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AB INITIO STUDY OF HETEROJUNCTION DISCONTINUITIESIN THE ZnO/Cu2O SYSTEMM. Zemzemi a*, S. Alaya a;b, Z. Ben Ayadi aaLaboratory of Physis of Materials and Nanomaterials applied at Environment,Faulty of Sienes in Gabes, Gabes University, Erriadh City, Zrig6072, Gabes, TunisiabKing Faisal University, College of Siene, Physis Department31982, Hofuf, Saudi ArabiaReeived Otober 1, 2013Solar ells based on transparent ondutive oxides suh as ZnO/Cu2O onstitute a very advaned way tobuild high-performane ells. In this work, we are interested in the haraterization of the interfae throughnanosale modeling based on ab initio approahes (density funtional theory, loal density approximation, andpseudopotential). This work aims to build a superell ontaining a heterojuntion ZnO/Cu2O and study thestrutural properties and the disontinuity of the valene band (band o�set) from a semionduting to anotherphase. We build a zin oxide in the wurtzite struture along [0001℄ on whih we plae the opper oxide in thehexagonal struture (CdI2-type). We hoose the method of Van de Walle and Martin to alulate the energyo�set. This approah �ts well with the density funtional theory. Our alulation of the band o�set gives avalue that orresponds to other experimental and theoretial values.DOI: 10.7868/S00444510140601111. INTRODUCTIONResearh on photovoltai energy onversion has re-ently reeived great interest [1; 2℄, and design, growth,and haraterization of new-generation solar ells areurrently an important researh �eld [3; 4℄. In reentyears, a large amount of experimental and theoretialwork appeared that was foused on heterostruturesomposed of ultrathin layers designed for new solarenergy onverters working under a low light intensity.However, the development of new solar ells with im-proved performanes and lower ost requires new ap-proahes based on the use of lean, low ost, and non-toxi materials prepared via low-energy proesses. Aphotovoltai ell requires two (n-type and p-type) semi-ondutors.Zin oxide (ZnO) attrated the attention of re-searhers for a long time, owing to its potential ap-pliations in many sienti� and industrial areas [5℄.Atually, its nontoxiity and natural abundane makeit an ideal andidate for many industrial manufaturing*E-mail: mzemzemi�gmail.om, Mabrouk.Zemzemi�issatgf.rnu.tn

proesses [6℄. ZnO belongs to the family of transparentondutive oxides. It is an n-type semiondutor, witha wide band gap of 3.4 eV and an exiton binding en-ergy of 60 meV. These features make ZnO, like GaN, aandidate for appliations to blue and ultraviolet opti-al devies [7℄.Cuprous oxide (Cu2O) is a potential material forthe fabriation of low-ost solar ells [8; 9℄. The �rstCu2O-based solar ell was manufatured in the late1920s. However, at that time, and until the �rst spaeexplorations, the energy prodution from sun light bythe photovoltai e�et was just a uriosity. Cu2O is ap-type semiondutor with a diret band gap of about2 eV, whih is suitable for photovoltai onversion.The ZnO/Cu2O heterojuntion has been synthe-sized a long time ago and studied for a long time [10℄.This heterojuntion has reently attrated a renewedinterest thanks to the low ost and nontoxi haraterof its onstituents [11�14℄. Its e�ieny is still quitesmall (2%), but better performanes an be expetedby improving the rystalline order and the interfaefeatures. ZnO has a hexagonal (wurtzite) struture,while Cu2O is ubi (uprite). An epitaxial growthof (111)-oriented Cu2O �lm on the (0001) surfae ofZnO is thus possible, as was reported in several pa-1072



ÆÝÒÔ, òîì 145, âûï. 6, 2014 Ab initio study of heterojuntion : : :pers [15; 16℄. Nevertheless, studies of Cu2O under pres-sure show that this rystal undergoes a transition to thehexagonal phase, whih is a polytype of the CdI2 stru-ture [17�19℄. This suggests that the growth of Cu2O�lms aording to the CdI2 struture on a ZnO sub-strate is also possible. This kind of growth would havethe advantage of giving superlatties preserving the sto-ihiometry.In this paper, we investigate this kind of growth.Most of the heterojuntion physis is determined bythe band o�set, whih is usually desribed by models[20�22℄. The one by Van de Valle and Martin [23℄ isused here; ombined with ab initio alulations, it allowus to alulate the band o�set of the ZnO/Cu2O hetero-juntion. Previous experimental studies of this hetero-juntion an be found in Refs. [18; 24℄, while theoretialresults are reported in Ref. [16℄.2. COMPUTATIONAL DETAILS2.1. Density funtional theoryThe alulations have been performed in the frame-work of the density funtional theory (DFT) [25; 26℄,using pseudopotentials and a plane-wave basis set asimplemented in the Abinit ode [27℄. Abinit, whih isavailable under a free software liene, allows ompu-ting a large set of useful properties of solid-state sys-tems [28℄. The valene eletron wave funtions are ex-panded in a plane-wave basis set with a kineti ener-gy uto� Eut = 50 Ha. Troullier�Martins pseudo-potentials [29℄ have been generated by mean of theFritz-Haber-Institute pakage [30℄, for the referene3d104s2, 3d104s1, and 2s22p4 atomi on�gurations ofzin, opper, and oxygen, respetively. The exhange-orrelation energy and potential are taken into a-ount at the loal density approximation (LDA) levelby means of the Perdew�Wang [31℄ parameterizationof the quantum Ceperley and Alder Monte Carlo re-sults for a homogeneous eletron gas [32℄. A (shifted)8� 8� 2 k-point Monkhorst�Pak grid [33℄ is used forthe Brillouin zone sampling.2.2. Average potential methodThe model of Van de Walle and Martin [23℄ is mostwidely used for estimating band o�sets at semiondu-tor�semiondutor interfaes. This approah was foundto be suessful for a variety of materials with non-polar interfaes. This model an be easily ombinedwith DFT alulations, beause the band o�set anbe dedued from the average self-onsistent potential
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E EAg Ev � �VBEV � �VA �VBFig. 1. Shemati diagram of the band alignment ofondution and valene band o�sets in a semiondu-tor heterojuntion. The band o�sets �E and �Evare disontinuities in the band at the heterojuntioninterfaein the superlattie. The suess of this simple modelre�ets the fat that the prinipal onlusion of the�rst-priniple alulations is that the o�sets are essen-tially intrinsi [34℄. To visualize the eletrostati poten-tial pro�les extending throughout the heterostrutures,V (x; y; z), is averaged over the plane perpendiular tothe axis (the xy plane) using the equationV (z) = 1S ZZ V (x; y; z) dx dy; (1)where S is the area of a unit ell in the xy plane (Fig. 1).The marosopi average V (z) is aomplished by aver-aging V (z) at eah point over a distane orrespondingto one period a:V (z) = 1a z+a=2Zz�a=2 V (z0) dz0; (2)where a is the length of one period in the diretion per-pendiular to the interfae. The marosopi averagepotential shows a disontinuity at the interfae, indi-ating that eletrons should overome a potential bar-rier to ross from the ZnO setion to the Cu2O setion.This value is given by�V = hV ZnO � V Cu2OiZnO/Cu2O : (3)The band o�set an be determined by aligning theaverage eletrostati potential aross the interfae be-8 ÆÝÒÔ, âûï. 6 1073
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Atomic position along z, ÅFig. 2. Variation of the plane and marosopi averagepotential for ZnO/Cu2O in the z diretion; �V is thepotential di�erene between the marosopi averagepotential (dashed line) of ZnO and Cu2O; the solid lineshows the plane averaged potentialtween two segments when the average eletrostati po-tential onverges to the values of their in�nite materi-als, using the equationEoffset = hEv= � V ZnOiZnO �� hEv= � V Cu2OiCu2O +�V; (4)where the �rst and seond terms respetively representthe positions of the valene/ondution band (Ev=)relative to those of the average eletrostati potentialsfor the ZnO and Cu2O. The third term is the di�erenebetween the two marosopi average potentials fromZnO to Cu2O (Fig. 2).2.3. SuperellThe �rst step in the alulation of the interfaeproperties is the onstrution of the superell. Thesuperell has to be periodi in all the three dimensionsand must be large enough in order to desribe both ZnOand Cu2O bulk and interfae regions. ZnO rystallizesin the wurtzite struture, whih is lassi�ed as a hexag-onal lattie belonging to the spae group P63m [7℄.ZnO rystals generally grow along the -axis by alter-nating layers of Zn++ and O2�. This atomi arrange-ment along the -axis leads to a polar rystal along thehexagonal longitudinal -axis. This polarity imposes agrowth diretion for Cu2O.Several experimental and theoretial studies[16; 18; 35; 36℄ have demonstrated that on the ZnO

substrate, Cu2O grows aording to the hexagonalsymmetry. Beause Cu2O has the uprite strutureunder standard thermodynami onditions, it is usu-ally aepted that the growth ours along the [111℄diretion of the ubi lattie. In this study, we onsiderthe possibility of a Cu2O growth of the CdI2 type,whih di�ers from the ubi one for the staking of Cuand O planes. In the CdI2 struture, eah O plane isbetween two Cu planes, and therefore this arrangementgives rise to a stoihiometri superlattie. As alreadynotied in the introdution, Cu2O transforms intoa CdI2-type phase under pressure, as it was shownboth experimentally [39℄ and theoretially [11℄. Tosimulate the ZnO/Cu2O heterojuntion, we have builtthe superell formed by 8 layers shown in Fig. 3.The strutures of ZnO, Cu2O, and the superlattieZnO/Cu2O have been fully relaxed. The resultinglattie parameters are reported in Table 1.3. RESULTS AND DICSUSSIONThe superell method was employed in the studyof the ZnO/Cu2O heterojuntion. The atomi ar-rangements in Cu2O and ZnO(0001) suggest that itis energetially favorable for Cu2O to grow on theZnO(0001) substrate [40℄. In the ZnO/Cu2O hetero-juntion, the in�uenes may be more obvious beauseof the large mismath between ubi Cu2O (a = 4:27Å)and wurtzite ZnO (a = 3:25Å and  = 5:21Å) [15℄. Wefound a possible way of lattie mathing with a smalllattie mismath for Cu2O thin �lms deposited on ZnOsubstrate (see Table 1).In this study, we hose Cu2O (CdI2-type) andZnO(0001). In this ase, the Cu2O lattie shouldbe ompressed and the Cu�O bond length dereased,whih explains the hoie of the high-pressure phase ofCu2O. We use the lattie onstants a = 3:085Å and = 9:479Å for both materials; these values are theaverage of the optimization of the lattie parameters.The potential average V (z) and marosopi averageV (z) pro�les in the superell ontaining a heterojun-tion are plotted in Fig. 2. This �gure shows a sinu-soidal shape that orresponds to the periodiity of theheterojuntion. We observed a marosopi averagepotential, shown by the dashed urve, �at over a widearea. This observation shows that the size of our super-ell an give aurate results. The marosopi averagepotential shows the disontinuity �V = 5:66 eV at theinterfae (see Fig. 2).In the regions far from the interfae, the rystalshould reover properties of the bulk. We �nd that1074
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along [0001]Fig. 3. The superell model onsidered in this paper. The ZnO rystal grows along the -axis and Cu2O is in the hexagonalstruture (CdI2-type): large blak balls, oxygen; small blak balls, opper; gray balls, zinTable 1. Spae group and lattie onstant of ZnO, Cu2O, and the superell ZnO/Cu2OCompound Struture Spae group Lattie onstants, ÅZnO Wurtzite P63m (186) a = 3:192  = 5:190 This worka = 3:238  = 5:232 Other al. [37℄a = 3:250  = 5:207 Exp. [38℄Cu2O Hexagonal P -3m1 (164) a = 2:480  = 3:900 This worka = 2:802  = 4:393 [18℄a = 2:900  = 3:862 Exp. [36℄ZnO/Cu2O a = 3:085  = 9:479 This workTable 2. Valene band o�sets for the ZnO/Cu2OsystemValene band o�set, eV Referene1.51 This work1.7 Exp. [14℄1.3�1.6 Others al. [14℄2.2 Others al. [12; 39℄the valene band maximum is �2:117 eV in ZnO and�3:627 eV in Cu2O.The appliation of Eq. (4) gives the value of thevalene-band o�sets. This value �Ev = 1:51 eV (Ta-ble 2) inludes varying theoretial and experimentalresults of the valene band alignment. The experi-mentally obtained �Ev is 1.7 eV, and the theoretialvalues obtained by the �rst-priniple alulation are1.3�1.6 eV. A large value �Ev = 2:2 eV was found us-ing eletron a�nity [39℄.

To alulate the ondution band alignment, wehave used the experimental values of the gap energybeause theoretial values, in the loal density approx-imation, are underestimated and give inorret values.In this work, we have used Eg respetively equal to3.37 eV and 2.1 eV for ZnO and Cu2O [14; 16℄. The on-dution band o�set �E is evaluated as 0.24 eV. Ourvalue is in good agreement with other values, althoughother works have already hosen simpli�ed strutureswhile we hoose a more realisti one [14℄. Ihimura andSong [14℄ have built a superell by two oxides, ZnO andCu2O, in the same zinblende struture. This hoie isa �rst step to study this system with less ompliationin the alulation and in building the superell; how-ever, this model is not too realisti.The agreement between theoretial and experimen-tal results shows that the DFT oupled with the theoryof Van de Walle and Martin is reliable to determine theenergy o�set. We have investigated the eletroni prop-erties by alulating the density of states (DOS). Thetotal DOSs are shown in Fig. 4. The di�erene be-tween the DOS in the uprous and CdI2 strutures is1075 8*
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of opper oxide deposited on zin oxide of wurtzitestruture. Our alulations of the band o�set gavea value that orresponds to the experimental andtheoretial values already published in the literature.This study is very promising in understanding thetransport properties and atomi formation mehanismof heterojuntions. It opens up the way to more ex-tensive studies with this aurate theoretial method.One of the authors, M. Zemzemi, wishes to thankProfessor Pietro Cortona for the helpful disussions.REFERENCES1. B. Parida, S. Iniyan, and R. Goi, Renew. Sustain. En-erg. Rev. 15, 1625 (2011).2. O. Shevaleevskiy, Pure Appl. Chem. 80, 2079 (2008).3. A. Zunger, S. Wagner, and P. Petro�, J. Eletron.Mater. 22, 3 (1993).1076
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