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Abstract

We have developed several generations of high voltage (rféyjrated circuits that
provide micro-scale platforms for lab-on-a-chip applicas. This thesis presents
novel HV devices and circuits that lead to further miniatation and minimize the
dependence on off-chip components. A 4-terminal devicessgihed and built by
introducing a contact in the drift region while ensuringatemplete depletion. A
linear 40V DRIFT device demonstrates functionality andniegrated into a new
static level shifter circuit that is smaller and does notuiezja voltage bias as is
used in the current static level shifter. An on-chip chargep that can generate
voltages beyond 50V is proposed as an alternative to booseders that require
large external inductors. Design techniques such as cliegkireg are introduced
to mitigate the effects of parasitic bipolar transistordlevimaintaining sufficient

charge transfer between stages.
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Chapter 1

Introduction

The rise of high-density integrated circuits (IC) chips leeen mainly charac-
terized by down-scaling complementary metal-oxide sendoator (CMOS) de-
vices. This trend has certainly resulted in innovative lmvgt, low-power, high-
speed products and technologies. This miniaturizatiorcgs® is closely linked
with the reduction of power supply voltages as a result okieht process con-
straints such as the thinning of the gate-oxide. Howevenynagoplications still

depend on circuits and interfaces that require high volt&fy9 capabilities such

as display drivers, automotive electronics, and MEMS aailbns.

This work is presented in the framework of realizing a selft@ained micro-
scale HV IC for controlling and monitoring microfluidic agaks[1][2]. Conven-
tional diagnostic tools rely on bulky power supplies to gate the HV voltages
necessary to perform electrophoresis or DNA separatioeviéus efforts made
at the University of Alberta have resulted in realizing atptgpe IC for HV gen-
eration and control in the OuBnHV CMOS process [3][4] fabricated by DALSA
Semiconductor (Bromont, Quebec, Canada). The HV circaidsievices presented
in this dissertation continue on the path of miniaturizatamd on-chip integration
by reducing the dependency on external components andgssilicon area.

Novel HV devices have been designed, characterized andletbuleresponse
to constraints in the design of static level shifters. The k& devices are designed
to achieve reliable HV switching of the static level shifteFhe high voltage charge

pump is proposed to replace the boost converter, which mesjeixternal passive
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components that occupy a much larger space than the HV ICasuictductors and
flyback diodes.
A brief description of microfluidic electrophoresis is givieere in order to have
an understanding of the application and its voltage/caneguirement. Figure 1.1
illustrates microfluidic channels that perform Capillatgatrophoresis (CE) . CE
is a standard method of DNA separation [5] widely used forejerdiagnostics
in which separation is achieved by means of an applied @datitd (hundreds of
V/cm) across the capillaries. The capillaries are filledwaipolymer that functions
as a sieving matrix to enable size-based separation.
Injection Separation

4

buffer welll

sample welll sample waste
welll
Injection Seperation

channel channel

() 0| €— detector

buffer waste
S OF O+

Figure 1.1: Capillary electrophoresis: injection and sapan [3]

A standard CE procedure involves injection and separationthe injection
stage, a positive constant HV is applied via an electrodeeécsample waste well
while the sample well is grounded. The other two wells arefleéting. Since the
DNA molecule is negatively charged, the sample will migralieng the injection
channel. During the separation stage, a positive HV is adpb the buffer waste
well while the buffer well is grounded. This initiates eleghoretic migration,
which is the movement of charged particles in a solution, BfADalong the sep-
aration channel passing a fixed detector at the end of thenehaiihe detector is
used to plot an electropherogram 1.2 of the measured fluemesaf the samples
with respect to time. Typical CE channels dimensions ar&@@zm long and 10-
10Qum. Separations are performed using voltages in the range806k¥ [3] with

corresponding currents of 10-1j08.
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Figure 1.2: An electropherogram showing CE results.

The principle of operation was proved on small-scale chisnj@d. Scaling
down CE channels is a requirement for miniaturizing diagiogslatforms thus
making them portable and less expensive. Reducing thehesfgihe CE chan-
nels lowers the required voltages while maintaining theesafactric fields. Also,
since the surface to volume ratio in microfluidic channelgasy high, the gener-
ated heat during injection and separation is quickly detgig. Hence, sufficiently
high voltages (i.e. increasing electric fields) can be &gitio microfluidic channels
without risking risking excessive joule heating and heingesedation time is in the
order of few minutes [7] (as opposed to hours in conventige&klectrophoresis).
In the microfluidic channels, . Therefore, not only do miarafic channels reduce
costs but also reduce the required analysis time.

At the University of Alberta, microfluidic channels haverebescaled down to
lengths of 6mm for 150V CE separation [8]. The correspongimgction and sep-
aration) current requirements, which are based on expataheesults (usingnm
scale microfluidic chips with commonly used running buffadaieving matrix),

are less than J6A.
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1.1 Thesis Organization

This dissertation consists of five chapters including theobuction. Chapter 2
presents the design, testing, and modeling of a novel seigbfJoltage devices
in the DALSA 0.8im HV CMOS process. A brief background on lateral HV
CMOS devices and their principle of operation is given. Tl mesign, which
involves adding a terminal in the drift region of the HV desjitakes into account
the required criteria for proper and reliable operationichlentails maintaining the
RESUREF effect. The fabricated devices are characterizéddrandeled. New high
voltage level shifters are designed and tested using tleegedevices as well as sim-
ulated using the new models. Chapter 3 deals with the desigmnaplementation
of a capacitive charge pump. It explores the implementatifoime charge pump
in the HV region, which makes possible to generate a highagelt(up to 300V)
on-chip without relying on external components. This inesl characterizing the
parasitic bipolar junction transistors (BJTs) inherenthie charge pump design in
the HV region. Chapter 4 presents three CMOS chips desigmedaplemented
for microfluidic analyses. Finally, Chapter 5 concludes thiesis and discusses

future work.



Chapter 2

Novel 4-Terminal High Voltage
Transistors

This chapter explores our novel set of high voltage (HV) desidesigned, tested
and modeled at the University of Alberta and fabricated g @BumHV CMOS
process by DALSA Semiconductor. The HV devices are adapted fayouts of
conventional HV devices provided by DALSA. We have sucadisproduced a
40V compact HV device and explored structures for a 300V one.

The novel HV devices were designed and built to implemerty fetiatic level
shifters that takes up less silicon area. The new statid &veter design, which
uses the HV linear device occupies 60% of the area currentlymed by the cur-
rently used static level shifter. Taking into account tlne hew design dispenses
with the need for a resistive ladder to generate thebds, the new scheme oc-
cupies 16% of the area. The currently used as well as the ragie kvel shifter
circuits are introduced in Section 2.1.

The work presented in this chapter involves adding a 4thitexhto the drift
region of a HV transistor (the other three are the sourcegxtended drain, and the
gate). This structural change is introduced in a mannerd¢sgive the RESURF
effect in the device. Section 2.2 provides background m#ftdion on lateral HV
devices and the RESURF principle. Sections 2.5, 2.6, 243di&cuss the design,
layout, testing and, if applicable, device modeling of fel\f devices namely: the
linear and enclosed DRIFT devices, and the linear and eetldserminal EDP-

MOS4 devices. A summary is given in Section 2.7.
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2.1 Static Level Shifters

HV transistors in the DALSA 048mHV CMOS (CMOSP8G) process are the build-
ing blocks for several of the circuits used in the HV micrafias instrumentation
chips (see Chapter 4) that operates at voltages higher Manh&se include the

boost converter and the static level shifters.

Vpp

| -
M1 D_ M2
vdpl [ | vdp2 4 [
M5
M3 M4
i!i HV_Out

vdn7 HV_Bias Vdné

High High Low
M7 M6 M8

T

Figure 2.1: Cross coupled PMOS Static Level Shifter

Static level shifters allow for the actuation of higher @dvvoltages by low
voltage control signals. The full static cross-coupleckeleshifter with the output
driver (transistors M5 and M8 ), as shown in Figure 2.1 andiémented in the
DALSA process, is chosen for its speed and low power dissipd®] [3]. Basic
operation is as follows: when signal ‘High’ is falling (laglow), node Vdpl is
pulled down turning on transistor M2 and thus pulling nodg¥digher. If signal
‘Low’ is rising (logic high), it will pull the output node, H\Out, to ground through
M8. Otherwise, if it remains low, the output node will be flodt signal ‘High’
is rising, it will pull node Vdp2 lower and turns on transistdl. It will also
turn on M5 and pull HVOut toVp,. In all cases, the circuit does not dissipate

static power. Note that signals ‘High’ and ‘Low’ cannot beMbasserted logic high

6



Al-Haddad Section 2.1: Static Level Shifters

simultaneously.
A voltage bias, HVBias, which is applied to the gates of transistors M3 and
M4, limits the swing of nodes Vdpl and Vdp2 as they are pulledgrd This pre-

vents gate-oxide damage to transistors M1 and M2 as well as M5

6] Ctri1_bar

HV_out

Vdp2

= 1.0
.500 | |

T T T T
.500 .750 1.0 1.5 1.75 2.0

1.25
time (ms)

Figure 2.2: Cross coupled PMOS Static Level Shifter Sinotest atVpp=300V

In order for the level shifter to switch, transistors M6 and khust be strong
enough to drive sufficient currents through vdn6 and vdnddgdgger switching.
Transistors M1 and M2, which are low voltage p-type tramss{PMOS?2) that are
placed on the HV N-well, are made ‘weaker’. In order to malenitweaker, their
WIL ratio is reduced in a manner that their current overdisvi®ewer than that of
the LDMOS transistors (M6 and M7). Figure 2.2 shows the satioih results of
the static level shifters with PMOS2 W/L of 20/2. At this PMP®//L ratio, the

static level shifter is able to switch at Iovip values as low as 5V (Figure 2.3).

2.1.1 Improved Static Level Shifters

HV _Bias is derived fronVp, by a resistive divider that occupies a significant area

and consumes static power. The EDPMOS device can be modeladPMOS

7
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Figure 2.3: Cross coupled PMOS Static Level Shifter Sinmoitest atVpp=5V
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Figure 2.4: EDPMOS Model

device in series with a ‘drift’ region (Figure 2.4), whicheffectively a p-type JFET
device. As will be explained in Section 2.2, the drift regseTves to block high
voltages by means of completely depleting the drift regierdp along with the
N-well regions). Thus, enabling the EDPMOS device to sagtagh drain-source
voltages.

A separate ‘drift’ device (DRIFT) with its own physical temmals can be made

by removing the poly2 gate of the EDPMOS (as well as the soigneeinal) and
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adding a terminal at the high-side of the drift region. Thassa JFET device, it has
the drain and source terminals at both ends of the drift regyidll be called ED and
PD terminals respectively). In addition, the gate termis&the N-well bulk contact
or high-side bias.

On the other hand, a singular MOS-drift device can realizedduling a physi-
cal terminal to the drift region by the gate of the EDPMOS deviThis device will
be called EDPMOS4 (to indicate the fourth terminal).

Vpp Vpp

T T
vdp1 I] F_ r({ [ Vdp2 vdp1 I] F_ |—<{ [ Vdp2
{ M5 - — % M5

Vpp \% P
D1 D2 E D1 D2 E
HV_out HV_out
Vvdné
High Low
M6

pp
Vdné vdn7
Hig High Low Hig
E—l M7 M6 m_l m8 E—l M7
']" 1!:'

Figure 2.5: DRIFT static level shifter: Figure 2.6: EDPMOS4 static level
DRIFT devices (D1 and D2) in series shifter: EDPMOSA4 is defined by the dot-
with PMOS2 ted box.

Based on the aforementioned devices, two new static levigéshircuits that
do not depend on an external voltage bias,_Bids, for proper functionality are

presented as follows:

e DRIFT static level shifter: Using the DRIFT device in seriggh the
existing low-voltage PMOS2 device (Figure 2.5). This cit@aves area
by eliminating the need for the resistor divider as well aggo(by not

having static power dissipation across the divider).

e EDPMOS4 static level shifter: Using the EDPMOS4 device,chfunc-
tions as both a PMOS as well as a drift region (Figure 2.6)s Thrcuit

occupies less area than that of A as two devices (PMOS2 an& DRI
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Chapter 2: Novel 4-Terminal High Voltage Transistors Al-Haddad

which are placed on two separate N-wells, become one davioed N-

well.

In Sections 2.3 and 2.4, DRIFT and EDPMOS4 devices of a ligeametry are
designed, characterized, and modeled. Sections 2.5 amile&ént the DRIFT and

EDPMOS4 devices that are closely based on DALSA's EDPMO%ead device
respectively.

2.1.1.1 DRIFT Level Shifter Results

—{ CtrlI_bar

vv)
ocrNMWs OB

150 1dn6

125

100
75.0
50.0

25.04
0

-25.0

I (uA)

37.5
$35.0
32,54

30.0

27.5

1 1
25.0

T T T T
.500 750 1.0 1.25 1.5 1.75 2.0
time (ms)

Figure 2.7: Simulations of the DRIFT static level shiftevap of 40V

Because of the DRIFT low transconductance, the PMOS2 déasdo be re-
duced in width in order to to switch the level shifter. Fig@& shows the simula-
tions of the DRIFT static level shifter with the PMOS2 sizecdtW/L dimension of
5/5. The DRIFT static level shifter demonstrates functip@®oth in simulations
and measurements at 40V. ¥,=40V and load of 10MD in parallel 16pF, mea-
sured rise and fall times at the output are(sand 9.(usrespectively. The propa-
gation delays Tprop(H-L) and Tprop (L-H) from input to outg§Ctrl2 to HV_out)
are g1sand 0.38isrespectively. The rising and falling slew rate are both 38V/

10
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Section 2.1: Static Level Shifters

The static (leakage) quiescent currdgtpg through the DRIFT static level-shifter
is 910pA when HVout is high.
Simulation and measurements results are shown in Table 2.1.
Table 2.1 compares the simulated results of DRIFT statiel Ihifter with that

of the pseudo-NMOS [10] level shifter as well as with the &iltic cross-coupled
level shifter. The simulation of the DRIFT and the EDPMOS¥ides are based on
the SPICE models developed in Sections 2.3.3 and 2.4.3.

Table 2.1: Level shifter comparison based on results dyidnoad of 52pF in

parallel with 10M2 atV,,=300V. Measurement results for the DRIFT static level

shifter were obtained by driving a load of 16pF in parallefhyiOMQ atVp,=40V.

Pseudo-NMOS Full-Static DRIFT Level
Parameter [3] Cross-Coupled[3] Shifter Units
Simulated| Measured| Simulated| Measured| Simulated| Measured

Rise Time (10%-90%) 13.0 14.8 5.25 9.99 0.67 5.2 Ms
Fall Time (90%-10%) | 4.72 6.95 4,72 5.82 11.49 9.6 us
Slew Rate (rising) 18.4 15.69 14.89 24.0 34.01 50 V/us
Slew Rate (falling) 50.7 35.4 50.8 42.0 2.73 50 V/us
Tprop (L-H) 8.08 8.97 3.68 5.89 9.43 6.8 us
Tprop (H-L) 291 4.06 2.80 3.84 15 0.38 Ms
Ippo High 2689 2363 0.04 0.037 0.11 0.00091| pA
IVppo LOW 2689 2338 0.002 0.003 -0.064 | 0.00086| pA
Minimum Vpp, 5 5 5 5 5 5 \Y

2.1.1.2 EDPMOS4 Static Level Shifter

Based on the linear EDPMOS4 model developed in Section,2#e3EDPMOS4

static level shifter will only fully switch to the ON state.€i by having transistors

M1 turned on and M2 turned off) at 48 as shown by the simulations in Figure

2.8. The output HVOut goes high as Vdp2 drops lower than threshold voltage of

the output EDPMOS device. However, this does not indicateopgy switch as

high quiescent current being drawn (Figure 2.9) resultmigigh static power loss.

Measurement results, on the other hand, show large risiffigls and propagation

11
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Figure 2.8: EDPMOS4 static level shifter simulations withcing current, 1dn6, to
trigger a switch from low to high
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Figure 2.9: EDPMOS4 static level shifter simulations. Theuwt does not switch
fully causing high static power dissipation. The spikesnsee/dp2 plot does not
dip beyond 37.78V.
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Al-Haddad Section 2.2: Background

delays when switching. Driving a load of 1aMin parallel with 10 pF aVpp 15V
operation, H\V/Out rise and fall times are 3.2ms and 1.8s respectively wirplep

(L-H) and Tprop (H-L) are 1.1s and 900ms respectively.

2.2 Background
2.2.1 Overview of HY MOSFETSs

The development of power transistors has been a resporesghtaodogical demands
driven by applications requiring high voltage/current aaifities. Low-voltage

CMOS processes experience degradation or failure whereaehl to exceptional
circumstances (high voltage/current) such as hot camiection, avalanche and

surface breakdowns, and gate-oxide stress and breakddwn [1

i

_‘_ﬁ_ ‘
n-epilayer P%r In_, |L,

N-well

n" substrate

P-substrate

Figure 2.10: Vertical DMOS [12] Figure 2.11: Lateral DMOS

An early example of such power devices is the vertical ddtUMMIOSFET (VD-
MOS) power transistor shown in Figure 2.10. A high drain agé# is supported by
lightly dopedn™ layer. Vertical devices, however, come as discrete padsesnot
practical to integrate in a low voltage CMOS process due toroon backside elec-
trode that prevents putting multiple devices on the sameAdsolution is found in
lateral MOSFET devices such as the lateral diffused MOSREIMOS) (Figure
2.11), which only requires few additional masks. The dgwelent of these devices
is largely made possible through the RESURF technique [114] [L5], described

in the next section.

13
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2.2.2 RESURF Principle

A salient feature that distinguishes lateral high voltageS#FETs from low voltage
ones is a lightly-doped ‘drift’ region that separates theedgeom the high voltage
side terminal (drain). The breakdown voltage across thejinkstion is inversely

related with the doping concentration as governed by Equa&til [16],

_ 8si(ND + NA) E02
2qNpNa
whereVgr is the breakdown voltag®p andNp are the doping concentrations

(2.1)

of the drift region and the substrate respectivelyjs the silicon permittivity, q is
the electron charge, arttl is the maximum electric field across the junction. Low-
ering the doping concentration of the drift region increatbe depletion width that
supports higher blocking voltage across the junction. Saoehdoping, however,
results in a high on-resistancBf) between the drain and the source is a known
characteristic of conventional LDMOS devices.

To achieve the best optimization betwegg, and the blocking voltage, struc-
tural changes were introduced to the LDMOS structure. Th#nge optimizes the
electric field distribution near the surface and thus isrreféto as REduced SUR-
face Field or RESURF [13]. A key pointin RESURF device oanpletedepletion
of the drift region that effectively blocks high voltage.

Es=Ec Es<Ec

H D m
1 . |n+ +: } : n
' * (S

'

n L

--------------------------
--------------------------

Figure 2.12: Conventional diode with a Figure 2.13: RESURF diode with thin-
thickn™ layer. The depletion region is de- nern— layer. The surface electric field,
fined by the dotted contour while the the is smoothly distributed. The peak sur-
peaks represent high electric fields. Hereface electric field is less thef. The de-
the electric field across the*/n~ junc-  vice HV operation is now limited by the
tion reaches its critical value. [13] n~/p~ junction breakdown. [13]

To understand the concept of RESURF, consider the simplgundtion struc-
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ture in Figure 2.12 with a vertical lightly doped n layer bded with a p+ diffusion
over a P-substrate. The horizongl/n~ junction has a lower breakdown voltage,
which is determined by the doping concentration, while treakdown voltage of
then—/p~ junction is higher. As the voltage applied to thie contact increases, so
does the electric field across the horizontal junctyuntil it reaches the critical
field value,E¢, which will induce a surface or lateral breakdown.

By the principle of charge neutrality, which stipulates agamount of charge
on both sides of a P-N junction [17], the depletion widthsratated by Equation
2.2,

qNawp = gNoWh (2.2)
wherew, andwp are the depletion widths of the N-well and the substrate re-
spectively. In order for the drift region to fully depleté,i$ imperative that its
thickness is less than the depletion depth resulting betwredrift region and the
substrate.

Wy = ( 2€5iVBrNA
P "aNo(Na+Nb)
By making then™ layer thinner as shown in Figure 2.13, the depletion of the

)2 (2.3)

vertical junction extends to the surface of the device btueiof Equation 2.2. In
other words, the depletion of the vertical junction conités to the depletion of the
horizontalp™/n~ junction, with the result of extending the lateral depletfarther
into then™ layer. The depleted region effectively isolates thecontact from the
horizontal junction thereby reducing the surface elediatd [13], [18] with the
peak electric field across the horizontal junction less tharcritical valueE.. The
vertical p~/n~ junction now defines the maximum breakdown voltage instdad o
the horizontalp™/n~ junction.

A long drift region (compared to its thickness) is requiredthieve the RESURF
effect [19], which causeRy, to increase. A major research theme in the field of
high voltage MOSFET transistors is to strike a balance betwdgh breakdown
voltage and lowRy, [15], [20]. Ron in @ HV device is
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Ron=Rc +Rp (2.4)

whereRc: is the channel resistance aRg is the drift resistanceRp, however,
is dominant [15]. For instance, given the same gate dimesdry,, of the PMOS2
device (which has no drift region) is approximately onehsfof theR,,, of the HV
EDPMOS device.

G G
S D D S

— 1

- -base
pabase N-well B N-well

P-sub P-sub

Figure 2.14: LDMOS with P-top layer to Figure 2.15: Extended Drain DMOS with
help in depleting the N-well region P-top acting as the channel

To enhance depletion as well as red&eg a lightly doped p-type (P-top) layer
is placed on top of the drift region as shown in Figure 2.14wNbe drift region
is depleted from both sides (P-top and the P-substrate)s fds been termed as
double-acting RESURF [14]. This also makes it possible¢ogase the total charge
density in the drift region or the N-well and thus reducing g, of the device. The
P-base layer, shown in Figure 2.14, is a mid-doped p-typdéaimyphat, along with
the n* diffusion, defines the channel length underneath the gateeil. DMOS
device (Thus the name lateral double diffused MOS). The L[Bv{@vice can be
modeled as a N-channel MOSFET in series with n-channel lumEET (JFET)
device with the P-top acting as the gate of the JFET.

A p-channel HV device can be realized by using the P-top int@a an exten-
sion to the drain terminal as shown in Figure 2.15; thus threenaxtended drain
DMOS (EDMOS) . Just like the LDMOS, the P-top depletes at #raestime as
the N-well [10]. This device can be modeled as a P-channel MEJSin series
with p-channel JFET device. In this case, the N-well acthagyate of the JFET.
The P-base engulfs the P+ drain contact in order to elevai@-dontact/N-well

breakdown.
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A field plate, which can be a metal or polysilicon gate, is gt over a thick-
oxide or field oxide grown on the high voltage side. This erleargate-drain break-
down voltage and helps with the depletion of the drift req@1], [14]. The pres-
ence of the field oxide, however, elongates the current patlugh the drift region
and thus increasd®,,. Instead, techniques such as stepped field plate oxide can
be used where the thickness of the gate oxide can be increasegps toward the
drain edge. This, however, increases the device the fdlacprocess complexity
[21].

Figure 2.16: Structure without field Figure 2.17: Structure with field plate
plate[22]; dielectric between metal layer [22]; dielectric between metal layer and
and silicon is not shown silicon is not shown

On the other hand, metal layers can serve as field-platesrandad to help in
preventing electric field crowding caused by high conceiutneof carriers (by the
junction or gate edge) by aiding the depletion process astilited in Figure 2.17
[11], [22].

2.2.3 DALSA HV Devices

N . S

HV N-Well

Deep N-Well

P-Epi

Figure 2.18: Cross-sectional view of DALSA HV CMOS (r@process [10]

The DALSA 0.&amHV CMOS process offers several types of HV transistors

that are fully CMOS compatible. Figure 2.18 shows a crossiaaal view of the
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triple-well process technology. The HV devices are impletad in the HV region
on top of the HV N-well (to distinguish it from the deep N-waeilthe LV region).
As mentioned earlier, HV in this DALSA process is any voltagpeve 5V.

The DALSA process offers two main classes of HV devices:

e Lateral Diffused MOS (LDMOS)

e Extended Drain P-Channel MOS (EDPMOQOS)

The HV devices fabricated by DALSA have breakdown voltage$ai400V
using the RESURF technique. DALSA HV LDMOS and EDPMOS aréhef¢ame
structural configuration of those explained in Section2(Bigures 2.14 and 2.15).

In addition,

e Each of the HV devices are defined by a blocking voltage, widate-
fined as the Safe Operating Area (SOA). For example, the EDEMO
PEG95EA device has a blocking voltage of 300V. However, thin

nal drain-source breakdown is 410V [23].

e The HV MOS devices use poly2 to define the gate, which grows on a
thicker gate-oxide (by almost a factor of 2). This increabesyate-drain

breakdown voltage.

e The HV devices provided by DALSA utilize metall and metalZkis,
which are used to help preserve desired electric field bigion across

the device.

e The HV LDMOS/EDPMOS devices are generally drain/sourcecsad.
The reason behind using enclosed devices is to ensure ae@nagple-

tion of the N-well.

e The p-type EDPMOS device is defined by two P-top regions. hheri
P-top layer serves as the drift region, and contributesdeasing drain-
source breakdown. It will be referred to as P-top DRIFT. TheoP-top
layer helps in depleting the N-well between the drain (whigh)and the
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substrate thereby allowing for the drain contact regiondatfas high as

400V. The outer P-top will be referred to as P-top Guard.

Ps ED ED Ps
p+

G S B S G
p+ ptop p+  ptop p+ [n+ p+ ptop p+
Pbase

HV N-WELL

P-substrate

Figure 2.19: Cross-sectional view of EDPMOS device [23]

Figure 2.20: Metall and metal2 shields tied to the N-welhkgide bias

Figure 2.19 shows a cross-sectional view of the PEG95EA EDBMevice.
The EDPMOS device has metall and metal2 shields (Figure #&Dto Vpp in

order to distribute the electric fields in the desired fashid].
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2.2.4 Device Simulations

ElectrostaticP otential [V]
3.0E+02

-10

) ) ) L B.OE+01
40 30 20 . o
Figure 2.21: EDPMOS enclosed device simulatio¥mzs of 300V andVgs of 0V

Numerical 2D device-simulations can be performed to idemiioblematic ar-
eas in the design. Figure 2.21 shows a 2D plot of the EDPMOBeléREGO5EA)
with electrostatic distribution as well as depletion camtoshowing in the plot. P-
top drift is shown to be depleted as well as the N-well. Eledields are uniformly
distributed and there are no high fields capable of causiegkolown or device
damage particularly near the gate-oxide. The 2D Device Isitimns, which do not
take into account the enclosed nature of the device, ighatdte current density is
inversely proportional to the radius of the device and aaednrate for estimating
Ron. However, it is useful for modeling the OFF condition thagd¢o be studied.

It is worth noting that the device simulations for the newides were carried
out after the devices’ designed layouts were sent for fabdn. The reasons for

this are as follows:

e Time constraints imposed by fabrication schedule wherelé&ségn cycle

lasts for more than six months.

e Doping profiles information has been given by DALSA Semiaactdr at

a much later time.
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2.2.5 Physical Terminal in the Drift Region

The idea of introducing a physical contact in the drift regly the gate was en-
tertained in [24]. A test structure (Ui CMOS process provided by AMIS) had a
smalln™ contact engineered in the drift region of an extended DMO#&cée The
small contact was specifically made for testing purposes.

On the other hand, this work presents the design of a newndistat EDP-
MOS device (Sections 2.4 and 2.6) in which a physical contaattroduced at
the MOS drain region without adding fabrication complextychanging existing

design rules.

2.3 Novel HV Devices: Linear DRIFT

The design and layout of the DRIFT device (and the EDPMOS#4)lve experi-
menting with the lateral geometry of the device since theipprofiles as well
as the thickness of the mask layers are not controlled byeahigder and therefore
remain unchanged. The goal is to provide a physical termiéhe drift region
while maintaining the RESURF effect. This can be translatéal two main spe-

cific requirements:

e That the P-top DRIFT pinches off completely before causiatpgxide

stress or damage.

e That the N-well pinches off completely.

2.3.1 Design and Layout

The linear DRIFT device (Figure 2.22) as well as the linealPBMIDS4 device

(Section 2.4.1) have been developed to save space. In agdipi design, the main
challenge is getting the N-well to fully deplete. Unlike teclosed device, the N-
well does not fully deplete along with the P-top DRIFT. A ‘ranound’ undepleted
region might form a conductive path between the source aadithin causing a
premature surface breakdown between the N-well and thes€#legion at the ED

terminal.
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Ps B PD ED Ps

HV N-WELL

P-substrate

Figure 2.22: Linear DRIFT device

Figure 2.23: Planar view of linear DRIFT device with metatletd tied to N-well
high-side bias

Other concerns include the possibility of a parasitic fiefidct transistor de-
veloping between P-top DRIFT and P-top Guard with a metaktexcting as the
gate (in the case of a low voltage metal track) [25]. To préteis, a metall shield
biased to the N-well high-side bias that extends over P-tBpFD as well as the
surrounding N-well. The metall shield (Figure 2.23) creat®arasitic’ metal-gate

to the depletion-mode FET (the P-top DRIFT being the chgrarad thus adjusts
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its threshold voltage. By connecting the shield to the sauitchelps the P-top to
pinch-off at a voltage well below the gate oxide breakdown.

The width of P-top DRIFT is made three times larger than theNHWwell depth
to anticipate for electric field edge effects. The spacintyvben the two P-top
regions is based on the one found in the enclosed device hwhitQum. Two
devices were made with less spacing between the two P-topnse¢6 pm and
3um).

Table 2.4 lists the linear drift devices made and fabricafddof these devices

were tested and characterized (Section 2.3.2).

Table 2.2: List of Linear DRIFT designs made and fabricated

Device Description Path to Design
Linear DRIFT with no metall shield /design/visichips/hvchip5/cmosp8g/
and P-top spacing of 16n teststructures/driftinear
Linear DRIFT with metall shield | /design/visichips/hvchip5/cmosp8g/
and P-top spacing of 16n lteststructures/driflinear.withshield
Linear DRIFT with metall shield | /design/visichips/hvchip6/cmosp8g/
and P-top spacing ofign lteststructures/drifinear withshield ptop6um
Linear DRIFT with metall shield | /design/visichips/hvchip6/cmosp8g/
and P-top spacing ofi.8n lteststructures/drifinear withshield ptop3um
B
—
PD
ED
Ps m

Figure 2.24: DRIFT Symbol

2.3.2 Measurement Results

Testing the new HV devices involves two main issues:
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e At what voltage does the P-top DRIFT pinches off.

e Up to what voltage does the device operate.

B

<
T

Ps

DU

—

(@)

le-04 |

1le-06

1le-08

le-10

P-top DRIFT Conduction Current (A)

led2 b T

le-14

1 1 1 1
-30 -25 -20 -15 -10 -5 0
PD terminal potential with respect to N-well high-side bias (V)

(b)

Figure 2.25: (a) Linear DRIFT testing conditions: ED bias¢d40V with respect
to Vg, Vg biased at 40, 100, and 200V above substrate. The batteryodymalicates

a constant applied voltage. (b) The P-top pinches off at 1&g the N-well high-

side bias regardless of its value. The maximum negativeatpakurrent, which is
not displayed in the logarithmic grap¥ig=40V) is -3.75x1012

The DRIFT device, which is effectively a p-channel JFET, trase terminals

(not counting the substrate terminal, which is connectetbtomon ground). The
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bulk terminal, B, or the JFET gate is contacted to the N-wieiggre 2.24). All
linear devices with the metall shield have consistentlyshgimilar testing results.
A comparison between the linear devices of different sgplogtween P-top DRIFT
and P-top Guard is shown in Section 2.3.2.4.

The fabricated devices were tested and characterized tignigeithley semi-
conductor analyzer (4200-SCS). The testing equipmentigeeswp to 210V and

can source and sink a maximum current of 105mA.

2.3.2.1 Linear DRIFT P-top Pinch-off

Figure 2.25 shows the P-top DRIFT pinch-off voltages belog/N-well high-side
bias at different N-well contact potentials. In the devigdwvhe metal shield, the P-
top pinches off at 12.50.1V at 1nA below N-well high-side bias, regardless of its
value over the substrate as long the voltage between thellNoveact, B, and the
ED terminal is maintained below 43V. The graph also shows#teration current,
Ipss which is at 149.94A at Vg=40V. Figure 2.26 shows measurement results of a

test conducted to determine P-top pinch-off voltage aediffit P-top currents.

2.3.2.2 Linear DRIFT (Without Metall Shield) P-top Pinch-df

As mentioned earlier, the metal shield creates a ‘paragdie for a depletion mode
FET, which adjusts the pinch-off voltage of P-top DRIFT. Ftiehavior is con-
firmed by measurement resutls, which show a pinch-off veltaig-16.7-0.1V at
1nA for the linear DRIFT device without the metal shield (lig 2.28). The value
of P-top pinch-off voltage for the linear DRIFT device is bag the SOA operation
for the gate-source votlage (-15V).

For that reason, and in addition to the role the metall sipkelgs in preventing
the formation of a parasitic FET between P-top DRIFT andgP@aard, the linear
DRIFT device with the metall shield is henceforth chosemadihear drift device

of choice for modelling, and integration into the new stédicel shifter.
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Figure 2.26: (a) Linear DRIFT testing conditiong biased at 40V, PD current bias
at 100pA, 20, 40, 60, and 108. (b) Pinch-off voltage of P-top decreases as more

current is injected into P-top.

2.3.2.3 Limit of the Linear DRIFT Device Operation

The linear device operates up to 200V above substrate asa®tige the potential
difference between the N-well contact and the ED termin&kjst below 40V. A

breakdown behavior is observed at 43458/1V at 1nA. The N-well leakage current

is observed to exit the ED terminal. This indicates a highag® gradient at that

terminal, which in turn points to an undepleted path in thee®ll between the bulk
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Figure 2.27: (a) Linear DRIFT Testing conditions: PD teratiis left afloat; N-
well current limit is set at ImA. (b) A breakdown behavior Isserved at 435V
at 1nA. The leakage current passes through the ED terminal.

and ED terminals. It is more likely that the breakdown ocairthe N-well/P-base
junction at the ED terminal rather than the N-well/P-topguion. This is due to
the fact that the P-base layer is more heavily doped thampRnd thus has a lower
reverse breakdown voltage to the N-well.

The above findings can be corroborated by device simulatiding/ould be
difficult to simulate the linear device without resorting3D simulations because

of its lack of a symmetrical geometry, which characterizegnclosed counterpart.
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Figure 2.28: (a) Linear DRIFT testing conditions: ED bias¢d40V with respect
to Vg, Vs biased at 40, 100, and 200V above substrate. (b) The P-tchgsroff at
16.7V below the N-well high-side bias regardless of its ealu

Instead, a transverse simulation of the linear device i®peed as shown in Figure
2.29 that basically includes P-top DRIFT and the N-well #egiarates it from P-top
Guard. It can be seen that a significant portion of the N-wdjlh@ent to the P-top
is not depleted and thus provides a conductive path from tiaeelNcontact to the
ED terminal. This results in a high voltage gradient at thev®ll/P-base junction
(at the ED terminal), which causes a premature breakdowamde seen in the

testing results.
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Figure 2.29: Linear transverse device simulation. Thegsteent of the contact in
the P-top region leaves a small undepleted area in its Wcini

On the other hands, it is speculated that the ‘lateral’ hightec fields between
the 'run-around’ undepleted N-well and the the P-top DRIFIpk the P-top to
pinch-off as observed in the measurement results.

A bias current is set when measuring the potential of the PRital with re-
spect to the ED terminal when sweephgas shown in Figure 2.30. It is referred
to as P-top current as it flows from the PD terminal to the Ebhieal. When set at
low currents (less thanu®), little or no influence is observed on the N-well contact
leakage current until the N-well/P-base breakdown. Howevkeen increasing the
P-top current, the N-well leakage current (into the ED teat)i increases quasi-
linearly at a lower voltage before breakdown. Atlap bias of 10QA, the N-well

leakage current becomes 1nA at -40V as shown in Figure 2.30.

2.3.2.4 Effect of P-top Spacing

No significant differences are observed between linear DRIévices of different
P-top spacing (between P-top DRIFT and P-top Guard). ThealiRIFT de-
vice with P-top spacing of 3um has a marginally higher breakdvoltage at the

N-well/ED terminal junction. Table 2.3 compares the N-Rlbase breakdown
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Figure 2.30: (a) Linear DRIFT testing conditions: PD is k@dst current values
of 100pA, 100nA, and 1Q@A. Current limit is set at ImA. (b) The N-well/P-base
breakdown behavior at the ED terminal is similar to that afufe 2.27. Adpp
increases so does the N-well leakage current into the EDirtatras clearly is
shown by the plot alipp of 10QuA.

voltages as well as the P-top pinch-off voltages below thedll-high-side bias.

2.3.3 Linear DRIFT Device Modeling

The conventional approach in high voltage device modeforgs PICE simulations,

is in representing the device as a sub-circuit consistirgy lofv voltage MOSFET
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Table 2.3: Comparison between Linear DRIFT devices withnie¢all shield of

Section 2.3: Novel HV Devices: Linear DRIFT

different P-top spacings; N-well high-side biased at 40V

P-top spacing (um)

P-top conduction voltage
(PD with respect to Bulk)

Breakdown voltage
(ED with respect to Bulk)

10 -12.9£0.1V at 1nA -42.7£0.1V at 1nA
6 -12.5£0.1V at 1nA -43.5£0.1V at 1nA
3 -13.1V+0.1V at 1nA -45.5+0.1V at 1nA

A

Ps

@_ Vg(Vsg,Vsd)

ED
JFET | 0

Figure 2.31: EDPMOS Model

in series with a JFET device or a variable voltage-contdolésistor.

DALSA has provided a macro-model of its high voltage devi@gsch consists
of a BSIM3v3 MOS in series with a JFET device 2.31. The JFETiadegate
voltage is a function of the drain-source of the low voltage$ This model of the
JFET gate voltage is not suitable if the drift region is made & separate device
since the PMOS current is not necessarily equal to the dgion current. An

alternative model is to have the JFET gate voltage a funatfdahe JFET channel

current.

The DRIFT device is modeled as a p-type JFET device. The Pajay is the
channel while the N-well is the gate. The spectre JFET madéérived from the

FET model of Shichman and Hodges [26].

The following parameters are adjusted:
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e Pinch-off VoltageV;, is set at -13V, which is the pinch-off voltage ob-
served in the DRIFT device.

e [ or transconductance parameter\(AY is set according to the following

equation,
Ipss
B= VZ (2.5)
to
wherelpssis the drain-source saturation current measured to be at 150
MA
0.00016 T T T T T
0.00014
0.00012
—_ 0.0001
<
é 8e-05 |-
3
5
‘g 6e-05
8 4e-05
2e-05 |-
0+t
Measured —+—
Simulated -------
-2e-05 L L 1 ! 1
-30 -25 -20 -15 -10 -5 0

PD Terminal Potential with respect to ED Terminal (V)

Figure 2.32:pp Vvs. Vpp, measured vs. simulation

The gate voltageycs of the JFET model is set at 0V, which ties the gate of the
model to to the N-well high-side bias. The above parameterslagghtly tuned to
match the measured results. The I-V curves of the SPICE atioalof this simple
model closely matches that of those obtained from the pasararalyzer as shown
in Figures 2.32 and 2.33. For the latter figure, an error glshiown (Figure 2.34).

A voltage compliance oWpp equivalent is set when performing the experiment
in the parameter analyzer. This is to avoid forward-biabieigveen the PD terminal
and the N-well due to saturation effects. In the SPICE sitiaria, forward biasing

can be observed and the resulting data is disregarded.
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Figure 2.34: Error plots at different current biases
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2.4 Novel HV Devices: Linear EDPMOS4

2.4.1 Design and Layout

Ps

| Pbase

HV N-WELL

P-substrate

Figure 2.35: Linear EDPMOS4 device

The linear EDPMOS4 device starts with the same basic gegraokthe linear
DRIFT. A gate and a source terminal is added as shown in F@3& The poly2
gate of the EDPMOS device is self-aligned by the P-top lag@nfPMOS drain
side and the P+ layer from the source side. This defines theneh&eneath the
gate. In the EDPMOS4 device, the P-top no longer overlags thé gate from the
drain side. Instead, the channel is definegbyrom the source side and P-base/P+

layer from the drain side.

Table 2.4: List of Linear EDPMOS4 designs made and fabritate

Device Description Path to Design

Linear EDPMOS4 with no metall shielddesign/visichips/hvchip5/cmosp8g

and P-top spacing of 16n teststructures/edpmosihear

Linear EDPMOS4 with metall shield | /design/visichips/hvchip5/cmosp8g

and P-top spacing of 16n lteststructures/edpmosihear withshield

Linear EDPMOS4 with metall shield | /design/visichips/hvchip6/cmosp8g

and P-top spacing ofign lteststructures/edpmosihear withshield ptop6um
Linear EDPMOS4 with metall shield | /design/visichips/hvchip6/cmosp8g

and P-top spacing ofi.8n lteststructures/edpmosihear withshield ptop3um
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S

G

H

PD

ED

Psm

Figure 2.36: EDPMOS4 Symbol

2.4.2 Measurement Results

The EDPMOSA4 devices have four terminals, as representedyurd=2.36. The
bulk terminal is connected to the source, S, and, thus theeNisvbiased to what-
ever potential the S terminal is connected to. Extra carethdse taken when
conducting measurements on the parameter analyzer in rdenid gate oxide
damage. Furthermore, even at below the nominal gate-oxieklown voltage,
high electric fields at the drain side can cause gate-oxideadation including a
shift of the threshold voltagé, [27].

Results from the DRIFT device can be used to predict and expM charac-
teristics curves of the EDPMOS4 device. Instead of forciagent, Ipp, through
the PD terminallpp is controlled through the gate of the device. For the EDPMOS4
device with the metall shield, as with the DRIFT device wita inetal shield, the
P-top pinch off at 13.3V below the N-well high-side bias wiitie device turned off
(Vasless thany) (see Figure 2.37).

Figure 2.38 and 2.39 shows the I-V curves of the of the lin€&P@MS4 device

(Iep versusVgsandlgp versusvep respectively).

2.4.3 Linear EDPMOS4 Device Modeling

The EDPMOS4 device is modeled as a JFET in series with a lotagelPMOS
device. The JFET model developed in Section 2.3.3 for theFDRIevice is used.
The modeled MOS region is based on that of the EDPMOS devibe.adjusted
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Figure 2.37: (a) Linear EDPMOSA4 testing conditio¥gp is swept from 0 to -15V
at -0.5Vgs increments from -3V to -6.5V. The PD terminal is biased atg&0
Current limit is set at 1ImA. (bYpp as a function of th&gp in EDPMOS4 linear
device. Like the DRIFT device of Figure 2.26, pinch-off \age decreases with
increasingep or P-top current, which is controlled biss.
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Figure 2.38: (a) Linear EDPMOSA4 testing conditiovisp set at -40V (between the
the S and ED terminal), PD is float. A zener diode is placedssctioe gate-source
terminals to protect the gate-oxide as the parameter agraiynitialized. (b) A
plot of Igp vs. Vgsthat shows a turn on voltadg, of -3.25+0.05V at JA.

parameters arg,, and the mobility parameters. Figure 2.40 shows a good agree
ment between measurements and SPICE simulation resujtsreR2.41 shows the
transconductance,, of the device as a function of the gate-source voltage using
both simulated and measured data. Figure 2.42 shows a utikonodel for the
EDPMOS4 device.
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Figure 2.39: (a) Linear EDPMOS4 testing conditio¥isp is swept from 0 to -40V
at -0.5Vgsincrements from -3V to -6V. (blep-Vep curves of the EDPMOS4 linear
device.

2.5 Novel HV Devices: Enclosed DRIFT

2.5.1 Design and Layout

The enclosed DRIFT device (Figure 2.43) layout is based efePMOS device
and, hence, is made by removing the poly2 gate and introgupt contact (on

a P-base well). P-top DRIFT is extended outwards to mairdgame high volt-
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Section 2.5: Novel HV Devices: Enclosed DRIFT
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Figure 2.43: DRIFT device

age blocking. The device is enlarged proportionally whitsweing that spacing
between P-top DRIFT and P-top Guard is kept the same.

Care is taken to trim as little as possible from the metal2ldiwhen adding the
PD terminal. Figure 2.44 shows a simplified view of the megaldl metal2 shields
at the center of the DRIFT enclosed device. Since the hedwped P-basel
region of the PD terminal will not deplete, a conductive ptattihe ED terminal
will form through P-top unless it (P-top DRIFT) pinches-offi order to increase
the possibility of a P-top DRIFT pinch-off, a metall shieidg is extended over
P-top DRIFT as shown in Figure 2.45.

Figure 2.47 shows electrostatic potential contours of 2i3sisectional simula-
tion of an enclosed DRIFT device. The introduction of theaRdp™ region at the
PD terminal causes P-top DRIFT not to pinch-off. A condueath links the PD

and ED terminals keeping PD terminal at a very low potenti#h wespect to the
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Metal2

Figure 2.44: Metall shielding trimmed to make space for thaéd?minal

Table 2.5: List of enclosed DRIFT designs made and fabricate

Device Description Path to Design

Enclosed DRIFT with trimmed /design/visichips/hvchip6/
metall shield cmosp8g/tesstructures/drift
Enclosed DRIFT with enclosed/design/visichips/hvchip6/
metall shield cmosp8g/tesstructures/drifimetallshield

N-well. This results in a high voltage gradient between thed®ll region (close to
the N-well contact) and the P-base region at the PD termifgbp DRIFT does
not pinch off regardless of the metal shielding. Figure Z#8ws the device’s
electrostatic distribution when the PD potential is biaged0V below the N-well

contact potential to see if forcing an electric field betwdenPD and ED terminal
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Figure 2.45: Metall shielding extended outwards formingmciosed ring

will cause P-top to pinch-off. However, the P-top is stilltppnched-off. With
the N-well shown to be depleted between the PD and the ED tatsjiit confirms

measurement results indicating a breakdown behavior &Eheerminal.

2.5.2 Measurement Results

P-top DRIFT does not completely pinch-off below the gatedexiiamage voltage
in the enclosed DRIFT device as shown in Figure 2.46. Theadtdle observed
in the graph suggests more than one pinch-off region. Thé-DRkevice with the
extended metall shield show similar results and is discuss8ection 2.5.2.1.
The breakdown occurs at the N-well/P-base terminal of thetd?Binal as a

result of the P-top not pinching off, which keeps the PD te@hat the same poten-
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Figure 2.46: (a) Enclosed DRIFT testing conditions: For Bliwias of 60V, 100V,
and 200V,\Vpp is swept fromV-50V to Vg while for N-well bias of 40V,Vpp is
swept fromVg-40V toVg. (b) For N-well high-side bias at 40V, P-top pinches off
at-35.10.1V at JuA.

tial as the ED terminal. This results in a high voltage grata the P-base/N-well

junction at the PD terminal.

2.5.2.1 Enclosed DRIFT with Metall Shield Ring

Figure 2.52 shows measurements of the enclosed DRIFT dewicehe extended
metall shield over P-top DRIFT. The noise in the graph migtdie to the process

of forming of several unconnected pinch-off regions in p-BRIFT.
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Figure 2.47: DRIFT enclosed device simulation atll bias of 40V. PD terminal
is left floating.

-10

9.7E+00
-5.3E-01

-25 -20 -15 -10 -5

Figure 2.48: DRIFT enclosed device simulation atgll and PD bias of 50V and
30V (Vpp-20V) respectively.

2.6 Novel HV Devices: Enclosed EDPMOS4

2.6.1 Design and Layout

The enclosed EDPMOS4 device (Figure 2.53) is based on thévEL3 device. A
major change is the introduction ofp contact while keeping the poly2 gate. As
a consequence, the P-top layer, no longer overlaps withdke gNow, a highly
doped p-type region is placed between the gate oxide edgéhanie-top region.
The channel is defined by™ from the source side and P-base/layer from the
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Figure 2.49: (a) Enclosed DRIFT testing conditions is thmeas that of Figure
2.27. (b) A breakdown behavior at -53:6.5V at 1nA is observed with forward
sweep. Breakdown behavior ‘ends’ at 6£(h5V with reverse sweep.

drain side. As in the DRIFT device, P-top DRIFT is extendetivamds and the

device is enlarged proportionally.

2.6.2 Measurement Results

The enclosed EDPMOS4 device is tested for basic MOSFET ifumatity. Figures
2.54 and 2.55 shows the characteristic |-V cunieg (/s. Vgs andlgp Vvs. Vep).

The results reported here are for the enclosed EDPMOS4alexih the enclosed
metall shield. The enclosed EDPMOSA4 device has a Ibyehan its linear coun-
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Figure 2.50: (a) Enclosed DRIFT testing conditioNsp is biased at -15V, -20V,
-25V, -30V, and -40V below N-well high-side bia®g). (b) HV N-well leakage
current reaches 1nA &=149V above substrate whéfpp is biased tovg-30V.
Only forward sweeps are shown.

Table 2.6: List of enclosed EDPMOS4 designs made and fabdca

Device Description Path to Design

Enclosed EDPMOS4 with trimmed /design/visichips/hvchip5/

metall shield cmosp8g/tesstructures/edpmos4

Enclosed EDPMOS4 with extendeddesign/visichips/hvchip6/

metall shield cmosp8g/tesstructures/edpmosdhetallshield
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Figure 2.51: (a) Enclosed DRIFT testing conditions: ED abd@&minals are tied
to together to ground (b) A breakdown is observeUma=-51+0.5V at 1nA at the
N-well/P-base junction of the PD terminal. Hysteresis isefed but less than that
in Figure 2.49.

terpart (-2.85V vs. -3.25V). Its transconductance is alighdér (maximumgy, in
enclosed EDPMOSA4 is greater by a factor of 70 than that ofitleat EDPMOS4).
The inner perimeter of the P-top DRIFT in the enclosed deMicgeater than the
width of P-top DRIFT in Linear device by a factor of 2.67.

2.6.2.1 Limit of Device Operation

The enclosed EDPMOS4 device is similar to the DRIFT deviseuised in Section
2.5 and thus the The challenges associated applies. Sitae PRIFT does not
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Figure 2.52: (a) Enclosed DRIFT testing conditions simitathat in Figure 2.25.
(b) For N-well high-side bias at 50V, P-top pinches off at.7%40.25V at JA.

HV N-WELL

P-substrate

Figure 2.53: EDPMOS4 device
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Figure 2.54: (a) Enclosed EDPMOS4 testing conditions timeesa Figure 2.38.
(b) The turn-on voltagé4y, is -2.85+0.05V at 1.QA.

pinch-off in measurements or simulations, it is expected tihe EDPMOS4 device
would fail beyond drain-source voltages beyond that toéeldy the gate-oxide.
Figure 2.56 tests the limit of the enclosed EDPMOS4 devidee Jource and
gate contacts are tied to the same potential (at 0V) whileEheterminal is de-
creased. The current compliance at the gate is set at 1nAedktown behavior is

observed at -18V with respect to the N-well bias.
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Figure 2.55: (a) Enclosed EDPMOS4 testing conditions isstae as in Figure
2.39. (b)Iep-Vep curves of the enclosed EDPMOS4 device.

2.7 Summary

New High-Voltage devices are developed to be integratedambmpact static level

shifter. The novelty is to introduce a terminal in the drégron without adversely

affecting the electric field distribution in the device or RERF. To that end, four

novel HV devices were designed, fabricated, and tested. diwbose devices

are of a linear geometry: Linear DRIFT and linear EDPMOS4.0 Tievices are
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Figure 2.56Vgsis set to 0 and gate current compliance is set at 1nA. A breakdo
behavior is observed &tp=-18.25:0.25V

of enclosed geometry and are based on DALSAs EDPMOS (PE&P8Evice:
enclosed DRIFT and enclosed EDPMOSA4.

The linear DRIFT device has a P-top DRIFT pinch-off value 8¥/Ibelow the
N-well high-side bias regardless of its value above thetsates This has enabled
the linear DRIFT device to be integrated with the PMOS?2 tistosin a novel static
level operating at 40V, which is the device safe operatimitliThe source to drain
voltage reaches a maximum of 43V before it breaks down. TeatiEDPMOS4
device shows a successful operation as a standalone devioed@V as well. The
W/L ratio of the The PMOS part of the linear EDPMOS4 deviceesimore current
than the DRIFT region of the device could handle and heneeizDPMOS4 static
level shifter does not fully switch.

The linear devices are limited by virtue of their geometriaiah allows for an
undepleted N-well path between the N-well source and thedemihals. Different
P-top spacings to minimize the ‘uncovered’ N-well path ia trevice did not lead
to significant changes in breakdown behavior.

The drift region of the enclosed devices do not pinch-offobefrisking gate-
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oxide damage. Measurement results of the enclosed DRIFiEalstiow a P-top
DRIFT pinch-off at -37V with respect to the N-well high-sitdéeas. Because the
P-top DRIFT region is not pinching off, a high voltage gradies formed between
the N-well and the P-base at the PD terminal, which also $irthie device high
voltage operation to -53V with respect to the N-well higesbias. The enclosed
EDPMOS4, while showing basic functionality as a MOSFET deyvis likewise
limited due to the failure of P-top DRIFT to pinch-off and oge a maximum
source-to-drain voltage of -18V.

Table 2.7 summarizes the list of devices designed and testéddheir main

features. Devices layout dimensions and rules are providagpendix B.2.

Table 2.7: Summary of Novel High Voltage Devices Develope€hapter 2 and
their main Features. For the linear devices, results amertegh from those devices
with P-top spacing of @m.

Device Features

Linear DRIFT * Pinch-off -13.0+0.1V

* Breakdown at -42.70.1V at 1nA
* Integrated with PMOS2 to build a DRIFT static level
shifter with PMOS2 resized to WI/L ratio of 1

Linear EDPMOS4 | * V;p=-3.25+0.1V at A

* P-top DRIFT pinch-off at -13.3V atgslessVin

* PMOS portion of Linear EDPMOS4 can be reduced
width to allow for full switching of EDPMOS4 static leve
shifter
Enclosed DRIFT * Breakdown atVep=-53.5+0.5V at 1nA with respect to
N-well bias (PD terminal is float)

* P-top DRIFT pinch-off at -35.20.1V at JUA

* Breakdown at -530.5V at 1nA with PD tied to ground
Enclosed EDPMOS4 * V;y,=-2.85+0.05V at A

* Gate-oxide breakdown at 1n¥ep=Vgs=-18.25+-V

n

2.7.1 Future Work

The PMOS part of the linear EDPMOS4 device can be reduceddthveuch that
the WIL ratio is equal or less than unity (as in the case of PRI®She DRIFT
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static level shifter). The modified EDPMOS4 device can begrated into a com-
pact 40V static level shifter that occupies less area thanDRIFT static level
shifter.

Future work includes designing a HV DRIFT and/or a 4-terrhdevice where
both the P-top and the N-well completely pinch off. One suehick could incor-
porate features from both the linear and the enclosed deviegure designs should
incorporate more 2D and possibly 3D device simulations to getter understand-
ing of design limitations. Device simulations would guide tdesign process by
showing problematic areas that should be addressed (subbk aase of the unde-
pleted P-top DRIFT in the enclosed devices or the undepltacell path in the

linear devices).
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Chapter 3

High Voltage Capacitive Charge
Pump

This chapter explores the circuits and techniques useddigmeapacitive charge
pumps. The goalis to design an efficient integrated lowesurnigh-voltage charge
pump that generates up to 300V from a low voltage DC input ohb¥iout relying
on off-chip components.

There are three sections in this chapter. Section 3.1 gives/erview of the
techniques used to generate high voltages as well as imtioduo the capacitive
charge pump circuit. A Pelliconi capacitive charge pumpriplemented (by Philip
Marshall) in the low voltage (LV) deep N-well region of the D8A 0.8umHV
CMOS process and generates up to 50V. Section 3.2 explareketign and imple-
mentation of the Pelliconi capacitive charge pump in the ld§ion in order to be
able to generate higher voltages G0V). All simulations of the charge pump are

done using SPICE. Section 3.3 concludes this chapter.

3.1 Background

A single stage boost converter has been implemented in nfathe @revious HV
microfluidics application chips. The circuit operation anéracteristics is detailed
in [3]. Control feedback circuitry is implemented to momigmd control the output
voltage (see Chapter 4). In practice, the output voltagarigdd by the flyback

diode, which is provided as an external component. Tabls@ximarizes the cur-
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Table 3.1: Boost Converter Results (Driving a 1@Nbad) with a 100nF decou-
pling capacitor[3]

Parameter Value
Inductor Rpc=76Q) | 100mH
Capacitor 100 nF
Operating Frequency 2.4 kHz
|IN7avg 7.6 mA

Vin SV

VouTmAx 150V
louTMAX 60uA at 150V
Max. Efficiency 0.237

rent boost converter characteristics with a 200V IN418 dwitg diode (taken from
[3]).

A major drawback of the boost converter lies in the requirgtermal pas-
sive components (inductor, flyback diode, and decouplimgacior), which sig-
nificantly add to the unit cost and area of the system. Foantd, the inductor
(100mH) occupies a much larger area (the footprint area Ot cylindrical in-
ductor is 144nn? compared to 8n?, which is the footprint area of the ICKAALC3
die) than the actual die. Furthermore, the LDMOS transsstohich do the switch-
ing, have high on-resistance and given the large current dr&ranslates into a

substantial power dissipation across the switching tshors.

S, S,
_/O,¥ Vout
¢ [
Ving—d —4—c Comt = R,
S, S; = =
—% % o

Figure 3.1: Voltage doubler with load [28]
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Realizing a truly portable and low cost solution is subjectrtinimizing the
dependence on external components. While it is impradiicaitegrate capacitors
of more than a few hundred picoFarads on IC [18], capacithage pumps can
be easily realized using much smaller capacitors. Furtbegntapacitive charge
pumps do not require inductors, flyback diodes, or othereateomponents.

To understand the concept behind capacitive charge pumpgs&oge pumps),
consider Figure 3.1, which shows a simple voltage doubteuiti When switches
S and$S; are closed, the capacitor is charged/tp In the next phase, switch&s
and$ are closed and the bottom plate of the capacitor assumesiatjadV¥i, while
the capacitor is maintaining its charge from the previoussgh When connected
to a load, the output voltage is given by Equation 3.1. Thegmee of the output
load capacitoCoyt Will reduceVyy: from the ideal output of \2,. The output re-
sistanceRr_ will generate a ripple voltage, which can be minimized by mgkCout
sufficiently large.

C

Vout = 2Vinci_l_c t (3.1)
ou

The voltage doubler can be cascaded resulting in a two-plasge doubler
(TPVD) [29]. The output voltage of each stage serves as thetito the next
stage thereby having a ideal voltage gain Bf ®heren is the total number of
stages. However, the number of stages in this architectarknaited by the gate-
oxide breakdown as well as the drain source breakdown \@dtadpen realizing the
implementation of the MOS switches.

Another solution is found in the Dickson charge pump proddsg [30] and
shown in Figure 3.2. Whedlk is low, D1 is forward biased and charges the first
node toVin-Vih, WhereV, is the forward voltage drop across the diode. Wbkkis
rising, Node A increase by, x-Vih as the charge across the capacitor is maintained
from the previous phase. Diode D2 is forward biased and thegehis transferred
to Node B. Note that Diode D1 is reversed biased. The finaluwuwpltage is
expressed by Equation 3.2,
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Figure 3.2: Dickson charge pump [28]

Vout = Vin + N(=——=Veik — Vih — Routlout) — Vin (3.2)

C
C+GCs

Vqik is the amplitude of the clock phase voltagés is the stray capacitance
present at each node, ands the total number of stagek, is the output or load
current. Ryt is a function of the switching frequency, the boosting capacand
the on-resistance of the MOS switches[31] and can be exgessfollows:

Rout = + Ron (3.3)

1
fswitckp
For IC implementation, a diode-connected MOS transistaisesd in place of

P-N junction diodes. The bulk of the transistor is conne¢ted common ground
to prevent SCR latch-up. In this case, the number of stagébevimited to avoid
source to bulk breakdown. In additio;, increases with each stage due to the
body effect. On the other hand, the bulk might be connecteédasource to can-
cel the body effect as well as to improve voltage gain andease the number of
stages. However, the bulk-drain diode might be prematdoglyard biased before
the transistor is turned on causing charge to be injectedtid substrate through
parasitic bipolar junction transistors (BJT). In the DAL88umMHV CMOS pro-
cess, nominaly, for both n-type and p-type transistors is 1.15 times gretiian
the nominal Si P-N forward bias voltage.

The capacitive charge pump proposed by Pelliconi et al.]([@des not have
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aVih loss across each stage. The body effect is canceled by dorére bulk
of each transistor to its bulk where each stage is situatéd own well. AV (per

stage) of this charge pump architecture is reported to b@fggntly higher [31].
The circuit was implemented and proven in the DALSAOv8HV CMOS process
[32].

cIkO—_l_

j IMll Vv IMZII

Ca

Vo ut

e
I
]

I I|\/|3|VB M4

Figure 3.3: Single Charge Pump Stage

The Pelliconi charge pump is a cascade of several stagegadthstage adding
to the output voltage by, which is the clock amplitude. Each stage (illustrated
in Figure 3.3) is driven by a two-phase cloadk and cl_k). Whenclk is rising,
charge is transferred froM, to Cg, while Cp is discharged t&/,,:. Whenclk is
falling, charge fronCg is transferred t&t, While Ca is charged fronVj,. Va and
Vg eventually fluctuate betweery, andVin+Vgk, which is the value o¥yy.. The
NMOS transistors (M1 and M3) are turned onVattVg ik, which is greater tha¥i,
while PMOS transistors (M2 and M4) are turned o¥gt which is less thaW.
This makes it possible to transfer charge across the ttansiwithout bearing the

Vih drop. Vout Of a single stage charge pump can be expressed by Equation 3.4

C
Vout = Vin + Velk—— — I 3.4
out in + ClkC—i—Cs Routlout (3.4)
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Adding n stagesYoy is expressed as follows:

Vout = Vin +NAV (3.5)

whereAV is

AV = Ve

cic. Routlout (3.6)

3.1.1 Implementation in the DALSA 0.&amHV CMOS process

VB Va

Vin V

out

M1 M2
Ps

P-well

NMOS PMOS

Deep N-well

Figure 3.4: NMOS-PMOS pair in a charge pump stage

M3-M2
—-0
1 Y
M2-M1
X
o—=e
M1-Polyl

Figure 3.5: Stacked Metal Capacitor
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Making use of the DALSA triple well process, each stage ifized on isolated
N-wells, where each N-well is contacted to output of thagstéFigure 3.4). The
bulk of NMOS/PMOS transistors is connected to their respesiburce contacts to
cancel the body effect.

Dielectric breakdown between metal layers as well as betwestall and poly
exceed 450V [32]. For that reason, boosting capacitors aile using stacked
polyl-metall-metal2-metal3 layers. A stacked configarafFigure 3.5) is used to
save area [33]. Node X (polyl and metal2) is connected todpadtor’s bottom
plate while Node Y (metall and metal3) is connected to theciam’s top plate.
Total capacitance between nodes X and Y is the sum of M3-M2M12and M1-
Poly. The stacked capacitor is designed by Philip Marshall.

Maximal charge transfer, and thus highgy:, can be achieved by adjusting the

following parameters:

e Boost capacitors: Larger capacitors imprdwé by reducing the effect of

parasitic capacitors but they occupy more silicon area.

e Switching frequency: Higher switching frequency improv®s by in-
creasing current flow as well as reduces the requirementgdéi@apac-
itors. However, higher switching frequency is limited byopess con-

straints.

e Transistor dimensions: Smaller transistors switch fasyevirtue of de-
creasing the gate-capacitanCgs. However, by increasingon, in addi-
tion to IRy, l0ss, the voltage drop across the switching transistorddvou
cause a P-N junction forward drop and would lead to curresd to the

substrate through the parasitic BJTs (see Section 3.2.1).

An optimal clocking scheme is required to maximize chargegfer. Fig-
ures 3.6, 3.7, and 3.8 refers to non-overlap-high, nontapdow, and symmet-
rical clocking schemes. A SPICE simulation of the 9-stagargd pump demon-
strated that the symmetrical two-phase non-overlap amckcheme is the optimal

for inter-stage charge transfer and thus voltage gain a®dsimated in table 3.2.
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clk

Figure 3.6: Two-phase clock non-overlagrigure 3.7: Two-phase clock non-overlap
high low

| L

Figure 3.8: Two-phase clock non-overlapping

Table 3.2: Comparison of Net Charge transfer among difterleicking schemes

Clocking Scheme| Charge transfer per clock cycle
Non-overlap high| 0.46 pC
Non-overlap low | 0.41 pC
Symmetrical 0.54 pC

Figure 3.9: Non-overlapping Clock Generator

A non-overlapping clock generator circuit is used to dethastwo-phase clock.
It consists of a series of sized inverters as shown in Figigréodoost the switching
slew rate. The two-path fork that generates the output atkisncomplement are
buffered in order to equalize the branching effort on botthnp§34].

Table 3.3 outlines the simulated results of the 50V chargeppas well as the

measured resultdV is computed using the following equation:
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_ Vout — Vin
n

AV (3.7)

wheren is the number of stages of the charge pump.
The differences between simulation and measurementgsesel most proba-
bly due to unaccounted for stray capacitian€gsin the SPICE simulations. Thus,

reducingAV as per Equation 3.6.

0.001

le-04

Output Current (A) (log scale)
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Output Voltage (V)

Figure 3.10: Plot showing current sourcing capability @& dmarge pump. Testing
done using the Keithley 4200 SCS parameter analyzer.

Integrated capacitive charge pumps are limited in termiseif turrent sourcing
capability. The charge pump can source 1683t 40V based on measurements
using the Keithley parameter analyzer (4200-SCS) as showdigure 3.10. Nev-
ertheless, the output current figure meets the applicatignirements (see Chapter
4). The non-montonic noise of the graph, which is obtaineddoging a linear
voltage sweep at the output of the charge pump, could beiegpldy coarse tim-

ing/speed setting of the test setup considering the n@aiinature of the charge

pump.
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Table 3.3: Simulated and measured results of charge puwvipgla load of 10M2
with a decoupling capacitor of 10pF

Parameter Value (simulated) | Value (measured)
Input voltage 5V 5V
Output voltage | 46.65V 44V
Input current 302.5A -

Output current | 8.43uA 4.351A
Number of stages 9 9

AV 4.63V 4.33V
Clock frequency | 10 MHz 10 MHz
Boost Capacitor | 2pF 2pF
\oltage ripple 50mV 400mV
Vout rise time 10.1us 47us
Efficiency 0.26 -

Area 0.475nn? 0.475nn?

3.2 300V Charge Pump

As mentioned in Chapter 1, high electric fields are requiggdoerforming elec-
trophoresis. Despite the miniaturization of the sepanatltannels, typical voltages
for CE separation remain 150V or above. However, the changggamplemented
in the LV deep N-well region is limited to a maximum output tagje of 55V be-
cause of the N-well to substrate breakdown (around 55V).[32]e HV N-well,
on the other hand, has a much higher voltage breakdown toutherate, which
is around 150V without the RESRUF P-top layer (P-top guard) ap to 400V
with the RESURF P-top layer. By migrating to the HV region talth a charge
pump that outputs up to 300V, suitable transistor switchesequired in lieu of the
LV PMOS/NMOS pair. The PMOS2 device is the low voltage tratwi counter-
part to the PMOS in the LV region. It uses poly2 as the gateclwhias a thicker
gate-oxide, and thus a higher breakdown voltage.

DALSA released two N-type transistors that are analogotisgadV NMOS: A
12V LDMOS and a 5V NMOS2. The LDMOS transistor uses poly2 datdfore
has higher gate-oxide breakdown. However, the LDMOS dsadtirectly contacted
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to the N-well and therefore could result in capacitive pai@gss as a result of
switching the N-well. The NMOS2 is similar to the LV NMOS extehat it is

placed on the P-base layer instead of the LV P-well. The NMQS polyl,
which has a lower gate-oxide breakdown. Figures 3.11 artishaw the LDMOS-
PMOS2 and the NMOS2-PMOS2 pair for the charge pump resgdgtiv

Vout
M2
Ps
— =
HV N-well HV N-well
LDMOS PMOS2

Figure 3.11: 12V LDMOS-PMOS?2 pair in a charge pump stage

out

M1 M1

P-base

NMOS?2

HV N-well

Figure 3.12: 5V NMOS2-PMOS2 pair in a charge pump stage

The design procedure for the charge pump on the HV N-welbreg similar

to that on the LV deep N-well region. Since implementing tB8\3 charge pump
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Figure 3.13: Total charge pump area with respect to eactcitapsalue. Simula-
tions done for a load of 207

involves cascading up to 60 stages, design optimizationinsgpily driven by the
need to save area. Layout area is optimized by finding the vigle of the ca-
pacitors without compromising akV. Based on simulations, the voltage gain ratio
is computed for a number of capacitor values. The numberagfest is increased
to compensate for reducé&V (i.e. regardless of the capacit®; is increase to
the same target output voltage by increasing the numbeagés}, which increases
the estimated area of the charge pump. A capacitor valué {dF2 is chosen to
anticipate for process variations10% as reported in the DALSA documentation
[23]) as shown in Figure 3.13. The area of a single stage witRetop guard is
0.032mn? while that with P-top guard is 0.04%?. The total area of the 60-stage
charge pump is 2.44n7.

3.2.1 Measurement and Analysis

A 10-stage HV charge pump is tested and shown not to be furadtom account
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Figure 3.14: Test setup for the HV charge purg drives six clock buffers. Each
10-stage charge pump has its own clock buffer.

of the parasitic BJTs. The test setup is shown in Figure 3liatgelyqq current
(ldd.avg=17.33mA atfsyitcnh 0f 10MHz andVi, of 0V) as well adj, into the input of
the first stagelfy avg=4.55mA at 100Hz an¥i, of 5V) are drawn into the circuit.
Vout IS measured at -600mV. This behavior indicates current dogsto parasitic
BJTs. As shown in Figure 3.16, parasitic BJTs are providiegraduit for current
into the substrate through the HV N-well. The HV N-well deggthalf of that of
the LV deep N-well, which means the base of the parasitic BdTise HV N-well

is thinner and therefore has higher gfiin

In Section 3.2.2, a circuit model of the charge pump thatrporates parasitic
BJTs is developed. Simulation results, based on this mddelponstrate the failure
of the charge pump to produce an output voltage higher threimihut because of
the parasitic BJTs. The average supply current drawn to tifferls to drive the
charge pump boosting capacitors is 6.7mA compared to thesumes average of
17.33mA. The average input current into the first stageat fsyitch Of 100Hz is

4.66mA compared to 4.55 mA in measurements.
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Figure 3.15: When incorporating the parasitic BJTs intodharge pump model,
the circuit fails. The output voltage is evaluated at an agerof -609mV, which is
similar to what is observed in measurements. Avellggés evaluated at 6.7mA.

" T Va wm Jout
T a o o

Figure 3.16: Charge pump stage with Q1 and nggdéQ2 and Q3) parasitic BJTs
shown. Q4 and Q5 are similar to Q2 and Q3 respectively anésept the parasitic
BJTs of the opposite nodg. The order of the BJTs is represented as manufactured
and modeled by DALSA.

3.2.2 Modeling a single-stage charge pump

The profile of the parasitic BJTs are illustrated in Figur£63.Q1 represents
the P-base/N-well/P-sub parasitic BJT where the collestoonnected t&,, Vout

is connected to the base, and P-sub is connected to thetooll®2 of nodé/, and
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Vin
Vout
Ql I

Va \%:

L' Vout L Vout
Q2 I Q4 I

Vin [ Q3 - Vin | Q5

Figure 3.17: Parasitic BJTs circuit representation

Q4 of nodevg represent th@™/N-well/P-sub (emitter (nodeé, or V) -base Vout-
collector (P-sub)) PNP parasitic BJTs. Q3 of n&leand Q5 of nod&/g represent
the N-well/P-base&/" (collector {/out)-baseyin)-emitter (noded/a or Vg)) NPN
BJT. A circuit representation is made in Figure 3.17. Not the collector-base-
emitter (C-B-E) order of the parasitic BJTs shown in FigurE63s defined by the
manufacturer (DALSA) according to the direction that hasghér gain (3+).

R

P-base

HV N-well

P-epi

P-epi

Figure 3.18: Cross-sectional view of an Figure 3.19: NPN transistor model that
NPN transistor in HV region includes parasitic PNP to substrate

Simply put, the parasitic loss to the substrate is initidtgdhe forward bias of
the P-N junction (bulk contact of P-baserto drain of NMOS2) as transistor M1
turns on (to allow current flow to the boosting capacitor). ofrer P-N junction
(p"™ of PMOS2 to bulk contact of the N-well) is forward biased as tdéhs on to
allow outward current flow t¥,;. A detailed explanation of the loss mechanism is

given in the rest of this section.
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In order to simulate the detrimental effects of the para®Ts to the per-
formance of the charge pump, circuit models are adopted flase of the NPN
transistors (developed by DALSA) in the HV region. Figures8and 3.19 show
a cross-sectional view of an NPN transistor and its assetiadodel respectively.
There are three different flavors of NPN transistors (TA29TAnd TA17) that
differ in terms of thein™ (emitter) as well as their P-base (collector) dimensions.

When choosing the models to represent the parasitic BJ&$ptlowing steps

and were followed:

e For Q1 as well as Q2 and Q4, the transistor with P-base dimesshat
closely match that in the charge pump stage is chosen(@%I4.81m
in the NPN layout versus 14.19%17.7umin charge pump stage layout).
The PNP model for the TA17 BJT is chosen to represent theitiaraslP

transistors in the charge pump.

e Note that Q2 and Q4 have deeper basgs/N-well/P-sub with no P-

base), which means that th@iis overestimated in simulations.

e The NPN model of the TA2 BJT transistor is chosen to repre§ght
This is based on the fact that its emitter dimensions is thgeedt match
to that of then™ drain of the NMOS2 (2.4nx2.2umin TA2 layout versus
2.9umx4.0umin NMOS2 layout). The NPN transistor multiplier field is
set to two (the ratio of the NMOS2" area to that of the TART emitter
is 2.2).

In order to understand the mechanism of failure of the chpugep, a simula-
tion of a single stage is carried out and currents and vadtage observed. As seen
in Figure 3.20, a significant amount of current is drawn i@ substrate through
transistors Q2 and Q4. Current draw through Q1 is negligibl@rder to simplify
the analysis consider the circuit setup Q2 and Q3. Witkrs falling, Vi, charges
Va and the base-emitter junction of Q3 is forward biased. CQuirilews fromVj,
(through the base of Q3) intGa, causingVy: to discharge through Q3. When

clk is rising, Q2 turns on and much of the current flows to the satbsinstead
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a7
time (us)

Figure 3.20: Simulation results for a single stage chargepwith the BJT para-
sitics included.

Va VA
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Figure 3.21: Charge loss mechanism due to parasitic bipidasistors in node
Va (transistors Q2 and Q3) (a) Wheik is falling, Q3 base-emitter PN junction is
forward biased causing current transfer to the boostinga#gr but at the expense
of the output node, which is being discharged (b) whbanis rising, Q2 emitter-
base P-N junction is forward biased causing much of the ehfiagm the boosting
capacitor to flow into the substrate instead of chargini/g4p
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of rechargingVout. The same loss mechanism can be explained for Q4-Q5 with
the clock phases reversed. The end result is that the chargp fails to produce
an output voltage that is higher than its input. Figure 3IR&trates charge pump

failure mechanism.

= Vin |é

I

| clk=0

Figure 3.22: Charge loss mechanism due to the action of QT)&xdimulations
for a single stage charge pump, however, does not show sigmifcurrent draw
through Q1 either through base or collector terminals ken@®2 and Q3).

Another possible mechanism for charge loss is shown in Ei§u22. Initially,
Vin is higher tharVyy: and whenVi, is higher tharva (whenclk is falling), Vout
is pulled lower by Q3. This forward biases the emitter-basele of Q1 and cur-
rent is drawn to the substrate through Q1 collector. Howesementioned earlier
and according to simulations, current loss to the substinateigh Q1 is negligible
(around 2(A) compared to that of Q2 (around 3mA).

3.2.3 Two-transistor charge pump

In order to optimize the design of the charge pump and redugertt loss to the
substrate (through the parasitic BJTs), one has to miniorizdiminate the BJTs
base-emitter (or emitter-base in case of the PNP transitmde forward voltage
drop. One option is to simply remove the bulk contacts froe Babase and the
N-well. However, this risks SCR latch-up and is not discdssehis chapter.

The other option is to minimize the flow of current through gaeasitic BJTs
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while maintaining sufficient charge transfer to tg;. Increasing the widths of
the transistors in order to redu€®, is a straightforward option but its effect is
minimal. A more practical approach is by decreasing theerurpy decreasing the
slew rate of the boosting clock. According to Equation 38&¢rdasing the clock
slew rate,‘(‘j—\t’, will decrease the instantaneous current and reduce tiageotirop

across the diodes.

CLK_A

Vin oj_—l— CA V, in
(o, | M1 M2 :
Node A L1 o -
| Q1
Node B i |

Cs = = Vin 'é

i

CLK_B

Figure 3.23: Two-transistor charge pumpFigure 3.24: Two-transistor charge pump
stage stage parasitic BJTs representation

However,clk andclk of Figure 3.3 serve not only to charge and discharge the
capacitors of nodeg, andVpg respectively, but also to switch on (or off) the tran-
sistors of the opposite branch. A two-transistor (per stahparge pump design,
illustrated in Figure 3.23, is proposed. In this designyame branch transfers
charge through the action 6fLKa, which replaceslk. CLKa slew rate is reduced
to minimize base current of Q2. On the other haﬂ_d, redesignated aSLKg for
clarity, is only involved with switching, and thus maintaia high slew rate to ef-
ficiently turn on/off the transistors. A diode is connectechbdeVg to give it the
correct DC offset and to protect the gate-oxide of the swiighransistors from
damage.

By adopting a two-transistor design, the NPN-PNP (Q4 and g@Basitic cir-
cuit associated with one node is avoided altogether. Horyvsleving the boosting

clock slows the rate of charge transfer and thus redfy¥ess well as current sourc-
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ing capability. Charge transfer is also reduced as one dgkakvolved in charge
transfer, but an additional clock can be incorporated as se$ection 3.2.3.2.

A four-transistor charge pump can be implemented by sepgrtte switching
node from the charging node. However, this involves addivayrnore capacitors
per stage, which will double the layout area.

Since capacitoCg is no longer involved with charge transfer, its size can be
reduced. It should, however, be large enough to allow fotebetitching of the
PMOS/NMOS transistors. The adopted valueCgfshould be much greater than
the combined gate capacitances of the PMOS2/NMOS2 transistorder to allow
for a maximum voltage change across the gate capacitanbesgale capacitance
of each transistor can be calculated by the following desggration (Equation 3.9)
[35],

1+ 2a
(1+0a)?
whereCyy is the gate-oxide capacitance per area; W and L are the witth a

Cys = coxw L= (3.9)

length of each of the transistor respectivadyis equal to 0 in non-saturation and
1 in saturation. Switching capacitd@y is set at 0.75pF, which allows fof; i to
reach 93% of its rail value based on the calculated of totl gapacitances using
Equation 3.9 fon=1.The boost capacitdty is set at 1.25pF, which is based on the

initial design of the charge pump.

3.2.3.1 Simulation Results

The failure mechanism in the two-transistor charge pumgmnsing clocks with
large slew rates, is similar to that observed in the origih@rge pump design. The
two-transistor charge pump design, however, allows fortrotimg the boosting
clocks slew rate without affecting the switching of the stors.

The simulations help in finding the following:

e Maximum base current through Q3 as well as emitter currentrflimto

the boosting capacitor.
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e The corresponding clock slew rate.

6 TCLK_AL

0
6 /CLK_B

0.0
250 300 350 400 450
time (ns)

Figure 3.25: Two-phase clock for half-stage charge pump

Ideal clocks are used to simulate charge pump results agsweah ideal voltage
input (i.e. not output resistance). Figure 3.25 shows th&chmg clock as well as
the boosting clock relative to each other. The boostingkcise and fall times (0%
to 100%) are set to 20ns eacllKg begins to switch afteCLKa is stable for 25ns
(and 5ns befor€LKa starts charging/discharging).

Figure 3.26 shows simulation plots of current/voltageggsramps up (Figure
3.26(a)) as well as when it reaches its final value (Figuré(®)2. The load is set
at GUA.

At a boosting clock slew rate of 5V/20ns (25Q%), the maximum base current
for Q3 is 8QUA. At 500V/us, the charge pump succeeds to charge up, but with
a lower voltage gain (7.75V with 311mV maximum ripple). Maxim Q3 base

current reaches 268.4A.

3.2.3.2 Two-transistor charge pump with four clocks

If cascaded into stages, the two-transistor charge pump@snrsin Figure 3.23
will require a decoupling capacitor at the output of eaclyetdue to the timing of
charge transfer. Figure 3.27 shows a clocking scheme tlisigined to make a

decoupling capacitor unnecessary by alternating the bimgoof the charge pump
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Figure 3.26: Current/voltage plots for a single stage satioh results withCLKa
slewed at 250\{{s (a) The plots shown are at the beginning of the simulation as
Vout is rising. Maximum base current through Q3 is 83187 Maximum current
draw into boosting capacito€a, is 314A. Q2 emitter-base diode is effectively
reverse-biased allowinGa to transfer charge t¥oy:. Vout reaches its final value
with maximum ripple voltage of 400mV. Currents through séra BJTs are sig-
nificantly reduced as the the P-N diode junctions of Q2 and @3everse biased.
Maximum Currents charged/discharged from the boostinga#gw's are increased

to 44QA and 984.64A respectively.
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Figure 3.27: Two two-transistor stages charge pump stathefaur clocks. Clocks
A and B are are the complements of C and D respectively.

stages. Clock€LK: andCLKp are the complements of clockdKa andCLKg
respectively. In addition, charge transfer is doubled aadttional clock CLKc,
is involved. Table 3.4 summarizes a two-transistor chawgap (of two stages)

simulation results and parameters (ideal unloadggis 15V forVi, of 5V).

Table 3.4: Two stage two-transistor charge pump summarivifigra 51A load
with a 10pF decoupling capacitor)

Parameter Value

Boosting capacitor 1.25 pF
Switching capacitor 0.75 pF
Operating frequency 10 MHz

NMOS2 dimensions (W/L) 6/2
PMOS2 dimensions (W/L) 18/2

AV 4.43V
CLKAp slew rate 250Vius
ViN 5V
Load SUA
Voltage ripple 420 mV
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3.2.4 Simulation and Analysis of Multistage Charge Pump

The mechanism of current loss in a single-stage case iswieted as a the tandem
action of the base-emitter and emitter-base diodes of Q®&r@spectively. When
Q3isforward biased, it discharges the output ndgg, keeping it at a low potential
with respect to the input. As Q2 turns on when boosting clasds; it prevent¥oyt

node from charging by diverting current to the substrates phoblem is tackled by
slewing the boosting clock (see Section 3.2.3). While thiscept is to be applied

to a cascade of stages, several issues are to be addressed.

Va1 Va2 Va3

Vout2 _ Vouts
Q1 Q2 |

N8/

L
) L

||=
1l
||=
J 2 \__

Figure 3.28: Charge pump stages parasitic BJTs connecteelies. The output
node,Voyt Of the first stage is connected to the input node of Q3 of the stage
providing an additional path for charge loss.

The most important issue to consider is the effects of thagiér BJTs are no
longer confined to their own stage. For instance, when adalstggeoy: Will be
connected the base of Q3 of the next stage (Figure 3.28) atldional connection
provides for an additional path of charge loss frdgn.

A current load of 5-10Ais set for the intended application of the charge pump.
As mentioned earlier, charge pumps are limited in terms of luch current they
can source to the output (depending on the output voltageeanumber of stages).
The same limitation applies to the HV charge pump. The LV ghgump has a
rating of 40V/1A even though it does not suffer as much from charge loss due
to parasitic BJTs. Furthermore, as the rate of the chargesfeais reduced (by

slewing the boosting clocl}V becomes smaller and the current sourcing capability
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is reduced.

3.2.4.1 Three-Stage Charge Pump with Input Voltage Ramp

In order to simplify the analysis of the charge pump when aded, a three-stage
charge pump with an ideal voltage input is conside¥gdis linearly increased until
Vout collapses as the charge pump could not source that muchtatehe target
output voltage). The load is a 1a/resistor with a 10pF decoupling capacitor. The
boosting clock slew rate is 167)5.

The simulations show the charge pump failing shortly atierinput reaches a
value of 300V. A charge pump is said to be failed\W <0. Simulations also show
that it is the output of the first stadg,n that starts to fail and drop below,. Also
most of the current loss to the substrate occurs in the fageshrough Q1 and Q2.
The maximum substrate current (through Q1) is 8mM¥ui1 Voutr-Vin), AVour2
(Mout2-Vout1), andAVous (Vous-Vourz) are -1V, -0.82V, and -067V respectively.

Va1 Va2 Va3

Voun -1V |

Q2 Q1 Q2
/I ! E ! /I !
2mAl 300uAl
20uA v 200uA v )
™\

out3 -2.5V

T
Q1
|
6mA 1
A\

Figure 3.29: Final peak current values through the pacasénsistors.

The following scenario describes the charge pump as itsstarfail after the

input voltage reaches 300V.
e Base current of Q3paseqs, in the third stage starts to rise steadily,

e Vot Of the first stage drops, as the boosting clock rises, withe&soVi,.
AVoyu1 drops below zeroVa; also drops and current flows through Q2 to

the substratelpaseqs steadily rises to above fb.
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e AVour andAVyys initially rise to above +5V due to the dropWaui (Vour
and Vo themselves, however, do not riselsypstraten2 Of the second

stage increases to a maximum of fB80
e Vou3 collapses albeit more slowly due to output decoupling cigace.

o lsubstrateq2 decreases in stagel as more substrate current is diverbeidth

Q1.
e AV between stages stabilizes at valued®

To conclude the above discussion, the factors relatinga@énrformance of the

HV charge pump are as follows:

¢ Increasing the load negatively affects the performancieetharge pump.

More so in this case due to reduced rate of charge transfer.

e Clock slewing minimizes the impact of the parasitic BJTsbdbsting
clock slew rate increased to 25Q¥/ the charge pump failure would oc-

cur at a lower input voltage (around 225V).

e The early effect in the parasitic PNP transistors (Q1 andi®Q&dt mod-
eled and thu¥/a=—o (not to be confused with node voltagg in charge
pump). Thereforeyce does not contribute to the failure observed in the

simulations.

3.2.4.2 Six-stage charge pump

A decoupling capacitor at the output of each stage can bedadddow and min-
imize the discharging of the output nodes. A capacitor offEG8 used as a de-
coupling capacitor for the six-stage charge pump. AflA lbad, the charge pump
output boosts to 28.19V from an input of 5YAY is 3.85V). The boosting clock
slew rate is 250\{{s. One thing to note here is that in the simulatiohs,(input

to the first stage) islewed(in this case to 0.5Yk) to minimizelyaseqz due to the
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Figure 3.30: Simulation results for 6-stage two-transistearge pump with plots
shown for the first stage currents/voltages as well as theMfgya(of the last stage).
While much charge is transferred through Q3 (with peak curoé 1.45mA), cur-
rent loss through Q2 is effectively negligible during thatripd allowingVyy: to
charge up. At a later timeya increases causing Q2 to be forward biased and
some current flow into the substrate. However, this alsoaesiy,; discharge
through Q3 allowing itWout) to increase and effectively allows the charge pump to

bootstrap. The noise observed in the graphs are due to thél2@Mck coupling
through.
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Figure 3.31: Simulation results for 6-stage two-transistarge pump with clock
slew rate reduced to 167p¢ Even though the output succeeds in bootstrapping to
its target voltage (maximum base current through Q3 is 83t fails to source

an output current ofjfpAat the targeted voltage. This leadg: to drop as shown in
the plot.

forward-biasing of the base-emitter diode of QB8.;, meanwhile, of each output
node, will be sufficiently charged befowg, reaches its final value (Figure 3.30).
Another interesting observation made is that the circuls fahen the clock
slew rate is further lowered. At 167M4 after the final output node reaches its
target voltage (with the problematic diode currents beimgimmzed), it slowly col-
lapses. One explanation for that is that the charge pumpmcmilkeep up at this

current load at this low rate of charge transfer. (Figurd 3.3

3.2.4.3 39-Stages Charge Pump

A simulation is carried out for 39 stages at a load pAJas shown in Figure 3.32.
Here, the boosting clock is slewed at 16[d¥in order to tackle the increased inter-
stage connectivity of the parasitic BJTs. A decoupling cépaof 1pF is placed at

the output node of each stage.
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Figure 3.32: Simulation results for 39 stages of the chargegshowing output
nodes of the last stagguizg and the 31st stagg sz rising.

3.3 Summary

This chapter discussed the viability of capacitive changajps as high voltage gen-
eration blocks. A charge pump has been successfully inedia the LV region
where it outputs a maximum voltage of 50V. In order to gereehagher voltages,
the charge pump is designed and implemented in the HV regimremhe N-well
supports up to 400V with respect to the substrate. Measuremieowever, indi-
cates high current draw into the substrate precluding afficient charge transfer
between stages. This is attributed to parasitic bipolasistors. Adopting the two-
transistor charge pump design where it is possible to deeri clock slew rate is
explored to mitigate the effects of the parasitic curreakége. Simulation results
demonstrates the effectiveness of such design techniquesitnize charge pump
performance for a number of stages. However, clock slewadgcees rate of charge

transfer and lowers the current sourcing capability.
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Chapter 4

System Integration

The design and implementation of high voltage CMOS chipéiied design itera-
tions are presented in this chapter. Section 4.1 providesenview of the previous
efforts progress made to realize a self-contained miadituHV IC (system chip).
Section 4.2 discusses the main design improvements matedha incorporated
in the system chips in the fifth, sixth, and seventh genaratitn addition, a sum-
mary of specifications is provided for each of the systemshipwell as a brief

discussion of applications that used these chips.

4.1 Background

Previous efforts by members of the VLSI and the AML [3] labsdaesulted in
realizing four CMOS-based system prototypes for microftuapplications. Past
designers involved in this project are: Maziyar Khorasaegndert van den Berg,
Philip Marshall, Mohammad Behnam, and Maysam Zergham.

Figure 4.1 illustrates a block diagram of a HV CMOS chip. A Sbbconverter
as well as level shifter are used to generate high voltagés 83@0V and relay them
to on-chip electrodes. A large resistive ladder is used tvel@ bias voltage for
the static level shifters/pp, and a monitor voltag&/mon, from the generated high
voltage,Vpp, in order to regulate the boost converter output [3]. Figu&shows
an overview of the high voltage generation and control netwo

The analog components primarily comprise of an analogaligonverter as
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Figure 4.1: A System Block Diagram of the HV CMOS Controlldn®
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Figure 4.2: HV Generation and Control Network [3], dottatek define external
components

well as circuitry to amplify sensitive current readingsnrahe photodiodes. An
8-bit Successive Approximation Register (SAR) ADC (Figdr8) is implemented
in the first three generations and an 16-bit in the fourth gai@. The SAR is
updated based on the output of the comparator, which complaeeDAC voltage

against the sampled voltage. The resolved bit is sent thrdog SPI and a new
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Sampled voltage
é + To SPI

COMPARATOR SAR

N bits

R-2R ladder
DAC

Figure 4.3: A block diagram of the Successive ApproximatirC

register value passes to the DAC. The iterations contintietbe least significant
bit (LSB) is resolved. The SPI interface relays user comntarabntrol the level

shifters, boost converter as well as to acquire digitizedetu/voltage readings.

4.2 Design Iterations
4.2.1 Overview

Genetic analysis typically involves three stages: sampegration, DNA ampli-
fication, and finally DNA separation or electrophoresis. Ting four chip gen-
erations were primarily involved in miniaturizing and riealg electrophoresis on
micro-scale systems. In subsequent design runs, mordiattéras been given to
implementing DNA amplification or polymerase chain reattom a micro-scale as

well. The fifth to seventh design iterations are characterizy the following:

e Applications: DNA separation and amplification (capillatgctrophore-
sis and PCR).

e Miniaturization: Charge pumps to replace boost convertetsch re-
quires large external passive components. Modified stewiel Ishifters

using the new 4-terminal high voltage transistors.

e Design techniques: Improved design of the ADC.
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¢ Design flow: Fully synthesized digital components, aut@datlace and

route.

As with previous designs, an SAR ADC is implemented. Improgets have
been made to increase the ADC accuracy and robustness. ok tigdjor improve-
ments that have been made to the SAR ADC as well as the primbgségners

involved is as follows:

¢ Implementation of Single-ended differential operaticarablifiers. These
op-amps are used at different locations to provide sigriébng. A two-
stage or three-stage op-amp is used depending on curreimgdsinking

requirements. (Brendan Crowley)

e 12-bit hybrid segmented DAC. The lower 9-bits realized byr@R lad-
der; the most significant 3-bits are fully segmented. Thersagation
on the major carry increases the DAC monotonicity, redudieshgng as

well as the impact of resistor mismatch. (Russell Dodd)

e \ltage reference block to provide temperature and powpply inde-

pendent voltage references to the DAC. (Wesam Al-Haddad)

e Clocked comparator with positive feedback to improve rasoh. (Lin
Zhou)

Designers involved in the fifth run are Wesam Al-Haddad,iphlarshall, Rus-
sell Dodd, Brendan Crowley, Lin Zhou, Caitlin Davis, and A&t Hakman. The
sixth and seventh runs involved Wesam Al-Haddad, Sunny Hwlréw Hakman,
and Philip Marshall. In total, eight system chips and tehg&sictures are designed
and fabricated. The following sections (4.2.2, 4.2.3, a2d4 will present a system

chip of each of the fifth, sixth, and seventh design runs.

4.2.2 Fifth Generation: ICKAARP1

ICKAARP1 features a CMOS chip that controls and monitorsearttocycling pro-

cess that can be used for DNA amplification, also known asmpeitgse chain
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Figure 4.5: Die photograph of ICKAARPL.

reaction (PCR). The thermocycling process is executed rikirgj large currents
through a heating element using pulse-width modulation \P\&s shown in Fig-
ure 4.4. The temperature of the heating element can be atdcu(through its
thermal coefficient of resistance) by measuring measuhegtirrent and voltage
across the heater. Current measurements are obtaineceattloéthe heating cycle

and are digitized and sent through the SPI to a microcoetrolhe microcontroller
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Table 4.1: ICKAARP1 Specifications

Features Values and Characteristics
Dimensions 2.7mmx 2.7mm
IO Pads 31
ADC 12-bit SAR

Seven Heater switches
SMU Wide metal wire (10Qum) for sinking high currents
I-V conversion stage for each heater switch

sends a command to update the duty cycle of the PWM signal.
The PWM-controlled heater switch and the associated cumeasurement cir-
cuit were designed and built by Philip Marshall. Table 4sislimain chip’s specifi-

cations.

4.2.2.1 Application: DNA Amplification

External
ADC PIC

micro-
1
SPI '
Interface +
& Control :
1
1

Sense
Resistor

mperature (degrees °C)

vdrain
A

1
| Heater
1 Switch

controller 5 10
§
Logic

0 . . . .
0 100000 200000 300000 400000 500000
iUy 1 Time (ms)

Figure 4.6: System block diagram of the Figure 4.7: Heater temperature of a PCR
PCR system. run (first four cycles).

The chip was integrated to perform PCR, which made use oftilpgscheater
switches, PWM controller, and SPI interface. Due to a bugndusynthesis, the
thermometer unary decode logic of the ADC is nonfunctioAal external ADC to
digitize voltage and current measurements was used. Hg@iiBustrates the setup

for using the ICKAARPL1 chip for PCR. System integration wase& by Sunny Ho
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and Wesam Al-Haddad.

Figure 4.7 shows the first few cycles of the heater tempegatata. A moving
filter is applied to the input and the output of the Pl con@olh order to reduce
noise and duty cycle fluctuations. Furthermore, the higQuesmcy noises seen
in the graph do not have a significant effect on the chambepé¢eature as the
time constant of the PCR chamber is large compared to thelsempte of the

controller. The experiment was carried out by Sunny Ho.

4.2.3 Sixth Generation: ICKAALC6

Vpp
- - N-1 N ‘I To channel
Coecouple electrode
€L —
Vpp-- Static
‘I Level
C, Shifter
I ecouple

Figure 4.8: The level shifter is supplied with tlg, andVpp -

The Sixth Generation System chip (ICKAALCG6) (Figure 4.9drmorates all
of the improvements introduced in the fifth generation. ldiadn to the boost
converter, it features a charge pump to generate a medigmvioitage up to 44V
with respect to ground (see Section 3.1). The charge pumpbwidtsby Philip
Marshall. In addition, an improved heater switch design dase by Sunny Ho.
Table 4.2 list main features of the ICKAALCG6 chip.

4.2.3.1 Application: DNA Separation

Microfluidic electrophoresis was accomplished using thergé pump in the ICK-
AALCS6 chip. System integration of the chip and the experitveere done by Mo-
hammad Behnam and Govind Kaigala. The experiment setuptréited in Figure
4.10, consists of the HV chip, a 2.4cm x 1.6cm microfluidiessglchip (MFC), and
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Figure 4.9: Die Photograph of ICKAALCS.

Table 4.2: ICKAALCG6 Specifications

Features Values and Characteristics
Dimensions 4.5mmx 3.3mm
IO Pads 54
ADC 12-bit SAR

9-stage charge pump
Boost Converter

HV Generation Blocks

) Five tristate static level shifters
HV Drivers ) .
Three bi-state (outputs high or low)

Three Photodiodes

Integrator and APS amplifier

Optical Detection

Heater Switch
SMU . N
Instrumentation amplifier

On-chip electrodes 4
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Figure 4.10: Setup for using ICKAALCG6 for generating and tsiing the HV
required for CE
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Figure 4.11: Electropherogram results from separatiorOst #r BK-virus. The
first peak represents the PCR primers and the second peakeeps the PCR prod-
uct (293 bps).
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external CCD-based optics for detection. The electrogirara results is shown in
Figure 4.11.

4.2.4 Seventh Generation: ICKAALC7

Figure 4.12: Die Photograph of ICKAALC?Y.

ICKAALC? (Figure 4.12) saw the implementation of the first080 charge
pump, which occupies 13% of the chip’s area. As mentionedhapter 3, the
HV charge pump does not work due to parasitic BJT transiskatsimpede suffi-
cient charge transfer through the stages. The chip, howsilémcludes the boost
converter and thus can be used to generate the necessamohages for capillary
electrophoresis.

Table 4.3 lists the main specifications of ICKAALCY.

4.3 Summary

Three chips representing fifth, sixth, and seventh desagatibns were summarized
and presented. These chips have integrated additionalaoengs such as heater

switches for thermocycling and charge pumps to generatevaljages. The ICK-
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Section 4.3: Summary

Table 4.3: ICKAALCY7 Specifications

Feature Value
Area 5mmx 4.8mm
IO pads 65
ADC 12-bit SAR

HV Generation Blocksg

60-stage charge pump
Boost Converter

HV Drivers

Five tristate static level shifters
Three bi-state

Optical Detection

Three Photodiodes
Integrator and APS amplifier

SMU

Heater Switch
2 drain contacts, 2 source contacts

On-chip electrodes

4

AARP1 chip from the fifth generation powers and controls aéreiiroughout the
temperature range needed. ICKAALCSG is a self-containedkofor HV genera-

tion and control that was used to achieve DNA separatiorrelgicoresis on small
channels. ICKAALCY7 attempted to integrate for the first tiafgigh voltage charge

pump. More design work, which takes into account the pacaBiiTs, is required

to implement an efficient charge pump in the HV region.
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Chapter 5

Conclusion

5.1 Summary

In this thesis, novel circuits and devices are explored ritegration into CMOS
chips for microfluidic applications. These circuits and ideg involve high volt-
age generation and control. In chapter 2, novel linear astbsed 4-terminal HV
device, where a physical terminal is introduced into thé& degion, are designed
and characterized. The linear device EDPMOS4 has demtetfanctionality up
to 40V (drain to source voltage). Spice models have beenaje®e for the linear
devices and are used to simulate new static level shifleiShapter 3, high voltage
charge pumps are designed and characterized. Much groukhas been laid to
implement a 300V charge pump. The parasitic bipolar tramsighat are inher-
ent in the charge pump design in the HV region have been filthand modeled.
Design techniques have been developed to mitigate and mmithose effects.
Chapter 4 provides a summary of past and present chip desighscorporates
one ore more microfluidic applications. Experimental reswere included for

thermocycling and microfluidic electrophoresis.

5.2 Accomplishments and Contributions

This thesis has shown my major accomplishments namely miegignd modeling
novel 4-terminal high voltage transistors and designiesting, and characterizing
a charge pump in the HV region. The linear EDPMOS4 device leasotistrated
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the possibility of introducing a physical terminal in thafdregion without ad-
versely compromising the basic functionality of the devithe linear EDPMOS4
device has a drain-source breakdown voltage of -43V whiteuild operate up to
200V above the substrate provided its drain-source volsget exceeding 40V.
The drift region of the device pinches off at 13V below the Mivbias, thus pro-
tecting the gate-oxide of the PMOS component. This feata® put to use and a
DRIFT device was integrated along with the PMOS2 device &atize a novel 40V
static level shifter. The DRIFT static level shifter saviiesn area by eliminating
the need of a resistive divider as well as reduces static poovesumption. The per-
formance of the novel static level shifter in terms of speed power consumption
is comparable to that of the conventional static level shift

My work in Chapter 3 has identified and tackled the challergdesalizing an
efficient charge pump in the HV region. Toward that goal, thiE Barasitics in
the HV charge pump have been modeled. The SPICE simulasoitsef the BJT
circuit that include the parasitics resemble that obsemedeasurements. Circuit
techniques such as clock slewing were introduced to méitied effects of the BJT
parasitics.

Chapter 4 summarized three system chips of which | am theipahdesigner.
The HV microfluidic project has involved several designel®ware mentioned by
name in Chapter 4 and who have substantially contributeti¢coterall project

progress and success. My specific contributions include:

e Coordination of sixth and seventh generation tape-outsticitmted, in

addition to those two, in the fifth and eight generations.
e Testing of ICKAALC4, ICKAARP1, and ICKAALCS.
¢ Design and layout of a bandgap reference voltage.
e Improvements and debugging of the overall ADC architecture
e Design and layout of a switched capacitor amplifier.

e Testing and characterizing of the ADC in LC5.
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e Co-authored digital components code; tested and debuggksd ¢

5.3 Future Work

Future work include reducing the width PMOS component ofitrear EDPMOS4
device. This will allow for the integration of the EDPMOSA4vitee in a static level
shifter that will provide one device solution to the noveltst level shifter, which
will save more area.

The linear EDPMOS4 device has demonstrated the possibilégiding a fourth
terminal to the drift region while maintaining a functiorgvice. The linear device
is limited to 40V operation as the N-well is not fully depléteAn enclosed device
would be a suitable candidate to overcome the undeplete@INpath that causes
a premature drain-source breakdown. A practical enclos2@NEDS4 device re-
quires more design work to reduce the P-top pinch-off vatagorder to protect
the gate-oxide. 2D and possibly 3D device simulations woeldequired to guide
the design process.

To build a practical enclosed

Further work is needed to better understand the impact ttesipias in the HV
charge pump and model them accordingly. All of the desighniegies and circuits
proposed in Chapter 3 need to be tested and characterizethclk lmuffer driver
that generates clock signals with small slew rates is to lseggded and built. An
actual characterization of the device needs to be done ier dodbetter represent
the effects of the BJT parasitics and adopt design techaithet address them

accordingly.
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Appendix A

Supplementary Material

A.1 Transistor-level Simulation Settings

All circuit simulations are done in Spectre simulator by €ack (ver. 5.10.4USR5).
Table A.1 summarizes the settings used in the simulatioomihial process corners
and temperature are used for simulations. The supply vliag voltage) is set at
5V. The design kit used is a local version of the CMC Microsyss cmosp8g.v27.
The kit has been modified by the University of Alberta VLSIrrefded by Philip

Marshall) to support extraction of certain devices as welicafacillitate place and

route.
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Table A.1: Transient simulation parameters

Parameter

Value

maxstep

ic

skipdc
reltol
abstol(l)
abstol(V)
temp

tnom
tempeffects
errpreset
method
Iteration
relref

cmin

gmin
maxrsd
mosmethod
mosvres

(stop-start)/50

all
no
le-3
le-12
le-6
27
27
all
moderate
traponly
3.5
sigglobal
OF
le-12
0 ohm
S
50 mV

A.2 Device Simulation Settings

2D device simulations are carried out using Synopsys Sergdbdevice (ver. sen-
taurusvZ-2007.03-SP1). Doping profiles are provided by DALSA Sswnductor.

The device simulator solves the device by performing Newitaniterative method

to solve Poisson equation coupled with the hole and eledooiinuity equations

(drift-diffusion mode). Standard physics models are usdte simulations as sum-

marized in Table A.2. Temperature is set at 300K.

Table A.2: Sentaurus device physics models

Parameter Models
Charge transport Drift-diffusion
Mobility Doping-dependant (Masetti)
Degradation at interfaces (Enhanced Lombardi)
High-field saturation (Canali)
Bandgap Bandgap narrowing (Slotboom)

Generation-recombinatiop

SRH recombination
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A.2: Device Simulation Settings
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In order to assess the accuracy of the device simulatiomsjlgiions are per-
formed on DALSA's EDPMOS device. The resulting I-V curves aompared to
those obtained from SPICE simulations based on the EDPMQfhas shown in
figures A.1 and A.2. Itis important to remember that the degimulations (in this

case) does not take the enclosed nature of the device insidevation.
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A.3 Semiconductor Parameter Analyzer Data

All measurements of the novel HV devices were performedgutiile 4200-SCS
Keithley semiconductor parameter analyzer. Each run iecs&y an excel sheet.

The following table links each graph of Chapter 2 to its seutata.
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./ = wesam/Research/Wesatresis/chapter3/graphs

Table A.3: Path to parameter analyzer raw data

Figure

Path to Data

Figure 2.25

IDRIFT_Devices/Linear/DRIFILIN _6um.M1S/DRIFT_LIN _IpdvsVpd Vb40V#1@1.xls
IDRIFT_Devices/Linear/DRIFILIN _6um.M1S/DRIFT_LIN _IpdvsVpdVb100V#1@1.xIs
IDRIFT_Devices/Linear/DRIFTLIN _6um.M1S/DRIFT_LIN _IpdvsVpdVb200V#1@1.xls

Figure 2.26

IDRIFT_Devices/Linear/driftlinear_final/6um/DRIFT.LIN _-PDMon100p#1@1.xls
IDRIFT_Devices/Linear/driftlinear_final/6um/DRIFT.LIN _lvsVed PDmoncurrentstep#1@1.xls

Figure 2.27

IDRIFT_Devices/Linear/DRIFILIN _6um.M1S/DRIFT_LIN _BV_Ipp#1@1.xls

Figure 2.28

IDRIFT_Devices/Linear/DRIFILIN _noM1S May22/Diel/DLNM1 Ptop PDsweep#1@1.xls
IDRIFT_Devices/Linear/DRIFILIN _noM1S May22/Diel/DLNM1 PtopPDsweepVb100#1@1.xIs
IDRIFT_Devices/Linear/DRIFILIN _noM1S May22/Diel/DLNM1 Ptop. PDsweepVb200#1@1.xls

Figure 2.30

IDRIFT_Devices/Linear/driftlinear_final/6um/DRIFT.LIN BV _Ilpp_.PDmon100u#1@1.xls
IDRIFT_Devices/Linear/driftlinear_final/6um/DRIFT.LIN BV _Ilpp_.PDmon100n#1@1.xls
IDRIFT_Devices/Linear/driftlinear_final/6um/DRIFTLIN BV _I[pp_.PDmon100p#1@1.xIs

Figure 2.37

JEDPMOS4/Devices/Linear/EDPMOS4inear final/DEVICE_IdsvsVdsVedpdTied#1@1.xls

Figure 2.38

/EDPMOS4Devices/Linear/EDPMOSD2_LIN _‘M1S_May22/Die2/MLM1S D2_IdsvsVgsED40#1@2.xls

Figure 2.39

/EDPMOS4Devices/Linear/EDPMOSD2_LIN _M1S_May22/Die2/MLM1SD2_IdsvsVdsVgstepED40#1@2.xIs

Figure 2.46

IDRIFT_Devices/Enclosed/DRIETCIR_.noM1S Dev1/IpdvsVpdPDsweep40V@1.xls
IDRIFT_Devices/Enclosed/DRIFETCIR_noM1S Devl/IpdvsVpdPDsweep60V@1.xls
.IDRIFT_Devices/Enclosed/DRIFTIR_.noM1S Devl/IpdvsVpdPDsweepl00V@1.xls
.IDRIFT_Devices/Enclosed/DRIFTCIR.noM1S Dev1/lpdvsVpdPDsweep200V@1.xls

Figure 2.49

IDRIFT_Devices/Enclosed/DRIFTCIR_.noM1S Devl/DEVICEBYV _IppvsVppPDfloat#@1.xls

Figure 2.50

IDRIFT_Devices/Enclosed/DRIFTCIR_.noM1S D1_May22/Diel/DCNM1SBV _IppvsVppPDfollow15#@1.xls
IDRIFT_Devices/Enclosed/DRIFETIR_.noM1S D1 _May22/Diel/DCNM1SBV _IppvsVppPDfollow20#@1.xls
IDRIFT_Devices/Enclosed/DRIFETIR.noM1S D1 _May22/Diel/DCNM1SBYV _IppvsVppPDfollow25#@1.xls
IDRIFT_Devices/Enclosed/DRIFETIR.noM1S D1 _May22/Diel/DCNM1SBV _IppvsVppPDfollow30#@1.xls
IDRIFT_Devices/Enclosed/DRIFTCIR_.noM1S D1_May22/Diel/DCNM1SBV _IppvsVppPDfollow40#@1.xls

Figure 2.51

IDRIFT_Devices/Enclosed/DRIFTCIR_.noM1S Devl/DEVICEBYV _IppvsVppPDEDground#@1.xls

Figure 2.52

IDRIFT_Devices/Enclosed/DRIFETIR_.M1S_Dev1/DEVICE.VpdsweepMonitorlpd_ptoppinch#@1.xIs

Figure 2.54

/JEDPMOS4Devices/Enclosed/EDPMOSB2_CIR_M1S_May22/Die2/MCM1SD2_ldsvsVgsED15#@1.xls

Figure 2.55

./EDPMOS4Devices/Enclosed/EDPMOSdnclosedfinal/DEVICE_lIdsvsVdsVgsStepCIR#@1.xls

Figure 2.56

/JEDPMOS4Devices/Enclosed/EDPMOSB2_CIR_M1S_May22/Diel/MCM1Ssmoketest#@1.xls
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A.4 Summary of Devices Tested

Tables A.4 and A.5 summarize a list of tested devices and leasored values.

Table A.4: List of DRIFT devices tested and their P-top phodhvoltages at 1nA

Device Run Die | P-top pinch-off voltage
Linear DRIFT without M1S ICKAATC4 | 1 -16.740.1V
(P-top spacing of 1@)m 3 -16.740.1V
4 -16.740.1V
Linear DRIFT with M1S ICKAATC4 | 1 -12.9+0.1V
2 -12.5+0.1V
4 -12.740.1V
Linear DRIFT (P-top spacing ofjfn) ICKAATCG6 | 1 -12.5+0.1V
Linear DRIFT (P-top spacing ofj8n) ICKAATCS | 1 -13.14+-0.1V
Enclosed DRIFT-Devicel ICKAATCG6 | 1 -35.1+0.1V at A
Enclosed DRIFT with M1S ring-DeviceLICKAATCS | 1 -37.75£0.25V at LA
(N-well biased at 50V)

Table A.5: List of EDPMOS4 devices tested and their gatestiwkel values at|dA

Device Run Die | Gate threshold voltage
Linear EDPMOS4 (P-top spacing of 18) | ICKAATC4 | 4 -3.25+0.05V
Linear EDPMOS4 (P-top spacing ofi®) | ICKAATCS | 1 -3.85+0.05V
Devicel 2 -3.35+0.05V
Linear EDPMOS4 (P-top spacing ofi®) | ICKAATCS | 1 -3.15+0.05V
Device2 2 -3.25+0.05V
Enclosed EDPMOS4 Devicel ICKAATCS | 1 -2.65+0.05V
2 -2.55+0.05V
Enclosed EDPMOS4 Device2 ICKAATCS | 1 -2.85+0.05V
2 -1.25+0.05V
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Supplementary Material Il

This appendix includes information provided by and prajpmgto DALSA Semi-

conductor.

B.1 SPICE Models of Linear DRIFT and Linear EDP-
MOS4 Devices

This appendix includes information provided by and prajamgto DALSA Semi-

conductor.

B.1.1 DRIFT Model

This appendix includes information provided by and prajngto DALSA Semi-

conductor.

B.1.2 EDPMOS4 Model

This appendix includes information provided by and prajngto DALSA Semi-

conductor.

B.2 Layout Design Rules for the HV Devices

This appendix includes information provided by and prajpmgto DALSA Semi-

conductor.
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