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This article examines the thickness effects of ferroelectric films on gate tunneling suppression and
charge control in metal-ferroelectric-insulator-semiconductor field-effect transidftifesSFETS.

The formalism used is based on a blocking-layer model for the ferroelectric film and a
self-consistent solution of the Poisson and Sdhger equation. We show that with a polar
ferroelectric the threshold voltage of the FET can be altered by controlling the ferroelectric film
thickness. We also study the thickness dependence of the capacitance—voltage curve and the surface
charge density and the effects of ferroelectric hysteresis. The tunneling probability and leakage
current calculation in a MFISFET device are provided in this article. Ferroelectrics-based transistors
show higher sheet charges and lower tunneling currents than oxide-based devic2802©
American Institute of Physics[DOI: 10.1063/1.1470249

I. INTRODUCTION or coercive field, the presence of a “dead” layer or an inter-
o o . ~ mediate layer with no ferroelectric effect in a thin film, etc.
The electronic industry is in part driven by the shrinking |n this article we will address some of these issues. We start
gate length of metal oxide semiconductor field-effect-with a brief summary of the existing literature on ferroelec-
transistorsMOSFETS. However, it is now quite clear that trjcs.
once gate lengths approaet0.05 um the Si/SiQ structure A large number of studies have been carried out to ex-
will no longer be viable for transistors. The reason is the highamine the synthesis and optimization of ferroelectric thin
gate leakage current that occurs once the oxide thicknesgms, So far, most studies have been focused on the deposi-
approaches~20 A. To overcome this problem, in recent fion of ferroelectric materials directly on the electrodes in
years there has been a growing interest in ferroelectric th”r"nemory devicegferroelectric random access memoties
films. Ferroelectrics are materials which have a large dielecygrious techniques such as metalorganic decomposition,
tl’.IC constant(in the. range 0of~100¢y) and can als_o have a sputtering pulsed-laser depositich,sol-gel processing,
high polar charge if the films are below the Curie temperametalorganic chemical-vapor depositnand molecular
ture for the material. Due to the high dielectric constant, it isyagm epitaxyMBE)® have been applied. A large variation of
possible to use it as a gate oxide material to avoid tunneling,e results in switching properties has been found for differ-
since, for the same gate capacitance, the ferroelectric filman; glectrodes, film thicknesses, and film composition. The
can be much thicker than a Si@Im. In devices the ferro-  gmpirical measurement of the saturation field varies consid-
electric thin film is usually integrated with Sjdorming @ graply hetween different studies and most published values
gate dielectric stack metal-ferroelectric-insulator semiconye for the coercive field rather than the saturation field. The
ductor field-effect-transistofMFISFET) to prevent severe gjonificant distribution in results can be attributed to the
Iat.tlce mismatch betwegn the ferroelectnps over silicon. INgjectrode/interface properties, stoichiometry, and surface
spite of some progress in the case of the integration of ferrom,orohology. An issue that will be examined in his article is
electric films in devices, there are a number of fundamentajg effect of ferroelectric film thickness on the tunneling and
and technology challenges that need to be addressed.  harq6 control of the MFIS capacitor. It is important to un-

_ The issues that need to be addressed in MFISFETS ar@ersiand how the film thickness affects the properties of the
(i) what is the dielectric constart coercive fieldE;, and ferroelectric films.

saturation fielcEg, for a thin ferroelectric filmjii) how can The thickness effects of ferroelectric thin films can pro-
the polar charge available in the ferroelectric film be ex-ige important information on interface-related properties. It
ploited to design devices with controllable threshold volt-p,q heen found that a reduction in the film thickness results

ages? For example, can we alter the threshold voltage By 5 gecrease in dielectric constants, remnant polarization,
simply controlling ferroelectric thickness under the gai8?  gjgjectric breakdown fields, and the tetragonal distortion

What does the capacitance-voltage—{V) profile of the /5 and causes an increase of the coercive field, band-gap
MFISFET look like and what information can be eXtraCtedenergies and the diffuseness of the phase transitidns.
from its analysis? On a more fundamental level, there ar‘ﬁ/lechani:%ms such as domain transitiSnsstressed?

issues of ferroelectric domains in the films, the role of straindefectsl,l and electrode/film interfacial blocking Iayér’s‘,l“

have been postulated for studies of thickness effects in ferro-
¥Electronic mail: yylin@engin.umich.edu electric thin films. Two models have emerged to explain the
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thickness effects. One is based on the domain structure tran-
sition from multi-domain predominance to single domain dpi ferro
predominance at a critical grain size in the thin film. The €bl e Eerro
other is the film/electrode interfacial blocking layer model. It
is assumed that a thin amorphous low-dielectric layer is

formed at the interface when the ferroelectric materials are &d

deposited on the substrate, reducing the effective dielectric . . .
constant and remnant polarization and increasing the loss intermediate ferroelectric
tangent and coercive field of the entire film. The first model layer

postulates that the lack of the domain walls and the low
domain wall mobility in the single domain predominated FIG. 1. The structure of the ferroelectrics blocking-layer model.
film in the small grains may result in thickness related size

effects. It is expected that in high quality epitaxially grown

fe_rroelgctric films the_blocking layer m.odel will be valid. In A. Ferroelectric blocking-layer model

this article, the blocking layer model is chosen to examine
effects of ferroelectric film thickness in a MFISFET device It is known that when a thin layer of ferroelectric is
by studying the switching properties, surface charge densigrown on a substrate the entire film does not display a uni-
ties, and the tunneling probability. form ferroelectric behavior. Near the substrate there is a re-

In the next section we present our formalism which isgion of more or less fixed thickneséshich varies somewhat
used to examine gate tunnelin@—V curves, and the effect with growth parametejscalled the intermediate layeor
of ferroelectric film thickness on the device. In Sec. Ill, we dead layer where the material properties are not those of a
present our results. Finally we conclude in Sec. IV. ferroelectric material. We use the blocking model to describe
the ferroelectric properties.

The blocking layer model of ferroelectric thin film is
introduced by assuming the combination of a low-dielectric
layer of thicknesddy, with a dielectric constang,, and a
high-dielectric layer of thicknesdy,,, with a dielectric con-
stant €;.1r0, @S shown in Fig. 1. The overall dielectric con-
stante of these two layers is, consequently

Il. THEORETICAL FORMALISM

In the article we will examine a MFISFET structure in
which we have a general ferroelectric having a large dielec=
tric constant and a polar charge defined by the remnantand d dy deepo
spontaneous polarization. There are a large number of ferro- == e a) (1)
electric materials being examined experimentally—some
with no polarization at room temperatures, and some withvhered is the overall thickness of the ferroelectric film. The
large polarization values. We have chosen values for the dferroelectric polarization is introduced as the boundary con-
electric constant and polarization which are possible for sevdition at the ferroelectrics/blocking layer interface
eral .ferroelectr!c materials. In addition to introducing the thg— €rorcEronat Prora= €n/Eb s ©)
oretical formalism that can address MFISFETS, our studies
provide guidelines on what the potential of such devicesvhereE,, andEy, are the electric fields in the ferroelectric
would be. region and in the blocking layeP,, is the polarization

The theoretical formalism applied by us has several infield due to switching dipoles. According to Larsenal.*?
gredients. These ardi) A self-consistent solution of the remnant polarization is a function of the applied field rather
Schralinger equation and Poisson equation. We have exthan the film thickness. Thus the coercive fiéld is inde-
tended the model previously published by us to accomplistpendent of the film thickness, while the measured coercive
this 1>15(ii) A model for incorporating the polar charge in the voltageV, can be related to the film thickness as
ferroelectric region self-consistently with the field in the V.=V.+E.d 3)
ferroelectric region{iii) A model for how the polar charge e ToT e
and dielectric control of the ferroelectric region depend uportHere the presence of, is due to the interface layer. The
the thickness of the film(iv) A charge tunneling model. value of E; can be determined from the measuremenY of

Results shown here are based on a self-consistent chargs a function of film thickness. Back to E@), the polariza-
control model which is capable of introducing multiple epil- tion properties of ferroelectric materials as a function of the
ayers with material properties that can vary continuouslyapplied electric fieldE can be described by the following
This model first obtains the potential profile in a MOS struc-approach. The magnitude of saturated polarization hysteresis
ture by solving the Schrbinger equation and Poisson equa- loop is defined by
tion self-consistently. The solution of the Schilger equa- 4o
tion yields the confined charge terms in the Poisson equation Psaf B) = Pstant (B~ Ec)/24], @
which, in turn, determine the potential profile. The potentialwhere
profile is then fed back into the Poisson equation until the _
solution goes to convergence. The details of this charge s_g {l 1+PT/PS”

n 5
model have been published elsewh&r& T N1=P /P ©
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The positive superscript in E@4) refers to the forward bi- 2.0x10%
asing of the loopP, andPg are the remnant and spontaneous
polarization, respectively. The magnitude of saturated polar-
o . . 1.5x10% |
ization in the reverse loofR s, is defined as
&
Psa(E)=— P;raK —E). (6) u\g. 1.0x106 }
=
B. Charge tunneling model o
The one-dimensional electron tunneling from the semi- 500.0x109
conductor to the gate surface can be considered as tunneling

through a smoothly varying potential. The analytical expres- 0.
sion for the total tunneling probability is given by

T:ex;{ - EfXZ[Sm*(V(x)—E)]l’Zolx , (7)
h )y 2508

where E is the energy of the particlan* is the effective
mass of the barriery(x) is the potential barrier along 20x10°
direction, andx; andx, are points wher&=V(x). In some ™
cases, electrons can be induced at the ferroelectrics/oxide « 1508}
interface and leads to charge tunneling as well. This effect g
will be added to the total tunneling probability. The tunneling w
current density for substrate injection is calculated based on ©
the independent electron approximation and elastic tunneling
assumption. If the transverse component of the electron en-  500.0x10%¢
ergy (E;) is assumed conserved during tunneling through the

1.0x108 +

dielectric stack and a parabolic dispersion relation is used for 00 . s
the transverse component, the tunneling curi@ntis de- 2 -1 0 1 2
scribed by the Wentzel-Kramers—Brillouf#/KB) approxi- Bias Voitage (V)

mation of tunneling current using E¢?) for T(E)
FIG. 2. (a) The capacitance—voltage curve of a BST-oxide MFISFET for
A7qm, (Er various BST thicknesses under forward biasitty; The C-V curves for

S
J= 3 . T(E)(Ers— E)dE, (8) various BST thicknesses under reverse and forward biasing.

whereErg is the fermi level in the semiconductor substrate

andm, is the transverse electron effective mass. Schottky barrier height of BST is taken to be 1.7 V after Ref.
3. Other related material parameters follow our previous
publication®®
IIl. RESULTS AND DISCUSSION The polarization properties of BST thin film under 20
nm have not been reported in literature. Therefore, several
As noted in the introduction, there are several types ofissumptions have been made in the simulation. The stoichi-
ferroelectric materials. Materials like LiNbhave dielectric  ometry of barium strontium titanate is chosen to be
constants in the range ef40 €, and the polar charge is not Bay g5l 3,Ti05 for a reasonably large polarization and a
affected by the external field. Materials like BST, depend-high dielectric constant. The overall thickness of BST film is
ing upon composition, have high dielectric constantsvaried and includes an 8-A-thick blocking layer with a di-
(~100¢p) and may or may not have polar charges dependelectric constané, = 30. The dielectric constant of the ferro-
ing upon the Curie temperature. Below the Curie temperaturelectric part of the film is 300. These data are obtained by
the polar charge is determined by the external field as defitting the empirical result$ using Eq.(2). The distribution
scribed by Egs(4) and (5). In this article we will examine of saturation charge is taken as'4@harges/crhat the pure-
the general case where the material polarization is controlleterroelectric/blocking layer interface, which refers to a satu-
by the external field. The formation can be generalized taation polarization of 16uC/cn?.!® The remnant to sponta-
field-independent polar charge case and no polar chargeeous polarization ratio is assumed 0.8, and the coercive
cases in a simple manner. field is 40 kv/cm?®®
The structure simulated consists of a blocking-layer BST We have shown counterclockwise curves in the
film on a standard SiQ'Si structure. The intermediate 12 A capacitance—voltageC(-V) relation under forward and re-
SiO, layer is included since in real structures such a layewerse biasing due to the nature of hysteresis polarization of
may be needed to improve the lattice mismatch between thierroelectrics without applying the blocking-layer modl.
ferroelectric film and silicon, and the inversion layer is at theFigure 2a) illustrates theC—V curves of MFISFET devices
high quality SiQ/Si interface. For the simulations we as- with various ferroelectric film thicknesses under the forward
sume that the silicon is dopgaltype at X 10'" cm 3. The  bias. The blocking-layer thickness is kepBaA for all cases.
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FIG. 3. Comparison of the capacitance—voltage curves for MFISFET mod-
eled with the blocking layer and without blocking layer for the same overallFIG. 4. The tunneling probability of forward- and reverse-bias modes in a

BST thickness= 100 A. BST MFISFET device based on the blocking-layer model at a fixed sheet

charge=10"% cm2.

As the BST film thickness increases, the threshold voltage

increases as shown. This is caused by the decreased electBere the sheet charge density is*lém™2. The forward

field and reduced polarization charges, according to(&q. bias loop exhibits higher probability because it requires

The maximum Capacitance is |0wered as We” due to thé“gher electric fields to achieve the equivalent Chal‘ge, result-

smaller overall effective thickness. The results show that a1d in higher tunneling probability. The tunneling probability

100 A change in the ferroelectric thickness alters the threstean be greatly suppressed if the BST thickness increases

old voltage by~0.4 V. from 100 to 200 A while the equivalent oxide thickness in-
The biasing direction combined thickness effects arecreases only 1.3 A. The WKB approximation of gate leakage

shown in Fig. 2b). It is interesting to point out that increas- current from the substrate injection is shown in Figa)5

ing the film thickness also enhances the ferroelectric behav-

ior since theC—V separation due to the hysteresis is more 5
significant. We have seen that the polar charge density de- MFISFET
creases as thickness under forward bias in Fg). 2Jnder Or
reverse bias and high positive fields, the polar charge density . gt
reaches a saturation value which is not thickness dependent. Ng
The induced surface charge density becomes proportional to < -10
the film thickness, and will be discussed later in Fig. 6. g 15+ —e— 100 angstrom (FB)

In order to see how important the presence of the block- & —— 200 angstrom (FB)
ing layer is we compare th€-V results for the blocking = -20 T o o \F)
layer model and a model where there is no blocking layer. 251 «aee 200 angstrom (RB)
The results are shown in Fig. 3. The blocking-layer modeled (a) ~# 300 angstrom (RB)
MFISFET has the same total BST thicknesk.{,+d,) as -30 A : : )
the other one. Both curves show clear counterclockwise hys- 1 2 8 4
teresis. The overall effective thickness for the blocking-layer Bias Voltage (V)
model is increased by the blocking layer and, consequently,
the maximum capacitance is lower. The threshold voltage is 2 MOSFET
also raised due to the positioning of the polarization charge
and the Si/SiQ interface. of

Although the capacitance—voltage curves do not provide  §_
direct measurement of the ferroelectric properties, this § 2t
simple measurement reveals important information. First, the =
shift of threshold voltage indicates changes in the thickness 5 4} o
(as shown in Fig. Pand the strength of polarization. The §’ .._o"‘°
latter can be explained by the fact that the induced charge sl ad -
density is related to the polarization. Next, the equivalent o e gﬁgz }ﬁ::g:};‘;z
oxide thickness of the ferroelectric film can be used to esti- " ® . . . : , : .
mate the dielectric constants of the ferroelectrics and the 00 05 10 15 20 25 30 35
blocking layer, when various film thicknesses are available. Bias Voltage (V)

Figure 4 demonstrates the tunneling probability as a

. H f AL FIG. 5. (a) Gate tunneling current from substrate injection vs the bias volt-
funCtlo.n of BST film thICkn.eSS of the. blocking-layer model. age of a MFISFET structure. “FB” represents forward biasing, and “RB”
The thickness of the blocking layer is assumed constant fOffers to reverse biasingh) Simulated tunneling currents in the oxide-based

various film thicknesses and the results are for conditionMOSFET for comparison.
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12x10%2 etry and similar properties as the ferroelectrics except the
................. polarized charges and the dielectric constant. This is sup-
QE e ported by transmission electron microscopy investigation
$ aon) that continuous crystalline structure is observed from the
> blocking layer to the ferroelectri¢é.Moreover, the high di-
3 eon] electric constant of the ferroelectrics comes from the polar-
3 ization charge, not the energy band gap. Therefore, we as-
§ axioz| \ sume the electron mass and the energy band gap to be the
E same as the ferroelectrics. We have also made assumptions
@ 20%f of the blocking layer thickness. It is expected that the non-
ferroelectric layer of a high quality epitaxially grown ferro-
° o 1 200 2% a00 electric film will be very thin in our simulation. However,

there is not much impact on our simulation results even for a
20 A blocking layer. This will cause an increase of about 1.4
FIG. 6. The sheet charge density as a function of BST thickness at the bia8 in the effective oxide thickness for the worst 100 A case

voltage=1V under different biasing directions. The solid line represents gnd a shift in the threshold voltage of less than 0.05 V.
forward bias, and the dotted line represents reverse bias.

BST film thickness (angstrom)

IV. CONCLUSION

Although the tunneling probability under the reverse bias is  In this article we have examined charge control issues in
less than under the forward bias with the same amount ot MFISFET structure using the blocking-layer model. While
two-dimensional electron ga@DEG) charge, the leakage there are other experimental studies which validate this
current is larger at the same voltage, which is the result ofodel, it is not known if this model is applicable to vary
the counterclockwise hysteresis. The tunneling current fismall thickness films. Our studies show ti@atV and other
nally becomes very large past 1.5 V. It is because the inverneasurements in a MFISFET would be quite sensitive to
sion charge is turned on very fast and close to a saturatiomodel details and would thus provide details on polar charge,
value in ferroelectrics. Second, the energy gap barrier isoercive field, etc., in thin film ferroelectrics. Our study also
much smaller than silicon dioxide. However, considering theshows that ferroelectric film thickness can be used to alter
voltage operating range for future devices, this should not bghreshold voltage of the devices and, most importantly,
a serious problem. The tunneling current of an oxide-baseg@reatly suppress gate to channel tunneling.
structure is shown in Fig.(B) for comparison. Results show At present there are few experimental studies on the MF-
that the ferroelectrics with the same equivalent oxide thicklISFET. Given the potential of such structures in next genera-
ness are 10'° lower than the conventional structure. tion silicon based technology such studies would be very

Figure 6 shows the surface 2DEG as a function of ferroimportant. The model presented here should be capable of
electric film thickness and biasing loop applying 1 V on theinterpreting these results and extracting parameters critical
gate. The reverse and forward biasing loops show reverg@r the future device design.
trends in the surface charge density as the thickness varies,
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