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ABSTRACT

Hafnium oxide mixed tantalum oxide (HTO) and Ziicom oxide mixed tantalum oxide (ZTO) layers were
deposited on chemically cleaned p-Si substrateguRif magnetron sputtering technique. The oxidagks were
annealed in oxygen for 30 minutes at 400 °C asdral investigation. Both composition and struabproperties
were absolutely interesting to move further for celieal measurements. In continuation, metal-oxide-
semiconductor devices were fabricated with alumirgate electrode. ZTO devices showed attractiveedisgt
and electrical properties, relatively when compavigh HTO devices, it could be due to the electricilemical
and thermal properties of ZTO layer with Si, resgtgood interface at ZTO/Si stack.
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INTRODUCTION

As Integrated circuitry (IC) technology becomes enand more advance, more semiconductor devicestugédd in
to small spaces. Smaller device size enables higgice density in an integrated circuit, resultingprovement
device performance [1]. The significant reductionsize of silicon devices directly associated ® tlduction in
size of gate oxide such as silicon oxide ($ifayer thickness, (< 2 nm). This leads to higleakage currents and
worsen the device performance [2]. The scalingouiivelent oxide thickness (EOT) represents the rimogbrtant
issue in the development of complementary-metad@siemiconductor devices. Compared to ,Sittansition
metal-oxides with high dielectric constant (highfigve the enormous advantage of EOT scaling witbweer
leakage currents.[3-4] Among the various mondtignaterials, such as tantalum oxide 34, zirconium oxide
(ZrOy), hafnium oxide (Hf@ and titanium oxide (Tig), tantalum oxide has been widely studied both
experimentally and theoretically over the past ehdecadesjue to its potential application in dynamic random
access memory (DRAM), and sensors[5-8], whereagh&anodynamic instability of &5 with Si, reduces the
effective dielectric constant [9-10]. The quite $nadectron barrier height with the Si conductioand exacerbates
the device leakage [11-12]. On the other hand niawgstigations were made on (Z)@s a high-k gate dielectric
layer for next generation MOSFET devices [13-16]eZrG also has a high dielectric constant (~24), a wialedb
gap (~5.8 eV), and has a good thermodynamic stghilth Si [17]. But ZrQ has low amorphous-to-polycrystalline
transition temperature, which is definitely too Idar ULSI processing [18]Besides HfQ is also a promising
candidate for the next generation of gate dielestdue to its high free energy of reaction withs@bstrate, apart
from its regular dielectric properties [19-20]. Hewer, HfQ severely struggling with the large oxygen vacascie
is possible to overcome all the above said defettsiono high-k layers either by doping dopants prnfixing
different high-k materials to improve the structuaad electrical properties for various applicatid21-22] and
dissipation factor were found to be improved with @ptimized doping concentration. Salam et al. istidhe
doping effect on thin T®s films and claimed that the mixing of TiGr WQO; with TaOs improved several
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dielectric and insulating properties [23]. In orderobtain better insulating properties, it waspared in multilayer
structures with AIO;, HfO,, or ZrG; [8, 24-25]. The best dielectric properties wereadi#d with a zirconium
doped/mixed tantalum oxide film, other dopant Tisviaund to increase the dielectric constant draltyi¢26-28].
However, the amorphous-to-crystalline transitiomperature as well as leakage currents were degiaygidioe Ti
doping. A low-quality interface layer was also ofvsel between the Ti-doped TaOx film and the Si sabs. Many
electrical properties, such as dielectric constéedkage current, flat band shift, and hysteresimwed great
improvement with the Hf doping tantalum oxide [28E3Among all the dopants, Zr was the only one thas
beneficial for dielectric constant enhancement.hélit disturbing the interface at oxide/Si interfaeit might a
promising candidate for the next generation gatelediric layer for the MOS device with high dieléct
constant(~28), wide band gap, good thermal stglalitd high amorphous to polycrystalline transitiemperature.
Hence in this investigation we studied the strualtand electrical properties of Zirconium oxide gdxtantalum
oxide (ZTO) and Hafnium oxide mixed tantalum ox{t#rO) MOS devices with Al electrode and comparearthe
ZTO MOS device showed relatively better electrigadperties when compare with the HTO MOS devicess tiu
their chemical, electrical and thermal properties.

EXPERMENTAL DETAILS

After removing the native oxide on p-type Si <10@afers with doping concentration of Si 5%1@m°, 24 nm
thick ZTO and HTO layers were deposited on cheryiagdeaned p-type Si <100> wafers, using rf magmetro-
sputtering technique from 99% pure Zr®fO, and TaOs ceramic targets. Pre-sputtering step was dond @or
minutes with pure Ar to clean the target surfackee Teposition pressure was 0.3 pa with an Ardflo of 14/1
sccm without any intentional substrate heatingvmidhinfluences the film’s conformity and topolo@ihe dielectric
film thickness was measured with an ellipsometard@ph i1000)The ZTO/Si and HTO/Si stacks were annealed
at 400 °C for 30 minutes in oxygen {Qich environment. After annealing, wafer's badesiwas etched with a
buffered HF solution in order to remove the Sfitm prior to the deposition of Al film as the Bacontact by using
electron beam evaporation technique. Rutherforck lsattering (RBS), technique was used for the détem
bonding and elemental composition analysis. Thetalpgraphic structure of the annealed ZTO and Hay@rs
was analyzed with X-ray diffractometer (XRD), Fogate electrode, 50 nm thick Al film with dimenstohx1 mni
was deposited using shadow mask. The interfacbtyjaad dielectric constant of the mixed high-lydas were
extracted by capacitance-voltage (C-V) curves obthi from Al/ZTO/Si and AI/HTO/Si stacks. The C-V
characteristics were measured at different fregesneg. 10,100 and 1000 KHZ at room temperatuiregues multi
frequency LCR meter (HP impedance analyzer (428ZAgse C-V curves are imposed or fitted into thangum
mechanical simulation by using the MathCAD softwtren we obtain the equivalent oxide thicknessfiaidand
voltage. Current- voltage (I-V) characteristics evgletermined using a precision semiconductor asaalf&gilent
4156C).

RESULT AND DISCUSSION

The energy barriers (indicated by arrows in ther) are corresponding to the energy of the dedegi@rticles that
have been backscattered by Ta, Hf/Zr and O sudtm®s of the sputtered film. In the case of theHT.& film, the
Hf barrier is overlapped with the energy of padscbackscattered by Ta atoms. In both sample®) ttentribution
is superimposed on the Si/Si®Gubstrate. As can be seen in the figures, the didmposition is revealed by the
different Ta and Hf (or Zr) barrier yield height&nalysis with NDF program was made to extract the’'$
composition that best describes each sample. Gwiqus studies have revealed that thermal anneatingition
have the significant effect on the change occunectystallographic structure and electrical prapsrof sputtered
Ta,0s [31], TiO, [32] and atomic layer deposited Hf(33] layers. These noticeable structural changdkéngate
oxide may possible associated with the electricaperties of that particular oxide’s MOS devicE&s. know the
effect of thermal treatment on the structural props of ZTO and HTO layers we carried out the XRD
measurement (Fig.2). It is clear from the speted, tho diffraction peak was observed in both arettakide layers.
It seems that both ZTO and HTO layers were amorphounature. In general, polycrystalline form ofjate
dielectric is not preferred for transistor applioas. It is quite insteresting to have an amorphugh-k layer after
thermal treatment to achieve reliable electricalparties with low leakage currents. This occursabse the dopant
atoms distort the originally more ordered structanel thus increase entropy, which suppresses ytstatlization
process [34]. Hence, we also observed amorphous @¥OHTO layers after annealing, may be due taribeéng

of TaOs with ZrO, and HfQ.

Fig.3 shows the C-V characteristics of the MOS dewvith different frequencies measured on as-degbZTO
and HTO MOS devices before annealing process.cles from Fig. 3(a) particularly, the accumulati@gion was
relatively stable and there was no large frequetisgersion in the device. Besides, there was miftérehce in the
as-deposited C-V curves of HTO device fig. 3(b)ttliee accumulation region was highly unstable andeh
frequency dispersion in accumulation and inversigions; it might be due to the low interface gyaéind high
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series resistance in the stacks [35]. Resultingtthe@ ZTO device might have relatively good integaat ZTO/Si

stacks, when compare with HTO/Si stacks. It cowddolwving to the chemical reactions in between HTQi®i
ZTO/Si stacks [35-36].
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Fig. 3 Capacitance-voltage char acteristics of as-deposited (a) ZTO and (b) HTO devices
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12



Rajesh et al Euro. J. Adv. Engg. Tech., 2015, 2(8):9-15

Fig.4 shows the C-V characteristics of the MOS dewith different frequencies measured on annezled and
HTO MOS devices. The C-V curves obtained on ZTOice\fig 4(a)] showed stable in accumulation regand
low frequency dispersion at accumulation, depletad inversion regions. It is clear from the HTQvides, there
was instability in the accumulation region showtjHig. 4(b)] with a noticeable kink in the inversioegion. These
two observations are the direct significance fa rge frequency dispersion and low quality of dexice with
high density of interface trap states;{[and high leakage currents. On the other hande tivere much noticeable
frequency dispersions in the accumulation and diepleegions of the HTO device; it could be dudhe influence
of series resistance in the device. It might bepkapd owing to the presence of significant oxygacancies and
the chemical interaction between the Si substrateasma (Hf:Ta:O) present in the sputter chamiezntually
forms hafnium silicates at the interface of HTO#&icks during deposition. Whereas, ZTO devices sHogood
interface quality and less influence of seriesstasice in ZTO device when compare with HTO deuicmeans that
there was less possibility of forming zirconiumicsites at ZTO/Si stacks during the process of dimgedt might
be due to the good thermal interaction of Ze@d TaOs with Si substrate and less oxygen vacancies in Eyer.
It seems that these two Zr@nd TaOs may have relatively good interaction with Si suat&r{36-37].

To confirm the quality of ZTO/Si and HTO/Si stadiglk and interface regions, we extract hysteregises from
annealed ZTO and HTO devices. Fig. 5 shows theehgsis curves drawn by varying applying voltagenfr@ to
+2V. There was almost no hysteresis in ZTO lay€ig.p (a)]; it seems that the ZTO/Si stacks are sudtering
much with presence of high density of interfaceestiefect ([), oxygen vacancies and bulk defects in ZTO layers
after @ annealing. On the other hand, there was noticdabye hysteresis voltage in HTO layers [Fig 5(Bke
bulk defect density and the presence of oxygennaea in HTO layer might be the plausible reasontfis
observation. The believable reason for these befkals in HTO layer would be the presence of hafnaioms in
the high-k layer, since Hf{severely struggling with oxygen vacancies [38].

The current-voltage characteristics were showrign@. It is clear from the I-V plots that the leaje current in
ZTO devices [Fig.6(a)] are relatively low when camnp with HTO devices [Fig.6(b)] before and aftenealing
process. For instance the leakage current at ar@ukid/ for ZTO devices before the annealing proceas
~7.1x10° Amp, and it has to be reduced to ~3.5820np, after annealing. Whereas, for HTO deviceldakage
currents noticed at 0.5 V were ~1.8%1and 7.1x10 Amp, before and after annealing, respectively. fid@son for
this observation could the poor interface by foiorabf hafnium silicates at HTO/Si interface, trpoded oxygen
vacancies from the bulk oxide and high bulk deflisity as explained abave

CONCLUSION

Deposition of new high-k gate dielectric by mixinfj TaOs with ZrO, and HfQ using co-sputtering technique,
require thermodynamic stability, high range of apthmus-to-crystalline transition temperature, a daejectrical
bandgap, and a large energy band barrier with She® high-k gate dielectric material, i.e., ZTO @evwas
proposed to improve the structural and electricapprties when comparing with HTO device. The nelDZSi
stacked structure showed several advantages, suahh@yher dielectric constant, a lower leakageety and a
higher breakdown field over HTO/Si stacks. XRD dps&no revealed that the transition temperature from
amorphous-to-crystalline increased to ~500°C indhse of ZTO devices. The dielectric constant waseased
from 14 to 27 for the ZTO devices with annealirtgcduld be due to the structural variations inZiveonium oxide
layer. The interface quality was also improved HZdevices with annealing by reducing thel&vel from 8x16*
to 3 x10* cm’eV. Besides, the leakage current density is alsocestifrom the range of T0to 10° A/cn? with
respect to annealing process. All the above prigsevtere worsen in HTO devices, relatively when pare with
ZTO devices. Therefore, the ZTO device is a pramgisiandidate for the future high-k gate dielecaplications
comparing with HTO device.
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