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Starting from a microscopic model in the free-carrier approximation, we derive an analytical approximation
for the optical susceptibility of uniaxially stressed quantum-well lasers at low temperatures by neglecting
second-order contributions of the band-mixing phenomenon. The resulting polarization-dependent peak gains,
differential peak gains, transparency carrier densities, and linewidth enhancement factors as induced by the
uniaxial planar stress are discussed.
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I. INTRODUCTION quency and gain anisotropies[itb]. The latter model, called
Vertical-cavity surface-emitting laser$VCSELS are the spin-flip modelSFM), describes the active semiconduc-

touted as key components for present and future data corrf\,%eqrgat?]teu?\:vgvgni:]nstfg;nssgmas S:’:lelen-csoptljltlgc\:/lotr:‘rec\)ljl r?ysStﬁml,i
munication systems. Due to their small cavity length and P y P gn sp P

R . processes.
quasicylindrical symmetry, VCSELs have only one longitu- In [16,17), the SFM was extended by introducing an ap-
dinal mode, a superior beam quality, low power consump s

. o . proximate frequency-dependent susceptibility for quantum-
tion, a long lifetime, and can be manufactured in tWo-\ e (Qw) media. This approach permits one to include the

dimensional arrays. All these characteristics are often citeghormal shift of the cavity resonances over the gain spectrum
as substantial advantages over edge-emitting semiconductgyf the system, and has allowed reproduction of the experi-
lasers. However, their polarization behavior is difficult t0 yental observations of PR7,18, two-frequency emission
predict due to their symmetrical structure. In the fundamental; threshold 19], and the emission of elliptically polarized
transverse-mode regime, VCSELs exhibit two nearly degengiaieq20]. In all these modeling attempts, strain effects are
erate linear polarization modes with polarization directionjnioquced phenomenologically through the dichroism and
along the[110] or [110] of the Ill-V based materials, be- birefringence parameters. These parameters, which describe
tween which switching has been observed when the currenhe residual anisotropies in the structure that may result from
is changed. Different physical mechanisms have been intrainintentional residual strain left after the growth process or
duced to explain this current-driven polarization switchingfrom the electro-optic or elasto-optic effects in the VCSEL
(PS. The first model is of thermal nature and attributes PS taavity [21] play a key role in the preference for a particular
a spectral shift of the gain maximum with respect to thepolarization orientation.
cavity resonances for the two frequency-split polarization Indeed, in[22,23 it was shown that mechanical stress,
modes[1]. Some of us have further elaborated on this ideaexternally applied to the VCSEL package, dramatically alters
and have incorporated the temperature and frequency depeits polarization behavior. We considered a VCSEL operating
dence of both losses and gd)]. Furthermore, the gain dif- at the high-frequency side of the gain spectrum, so that at
ferences that induce PS have been attributed to thermal lenthreshold, the laser selects the low-frequency mode that
ing in [3] or to the overlap of the modal profiles with the keeps lasing at every current above threshold. We then ap-
carrier distribution in the devicp4]. Nonlinear gain contri- plied tensile stress and considered two cases: stress was ap-
butions, so-called gain saturation effects, can also be inpjied either in the[110] or in the [110] direction. In both
volved in PS[5,6]. These nonlinearities can stem from SPa-cases, the laser switches to the high-frequency nipdiar-
tial hole burning effectd7], spectral hole burning effects ;o4 perpendicular to the stress axag high switching cur-
[8-10), intersubband absorptiofil], and carrier heating rent This switching current drops upon increasing the stress.
[12,132!- o i At lasing threshold, only the high-frequency mode lases. The
A distinctively different model for PS was developed by yresent paper aims at understanding this impact of in-plane
San Miguelet al. [14] and was extended to include fre- anisotropic stress on the quantum-well gain spectra.
Our starting point to study the effect of in-plane aniso-
tropic stress on the gain spectrum of GaAs quantum wells

*Electronic address: guy.van.der.sande@vub.ac.be was the Luttinger-Kohn Hamiltonian for the quantum-well
TAlso at Institute of Solid State Physics, 72 Tzarigradsko Chausheavy-hole and light-hole bands and the introduction of the
see Blvd., 1784 Sofia, Bulgaria. strain contributions according to the Bir-Pikus theory
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TABLE I. The material parameters. In order to study the effects of band mixing and stress, it is
convenient to write the Hamiltonian on the basis of the en-
Ing GaygAs GaAs  ergy eigenstatefkh+) and |kl+), rather than using the an-
E V) Band gap eneray 113 a0 gular momentum statds3/2) and|t1/2}. The heavy- and
9 _ ‘ : < light-hole states]kh+) and |kl+), coincide with the pure
1/y Conduction band effective mass 0.057 0.067 angular momentum statebt3/2) and |11/2>' only at the

"1 Luttinger parameter 8.09 6.98 pand edge. Due to band mixing, the energy eigenstates will
Vo Luttinger parameter 2.69 2.06 be linear combinations of the angular momentum eigenstates
VBO (eV) Valence band offset -0.70 -0.80 when the carrier momentukndiffers from zero. This change
EOe (me\/)a Electron confinement energy 44.1 e of basis is performed in Appendix A. In this case, the Hamil-
Eq (MeV)®  Electron confinement energy 10.2 tonian of the QW system, including the interaction with a
Eqn (MeV)®  Electron confinement energy 296 semiclassical external optical fieke, reads
de=electron. H= > Ec(k)alysakys+ > E‘T(k)(cﬁyﬁckm + ClI,a—Ck,r)
®hh=heavy hole. ks k.o
‘lh=light hole. A

-P-E, (1)

[24,25. The numerical studies by Burak al.[26,27] have - . - + +
provided valuable insight into the experimental results ob- P=2> (A By 17281 e+ O 1=y 1128k 1~ + D 1484 ~1/Ck 1+
tained in[22], demonstrating the changes induced in the gain
spectrum of the QW by the application of stress. However, + dk,h—al,—llzcl,h—) +h.a. (2)
these numerical studies are complex and demanding from the » o o
computational point of view. This fact stimulated the searchVhere h.a. denotes the hermitian adjoays(ay J is the an-
for simpler, analytical studies of the optical gain. nihilation (creat|or). operator for electrons in the condgchon
Here, we present an analytical study of the optical susceland stategks) with in-plane wave vectok, and spins
tibility of a quantum-well laser at low temperature taking =+1/2, which have energieE“(k) given by
stress effects into account. This work is performed in line i ) 2 > _
with the spirit of[16]. Its primary objective is to develop a EA(K) = By + Boe + (A%Y2M)K™ + Ad 01110+ 01110) - (3)
susceptibility function which retains the key features of thewhereEg is the gap energys;, is the conduction band offset,
semiconductor media including the changes due to stresgndm,/y is the effective mass in the conduction band states.
Our analysis is based on a parabolic-band approach, with thenalogously, ¢, .. (cf ,.) is the corresponding annihilation
assumption that second-order contributions of the bandccreation operator for holes in the valence band with
mixing effects can be neglected. All parameters can be de=p | for the heavy- and the light-hole band. The heavy-hole
termined.fro!”n the band structure, except for the band gagnd light-hole energie€"(k) andE'(k), respectively, are the
renormalization. eigenenergies of the Luttinger Hamiltonian, whih the

The paper is organized as follows. In Sec. Il, we presenpagis of the electronic angular momentum eigenstates at
the model for the electronic band structure and the opticahyng edgereads[24]

susceptibility tensor of a stressed semiconductor quantum

well. In Sec. lll, we gain more insight into the effect of the H" C 0 0

stress-induced symmetry change in the system. This leads to c H 0 o0

a stress-induced band mixing contribution, which is crucial T= 0o o H cl (4)
to explain the alignment of the eigenmodes with the stress X

directions. The first approximation is made by neglecting 0 0 C H

second-order contributions of the band mixing. In Sec. IV,IIt is worth noting that in the experiments, tensile stress is

the low-temperature susceptibility is reduced to an analytical : —
formula using a parabolic band approach. In Secs. V and Vi@Pplied to the VCSEL structure in the10] and[110] direc-

this analytical expression is discussed by studying the effedions (91119 and op1yq), respectively. In addition, there is
of uniaxial planar stress on the spectra of the quantum-wefome residual stress, present in the growth direction

gain and refractive index. Section VII contains conclusions.([001]). Therefore, the study of the effects of this externally
(or possibly internally applied stress, requires the rewriting

of the Hamiltonian in such a way that the dependencies on
the stress tensor are made clésge Appendix A The ele-
ments of the Luttinger Hamiltonian are

II. BAND STRUCTURE AND OPTICAL SUSCEPTIBILITY
OF STRESSED QW SEMICONDUCTORS

We consider a 8 nm ppGaygAs quantum well sand- 52
wiched between GaAgsee Table I: all band parameters are H(K) = Egnn + —— (y1+ ¥2)K2 + Ap(07110 + 07110),  (5)
taken from[28]). We have chosen the parameters such that 2my
the one-bound-state approximation can be made. By this we
mean that we disregard all the states confined in the quantum
well except those with the lowest energy within each band.

o2 -
H'(k) = Egy, + m(')’l - ¥k + A(o1110 + 01110, (6)
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TABLE Il. The stress-related material parameters. 1
Y= ——s. (13)
V1+|B
a. (eV) Hydrostatic deformation potential  —6.33 h ) for th h of the band mixi
a, (eV) Hydrostatic deformation potential  -1.13 where By Is a measure for the strength of the band mixing.

Due to the presence of the optical figld the otherwise

3 (eV) Shear deformation potential ~0.98 gigenstates of Eq(l) evolve in time according to Heisen-
ag (eV) Shear deformation potential ~4.56 perg's equation, thus determining the optical response of the
Si1 (1071 m?/N) Compliance tensor element 1.26 system in the one-bound-state approximation. In the general
S, (1071 m?/N) Compliance tensor element -0.46 case, the optical response of the QW medium includes the
Sy, (L0 m?/N) Compliance tensor element 1.79 simultaneous contribution of the heavy-hole and light-hole
A, (10711 eV n?/N) Stress potential -2.84 States. The calculation of the_ qptical susceptibili_ty becomes
A, (101 eV m2/N) Stress potential _214 Quite involved due to bgnd mixing and the assouateq gohgr-
A (1071 eV P/N) Stress potential 113 €nceamong the states in the valence band. These difficulties

can be overcome by considering those strained QW systems
where, due to the large energy splitting between the heavy-
hole and the light-hole band as compared to the linewidth of
32 a quasimonochromatic field, the light-hole band does not
__\on® 212\ _ o . o contribute to the optical susceptibility. This approximation,
el = 2mg Lvalle =) = 2iyakd] +iAco1110 = 01a10) - yhich s valid for GaAs QW media operating at 980 nm and
beyond, allows for a qualitative picture of the effects of
@) strain on the opti i [
ptical response of the system. It permits a first
X, ¥, andz denote the main crystallographic axes whose ori-€valuation and understanding of the effects of strain and
entations define thELOQ], [010], and[001] directions of the  stress on the gain and refractive index spectra of the active
l1I-V semiconductor crystal, respectively. The effectagfis ~ medium.
included inEl, Ej,, andEgy, (see Appendix A making Since the mixed heavy-hole and light-hole states have
clear that its role is simply to shift the edges of the bandswell separated energy levels and because we consider the
The stress potentialé., . are defined in Appendix A. The interaction with a quasimonochromatic field, we can con-
stress- and strain-related material parameters are summarizeider the case where the optical field only couples the heavy-
in Table Il (parameters taken frof28]). hole statesh+) to the conduction band. In Appendix B, the
The valence and conduction band states are coupled wheptical susceptibility is obtained in the slowly varying enve-
an optical field is applied; assuming momentum conservalope and rotating wave approximation when many-body ef-
tion, the interaction among them is describeddyy,., the fects are neglected. By u§ing the standard definition of the
matrix element of the electric dipole moment. Since the cavoptical susceptibilityP=eoxE, we can identify the optical
ity axis is parallel to the quantization axis and the basis statesusceptibilityy from Egs.(B12)—B15) [written in the circu-
are eigenstates of thecomponent of the angular momen- lar base(e,,e.)]:
tum, the optical transitions between the valence and conduc-

A. (107 eV m?/N) Stress potential -7.06

tion bands involve combinations of left- and right-circularly () = G(w) +Hy(w)  Si(w) +S.(w) (14)
polarized light, ~whose polarization state ise, X S(w)+S(w) Giw) +H(0))’
=¥ (exigy)) /2. These selection rules impose that the only ]
nonvanishing dipole moments are where we have defined
- iu? frops +p o= 1
~ By G.(w) = - Iu 2Nhe ¥ T+ 15
i e = 'Ykﬂ<9++ B ®) () goﬁvzk: e y, +i(wp - )’ (13
2 e 2
e __p i + a2~ 1B
= — —_ H+ - Y ' 16
dy .- YkM( Bie: + VF)' ©) +(©) soﬁV% % y, +i(ol-w) 3 (16)
Ay = wu| = - Be (10 S(0) = oS el e B g
kl+ ’YkILL \/é k== - Soflv Kk K ’yl + |((1)E - (J)) \r'/:—)),
Bx ) 2 iu? ke + feean— 1By
dgp-= —=e, +te 11 =- B — 18
k.h ’)’kM( Noh (11 Si(w) soﬁV% W y, +i@ - o) \3 (18)
with with f§ ., andf, . the Fermi distributions for electrons and
. . holes, respectively, angl, the dephasing rate of the dipoles
By = c - C (12) due to intraband carrier-carrier scattering. The transition fre-
KTEN-HI T Hh-E guencies are defined byw) =E%(K)+EN(K).
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From Eq.(14), it can be seen that there exist different h_ e N #2k? #2k?
contributions to the total optical susceptibility. The first con- 7ty =E%(K) + E'(k) =~ E; + ﬁ(Y" nty) =B+
tributions are thaunmixedsusceptibility functionss,. They
describe the interaction between the circularly polarized (23
fields ar_ld_ thei_r respective spin channels in_ the_ absence pf aWhere the minimum transition energy is
band mixing; i.e., foB,=0. The other contributions describe
the effects of band mixing on the optical susceptibility of the Ei=Eg+Ege+ Eonnt (Aet Ay (01110 + 01110) - (24)
QW, and they are of two different types. The first one, given ) ) i
by H,, describes how the changes in the electronic structurd"US; Since in our case the hydrostatic potentl&nd A,

due to band mixing modify the optical response of the elec@® negativésee Table I, the stress dependence of the mini-

. A . mum transition frequency will eventually lead to a redshift of
tronic states. The secon8, andS., make the susceptibility gain spectrumq Y Y

nondiagonal, expressing that due to band mixing, the left- It is noteworthy that all the effects of natural band mixing

and right-circularly polarized components are coupled 1% ave disappeared becaugg, is antisymmetric upon ex-
each other; therefore, these terms describe the stress-induc nge ok, andk, while the other terms depend only &
X y

birefringence and dichroism in the optical response of thﬁﬂence, the first order contributions involving,  vanish

QW medium. In the absence of stress, H43) and(18) are B#on summation over the Brillouin zone and the transition

Z€ro, as a res_ult, the preferred base of the system Is e abilities become constant, effectively simplifying the
circularly polarized one, the response for the two circula

components being the same. However, when stress is appli
to the device, the coupling between both circularly polarized
fields is no longer negligible. This results in a new base of
eigenmodes for the system dependent on the direction of the

g&oblem.

IV. ANALYTICAL APPROXIMATION TO STRESS-
DEPENDENT OPTICAL SUSCEPTIBILITY

applied stress. For the experimental situation studi¢@2 Neglecting the second-order band-mixing effects in Egs.
it resulted in a preference for the linear polarizations along14)—(18) results in a great simplification of the optical sus-
[110] and[110]. ceptibility of the QW medium. Yet, the summations over the

first Brillouin zone that define the different contributions
cannot be performed analytically in the general case. How-
ever, we can consider the low-temperature limit a$1i6,
Equations(14)—(18) determine the optical response of the which has proven to give a useful qualitative description of
QW medium. The effects of strain-induced band mixing onthe optical response. This approximation provides us with a
the optical susceptibility appear in Eq45—(18) through  qualitative picture of the effects of strain on the optical re-
the functiongy. This function can be split in a natural band sponse of the system that allows us to understand more eas-
mixing part B, y, and in a strain-induced pag,, where ily the effects of strain and stress on the gain and refractive
~ s o ) index spectra of the active medium. This approximation al-
_ — (V3A2my) Lya(ks = K)) + 2i yakeky ] (19  lows to describe the optical response of the system in depen-
kN EN-H ' dence of the densities of electrons in each spin orientation
normalized to the transparency carrier den$dty. We can
approximate the susceptibility tensor as follo@@se Appen-

Ill. BAND MIXING IN A STRESSED QW

Ad01110 ~ 071107

Bo=- Iw. (20 dix C):
It is worth noting that, due to the large splitting between x(D.,D_,u) :( G-(v) W+ S ) (25
the heavy-hole and light-hole bands, the influence of the - Si(u)-S(u G.(u)

mixing terms is strongly reduced; i.e., the effects of band
mixing can be included perturbatively. Up to first order in

By, the susceptibility tensofin the circular basehas the G (u)-—X—OI ((u+i -2D,)(u+i —D+—D_)> 26
form * 2 (u+i)(u+i-h) '
o) _( G(w) Sl +&(w)> 20 -
- ’ [0 - O]
-Si0)-S(w)  Giw) S =%~ G - Gulup)]. (27
where G, is given in Eq.(15), H, has been neglected be- 7
cause it is a second-order quantitygp, and with
i < fonet fosne= 18, _ 2 u=4+p(D,+D)'", (28)
Si(w)=— = R = G (w). _ . . .
etV v +ti(wg - ) V3 where A=(w—wy) /7y, is the detuning between the optical

(22) frequencyw and the nominal transition frequenay normal-
ized to the linewidth, ang describes phenomenologically
Moreover, the heavy-hole energy is simply given By the effective band-gap shrinkage with the total carrier den-
~ thEéhh+(ﬁ2/2mo)(y1+ yz)k2+Ah(a[110]+a[ﬁo]); hence, sity. b measures, in units of | , the total energy spread where
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TABLE Ill. The model parameters. -G=OIN/m2|

S (1078 m2/N) Gain splitting strength -325 &5

b Reduced total energy spread x40t

Uyo Reduced intraband energy gap -15.42
Uy1 (1078 m2/N) Reduced stress-induced -2.60

intraband energy gap
p Band-gap renormalization 0.2
g

optical transitions from the the heavy hole and to the con-~
duction band may occur, and

U=—i- ¥+ 1+ v, Eonh ~ Eon + (An = A) (07110 + 07110) " Detuning A " DetuningA
2y, iy,

g
FIG. 1. Gain spectra as a function of detuning for different
(29 values of oy11g. g[110] is plotted with solid lines, whileg11q is
dashedD=1.5 and all other parameters are as in Table IlI.
==1 = Uy~ Up1(01120 * 011107 s (30)

which corresponds to the reduced intraband energy gap. Alfloreover, due to the carrier-induced band-gap shrinkage, we

model parameters are summarized in Table Il and their defil/!ll €xpress the frequency dependence of the optical re-

nitions can be found in Appendix C sponse withA instead ofu. The material gain spectrum is
oy et e s.pin populatiops=D determined from the imaginary part of the susceptibility as

G.(u)=G(u,D) andS.(u)=S(u,D). Hence the susceptibility Or1g(D,A) == Im[G(D,A)]+ 2 R4S(D,A)], (32
tensor can be diagonalized in the baséE,+E_)/\2,
D) (G(u, D) +i2S(u,D) 0 ) Jr110(D,A) == Im[G(D,A)] -2 RdS(D,A)].  (33)
u,D) = . . . . . .
X 0 G(u,D) -i29u,D) In Fig. 1, we plot the gain spectra, both for linearly polarized

(31 light along the[110] (dashegl and [110] (solid) directions,
_ — for different values of the tensile stress;;q in the [110]
This base corresponds ¢f110],[110]). Thus, the externally  gjrection. The characteristics of the gain spectrum with a
applied stress in thgl10] or [110], transforms the eigensys- zero stress have been extensively studied and commented on
tem of the optical interaction of the quantum well, to overlapin [16]. When stress is applied in thi#10] direction, the two

with the direction in which the stress is applied. Indeed, thisyain spectra split with a higher gain for the10] polarized
result does not rely on the first-order limit, but only on the gjectric field and a lower for the field polarized[i10]. This
equallty of the occupancies for the two spin orientations angesylt is in agreement with the experiments[22], where
the antisymmetric character @& when stress is applied the mode favored by the tensile stress has a polarization di-
along the direction of the crystallographic axes[&0],  yection orthogonal to the direction of stress. Qualitatively,
[110], [100], or [010], the eigenmodes will always be trans- this result can be explained by inspection of the dipole mo-
formed to a linearly polarized base with appropriate direc-mentsd, . [in Egs.(8) and(11)] under uniaxial stress. Due
tions. For a stress direction that is in between, the eigento the stress-induced band mixing, applying stress in the
modes will in general be elliptically polarized. On the other[110] direction reduces the dipole moment alddg0], while
hand, in the same limit, the resulting modal susceptibilitiesenlarging it in the orthogonal direction. Thus, the mode po-
are formally the same. We would like to point out that, larized orthogonally to the stress direction can be expected to
within the SFM, when the spin-flip rate is very high, the have the higher gain. This stress-induced change in the di-
differenceD,—-D_ relaxes to zero on very fast time scales, pole matrix elements is modeled by the functiBrin Eqg.
leading to equal spin populations even when the system i631). In addition, a shift of the gain peak is noticeable. This
not in a steady state. In this case, the diagonalization to thghift of the gain peak and the gain splitting suggest to study
linearly polarized base determined by the applied stress cathe change in gain peak position, in peak gain, and in trans-
be always performed. parency carrier density.

We have plotted the position of the gain pelkin Fig.

2(a). Our observation of the shift of the gain maximum is
confirmed. The gain related to the electric field polarized in
In the following sections, we will always assume that athe [110] direction (solid lineg has its peak at lower detun-
steady state is reached such thatD_=D. In that case, the  jng with increasing stress. The same holds for the perpen-
susceptibility tensor can be diagonalized in a linearly polargjcylar direction but at a faster pace. We study the gain peak

ized base along the crystallographic ax&&0] and [110]. in Fig. 2(b). Again, our observation is confirmed. The gain

V. MATERIAL GAIN SPECTRUM

063801-5
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1 1 1 1 1 1 1 1 1 1 65 T U T 1 65 T T T
6 [-6=0N/m° - 6 [Fo=105N/m? .
55 | 55|
. 5r 1 . s5F .
45 | - 45} g
4 b 4 4 b g
35F 4 35F g

Sp110 (10'N/m?) o110 (10°N/m?)

FIG. 2. (a) The gain peak positior, as a function of applied
stressoy11g. Apr110) is plotted as a solid line, whilé\,[q1q is
dashed(b) The gain pealg, as a function of applied stresg; ;.
Op,110] is plotted as a solid line, whilg,[11¢ is dashedD=1.5 and
all other parameters are as in Table Ill.

maximum becomes larger fag i, while the other goes " Defuning A " Detuning A
down. o _
The differential gain at the gain peak can be found in Fig. F!G- 4. Refractive index spectra for different valuesogf, .
3. In Fig. 3a), we see that the dependence on carrier densiti110] IS plotted as a solid line, whilgy) is dashedD=1.5 and all
of the differential gain is typical. The transparency carrierother parameters are as in Table III.
density is lower forg;;10) then forgp;, and the differential
gain is also higher. In F|g(3), we have plotted the differ- The refractive index Change is associated with the real part of
ential gain as a function of applied stress. The differentiathe susceptibility. o
gains split with the one related t[dTO] being the larger. In Fig. 4, we have pIotted.the. refractive index spectra. It
Lastly, the transparency carrier density is plotted in Fig).3 can be seen that the refractive index spectra become polar-

It is clear that the transparency carrier density dai; be- ization dependent. We can say that for the detuning region,

. e where there is positive gain, the refractive index experienced
comes lower, while the other becomes larger. This is in cor- b g — P

respondence with all prior results. Similarly, this theory alsoPY @n electric field polarized alorjg 10] will be smaller with

predicts a lower threshold current for the mode favored by€SPect to the orthogonal polarization. This large dispersive
stress. This effect is also observed experimen{@®). effect leads to a high degree of coupling between amplitude
and frequency modulation. The latter effect is described by

Henry’s linewidth enhancement factar which describes the

VI. CARRIER-INDUCED DISPERSION AND LINEWIDTH changes in refractive index of the system with respect to the
ENHANCEMENT FACTOR changes in the gain as the carrier den§ityaries:
Another important characteristic of semiconductor lasers a(A,D) = Re(ox/ ‘?D). (34)
is the strong dispersive effect accompanying material gain. ’ Im(dx/dD)
The linewidth enhancement factor will also split up for the
1.25 T T T 0.5 T T T T . - . . . .
(b) two polarizations when stress is applied, with a highdor
=] i / the mode polarized along the direction of strésse Fig. 5.
1 5 i
oa bl v ] VII. SUMMARY
o 075 0 02 04 06 08 1 ) o
=3 G110y (107N/mR) We have studied the effect of uniaxially planar stress on
2 05 the gain and refractive index spectra of a quantum well. To
' . T — simplify the microscopic theory and to be able to obtain an
os e -~ analytical expression for the optical susceptibility, we have
0.25 F o5k 4 made the approximation that the band mixing contributions
are small in second order. Assuming equal spin populations,
0 , , , o4r . ] our results not only showed that the eigenmodes associated
0 1 2 3 4 0 05 1 15 2 with the quantum well become linearly polarized along the
Carrier density D Si110) (107N/m°) direction of stress, but we have found that the quantum well

gain for the mode polarized perpendicular to the stress direc-

FIG. 3. (a) Differential gain at gain peak as a function of carrier tion experiences higher gain that the one along the direction

density and foroy;;q=10". (b) Differential gain at gain peak as a of stress. As a result, the transparency carrier density for the
function of stress an®=1.5. The differential gain related f{a10] ~ mode polarized perpendicular to the direction of stress is
is a solid line, while the one related {d10] is dashed(c) The lower. In this way, it is possible to lower the threshold cur-
transparency carrier density as a function of stress. All other paranfent by applying stress to the VCSEL package. Splitting of
eters are as in Table Ill. the gain curves leads to a splitting in the refractive index
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states in the valence barlj), wherej=+3/2,+1/2denotes

the z-component of the valence band angular momentum,
and bk,j(bl]j) is the corresponding annihilatiqareation op-
erator for holes in the valence band. The valence and con-
duction band states are coupled when an optical field is ap-
- 3 5 1 0 1 2 3 plied; assuming momentum conservation, the interaction
Detuning A Detuning A among them is described Qys;, the matrix element of the
electric dipole moment between stake) and |kj), and h.a.

N WA o N

N WA O o N
'

7 T TS S LU A denotes the hermitian adjoint. The selection rules impose that
6 6=210'N/m” | 6 6=510'N/m” | - .
the only nonvanishing dipole moments gug; 3/ M1/2,-1/2
ai i i zsi i M-1/2,1/2 and -y _32[29]:
5r l 3 T 112,327 €4, (A3)
2 2
3 -2 1 0 1 2 3 3 2 1 0 1 2 3
Detuning A Detuning A m
Map-12= "€, (A4)
FIG. 5. The linewidth enhancement factor for different values of V3
or110- 9[110] is plotted as a solid line, whiley;1q is dashedD
=1.5 and all other parameters are as in Table IlI. w
Mo1/2,172= 284, (AS5)
: . L V3
spectra and linewidth enhancement factor. Generalization of
this work to study dynamics of a diode laser system under
stress is in progress. M-1/2,-3/2= pe-. (AB)

If the in-plane component of the carriers’ wave vector is
ACKNOWLEDGMENTS small with respect to the orthogonal ofehich is in the
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VISTA (Contract No. HPRN-CT-2000-000B4nd the COST  Using a perturbation analysi& -p theory). In this approxi-
288 action. J. D. and G. V. acknowledge the FWgind for ~ Mation, the wave vector dependenceuaf can be neglected.
Scientific Research—Flanderor their fellowships and for In addition, the energy of the states in the conduction band is

project support. On the Belgian side this work was supporte@ V€N by
by the Interuniversity Attraction Pole prograttAP V/18), i 2 >

the Concerted Research Action “Photonics in computing” E*(k) = Bg + Eoe + (R™Y2ZMOK” + Belexc + £yy + £29),
and the Research Council of the Vrije Universiteit Brussel. S. (A7)
B. acknowledges financial support from Ministerio de Cien-

cia v Tecnoloaia(Spain throuah proiect TIC2002-04255- WhereEg is the gap energy,. is the conduction band offset,
004)_/03. glalSpain an proj andmy/ v is the effective mass in the conduction band states.

The valence band energies can be calculated from the Lut-
_ tinger Hamiltonian. In the basis of the electronic angular
APPENDIX A: DERIVATION OF THE HAMILTONIAN momentum eigenstates at band edge this Hamiltonian is

The Hamiltonian of the QW system, including the inter- block diagonal24]
action with a semiclassical external optical fidlj reads

h
[24] H* c 0 o0
- - cC H 0 o0
H:HO—P'E (Al) T= 0 0 H| c |’ (A8)
0 0 C H"
:2 Ec(k)al,sak,s
ks where, in the Pikus-Bir approximatidi25], H", H', and C
+ 3 T”,(k)blyjbk,j, are given by
K’ ) K2 .
E-> (/u’s,jal,sbl,j +ha), H"(K) = Egnp + ﬂ(’)’l"’ YK+ g, @y — 2a)) + (exx+ £yy)
k,s,j
(a2) X(ay+ ), (A9)
where akys(alls) is the annihilation(creatior) operator for 52
electrons in the conduction band statks) with in-plane H'(k) = Egip + 2_(71— y)K? + e, {a, + 2ay)
wave vectork and spins=+1/2, which have energieg(k). Mo
Tjj(k) is the matrix element of the Hamiltonian between + (et ey)(a;—ay), (A10)
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\,*'Eﬁz 2 2 . = \3”§a3
Ck) =- H[')’Z(kx - ky) - 2i 73kxky] = V3ag(exy— Syy) Ac= 2 Su4 (A18)
+ 2\'§ia3sxy. (A11)  we can rewrite the expressiofa7) and (A9)—(A1l) as

In these equationsy, represents the hydrostatic deformation E°(K) = Eq + Ege + (12y/2Mmg)k* + Ad(a1119 * 0110))»
potential,a, andaz are the shear deformation potentials, and (A19)
gjj are elements of the strain tensgy.y, andz denote the
main crystallographic axes whose orientations define the 52
[100], [010], ano_l[OOl] directions of the IlI-V semiconductor HP(K) = Eg, + —— (11 + y2)K2+ A(07110 + T1110)
crystal, respectively. 2my

In the experiments, tensile stress is applied to the VCSEL (A20)
structure in thg110] and[110] directions and there is some
residual stress present in the growth directif®01]). The h2

. . . . . I -/ I _ 2 —
stress tensor written in the base of the directions of applied ~ H (K = Eon + 2mo(71 Y2k + A(o1110 + 01110)
stress reads
(A21)

5= A 3ﬁ2 . . _
7 0 9mg 0. (A12) C(k) =~ 5 [y2(K; — ki) = 2 yskeky] +iA(07110 ~ O110))-
0 0 o Mo

. . . (A22)
Hence, in the the crystallographic basey, z} it becomes
The effect ofo, is included inE(,, Ej,, andEgy,, making

or1100* O1110] 97110 ~ O[110] clear that its role is simply to shift the edges of the bands,
2 2 0 indeed:
Gccs=ROR'=| 01110~ 0110] 01110+ O(110) o | Eoe = Eve + (S11+ 2S10)ac0, (A23)
2 2
0 0 o, Eonn = Eonn* [S1a(a1 — 2a) + (Sy1 + Spo) (@1 + @) o,
Using the compliance tens6§;) [30] it is possible to calcu- Eomn = Eoin +[Si1(a1 + 289) + (S + S (ag — ap)] 0.
late the components of the strain tensor:
(A25)
1(311+ S12) (07119 * 07110) + S1207 A complete diagor_lalization of the HamiltoniaA-rb in Eq.
e 2 (A1) can be accomplished by a suitable change of basis from
xx 1 B the pure heavy-and light-hole states to mixed stéés)
£y 5(311+ S12)(07110 + 97110) + S1207 and|kl+), which are the eigenstates of the Luttinger hamil-

tonian associated with the degenerate eigenvalues

€ _
ZSZZ = S1A 01110 * 07110) + S1a0; .
1 T T Iy Tr
26, 0 E() = JIH" + H' = \(H' - HY)2+4[C[7]  (A26)
Xz
0

2eyy 1

< = 1 T T ho o~

2344(0'[110] 07110) El(k) = 5[Hh +H +VH'-H"2+4/C?. (A27)

(A14)

These mixed states are referred to as the mixed heavy-hole
From this easy calculation, we can see that the change iand mixed light-hole states and are found to 4,31

symmetry of the unit cell when applying stress in {i40] 3 1
and[110] is due to a shear strain. Defining the stress poten- lkh+)= 7k< k§> + By |k - §>) (A28)
tials
= +2 ' Al5 .1, 3 1
Ae=(S11+ 253 (A15) Kl -)= 7k<_3k k§> + k—§>>, (A29)
An=Sp(2a; - ay) + Spy(ag + @), (Al6)
1 3
Kl+)= ( k=) -B|k-= ) (A30)
A =Sy(2a; + @) + Spi(a — ay), (A17) kI+)= 9 2> A 2>
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L1 3 Ci e +1/2) = Prne€ Y, B2
|kh—>=7k(,3k K= )+ k=2 ) (A31) (Ci ek 1172 = Pi (B2)
2 2 . .
and the carrier populations
where
c c N +1/2= (@ 21728 +112)» (B3)
===, A32
P B T - E (A32) ;
Mg e = (Cic e Ci ) (B4)
1 In the slowl i d rotati imations, th
- A33 n the slowly varying and rotating wave approximations, the
Y V1 +|Byf? (A33) Heisenberg equations for these quantities bec[Bhe
The annihilation operators of the mixed statgg, andc . ANt .yp ) NS o= Ea ) 0 v = 1€ <1
are — == A
dt ’ Te Tie
Ciohe = V(D 372+ Bibi -172). (A34) I Pl + C.C., (B5)
Ci,1- = Y(= Bbr a2+ by -172), (A35)
dnhe _ Au s — Mene = fone  NMicne = Mins i D
: « dt k.hs _ 132K Py pe
Cr1+ = V(b 112~ Biby -312), (A36) h Tih
+c.c., (B6)
Cich- = Ye(Bibi 172+ By 312 - (A37)
while the mixed dipole moments become dpg e . )
g dt’h_ ==Ly, +i(wg = ©)Ippe = 1Qu pe(N e + Nes12= 1)
i ne = 7kM(e+ + ,_he—> ; (A38) (B7)
V3
Here, we have phenomenologically included the pump rates
_ e f each staté€A), the relaxation terms describing the evolu-
1= = Y| = Bees + —= |, A39 ° » (ne Teraxatl . 19 the eV
Kl 7"’“( P \'E) (A39) tion of the carrier distribution to their quasi-equilibrium

value (the Fermi distributions for electrorfg ., and holes
e, . fr.ne) With time constants, and 7, respectively, the spin-flip
i+ = Yk,u(? - Bke—) (A40)  processes that mix the states within the valence and conduc-
V3 tion bands with time scaleg, and the dephasing of the di-
poles due to intraband carrier-carrier scattering with charac-
Bk teristic rate y,. We have also defined the transition
= —=e.te |. . h . .
dicp- 7“'“’( N@e" € (A41) frequenciesfo =ES(k)+E"(k) and the Rabi frequencies
&y ne=dy ne -E. By using the basis of circularly polarized

Therefore, the total Hamiltonian can now be rewritten as i
light statesE=E,e,+E_e_ and noting thak,-e,=0, e, -e;

H=> ECK)a) @ s+ > E7(K)(C 1k or + CF o Cion) =-1, ande,=-€.", the Rabi frequencies read
ks T ke N o .
-P-E, (A42) Ay pe =~ Yk,U«(E— + 'B—%E+) : (B8)
v

whereo={h,l} denotes the mixed heavy-hole and light-hole

states. The interaction with the optical field is determined by 5
. N . ”
the optical polarization of the QW medium, hQyp=— 7kM<E+ + EE_) ) (B9)
|5 - d T T +d, T CT +d T T ) ) ) )
%( ks Bic 2720k e+ QiR 172k -+ Qi+ B 2728k 1+ Due to the large intraband carrier-carrier scattering rates,
: . the carrier populations are driven into the quasi-equilibrium
+dy h-8y 1L o) +ha., (A43)  Fermi distributions within very short time scalés0.1 p3.

the same is true for the microscopic polarizations. Hence, we
have that the microscopic polarizations are stationary and
APPENDIX B: DERIVATION OF THE OPTICAL that (B7) becomes

SUSCEPTIBILITY

which describes the optical response of the system.

We introduce the slowly varying envelopes of the electric 'These expressions might seem contradictory to the definition of

field and of the microscopic polarizations, defined by the scalar product in a two-dimensional Hilbert space. However,
o this scalar product has to be interpreted within the domain of nor-
E=Ee'“+c.c., (B1)  mal Euclidian space.

063801-9
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e
fione +fap—1
—h
v +ilog -

The macroscopic polarizatiod can be calculated using

Picns = = 1 pe (B10)

)

1 * *
P= \_/E (dy hePi e + Ay p-Picn) - (B11)
k
There are four different contributions:
2
P - E| k|2fk he + i (|:8k| E, + BkE )
’ ﬁV K y, +i(of-w) \ 3 V3
(B12)
'M Sfne T frap— 1/ Be
Ph+,—_ E| k| /—E++E e_,
7L+|(wk w)
(B13)
frp + e
Ph_ E| k|2 k,h K, -1/2~ (E +BkE )e+'
a +I(wk ) \3
(B14)
fion-+ fR—1i2 ( |:8k|2 )
P 2—— E,+—E_
- ﬁV%| % y, +i(o] - o) 3+ 3
(B15)

whereP, ; indicates a contribution to the lefp=-) or right
(p=+) polarized polarization field induced by the transition

between conduction band and mixed heavy-hole band with

either positive(b=h+) or negative spifb=h-). By using
the standard definition of the optical susceptibifty goxE,
it can be identified from EqgB12)—(B15).

APPENDIX C: DERIVATION OF THE APPROXIMATED
SUSCEPTIBILITY

The unmixed susceptibilits, given in Eqg.(15) can be
split into three different contribution&=G.+G,—G,, i.e.,

MZ fk,a

Ge, = , C1
e 80Vh K w—wE+i'yl ( )
2
f
Gpe = - ke (€2
eV L w—wtiy,
2
1
Go=—E (C3)

SOVﬁ K w—wE+i'yL'

Proceeding as if16], we can perform the summations over
the in-plane wave vector, leading to

2D,

Ge+(w)__3| (1—E>, (C4)
2Dy,

Ghe(w) -—;l (1—u—+“|>, (C5)

PHYSICAL REVIEW A 71, 063801(2005

Xo b )
G =—=~Inll-——/, C6
o)== ( — (o)
where
2
mu
, C7
Xo SOW’ITﬁz (C7
s
= , C8
Zmyikb €8
E
w——
f
u= . (C9
YL

In the above equation8y is the thickness of the QW. The
reduced mass im=my/(y+ y;+v,). b measures, in units of
v, the total energy spread where optical transitions from the
the heavy-hole and to the conduction band may occur; thus
Gp(w) describes the optical response of the system when
there are no carriers in the bands. Finallymeasures the
detuning of the optical field with the minimum transition in
units of y,, and D¢y, stand for the densities of electrons
(holes in each spin orientation normalized to the transpar-
ency carrier density,

N
e(h)+
Dehys = N (C10
my,
Ni=——. C11
U mhW ( )

Therefore, the unmixed susceptibility is finally given by

Xo In((u+i - 2De)(U+i - zohi))
2 (u+i)(u+i-b) '

G.(u)

(C12

The nondiagonal part of the susceptibili§, is given by Eq.
(22). Again, it can be split into three different contributions,

S=S5+S-S, i.e.,

s w? fk e Ador119~ 011100
\’3Vﬁ80 C w—wf+iy, EN-H! '
(C13
. w? fene  Acl0110 ~ 1107
Y \aVhee K o-oftiy,  E'-H
(C19
S =i w? 1 Ad01110 =~ 07110)
\’EVﬁso K w—(uE+i'yL EN-H'
(C1H9

To first order in band mixing, we have that
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Eh-H'=H"-H'= Egnn— Edin + (An = A) (07119 + 071107 in each spin orientation, hence, in the following we will drop
the subscripe in the electron population®.=D,.). We can
n i?’zkz- (C16) now rewrite the susceptibility tensor as follows:
Hence, the nondiagonal part of the susceptibility can finally “(D..D_u) :( G_(u) Si(u) + S_(u)
be computed, the result being XDy, D, -S,(u) - S(u) G.(u) ’

07110 ~ 97110 (C22

S.(u)= iSO#[Gi(U) -G.(u,)], (C17

7 with
where we have defined
S, = Ac ytntw (18 G+(U):—X—O| ((U+i—2D4_:)(U+i'—D+—D_)>’
\Eﬁn 2y, = 2 (u+i)(u+i-b)
(C23
U=_j YNty Eonn = Eon + (An = A) (071110 * 07110

- 2y, fiy, P — g

. [110] ~ O[110]
(C19 Si(u) = ISOT[G‘L(U) = Gy(uy)].  (C249

=1~ Ug0 = Una(07120 + 01109 - (€20 | ast, we phenomenologically include the band-gap shrinkage

As a final step, we note that the spin relaxation rate for thélue to many-body effectéhe so-called band-gap renormal-
holes is usually quite larg&2] and thusD;,, ~ Dy,_. If charge  ization), which leads to

neutrality is assumed),, +D, =Dy, +D;_, we can replace

the hole densities by u=A+p(D,+D)¥3, (C29

De. + Do . . :
Dpe = -, (C21) where A=(w-w)/7y, is the detuning between the optical

frequencyw and the nominal transition frequenay normal-
This approximation allows us to describe the optical re-ized to the linewidth, ang describes the effective band-gap
sponse of the system, dependent on the densities of electroslkrinkage with the total carrier density.
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