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CATHODO- AND PHOTOLUMINESCENCE INCREASE INAMORPHOUS HAFNIUM OXIDE UNDER ANNEALING IN OXYGENE. V. Ivanova a*, M. V. Zamoryanskaya a, V. A. Pustovarov b,V. Sh. Aliev , V. A. Gritsenko , A. P. Yelisseyev daIo�e Physial Tehnial Institute194021, Saint Petersburg, RussiabUral State Tehnial University620002, Yekaterinburg, RussiaInstitute of Semiondutor Physis, Siberian Branh of Russian Aademy of Sienes630090, Novosibirsk, RussiadInstitute of Geology and Mineralogy Siberian Branh of Russian Aademy of Sienes630090, Novosibirsk, RussiaReeived July 14, 2014Cathodo- and photoluminesene of amorphous nonstoihiometri �lms of hafnium oxide are studied with theaim to verify the hypothesis that oxygen vaanies are responsible for the luminesene. To produe oxygenvaanies, hafnium oxide was enrihed in surplus metal during synthesis. To redue the oxygen onentration,the �lm was annealed in oxygen. A qualitative ontrol of the oxygen onentration was arried out by therefrative index. In the initial, almost stoihiometri �lms we observed a 2:7-eV band in athodoluminesene.Annealing in oxygen results in a onsiderable inrease in its intensity, as well as in the appearane of new bandsat 1:87, 2:14, 3:40, and 3:6 eV. The observed emission bands are supposed to be due to single oxygen vaaniesand polyvaanies in hafnium oxide. The luminesene inrease under annealing in an oxygen atmosphere maybe a result of the emission quenhing e�et.DOI: 10.7868/S00444510150401511. INTRODUCTIONAn inrease in the information volume and oper-ation speed of silion-based devies, and the attain-ment of a terabyte sale are underlain by saling e�etsand a derease in the hannel length in metal�oxide�semiondutor (MOS) devies. That derease is a-ompanied with a derease in the thikness of the gatesilion oxide. Silion oxide was used as a gate dieletriduring four deades. The thikness of the SiO2 layer is1.2 nm while the designed value is 60 nm. A furtherderease in the SiO2 thikness is unaeptable beauseof strong tunnel urrents of leakage, whih lead to theheating of silion devies and to a derease in their re-liability. A general approah to solving this problemis to replae the gate SiO2 with alternative or high-k*E-mail: ivanova�mail.io�e.ru

dieletris with a high dieletri permeability [1�3℄. Al-ternative dieletris have a permittivity k = 15�25, tobe ompared with k = 3:9 for SiO2. High k values allowinreasing the physial thikness of the dieletri up to5 nm, whih allows suppressing the leakage urrent.The most promising materials that are urrentlyintrodued instead of SiO2 are dieletris based onHfOxNy (k � 15), HfSiOx (k � 15), and HfO2 (k == 25). The dieletris based on hafnium oxide havehigher thermodynami stability on a boundary with sil-ion, higher permittivity, and higher barriers for holesand eletrons [1�3℄. The unresolved problem is highenough leakage urrents due to traps and the aptureof harge arriers on these traps. Therefore, studyingthe origin (atomi and eletroni struture) of defetsthat operate as traps in hafnium oxide is very impor-tant.Experimental [4�6℄ and theoretial [7�9℄ investiga-tions of hafnium oxide show that oxygen vaany is one820



ÆÝÒÔ, òîì 147, âûï. 4, 2015 Cathodo- and photoluminesene inrease : : :of the main point defets. Oxygen vaanies were es-tablished to produe absorption in the spetral range4.4�5.3 eV and to be responsible for eletrial on-dutivity of HfO2 [4℄. The aim of this paper is theexperimental study of luminesene at exitation byan eletron beam (athodoluminesene) and by syn-hrotron radiation (photoluminesene) in order to de-termine the physial nature of the luminesene en-ter. For this, we studied a set of nonstoihiometriHfOx (x � 2) samples enrihed in surplus hafnium (inthe oxygen vaanies). Two ways to a�et the oxy-gen vaany onentration were used: the enrihmentin metal during synthesis and annealing in a reduingatmosphere (vauum), and a derease in the onentra-tion of surplus hafnium (oxygen vaany) by annealingsamples in oxygen.2. EXPERIMENTAL TECHNIQUEThe HfOx (x � 2) �lms were produed using ionbeam sputtering deposition (IBSD) [10℄. Silion platesSi(100) with the resistane 4:5
�m, whih had beensubjeted to a deep leaning by the RCA Co teh-nique [11℄ were used as substrates. Before mountinginto the vauum hamber, the substrates were treatedin a HF solution to remove the natural oxide.A silion substrate was plaed near the target frommetalli hafnium (Williams In., Hf ontent more than99.9%). The target was sputtered by a beam of Ar+ions, and simultaneously we delivered high-purity oxy-gen (more than 99.999%) into the area near the targetand substrate. A beam of sputtered partiles fell onthe substrate surfae, thus forming an HfOx �lm. The�lms were produed at room temperature. The sub-strate heating by hot partiles from the target did notexeed 70 ÆC.The beam of Ar+ ions for sputtering of the tar-get material was formed by a the Kaufmann-typesoure [12℄. The energy of Ar+ ions was 1.2 keV,while the density of ioni urrent on the Hf target was1.5 mA/m2. The thikness and rate of layer deposi-tion were ontrolled by a quartz sensor (TM-400, Max-te.In), loated near the substrate. The omposition(x-parameter) of the �lm was de�ned by partial pres-sure of oxygen using a gas �ow ontroller. For ourexperiments, we grew two sets of HfOx samples at par-tial oxygen pressures 9 � 10�3 and 2 � 10�3 Pa. In suhonditions, we produed the samples of an almost stoi-hiometri omposition (x � 2) and nonstoihiometrisamples (x < 2).Part of the stoihiometri and nonstoihiometri�lms were annealed in a vauum with the residual pres-

sure in the hamber less than 10�4 Pa at 600 ÆC during1 h. The other part of the �lms was annealed in a �owreator in the atmosphere of pure oxygen at T = 600 ÆCand P = 1 atm during 1 h.Ellipsometri measurements on our �lms were ar-ried out with an LEF-3M ellipsometer operating at� = 632:8 nm and the inidene angle 70ÆC. Thethikness and refrative index were alulated in theframes of the one-layer re�etion system Si-substra-te�HfOx-�lm�atmosphere.The onditions of �lm produing and annealing, aswell as ellipsometri data (thikness and refrative in-dies) for the �lms are given in Table 1. Enrihmentof hafnium oxide in surplus metal during synthesis andannealing or at vauum annealing leads to an inreasein the refrative index. Annealing in oxygen is aom-panied by a derease in the onentration of surplushafnium (oxygen vaanies), and the refrative indexdereases. A similar e�et is observed when silion ni-tride SiNx is enrihed in silion [13; 14℄.Photoluminesene (PL) and PL exitation spe-tra were measured at 7.5 K in both stationary andtime-resolved regimes using synhrotron radiation ona SUPERLUM station of the DESYLAB laboratory(Hamburg, Germany) [15℄. The time delay Æt rel-ative to the exitation pulse and the time windowlength �t were hosen taking the luminesene kinet-is into aount. Two time windows were used: withÆt1 = 2:7 ns, �t1 = 11:8 ns for the fast omponent,and with Æt2 = 60 ns, �t2 = 92 ns for the slow one.The PL exitation spetra were measured at the ex-itation energy Eex = 4�40 eV and normalized to anequal number of inident photons using sodium saliy-late, whose quantum e�ieny does not depend on thephoton energy at h� > 3:7 eV.Cathodoluminesene spetra of HfOx samples weretaken with an eletron probe miroanalyzer �Came-bax�. This miroanalyzer is equipped by four X-rayspetrometers for quantitive X-ray miroanalysis andadditionally by two optial spetrometers for athodo-luminesene (CL) measurements. CL spetra werereorded in the range 1.5�3.8 eV at 300 K. The samplewas irradiated by a beam of 5 eV eletrons at a 0:2 �mdepth of eletron penetration and a urrent density of1.2 A/m2.3. CATHODOLUMINESCENCE SPECTRAIn Fig. 1, CL spetra for a hafnium oxide �lm ofthe omposition lose to the stoihiometri one (sam-821



E. V. Ivanova, M. V. Zamoryanskaya, V. A. Pustovarov et al. ÆÝÒÔ, òîì 147, âûï. 4, 2015Table 1. Conditions of the preparation and the ellipsometri data (thikness d and refrative index n) for the hafniumoxide �lms (�d and �n are the respetive errors for d and n)Samplenumber Conditions of the sample preparation Ellipsometri data,� = 632:8 nm,�d � 1Å, �n � 0:001�22 The initial HfO2 �lm after annealing in vauum(P < 10�4 Pa) at 600 ÆC/1 h d = 757:6Ån = 1:98623 The initial HfO2 �lm after annealing in oxygenambient (PO2 � 105 Pa) at 600 ÆC/1 h d = 767:2Ån = 1:95541 The initial HfOx (x < 2) �lm grown at PO2 = 2 � 10�3 Pa.Nonstehiometri omposition d = 1054:2Ån = 2:01044 The initial HfOx (x < 2) �lm after annealing invauum (P < 10�4 Pa) at 600 ÆC/1 h d = 1038:7Ån = 2:01342 The initial HfOx (x < 2) �lm after annealing inoxygen ambient (PO2 < 105 Pa) at 600 ÆC/1 h d = 1069:8Ån = 2:010ple No. 24) are shown. We an see a single peak at2.64 eV with an FWHM 0.92 eV (Table 2).Annealing in oxygen (sample No. 23) leads to an in-rease in the CL intensity in the 2.7-eV band as well asto the appearane of new CL bands with energies 1.95,2.16, 3.42, and 3.74 eV (see Table 2). The intensity ofthe 2.7-eV peak inreases 7 times at annealing in oxy-gen. Earlier, luminesene in the 2.7-eV band was ob-served in Refs. [16�20℄. The 2.2-eV luminesene bandwas observed in hafnium oxide [19; 20℄. The 3.2-eV lu-minesene was also reported in Ref. [19℄, whereas the3.7-eV emission band was observed in [20℄.4. PHOTOLUMINESCENCE SPECTRAIt was established that in a hafnium oxide �lm withthe omposition lose to the stoihiometri one (refra-tive index 1.976, sample No. 24), there is no PL at6.7-eV exitation in the range 1.7�4.1 eV. Annealingof suh a �lm in vauum is aompanied by an inreasein n from 1.976 (sample No. 24) in the original �lm ton = 1:986 in the �lm annealed at 600 ÆC during 1 h(sample No. 22, see Table 1). The inrease in n forhafnium oxide at annealing in vauum shows that the�lm is enrihed in surplus Hf and indiates the forma-tion of oxygen vaanies. The annealing of hafniumoxide in vauum and the formation of oxygen vaan-ies are aompanied by the appearane of the 2.7-eV

band emission (Fig. 2). It is natural to suppose that the2.7-eV PL band is due to oxygen vaanies in hafniumoxide. This onlusion is on�rmed by the PL dereaseafter further annealing the �lm in oxygen (see Fig. 2).Annealing in oxygen also results in a derease in therefrative index to n = 1:955 (sample No. 23).A further on�rmation that the 2.7-eV lumineseneband is due to oxygen vaanies was obtained in the ex-periments with nonstoihiometri hafnium oxide sam-ples enrihed in surplus metal during synthesis (seeTable 1). In Fig. 3, we show the PL spetrum of theoriginal nonstoihiometri �lm (sample No. 41). Suh a�lm has the refrative index n = 2:010 to be omparedwith n = 1:976 for the stoihiometri sample No. 24.The HfOx �lm No. 41 with n = 2:010 demonstratesPL emission in the 2.7-eV band. The intensity of thisemission is about 600 pulses/se. Annealing in vauumleads to an inrease in surplus hafnium, whih indiatesthe inrease in the refrative index to n = 2:013 (sam-ple No. 44). Annealing in vauum is aompanied withthe PL intensity weakening to 250 pulses/se. Thus,the inrease of the oxygen vaany onentration leadsto a onentration quenhing of the PL emission.Annealing in oxygen (sample No. 42) results in a de-rease in the n value to 2.001, whih informs us abouta derease in the surplus hafnium onentration. An-nealing in oxygen produes a 6-fold inrease of the PLintensity, to 3400 pulses/se (see Fig. 2). This e�et(the PL inrease at annealing in oxygen) is explainedby a derease in the oxygen vaany onentration.822



ÆÝÒÔ, òîì 147, âûï. 4, 2015 Cathodo- and photoluminesene inrease : : :

6000

0
4.0

ICL, arb. un.

2.0

4000

2000

3.53.02.5

b

1

2 3
4

5

6

1.5

Photon energy, eV

6000

0
4.02.0

4000

2000

3.53.02.5

а

1

2

1.5

×7

7

Fig. 1. (a) Comparison of experimental CL spetra forHfO2 �lms: the original sample No. 24 (urve 1 withthe intensity magni�ed 7 times) and after annealing inoxygen (sample No. 23, urve 2 ). (b ) Deompositionof the CL spetrum (2 in Fig. 1a) into Gaussian om-ponents, shown by thin solid lines 1�5. Curve 6 is asum of Gaussians 1�5, whereas gray line 7 is experi-mental. The parameters of Gaussians 1�5 are given inTable 2Table 2. Results of CL spetra deomposition intoGaussian omponents for the HfO2 �lm before and af-ter annealing in oxygenComponentnumber Maximumposition, eV FWHM, eV1 2.64 0.921 1.95 0.302 2.16 0.293 2.82 0.804 3.42 0.475 3.74 0.57
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Fig. 2. PL spetra at 6:43-eV exitation for HfO2�lms of (a) an almost stoihiometri omposition and(b ) nonstoihiometri hafnium oxide before treatment(spetra 1 ), after annealing in a vauum (2 ), and inoxygen (3 ); T = 7:2 K5. PHOTOLUMINESCENCE EXCITATIONSPECTRAThe PL exitation spetrum for 2.75 eV emission insample No. 22 annealed in vauum is given in Fig. 4. Inthe PL exitation spetrum of stoihiometri hafniumoxide, there are three maximums near 6.3 and 9.5 eV.In Fig. 4, we an see three individual Gaussian ompo-nents. Their parameters are given in Table 3. Maximaof these Gaussians are loated at 6.33, 6.8, and 9.42 eV.The annealing in oxygen is aompanied by a minorshift of the �rst maximum to 6.40 eV (see Fig. 3).6. DISCUSSIONOur interpretation assumes that the observed lumi-nesene bands at 2.7, 3.42, and 3.74 eV are due to oxy-gen vaanies, whereas the 1.95- and 2.16-eV bands are823
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Fig. 4. PL exitation spetra for the 2:7-eV emissionfor sample No. 22 at T = 7:2 K and the results of itsdeomposition into three Gaussians (thin solid lines 1�3 ). Bold line 4 shows the sum of these Gaussians 1�3and line 5 is the experimental PL spetrumTable 3. Results of PLE spetra deompositioninto Gaussian omponents for emission 2:7 eV (sampleNo. 22 of HfO2 �lm after annealing in vauum)Componentnumber Maximumposition, eV FWHM, eV1 6.33 0.6232 6.8 1.63 9.42 1.74where n1 is the population of the exited level, N is theonentration of luminesene enters, J is the energydensity, L is a parameter independent of J , � is thelife time of the exited state, and � is a parameter that824
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