
�Abstract—A circuit simulation model of a MOS capacitor with 
high-k HfO2–Ta2O5 mixed layer is developed and coded in 
Verilog-A hardware description language. Model equations are 
based on the BSIM3v3 model core. Capacitance-voltage (C–V) 
and current-voltage (I–V) characteristics are simulated in 
Spectre circuit simulator within Cadence CAD system and 
validated against experimental measurements of the HfO2–Ta2O5 
stack structure. 
 

Index Terms—Device modeling, compact models, circuit 
simulation, high-k gate dielectric, Verilog-A, Spectre 

I. INTRODUCTION 
EVICE modeling is a key milestone to efficiently 
achieving the analog design objectives. The demand for 

efficient circuit simulation models is increasing due to two 
ongoing developments: the technology scaling into nano-
regime and system integration with many different functions 
on a single chip [1]. The linear scaling of classical bulk Si 
CMOS transistors approaches its physical limits and it will be 
possible in the future only if new materials are introduced in 
CMOS device structures or if new device architectures are 
implemented. Innovations in the electronics industry have 
been possible because of the strong correlation between 
devices and materials research [2]. The requirement for low 
voltage, low power and high performance are the major 
challenges for the engineering of sub-32-nm gate length 
CMOS devices [3]. 

To maintain a proper control of the drain current flow in 
nanoscale CMOS devices, the thickness of SiO2, which is the 
conventional gate dielectric material in the last four decades, 
is now pushed towards its technological limit of 1 nm and 
theoretical limit of about 0.7 nm. Further device downsizing 
following Moore’s law would require even thinner gate 
dielectric films [4], [5]. This can only be achieved by using 
materials with high dielectric constant (high-k) to replace the 
conventional SiO2. The introduction of high-k materials 
resolves the constraint of downsizing the oxide thickness and 
has been recognized as an effective technological option to 
boost the performance of state-of-the-art integrated circuit 
technology. The emerging nanoelectronic transistors will rely 
on non-silicon high-k gate materials with target effective oxide 
thickness (���) of less than 1 nm (in the 65 nm technology 
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node with channel length of 32 nm, the thickness of SiO2 is �� 
0.9 nm) to advance beyond the sub-32-nm regime [2], [4], [6]. 

By using dielectric with higher k value, a larger value of 
gate capacitance can be achieved with a physically thicker 
film. With reference to the same capacitance value as 
implemented using silicon dioxide, the effective thickness of 
high-k dielectric film is reduced by a factor of kox / khigh-k 
(where kox and khigh-k are the dielectric constant of silicon oxide 
and high-k material, respectively). That is the idea of 
equivalent oxide thickness (���) which is defined as:  

��� � ����	
�	�
 �	
�	�
 

where thigh-k is the physical thickness of high-k dielectric 
material. 

There are many alternative high-k materials being 
investigated. Most promising candidates are the multi-
component gate dielectrics based on a variety of metal oxides; 
ionic metal oxides, having highly polarized metal-oxygen 
bonds, would have even larger k values than the covalent 
dielectric materials. To date, Ta2O5 is one of the best high-k 
dielectric candidates for storage capacitors of nanoscale 
dynamic random access memories (DRAMs) while HfO2 
appears to be the respective candidate for nano-MOSFETs [6], 
[7], [8]. Hf-based materials, such hafnium silicates and 
hafnium aluminates, have been considered as the most 
promising materials and have already been used in the state-
of-the-art CMOS technology. An example for the benefit of 
using high-k material is the Intel Core 2 family of processors 
fabricated by 45 nm hafnium-based CMOS technology. 

To assist technology development the most important 
modeling issue is to ensure sufficient simulation accuracy and 
applicability for any technology. For achieving this task it is 
essential to maintain a physically correct modeling of the real 
technological origins of the effects in new device structures.  

Compact device models are usually coded in circuit 
simulators using general-purpose languages. Accordingly, 
they are targeted specifically to the interface and internal data 
structures of their host simulator, and hence are inherently 
non-portable. In this context modification and optimization of 
a given model becomes a time-consuming and error-prone 
task. An effective approach to overcome this gap between 
model development and its subsequent implementation in 
CAD tools is to formulate open source code models in analog 
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hardware description languages (HDLs) such as Verilog-
A/AMS or VHDL-AMS. In the recent years Verilog-A has 
become increasingly viewed as efficient instrument for 
compact modeling purposes [9]. 

This paper presents a compact model for circuit simulation 
of the high-k MOS capacitor with HfO2–Ta2O5 mixed layer 
structure from [10]. The electrical characteristics prove that 
the multicomponent structure composed of HfO2–Ta2O5 mixed 
layer deposited on Si performs as high-k layer in terms of 
permittivity, allowable level of leakage current, and 
appropriate oxide interface properties [10]. The compact 
model is coded in Verilog-A HDL based on the BSIM3v3 
model equations. Capacitance-voltage (C–V) and current-
voltage (I–V) characteristics are compared to the measure-
ments to validate the model. 

II. DEVICE FABRICATION AND CHARACTERIZATION 
The modeled MOS capacitor structures are fabricated on 

chemically cleaned p-type (100) 15 �cm Si wafers used as 
substrates. The HfO2 layer with two thicknesses of 5 and 7 nm 
is deposited by RF sputtering of Hf target in Ar + 10% O2 
atmosphere on top of RF sputtered Ta2O5 with the same 
thicknesses. The wafer temperature is maintained at 200 �C 
during the deposition of the two types of films; the working 
gas pressure is 0.33 Pa and RF power density is 3.6 W/cm2; Ta 
and Hf targets both with a purity of 99.99 % are used. The 
total film thickness, d and the refractive index, n are measured 
by ellipsometry (� = 632.8 nm); the physical thickness of the 
stacked films is 10 and 15 nm. Relatively large layer 
thicknesses are intentionally used in order to minimize the 
very small thickness-related effects and to study the effect of 
layers intermixing itself. According to X-ray diffraction 
analysis both types of films the pure Ta2O5 and the HfO2–
Ta2O5 are amorphous [10].  

The test structures for electrical measurements are MIS 
capacitors with a back side electrode of ~ 300 nm evaporated 
Al. The capacitors are electrically characterized by means of 
C–V (Fig. 1) and I–V (Fig. 2) curves. The effective dielectric 
constant �eff of the films is determined from the capacitance C0 
at an accumulation using ellipsometrically measured values of 
d. The oxide charge Qf is evaluated from the C–V curves. The 
I–V curves are recorded at both polarities with a voltage ramp 
rate of 0.1 V/s, using Keithley 236 source measurement unit. 
Temperature dependent (20 – 100 �C) I–V measurements are 
performed in order to obtain a deeper insight into the 
conduction mechanisms governing the current through the 
structures as well as the energy location of traps participating 
in these processes. All measurements are carried out in a dark 
chamber [10]. 

The C-V measurements are given in Fig. 1. Frequency range 
of 50 kHz ÷ 100 kHz is selected in order to minimize the 
effects of the equivalent series-parallel circuit – at lower 
frequencies the role of the parallel shunting resistance is 
increasing while at higher frequencies the series substrate 
resistance is becoming an important factor [11]. 

 
Fig. 1.  C–V characteristics measured at 50 kHz, 100 kHz, and 1 MHz. 

 
Fig. 2.  I-V characteristics measured with Keithley 236 across 10 nm and 15 
nm HfO2-Ta2O5 capacitor stacks. 

III. MODEL FORMULATION AND PARAMETER EXTRACTION 

A. Modeling C–V Characteristics 
To adjust the model all parameters they need to be properly 

extracted from measurement data. The designed model has the 
typical capacitor input parameters – gate area, dielectric thick-
ness, and substrate type of conductivity (p- or n-doped) which 
are further customized in the schematics. Other important 
parameters for the component performance are permittivity, 
substrate doping concentration, and flat band voltage. The 
effective permittivity is analyzed in [10] where it is extracted 
�eff � 9 from the 100 kHz C–V curve. The methodology, 
described in [12], provides an easy way for calculation of the 
doping concentration and the flat band voltage. 

The substrate doping concentration (NSUB) is related to the 
slope of the 1/C2 curve versus the VG bias voltage [12] which 
is shown on Fig. 3. 

Therefore it can be directly extracted and calculated as 
follows [12]: 

                            ���� � � ���
�� ���� ���  �!" #$  (1) 

where q – electron charge (1.60219×10–19 C), A – gate area (in 
cm2), �Si – substrate permittivity (1.305×10–12 F/cm for Si). 
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Fig. 3 shows the extraction of slope after the onset of 
depletion based on which the substrate doping concentration 
was calculated on NSUB = 1.25×1015 cm–3. 

 
Fig. 3.  Curve of 1/C2 vs. VG at frequency of 50 kHz. The typical increasing 
slope after the onset of depletion is observed. 

The flat band voltage and the doping concentration profile 
were not directly extracted from measurements due to the low 
accuracy of the method for bigger values of the interface trap 
density (0.5 ÷ 1×1012 cm–2eV–1 according to [10]). These 
parameters were fitted in the model according to the 
measurements. 

 

B. Model Equations 
The modeled high-k dielectric structure might be considered 

as an upgrade to the state-of-the-art CMOS technology for 
which the BSIM3v3 model provides one of the most advanced 
approximations to device physics. Therefore the equations for 
simulating the C–V characteristics are based on BSIM3v3 
equations which allow relatively easy applicability across 
different technologies. The existing standard BSIM3v3 
MOSFET in the design kit can be simulated as MOS capacitor 
if the source, bulk, and drain are connected as shown on the 
schematics of Fig. 4. 

 

 
Fig. 4.  Bench circuit for simulation of C-V characteristics of capacitor-
connected MOSFET. 

In Fig. 4 the MOS transistor is n-channel with default 
parameters for the S35D3 technology of the 0.35-�m CMOS 
design kit of AMS. V0 is a sinusoidal voltage source with fixed 
amplitude of 10 mV and DC voltage sweep between –5 V ÷ 
+5 V. The C–V characteristics are simulated in AC mode by 
plotting the capacitance as a calculation based on the 
amplitude of the current through the gate node for a frequency 
of 50 kHz. The simulation of the C–V characteristics is shown 
on Fig. 5: 

 

 
Fig. 5.  C-V characteristics simulated by the capacitor-connected MOSFET 
model. The onset of strong inversion is observed after threshold voltage. 

That graph shows onset of strong inversion after the 
threshold voltage because of the dominant impact of the doped 
source and drain regions. This is not the case with the 
analyzed HfO2-Ta2O5 capacitor stacks because it has no drain 
and source. Therefore a modification of the BSIM3v3 
equations is required. The portion of the Verilog-A code, 
which describes the intrinsic capacitance, was extracted, 
simplified, and embedded in a two-node component operating 
as capacitor in the C–V simulation circuit. 

The intrinsic capacitance equation is a sum of three charge 
types – the channel majority accumulation charge (Qac0), the 
channel minority inversion charge (Qinv), and the substrate 
fixed charge (Qsub0): 

                           %&'() � %*+, - %'./ - %012/ (2) 

The charge Qinv can be omitted because it has dominant 
contribution after onset of inversion [13]. It describes the rapid 
exponential increase of minority carriers density which is 
dominating the slower increase of the depletion layer charge; 
this results in capacitance jump-up after the threshold voltage. 
The measurements show that the C–V slope is almost flat in 
strong inversion (Fig. 1) because the minority carriers 
contribute no capacitance and they screen further increase of 
the depletion width [12], [14]. 
The channel majority accumulation charge (Qac0) has 
dominant influence on the accumulation and depletion regions 
while in inversion the substrate fixed charge (Qsub0) is with 
bigger impact. Therefore the model for the C–V curve can be 
split in two parts – description of accumulation and depletion 
regions by the parameter Qac0 and description of inversion 
region by the parameter Qsub0. 
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The charge Qac0 is given in [12] by the following equations: 
 
                          %'./ � 345��)66789�)66 : 89�; (3) 
 
where VFB

eff is the effective flat-band voltage which smoothens 
the transition between accumulation and depletion [13]. It is 
calculated by: 
 

   89�)66 �
<=>
=?89� : @AB C8D - E8D� - FGDH�89�I J
KJJ89� L @
89� : @AB C8D - E8D� : FGDH�89�I J
KJJ89� M @ (4) 

 
                              8D � 89� : 8N� : GDH� (5) 
 
VGS – bias voltage across the capacitor stack between gate and 
substrate electrodes, 	3,1 and 	 3,2 – constants with default 
value 	 3,1 = 	 3,2 = 0.02 V (these constants were split in order 
to separately study their influence), Cox

eff – total capacitance 
per unit area [14] expressed as the series combination of the 
silicon capacitance per unit area Ccen = �Si / Tcen  
 

The oxide capacitance per unit area Cox = �ox /tox is: 
 
                                  5��)66 � �OP�QRS�OPT�QRS (6) 
 
�Si and �ox – dielectric constants of the silicon and the 
dielectric layer, tox is the thickness of the dielectric layer. Tcen 
is calculated following the equations given in [15]. In Tcen 
expressions the parameter ACDE,Nch is an exponential 
coefficient characterizing the charge width in accumulation 
and depletion [13]. It also depends on Nch which is the doping 
concentration in the inversion channel for MOSFET (directly 
under the surface of the dielectric layer): 
 

                           ��UVHW.X � ��UV Y � WQZ�A�/[\ �/A�] (7) 
 
In BSIM3v3 the default of ACDE is 1. 
 

The substrate fixed charge (Qsub0) is given in [15] by: 
 

   %012/ � ^345��)66_� CE`[�a - bcd : `[� I JJ
KJJbcd L @
345��)66_� Y bcdJJJJJJJJJJJJJJJJJJJJJJJJJJ
KJJbcd M @ (8) 

 
where 
 
                            bcd � 8N� : 89�)66 : 8&0()66�! (9) 
 
Vgst

effCV – effective voltage (VGS = Vth) function introduced to 
describe the channel charge characteristics from sub-threshold 
to strong inversion [13] where the capacitance is increasing 
rapidly. That function can be omitted because the capacitance 
remains almost flat in strong inversion as observed from the 
C–V measurements 
�2 – body-effect in the bulk [15]. 

The initial model should be fitted in order to minimize the 
error with respect to the measurements. An accurate 
assessment of the fitting is given by calculating the integral 
error which is calculated as an average of the errors inside 
each interval. 

 -- ACDE – has an impact both in the accumulation and 
depletion regions. 

 -- Nch – has an impact both in the accumulation and 
depletion regions. 

 -- 	3,1 – has a significant impact in the depletion region 
by changing the slope of the curve which is visible for Nch > 
1016 cm–3. 

 -- VFB and 	3,2 – these two parameters move equidistantly 
the curve across the x-axis (the applied bias voltage), therefore 
with biggest impact on the depletion region has a significant 
impact in the depletion region by changing the slope of the 
curve which is visible for Nch > 1016 cm–3. 

 

The complexity of the equations and the shape of the C–V 
curve does not allow direct fitting of these parameters for the 
whole bias range. More flexible approach is to define values 
of the empirical coefficients (	 3,1 and 	 3,2) for different bias 
voltage ranges. 

 
Fig. 6.  C–V characteristics split into regions for fitting. In each region the 
corresponding parameters for fitting are shown. 

The fitting started with finding the optimal value of the flat-
band voltage which moved the C–V curve in the desired bias 
range. Then the surface doping concentration (Nch) was fitted 
in accumulation in combination with the coefficient ACDE. This 
allowed further fine fitting of the slope in depletion by 
changing only 	 3,1 and 	 3,2. The parameters for fitting in the 
corresponding regions of the C–V curve are illustrated on Fig. 6. 

The product from the first fitting iterations is the optimized 
values given in Table I. 
In the figures below we present results from the analysis of the 
impact of the fitting parameters to the C–V characteristics.  
The influence of ACDE and Nch parameters on the C–V 
characteristics is given on Fig. 7–9. The impact of 	 3,1, 	 3,2 
and VFB parameters is given in Fig. 10–13. 

As it can be observed the C–V measurements fit very well 
with the simulation results of Qsub0 for bias voltage greater 
than –0.4 V. Therefore the expressions of the charge Qac0 can 
be replaced with the expressions of Qsub0 for VGS & VFB + 0.15 . 
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TABLE I 
FITTED PARAMETER VALUES DESCRIBING THE  C-V CHARACTERISTICS 

Parameter Value Bias voltage range [V]a 

Flat-band voltage, VFB a – 0.55 V (–*, +*) 

Surface doping 
concentration, Nch a 

1.25×1018 cm–3 (–*, +*)

	3,1 0.02 V < (VFB – 1.2) 

	3,1 0.028 V ÷ 0.048 V (VFB – 1.2) ÷ (VFB – 0.05) 

	3,1 0.038 V ÷ 0.016 V (VFB – 0.05) ÷ (VFB – 0.11)

	3,1 0.01 V > (VFB - 0.11) 

	3,2 0.02 V < (VFB – 1.45) 

	3,2 0.24 V > (VFB – 1.45) 
 
a So defined VFB and Nch are technology constants related to flat-band 

voltage and surface doping concentration. 
 
 
 

 
Fig. 7.  C–V characteristics at different ACDE and Nch = 1.25 × 1017 cm–3. 

 
 
 

 
Fig. 8.  C–V characteristics at different ACDE and Nch = 1.25 × 1018 cm–3. 

 
Fig. 9.  C–V characteristics at different Nch. 

 
 
 

 
Fig. 10.  C–V characteristics at different 	�3,1 and Nch = 1.25 × 1016 cm–3. 

 
 
 

 
Fig. 11.  C–V characteristics at different 	�3,1 and Nch = 1.25 × 1017 cm–3. 
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Fig. 12.  C–V characteristics at different VFB. 

 

 
Fig. 13.  C–V characteristics at different 	�3,2. 

Fig. 14–15 show the results from parametric analysis with 
the geometry parameters which validates the model flexibility. 

 

 
Fig. 14.  C–V characteristics at different gate lengths l. 

 
Fig. 15.  C–V characteristics at different oxide thicknesses tox. 

The integral error of the mismatch between the simulations 
and measurements curves was calculated to be erravg = 3.35 %. 
 

C. Modeling I–V Characteristics 
 
The I–V characteristics can be also split into two regions 

described with separate equations for the current density J: 
 -- Accumulation and depletion region for VGS J VFB + 

0.25 where the current density follows exponential 
dependence on the applied bias voltage: 

                             ef8N�g � h�i�2[!"j (10) 

 -- Inversion region for VGS > VFB + 0.15 where the current 
density follows linear dependence on the bias voltage: 

                             ef8N�g � h� - k�8N� (11) 

The fitting was based on the measurement results from both 
the 10 nm and 15 nm capacitor stacks (Fig. 2). Lower currents 
are observed with thicker dielectric layers in accumulation and 
depletion regions. Hence, different values for a1 and b1 are 
needed. At the same time no significant thickness dependence 
exists in the inversion region where the current seems to be 
more fluctuating due to the unstable conditions for forming the 
inversion layer. Therefore the characteristics can be 
approximated with same linear equation. On Fig. 16 the 
approximations for the capacitor stacks with both thicknesses 
are displayed. 

 
TABLE II 

COEFFICIENTS FOR I-V APPROXIMATION 
 

Coefficient 10 nm thickness 15 nm thickness 

a1 1.0×10–11 2.0×10–13 

b1 3.3 4.8 

a2 8.0×10–12 

b2 2.0×10–11 
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Fig. 16.  I–V measurements vs. the proposed approximations for 10 nm and 15 
nm capacitor stacks from HfO2-Ta2O5 (y-axis is in logarithmic scale). 

The thickness dependence will be modeled even more 
accurately after gathering more characterization data. The 
current model was created to generate only two I–V curves: 

 -- For thickness less than 12.5 nm using the values from 
the second column of Table II. 

 -- For thicknesses greater than 12.5 nm using the values 
from the third column of Table II. 

 
The leakage current model was simulated using similar test 

bench like for the C–V simulation (Fig. 4). The corresponding 
voltage source, type of analysis and current selected for 
plotting were replaced from AC to DC. Afterwards the I–V 
model was validated by parametric analysis versus thickness 
(Fig. 17). The average integral error of the mismatch between 
the simulations and measurements is erravg = 8.83 %. 

 

 
Fig. 17.  I–V simulation vs. different dielectric thicknesses (the y-axis is in 
logarithmic scale). The curve complies with the characterization results. 

 

IV. VERILOG-A SIMULATION 
The simulated model was coded in Verilog-A and 

implemented in Cadence Spectre circuit simulator as external 
model as standard cell in design kit’s library (Fig. 18). 

 
Fig. 18.  Workflow of circuit simulation in Cadence Design Framework II and 
implementation of Verilog-A code as library cell.  

 
Below we provide a briefed listing of the full Verilog-A 

code of the model. 
 
// Device Parameters // 
   parameter real L      = 100.0e-6; 
   parameter real W      = 100.0e-6; 
   parameter real TYPE   = 1.0; 
   parameter real TOX    = 100.0e-10; 
 
   real     acde, tox, cox, nch, tnom, vgs, Vgs; 
   real     l, w, delta_3_1, delta_3_2; 
   real     Vtm0, T0, T1, T2, T3, tmp;  
   real     nsub, gamma2, k1, vfb, ldeb; 
 
// Charge model related variables 
   real     qgate, Qgate, Qsub0; 
   real     cqgate; 
   real     Vfb, CoxWL, Qac0, Vfbeff; 
   real     Cox, V3, Tox, Coxeff, CoxWLcen, Tcen, 
            Ccen, LINK, V4; 
 
// Leakage model related variables 
   real     igate, a1, b1; 
 
// Calculation of the charge in accumulation // 
Tox  = 1.0e8 * tox; 
T0   = (Vgs - vfb) / Tox;    
tmp  = T0 * acde; 
Tcen = ldeb * exp(tmp);     
LINK = 1.0e-3*tox; 
V3   = ldeb - Tcen - LINK; 
V4   = exp(0.5*ln(V3*V3 + 4.0 * LINK * ldeb)); 
Tcen = ldeb - 0.5 * (V3 + V4);  
Ccen = `EpsSi / Tcen; 
T2   = Cox / (Cox + Ccen); 
Coxeff   = T2 * Ccen; 
CoxWLcen = CoxWL * Coxeff / Cox; 
Qac0 = CoxWLcen * (Vfbeff - vfb); 
 
// Calculation of the charge in depletion // 
T0  = 0.5 * k1;//ok119 
T3  = Vgs - Vfbeff; 

Current as a function of the applied bias voltage 
(capacitor stacks of HfO2-Ta2O5 with gate area 100 �m x 100 �m)
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if (T3 < 0.0) 
 begin 
  T1 = T0 + T3 / k1; 
 end 
 else 
 begin 
  T1 = exp(0.5*ln(T0 * T0 + T3)); 
 end 
 
Qsub0 = CoxWLcen * k1 * (T1 - T0); 
 
// The following statements replace Qac0 with 
               Qsub0 for the depletion region // 
if((vfb-vgs)<=-0.15) 
 qgate = Qsub0; 
else 
 qgate=Qac0; 
 
// Expressing the current as first  
                   derivative of the charge // 
Qgate  = qgate; 
cqgate = TYPE * ddt(Qgate); 
I(gate, bulk)  <+  cqgate; 
 
 
// IV model // 
if (tox < 12.5e-9) 
 begin 
  a1 = `A1; 
  b1 = `B1; 
 end 
else 
 begin 
  a1 = `A2; 
 
  b1 = `B2; 
 end 
 
if((vfb-Vgs)  >=  -0.25) 
igate  =  a1*exp(-b1*Vgs)*w*l/(100e-6*100e-6); 
 
if ((vfb-Vgs)  <  -0.25) 
igate  =  (`a2 + `b2*Vgs)*w*l/(100e-6*100e-6); 
 
I(gate, bulk)  <+  igate; 
 

V. CONCLUSION 
A Verilog-A formulation of circuit simulation model for a 

MOS capacitor using high-k HfO2–Ta2O5 mixed layer 
structure was developed. The model proceeds from BSIM3v3 
model equation core to simulate C–V and I–V characteristics 
of the modeled structure. The simulation results were 
validated against the measurements of an experiment. 

The simulations were performed in Spectre circuit simulator 
within Cadence CAD environment. They demonstrated very 
good agreement to the measurements – 3.35 % accuracy for 
C–V measurements and 8.83 % for I–V measurements. 

On the other hand, the model realization represents a 
straightforward example of an all-purpose methodology for 
coding compact model equations in a portable, open-source 
environment applicable to various simulation platforms. 

The developed model allows for further fine-tuning in order 
to obtain better accuracy. Subject to additional study are the 
dependence of the capacitance from the frequency of gate-to-
bulk voltage, the dependence of the capacitance and the 
leakage current from the dielectric thickness, and the real 
surface impurity concentration under the dielectric film. 
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