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Quantum-well anisotropic forbidden transitions induced by a common-atom interface potential
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A prominent effect of the interface potentidP) [E. L. lvchenko and A. Yu. Kaminski, Phys. Rev. 3},
5852(1996; O. Krebs and P. Voisin, Phys. Rev. L€et, 1829(1996 ], the optical anisotropy of the forbidden
transitions in quantum wells has been observed by reflectance-difference spectroscopy. Predictions by the
heavy-light-hole coupling IP models are qualitatively consistent with all the observed features of the forbidden
and the allowed transitions. The fact that the predicted value of the relative transition strength, which depends
on neither the IP strength nor the electric field, disagrees with the observed one indicates that coupling
involving X and/orL bands may also be importaf0163-182@09)04227-7

Due to the difference of chemical bonds along [8&0]  for a QW in —a/2<z=a/2. Herel, andL, are the angular
and the[110] directions,(100 oriented semiconductor in- momentum operators, anda/2 represents the locations of
terfaces are expected to be anisotrdpitindeed, strong op- the two interfaces of the QW. For Ivchenkov's modej
tical anisotropy was observed recently and was attributed te%2t;, /moay, Wheremy is the mass of free electromy is
this intrinsic anisotropy of the interfaces with no commonthe lattice constant, antl, is the heavy-light-hole mixing
atoms®~° Based on the tight-binding theory, perturbation coefficient, which is estimated to be in the range of 0.3-0.9
Hamiltonian arising from the anisotropy of interface hasfor a GaAs/AlAs interface. For Krebs modelP,
been derived. Such interface potentit#?) can then be in- =0.148,eAV, whereAV is valance band offsetvBO) at
cluded in theK * P theory for the optical properties of quan- the interface. _ o
tum wells(QW’s) and superlatticeéSL’s).>® However, for The interface anisotropy potential given by Ef) can be
common-atom interfaces, so far there are few experimentd[éated as a perturbation to the QW subband states, because
data that would allow detailed quantitative analysis of the IPthe energy shift it causes is less than 1 meV for a typical QW
Krebs et al. recently reported the electric field-induced in- ©f 70 A wide. Therefore it has little effects on the normal
plane anisotropic absorption spectra ofGa,_,As/InP  optical properties, such as the subband energies and the
QW's. They showed that the observed anisotropy of the aiStrength of the allowed transitions. The IP does introduce
lowed transitions were largely due to the IP, and that the IF2Ptical anisotropy within the plane of the QW, but only if the
strength depends on the degree interface perfeBtiorthis QW is asymmetric, since the contribution of the IP of one
paper, we show that a prominent effect of the IP is to inducéW boundary cancels out the other exactly when the QW is
optical anisotropy of the forbidden transitions in QW’s, andSymmetric. The asymmetry can be introduced by a small
report our quantitative analysis of the in-plane optical anisot€xternal electric field perpendicular to the QW plane. The
ropy of an (100-oriented InGa _,As/GaAs QW in a electric field, treated as a perturbation hérepuples the
built-in small electric field (~4.6 KV/cm) measured by heavy hole(HH) and the light hole(LH) subbands of the
reflectance-difference spectroscd®DS). In the RD spectra  Same parity through the Pockels effect, because the uniform
of this sample, five anisotropic structures related to the diffield itself is an even function. Such coupling causes in-plane
ferent transitions of the QW, including two forbidden transi- anisotropy  of = the allowed transitions,AM=M11q
tions and three allowed ones, are observed. The strong an=M110, WhereM1,q andM;10) denote the optical tran-
isotropy and the line shape of the forbidden transitionsSition intensity for light polarized along thgl10] and the
which cannot be explained by the conventional QW Pockel$110] directions, respectively, regardless of the presence of
effect, can be qualitatively explained by the IP models. the IP, and is known as the QW Pockels effeThe strength
More quantitative analysis, however, shows that the presemtf the in-plane anisotropy of the forbidden transitions in-
IP models, which include only the coupling between theduced by the field, without the IP effects, is much smaller,
heavy-hole and the light-hole bands at theoint, are insuf- being~F23 as compared te-F for the allowed transitions.
ficient to explained the experimental data, and the complet&his is because the forbidden transitions involve subbands of
IP may also include coupling involving higher bands at otherdifferent parities. To induce the transition, the wave func-

critical points. tions must be distorted first, which gives rise to thé=>
The IP derived by Ivchenko and Kamiskand by Krebs dependence. The anisotropy is proportionaFtso the final
and Voisirf for (100 interfaces have the same form transition anisotropy is proportional f6°.

o The IP, being an odd function of space, couples the HH
Vine= —Po(LyLy+ L L[ 8(z+a/2)— 8(z—al2)], (1) and LH subbands with different parities. For example, the IP
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couples the 1L and the 2k$econd heavy holesubbands so 0.8 e 0.8
that the perturbed 2H subband wave function now contains a b 3
small portion of the unperturbefdL) one. The 2H to 1C F I~ 75K ]
forbidden transition now becomes slightly allowed, because 0.6F "_ﬂ 106
of the nonzero overlapping integral between the unperturbed C

|1C) and the|1L) states. However, its intensity is so low that 2

it is very difficult to distinguish it from others induced by ;

residual field or interface defects/roughness. The transition

anisotropyis proportional to{1C|1L){1L|V;,|2H)(1C]2H}).
Since(1C|2H)=0 at F=0, no optical anisotropy exists for
symmetric QW’s. When a small electric field is applied, the
overlapping integral between theH) and the|1C) states g
becomes non-zero. In the transition anisotropy term, D ]
(LCJLILY(1L|Vint|2H){1C|2HY), the first integral is nearly a : PR ]
constant, the second is proportional to the IP strength, and 0.0-—— ’wr-* 400
the last integral is proportional t6. In the presence of the E / ]
IP, therefore, the anisotropy strengttiyl, is proportional to (Al [ ]
F, and can be much larger than the normal QW Pockels bbb d g2
effect for the forbidden transitions. Similarly, the original 12 13 14 15 16
AM of the allowed transitions due to QW Pockels Effect will Photon Energy (eV)

also be modified by the IP. As will be shown below, the
value Of_AM is of th?_ order Of_ 10% for both the allowed _and axis) and the reflectance-differen¢BD) spectra(top three curves,
the forbidden transitions, while the value Mdfof the forbid- |4 axis) of an Iy ,Ga sAs quantum well. The RD spectrum at 120
den transitions are much smaller than the allowed ones. Thg has been shifted horizontally by62 meV, and that at 80 K has
IP effects could therefore be much better manifested in popeen shifted by-76.5 meV. The RD spectra at 300, 120, and 78 K

larization sensitive optical experiments such as RR&fs. 3 have also been vertically shifted by 0.0002, 0.0004, and 0.0006,
and 9 where the anisotropy strength of both the allowed andespectively.

the forbidden transitions are comparable.

An Ing Ga gAs/GaAs single QW, grown by molecular- sybband wave functions are well maintained and the forbid-
beam epitaxy o001 semi-insulating GaAs substrate, was den transitions are very weak. That is why no forbidden tran-
studied by RDS. The structure of the sample is as followsijtion was observed by PR.
first a ZOOO-A GaAs buffer Iayer, then ten periOdS of SO-A The three top curves in F|g 1 show the imaginary RD
GaAs/50-A Al 5Gay 7As SL, then 5000-A GaAs, then a 70-A spectra measured at room temperature, 120 and 78 K, respec-
Ing ;Gay $As QW, and finally an 1000-A GaAs cap. All the tively. The imaginary RD spectra, Ia¢/r), is proportional
epilayers were intentionally undoped, but residual dopingto the anisotropy of the transition probabilityAM
gives rise to a small field in the surface depletion region. ThEE~|m(As)], because the cap layer introduces a phase factor
sample was placed in a variable-temperature cryostat fQjery close to—i. Besides the three structures corresponding
RDS measurements from 300 to 80 _K The reflectance d|ft0 the three allowed transitiomA,B’Q in PR, two new struc-
ference between thgl10] and the[110] directions was tures,D andE, appear, together with the structure “SL” at
measured by the Fourier-transform RDS setupourier-  1.515 eV. The latter is related to the 1H1E and the 1L1E
transform photoreflectand®R), where the probe beam was transitions of the GaAs/AGa _,As SL, and we will not
from the Fourier-transform spectrometer and the excitatiorliscuss it in detail here. The structube which is absent in
was from an Ar-ion laser chopped at 16 KHz, was also carthe PR spectrum, is believed to arise from the 2H1E transi-
ried out at room temperature to identify the allowed transi-tion according to its energy position confirmed by calcula-
tions. tions. The structurds located near 1.421 eV is due to the

Given the width of this 1§,Ga gAs QW, there are three 1L2E transition. There are two reasori$) the energy dif-
allowed transitions and three forbidden transitions from theference betweek andC (about 35 meVis nearly the same
five subbands: one LH subbardL), two HH subbands as that betweeB® andB (37 meVj; (2) its anisotropy ampli-
(1H,2H), and two electron subband$E,2B. The three al- tude is approximately equal to that 6f(2H2E) except with
lowed transitions are easily observed by PR at room tema negative sign. This feature is verified by calculations
peraturefthe bottom curve in Fig(1)]. Three peakspeakA  shown later. The five resonances have distinct signs, i.e.,
at 1.260 eV,B at 1.334 eV, andC at 1.386 eV below the structuresA andC are of the same sign, and that®fD, and
sharp structure at 1.421 eV of the GaAs band edge ark are all opposite of that of andC.
clearly seen. The three peaks are assigned to the IthtE The observed RDS structures cannot be due to the normal
transition from 1H to 1 the 1L1E, and the 2H2E transi- Pockels effect of the residual fiefdAs has been discussed
tions, respectively. Our calculations of the subband energieabove, this is because the electric field only couples the HH
confirm this assignment. In addition, we note that there are and the LH subbands with the same parity, i.e., 1H to 1L in
few Franz-Keldysh oscillatioFKO) peaks above the GaAs the QW. This can only explain the anisotropy of the 1H1E
band edge, indicating that there is a residual electric field irand the 1L1E transitions. The strong anisotropy of the 2H1E
the sample. From the FKO the residual electric field is foundransition implies that there is strong coupling between the
to be 4.6 kV/cm. In such a small field, the parities of the2H and the 1L subbands, which is made possible by the IP.
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FIG. 1. The photoreflectance spectruimottom curve, right
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TABLE 1. Optical transition anisotropy of the §nGa gAs quantum well observed by reflectance-
difference spectroscopy and calculatedksy/P theory with and without the interface potential. The data in
the last two rows are for the GaAstAlGa, ;As superlattice. Thar/r of the superlattice has been corrected
for the absorption of the top GaAs and Gg, _,As layers.

Transitions Experiments Theory

Energy Ar/r(10°%) Ar/r(10°%)  Ar/r(10°%)

(eV) Ar/r(107%  Energy(eV) (Pockels only (lvchenko’s  (reduced IP

1H1F (A) 1.260 5.4 1.263 0.88 12.3 4.75
1L1E (B) 1.334 -2.7 1.330 -0.83 -3.1 -2.37
2H2E (C) 1.386 5.0 1.383 0.01 23.9 9.96
2H1E (D) 1.297 -4.7 1.296 0.00 -8.8 -39
1L2E (E) 1.420 -5.9 1.417 0.02 —23.4 —9.43
1H2E 0 1.350 0.00 0.04 0.016
1H1E (SL) 1.510 3.4 1.509 2.35 16.4
1L1E (SL) 1.520 -3.6 1.522 -2.33 -20.4

The RDS amplitudes of all the transitions of thig@s, _,As  have different parities, and is close to zero for subbands with
QW are calculated in the framework of th€*P theory, the same parity. This coupling does not contribute to the
treating the IP given by Eq) and the electric field as a transition anisotropy because tHet 3) and thel3,+ 3) states
perturbation. Table | shows the RDS strength measured dtave different spins. Instead, it reduces the existing coupling
room temperature and the calculated results. The absorptidretween thd3,+3) and the|3,—3) states by transferring os-
due to the cap layer has been corrected. For Krebs modelllation strength from it, therefore reducing the transition
VBO=58meV was taken for the §nGa, As/GaAs inter-  anisotropy. The coupling between tfie+3) state of the 2H
face. The value oP, for Ivchenko’s model for InAs/GaAs is  subband and thg,—3) state of the 1L subband caused by the
about the same as Krebs based on a simple tight-bindingP, which produces the transition anisotropy, is decreased by
estimation. The results are for zero in-plane wave vectorthe coupling between thg,+3) state of the 2H subband and
From the table, we see that the RDS signs of all the observeidie |3,+3) state of the 1L subband due ¢g- 0. As a result,
transitions(including 1L2B are reproduced exactly if the IP the RDS amplitudes decrease according f[a—(E
is taken into account. The anisotropy intensity of the 2H1E—Eg)/AE] for the transitions that involve the coupling
and the 1L2E forbidden transitions are comparable to that ofaused byg+ 0. HereE, is the transition energy af=0, E
the 1H1E and the 1L1E allowed transitions. The 2H2E tranis the photon energ\AE is proportional to the square of the
sition anisotropy is about the same as that of the 1L2E tranQW width and the square of the energy difference between
sition except with an opposite sign, while that of the 1H2Ethe coupled hole subbands. For the 2H1E transitida
transition is very small. The reason for the latter to be small= 30 meV, which is comparable to the actual line width of
is because there is no 2LH subband in the QW to couple witlD. The line shape confirms again that the anisotropy of the
the 1HH through the interface anisotropy potential. If we2H1E transition indeed comes from the coupling between the
change the sign of the IP strength, the signs of all the tran2H and the 1L subbands caused by the IP.
sitions will be reversed. The amplitudes of the forbidden The two IP models can explain qualitatively the experi-
transitions will remain the same while that of the allowedmental results. To quantitatively compare the models with
transitions, due to the Pockels effect, will be changed. Thehe RD structures, we first need to address the issue of joint
amplitudes and the signs of the anisotropy of all the allowedlensity of states of the electronic transitions between the QW
and forbidden transitions predicted by theory are qualitasubbands used in the calculations.
tively consistent with the experimental results, if the IP is  First, we adopt the experimental values of the in-plane
included. If the IP is ignored, then only two anisotropic effective mass of the first 1E and the 1H subbalids,
structures associated with the 1H1E and the 1L1E transitions;4(=0.14) andm;g(=0.071), in the unit of free-electron
should be present. This is clearly in contradiction with themass. Next, we take the estimated value of 0.06Bbulk
experimental results. value for GaA$ for the 2E subband mass, because the value
We now discuss briefly the line shape of the RDS struc-of m,g is already quite close to the bulk value. In the absorp-
tures. It is noted that only the 1H1E transition shows a cleation spectr& of In,Ga,_,As QW's, the absorption strength
step-function line shape, which reflects the two-dimensionabf the 1H1E transition is twice of the 1L1E one. Since the
nature of the joint density of states of the transition. The linetheoretical transition probability ratio of the two is 3 to 1, the
shapes of other transitions are more peakijgesitive or joint density of 1L1E is then 1.5 times the 1H1E transition,
negative. This is very clear for the 2H1EstructureD) tran-  or 0.07. In other words, the 1L mass is much larger than the
sition. To consider the lineshape involves nonzero in-plandE one, which is expected. Furthermore, the experimental
wave vector @#0), which couples thd$,+3) and the absorption strengtf of 2H2E is comparable to that of the
|3,+3) stategor |3,+2) and|3,—3)) throughd/ 9z . Its average 1H1E, and the theoretical transition probability of 2H2E is
value can be of the order ofd/a is the width of QW when  0.67 times that of the 1H1E. This leads to the joint density of
the envelope functions of the coupled HH and LH subband$.07 for the 2H2E transition. Since this value is close to that
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of the 2E mass, the mass of the 2H subband is also quite One immediate candidate of additional coupling is the one
high, which is again expected from theoretical calculationsinvolving the nearbyl’; band. There are two aspects of the
With the masses of all the subbands known, the joint density’,-band coupling. First, eachg subband contains a small
of the 1L2E and the 2H1E can be easily calculated. component of thd™; band wave function. However, since
We now compare the intensity ratio of the observed tranthis component is much smaller than that of theband, the
sitions with the calculated values using the IP models. Noté@nisotropy it induces, if there is any, will also be much
that the intensity ratio is no longer dependent on the electriémaller than that of thé's band, and change little the final
field, as long as it is small. This eliminates the uncertaintyresults. The second is thig-I'g-band coupling in the IP. By
due to possible nonuniformity of the field. The calculatedth® Symmetry argument, the coupling strength of heavy-light
ratio of the 1H1E transition over the 1L1E one, hole of thel'g band is of the same order of magnitude as the
R(1H1E/1L1E), is about twice of the experimental one. Thisl 7-L's one, but the energy separation of thg subbands
can be improved if we reduce the IP strength, since botti ™10 meV is much smaller than the ones betwelépl's
transitions include the Pockels and the IP effects. The latn€ (~300 meVj. The contribution of thel’; band to the

column of Table | shows the calculated results using an IFNISOUOPy through 1P will again be much smaller than the
heavy-light-hole coupling. Therefore, coupling involving the

strength 0.4 times of the original models. These results ar_ will change little the calculated relative strength. Similar

much closer to the experimental ones than the ones using tt()j1 gument can be applied to the coupling involving The

full strength of lP.‘ . . conduction band. Only the coupling involving other bands
Another quantitative discrepancy between theory and eXg,ch as thd. and/or X bands with considerable strength

periment is the relative strength of the two forbidden transi-qq change the relative strength of the transitions, but the
tions. It is seen from Table I that the experimental value Ofgyact formula is still not available at present.

the strength ratioR(1L2E/2H1E) is 1.26, while that of |y conclusion, clear experimental evidences for the exis-
the theory is 2.66. Large discrepancy also exists foience of the IP at common-atom semiconductor interfaces are
R(2H1E/2H2E). Note that the ratio is independent of thepresented. The observed RDS transitions in an
electric field strength and the IP strength, if the potentialin, ,Ga, s/As/GaAs QW can be qualitatively explained when
takes the form given by Edq1). This suggests that the exist- the IP is included in th&* P model. The theoretical value of
ing models, which describe the IP only in terms of thethe anisotropy strength ratio involving the two forbidden
heavy-light-hole coupling, cannot fully explain the observedtransitions is two times larger than the observed one. This
optical anisotropy. Coupling involving other bands, which suggests that the existing IP models are not sufficient to fully
have not been addressed by these models, may also play arplain the observed optical anisotropy. Effects due to cou-
important role. By taking into account the coupling involving pling involving the X and/orL bands may also play an im-
these bands, one may be able to change the relative strengibrtant part. The observed strength of the IP is about 0.4
of these transitions, because the contributions of the newmes the theoretical one. More studies are underway to fur-

coupling are different for different transitions. ther explore the properties of the interfaces.
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