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Piezo-optics of InP in the visible-ultraviolet range
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The piezo-optical properties of InP above the fundamental gap have been investigated. Uniaxial stress was
applied along th¢001] and[111] crystal directions and spectroscopic ellipsometry was used to determine the
piezo-optical coefficient®,;, P1,, andP,,in the energy range 1.6—5.5 eV at room temperature. Deformation
potentials were determined for tlg andE,+ A, transitions. Semiempirical tight-binding calculations of the
piezo-optical coefficients and deformation potentials are in reasonable agreement with experiment.
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[. INTRODUCTION the relationship betweetnr;; and pjj.s: ijk = PijrsSrski -
The relation between our definition of the piezo-optical ten-
The change in optical properties due to external stresssor[Eq. (1.1)] and that of Ny&[Eq. (1.2)] is
i.e., the piezo-optical properties of semiconductors, are, like
the optical constants or dielectric functions themselves, fun- Pijki = —827Tijk| . 1.3
damental material parameters, and contain information about . L .
the electronic structure. In particular, uniaxial stress, which!he reason fqr us using the definition in E#.1) is that our
reduces the crystal symmetry, is an excellent tool for inves€XPeriment gives directly.
tigating the electronic structure and the strain deformation FOF cubic crystals belonging to t@, Oy, andT, classes
potentialst? Piezo-optical effects also play an important role (432, m3m, and 43m) only three piezo-optical coefficients
in Brillouin scattering? in Raman scattering by folded acous- are requiredPsy, Pip, andPy,. The point group of InP is
tic phonons in multiple quantum weftsand in strained layer T, (43m). For isomorphic materials, e.g., polycrystalline
superlatticeé.A reliable database on piezo-optical propertiesand amorphous materials, the number of independent piezo-
is also desirable when an optical technique, such as refleeptical coefficients is reduced to two, sinde;;—P;,
tance difference spectroscopy, is used to monitor semicon=p,,.
ductor growth processés,and when designing optical  For semiconductors, the piezo-optical coefficients have
modulators. mainly been determined below the fundamental §gp° 2
The piezo-optical properties are most generally describe¢h this region, the material is transparent and the piezo-
by a fourth-rank tensoP;;; , which connects the second- optical coefficients can be measured in a transmittance con-
rank dielectric tensok;; to the second-rank stress tensor figuration. AboveE,, experimental methods based on a re-
X - The tensok;; can also be related to the straintenggy  flection configuration must be used. Here, the piezo-optical

through the photo-elastic tenski : coefficients, like the dielectric function itself, are complex
quantities. Experimental techniques that enable the simulta-
Agij = Pijii X1 = Kijrs 7rs - (1D neous determination of real and imaginary parts are therefore
desirable. Methods like  piezoreflectafite and

The piezo-optical tensoPj;,; and the photoelastic tensor
kijrs are related througPR;j; =Kij sSrski,» Wheres, gy are the
compliances. The linear piezo-optical ten&gg,; can be rep-
resented by a 86 symmetric matrix with indicesm,n
=1,...,6 (=j=1—-m=1; i=1j=2—m=6 and index . - . .
permutation i.e., Pijq = Py = Pijic = Pam- There are sev- to determine the piezo-optical pro_pgritj:éa_slzof InP abBye
eral definitions of the tensors that describe the change in For InP, the piezo-optical coefficientS™and the stress-
optical properties with stress or strain. Oftévg;; is related mduceq optical activity® have be_en dete_r mined b?'.(ﬁb'
0 the stres&, or the straing,,, according tB‘b We pelleve, however, that our plgzo-optlcal coe_ff|C|ents are
the first to be reported for energies abdwg Strain defor-

(1.2) mation potentials have been determined for Eydransition

for uniaxial®'?1%-2! and hydrostatic stre$$-2° In the
where mj;,, is referred to as the piezo-optical apg,s the  present work we determine the deformation potentials for the
elastooptical tensor, respectively. The compliarggg give  E; -E;+ A transitions in InP. Earlier theoretical work has

piezoelectroreflectant&have been used. Spectroscopic el-
lipsometry was used by Etchegoin and co-workers to deter-
mine the piezo-optical properties abdig for Ge!® GaAs!®

and Si*’ In the present work we have used the same method

—1_ _
Agj; = ikt X1 = Pijrs Mrs »
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been concerned with the deformation potentials for Eae TABLE I. Relations between change in dielectric functida,
transition under hydrostafit >*and uniaxial stres®33and  stressX, and piezo-optical coefficient;; , for different uniaxial
also those of th&; transition under hydrostatic stre€s2>-32  stressesX, crystallographic directions, faces, and electric fifgs

The outline of the paper is as follows. In Sec. II, experi-used in the experiments.
mental details are given, while the results are presented in

Sec. Ill. The dielectric function obtained at various stresse<| Face El Ae
is presented in Sec. Il A. These experimental data are usgggq) (100) [001] P,X
to determine the piezo-optical coefficients in Sec. 1 B. Arggy (100) [010] PX

critical-point line-shape analysis is performed on the dielecy, 1 = 111 1
o 3(P11+ 2P+ 2P X
tric function in the vicinity of theE; andE;+ A, transitions [111] (211) [111] 31( Pll zplz o 44)X
in Sec. lll C, and in Sec. Ill D, strain deformation potentials[ ] (211) [011] 3(P11+2P15=Pag)
are derived from the critical-point energies. The consistency

of the deformation potentials with the stress dependence Gfcident light was linearly polarized with an angle of 30°
the critical-point strengths and with the piezo-optical coeffi-yjth respect to the plane of incidence. The light was colli-
cients is checked in Secs. Il E and llI F, reSpeCtiVEly. Amated by irises and the beam diameter was 4 mm. Conven-
tight-binding model is used to calculate piezo-optical coeffi-tional calibration procedurdswere used prior to each mea-
cients and the deformation potentials for the, E;+A;  surement. An ellipsometric measurement gives the complex
criical points; the results are compared with experimentaleflectance ratio between andp-polarized light. We used a
data in Sec. IV. three-phase model, see below, and standard formalism as-
suming sharp interfaces for the reflection process, to convert
Il. EXPERIMENT the mea;uregl8 complex reflectance ratios to qomplex dielec-
tric functions All measurements were taken in air at room
The experiments were performed on semi-insulating InRemperature.
crystals(Fe-doped with 1.4 10'® atoms/cm). The samples For moderately anisotropic samples with large values of
were cut in 1&2.8x 1.8 mnt pieces, with the longest side the dielectric functions, such as for InP under uniaxial stress,
along the[001] and [111] directions. The samples were the dielectric function obtained from an ellipsometric mea-
aligned using Laue x-ray diffraction to an accuracytdd.2°  surement corresponds to a good approximation to the com-
and subsequently mechanically polished. A std¢ssas ap- ponent of the dielectric tensor parallel to the intersection of
plied along the[001] axis (configurationX|[001]) or the the plane of incidence with the sample surfat&his feature
[111] axis (configuration X||[111]), by using a stress was used to directly obtain the component of the dielectric
apparatus® which uses a hydraulic force transmission to ap-tensor parallek! and perpendiculas® to the stress.
ply compressive uniaxial stress. The stress apparatus allows The piezo-optical coefficients were determined from the
accurate alignment of samples under stress, which is a nehange in the measured dielectric functions with stress. The
cessity in ellipsometry. The samples were glued using epoxgtress configurations, faces, and polarizations used in the ex-
resin in special cups, which fitted into the stress apparatugeriments, and their relations to the piezo-optical compo-
and to which the force was applied. Before gluing, thenents are summarized in Table I. HenBg; was determined
samples were degreased in acetone and etched in a 50 fOm ¢l data undeX|[001] andP,, from thee' data under
solution of three parts $$0, (80% and one part 5O,  X|[001]. Finally, P4, was determined from the difference
(30%) for 1 min in order to remove native oxides. During the betweene! ande* measured withX [ 111]. We define com-
hardening of the glue, which typically took 6 h, a new oxide pressive stress as negative, iX¥x0 in our experiments.
grew on the samples. By measuring the oxide thickness asMotice that our definition oP,, differs from that used by
function of time, by spectroscopic ellipsometisee beloy,  Etchegoin and co-workefsS; 1" while those ofP;; and P,
we found that it reached a constant value-&20 A after 3-5  are the saméour definition ofP,, is a factor 2 smaller than
h. The oxide thickness remained thus constant during thehat of Etchegoin and co-workerd'hese definitions are used
measurements of the stress-induced optical properties. in the equations that relate the piezo-optical coefficients to
Ellipsometric measurements of the dielectric functionthe deformation potentiafsto be used below; therefore such
were made for stresses from 0 to 0.7 GPa, in steps of O.factors are important. Our definition is consistent with that
GPa; at higher stresses the samples broke. Taking into agsed by Ny& and Grechushniko¥while that of Etchegoin
count the error in the measured sample cross sectiorend co-workerS~1"was not in the case d?,,.
(~1%) and in the applied force€l—2 %, we estimate the Ellipsometric measurements, especially in the ultraviolet,
stress values to be accurate to within 3%. are sensitive to the presence of surface overlalfeYs.
The ellipsometef® of rotating analyzer type, had a Xe Hence, the measured dielectric functions were corrected with
lamp as a light source and a double monochromator witta three-phase modélfor the presence of oxide overlayers.
gratings with 1200 lines/mm. Mirror optics was used. TheThe oxide thicknesses of the unstressed samples were deter-
polarizer and analyzer were prisms of Rochon type and thenined ellipsometrically by using the dielectric function of
detector was a photomultiplier tube. The spectral range obulk InP (Ref. 42 and its oxide*® Thus, the oxide thickness
our measurements was 1.6-5.5 e¥825-225 nnm and the  was the only fitting parameter; it was found to be typically
data were taken with an interval of 0.05 eV in the entire20 A. The fitted oxide thickness and the literature data for
range, and of 0.005 eV in the 2.9-3.4 eV range, i.e., arounthe oxide were then used to correct the dielectric function at
the E;-E;+ A, transitions. The relative resolution was all stresses. The crucial assumption here is that the dielectric
AE/E=6X10"3. The angle of incidence was 67.5° and thefunction of the oxide does not change significantly with
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FIG. 1. The imaginary part of the dielectric function (kh vs FIG. 2. Real, Re, and imaginary, Im, parts of the dielectric func-

photon energy of unstressed InP at room temperature, as measurggéh ¢ around theE; and E;+ A, transitions of InP vs photon en-
by rotating analyzer ellipsometry: data corrected for an oxide overergy, at different stresses, for stré${ 001]. Only the component
layer are shown as well as uncorrected data. Also shown are dajsarallel to the stress! is depicted.

obtained from InP cleaved and measured in ultrahigh vacuum

(UHV) (solid line, from Ref. 42, and the result of a semiempirical . ) oh N
tight-binding (TB) calculation. Note that the latter leads to a rather t€rmined from the difference between and s~ measured

weakE, structure, resulting from too small a basis set. with X|[[111], see Table I. Data up to 0.4 GPa were used. At

higher stresses nonlinearities occur especially close to the
stress. We believe that this assumption is justified, sinceritical points. Nonlinearities have also been observed for Ge
there are no critical points in the oxide dielectric function in (Ref. 15 and GaAs® The piezo-optical coefficients ob-
our experimental energy range. tained are shown in Fig. 3.

IIl. RESULTS 1.5 25 35 45 55
9.0 T T T

A. Dielectric function 60

In Fig. 1, the imaginary part of the pseudodielectric func-
tion of InP is shown without correcting for the oxide over-
layer. As can be seen in this figure, the difference betweer 0.0 pSEEERERETEoo0US o
these results and those for InP cleaved and measured in u vﬁﬂ
trahigh vacuurff is significant, particularly above 4.5 eV,
where the oxide is absorbing. However, the dielectric func-
tion corrected for an oxide overlayer reproduces the ultrahigh
vacuum data reasonably well. Hence, our data after correct—
ing for the oxide overlayer with the three-phase model can §
be reliably used for the determination of the piezo-optical £
constants. Our dielectric functions are also in good agree-® ~
ment with other ellipsometric data reported in the literature
for InP 2041

The changes in the dielectric function with stress are larg-
est in the vicinity of critical points. In Fig. 2, an example of

the change irel with stressX|[001], for energies around o0

theE,—E;+ A, transition, is given. The change in dielectric 30r ]

function with stress is clearly seen. The imaginary part re- 00 Lo < 220000000k, \ Pt

veals that for this configuration, the strength of tagtran- —re ’ O@? S

sition increases with stress, while that of the+ A4 transi- SO T i 1

tion decreases. -6, =5 55 s =5
Energy [eV]

B. Piezo-optical coefficients ) ) o
FIG. 3. Piezo-optical coefficient8,; (a), P1, (b), and P4, (c),

The piezo-optical coefficients were determined from there and Im partsvs photon energy, for InP, at room temperature,
stress-induced changes of the dielectric function, as sUmmas obtained from rotating analyzer ellipsometry. Also shown are
rized in Table I. The piezo-optical coefficien®s; andP;,  imaginary parts of the piezo-optical coefficients as obtained from a
were determined fronX||[001] measurements,, was de-  semiempirical tight-bindingTB) calculation.
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1.5 25 3.5 45 55 ments on samples in a hydrostatic pressure cell. Judging
5.0 T . .
P .op from the self- and KK consistency of our data, we believe
25 (@) re(P,,+2Py,) that they are correct.

00 | ‘\l == \Q,Ea:_& In Fig. 4(c), the measured®,;— P, is shown.P;;—P;,

25 T.h corresponds to the effect of tHe,, irreducible strain com-
ponent and can be obtained from the stress-induced birefrin-

_5.0 L L 1
5.0 . . . . gence with the stress along th@01] axis. With the stress
25 | ©)IM(P,+2P,) along the[111] axis, the stress-induced birefringence gives

P,4. Note that the line shapes of the two specBg,— P4,
and P,,, are almost identical. As will be shown below, it

0.0 PIRRACOLROS
— [001]

T B A8 l follows from the small value ofA; and does not apply to

[\ L L L . . .

& 39 . . . cases in which\, is larger, e.g., GéRef. 15 and GaAs®

o 100 |
.5 C. Critical-point line-shape analysis
50 The measurement of stress-induced changes in the dielec-

tric function can be further used to determine the shifts in the
28 critical point energies. These shifts can be described by de-
0.0 formation potentials, which represent the change in energy
-25 eigenvalues induced by a unit change in the strain. We de-
ol o E) i termi_n_e the deformation potentials fo_r tlg and E;+A; _
25 . . . transitions from the change in energies and strengths with
s 25 3.5 45 55 stress. In order to determine the critical-point energies and
Energy [eV] strengths we use a standard analytical line shape for a two-

dimensional critical point, such &, andE;+A;. We use

FIG. 4. (a) Real and(b) imaginary parts of the functiof® .
@ (b) imaginary p o transitioné*

+ 2P, of InP, vs photon energy, as determined independently frorﬂcor the E;
experiments with stresX|[001] and X||[[111]. P4+ 2P, corre-

sponds tal’; symmetry strain, such as the hydrostatic component. Ei E—-ilp .

(¢) The quantityP;;— P;, (Re and Im parfsof InP, vs photon S(E):_Agln(l_ E, )exm‘ﬁ) (3.9
energy, which correspond to strain with, symmetry. The imagi-

nary parts ofP;,+2P4, andP,;— Py,, calculated by using a semi-  gnd for theE,+ A, transitioné*
empirical tight-binding mode(TB) are also displayed iib) and

(c), respectively. (E;+A;)? ( E—i

I'g

s(B)=-B E,+A,

explig). (3.2

The error bars in Fig. 3 correspond to the variance of a
least square fit of the dielectric function vs stress to a straight
line. Since the piezo-optical coefficients are obtained fromin the actual fits we did not simply use Ed8.1) and(3.2)
the change in the dielectric function with stress, any stressbut insteade (E)=[&(E)+&*(—E)]/2, which has the ad-
independent systematic errors should largely cancel out. IMantage of fulfilling the KK relations. The energiés and
this respect it should be mentioned that the oxide layer corE;+Aj, the strengthé\ andB, the lifetime broadeningF 5
rection does affect the piezo-optical coefficients much lesand I'y, and the phasep were determined by fitting the
than the dielectric function itself. In fact, we obtained almostsecond derivatives with respect to energy of E&sD and
identical results for the piezo-optical coefficients determined3.2) to those of the experimental data. The phaswas set
from dielectric functions uncorrected for oxide overlayers. to be identical in Eq93.1) and(3.2). The real and imaginary

We made two consistency tests of our piezo-optical coefparts were fitted simultaneously. The errors in the fitted pa-
ficients: Kramers-Kronig (KK) consistency and self- rameters were taken as the 95% confidence interval.
consistency. Being linear and causal response functions, the In Fig. 5, the second derivatives of the imaginary parts of
real and imaginary parts of the piezo-optical coefficients arehe dielectric functionse! and £ are shown for three
KK conjugate'® KK consistency is therefore necessary, butstresses, in thX|[001] configuration, together with fittings
not sufficient, for the correct piezo-optical coefficients. Ourto Egs.(3.1) and(3.2). For clarity reasons, in Fig. 5 only the
InP data show KK consistency that is as good as those founithaginary part is displayed. The fitted curves clearly demon-
for Ge!® GaAs!® and Sit’ strate that the critical-point energies and strengths change

The measurement of four independent quantities for thevith applied stress. A comparison between Fi@) &nd Fig.
determination of three piezo-optical coefficients enables 2 illustrates the well-known fact that these effects are more
self-consistency check to be made. The quariity+2P,,  pronounced in the second derivative of the dielectric func-
can be determined independently from bf@01] and[111] tion than in the dielectric function itself. Note that for
data, cf. Table I. In Fig. 4, it can be seen that the data meaX||[ 001] andel, the strength of thé&;, transitions increases
sured for these two stress directions are consistent within thand theE; + A, transition decreases with stress. korthe
estimated experimental errors. The good agreement suppomgposite is found.
the corrections of the experimental data. A measurement of The line-shape parameters determined by us for un-
the optical properties under hydrostatic pressure gRgs stressed InP at room temperature are compared in Table I
+2P,,, but it is not easy to perform ellipsometric measure-with other values found in the literatut&*>=4'Our param-

E2
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- . . . . FIG. 6. Energy eigenvaluds, andE;+ A, for InP, vs stresX
FIG. 5. Second derivatives of the imaginary part of the dlelectrlcfor the incident electric field parallel” and perpendiculas* to the

function of InP aroun.d thEl andE,+ A, critical points, for stress stress, for(a X||[001], and(b) for X|[111]. Also shown are fitted
X||[001]. Second derivatives of the components paralleind per- curves, from which@) the deformation potential@i and Dg and

pendiculare to the[001] axis are shown for three values of the the spin-exchange parameteitg and 8y, and(b) the deformation
stress. The solid lines were calculated to fit the experimental dat%otentiaIst andD? were determined '
1 3 .

by using an analytical expression for a two-dimensional critical
point. . .
the measured structures decreases with siisss Fig. 5.
eters are in good agreement with the earlier determinationd."iS @lso explains the larger errors iy + A, displayed in
Note that the error bars are rather different for the differenti9: 6(b), especially at high stresses. _
parameters. The energies andE;+ A, are the most accu- The L-point energy eigenvalues foX|[001] are given

4,48-51

rate ones, while the errors in the broadenihgsandI'g and by*

particularly in the relative strengthB/A are noticeably

larger. A, A\2 12
E(X)=E,+ > Fout|| 5 +(8;£689% , (3.3

D. Critical-point energies and deformation potentials

The energies are the best determined line-shape parathere y=(D1/\3)(S;1+2S1)X and 8s=+2/3D3(Sy
eters(see Table Il and we therefore use them to determine — S12) X. The first set oft signs gives the stress dependence
the deformation potentials of tHe; andE;+ A transitions.  of E; (—) andE;+A, (+), respectively. The second gives

In Fig. 6a), the energies for th&, andE,+A, transi-  the difference in energy eigenvalues fet (—) and &
tions are plotted as a function of stress ¥[{001], and in  (+). Di represents the deformation potential for hydrostatic
Fig. 6(b) for X|[111]. The errors in the energies are Iargerstrain,Dg is the intraband effect of f001] shear strain on
for the E;+A; than for theE, transition, due to the lower the valence band, and; is a spin-exchange term, which
strength of the formefsee Fig. 5 and Table )ll At high  causes splitting o, andE;+A; for ¢l ande™. Experimen-
stresses, the errors in the determinatiorEeft A; become tally it is often found thats; is different for theE; andE;
large in Fig. §a), for X||[001] and el, since the strength of + A, transitions. We denote the spin-exchange term for the

TABLE Il. Line-shape parameters of InP at room temperature as determined from spectroscopic ellipsometry.

E; (eV) E.+A; (eV) 'y (meV) I's (meV) B/A ¢ (deg Ref.
3.158 +0.004 3.2910.004 642 63+5 0.5+0.15 5%5 452
3.1484+ 0.0024 3.2896:0.0056 70.4£3.4 64.2t8 0.36 35.6:4.3, 28.5-10.8 46°
3.157 3.293 83.5 83.5 0.31 166 47"
3.149 3.275 40°
3.144 +0.003 3.2740.006 63.6:3.5 57.2:5.6 0.370.06 83.5-4 This work®

&Three-dimensional critical point, third-order derivative analyzed.
®Two-dimensional critical point, second-order derivative analyzed.
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TABLE lll. Deformation potentials and spin-exchange parameters foEthandE,+ A, transitions in InP. Rows 1 and 2 are experi-
mental values and rows 3-11 are theoretical.

D1 (eV) DS (eV) D3 (eV) D3 (eV) 831 (MeV) 555 (MeV) Ref.
1 —9.1+1.424f 20.4+ 6.4 —4.1+0.329f —12.9+2 5041 33 adf — 25+ 1324df This work
2 —9.0%ef 22
3 —2.06%K 11.08PK —3.002K —6.59PK This work
4 20.04Pkm This work
5 —3.932! 12.85% —3.05%! —7.10%! This work
6 19.4304m This work
7 —4.769 32
8 —4.77+0.13" 29
9 —6.56" 31
10 —4.641 30
11 —-8.0! 27
3Uniaxial stressX|[[001]. "LMTO.
bUniaxial stressX|[111]. 'First-principles pseudopotentiéielativistic).
“Hydrostatic stress. JEmpirical pseudopotential.
‘Ellipsometry. kTight binding, .
®Electroreflectance. 'Tight binding,L point.
'Room temperature. mpl=—9.1 eV used.
9LDA.

E, transitiond;; and for theE,;+ A, transition§;,. S;; and  ley effect of the corresponding valence ban@g,=21.7
S,, are elastic compliance constants. TPa ! is an elastic compliance constaft.

The deformation potential®] and D3 and the spin- For X|[111], &l has only a contribution from the triplet,
exchange terms;; and 6;, were determined by fitting Eq. while £ has contributions from both the singlet and the
(3.3 to the experimentally found energies. Sifg appears triplet. We therefore determine®? and D3 by fitting Eq.
as a quadratic term in E¢3.3), its sign was determined from (3.5) to the experimental data fef. The sign ofD3, which
the st.ress-induced change of the critical-point strengths, agynears as a quadratic term in Hg.5), was determined
described Pf'OW- The value$;;=16.4 TPa* and Si;  from the stress-induced changes of the critical-point
=—5.9 TPa * were taken from the I|t¢ratur'sé.ln the fiting  gyrengths, as described below. Again, the points were given
procedure, the points were given weights prc_)portlonal to th‘?/veights proportional to the inverse of the square of their
inverse of the square of their errors. The fitted curves are, . ors. We used the value @' determined from the

shown by the solid lines in Fig.(é and the determined . . .
deformation potentials are summarized in Table IlIl. OurxH[OOl] data_. The f'tteq curves are shown in Figbwhile
the deformation potentials are given in Table Il

value forD? is in good agreement with that of Bendoryus
and Shileikéﬁz g g y The estimated errors are relatively large tmi and D3,

For X||[111], the energy eigenvalues are split into a sin-Which appear as linear terms in Ed8.3) and (3.5). Since
glet (S), corresponding to thgL11] direction ink space, and D1, as determined fronX|[[001] results, was used when
a triplet (T), corresponding t)111],[111], and[111].  @nalyzing theX|[ 111] measurements, the error D, is also
The stress dependence of the singlet and triplet is giveAffected by the error iD. FurthermoreP3 and D3 appear

byt449:51 as quadratic terms in Eg€3.3) and(3.5), therefore the rela-
tive errors are smaller. Finally§;; and §;, have large rela-

ESX) = E Ay +A1 s O 3.4 tive errors. In Eq(3.3) they have been assumed to be iden-
(X)=E;+ 2 7 H+7’ (3.4 tical. Our experimental values af;; and 65, for InP are,

however, different. Also for G& and GaAs® §;; and 85,

12 have been found not to have the same value, as would be
; expected on the basis of exchange interaction betwees;the
(3.5 andE, + A, states. Our fitted values @, and §;; seem to

have even opposite signs, althoudh is nearly zero. This
where 85 =(D3//3)SyX and 8g:=(D3/\/6)SsX. The en-  seems to be the case also for GaAs in Ref. 53. We do not at
ergy eigenvalues of thE; andE; + A, transitions are given this time have any explanation for this feature.

by the (—) and(+) signs, respectively. Her®} represents For Ge and GaAs§;<8s<A,/2 and §g»<<A,/2. There-

the intervalley effect of 4111] shear strain on th&, and fore, Egs.(3.3) and (3.5 can be linearized. These approxi-

E,+A; critical-point gaps, whiIeDg describes the intraval- mations are not valid for InP because of the small value of

A2 4
7) g%

A 57
ET(X)=E1+71—5H—(?S)i[(
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A ;. Hence, the deformation potentials have to be determinec -01 01 03 05 07 -00 01 03 05 07 25
by simultaneously fitting botfE, andE;+ A, in Egs. (3.3 R N
and(3.5), respectively, to the experimentally determined en- 20| (T) E.» Xilio01] ] 120
ergies. 33
15 | . 115
E. Critical-point strengths and deformation potentials
Not only the change in critical-point energies, but also the or 1 1'°
change in their strengths with stress, can be used to detet
mine deformation potentials. The relative errors in the oSt ] 1°°
strengths are, however, normally larger than those of the ens . . .
ergies(see Table )l. We therefore defer from determining < 59 —_ s
the deformation potentials from strength changes and, in& (c) E,, X||[111] (d) E,+A,, X|[111]
stead, use the data only for the consistency checks. In Eqs 20 [ gl 1 Fee 120
(3.3 and(3.5), Dg andDg appear as quadratic terms. Hence, <>§l O
only their magnitudes can be determined. However, the 15 | 1t 115
change in the strength of the critical points with stress can be
used to determine the signs Bf andD3. For X||[001] the 10| 1 110
strengths aré4°51
05 | 1 F 405
IL(X)=1g,(0)(1+ay), (3.6
I 0'0—0.1 0j1 0!3 0!5 017 -0.1 011 0!3 0!5 017 00
lE,+a,(X)=1g +a,(0)(1—ay, (3.7) X| (6Pl
Iél(X)z lg,(0)(1— 3 ay), (3.9 FIG. 7. Relative critical-point strengths for InP vs stress
X||[001], for the (@) E; and(b) E;+ A, transitions, and for stress
and X|[111] (c) and(d). The sign ofD3 was determined fronta) and
(b) with D3=—4.1 eV. The sign oD} was determined fronfc)
lg,oa,= g +a,(0)(14 3 ap), (3.9  and(d) with D3=-12.9 eV.

where a;=/8/3D3(S,;— S;)X/A,. Equations(3.6)—(3.9
are valid for (@;)?<1.
For X||[[111] the corresponding strengths ¥r&°51

sponding ranges of stresses should |K¢<0.35 GPa for
both X||[001] andX][[111]. If we compare the straight lines
in Figs. 1a)—7(d) with the experimental values, this region
of validity appears to be correct. Thus not only the signs of

IE (X)=1g,(0)(1+ § &), (310  p2andD$in Table Ill, but also the numerical values are in
agreement with the stress-induced changes in critical-point
k2 (0=Tg s, (0(1-$az), (31D  strengths.
|E1(X)= | El(o)(l_ % ), (3.12 F. Plezo-op-tlcal coef-f|C|ents an-d -deformatlon potentials -
Both the piezo-optical coefficients and the deformation
and potentials are measures of the change in the electronic struc-
ture with stress and model expressions can be found describ-
I§1+A1=IE1+A1(O)(1+ 2 w,), (3.13 ing the relation between the piezo-optical coefficients and

the deformation potentiafsWe will now use these relations

where a,=D3/\/6S.,X/A;. Equations (3.10—(3.13 are
valid for (a,)?<1.

In Figs. 1a) and 7b) the normalized strengths for tlig
and E;+A; transitions are shown foX||[001]. Also dis-
played are calculated relative strengths, from EH@s6)—
(3.9 using Dg as determined abov@ee Table lIl. Figures
7(c) and 7d) show the relative strengths fof||[111]. The
Dg given in Table Il was used in Eq$3.10—(3.13. The

to check the consistency between piezo-optical coefficients
and deformation potentials determined in this work. In prin-
ciple, the deformation potentials could be determined from
the piezo-optical coefficienfé.For InP, as we shall see, this
appears not to be a good method due to the large difference
in critical-point strength of thé€e; and E;+ A, transitions
(see Table ). It provides, however, an additional consis-
tency check of the data.

signs ofD? and D3 in Table IIl gives the correct increases ~ The hydrostatic deformation potentidd;, is related to

and decreases of the critical point strengths with stress caP11+2P12 by’

culated from Eqgs(3.6)—(3.13. We therefore conclude that

the signs ofD3 and D3 given in Table IIl are correct. Di de
The straight lines in Figs.(@—7(d) were obtained from P11+2P12:ﬁ dE,;

Egs. (3.6—(3.9 and (3.10—(3.13, and should be valid for

(@1)?<1 and (@,)?<1, respectively. If we assume that Egs. where, 36;,+2S,,) =1/B, B being the bulk modulus, and

(3.6—(3.13 are valid fora; ,<0.3[(a; »)?<0.1], the corre-  de/dE; can be expressedas

3(S111+2Sy), (3.19
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25 3.0 35 4025 3.0 35 40
6.0 : : ‘ : 6.0
(@) re(Pyy+Py,) S (b)Im(P, +2P )
0.0 FP==—= o | \-\7’_5 0.0
-6.0 -6.0
12,0 — ‘ 12,0
\ D mP—P,,)
— 3 I/ \\ {s0 FIG. 8. Re and Im parts of the functiof;
'g_’ S +2Py, [(@ and (b)], P1;— Py, [(c) and (d)] and
o, = P4 [(e) and (f)], in the vicinity of theE; and
o~ == 00 E,+A, transitions of InP, as measured by ellip-
N sometry(solid lineg and as calculated from Egs.
-6.0 : -6.0 (3.149—(3.17 (dashed lines using deformation
120 ‘ ‘ 120 potentials determined from the changekpn and
E;+ A, with stress(Table IlI).

de E de 2 As mentioned above, the line shapeskf,—P;,, and
d_El: TE,dE EE (3.19  alsoP,,, are well reproduced by Eq&3.16) and(3.17), only
if the same strengths are used for thgandE,+ A, transi-
The quantityP1;— P15, which describes the effects of strains tions. This is in sharp contrast to the experimentally deter-
of I';, symmetry, is related t®3, the deformation potential mined ratio between the two strengtB$A=0.37 (see Table
describing §001] shear strairalso ofI';, symmetry:* II). Equations(3.14—(3.17 were derived within a one-
(E ElrAn) electron approximation, within which the strengths of e
eF)—g(Frtha S.—S andE;+ A, transitions should be almost the same. The ex-
Aq (S~ Spo). perimentally found difference is probably due to excitonic
(3.19 effects(exchange interactionA si%nilar effect has been seen
E E tA I . in the Raman polarizability of G&,where in the expression
L:iecr?jw(ctli; r?nf? Osr; 1the1|>5ar:ntgeE Cf:nAmb#;ggifictiﬁsth?edslsé?- corresponding to Eq(3.17, the line-shape parameters of
tively 1 1Te : ¢(BD and e(F1*41) as determined from ellipsometry, were
Fiﬁall P,.,, which corresponds to strains Bt symme- used, except for the strengths that were taken to be those
Y, Faq, P 5 1,015 SY found with the one-electron approximation.
try, can be written as a function &3 andD3,

Pi1—Pp= \/ng

de IV. TIGHT-BINDING CALCULATIONS
5

1
Pyu=—= —D
44 4\/§ 1dE1

S(El)_ 8(E1+A1)
- . 544-

+4\/§D§( X
1

The previous analysis of the pressure-induced changes in
(3.17  the optical properties of InP was performed using a two-
dimensional critical-point model that is valid only in the re-

We now take the deformations potentials obtained fromgjon of k along [111] in which valence and conduction
the stress-induced changes|gfandE; + A4, (Table [l and  pands are nearly parallel. In order to have a different, possi-
calculate the piezo-optical coefficients according to Eqgsply more realistic description of the optical properties and
(3.14—(3.17. In Eq. (3.19 we use the experimental values the corresponding effects of stress, it is necessary to take into
for & andde/dE. For (2 andeF1"41) we use Eqs(3.1)  account stress effects over the entire Brillouin zone. Such an
and (3.2) with the parameters determined from the analysisapproach requires a microscopic calculation of the optical
of the second derivative of, see Table Il. We found how- properties. In this section, we present a detailed theoretical
ever, that equal strength far® and &(F1*41) had to be analysis of pressure effects on the optical properties of InP
used in order to reproduce the experimental line shapes. using the empirical tight-binding metho®ETBM). This

In Figs. 8a) and 8b), Py;+2P,,, calculated from Egs. method allows the determination of the dielectric constant, of
(3.14 and (3.19, is shown. Both the real and imaginary the piezo-optical coefficient, and of the deformations
parts are reproduced reasonably well. potentialé® of InP.

In Figs. 8¢)-8(f), P1;— P, and P4, calculated from The ETBM calculations used a basis ©if°s* orbitals®
Egs. (3.16 and (3.1, are displayed. The line shapes of with only nearest-neighbor interactions. The calculations in-
P,,—P1, andP,4 are very similar, since both are dominated clude the spin-orbit coupling; this interaction expands the
by the Dg term. TheDi term in Eq.(3.17) gives a minor basis to a total of 10 orbitals per atom. The tight-binding
contribution toP,. on-site and overlap parameters were obtained by refining
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TABLE IV. Tight-binding parameter§in eV) for InP. The notation for the parameters corresponds to that of Ref. 58. The indices 0 and
1 correspond to the P and In atoms, respectivlyandA, are the spin-orbit parameters for P and In, respectively, obtained from Ref. 65.

E E, Es, Ep, Ve Ve Vg Vep Vep  E¢ Ve, Es Ve, Ao A,

So o
—8.681 0.7379 —-0.8751 4.135 —4.81 1773 4.253 251 5582 8.264 O3.462 l7.06714.483 6.70E-02 0.392

those published in Ref. 56 in order to correctly account formodifications of the atomic positions and of the tight-binding
the spin-orbit interaction. In the refining procedure, the cal-overlap parameters with the bond lengths and angles. For the
culated critical-point energies were fitted to experimentallatter, we used here the simple model proposed by
values at high-symmetry points of the Brillouin zone, whenHarrison®® where the intersite parameters betweeand p
available, or to empirical pseudopotential calculatiths. orbitals scale with the inverse square of the bond length. For

The calculations of the imaginary part of the dielectric X”[OO]_], the atomic coordinates under pressure are com-
function £, requires the integration of all optical transition pletely described by the elastic constants of the medium. For
elements between valence and conduction states over tbg|[111] the positions of the atoms in the unit cell are not
Brillouin zone. These elements were obtained directly fromcompletely described by the elastic constant but require
the tight-binding Hamiltonian following the procedure de- knowledge of the internal displacement parametét We
scribed in Ref. 58. In this way, no extra parameters are regged the valug =0.699 estimated by Martiff
quired for the determination of the optical properties in ad- The piezo-optical coefficient®;,, Py,, and P,, were
dition to those listed in Table I\&, was then determined by determined from calculations for the components of the di-
randomly sampling the Brillouin zone using a large numberg|ectric function in the directions parallel and perpendicular
of k points(typically 10) in order to obtain good statistics. tg the stress. The procedure used here is similar to that fol-
The real partg;, can be found by a KK transformation of |owed in the experiment&see Table)l The stresses used in
€2. the calculations were the same as those used in the experi-
The calculated values of, for InP are displayed as ments. The calculated values for the imaginary part of these
circles in Fig. 1 and compared to the experimental valuesgoefficients are displayed as circles in Figs. 3 and 4. As for
Note that while the calculation reproduces well the positionthe dielectric function, the spectral lineshape is reasonably
of the critical points, the strengths are normally underestiwell reproduced by the calculations, specially near fhe
mated. This discrepancy arises from the approximations usegansition. The strengths, however, are normally underesti-
in the calculations: the ETBM uses a basis Consisting of Verymated. Among the reasons for these discrepancies are the
few orbitals, it does take into account only nearest-neighbopreviously mentioned simplifications used in the calcula-
interactions, and it completely neglects local field and excitions. Another reason lies in the underestimation of the de-
tonic effects. Also, the agreement is less satisfactory for thggrmations potentials, to be described in detail below. In a
higher-energye, andE, transitions. This is attributed to the recent papef® Theodorou and Tsegas used an empirical
fact that the parametrization in Table IV was optimized totight-binding model to calculate the piezo-optical properties
describe the band structure near the fundamental ané the of Ge. Their calculations also reproduce the spectral line
gaps. Using an empirical pseudopotential method, Etchegoishapes near thg, transition, but the strenghs are lower than
and co-worker§"'® found that the strengths of th€, and  what has been found experimentalfy.
E;+A; transitions were lower than the experimental ones. The deformation potentials for tHg, andE;+ A transi-
Using a Lorentzian broadening these authors showed that thions were determined using the tight-binding method fol-
agreement around thi; transition of GaAs could be im- lowing two different approaches. The first consisted in cal-
proved. culating the shift of the transition energies betweenlttend

The quality of the calculated, data in Fig. 1 is good L points(i.e., 111 statesof the band structure, for different
enough to attempt a calculation of the second derivative andalues and orientation of the stress. By analyzing these data
the fitting of these calculations to expressions of the type ofising Eqs(3.3) to (3.5), we obtained the deformation poten-
Egs. (3.1 and (3.2. By doing so one obtains a rati®/A tials shown in Fig. €8). The deformation potentials at the
~0.87 between the ratios of the, andE;+ A, transitions. point are also listed in row 5 of Table Ill. In Figs(l9 and
The deviation of thé/A ratio from unity can be attributed to 9(c), respectively, calculated energies of tRe transition
the weakk-p coupling between thé\,— A5 and the spin- betweer” andL are displayed as well as their corresponding
split Ag bands forl'<k<L.% This coupling decreases the matrix elementgp)2. The largest contribution to the optical
transverse magse., perpendicular to thiel11] direction) of  properties is from transitions close to thepoint, where the
the A,— A5 band and increases that of thlg; band, thus joint density of states is highest. Note that in this region the
changing the relative strength of tlilg andE;+ A, transi-  deformation potential, energies, and transition matrix ele-
tions. Note, however, that this effect should be relativelyments are practically independentlaf
weak and cannot explain the large differe&=0.37 be- The second procedure for calculating the deformation po-
tween the strengths observed in the experimental data. THentials consisted in calculating the full dielectric constant
results presented here give further evidence for the fact thdor different stress values. The critical-point energy shifts
that smallB/A cannot be explained within the framework of were then determined by fitting the second derivative of the
the one-electron theory, as already discussed in Sec. Ill F. calculated data to expressiof3.1) and (3.2). This proce-

The stress-induced changes in the electronic structuredure, which is similar to the one used to analyze the experi-
were calculated by taking into account the microscopicmental data, yields the deformation potentials in row 3 of
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20.0 ' ' . values of the calculated deformation potentials. The under-
180 [ (a) oD, eD? estimation becomes especially large B} (D1=—3.93 eV
16.0 [ °8 g oD, WDy in the 5th row of Table Il in comparison with an experimen-
140 | c - tal value ofDi= —9.1 eV). A probable reason for the small
120 | o . values of the calculated deformation potentials lies in the
> -~ functional form used to describe the dependence of the inter-
=5 2 e o o o o o o o site tight-binding parameters with bond lengtht is impor-
-40 | o o o o ©o © o © tant to note, however, that the discrepancies between theo-
-60 | . retical and experimental values are not specific to the ETBM.
8ol " " = = = In fact, even more advanced calculation methods yi2{d
~10.0 . ! s values between-4 eV and—8 eV, as illustrated in rows
35 ' ' ; 7-11 of Table IIl.
< sop () N Except forD1, values for the other deformation potentials
2, 25| o © ] of InP have not been calculated previously. The ETBM re-
% 20l o OF, ] produces reasonably well the experimental valu®dfand,
7 s . . . to a lesser extent, @3 andD3. The lower calculated values
05 . . . of D3 can be traced back to the lower valuelf. In fact, if
ool © e ., R the experimentally measured valuelbf= —9.1eVis used
- T ¢ e o 3 to analyze the tight-binding results, one obtains values very
N%! 005 | .’ | close to experimental resulfsee rows 4 and 6 of Table JII
v 0.00 ' . ' V. CONCLUSIONS
r ﬁ - We have measured the piezo-optical coefficients of InP in

the 1.6-5.5 eV range using ellipsometric methods. Two
prominent set of features are related to Bhe E;+ A4 and

the E, interband critical points. Thé&,, E;+A; features
have been fitted with analytic line-shape expressions. From
those, numerical values for several deformation potentials
1ave been extrapolated. These deformation potentials have
een compared with the results of band-structure calcula-
ns. A full calculation of the piezo-optic spectra based on a
tight-binding band structure has been shown to provide a
y|'easonable representation of the measured spectra.

FIG. 9. (a) Deformation potentiaIsD{ , (b) transition energies
E,, and(c) matrix elementgp)? (in atomic units for the E, tran-
sition of InP, betweed” andL as obtained from a semiempirical
tight-binding calculation.

Table lll. As an advantage, the latter procedure takes aut
matically into account contributions over the full Brillouin
zone, and does not require an averaging over contribution
different points2*

The calculations reproduce the sign of all experimentall
measured deformation potentidgéee Table Il). Also, except
for D, the two procedures described above yield essentially
the same results for the deformation potentials. This result We would like to thank H. Hirt, P. Hiessl, and M. Siemers
indicates that the main contribution to the deformation po-or technical assistance and I. Silier for help with the sample
tentials comes from the region near thepoint where the preparation. L. F. Lastreis-Manez is acknowledged for
valence and conduction bands are almost parallel. The tightraluable comments on the manuscript. Thanks are also due
binding calculations, however, underestimate the absolute the Fonds der Chemischen Industrie for financial support.
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