JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 3 1 FEBRUARY 2001

Study of charge control and gate tunneling in a ferroelectric-oxide-silicon
field effect transistor: Comparison with a conventional metal-oxide-
silicon structure

Yih-Yin Lin®
Department of Electrical Engineering and Computer Science, University of Michigan,
Ann Arbor, Michigan 48109-2122

Yifei Zhang
Applied Physics Program, University of Michigan, Ann Arbor, Michigan 48109-2122

Jasprit Singh
Department of Electrical Engineering and Computer Science, University of Michigan,
Ann Arbor, Michigan 48109-2122

Robert York and Umesh Mishra
Department of Electrical and Computer Engineering, University of California,
Santa Barbara, California 93106-9560

(Received 14 July 2000; accepted for publication 18 October)2000

It is known that conventional metal-oxide-silicéROS) devices will have gate tunneling related
problems at very thin oxide thicknesses. Various high-dielectric-constant materials are being
examined to suppress the gate currents. In this article we present theoretical results of a charge
control and gate tunneling model for a ferroelectric-oxide-silicon field effect transistor and compare
them to results for a conventional MOS device. The potential of high polarization charge to induce
inversion without doping and high dielectric constant to suppress tunneling current is explored. The
model is based on a self-consistent solution of the quantum problem and includes the ferroelectric
hysteresis response self-consistently. We show that the polarization charge associated with
ferroelectrics can allow greater controllability of the inversion layer charge density. Also the high
dielectric constant of ferroelectrics results in greatly suppressed gate currer00®American
Institute of Physics.[DOI: 10.1063/1.1332425

I. INTRODUCTION This has been made possible because of the very large po-
larization charge at the AlGaN/GaN interface arising from

Modern microelectronic success depends critically onspontaneous polarization and strain induced piezoelectric ef-
field effect transistors based upon the metal-oxide-silicorfect. This polarization charge can reach values as high as 5
(MOS) structure. However, as device dimensions scalex 103 cm 2 and with a proper design has been shown to
down, several important problems are expected to arisgroduce free carrier sheet charge of a similar value — all
Large oxide capacitance, and consequently thin gate oxidgyithout any dopants.
will be required to invert the surface to sufficient sheet  (2) It is also well known that ferroelectrics like barium
charge and to reduce subthreshold current, avoiding shorttrontium titanate(BST) can have very high polarization
channel effects. However, it is known that at oxide thicknesgharge (10" cm™2).# This charge may be developed dur-
of 30 A or below, direct tunneling becomes the dominanting growth or can be induced by an external electric field.
transport mechanism. In addition, doping fluctuati@ex-  Additionally (unlike AlGaN), BST and other ferroelectrics
pected to create serious problems as channel lengths shrinlgve a very large dielectric constanelative dielectric con-
to approximately 500 A. For example, only ten dopant atomsstant can be in the hundrédsMoreover, ferroelectrics have
are contained in a OﬂLm channel for the Implant dosage of been now grown on Si”c&ﬁs and are becoming important
10'> cm~? at a depth of 0.0um, possibly resulting in ran-  for dynamic random access memory applicatidrié.Re-
dom distribution. cently high quality field effect transistors with Srj@ate

Recently several important developments have occurregliglectrics have been reported with greatly suppressed gate
which suggest that the problems identified above can be agyrrent!® Also a ferroelectric has been deposited on 38
dressed by new structures based on polar materialng the capacitance-voltag€{V) measurements show a
semiconductor combinations. These developments are: high quality structuré.

(1) In the AlGaN/GaN system it has been shown that — T questions arise when we examine these develop-
heterostructure field effect tra_n_sistors can be fabricated Wmﬁwents:(l) What are the charge control characteristics of a
very large sheet charge densitjthoutthe use of dopants’ ferroelectric-SiQ/Si structure where the inversion charge is
induced by the polarization charge of the ferroelectric mate-
¥Electronic mail: yylin@engin.umich.edu rial? (2) How influential are large dielectric constants of the
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ferroelectricgfor our study we use BSTin suppressing gate whereE, is the conduction band profile, is the total charge

tunneling current? In this article we address these questiondensity, ance is the dielectric constant in different regions of
the device. The total charge densjyincludes the doping
charge, free charge of the hole and electron, and quantum-

Il. THEORETICAL FORMALISM confined charge

In order to study the charge control in a BST-SI8I  p(2)=q| N%(2) —NX(2) —Nieet Prree— > Md¥ (2)i(2) |,
MOS structure and to examine gate tunneling, we need to ! ©)
examine the band profile in detail by carrying out a self-
consistent quantum treatment. We have extended a prewvhereNg andN; are the effective doping concentrations,
ously published modéP to do so. Results shown here are Nee 2NdPyec are the free carrier concentrations, and the sum
based on a self-consistent charge control model which is cads overi two-dimensionally2D) confined subbands of which
pable of introducing multiple epilayers with material proper- normalized envelope functions ageand in which the occu-
ties that can vary continuously. This model first obtains thepation isn;. The free carrier density can be obtained from
potential profile in a MOS structure by solving the Schro E(—E(2)
dinger equation and Poisson equation self-consistently. Solu-  nged 2) =NF 1 T
tion of the Schrdinger equation yields the confined charge B
terms in the Poisson equation which, in turn, determine thevhereN, is the effective density of states aRd,, is a half-
potential profile. The potential profile is then fed back into order Fermi integral. The 2D gas in the quantum well region
the Poisson equation until the solution goes to convergencef Eq. (6) can be determined by solving the Sctiiroger
Since we want to develop a generic model that can be apequation for the subband envelope functions and their occu-
plied to ferroelectric and nonferroelectric oxides, we includepations. Thez-dependent part of the Schliinger equation is
the polarization of the material in our model. The ferroelec-strictly separable from the in-plane part of the equation
tric polarization is included by the introduction of a sponta-which gives us extended Bloch-like states. The 1D Schro
neous charge as the boundary condition at the ferroelectricglinger equation can be written using the perpendicular part

: @)

oxide interface of the effective mass tensor as follows:
€1E1+P1=€6E,, (o d? 2m,, . 0 g
R + R — =
wheree; and e, are the dielectric constants afg andE, dz ¥n(2) 52 [En—v(2)]¢n(2)=0, ®

are the electric fields at the interface of ferroelectrics and h is the elect ttocti | h ;
oxide. P; is the polarization field due to switching dipoles, w e;remw 'St d'e et_ec ron efiective mass along the quantum
and is a function of the field history in ferroelectric materials, €OMNeMent direction.

The magnitude of saturated polarization hysteresis loop, When the envelope f_unction anq subband energy levels
P... is defined by are solved from the Schadinger equation, the subband occu-

pation can be calculated from the first-order Fermi integral.

Pl E) =Pstant (E—E)/25], (2)  The occupation for electrons can be described as
where ~ mikgT il 14 Ei—E¢ 9
S=E{|I _1+PV/PS o 3 e wh? " & kT /|’ ©
~ =M 1=, 7P, ®

wherem; is the in-plane effective mass of tlign subbands.
The positive superscript in Eq2) refers to the forward bi- Once the band profile is calculated the gate to channel
asing of the loopE is the applied field ané, is the coercive electron tunneling probabilityT is obtained from the
field of the ferroelectric fieldP, and Py are the remanent equatior®

and spontaneous polarization, respectively. The magnitude 1 (%
of saturated polarization in the reverse loéy,, is defined T:ex;{ ~% f [8m* (V(x)—E)]¥dx|, (10
as X1
P(E)=—PL(—E) (4) where E is the energy of the particlen* is the electron
sal sal "

_ _ effective mass of the barrieN(x) is the potential barrier
In our simulation, we assume that the quanfy can be along x direction, andx; and x, are points whereE
related to a polarization chargeby an electron charge, and =v/(x).

we assume a value of ¥charges/crhfor o, 200 kV/cm for
the coercive field and 0.8 for the ratio Bf to P5. We find
that C-V measurements on structures can allow one to exl—”' RESULTS AND DISCUSSION

tract these parameters by fitting the experimental results. The structure simulated by us is shown in the upper part
The one-dimensiondlLD) Poisson equation can be writ- of Fig. 1(a). It consists of a layer of BSTor another ferro-

ten as electrig on a standard Si&lSi structure. The intermediate
42 SiO, layer is included since it is likely that growth of the
—E(2)=— @ (5) ferroelectric may be easier on a thin Si@yer® Also this

€(2)’ way the inversion layer is at the high quality Si/Sidter-
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FIG. 1. (8) The BSTIi/SiQ/Si structure for simulation; results for the band
profile, charge density and tunneling probabilityfor an inversion charge
density of 16° cm™2. The polarization chargeo() is assumed to be 1b
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TABLE I|. Material parameters of the simulated BSTi/Si€tructure.

Symbol Unit BST value Si® Si 2D value

Energy gap = ev 3.4 8 1.12
Dielectric constant € € 300 3.9 11.9

Electron effective mass m, mo 0.19 0.50 1.08
Hole effective mass m, mg 0.45 0.50 0.49

following assumptions are made for our modeling studigs:
BST can be grown with spontaneous polarizati@n; the
band gap of BST is approximately 3.4 é¥(iii) the carrier
masses in BST are shown in Table I; however, this assump-
tion has little impact on the resulty) perfect interfaces are
assumed in this study, but the model itself can allow us to set
up the interface states and examine their effects. It should be
noted that BST composition must have high Ba/Sr ratio to
exhibit spontaneous polarizatiof.

The thickness of BST film is allowed to vary to examine
its effects on the tunneling probability. The material param-
eters are given in Table I. The conduction band discontinuity
is assumed to be 50% of the band discontinuity at the
BST/SIG, and SiQ/Si interfaces, and the Schottky barrier is
taken to be 1.7 eV’

A typical band diagram fon-channel BST-oxide metal-
oxide-silicon field effect transistofdMOSFET) is shown in
Fig. 1(a). The device is biased to obtain an inversion charge
of 103 cm™2. As can be seen, it is possible to obtain a very
high sheet charge without doping or large external field be-
cause of the large polarization charge. In contrast, Fig). 1
shows the band diagram of a conventional MOS with equiva-
lent oxide thickness as the device in Figa)l Although
biased at the same voltage, the induced charge density is a
factor of 5 smaller.

In Fig. 2(b) we show the capacitance-voltagé-{) re-
lations for the BST based structure. We see that the gate has
a good control on the inversion charge. The device behaves
as if we have a MOS with an effective oxide thickness which
is

€ox

d(eff):;STdE;ST‘F dox- (11

We have also shown in Fig.(® counterclockwiseC-V
curves due to the hysteresis polarization. This hysteresis na-
ture of ferroelectric materials can be described by Efs.

(3), and(4), and shown schematically in Fig(®2 as a func-

tion of external field. The hysteresis @-V characteristic
has been demonstrated experimentally with a
SBT/CeQ/SiO,/Si MOSFET devicé. The C-V curve of a

cm™2. (b) A conventional MOS structure and the band profile and electronconventional MOSFET of the equivalent oxide thickness is

charge distribution for the device biased at the same value &.iThe
induced charge density is small compared with ferroelectric-oxide base

structure, but tunneling probability is high.

ghown in Fig. Zc). The increase of capacitance in the inver-

sion region is sluggish and the threshold voltage is larger
compared with the ferroelectric-based MOSFET due to low

face. As far as gate tunneling suppression is concerned, theversion charge density. The comparison of Fig®) 2nd

thin SiO, layer has negligible effects. The-type silicon
shown in Fig. 1a) is doped at X107 cm 2. In the upper

2(c) suggests that the ferroelectric-based MOSFET has a
larger transconductance, which can improve the device’s per-

part of Fig. 1b) we show a conventional MOS structure. The formance.
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hei teresis nature of the polarization charge. As can be seen in
[$3 . . .
g 1x10° | Fig. 2(a), the reverse loop requires less field and thus lower
3 bias to achieve the same polarization, and vice versa for the
(c) forward loop. Therefore the applied bias is higher in the
forward loop and affects the tunneling probability, which
0 L L t . . . .
2 A 0 1 2 will be discussed next. Meanwhile, it can be seen by the
bias voltage (V) comparison of Figs. @& and 3b) that the ferroelectric di-

electrics effectively reduce the band bending at the silicon
FIG. 2. (a) The ferroelectric polarization as a function of the history of the nterface.
lectric field. The simul vice h ration polarization char f ; ; o
i;gtcfn’s,da coirziveusé?c? gfezgg k\alllscr?n,sztnudatth?a rgg: ofarteomaileitg (taoo In Fig. 4 we show how the tunneling prObablllt.y from
spontaneous polarization is 0.&) The C-V relation for the ferroelectric- the gate to the channel changes as a function of oxide thick-
oxide MOSFET. The effect of the hysteresis curve for the polarizationness in the conventional MOS device and the BST-based
charge causes the-V curve to shift as showr(c) The C-V curve of the  structure. The tunneling probability is calculated in each case
conventional MOSFET with equivalent oxide thickness. for an inversion layer carrier density of Bocm™2. In the

conventional oxide-based transistor, the tunneling probabil-

ity is not very sensitive to thickness in this range of thick-

Figure 3 illustrates the band profile of three cases biasedesses considered. The probability is in the range 010

at an inversion charge of ¥cm™2: (i) forward voltage which is very high. In the BST based structure, due to the
applied on a BSTi/SigJSi MOSFET in a hysteresis loofii) larger thickness of the BST regigaven though the effective
reverse voltage applied on the same device in ¢éeseand  oxide thickness is the samehe tunneling probability is
(iii) a conventional MOSFET of equivalent oxide thickness.greatly suppressed. As we can see from the calculation, the
Cases(i) and (ii) are shown in Fig. @& while case(iii) is  tunneling is negligible once the effective thickness reaches
shown in Fig. 8b). It can be seen from Fig.(8 that the about 14 A. Reduced tunneling probability in MOSFET by
band profiles in silicon are identical in casgsand (ii) for high-dielectric gate materials like SrTiOhas also been
the same amount of charges; however, the conduction-barshown empirically:* Referring to Fig. 8a), it can be under-
profile in the BST region differs significantly due to the hys- stood that the tunneling probability is lower in the reverse
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BST thickness (angstrom) for ferroelectric-oxide MOSFETs. We have examined the
<& 80 100 120 140 160 180 modulation charge, tunneling probability and the band pro-
' ' ' ' ' file as a function of spontaneous charges, and applied volt-
age. We see that in comparison to the conventional MOS this
12} :'Z”fg,?g:_’;“ structure has almost five times more induced-charge density
* and the tunneling probability is greatly suppressed. The
Ee 20 model developed by us is quite generic and can be applied to
& J ferroelectric and nonferroelectric system.
BST/SIOS| MOSFET
281 N, =109 om?
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barrier is higher in the reverse loop and thereby suppresses

tunneling. . _ _ .
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