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Mechanical relaxation of strained semiconducting stripes: Influence on
optoelectronic properties
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(Received 8 May 1997; accepted for publication 16 July 1997

The mechanical relaxation of strained semiconducting stripes is studied. The deformation tensor is
calculated using a classical approach of elasticity problem with predeformations; the electronic band
structure is then simulated using an 8 baqu model including strain. To confirm the models
developed, compressively and tensely strained stripes were fabricated and characterized by
photoluminescence measurements. Theoretical and experimental results are in very good agreement
and show the importance of mechanical anisotropic relaxation phenomena in optoelectronic devices
like waveguide structures, modulators, or lasers. 1897 American Institute of Physics.
[S0003-695(97)04637-9

The use of strained semiconductors offers new possibilisubstrate material, leads to a fictitious and stressed reference
ties in terms of the design of optoelectronic devices. On theondition but allows a simple formulation of the mechanical
one hand, stress can be intentionally introduced into a semproblem. Considering Fig. 1, the boundary conditions are the
conductor layer by the use of a stressing overldy@On the  following: no motion at the edge of the substr&®AD), no
other hand, in the case of layers strained on their substratbprizontal motion (OBE), and free surface elsewhere
parasitic elastic stresses can frequently be induced during tH&FCD). For the stripes studied here, the substrate and the
technological fabrication of the devices, particularly at thelayer are supposed to have the same elastic properties, and to
edges of the patterngnesa, stripes, efc In both cases, be different only through their lattice parameter.
inhomogeneous strain fields occur. These resulting stress and Practically, calculations are done in the area defined in
strain distributions give rise to modulation of the electronicFig. 1. X=0 is a symmetry plane for the stripe, and along the
and optical properties of the materials constituting the finaly direction there is a continuous translation symmetry. An
devices. In order to show the importance of nonhomogeaspect ratio, width over thickness, of 50 is chosen in order to
neous elastic stresses field induced by the devices fabrickave a fully strained regiofi.e., no strain relaxatioraround
tion, this letter presents a theoretical and experimental studX=0 (i.e., the center of the stripeA rectangular mesh is
of stress relaxation of compressively and tensely strainedsed, namely, 10 elements along thexis and 50 elements
stripes. A complete model describing the mechanical relaxalong theX axis in the layer. Thee,, ande,, strain tensor
ation of the stripes and its influence on the electro-opticcomponents and the shear deformatiegsare given in Fig.
properties was developed. 2 for the CS stripe. Calculations are done in each element of

Two structures grown by molecular beam epitaxy on athe mesh, but for better understanding, the results are given
(001) semi-insulating InP substrate were analyzed. Theyn terms of variations of these deformations along Xhaxis
were comprised of a 2000-A-thick pseudomorphic(corresponding to the stripe widtfor several vertical coor-
InGa _,As layer on a 4000-A-thick IsAly4gAs buffer  dinates in the strip¢Z=0.05,Z=0.55, andZ=0.95; Z=1
layer. In the first structures=0.58 corresponds to a lattice corresponding to the top stripe surfacRelaxation phenom-
mismatcha = (a/ay) — 1 (a being the lattice parameter of the ena clearly occur near the stripe edges, over distances of a
material anda, the lattice parameter of the substdatdf  few stripe thicknesses. Results are thus only depicted near
+0.33%[compressively strained strig€S)]. In the second the edges of the stripes. In the middle of the stripe, the de-
one, x=0.485 leads to a lattice mismatch 0f0.32%  formations are those related to the pseudomorphic layer,
[tensely strained strip@S)]. InGaAs-based stripes of 3am  namely, e,,= —0.0033, e,,= —0.0033, ande,,= +0.0034,
in width with 50 um spacing between two adjacent stripesshear deformations,, being obviously equal to 0; all these
were patterned using selective @H, reactive ion etching.

Models were developed first in order to simulate the
structures. Then, to confirm these models, theoretical results
were compared to experimental photoluminescence measure- g P
ments. Figure 1 shows a schematic view of half the stripe Layer a ] Ih X
(along the lateral axjs A mechanical analysis is performed Bx=z-0 P D'
first. It consists of a classical elasticity problem with prede-
formations. The reference configuration, defined by reducing
in each material the lattice parameteto the valuea, of the

Substrate a,

dElectronic mail: fierling@ec-lyon.fr FIG. 1. Schematic view of the stripe.
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positionalong Xaxis positionalong X axis analytic expressions from Ref. 12 can be used. The mean

o _ band gap is directly related to the hydrostatic part of the
FIG. 2. Variations of thee,, (a), e,, (b), ande,, (c) strain tensor compo- strain:
nents, and variations of the hydrostatic pa,{+e,,+e,,) (d) for the com- ’
pressively strained stripe structure.
Egmear= EgT ag(exxt€yy+€;7), (2)

components significantly change near the edgesZHarger whereE, is the band gap of the unstrained material, agd
than about half of the stripe thickness, there is a phenomenqg he hydrostatic deformation potential.

of overrelaxation along th¥ axis: the strain tensor compo- HH/LH splitting, E<=HH—LH is given by
nent, e,,, which is at first negative, becomes weakly posi-

tive. This is due to the stress singularity which appears at
corner C(Fig. 1). These well known singularities can be Es=
studied from an analytic point of view, leading to an

asymptotic expression for the displacemantaind the stress 12
gijj - +d2el, 3

1
ui=r*Ui(0), oij=-1=3 ¢ij(0), (1) whereb, is the valence band deformation potential associ-

' ated with strain along thgl0Q] direction, andd,, is the shear
wherer and @ are the polar coordinates around C. The eigen-deformation potential for strain along th&l11] direction.
shapedJ;(6) and ¢;;(#) can be obtained through the solu- For the CS stripe, variations of the mean band gap near
tion of an appropriate spectrum. The characteristic exponernhe edges of the stripe are directly related to the change of
« has been roughly estimated as 0.7. tr(e)=(ew+ eyyt€,,). This partis clearly demonstrated by

The strain tensor components corresponding to the T&@ comparison between Fig(l® and Fig. 3a). For Z=0.05,
stripe are the opposite of the CS stripe ones for directions i.e., near the interface between the stripe and the substrate,
Y, andZ whereas shear deformations keep the same valughe mean band gap is drastically reduced close to the edge
in both cases. due to the singularity at the point called C in Fig. 1, where

Once the strain tensor components are known, the elethe tensor components become infinite. The compressive
tronic band structure calculation can be performed. The elecharacter of the strain is intensified through, andtr(e)
tronic states and the energy levels are found by solving théhus becomes strongly negative. Ro#0.55 andZ=0.95,
Schralinger equation. An 8 barkp model, based on Kane’s where an overrelaxation phenomenon occurs near the edges,
formalisnf including the spin—orbit interactions is used. the e,, component becomes positive ande) is finally in-
Strain states have been introduced by Bahtigrrepeating creasing, inducing an increase of the mean band gap near the
the original derivation given by Bir and Pikd&!! At each  edges.
point of the material the strain tensor components are known HH/LH splitting includes two terms, the first related to
and electronic properties can thus be calculated. the normal strainge,,, e,,, ande,,), and the second that

Calculations were done for both structures. The resultslepends on shear deformatieyy. In our case, the first term
are presented in Fig. 3 for the CS stripe. Variations of thds found to be much smaller than the second one. Variations
mean band gapEy meai= (Eq(HH) + E4(LH))/2, HH, and  of HH/LH splitting are thus close to variations of shear de-
LH corresponding to the heavy and light holes, respectivelyformation e,,. This is in agreement with the results pre-
are plotted along th& axis for the thre€Z coordinates de- sented in Fig. 4. Around the middle of the stripe, the splitting
fined previously. HH/LH splitting is also represented. Faris independent oZ and corresponds to the strain state of the
from the edges, for both strain cases, the energy transitiorgseudomorphic layer. Fa£=0.05, near the singularity C,
corresponding to the pseudomorphic layer band gaps are olhe splitting is greatly enhanced as a result of the increase in
tained. When a layer is under compressitensile biaxial thee,, stress tensor component. On the other hand, for larger
strain, the uniaxial component increases the heg@ight) Z, near the edges, the splitting varies weakly according to
hole band level. The band gaps are tliys(HH)=0.689 eV  the small change oé,,.

b2
7” [(exx_ eyy)2+ (exx_ ezz)2+ (eyy_ ezz)z]
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750 the calculations and measurements give the same results.

60 s ;:(5) Theoretical and experimental variations are also in good
s 2 s agreement near the edges: the calculated shift between the
g 68 CS seripe P . center and the edges of the stripe, about 15 meV, is con-
:3 z s T8 stripe firmed by these measurements. For the TS stripe, the agree-
E 680 < s ment is quite good too although a small discrepancy appears

o my between theory anq .experlment. . _
0 5 10 15 0 2 0 5 10 15 20 25 A model describing the mechanical relaxation phenom-
positionalong X axis positionalong X axis

ena and their effect on electro-optic properties of strained
FIG. 4. Variations of the average over the stripe thickness of the theoreticatci;mF_)eS was developed. This model was confirmed by phOtO'—
and measured band gap energies for the compressively and the tensdlyminescence measurements. The observed band gap varia-
strained stripe structures; the solid lifgrcle) corresponds to the calculated tijions between the center and the edges of the stripes confirm
(measureyivalues. that it is necessary to take into account the mechanical stress
relaxation phenomena in the device simulation and it is es-
As expected with regard to the TS stripe, the tensor comPecially necessary for the design of optoelectronic devices.
ponents have the same magnitude as that of the CS Stripe; ther the two structures studied in this letter, the initial lattice
only difference lies in the signs of the normal componentsmismatch was weak, about 0.3%. Fluctuations of the elec-
which are opposite. Variations of the mean band gap are thuonic and optical properties are increased when higher lat-
opposite to those of the previous case, but the same splittinéc® mismatches are used in quantum wells, for example, for
is obtained, the splitting being solely related to the magniinfrared wave length applications. Work in this direction,

tude of the tensor components. including quantum confinement calculation, is currently in
To confirm the theoretical models, the samples were inProgress. _
vestigated using spectral scanning photoluminescég&e The authors wish to thank J. L. Leclercqg and J. F. Dam-

SPL) carried out at room temperature, using as the light exlencourt from LEAME for stripe fabrication. This work was
citation, a focused He—Ne laser spot. The lateral resolutioRartially supported by CNET Contract No. 96 1B0O0Z2.

of measurement is Lim. Since the absorption depth of the | _
light is on the order of the thickness of the stripe, it is con- 5'1“”1{7\3?53'249 P.Lee, and M. F. Chang, IEEE Trans. Electron Devices
sidered that the entire depth of the stripe contributes equallyr "3 jaccodine and W. A. Schiegel, J. Appl. PI8%.2429(1966.

to the photoluminescence spectra. Calculations show that th&r. A. Kirkby, P. R. Selway, and L. D. Westbrook, J. Appl. PH§@.4567
energy band gap variation along tHeaxis is less than kT. (1979

4 .
Therefore, it can be assumed that the photoluminescence"l'gséaY“’ Z.F.Guan, Q. Z. Liu, and S. S. Lau, Appl. Phys. L86, 2016

measurement is related to the averaggX over the stripe  5p. A Faux, S. G. Howells, U. Bangert, and A. J. Harvey, Appl. Phys.
thickness of the simulated energy band gaps. According toGLett. 64, 1271(1994. o _ o
Ref. 13, the measured energy variations at half-width peak 2#5. Shgnﬁgttr\)ézvhe(lleg;é& Schiavini, L. J. Rigby, and A. Piccirillo,
(Ehwp fat t_he low energy side correspond_to the_‘ energy band7M. Amara, B. Bern’ardi, and M. Moussaouipplicable Analysig1992,
gap variations. The average over the stripe thickness of thevols. 1 and 2, pp. 25-44.
measured energies at half width peak at low energy sid€E. O. Kane, inHandbook on Semiconductoredited by W. Pau(North-
(Ehwp), in comparison withE,,, is shown in Fig. 4 for both  ,Holland, Amsterdam, 1982Vol. 1, pp. 193-217.

| d sh d b h T. B. Bahder, Phys. Rev. B1, 11 992(1990.
samples and shows very good agreement between theory ang g pikus and G. L. Bir, Fiz. Tverd. Teleningrad 1, 1642 (1959
experiments. For the CS stripe, the measurements of the[Sov. Phys. Solid Stat, 1502(1960].
band gaps were shifted by 2 meV. This value corresponds tgG. L. Bir and G E. PikusSymmetry and Strain-Induced Effects in Semi-
the slight difference between the 58% theoretically consid-12$°”Bd“;;°hr§evrv"§%’;/§e% \\/(og; 12;3‘(1992)
ered composition and the real composition which is 57.4% as; ¢ Bassign’agna,‘C. J. Miner, and N. Puetz, J. Appl. PBs 4299
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