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Potential imaging of Si/HfO,/poly-Si gate stacks: evidence for an oxide dipole
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Abstract. Surface potential profiles of the junction area of a cleaved n-Si/HfO,/p"-poly-Si gate stack
reveal a dipole potential in the oxide, hole trapping at the HfO»/poly-Si interface, with the Fermi level
~0.4 eV below the Si conduction band edge and enhanced and inhomogeneous hole depletion in the
p -poly-Si. The dipole accounts for band bending reduction in the n-Si and is consistent with flat band

voltage shifts reported for similar gate stacks.

The limited range of the Fermi level movement in the band gap of Si/HfO,/poly-Si CMOS
devices is by now well established and publicized."” The problem is characterized by an undesirable shift
in the flat band voltage from ideality, which translates to an unacceptable threshold voltage shift in the
performance of MOSFET devices. This problem is particularly severe for p-channel devices and may
render the HfO,/poly-Si system unsuitable as a gate stack combination in future generations of
MOSFETS. The origin of the shifts have been attributed to diverse effects, including dopant penetration
from the poly-Si into the HfO,,'? acceptor and donor-like interface states,® the formation of an oxide
interface dipole,® and silicide formation accompanied by Fermi level pinning near the top of the Si band
gap.’ The pinning mechanism was attributed to metal induced gap states (MIGS),** a notion that was
recently disputed on the basis that the charge neutrality level of Si, which determines the position of the
MIGS, is located near the bottom of the Si band gap.'® However, based on the evolution of the interband
pinning position for low HfO, coverages,*™” as well as from the observed weakening of the pinning

following the addition of capping layers,’ a consensus is developing that a Hf-Si reaction at the HfO,/poly



interface is responsible for the trap states in the upper band gap region of Si that cause the pinning. This
notion is supported by recent theoretical studies of diverse Hf-O/Si(100) configurations, which show that
the presence of Hf-Si bonds introduce states with metallic-like behavior throughout the Si band gap. The
partial filling of these states results in a configuration-independent Fermi level position in the upper part
of the Si band gap.'" In this letter we offer new insights into the issues at hand, specifically the direct
observation of a dipole potential across the HfO, layer and pinning of the Fermi level in the upper part of
the band gap at the p-poly Si/HfO, interface, findings that are consistent with reported electrical
characteristics, including threshold voltage shifts. The findings are based on high resolution profiles of the
potential variations in the Si/HfO,/poly-Si gate region obtained by AFM imaging techniques in
combination with a novel cleaving method of the gate stack structure. The physical origin of the dipole
remains unknown but its presence contributes to several detrimental characteristics, such as poly-
depletion and an inhomogeneous band bending in the poly-Si that is largely independent of its grain

structure.

Two novel experimental aspects are prerequisite for these observations: a relatively flat and
defect-free slice through the gate stack and a high resolution, surface potential profiling method in a non-
contaminating environment. The former was achieved by cleaving in ultra-high vacuum (UHV) a pre-
notched sample containing the planar gate stack. The gate oxide was composed of a 3 nm HfO, layer
grown on lightly doped n"-Si(100) wafer with an intervening 1nm silicon oxynitride layer. The oxide was
subsequently overgrown with a poly-Si film, which was then Boron-implanted and activated to produce
the desired p'-poly-Si layer. The surfaces of the wafer were coated with a SiN layer and a lithography-
mediated narrow window was opened on the backside, through which a V-shaped notch was chemically
etched to within 100 pum of the stack structure. Half of the notched sample was clamped on a holder and
inserted into the UHV atomic force microscope (AFM). The other half cleaved off in-situ just prior to the
potential measurements. The AFM is operated in the electrostatic force mode, with contact potential

difference (CPD) images of the stack structure obtained directly by suitable feedback-control.'" CPD and



topographic images were acquired simultaneously, which readily allows correlation studies between
physical and electronic image features. Surface potential profiles were generated from cuts through the
CPD images of the cross-sectioned stack structure.

Figs. 1a and b respectively show the topography and surface potential images of a large area of
the interface region. The topography is characterized by an atomically smooth region in the upper part of
the image that corresponds to the cleaved n-Si(111) surface. Below it lies the wider but rougher poly-Si
layer characterized by regions of fracture bands that end at the poly-Si/SiN interface. The somewhat
brighter (topographically) higher region at the bottom is the fractured SiN film. No evidence of the HfO,
layer between the Si and poly-Si is apparent in the topography on this scale. In contrast the potential
image shown in Fig. 1b reveals more contrast among the three regions, with the brighter band
corresponding to the region bounded by the Si-HfO, interfaces. Fig. 1c and 1d show images of the stack
region on a more detailed scale. The topography, Fig. 1c, now clearly shows a somewhat elevated
(brighter) strip crossing the image that incorporates the HfO, layer.'> Below it lies the granular region of
the poly-Si, which progressively exhibits a rougher surface away from the interface. This roughness is a
consequence of the increased directional choice the cleavage front has as it progresses through the
polycrystalline Si away from the interface. A clearer view of the interface region is obtained from the
potential image of the identical area, shown in Fig. 1d. The image consists, in coarse terms, of an upper
region of high potential (bright) that corresponds to the cleaved n'-Si and extends to the oxide interface,
and a region of lower potential (darker) that corresponds entirely of the p'-poly-Si. The image contrast
between the two regions is ~0.86 V, which is in good agreement with the expected band offsets between
the n" and p'-doped regions. The transition between the two potential regions is the result of band bending
across the gate stack.

We digress momentarily to illustrate and discuss the relationship between band bending and
surface potential changes. Fig. 2a depicts the band diagram, the vacuum level Ey,c and the surface
potential or CPD change, Vcpp, across an ideal n-Si/oxide/p-Si gate stack, i.e. without interface states and

dipoles. The potential in the n-Si drops as the oxide interface is approached; equivalently the bands bend



up. The potential varies only modestly in the oxide region because of its large dielectric constant. The
potential drops further in the poly-Si, again because of band bending in this region. In the absence of the
oxide (not shown) the band diagram, Eysc and Vcpp would further simplify and assume the smooth and
monotonic changes corresponding to those of a p-n junction. In the presence of a dipole spanning the
entire thickness of the gate oxide, specifically one with the field vector pointing to the Si substrate, the
band diagram assumes the shape shown in Fig. 2b, with the corresponding Eyac and V¢pp shown just
above it. The characteristic signature of such a dipole in the CPD signal is the triangular feature in the
region corresponding to the oxide, with the potential peaking at the oxide/poly-Si interface.

Verification of the existence and location of a dipole can be obtained from potential and
topography profiles, that is, voltage and height variations along cuts that cross the interface region along
identical paths in both images. The position of such matching cuts are indicated by dashed lines in Figs.
Ic and. 1d. The resulting profiles are shown in Fig. 3, curve (a) representing the topography and (b) the
surface potential. The qualitative agreement between the latter and the schematic Vcpp profile for the
stack structure with a dipole, Fig. 2b, is remarkable. The experimental profile peaks at the HfO,/poly-Si
interface, as verified by detailed analysis of many larger scale images, which also indicate that the dipole
field is mostly located within the boundary of the HfO, layer. The sense of the dipole requires positive
charge to be located at the HfO,/poly-Si and electrons near the n-Si/HfO, interface. The presence of the
passivating oxynitride interlayer at the n-Si/HfO, interface would suggest that the electrons are not
trapped there, but rather are delocalized conduction band electrons. Thus the positive charge must result
from holes trapped at the HfO,/p"-poly Si interface. The compensating electron charge at the Si interface
causes a reduction of the band bending in the Si. This concept is illustrated in Fig. 4, which depicts a
superposition of the conduction band (CB) offsets for a gate stack with and without the dipole. The
illustrated lowering of the flat band voltage Vg in the presence of the dipole is consistent with
experimental observation for Boron-doped poly-Si/HfO, gate stacks. The absence of a dipole corresponds

to the more ideal Si/Si0, interface.



The net change in the poly-Si potential (i.e. the band bending) from its value in the “bulk” and at
the HfO, interface averages 0.7 eV, which indicates that the Fermi level at the poly-Si interface is located
0.4 eV below the conduction band edge. This value in good agreement with prior experimental’ and
theoretical'® values of 0.35 and 0.3 eV, respectively. The trapping of holes leads to an additional depletion
of free holes in the p’-poly-Si region adjacent to the oxide, thus exasperating an already critical problem.
To make matters worse, the potential in the poly-Si was observed to fluctuate in directions both parallel
and normal to the interface, as can be readily appreciated by the mottled appearance of the poly-Si region
in the image of Fig. 1d. Furthermore, these fluctuations due not correlate very well with the poly-Si grain
structure (Fig. 1c¢). A profile of the fluctuations for a cut 8 nm from the interface is shown in Fig. 3, curve
(c). The origin of such lateral variations, which are reflected as well in the band structure, are stipulated
to be due to fluctuations in the density of trapped holes at the interface, as the intensity of the fluctuations
further increases towards the interface (not shown).

In summary, we have demonstrated a novel imaging application of the potential and topographic
changes occurring across an integrated gate stack structure of device quality components. The potential
profiles suggest Fermi level pinning at the HfO,/p -poly-Si that leads to dipole formation in the oxide. A
cause and effect relationship between these observations and the well-known flat band shifts is

established.
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Topography Surface potential

Fig. 1. Topography (a and c¢) and corresponding surface potential or CPD images in cross section of a

HfO, gate stack. The lower pair is at an enhanced magnification. Contrast scales: (a) and (b) 51 nm and

0.8 V, respectively; (c) and (d), 14 nm and 0.86 V.
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Fig. 2 Band diagrams and associated vacuum level and contact potential for an idealized n-Si/oxide/p-Si
gate stack (left) and one with a dipole across the oxide (right).
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Fig. 3 Topography (a) and potential profile (b) across gate stack region marked by the dashed lines at the
bottom of Fig. 1. Curve (c) is a potential profile along the interface at a distance of 8§ nm into the poly-Si
of Fig. 1d.
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Fig. 4 Band diagram depicting the dipole-mediated decrease of the flat band voltage in n-Si.





