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Due to its potential in low-power computing or storage

applications, the HfO2-based ferroelectric (FE) field-effect

transistor (FET), which consists of a MOSFET and an FE

gate dielectric stack on the top of the original gate, has

attracted massive research interest in the past decade [1].

Taking advantage of the scalability of FE HfO2-based

film [2], FE-FETs have been developing high-performance

computing and high-density memory at advanced process

nodes [3]. However, significant variations in state-of-the-art

FE-FinFETs are also caused by polycrystalline FE gates.

The HfO2-based FE film microstructure is microscopically

disordered and polycrystalline, with the grain varying spa-

tially in terms of radius, phase distribution (FE orthorhom-

bic, non-FE monoclinic, and tetragonal phases), and orien-

tation [4]. As the dimension scales down, the FE gate of an

FE-FET may contain a few randomly distributed grains and

can no longer be considered a monocrystal film. The random

distribution of grains induces a new source of variability into

the FE-FinFETs, which is comparable with those induced

by other traditional sources [5].

The physical mechanism of FE-FinFET variability in-

duced by polycrystalline FE gate is investigated in detail

in this study. To describe the polycrystalline FE HfO2-

based film, a multi-grain (MG) FE model is proposed, which

includes irregular grain shape, different phases (FE and

non-FE phases), and different grain orientations. To cre-

ate an MG FE-FinFET model, the MG FE model was in-

troduced to a 7 nm bulk FinFET TCAD platform. The

MG FE-induced statistical variability of the key figures of

merit (FoM) for FE-FinFETs is described using the MG

FE-FinFET model. Finally, by analyzing FE polarization

and channel electrostatic potential, the physical mechanism

of FE-FinFETs performance variation associated with poly-

crystalline FE is studied and discussed.

Multi-grain ferroelectric model. Referring to the mi-

crostructure of HfO2-based FE film observed in experi-

ments [4], an MG FE film model is established, considering

irregular grain shapes, different grain phases, and grain ori-

entations, illustrated in Figure 1(a). The irregular grains are

generated by the Voronoi tessellation algorithm [6], and the

FE and dielectric (DE) grains are determined by the grain

size [7]; moreover, the distribution of grain orientations is

described by the Gaussian distribution, a common model to

be used in the simulation. The effect of grain orientation is

shown in Figure 1(b). With an angle θ between polarization

(P ) and electric field (E), the intrinsic P -E characteristics

have to be rewritten following the parallelogram law. In ad-

dition, a 7-nm n-type FE-FinFET TCAD model has been

developed based on the FinFET platform and the Landau-

Khalatnikov (L-K) model. The detailed modeling process

and parameters of the baseline-FinFET and FE layer are

described in Appendix A.

MG FE-induced statistical variability of FE-FinFET. In

the following, to investigate the effect of a polycrystalline FE

gate, the MG FE microstructure patterns and modified L-K

model are introduced into the FE-FinFET. Figure 1(c) dis-

plays 100 simulation results of transfer characteristic curves

of MG FE-FinFETs with distinct FE layer patterns. Com-

pared with the single grain (SG) FE-FinFET, the MG effect

induces the variation of FE-FinFET transfer characteristics

in both electrostatics and drive-currents. The individual ef-

fects of the FE/DE ratio and FE grain orientation on the

key electrical FoM fluctuations of MG FE-FinFETs are then

investigated, respectively. When Rcrit = 3 nm or σθ = 25◦

(Rcrit and σθ are parameters to describe the variation of

FE/DE ratio and grain orientations), the statistical vari-

ability will be comparable to traditional sources.

Physical mechanism analysis. The electrostatic potential
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Figure 1 (Color online) (a) MG FE film schematic with different grain shapes, phases, and orientations. (b) Detail schematic

of an FE grain’s electric field and polarization with an angle (θ) between grain orientation and electric field. (c) The transfer

characteristics of SG FE-FinFET and 100 MG FE-FinFETs with different FE layer patterns. (d) The polarization profiles of FE

layers on both sides of the fin. The green regions represent the DE-phase grain, while the nonuniform FE polarization results from

FE grain orientation variation. The FE layers on both sides are polarized toward or outward from the fin. (e) Two extreme cases

of FE polarization with only two grains of FE/DE in opposite positions, with VDS = 0.75 V.

distribution of the channel surface and the polarization dis-

tribution of the FE gate are analyzed to investigate the phys-

ical mechanism by which the MG FE gate layer introduces

device-to-device variation into FE-FinFET performance, as

shown in Figures 1(d) and (e). The following conclusion can

be drawn: The coupling of the ratio of FE/DE and the ori-

entation of FE grains with the spatial distribution of grains

leads to the statistical variability of MG FE-FinFETs. The

extreme grain distribution, in particular, would result in ex-

treme electrical characteristics. Indeed, for the small di-

mension FinFETs, not only the average effect will decrease,

but the coupled voltage of VD on the FE gate layer will ex-

acerbate the variability induced by the polycrystalline FE

gate. The voltage-amplification effect of the FE gate will be

stronger than in the opposite case when the FE grains are

distributed near the source terminal.

Conclusion. In conclusion, this study proposed a physi-

cal MG FE model to describe the polycrystalline FE HfO2-

based film, as well as the modeling method details were

also presented. The MG FE model, when combined with

the modified L-K model, was successfully introduced to a

7 nm MG FE-FinFET, exhibiting the negative-capacitance

voltage-amplification variation effect. The statistical vari-

ability of FOMs induced by FE/DE ratio and FE grain ori-

entations is described, which will be comparable with tra-

ditional sources when Rcrit = 3 nm or σθ = 25◦. By the

analysis of FE polarization and electrostatic potential, the

respective effects of the polycrystalline FE layer on the per-

formance of FE-FinFETs are discussed in terms of irregu-

lar grains, FE/DE partitioning, and FE grain orientations.

With a reduced averaging effect for small dimension FE-

FinFETs, the device-to-device variation induced by FE/DE

ratio and grain orientation becomes more prominent. In par-

ticular, due to the existence of parasitic capacitances at the

drain terminal, drain potential induced lateral field can in-

fluence the polarization of FE grains, therefore exacerbating

the FE polycrystalline effect. Without specific assumptions

of the presented model, the conclusion is generic for both

memory and logic FE-FET using the state-of-the-art pro-

cess node.
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