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This paper reviews the background of modulation spectroscopy, particu-
larly electromodulation, presents some recent room temperature results hav-
ing both fundamental and technological significance, including two-dimen-
sional electron gas effects in modulation-doped, pseudomorphic
GaAlAs/InGaAs/GaAs single quantum wells (HEMT structures), quantum
well laser structures and process-induced damage in quantum dot arrays
fabricated by reactive ion etching.

PACS numbers: 78.66.—w, 78.66.Fd, 78.40.Fy

1. Introduction

Modulation spectroscopy is a powerful experimental technique for studying
and characterizing the properties of bulk semiconductors [1-3], reduced dimen-
sional systems (quantum wells, superlattices, heterostructures, quantum dots, ctc.)
[1-3], surfaces/interfaces [1-3], growth/processing [1-3] as well as actual device
structures [1, 3, 4]. Modulation spectroscopy is an analog method for taking the
derivative of the optical spectrum of a material by the periodic modification of the
mecasurement conditions. This procedure gives rise to sharp, differential-like spec-
train the region of interband (intersubband) transitions, even at room temperature
(or above). One of the most important advantages of modulation spectroscopy is
the ability to perform detailed lineshape fits to extract important parameters such
as interband (intersubband) cnergies, linewidths, Fermi energies, etc. For example,
cven at 300 K it is possible to evaluate the energies of interband (intersubband)
transitions to within a few meV. Furthermore, the eflects of static external per-
turbations such as electric and magnetic fields, temperature, hydrostatic pressure,
uniaxial stress, composition, etc. can be conveniently studied.

A particularly useful form of modulation spectroscopy is electromodulation
(EM) since it is sensitive Lo surface/interface electric fields and can be performed
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in contactless modes that require no special mounting of the sample. These tech-
niques can be employed on wafer-sized material without altering the sample. The
apparatus is simple, compact, easy to use and relatively inexpensive.

2. Instrumentation

Shown in Fig. 1 is a schematic drawing of the contactless EM method of
photoreflectance (PR) developed at Brooklyn College [1-3]. In PR modulation of
the built-in electric field of the sample is caused by photo-excited electron-hole
pairs created by the pump source which is chopped/modulated at frequency 2,
typically & 100-200 Hz, utilizing a mechanical chopper with maximum £, =
5 kHz. Higher modulation frequencies up to about 1 MHz can be achieved by (a) .
replacing the mechanical chopper by an acousto-optic modulator or (b) using an
internally modulated laser diode (no chopper required).
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Fig. 1. Schematic representation of the Brooklyn College photoreflectance apparatus.

The light striking the detector contains two signals: the dc (or average value)
is given by Io(A)R(A), where R(X) is the dc reflectance of the material while the
modulated value (at frequency 2,) is I(A)AR(X), where AR(]) is the change in
reflectance produced by the modulation source. The ac signal from the detector,
proportional to IpA R, is measured by a lock-in amplifier (or other signal averaging
procedure). Typically pAR is 10~4-~10¢ of [H R.

In order to evaluate the quantity of interest, i.e. the relative change in re-
flectance AR/R, a normalization procedure must be used to eliminate the unin-
teresting common feature Io(A). Normalization is performed by a variable neutral
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density filter (VNDF) connected to a servo mechanism. The dc signal from the
detector, which is proportional to Io(A)R(}), is introduced into the servo which
moves the VNDF in such a manner as to keep Io(\)R()) as a constant, i.e.,
Io(A)R(A) = C. Under these conditions the ac signal Io(\)AR()) = CAR(N)/R()).
Thus, the signal to the lock-in-amplifier is proportional to the quantity of interest,
i.e., AR(N)/R(]).

Another contactless method of EM is contactless electroreflectance (CER)
(1, 3]. The CER method utilizes a condenser-like system consisting of a thin,
transparent, conductive coating [indium-tin-oxide or 50-60 A of a metal such as
Au or Ni on a transparent substrate (glass, quartz, etc.)] which serves as one
electrode. A second electrode consisting of a metal strip is separated from the first
electrode by insulating spacers. The sample (& 0.5 mm thick) is placed between
these two capacitor plates. Thus there is no pump beam required in CER.

An example of a contact mode of EM would be the metal-insulator(ox-
ide)-semiconductor configuration which consists of the semiconductor, about 200 A
of an insulator such as Al;O3 and a semi-transparent metal (about 50 A of Ni
or Au). Modulating (ac) and bias (dc) voltages are applied between the front
semi-transparent metal and a contact on the back of the sample. To employ this
mode the sample must be conducting.

3. Lineshape considerations

Differential changes in the reflectivity can be related to the perturbation of
the complex dielectric function [¢ (= €1 + ie2)] expressed as [1-3]:

AR/R= a(61,62)A€1 +b(€1,€2)A€2, (1)

where @ and b are the Seraphin coefficients (related to the unperturbed €) and
Ag1/Ae, are the changes in the complex dielectric function due to the perturba-
tion. The functional form of Ae;/Ae; can be calculated for a given perturbation
provided that the dielectric function and critical point are known.

Electromodulation is the most complex form of modulation spectroscopy
since it can destroy the translational symmetry of the material and hence can ac-
celerate unbound electrons and/or holes [1-3]. Electromodulation can be classified
into two categories, i.e., low- and high-field regimes. In the former |[A@| < I', where
I is a broadening parameter and h@ is given by

(hO)® = e?h2F2/2y. (2)

In ‘Eq. (2) F.is the field and g is the reduced interband mass in the direction of

~ the field. In the high-field situation |[hO| > I'.
In the low-field regime EM yields a third-derivative spectroscopy in bul

material and Eq. (1) can be written as [1-3] :
AR/R = Re[Ac'(E.— Eg +iI')™™], - ®)

where A is the amplitude of the signal, ¢ is the phase angle which mixes together

the real and imaginary parts of Eq. (1), E is the photon energy, Eg is the energy

gap and m is a parameter that depends on the nature of the critical point, i.e., for
a three-dimensional critical point (direct band gap of GaAs) m = 2.5.
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In the high-field regime the dielectric function of bulk material can exhibit
oscillatory behavior above the band gap called Franz-Keldysh oscillations (FKOs).
The position of the n-th extrema in the FKOs are given by [1-3] '

n7 = (4/3)[(En — Eg)/ROP* + x, (4)
where E, is the photon energy.of the n-th extrema. A plot of (47/3)(E, — Eg)*/?
vs. the index number n will yield a straight line with slope (k@)3/2. Thus, the
electric field (F) can be obtained directly from the period of the FKOs if p is

known.
For bound systems EM yields a first-derivative spectroscopy [1-3]

A = [(9e/OE,)(0Eg)0Fac) + (0e/0T) (8T [0Fac)+
(06 /0A)(OA/OFec)]Fac, %)

where Fy is the modulating field. For unscreened excitons (either in bulk or quan-
tum wells) and impurities the unperturbed ¢ of Eq. (5) will be either Lorentzian
or Gaussian, depending on the broadening mechanism and/or temperature. For
~ the Lorentzian case Eq. (5) can be conveniently expressed as Eq. (3) with m = 2
(if the term 8¢/dA in Eq. (5) is neglected). For screened excitons in quantum
wells the unperturbed ¢ will be related to a broadened, step-like, two-dimensional
density of states.

For thermo- and piezomodulation, since these methods do not destroy
‘the translation symmetry, the lineshape will be the first-derivative expression of
Eqs. (5) for either bound or unbound systems [1, 3].

4. Applications

4.1. Modulalion-doped pseudomorphic GaAlAs/InGaAs/GaAs
single quanium wells

Photoreflectance or CER at 300 K has been used to characterize
Gay_yAlyAs/In; Ga;_,As/GaAs modulation-doped single quantum wells (SQWs)
with a two-dimensional electron gas (2DEG) having different materials parame-
ters [4, 5]. Such structures form the basis for high electron mobility transistors.
We shall discuss in detail one such sample with nominal y = 0.19, z = 0.2 and well
width (Lw) = 100 A, which has two confined electron and two confined heavy-hole
states, with the Fermi level (Ep) occurring between the first and second electron
levels. Thus, four intersubband transitions, i.e., 11/, 12H, 21H and 22H, are
possible at room temperature. The “symmetry”-forbidden resonances 12H and
21H are allowed because of the presence of the built-in electric field. The notation
mnH denotes an intersubband transition between the m-th conduction and n-th
~ heavy-hole-like valence subbands.

Displayed by the solid line in Fig. 2 is the CER spectrum at 300. K originating
in the InGaAs section of the sample, except for the feature denoted Ep(GaAs).
This resonance corresponds to the direct band gap of GaAs and originates in
the GaAs buffer/substrate. The trace of Fig. 2 consists of four peaks, labelled
mnH, riding on a background, which is due to the thermal tail of the Fermi
distribution function. The dashed line in Fig. 2 is a fit to the lineshape function
which is the first-derivative of a broadened, step-like, two-dimensional density of
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Fig. 2. The experimental room temperature CER spectrum (solid line) from the
InGaAs region of a n-GaAlAs/InGaAs/GaAs pseudomorphic HEMT sample. The
dashed line is a least squares fit to an appropriate lineshape function. The obtained
values of the intersubband energies mnH are designated by arrows.

states (due to the screening of the excitons by the 2DEG) and a Fermi level filling
factor. The obtained energies of the mnH transitions are denoted by arrows. By
comparing these experimental energies with a theoretical self-consistent calculation
it was possible to evaluate several important materials parameters such as Lw, In
. composition and built-in electric field. The fit to the background yielded Er and
hence N,.

It should be noted that at room temperature transitions to the first conduc-
tion level (i.e., 11H and 12H), which lies below Ef, are only seen because of the
significant thermal broadening of the Fermi distribution. As the temperature is
lowered these resonances are no longer observed [4, 5].

4.2. Quantum well laser structures

In spite of the proven utility of PR and CER. in evaluating device struc-
tures to date little work has been performed on QW laser structures [4, 5]. Low
temperature (19 K) electroabsorption measurements have been performed on
InGaAs/InGaAsP QW lasers grown lattice matched on InP substrates. A com-
prehensive study comparing lasing frequency with room temperature PR and PL
has been performed for 24 samples of Gag.guwAlp.09As(120 A)/Gao_sAlo_4As(400 A)/
Gag.2Alg.sAs QW lasers. Moneger et al. (s ref. in [5]) have reported a room tem-
perature CER study on InGaAs/GaAs/GaAlAs vertical cavity surface emitting
laser (VCSEL) structures while Berger et al. (see ref. in [5]) have performed a PR
study of the GaAs/GaAlAs VCSEL system. Chandler-Horowitz et al. (see ref. in [5))
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have investigated a GalnP/AlGaInP/AlInP SQW laser structure using a double
beam modulation PR technique to eliminate the PL background often encountered
in PR.

Pollak et al. have recently performed a room temperature CER study of
an pseudomorphic InGaAs/GaAs/InGaP 0.98 pm laser structure [5]. CER was
employed to eliminate PL problems and also to minimize the amount of light on the
sample and hence any photovoltaic effects. Signals were detected from the InGaAs
SQW, GaAs wave guide section and InGaP regions of the sample. Five quantum
transitions were observed from the InGaAs SQW section including 11H, which is
closely related to the lasing frequency. From a comparison of the energies of these
SQW features with an envelope function calculation, including the effects of strain,
the In composition and Lw of the SQW were evaluated. The derivative nature of
the spectrum and the narrow linewidth made it possible to easily determine the
energy position of 11H to less than 1 nm at room temperature.

The sample used in this study was grown by OMCVD on a nt-GaAs(100)
substrate. The basic unit of the structure consisted of a pseudomorphic In,Ga; _;As
SQW surrounded on each side by 1000 A of not-intentionally doped (NID) GaAs
sandwiched between n-and p-type InGaP. From the growth conditions the intended
values of the In composition and well width were 20% and 70 A.

.Shown by the solid line in Fig. 3 is the experimental CER data in the spectral
region of the InGaAs SQW. The strong, lowest lying feature is 11H. Above about
1.42 eV the signal is from the GaAs. The dotted line is a least squares fit of
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Fig. 3. The solid line is the experimental CER spectrum in the region of the InGaAs
SQW at 300 K. The dashed line is a least squares fit to a lineshape function, yielding
values of the intersubband energies designated by arrows.
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!;he first-derivative of a Lorentzian profile. The obtained values of the various
intersubband energies are shown at the bottom of the figure by arrows, denoted
A-D, and also are listed in Table. There is another peak at about 1.4 eV, denoted

F{, which the authors were not able to fit because of the proximity of the GaAs
signal.

TABLE

Comparison of experiment and calculation for the InGaAs
SQW of an InGaAs/GaAs/InGaP laser structure based on
an In composition of 19% and a well width of 70 A.

Spectral | Experiment | Calculation(®) | Transition
structure [eV] [eV]

A 1.279 1.277 11H

B 1.288 1.310 12H

c ©1.325 1.334 11L

D 1.371 1.359 21H

E ~ 14 1.392 22H

(8)Taking into account 7 meV exciton binding energy.

In order to evaluate Lw and In composition of the SQW these authors com-
pared the experimentally observed energies of the features A~-E with a theoretical
model. They first performed an envelope function calculation, including the effects
of strain to determine the band-to-band energies of the various transitions. Exciton
binding energies of 7 meV were used for the transitions. Any small shifts related
to the quantum confined Stark effect, due to the built-in field, were not taken into
account. The best overall agreement between the calculation and experiment was
found for Lw = 70 A and an In composition of 19%, respectively, values in very
good agreement with the intended growth parameters.

Displayed in Fig. 4 is the CER spectrum (solid line) in ‘the region of the
GaAs and InGaP band gaps. The GaAs signal exhibits a very large number of
FKOs, accompanied by a beating pattern. From an analysis of the period of the
FKOs using Eq. (4) the built-in electric field in the structure (30 kV/cm) was
evaluated.

In addition, the FKOs can be used to gain information about the coherence
length (L) of the electron-hole pair in the NID GaAs region [6]. The length L can
be defined on the following basis [5]:

L = [Eisst rx0 — Eg(GaAs)]/qF, : (6

where q is the electron charge and F is the measured field (30 kV/cm). From Fig. 4
Elast FKo = 1.720 €V (indicated by the arrow marked Ejas; ko) and Eg(GaAs) =
1.422 eV. Therefore L ~ 990 A, i.e., about the width of the NID GaAs cladding
region. This value of L indicates that there is no interdiffusion of dopants into the
GaAs region.



588 F.H. Pollak

——— EXPT.
T S I FIT CER -
300K
(24
~
o
l'< or ?V\M
(e y
. x10
-1} . Elast Fr0 Eg(lnGOP) 7
1 1
1.4 1.6 2.0

1.8
Photon Energy (eV)

Fig. 4. The experimental CER spectrum at 300 K for the GaAs and InGaP regions of
the sample. The arrow denotes ElastFko-

In order to gain more information about the nature of the GaAs FKOs the
authors have simulated the PR experiment performed on this device structure
using a comprehensive, self-consistent model [6]. This calculation shows that the
equilibrium (dark) electric field in the GaAs region is quite uniform and has a value
of 65 kV/cm, which is about a factor of two higher than the measured number.
This difference can be accounted for on the basis of the photovoltaic (PV) effect
induced by the probe beam, since there is no pump beam in CER. The magni-
tude of the field deduced from the calculated spectrum is 30 kV/cm, about 50%
smaller than the value measured from the experimental FKOs. To account for this
discrepancy the authors also have included the influence of non-radiative recom-
bination centers, which are accounted for on the basis of a Shockley-Read-Hall
(SRH) term in the continuity equations for both electrons and holes. The SRH
mechanism reduces the concentration of photogenerated carriers and leads to a
reduction in the photovoltage. In order to estimate this eflect the carrier capture
times were varied over a wide range of values and spatial locations. The results
of the simulation show that an enhanced SRH recombination in the vicinity of
the InGaAs SQW could lead to a reduction of the observed PV effect when the
carrier capture times for both the electrons (7,) and holes (7, = 7,,) are about
1 ns. One possible origin of these short recombination times are interface states at
the InGaAs/GaAs interface with a density of & 10!! em~2. Changes in the SRH
rate in the high doped regions and their interfaces (0.01 ns < 7, < 100 ns) as well
in the bulk of the NID GaAs (1 us < 7, < 1 ms) produce an insignificant increase
in the calculated electric field.

The position of the observed CER peak in the region of the InGaP band gap
(1.87 eV from a lineshape fit) corresponds to a lattice-matched composition (49%
of In).
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4.8. Quanium dot arrays

Both undoped [6] and modulation-doped [7] quantum dot arrays have been
studied using PR. We shall discuss only the former experiment. The two sets of
dot array samples used in this study consisted of an (001) semi-insulating GaAs
substrate, 5000 A of a not-intentionally-doped GaAs buffer followed by either
100 periods of GaAs(80 A)/Gag.7Alo.3As(120 A) or 15 periods of GaAs(100 A)/
Gag.7Alp.3As(100 A) QWs capped by 100 A of GaAs. The quantum dots were
fabricated by reactive-ion etching. The first (second) set of samples had dot sizes
of 0.5 pm, 0.4 pm and 0.23 pm (0.5 pm, 0.20 gm and 0.10 gm).

From the observed behavior of the 11H and 11L PR features at room tem-
perature it was possible to evaluate the process-induced strains in the quantum
dots. The strain-induced shifts, §Ey1y and §Eq1r, of the 11H and 11L energies,
respectively, can be written as (for low strains)

0E1 g = 6Ey + 6Fs, 6B =6Ey—0Es+ ... (7

The hydrostatic (6 E) and shear (6 Es) components of the strain-induced shifts in
Eq. (7) are given by

6Ey = a(2e + €,), 6Es = b(e;z —¢€). (8)

In Eq. (8) the parameters a (= —8.7 V) and b (= —2.0 V) are the hydrostatic
and shear deformation potentials for GaAs, respectively.
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Fig. 5. (a) The process-induced strains €. and € = (€22 = €yy) and (b) the ratio E2z/€
as a function of quantum dot size. Representative error bars are shown.
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From a comparison of the positions of 11H and 11L with Eqgs. (7) and (8)
it is possible to evaluate € (= €, = €yy) and €., (along the growth direction) for
the quantum dots. Plotted in Fig. 5a by the open (closed) circles and squares are
the obtained values € and ¢,,, respectively, for the first (second) set of samples
as a function of dot size. For the largest dot there is a compressive €,, of about
—7 x 104 while for the 0.10 um sample €., has been reduced to about —1 x 104

The character of the observed strain can be parameterized in terms of the ra-
tio € /€. For hydrostatic, biaxial and uniaxial strains this ratio can be expressed as
+1 (since €;; = €yy = €45), —2C12/Cr1(= —0.9) and —(C11 + C12)/C12 (= —3.2),
respectively, where the C;; are the elastic stiffness constants. Plotted in Fig. 5b by
the open (closed) triangles is £;, /¢ for the first (second) set of samples. The dashed
lines indicate the values of this ratio for the biaxial (—0.9) and uniaxial (—3.2)
cases. Note that while the magnitude of the strain is decreasing with reduced dot
size the nature of the strain is tending towards biaxial.

5. Summary

This paper has reviewed the background of modulation spectroscopy, partic-
ularly electromodulation, and has presented some recent room temperature results
having both fundamental and technological significance, including two-dimensional

_electron gas (2DEG) effects in modulation-doped, pseudomorphic GaAlAs/
InGaAs/GaAs single quantum wells (HEMT structures), quantum well laser struc-
tures and process-induced damage in quantum dot arrays fabricated by RIE.
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