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Birefringence in ordered Gay 44N 5AS/INP
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The ordering-induced birefringence in spontaneously ordereg,fBgssAs 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 to
=n.—n,=—0.03. 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
E, andE;+ A, critical points as confirmed by reflectance difference spectros¢§ML63-18209)01503-9

Spontaneous chemical ordering in ternary IllI-V semicon- Using Jones matrices for the optical components it may
ductor alloys leads to a reduction of the crystal symmetry. Irbe shown easily that the intensity of the probe light shows
the case of CuRttype ordering the tetraedrical symmeffy  the following modulation behavior:
of the zinc-blende structure is reducedQg, . This leads to
an uniaxial dielectric tensor with the extraordinary axis

aligned to the ordering directigrL 11].* Although it is evi-  whereA« is the difference in the extinction coefficients of

dent that a CuRBttype-ordered crystal has to be birefringent, the sample for polarization along the principal axes of the

taking into account the ordering-induced valence-band splitmodulator, hence describing the samples dichroidm.is

ting and the anisotropic optical matrix element at the bandhe birefringence of the sample. Expanding the last term of

gap? the ordering-induced birefringence has been observetiq. (1) into a Fourier series up to the first order leads to

only recently for ordered Ga;lng ,P.>* These measure-

ments show a positive birefringenden=n,—n, far below I ~cosiAkkL)—Jo(A)cogAnkL)

the band gap and a negative birefringence upte=—0.02 . .

when approaching the band gap. However, the experimental ~2Jy(A)sin(AnkL)sin(wt) 2

methods that have been used, i.e., the analysis of the modishereJ denotes the Bessel function.

fied mode structure in an ordered waveg@idmd the The dc component of this modulated intensity may be

polarization-dependent measurement of FabmpPeéter- made independent of the samples birefringefeg if the

ferenced, fail above the fundamental band gap due to abvetardation is chosen such thi(A) =0, i.e.,Ag~2.405. If

sorption. _ we define the ratia = V=M%V of the lock-in voltage ob-
We used a photoelastic modul&t¢PEM) to measure the  tained from the component oscillating atand the dc com-

ordering-induced birefringence of @alngs:As grown lat- ponent of the detectors voltage, we find
tice matched to InP. A PEM produces a sinusoidally modu-

| ~cosiAkkL)—cog AnkL+Asin(wt)], (1)

lated phase shifAsin(wt) between the two components of cosi A kkL)
the incident light polarized along its principal axes at a fixed sinfAnkL)= ———r. 3
angular frequencyw. The polarization modulated light V231(A0)

emerging from a PEM in connection with lock-in technique , L . L .
may be used to measure very small effects of birefringence. Since it is known that the dichroism in ordered materials
The high sensitivity of this modulation technigue to small Peaks near the band gap due to the ordering-induced valence-
birefringence-induced phase shifts allow measurements wefiand splittingf, the absorption at the band gap may be taken

down toAnkL=0.001, wherek is the wave vector ant is
the samples thickness. Thus, if thin samples in the range 45° l\\

between 1 and 2um are used, measurements of birefrin- \fight source
gence even above the band gap may be carried out. \

A
Our experimental setup is shown in Fig. 1. For the bire- f\ polarizer
L/

fringence measurement in the infrared region a tungsten ha-
lide lamp and for the reflectance difference spectroscopy up / \
to 5.5 eV a xenon arclamp has been used. The light was sent B PEM
through a 1-m grating monochromator. The spectral resolu- 2 -kne(

tion in the experiments presented in this paper was better

than 2 nm in all cases. The PEM'’s fixed modulation fre-
quency wasv=384 kHz. For detection high-speed Ge and Si @Fokm.m
diodes in connection with an amplifiétransimpedance=5 detector
x10° VIA) have been used. The bandwidth of the FIG. 1. Experimental setup for the measurement of the ordering-
photodiode/amplifier unit was1 MHz. induced birefringence.

sample
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as an upper limit for the dichroism. For @a, _,As this is oo L
about@~8000 cm? or k~0.1. Because of this replacing 0.005 05
cosh@AxkL) by 1 in Eq. (3) leads to a maximum error of o 0 e e 00 §
0.5%. = 0005 05 2

) Also due to the birefringence the peak energies of Fabry- § oo 10 d
Peaot resonances are shifted with respect to each other for 8 e
different polarizatiorsleading to different transmission co- g 23
efficients. However, a more complex calculation than the one ~§ 002 2 g
presented above shows that even under worst case condi- S 005 A e | £
tions, i.e., pronounced Fabry4®e resonances as a single 003 vt PV
Gay 4ANo.55AS layer surrounded by air would show, the effect oo e Jdeet]
on our experimental results is below 5% and should be M ey tewy e T 0®

smaller under reallsyc Conqmo.ns. . . FIG. 2. Birefringence and dichroism for ordered and disordered
To correct for residual birefringence and dichroism of theGab ANo sAS/INP.

experimental setup a second measurement with the sample

rotated by 90° has been taken. This switches the sign of thgic tensor is uniaxial and the extraordinary axis is aligned
measured birefringence that emerges from the sample. Caly il 1o the ordering direction, which we choose here to be

culating the birefringence using E) and subtracting both — — .
measurements removes the residual birefringence of the et-e[loll] direction. The angle betvv_ee{n_ﬁ)Ol] and[111] is
4.74° and the extraordinary axis in our sample és

perimental setup. Above 1.1 eV the signal becomes small’ o po ) .
due to absorption. A small drift of the detectors dc offset_54'74 6° with respect to the sample’s surface consider-

between the two measurements will lead to wrong values ofd the tilt of the substrate. If the sampl¢10] and[110]*
birefringence. However below 1.0 eV the measured birefrindirections (where = denotes deviation to the exaf110]
gence is reproduceable very well. Also the birefringence ofdirection due to the tilt of the substratare aligned parallel
the substrate without any Gain, ssAs layer has been mea- to the principal axes of the modulator, the birefringence
sured and found to be negligible. All measurements in thisAn(6) = n170;x —Nj110/= Ne(#) — N, is Mmeasured. To derive

paper have been performed at room temperature. the birefringence of the uniaxial tensd&¥n=n,—n, the
We used samples with single 1+@n-thick equation for the indicatrix

Ga) 44Ang 54As layers grown by low pressure metal organic 1 sif(0) co(0)

vapor-phase epitaxy at a growth temperature of 560 °C and a 5= >+ > (4)

V/IlI ratio of 30. The layers have been grown lattice matched n(6) Ne Mo

on InP substrates with th@01) surface tilted by'2f’— 15° may be used. After replacing.=n,+An and ny(6)=n,
towards one of the nearedtl1l}z planes. Similar to +An(6) Eq. (4) may be solved forAn=An[n,,An(6)].
Galn, P, the tilt of the substrate toward$1Lp leads to  po1ynatelyAn[n,,An(6)] is independent of, in the first-

single-variant ordering in Ga4ny ssAs.® The strength of or- rder term. Ford=54.47°—6° we find
dering in this series of samples varies from weakly orderec?

samples on the strongly tilted substrates to samples that show A
rather strong ordering on the 2° off substrafEhe strength
of ordering usually is described by the ordering parameter
7=|Pca— Pinl/(Pcat Pin), Wherepg, and p,, are the prob- with an error below 0.2% for the Taylor expansion.
abilities to find a Ga or a In atom in one of the Besides the birefringence, we also measured the absorp-
{113 z-ordering planes, respectively. tion for light polarized alon§110] and[110]* using a stan-
The measured birefringence scales with the degree of odard absorption setup. The absorption data may be trans-
dering, as well as with the inhomogeneous broadening, thdbrmed in a similar way as described above ifter= a,
iS seen in absorption measurements. However, qualitatively- a,, which describes the dichroism of the sample.
the experimental data is similar for all ordered samples. In Fig. 2 the measured birefringence and the dichroism for
Therefore, we will focus in the following on a sample grown the ordered sample as well as for the disordered reference
on a 6° off substrate showing the least-broadened absorptidample are shown from 0.67 eV up to 0.8 eV. The room-
spectrum. The sample thickness was L. Using x-ray temperature band gaps of the ordered and disordered samples
diffraction we found almost perfect lattice matching, with aare 0.71 and 0.74 eV, respectively. The LPE-grown sample
slight tensile strain of about 0.03%. Also the x-ray line width shows almost no birefringence and very weak dichroism,
is comparable to disordered reference samples. The valencehich probably reflect stability problems of the dichroism
band splitting and band-gap reduction of this sample hasmeasurement, which has been performed without using a
been determined previoudlyo be 12 and 29 meV, respec- modulation technique, and not real-sample features. On the
tively. Using the recently published value for the crystal-fieldother hand the ordered sample shows a strong dichroism at
splitting of perfectly ordered GadngsAs.® i.e., Acg  the band gap due to the valence-band splitting and aniso-
=0.13 eV, a degree of ordering 0j=0.38 may be as- tropic interband matrix element. Between the conduction
signed to this sample. As a disordered reference we usedkmnd and the topmost valence band only transitions polarized
4.0-um-thick Ga 44Ny sAs sample grown by liquid-phase parallel to the ordering planes are allowkthaking contri-
epitaxy (LPE) on an exactly oriented01) InP substrate. butions to «,, whereas transitions to the second valence
In CuPg-type single-variant-ordered samples the dielec-band are allowed for all polarizations with a preference for

n= Sin(a)zAn(O)mlJ?xAn(e), (5)
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500 proposed by Wei and Zung@rwas used, discrete excitons,

A and excitonic enhancement were included. The dichroism
A« was calculated bk-space sampling, hence including the
important k dependence of the interband matrix element,
which cannot be neglectéd.The dichroism was calculated
between the band edge and 1.2 eV and converted to birefrin-
gence data by KK transforrtsee Fig. 3. Up to ~30 meV
2500 e gi;{:ginj:m;emm above the band gap the calculated and measured dichroism is
3000 in good agreement. However, going to higher photon ener-
oo gies thek- p theory underestimates the dichroism. Thus the
00 mane WP Tl birefringence deduced from this calculation is in reasonable
agreement below the band gkgee Fig. 8)]. Also the cal-

L culation reproduces the transition of the birefringence to
\ (b) positive values where the dichroism has its peak value. This
positive birefringence above the band gap has been predicted
= An measured . .
v ==+ Anvia dichroism measurement by Zhang and co-worketsising an eight-ban# - p calcula-
" Anfrom Gbandk p theory tion. However, this correct prediction frok p calculations
T aeyey is an artifact due to the underestimation of the dichroism

FIG. 3. (8 measured and calculated dichrosism of orderedabovej the.band gap, since birgfr_ingence data derived from
Gay 4AnesAs. Calculation due to six-banki-p theory. (b) Com-  the dichroism measurement within the same energy range
parison of directly measured birefringence, birefringence deduce§NOW Nno positive birefringence near the band gsee Fig.
from dichroism measurements and six-bang calculations. 3(b)]. Above the band gap neither the form of the birefrin-

gence spectrum, nor the values are reproduced -fpycal-
polarization along the ordering directiqii11], therefore culations. The reason for the underestimation of the dichro-

making stronger contributions ta,. Thus, the dichroism ism probably are the nonparabolicities of the conduction
peaks between the first and second valence band at abd@nd. In our model we used a simple symmetric parabolic
2500 cnT, where this peak value varies strongly with the conduction band, even in the eight-bakich calculations of
broadening for different ordered samples. AL.0 eV[see Zhang and Mascarenhashe conduction band is only de-
Fig. 3@)] the dichroism shows a strongly broadened kinkPendent quadratically ok. On the other hand, it is well
and reduces further. This is due to transitions to the split ofknown, that the conduction band in gGalngsAs shows a
band. The birefringence of the ordered sample starts witl§trong nonparabolicity. This nonparapolicity has been mea-
negative values below the band gap and peaks at the basdred by photoconductivity up to 40 meV above the
gap with a value oA n= —0.03. Above the band gap we find conduct|on-band edge and may be described using a forth
a birefringence ofAn=0.003. The peak value oAn= order term ink (see Ref. 18
—0.03 is larger than the values that have been reported for
Gay 44N, sAs.>4 However, both experimental methods used 2 mg 2
in the previous work on birefringence of ordered samples fail Ec=Eo—Ep| 1~ my
as absorption becomes strong at the band gap, and hence
they have not been able to measure up to energies where the
birefringence has its peak value. wherex is the ratio of band-gap energy to spin-orbit splitting
When performing a Kramers-KronigcK ) transformation ~ energy, mg is the conduction-band mass, ani,
of our experimental dichroism data between 0.67 eV and 1.2 (42k?)/(2m%). Unfortunately this formula is only valid in
eV the shape of the birefringence is perfectly reproducedhe same energy range where the photoconductivity data are
[see Fig. 8)]. However, the birefringence spectrum de- available and becomes nonphysical beyond 8% of the Bril-
duced from dichroism data is shifted by about 0.01 towarddouin zone. However, if we use this formula for the nonpa-
negative values compared to the actual birefringence. Sinacabolic conduction band in our calculations up to about 40
this shift is practically constant over the range between theneV above the band gap we find a good agreement of the
band gap and 1.0 eV it cannot emerge from any featureslope of measured and calculated absorption spectra, whereas
near the band gap. Rather this is indicating that this shift ishe slope above the band gap is underestimated if a parabolic
the “foothill” of an anisotropic oscillator far away from the conduction band is used. Thus we conclude that quantitative
band gap. Actually the shift of the birefringence has beertalculations of absorption, dichroism, and birefringence near
observed also for ordered Galng 4P, Where the birefrin- the band gap have to include the nonparabolicity of the con-
gence far below the band gap again becomes posifiw¢e  duction band. On the other hand, if one succeeds including
expect a similar crossover to positive birefringence far belowthe nonparabolicity up to about 1.2 eV this probably will
the band gap for Ga1ng s5As. However, this isotropic point result in birefringence data similar to the data we derived
would be found around 0.5 eV, outside the spectral range diom KK transformed dichroism measurements, reproducing
our experimental setup. the form of the measured birefringence but shifted to nega-
To understand the reason for the shift between the actudive valueq see Fig. 8)]. So, since the shift and the positive
birefringence and the birefringence deduced from the dichrobirefringence far below the band gap cannot be understood
ism measurement, we calculated the dichroism using a sixdue to the anisotropic interband matrix elements at the band
bandk - p theory. A Hamiltonian for ordered bulk materials gap, we looked for other anisotropic contributions to the di-
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electric function far above the band gap using reflectance 0.0t — o

difference spectroscop}RDS). 0008 — disordered
Several RDS investigations have been performed for or-

dered Gg s4Ing 44P by Luo and co-worker¥:"®We used a 0.006

similar experimental setup, to achieve high sensitivity for the

difference of the reflection AR/R=2(R;10j

—Rp10)/ (Rpazop* + Ry11qy) for polarization alond 110] and 0.002

[110]*. As shown above the birefringence setlifg. 1) is

rather insensitive to dichroism or differences in the transmit-

ted light for the two polarizations. On the other hand, the 0,002

RDS setup measures the differences of the reflected light for cnergy (V)

different polarization and thus is strongly affected by Fabry-  rig, 4. Reflectance difference spectra of ordered and disordered

Peot resonances that appear together with birefringence s@ain,_,As, where AR/R is defined as Rp17op — Ruaaop)/

that the peak positions of the resonances for different polartR;; 1o}« + Rj110y).-

ization are shifted slightly with respect to each othde- N . o .

cause of this our RDS measurements show strong peaki te the similarities to the piezo-birefringence of znjcblende

below 1.2 eV actually shadowing the near band-gap RD ystals for stress alonjgl1l], where the stress mainly af-

foat that L d kers h bsenbeTh ects states near the point of the Brillouin-zone, whereas
eatures that LUG and Co-wOrkers nave ObServetb OVer-  giateg near thi point make no contribution to birefringence

come this problem they used thick samples, where the resg, the first order® The contribution of theE; critical point
nances are damped by absorption. However, we would likghere establishes the isotropical point of the piezobirefrin-
to focus on the RDS spectra above 1.2 eV, since our dichrqgence below the band gap, that is common to almost all
ism measurements show no pronounced anisotropic featurggc-blende crystals.
between 0.8-1.2 eV that could lead to the shifted birefrin-  Since experimental methods to measure the optical anisot-
gence at and below the band gap. ropy in the spectral range d&; and E, are all based on
Taking into account that above2 eV the penetration reflection(i.e., RDS or ellipsometny all these methods suf-
depth of the light is only a few monolayers, it is difficult to fer from surface effects measuring the so-called “pseudodi-
extract quantitative information about the bulk material an-electric” function. However, theoretical calculations of the
isotropy from RDS measurements. Although it is known thatdielectric function of ordered crystals may be compared to
pronounced RDS features due to surface reconstruction afdrefringence measurements. Up to now ordering-induced
quenched when samples are exposed td°&iuen the disor- level splittings atE; and E, have been predictéd and
dered LPE grown sample shows a ramp like RDS signapbserved;*®but no quantitative calculations of the anisotro-
between 1 and 3 eV, that disappears above 4 eV in Fig. £ies neaiE;, andE, have been performed. o
The RDS spectrum of the ordered sample shows strong_ In _conclusmn, we have measured the or_derlng-lnduced
peaks aE; andE;+A,, which may be found at2.6 ev | irefringence of Gg,-ng 55As/InP. The birefringence has
and ~2.8 eV, respectively’ Similar to the disordered [tS Peak value oin=—0.03 at the band gap and becomes
sample the RDS signal fades away above 4 eV. So, aIthoudPPS't'VG above band gag- p _calculatlons near.the band gap
the ordering induced anisotropy of the bulk crystal minglesSNOW that the nonparabolicity of the conduction band has to
with surface effects, we conclude from our RDS measureP€ included to reproduce the form of the birefringence spec-
ments that the anisotropy at tiig critical point influences rum. Also the optical anisotropy of thg; critical point,
the birefringence even at the band gap, whereaEfhg,,  'eading to an offset at the band gap, cannot be neglected
andE,+ A, critical points between 4.4—5.2 eV do not Seemwhen calculating the ordering-induced birefringence.
to result in strong anisotropic absorption, making no or only  Financial support of this work by the Volkswagenstiftung
weak contributions to the birefringence. It is interesting tois gratefully acknowledged.
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