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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 
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hni
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ademy of S
ien
es630090, Novosibirsk, RussiadInstitute of Geology and Mineralogy Siberian Bran
h of Russian A
ademy of S
ien
es630090, Novosibirsk, RussiaRe
eived July 14, 2014Cathodo- and photolumines
en
e of amorphous nonstoi
hiometri
 �lms of hafnium oxide are studied with theaim to verify the hypothesis that oxygen va
an
ies are responsible for the lumines
en
e. To produ
e oxygenva
an
ies, hafnium oxide was enri
hed in surplus metal during synthesis. To redu
e the oxygen 
on
entration,the �lm was annealed in oxygen. A qualitative 
ontrol of the oxygen 
on
entration was 
arried out by therefra
tive index. In the initial, almost stoi
hiometri
 �lms we observed a 2:7-eV band in 
athodolumines
en
e.Annealing in oxygen results in a 
onsiderable in
rease in its intensity, as well as in the appearan
e 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 va
an
iesand polyva
an
ies in hafnium oxide. The lumines
en
e in
rease under annealing in an oxygen atmosphere maybe a result of the emission quen
hing e�e
t.DOI: 10.7868/S00444510150401511. INTRODUCTIONAn in
rease in the information volume and oper-ation speed of sili
on-based devi
es, and the attain-ment of a terabyte s
ale are underlain by s
aling e�e
tsand a de
rease in the 
hannel length in metal�oxide�semi
ondu
tor (MOS) devi
es. That de
rease is a
-
ompanied with a de
rease in the thi
kness of the gatesili
on oxide. Sili
on oxide was used as a gate diele
tri
during four de
ades. The thi
kness of the SiO2 layer is1.2 nm while the designed value is 60 nm. A furtherde
rease in the SiO2 thi
kness is una

eptable be
auseof strong tunnel 
urrents of leakage, whi
h lead to theheating of sili
on devi
es and to a de
rease in their re-liability. A general approa
h to solving this problemis to repla
e the gate SiO2 with alternative or high-k*E-mail: ivanova�mail.io�e.ru

diele
tri
s with a high diele
tri
 permeability [1�3℄. Al-ternative diele
tri
s have a permittivity k = 15�25, tobe 
ompared with k = 3:9 for SiO2. High k values allowin
reasing the physi
al thi
kness of the diele
tri
 up to5 nm, whi
h allows suppressing the leakage 
urrent.The most promising materials that are 
urrentlyintrodu
ed instead of SiO2 are diele
tri
s based onHfOxNy (k � 15), HfSiOx (k � 15), and HfO2 (k == 25). The diele
tri
s based on hafnium oxide havehigher thermodynami
 stability on a boundary with sil-i
on, higher permittivity, and higher barriers for holesand ele
trons [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 ele
troni
 stru
ture) of defe
tsthat operate as traps in hafnium oxide is very impor-tant.Experimental [4�6℄ and theoreti
al [7�9℄ investiga-tions of hafnium oxide show that oxygen va
an
y is one820



ÆÝÒÔ, òîì 147, âûï. 4, 2015 Cathodo- and photolumines
en
e in
rease : : :of the main point defe
ts. Oxygen va
an
ies were es-tablished to produ
e absorption in the spe
tral range4.4�5.3 eV and to be responsible for ele
tri
al 
on-du
tivity of HfO2 [4℄. The aim of this paper is theexperimental study of lumines
en
e at ex
itation byan ele
tron beam (
athodolumines
en
e) and by syn-
hrotron radiation (photolumines
en
e) in order to de-termine the physi
al nature of the lumines
en
e 
en-ter. For this, we studied a set of nonstoi
hiometri
HfOx (x � 2) samples enri
hed in surplus hafnium (inthe oxygen va
an
ies). Two ways to a�e
t the oxy-gen va
an
y 
on
entration were used: the enri
hmentin metal during synthesis and annealing in a redu
ingatmosphere (va
uum), and a de
rease in the 
on
entra-tion of surplus hafnium (oxygen va
an
y) by annealingsamples in oxygen.2. EXPERIMENTAL TECHNIQUEThe HfOx (x � 2) �lms were produ
ed using ionbeam sputtering deposition (IBSD) [10℄. Sili
on platesSi(100) with the resistan
e 4:5
�
m, whi
h had beensubje
ted to a deep 
leaning by the RCA Co te
h-nique [11℄ were used as substrates. Before mountinginto the va
uum 
hamber, the substrates were treatedin a HF solution to remove the natural oxide.A sili
on substrate was pla
ed 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 parti
les fell onthe substrate surfa
e, thus forming an HfOx �lm. The�lms were produ
ed at room temperature. The sub-strate heating by hot parti
les from the target did notex
eed 70 ÆC.The beam of Ar+ ions for sputtering of the tar-get material was formed by a the Kaufmann-typesour
e [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 thi
kness and rate of layer deposi-tion were 
ontrolled by a quartz sensor (TM-400, Max-te
.In
), lo
ated 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 su
h
onditions, we produ
ed the samples of an almost stoi-
hiometri
 
omposition (x � 2) and nonstoi
hiometri
samples (x < 2).Part of the stoi
hiometri
 and nonstoi
hiometri
�lms were annealed in a va
uum 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 �owrea
tor 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 in
iden
e angle 70ÆC. Thethi
kness and refra
tive index were 
al
ulated in theframes of the one-layer re�e
tion system Si-substra-te�HfOx-�lm�atmosphere.The 
onditions of �lm produ
ing and annealing, aswell as ellipsometri
 data (thi
kness and refra
tive in-di
es) for the �lms are given in Table 1. Enri
hmentof hafnium oxide in surplus metal during synthesis andannealing or at va
uum annealing leads to an in
reasein the refra
tive index. Annealing in oxygen is a

om-panied by a de
rease in the 
on
entration of surplushafnium (oxygen va
an
ies), and the refra
tive indexde
reases. A similar e�e
t is observed when sili
on ni-tride SiNx is enri
hed in sili
on [13; 14℄.Photolumines
en
e (PL) and PL ex
itation spe
-tra were measured at 7.5 K in both stationary andtime-resolved regimes using syn
hrotron radiation ona SUPERLUM station of the DESYLAB laboratory(Hamburg, Germany) [15℄. The time delay Æt rel-ative to the ex
itation pulse and the time windowlength �t were 
hosen taking the lumines
en
e kinet-i
s into a

ount. 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 ex
itation spe
tra were measured at the ex-
itation energy Eex = 4�40 eV and normalized to anequal number of in
ident photons using sodium sali
y-late, whose quantum e�
ien
y does not depend on thephoton energy at h� > 3:7 eV.Cathodolumines
en
e spe
tra of HfOx samples weretaken with an ele
tron probe mi
roanalyzer �Came-bax�. This mi
roanalyzer is equipped by four X-rayspe
trometers for quantitive X-ray mi
roanalysis andadditionally by two opti
al spe
trometers for 
athodo-lumines
en
e (CL) measurements. CL spe
tra werere
orded in the range 1.5�3.8 eV at 300 K. The samplewas irradiated by a beam of 5 eV ele
trons at a 0:2 �mdepth of ele
tron penetration and a 
urrent density of1.2 A/
m2.3. CATHODOLUMINESCENCE SPECTRAIn Fig. 1, CL spe
tra for a hafnium oxide �lm ofthe 
omposition 
lose to the stoi
hiometri
 one (sam-821
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 data (thi
kness d and refra
tive index n) for the hafniumoxide �lms (�d and �n are the respe
tive 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 va
uum(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 inva
uum (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 appearan
e 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 in
reases 7 times at annealing in oxy-gen. Earlier, lumines
en
e in the 2.7-eV band was ob-served in Refs. [16�20℄. The 2.2-eV lumines
en
e bandwas observed in hafnium oxide [19; 20℄. The 3.2-eV lu-mines
en
e 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 stoi
hiometri
 one (refra
-tive index 1.976, sample No. 24), there is no PL at6.7-eV ex
itation in the range 1.7�4.1 eV. Annealingof su
h a �lm in va
uum is a

ompanied by an in
reasein 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 in
rease in n forhafnium oxide at annealing in va
uum shows that the�lm is enri
hed in surplus Hf and indi
ates the forma-tion of oxygen va
an
ies. The annealing of hafniumoxide in va
uum and the formation of oxygen va
an-
ies are a

ompanied by the appearan
e of the 2.7-eV

band emission (Fig. 2). It is natural to suppose that the2.7-eV PL band is due to oxygen va
an
ies in hafniumoxide. This 
on
lusion is 
on�rmed by the PL de
reaseafter further annealing the �lm in oxygen (see Fig. 2).Annealing in oxygen also results in a de
rease in therefra
tive index to n = 1:955 (sample No. 23).A further 
on�rmation that the 2.7-eV lumines
en
eband is due to oxygen va
an
ies was obtained in the ex-periments with nonstoi
hiometri
 hafnium oxide sam-ples enri
hed in surplus metal during synthesis (seeTable 1). In Fig. 3, we show the PL spe
trum of theoriginal nonstoi
hiometri
 �lm (sample No. 41). Su
h a�lm has the refra
tive index n = 2:010 to be 
omparedwith n = 1:976 for the stoi
hiometri
 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 va
uumleads to an in
rease in surplus hafnium, whi
h indi
atesthe in
rease in the refra
tive index to n = 2:013 (sam-ple No. 44). Annealing in va
uum is a

ompanied withthe PL intensity weakening to 250 pulses/se
. Thus,the in
rease of the oxygen va
an
y 
on
entration leadsto a 
on
entration quen
hing of the PL emission.Annealing in oxygen (sample No. 42) results in a de-
rease in the n value to 2.001, whi
h informs us abouta de
rease in the surplus hafnium 
on
entration. An-nealing in oxygen produ
es a 6-fold in
rease of the PLintensity, to 3400 pulses/se
 (see Fig. 2). This e�e
t(the PL in
rease at annealing in oxygen) is explainedby a de
rease in the oxygen va
an
y 
on
entration.822
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Fig. 1. (a) Comparison of experimental CL spe
tra 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 ) De
ompositionof the CL spe
trum (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 spe
tra de
omposition 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

1

3

2

3

1

2

a

b

2.0 2.5 3.0 4.03.5

Photon energy, eV

2.0 2.5 3.0 4.03.5

Photon energy, eV

0

1000

2000

3000

IPL, arb. un.

0

1000

2000

IPL, arb. un.

Fig. 2. PL spe
tra at 6:43-eV ex
itation for HfO2�lms of (a) an almost stoi
hiometri
 
omposition and(b ) nonstoi
hiometri
 hafnium oxide before treatment(spe
tra 1 ), after annealing in a va
uum (2 ), and inoxygen (3 ); T = 7:2 K5. PHOTOLUMINESCENCE EXCITATIONSPECTRAThe PL ex
itation spe
trum for 2.75 eV emission insample No. 22 annealed in va
uum is given in Fig. 4. Inthe PL ex
itation spe
trum of stoi
hiometri
 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 lo
ated at 6.33, 6.8, and 9.42 eV.The annealing in oxygen is a

ompanied by a minorshift of the �rst maximum to 6.40 eV (see Fig. 3).6. DISCUSSIONOur interpretation assumes that the observed lumi-nes
en
e bands at 2.7, 3.42, and 3.74 eV are due to oxy-gen va
an
ies, whereas the 1.95- and 2.16-eV bands are823
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itation spe
tra for the 2:7-eV emission in(a) stoi
hiometri
 and (b ) nonstoi
hiometri
 hafniumoxide �lms after annealing in va
uum (1 ) and in oxygen(2 ); T = 7:2 K. Lumines
en
e was ex
ited by photonsof the energy 6:29 eV for sample No. 22 (a, 
urve 1 ),6:53 eV for sample No. 23 (a, 
urve 2 ), 6:30 eV forsample No. 44 (b, 
urve 1 ), and 6:46 eV for sampleNo. 42 (b, 
urve 2 )asso
iated with oxygen diva
an
ies in hafnium oxide.We suppose that the PL in
rease after annealing in oxy-gen is a result of a de
rease in va
an
ies/polyva
an
ies(
on
entration quen
hing). The suggested interpreta-tion of the PL and CL spe
tra is based on the assump-tion that oxygen va
an
ies and polyva
an
ies operateas re
ombination 
enters in hafnium oxide. Annealingin the redu
ing atmosphere (va
uum) brings forth thein
rease in the oxygen va
an
y 
on
entration and thede
rease in the PL intensity (the e�e
t of 
on
entra-tion quen
hing). By 
ontrast, the annealing in oxygenresults in a de
rease in the oxygen 
on
entration andthe PL grows.The lumines
en
e intensity depends on the 
on
en-tration of radiative 
enters asI � n1(N) = LJNLJ + ��1 + �N2=3 ;
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Fig. 4. PL ex
itation spe
tra for the 2:7-eV emissionfor sample No. 22 at T = 7:2 K and the results of itsde
omposition 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 spe
trumTable 3. Results of PLE spe
tra de
ompositioninto Gaussian 
omponents for emission 2:7 eV (sampleNo. 22 of HfO2 �lm after annealing in va
uum)Componentnumber Maximumposition, eV FWHM, eV1 6.33 0.6232 6.8 1.63 9.42 1.74where n1 is the population of the ex
ited level, N is the
on
entration of lumines
en
e 
enters, J is the energydensity, L is a parameter independent of J , � is thelife time of the ex
ited state, and � is a parameter that824
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Fig. 5. Con�guration diagram for the oxygen va
an
yin HfO2. The lower term 
orresponds to the ground(o

upied) state of the defe
t, whereas the upper oneis for the uno

upied ex
ited state. Arrows show opti-
al transitions at ex
itation, 6:3 eV, and lumines
en
e,2:7 eVdetermines the probability of energy transfer. Here, �does not depend on the distan
e between lumines
en
e
enters [21℄.The dependen
e of lumines
en
e intensity on the
on
entration of lumines
en
e 
enters has a maximumnear the 
on
entration valueNn1=max = LJ + ��1[�(s=3� 1)℄3=s ;where s is a multipolarity fa
tor of a resonant energytransfer. The e�e
t of the PL de
rease at ex
eed-ing a 
ertain 
on
entration of lumines
en
e 
enters is
alled 
on
entration quen
hing. Earlier, 
on
entrationquen
hing has been observed in YAG doped with rare-earth ions [22℄.In other versions, the in
rease in the PL intensityat annealing in oxygen may be due to a de
rease in the
on
entration of 
enters that are responsible for nonra-diative re
ombination. This time our data do not allow
hoosing between these two versions: the 
on
entrationin
rease of PL and the de
rease in the 
on
entration of
enters responsible for nonradiative relaxation at an-nealing in oxygen.The 
on�guration diagram illustrating opti
al tran-sitions at lumines
en
e in HfO2 is given in Fig. 5. Ex-


itation 
orresponds to verti
al 6.3-eV arrows dire
tedupwards, whereas radiative relaxation (lumines
en
e)is shown by a downward arrow 2.7 eV. The polaron en-ergy Wp estimated based on this diagram is equal tohalf the Stokes shift:Wp = (6:4�2:8)=2 = 1:8 eV:It is useful to re
all that the trap energy determinedfor HfO2 from the experiment is 1.4�1.5 eV [23; 24℄.We note that the lumines
en
e band 
entered at2.6�2.8 eV was observed earlier [16�19℄. In a

ordan
ewith the hypothesis proposed in this paper, this PLband in HfO2 is due to the oxygen va
an
y.This work was supported by the Russian S
ien
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