. The energy band profile
of PHEMT structure is shown in Fig. 21.

A detailed study of a pseudomorphic Algy2,Gag7gAs/
Ing5;Gag 790As/GaAs HEMT structure in the temperature
range from liquid nitrogen to the room temperature was re-
ported by Yin et al. [42]. 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 ampli-
fication at 94 GHz. A 300 nm of not-intentionally doped
GaAs, followed by 15 nm of Ing,;GagroAs, 3 nm of
Aly,Gag7gAs, a planar Si doping layer of 5x10% cm2,
50 nm of Aly,,Gag73As and a 5 nm GaAs cap, was grown
on top of buffer structure. From Hall measurements, sheet
electron densities of N = 2.3x10'2 cm™2 at 77 K and N =
2.5%10'2 cm2 at 300 K were determined.

Figure 22 shows both the PR and the electroreflectance
(ER) spectra of PHEMT structure. Features below 1.4 eV,
labelled A, B and C, are associated with InGaAs quantum
well. Features between 1.4 eV and 1.45 eV originate from
GaAs and features at about 1.75 eV from the AlGaAs layer.
Peaks at low energies, comparing to these from AlGaAs,

Al,Gay.As In,Ga,_As

| GaAs

¥

GaAsll

n*Al,Ga,_As

Conduction band

Valence band

Fig. 21. The energy band profile of PHEMT structure.
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Fig. 22. Photoreflectance and electroreflectance spectra from
AlGaAs/InGaAs/GaAs PHEMT structure. Features labeled A, B
and C are associated with InGaAs quantum well (after Ref. 42).

originate from GaAs/AlGaAs MQW. The part of the spec-
trum originating from InGaAs quantum well is the most in-
teresting. Line shapes of A, B and C features are unusual for
modulation spectroscopy from QW system. The traces
should have positive and negative lobs but in this case they
lie on only 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. to determine the Fermi energy and hence N,

In order to identify the origins of the A, B, and C peaks,
Yin and co-workers performed a self-consistent theoretical
calculation. They found very good agreement between ER
experiment and theory associating features A, B and C with
21H, 32H and 42H transitions, respectively. Transitions,
which involve the ground electron subband, are not al-
lowed since Ep 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 en-
ergy (and hence Nj), obtained from the PR studies, is larger
than that corresponding to the ER measurements. The dis-
crepancy results from the presence of carriers photoexcited
by the pump beam. Decreasing the pump light intensity can
reduce the differences between the PR and ER spectra.

Yin et al. also performed room temperature PR investi-
gations of three different AlGaAs/InGaAs/GaAs PHEMT
structures [43]. Besides the investigations of InGaAs re-
gion of the PR spectra, they studied features related to the
GaAs and AlGaAs layers. They deduced corresponding to
the GaAs and AlGaAs electric fields and the Al composi-
tion. The field related to the GaAs signal is in agreement
with a calculated built-in electric field. The Al composition
also confirms the intended growth conditions.

Han and co-workers studied the AlGaAs/InGaAs/
AlGaAs PHEMT structures with different doping profiles
[44]. The doping on both sides of the InGaAs channel af-
fects the electric field in GaAs and AlGaAs layers. The

16 Opto-Electr., 8, no. 1, 2000

front side doping (Si delta doped top AlGaAs layer, 2 nm
from AlGaAs/InGaAs interface) has more influence on the
Franz-Keldysh oscillations (electric field) in the AlGaAs
layer. Back-side doping (Si doped AlGaAs layer 3 nm be-
low InGaAs/AlGaAs interface) has more effect on the
Franz-Keldysh oscillations of the buffer GaAs feature. Han
et al. has not found any relationship between the electric
field present in the structure and the channel carrier con-
centration.

Using photoreflectance, Liu et al. has studied the be-
haviour of a two-dimensional electron gas in PHEMT
structures [45]. The samples were grown by MBE. The en-
ergy band profile of the AlGaAs/InGaAs/GaAs PHEMT
structure being under study is shown in Fig. 21. The
InGaAs channel has a thickness of 15 nm. Both aluminum
and indium mole fraction was 15%. The AlGaAs spacer
layer is 3 nm thick, while the n-type doped AlGaAs layer
has thickness of 30 nm. The structure was covered by
15 nm of n-type doped GaAs. From Hall measurements,
a two-dimensional electron gas density of 1.2x10'? cm
was obtained. Figure 23 shows the spectra obtained at tem-
peratures from 20 to 300 K. The low energy side of the
spectra are related to the two-dimensional electron gas in
the InGaAs channel. The features from InGaAs channel are

A B

C
20 K
‘/\/\/\/V\f\’—‘ 40K
‘/\/\l\/‘l\/\/—ﬁK
JJ\W\/1OUK
120K
B

200K

A
B C

300 K

AR/R (a.u.)

t I 1 1 )
1.2 1.4 1.6 1.8
Energy (eV)

Fig. 23. The photoreflectance spectra of AlGaAs/InGaAs/ GaAs
PHEMT structure at various temperatures. The features from
InGaAs channel are denoted as A, B and C (after Ref. 45).
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denoted as A, B and C. At 300 K, feature C is superim-
posed with the signal from the band edge signal of GaAs.
Feature C becomes separated at 20 K and displaying deriv-
ative-like characteristics. Calculation based on triangular
well potential, shows that this feature is related to the 22H
optical transition. The derivative-like behaviour implicates
that the band filling effects and screening effects are not
important for 22H transition. Features A and B are related
to the 11H and 12H transitions, respectively. Due to the
presence of the two-dimensional electron gas and conse-
quently, the band filling and screening effects, these transi-
tions are weakened and their line shapes keep asymmetric
at various temperatures. At both low and high tempera-
tures, the influence of the band filling has different effects,
which results in the absorption onset near the bottom of
ground states at room temperature and near the Fermi edge
at low temperatures, respectively.

4.1.3. Heterojunction bipolar transistors

There is a considerable interest in heterojunction bipolar
transistor (HBT) technology for a 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 in-
jection efficiency and the current gain can be improved sig-
nificantly. An important drawback of HBT is a large col-
lector-emitter offset voltage resulting from the turn-on
voltage difference between the emitter-base heterojunction
and base-collector homojunction.

Bottka et al. [46] has studied AlGaAs/GaAs HBT
structures grown by MOVPE technique. The layer param-
eters of the structures are given in Table 3. After growth,
HBTSs were fabricated in a portion of the wafer. In order
to assess transistor performance, current-voltage (I-V) and
capacitance-voltage (C-V) characteristics were collected.
Sample A exhibits good current gain (f = 50) and a high
collector-emitter breakdown voltage (greater than 18 V).
Sample B was grown on a thick base layer and, due to the
bulk recombination, exhibits lower current gain (f = 5).
Sample C was prepared multiple times and demonstrated
reasonable or no current gain (poor emitter injection effi-
ciency), depending on the growth conditions employed.

Figure 24 shows PR spectra from sample B, 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 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 be-
tween 1.44 and 1.5 eV. This feature originates from the
base-collector space charge region. The oscillatory struc-
ture above 1.79 eV corresponds to the Franz-Keldysh oscil-
lations of the Al,Ga; ,As emitter layer, having an electric
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Fig. 24. Room temperature photoreflectance spectra from wide ba-
se AlGaAs/GaAs HBT structure — sample B (after Ref. 46).

field of about 100 kV/cm. The x = 0.28 Al mole fraction,
was deduced from the energy gap.

The base-emitter region is most critical for the overall
device performance. Small difference in the placement of
the base-emitter p-n junction can have considerable impact
on the device. From the analysis of certain spectral fea-
tures, Bottka et al. has evaluated the built-in DC electric
field in both the AlGaAs emitter and in the n~ GaAs collec-
tor region.

Sun and Pollak [47] studied the origin of the Franz-
-Keldysh oscillations, observed in photoreflectance spec-
tra, associated with the electric fields in the AlGaAs
emitter and the GaAs collector of graded band gap
heterojunction bipolar transistors. They derived analyti-
cal expressions for the origins of the Franz-Keldysh os-
cillations, associated with the fields in the graded emitter
and collector regions of AlGaAs/GaAs HBT. Sun and
Pollak found that the oscillations from the collector are a
measure of the maximum collector space charge field at
the collector-base junction. The Franz-Keldysh oscilla-
tions, originated from the graded band gap AlGaAs emit-
ter, are a function of both the space charge field and
emitter-base grading dimension.

Compared to GaAs/AlGaAs based structures, lattice
matched InP/Ings3Gag4;As HBT structures have several
advantages. Low turn-on voltage, low surface recombina-
tion rate and a use of the some substrates as sources and de-
tectors of 1.3-1.55 pm wavelength radiation (favoured in
optoelectronics) are some of the examples.
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Table 3. The layer parameters for three AlGaAs/GaAs HBT structures — A, B and C (after Ref. 46).

Device Al Sample A Sample B Sample C
layer mole
fraction Doping Thickness Doping Thickness Doping Thickness
(em™3) (nm) (cm™) (nm) (cm) (nm)
n* cap 0 5%10% | 200 5 x 1018 100 4% 1018 200
N graded 0-0.3 2x 107 | 30 2 x 1017 30 1 x 10" 20
N emitter 0.3 2 % 1017 150 2 x 10V 150 1x 10" 150
N graded 0.3-0 2 % 1017 | 20 2 x 1017 30 1x 107 20
P~ spacer 0 1% 1013 20 1x 101 20 1x 1013 20
p* base 0 | 1x 101 100 1x 1019 500 1x 10" 80
n™ collector 0 3 x 1016 700 1x 106 500 4 x 1016 500
n* sub-collector _ 0 5x 1018 500 5% 1018 500 4x 108 300
Substrate 0 SI SI SI

Using PR, Yan ef al. [48] has investigated a grown by
gas-source MBE, lattice-matched InP/Injs3Gags;As HBT
structure. They performed a room temperature measure-
ment. From the periods of Franz-Keldysh oscillations, they
evaluated both the built-in electric field to be 30 kV/cm
and 100 kV/cm and corresponding donor levels of 4.5x1013
and 3.5x10'6 cm3 in n-InGaAs collector and n-InP emitter
regions, respectively. The optical transition energy of InGaAs,
indicates that this material is lattice matched to the InP.

A heterojunction bipolar transistor, based on InAlAs/
InGaAs, has a lower break-down voltage 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 applications. The simplest way
to reduce the offset voltage is the method of inserting an in-
trinsic spacer, made of material with a small band gap, be-
tween the emitter and the base. Confining the two-dimen-
sional electron gas, the spacer reduces the energy spike in
the emitter-base junction.

Using photoreflectance spectroscopy, Hsu and Chen et
al. have studied lattice-matched InAlAs/InGaAs HBTS,
grown by MBE [49-52]. The structures were fabricated on
an n* InP:Si substrate (001). The layer structure of the HBT
samples is shown in Table 4. Two samples, with 30 nm and
50 nm width of the undoped InGaAs spacer layer, have been
studied. Figure 25 shows a self-consistent calculated energy
band diagram of sample with the 30 nm spacer layer.

Photoreflectance spectra of the studied structures are
presented in Fig. 26. Spectrum #1 comes from the structure
with the 30 nm spacer and spectrum #2 is for the structure
with the 50 nm spacer. Features labelled as A and E denote
the transitions due to the In,Ga;,As band gap and the
InyAl;,As band gap, respectively. From the energy posi-
tion of these two features, In content x. = 0.516 and y =
0.540 was obtained. The quantum confined excitonic tran-
sitions, with excitons formed by electrons confined to the

18 Opto-Electr., 8, no. 1, 2000

QW in the emitter-spacer junction and unconfined holes in
the valence band, are denoted as B. The features denoted 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 Eg + A, transitions in InGaAs are
labelled as D. The Franz-Keldysh oscillations near C and B
are related to the built-in dc electric field. From the oscilla-
tions, Hsu ef al. 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 sample with Lg =30 nm and

2
Spacer
InGaAs
Emitter
InAlAs Base
1r InGaAs

Energy (eV)

1
12000

) . ! |
0 3000 6000 9000

Depth (A)

Fig. 25. Self-consistent calculated energy band diagram of
InAlAs/InGaAs HBT with spacer layer of 30 nm (after Ref. 50).
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Table 4. Layer structure of InAlAs/InGaAs HBTs. Lg is the width
of spacer layer.

Thickness Doping
(nm) (cm™)
n* — InAs cap 30 3x 10
| n* —InGaAs cap 50 3% 101
n — InAlAs Hi-emitter 100 2% 10"
n* — InAlAs emitter 150 1x 107
i — InGaAs spacer Lg
p — InGaAs base 150 4 %108
n — InGaAs collector 500 1% 1015
n — InGaAs Hi-collector 250 1x 1017
n* — InGaAs buffer 250 3 x 101
n* — InP substrate l

41.4 kV/cm and 107.6 kV/cm for sample with Lg = 50 nm.
The electric field associated with C decreases as the spacer
thickness increases. Hsu ef al. estimated that the interface
charge carrier density, Ng, is 3.54x10!! cm2 for Lg = 30 nm
and 4.22x10"! ¢cm2 for Lg = 50 nm.

Photoreflectance studies on the InAlAs/InGaAs HBT
structure with Lg = 30 nm were continued by Chen and Jan
[51]. They analysed the behaviour of a two-dimensional
electron gas at temperatures between 10 K and 300 K. For
the first time, Chen and Jan utilised the temperature de-
pendence of effective mass to analyse Franz-Keldysh oscil-
lations in the photoreflectance technique. The values de-
duced from the oscillations were in reasonable agreement
with the based on intended growth condition calculations.

Chen and co-workers [53] investigated graded InAlAs/
InGaAs HBT structures at temperatures between 8 K and
300 K. Using the Varshni and Bose-Einstein equations,
they described the temperature variation of energy gaps.
From the observed Franz-Keldysh oscillations, they evalu-
ated the built-in electric fields in the i-InGaAs collector,
i-InGaAs spacer and n-InAlAs emitter regions. In the inter-
faces between emitter and base, the electric field values are
in good agreement with the continuity condition of electric
displacements.

4.2. Semiconductor lasers

In a recent chapters we presented an application of photo-
reflectance spectroscopy to investigation of such micro-
structures like quantum wells, wires, dots and transistor
structures. Using PR, we are able to study even more com-
plicated multi-layer structures. In this chapter, we present
some examples of PR studies of laser structures.

The vertical cavity surface emitting laser (VCSEL) be-
came recently very important for opto-electronics. VCSEL

Opto-Electr. Rev., 8, no. 1, 2000
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Fig. 26. The photoreflectance spectra from InAlAs/InGaAs HBTs

with 30 nm (#1) and 50 nm (#2) spacer thickness. The origin of

marked with arrows optical transitions is described in text (after
Ref. 49).

has several advantageous properties such as single longitu-
dinal mode operation, small beam divergence, low thresh-
old current and ease of integrability. The photoreflectance
results on VCSEL structures were reported by Berger et al.
[54,55]. Samples were grown by gas source MBE. The
structures consisted of an n* distributed Bragg reflector
(DBR) as the bottom mirror, a cavity with three GaAs/
AlGaAs QW’s and a p* DBR as the top mirror (see Fig.
27). The described above full VCSEL structure is marked
DU. The structure obtained at the same conditions but
without top DBR is marked DT.

Berger et al. recorded both the reflected signal Rl (not
normalised reflectivity) and the modulated signal ARI,. A
numerical division of ARIj by RI; gave the PR spectra. Ob-
tained at room temperature reflected spectra and PR spectra
for full structure (DU) and the structure without top DBR
(DT) are plotted in Fig. 28. Dashed lines represent the Rl
signal. For DU structure, the RI; signal shows a reflectivity
plateau of the cavity. Near 1.58 eV, Rl exhibits a slight
dip, which is due to the resonance (Fabry-Perot) mode of
the cavity. Solid lines represent PR spectra. The PR spectra
in Fig. 28 exhibit two groups of features in each structure.
An attributed to the quantum well transition 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 fea-
tures 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 determine the transition energies in the DU spec-
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Fig. 27. Schematic diagram of the GaAs/(AlGa)As based VCSEL structure (after Ref. 55).

trum. Berger et al. has discovered that the features about
1.5 eV originates from the optical transition between the
heavy hole and the electron subbands. From the energy po-
sition of the AlGaAs related feature, the Al content of 16%
was determined.

In order to change the quantum well transition energy,
the measurements were performed at temperatures down to
9 K. The PR and RI, spectra for full VCSEL structure ob-
tained at 300 K, 110 K and 9 K are shown in Fig. 29. In the
PR spectra, the AlGaAs related transitions exhibits Franz-
-Keldysh oscillations, from which the value of the electric
field in the cavity is 38 kV/cm at room temperature and de-
creases to 17 kV/em 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 is
arising as temperature decreases. The maximum intensity
was observed at 110 K. Two features around 1.57 eV are
present in the spectrum corresponding to temperature
110 K. The higher energy feature originates from the 11H
transition and the lower energy feature corresponds to the
Fabry-Perot cavity mode [55].

Klar et al. [56,57] performed photoreflectance and con-
ventional reflectance studies on an InGaAs/GaAs/AlGaAs
vertical cavity surface emitting laser structure at room tem-
perature. The structure was grown by MBE on GaAs n*
substrate. It was designed for operation at A = 1 pm, and
consists of a GaAs cavity with an 8.5 nm wide, compres-
sively strained Ing,3Gag;,As quantum well in the centre.
The cavity is embedded between bottom (n*) and top (p*)
distributed Bragg reflectors.

Figure 30 shows set of room temperature PR spectra,
for different angles of incidence of the probe light. The
spectra were taken with the lock-in amplifier set to detect
AR/R signal, in-phase with respect to the constant PL back-
ground from the sample [56]. All the photoreflectance
spectra show three prominent features. The first, at about
1.185 eV is 11H exciton transition in the Ing,3Gap7,As

20
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quantum well. The second signal moves to higher energy
with increasing angle of incidence. It shows the same angu-
lar dependence as the cavity mode in the reflectivity spec-
trum, hence Klar et al. conclude 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

Intensity (a.u.)
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Energy (eV)

Fig. 28. Photoreflectance spectra at 300 K from the full VCSEL

structure (#DU) and structure without distributed Bragg reflector

(#DT) — solid lines. Dashed lines represent reflected signal — Rl
(after Ref. 54).
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about 100 meV lower in energy than the cavity mode. The
third signal, above 1.4 eV, is due to Franz-Keldysh oscilla-
tions in the GaAs layers.

The strength of the signal from the cavity mode varies
with angle of incidence and is stronger between 30° and 60°,
than at angles of 15° and 75°. This may be explained as fol-
lows. When the cavity mode feature overlaps in energy with
higher-order quantum well transition, probe light at this en-
ergy will be more strongly modulated by the QW than at
other angles of incidence (such as 15° and 75°). Thus, one
would expect to observe a stronger photoreflectance signal
for cavity mode when it passes through positions of reso-
nance with the higher-order QW transition, which are 12H,
13H, 21H and 22H for QW being under study [56]. 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 cavity mode, Klar et al. explained as fol-
lows [56]. Due to the modulation-induced changes in the
complex refractive index of the cavity layers, the cavity
mode feature in the reflectance spectrum gives rise to cor-
responding 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.
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Fig. 29. Photoreflectance spectra from the full structure of
a VCSEL (#DU) at 300 K, 110 K and 9 K (solid lines). Dashed lines
hold for reflected signal (after Ref. 54).
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Klar er al. continued studies of InGaAs/GaAs/ AlGaAs
VCSEL structure, measuring the photoreflectance spectra at
hydrostatic pressures up to 1.24 GPa [57]. Figure 31 shows a
series of photoreflectance spectra for various hydrostatic
pressures. All the spectra show two signals. At ambient pres-
sure, low-energy signal, at about 1.19 eV, can be assigned to
the 11H transition. High-energy signal, at about 1.295 eV is
attributed to the cavity mode. Both signals shift towards
higher energy with increasing pressure. Because the energy
shift of quantum well exciton feature is bigger than that of
cavity mode feature, at the highest pressure, the overlap be-
tween those two features is observed.

From photoreflectance data, Klar et al. 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 studies of strained InGaAs QWs embedded in GaAs
barriers. Klar et al. found that the value of pressure coeffi-
cient for the cavity mode is mainly caused by the pres-
sure-induced change of the refractive index of the cavity.

Berger et al. [54,55] and Klar et al. [56,57] demon-
strated that the photoreflectance spectroscopy can be a
powerful tool for studies of the gain and loss mechanisms
in VCSEL devices.

Pollak et al. [58] investigated multiple quantum well
planar emitting laser structures. They performed a room
temperature PR study of two pseudomorphic InGaAsP/InP
1.3 pm MQW laser structures. The structures were fabri-
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Fig. 30. Photoreflectance spectra from InGaAs/GaAs/AlGaAs
VCSEL structure for different angles of incidence of the probe light
(values indicated on the right) taken at room temperature (after Ref. 56).
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Fig. 31. Photoreflectance spectra from InGaAs/GaAs/AlGaAs
VCSEL structure for various hydrostatic pressures. The pressure
values in GPa are indicated on the left of the spectra (after Ref. 57).

cated by MOCVD technique. The first structure was grown
on a (001) InP substrate with an InP n* buffer. A lat-
tice-matched separate confinement heterostructure (SCH)
InGaAsP of about 50 nm thick, followed by 6-10 strained
layer InGaAsP QWs with lattice-matched InGaAsP barriers
was grown on the buffer layer. The MQW stack was fol-
lowed by another lattice-matched InGaAsP SCH and by an
InP p* layer. The entire structure was covered with a lat-
tice-matched InGaAsP cap.

Figure 32 presents the room temperature PR spectrum of
a structure with 6 nm QWs. The features below 1.1 eV origi-
nate from the MQW stack. The signal above 1.3 eV comes
from the top InP p* layer. The feature exhibits Franz-
-Keldysh oscillations, 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 origi-
nating from the SCH. The built-in SCH region’s electric
field is about 41 kV/cm. The band gap of SCH material is
1.104 eV, which means that materials are lattice-matched.

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 struc-

- ture. The energy of 11H transition is 0.925 eV (1.34 pm).

Aigouy et al. [59] evaluated the energy of the funda-
mental transition (11H) in a 0.98 pm InGaAs/ GaAs/InGaP
p-i-n quantum well laser, as a function of both, the bias ap-
plied to the laser, and the position on the laser stripe. They
used both, photoreflectance and electroreflectance tech-

22 Opto-Electr., 8, no. 1, 2000

T T T

T=300K

ﬂ 1.3 ym InGaAsP/InP laser

5] u TInP | |

- T InGaAsP SCH
MQw
-4 1 1 L
0.8 1.0 1.2 1.4 1.6
Energy (eV)

Fig. 32. Photoreflectance spectrum from a pseudomorphic 1.3 pm
InGaAsP/InP MQW laser structure with QWs width of 6 nm (after
Ref. 58).

niques with a spatial resolution of about 10 pm. The laser
device was grown by MOCVD on an n* GaAs (001) sub-
strate. The active region consisted of two undoped pseudo-
morphic 7-nm Ing9Gagg;As 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 line width
and an increase in the amplitude of the spectral feature. Re-
verse bias has the opposite effect. These changes in various
parameters are a consequence 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, which causes a shift of the transition energy
and changes of other parameters. Aigouy et al. evaluated
the electric field to be 70 kV/cm at a zero bias.

Aigouy et al. performed a scan of the 11H transition en-
ergy versus the localisation of the probe light spot on the
surface of laser structure. They scanned a surface of
750x50 pm and found spatial variations in the 11H transi-
tion energy of 6-7 meV over the entire region. These spa-
tial variations are probably due to inhomogeneities in com-
position and the electric field distribution.

5. Conclusions

In this review paper, we presented the applications of
photoreflectance spectroscopy for investigations of low-
-dimensional, semiconductor structures. The theoretical
background of this technique including the line-shape ex-
pressions for photoreflectance spectra related to semicon-
ductor microstructures, was briefly introduced.

In the first part of our work, we presented the exemples
of photoreflectance spectroscopy investigations of quantum

© 2000 COSiW SEP, Warsaw



wells, multiple quantum wells, superlattices, quantum
wires and quantum dots. In the second part we concen-
trated on the investigations of semiconductor device struc-
tures such as transistors and semiconductor lasers.

Photoreflectance, which is the contactless modulation
spectroscopy technique can be carried out even at room
temperature, providing as much information as other opti-
cal methods (PL, PLE) at very low temperatures.

The examples we have shown confirm that the photo-
reflectance is appropriate for the investigations of both semi-
conductor low-dimensional structures and device structures.
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