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Abstract The demand for new materials to be used in
field-effect transistors and similar devices with low energy
loss is more than ever before as integrated circuits have
become a considerable source of energy consumption. One
of the challenges in designing such energy efficient logic
devices is finding suitable dielectric materials systems for
the gate that controls the drain current in a p-type channel.
A fundamental limit for energy efficiency exists in such
devices imposed by the polarizability of conventional lin-
ear gate dielectrics. Generating on/off states in the channel
that differ by at least a million times in the magnitude of
the drain current near saturation requires several volts of
gate bias for the case of a linear dielectric material in a
submicron device. In this study, we demonstrate that fer-
roelectric—paraelectric superlattice heterostructures can
generate the same effect in a p-type channel for bias
voltages much lower than in a linear high dielectric con-
stant gate. We consider a metal/superlattice/p-type semi-
conductor stack for this purpose. Using a thermodynamic
model, we show that the multi-domain state of the ferro-
electric layers can be tailored and distinct on/off states of
the channel are possible for gate bias voltages below 1 V.
The origins of such functionality of ferroelectric—para-
electric superlattices are discussed with respect to material
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characteristics such as the phase transition temperature of
the ferroelectric, total polarization, and the dielectric
response.

Introduction

Integration of materials with unusual properties into elec-
tronic devices paves the way for further developments and
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new functionalities. Such a trend has certainly been takingleyih7

place in logic devices [1-3] such as the field-effect and
metal-oxide—semiconductor transistors (FET and MOS-
FET, respectively), where control of current in a semi-
conductor (SC) channel through a gate is the main principle
of operation. In particular, ever shrinking device dimen-
sions have led to the search for new materials and multi-
layer heterostructures that enable faster operation, lower
leakage currents between the gate and the channel. More-
over, the recent demand for low power consumption pre-
sents an additional challenge in designing such devices.
Use of ferroelectric (FE) oxides as gate materials to
induce on/off states in the channel of a FET type device has
attracted significant interest since FEs possess a switchable
remnant polarization. Switching the polarization direction
via the gate bias can induce on/off states in the channel
corresponding to significant differences in carrier densities
between the two states, an outcome desired in a binary
logic device not operating at ultra-high frequencies.
Another motivation behind exploring FE-gated FETs [4—
13] is that the electric field switchable remnant polarization
could potentially be used as an additional functionality to
store data, thus enabling, for example, a non-volatile gate
memory. While FEs are certainly viable candidates to
replace linear dielectrics in such devices, the sensitivity of
functional properties of FEs to residual strains, interfaces,
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defects and electrostatic boundary conditions (BCs) are
well known and must be taken into account [14-26]. For
FE systems to become alternatives to current materials
employed in FET/MOSFET, materials properties from a
FE layer need to be comparable, if not better, than what is
presently employed in device applications.

The polarization response, the dielectric constant, and
electromechanical properties of FE are strongly tempera-

7 XRAture dependent. Regardless whether the paraelectric (PE)-
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FE phase transformation is first- or second-order, there is
an anomaly in the property coefficients near the PE-FE
transformation at the Curie temperature 7. The FE is more
polarizable (or permeable and “soft”) when 7 is close to
the operating (ambient) temperature compared to being
“harder” if the ambient temperature is much lower than
Tc. High dielectric constants are thus possible in the
vicinity of T, leading to efforts to target this temperature
regime to enhance second-order property coefficients for a
wide spectrum of applications. T¢ of a FE oxide can be
adjusted via controlling the strain state of the structure (for
instance, by means of the choice of the substrate) [27-30]
or judicious doping/alloying of the FE [31, 32].

Another unique way to control 7¢ is by growing alter-

S@Hnating layers of FE and PE materials [33, 34]. These
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superlattices typically consist of ultra-thin repeating units
of FEs and PEs, usually not exceeding 20 nm per layer.
The idea is that stacking FEs with PEs or linear dielectrics
might generate interface-driven interactions. Very high
dielectric responses from such structures have already been
reported [35—43]. In addition, there are other unexpected
properties [16, 44-50] such as the demonstration of the
formation of interfacial layers that behave different than
the “bulk” (midsection) of the layers with reduced
tetragonality [46], appearance of ferroelectricity in para-
electric layers due to internal strain and electrical fields
[51, 52], and the disappearance of the dielectric anomaly at
the FE transition [69]. It is now well understood that it is
the periodic contact between FE and PE layers that gen-
erates internal electric fields opposing the FE polarization,
and therefore, reducing the T of the structure with respect
to the ideal metal/FE/metal case. That the FE layer tries to
cope with the internal fields via formation of electrical
domains is another phenomenon behind various interesting
observations and predictions on these systems [46, 53-55].

Overall, the presence of a potentially very high dielec-
tric response from a FE/PE superlattice stack and that this
response can be controlled with small bias values (<1 V)
opens up the possibility to employ these structures as the
gate in FET type devices. We note that such interface
reactions have resulted in significant developments in
magnetic multilayers and paved the way for new genera-
tion of devices based on the giant magneto-resistance in
ferromagnetic/metal/ferromagnetic hetero-layers [56]. In
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this study, we analyze the characteristics and properties of
a FE/PE superlattice-semiconductor interface and mecha-
nisms by which a FE/PE superlattice stack can alter carrier
distribution in a p-type semiconductor (pSC) similar to that
of a channel in a FET or MOSFET. We use non-linear
thermodynamics based on Landau—Ginzburg—Devonshire
(LGD) theory and couple this with relevant Maxwell
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equations for dielectric solids to compute the polarization{i§ 23

in the superlattice. By combining these results with Fermi—
Dirac distribution of charged carriers and ionized dopants
in the superlattice and SC, we show that effective carrier
control can be achieved with gate bias values much lower
than those for an ordinary linear dielectric material. The
multi-domain (MD) state of the FE/PE structure that may
form due to depolarizing fields in the FE layers is the key
to form a discontinuous or a continuous carrier gas at the
superlattice/pSC interface leading to insulating-to-con-
ducting transitions of the channel. The system that we
investigate in detail in this study is a PbZry3Tig;05/
SrTiO3-(PZT/STO)-FE/PE  superlattice  heterostructure
sandwiched between pSC and Pt electrodes. PZT/STO is
specifically chosen because of the relatively low misfit
between PZT and STO (~1 % at room temperature, RT).
We calculate electrical domain configurations based on the
number of repeating PZT-STO units and provide numeri-
cal results of the overall polarization as a function of
temperature and the charge concentration variation with
gate voltage. Our results demonstrate clearly that such
multilayer heterostructures have indeed the potential to be
employed as gate oxides in FETs and/or MOSFETs.

Theoretical approach

A schematic drawing of the PZT/STO superlattice system
considered in our model is given in Fig. 1. We specifically
study equi-thickness PZT/STO systems although such a
restriction can be relatively easily relaxed [57]. As defined
in Fig. 1, Z is the thickness of the repeating unit, n is the
number of repeating units, d is the thickness of the metal
and the SC layer, and L is the total thickness of the
superlattice. The stacks are taken as being infinite along the
y-direction, reducing the problem to two dimensions. We
assume that all layers are grown pseudomorphically onto a
(001) STO substrate and the system is short-circuited. The
SC bottom electrode, namely the channel, is heavily p-
doped with shallow acceptor dopants at a concentration of
10** m~ with each acceptor atom receiving one electron
from the valence band and is grounded at all times, while
the superlattice constituents are considered to be intrinsic
wide band gap layers. The semiconducting parameters of
the pSC, FE, and PE layers are provided in Table 1 [32,
58-60].
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Maxwell equations as applied to the FE/PE superlattice
and the pSC layer are satisfied such that:

V-D=p (1)
and we can express dielectric displacement vector as:
D= (D,,0,D,) (2)
where

D, = ¢oepEy + Py and D, = g,6pE; + P, (3)

in the FE/PE with x and z denoting the in-plane and out-of-
plane components respectively and,

D, = &y&.E, and D, = gy&.E, (4)

in the pSC that has a dielectric constant of ¢.. The top
metal is assumed to behave as an ideal metal and no
electric field can penetrate it (meaning the screening length
is unphysically thin) but its potential can be controlled
externally. In Eqs. 3 and 4, ¢, is the permittivity of vacuum
and &y, is the background dielectric constant (taken as seven
here [61, 62]) of the FE/PE (same value in both layers), E,
and E, are components of the electric field vector E = (E,,

| weta Py [

PZT 30/70
sTO
- n=7 and 14
L=nA } units
PZT 3070 T a2

STO

Substrate (STO)

Fig. 1 A schematic drawing of the superlattice for which the
computations are carried out. 4 and d are the thickness of the
repeating unit and Pt or pSC, respectively. n is the number of
repeating units and L is the total thickness of the metal/FE/PE/pSC
heterostructure on STO

0, E.) which follow from E, = —0¢/0x and E, = —0¢/0z
and, and P, and P, are the components of the polarization
vector P = (P,, 0, P,). p is the total charge density and
consists of electrons and holes in the FE/PE, pSC in
addition to ionized acceptors that are present only in the
pSC channel:

p=q(—n"+p"—Ny) (5)
where

Ny =Na (exp(W) P 1)1 (6a)
n~ = Nc (exp (W) + 1) / (6b)

pT =Ny [1 - (exp <@%‘;_¢)) + 1>_l] (6¢)

N, is the ionized acceptor density in the pSC, n™ is the
electron density at any given coordinate except the top
metal electrode, p+ is the hole density, Nc is the effective
density of states at the bottom of the conduction band and
Ny is the effective density of states at the top of the valence
band of a given layer (except the top metal), Ec is the
energy of an electron at the bottom of the conduction band,
Ey is the energy of an electron at the top of the valence
band, Ex is the Fermi level, ¢ is the local electrostatic
potential and E, is the ionization energy of the acceptor
atom ‘that is taken with respect to the top of the valence
band, k& is the Boltzmann constant in eV units, and 7 is
temperature in Kelvin. To carry out the calculations
including the band bending in the FE/PE stack, one needs
to know Eg of the metal/FE/PE/pSC structure which is
taken to be that of Pt as the stack will equilibrate with the
Fermi level of Pt upon contact.

The electrostatic BCs for the potential are needed to
obtain solutions to the Eqs. 1-6. The BCs for the electro-
static potential along the thickness of the superlattice is:

$re = ¢psc forz = ni/2, (7)

where 7 is an integer denoting a PE/FE interface and Eq. 7
ensures the continuity of the potential at each interface and

d)metal = ¢pSC =0forz= 07L (8)

Table 1 Band parameters, ionization energies of dopants and linear dielectric values the pSC, nSC, and the FE used in the calculations

E (eV) Nc (m™* E™) Ny (m E™ N (m™) Ex, Ep (eV) Ec, Ey (eV) & (¢ in FE)
pSC —5.1 10% 10% 10% —0.05 —4.05, —5.15 10
FE —5.7 10%* 10%* none none —4.2, -74 7
PE —5.4 10 10%* none none -3.9,7.1 7
m~? B~ is the unit for density of states (E energy unit, eV)
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for short circuiting conditions where we assumed the Pt top
metal electrode behaves ideal (the electric field does not
penetrate into the electrode) and the bottom pSC/Pt elec-
trode is ideal as well. When a bias is applied to the system,
potential in the top metal is raised or lowered depending on
the sign of the bias with respect to the other end of the
stack, i.e., the bottom electrode, which is electrically
grounded at all times. Note that, before considering any
external bias effects, the condition of equality of electro-
chemical potential causing charge transfer between the
layers automatically imposes the presence of a built-in field
in the FE/PE superlattice and a position-dependent deple-
tion charge distribution as a consequence. The electric field
in the FE/PE superlattice satisfies the LGD equations of
state given as:

204 P, + 4oy P P2 + 4ol P3 + 60y P2

W< o'P, P
4P.P* + 8P3P?) 4 2043 PPt — < <
+06112( Ly +8 N .x) + 20023 P; x V aZQ + o2 -
. " . o°p. P
+(1-w) <2oc3 P+ 4osP_P? + 403, P} — «;( 22 T ae ) >PE
=wE, + (1 —w)E;
(9a)

200 P+ 2(20) + o) P2 + 20 P P2 + 6oty P+

w o’p, o°p,
<2a“2[3P5 +3P3P2 4 PP+ 20153 P3P* —y S
X X Z 4 X Z 6Z2 axz

)

FE
. o m ” o*p, o°P,
+(1 —w)<20cl Py +2(20] +fx12)Pj: +20c]3PXP§ —7( o2 + o >>PE

=wE,+ (1 —w)E,

(9b)

Here, w is an arbitrary function we introduce to assign
the coordinates of the FE/PE interfaces and the repeating
unit thickness of the superlattice (1) and determine the total
superlattice thickness. w is valid only in the superlattice as
defined below:

. 27z
Q = sgn(sin—), (10)
A
where z is thickness from the bottom pSC/superlattice
interface to the top superlattice/metal interface (Fig. ).
Using the values of 2 we choose:

FE layer — if Q >0, PE layer — if 2<0, (11a)
and therefore
w=1if Q > 0.and w = 0 otherwise. (11b)

. m m m m m m
In Egs. 9a and 9b; of', of ofy, 055,075, and off are the

renormalized dielectric stiffness coefficients in SI units
given by:
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o 2(Qu + 012) o gy Q02
! : "ostsp : "+ s
(12a)
2
oy = o +ﬁ [(QF) + O%,)s11 — 2011 Q12512
11~ 512
4 2
o33 = o +ﬁ7
11+ 51
(12b)
m 2 2 2 o
offy = oy — 5 [(OF) + O1,)$12 =201 Quosm ]+,
511512 S44
m 201(0n1 +0
o3 = 012 +—12S(” j_ISn 12)
(12¢)
where o = (ZsoC)_l, Q;; and S; are electrostrictive

coefficients and components of the elastic stiffnesses at
constant polarization, respectively, and «;, o;;, and o are
the dielectric stiffness coefficients of bulk PZT. We note
that o, and oy contain the clamping effect of the film, y
is the gradient energy coefficient and is assumed to be
isotropic. for convenience and is taken to be
6 x 107" m3F! [63]. The thermodynamic, elastic, and
electromechanical data used in the calculations are given
in Table 2 [32, 59, 60].

The pseudo-cubic (polarization-free) misfit strain tensor
in PZT is defined as:

Table 2 Bulk thermodynamic, elastic, and electromechanical coef-
ficients of PZT 30/70 and STO

PZT 30/70 STO

a (nm) 0.3950 0.3904
Tc (°C) 440.2 —253
C (10° °C) 1.881 0.8
0;1(m* C?) 0.07887 0.0457
Qpp(m* C?) —0.02480 ~0.013
Qu(m* C72) 0.06356 0.00957
5111072 N m™?) 8.4 3.729
s12(10712 N m™?) —2.7 —0.9088
544(107"2 N m™?) 17.5

a11(10” N m® €™ 0.6458 170

app (108 N m® C™% 5.109 274
oy (108 N m'® C™9) 2.348 -

a2 (108 N m!® €79 10.25 -

a3 (10° N m!® C¢7%) —5.003 -
(107" m* F 6 6
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un O 0
uZ’ =10 uy 0 with
0 0 —2unSi2/(Si2+Sn) (13)

__ 4asto — dpzt
=
asto

where u,, is the in-plane misfit strain which enters Eqgs. 9a,
9b, and 12a, agto is the lattice parameter of the STO
substrate (Fig. 1) and apyr is the pseudo-cubic bulk lattice
parameter of PZT. Since all layers are assumed to be
pseudomorphic, the in-plane misfit u,,, in STO layers in the
superlattice equals 0. The polarization-free misfit strain u,,
in PZT is ~3 % at RT which corresponds to an actual
misfit of ~1 % which ensures that the FE polarization is
along the z-axis.

Periodic BCs are employed along the plane of the
structures for polarization and the electrostatic potential as
well. The polarization BCs at the FE/PE and metal/FE
interfaces can be expressed as:

dp,
{mﬁ ] 0, (142)
dZ z=0,L
dp
P+ P } =0 (14b)
|: dZ z=0,L

with z indicating the coordinates for metal/FE (top) and PE/
pSC (bottom, L = 0) interfaces,  is the extrapolation
length describing the extent of change of P, (P,) along
(perpendicular to) the film normal at the interface and is a
parameter describing how strongly ferroelectricity is sup-
pressed near the electrode interfaces (taken as 3 nm here
based on previous reports [61, 62]. We assume that the
interfaces of the FE and PE layers are “neutral” with
respect to the transition temperature of the interior of the
layers. This means that the surfaces of the FE and PE layers
are assumed to have the same T as bulk of the layers
(f — o0). We do so to focus on the electrode interfaces as
small values of § can complicate the analysis of the results.
Furthermore, such an approach has yielded theoretical
results [64] in very good agreement with experimental
findings [65].

We employ a finite difference discretization in two
dimensions and carry out a Gauss—Seidel iterative scheme
to solve the coupled Eqgs. 1, 4,5, 11, and 14 simultaneously
subject to the BCs provided in Eqs. 11-14. The computa-
tion grid consists.of m x 200 points where m is the number
of nodes along the thickness that vary depending on the
superlattice size considered (298 nodes for both the pSC
and the superlattice and 1 node for top/bottom metal to
specify the potential BCs, making a total of 300 nodes).
The node-to-node distances, namely #, are taken as 0.4 nm,
almost the unit cell size of the pseudo-cubic PZT and STO
and, therefore, mh = nA. We terminate the iteration after

3000 loops that yield a difference of less than 10 C m™>
for polarization between two consecutive steps. To ensure
the correctness of the numerical solutions, we applied our
approach to test cases such as homogeneous FE (f — o0)
with ideal electrodes and FE sandwiched between 2 PE
layers as in [64, 66] where we obtained excellent agree-
ment with analytical solutions (not shown here).

Domain structures and transition temperatures
of superlattices

We first focus on the effect of layer periodicity of the FE/
PE superlattices as this determines the FE/PE transition
temperature and potentially the bias enabling carrier den-
sity control. Anticipating that the carrier density at the
superlattice/pSC interface will be a function of domain
states and the magnitude of the (total) polarization, we start
off with the domain structures of two stacks having the
same total thickness of 105 nm but differing in number of
units, namely n = 7 and 14 with repeating unit thicknesses
A =15 and 7.5 nm, respectively. Polarization maps at RT
are provided in Fig. 2. Each stack has the FE PZT layer as
the first layer in contact with the top metal electrode and
the structures both terminate with the PE STO layer. We
chose to_terminate the stacks with STO as this material
provides a good barrier to leakage currents [67, 68] and has
exceptional polarizability that would potentially allow the
transmission of domain wall-related phenomena in the FE
layer to the pSC interface. We have also analyzed two
different thicknesses for each stack type as we would like
to reveal the field dependence of the carrier density
response at the superlattice/pSC interface. This, however,
did not result in discernible differences in the results for the
“take-off” bias, which is around 0.5 V, as shown in Fig. 3.
This is because the transition temperature and thus the
domain structure of the superlattice do not depend on the
total thickness of the heterostructure but rather on the
repeating unit thickness [66]. We note that the “take-off”
bias might not necessarily correspond to onset of conduc-
tion in the p-type channel as the discrete carrier concen-
trations need to merge to form a continuous carrier sheet at
the FE/pSC interface for the “on” state as we shall show in
the next section. All what is discussed until here will cer-
tainly not be the case if the bias is much larger than what is
used here to demonstrate channel control. Such high fields
and their effects are outside the scope of the present study.

As such, we decided to focus on the domain states and
transition characteristics of the relatively thick (105 nm)
stacks. The 7-unit superlattice with metal top and bottom
pSC electrodes is in a distinct MD state, while the 14-unit
superlattice is either in a weak single domain (SD) or a
very wide domain periodicity MD regime, i.e., the domain
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Fig. 2 RT out-of-plane
polarization maps for 105-nm-
thick PZT/STO superlattices
withan=14andbn=7
repeating units on STO. The
units on the vertical scales are in
C/m?. The polarization in the
superlattice with n = 14 is
considerably smaller than that
of the superlattice with n = 7
due to relatively larger build-in

fields

6
LI ; ; : : ; :

——105 nm 7 units
—&—60 nm 4 units
——60 hm 8 units
——105 nm 14 units

-
[
T

Electron charge density (Clm3)
o
[e;] -l

% 1.5 -1 -0.5 0 0.5 1 1.5 2
Bias on metal (V)

Fig. 3 Bias-dependent carrier density of PZT/STO superlattices as a
function of n and L. The carrier density of the 60 nm stack withn = 8
is identical to that of 105-nm stack with n = 14

size is larger than the lateral grid size in the computations.
It is almost certain that, in the light of prior experiments
and theoretical predictions on such systems [64—66], the
two stacks with different unit thicknesses will have dif-
ferent transition temperatures, which are computed and
plotted as shown in Fig. 4. The transition temperatures of
the two stacks can be found from investigating <|P > vs.
temperature where the departing point of <IP,I> from the
flat background polarization can be taken as the reference
state. The stack with smaller n (14 units) has a FE tran-
sition temperature that is considerably lower than that of
the stack with seven units. This also impacts the domain
stabilities of the two stacks in comparison: the 7-unit
stack is stabilized in the MD state while the 14-unit stack
is apparently in a weak-SD state, where the latter is
probably also favored by the asymmetry in top/bottom
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0
-0.005
-0.01
-0.015
{-0.02
-0.025
-0.03
-0.035
-0.04
-0.045
(€:))
0.2 T r T - . v
—&—<|Pz|> 7 units
g —&—<|Px|> 7 units
—+—<|Px|> 14 units
0.15 —+—<|Pz|> 14 units | |
A
o 01 1
\'4 q .
) v
0.05 1
350 700 750 800 850 900
Temperature (K)

300 400 500 600 700 800 . 900
Temperature (K)

Fig. 4 Temperature-dependent absolute average values of in-plane
<IP,I> and out-of-plane polarizations <|P_I> for 105-nm-thick PZT/
STO superlattices with n = 7 and n = 14 repeating units on STO.
The inset shows small built-in polarization due to the top/bottom
electrode asymmetry. Note that the P, for 14- and 7-unit stacks almost
completely overlap and are hard to distinguish due to their identical
dielectric response far above their respective T¢

interfaces. One should expect the stacks considered here
to behave differently from those similar structures ana-
lyzed in previous studies since these have considered
either ideal symmetrical top/bottom electrodes or infinite
systems (periodic BCs) along the film/heterostructure
thickness [64, 66, 69]. A small but finite built-in polar-
ization due to the top-bottom electrode asymmetry is
expected. This is indeed confirmed as shown in the inset
of Fig. 4. In the case of symmetric top/bottom electrodes,
no such built-in polarization exists as previously shown in
detail in Ref. [69] and our results converge to that of
shown in that paper.
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Carrier density at the superlattice/pSC interface

The bias dependence of the carrier density near the
superlattice/pSC interface is plotted in Fig. 5. We provide
here the results for two stacks with different number of
repeating units. Quite significant carrier density differences
can be obtained at the superlattice/pSC interface within a
small range of bias on the top metal. Carrier density maps
for the 14 unit stack for two bias values of the top metal (0
and 0.8 V) are given in Fig. 6. There is about 11 orders of
magnitude difference in the carrier density at the FE/pSC
interface when stacks of 0 and 0.8 V are considered. This is
in addition to the fact that 0 V bias results in “discrete” or

—e—14 unit stack
=7 unit stack

Electron charge density (C m'3)

0.8+
0.6}
0.4+
0.2+
0 5
2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Bias on metal (V)
(b) 1010

Electron charge density (C m'3)

-2 -1.5 -1 -0.5 0 0.5 1 15 2

Bias on metal (V)

Fig. 5 Gate bias dependence of the electron charge density near the
pSC/PZT interface for a 120-nm-thick pSC/PZT/STO heterostructure
with n = 7 and 14 units. The same data are plotted on a linear and
b logarithmic scales. The fluctuations of electron charge density at
gate bias smaller than —1.25 V are due to the fact that numerical
approach computer precision is not of physical origin

“discontinuous” sheet-like carrier density compared to
0.8 V bias where there is a formation of a continuous film
of carriers. Curves similar to what is provided in Fig. 5 for
the positive gate voltages on the metal but for drain cur-
rents have been reported previously for other FE systems
such as single layer SrBi,Ta,Oq (SBT) [70]. Here, we are
able to analyze the shape of such curves in the relatively
simpler model systems in connection with the domain
states and the transition temperatures.

An important outcome of our results is the relatively low
bias values on the gate under which significant carrier
densities can form on the pSC side of the superlattice/pSC
interface. Particularly, the case of 14 units can reduce the
necessary gate voltage to induce significant variations in
pSC minority carrier densities, i.e., electrons, near the
interface. Having stated that the polarization magnitude of
the FE layers drives the accumulation of carriers, one also
needs to consider the ease with which the domain walls
move in response to an applied bias. The stack with the
lower T¢ should be expected to be “softer,” i.e., should
have relatively higher domain wall mobility, leading to a
higher effective dielectric response.

It is-clear from Eqgs. 7, 8, 14 that polarization gradients
determine the local electrostatic potential. As such, this is a
non-linear problem, which makes it difficult to provide
quantitative solutions. Nonetheless, we can attempt to
analyze the amount of band bending near the FE/pSC
interface and comment on the different extents of carrier
accumulation near that interface in the two stacks to shed
light on the effect of T and thus the polarization strength.
In Figs. 7, 8, 9, we plot the flat-band energy diagrams that
are calculated by imposing the electrostatic potential on the
band energies of each materials system. We must point out
that results will differ for domains with polarization along
the positive and negative z-axis. Furthermore, electrical
BCs such as the presence or absence of a bias voltage at the
top electrode should affect the internal potential and,
therefore, the flat-band diagram. The zero bias band
bending, particularly in the seven unit stack, is reminiscent
of multilayers/superlattices of polar semiconductors such
as InN/GaN or GaN/AIN [71-73]. The difference here is
that the bending is due to the presence of a FE polarization
that is switchable (Fig. 7a) compared to the un-switchable
ionic plus piezoelectric polarization in compound polar
semiconductors. In the MD state, the bands in the positive
and negative domains will have opposite slopes. Applica-
tion of a positive bias to the top metal pulls down the
potential values, the STO layer becomes polarized, mini-
mizing the polarization mismatch at the interlayer inter-
faces. This causes the potential profile of the bands to
flatten as shown in the 7-unit stack (Fig. 7b). The zero bias
band profile is rather smooth in the 14 unit stack as the
polarization in the layers is almost constant due to a SD-
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Fig. 6 RT carrier density map
of 120-nm-thick pSC/PZT/STO
heterostructure for a 0 V and

b 0.8 V bias. For the stack with
0.8 V bias, the carrier density at
the pSC/FE interface is more
than 11 orders of magnitude
higher than the stack with 0 V
bias

metal

p-type semiconductor

like state (Fig. 8a) and a polarization with low but almost
equal magnitude in the layers. A bias as small as 0.8 V can
shift the entire band structure due to an almost constant
polarization profile (please see Fig. 2a) owing to the high
polarizability of the STO layers and that the stack is not far
from Tc. A rather steep band bending, on the other hand,
occurs on the pSC side as the superlattice polarization
makes a jump whose bound charges can only be partially
screened by the pSC (Fig. 8b). Apparently, a constant but
small polarization termination near the superlattice/pSC
interface has a stronger influence on the band bending in
the pSC with respect to a MD state terminating at the same
interface where the latter has an alternating. sign of
potential. Thus, the multilayer heterostructure with lower
Curie temperature is more susceptible to becoming a SD
state system, particularly in the presence of asymmetric
top/bottom interfaces, favoring the ‘behavior in Fig. 4.
Keeping in mind that the slope of the band slope from the
pSC side will determine the electron accumulation, we
focus on the pSC/FE interfaces given in Fig. 8a, b. Indeed,
Fig. 9 reveals that the amount of band bending in the pSC
layer interfacing a 7-unit or a 14-unit stack is markedly
different. The band diagram of the 14-unit superlattice has
a relatively steeper slope and hence a higher accumulation
of carriers. Such an occurrence originates from the softness
of the polarization in the latter according to our results.
Therefore, one can expect that a wide domain structure, or
even a possibly weak-SD state near the transition temper-
ature to generate significant carrier density differences in
the pSC channel for on/off states owing to the suscepti-
bility ‘of polarization to applied bias. One can eventually
expect that a SD state will lead to stronger band bending
than an MD state where the latter has an electrostatic

@ Springer

x10%

(z-w) Ayisusp uonoss|g

p-type semiconductor

potential alternating in sign. Note that the temperature at
which P, changes its slope due to the appearance of P, in
the 14-unit stack is almost equal to RT. High dielectric
response in this regime was shown previously [69]. How-
ever, due to the highly non-linear dependence of the
dielectric constant on applied field in such structures and
considering their high sensitivity to electrode interfaces, we
realize such reasoning requires further detailed analysis
that we leave to a future study. While a FET or MOSFET-
type device can benefit from a FE/PE superlattice gate for
channel control at relatively low bias values relative to
linear ordinary dielectrics, a wide MD or a weak-SD state
in the superlattice, occurring when the ambient operation
temperature is not far from Tc, leads to a higher domain
wall mobility under smaller fields and can allow more
effective control of carrier densities in the pSC channel.

Summary and outlook

In this article, we theoretically analyzed the electrical
properties and suitability of FE/PE superlattices when used
as a gate material interfacing a p-type SC. We specifically
study a PZT/STO FE/PE superlattice sandwiched between
pSC and Pt electrodes. We calculate the electrical domain
structure as a function of repeating PZT/STO units and
provide numerical results of the overall polarization as a
function of temperature and the charge concentration
variation with gate voltage. Our results show that a MD
state inevitably forms in superlattices consisting of rela-
tively thick layers. This is in accordance with previous
studies [39, 54, 64, 66, 74]. We also find that superlattices
made up of relatively thinner layers may have a tendency

Journal : Large 10853
Article No. : 9301

-
>

MS Code : JMSC-D-15-03518

Dispatch :  29-7-2015 Pages : 12
O LE O TYPESET
¥ cp o DIsK

494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509

510

511
512
513
514
515
516
517
518
519
520
521
522
523



Author Proof

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

J Mater Sci

(a)3

4l J

Energy (eV)

% 20 20 60 80 100 120
Coordinate along thickness (hm)
(b) 2
4} ]

Energy (eV)

-9 L L L L

0 20 40 60 80 100 120
Coordinate along thickness (nm)

Fig. 7 Flat-band energy diagrams along z-direction for 120 nm-thick
pSC/PZT/STO heterostructure under a zero and b 0.8 V bias on STO.
The thickness of PZT/STO superlattice stack is 105 nm with n = 7
units. The highlighted region shows the pSC/superlattice interface
that separates the pSC (left side) from the superlattice stack (right
side)

to exist in a MD state that consists of domains with a
relatively large domain periodicity. These thinner super-
lattices may also be in a simple single-domain state but the
formation of the monodomain state is accompanied by a
reduction in the FE phase transformation temperature. Our
calculations indicate that there is a significant difference
between the electron density and the bias voltage for
monodomain and MD superlattices. The stacks with thin-
ner units display a more rapid bias-driven increase in
electron density in the superlattice/pSC interface compared
to the stacks with thicker repeating units. We explain this
observation with the clearly different transition tempera-
tures of the two stacks and different domain structures. The
“softness” of the polarization in the stack with the lower
transition temperature has a strong impact on the band

Energy (eV)

-8t e
— Ec
— Ev
% 20 40 60 80 00 120
Coordinate along thickness (nm)
(b)-3
-4t o

Energy (eV)

9 1 1 1 1

0 20 40 60 80 100 120
Coordinate along thickness (hnm)

Fig. 8 Flat-band energy diagrams along z-direction for 120-nm-thick
pSC/PZT/STO heterostructure with a zero and b 0.8 V bias on STO.
The thickness of PZT/STO superlattice stack is 105 nm with n = 14
units. The highlighted region shows the pSC/superlattice interface
that separates the pSC (left side) from the superlattice stack (right
side)

bending. Our findings indicate that FE superlattices in the
MD state can potentially be used as gates in FET/MOS-
FET-type architectures. The computations show that dis-
tinct on/off states of the SC channel are possible for gate
bias voltages below 1 V.

We note that typically a high dielectric constant is
required in the applications discussed herein—as gate
materials enabling low power switching. However, in the
off state, the gate itself should not store charge unless the
gate is to act only as a switch and not a memory. Fur-
thermore, D (or P)-E hysteresis is another phenomena that
would generate losses and should be avoided as well, and
the MD state that forms in superlattices actually provides
the means to obtain non-hysteretic channel control. The
materials systems we consider here could have a linear
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Fig. 9 Flat-band energy diagrams along z-direction (from 0 to
20 nm) for 120-nm-thick pSC/PZT/STO heterostructure with n = 7
and 14 units on STO at 0.8 V bias. The band banding near the
pSC/superlattice interface (highlighted region) can clearly be seen for
both heterostructures

large effective dielectric response but we do not expect
hysteretic losses associated with total polarization switch-
ing. Current leakage due to the presence of charged defects
is another issue that factors into the device performance.
The materials systems discussed here have excellent on/off
switching properties and allow for additional functionali-
ties such as a tunable dielectric constant. Taking into
account the additional parameters that factor into device
design such as dielectric loss and leakage, a materials
genomics type of optimization [75] could be useful to
explore the full potential of FE superlattices in FET/
MOSFET type of applications.
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