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ABSTRACT

High-angle annular dark-field (HAADF) imaging and electron energy-loss spectroscopy

(EELS) in scanning transmission electron microscopy were used to investigate HfO2 gate

dielectrics grown by atomic layer deposition on Si substrates, and their interfaces with TiN

electrodes and silicon, as a function of annealing temperature.  Annealing at high temperatures

(900 °C) caused significant roughening of both bottom (substrate) and top (electrode) interface.

At the bottom interface, HAADF images showed clusters of Hf atoms that protruded into the

interfacial SiO2 layer.  Low-loss EELS established that even crystalline HfO2 films exposed to

relative high temperatures (700 °C) exhibited significant differences in their electronic structure

relative to bulk HfO2.  Further annealing caused the electronic structure to more closely resemble

that of bulk HfO2, with the most significant change due to annealing with the TiN electrode.
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Continued scaling of feature sizes in complementary metal-oxide-semiconductor

(CMOS) devices will require the replacement of SiO2 with gate dielectrics that have a higher

dielectric constant (k), such as HfO2.  In addition, the heavily doped polycrystalline silicon gate

electrode may have to be replaced with metal electrodes.  Midgap gate electrode metals, such as

TiN, are being extensively investigated [1-4].  The metal/dielectric and the dielectric/Si interface

determine the CMOS device performance, including channel mobility and threshold voltage.  To

date, the chemistry and structure of these new interfaces remain poorly understood.  For

example, the precise chemistry of SiO2-like interfacial layers formed between ZrO2 or HfO2 gate

dielectrics and the Si substrate interface under oxidizing deposition conditions is still under

debate.  Electrical measurements show that the dielectric constant of these interfacial layers is

greater than that of pure, bulk SiO2 and it has been suggested that the interfacial layer is

substoichiometric SiO2 or a metal silicate [5-7].  Recent medium energy ion-scattering and

electron energy-loss spectroscopy (EELS) studies found no evidence for silicate formation [8,9].

At the HfO2/TiN interface, intermixing has been reported by some authors [2], whereas others

report a thermally stable interface but with significant roughening [4].

The goal of this paper is an improved understanding of the structure and bonding in HfO2

layers and their interfaces with the Si substrate and TiN electrodes as a function of annealing

temperature.  We use scanning transmission electron microscopy (STEM) based techniques, in

particular high-angle annular dark-field (HAADF) imaging and EELS.  As the signal at low

energy losses is significantly delocalized, relatively thick HfO2 films (~ 13 nm) were

investigated to allow low-loss EELS to be recorded from the film without the influence from

adjacent layers.
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HfO2 gate dielectrics were grown on n-type Si substrates (cleaned using the IMEC clean

[10]) by atomic layer deposition (ALD) using alternating cycles of HfCl4 and H2O with N2

carrier gas.  A post-deposition anneal in O2 at 700 °C for 60 seconds was carried out.  20 nm

thick TiN capping layers were deposited by ALD (TiCl4 and NH3 at 350 °C) followed by another

20 nm of TiN grown by DC sputtering.  These samples will be referred to as “as-deposited”.

Selected samples were exposed to rapid thermal anneals (RTA) in N2 ambient for 30 s at 700 °C,

800 °C, and 900 °C, respectively.

TEM samples were prepared by standard sample preparation techniques with ion milling

using 3.3 kV Ar ions as the final step.  A monoclinic HfO2 powder (99.9% purity with Zr < 50

ppm, Alfa Aesar) was used as a reference sample for EELS.  Conventional high-resolution

transmission electron microscopy (HRTEM), HAADF imaging and EELS were performed using

a field-emission TEM (Tecnai F30U, Cs = 0.52 mm) operated at 300 kV.  The probe size for

EELS and HAADF was about 2 – 3 Å.  EELS spectra were recoded using a Gatan Enfina 1000

spectrometer.  The energy resolution (full-width at half-maximum of the zero-loss peak) was

about 0.85 – 0.90 eV.  Core-loss EELS spectra of N K-, Ti L2,3- and O K-edge were also

recorded.

HRTEM and HAADF showed that HfO2 and TiN were polycrystalline in all samples.

The HfO2 grain sizes were larger than the film thickness even in the as-deposited sample (note

that this sample was exposed to a 700 °C anneal).  Figure 1 shows HAADF images of the 800 °C

and the 900 °C annealed gate stack, respectively.  For thin samples, the intensity in the HAADF

images is approximately proportional to the atomic number Z2, so that the HfO2 layer appeared

bright in these images, whereas the thin (1.3-1.5 nm) interfacial SiO2-like layer appeared dark.

Layer thicknesses were determined from inflection points of first derivatives of intensity line
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profiles across the HAADF images [11].  The HfO2 film thickness in the gate stacks annealed up

to 800 °C was about 13.5 nm, while the HfO2 film thickness in the 900 °C gate stack was ~ 12

nm, indicating some densification.  Furthermore, roughening of the interfaces with TiN and SiO2

is observed at 900 °C [Fig, 1(b)], which made it more difficult to determine the exact HfO2

thickness.  The interfacial roughness was not an imaging artifact because the Si lattice was

visible, the Si/SiO2 interface abrupt and both showed uniform contrast.  The

roughening/interdiffusion was more severe at the top (TiN) interface and caused an overlap of

the HfO2 and the TiN grains along the direction of the electron beam.  The length scale of the

roughening was smaller than the average HfO2 grain size (note that Fig. 1(b) shows a single

HfO2 grain).  Roughening may be due to reaction, intermixing or instability of the interface

plane.  Ti L2,3 - fine structures in EELS (not shown) of the overlapping regions resembled those

in TiN, with no crystal field splitting as expected for TiO2.  However, other oxides of Ti were

more difficult to distinguish.  Thus, the driving force for the roughening/interdiffusion at this

interface is poorly understood.

To further investigate the roughening of the bottom interface, Fig. 2 shows a higher

magnification HAADF image of this interface in the 900 °C annealed stack and line intensity

profiles taken from different regions.  Along this interface, HAADF images showed clusters of

bright intensity within the SiO2-like layer (circled in Fig. 2), which indicated the presence of

heavy Hf clusters.  These Hf clusters were found protruding from the HfO2 layer, whereas no Hf

clusters were observed next to the Si.  Similar observations have been reported by others [12].

Clusters appeared to be at least several nm spaced apart, but this may also be due to limited

sensitivity of this method to atoms located at greater depth along the beam direction in an

amorphous matrix [13].  An intensity profile [Fig. 2(b)] showed that the intensity attributed to Hf
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clusters was significantly above the background noise in the SiO2-like layer.  Figure 2 (c) shows

intensity profiles across the SiO2/HfO2 interface.  The profile along line 2 in Fig. 2(a) showed

that the change in intensity at the interface was not a step function, which was due to interfacial

roughness convoluted with the finite probe width [11].  The profile along line 3 exhibited an

additional shoulder due to presence of heavy Hf clusters (arrow in Fig. 2(c)).

To investigate changes in the electronic structure of HfO2 films as a function of annealing

temperature, low-loss EELS spectra were recorded from the center of the HfO2 films and from

the HfO2 reference powder (Fig. 3).  In the reference HfO2, the energy-losses of the peaks (in

eV) were ~ 5.6 (A), ~ 15.5 (B), ~ 19 (C), ~ 26.6 (D), 35 (E), ~ 37 (F), ~ 42 (G), and ~ 47 eV (H).

The low-loss EELS of the HfO2 films showed no additional features; therefore the signal

originated from the HfO2 film only.

Low-loss energy loss features (< 30 eV) have been investigated by several authors for the

chemically and structurally similar ZrO2 [14-18].  Peak A corresponded to the energy of the

optical band gap (~ 5.6 – 5.8 eV [19,20]), whereas feature at higher energy losses (peaks E-H)

were due to the Hf O-edge.  Some debate exists in the literature as to which of the strong peaks

(B and/or D) corresponds to the plasmon excitation.  Due to its strength in the as-deposited

sample, and the fact that it shifted to higher energy losses with increasing annealing

temperatures, we assigned peak D to a plasmon excitation.  With this assignment, peak B was

either a plasmon peak [17] or a single electron interband transition between O 2p and Hf 5d [15].

The difference in the plasmon energy (D) of almost 2 eV between the HfO2 reference sample and

the as-deposited film could be explained with the low intensity of B in the films.  For example,

interband transitions below plasmon peaks shift the plasmon to higher energies [21].
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With higher anneal temperatures, the low-loss EELS more closely resembled that of the

reference HfO2.  Specifically, Peak A was only visible for samples annealed above 800 °C.  The

absence of a sharp onset at the band edge for the film annealed at lower temperatures was likely

due to a combination of the relatively low intensity of this feature even in the reference sample

and states below the conduction band for films annealed at 700 °C.  In addition to the shift

described above, the plasmon peak was much broader in the films, indicating that defects caused

greater damping through scattering with the lattice than in bulk HfO2.  The Hf O-edge (peaks E-

H) was difficult to detect in the as-deposited sample, but sharpened with increasing annealing

temperatures.  Broadening of core-loss excitations is caused by a variation of bond angles,

lengths and coordination due to strain or nonstoichiometry.  The samples were crystallized, i.e.

annealing temperatures were sufficient for atoms to be mobile, but apparently did not produce

defect-free films.  Broadening of EELS O K core-loss edges of ALD HfO2 films annealed at

temperatures below 850 °C was also observed by Wilk et al., who explained this with the

presence of oxygen vacancies [9].  In contrast, the observed densification of the HfO2 films upon

high-temperature processing in this study was more likely correlated with the removal of excess

oxygen or hydroxyl from the films with annealing, resulting in changes in the electronic

structure.  Alternative explanations included the removal of unintentional impurities or other

point defects with annealing.

The most important observation from low-loss EELS was the significant change in the

electronic structure that occurred upon annealing at 700 °C with the TiN electrode, even though

the as-deposited stack had been exposed to the same temperature (700 °C) before TiN

deposition.  For example, note that peak B was hardly visible in the “as-deposited” film, whereas
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it is visible in the film annealed with TiN.  This result indicated that the TiN electrode acted as a

sink for impurities or excess oxygen, similar to what was observed for Ti electrodes [22].

In summary, crystalline HfO2 films exposed to relative high temperatures did not possess

bulk electronic structure, as exhibited by the broadening of interband and core-loss transitions

and the absence of a sharp onset at the band edge.  Annealing to higher temperatures caused the

electronic structure to more closely resemble that of bulk HfO2, although features were still

broader in the films.  Changes in the point defect chemistry were likely responsible for a more

bulk-like electronic structure in films annealed at higher temperatures.  In particular, annealing

with the TiN electrode improved the electronic structure.  High-temperature processing was,

however, accompanied by roughening of both bottom (substrate) and top (electrode) interface.

At the bottom interface, clusters of Hf atoms were found to protrude into the interfacial SiO2

layer, possibly increasing the apparent permittivity of this interfacial layer compared to a pure,

smooth SiO2 layer.  No Hf was found near the Si substrate within the detection limit of HAADF,

so Hf apparently did not rapidly diffuse into the SiO2.

M.P.A. thanks Drs. Dmitri Klenov and Steffen Schmidt for help with the microscope

operation and SRCEA/Intel for a fellowship.  This research was supported by SRC.
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FIGURES

Figure 1 (color online)

HAADF images of the (a) the 800 °C and (b) 900 °C annealed samples.  The dashed lines are a

guide to the eye to indicate the approximate position of the interfacial layer.  Note the

roughening of interfaces after the 900 °C anneal.

Figure 2 (color online)

(a) High-resolution HAADF image of the lower interface of the 900°C stack and location of the

line intensity profiles shown in (b-c).  The inset shows a magnified portion of the image with

different brightness/contrast settings to show the Hf clusters (circled).  (b) Intensity profile along

line 1 in (a).  (c) Intensity profiles along lines 2 and 3 in (a).

Figure 3 (color online)

Low-loss EELS recorded from the middle of the HfO2 films annealed at different temperatures

and from the HfO2 reference powder.  Significant peaks are labeled A-H.
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Figure 1
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Figure 2
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Figure 3
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