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FIRST-PRINCIPLE STUDY OF THE STRUCTURAL, ELECTRONIC,AND THERMODYNAMIC PROPERTIES OF CUPROUS OXIDEUNDER PRESSUREM. Zemzemi a*, N. Elghoul a, K. Khirouni a, S. Alaya a;baLaboratoire de Physique des Matériaux et des Nanomatériaux appliquée à l'Environnement,Université de Gabès, Faulté des Sienes de Gabès, Citè ErriadhZrig 6072, Gabès, TunisiebKing Faisal University, College of Siene, Physis Department31982, Hofuf, Saudi ArabiaReeived Marh 18, 2013Cuprous oxide is seleted as a promising material for photovoltai appliations. Density funtional theory is usedto study the strutural, eletroni, and thermodynami properties of uprous oxide by using the loal densityapproximation and generalized-gradient approximation. The e�et of pressure on the strutural and eletroniproperties of Cu2O is investigated. This study on�rms and haraterizes the existene of new phases. Hexago-nal and tetragonal phases are not ompletely indenti�ed. We fous on the phase transition of the uprous oxideunder hydrostati pressure to tetragonal and hexagonal (CdI2) strutures. Variation of enthalpy with pressureis used to alulate the pressure of the phase transition.DOI: 10.7868/S00444510140200841. INTRODUCTIONMetal oxides are widely used in various applia-tions suh as eletroni omponents, building materialsand refratories in drasti onditions of pressure and/ortemperature. Studies of metal oxides are thus of greatimportane for obtaining a better understanding of or-rosion of metals, heterogeneous atalysis, gas sensors,and transparent ondutive oxides. The uprous oxide(Cu2O) was the �rst substane known to behave as asemiondutor, together with selenium [1℄. Most of thesemiondutor theories were developed using the dataon Cu2O. This oxide remains an attrative alternativematerial to silion and other semiondutors, being fa-vored at present for many appliations due to its manyadvantages. It is nontoxi, its starting material (whihis opper) is very abundant, and its prodution pro-ess is simple [2℄. The most important methods for theprodution of Cu2O are thermal oxidation, eletrode-position, and sputtering tehnique [3�5℄.Cuprous oxide is a potential material for fabria-tion of low-ost solar ells [6; 7℄. The �rst real solar*E-mail: mzemzemi�gmail.om

ell with Cu2O was fabriated in the late 1920s. Butat that time, and until the �rst spae explorations, theenergy prodution from the sun by photovoltai e�etwas just a uriosity. High-e�ieny Cu2O-based solarells require a good understanding of the rystallinityof this oxide and a judiious hoie of the struturalorientation. Cu2O is a p-type semiondutor; it rys-tallizes in the ubi struture (Pn � 3m) and has adiret band gap of about 2 eV [8℄, whih is suitable forphotovoltai onversion [9; 10℄.Cuprous oxide has been the subjet of numeroustheoretial and experimental studies, but still its ele-troni and atomi strutures ontinue to puzzle the re-searhers. New appliations of Cu2O in nanoeletron-is, spintronis, superondutivity, and photovoltaisare emerging [11; 12℄. A better understanding of theatomi struture and eletroni levels of uprous ox-ide may be useful for prediting and ontrolling thephase transition under hydrostati pressure, whih willin turn allow a better understanding of the growthmehanism. Metal oxides present many polymorphs.The stability and mehanism of phase transitions rep-resent an ative �eld of investigation to disover a newstable phase or improve an existent one [13℄. In ambi-ent onditions, Cu2O stabilizes in a simple ubi Bra-272



ÆÝÒÔ, òîì 145, âûï. 2, 2014 First-priniple study of the strutural : : :vais lattie, with the spae group Pn � 3m(223) [14℄.Under high pressure, the ubi phase has a number oflow-pressure phases. These phase transitions have beenstudied both theoretially and experimentally [15; 16℄.Experimental studies have shown that uprous oxidegrows preferntially along the (111) diretion [17; 18℄.Atomi staking along this diretion oinides well withthe hexagonal struture [19℄.The present work is foused on larifying some fun-damental aspets of Cu2O that an be important forboth devie fabriation and a better understanding ofthe physial phenomena observed in Cu2O. The aim ofthis work is to haraterize hexagonal and tetragonalstruture of uprous oxide. We fous on the e�et ofpressure in the strutural and eletroni properties ofCu2O polymorphs. A relation is established betweenthe eletroni struture and the phase transition meh-anism in Cu2O.2. COMPUTATIONAL DETAILSTheoretial alulations are performed in the frame-work of the density funtional theory (DFT) [20; 21℄using pseudopotentials and a plane-wave basis imple-mented in the ABINIT pakage [22℄. This pakageis available under a free software liene and allowsomputing a large set of useful properties for solidstate studies [23℄. The valene eletron wavefuntionsare expanded in plane waves with the kineti energyuto� Eut equal to 50 Hartree. The pseudopoten-tials are generated with the respetive 3d104s1 and2s22p4 atomi on�gurations of opper and oxygen.Norm-onserving pseudopotentials [24℄ of Troullier�Martins (TM) sheme [25℄, generated from the Fritz-Haber-Institute pakage [26℄, are used. The exhange-orrelation terms were depited, �rst, with the loaldensity approximation of Ceperly and Adler [27℄ bythe parameterization of Perdew and Zunger [28℄; onthe other hand, we used the generalized-gradient ap-proximation (GGA) proposed by Perdew, Burke, andErnzerhof (PBE) [29℄. For the Brillouin zone sam-pling, the 8 � 8 � 8 k-points distributed on a shiftedMonkhorst�Pak grid was used [30℄. The numerial re-sults given below orrespond to zero temperature. Ajudiious hoie of the Eut value and the k-point num-ber is very important beause if we inrease these num-bers, the CPU time and memory spae also inrease.3. RESULTS AND DISCUSSIONUnder ambient onditions, Cu2O rystallizes in asimple ubi struture, whih belongs to the spae
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Copper OxygenFig. 1. (a) Cubi, (b ) hexagonal CdI2-type, and ()tetragonal onventional unit ell for opper oxidegroup Pn�3m. It an be desribed as a ubi unit ellwhere oxygen atoms are in the orners with a tetrahe-dral unit of Cu4O at the enter (Fig. 1a). In the lattie,eah opper atom oordinates with two oxygen atomsand eah oxygen atom is surrounded by four opperatoms, whih makes the stoihiometry 2:1. The atomioordinates and spae group of uprous oxide are listedin Table 1. To obtain the equilibrium bulk struture,the total energy is minimized with respet to the unitell volume. Figure 2 shows a paraboli dependeneof the energy as a funtion of the volume. The vol-ume orresponding to the minimum energy identi�esthe equilibrium lattie parameter. The lattie parame-ters and bulk modulus are determined by �tting a setof data points to the Murnaghan equation of state [31℄.A �t of the resulting energy versus volume urve withthe Murnaghan equation, shown in Fig. 2, gives the val-ues of B0 and its pressure derivative B0 = dB0=dP foruprous oxide. Our alulated lattie parameters, thebulk moduli B0 and B0 together with other theoretialand experimental values are listed in Table 2.Our results are in good agreement with the pub-lished experimental and theoretial data [15; 16; 32; 33℄.For uprous oxide, the loal density approximation(LDA) alulations show the well-known overbindinge�et value with a lattie parameter underestimatedby �1:17% ompared to the experimental results, andGGA-PBE alulation is overestimated by 2.10%.Under hydrostati pressure, in the range 0�10 GPa,uprous oxide transforms into tetragonal or hexagonalstruture (Fig. 1). It was on�rmed in [16℄ that theubi Cu2O beomes tetragonal under 5.7 GPa. Onthe other hand, as shown in [15℄, the oxide undergoes aphase transition toward an hexagonal struture under apressure of 10 GPa. In this study, we have detailed thestrutural and eletroni information of the tetragonaland hexagonal strutures. We alulated and veri�ed6 ÆÝÒÔ, âûï. 2 273



M. Zemzemi, N. Elghoul, K. Khirouni, S. Alaya ÆÝÒÔ, òîì 145, âûï. 2, 2014Table 1. Spae group and atomi positions for opper oxide in the uprous, hexagonal, and tetragonal strutures [14℄Struture Spae group Atomi positionsCuprous Pn� 3m(223) Cu (1/4, 1/4, 1/4); (1/4, 3/4, 3/4)(3/4, 1/4, 3/4); (3/4, 3/4, 1/4)O (0, 0, 0); (1/2, 1/2, 1/2)Hexagonal (CdI2) P � 3m(164) Cu (2/3, 1/3, 1/4); (1/3, 2/3, 1/4)O (0, 0, 0)Tetragonal P42=nnm(134) Cu (1/4, 3/4, 1/4); (3/4, 1/4, 3/4)(3/4, 3/4, 3/4); (1/4, 1/4, 3/4)O (0, 0, 0); (1/2, 1/2, 1/2)
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75 80 85Fig. 2. Total energies as a funtion of the unit ell volumes for the (�) ubi, (N) hexagonal (CdI2), and (Æ) tetragonalonventional unit ell for opper oxide with the (a,) LDA and (b,d) PBE approximation. Figures  and d are a zoom of thearea showing ubi (�) and tetragonal (Æ) energies versus volume urvesthe phase-transition pressure value. Table 1 summa-rizes the atomi positions and spae group for the threestrutures. The atoms in the hexagonal and tetragonalstrutures are ordered in planes and form a lamellar struture. In order to look for the strutural phasetransition, the total energies are obtained as a funtionof the ell volume in the three strutures.The total energy versus volume urves alulated274



ÆÝÒÔ, òîì 145, âûï. 2, 2014 First-priniple study of the strutural : : :Table 2. Calulated and experimental lattie parameters, bulk modulus, and pressure derivative of the bulk modulusfor opper oxide in the uprous, hexagonal, and tetragonal struturesStruture a, Å , Å B0, GPa B0 RefereneCuprous 4.22 141.14 4.23 LDA This study4.36 105.58 4.15 GGA4.22 [15℄ 141.00 [15℄ � Other alulations4.26 [32℄ 136.10 [32℄ 4.67 [36℄4.27 114.10 Experiment [33℄Hexagonal (CdI2) 2.48 3.90 137.91 4.45 LDA This study2.52 3.86 103.11 4.34 GGA2.90 3.86 Experiment [34℄Tetragonal 3.88 4.39 156.69 4.52 LDA This study4.02 4.53 112.10 4.71 GGA4.19 4.24 Experiment [35℄with the LDA and GGA-PBE for the three struturesand �tted by the Murnaghan equation of state areshown in Fig. 2. For the hexagonal strutures, the al-ulated variation of the a= ratio versus energy is notshown. The alulated values of lattie parameters, thebulk moduli B0 and B0 for tetragonal and hexagonalstrutures of Cu2O under pressure, and other experi-mental values available in the literature are reported inTable 2. Comparison between our results and experi-ene shows a good agreement, albeit with a small di�er-ene between the results obtained using the LDA andGGA. The plot of the total energy E per atom versusunit ell volume V with the LDA and GGA (Fig. 2a,b )shows two urves that are very lose to the ubi andtetragonal strutures. The di�erene between these twourves is learly seen in Figs. 2 and 2d. This observa-tion is evident beause the strutural transition fromubi to tetragonal is under small distortion. In Fig. 2,the dashed lines are ommon tangents, and the phasetransition pressure is given by the slope of these lines.The pressure at whih a phase transition ours anbe dedued from the ommon tangent between ubi�hexagonal and tetragonal�hexagonal energy�volumeurves. The pressure of the phase transition is ob-tained via the tangent onstrution using the energyversus volume plot for the two phases, i. e.,Pt = �E1 � E2V1 � V2 ;where Pt is the phase transition pressure, E1 and E2 arethe respetive energies at the transition for ubi and

hexagonal strutures, and V1 and V2 are the transitionvolume for these strutures.The same method is repeated for the ubi�tetra-gonal phase transition, but it is very di�ult to use theommon slope in this ase beause the two urves arevery lose. This method is not very aurate. How-ever, for pressure-indued phase transitions, it is moresuitable to onsider the Gibbs free energy. In thermo-dynamis, at onstant temperature and pressure, thestate of a system is determined by the Gibbs free en-ergy G = E + PV � TS = H � TS;where E and H denote the internal energy and en-thalpy, T and S are the temperature and entropy, andP and V are the pressure and volume. We onsider onlythe zero-temperature limit in our alulation; then theGibbs free energy beomes equal to the enthalpyH = E + PV:The �t of the urves H versus P has been performedusing the equationG(P ) = H(P ) = E0 + B0V0B0 � 1 �� "�1 + B0B0 P�(B0�1)=B0 � 1# ;where E0 and V0 are the energy and volume at equi-librium onditions, and B0 and B0 are the values ofthe bulk modulus and its pressure derivative at P = 0.275 6*



M. Zemzemi, N. Elghoul, K. Khirouni, S. Alaya ÆÝÒÔ, òîì 145, âûï. 2, 2014Table 3. Calulated and experimental strutural transition pressuresPt, GPaThis studyLDA GGA-PBE Other resultsCubi ! tetragonal 2.93 4.00 5.7 [16℄Cubi ! hexagonal 6.60 8.00 7(LDA)�10(PBE) [15℄Tetragonal ! hexagonal 6.81 8.25 �
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Fig. 3. Variation of enthalpy versus pressure in the ubi, hexagonal, and tetragonal opper oxide with the (a; ) LDA and(b,d) PBE approximation. Figures  and d are a zoom of the area showing intersetion lines of enthalpy versus pressureThis equation of state depends on a few parameters andovers a wide range of pressures [37℄. This approah re-lies on some knowledge or intuition of reasonable an-didate rystal strutures [38℄. It depends on the natureof the interatomi interations and thus provides aninsight into the nature of the solid state. At the sametime, it determines the values of fundamental thermo-dynami parameters [39℄.
Generally, the results are in good agreement withexperiments. The minimum enthalpy state is the ther-modynami ondition of stability at zero temperatureand at onstant pressure. The equilibrium pressure isdetermined by the intersetion of the two Gibbs freeenergy isotherms (Fig. 3). At Pt, two phases have thesame enthalpy, and the transition pressure is then de-termined by equating the enthalpies of the two phases276



ÆÝÒÔ, òîì 145, âûï. 2, 2014 First-priniple study of the strutural : : :of uprous oxide. To see the possible phase transitions,Fig. 3a,b shows the alulated enthalpy urves of theubi, tetragonal, and hexagonal uprous oxide as afuntion of pressure. Figures 3 and 3d are a zoom ofthe area of the intersetion of lines of enthalpy versuspressure. The transition pressures of Cu2O are alu-lated and the results are summarized in Table 3. Thesevalues are in agreement with reent experimental andtheoretial reports [15; 16℄.Through this study, we �nd the following. Thepressures alulated with both LDA and GGA-PBEare smaller than the experimental values. Hydrostatipressure deforms the ubi struture to tetragonal atlow pressure. Our PBE result (4.7 GPa) is slightlysmaller than the experimental results (Table 3). Cubi�hexagonal deformation is in the viinity of 10 GPa. Ouralulation yields 8 GPa. The passage from the tetrag-onal to hexagonal struture is not known in the litera-ture. This work on�rms the existene of a tetragonal�hexagonal phase transition. Our study gives a value ofthe transition pressure with the LDA and GGA.Figure 4 shows the band struture of opper oxidein the three di�erent strutures at the experimentallattie parameter. The maximum of the valene bandsis set to the zero energy in all plots. For uprous ox-ide, it is observed that the diret band gap is about0.48 eV at the highly symmetri � point, whih is loseto the previously alulated result with the same ap-proximations [40; 41℄. The experimental value of thegap energy is 2.17 eV [42℄. The underestimated bandgap an be due to the hoie of the exhange-orrelationenergy. In this study, the band gap is alulated withthe LDA. Our ab initio alulation shows that the fun-damental gap of uprous oxide is a diret one, with themaximum of the valene band and the minimum of theondution band ourring at the � point (see Fig. 4).Under pressure, the eletroni struture undergoes adrasti deformation. Cuprous oxide loses its semion-dutor harater and we observe an overlap betweenvalene and ondution bands. This is normal beausetight bands our as the e�et of pressure.4. CONCLUSIONA DFT study has been performed to evaluate thestrutural, thermodynami, and eletroni propertiesof Cu2O in ubi struture and two di�erent poly-morphs under pressure. The eletroni strutures ofthe uprous oxide and two polymorphs are reprodued.In the ubi struture, Cu2O is shown to have a semi-ondutor harater with the band gap underestimatedbeause we use the LDA in our alulation. Tetrago-
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