
 

 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

p s s
current topics in solid state physics

c

st
at

u
s

so
li

d
i

www.pss-c.comp
h

ys
ic

aPhys. Status Solidi C 10, No. 11, 1469–1472 (2013) / DOI 10.1002/pssc.201300280  

On the possibility  
of sub-60 mV/decade subthreshold switching  
in piezoelectric gate barrier transistors 
Raj K. Jana*, Gregory L. Snider, and Debdeep Jena 

Department of Electrical Engineering, University of Notre Dame, Notre Dame, IN 46556, USA 
  
Received 23 June 2013, revised 25 July 2013, accepted 26 August 2013 
Published online 2 October 2013 
Keywords electrostriction, negative differential capacitance, surface potential, subthreshold slope
                               
* Corresponding author: e-mail rjana1@nd.edu 
 

A novel method for the reduction of subthreshold slope 
below the room-temperature Boltzmann limit of 60 
mV/dec for a field-effect transistor based on negative dif-
ferential capacitance is proposed. This effect uses electric 
field induced electrostriction of a piezoelectric gate bar-

rier of the transistor. The mechanism amplifies the inter-
nal surface potential over the applied gate voltage. This 
internal voltage gain mechanism provides an opportunity 
for steep subthreshold slope switching below 60 
mV/decade of the transistor current. 
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1 Introduction The demand for integrated circuits in 
portable electronic applications requires energy-efficient 
low-power transistors. Scaling of field-effect transistors 
(FETs) has improved the device performance as measured 
by the switching speed and power consumption.  It has sus-
tained higher packing densities in integrated circuits (ICs) 
for many decades. Further scaling of transistor technology 
is increasingly stalled by the heat generated in logic 
switching, and the resulting high power dissipation density 
in ICs [1, 2]. 

The root of this problem lies in the inability to reduce 
the operating voltage of transistors. The operating voltage 
has not scaled in direct proportion with the feature size be-
cause of the need to maintain a minimal on/off ratio of the 
current of the transistor [1, 2]. The subthreshold slope (SS), 
expressed in mV/decade is the gate voltage required to 
change the drain current by an order of magnitude [2-4]. 
This is limited to SS=kTln(10)~60 mV/dec at room tem-
perature in a traditional FET [3]. Thus, to clearly distin-
guish between the on and off states in a logic operation, a 
few orders of magnitude is required, which sets a mini-
mum voltage requirement. If a means to lower the operat-
ing voltage is found while still allowing a large on/off ratio, 
the energy dissipation can be reduced. 

A possible approach suggested that it might be possible 
to realize a negative differential capacitance (NDC) using a 
ferroelectric material as a gate insulator of a FET [4]. How 
does this change to the conventional passive gate insulator 

achieve a sub-60 mV/decade SS? A ferroelectric material 
has a regime of charge-vs-voltage behavior that when con-
verted to a capacitance-vs-voltage curve, exhibits a nega-
tive differential capacitance (NDC). The physical origin of 
this behavior is the internal polarization in the ferroelectric. 
The collective alignment of the microscopic electric di-
poles can amplify the gate potential that makes across the 
layer to the semiconductor channel.  In circuit terms, this 
acts as a negative capacitance, which in series with the 
semiconductor capacitance leads to a larger capacitance  
[4]. A larger capacitance leads to a lower voltage require-
ment to create the same charge than a conventional FET 
with passive gate dielectrics. By implementing the nega-
tive differential capacitance in the gate region of an FET, it 
is then possible to amplify the internal channel potential, 
\s (i.e. surface potential) induced by the applied gate volt-
age, Vg. This results in a reduction of subthreshold slope 
(SS) factor, / 1,g sm V \= w w < and hence the subthreshold 
slope (SS=m × 60 mV/dec) can be lowered than 60 
mV/dec [4]. This was the basis of the proposal for ferro-
electric gate dielectrics. A natural question is – are other 
active dielectric properties feasible for achieving NDC? 
    In this paper, we propose a novel method for realizing 
NDC by using a piezoelectric gate dielectric. A piezoelec-
tric gate dielectric is technologically available today in III 
Nitride and ZnO-based heterostructure transistors, and will 
only become more available with the increasing interest in 
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oxide heterostructures. How will a piezoelectric gate dielec-
tric lead to a NDC?  

Electrostriction is an electric field-induced reduction in 
the thickness of a dielectric – it is well studied, and robust. 
A brief description of the process is provided. The electro-
static attractive force between the opposite charges at the 
surfaces of a piezoelectric layer induces a compressive 
stress in the layer. Note that this property exists in a non-
piezoelectric dielectric too, in a piezoelectric layer this 
strength is significantly amplified. The Coulomb attraction 
between the charges reduces the thickness of a layer and the 
strain creates more charge. This sets up a positive feedback 
between the thickness and the electric field through the 
change of polarization. This mechanism is responsible for 
the NDC in the piezoelectric layer. In the rest of this work, 
we quantify this qualitative idea in the III-nitride AlN/GaN 
heterostructure platform. 

 
Figure 1 (a) Schematic of a piezoelectric (III-nitride) AlN layer, 
connected to two metallic contacts, (b) cross section of a GaN 
channel transistor with a piezoelectric gate insulator, (c) equivalent 
capacitive circuit model of the transistor where CPE is a negative 
differential capacitance in the thin PE layer (tPE < 5 nm), and Csc is 
the semiconductor capacitance in the channel. 

2 Device structure and negative differential  
capacitance (NDC) 
Figure 1(a) depicts the schematic cross section of a piezo-
electric AlN layer connected to two metallic electrodes. A 
voltage V is applied across this layer. The electrostatic force 
from the opposite charges at the surfaces of layer induces a 
compressive stress, reducing its thickness. Since the voltage 
is clamped, the internal electric field is amplified because 
the thickness is lower. The compressive stress along the 
thickness direction of the layer can be expressed as a quad-
ratic relation of internal electric field or polarization [5-7, 
10]. Based on the electromechanical coupling, the free en-
ergy density of the layer is [8, 9], 

ext1 1
2 2 ,ijkl ij kl ij i j ij k i jk i iH C E E e E E Pg g e g= - - -      (1)   

where Cijkl is the elastic constant in tensor form, ije is the 
dielectric constant, eijk is the piezoelectric constant of the 
material, and Ȗij and Ȗjk are the strain components. Ei and Ej 
are the internal electric field in the layer, and Pi (in units of 
C/m2) is the polarization due to the field-induced deforma-
tion in the piezoelectric layer. The indices i, j, k, and l run 
over the Cartesian coordinates x, y, and z. The first term in 
Eq. (1) is the internal stored elastic potential energy. The 

second and third terms are the electrostatic and electrome-
chanical coupling energy terms due to internal electric 
fields and strain respectively. The fourth term is due to the 
energy contribution from the interaction of the external 
electric field ext

iE  and the internal polarization Pi in the 
material. Using the Voigt notation [10], we expand Eq. (1) 
along the thickness direction i.e. in the out-of plane z-
direction [0001] direction of the wurtzite crystal, the change 
in the internal energy density in an isotropic piezoelectric 
material is 

2 21 1
33 33 33 33 33 ext2 2 ,z z zH C E e E E Pg e g= - - -   (2) 

where e33 is the piezoelectric coefficient of the material 
along the z-direction, C33 and 33e  are the elastic and dielec- 
tric constant of the piezoelectric material along the  
z-direction. Considering the electrostatic force in the z-
direction, the compressive strain is then Ȗzz= -Pz

2/(C33 33e ) 
[9], where the polarization Pz is related to the internal elec-
tric field Ez by Ez= Pz / 33e . By substituting these relations 
into Eq. (2) and evaluating, the free energy density change 
in Eq. (2) due to external electric field, Eext = V/tPE be-
comes 

34 2
33

ext2 2
33 33 33 33 33

1 1 .
2 2

zz z
PE z

e PP PH E P
C Ce e e

= - - -       (3) 

To calculate the polarization-induced charge density  
Pz ~ ɐ� at the interface between the barrier and the semi-
conductor, the free energy density should be minimized 
with respect to Pz in Eq. (3) in order to stabilize the whole 
system. By using the condition dHPE/dPz = 0, and substitut-
ing Eext=V/tPE in Eq. (3), the equation for charge density 
(Pz ~ ɐ�) is evaluated to 

3 233
2 2

33 33 33 33 33

32 0.PEPE PE
P P P

e tt t V
C C

s s s
e e e

Ê ˆ Ê ˆ Ê ˆ¹ + ¹ - ¹ - =Á ˜ Á ˜ Á ˜Ë ¯ Ë ¯ Ë ¯
    (4) 

The capacitance of the piezoelectric layer is CPE=d Ps /dV, 
where the charge density Ps  is obtained by solving the 
nonlinear Eq. (4). To obtain the sheet charge density at in-
terface, we choose the AlN material parameters C33 = 373 
GPa and 33e  = 9 0e  with 0e  = 8.85 × 10-12 F/m, e33 =1.55 
C/m2 [11]. The capacitance per unit area is plotted with the 
applied voltage V in Fig. 2. At V=0 V, the capacitance of 
the piezoelectric layer is then the geometric capacitance 
Cgeo = 33e /tPE = (9× 8.85×10-12)/(1×10-9) = 0.0796 F/m2 for 
tPE =1 nm. The calculated result highlights the intuitive 
picture: it shows a negative differential capacitance, as the 
capacitance of the piezoelectric layer decreases with in-
creasing applied voltage. This NDC behavior in piezoelec-
tric AlN has already been observed in experiments (see Ref. 
[12]).  
Can we use this effect for steep subthreshold slope transis-
tor design? In the following section, we investigate the use 
of the thin piezoelectric layer as the active gate barrier of 
the transistor and show an amplified surface potential and a 
steep subthreshold slope. 
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3 Surface potential and steep subthreshold slope 

Figures 1(b) and (c) illustrate the cross section of the FET 
with the piezoelectric gate, and the equivalent capacitive 
circuit for calculation of surface potential ȥs for the transis-
tor. The capacitive circuit consists of a series connection of 
the barrier capacitance CPE in the piezoelectric layer, and 
the semiconductor capacitance Csc in the channel. For this 
series connection, the total charge density ıP induced in the 
semiconductor channel can be written as ıP = Cscȥs, where 
ȥs appears across the semiconductor channel with capaci-
tance Csc [4]. The rest of the voltage, Vgp í ȥs, appears 
across the piezoelectric barrier layer, AlN. Here, Vgp is the 
effective gate voltage (Vgs í Vp), with Vp is the pinch-off or 
the threshold voltage of the transistor [13]. By substituting 
ıP = Cscȥs and V = Vgp í ȥs in Eq. (4), the surface potential 
at the semiconductor channel is expressed in the following 
non-linear equation: 

3 2
3 233

2 2
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  (5) 

 
Figure 2 The calculated capacitance of the nanoscale 
piezoelectric layer (AlN) as a function of an applied voltage 
between two metallic contacts, for the thickness of the layer, tPE 
=1 nm and 5 nm. Inset of figure shows a rescaled plot of the 
negative differential capacitance (NDC) for tPE=1 nm. 

The surface potential is calculated by solving Eq. (5) with 
the material parameters for AlN and GaN, and is plotted as 
a function of effective gate voltage Vgp, in Fig. 3. The result 
shows the amplification of the surface potential relative to 
the applied gate voltage (i.e. ¨ȥs > ¨Vgp) due to NDC gate 
barrier integrated with the conducting channel of the semi-
conductor. A value of Csc = 0.01 F/m2 is used to show the 
internal voltage gain for tPE = 1 nm in Fig. 3. The value of 
Csc used here is 10X lower than the extracted value from 

experimental results [4]. For a GaN channel, the total semi-
conductor capacitance Csc is a series connection of the 
quantum and 2DEG centroid capacitance. The quantum ca-
pacitance Cq = q2×m*/(ʌʄ2) = 0.13 F/m2. The 2DEG cen-
troid capacitance Ccent = 33e /<tcent>, where <tcent> is the 
centroid of the 2DEG penetration in the GaN channel from 
the interface ~ 1-3 nm [14, 15]. So, Ccent = 0.025 F/m2. The 
semiconductor capacitance is then Csc = CqCcent/(Cq + Ccent) 
= 0.03 F/m2.  
 

 
Figure 3 Amplified surface potential as a function of an 
effective gate voltage of the transistor. Inset of figure shows the 
body slope factor, m < 1, results in a steep subthreshold slope  
(SS < 60 mV/dec). 

We also calculate the body factor, m, using Eq. (5) as 
shown in the inset of Fig. 3. Based on the m < 1, the sub-
threshold slope is reduced below 60 mV/dec using the rela-
tion SS = mh 60 mV/dec for FETs.   
   Here we discuss the impact of hysteresis in the device 
performance for the piezoelectric gate barrier transistor. 
The impact of hysteresis in the device performance using 
piezoelectric AlN gate barrier of the FET is negligible, 
since hysteresis is not present in a thin single crystal piezo-
electric layer. The absence of hysteresis has been observed 
in many AlN/GaN high-electron-mobility transistors 
(HEMTs) already. The AlN gate barrier used in III-nitride 
GaN HEMTs is an epitaxially grown single crystal polar pi-
ezoelectric layer. Any hysteresis observed in piezoelectric 
materials result from defects, or polycrystalline domains. 
Hysteresis occurs in the polarization-vs.-electric field (P-E) 
in ferroelectrics and in the magnetization-vs.-magnetic field 
(M-H) characteristics in ferromagnets due to the formation 
of domains. This is a necessary consequence of the thermo-
dynamics driven phase transition in such materials. There is 
no such driving force in piezoelectric materials: the strain is 
zero when the applied electric field is zero and thus the pie-
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zoelectric polarization-induced charge is zero at zero elec-
tric field.  
  We also discuss the effect of gate leakage current in thin 
gate barrier of the transistor. A thin gate barrier layer can 
result in large gate leakage currents. But AlN has a large 
bandgap of 6.2 eV, a dielectric constant of ~9, and a high 
breakdown field of > 10 MV/cm [11]. Thicker gate barriers 
of wider bandgap materials prevent gate leakage. Regarding 
thin AlN barriers, 1 nm thin AlN barriers have already been 
used in the fastest enhancement-mode (E-Mode) HEMTs. 
Experimentally, high on/off current ratios of ~107 and a 
very low leakage current Ig ~ 10-7 A/mm in E-Mode GaN 
HEMT with 1 nm AlN gate barriers have been demon-
strated [16]. Also using 1 nm AlN barrier, the equivalent 
oxide thickness (EOT) is EOT = tPE × (İSiO2 /İAlN) = (1 nm) 
× (3.9/9) = 0.43 nm, which allows for excellent electrostatic 
control and scaling. The gate leakage current is typically 
exacerbated in ultrathin AlN/GaN HEMTs at very high 
drain voltages. However, since the NDC steep slope FET is 
suitable for low power switching applications, the operating 
drain voltage is expected to be < 1.0 V. Therefore, a ~1 nm 
thick barrier is sufficient for this operation regime.  
  Based on this study, it is feasible to attain sub-60 
mV/decade using NDC in piezoelectric gated FETs. A more 
extensive publication will elaborate on the transistor device 
characteristics, its performance limitations, as well as bene-
fits. 
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