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Abstract

This thesis is focused on the modeling of high-voltage components built from low
doped layers and therefore containing effects not covered by standard compact
SPICE models. The main result of this work is a model of high-voltage dual-gate
JFET covering effects like voltage dependent pinch-off, impact ionization, reverse
recovery, high frequency effects or bi-modal statistical distribution of simulated
parameters.

This Verilog-A model has universal use for many types of components in
various high-voltage technologies as stand-alone voltage dependent resistor, pinch
resistor, drift area of HV FET or LDMOS, dual gate JFET, etc...

The first phase of this work was the development of basic large signal model
containing basic tunable model parameters, e.g. concentration, diffusion depth,
saturation current or gate capacitance. The next phase was focused on the mod-
eling in frequency domain. Besides the precise modeling of the voltage dependent
capacitance of both JFET gates and using RLC network for the precise modeling
of the polysilicon gate resistance in GHz range, the main accent was put on the
modeling of gate p-n junction reverse recovery. The developed comprehensive
behavioral model is applicable also as a stand-alone diode to all standard SPICE
simulators supporting Verilog-A language. The third phase was the development
of the statistical model. In this case a tight cooperation with the production was
necessary, because the input for the statistical model was a set or real statistical
data from the production.

The model was developed using quite large set of measured data. Some of
measured characteristics compared with the simulated results are presented in
the thesis.

Keywords: FET, HV FET, JFET, SPICE, behavioral model, drift, quazisatu-
ration, convergence, dual-gate JFET, pinch resistor, modeling, parameter extrac-

tion, high voltage, reverse recovery, RF, parasitic, RLC network.

vi



Abstrakt

Tato dizerta¢ni price je zamérena na modelovani vysokonapét’ovych soucastek
tvofenych velmi nizko dotovanymi vrstvami. Takovéto soucastky se vyznacuji
vlastnostmi, které ve standardnich kompaktnich SPICE modelech nejsou obsa-
zeny. Hlavni vysledek této prace je model vysokonapét’ového dvouhradlového
JFETu obsahujictho jevy jako napét’ové zavisly pinch-off, narazova ionizace,
zpétné zotaveni, vysokofrekvencéni jevy nebo bi-modélni statistické rozdéleni si-
mulovanych parametru.

Tento Verilog-A model mé univerzalni vyuziti pro mnoho typu soucastek v
ruznych vysokonapét’ovych technologiich, jako jsou napét’ové zavislé resistory,
pinch resistory, driftova oblast vysokonapét’ového FETu nebo LDMOSu, dvou-
hradlovy JFET, atd...

Prvni faze této prace bylo vytvorit zakladni velkosignalovy model obsahu-
jici zakladni ladici modelové parametry jako jsou koncentrace, hloubka diftize,
saturacni proud nebo hradlové kapacita. Nasledujici faze byla zaméfena na mo-
delovani ve frekvenéni doméné. Kromé pfesného modelovani napét’ové zavislé
kapacity obou hradel JFETu a vyuziti RLC sité pro presné modelovani odporu
polykiemikového hradla v GHz oblasti, byl hlavni duraz kladen na modelovani
zpétného zotaveni hradlového p-n pfechodu. Vysledny univerzalni behavioralni
model je pouzitelny i jako samostatna dioda pro vsecky standardni SPICE simu-
latory podporujici jazyk Verilog-A. Tteti faze byla vyvoj statistického modelu.
V tomto piipadé byla nezbytnd tzka spoluprace s vyrobou, protoze vstupem pro
statisticky model bylo mnozstvi redlnych statistickych dat z produkce.

Pro vyvoj modelu bylo zapotiebi velké mnozstvi mérenych dat. Neékteré z
méfenych charakteristik porovnané se simulovanymi vysledky jsou prezentovany
v této praci.

Klicova slova: FET, HV FET, JFET, SPICE, behavioral model, drift, qua-
zisaturation, convergence, dual-gate JFET, pinch resistor, modeling, parameter

extraction, high voltage, reverse recovery, RF, parasitic, RLC network.
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CHAPTER

Introduction

The new technologies of integrated AC-DC converters, used for example in
LED drivers, require high voltage components supplied from high voltage
source in order of hundreds volts to transfer high voltage to the supply ac-
ceptable by the rest of the integrated circuit. Such devices are designed to
withstand required high voltage and concurrently eliminate series resistance
Rason and output capacitance C'gp to the minimum. This is achieved by two
main factors. First one is the lateral layout of the device. High voltage de-
vices have typically circle or oval shape with the high voltage bonding pad in
the center surrounded by the low doped layer. The electric field is dropping
in this low doped layer with the distance from the center. Increasing this
distance typically increases breakdown voltage but also series resistance.
This low doped area is often called the drift area. The second factor is ver-
tical concentration profile of the drift area. There exist several techniques,
as for example RESURF [1], double RESURF [56], triple RESURF [54],
super-junction [27], poly plates or metal plates to optimize breakdown volt-
age, series resistance and output capacitance. Due to specific construction,
these HV components have also specific electrical characteristics. There are
observed effects, as for example pinching or quasi-saturation, not covered by
most silicon devices and hence not considered in standard compact models.

The following thesis is focused on the modeling of high voltage devices,
operating in the area of tens to hundreds of volts. The first theoretical part
describes the making of high voltage devices and the related challenges. The
second part is focused on the modeling of described phenomena.

The result of the thesis is universal behavioral model applicable in SPICE
simulators for the simulation of high voltage components containing pinch
effect and related phenomena, e.g., HV LDMOS, start-up FET, dual gate
JFET or pinch resistor. Unlike standard compact models focused typically
on the submicron technologies operating in voltages Vpp << 100 V, the
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presented model is more accurate in HV applications and contains all phe-
nomena typical for devices operating at hundred volts, including parasitic
effects. This thesis presents the main idea of the behavioral model demon-
strated on the example of high voltage dual gate JFET and high voltage
pinch resistor, including the comparison of measured data vs simulation.

The model is precise in full operation area, converges very well, its simu-
lation speed is comparable with conventional compact models and contains
all phenomena observed in high voltage devices. Moreover, it has universal
use for many types of devices such as stand-alone voltage dependent resis-
tor, pinch resistor, drift area of power FETSs, part of special high side driver
components, start-up devices, dual gate JFET, etc.
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1.1 Current Status of the Studied Topic (State
of the Art)

Modeling work on JFETSs has been mainly focused on three-terminal JFET's
[59] [35]. This thesis introduces a comprehensive model enabling using two
independent gates, one top-side, one bottom-side, and their mutual interac-
tion. Most existing publications about (dual-gate) JEET model are focused
on DC parameters [61, 57, 58]. Recently published dual-gate JFET [61]
provides a more physical and less empirical solution and their DC model
can be more accurate in many cases. However, in dual-gate JFET the top-
side gate not necessarily covers the whole JFET channel, as demonstrated
in Fig. 3.9. The ratio of covered and uncovered channel controls the depen-
dency of pinch-off on Vpg. In this thesis this dependency is modeled by an
empirical equation. Another merit of the presented model is the addition
of impact ionization to the leakage current of both gates. In the presented
model the capacitance parameters were implemented by using the structural
model defined by instantiation of Verilog-A [16, 49] component with the im-
plementation of additional voltage dependency. For the next model version
it is planned to switch to the charge controlled model as recommended in
[40].

The presented Verilog-A model is relatively complex, containing DC pa-
rameters, capacitance parameters, parasitic parameters for leakage current
and impact ionization, temperature parameters and statistical parameters.
It does not yet cover the self-heating and noise parameters [35].

In last two years, some very interesting publications of physically based
dual-gate JFET from respected modeling experts [64, 63] appeared, quoting
the key part of this thesis published in Solid-State Electronic journal [5].
The mentioned articles valuated especially the modeling of impact ionization
which was missing in other articles.

One of the main requirements for the developed model was the precise
simulation of RF applications, so one of key parts of this thesis was ded-
icated to the modeling of voltage dependent gate capacitance affected by
the pinching effect. Although this effect was already published [12], the
contribution and uniqueness of this thesis is the description of the modeling
this effect with respect to the special dual-gate JFET layout containing two
p-n junction gates affecting each other. The two variants of the dual-gate
JFET layout with different capacitance models are presented.

The next part of this thesis is also focused on RF application, but from
different point of view. In this case the published JFET model is a part of
macromodel representing very large power MOSFET. Although one of the
most advanced MOSFET models BSIM4 [62] was used for the modeling of
intrinsic MOSFET channel, the development of advanced RLC network was
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necessary to to simulate correctly singal in the range of GHz.

Another important part of the developed model is reverse recovery of
p-n junction, where both the reverse current and the reverse voltage can
be simultaneously large, which significantly affects the resulting power con-
sumption. Unfortunately, standard compact SPICE models often neglect
this effect, which can be crucial for some applications. The reverse recovery
model can be used not only as a part of published JFET model, but in any
model containing p-n junction. Most of components including MOSFET
contain one or more p-n junctions, which need to be modeled precisely. The
new technologies and new applications with the accent on the high speed
and low power consumption require SPICE device models to be accurate in
full operating range, including high speed in combination with high voltage.

Fundamental reverse recovery modeling researches used in this thesis
have been published in [25, 29, 28]. Some of the recently published papers
are focused on ultrafast diodes of various types, e.g., Si fast recovery diode,
SiC Schottky barrier diode [23], or PIN diodes [14, 9]. There also exist
several studies focused on measurement methods of the reverse recovery
time [50, 47].

Recently the new compact diode models containing reverse recovery as
for example hisim diode or diode cmc appeared in some SPICE simulators.
These models appeared just before the publishing of our behavioral model
in Solid-State Electronics journal and quote the same references, so a spe-
cial chapter comparing these models and describing merit of our behavioral
model was added to the article. This chapter is part of the thesis.

The published model contains equations and parameters enabling simu-
lation of process distribution as well as mismatch distribution. It is based
on the Backward Propagation of Variances (BPV) method [36, 38]. How-
ever, during the research it was necessary to improve the statistical model
to be able to simulate bi-modal statistical distribution appearing in real
production data, because any publication solving this challenge was not
found.

All mentioned parts of the model are contained in this thesis and orga-
nized in well-arranged sections. The final section then contains the future
challenges for the potential model improvement, that have not been pub-
lished yet.
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1.2 Organization of the Thesis

The thesis is organized as follows:

Chapter 1 gives a brief overview of the current situation of the stud-
ied topic and aims of the thesis.

Chapter 2 presents theoretical background relating to the JFET
modeling, focused mainly on the principles of Reduced Surface
(RESURF).

Chapter 3 deals with the basic concept of the introduced Verilog-A
behavioral dual-gate JFET model. This chapter practically represents
the core of the presented model. It contains all the model sections,
which are DC model, capacitance model, parasitic DC model con-
taining impact ionization as well as the leakage current, temperature
model, statistical model. All the following chapters are then the exten-
sion of improvement of this core model. Final subsection contains the
table of extracted model parameters for two chosen device examples:
dual gate JFET and pinch resistor, where each one contains different
challenges.

Chapter 4 extends the capacitance model presented in Chapter 3
and deals with the techniques of the measurement and modeling of
the voltage dependent JFET gate capacitance affected by the JFET
pinch-off voltage.

Chapter 5 presents the solution of the polysilicon gate resistance
modeling applicable for high frequencies in order of GHz and higher.
Although JFET model presented in Chapter 3 does not contain polysil-
icon gate, the model can be used (and in our case was used) as a part
of high-voltage discrete MOSFET macromodel.

Chapter 6 describes the behavioral model of diode containing reverse
recovery, which was used for the modeling of JFET gate characteris-
tics. The model was used as a part of the core JFET model presented
in Chapter3, but it can be used also as a stand-alone model for the
modeling of diode or as a part of another complex macromodel. Chap-
ter 6 as well as Chapter 3 were published in Solid-State-Electronics
journal.

Chapter 7 extends the statistical model presented in Chapter 3 with
the implementation of the method for the modeling of bi-modal sta-
tistical distribution.
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e Chapter 8 presents challenges for the potential future model im-
provement. The presented effects are not included in any of published
dual-gate JFET model yet.

e Chapter 9 contains conclusion and final remarks.
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1.3 Aims of the Thesis

The aim of this thesis is development of the comprehensive behavioral
Verilog-A model of the dual-gate JFET with following features:

e Implementation of independent second gate. Complex Dual-
gate JFET model is not yet implemented in SPICE simulators (Eldo,
Spectre, Hspice). Papers published before this work [61, 57, 58] are
focused on DC parameters only and do not take into account many
important effects published in this thesis.

e Improved bias and geometry scalability of pinch-off voltage
with consideration of 3-D effects. There exist many layout vari-
ants affecting the pinch-off voltage and it’s scalability.

e Implementation of parasitic impact ionization current for
both independent gates. Even existing single-gate SPICE JFET
model does not contain the impact ionization yet. Papers published
before this work [61, 57, 58, 37] don not consider this effect.

e Implementation of pinching factor in the gate capacitance
for both independent gates. Papers published before this work
[61, 57, 58, 37] are focused on DC parameters only and do not mention
this effect.

e Implementation of reverse recovery effect for both indepen-
dent gates. The most of reverse recovery models published before
this work are not usable for production design, mainly due to the in-
sufficient convergence. This might be the reason why this important
effect has not been implemented in SPICE models for so long time.

e Improved temperature model by adding more temperature
parameters. Very important part of complex dual-gate JFET model
development.

e Implementation of statistical parameters for the simulation
of process distribution. Very important part of complex dual-gate
JFET model development.

e Applicability of the model or its segments for various types
of components. The model is intended to be used in various compo-
nents as stand-alone pinch resistors, dual-gate/single-gate JFET, drift
area of HV LDMOS, diode with reverse recovery, etc...

e Implementation of the model to RF application and its ver-
ification in GHz+ frequencies. One of intended model use is the
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drift area of discrete high voltage MOSFET constructed for high fre-
quency use.

The fundamental results (new scientific findings) of this thesis are
described in Chapters 3-7. Each of these chapters was published
either in an impacted journal excerpted in Web of Science or pre-
sented in an international conference. The references to these
papers can be found in Appendix B.
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1.4 Used Model Parameter Extraction Method-
ology

The following list of steps describes used model development flow:

e Design of Process Characterization Chip (PCC) — At first char-
acterization test chip was designed in software Cadence Virtuoso Lay-
out. Each of the characterized devices was placed there in different
dimensions and configurations to enable to measure and precisely im-
plement the device scalability to the model parameters. There were
also created structures allowing various types of measurement (e.g.
DC, AC, mismatch, etc.). PCC chip typically contains all the struc-
tures necessary for characterization of the process and making predic-
tive SPICE models. Therefore it is typically very large chip covering
full reticle.

e = -m
oo ---q

QIO

Figure 1.1: PCC - Process Characterization Chip.

e Design of Process Control Monitoring (PCM) test chip - PCM
test chip was designed in software Cadence Virtuoso Layout and added
into all following production masks (each fabricated standard produc-
tion wafer then contains PCM test chip with required devices for sta-
tistical modeling). PCM has defined testplan measured in each wafer
before testing production device. Measurement must pass the defined
criteria. PCM is used for monitoring distribution of main process
parameters and generation of statistical models.

Figure 1.2: PCM - Process Control Monitoring Chip.
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e PCC and PCM test chip manufacturing — Test chips were man-
ufactured for both technologies: 700V 1 um ACMOS technology and
700V 0.25 um BCD technology. The wafers best matching process
means were selected for measurement.

¢ PCC measurement methods definition followed by measure-
ment — The measurement methods were defined, tested and used for
various device dimensions and configurations.

— Various DC measurements at various temperatures —40, —20, 0,
27, 60, 90, 125, and 150°C (IpVp, IpVg,, Vsls-load line, etc...)

— Various CV measurement at various temperatures —40, —20, 0,
27, 60, 90, 125, and 15OOC (CleGD, CG1VG57 CGQVGD, CGQVGS)

— Various parasitic DC measurements at various temperatures —40,
—20, 0, 27, 60, 90, 125, and 150°C (Ig, Vb, I, Vb, 1g, Ve, Ic,Ip,
]Glfs, IG2fs, etc...)

¢ PCM measurement methods definition followed by produc-
tion measurement — The measurement methods were defined, tested
and used for selected device dimensions and configurations (e.g. 2
widths for pinch resistor, one dimension for dual-gate JFET). In PCM
only a few basic single point tests at nominal temperature are mea-
sured. Statistical PCM results are used for the statistical model eval-
uation.

e Export/import data from PCC testchip measurement - PCC
Measured data were exported from measurement Data Management
(DAM) database (ON Semiconductor internal measurement and data
management system, thesis author is employee) in .mdm file format
and then imported into IC-CAP (Integrated Circuit Characterization
and Analysis Program).

e Measurement PCC data quality verification — The quality of
measured data was verified (e.g. comparing same bias points from dif-
ferent measurement methods, verifying measured data trends, physical
data scaling, etc...)

e Parameter extraction — Parameters of all demonstrated models
were extracted in IC-CAP using measured PCC data and various op-
timization methods [13]. For the statistical model the real production
statistical PCM data were used as an input. For the implementa-
tion of measured statistical parameters to the model the Backward
Propagation of Variances method [36] was used.
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e Model implementation — The models were implemented into the
commercial simulators HSpice (Synopsys), Eldo (Mentor) and Spectre
(Cadence).

e Simulated and measured data comparison — All measured data
were compared with simulated data and all discrepancies were elimi-
nated by model or equation corrections.

e Final model testing — The developed models were verified in their
defined operation areas at temperatures from -50 to 200 °C. The ver-
ification was provided with models applied to several device types.
The important requirement was that the new developed models had
smooth derivatives of simulated characteristics.
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Theoretical Background

2.1 Introduction

The key parameter of high voltage devices is naturally maximal output
voltage, which is typically limited by the avalanche breakdown voltage.
However, still growing demands for low power consumption and high speed
requires also low ON state resistance as well as low capacitance. Unfortu-
nately increasing breakdown voltage in traditional structure makes the ON
state resistance higher and vice versa. The reason is that the simplest way
of breakdown voltage increase is increase of the device output resistance.
Higher resistance naturally withstands larger electrical field. So the easiest
techniques to make a device suitable for higher voltage are:

a) Increase the device length, especially the layer, where the high voltage
is applied (drift layer)

b) Decrease concentration of the layer, where the high voltage is applied
(drift layer)

Both methods cause unwanted increase of resistance. Fortunately there
exist several techniques how to increase breakdown voltage without signifi-
cant increase of output resistance. One of the most common and most
effective methods is technique called RESURF (Reduced Surface Field).

RESURF demonstrated in Fig. 2.1a is one of the most widely-used meth-
ods for the design of lateral high-voltage, low on-resistance devices. It en-
ables realization of high breakdown voltage and low ON state resistance.
The power device using RESURF has high breakdown voltage at reverse
characteristics and simultaneously low resistance in ON state, which is im-
portant for switching operation.

The more effective is double RESURF demonstrated in Fig. 2.1b. The
additional layer of opposite conductivity (p-top layer) is incorporated inside
n drift region so that the total charge in the n drift region can be doubled

12
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(c)

Figure 2.1: Cross-sections of LDMOS (a) Single RESURF structure, (b)
Double RESURF structure, (c¢) Triple RESURF structure. Reprinted from
"State-of-the-art Device in High Voltage Power 1Cs with Lowest ON State
Resistance”, by Su, R. et al., 2010, Electron Devices Meeting (IEDM), 2010
IEEE International, p.20.8.1. (©) 2010 by the IEEE. Reprinted with permis-
sion, see App. B.

compared to the single RESURF LDMOS to minimize the ON state resis-
tance. However, the maximum doping is limited by the requirement that
the drift region should be fully depleted before device avalanche breakdown.
Another attractive structure with floating p buried well (pwell) inserted into
n drift region to provide dual conduction path is triple RESURF demon-
strated in Fig. 2.1c, which makes two conduction paths and the depleting
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RESURF effect is doubled.
Following sub-chapters describe these principles and their variants more
in details.

2.2 Single RESURF

The success of high voltage devices depends on the combination of high
drain-source breakdown voltage Vgr and low on resistance R,,. The prin-
ciple of RESURF was disclosed by J. A. Appels and H. M. J. Vaes from
Philip Research Laboratories in 1979 [1].

Cathode Anode

*( Field oxide

N-

Figure 2.2: Cross-section of PN diode with deep N-.

Cathode Anode

Field oxide
N-

BV

Figure 2.3: Cross-section of PN diode with shallow N-.

Here is the main idea: Let’s have a P-N- diode, where N- is contacted
by N+ diffusion and P- is contacted by P+ diffusion, as it is demonstrated
in in Fig. 2.2. N+ is in the center of the device, so N- is laterally bounded
by P+. The junction of N-P+ marked by red oval (Fig. 2.2a) is the critical
point as concerns breakdown voltage due to high concentration of P+. The
vertical P-N- junction has lower breakdown. There are two possibilities how
to increase breakdown voltage, both of them are spreading the electric field
away from the critical point:

1. Enlarge distance between N+ and P+ and hence increase the voltage
drop on N- layer (Fig. 2.2)

2. Narrow N- layer, which causes that the depletion stretches along the
surface over much longer distance.
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BV as a function of epi layer thickness

1400

1200 m
1000

BV (V)
g g
—"

3 6 12 24 48
depi (pm)

Figure 2.4: Breakdown voltage as a function of epitaxial layer thickness.
Reprinted from "High voltage thin layer deivces (RESURF devices)”, by
Appels, J. and Vaes, H., 1979, Electron Devices Meeting (IEDM), 1979
IEEE International, vol. 25 p.239 (©) 1979 by the IEEE. Reprinted with
permission, see App. B.

c E B

% Field oxide

N-

Figure 2.5: Cross-section of lateral bipolar transistor.

E B c

-i—i-< Field oxide

N-

Figure 2.6: Cross-section of vertical bipolar transistor.

The first method does not require intervention to the technology, how-
ever enlarges device area and therefore also increases ON state resistance
Ron. Therefore during the technology optimization cycle the second method
is rather used. However, there are also limitations. Since the N- layer is
fully depleted a new effect arises. Due to the curvature of the N+ contact
the electric field will strongly increase. For very thin N- layers the effects is
so strong, that the electric field at the edge of the N+ region is larger than
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D g

L( Field oxide

—® v

N-

Figure 2.7: Cross-section of JFET.

D Gate s B

L< Field oxide

N-

Figure 2.8: Cross-section of LDMOS.

the field in the bulk. The critical point moves to the N+ area and the break-
down drops down as demonstrated by red oval in in Fig. 2.3. Apparently
there exists optimal width of N- layer for given doping concentration. In
[1] it has been demonstrated, that there really exists an ideal combination
of epitax (or well) doping concentration Nep; and epitax (or well) thickness
depi, which is Nepidepi = 10 at/cm? as it is shown in Fig. 2.4.

In region II breakdown takes place at the horizontal junction. In region
I and IT breakdown takes place at the N+ or P+ regions, respectively. How-
ever, even optimal device must be optimized with respect to design rules.
When the lateral distance (Lgqi) between N+ contact and P+ isolation
is decreased, device still exhibits lower Vgr. So the searching of optimal
trade-off between normalized on resistance R,, A, and breakdown voltage

Vgr is still one of main challenges of high voltage device development.
High Electric Field

VBr
Lavist

Elat — (21)

is an important parameter for lateral power devices. Using this equation,
the relation between drain-source breakdown voltage Vpr and effective re-
sistance RopAaet can be derived [27]:

L ri
Ron = Rap Svft (2.2)
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RonAact - RshLdrift (Ldrift + LO) (23)
V 2
RonAact ~ Rsh ( BR> (24)
Elat

where W is device width, L is the distance between active structure and
device edge and Ry, is sheet resistance of drift area.

The implementation of the RESURF to various HV devices is demon-
strated in Figs. 2.5, 2.6, 2.7 and 2.8.

Following sections will describe another improvement of RESURF tech-
nique.

2.3 Double RESURF

This section will demonstrate, how to shift above mentioned ideal combi-
nation Nepidepi = 10'2at/cm? to much higher values of the current, whereas
breakdown still occurs in the bulk. This is achieved by the improved doping
profile as it is described in 2.9 and 2.10 in JFET example.

D g S B

L< Field oxide

N-

Figure 2.9: Cross-section of JFET with RESURF.

D g s B

& Field oxide
e = e

N

Figure 2.10: Cross-section of JFET with improved N- doping profile.

Now the doping concentration in the channel has been increased, how-
ever the total dope integral Nepi1depit + Nepiodepio still fulfills the RESURF
condition [ Ndz = 10" at/cm?.
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Thus the drain saturation current has increased, whereas breakdown still
occurs in the bulk at the P-N junction. An even better current carrying
capability can be obtained by implementing of P- surface concentration
instead of N- as it is demonstrated in 2.11. This solution is called double
RESURF.

Figure 2.11: Cross-section of JFET with improved N- doping profile - double
RESURF.

The n-layer is now depleted from two sides, so the total dope integral is
expected to be

/Ndx = NuTan — Npzqp = 10"%at/cm? (2.5)

where x4, is N layer depth and x4, surface P layer depth.
However this is only the first-order approximation. The two dimensional
numerical calculation got the ideal values for the bulk breakdown [56]

Npzgp = 0.5 x 10"%at/cm? (2.6)

and

NoZgn = 1.8 x 10'%at /cm? (2.7)

To compare the current carrying capabilities of the different types of
RESURF JFET’s, I, is given as a function of the pinch-off voltage 2.12. It
is apparent, that the double RESURF structure has the best performance
[56]. The same double RESURF principle could be demonstrated in other
structures, like bipolar transistors, LDMOS, etc. (Figs. 2.5-2.8).

However, double RESURF concept can be used not only for Vgr vs Ron
optimization by depleting drift area, as it is shown in Fig. 2.10, but also
for SOA improvement by depleting deeper layers, as for example body of
LDMOS, as depicted in Fig. 2.13 [45]

The concept demonstrated in Fig. 2.13 was successfully used for the
reduction of quazisaturation effect and hereby increasing of current at high
Vps. Quazisaturation in HV FETs means that the high voltage drop in drift
area caused by high electric field E},; is limiting the drain current. This effect
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Figure 2.12: Drain saturation current as a function of pinch-off voltage a)
RESURF JFET b) improved RESURF JFET c¢) Double RESURF JFET
Reprinted from "High voltage, high current lateral devices”, by Vaes, H.
and Appels, J., 1980, Electron Devices Meeting (IEDM), 1980 IEEE Inter-
national, vol. 26 p.89 (¢) 1980 by the IEEE. Reprinted with permission, see
App. B.

is observed typically in higher Vpg. In Fig. 2.14 and Fig. 2.15 200V LDMOS
with very strong quazisaturation is demonstrated. This device operates as
a MOSFET only very close to threshold voltage, which is Vgg=0.9V. At
higher Vg the electric field depletes the drift area and hereby strongly
increases its resistivity. As described in Fig. 2.14, another increasing Vg
and opening the channel no more has an effect on the drain current, because
the current is limited practically only by drift area. In output characteristics
is quazisaturation visible as a current compression — see Fig. 2.15.

The self-heating sometimes shows the similar current compression, but it
can be simply eliminated by pulse TLP measurement.

Using double RESURF in LDMOS body depicted in Fig. 2.13 causes the
depletion of P layer and therefore minimizing of the unwanted quazisatu-
ration effect. As was demonstrated in [45], structure b) from Fig. 2.13 has
the current in saturation about two times higher than the structure a).

The principle question is, how to bias NBL. A plot of Vg as a function of
NBL voltage (Fig. 2.16) shows that even with a significant voltage difference
between the NBL and drain, the Vgg is not compromised. Moreover, if the
NBL is left floating, punch-through from drain to NBL causes the NBL
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Figure 2.13: Schematic cross-section of the (a) conventional single RESURF
structure with substrate grounded and (b) proposed double RESURF struc-
ture where heavily doped NBL is and independent terminal and can be
externally tied to the drain terminal to achieve high breakdown voltage.
Reprinted from "SOA improvement by a double RESURF LDMOS tech-
nique in power IC technology”, by Parthasarathy, V. et al., 2000, Electron
Devices Meeting (IEDM), 2000 Technical Digest. International, p.75 ©
2000 by the IEEE. Reprinted with permission, see App. B.

voltage to float to approximately 25V below the drain resulting in almost
optimal Vgg [45].

2.4 Multiple RESURF

2.4.1 Triple RESURF

Triple RESURF (Fig. 2.18) is a structure with floating P buried well inserted
into N drift region to provide dual conduction path, which can provide a
significant reduction in ON state resistance. The depletion of N doped drift
area Nquir is made from two sides, so the effect of RESURF is doubled.

2.4.2 Superjunction

The next RESURF extension is using multiple RESURF regions in charge
balance as stacked horizontal layers or vertical regions [27]. This concept
is called superjunction and it is using principle of multiple epitaxial layers
(Fig. 2.19) or set of multiple deep trenches.

2.5 PB Extension RESURF

Structure called PB Extension RESURF is demonstrated in the Fig. 2.20.
A P body layer was inserted into the n drift region from source terminal
extended to drain side to set up transverse electric field to improve the
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VGS (V)

Figure 2.14: Example of Ip(Vg) characteristic of 200V LDMOS with very
strong quazisaturation for Vpg = 0.1,5,10 V. Early after threshold voltage
the current is saturated.
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Figure 2.15: Example of Ip(Vp) characteristic of 200V LDMOS with very
strong quazisaturation for Vgs = 1,2,3,4,5 V. Current saturation from
Fig. 2.14 is visible here as the current compression in Vgg > 1 V.
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Figure 2.16: Measured breakdown voltage of the double RESURF device
as a function of NBL bias. Reprinted from "SOA improvement by a double
RESURF LDMOS technique in power IC technology”, by Parthasarathy,
V. et al., 2000, Electron Devices Meeting (IEDM), 2000 Technical Digest.
International, p.77 (© 2000 by the IEEE. Reprinted with permission, see
App. B.

Figure 2.17: Simulation of current flowlines for single RESURF (a), double
RESURF (b) and double RESURF with floating NBL (c). Shaded is impact
ionization. Reprinted from "SOA improvement by a double RESURF LD-
MOS technique in power IC technology”, by Parthasarathy, V. et al., 2000,
Electron Devices Meeting (IEDM), 2000 Technical Digest. International,
p.76, p.77, p.78 (©) 2000 by the IEEE. Reprinted with permission, see App.
B.

distribution of electric field and thus increase the breakdown voltage. In
fact it is a variation of the above described triple RESURF, however P
buried layer is not floating, but is connected to the source.

This PB Extension layer is highly doped then n drift region and becomes
fully depleted before device avalanche breakdown.

Fig. 2.21 shows the variation of breakdown voltage value as a function of
PB Extension dose on this device. There exists an ideal dose of PB Exten-
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Figure 2.18: Cross-section of LDMOS with triple RESURF. Reprinted from
"State-of-the-art Device in High Voltage Power ICs with Lowest ON State
Resistance”, by Su, R. et al., 2010, Electron Devices Meeting (IEDM), 2010
IEEE International, p.20.8.1. (© 2010 by the IEEE. Reprinted with permis-
sion, see App. B.

| Conventional planer | | Structure of the superjunction (SJ) |
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Figure 2.19: Comparison of conventional MOSFET and MOSFET using
multiple RESURF structure.

sion for highest breakdown voltage as it is demonstrated in Fig. 2.21 [54].
Lower dose reduces the depletion of Ngig, higher dose reduces the depletion
of PB Extension. Both layers, PB Extension and Ny, must be depleted
before the avalanche breakdown is achieved. The [54] demonstrates, that
the concept of PB Extension RESUFR has 40% improvement than Triple
RESURF, 65% improvement then Double RESURF.
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Figure 2.20: Cross-section of LDMOS with PB Extension RESURF.
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Figure 2.21: Breakdown voltage as a function of different PB Extension lay-
ers dosage. Reprinted from ”State-of-the-art Device in High Voltage Power
ICs with Lowest ON State Resistance”, by Su, R. et al., 2010, Electron De-
vices Meeting (IEDM), 2010 IEEE International, p.20.8.3. (© 2010 by the
IEEE. Reprinted with permission, see App. B.

2.6 CLAVER LDMAOS structure

Next principle of RESURF improvement is called Combined Lateral Vertical
RESURF or shortly CLAVER. The proposed device cross-section is shown
in the Fig. 2.22 (b). It shows the presence of a secondary Nwell used for the
vertical junction termination. In the case of simple RESURF (Fig. 2.22 a),
the drift region can support a maximum breakdown limited by the presence
of the vertical junction. CLAVER structure exceeds this limitation by in-
troducing a floating secondary drift region (Fig. 2.22 b). The device initially
operates as a single RESURF LDMOS transitioning into double RESURF
action after punch-through to bottom Nwell resulting in a graded double
RESURF operation. Thus a combined lateral and vertical RESURF action
shields the electrical field away from the bottom junction and results in an
evenly-distributed potential across the primary drift region [24].
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Figure 2.22: Cross-section of single RESURF LDMOS (a) and CLAVER
RESURF LDMOS (b). Reprinted from “Combined Lateral Vertical
RESURF (CLAVER) LDMOS structure”, by Khan, T. et al., 2009, Power
Semiconductor Devices IC’s (IPSD), 2009 21st International Symposium,
p.14. (© 2010 by the IEEE. Reprinted with permission, see App. B.

2.7 Dielectric RESURF (Dieler)

The RESURF principle does not work only in silicon, but also in dielectrics.
The method Dielectric RESURF (shortly DIELER) uses the principle, where
the junctions or active region in CMOS are interleaved with dielectric region
(STI) [53]. Let’s demonstrate the technique on simple diode in Fig. 2.23 a).
Simulated equipotential lines and depletion extension (dashed lines indi-
cated with arrows at breakdown) are drawn. An identical diode with oxide
along its edges inducing a wider depletion layer is depicted in Fig. 2.23 b)
and Fig. 2.23 ¢). The fringing fields at the edge of the junction add to
the junction capacitance, which is charged by extra depletion charge at the
edge. This leads to a wider depletion layer and thus lower fields over the
whole silicon width and therefore higher breakdown voltage. The effect s
schematically indicated in Fig. 2.23 d).

The total capacitance consists of the junction (silicon) capacitance com-
bined with the dielectric capacitance and can be expressed as:

€siWsi + €diet Waiel

C’total = dd 1 (28)
ep

with dgep being the depletion layer length. The charging of the extra
dielectric capacitance has to originate in depletion layer and therefore the
depletion layer will widen. Consequently at the same reverse bias the elec-
trical field lowers and the breakdown voltage increases as it is described in
Fig. 2.23. The silicon width has to be smaller than the depletion length
daep1 to get a wider depletion over the whole silicon width [53].
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Figure 2.23: Schematics of (a) simple p-n diode, (b) wide and (c) narrow (2x
magnified for clarity) p-n diode embedded with and oxide layer, and a double
capacitor equivalent circuit model (d). Reprinted from "Dielectric resurf:
breakdown voltage control by STI layout in standard CMOS”, by Sonsky,
J. and Heringa, A., 2005, Electron Device Meeting (IEDM), 2005 IEEE

International, p.376. (© 2005 by the IEEE. Reprinted with permission, see
App. B.

p++
oxide
silicon

Figure 2.24: DIELER diode in standard CMOS technology. The dielectric
RESURF is implemented by introducing shallow trench isolation (STI).
Reprinted from "Dielectric resurf: breakdown voltage control by STT layout
in standard CMOS”, by Sonsky, J. and Heringa, A., 2005, Electron Device
Meeting (IEDM), 2005 IEEE International, p.376. (© 2005 by the IEEE.
Reprinted with permission, see App. B.
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Figure 2.25: NMOS transistor layout (a) with a conventional extended drain
region and (b) with DIELER structure in the extended drain region, used
for measurement in Fig. 2.26. Reprinted from "Dielectric resurf: break-
down voltage control by STT layout in standard CMOS”, by Sonsky, J. and
Heringa, A., 2005, Electron Device Meeting (IEDM), 2005 IEEE Interna-
tional, p.376. (© 2005 by the IEEE. Reprinted with permission, see App.
B.

The application dielectrical RESURF by STI to the MOFETS is demon-
strated in Fig. 2.25 and Fig. 2.26. It is clear, that the breakdown voltage
was by DIELER increased ~ 2x, while the specific drain current is almost
equal for both transistors and the increase of the Ry, is ~ 2x [53].

2.8 Interdigitated Source Structure

As was mentioned earlier, high voltage LDMOS requires high breakdown
immunity and minimum size. For the improvement of breakdown immunity
normal structure LDMOS (Fig. 2.27 b) needs P+ implant to form a low-
resistance strip contacted with p-well in addition to conventional CMOS
process. On the other hand, interdigitated source LDMOS (Fig. 2.27 a) can
achieve high breakdown immunity without the additional process, because
P+ well contacts are located near the gate. And it can reduce chip size
and manufacturing cost, because P+ well contacts can be fabricated by
conventional CMOS process.

Publication [55] is dealing with SPICE modeling of interdigitated source,
because the conventional model does not contain this effect. The parasitic
resistance near the source P+ region is not formulated in the conventional
compact models. It does not calculate with the W, /W (the ratio of the
total width of the N+ source region by the whole width). Therefore, the
new modeling concept is proposed.
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Figure 2.26: Measured ON state characteristics for an NMOS transistor
with a conventional extended drain region (a) and with DIELER structure
in the extended drain region (b). Reprinted from "Dielectric resurf: break-
down voltage control by STT layout in standard CMOS”, by Sonsky, J. and
Heringa, A., 2005, Electron Device Meeting (IEDM), 2005 IEEE Interna-
tional, p.376. (© 2005 by the IEEE. Reprinted with permission, see App.
B.

As it is demonstrated in Fig. 2.28, the non-inverted region near the
source P+ does not have a large effect on the total charge amount when
the device operates in the linear region, while it has a large effect in the
saturation region. Figs. 2.29 and 2.30 show the proposed equivalent circuit
and proposed macromodel.
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Figure 2.27: Mask layout of interdigitated source LDMOS (a) and normal
structure LDMOS (b). Reprinted from ”Accurate Spice modeling of 80V
power LDMOS with interdigitated source structure”, by Tamegaya, Y. et
al, 2012, Power Semiconductor Devices and ICs (ISPSD), 2012 24th Interna-
tional Symposium, p.101. (©) 2012 by the IEEE. Reprinted with permission,
see App. B.
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Figure 2.28: Shapes of Inversion layer spread. (a) Linear region, (b) Sat-
uration region. Reprinted from "Accurate Spice modeling of 80V power
LDMOS with interdigitated source structure”, by Tamegaya, Y. et al, 2012,
Power Semiconductor Devices and ICs (ISPSD), 2012 24th International
Symposium, p.102. (©) 2012 by the IEEE. Reprinted with permission, see
App. B.
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Figure 2.29: Equivalent circuit of interdigitated source LDMOS. Reprinted
from ”Accurate Spice modeling of 80V power LDMOS with interdigitated
source structure”, by Tamegaya, Y. et al, 2012, Power Semiconductor De-
vices and ICs (ISPSD), 2012 24th International Symposium, p.102. (©) 2012
by the IEEE. Reprinted with permission, see App. B.
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Figure 2.30: Proposed Macromodel of interdigitated source LDMOS.
Reprinted from ”Accurate Spice modeling of 80V power LDMOS with in-
terdigitated source structure”, by Tamegaya, Y. et al, 2012, Power Semi-
conductor Devices and ICs (ISPSD), 2012 24th International Symposium,
p.102. (© 2012 by the IEEE. Reprinted with permission, see App. B.



CHAPTER

Comprehensive Behavioral
Model of Dual-Gate High

Voltage JFET and Pinch
Resistor

3.1 Introduction

This chapter published in [5] deals with the development of new behavioral
Verilog-A model of JFET, containing all the parasitic phenomena required
for the simulation and universally applicable for many macromodels.

The first prototype of the model based on SPICE arbitrary sources was
developed in Motorola [59], but its accuracy was limited, the simulation
time was too long, the versatility was not so universal and mainly the model
didn’t converge well.

It was necessary to solve several convergence issues. The model was
linearized for very low voltages, where the pinching effects do not exist and
the linearized equation was sewed with the main voltage dependent model
without any impact on convergence. Existing voltage dependent equations
were adjusted to be able to remove existing recursion. Both solutions sig-
nificantly improved the simulation speed and the convergence.

There were introduced additional effects, e.g., pinch-off voltage width
dependency, pinching effect in gate capacitance, impact ionization or sta-
tistical distribution.

The model was extended for the use in various applications, e.g., high
voltage LDMOS drift area in combination with PSP [19], HiSIM [41], HiSIM
HV [33, 34] or BSIM4 [26] compact MOSFET model.

31
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Another application, where the model can be used, is pinch resistor,
where using the conventional compact JFET model is very insufficient.

Finally, the model can also be used as a dual gate JFET (high voltage
JFET with two independent gates). Dual gate JFET is a device, which is
not supported with the compact SPICE models, although there exist several
important applications [31].

The most of existing publications about (dual gate) JFET model are
focused on DC parameters [61, 57, 58, 37]. The goal of this thesis is to
present the complex universal model, containing all the required phenom-
ena, including parasitic effects, anomalies and statistical properties.

The chapter is organized into several sections:

e Section DC Model demonstrates the evolution of the model and its
application in various high voltage devices, namely high voltage pinch
resistor and dual gate JEFET, where each one requires a different con-
cept. For example while for the pinch resistor lateral pinching is im-
portant and hence the width dependent pinch-off, for the oval shape
high voltage JFET this effect is invisible. On the other side, as de-
picted in Fig. 3.9, below mentioned high voltage JFET has two in-
dependent gates (substrate from the bottom and P implant from the
top), which requires to implement the interaction between these two
gates in the model.

e Section Capacitance model describes the principle of the gate capac-
itance modeling, which especially in dual-gate JFET is not trivial.
This topic is quite complex, so it is described in more details in chap-
ter 4. The frequency model was also extended by the modeling of
reverse recovery of both gates, which is not part of this chapter. The
reverse recovery is the independent Verilog-A module applicable not
only in JFET, so there is a special chapter 6 describing this topic.

e Section Parasitic DC Model, Gate current deals with the modeling of
leakage and impact ionization gate current of both gates. This part

can be also used independently in whatever macromodel, not only in
JFET.

e Section Temperature model describes the model temperature scalabil-
ity.

e Section Statistical model describes the modeling of technology statis-
tical distribution of the JFET using method Backward Propagation
of Variances [36, 39]. A special case is the modeling of the bi-modal
statistical distribution, which is described in chapter 7.
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e Extracted Model Parameters contains table of model parameters ex-
tracted for two device representatives: dual gate JFET and pinch
resistor.

It is apparent, that this chapter represents the core of the model and
the following chapters represent following extension of the model.

3.2 DC Model

3.2.1 Customized compact JFET model

Let’s start with the 3-terminal JFET modeled by Shichman-Hodges model
for linear region (0 < Vps < (Vas — Vin)). The current flowing from drain
to source is defined as [60]

Ins = BVps(1 + AVps) (2(VGS — Vin) — VDS> (3.1)

where ( is the transconductance parameter, \ is velocity overshoot coeffi-
cient, and Vjy, is threshold (pinch-off) voltage.
For the size dependency evaluation let’s consider JFET in linear region,

where Vs and Vpg are very close to 0 volts. The resistance of JFET is then
defined as

R=-28 — Rgp— (3.2)

where Rgy is the sheet resistance, Ay, is length offset and Ay is width
offset. The transconductance parameter can then be expressed as

1 1

C2VwR 2VinRsu V[L,iilv‘v

8=

(3.3)

Substituing (3.3) in (3.1) the JFET model becomes scalable with the resistor
length and width and suitable for modeling voltage-dependent resistors.
The next phenomenon which has to be taken into account is the impact
of a lateral pinching and its width dependency. The voltage dependent re-
sistor is typically pinched from 3 sides: bottom, right and left. For very
wide shallow resistors, bottom pinching dominates, while narrow deep re-
sistors are dominated by right and left pinching. This effect is modeled by
the parametrization of JFET parameter Vi, as described in the following
equation
‘/thinf

‘/;h: oL
1+ 32

(3.4)
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where Vipins is the threshold (pinch-off) voltage for infinitely wide resistor
and z; is resistor depth. The model is sufficient for most voltage dependent
diffusion or implant resistors, but its use for the real pinch resistor, operating
in the saturation region, is limited.

3.2.2 Behavioral JFET model - first prototype

Therefore a behavioral pinch resistor model was developed based on the
following physical elements: vertical and lateral built-in potentials [59]

_ kT n Nyody Neub

v 3.5
o = 2 Iy et (35
kT Nsi eNu
i = 2 In et (3.6)
q ny

and vertical and lateral pinching factors [59]

Ntub
oy = 4 | 2€9€, 3.7
\/ ’ ¢ Nvody (Nbody + Neub) (3.7)

Ntub
o) = 4 | 2¢p€, 3.8
: \/ 0 qNside(Nside+Ntub) ( )

where ky, is Boltzmann constant, 7' is absolute temperature, ¢ is elementary
charge, n; is intrinsic carrier concentration of used material, ¢y is vacuum
permitivity, €, is permitivity of used material, and Nyoday, Nside, Neup are
tuning parameters described in Table 3.1.

The total current between drain and source derived from [59] is

Table 3.1: DC parameters of JFET.

Parameter | Parameter
name description Unit
Niody JFET body (drift area) concentration | cm™
Ngide side concentration of JFET body cm ™3
N gate (substrate) concentration cm ™3
T JFET depth pum
A Velocity overshoot coefficient V-1
Tho Linear resistance concentration Qum~!
ANY Length offset pwm
Aw Width offset um
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Vba — Vsa
L= ———"(14+ V] X
Tho (L + Ar) ( ps)
Vba + V&
(w . gal\/% y oot The AW) .

(xj — av\/wv + w> (3.9)

where 7y, is tuning parameter described in Table 3.1. The original equation
of Ies in [59] contains additional effect of top pinching caused by metal plate
above field oxide. However, this effect does not exist in devices described
below and it is not considered here.

The saturation of current I, is handled by setting the derivative of (3.9)
with respect to Vpg equal to zero, which expresses saturation voltage Vpasat-
The applied Vpg and Vpgeat are then fed into a conventional saturation
smoothing function, resulting in an effective bias Vpgeg [59], substituted
for Vpg in (3.9). However, the solution could not be obtained explicitly,
therefore it was iteratively solved by the simulator during simulation using
a dedicated circuit containing arbitrary sources.

Although the smooth and continuous transition from the linear region
into saturation region was ensured, the simulation time was relatively long
and in some cases even convergence issues appeared. Therefore some im-
provements were introduced.

3.2.3 DC model of pinch resistor

First of all, the pinch resistor has no top pinching caused by the metal /poly
flap, described in [59]. The top and bottom pinching have both the same
physical basis, only the gate concentration is different. However, the top
gate is shorted to the substrate, as illustrated in Fig. 3.1. We can thus
consider only one pinching gate, which simplifies (3.9) and enables us to
express the explicit solution of Vpgeg and Vsgeg. This significantly improves
model convergence and simulation speed. Thus, no recursive function is
required in the model any more.

The next step was linearization of the model close to Vps=0V, where
a too complicated calculation of the current caused the convergence issues.
Therefore the model was divided into three operation areas.
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Gate
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P substrate

Figure 3.1: Cross-section of pinch resistor (simple JFET).

Figure 3.2: Layout of pinch resistor (simple JFET).

For Vpg > 1 nV:

Vbsest

[res = T AN
Tho (L + AL>

(1 + )\VDS) X

2

V € su V
<xj—av\/¢v+ DSHJF; b SG) (3.10)

(W + Aw — GMOD x 2@1\/¢1 + Vbset + Tsuszg> y
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Figure 3.3: Width dependency of pinch-off voltage in pinch resistor.
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Figure 3.4: Pinch resistor Ip-V characteristics for L=100 um and W =6,

10, 17, 24 pm. Vpg=0.1, 1, 10 V.
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Table 3.2: Additional DC parameters for pinch resistor.

Param. | Description Unit
GMOD | geometry model selector -
3rd order width 3
T'sub3 dependency coefficient of rgy, | ™
2nd order width L
T'sub2 dependency coefficient of rgy, | ™
1st order width 4
T'subl dependency coefficient of rgy, | ™
independent tuning parameter
T'sub0 for pinchoff voltage -
TE5 T
[ O measured
I —— simulated
6E-5
: VGS = 0, '2, '4, '6, '8 (V)
5E-5 1
~4E-5 1
<
o
— 3E-5
2E-5 T PN o
1E_5 f\ﬁf'\ﬁh A AY aVaVaVaVWaVWalal ~
f\f\f\f\f\f\f\f\f\f\f\f\ faVaVaVaVaVaVaVaVaWaWal
o == . .. ... . N,

38

Figure 3.5: Pinch resistor Ip-Vp characteristic for W=15 um and L=100
uim. VGS:O, —2, —4, —6, -8 V.
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For Vpg < —1 nV:

vSDeH
Lee = ——r——— (1 + AVip) X
Tho (L + Ar) ( sp)
(W + AW — GMOD x 20{1\/1/}1 + VYSDeff +2TsubVDG> %
Vspeft 4 Tsub V3
(xﬂ - av\/l/}v + I +2r b DG) (311)
For Vps € (—1 nV,1nV):
[res = & (W -+ AW) $J (312)
Tho(L + AL)

where rg,y, is the parameter for fine tuning of pinch-off voltage, and GMOD is
geometry model selector for the optional disconnection of lateral pinching in
the case of oval or circle device shape. Vpgeg in (3.10) and (3.12) represents
(Vbaeft — Vsaerr) described in [59], where the substitution of Vphgeg and Vsges
into (3.9) provides a smooth, continuous transition from the linear region
into saturation. A similar definition holds for Vspeg in (3.11). All three
operation areas (3.10, 3.11, 3.12) are sewed, so there is no discontinuity
between them. Both the function and its first derivative are continuous. A
similar concept was used for capacitance equations in [11].

Velocity saturation, resulting from the longitudinal electric field, is neg-
ligible due to the increased pinching effect saturation dominance induced by
the surface depletion [59]. As shown in Fig. 3.7, the model length scalability
is sufficient even for relatively short dimensions. On the other hand Fig. 3.8
demonstrates that the pinch-off voltage is length independent.

The side pinching causes nonlinear width dependency of pinch-off volt-
age, as shown in Figs. 3.3 and 3.4. This dependency can be significantly
improved by the use of second or third order polynomial of parameter rgy,
on a limited interval of widths.

T'sub = Wsrsubii + WQTsubQ + Wrsubl + Tsubo (313)

where Tsub3, Tsub2, Tsubl, and Tgupo are tuning parameters described in Ta-
ble 3.2. In the case of using the model for a stripe-shaped device with an
unlimited width, the parameters rsun3, Tsup2 and g1 must be set to zero.
This ensures that rg,, 1s constant.

The model was created in the Verilog-A language [16, 49] as a voltage-
controlled current source with auxiliary voltage sources. The modifications
described in this section significantly improved the model accuracy as well
as the simulation speed, and solved all the reported convergence issues. The
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Figure 3.6: Pinch resistor transconductance characteristic for W=15 um
and L=100 pm. Vig=0, -2, -4, -6, -8 V.
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Figure 3.7: Pinch resistor Ip-Vp characteristic for W=15 um and L=20, 70,
150, 300 pm. Vgs=0 V.
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model is universal and applicable in various high voltage macromodels (e.g.
DMOS).

So far, we dealt with a 3-terminal (1 gate) JFET. The following sec-
tion is focused on oval shape dual-gate JFET, used mainly for high voltage
applications (in our case 200V and 700V applications).

3.2.4 DC model of dual gate JFET

Examples of the dual-gate JEET applications can be found in [31]. Example
described below has a circular or oval shape with the high voltage pad in
the center, as illustrated in Fig. 3.9. This configuration ensures that the
high voltage applied to the drain appears only in vertical direction in the
center of the oval where the high voltage breakdown is ensured by low
substrate concentration. Sufficient drift length or other techniques (e.g.
double RESURF [27]) make sure that this high voltage does not appear in
the device’s perimeter and the device can operate at such high voltages.

However, due to the layout configuration there is no pinch-off voltage
width dependency, described in previous section. On the other hand, it is
important to implement the impact of two independent gates - the top gate
(gatel) and the substrate (gate2). The device can be pinched either by the
substrate or by the top gate or by both.

The first idea was to extend (3.10) and (3.11) by adding gate2 pinching
- similarly as in (3.9). However, this solution would make the equation
too complicated and would require to go back to the original calculation of
Vbaaest and Vsgaer with the convergence issues. Therefore, it was decided to
reuse the idea of the parameter rg,, from (3.10) and (3.11) to parametrize
pinch-off. In this case it was not parametrized with the device width but
with potential at gate2

T'sub = Tsubb‘/SG2 + Tsubd In <Fn \/ V]%s + K) + Tsubo (314)

where rsupb, Tsubd, and reupo are model parameters described in Table 3.3,
F,=1V~! is a normalization factor, and K prevents the logarithm from
becoming enormous and ensures a smooth dependency on Vpg.

Table 3.3: Additional DC parameters for dual-gate JFET.

Parameter | Description Unit

independent tuning parameter

T'sub0 for pinchoff voltage

T'subb rsub dependency on Vsga v-1

T'subd rsub dependency on Vpg -
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Figure 3.8: Pinch resistor Ip-V characteristic for W =10 wum and L=50,
100 pm. Vps=0.1, 1, 10 V.

(b)

Figure 3.9: Cross-section of dual-gate JFET. (a) gatel above part of the
channel (b) gatel above whole channel.
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Substrate — second gate

Figure 3.10: Layout of oval shape dual-gate JFET with effective gate width
wg = 500um. Drain bonding pad is in the center of the oval.
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Figure 3.11: Dual-gate JFET load-line for Vg = Vg = 0 V and
parametrized Vp.
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This equation is valid only in the forward direction. For reverse direction,
Vsae is replaced with Vpge and Vpg with Vgp.

The key characteristic of the high voltage dual-gate JFET is the load-
line, describing the source voltage Vs vs source current /g dependency, where
the Vs value represents the pinch-off voltage. Ig is the JFET source current
here. The saturation current described in following chapters is subscripted
with gate and denoted with the symbol Isg,. The load-line demonstrat-
ing pinch-off dependency on Vp is shown in Fig. 3.11, and the load-line
demonstrating pinch-off dependency on Vg is in Fig. 3.12.

3.3 Capacitance Model

The most significant capacitance in conventional compact JFET model is
the capacitance of p-n junction between the JFET body and JFET gate.
This capacitance is included in the model typically as two voltage dependent
capacitors, one between drain and gate, and the second one between source
and gate. Each one represents the capacitance of half of the p-n junction
area.

In the conventional model it is described by C-V equation [32, 60]

G - x AREA (3.15)
(-5)"

O —

where Cj is the zero-bias junction capacitance per unit area, Vj is junction
built-in potential, M is grading coefficient, and AREA is the area of pn
junction (representing the half of JFET gate area). In the case of dual-
gate JFET there are two p-n junctions, so there are four voltage dependent
capacitors in the model, as depicted in Fig. 3.13.

Moreover, the pinch-off voltage can be observed not only in DC curves
but also in CV curves, as shown in Fig. 3.14. When the voltage across
the p-n junction reaches the critical value Vg, the JFET body becomes
fully depleted, and the capacitance steeply drops down. The same effect
was observed also in gate capacitances of MESFET/pHEMT or microwave
varactors [12].

In this case it was implemented into (4.1) using a dimensionless multi-
plication factor Chutan

C’multh - (\/(V + Vpoﬁfgn)2 + SGn + 0.5V —

\/(V + VpoﬁGn — 05\/)2 + SGn) x CMOD (316)



CHAPTER 3. COMPREHENSIVE BEHAVIORAL MODEL OF
DUAL-GATE HIGH VOLTAGE JFET AND PINCH RESISTOR 45

30

lO0O0O0000O0O0O0O0OO

25 +
000000000000
(0000000000 OO

Q000000
uuuuu()@()ggg

Vs (V)

15 1 Ve =0, 1,3,5,10 (V)

O measured
[ —— simulated

10 B S
1E-7 1E-6 1E-5 1E-4 1E-3 1E-2

Is (A)

Figure 3.12: Dual-gate JFET Load-line for Voo = 0 V Vp = 50 V and
parametrized V.
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Figure 3.13: Simplified CV macromodel of dual-gate JFET.
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Table 3.4: Capacitance parameters for JFET (pinch resistor).

Param. | Description Unit
CMOD | capacitance model selector A\
Cjoa1 | gatel capacitance per unit area at zero bias Fum~—2
Vie1 | gatel built-in potential \%
Mig1 | gatel grading coefficient -
Vooffg1 | gatel capacitance pinching voltage VvV
Sac1 steepness of gatel capacitance drop V2

Cjoaz | gate2 capacitance per unit area at zero bias | Fum™

Vig2 | gate2 built-in potential v
Mg | gate2 grading coefficient -
VooffiG2 | gate2 capacitance pinching voltage A%

Sao | steepness of gate2 capacitance drop V2

where n represents the index of gate (n=1 for gatel, n=2 for gate2), CMOD
is a capacitance model selector for optional disconnection of the equation
(3.16) from the rest of the model, and VjofiGn, San are tuning parameters as
described in Table 3.4. The approximate behavior of (3.16) for CMOD=1
is

for V < _V;)off: C(multh =0
for Ve (—Viot, = Voot +0.5V):  Cryuieen € (0,1)
for V> —V,og + 0.5V: Crultgn = 1.
The final voltage dependent capacitances are then defined as
G n A n
Cpan = VJOG Moy < 2G X ChultGn (3.17)
1 __ VYDGn
(1- %)
CioGn Acn
CSGH g V.v]OG MiGn X ;} X Cmulth (318)
1 — Vsan
(1-%2)

where Aq, represents area of gate with index n.

3.4 Parasitic DC Model, Gate Current

The next phenomenon implemented in behavioral JFET model is the gate
current caused by the impact ionization. Due to the high electric field
electron-hole pairs are generated in the drift area which causes parasitic
gate current. Based on the MOSFET equation for impact ionization im-
plemented in BSIM4 model [62], a similar equation was introduced for the
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Figure 3.14: CV characteristic of JFET with full depletion at Vqp = —15 V.
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Figure 3.15: Vp dependency of gatel current in dual-gate JFET for
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O g measured
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Figure 3.16: V5 dependency of gatel current in dual-gate JFET for V=50
and 100 V, V=0 V.

JFET and implemented as the gate current

n nLe - n
]Gnii = doc i G d VdiHGn : eXp( BOG )[DS GshapeGn (3 19)
Leﬁ VdiffGn

where apq, ag and Sy are tuning parameters described in Table 3.5, Leg
is effective JFET length, and Ipg is JFET current. Parameter Vg repre-
sents the difference between drain-source voltage and effective drain-source
voltage

Vaitian = Vbs — VbseftGn (3.20)

where

Voseficn = (Vproan — Vbs) —

O.5<(fo0Gn — Vbs) + \/(fooc;n — Vps)? + K) (3.21)

Vptoan 1 @ tuning parameter representing the drain voltage where the impact
ionization starts and coefficient K ensures a smooth course of the Vpsesa
dependency.

As can be derived from (3.21), the voltage Vpsefian approaches Vpg for
Vps < Vi and Vipgoan for Vps > Vipoan. Hence, the parameter Viigan in
(3.19) is roughly equal to zero for Vps < Vipan and the impact ionization
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Figure 3.17: Is dependency of gatel current in dual-gate JFET for V=50,
100, 150 and 200 V, Vige=0 V.

appears only for Vps > Vppan. The impact of parameter Viga, is demon-
strated in Fig. 3.15, which is Ip(Vp) characteristic measured /simulated up
to the maximum voltage with gate current plotted.

The last parameter in (3.19) is Ganapecn, representing the gate current
dependency on gate voltage

GshapeGn - (‘/SGn - gQGn)2 + 91Gn (322)

where giqn and goqn are tuning parameters described in Table 3.5. The
impact of gate voltage on gate current is demonstrated in Fig. 3.16. The
scalability of impact ionization current is ensured in (3.19) by dependency
on scalable drain-source current Ips. The dependency of gate current on
drain-source current in dual-gate JF'ET is demonstrated in Fig. 3.17.

For low Vpg where impact ionization is not active, the gate-drain and
gate-source leakage currents are modeled by a standard diode equation [60]

VDGn
Leaxpan = Iscn -1 3.23
leakDG SG (exp (nevt ) ) ( )
Vsan
Deaxsan = Isan -1 3.24
leakSG SG (eXp (nth) ) ( )

where Isq, is a tuning parameter described in Table 3.5, n. is the emission
coefficient and V; is thermal voltage. Typically two diodes are used. The
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Table 3.5: Impact ionization parameters for JFET (pinch resistor).

Parameter | Description Unit

IGMOD | gate current model selector -

First parameter of impact

~1
oG1 ionization gatel current wmV
L-scale param. of impact V-1
a1a1 ionization gatel current
Second parameter of impact V-1
Poci ionization gatel current
Vbs offset of impact
Vofoc1 A%

ionization gatel current

I Gatel saturation Al
SG1 (OFF state) current density | “*H™

First order voltage coef.

2
9161 of gatel current v

Second order voltage coef. v
92G1 of gatel current

First parameter of impact V-1
@oG2 ionization gate2 current Hm

L-scale param. of impact V-1
A1G2 ionization gate2 current

Second parameter of impact V-1
Poc2 ionization gate2 current

Vbs offset of impact
Votog2 A%

ionization gate2 current

I Gate2 saturation Avm—2
SG2 (OFF state) current density | “**H™

First order voltage coef.
9162 of gate2 current

Second order voltage coef.
92G2 of gate2 current

first one between drain and gate, the second one between source and gate.
Each of them represents the leakage current of one half of the p-n junction
area. In the case of dual-gate JFET there are two p-n junctions, so there
are four diodes used in the model. The total gate current is then defined as

Icntot = IGMOD X Iguii + (LeakDGn + Jicakscn) Acn (3.25)

where Ag, represents the area of p-n junction between JFET body and gate
with index n, and IGMOD is gate current model selector for the optional
disconnection of equation (3.19) from the model.
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3.5 Temperature Model
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Figure 3.18: Pinch resistor Ip-Vg characteristics for W= 6 and 16 um at
various temperatures.

Temperature dependency of the behavioral JEFET model is more complex
than in the case of compact JFET model. Three parameters controlling the
temperature dependency of JFET were selected by the sensitivity analysis
of temperature data: sheet resistance, pinch-off voltage and junction depth.
Resulting temperature equations are

o (T):rho( ! )texp (3.26)

Tnom
Tsub (T) = rsup (1 4 rsubge (T — Thom)) (3.27)
T xjtexp
z; (T') = = (T ) (3.28)

where texp, rsuby. and xjtexp are tuning temperature parameters, described
in Table 3.6.
Leakage current to gate is modeled by a standard equation [32, 60]

T xtign
Isan (T) = Isgn (T > (3.29)



CHAPTER 3. COMPREHENSIVE BEHAVIORAL MODEL OF
DUAL-GATE HIGH VOLTAGE JFET AND PINCH RESISTOR

1E-2

1E-3

1E-4

1E-5

1E-6

Figure 3.19: Dual-gate JFET Ip-Vo characteristics for Vigis=—22 V and
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Figure 3.21: Pinch resistor Ip-Vp characteristic for Vgso=—4 V at various
temperatures.
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Figure 3.22: Dual-gate JFET load line Vpg=50 V at various temperatures.
Ve1=Vg2=0 V.
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Table 3.6: Temperature parameters for JFET (pinch resistor).

Param. | Description Unit

texp | temperature exponent of JFET resistance -
rsubg. | temperature coefficient of pinch-off voltage | K1
xjtexp | temp. exponent of JFET depth -

xtiq; | temp. exponent of gatel OFF state current | -

xtige | temp. exponent of gate2 OFF state current | -

where xtig, is tuning temperature parameter for gate with index n, de-
scribed in Table 3.6. The temperature dependency of pinch-off and leakage
current is demonstrated in Figs. 3.18 and 3.20. The temperature depen-
dency of impact ionization current is covered by the temperature depen-
dency of main JFET current Ipg, which plays an important role in the
impact ionization equation (3.19).

3.6 Statistical Model

Each technology has some natural statistical distribution, which should be
reflected in SPICE models. Several statistical tests, e.g., pinch-off voltage,
Rason, saturation current, etc., were defined and added to the PCM testplan
to cover the electrical characteristics of the device. The tests were then
measured in production lots and the final statistical data were used for
the extraction of the statistical model. Four parameters controlling the
process statistical distribution during Monte Carlo analysis were selected
using sensitivity analysis of the measured statistical data: Nyody, Tho, AW,
and ISGn~

Parameters Nyoqy and 7y, are distributed in the model with model pa-
rameter or (relative shift) using following mapping equations [35]

OTNbo X 0TNbo
NbodyFin _ Nbody (1 i T'Nbodym + \1731(‘)1 T'Nb d}’s> (330)
OTrho.. + Vars X 07:ho.
oFin — o 1 = b) 3.31
ThoF Th < + 100 ( )

where 07Nbody,m s 07Nbodyss Trhoy, , ad 071he, are tuning parameters described
in Table 3.7. The statistical distribution during Monte Carlo simulation is
controlled by master variables var; and var, that vary randomly based on
Gaussian distribution with u= 0 and ¢ = 1. This principle ensures that
uncorrelated parameters vary independently, while correlated parameters
vary simultaneously [36, 52].
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Figure 3.23: Boxplot of measured pinch-off voltage. Green lines define
upper and lower specification limit (USL and LSL), red lines define upper
and lower control limit (UCL and LCL).
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Figure 3.24: Histogram of measured and simulated pinch-off voltage. Red
curve represents modeled Gaussian distribution.
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Table 3.7: Statistical parameters for JFET (pinch resistor).

Parameter | Description Unit
5 Relative shift of parameter %
T'Nbodym Nbody - mean 0
5 Relative shift of parameter %
TNbodys Nbody - sigma 0
Relative shift of parameter
OTrho, Tho - Ll€an 7
Relative shift of parameter
0Trho, Tho - Sigma %
5 Absolute shift of parameter
@Awwm | AW - mean Hm

5 Absolute shift of parameter
AAw, AW - sigma Hm

Relative shift of parameter

5TISG1‘“ ISGl - mean %
5 Absolute shift of parameter

T1SG1, Isq - sigma B
Relative shift of parameter

OT1SG2,, Isgo - mean %
Absolute shift of parameter

drisaa, -

log(Isgs2) - sigma

The parameter AW which can become positive or negative, is statisti-
cally modified by absolute shift da as described in equation [35]

AWgin = AW + (daaw,, + vars X daay, ) (3.32)

where daay,, and daay, are tuning parameters described in Table 3.7. Monte
Carlo simulation is in this case controlled by the parameter vars.

The last statistically distributed model parameter is Igq,. In this case
the relative shift was applied again but using the log-normal distribution
which is in agreement with measured statistical data:

OT1SGn
IsGnFin = Iscn (1 + %) X 1(varaXOriscns (3.33)

where 0715Gn,, and 0riggn, are tuning parameters described in Table 3.7.
Monte Carlo simulation is here controled by the parameter vary, and the
exponential (3.33) performs conversion of Gaussian distribution of vary to
log-normal distribution of IsguFin.

As an example, the histogram of measured and simulated pinch-off volt-
age (Vs at Vp=20 V and Ig=-1 nA) of pinch resistor W=7 and L=200 pm
is depicted in Fig. 7.2. The boxplot in shown in Fig. 3.23. The number of



CHAPTER 3. COMPREHENSIVE BEHAVIORAL MODEL OF
DUAL-GATE HIGH VOLTAGE JFET AND PINCH RESISTOR o7

measured devices was 11122, the number of lots 421. The standard devi-
ations of model parameters described in this section have been calculated
from standard deviations of these measured electrical process parameters
using Backward Propagation of Variances method (BPV) [36, 38].

Mismatch parameters have not been extracted yet. However, the model
is open for the implementation of the mismatch parameters multiplicating
(3.30) and (3.31) by multiplication factors [35]

VWL
3.34
100 ( )

varmm X Vv 0.5 x Zmm
MULT,m =1+

where 0,,,, is extracted mismatch standard deviation for given parameter
and var,,, is master variable distributed by Monte Carlo simulation. The
usage of master variable var,,,, is the same as in the case of process distri-
bution.

3.7 Extracted Model Parameters

The developed model was used for several real components, for example
pinch resistors, high voltage JFETSs or drift area of HV LDMOS. This chap-
ter presents two of them: pinch resistor in 700V 1 um analog CMOS tech-
nology and dual-gate 200V JFET in 700V 0.25 pm BCD technology.

Table 3.8: Extracted DC Parameters.

Parameter | Parameter value | Parameter value
name Pinch resistor | Dual-gate JFET | Unit
GMOD 1 0 -
Nbody 1.38 x 101° 1.20 x 1015 cm™3
Ngide 9.64 x 104 1.20 x 10'° cm ™3
Neub 6.11 x 104 5.91 x 10 cm™3
xj 1.03 0.53 pm
A 2.00 x 1073 0 A\
Tho 3.00 x 10! 2.29 x 1073 Qum—2
Ay, 1.14 0 pm
Aw -0.05 0 pwm
T'subb 0 1.76 x 1073 v
Tsubd 0 6.32 x 1073 -
Tsub0 2.53 x 10! 3.97 x 107! -
Tsubl 3.19 x 1072 0 m~!
T'sub2 —1.66 x 1073 0 m—2
Tsub3 2.35 x 10~° 0 m—3




CHAPTER 3. COMPREHENSIVE BEHAVIORAL MODEL OF
DUAL-GATE HIGH VOLTAGE JFET AND PINCH RESISTOR o8

Table 3.9: Extracted CV Parameters.

Parameter | Parameter value | Parameter value

name Pinch resistor | Dual-gate JFET | Unit

CMOD 0 1 v-!
Cioc1 2.14 x 10717 1.05x 1071 | Fum—?2
Vic1 5.00 8.38 A%
Mic1 0.25 1.00 -

Vootta1 30.0 15.6 A
Sa1 0.05 0.05 V2
Cioc2 0 1.50 x 1077 | Fum~2
Vice 0 0.06 A%
Migo 0 0.25 -

VoofiG2 0 45.0 Vv
Sae 0 0.05 V2

Table 3.10: Extracted Parasitic Gate Current Parameters.

Parameter | Parameter value | Parameter value
name Pinch resistor | Dual-gate JFET | Unit
IGMOD 0 1 -
a1 0 1.74 x 1078 pumV !
x1G1 0 0 v-1
foc1 0 582.3 V-1
Voroa1 0 23 v
g1c1 0 15 V2
92G1 0 9 A%
Isca 3.17 x 10718 2.50 x 10716 | Apm~2
QG2 0 1.74 x 1078 pmV !
x1G2 0 0 v-!
Pocz 0 582.3 V-1
Votog2 0 23 \Y4
g1G2 0 15 V2
92G2 0 9 A%
Lo 0 1.50 x 1017 Apm=—2

The parameters of the models were extracted using standard modeling
extraction flow. The measurement methods were defined, tested and used
for various device dimensions and configurations. Various DC, CV and par-
asitic DC measurements were realized at temperatures from -40 to 150 °C.
Parameters of both presented devices shown in Tables 3.8, 3.9, 3.10, 3.11,
3.12 were extracted using various optimization methods [13]. The mod-
els were implemented into the commercial simulators HSpice (Synopsys),



CHAPTER 3. COMPREHENSIVE BEHAVIORAL MODEL OF
DUAL-GATE HIGH VOLTAGE JFET AND PINCH RESISTOR 29

Table 3.11: Extracted Temperature Parameters.

Parameter | Parameter value | Parameter value
name Pinch resistor | Dual-gate JFET | Unit
texp 1.64 1.50 -
rsubg. 0 0 K1
xjtexp 0 3.50 x 1072 -
xtigy 1.84 3.0 -
xtige 0 3.0 -

Table 3.12: Extracted Statistical Parame

ters.

Parameter value

Parameter | Parameter value
name Pinch resistor | Dual-gate JFET | Unit
OTNbodym 14.0 0.0 %
OTNbody. 3.07 6.09 %
OTyho,, 4.92 0.0 %
OTyho, 1.66 0.0 %
daAw,, 0.037 0.0 pm
daAw, 0.149 0.0 pm
0rIsG,, 0.0 0.0 %
orIsGl, 0.10 0.07 -
orrsae,, 0.0 0.0 %
5YISG25 0.10 0.07 -

Eldo (Mentor) and Spectre (Cadence). Statistical model parameters were
extracted based on evaluation of real production data using the Backward

Propagation of Variances method (BPV) [36, 38].
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3.8 Conclusion

This chapter represents the core of the developed new dual-gate JFET
model, including genesis of the model development.

The developed behavioral Verilog-A model model is very complex, which
is demonstrated by the simulated characteristics compared with measured
data in various regimes of the device operation: DC currents, capacitance,
parasitic gate currents, temperature sweep or statistical distribution.

The list of extracted model parameters for two representatives dual-gate
high voltage JFET and pinch resistor have been presented.

Dual-gate JFET compact model does not exist in any commercial sim-
ulator yet. The presented model is therefore the only solution for the simu-
lation of technology containing such device. Moreover, most JFET models
published before the publication of this [61, 57, 58] [35] have been focused
on DC parameters. The presented model proposes a more complete and
universal solution covering most of required phenomena for real production
designs.

The new ideas described in this chapter were approximately 85% au-
thor’s own. The author’s ratio of participation in the relevant publication
[5] was about 40%.

The following chapters deal with the extension of this model.



CHAPTER

Techniques of HV JFET Gate
Capacitance Modeling

4.1 Introduction

The Junction Field Effect Transistor (JFET) is a component used in many
applications, as for example low-noise amplifier, high input impedance am-
plifier, constant current source, etc. [10]. It can be constructed as 3-terminal
(3T) or 4-terminal (4T) component. The more complicated 4T JFET con-
tains two independently controlling gates, which allow two input signals to
be applied simultaneously, so it can be used in signal mixing applications
[61].

Development of JFETSs especially for high-voltage applications requires
considering various aspects, as for example optimization of breakdown volt-
age with series resistance, ESD robustness, etc. Therefore, various JFET
concepts can be found. Apart from that, the JFET can be found as a par-
asitic structure in other components as for example in high-voltage PMOS,
which can be observed in measured characteristics and should be considered
in macromodel.

This chapter published in [4] is focused on the modeling of JFET gate
capacitance, which is seemingly only a simple p-n junction, but in reality
the measured C-V characteristics can at first look quite surprising. Var-
ious JFET concepts and measured gate capacitances including explained
physical interpretation of observed phenomena are presented. Modeling
techniques (lumped model, behavioral model, etc.) are compared and plots
with silicon data vs. simulated results are demonstrated.

61
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Gate

Source

P substrate

Figure 4.1: Cross-section of single-gate JFET (pinch resistor).

4.2 Single-gate (three-terminal) JFET

The example of single-gate JFET cross-section is shown in Fig. 4.1, the
related layout is in Fig. 4.2 and the typical macromodel is in Fig. 4.3. Such
component is often called the pinch resistor and it is often used as a constant
current source.

Voltage dependent capacitances Cqp and Cgg are usually represented by
the compact diode SPICE models with the voltage dependent p-n junction
barrier capacitance described by the equation [32, 60]

C.
—<1 - J%“ ) - AREA (4.1)

where Cj is the zero-bias junction capacitance per unit area, Vj is junction
built-in potential, M is grading coefficient, and AREA is the area of pn
junction (representing the half of JFET gate area).

These compact diode SPICE models can be either part of customized
lumped macromodel or integrated in the JFET model as for example in R3
model [35].

It is apparent, that low doped substrate and high doped P+ gate are
connected in our three-terminal JFET, so the question is, how to measure
and evaluate model parameters of Cqp and Cgg for the equation 4.1. The
equation assumes a physical p-n junction with depletion area spreading with
the applied p-n junction voltage, not two parallel p-n junctions affecting each
other.

One of possible solutions is to measure the gate and substrate p-n junc-
tions separately and implement two parallel diodes in the model instead of
one. However, such solution does not correctly represent the real situation,

C:
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where the JFET channel can be pinched off by a few volts. The separate
measurements in artificial structures do not cover this case.

It is more correct to measure the real situation of gate and substrate
connected in a real JFET device. In such a case, however, the extracted
parameters V; and M; can get quite far from their expected physical val-
ues, which especially occurs at low temperatures. In compact models the
parameter V; has the integrated temperature dependency [32]

VﬂT):‘GUhm)(Tim)‘*QWhl(Zg%%ﬁ) (4.2)

where T is simulation temperature, T}, is nominal reference temperature at
which the values of basic model parameters were extracted, V; is the thermal
voltage and n; is the intrinsic carrier concentration of used material, in our
case silicon, with its own temperature dependency [32]

) = ) () exp (o EeTom) By

where Xj; is intrinsic carrier concentration temperature exponent used in
SPICE as a tunable temperature parameter, typically set to the value 1.5,
and Eg is the gap width with its own temperature dependency described in
[42].

Therefore, if the extracted Vj value gets too far from its expected physi-
cal value, it can become too low at very low temperatures, and making V' /V;
too dominant, in extreme case even larger than 1, which could cause nega-
tive capacitance. The extracted parameters should thus be carefully verified
in the full temperature range. If the verification fails and obtaining precise

e

i

]]_I

Figure 4.2: Layout of single-gate JFET (pinch resistor).
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Figure 4.3: Simplified C-V macromodel of single-gate JEET (pinch resistor).

voltage dependent capacitance with the integrated model equation 4.1 be-
comes impossible, the alternative solution of behavioral voltage dependent
capacitor model can be used.

In any case it is necessary to measure the gate capacitance in the real
three-terminal structures containing drain, source and gate terminals, and
not (as is often practised) in large two-terminal customized p-n junction
structures. If the JFET is too small and gate capacitance value is under
tester measurement limit (sometimes called measurement noise floor), more
JFETs in parallel can be used instead. Correct measurement of gate-drain
capacitance Cgp is with floating source, correct measurement of gate-source
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simulated
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Figure 4.4: Cgp-V characteristic of single-gate JFET with full depletion at
Vep = —15 V.
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Figure 4.5: Cross-section of high-voltage dual-gate 4T JFET.

capacitance Cgg is with floating drain.

Let us for simplicity only talk about measurement of gate-drain capac-
itance Cgp in the following text. In such a case the measured gate-drain
capacitance Cgp is equal to the sum of two parallel capacitances: gate-
drain capacitance (direct p-n junction) and gate-source capacitance in se-
ries with the source-drain resistance, which is basically a JFET represented
by its DC model. When the gate-drain voltage Vop voltage across the p-n
junction reaches the JFET pinch-off voltage, the JFET body becomes fully
depleted, and the mentioned second parallel path containing gate-source ca-
pacitance Cgg is disconnected. This appears as a steep drop of capacitance
in measured C-V characteristic, as demonstrated in Fig. 4.4. Measurement
of the gate capacitance with shorted drain and source does not show this
effect. The same effect was observed also in gate capacitances of MES-
FET/pHEMT or microwave varactors [12].

4.3 Dual-gate (four-terminal) JFET

An example of dual-gate JFET cross-section is shown in Fig. 4.5, the re-
lated layout is in Fig. 4.6 and the typical macromodel is in Fig. 4.7. This
component is designed for high-voltage applications, therefore it has a cir-
cular or oval shape with the high voltage pad in the center, as illustrated
in Fig. 4.6. This configuration ensures that the high voltage applied to the
drain appears only in vertical direction in the center of the oval where the
high breakdown voltage is ensured by low concentration of carriers in the
substrate. Sufficient drift length or other techniques (e.g. double RESURF
[27]) make sure that this high voltage does not appear in the device’s perime-
ter and the device can operate at such high voltages [5]. Examples of the
dual-gate JFET applications can be found in [31].

In the case of dual-gate JFET there are two effective gates (gate and
substrate) represented by two p-n junctions, so there are four voltage de-
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pendent capacitors in the macromodel, as depicted in Fig. 4.7. Therefore,
four C-V tests must be measured: Gate-drain capacitance Cqp with floating
source, substrate-drain capacitance C'sygp with floating source, gate-source
capacitance Cqg with floating drain and substrate-source capacitance Csygg
with floating drain. The principle is analogous with that described in pre-
vious section for single gate JFET, but in this case the measurement of gate
capacitances has substrate voltage as a parameter and the measurement of
substrate capacitances has gate voltage as a parameter.

The measured characteristics as well as the simulated curves are pre-
sented in Fig. 4.8 and Fig. 4.9. Fig. 4.8 shows gate-drain capacitance Cgp
measured for various substrate voltages. It is apparent, that the substrate
voltage is affecting the pinch-off voltage Vgp, because the pinch-off voltage
of dual-gate JFET is affected by depletion areas of both gates. The more
dominant gate is the one with higher concentration of carriers, because the
diffusion of minor carriers to the JFET body is higher in this case. This can
be demonstrated by the comparison of Fig. 4.8 and Fig. 4.9, where the same
step of second parameter has different impacts: the gate charge is appar-
ently more concentrated and therefore the gate voltage Vi in Fig. 4.9 has a
higher impact on the pinch-off voltage than the substrate voltage Vsup does
in Fig. 4.8.  As mentioned in previous section, a well-fitting DC model (es-
pecially for pinch-off voltage) is a necessity for the correct precise low-signal
capacitance model. For the dual-gate JFET it is even more challenging,
because the pinch-off voltage is determined by a combination of both gate
voltages Vi and Vsug and each of them has a different impact. Various

Substrate — second gate

Figure 4.6: Layout of high-voltage dual-gate 4T JFET.
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Figure 4.7: Simplified C-V macromodel of dual-gate 4T JFET.

behavioral DC models of dual-gate JFET are published for example in [61]
or in [5].

The next challenge for the dual-gate JFET gate capacitance modeling
is the device with a non-uniform JFET channel. Fig. 4.5 shows a JFET
with gate covering only a smaller part of JFET channel. In such a case the

4E-12 + o measured
__ simulated

Figure 4.8: Cgp-V characteristic of high-voltage dual-gate JFET with
parametrized Vsugp = —20, —22, —24, —26, —28 V.
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Figure 4.9: Csypp - Vsusp characteristic of high-voltage dual-gate JFET
with parametrized Vg = —12, —14, —16, —18, —20 V.

gate-drain capacitance is in reality a p-n junction capacitance in series with
a very-high-voltage Nwell (VHVNW) layer not covered by the gate. Ideal
modeling solution would be the macromodel of dual-gate JFET in series
with single gate JFET and the gate-drain capacitance would rather be the
capacitance between gate and internal node between the two mentioned
JFETs. Such a solution directly corresponds with the layout, but it is
overly complicated and difficult for the parameter extraction mainly due
to impossibility to measure these two segments separately. Moreover this
solution is predisposed to convergence issues.

Figure 4.10: Cross-section of high-voltage dual-gate 4T JFET with parasitic
surfact channel.
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Another possible modeling solution is using the standard barrier capac-
itance of equation 4.1, but unfortunately with a high probability of the
extracted parameters far from their physical values and thus the temper-
ature model failing, as explained in section A. So the verification in full
temperature range is again necessary.

The last proposed modeling solution is using the customized behavioral
voltage dependent capacitance. It is preferred to model the capacitance
with a charge controlled model as recommended in [40].

4.4 Dual-gate (four-terminal) JFET with para-
sitic surface channel

A high-voltage JFET does not necessarily have to have non-uniform channel.
Fig. 4.10 demonstrates JFET described in the previous section, in this case
with the additional buried-layer gate covering almost whole of the JFET
channel. However, this construction has another challenge, consisting in
the parasitic JFET channel between silicon surface and buried gate.

In such case the gate-drain capacitance is predominantly located in the
parasitic JFET channel between the surface and buried layer, while the ma-
jority of current flows via the main channel under buried layer. Measure-
ment of such gate-drain capacitance with substrate voltage as a parameter
and floating source is shown in Fig. 4.11. Unlike in the previous tests, in this
case the gate was grounded while the drain voltage being swept on. There-
fore, —Vpq instead of Vgp is on X-axis. This information is important only
for correct understanding of parameter Vsyg. Measured is the gate-drain
capacitance Cgp like in previous tests.

At low gate-drain voltages the measured capacitance is composed of the
surface gate-drain capacitance, the main channel gate-drain capacitance and
the gate-source capacitance in series with JFET. At about Vgp = 15V the
parasitic surface channel becomes depleted and the surface gate-drain ca-
pacitance becomes disconnected. Because it was the dominant one, the
measured capacitance significantly drops down. In the range of gate-drain
voltage between about 15V and 20V the main channel gate-drain capaci-
tance and the gate-source capacitance in series with JFET are significant.
And finally at Vgp > 20V the main JFET channel gets fully pinched, with
the pinch-off voltage affected by the applied substrate voltage, as detailed
Fig. 4.12. This effect was explained in previous section. In other words, the
substrate voltage affects only the second capacitance drop at Vgp > 20V,
while the rest of the C-V curve is substrate-voltage independent.

The modeling of the second capacitance drop is covered naturally by the
combination of precise DC model of dual-gate JFET [61, 5] and four related
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voltage dependent capacitances (compact diode SPICE models). The mod-
eling of the first dominant capacitance drop can be done by two possible
methods.

The first one was demonstrated in [5]. The gate-drain surface chan-
nel capacitor is modeled by a behavioral voltage-dependent capacitor using
equation 4.1 multiplied with the dimensionless multiplication factor Cp,u

C’mult - (\/(VGD + V;)off)z + S + 0.5V —

\/ (Vap + Voot — 0.5V) + S) x CMOD  (4.4)

where Vgp = —Vpg is the gate-to-drain voltage, Vo is the absolute value of
gate capacitance pinch-off voltage and S controls the steepness of the gate
capacitance drop and CMOD is a capacitance model selector for optional
disconnection of the equation (4.4) from the rest of the model.

The approximate behavior of (4.4) for CMOD = 1 is
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Figure 4.11: Cgp-Vgp characteristic of high-voltage dual-gate JFET with
parasitic surface channel and parametrized Vsyg = 0, —5, —10 V affecting
the pinching of main JFET channel.
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Figure 4.12: Cgp-Vgp characteristic of high-voltage dual-gate JFET with
parasitic surface channel and parametrized Vsyg = 0, -5, -10 V, focused on
disconnection of "source path” due to pinched main JFET channel.

for VGD < _vpoﬁ: C'mult =0
for Vap € (—Vipott, = Voot + 0.5V): Cryure € (0, 1)
for Vgp > —Vpoﬁ‘ + 0.5V: Coae = 1.
The voltage-dependent gate-drain capacitance is then defined as
Cio
Cep = Couty———57 AREA (4.5)
1 Yen)

This solution, however, brings a risk of convergence errors in transient
analysis, as mentioned in [40], where the charge-controlled model is recom-
mended. Another possible solution is to implement the surface parasitic
JFET channel in the macromodel as a JFET DC model and put it in series
with the substrate gate-drain capacitor. The disadvantage of this is the in-
crease of model complexity. However, it is close to the actual layout, which
is usually a good solution.

4.5 Parasitic JFET in other components

As mentioned earlier, the JFET device, especially for high side applications,
can be structured in different ways which should be taken into account dur-
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P substrate

Figure 4.13: Cross-section of high-voltage PMOS with parasitic drain JFET
(p-type). N-body shorted to P-source represents JFET gate (n-type).

ing model development. Previous sections demonstrated only some exam-
ples of possible JFET types.

In Fig. 4.13 the cross-section of another component, in this case high
voltage PMOS, is shown, where the drain-source capacitance is affected by
the parasitic JFET created by the P-substrate channel and two N buried
layers (NBL) representing JFET gate. This PMOS has its bulk shorted
with the source, so the measured output drain-source capacitance for nega-
tive Vpg might be expected to be the simple barrier capacitance with voltage
dependency described by the equation 4.1. But the data shows a similar
capacitance drop as in Fig. 4.4, which is caused by the pinching of the
mentioned parasitic JFET. In this case the drain-source capacitance must
be modeled, similarly as the surface parasitic channel described in previ-
ous section, either by behavioral voltage dependent capacitance or by the
implementation of parasitic JFET in the lumped macromodel.

Similar parasitic JFETs can appear also in other component types, as
for example bipolar transistors, diodes, etc. So a careful measurement us-
ing the right measurement setup and considering these phenomena in the
final model are necessary to obtain an accurate model representing the real
electrical behavior of the device.

4.6 Conclusion

JFET gate capacitance is often considered to be just a simple p-n junction.
Its measurement and careful modeling is therefore often underestimated.
This capacitance is however usually affected by the pinching JFET effect,
which must be taken into account. It was demonstrated, that JFET can
appear also as a parasitic component in other electrical components and
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must be also considered in the macromodel. Various examples were pre-
sented and for each of them various techniques and principles of modeling
gate capacitance were proposed. Some plots with measured silicon data and
simulated models were demonstrated.

Such complex guide as presented in this chapter, taking into account
various device variants, was not found in any other publication or SPICE
manual.

The new ideas described in this chapter were approximately 90% au-
thor’s own. The author’s ratio of participation in the relevant publication
[4] was about 50%.



CHAPTER

Lumped RF Model of
MOSFET Gate Resistance for
GHz+ Frequencies

5.1 Introduction

Nowadays the design of competitive integrated circuits requires short cycle
time and first pass success in manufacturing. This is assured by precise
SPICE models. The commercial simulators contain many compact models,
e.g. BSIM [62], HiSIM [34] or PSP [19] for MOSFETSs, Gummel-Poon [51]
or VBIC [8] for bipolar transistors, containing set of tunable parameters.
However, the high voltage and high frequency area is not yet fully covered
by compact models. Therefore the macromodels built from the combination
of compact model with the parasitic RLC network or behavioral HDL blocks
must be created.

This chapter published in [2] is focused on the modeling of fast high
voltage MOSFET used as an output stage, operating in frequencies in order
of GHz and voltages up to Vpg=30V and V3s=8V. Due to the very large gate
width in the order of meters the MOSFET has very low ON state resistance
Rgson and due to the construction it has very low output capacitance. The
typical Rgson is in order of milliohms, gate-drain capacitance is in order of
picofarads and gate source capacitance in order of nanofarads. Although
the total gate width is very large, in order of meters, the device total area is
relatively small, in order of square millimeters, due to the high integration
(see layout in Fig. 5.1 and Fig. 5.1).

Such a device of course contains many parasitic phenomena not observed
in standard MOSFETs. Namely the gate impedance including the imagi-
nary part has to be considered. Especially the inductance part because the
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density of gate connections is in our case quite large as demonstrated in
Fig. 5.1.

The compact BSIM4 [62] model was used for the modeling of basic
MOSFET. Although this model contains gate resistance parameters, the
measured data were too different from the expected characteristics. So it
was decided to use RLC network instead.

5.2 Model development

The scalable model was created based on the standard SPICE modeling
methodology [32, 21, 60]. The test-mask containing required device in sev-
eral configurations, namely various gate width, number of rows, and number
of columns was designed. The device was measured in full operation area up
to maximal voltages and in full temperature range (from —40°C to +150°C).
The test plan contained DC methods In(Vp) and Ip(Vg), capacitance meth-
ods Cgp(Vep) and Cgs(Vas), and Transmission Line Pulse (TLP) tests for
the measurement of high currents to prevent self-heating. The measured
data were then used for the extraction of BSIM4 MOSFET model parame-
ters.

Finally, the frequency measurement of S-parameters using Ground-Signal
structure demonstrated in Fig. 5.3 and network analyzer Agilent 8753 oper-
ating up to frequency 2 GHz was performed. Asit can be seen in Fig. 5.3, the
MOSFET has grounded drain and source, so the measured Z;5 impedance
corresponds to the MOSFET in series with gate resistance. The measured
S-parameters were transformed to Z parameters using standard transfer
functions.

PORT1 PORT2

GND GND

Figure 5.3: Ground-Signal two-port structure for S-parameters measure-
ment.
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The most of compact MOSFET models contain only parasitic capaci-
tance and do not calculate with parasitic gate impedance. The measured
DUT then can be simplified to the gate resistance in series with the parallel
combination of gate-drain and gate source capacitances. Such a model is
very simple and the Z;5 impedance can be expressed by the simple equation

1

Z =R+ o (5.1)
where R corresponds to gate resistance and C corresponds to parallel com-
bination of gate-drain and gate-source capacitances. Bulk is here shorted to
the source, so the gate-bulk capacitance is here considered as a part of gate
source capacitance. However, such a model was in our case insufficient, as
demonstrated in Fig. 5.4, Fig. 5.5, Fig. 5.6 and Fig. 5.7. Blue line represents
the simulation with the standard compact MOSFET BSIM4 model, circles
represent measured data.

The BSIM4 MOSFET model contains set of RF parameters for the gate
resistance modeling [62] but they represent just parallel combination of gate
resistance and capacitance. This is sufficient for standard CMOS but not for
our power device with strong influence of parasitic inductance. Therefore
the implementation of BSIM4 RF model made simulation results even worse,
as it is depicted in Fig. 5.4, Fig. 5.5, Fig. 5.6 and Fig. 5.7, plotted with green
line.

Therefore it was decided to use the external RLC network demonstrated
in Fig. 5.8. Except gate-drain and gate-source capacitors which are part of
the compact BSIM4 model, all other components are modeled by separate
resistor and inductor compact models. The parameters of external RLC
networks were extracted from several dimensions of MOSFETSs measured in
Ground-Signal structure demonstrated in Fig. 5.3. The simulated results
are demonstrated in Fig. 5.4, Fig. 5.5, Fig. 5.6 and Fig. 5.7, purple line.

Although the agreement with measured results is in this case much more
promising than in previous two cases, there are still discrepancies. Espe-
cially in frequency range of MHz the strong non-idealities visible mainly
in real part of impedance can be observed. Peaks in about 200 MHz are
probably caused by the resonance of RLC network created by high density
of gate connectors that behave in high frequencies like inductors.

5.3 Final results

It was discussed that for the precise modeling of such complex characteristics
the large device area and the signal delay should be considered. The signal
comes faster to the periphery parts of the device than to the central parts
which should be considered by the model. The idea of the model is demon-
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Figure 5.4: Real part of Z;5 impedance, comparison of simulated results

with measured data.
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Figure 5.5: Imaginar part of Z;5 impedance, comparison of simulated results

with measured data.

strated in Fig. 5.9: to split the device to three parts, central area, middle
area and peripheral area, where the signal comes to the central area longer
than to the peripheral area. The RLC network representing the gate signal
path to the central area must contain larger R, L and C values than the RLC
network representing the gate signal path to the peripheral area. The final
macromodel created by three parallel MOSFETSs where each represents one



CHAPTER 5. LUMPED RF MODEL OF MOSFET GATE RESISTANCE
FOR GHZ+ FREQUENCIES

79

10 ¢

01 ¢

MAG(Ay) ()

0.01 1

O Measured
—BSIM4
—BSIM4 RF

=—BSIM4 with RLC network
——Distributed macromodel

0.001
1E+5

1E+7 1E+8

Frequency (Hz)

1E+6

1E+9 1E+10

Figure 5.6: Magnitude of transfer function, comparison of simulated results

with measured data.

60 T
40

20 +

20 1
-40 1

60 +

PHASE(A,) (deg)

-80

-100 +

O Measured
—BSIM4
—BSIM4 RF
=—BSIM4 with RLC network
= Distributed macromodel

....

1E+5

Tl 1k
Frequency (Hz)

1E+6

1E+9

1E+10
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measured data.

third of gate width is depicted in Fig. 5.10. Three RLC networks are then
connected in such a way, that the signal coming to the MOSFET represent-
ing central area goes through three RLC networks, the signal coming to the
MOSFET representing the middle area goes through two RLC networks,
and finally the signal coming to the MOSFET representing peripheral area
goes through one RLC network. This distribution assures more realistic
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Figure 5.8: Macromodel — first prototype.

signal delay. And finally, the right extraction of RLC values of these three
segments covers above mentioned resonance effect in MHz range.

Central area

Middle area

Peripheral area

Figure 5.9: MOSFET Layout segmentation for the modeling of signal delay.

The various dimensions of the device were used for the RLC network
parameter extraction to cover the scalability of the device, especially the
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Figure 5.10: Macromodel — final solution.

dependency on the input parameters, which are gate width of the segment,
number of segments in line, number of segments in columns - see Fig. 5.2.
Moreover, the dependency on the gate pad position and editable width of
metal gate was implemented. Final model vs data plots are demonstrated
in Fig. 5.4, Fig. 5.5, Fig. 5.6 and Fig. 5.7, red line vs circle data points. The
agreement with measured data is in this case very good.

5.4 Conclusion

This chapter deals with the enhanced accurate RF model of high voltage
power MOSFET for GHz frequency range. The modeling results were com-
pared with measured data and with other concepts of models. The model
was validated in full temperature range and operation range. It is fully
scalable and valid even for very large dimensions. It was proved that the
model has smooth derivatives of all simulated characteristics and therefore
has very good convergence and simulation speed. The model can be used

in standard commercial simulators, which was verified in Eldo, Spectre and
HSpice.
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The main contribution of this chapter is the implementation of parasitic
RLC network to the polysilicon gate including the inductance segments.
RF models of various SPICE MOSET compact models contain usually the
RC network modeling parasitic polysicion gate resistance, the impact of
parasitic inductance is however largely missed.

The new ideas described in this chapter were approximately 80% au-
thor’s own. The author’s ratio of participation in the relevant publication
[2] was about 50%.



CHAPTER

Accurate Diode Behavioral
Model with Reverse Recovery

6.1 Introduction

This chapter published in [6] demonstrates comprehensive behavioral model
of p-n junction directly applicable to all common SPICE simulators support-
ing Verilog-A [16, 49]. The model can be used as a stand-alone model or
as a part of more complicated macromodel, as for example dual-gate JFET
presented in this thesis.

The chapter deals with the basic equations, used solutions and test meth-
ods for the parameter extraction in time and frequency domains and it is
organized into several sections:

e Section Model development deals with the basic concept of the model.
The reverse recovery principles [25] merged with the basic diode equa-
tions were implemented into Verilog-A language and the compact
model functional in all SPICE simulators supporting Verilog-A was
created.

e Section Model validation demonstrates comparison of the simulated
results using the extracted behavioral model with the data measured
in time and frequency domains.

e Section Model parameter extraction shows the extracted model pa-
rameters and compares the values with the standard SPICE compact
model of the diode.

e Section Comparison with SPICE compact models containing reverse
recovery effect compares the presented model with the recently pub-

lished HiSIM model.
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6.2 Model development

6.2.1 Basic equations of compact SPICE diode model

This section deals with the set of well known basic diode equations, used
as a ground for the behavioral model development. The goal of this section
is not to describe full set of compact diode SPICE model equations and
parameters, which can be found in each SPICE manual.

The total diode current in standard SPICE compact diode model is
described as [32, 60] 0 0

d inj d i

o + 0t (6.1)
where [, is the large signal current defined for V' > 0V as [32, 60]

)= 1y o () 1) 6

and for V' < 0V as [32, 60]

1= lpy +

In(V) = I (6.3)

where [g is saturation current, n is emission coefficient and V; is thermal
voltage. Except the thermal voltage all these parameters are used as tunable
compact SPICE model parameters.

Qinj In (6.1) is charge of injected carriers, dominant mainly with positive
voltage applied to p-n junction (V' > 0V), defined as [32, 60]

Qinj(V) = TrIn(V) (6.4)

where T is transit time used as a tunable compact SPICE model parameter.
Derivative of this charge with respect to applied voltage is often denoted as
the injection capacitance

inn'
Cini(V) = —2 6.5
() = (65)
Q; in (6.1) is fixed charge of ionized dopant atoms, dominant mainly with
negative voltage applied to p-n junction. This charge is stored in voltage
dependent barrier or drift capacitance [32, 60, 21]

_d@Qy Gy
v (1- VKJ)MJ

G(V) (6.6)

where Cjq is the zero-bias junction capacitance, Vj is junction potential
and Mj is a grading coefficient, all used as tunable compact SPICE model
parameters.
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In fact, (6.6) is actually not implemented in the SPICE programs. In-
stead of (6.6) a charge-controlled formulation of the junction capacitance is
implemented, which can be obtained by an integration of d@; = C;dV:

Qj |4
/ 4@, = / G = dv. (6.7)
)

For evaluating this integral equation, let us make a substitution

!/

V
l— —=z=dV' = -Vdz, (6.8)
Vi

which gives the integral

=v C
Q5 = _VI/ i %dﬂf, (6.9)
1

to be solved, after that a final formula for the junction charge is obtained:

1— (1 - %) IMJ] . (6.10)

The formula (6.10) is actually implemented, and a current created by the
junction capacitance is calculated in the standard way as QJ

Although the full set of diode model parameters contains a parameter
called transit time, the T in (6.4) is not a real transit time. The transit
time normally means an amount of time needed for carriers to travel at
a finite velocity the distance from the middle of the diode to the external
terminals. But SPICE model does not include such a concept, as it is clearly
seen in (6.4). The stored injected charge Qiy; is an instantaneous function
of the applied voltage.

~ CyVs
@ = 1—M;,

6.2.2 Principle of reverse recovery behavioral model

Therefore, we were looking for a way to model the reverse recovery correctly.
Several published lumped and behavioral models of reverse recovery were
tested [25, 29, 28, 15, 48, 46], but the simulation results of many of them
were not satisfying. Either convergence or accuracy issues were observed
during simulation. Finally the concept published in [25] was chosen.
The total diode current is there defined as

Qg dO,

dt dt
where [iy; is injection current defined as time derivative of the charge of
injected carriers Qinj and /j is junction current defined as time derivative of
the fixed charge of ionized dopant atoms @);.

i= i+ I = (6.11)
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Injection current [, is then in [25] expressed as

Qe - Qm
where Ty is diffusion transit time used as a tunable model parameter, (),
is the charge of carriers injected to the p-n junction and @), is the charge
of carriers injected away from the p-n junction. Charges ). and @), are

modeled by following equations [25]

Qe = Tlsexp (nLVt — 1) (6.13)
7 d(TQm)
Qum = Tlinj 7 (6.14)

where 7 representing minority carrier lifetime is used as a tunable model
parameter.
The injection capacitance from equation (6.5) can then be expressed as
25
d(Qe - Qm>
av
The description of fixed charge of ionized dopant atoms @); as well as the
drift capacitance Cj provided by (6.6) remain unchanged in the modified
model.

Cinj = (6.15)

6.2.3 Realization of model development

The reverse recovery model published in [25] has been developed in language
MAST for Saber simulator, not compatible with SPICE simulators used,
like Eldo, Spectre or HSpice. So it was necessary to translate the model to
more universal HDL language Verilog-A [16, 49] applicable to most of stan-
dard SPICE simulators. However, the quite complex dependence between
(6.12) and (6.14) demonstrated in Fig. 6.1 was found very difficult for the
simulation and convergence in Verilog-A.

The first approach of dealing with this challenge was to use current
controlled voltage source as a calculator for the charge (),,. The charge
Qm from (6.12) became an auxiliary voltage to enable Verilog-A to express
result of (6.14) using arbitrary voltage source and then the result returns
back as the charge to (6.14). The solution is graphically demonstrated in
Fig. 6.2.

However, such solution is not recommended for robust models, as it can
cause convergence issues [40]. This happens during model verification using
latest versions of Eldo simulator. The convergence issue appeared during
transient analysis. So although Spectre simulation, HSpice simulations as
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. doQ; .
[ % + % total diode current

— ] d(T.0m) charge of carriers injected
QW away from the junction

Figure 6.1: Interdependencies in diode reverse recovery formulas.

well as the simulation with older Eldo versions passed well, we had to look
for an alternative solution.

P

’

VerilogA behavioral model:

Om

Model code:

a@V(am))
V(qm) = 1. Iinj - %

Same equation as for charge Q..
Verilog-A enables recursion in
voltage source.

Figure 6.2: Solving the recursive calculation of reverse recovery charge.

Based on recommendations in [40], the equation (6.11) represented in
Verilog-A by the current source was divided into two parallel equations
represented in Verilog-A by two parallel current sources flowing through
two separate branches as depicted in Fig. 6.3. The first branch represents
the junction current

dQ);
) A——
Yoodt
the second branch represents the injection current I;,;, specified by (6.12).

(6.16)
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The recursion then appears only in the branch with injection current
Iinj. Substitution of (6.14) into (6.12) gives

d(TQm
Qe — (T]inj - %)
Tm
Minority carrier lifetime 7 is a tuning parameter, so it can be as a con-

stant factored out of the time derivative. Equation (6.17) can then be
expressed as

(6.17)

[inj =

Qe - TIinj T%
Iy = 6.18
! T + T ( )
where @y, is from (6.12) obtained as
Qm = Qe — T lin; (6.19)

The total diode current in the model is then composed of two parallel
currents defined by equations (6.18) and (6.16). Equations (6.18) and (6.19)
still contain recursion, but much simpler than in the original approach, so
Verilog-A simply solves it. Another advantage of using the (6.18) form is
its clear separation between real and imaginary parts, which helps in AC
analysis described later.

Anode

ORI
|

Cathode

Figure 6.3: Example of using two parallel branches for modeling of injection
and junction currents independently.

The next goal was to add temperature scalability to the model, using the
standard temperature dependency equations. The most dominant for the
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diode is temperature dependency of saturation current, defined by equation
(32, 60]

I5(T) = I5(Toom) (TTm) e (et ) (6.20)

where T is absolute temperature, Ty, is nominal temperature, for which
the parameters of the device are defined (typically Thom = 300K), Xy is
saturation current temperature exponent used as a SPICE parameter for
the tuning of temperature model, ¢ is elementary charge, k;, is Boltzmann
constant and Ejg is the band-gap energy.

The temperature dependency of silicon band-gap energy is defined as
[42]

aT?

T+
where experimentally obtained constants for silicon are Eg(0) = 1.16eV,
a=17.02x10"%eV/K and 3 = 1108K.

The nominal temperature saturation current Ig(7T}m) in (6.20) was ex-
tended with the high-injection parameters by adding the factor

Eq(T) = Ec(0)

(6.21)

1
Kiya = (6.22)

N S D

Ik

where [k is high-injection knee current and Rg is series resistance. Both
parameters are used as model tunable parameters. The final Ig(Tyhom) iS
then calculated as

]S<Tnom) - ISKde (623)

The temperature dependency was also added to the series resistance
parameter, using following equation [21]

Rs(T) = Rs(Tom) (1 + Trs(T — Taom)) (6.24)

where Trg is temperature coefficient of series resistance used as a tunable
model parameter. The impact of series resistance was added also to (6.13)
modified to form

(6.25)

Q. = 71s(T) exp (V — Rs(T)Ipn 1)

nVy

where V' — Rgl,, represents voltage in p-n junction reduced by voltage drop
across series resistance.



CHAPTER 6. ACCURATE DIODE BEHAVIORAL MODEL WITH
REVERSE RECOVERY 90

The temperature dependency was also added to the calculation of barrier
drift capacitance, especially to the parameter V;, using following equation

32, 60]

Vi(T) = Vi(Thom) < TTm) + 2V;In <%) (6.26)

where n; is intrinsic concentration of used material, in our case silicon, with
its own temperature dependency [42]

n:(T) = 13 (Thom) (szyﬁ exp (%(Ecz(ﬁm 3 EGT(T))) (6.27)

where Xj; is intrinsic concentration temperature exponent, typically set to
a value of 1.5.

The scalability of the model with dimension of the p-n junction was cre-
ated by adding of area factor area, which multiplies current parameters Is
or Ix and capacitance parameter Cj, and divides series resistance param-
eter Rg. More sophisticated scaling can be implemented by replacement
of these model parameters with customized scaling equations dependent on
length, width, perimeter, number of fingers, etc.

The model convergence was assured by adding parallel conductance con-
trolled by the general SPICE parameter GMIN, representing minimal con-
ductance of the model for the case, that the simulated current is too low.
SPICE simulators clamp the maximum resistance to 1/GMIN, which de-
faults to 10'? Q and can be set as an option parameter [60].

The original model prototype contained also avalanche breakdown pa-
rameters. But after testing of model convergence using transient simulation,
AC and DC simulations or temperature simulations, the avalanche effect was
found to cause convergence issues. Therefore it was decided to omit this
capability and prioritize the model stability and perfect convergence. Break-
down voltage can be modeled externally using compact diode SPICE model
connected in parallel to this behavioral model. Similar practice is commonly
used in bipolar transistor model, diffusion/implanted resistor model or some
other models containing p-n junction.

Also flicker noise parameters were omitted, however in this case their
implementation should not cause any convergence troubles.

6.3 Model validation

The best validation of the final behavioral model is its application to real
device and use for the simulation of real design. In our case the model
parameters of two different components were measured and extracted: Zener
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diode manufactured in integrated 0.25 pm BiCMOS technology and drain-
bulk diode of power LDMOS transistor manufactured in fast discrete 0.25
um technology developed for fast GHz applications.

6.3.1 Validation in time domain

Time domain measurement was provided using pulse generator Agilent
81104A and oscilloscope Tektronix DPO 7104C with current probe Tek-
tronix CT1. The simulation netlist must reflect the reality including all the
parasitic effects. The signal simulated by the ideal SPICE pulse source does
not reflect the real signal at the end of cable coming from real pulse source.
Therefore it is necessary to add all the parasitic phenomena to the netlist,
as it is depicted in Fig. 6.4. The measurement was provided on wafer to
eliminate the impact of the package, which on the other hand made taking
the voltage and current probes close to DUT (Device Under Test) very dif-
ficult or even impossible. To see the current flowing directly through DUT
without impact of parasitic cable between current probe and DUT, it was
necessary to add the parasitic RLC circuit to the netlist. The highest im-
pact comes from the parasitic capacitance, which has to be considered in
the calculated deembedded measured current used instead of current coming
from oscilloscope - see Fig. 6.4.

The circuit depicted in Fig. 6.4 is used directly for the simulation and
tuning model based on measured data. The first step is to measure the
“open” circuit (connected probes, connected cables, needle up) and tuning
the netlist RLC parameters to fit the “open” simulation with “open” mea-
sured data. The second step is to connect DUT and measure. The final
DUT current is then calculated as the current measured in current probe
minus simulated current at the capacitor Cparasitic-

Measured pulse characteristics compared with simulated results are shown
in Fig. 6.5 and Fig. 6.6. It is apparent, that the parasitic drain-bulk diode

"""""""""""" Oscilloscope Calculated

current probe deemb. current
R line L line

— N \ANANA—YY N ®_
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C
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voltage probe
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Figure 6.4: Setup for pulse measurement of diode reverse recovery.
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Figure 6.5: Current forward-to-reverse transient of Zener diode with
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Figure 6.6: Current forward-to-reverse transient of discrete power LDMOS
parasitic drain-bulk diode. LDMOS gate width is about 2.5 m.
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of discrete power LDMOS with gate width 2.5 m containing several narrow
fingers of p-n junction with relatively large area and perimeter has signif-
icantly larger reverse recovery time than the integrated Zener diode. The
model is able to cover large portfolio of various device types. The first
step prior to the reverse recovery extraction must be of course the accurate
DC model and mainly accurate model of reverse bias barrier capacitance.
The example of the measured vs. simulated barrier capacitance of power
LDMOS drain-bulk diode is in Fig. 6.7.

The temperature dependency was verified by the comparison with stan-
dard SPICE diode model. The I-V and C-V curves scale exactly same as
in standard SPICE diode model. Simulated reverse recovery temperature
dependency is demonstrated in Fig. 6.8.

The scalability of the model was verified by the comparison with stan-
dard SPICE diode model. The I-V and C-V curves scale exactly same as
in standard SPICE diode model. Current response transient characteristics
unlike standard SPICE model contain the reverse recovery effect with the
scaling correlated to the DC scaling - see Fig. 6.9. Larger device simulates
larger current also in reverse recovery. Voltage response transient charac-
teristics on the other hand follows CV scaling. Larger device with larger
capacitance simulates larger delay of dV/dt - see Fig. 6.10. The smallest
device with the negligible simulated reverse recovery depicted as dotted line
in Fig. 6.9 has simulated voltage response similar to the simulated stan-
dard SPICE diode model without implemented reverse recovery, as it is
demonstrated in Fig. 6.10.

6.3.2 Validation in frequency domain

As a verification of physical correctness the reverse recovery model, it was
decided to measure the admittance of discrete power LDMOS drain-source
diode manufactured in fast GHz discrete 0.25 um technology and compare
measured data with simulated results of standard SPICE diode model and
simulated results of new Verilog-A diode behavioral model. For the mea-
surement the network analyzer Agilent 8753 and DUT designed as two-gate
in ground-signal-ground layout were used. The schematic of test method is
presented in Fig. 6.11.

The applied DC forward voltage at p-n junction was set to range 0.7V—
0.8V. For a voltage below 0.7V the measured current is lower than network
analyzer noise floor, for a voltages above 0.8V the measured data are affected
by series resistance. The device was measured at frequencies from 300 kHz
to 3 GHz.

Measured scattering S-parameters were converted to admittance Y-para-
meters using conversion equations [18] implemented in IC-CAP model ex-
traction tool and plotted as a real and imaginary parts vs. frequency.
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Figure 6.11: Setup for MOSFET drain-source diode S-parameter measure-
ment.

Fig. 6.12 demonstrates the real part of LDMOS parasitic drain-bulk
diode admittance using standard SPICE diode model. Dotted line demon-
strates the impact of standard diode parameters. Fig. 6.13 shows the same
measured data compared with simulated results of behavioral diode model
containing the reverse recovery effect. It is apparent, that although the
model fit is not ideal, the new Verilog-A model has much better trends
than the original SPICE model. This improvement is even more visible
in imaginary part of admittance, where the Fig. 6.14 shows the measured
data vs simulations of standard SPICE diode model, while the Fig. 6.15
demonstrates the same data vs simulation of new Verilog-A model.

As it was already mentioned, the model accuracy in Fig. 6.13 and Fig. 6.15
is still unsatisfactory especially at high frequencies. But it is still much
more accurate than in the case of standard SPICE model demonstrated
in Fig. 6.12 and Fig. 6.14. The main reason of publishing these plots is
to demonstrate, that the implementation of reverse recovery naturally im-
proves the model even in the forward area.

In the case of very large fast power devices, or in the cases, where mea-
sured p-n junction is part of some more complex device and the quality
of p-n junction is controlled by more terminals (e.g. drain-source diode in
LDMOS controlled by the gate voltage), it can be very difficult to measure
transient of diode switching from on to OFF state. In such a case the mea-
surement of S-parameters of two-port using the network analyzer can be
used as an alternative.

The disadvantages of this method are current and voltage limitation of
the network analyzer, the need for a of special ground-signal or ground-
signal-ground test structures and a more difficult parameter extraction, es-
pecially difficult differentiation between parameters 7 and Ty;. The advan-
tages are less noisy measured data in some cases and an easy separation of
measurements in various bias points and their potential customization and
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Figure 6.12: Measured data vs. simulation BEFORE implementation of
new behavioral model: Real part of admittance of discrete power LDMOS
parasitic drain-bulk diode. LDMOS gate width is 2.5m, the applied Vpp is
0.7V, 0.75V and 0.8V.
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Figure 6.13: Measured data vs. simulation AFTER implementation of new
behavioral model.
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parametrization in the model.

6.4 Model parameter extraction

The final model is compatible with the standard SPICE diode [60] imple-
mented in common SPICE simulator as level 1. Table 6.1 demonstrates the
key model parameters of published model having the same meaning like in
level 1 model. Therefore also the model parameter extraction is the same.

The main difference of the model parameter set in Table 6.1 comparing
to model parameter set in [60] is, that the level 1 SPICE parameter transit
time 77 has been replaced by two new parameters diffusion transit time Ty
and minority carrier lifetime 7.

The transfer of level 1 to the published behavioral model containing the
reverse recovery effect is therefore very simple. The two new parameters Ty
and 7 can be simply extracted from the measured transient characteristics
containing reverse recovery effect demonstrated in Fig. 6.5 or Fig. 6.6.

Due to the simplicity, this publication does not focus on the model details
contained in level 1 as for example area vs perimeter vs length /width scaling
or modeling of parasitic metal capacitor. Therefore the Table (6.1) contains
only the key model parameters, related to the published reverse recovery
effect.

Table 6.1: Set of basic tunable model parameters.

Parameter | Description Unit | Default
ARFEA | Area factor - 1
Is Saturation current A 10714
n Emission coefficient -
Cj Zero-bias junction capacitance | F 0
M; Grading coefficient - 0.5
Vi Junction potential A% 1
Ty Diffusion transit time sec 10~12
T Minority carrier lifetime sec | 10712
Rg Series resistance Q 0
Ig High-injection knee current A 1
Thom Nominal model temperature K 300
T Absolute model temperature K 300
X Saturation current - 3
temperature exponent
Eq Band-gap energy eV 1.11
Trs Temperature coefficient K1 0
of series resistance
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6.5 Comparison with SPICE compact models
containing reverse recovery effect

The main reason of developing our Verilog-A diode model was the lack of
diode SPICE compact model containing reverse recovery. The first proto-
type of the model was developed in cooperation with prof. Lauritzen from
the University of Washington [25] and the Verilog-A code was placed in the
University of Washington web pages.

However, during the time the new compact diode models containing
reverse recovery as for example hisim_diode or diode_cmc appeared in some
SPICE simulators. Our concept was to make the diode model compatible
with the original SPICE diode model [60] to allow the simple transfer of
the standard diode SPICE model to the new model only by adding the
reverse recovery effect using two simple model parameters. Diode_cmc has
completely different set of model parameters, so our interest for the below
described model-to-model comparison was focused on the comparison of our
Verilog-A diode model with HiSIM diode model, in Spectre simulator called
hisim_diode.

Although the Spectre simulator has declared the HiSIM reverse recovery
model, actual simulations still ignore the parameters for the reverse recovery.
So in this case for the model comparison only the simuator Eldo was used.

Both our Verilog-A and compact HiSIM models are based on similar
source [25], so the same or very similar simulation results were expected.
As it is demonstrated in Fig. 6.16, the simulated current pulses of HiSIM
model and published Verilog-A model are comparable, while the simulated
current pulse of standard compact SPICE model does not contain reverse
recovery effect.

However, as it is demonstrated in Fig. 6.17, in the area of high injection
the HiSIM diode model differs from next two models due to missing param-
eter knee current Ix. This area is calculated differently in HiSIM model,
while the published Verilog-A model uses the same equations like standard
SPICE diode model [60] in this area.

So, although published Verilog-A model and HiSIM model have compa-
rable simulated results for low current, for high forward current the pub-
lished Verilog-A model follows the original standard SPICE diode model
and can be used for simple adding reverse recovery effect to already existing
extracted SPICE model. Moreover, it should be pointed out that only the
models based on Ix (as our Verilog-A one) define the diode high-current
area correctly (in principle).
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6.6 Conclusion

This chapter describes the complex robust temperature and area scalable
Verilog-A model of diode containing reverse recovery effect.

The model can be used as stand-alone 2-terminal diode or as a parasitic
p-n junction of more complex lumped macromodel, e.g. MOSFET, JFET,
bipolar transistor or IGBT. Due to the implemented reverse recovery effect
the model is useful especially for high-speed or high-voltage power devices.

Two methods of model parameter extraction or model validation have
been demonstrated — time domain pulse method and frequency domain S-
parameter method.

The comparison with HiSIM model demonstrated differences in high
injection area, where the published Verilog-A model uses the same concept
as the basic diode model [60]. It was also presented, that the Verilog-A
model is applicable even in the simulators where the HiSIM compact model
is not implemented yet.

Although there exist many publications about reverse recovery model-
ing, the most of published models are not usable for production design,
mainly due to the insufficient convergence. The model presented in this
chapter fills this gap — the model has been already used in several produc-
tion designs. However during work on the model the new version of Eldo
simulator presented diode reverse recovery model very similar as the pre-
sented one. The contribution of presented model is the implementation of
high injection current parameters and mainly its usability in all simulators
supporting Verilog-A.

The new ideas described in this chapter were approximately 85% au-
thor’s own. The author’s ratio of participation in the relevant publication
[6] was about 30%.



CHAPTER

Implementation of Bi-modal
Statistical Distribution into

SPICE Models

7.1 Introduction

The requirements on the accuracy of SPICE models [32, 60] are being contin-
uously increased and the implementation of process statistical distribution
nowadays is the standard. Designers can run Monte Carlo simulation [22],
sensitivity analysis or various predefined or customized generic cases, so the
SPICE models are required to represent the real process distribution con-
taining targets, process sigmas, including correlations and various types of
statistical distributions.

Still more often it happens, that one technology is produced in two or
more plants, where each plant has slightly different parameters. Such situ-
ation should be implemented in SPICE models too, which is often done by
simple widening of process sigma, so the simulation covers all the plants.
However, in the extreme case it can happen, that the difference of given
measured parameter between two plants is larger than its process distribu-
tion. The result is then the bi-modal distribution.

This chapter published in [3] demonstrates, how such bi-modal distribu-
tion can be implemented into SPICE model including weight factor between
two simulated cases. The first section presents several reasons of bi-modal
distributions, including mentioned example with two plants. The next sec-
tion deals with the implementation of bi-modal distribution in the model,
including detailed model equations. Simulated results of Monte Carlo sim-
ulations are presented in demonstrative plots.
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7.2 Examples of Bi-modal Process Distributions

Bi-modal statistical distribution of measured electrical parameter is not
as infrequent as it could seem. There can be several reasons of bi-modal
distribution, but only some of them should be simulated.
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Figure 7.1: Example of bi-modal distribution modeled by normal distribu-
tion with wider sigma. Typical case simulation (peak of red curve) in such
case does not represent the real typical case(s).

7.2.1 One Product Manufactured in Two Wafer Lines

The mass production of integrated circuits is often manufactured in two or
even more plants. The reason is the backup for the case of unexpected failure
in one plant and better flexibility for the controlling of the production. Two
different plants naturally produce slightly different electrical parameters and
in some extreme cases can appear even the bi-modal statistical distribution.
Such case should be considered also in the model. The simple widening of
sigma and covering both distributions with the wider Gaussian curve can
be sufficient as concerns the parameter distribution, but in the typical case
simulation it can happen, that the designer simulates the case with very low
probability of occurrence instead of the typical case, as it is demonstrated in
Fig. 7.1. This chapter represents the tool to simulate both plants together
with controlling the ratio between productions, so in extreme cases only one
of them depending on the simulation inputs can be simulated.
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7.2.2 Technology Related Causes

Some electrical components can have some technology related issue causing
the bi-modal distribution of one or more electrical parameters. The example
can be Schottky diode using titan silicide instead of much more expensive
platinum silicide. This cheaper solution makes narrower Schottky junction,
which causes in some cases metal diffusion through the titan silicide and
makes Schottky junction metal-silicon instead of metal-silicide. Finally, the
forward current flowing through such Schottky junction can be even two
orders lower. But this happens only in some cases. In the other cases the
metal does not diffuse. This effect makes then the clear bi-modal distribu-
tion, because the distance between peaks is larger than the process sigma
of two mentioned cases.

7.2.3 Combination of Various Measurement Setups in One
Factory

In the case of mass production can happen, that the statistical measurement
is provided by two or more testers or measurement lines. Although all the
testers used in the production should be calibrated, sometimes especially
in the case of very sensitive parameters it can happen, that different mea-
surement lines give slightly different statistical results. In the extreme case
such data can result as a bi-modal distribution. In this case the bi-modality
does not exist in real process, it reflects only the measurement setup differ-
ences. Therefore the results of lines should be normalized using the offset,
annulling the measurement differences.

7.3 Simulation of Bi-modal Statistical Distribu-
tion

Both targets representing two peaks have to be specified for the simula-
tion of the device with bi-modal statistical distribution. The two nominal
case models are supported instead of one nominal case model represent-
ing the peak of standard uni-modal distribution. The device macromodel
therefore contains a control parameter switchgy; for the switching between
two separate models. If switchgy=0, the model for first peak is active, if
switchgy=1, the model for second peak is active. The switching between
two peaks can be done by switching between two independent models e.g
via AREA factors
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where AREAL is area factor of the model representing the first peak and
AREA2 is area factor of the model representing the second peak. The suffix
BM means, that the parameter is controlled by bi-modal switch switchgy
and reflects the bi-modality.

The alternative and more flexible method is the switching of various
model SPICE parameters affected by the bi-modality, e.g.

PBM = SWitChBMpl + (1 - SWltChBM)P2 (73)

Where Pgy; is SPICE model parameter containing bi-modality, P1 is
parameter value for the first peak simulation, P2 is parameter value for the
second peak simulation.

This however covers only simulation of two nominal cases representing
two peaks of bi-modality. The simulation of bi-modal statistical distribution
is explained in following sections. The first subsection explains how the
statistical models are implemented, the second subsection demonstrates the
implementation of bi-modality.

7.3.1 Implementation of Normal and Log-Normal Statis-
tical Distributions in SPICE Models

For the statistical model and the translation of electrical parameter statis-
tical distribution into SPICE model parameter distribution the Backward
Propagation of Variances (BPV) [36, 39] is used. In the case, where the mea-
sured statistical electrical parameter is SPICE model parameter (e.g. sheet
resistance or gate oxide thickness) the Forward Propagation of Variances
(FPV) is used [36]. In both cases the SPICE parameters being statistically
distributed are replaced with the mapping equations, containing shift of the
parameter to the target, process sigma and master variable ensuring the
link between correlated parameters.
The most common is mapping equation using relative shift or [36, 52]

drp,, + var; X 57“ps> (7.4)

100
where Pry, is final statistically distributed SPICE parameter, P is the pa-
rameter value before implementation of statistical distribution, drp_ and
drp, are tuning parameters, where drp_ represents the relative shift of the
parameter P to the target and drp, represents the relative standard devia-
tion o of the parameter P.

The statistical distribution is controlled during Monte Carlo simulation
by the set of independent master variables var;, where each master variable is

Pein = P(1+
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Figure 7.2: Example of measured and simulated normal distribution.

common for all correlated parameters in the model file. Each master variable
varies randomly based on Gaussian distribution with p = 0 and o = 1. This
principle ensures that uncorrelated parameters vary independently, while
correlated parameters vary simultaneously [36, 52].

The parameter P which can become positive or negative, is statistically
modified by absolute shift da as described in equation [36, 52].

Prin = P+ (dap,, + var; X dap,) (7.5)

where dap,, and dap, are tuning parameters representing in this case absolute
shift of the parameter P to the target and absolute standard deviation o of
the parameter P. Monte Carlo simulation is in this case again controlled
by the parameter var;.

In the case of log-normal distribution (e.g. in the case of leakage current)
the following mapping equation is used:

(STpm
100

Prin =P (1 + ) X 10¥1ix0res (7.6)
where drp, and drp, are tuning parameters representing relative shift and
relative standard deviation o of the logarithmic parameter P. Monte Carlo
simulation is here again controlled by the parameter var;, and the exponen-
tial (7.6) performs conversion of Gaussian distribution of var; to log-normal
distribution of Priy.

All the demonstrated implementations expect the uni-modal distribu-
tion.

The following section presents the implementation bi-modality to statis-
tical Monte Carlo simulation.
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Figure 7.3: Simulated distribution of statistical master variable vargy; with
the coefficient weightgy; = 0. Simulated values of varpgy < weightyy; set
switchgy = 0, simulated values of vargy >= weightyy, set switchgy = 1.
Zero value of weighty,; makes the bi-modal peaks with comparable height.

7.3.2 Implementation of Bi-modal Statistical Distribution
into SPICE Models

The substitution of statistically distributed SPICE parameter P, from
(7.4) or (7.5) or (7.6) to (7.3) gives the formula

PBMFin = SWitChBMPFinl + (1 — SWitChBM)PFing (77)

The switching between Pgy,; and Pgiye during Monte Carlo simulation
is controlled by setting either switchgyy = 0 or switchgy = 1, which is
done using statistically distributed master variable vargy; varying randomly
based on Gaussian distribution with w = 0 and ¢ = 1. The implementation
of master variable vargy for the calculation switchpy is defined as

switchgy = sgn(sgn(vargy) + 1) (7.8)

The calculated result of switchgy from (7.8) is:
for vargy < 0: switchgy = 0
for vargy > 0 switchgy = 1.

as is also demonstrated in Fig. 7.3.

Such model, however, represents only the case with the same probabil-
ity of occurrence for both peaks. The example of the simulated bi-modal
distribution with the same probability of both peaks and different standard
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Figure 7.4: Simulated distribution of statistical master variable vargy; with
the non-zero coefficient weightp,;. Simulated values of vargy < weightgy,
set switchgy = 0, simulated values of vargy >= weightp,; set switchgy = 1.
Non-zero value of weighty,; makes asymmetrical bi-modal peaks.

deviation is demonstrated in Fig. 7.5. In this case the left distribution with
higher ¢ is valid for switchgy = 0, while the right distribution with lower
o is valid for switchgyy = 1. But the same probability of occurrence might
not be always true. More typical is the bi-modal distribution, where one
occurrence of one peak is dominant.

Therefore (7.8) has been extended to

switchgy = sgn(sgn(vargy — weightgy) + 1) (7.9)

where weightp,; controls the ratio between probability of peak one and peak
two occurrence.

The calculated result of switchgy from (7.9) is:

for vargy < weightpy;:  switchgy = 0
for vargy > weightp,:  switchgy = 1.

The simulation of Fig. 7.5 adjusted for higher probability of right peak
is demonstrated in Fig. 7.6, the simulation adjusted for higher probability
of left peak is demonstrated in Fig. 7.7. Increasing parameter weightyy,
to positive or negative direction makes the effect stronger and finally for
very large weightg,; one of peak disappears and the distribution becomes
uni-modal.
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Figure 7.5: Simulated bi-modal distribution of a final model electrical pa-
rameter, where the left peak represents distribution with larger sigma. The
probability of both peaks is in this case equal, which is represented by the
same areas of simulated Gaussian distributions.

7.4 Conclusion

This chapter demonstrates principles of the modeling and simulation of bi-
modal statistical distribution using SPICE simulators. Several examples
from the production were used to demonstrate the usefulness of this this
SPICE model extension. The principle is universal and applicable in all
commercial SPICE simulators, and in all SPICE models. The model was
verified with the real production data using SPICE simulators Spectre, Eldo
and HSpice. The examples of simulated results are demonstrated.

The presented concept is very original and authors did not find any other
publication describing this topic.

The new ideas described in this chapter were approximately 65% au-
thor’s own. The author’s ratio of participation in the relevant publication
[3] was about 35%.
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Figure 7.6: Simulated bi-modal distribution of a final model electrical pa-
rameter, where the left peak represents distribution with larger sigma. The
probability of right peak is in this case higher, which is controlled by the
negative value of parameter weightpy; = 1.
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Figure 7.7: Simulated bi-modal distribution of a final model electrical pa-
rameter, where the left peak represents distribution with larger sigma. The
probability of left peak is in this case higher, which is controlled by the
positive value of parameter weightgy,; = 1.



CHAPTER

New Challenges - Anomalous
Phenomena in HV JFET
Channel Pinching

8.1 Introduction

Power devices, such as startups or half-bridges usually include a very low
doped layer as a drift area to be able to withstand high voltages in the order
of hundreds of volts. This drift area is often pinched from top, bottom or
both sides by a reversely doped layer [27].

Although previous chapters presented quite complex model of high volt-
age JFET containing a lot of new phenomena, the challenges for the future
research still exist. Lot of effects solved neither by conventional compact
models nor by recently published models including this thesis still can be
observed and wait for implementation to SPICE simulators.

This chapter published in [7] demonstrates an interesting phenomenon,
that could be added in the future as a new attribute to the existing dual-gate
JFET models [5, 64].

8.2 Device Description

The discussed high voltage JFET is a relatively large device of circular or
oval shape. The drain containing the bonding pad is located in the middle
of the oval, to sustain applied high voltage. The source is at the device
perimeter and the top gate is then forming a device annulus. As demon-
strated in Figs. 8.1-8.3, the top gate represented by High Voltage PWell
layer (HVPW) covers only a small part of the JFET drift area. However,
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this small part represents the most important part of the device, as the
JFET channel can be fully pinched by the HVPW layer. The rest of the
drift area is represented by a very low doped Very High Voltage Nwell layer
(VHVNW). The breakdown voltage of this high-voltage component is con-
trolled by the distance between a drain contact and edge of the top gate.
The longer the distance, the larger the breakdown voltage. In our case
the high-voltage JFET is designed for 700V, so its gate-to-drain distance is
more than 100 wm while the top gate length is only a few um. This structure
causes interesting effects described below. The interaction between the top
HVPW gate and the substrate representing the second bottom gate plays
the key role in the presented effects.

8.3 Redistribution of Currents in High-Voltage
Dual-Gate JFET

The dual gate JFET contains four terminals: drain, source, top gate and
bottom gate represented by the substrate. The current flows through all
four terminals so for our demonstration all four currents are considered.

Fig. 8.1 demonstrates the situation with a partly pinched JFET channel.
The channel is partly depleted, which is marked by dotted green line. The
device in this situation is operating in ON state and the current is flowing
from drain to source due to the positive drain-source voltage. In other
words, electrons flow from the source to the drain, which is demonstrated
by a green arrow.

Increasing the negative gate voltage makes the channel more and more
depleted and finally the depletion fully pinches the channel, as it is depicted
in Fig. 8.2. The device in this situation is operating in OFF state and the
drain to source current in this case is ideally equal to zero. However, the
combination of fully depleted channel and relatively large gate-substrate
voltage causes that the current starts to flow from the top gate to the
substrate through the depleted VHVNW channel (vertical punch-through
effect), which is again marked by the green arrow using the same convention
of current direction as in Fig. 8.1 (the measured current has opposite direc-
tion than the green arrow). A part of this vertical current flows to the drain
and another part flows to the source, resulting in at first sight unexpected
the same direction of drain and source currents.

This effect can be eliminated by increasing the drain-source voltage. As
soon as the drain-source voltage crosses a critical value, the electrical field
makes the current flow across the depleted area (lateral punch-through).
This effect is demonstrated in Fig. 8.3 including the impact ionization cur-
rent flowing to the top and bottom gates.
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Figure 8.1: Current distribution of HV JFET in ON state (Vg <
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Figure 8.2: Current distribution of HV JFET in OFF state (Vo >
pinch-off voltage) and low Vp.
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Figure 8.3: Current distribution of HV JFET in OFF state (Vg >
pinch-off voltage) and high Vp.
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Figure 8.4: Ip(Vp) characteristics of high-voltage dual-gate JFET measured
for various V4.

It is apparent, that the combination of top gate and drain voltages sig-
nificantly affects the pinch-off voltage of this type of high-voltage JFET
and the difference between measured pinch-off voltages for various bias con-
ditions can be relatively large. The modeling of such voltage dependent
pinch-off voltage is demonstrated in [5, 4].

8.4 Experimental Results

Let us look at the experimentally measured currents of 700 V high-voltage
dual-gate JFET. Figs. 8.4 and Fig. 8.5 show I(V') curves of JFET measured
with grounded source and grounded substrate. The primary dependent
variable (X-axis) is the drain voltage.

Fig. 8.4 shows the full plots, and Fig. 8.5 shows the same plot zoomed to
the lower currents. The Y-axis is in linear scale, because logarithmic scale
does not show the current direction, which is crucial in our demonstration.

Plots in Fig. 8.4a and Fig. 8.5a demonstrate JFET operating in ON
state. The top gate voltage is Vg = —30V, which is bellow the pinch-off
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Figure 8.5: Ip(Vp) characteristics of high-voltage dual-gate JFET measured
for various Vg — zoom to lower currents.

voltage and the channel is not yet pinched. This situation was described
in previous section, Fig. 8.1. The current flows from drain to source and
therefore they have opposite directions: Ip = —Ig as it is demonstrated in
Fig. 8.4a. The top gate current is equal to zero, I = 0 A, the substrate
current Igyg is equal to leakage of wafer substrate to the chuck.

Plots in Fig. 8.4b and Fig. 8.5b with top gate voltage Vo = —40V up
to drain voltage around Vp = 20V demonstrate JFET operating in OFF
state (see Fig. 8.2). In this area the vertical punch-through appears and the
current flows from the top gate to the substrate (Ig = —Isyg), while the
drain and source currents have the same direction — see Fig. 8.5b. This is
in agreement with Fig. 8.2 in previous section.

Plots in Fig. 8.4b and Fig. 8.5b for larger drain voltage demonstrates the
lateral punch-through (Fig. 8.3), which behaves like the operation in ON
state: current flows mainly from drain to source, and much smaller gate and
substrate currents then represent the impact ionization. This “ON state”
however appears only for drain voltages larger than the critical voltage —
in this case around Vp = 20V, where the lateral field breaks the pinched
channel.
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Increasing top gate voltage increases vertical electrical field, so a larger
critical drain voltage is then required to create the lateral punch-through
and make the JFET behave like in ON state.

Plots in Fig. 8.4c and Fig. 8.5c demonstrate situation with top gate
voltage Vo = —50V, where the critical drain voltage around Vp = 50V is
required to make the JFET behave like in ON state.

And finally plots in Fig. 8.4d and Fig. 8.5d demonstrate situation with
top gate voltage Vo = —60V, where the critical drain voltage of more than
100V is required to make the JFET behave like in ON state.

JFET pinch-off voltage is typically expected to be a constant, however in
this particular case (dual-gate JFET with the top gate covering only a small
part of JFET body — see Figs. 8.1-8.3) the pinch-off voltage is dependent
on the potential of all four JFET terminals. Therefore the modeling of
such device is very challenging [5, 4]. Even so, the pinch-off voltage is
stable for the defined operating conditions, so it can be used as a parameter
for required design. On the other hand, the process distribution of this
parameter is relatively high [5].

8.5 Conclusions

This chapter shares experimentally measured data of a high-voltage dual-
gate JFET. Due to its special layout this device has a specific behavior,
which was measured, described and explained. Demonstrative cross-sections
and plots with all measured terminal currents were used to clarify the seem-
ingly anomalous observed phenomena.

As the high-voltage dual-gate JFET serves as a key part of contemporary
power supply equipment for hundreds of millions RF circuits, such as mobile
phones, tablets, etc., fully understanding its various operating modes is very
important.

The main contribution of this chapter is the opening new fields, where
the dual-gate JFET model development can continue.

The new ideas described in this chapter were approximately 95% au-
thor’s own.



CHAPTER

Conclusion

The highest scientific contribution of this thesis indisputably consists in the
introduction of a very complex dual-gate JFET model, which was and still is
the missing component in common SPICE simulators. Although some new
publications presenting alternative solutions appeared recently, the model
published in journal Solid-State Electronics [5] and described mainly in
Chapter 3 of this thesis sets in many ways the direction of future devel-
opment, which is proved by frequent citations [63, 64, 17, 30].

The developed behavioral model can be used either as a stand-alone
model of dual-gate/single-gate JFET or as a part of a complex macromodel,
for example, as a drift area of high voltage FET in combination with PSP
[20], HiSIM [34] or BSIM4 [62] compact MOSFET models.

Another very valuable scientific contribution of this thesis is made by the
introduction of a reverse recovery diode model created in cooperation with
University of Washington, published also in Solid-State Electronics jour-
nal [6] and described in Chapter 6. The reverse recovery module can be
used either as a stand-alone diode model or as a part of complex macro-

model, for example in BJT, MOSFET or mentioned dual-gate JFET model.

The following points provide a comparison of presented models with similar
published models:

e The dual-gate JFET compact model does not exist in any commercial
simulator yet. The presented model is therefore the only solution for
the simulation of technology containing such device.

e Most JFET models published before the publication of this work [61,
57, 58, 35] have been focused on DC parameters only. The presented
model proposes a more complete and universal solution covering most
of required phenomena for real production designs. The core of the
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model is described in the chapter Comprehensive Behavioral Model of
Dual-Gate High Voltage JFET and Pinch Resistor, where the model-
ing results are divided into the following sections:

— DC model: Implementation of second gate, improving bias and
geometry scaling of pinch-off voltage for both JFET gates con-
sidering various layout of the device.

— Capacitance Model: Implementation of pinching factor in the
gate capacitance for both independent gates considering various
layout of the device.

— Parasitic DC model, Gate Current: Implementation of parasitic
leakage and impact ionization currents for both independent gates.

— Temperature Model: Improved temperature model by adding
more temperature parameters considering all the new effects added
to the model.

— Statistical Model: Implementation of statistical parameters for
the simulation of process distribution. The model development
and the parameter extraction have been based on real production
statistical data.

The reverse recovery effect is described in another chapter, because it
was researched and published separately.

e The chapter Techniques of HV JFET Gate Capacitance Modeling con-
tains a complex guide taking into account various device variants.

Such complex manual was not found in any other publication or
SPICE manual.

e RF models of various SPICE MOSET compact models contain the
RC network modeling parasitic polysicion gate resistance, the impact
of parasitic inductance is however missing. The chapter Lumped RF
Model of MOSFET Gate Resistance for GHz+ Frequencies gives an
example of modeling this effect.

e Although there exist many publications about reverse recovery model-
ing, the most of published models are not usable for production design,
mainly due to the insufficient convergence. The model presented in
the chapter Accurate Diode Behavioral Model with Reverse Recovery
fills this gap — the model has already been used in several production
designs. However, during the work on the model, the new version of
Eldo simulator presented diode reverse recovery model very similar
to the presented one. The contribution of the presented model is the
implementation of high injection current parameters and mainly its
usability in all simulators supporting Verilog-A.
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e The chapter Implementation of Bi-modal Statistical Distribution
into SPICE Models presents the original concept how to implement
bi-modal statistical distribution to the model. Author did not find
any publication describing this topic.

e The chapter New Challenges — Anomalous Phenomena in HV JFET
Channel Pinching opens new fields, where the dual-gate JFET model
development can continue.

The contribution of the thesis is proved by the number of citations of
published articles, especially the main article Comprehensive Behavioral
Model of Dual Gate High Voltage JFET and Pinch Resistor cited 4x in last
two years. The total number of authors citations is 10 — see the chapter
List of candidate’s work.

The model was implemented into main commercial simulators support-
ing Verilog-A (Eldo, Spectre, HSpice) and can be used in circuits from
various areas of electrical design, such as analog, digital, signal processing
or RF circuits.

The model verification was realized in several real designs, for example a
DC-DC converter [43] or Secondary Side Synchronous Rectification Driver
[44]. The large set of data measured in various components in various con-
figurations was used for the verification. Some examples of the comparison
between measured characteristics and simulated data are presented in this
thesis. The model has very good convergence and simulation speed. During
the verification and real application no convergence issue was observed. The
model has continuous first derivative of simulated characteristics which is
generally important in computer-aided design.

The most of new ideas described in this thesis are at least 80% author’s
own. Author’s ratios of participation in the relevant publications are 30—
50% depending on the topic. For details about the author’s participation
in this work see conclusions in chapters 3-8.

Chapters 3-8 were presented either in impacted journals excerpted in
Web of Science or in international conferences. Author of this thesis is the
first author of all these publications.

Author moreover participated in some other publications in impacted
journals not published in this thesis as it is demonstrated in Appendix A.

The participation in impacted journals excerpted in Web of Science and
not published in this thesis is 35% for [A4], 18% for [A3] and 10% for [AO0].

The participation in papers excerpted in Web of Science and not pub-
lished in this thesis is 35% for [B3|, and and 10% for [B2].

The participation in papers in reviewed journals and not published in
this thesis is 50% for [C3].
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Appendix B: Used Equipment

and Software

Equipment Used for the Measurement

DC/CV Measurement Equipment - autoprober:

Electroglas EG4090A Automatic Prober

Thermochuck (-40C to 150C)

Temptronic 315A temperature controller

Test System Agilent 4072

RLC meter Agilent 4284A

Multimeter Agilent 3458A (DVM)

4x Middle-power SMU, 1x High-power SMU, 1x High-voltage SMU

Switching matrix

DC/CV Measurement Equipment - manual prober:

Manual prober Karl Suss PM8

Thermochuck (-40C to 200C)

Temptronic 315A temperature controller
Semiconductor Parameter Analyzer Agilent 4156B
RLC meter Agilent 4284

Modular DC Source up to 1000V Agilent 4142

AC Measurement Equipment - manual prober:

Manual prober Cascade Microtech SUmmit 9000
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e Thermochuck (-40C to 150C)
e Temptronic 315A temperature controller
e Vector Network Analyzer Agilent 8753E

Transient Measurement Equipment - manual prober:

e Pulse generator Agilent 81104A
e Oscilloscope Tektronix DPO 7104C

e Current probe Tektronix CT1

Used Software

e Cadence Virtuoso Layout

e Cadence Schematic Editor

e Mentor Graphics Layout

e Mentor Graphics Schematic Editor
e Model parameter extraction tool Agilent IC-CAP
e SPICE simulator Eldo

e SPICE simulator Spectre

e SPICE simulator HSpice

e Programming language Pearl

e Modeling language Verilog-A

e Matlab

e MS Office

o LaTex
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Faculty of Electrical Engineering,
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Technical University in Brno,

Faculty of Electrical Engineering,

Departmentof Microelectronics.

Thesis: Study of the optoelectronic properties of
hydrogenated amorphous silicon layers (see Internship)

Senior Principal Modeling and Characterization
Engineer, ON Semiconductor,

SCG Czech Design Center, s.r.0.,

Roznov pod Radhostém.

Scholarship in CNRS institute in Grenoble, France.
Thesis: Study of the optoelectronic properties of
hydrogenated amorphous silicon layers.

The thesis defended for international committee.

Fluent
Fluent

Real Modeling with Verilog AMS (Cadence)
Eldo Simulation (Mentor Graphics)
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2013
2013
2010

2010
2010
2009
2007

2007
2005
2005
2004
2004

2004
2004
2000
1999
1999
Skills:

IC Design with Pyxis (Mentor Graphics)

TCAD Synopsis (ON Semiconductor)

Analog Modeling and Simulation with Spice

(Cadence Design Systems)

Visual Basic (ON Semiconductor VPS)
MOS-AK/GSA (Sapienza Universita di Roma)
Prezentacni dovednosti (Wojtovic Adam-ESCHOLA)
Advanced Analog CMOS IC Design (Swiss Federal
Institute of Technology in Lausanne, Switzerland)
Behavioral Modeling with Verilog (Cadence Design Systems)
Six Sigma - Green Belts (ON Semiconductor VPS)
Jump (ON Semiconductor VPS)

Virtuoso XL Layout Editor (Cadence Design Systems)
Device Simulations Using ISE

(Vobecky, Voves, CVUT Praha)

Verilog-A (Deinshop C.)

SPICE training (Vladimirescu, A.)

RF measurement and parameter extraction (Agilent)
EG Commander software (Electroglas)

Effective presentation (Inventura Manager Prog)

Prog.Languages Perl, LaTeX, Turbo Pascal
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