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Abstract 

Integration of NiSix based fully silicided (FUSI) metal gates with HfO2 high-k gate 

dielectrics offers promise for further scaling of complementary metal-oxide- 

semiconductor (CMOS) devices. A combination of High Resolution TEM (HRTEM) and 

small probe electron energy loss spectroscopy (EELS) and energy dispersive x-ray 

(EDX) analysis has been applied to study interfacial reactions in the undoped gate stack. 

NiSi was found to be polycrystalline with the grain size decreasing from top to bottom of 

NiSix film. Ni content varies near the NiSi/HfOx interface whereby both Ni-rich and 

monosilicide phases were observed. Spatially Non-uniform distribution of oxygen along 

NiSix/HfO2 interface was observed by dark field STEM imaging and EELS. Interfacial 

roughness of NiSix/HfOx was found higher than that of poly-Si/HfO2, likely due to 

compositional non-uniformity of NiSix.  No intermixing between Hf, Ni and Si beyond 

interfacial roughness was observed.  

 



Introduction 
 Decreases in device dimensions, or device scaling, has lead to a continuous increase in 

device speed and reduction of cost in production over a number of generations of CMOS 

technology. One of the ways to increase device speed involves increasing gate 

capacitance, which has been accomplished by scaling the thickness of the gate oxide.  

Silicon oxynitrides are used as gate dielectrics largely because they can be easily 

integrated into semiconductor process flow. The leakage current caused by direct 

tunneling of charge carriers from the gate to the channel region of a device increases 

exponentially with decreasing the gate oxide thickness. This sets the limit for scaling of 

gate oxides, otherwise they can not be implemented in low power circuits. Gate oxide 

reliability as well as boron penetration in p-fet devices present other problems caused by 

scaling of a gate oxide thickness. 

 

For the last 10 years many efforts have been put into replacement of silicon oxyinitride 

by the one with higher dielectric constant, i.e. high-k oxide, which would allow one to 

achieve the same device speed with the thicker gate dielectric, and thus continue scaling 

its thickness without significantly increasing leakage current. One possibility is to replace 

the gate dielectric alone and keep poly-Si as the metal-oxide-semiconductor field effect 

(MOSFET) device gate. Control of charge both inside the high-k dielectric and at its 

interfaces with Si and poly-Si along with the observed reduction of carrier mobility 

present some of the challenges of this scheme. In particular, large shifts of threshold 

voltage in a p-FET device with Hf oxide gate dielectric (as compared to the one with Si 

oxynitride) has made realization of a p-FET device difficult [1].  

 

The other option includes replacement of poly-Si with metal gate together with the 

dielectric. It eliminates depletion in heavily doped poly-Si gates, thus reducing electrical 

thickness of gate dielectric. Since doping is not necessary to make the gate conductive 

there is no boron penetration effect from gate into channel region of device in p-FET 

devices. For CMOS technology this would require two types of metals with respective 

work functions, i.e. for n-FET and p-FET devices. The challenge is the integration 

placement of two different gate materials into CMOS process flow. An attractive option 



to solve this problem includes silicidation of poly-Si to convert it to metal and adjustment 

of its work function for n-fet and p-fet devices by doping. The first detailed review of 

properties of various refractive metals for application as low resistivity contacts in 

integrated circuits and fully silicided gates (FUSI) dates back to 1980 [2]. Recent work 

on NiSix FUSI showed that a NiSi monosilicide gate has a midgap work function [3], 

which can be adjusted by doping with As, P, Sb [4] for n-FET and B (5) or using Ni(Pt)S 

silicide with Al predoped poly-Si  [6] for the p-fet. The gate leakage reduction in 6 to 7 

orders of magnitude was reported in devices based on FUSI/HfSiOx stacks. [7]. These 

devices also showed improved drive current at the gate dielectric thickness Tinv= 2nm 

measured in the inversion regime from C-V device characteristics.  

 

It is important to understand and control interfacial reactions and composition in the gate 

stack.  Indeed, the work function of a NiSi gate was found dependent on the phase of 

NiSix [8]. We report on intermixing and microstructure of an undoped 

NiSi/HfO2/SiOx/Si gate stack using a combination of high resolution and analytical 

TEM. Interfacial roughness of NiSi/HfO2 interface is compared to that of poly-Si/HfO2.   

Composition and phase uniformity of NiSix gate is analyzed, as it is important for control 

of its work function. 

 

Experimental 

A n-doped Si substrate capped with a 9Å thick Si oxide was used. A 3nm thick Hf oxide 

film was grown by metallo-organic chemical vapor deposition (MOCVD). After poly-Si 

and Ni were deposited by low pressure chemical vapor deposition (LPCVD) and physical 

vapor deposition (PVD), correspondingly, the stack was annealed at T= 4500C for t=50s 

in the nitrogen ambient to form Ni silicide. x-sectional samples for TEM analysis were 

prepared by mechanical polishing. Final thinning of the samples was done by Ar ion 

milling until electron transparency. A JEOL-2010F TEM with the point-to-point spatial 

resolution d= 1.9Å was used for conventional and high-resolution transmission electron 

microscopy. EDX and electron energy loss spectroscopy (EELS) analysis were 

performed in STEM mode using ESvision acquisition system. The small focused probes 

of a size 5Å and 7Å were used.  



 

Results 

The overall microstructure of a gate stack is shown in Fig. 1.  The top part of NiSix has 

columnar grain structure with the grain size up to 50nm.  The Cr overlayer was deposited 

on to NiSix during TEM sample preparation. We found that composition of the NiSix 

film is not uniform. First, let us consider evidence from EDX analysis (Fig. 2). Fig. 2a 

shows a dark field STEM image of a NiSi film formed by a 7 Å small electron probe. A 

series of EDX spectra was taken along the line shown in Fig.2a. Ni Kα1 and Si Kα1 lines 

were quantified using a mixed model with no thickness correction. Fig.2b shows 

variation of atomic fraction of Ni in NiSix from a top part of the film to the bottom.  No 

other species except for Ni and Si were detected by EDX. We find that the top portion of 

NiSix is Ni rich while the Ni:Si ratio is 1 at the bottom of the film. If approximated by a 

linear fit the atomic fraction varies at a rate 0.01/nm in the depth direction of a NiSix film. 

It should be noted that the decrease of the Ni fraction toward the bottom of a film is in 

agreement with the silicidation mechanism whereby a monosilicide phase NiSi is formed 

by diffusion of Ni atoms into Si from a Ni film deposited on top of poly-Si [9]. The Ni 

was deposited in excess such that when all the poly-Si is consumed the remaining Ni not 

in the NiSi phase remains at the top of the film in the metal rich phase.  The phase 

formation sequence goes from Ni3Si, Ni31Si12, Ni2Si, Ni3Si2, NiSi and then NiSi2 and will 

stop once all the poly-Si is consumed. 

 

EDX data in Fig. 2 was collected from a region of a TEM sample which is thicker than 

the grain size.  In this case the EDX data will represent the average over few grains in the 

direction of electron beam and thus will not be able to provide phase information. 

Therefore we turn to high resolution TEM (Fig. 3) to determine the phase of NiSix. We 

find small grains at the bottom of a film, as opposed to large grains found in its top part 

(Fig. 1). The small grain size near NiSix/HfO2 interface confirms that EDX data is not 

adequate for phase determination at the bottom of a NiSix film. In Fig. 3 some grains are 

imaged as bright regions as opposed to darker grains around them. In the imaging 

conditions used the brighter the grain the less is the Ni content in it. This suggests, that 

composition of NiSix grains varies from grain to grain. Lastly, we determine the phase of 



an individual grain by matching its lattice parameters measured from the lattice image 

with those of NiSix structures determined from x-ray analysis. 

 

The crystalline grain of NSix has the following lattice parameters: d1= 2.18Å, d2= 1.98Å 

with the angle between respective lattice planes α= 80.70. The best match for the 

orthorhombic nickel monosilicide phase NiSi [10] is achieved, if one assumes that 

spacings d1 and d2 correspond to (120) and (021) crystal planes with spacings d(120)= 2.35 

Å, d(021)= 2.04 Å and the angle α= 440 between them. Clearly the difference between the 

measured and theoretical data is larger than experimental errors of measuring interplaner 

distances and the angle between them. Thus, the match is not satisfactory. Experimental 

data was compared to a number of Ni-rich silicide phases and the best match for each 

phase is listed in Table 1. We found that the monoclinic Ni3Si structure [14] with lattice 

spacings d(-311) = 2.122 Å, d(-222)= 1.96 Å and α= 79.30 offers the best match among all 

other NiSix phases. The cubic Ni3Si phase [15] is thermodynamically stable at 

temperatures T< 10350C according to Ni-Si phase diagram [16]. The monoclinic Ni3Si is 

only stable at temperatures T> 9900C, i.e. above silicidation reaction temperature T= 

4500C. The observation of the monoclinic Ni3Si in the gate stack indicates that 

silicidation reaction has lead to formation of small Ni-Si precipitates of metastable 

phases. Variation of grain size from top to bottom of NiSix as well as observation of 

different phases near NiSix/HfO2 interface prove that Ni diffusion during silicidation 

reaction and its final distribution is not uniform.  The work function of NiSix FUSI gates 

depends on Ni content [8]. Therefore it is important to effectively control phase 

uniformity of NiSix to produce FUSI gate stacks with the fixed work function.  

 

It should be noted, that the silicidation process has also led to increased roughness of 

NiSix/HfO2 interface. Indeed, roughness up to 1nm is obvious from Fig.4a. It is natural to 

compare that to roughness of poly-Si/HfO2 interfaces. We found from previous studies 

that interfacial roughness of poly-Si/HfO2 depends on thickness of HfO2 whereby the 

latter looses its continuity if its thickness is less than 2nm. Fig.4b shows that roughness of 

poly-Si/HfO2 does not exceed 5Å if thickness of HfO2 is 3nm, i.e. same thickness as of 

HfO2 film in Fig.4a. In both cases of poly-Si/HfO2 and NiSi/HfO2 small grains are 



observed near the interface with HfO2. Therefore the grain size alone cannot explain the 

difference in roughness. We suggest that the higher interfacial roughness in Fig.4a is due 

to a non-uniform composition of NiSix grains at the bottom of NiSi film, as NiSix and 

HfO2 films attempt to establish epitaxial relationship. 

 

We will now consider compositional abruptness at the NiSix/HfOx interface. Fig. 5 

shows elemental profiles of Hf and Ni as derived by EDX. In this experiment the electron 

beam of the size d= 7Å scans across the interface, and EDX spectrum is acquired at each 

position of the electron beam.  Elemental profiles are derived by processing of EDX 

spectra, which are acquired at different beam positions. In Fig. 5 Hf Kα1 and Ni Kα1 

peaks were utilized to profile distribution of Hf and Ni, respectively. It is evident that the 

overlap of both profiles does not exceed 2nm. It should be mentioned that activation 

volume for generation of characteristic x-rays is larger than the probe size. This leads to 

degradation of spatial resolution of EDX. Therefore the overlap of 2nm can be interpreted 

as effective spatial resolution of EDX rather than evidence of intermixing between Hf 

and Ni. Fig. 6 shows a dark field STEM image and respective elemental profiles for 

oxygen and Ni derived by EELS. Here a 5Å small electron probe was scanning along the 

line depicted in Fig.6a, and the EELS spectrum was acquired at each beam position. The 

oxygen K and Ni L3 edges were analyzed to profile distribution of oxygen and nikel. 

Oxygen K and  Ni L3 edges arise at ∆E= 532ev and ∆E= 855eV in the EELS spectrum, 

respectively [17]. Position of interfaces in Fig. 6b was determined from a respective 

position of a beam in the STEM image (Fig. 6a). The contrast in the STEM image is 

qualitatively proportional to the atomic number of the scattering species. Therefore Hf 

oxide is imaged as the bright band and the interfacial layer between Si and Hf oxide is 

imaged as the dark band. Fig. 6b shows that Ni has not diffused into Hf oxide. This 

supports our conclusion that the observed overlap between Ni and Hf Kα1 x-ray peaks 

(Fig. 5) is caused by limited resolution of EDX, and not by intermixing.  

 

On the other hand, an oxygen profile in Fig. 6b presents an interesting phenomenon.  It 

shows that oxygen is present in the bottom part of NiSi, which is up to 2nm thick. The 

dark band between HfO2 and NiSix in a respective STEM image (Fig 6a) also suggests, 



that a light element is present at the interface. Two explanations can be suggested. First, 

oxygen could outdiffuse from Hf oxide; second, oxygen could have been introduced 

during Ni deposition and then piled up against Hf oxide during silicidation process. We 

will now prove that the second mechanism takes place. Fig. 7 shows elemental profiles 

for oxygen (O K edge) and Si (Si L2,3 edge, ∆E= 99eV) in a gate stack 

S/SiOx/HfOx/poly-Si, which has undergone similar processing conditions except for 

silicidation reaction. It is evident that no oxygen is detected at the bottom of poly-Si. The 

slight offset in the oxygen profile is the same across the stack and is due to the 

background subtraction in the EELS spectrum. This suggests, that observation of oxygen 

at NiSix/HfO2 interface is caused by a pile-up of oxygen during silicidation process, and 

is not due to outdiffusion of oxygen from Hf oxide. Its presence near the interface 

effectively changes a phase composition of NiSix. As judged from Fig. 6a oxygen 

distribution is not uniform along the interface. Both phenomena may affect work function 

of NiSix as well as lead to formation of charges at NiSix/HfO2 interface. Therefore 

oxygen content should be controlled in the optimized NiSi FUSI gate stack.  

 

Lastly, Fig. 8 presents EELS elemental profiles of Hf (M5 edge, ∆E= 1662eV) and Si (K 

edge, ∆E= 1850eV) across NiSix/HfO2 interface. The Hf M5 edge was chosen rather than 

the Hf O2,3 edge (∆E= 31eV) to avoid interference between that edge and the Ni  M2,3 

edge ((∆E= 68eV) during background subtraction. These profiles were acquired in the 

same way as those in Figs.5-7. A 7Å small probe was used. They suggest that Hf is 

present in the bottom part of NiSi and Si is present in top and bottom portions of Hf oxide 

so that a 3nm thick Hf oxide turns in to (Si)HfOx/HfOx/(Si)HfOx.  It should be noted, 

however, that NiSix/HfOx and HfOx/SiOx interfaces are rough up to 1nm, as evident 

from Fig. 4a. The typical TEM sample that is used for EELS analysis is few hundred 

Angstroms thick. An EELS signal is generated as a focused electron beam passes through 

a sample. If the interface is rough the beam passes through both adjacent layers as it 

transverses the sample near the interface. Therefore interfacial roughness blurs elemental 

profiles and can mimic intermixing. We cannot differentiate between intermixing and 

roughness in Fig. 8. However, extent of blurring in Fig. 8 is the same as roughness. 



Therefore we suggest that it is mainly caused by interfacial roughness, and thus no 

intermixing between Hf and Si takes place.  

 

Conclusions 

The silicidation reaction has resulted in a composition gradient of NiSix whereby on the 

average some Ni-rich NiSix phases are formed at the top of a film. This finding is 

consistent with silicidation process taking place via Ni diffusion for the initially deposited 

Ni film. The bottom part of NiSix film produced under described conditions is found 

compositionally non-uniform and is comprised of small grains with varying phase 

content, including Ni-rich phases. Interfacial roughness of NiSi gate stacks was found 

higher than that of poly-Si stacks, which is attributed to compositional and 

crystallographic non-uniformity of NiSi in the bottom of a film. EELS and EDX small 

probe analysis have revealed that no intermixing takes place between NiSi and Hf oxide 

beyond interfacial roughness. The silicidation process has also led to some spatially non-

uniform pile-up of oxygen in the bottom part of NiSi film. Since compositional non-

uniformity near NiSix/HfO2 interface affects device parameters it has to be strongly 

controlled in the optimized NiSi FUSI gate stack.  
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Table 1. Lattice parameters of different NiSix phases that provide the best match of  

lattice parameters derived from Fig. 3. Miller indexes of respective crystallographic 

planes are given in parenthesis. 

 
Phase d1, Å d2, Å α, deg. Reference 

  1.98 2.12 80.7 This data 

orth.-NiSi 1.98 (211) 2.046 (1-20) 90.0 [10] 

c-NiSi2 1.92 (220) 2.708 (002) 90.0 [11] 

hex- Ni2Si 1.96 (102) 2.44 (002)   [12] 

hex-Ni5Si2 1.96 (204) 2.24 (212)   [13] 

m-Ni3Si 1.96 (-222) 2.12 (-311) 79.3 [14] 

c-Ni3Si 2.02 (111) 2.02 (1-11) 70.5 [15] 

 



 
 
Fig. 1: Conventional TEM image of a FUSI gate stack.  Individual NiSix grain boundaries are 
 indicated with arrows.



     

 
 
Fig.2: (a) Dark field STEM image.  EDX spectra were taken at each point along profile in (a); 
(b) Depth dependence of atomic fraction of Ni.  Origin corresponds to the top part of NiSix film.



 
 
Fig.3:  HRTEM image of NiSix/HfO2 interface.  An individual NiSix grain with measured lattice 
parameters is labeled.  Bright region next to HfO2 is attributed to presence of oxygen.  Variation

of pattern in SiSix is caused by a different extent of silicidation.



 
 

 
 
 
Fig. 4:  Interfacial roughness of a FUSI/HfOx/SiOx/Si gate stack (a) and as-deposited poly-Si 
gate stack with same gate dielectric (b).  SiOx/HfO2 roughness is comparable.  Roughness of 

NiSix/HfO2 is higher than that of poly-Si/HfO2.



 
 

   
 
Fig. 5:  (a) Dark field STEM image of FUSI gate stack.  EDX spectra were taken at each point along 
profile in (a); (b) Elemental profiles of Ni (open circles) and Hf (open squares).



  
 
 

 
 
Fig. 6:  (a) Dark field STEM image of FUSI gate stack.  EELS spectra were taken at each point 

a

along profile in (a); Note a dark band between HfO2 and NiSix, which is attributed to oxygen.

No band is observed in Fig. 5a.  (b) Elemental profiles for Ni (open circles) and oxygen (open

squares).



 
 

 
   Fig. 7:  Dark field STEM image (a) and EELS elemental profiles for oxygen (open squares) and  

a 
Si (open triangles) (b) across Si/SiOx/HfO2/poly-Si stack.



     
 

 
Fig. 8:  (a) Dark field STEM image of FUSI gate stack.  EELS spectra were taken at each point 
 along profile in (a); (b) Elemental profiles for Hf (open squares) and Si (open circles).




