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OPTICAL ANISOTROPY OF InAs/GaSb BROKEN-GAPQUANTUM WELLSA. A. Zakharova a*, I. A. Semenikhin a, K. A. Chao b;aInstitute of Physis and Tehnology, Russian Aademy of Sienes117218, Mosow, RussiabDepartment of Physis, Lund UniversityS-22362, Lund, SwedenDepartment of Physis, Chemistry, and Biology, Linköping UniversityS-58183, Linköping, SwedenReeived July 13, 2011We investigate in detail the optial anisotropy of absorption of linearly polarized light in InAs/GaSb quan-tum wells grown on GaSb along the [001℄ diretion, whih an be used as an ative region of di�erent laserstrutures. The energy level positions, the wave funtions, the optial matrix elements, and the absorption oef-�ients are alulated using the eight-band k �p model and the Burt�Foreman envelope funtion theory. In thesealulations, the Shrödinger and Poisson equations are solved self-onsistently taking the lattie-mismathedstrain into aount. We �nd that a realisti Hamiltonian, whih has the C2v symmetry, results in onsiderableanisotropy of optial matrix elements for di�erent diretions of light polarization and di�erent diretions ofthe initial-state in-plane wave vetor, inluding low-symmetry diretions. We trae how the optial matrix ele-ments and absorption are modi�ed when spin-orbit interation and important symmetry breaking mehanismsare taken into aount (strutural inversion asymmetry, bulk inversion asymmetry, and interfae Hamiltonian).These mehanisms result in an almost 100% anisotropy of the absorption oe�ients as the light polarizationvetor rotates in the plane of the struture and in a plane normal to the interfaes.1. INTRODUCTIONThe knowledge on optial properties of broken-gapheterostrutures with InAs/GaSb or similar quantumwells is of great importane beause of intensive experi-mental investigations on the appliation of these stru-tures for infrared laser generation. Casade lasers withmultiple quantum wells have been proposed [1℄ and rea-lized experimentally [2�4℄. The ative region of thesedevies an ontain more than ten stages onsisting ofInAs, GaSb, AlSb or other (for example, GaInSb orAlInSb) thin layers. The narrow-gap InAs and GaSblayers have two-dimensional eletron and hole levelsbetween whih the optial transitions our. The wi-de-gap AlSb (AlGaSb, AlInSb) tunneling barriers sup-ply the transfer of the arriers through the struture toahieve the population inversion between the eletron-like and hole-like levels and the laser generation. It was*E-mail: anna.alex.zakharova�gmail.om

shown that suh a laser an operate at temperatures upto 100 K [4℄.In asade lasers, the �rst eletron-like level in theInAs layer 1e is higher than the �rst heavy-hole-likelevel 1hh in the GaSb layer [5; 6℄. The separationbetween them orresponds to the mid-infrared energyrange for the emitted photons. However, the situa-tion an be di�erent for quantum wells with thikerInAs and GaSb layers. Beause of an overlap of theInAs ondution band and the GaSb valene band, the1e level an then be loated below the 1hh level atthe zone enter (with the arrier in-plane wave ve-tor kk = 0) [5℄. The 1e and 1hh levels antiross andhybridize for kk 6= 0, whih has been observed experi-mentally [7, 8℄ and studied theoretially [5; 9�11℄. Lasergeneration in suh thiker strutures with hybridizedeletron�hole states has been also proposed [8℄. In thisase, the optial transitions exist between the states ofthe seond eletron-like subband 2e in the InAs layerand the lower hybridized states. These hybridizations840



ÆÝÒÔ, òîì 141, âûï. 5, 2012 Optial anisotropy of InAs/GaSb broken-gap quantum wellsan our between two states (one eletron state andone heavy-hole state or one eletron state and onelight-hole state). Also, three states (an eletron state,a heavy-hole state, and a light-hole state) an hybridi-ze [11℄.The important feature of laser radiation is the po-larization of the emitted light, whih depends mainlyon the optial anisotropy of broken-gap quantum wells.Theoretial study showed a strong dependene of theoptial matrix elements and absorption oe�ients onthe diretion of light polarization in type-I and type-IIheterostrutures [9; 10; 12�15℄. This anisotropy is inves-tigated here. We use the eight-band k � p method andthe Burt�Foreman envelope funtion theory with thelowest ondution band states and the highest valeneband states taken into aount exatly and the otherstates treated perturbatively. The highest valene bandinludes the heavy-hole band, the light-hole band, andthe split-o� band whose states an mix and hybridizewith eah other and with the ondution band states.We solve the Shrödinger equation in the quantum wellself-onsistently to inlude the e�ets of harge aumu-lation at the ontats and the quantum well togetherwith the realisti potential distribution, lattie-mismat-hed strain, and di�erent symmetry-breaking meha-nisms. We study the optial anisotropy of absorptionoe�ients for light linearly polarized along the growthdiretion [001℄ and in the plane of the struture alongthe [11℄ and [1�1℄ diretions. We also onsider in detailthe anisotropy of optial matrix elements for di�erentdiretions of the initial state in-plane wave vetor whenthe vetor e of light polarization is along [001℄, [11℄, or[1�1℄ diretions.We outline the model used and the eletron�holehybridization in Se. 2. The absorption of light po-larized along the growth [001℄ diretion (the z axis) isonsidered in Se. 3 and in the plane of the struture,in Se. 4. The optial anisotropy of the absorption o-e�ients is desribed in Se. 5, and the onlusion isgiven in Se. 6.2. HYBRIDIZATION ELECTRON AND HOLESTATESWe study optial transitions in the InAs/GaSbquantum well sandwihed by two AlSb wide-gap bar-rier layers and two p-type GaSb ontats. In the stru-ture with 10-nm InAs and 10-nm GaSb layers between10-nm AlSb layers, the lowest eletron-like level 1e atthe zero in-plane wave vetor lies below the highesthole level 1hh. The aeptor onentration in ontat
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Fig. 1. Energy levels in the InAs/GaSb quantum wellgrown on GaSb along the [001℄ diretion are shownby solid urves. The Fermi level is shown by a dashedline. The zero energy is set at the InAs ondutionband edge near the AlSb/InAs heterojuntionlayers is equal to 1018 m�3. The subband dispersionsalulated self-onsistently in this struture are shownin Fig. 1. We use the eight-band Hamiltonian for theregion around the � point in the Brillouin zone,Ĥ =  Ĥ4 00 Ĥ4!+ Ĥso + Ĥ� + Ĥ�k + ĤB + Ĥk ; (1)whih is listed in Refs. [12; 13℄ for the set of basis fun-tions S "; X "; Y "; Z "; S #; X #; Y #; Z # :The �rst blok-diagonal matrix is the standard 8�8Burt�Foreman Hamiltonian for strutures made ofzin-blende materials, whih neglets the spin-orbit in-teration, strain e�ets, and symmetry-breaking meh-anisms. The term Ĥ� is the strain Hamiltonian inde-pendent of the momentum omponents ki. The ma-trix Ĥso desribes the spin�orbit interation of the841



A. A. Zakharova, I. A. Semenikhin, K. A. Chao ÆÝÒÔ, òîì 141, âûï. 5, 2012zeroth order in ki and the matrix Ĥ�k is for thespin-obit interation in the strain Hamiltonian. Thislast term is nonzero due to the bulk inversion asym-metry (BIA). The quadrati-in-ki matrix ĤB ontainsthe Kane B-parameter. It represents the seond BIAterm in the total Hamiltonian (1). The term Ĥk is theinterfae Hamiltonian (IH), whih vanishes through-out the struture exept at the interfaes. The in-terfae Hamiltonian has a relativisti part (RIH) anda nonrelativisti part (NRIH). The Shrödinger equa-tion for this Hamiltonian is a matrix equation for theeight-omponent envelope funtion 	, whih is solvedself-onsistently with the Poisson equation.The levels of the three subbands, 1e, 1hh, and 2e,are spin-split due to the spin�orbit interation, stru-tural inversion asymmetry (SIA), BIA, and IH. Thesesymmetry-breaking mehanisms also result in onsider-able anisotropy of dispersion urves for di�erent dire-tions of the quasipartile in-plane wave vetor. Theyhange the seletion rules for optial transitions forthe transitions aused by light linearly polarized alongthe high-symmetry diretions suh as the [001℄ growthdiretion, [10℄ and [01℄ diretions in the plane of thequantum well if the initial state in-plane wave vetoris also aligned with the high-symmetry diretions ([10℄or [01℄) [12, 13℄. As a result, the optial matrix ele-ments are nonzero for all the four possible transitionsbetween two spin-split subbands 1hh and 2e (or 1e and2e). We �rst onsider the anisotropy of the absorptionof light polarized along the [001℄ diretion with respetto the kk orientation and the resultant absorption o-e�ients for di�erent thiknesses of the InAs layer andthe GaSb layer of the quantum well. The hybridizationof the 1hh and 1e subbands originating from the anti-rossing shown in Fig. 1 produes a substantial mixingof the eletron and hole states, whih also a�ets theoptial properties.3. ABSORPTION OF LIGHT POLARIZEDALONG THE GROWTH DIRECTIONWe demonstrate the appearane of originally for-bidden transitions and the strong angular dependeneof the orresponding optial matrix elementsM for the1hh�2e absorption of light polarized along the [001℄ di-retion, whih we hoose as the z axis. To distinguishthe spin-split branhes of eah subband in the quan-tum well, we will assign the subsript �a� to the lowerbranh near the zone enter and the subsript �b� tothe higher one. We present our results for the normal-

ized value of the optial matrix element, whih is givenby jM0j2 � j~M=p2mj2; (2)where m is the free eletron mass. The matrix elementM is alulated with the transition operator de�ned ase � v̂ = e~ � �Ĥ�k̂ ; (3)where v̂ is the veloity operator.In Fig. 2, we show the squared absolute valuesof normalized optial matrix elements jM0j2 for the1hhb�2ea, 1hha�2eb, 1hha�2ea, and 1hhb�2eb transi-tions versus the angle � between the [10℄ diretion,whih we hoose as the x axis, and kk. We set thevalue of the in-plane wave vetor equal to 0.1 nm�1.The plots in Fig. 2a have been obtained negletingthe IH, and the plots in Fig. 2b have been obtained ne-gleting the NRIH only. The matrix elements in Fig. 1orrespond to the total Hamiltonian. The four types oftransitions are permitted and their intensities are sub-stantial in eah panel in Fig. 2. On the other hand, theintensities of only two types of spin-preserving tran-sitions are onsiderable if both the BIA and IH aredisregarded. Then the spin-�ip transitions are forbid-den for kk along some high-symmetry diretion suhas [10℄, [11℄. If kk is along a low-symmetry diretion,for example, [12℄, then the intensity of the warping-indued spin-�ip proesses is negligibly small. Also,the anisotropy of optial matrix elements with respetto di�erent diretions of kk is very weak. The BIA,RIH, and NRIH produe strong qualitative hanges ofthe angular dependenes of the optial matrix elements.This is beause of the mixing of spin-up and spin-downstates due to symmetry-breaking terms in the Hamil-tonian and the transition operator.The absorption oe�ient J(~!) of linearly pola-rized light with photon energy ~! for the InAs/GaSbquantum wells with a 10-nm InAs layer and a 10-nmGaSb layer is shown in Fig. 3 with the solid urve. Wehave used the equation for the absorption oe�ientgiven in Ref. [16℄,J(~!) = 2~!�nE20 Z dkxdkyft (1� fs)Wst(!) ; (4)where ~! is the transition energy,  is the speed of light,n is the refrative index, E0 is the eletri �eld ampli-tude in the wave,Wst(!) is the transition rate betweenthe states of the s and t subbands, and ft;s are therespetive oupations of the initial and �nal states.The two peaks in this urve are due to the 1hh�2eaand 1hh�2eb transitions around kk = 0:1 nm�1, where842
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Fig. 2. The absolute value squared of the normalizedoptial matrix element jM0j2 versus the angle � forthe 1hh�2e transitions with kk = 0:1 nm�1. Thesolid, dashed, dotted, and dash-dotted urves respe-tively orrespond to the 1hhb�2ea, 1hha�2eb, 1hha�2ea, and 1hhb�2eb transitions. Light is polarized alongthe [001℄ diretion
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Fig. 3. Absorption oe�ient for the InAs/GaSb quan-tum well with a 10-nm InAs layer and a 10-nm GaSblayer is shown by the solid urve, obtained taking theSIA, BIA, and IH into aount. The dashed urve wasalulated with the NRIH negleted, the dotted urvewas found with the total IH negleted, and dash-dottedurve was obtained with both the BIA and IH negleted.Light is polarized along the [001℄ diretionthe 1hh states are oupied by eletrons. The di�erentenergies of these transitions are mainly due to the spinsplitting of the 2e states at kk = 0:1 nm�1, beauseof the small spin splitting of the 1hh states. Hene,the energy separation of two peaks in the solid urvere�ets the spin splitting of the 2e subband. Dashedand dotted urves in Fig. 3 were respetively alu-lated with the NRIH and the total IH negleted. Theabsorption plotted with the dash-dotted urve was de-rived disregarding the BIA and IH. In the latter ase,the two peaks of absorption in the solid urve vanish,beause the spin-�ip transitions between the states ofthe 1hh and 2e subbands are almost forbidden.We now onsider how our results hange with theInAs and GaSb layer thikness variation. In Fig. 4,we show the absorption oe�ients of light polarizedalong the growth diretion [001℄ for the struture witha 10.5-nm InAs layer and a 10.5-nm GaSb layer (solidurve), and for the struture with a 9.5-nm InAs layerand 9.5-nm GaSb layer (dashed urve). The �rst andthird absorption peaks for eah InAs/GaSb quantumwell orrespond to the two absorption peaks result-ing from the 1hh�2e transitions, as our alulationsshowed. The separation between the peaks gives theharateristi value of spin splitting of the 2e levels.This spin splitting is about 4 meV for the struturewith the InAs and GaSb layer thikness 9.5 nm, 6 meV843
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Fig. 4. Absorption oe�ients for the InAs/GaSb quan-tum wells with 10:5-nm InAs (GaSb) layers (solidurve) and 9:5-nm InAs (GaSb) layers (dashed urve).Light is polarized along the [001℄ diretionif this thikness is 10 nm, and 8 meV if this thiknessis 10.5 nm. We note that only the 1hh�2e and 1e�2e transitions ontribute to the absorption in the en-ergy interval onsidered for the dashed urve, while thesolid urve was obtained also taking the ontributionsfrom the 2hh�2e and 1lh�2e transitions into aount.The absorption peaks aused by the 1hh�2e transitionsgrow as the layer thikness dereases, beause of theinreasing hybridization of 1e and 1hh states, whihbeome loser to eah other in real spae. Suh a hy-bridization results in inreased intensities of the origi-nally forbidden spin-�ip transitions from the states ofthe 1hh subband.4. ABSORPTION OF LIGHT POLARIZED INTHE PLANE OF THE STRUCTUREThe optial matrix elements exhibit substantialanisotropy with respet to di�erent diretions of lightpolarizations in the plane of the quantum well e = e1and e = e2. Figures 5 show the plots of the abso-lute values squared of normalized optial matrix el-ements jM0j2 for the 1hhb�2ea, 1hha�2eb, 1hha�2ea,and 1hhb�2eb transitions versus the angle � for e1 alongthe [11℄ diretion and e2 along the [1�1℄ diretion, al-ulated with the BIA, RIH, NRIH symmetry-breakingmehanisms taken into aount. The results for e = e1obtained with BIA and IH negleted turn into thosefor e = e2 by rotation through the angle �=2. Thenthere is no lateral optial anisotropy of the absorptionoe�ients, but there exists a onsiderable anisotropy

of optial matrix elements investigated previously [9℄.This symmetry breaks when we add BIA in the up-per panels, BIA and the relativisti IH in the middlepanels, and BIA and the total IH in the lower pan-els. The symmetry of the system is C2v due to theSIA and BIA or SIA and IH. In passing from the upperpanel to the lower panel in eah �gure, the optial ma-trix elements exhibit unusual qualitative hanges. TheBIA and IH redue the mean values of M for light po-larized along the [11℄ diretion and enhanes them forlight polarization along the [1�1℄ diretion, resulting ina onsiderable anisotropy of the absorption oe�ientsshown in Fig. 6. Panels a and b in this �gure are forthe absorption oe�ient J1 and J2 orresponding tothe optial matrix elements in Figs. 5a and 5b. Manypeaks in eah panel in Fig. 6 originate from the overlapof eight absorption urves for the transitions betweenthe spin-split hybridized 1e�1hh states and the spin-split 2e states.5. OPTICAL ANISOTROPY OF ABSORPTIONCOEFFICIENTSA onsiderable di�erene between the absorptionoe�ients J1(~!) and J2(~!) for di�erent light po-larizations e = e1 and e = e2, an be expressed by avalue of polarization � de�ned as� = J2(~!)� J1(~!)J2(~!) + J1(~!) : (5)We show the alulated polarization versus thetransition energy in Fig. 7. When light is polarizedalong the growth diretion, the absorption oe�ient ismuh higher than those for light polarized in the planeof the struture. This harateristi feature originatesfrom the symmetry of wave funtions of the eletronand hole states near the zone enter. With the mi-xing of the s-type ondution band wave funtions andp-type valene band wave funtions negleted, only thetransitions from the eletron-like states ativated bylight with e along the growth diretion are permitted.At kk 6= 0, the s-type and p-type wave funtions mix,resulting in the substantial absorption when the polari-zation vetor e lies in the plane of the struture. Thenthe spin�orbit interation, SIA, and warping give rise tothe anisotropy of optial matrix elements with respetto di�erent diretions of kk, but not to the anisotropyof the absorption oe�ients with the rotation of e inthe plane of the struture.The BIA, RIH, and NRIH reate the lateral opti-al anisotropy of absorption [12�14; 17; 18℄. The main844
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