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Model for the linear electro-optic reflectance-difference spectrum of GaAs„001…
around E1 and E11D1
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We developed a model to describe the linear electro-optic~LEO! component of the reflectance-difference
~RD! spectrum of zinc-blende semiconductors for energies around theE1 and E11D1 critical points. The
model is based on a piezoelectric effect due to the semiconductor surface electric field and predicts a LEO line
shape given by the superposition of two terms, a first one proportional to the energy derivative of the reflec-
tance spectrum and a second one associated with the undifferentiated reflectance spectrum. We compared the
predictions of the model to experimental LEO line shapes for molecular-beam epitaxy GaAs~001! layers doped
with 1.431016 cm3 Si donors and found an excellent agreement. The results reported in this paper help develop
the LEO RD spectroscopy as a characterization tool for zinc-blende semiconductors.@S0163-1829~99!02811-8#
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I. INTRODUCTION

There is a growing interest in the use of reflectan
difference~RD! spectroscopy for the characterization of t
surface electric field~SEF! in zinc-blende semiconductors
RD spectroscopy measures the difference in reflectance
two mutually orthogonal light polarizations and thus pr
vides information on the breakdown of the zinc-blende cu
symmetry occurring at the semiconductor surface.1 It is
known that the RD spectrum of a number of zinc-blen
~001! crystals show a linear electro-optic~LEO! component
around theE1 and E11D1 transitions, associated to th
breakdown of the cubic symmetry by the semiconduc
SEF.2,3 The amplitude of this component depends linearly
the SEF strength and its sign on the sense of the SEF2–4

Information on, both, SEF strength and sense can be
obtained from the LEO spectrum. RD measurements of L
spectra aroundE1 andE11D1 have been used for theex situ
characterization of the SEF in low-temperature grown M
GaAs,5,6 as well as for the contactless characterization of
impurity concentration in MBE ZnSe,7,8 and for the charac-
terization of the interface field in InP-In0.53Ga0.47As
heterojunctions.9 Further applications of LEO-RD spectro
copy include thein situ determination of the impurity leve
of GaAs grown by MOCVD,10 the characterization of the
GaAs surface passivation11 and the characterization of S
d-doping in GaAs~001!.12

Nevertheless, the application of the LEO spectroscopy
the characterization of the SEF in zincblende semiconduc
has been limited because of the lack of a model to desc
the LEO line shape aroundE1 and E11D1 . We note that
such model is essential not only for applications were
PRB 590163-1829/99/59~15!/10234~6!/$15.00
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LEO effect is directly involved, but also in those applicatio
where it is necessary to subtract out the LEO compon
from the measured RD line shape, such as in RD studie
surface reconstruction during epitaxial growth.13

The LEO RD line shape for GaAs~100! shows contribu-
tions of opposite signs for theE1 andE11D1 critical points.
Very recently, Chen and Yang14 have reported on a mode
for the LEO line shape around theE1 and E11D1 transi-
tions, based on a SEF piezoelectric effect. Such model
dicts contributions of opposite signs for theE1 andE11D1

critical points, but shows only a moderate agreement w
the experimental LEO line shape.

In this paper we report on a model for the LEO line sha
aroundE1 andE11D1 which shows a remarkable agreeme
with the experimental spectrum of a GaAs~001! crystal. It is
shown that the LEO line shape is obtained from the sup
position of two components of comparable amplitude, a fi
one proportional to the energy-derivative of the reflectan
spectrumR, and a second one associated toR. To allow for a
comparison of the theoretical line shape model with exp
ment, we have measured a LEO line shape aroundE1 and
E11D1 for a GaAs MBE epitaxial layer doped with 1.
31016cm3 Si donors. Care have been taken in order to o
tain a LEO reflectance spectrum free from any compon
other than that of LEO origin. As pointed out before, w
found an excellent agreement between theory and exp
ment.

The paper is organized as follows. In Sec. II we gi
experimental details on the measurement of the LEO sp
trum. In Sec. III we develop the model for the LEO lin
shape. In Sec. IV we compare the experimental LEO sp
10 234 ©1999 The American Physical Society



we

wa

a
r-

R
s
n

D

-
th

el

e
e

n
ze
po
th

th

a
a

ri
rc
t
h
a
E
e
llo
,

d
c
a
r
to
be

st
ar
y
ne
ti

he
d

the
uch
er-
ctro-
e.
rian

in
duc-

in-

f

i-

t
r-

nto
nts
-

l
.

e

this

PRB 59 10 235MODEL FOR THE LINEAR ELECTRO-OPTIC . . .
trum to the theoretical line shape and finally in Sec. V
give the conclusions to the paper.

II. EXPERIMENTAL

The LEO reflectance spectrum analyzed in this paper
obtained by subtracting two photoreflectance~PR! spectra
for a ~001!-oriented GaAs crystal. One of the spectra w
taken with unpolarized light and the other with light pola
ized along@11̄0#. Obtaining the LEO line shape from P
measurements rather than from RD measurements allow
to suppress in a straightforward way spectral components
of LEO origin, which are known to be very prominent in R
spectra for energies around theE1 andE11D1 transitions.2,3

As it is shown elsewhere,2,15,16 the polarized-light PR spec
trum of ~001! zinc-blende semiconductors comprises, bo
linear and quadratic components and may be written as

DR

R
52lmP123F1Q12F

2, ~1!

whereF is the strength of the modulated surface electric fi
that is assumed to be along@001#, p123 andQ12 are compo-
nents of the tensors~third and fourth-rank, respectively! de-
scribing linear and quadratic electro-optic effects, resp
tively, and l and m are the direction cosines of th
polarization vector of the incident light. We note in Eq.~1!
that, while the linear line shape is polarization-depende
the quadratic spectrum is isotropic. Thus, the unpolari
light PR spectra should comprise only the quadratic com
nent, since the linear component averages out to zero. In
way, by subtracting the unpolarized light spectrum from
polarized-light spectrum we obtain the LEO spectrum.

The sample employed for the PR measurements was
mm thick Si-doped GaAs epitaxial layer grown by MBE on
semi-insulating GaAs substrate. Then-type doping level of
the GaAs epilayer was of 1.431016cm3, as determined from
Hall effect measurements. The PR experiments were car
out in a spectrometer employing a Xe lamp as a light sou
and a 0.25 m monochromator with a grating optimized al
50.5mm. A silicon photodiode was used to detect the lig
reflected by the sample. A mechanically chopped 10 mW
He-Ne laser was used for the modulation of the sample S
The corresponding changes in sample reflectivity were m
sured by phase-sensitive techniques. Furthermore, to a
for both polarized and unpolarized PR measurements
Rochon prism and a photoelastic modulator were place
between the monochromator and the sample, as shown s
matically in Fig. 1. Polarized light measurements were c
ried out by turning the photoelastic modulator off. Unpola
ized light spectra were taken with the photoelastic modula
turned on, by taking advantage of the large difference
tween the laser chopping frequency~150 Hz! and the polar-
ization modulation frequency~100 kHz!. The maximum
phase retardation of the photoelastic modulator was adju
to l/2 in the whole wavelength scanning range. Both pol
ized and unpolarized light data were obtained sequentiall
each wavelength, before stepping the monochromator to
wavelength. To perform this operation the photoelas
modulator on/off switching operation was controlled by t
spectrometer computer. This procedure eliminates errors
s
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to monochromator wavelength backlash when taking
polarized-unpolarized PR difference spectra. Otherwise, s
backlash could lead to a considerably error in the PR diff
ence spectrum, due to the sharpness of the quadratic ele
optic PR line shape17 as compared with the LEO line shap
Reflectance measurements were carried out in a Va
Cary-5 spectrophotometer.

III. LINE SHAPE MODEL

Let we consider the~001! surface of ann-type zinc-
blende semiconductor with a surface electricF pointing
along@001#. This electric field induces a piezo-electric stra
near the semiconductor surface that reduces the semicon
tor symmetry from cubic (Td) to orthorhombic (C3v). The
nonzero strain components are given by18

exy5eyx5d14F, ~2!

where d14 is the piezo-electric modulus. Strain tensor~2!
leads to a tensorial changeD«̃xy5Dẽyx in the semiconductor
complex dielectric function. We are interested in determ
ing such a change for light normally incident on the~001!
surface with polarization along@11̄0#, for energies around
E1 andE11D1 . We note that@11̄0# corresponds to one o
the two directions of maximum change forDẽxy .

E1 andE11D1 interband transitions are known to orig
nate fromL symmetry points in the Brillouin zone.19 In the
unperturbed zincblende crystal there are 8 equivalenL
points. It is not difficult to see from geometrical conside
ations that in the presence of the strain defined in Eq.~2!
these 8 points are no longer equivalent but split apart i
two sets of 4 equivalent points, a first set containing poi
along@111#, @ 1̄1̄1̄#, @111̄# and@ 1̄1̄1#, and a second set con
taining points along@ 1̄11#, @11̄1̄#, @11̄1# and @ 1̄11̄#. In
what follows we will label with subscript 111 the critica
points in the first set and with 111̄̄ those in the second set

It can be shown~see Appendix A! that in the strained
crystal theE1 andE11D1 interband transition energies ar
shifted in energy by20 ~see Fig. 2!

dE56g~112B2d8/d!, ~3!

FIG. 1. Schematics of the PR spectrometer employed in
work.
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10 236 PRB 59A. LASTRAS-MARTÍNEZ et al.
where 6 correspond, respectively, to critical points in th
first and second sets defined above,d andd8 are the defor-
mation potentials of the valence band and the conduc
band, respectively,g5dd14F/) and B is a parameter de
fined in Eq.~A3!.

We will write the overall change in the complex dielectr
function D«̃xy as

D«̃xy5D«̃xy8 1D«̃xy9 , ~4!

whereD«̃xy8 andD«̃xy9 correspond to the contributions ass
ciated to pointsE1 andE11D1 , respectively. By following
the approach described elsewhere,21 we can write forD«̃xy8
~with an equivalent expression forD«̃xy9 )

D«̃xy8 5
C

E2 @M111J~E,E01DE0!1M11̄1̄J~E,E02DE0!

2M0J~E,E0!#, ~5!

whereDE05udEu, E0 is the interband transition energy i
the absence of perturbations,J the interband joint density o
states,M111 and M11̄1̄ are the squared interband transitio
matrix elements for the perturbed crystal,M0 is the corre-
sponding matrix element for the unperturbed crystal andC is
a constant independent of energy.21

It can be shown~see Appendix A! that the squares of th
interband transition matrix elements for light polarizati
along @11̄0# are given by

M1115
3

4 S 16
4g

D1
D M0 , ~6a!

M11̄1̄5
1

4 S 16
4g

D1
D M0 , ~6b!

were signs6 correspond to transitionsE1 andE11D1 , re-
spectively. By taking into account that]«̃/]E52]«̃/]E0 ,
from Eqs.~4!–~6! we obtain

D«̃xy52
1

2E2

]@E2~ «̃81 «̃9!#

]E
DE01

4g

D1
~ «̃82 «̃9!, ~7!

FIG. 2. Energy levels forL points in the presence of the piezo
electric strain given by Eq.~2!.
n

where«̃8 and «̃9 stand, respectively, for the contribution o
the E1 and E11D1 critical points to the overall complex
dielectric function«̃.

By writing the LEO line shape asDR/R5Re@(a
1b)D«̃#, wherea and b are Seraphin coefficients, Eq.~7!
allows us to write

DR

R
52

1

2E2
ReF ~a2 ib!

]~E2«̃ !

]E GDE0

1
4g

D1
Re@~a2 ib!~ «̃82 «̃9!#. ~8!

Equation~8! shows that theDR/R line shape is given by the
superposition of two terms, a first term proportional to t
first-energy derivative of the sample reflectivity and a seco
term proportional to the difference in the dielectric functio
associated toE1 and E11D1 . We note that the first term
analogous to that of first-derivative spectroscopies such
thermoreflectance,22 leads to a relatively narrow line shap
that is determined to a large extent by transitions around
resonance energiesE1 and E11D1 . Such lineshape result
relatively simple to model in terms of Lorenzian functions17

In contrast, a line shape proportional to«̃ may include con-
tributions from broader energy regions and therefore m
prove to be more difficult to model. It turns out, moreove
that since the second term in the right-hand side of Eq.~8! is
proportional to the difference in dielectric functions of tw
critical points relatively close in energy, it leads to a re
tively narrow line shape. As it is shown in next section, th
lineshape can be modeled in terms of Lorenzian functio
We should further note that Eq.~8! corresponds to the LEO
spectrum that arises from taking the difference between
zero SEF reflectance and the reflectance with a SEF
strengthF. Finally, we note that according to Eq.~1! the
LEO spectrum as obtained from RD measurements wo
have an amplitude twice as large as that of Eq.~8!.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Broken and solid lines in Fig. 3 show the PR spectra
our GaAs sample, for unpolarized light and for light pola
ized along @11̄0#, respectively. As discussed above, t
LEO spectrum can be obtained by subtracting the broken
spectrum from the solid line spectrum. Dots in Fig. 4 sh
the linear PR lineshape obtained in this way. We note t
this line shape is relatively narrow as predicted by Eq.~8!. In
fact, Eq.~8! predicts remarkably well the experimental lin
shape of Fig. 4 as described in what follows.

We first note that since reflectance data are more rea
available than dielectric function data for a specific samp
we will put the line shape given in Eq.~8! solely in terms of
the reflectance spectrum. To do so, we note that in the en
interval of interest to us aroundE1 and E11D1 we may
write

Re@~a2 ib!«̃#52R1 f , ~9!

where f is a function that is weakly dependent on energ
Relation~9! may be readily validated by substitution of th
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experimental dielectric function data. By making use of E
~8! and Eq.~9! we may write approximately for the LEO
reflectance line shape

DR

R
52

1

2R

]R

]E
DE01

4g

D1
~R82R9!, ~10!

whereR8 andR9 are Lorenzian line shapes representing
contributions to sample reflectivity of critical pointsE1 and
E11D1 respectively.R8 and R9 are obtained by fitting the
sample reflectance spectrum toR81R9 in an energy interval

FIG. 3. PR spectra for a GaAs epitaxial layer doped with
31016 cm3 Si donors. Solid and broken lines correspond to pol

ized light along@11̄0# and to unpolarized light, respectively.

FIG. 4. Linear electro-optic reflectance line shapes. Dots co
spond to experimental points while the solid line is the fitting to
theoretical model developed in this work. Dashed lines corresp
to the two components of the solid line spectrum.
.

e

aroundE1 andE11D1 , as shown in Fig. 5. Lorenzian line
shapesR8 andR9 are centered at theE1 andE11D1 ener-
gies, respectively. Dots in Fig. 5 give the experimentalR
spectrum while solid line represents the best fitting obtain
We note from the inset in Fig. 5 that the energy-derivative
this fitting reproduce quite well all the features of the energ
derivative reflectance spectrum. Broken lines correspond
lineshapesR8 andR9 as indicated.

Solid line in Fig. 4 shows the fitting of Eq.~10! to the
experimental LEO reflectance spectrum. Dashed lines s
the two components of the overall LEO spectrum as in
cated. For this fitting we have employed the values,D1
50.21 eV, d55.4 eV, d855.0 eV andB50.56.20 As it can
be seen, despite the fact that only one fitting parameter
employed ~the spectrum amplitude! there is a remarkable
agreement between the experimental line shape and Eq.~10!,
showing that the model developed in Sec. III is adequate
describe LEO reflectance lineshapes in zinc-blende semi
ductors. As it can be seen from Fig. 4, these two compone
are of comparable amplitude, showing that both have to
taken into account to properly fit the experimental LEO li
shape. Furthermore, Fig. 4 shows that the opposite sig
the E1 and E11D1 critical point contributions arises to
large extent from the spectrum component proportiona
R82R9. Nevertheless, the observed energy positions of
maximum and minimum of the LEO spectrum, that appe
shifted with respect to the critical point energies as poin
out before,14 are a consequence of the superposition of, bo
R82R9 and (dR/dE)/R line shapes. Furthermore, we ca
see that the LEO spectrum of Fig. 4 shows that the broad
ing of the positive peak aroundE1 is smaller that of the
negative peaks aroundE11D1 . This feature is as well a

-

-

d

FIG. 5. Dotted line: experimental reflectance line shape for
GaAs sample studied in this work. Solid line: best fitting of t
reflectance line shape aroundE1 andE11D1 to the superposition of
two Lorenzian line shapes, one centered atE1 and the other atE1

1D1 . Broken lines: individual Lorenzian line shapes of the so
line fitting. Inset: Energy derivative of the experimental refle
tance spectrum~dots! and energy derivative of the best fitting lin
shape~solid line!.
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consequence of the fact that the LEO spectrum arises f
the superposition of two line shapes with quite different o
tical structures.

From the fitting of Fig. 4 we obtaing53.431025 eV. By
using this value along with the experimental value for t
piezoelectric modulus of GaAsd1452.7310210cm/V,23 we
get F'43104 V/cm for the average strength of the electr
field that gives rise to the LEO effect. By assuming a surfa
potential of 1 V, the average surface field is estimated to
'53104 V/cm, which is close to the strength of the fieldF.

V. CONCLUSIONS

We have developed a model to describe LEO line sha
in the RD spectrum of zinc-blende semiconductors. T
model is based on a piezo-electric effect associated to
semiconductor SEF. We obtained a LEO line shape tha
given by the superposition of two components, a first o
proportional to the energy-derivative of the reflectance sp
trum, and a second one associated to the undifferenti
reflectance spectrum. In order to make a comparison w
experiment we have measured the LEO reflectance
shape for a GaAs~001! epitaxial layer doped with 1.4
31016cm3 Si donors. This line shape has been determin
through PR measurements. We found a remarkable ag
ment between theory and experiment. The results reporte
this paper help develop the LEO RD spectroscopy as a c
acterization tool for zinc-blende semiconductors, specifica
for the characterization of surface electric fields.
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APPENDIX

The effect of piezoelectric strain on the valence band
ergy atL critical points may be determined through the B
Pikus Hamiltonian20,24

Hn523g~LxLy1LyLx!1
1

2
D1L•s, ~A1!

whereL ands are the angular momentum and spin operato
respectively, andg is defined in main text. A similar Hamil-
tonian, with appropriate parameters, holds for the conduc
band.
c-
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In the absence of, both, spin-orbit and piezoelectric int
actions, the valence band wave functionsE1 and E11D1 ,
for the critical point along@111#, are given, respectively, by20

uL4,5
n &5

1

2 FX2Y1
i

)
~X1Y22Z!G u↑&, ~A2a!

uL6
n&5

1

2 FX2Y2
i

)
~X1Y22Z!G u↑&, ~A2b!

while the conduction band wave function is given by

uL6
c&5AuS↑&1

B

)
~x1y1z!u↑&, ~A3!

whereA52B50.56 for GaAs.20 Equivalent wave functions
can be written for the@11̄1̄# critical point.

Perturbation Hamiltoninan~A1! removes the equivalenc
of the eightL points, ordering them in two sets of equivale
points, $@111#,@ 1̄1̄1̄#,@111̄#,@ 1̄1̄1#% ~set 1! and

$@11̄1̄#,@11̄1#,@ 1̄11#,@ 1̄11̄#% ~set 2!. The perturbed valence
band wave functions are

uE1&5uL4,5
n &6

2g

D1
uL6

n&, ~A4a!

uE11D1&5uL6
n&7

2g

D1
uL4,5

n &, ~A4b!

where signs6 in Eq. ~A4a! and7 in Eq. ~A4b! apply to the
first and to the second sets of critical points, respective
Unperturbed wave functions in Eqs.~A4a! and ~A4b! are
those appropriate to the critical point set considered.

We obtain for the changes in interband transition energ

Er
1,25r

1

2
D11r

4g2

D1
6g~112B2d8/d!, ~A5!

where indexr 561 stands forE1 and E11D1 levels, re-
spectively. We note that, since in our caseg/D1!1, we can
neglect the second term in the right-hand side of Eq.~A5!.

Finally, from Eq.~A3! and Eqs.~A4a! and ~A4b! we ob-
tain, for light polarization along@11̄0#, the interband transi-
tion matrix elements given by Eqs.~6a! and~6b! in the main
text.
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