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Birefringence in ordered Ga0.47In0.53As/InP
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4. Physikalisches Institut, Universita¨t Stuttgart, Pfaffenwaldring 57, D-70550 Stuttgart, Germany
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The ordering-induced birefringence in spontaneously ordered Ga0.47In0.53As grown on InP substrates is
studied. For this purpose, a photoelastic modulator was used, allowing a direct measurement of the birefrin-
gence in a spectral range between 0.67 and 1.0 eV. Near the band gap the birefringence peaks up toDn
5ne2no520.03. By comparison of Kramers-Kronig transformed data of the dichroism to the measured
birefringence, we show that the dispersion of birefringence may be understood by the valence-band splitting
and the anisotropic optical matrix element. However, there is an offset between the birefringence data deduced
from dichroism and the directly measured birefringence. This offset probably is caused by the anisotropy of the
E1 andE11D1 critical points as confirmed by reflectance difference spectroscopy.@S0163-1829~99!01503-9#
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Spontaneous chemical ordering in ternary III-V semico
ductor alloys leads to a reduction of the crystal symmetry
the case of CuPtB-type ordering the tetraedrical symmetryTd

of the zinc-blende structure is reduced toC3v . This leads to
an uniaxial dielectric tensor with the extraordinary ax

aligned to the ordering direction@11̄1#.1 Although it is evi-
dent that a CuPtB-type-ordered crystal has to be birefringen
taking into account the ordering-induced valence-band s
ting and the anisotropic optical matrix element at the ba
gap,2 the ordering-induced birefringence has been obser
only recently for ordered Ga0.51In0.49P.3,4 These measure
ments show a positive birefringenceDn5ne2n1 far below
the band gap and a negative birefringence up toDn520.02
when approaching the band gap. However, the experime
methods that have been used, i.e., the analysis of the m
fied mode structure in an ordered waveguide3 and the
polarization-dependent measurement of Fabry-Pe´rot inter-
ferences,4 fail above the fundamental band gap due to a
sorption.

We used a photoelastic modulator5 ~PEM! to measure the
ordering-induced birefringence of Ga0.47In0.53As grown lat-
tice matched to InP. A PEM produces a sinusoidally mo
lated phase shiftAsin(vt) between the two components o
the incident light polarized along its principal axes at a fix
angular frequencyv. The polarization modulated ligh
emerging from a PEM in connection with lock-in techniq
may be used to measure very small effects of birefringen
The high sensitivity of this modulation technique to sm
birefringence-induced phase shifts allow measurements
down toDnkL50.001, wherek is the wave vector andL is
the samples thickness. Thus, if thin samples in the ra
between 1 and 2mm are used, measurements of birefri
gence even above the band gap may be carried out.

Our experimental setup is shown in Fig. 1. For the bi
fringence measurement in the infrared region a tungsten
lide lamp and for the reflectance difference spectroscopy
to 5.5 eV a xenon arclamp has been used. The light was
through a 1-m grating monochromator. The spectral res
tion in the experiments presented in this paper was be
than 2 nm in all cases. The PEM’s fixed modulation fr
quency wasv584 kHz. For detection high-speed Ge and
diodes in connection with an amplifier~transimpedance'5
3106 V/A) have been used. The bandwidth of th
photodiode/amplifier unit was.1 MHz.
PRB 590163-1829/99/59~3!/1582~4!/$15.00
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Using Jones matrices for the optical components it m
be shown easily that the intensity of the probe light sho
the following modulation behavior:

I;cosh~DkkL!2cos@DnkL1Asin~vt !#, ~1!

whereDk is the difference in the extinction coefficients o
the sample for polarization along the principal axes of
modulator, hence describing the samples dichroism.Dn is
the birefringence of the sample. Expanding the last term
Eq. ~1! into a Fourier series up to the first order leads to

I;cosh~DkkL!2J0~A!cos~DnkL!

22J1~A!sin~DnkL!sin~vt ! ~2!

whereJ denotes the Bessel function.
The dc component of this modulated intensity may

made independent of the samples birefringenceDn, if the
retardation is chosen such thatJ0(A0)50, i.e.,A0'2.405. If
we define the ratior 5Vv

RMS/Vdc of the lock-in voltage ob-
tained from the component oscillating atv and the dc com-
ponent of the detectors voltage, we find

sin~DnkL!5
cosh~DkkL!

A2J1~A0!
r . ~3!

Since it is known that the dichroism in ordered materi
peaks near the band gap due to the ordering-induced vale
band splitting,2 the absorption at the band gap may be tak

FIG. 1. Experimental setup for the measurement of the order
induced birefringence.
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PRB 59 1583BRIEF REPORTS
as an upper limit for the dichroism. For GaxIn12xAs this is
abouta'8000 cm21 or k'0.1. Because of this replacin
cosh(DkkL) by 1 in Eq. ~3! leads to a maximum error o
0.5%.

Also due to the birefringence the peak energies of Fab
Pérot resonances are shifted with respect to each other
different polarizations4 leading to different transmission co
efficients. However, a more complex calculation than the
presented above shows that even under worst case c
tions, i.e., pronounced Fabry-Pe´rot resonances as a sing
Ga0.47In0.53As layer surrounded by air would show, the effe
on our experimental results is below 5% and should
smaller under realistic conditions.

To correct for residual birefringence and dichroism of t
experimental setup a second measurement with the sa
rotated by 90° has been taken. This switches the sign of
measured birefringence that emerges from the sample.
culating the birefringence using Eq.~3! and subtracting both
measurements removes the residual birefringence of the
perimental setup. Above 1.1 eV the signal becomes sm
due to absorption. A small drift of the detectors dc offs
between the two measurements will lead to wrong value
birefringence. However below 1.0 eV the measured biref
gence is reproduceable very well. Also the birefringence
the substrate without any Ga0.47In0.53As layer has been mea
sured and found to be negligible. All measurements in t
paper have been performed at room temperature.

We used samples with single 1–2-mm-thick
Ga0.47In0.53As layers grown by low pressure metal organ
vapor-phase epitaxy at a growth temperature of 560 °C a
V/III ratio of 30. The layers have been grown lattice match
on InP substrates with the~001! surface tilted by 2°215°
towards one of the nearest$111%B planes. Similar to
GaxIn12xP, the tilt of the substrate towards$111%B leads to
single-variant ordering in Ga0.47In0.53As.6 The strength of or-
dering in this series of samples varies from weakly orde
samples on the strongly tilted substrates to samples that s
rather strong ordering on the 2° off substrate.7 The strength
of ordering usually is described by the ordering parame
h5upGa2pInu/(pGa1pIn), wherepGa and pIn are the prob-
abilities to find a Ga or a In atom in one of th
$111%B-ordering planes, respectively.

The measured birefringence scales with the degree o
dering, as well as with the inhomogeneous broadening,
is seen in absorption measurements. However, qualitati
the experimental data is similar for all ordered sampl
Therefore, we will focus in the following on a sample grow
on a 6° off substrate showing the least-broadened absorp
spectrum. The sample thickness was 1.6mm. Using x-ray
diffraction we found almost perfect lattice matching, with
slight tensile strain of about 0.03%. Also the x-ray line wid
is comparable to disordered reference samples. The vale
band splitting and band-gap reduction of this sample
been determined previously7 to be 12 and 29 meV, respec
tively. Using the recently published value for the crystal-fie
splitting of perfectly ordered Ga0.47In0.53As,8 i.e., DCF
50.13 eV, a degree of ordering ofh50.38 may be as-
signed to this sample. As a disordered reference we us
4.0-mm-thick Ga0.47In0.53As sample grown by liquid-phas
epitaxy ~LPE! on an exactly oriented~001! InP substrate.

In CuPtB-type single-variant-ordered samples the diel
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tric tensor is uniaxial and the extraordinary axis is align
parallel to the ordering direction, which we choose here to
the @11̄1# direction. The angle between@001# and@11̄1# is
54.74° and the extraordinary axis in our sample isu
554.74°26° with respect to the sample’s surface consid
ing the tilt of the substrate. If the sample’s@110# and@11̄0#*
directions ~where * denotes deviation to the exact@11̄0#
direction due to the tilt of the substrate! are aligned parallel
to the principal axes of the modulator, the birefringen
Dn(u)5n[11̄0]* 2n[110]5ne(u)2no is measured. To derive
the birefringence of the uniaxial tensorDn5ne2no the
equation for the indicatrix

1

n~u!2
5

sin2~u!

ne
2

1
cos2~u!

no
2

~4!

may be used. After replacingne5no1Dn and ne(u)5no
1Dn(u) Eq. ~4! may be solved forDn5Dn@no ,Dn(u)#.
FortunatelyDn@no ,Dn(u)# is independent ofno in the first-
order term. Foru554.47°26° we find

Dn5
1

sin~u!2
Dn~u!'1.773Dn~u!, ~5!

with an error below 0.2% for the Taylor expansion.
Besides the birefringence, we also measured the abs

tion for light polarized along@110# and@11̄0#* using a stan-
dard absorption setup. The absorption data may be tr
formed in a similar way as described above intoDa5ae
2ao , which describes the dichroism of the sample.

In Fig. 2 the measured birefringence and the dichroism
the ordered sample as well as for the disordered refere
sample are shown from 0.67 eV up to 0.8 eV. The roo
temperature band gaps of the ordered and disordered sam
are 0.71 and 0.74 eV, respectively. The LPE-grown sam
shows almost no birefringence and very weak dichrois
which probably reflect stability problems of the dichrois
measurement, which has been performed without usin
modulation technique, and not real-sample features. On
other hand the ordered sample shows a strong dichroism
the band gap due to the valence-band splitting and an
tropic interband matrix element. Between the conduct
band and the topmost valence band only transitions polar
parallel to the ordering planes are allowed,9 making contri-
butions to ao , whereas transitions to the second valen
band are allowed for all polarizations with a preference

FIG. 2. Birefringence and dichroism for ordered and disorde
Ga0.47In0.53As/InP.
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1584 PRB 59BRIEF REPORTS
polarization along the ordering direction@11̄1#, therefore
making stronger contributions toae . Thus, the dichroism
peaks between the first and second valence band at a
2500 cm21, where this peak value varies strongly with th
broadening for different ordered samples. At'1.0 eV @see
Fig. 3~a!# the dichroism shows a strongly broadened ki
and reduces further. This is due to transitions to the split
band. The birefringence of the ordered sample starts w
negative values below the band gap and peaks at the
gap with a value ofDn520.03. Above the band gap we fin
a birefringence ofDn50.003. The peak value ofDn5
20.03 is larger than the values that have been reported
Ga0.47In0.53As.3,4 However, both experimental methods us
in the previous work on birefringence of ordered samples
as absorption becomes strong at the band gap, and h
they have not been able to measure up to energies wher
birefringence has its peak value.

When performing a Kramers-Kronig~KK ! transformation
of our experimental dichroism data between 0.67 eV and
eV the shape of the birefringence is perfectly reprodu
@see Fig. 3~b!#. However, the birefringence spectrum d
duced from dichroism data is shifted by about 0.01 towa
negative values compared to the actual birefringence. S
this shift is practically constant over the range between
band gap and 1.0 eV it cannot emerge from any featu
near the band gap. Rather this is indicating that this shif
the ‘‘foothill’’ of an anisotropic oscillator far away from the
band gap. Actually the shift of the birefringence has be
observed also for ordered Ga0.51In0.49P, where the birefrin-
gence far below the band gap again becomes positive.3,4 We
expect a similar crossover to positive birefringence far be
the band gap for Ga0.47In0.53As. However, this isotropic poin
would be found around 0.5 eV, outside the spectral rang
our experimental setup.

To understand the reason for the shift between the ac
birefringence and the birefringence deduced from the dich
ism measurement, we calculated the dichroism using a
bandk•p theory. A Hamiltonian for ordered bulk materia

FIG. 3. ~a! measured and calculated dichrosism of orde
Ga0.47In0.53As. Calculation due to six-bandk•p theory. ~b! Com-
parison of directly measured birefringence, birefringence dedu
from dichroism measurements and six-bandk•p calculations.
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proposed by Wei and Zunger10 was used, discrete exciton
and excitonic enhancement were included. The dichro
Da was calculated byk-space sampling, hence including th
important k dependence of the interband matrix eleme
which cannot be neglected.11 The dichroism was calculate
between the band edge and 1.2 eV and converted to bire
gence data by KK transform~see Fig. 3!. Up to '30 meV
above the band gap the calculated and measured dichrois
in good agreement. However, going to higher photon en
gies thek•p theory underestimates the dichroism. Thus t
birefringence deduced from this calculation is in reasona
agreement below the band gap@see Fig. 3~b!#. Also the cal-
culation reproduces the transition of the birefringence
positive values where the dichroism has its peak value. T
positive birefringence above the band gap has been pred
by Zhang and co-workers4 using an eight-bandk•p calcula-
tion. However, this correct prediction fromk•p calculations
is an artifact due to the underestimation of the dichroi
above the band gap, since birefringence data derived f
the dichroism measurement within the same energy ra
show no positive birefringence near the band gap@see Fig.
3~b!#. Above the band gap neither the form of the birefri
gence spectrum, nor the values are reproduced byk•p cal-
culations. The reason for the underestimation of the dich
ism probably are the nonparabolicities of the conduct
band. In our model we used a simple symmetric parab
conduction band, even in the eight-bandk•p calculations of
Zhang and Mascarenhas11 the conduction band is only de
pendent quadratically onk. On the other hand, it is wel
known, that the conduction band in Ga0.47In0.53As shows a
strong nonparabolicity. This nonparapolicity has been m
sured by photoconductivity12 up to 40 meV above the
conduction-band edge and may be described using a f
order term ink ~see Ref. 13!,

Ec5E02E0
2S 12

m0*

m0
D 2S 11x1 1

4 x2

11 4
3 x1 4

9 x2D 1

EG
, ~6!

wherex is the ratio of band-gap energy to spin-orbit splittin
energy, m0* is the conduction-band mass, andE0

5(\2k2)/(2m0* ). Unfortunately this formula is only valid in
the same energy range where the photoconductivity data
available and becomes nonphysical beyond 8% of the B
louin zone. However, if we use this formula for the nonp
rabolic conduction band in our calculations up to about
meV above the band gap we find a good agreement of
slope of measured and calculated absorption spectra, whe
the slope above the band gap is underestimated if a para
conduction band is used. Thus we conclude that quantita
calculations of absorption, dichroism, and birefringence n
the band gap have to include the nonparabolicity of the c
duction band. On the other hand, if one succeeds includ
the nonparabolicity up to about 1.2 eV this probably w
result in birefringence data similar to the data we deriv
from KK transformed dichroism measurements, reproduc
the form of the measured birefringence but shifted to ne
tive values@see Fig. 3~b!#. So, since the shift and the positiv
birefringence far below the band gap cannot be underst
due to the anisotropic interband matrix elements at the b
gap, we looked for other anisotropic contributions to the
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electric function far above the band gap using reflecta
difference spectroscopy~RDS!.

Several RDS investigations have been performed for
dered Ga0.51In0.49P by Luo and co-workers.14–16 We used a
similar experimental setup, to achieve high sensitivity for
difference of the reflection DR/R52(R[11̄0]*
2R[110])/(R[11̄0]* 1R[110]) for polarization along@110# and

@11̄0#* . As shown above the birefringence setup~Fig. 1! is
rather insensitive to dichroism or differences in the transm
ted light for the two polarizations. On the other hand, t
RDS setup measures the differences of the reflected ligh
different polarization and thus is strongly affected by Fab
Pérot resonances that appear together with birefringence
that the peak positions of the resonances for different po
ization are shifted slightly with respect to each other.4 Be-
cause of this our RDS measurements show strong pea
below 1.2 eV actually shadowing the near band-gap R
features that Luo and co-workers have observed.16 To over-
come this problem they used thick samples, where the r
nances are damped by absorption. However, we would
to focus on the RDS spectra above 1.2 eV, since our dic
ism measurements show no pronounced anisotropic fea
between 0.8–1.2 eV that could lead to the shifted birefr
gence at and below the band gap.

Taking into account that above'2 eV the penetration
depth of the light is only a few monolayers, it is difficult t
extract quantitative information about the bulk material a
isotropy from RDS measurements. Although it is known th
pronounced RDS features due to surface reconstruction
quenched when samples are exposed to air,15 even the disor-
dered LPE grown sample shows a ramp like RDS sig
between 1 and 3 eV, that disappears above 4 eV in Fig
The RDS spectrum of the ordered sample shows str
peaks atE1 andE11D1 , which may be found at'2.6 eV
and '2.8 eV, respectively.17 Similar to the disordered
sample the RDS signal fades away above 4 eV. So, altho
the ordering induced anisotropy of the bulk crystal ming
with surface effects, we conclude from our RDS measu
ments that the anisotropy at theE1 critical point influences
the birefringence even at the band gap, whereas theE08 ,E2 ,
andE21D2 critical points between 4.4–5.2 eV do not see
to result in strong anisotropic absorption, making no or o
weak contributions to the birefringence. It is interesting
e
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note the similarities to the piezo-birefringence of zincblen
crystals for stress along@111#, where the stress mainly af
fects states near theL point of the Brillouin-zone, whereas
states near theX point make no contribution to birefringenc
in the first order.18 The contribution of theE1 critical point
there establishes the isotropical point of the piezobirefr
gence below the band gap, that is common to almost
zinc-blende crystals.

Since experimental methods to measure the optical an
ropy in the spectral range ofE1 and E2 are all based on
reflection~i.e., RDS or ellipsometry!, all these methods suf
fer from surface effects measuring the so-called ‘‘pseudo
electric’’ function. However, theoretical calculations of th
dielectric function of ordered crystals may be compared
birefringence measurements. Up to now ordering-indu
level splittings atE1 and E2 have been predicted19 and
observed,1,20 but no quantitative calculations of the anisotr
pies nearE1 andE2 have been performed.

In conclusion, we have measured the ordering-indu
birefringence of Ga0.47In0.53As/InP. The birefringence ha
its peak value ofDn520.03 at the band gap and becom
positive above band gap.k•p calculations near the band ga
show that the nonparabolicity of the conduction band has
be included to reproduce the form of the birefringence sp
trum. Also the optical anisotropy of theE1 critical point,
leading to an offset at the band gap, cannot be negle
when calculating the ordering-induced birefringence.

Financial support of this work by the Volkswagenstiftun
is gratefully acknowledged.

FIG. 4. Reflectance difference spectra of ordered and disord
GaxIn12xAs, where DR/R is defined as 2(R[11̄0]* 2R[110])/
(R[11̄0]* 1R[110]).
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