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Abstract 
This thesis deals with low-voltage power MOSFETs which are used in portable, high- 

efficiency switch mode DUDC converters for personal digital assistants (PDA's) 

applications. 'llvo power MOSFETs based on lateral, low-voltage CMOS processes and 

capable of carrying 1 A of c m n t  in the on-state are investigated in this thesis. 

The first device uses a 0.8 pm single level metallization CMOS process. The unit ceIl 

pitch of the MOSFET switch is 4.1 pm using a channel length of 0.8 Pm. The layout of a 

power switch with I A current carrying capability uses a checkerboard pattern to maxirnize 

the channel width per unit area resulting in a total active chip area of 290x290 Pm2 

corresponding to a total channel width of 31,878 p. Simulations results of the unit ce11 

show that a specific on-resistance of 1 17.46 pQ.cm2, device on-resistance of 90.1 mi2 and 

total gate charge of 0.34 nC can be achieved. 

The second device uses a 0.25 p m  - 5 level metallization commercial CMOS process. 

Experimental results for the 0.25 pm switch show significant performance improvement 

over the 0.8 jm design. A specific on-resistance of 6.822 pA2.cm2 is achieved using a ce11 

pitch of 1.85 pm. The layout of the switch utilizes a checkerboard pattern resulting in an 

active chip area of 130x130 pm2 corresponding to a total channel width of 12,499 Pm. 

Experimentai results also show that the switch achieves a rise and faII time of 5.8 and 3.5 

ns, respectively, an on-resistance of 40.37 mR and a total gate charge of 0.105 nC. 
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Introduction 

In low voltage portable applications, the increase in chip densities and frequency of 

operation is resulting in higher power requircments. These requirements have a significant 

impact on system performance associated with reduced battery life-time and have created 

demand for high efficiency switch mode DC/DC converters to power these systems. These 

converter modules mcst also saîisw stringent requirements for compact size and light 

weight, 

To reduce the size and weight of the modules, the size of the reactive components 

which account for a significant volume of the converter must be reduced. This can be done 

by increasing the switching frequency[l], however, the price is increased power losses in 

the serniconductor power switch. In order to enable operation at high switching frequency, 

the converter efficiency and particulatiy the power switch efficiency must be improved. 

Power converters are presently operating at 300-1000 KHz switching frequencies and 

are implemented using discrete vertical power MOSFETs, a gate driver IC controller and a 

low pass filter assembled as  an integral part of board-mounted systems. Reported 

efficiencies range between 92% at 300 KHz to 86% at 1000 KHz. The drop in efficiency at 

high frequencies is related to losses in vertical power MOSFETs attributed to the inherent 

hig h on-tesistance and large Miller feedback capacitance associated w ith the vertical 

structure. This imposes serious limitations on higher frequency switching operation. 

Future converters are expecteû to be implemented on-chip with projected switching 

frequencies above IO MHz and require a new generation of high speed, high efficiency, low 

CMOS Compatible Power MOSFETs for On-Chip DC/DC Converters University of Toronto 
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voltage lateral power MOSFETs thaî can be implemtntcd using VLSI compatible 

processes. 

On-chip monolithic implementation of a switch mode D C E  converter is quite 

attractive because of its favorable impact on system reliability, performance and cost due to 

reduced parts cocnt, m a  swings and elirnination of extemal interconnects. 

The reasori for choosing MOSFET's rather than bipolar transistors for the 

implementation of the converter switch is due to the inherent advantages of the former in 

low voltage switching applications [2,3,4& These include: 1) high input impedance that 

considerably simplifies the gatc drive circuitry and improvcs the efficiency, and 2) fast 

switching speed associatcd with the lack of the rninority carrier storage effects and 3) 

negative temperature coefficient of current, h e m ,  no thermal runaway. 

1.1 Power Losses in Switch Mode DCmC Converters 

Most portable systems utilize switch mode DUDC converters known as step-down 

(buck) converters to convert a higher input voltage into a lower output voltage. The main 

building blocks of the buck converter are illustrated in Fig. 1.1. 

Fig. 1.1 : Switch mode DC/DC converter 

CMOS Compatible Power MOSFETs for On-Chip DC/DC Converters University of Toronto 
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The gate of the power switch is driven by a pulse width modulatcd (PWM) control 

signai, that results in one of thrcc possible statcs of operation for the switch: 

i) The off-state: The gate voltage is low and the powcr switch is tumed off. The &vice 

should be able to support a voltage larger than the supply voltage. This voltage is termed the 

forward blocking capability of the switch. The power losses due to the leakage cumnt in 

the off-state are relatively small and can be assumed zero. 

ii) The switching state: The switch is in a transition period and switches forrn one state 

to the other as dictated by the gate driver voltage. An ideal switch exhibits an instantantous 

transition (zero turn on and turn off timts), however, a real switch exhibits finite switching 

time due to the charging and discharging of the input capacitance associated with the gate of 

the MOSFET structure, this in tum resulg in dynamic power dissipation known as the 

switching loss. The input capacitance q, is voltage dependent and is equal to Cgs + (l+A,,) 

Cg,  where Cg, is the gate to source capacitance, the term (l+&)Cgd accounts for feedback 

capacitance and 4 is the foriard voltage gain in the common source configuration. 

Another source of power dissipation occurring during the switching mode of operation is 

the gate drive Ioss and is associated with the gaie resistance Rg as shown in Fig. 1.2[5]. This 

resistance is arising from the gate electrode intemal to the deviceC61 and is responsible for 

power dissipation during the charging or discharging of the input capacitance Ciss. 

iii) The on-state: The gate voltage is high and the power switch is conducting in the 

triode region. During the on-state the switch behaves as a finite resistor defined by the 

device on-resistance, that is, the total resistance between the source and the drain contacts. 

The current passing through the switch is the oncumnt &,,, and the voltage across it is the 

Vds3,,. Idealiy the on-resistance and therefore Vdson should be zero, however, a real switch 

has a non-zero on-resistance and therefore dissipates a finite arnount of power (conduction 

losses) 

-- - - - - - - . p. 
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Fig. 1.2: Gate drive equivaient circuit 

The total power dissipation Pd in a MOSFET switch can be expressed as 

where f, is the switching frequency of the MOSFET, &,, is the switch current during 

conduction, %, is the switch on-resistance, t, is the switch conduction time, b,, b~ are on 

and off switching time, Q is the gate resistance of the switch, R, is the driver circuit output 

resistance, Vg, is the peak voltage at the gate and Qg is the pak gate charge that is required 

to completely switch the device. 

The first tenn in equation (1.1) represents the conduction losses in the switch and is 

proportionai to the device on-resistance which in turn is dependent on the device structure, 

doping profile, gate voltage and temperature. The second and third terms represent the 

switching Iosses which are proportional to the switch tum-on and turn-off times and hence 

depend on the input capacitance of the MOSFET. The last term represents the gate drive 

loss dissipakd intemally in the M O S m  gate resistance and is proportional to the total gate 

charge Qg. 

CMOS Compatible Power MOSFETs for On-Chip DC/DC Converters University of Toronto 
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From the above disaission. it can bc s&<1 that the totrl losrcs uc M y  

proportionai to the switcbing fiequency implying that while the iiiaer~e of operrting . 

frequency is desirable to rtdrict the size of capcitancc C and inductance L in the 00nvatcr 

circuit of Figure 1.1. it has a negative impact on the total power lossa in the serniconductor 

swi tch. This represen ts the most important trade-off in designing switch modc converters. 

1.2 Current status of Power MOSFET switches 

Traditionaily, MOSFEï switches in DC/DC converters are impiementcd in cither 

Planar Vertical Double Diffused MOSFETS (VDMOST) or Trench M0SFEï.S o S T )  

[8],[9]. In the VDMOST, shown in Fig. 1.3, cumnt  cmanating h m  the source-flows 

laterally dong the surface, then vaticaüy bctwccn adjacent P-body diffusions, îhmugh the 

epitaxial drain and suktrate and out the wafer's backside, This long path of cumnt flow 

translates into a large on-mistance. In other words. VDMOST devices sufferhm inhermt 

high on-resistance due to substrate, epi-layer and parasitic IFET pinch rcsistance (between 

the two adjacent body region)[8]. Reduction of the on-resistance can be achieved by 

increasing the packing ce11 densities through scaling down of the surface geometry. 

Fig. 1.3: Vertical DMOST cross section 

- -- - - - - - - -- -- - . -- 
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To sofvt the pmbkm assaciated witfi the parasitic IFET effects in VDMOS devices, the 

TMOST shown in Fig. 1.4, was proposed [IO]. The currcnt flow is still vertical dong the 

sidewall of the trench. While the TMOST solves the JFET problem, rcduction in the on- 

resistance is still limitecl by the substraic and epi-laycr resistancts. 

Finaily, the incompatibility of vertical power MOSFETs with standard CMOS or 

BiCMOS processes makes them unsuitabte for monolithic implementation of  high 

frequency s witc hing mode DC/DC converters. 

Fig. 1 -4: TMOST cross section 

1.3 Laterd Power MOSFETs 

Ln low voltage converter applications, high breakdown voltage is not a requirement 

since the switch needs to support a Iow voltage (less than 5 V) when it is in the off-state. 

This iact makes the implementation of lateral Power MOSFETs in a VLSI technology very 

attractive. The advantages of lateral power MOSFETs, shown in Fig. 1.5, are: 

CMOS Compatible Power MOSFETs for On-Chip DC/M= Converters Uinversity of Toronto 
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i) ease of integraîion into VLSI compatible pracess, 

ii) low total gatc charge Qg, gate to source and gatc to drain capacitances. and 

iii) low on-cesistanu assofiated with high packing density and lateral current flow ' . 

Lateral devices implemented using a VLSI process can take advantage of aggressive 

design rules which in turn reduce the ce11 pitch, increase the ce11 packing density resulting 

in low specific on-resistance K,,. A. The on-resistance also determines the device area for a 

given current handling capability requirement in the on-state. Since the input capacitances 

Cg, and Cgd are proportional to the total area of the device, aggressive irLSI technologies 

result in Low input capacitances and total gate charge Qg. 

Drain Source 

:c 

Fig. 1.5: Lateral MOSFET cross section(unit cell) 

1. resistance contributions due to substrate and JFET pinching effect are eliminated. 

CMOS Compatiile Power MOSFETs for On-Chip DC/DC Converters University of Toronto 
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1.4 Figure Of Ment for Power Switches 

To compare the pdomwce of difiennt power devices. a Figure of Ment (FOM)[I 11 

is commonly used by power MOSFETs manufacnircrs and is defined as 

where &, is the device on-resistance and Qg is the total gate charge when the device is 

completely switched on. The value of Qg can be extracted fiom the charge transfer 

charactenstics. shown in Fig. 1 -6, which is a plot of the gate to source voltage V8, vernis the 

gate charge Qg. This curve can be obtained using the test circuit shown in Fig. 1.7. 

device off device turning on device on 

Fig. 1.6: Charge transfer characteristics 
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There are dvee distinct regions of importnace in this plot. In region 1. the dcvia is off, 

the gate voltage Vg, is detemiincd by the voltage across the input capacitancc 

&=Cs++ The voltage incrrases lincarly in this region until tbe device starts to turn on. 

In region II, the gate voltage tums on the device, the drain current increases, the drain 

voltage drops and the gate voltage increases slowly as a hiaction of input charge as long as 

Vds is dropping and h is increasing. The input ~apacitancc q, is now given by the 

equation 

In region III, Vd, reaches Vdsdn and the current settles to its final value. The input 

capcitance Ci, is approximately Cg, + Cgd. The input gate charge Qg* (at point A) 

corresponding to V&eak) can be determined from that graph. 

current source 

7 Cgd 

r - - - - -  r - - I I  
I 

I S i 

I I 37 D-u-T 
I 

I 
4 0 I 

I I ce 
I 1 

I 
I 

i 
I 

> 
I I 
L , - - - - d  

Fig. 1 -7: Test circuit for charge transfer characteristics 
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1.5 Thesis Objective and Orgdation 

Previous publications[ll,l2] have dcalt with the design of high load cumnt  (8-13A) 

power switches for the implementation of voltage rcgulator modules (VRM) intended for 

microprocessor applications. It was shown that the lower the FOM the higher the efficiency 

of the converter[il]. Extrapolation of the reporteci resutts suggests that a converter 

efficiency of 95% can be achievcd using a device with FOM less than 10 mRnC. To the best 

of our knowledge, there are no published reports that deal with the implementation of 

CMOS compatible power switches for the 1 A current range category and the majority of 

state of the art converters are still being irnplemented using discrete components. 

This thesis deals with the design and implementation of a 1 A - low voltage power 

MOSFET switch using submicron CMOS compatible processes, the target appIication is 

high efficiency onchip switch mode DCAX converters for portable applications that 

utilizes dynarnic voltage scaling (voltage scheduler algorithrns) such as Personal Digital 

Assistants (PDA's) and digital cameras where load currents are in the range of 0.5 to 1A. 

The major specifications of the switch are 

Threshold voltage < 0.6 V 

Breakdown voltage 2 5 V 

Current carrying capability 2 1 A 

Figure of Ment (FOM) requirement: k,, x Qg < 1 O mRnC 

Switchingfrequency210MHz. 

In this thesis two devices are investigated. In Chapter 2 processing steps, technology 

issues and optimization of a 0.8 pm single levet metallization, Nchannel MOSFET are 

discussed. The design uses 0.8 pn base line and single level metallization which are 

achievable at the Microelectronics Research Laboratory (MRL). In Chapter 3 the design, 

implementation and characterization of an optimized switch using a commercial 0.25 pm - 
5 level metallization CMOS process are presented. Finally, conclusions dong  with 

suggestions for future work are presented in Chapter 4. 

CMOS Compatible Power MOSFETs for On-Chip DC/DC Convertera University of Toronto 
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CHAPTER 2 

1-A Power MOSFET in 0.8 p m  CMOS Technology 

2.1 Introduction 

In this chapter, an Nchannel power MOSFET switch capable of canying 1 A of 

cumnt  in the on-state is presented. The device is based on a low-voltage laterai CMOS 

technology with minimum line width of 0.8 p m  and a single level metaüizaiion dictated by 

the processing capiiilities in the Microelectronics Research Laboraiory at the University of 

Toronto. 

Two-dimensional process simulations were performed using TSUPREM-4 to optimize 

the device structure and doping profiles. This was followed by two-dimensional device 

simulations using MEDICI. MEDICI'S Circuit Analysis Advanceû Application Module 

(CA-AAM) was used to obtain the charge transfer characteristics of the power switch fiom 

which the total gate charge value Qg was extracted. 

2.2 1-A Power Switch in 0.8 pn CMOS Process 

Onchip implementation of switch mode DC/DC converter implies that the power 

MOSFET switch, the reactive components and the control circuits rnust al1 be implemented 

on the sarne silicon chip. The implementation process must be fùlly CMOS compatible. 

Furthemore, the power switch must meet the specifications and performance requirements 

for high-efficiency switch mode converters, particularly a low &,xQp 

A cross section of the proposed 0.8 pm N-channel MOSFET unit ce11 is shown in 

Fig. 2.1. The 0.8 pm feature size mentioned above defines the minimum drawn gate length. 

The low doped drain region LDD is required in small channel devices because it enhances 

- - -- - 
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the device immunity to: (1) hot carrier injection which can limit the lifetirne of MOSF'ET 

devices and (2) parasitic bipolar action. 

The process incorporates self-alignecl silicidc (salicide process) using titanium to 

reduce the sourcddrain contact riesistance contribution to the switch on-resistance and to 

enhance the switching speed. The salicide process is very attractive because no extra mask 

is needed. The gate side wail spacer oxide (SWS) is formed by anisotoropic reactive ion 

etching (RIE) which: (1) allows the formation of low do@ drain junction (LDD) by 

selec tivel y mas king the su bsequent heavy arsenic ion-implantation (n+ implant) and (2) 

prevents bridging between the gate and the source/drain electrodes during the salicide 

process. 

The process features a thin gate oxide (100 A) to boost cumnt  drive and alleviate short 

channel effects. The lower b i t  of the oxidc thickness is set by fabrication reproducibility. 

Shallow sourcddrain junctions are used in the process to rninirnize short channel effects. 

The process specifications of the 0.8 prn MOSFET unit ce11 illustrated in Fig. 2.1 are 

summarized in Table 2.1. 

Table 2.1: Process specifications of the 0.8 pn unit ce11 

1 Parameter/Uni ts 11 S y m b l  1 Value 1 
Threshold Voltage (V) II Va 1 0.32 1 
Subthreshold Swing (rnV/decade) 11 S 1 80.34 1 
Gate Oxide Thickness (A) 
P-well Depth (pm) 

P-well Surface Concentration (cm-3) 
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Poly Gate Thickness (pm) 

Polycide Sheet Resistance (Np) 

SourcdDrain Junction Depth (pm) 

S/D S heet Resistance (No) 

S/D Breakdown Voltage (V) 

100 

Xj-p-we~ J 

%wcll 

1.5 

8x10'~ 

b l y  

RPO~Y 
xj 
b 

BVDS 

0.45 

<IO 

0.22 

<IO 

9 
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aiuminum 
\ sws Tisi* 

P- type substrate 

\ alurninurn back side contact 

Fig. 2.1 : Cross section of the 0.8 p N-channel lateral MOSFET 

2.3 Design Criteria for Low-Voltage Power Switch 

The power losses in the switch during conduction is proportional to the on-tesistance. 

The on-resistance is deterrnined by the total resistance between the source and drain 

contacts. Although the on-resistance can be reduced by paralleling many individual unit 

cells using specific layout techniques such as interdigitated or  checkerboard patterns, chip 

area and junction capacitances accordingly increase. Therefore, specific on-resistance %,- 

SP' 
which is the product of the on-resistance and the device area, is more commonly used as 

a measure of performance to compare different switches. 
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For a LDD N-chanacl MOSFET, the total specific on-resistana consists of four 

cornponents, as illusiraîed in Fig. 2.2 and is g k n  by 

Ron-sp ' 'ch-.p + ZR],, - sp + 2Rsd - sp + ZR, (2-1) 

where Rch-sp is the specihc mistance of the channel, Rldd-sp is specific resistmce of the 

LDD regions, &-* is the specific resistance of the S/D junctions and R, is the S/D specific 

contact resistance. 

The specific channel resistance can be expresseci as 1 

where W is the channel width, L is the channtl length, is the mobility of electrons in the 

channel, V* is the threshold voltage, VGs is the gate voltage and Co, is the gate oxide 

capacitance per unit area and is given by 

where E,, is the oxide pennittivity and b, is the gate oxide thickness. 

The channel specific resistance is the largest among the resistive components and as 

indicated in Equation 2-2 is dependent on the channel mobility, the channel length, 

threshold voltage and oude thickness b,. The specific resistance Rldd-sp is associateci with 

the LDD regions and is given by 

where Lldd is the effective Iength of the LDD region, ha and Vth-ldd are the electron 

mobility and the threshold voltage in the LDD region, respectively. The specific 

sourcddrain resistance %-,p is due to the n+ junctions and is dependent on the junction 

depth and the doping concentration.The last term in Equation(2-1) is the specific contact 

resistance which is directly proportional to the contact resistivity. A reduction in the contact 
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specific resistance can be achieved by using self-aligned selicick in the sourddrain 

junctions. 

Fig. 2.2: Cross section of the LDD MOSFET stnicture indicating different 
components of the on-resistance 

2.3.2 Input Capacitance Ci, 

As discussed in Chapter 1, the switching plus gate dnve losses are proportional to the 

switching times t, tf and the total gate charge Qg The switching time is proportional to the 

carrier transit time across the channel and the rate of charging and discharging of the input 

capacitance Ci, associated with the gate of the MOSFET structure. The carrier transit tirne 

is invenely proportional to the channel length L. Thus, a shon channel length is preferable 

for high speed. The different capacitive components associated with the MOSFET structure 

are illustrateci in Fig. 2.3. The input gate capacitance Cks has two components, Cg, and Cgd 

(Miller feedback capacitance). The gate to source capacitance CF is due to overlap 

capacitance between the gate electrode and the source junction Cg,,, anci the gate to bulk 

capacitance Cg,. The gate to bulk capacitance Cgb in turn is the series combination of the 

oxide capacitance Co, and the spacecharge capacitmce. The maximum value of Cgb is 

qua1  to Co, which occurs under accumulation conditions. The gate to drain capacitance is 

- - 
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determincd by the overlap Iength betwten the gate elcctrode and dnin  junctions &, and the 

gate oxide thickness. 

Fig. 2.3: Cross section of the LDD MOSFET indicating 
various capacitance components in the structure 

For accurate estimation of the input capacitance, the fringing capacitances may also be 

added to Cgr and Cg& 

Due to the "distributed RC network" nature of the channel of MOSFETs and their 

voltage dependence, the exact modeling of the MOSFET during switching is not a 

straightforward practicel 1 1, however, by exmining the device parameters contri buting to 

Ci,, a design criteria for minimizing the input capacitance can be established. The design 

criteria are: small gate to source and gate to drain overlap Iengths, reduced channel area 

(WL), hence, the requirement for shorter channel length and higher current drive. 

2.3.3 Short Channel Effects 

Scaling of MOSFETs is not free from performance and reliability degradations. Issues 

such as threshold voltage roll-off (which sets the lower limit for MOSFET physical gate 

Iength)[2], hot carrier injection and parasitic BJT action am known to be the most serious 

problems associateci with short channel devices. For no short channel effects the minimum 
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channel length of a MOSFET for a certain technology can be cal~~laud using the following 

empirical relationship[3] 

2 113 
Lmin = OA[rjtox(Ws + WD) I (2-5) 

where rj is the junction depth in p, Lx is the oxiâe thickness in A and Ws and WD are the 

depletion region widths in pfn at the source and drain junctions, rcspccrivcly. Generally, as 

long as the channel length is larger than h, the dcviu  maintains long channel behaviour. 

It can be concluded , from Equation 2-5, that to promote long channel behaviour, the 

junction depth and oxide thickness must be duced and the background concentration must 

be increased. 

The fundamental theory of the MOSFET assumes that no drain current exists when the 

gate to source voltage is lower than the device threshold voltage. In real devices, however, 

there is a weak current conduction known as the subthreshold leakage current. In battery- 

powered portable applications, this leakage current can significantly d u c e  the battery 

lifetime. The lower the threshold voltage the higher the off-state current (at VG@) as 

demonstrated in Fig. 2.4 (ILS< ILS9)- 

The subthreshold cument is related to the threshold voltage through the equaîion 

where Io is the characteristic current and n is given by 

in which Co, and Cdep are the oxide and depletion capcitances per unit xea, respectively 
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The off-staîc leaicage cumnt can k obtaincd from the cquation 

It can be seen. fom Equation 2-8. that a low i& requires higher threshold voltage and 

lower subthreshold swing S. To reducc S, the channel doping and oxide thickness must be 

Iowered. 

The subthreshold swing S is used to characterize the subthreshold behavior of 

MOSFETs and is defined as the inverse of the rate of a decade decrease in current with VGS 

reduction and is given by 

It is desirable to have a low value of S. The lower theoretical limit of  S is equal to 59.8 

mV1decade (2.3 KT/q) at T=300°K. 

Fig. 2.4: Effect of V, scaling on subthreshold leakage current[4] 

~ - -  - -- 
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2.35 Hot C d e r  Iqjection & Paradtic B i p o h  Action 

Anotber important phenornenon associatecl with short channel MOSFETs is the hot 

carrier injection (HCI). This phcnomenon occurs when channel carriers entering the high 

electric field region near the drain end of the channel gain sufficient energy to overcome the 

Si-Si02 surface barrier and are injected into the oxide. These carriers can cause damage to 

the SiSioz interface and result in trappcd charge in the oxide. As a wnsequtnce, shifts in 

the transistor threshold voltage, transconductance and drain saturation current can take 

place. 

Associated with HCI is another mechanism known as parasitic bipolar action illustrateci 

in Fig. 2.5. When the tlectric field near the drain end of the channel exceeds 100 W c m ,  

channel carriers gain enough energy, to cause impact ionization resulting in electron-hole 

(e-h) pair generation[S]. The electrons drift to the drain while holes are swept to the bulk, 

creating a substrate current kub which gives rise to a potential difference between the 

substrate back contact and the bulk. This voltage drop results in fonvard biasing of the 

source to bulk diode which in turn results in more carrier injection in the channel. 

d vsu,,= 0 v 
Fig. 2.5: Parasitic bipolar action in short channel MOSFETs 
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The injeetcd channel CMKR .~it .~ftleratcd towarâs the drain causing more e h  pair 

generations via impact ionization through rcgcncrative fadback resulting in an i nc r t a~e  in 

the drain current which if excessive can m u l t  in & v i a  fa i lm.  The mechanisrn tesembles 

the operation of a bipolar transistor where the source acts as the ernitter, the substratc as the 

base and the drain as the collecter. 

To alleviate HCI effects and parasitic BJT action, low doped drain junctions are 

inserted between the heavily doped drain and the channel. These LDD regions relax the 

lateral electric field distribution and sprcad it laterally, thus, lowering the maximum electric 

field[6-71. The penalty in using LDD regions is the increase in the on-resistance, however, 

this penalty is imposed by the necessity to design a diable device that cm perfonn well 

over time. 
- 

2.4 Process Description 

The process involved in the fabrication of the unit ce1 1 is descnbed with reference to 

Fig. 2.6. Starting with a 18-20 R-cm, p-type wafers with <100> orientation, a p-well 

implant is carried out through a thermaily grown 300A scrwn oxide as s h o w  in Fig. 2.6(a). 

The dopant impurïties are then driven-in at 100 OC for 150 minutes in nitrogen ambient. 

Low pressure chernical vapor deposition (LPCVD) of silicon nitride film (1200A) is 

performed and photolithography using mask #1 (active) is used to define the active regions 

as shown in Fig. 2.6(b). Local oxide (LOCOS) is grown at 950°C for approximately four 

hours in wet O2 resulting in ~ooOA of oxide everywhere except for the area protected by the 

silicon nitride (active region). 

The nitride and the pad oxide are removed and a thin iayer of sacrificial oxide (400A) 

is therrnally grown at 950°C to remove any silicon nitride (white nbbon) formed on the 

silicon surface due to the chernical reaction between NH3 and the silicon surface during the 

Iengthy LOCOS growth. 
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A thrtshold voltage adjusmient implant using BF2 with a dose of 8~10'~crn-~ and 

energy of 25 keV is pctfonncd to raise the channel surface concentration, as shown in Fig. 

2.6(c). BF2 has low projected range making it more suitable for this specific procas, 

compared to boron. The sacrificial oxide is then ttched and the gate oxide is grown in dry 

oxygen (1 100 OC, 6.5 minutes). The process incorporates 2% HCI to eliminate mobile 

charges (mainly positive alkaii metai ions) in the gate oxide. The process is followed by a 

30 minutes anneal in a N2 ambient to reduce the fixed oxide chaige and the interface 

trapped charge- 

In-situ doped polysilicon with a thickness of GOOA is then deposited by LPCVD. Wet 

etching of the polysilicon and the underlying oxide from the back side of the wafer is 

performed. The polysilicon is defined using mask #2 (poly) and etched by reactive ion 

etching (RIE) using clonne as shown in Fig. 2.qd). 

During RIE etching of the gate, some damage occurs to the gate oxide undemeath the 

polysilicon and to the substrate[S]. Therefore, it is necessary to follow the RIE process by 

rapid thermal annealing (RTA) at 900°C for 1.5 minutes in an oxygen ambient. Thereafter, 

the LDD implant is performed using phosphorous ( 2 . 5 ~ 1 0 ~ ~  cm", 40 keV), as shown in 

Fig. 2.6(e). Next, fabrication of the side wall spacer (SWS) is camied out a ~ M O A  LPCVD 

oxide followed by oxide densification at 9ûû°C for 40 minutes in a N2 arnbientland finally 

directional RIE etching of the oxides is petformed to define the side walI spacer. 

The sourddrain junctions are fabricated, by arsenic ion-implantation with a dose of 

4.7~10'' cm-* and energy of 70 keV through a 200A deposited oxide. The implantation is 

self-aligned to the edgc of the SWS rather than to the polysilicon causing the highly doped 

n+ junction to be positioned away from the channel end as shown in Fig. 2.6(f). 

1. This annealing pmess drives-in phosphorous impurities under the gate. 
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Boron Implant (p-wd dopa 
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1 P- type substrate 
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P- type substrate 

Mask #3 (Contact) 

P- type substrate 1 

P- type substrate 

P- type substrate I 

Fig. 2.6: 0.8 pm N-channel process fîow 

Thereafter, an 800A oxide film is deposited using LPCVD and arsenic activation is 

canied out by RTA for 40 seconds at 1050 OC in N2 ambient. nie purpose of the oxide 

deposition is to prevent autodoping dunng the RTA process. 

- - - -- . - - - 
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Self-aligned titanium silicide (saticide) steps are d d  out [9-IO]. First the ~ x i &  is 

wet- etched from the top of the gate, source and drain arcas. A thin film of titanium (50 nm) 

is blanket-sputtered on the surface, followed by a short RTA process (650 OC, 1 miaute) in 

N2 ambient. It is necessary to control carefully the temperature and timc during this pnicess 

to prevent lateral bndging between the gate electrode and the S/D junctions. The nitrogen 

helps to limit "silicon pumping" and to confine the chernical rcaction to regions where 

titanium and silicon are effectivcly in physical contact. 

Next, selective wet etching of the unreacted titanium is performed using H202: 

N q O H .  The result at this stage is the high-resistance metastable phase of Tisi*. 

Transformation to the low-resistancc phase is done by a second RTA step at 850°C for 30 

seconds. The cross-section of the structure after Salicide formation is shown in Fig. 2.6(g). 

A 3000 A oxide layer is deposited, and the oxide is densified by RTA at 800°C for 2 

minutes. Photolithography is perfonned using mask #3 (contact) to dcfine the contact area 

and contact opening is carried out using RIE as shown in Fig. 2.6(i). 

A blanket layer of titanium tungsten alloy (1000 A) is sputtered and followed by 

sputtenng of 1 prn layer of aluminum. The titaniurn tungsten is used to prevent aluminum 

spiking through the junctions. 

Photoresist is patterned using mask #4 (metal). Aluminum is wet etched and the 

photoresist is removed. TiW is then selectively wet etched using H202 with the aluminum 

acting as a mask. 

Annealing in forming gas is performed for 25 minutes at 450°C to reduce the contact 

resistance and the interface trappeci charge. The cross-section of the device at the end of the 

process is shown in Fig. 2.6(j). The process flow used in the fabrication of the 0.8 pm 

process is summarized in Table 2.2. 

-- 
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- - 

Ion-implantation, phosphorous, 
~osc=2.5x 1013 cm-', Energy=4ûkeV. 1 

1 Deposition of a i d e  LpcvD of oxide, t h i c k c n s d 5 6 k  7 
Densification of oxide and phospho- 
rous dopant drive-in 

900°C, 40 min., N2 

1 SWS formation Directional RIE of oxide I 
1 Deposition of mem oxide LPCVD of oxide, thickenss=20a 1 

I Formation of n+ S/D junction Ion-implantation, arsenic, Dose=4.7x 10'' 
cm-2. Energy=7OkeV. 1 

Deposition of oxide (auto-doping 
preven tion) 

LPCVD of oxide, thickenss=800A 

1 Arsenic activation RTA: 1050°C, tim-seconds, N2 1 
1 Oxide etching (gate, SID) Directional RIE of oxide 1 

Self-aligned silicide formation 
First RTA, 650°C, 1 min., N2, 
Wet etching of unrcacted titanium: H202, 
NH40H, 
-Second RTA, 850°C, for 30 seconds 

1 Deposition of oxide LPCVD of oxiâe, thickenss=3000A 1 
- - -  

Densification of oxide 

Formation of contact windows to 
gate, S/D 

RTA, 8000C, 2 min. 1 
Photolithogfaphy (mask #3) I 
RIE of oxide 

Sputtering of TiW, thickness= lm 

Sputtering of Al layer, thickness= 1 pm 

Contact opening 

Titanium tungsten application 

Photolithography (masi&) 

4S0°C, 25 min. forming gas Aluminum sintenng 

CMOS Compatible Power MOSFETs for On-Chip DC/DC Converters University of Toronto 



Chapter 2 - l-A h w e r  M06Fm in 0.8 JIm CMOS Technology Page 28 

2.5 Layout of 1 A Power Switch 

The L A  power MOSFET switch is constructed by connecting individual unit ctlls in 

parallel using spccific layout techniques. The layout pattern used here is of a checkerboard 

type as illustrated in Fig. 2.7, each source/drain junction is shared by four surrounding 

transistors, thus rnaximizing the effective channel width per area ratio W/A. 

The l-A power switch was reaiized using a pattern wnsisting of an array of alternating 

source and drain junctions, self-aligned to a mesh of polysilicon-gate structure. The width 

of the polysilicon line is 0.8 p. 

to source pad 

P- 

m Drain 

0 Source 

\ 
iingle level metal 

to drain pad 

Fig. 2.7: Checkerboard layout pattern using single level metallization 
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Altemating d d r a i n  mtai runners arc composed of one level of metpl (aluminum) 

which nin diagonaüy over the SOUTrX/drain junctions to contact the pads via wide metal 

buses, Both the contact and the metai runners are orientcd at 4S0 in ocder to achieve 

minimum cell pitch. The metal mnner width is kept as narrow as possible to achieve 

minimum ce11 pitch but wide enough to avoid electmmigration failure due to high current 

densities, this is especially tme in the long metal runners at the centre of the structure. 

2.6 Process Simulations 

The process fiow discussed in section 2.4 was amived at by iterative simulations using 

TSUPREM-3 and TSUPREM-4[11] which were uscd to adjust the doping profiles of the p- 

well, channel, S/D junctions and LDD rcgions. 

Since simulation of a 2-D structure defined with a fine mesh is very time consurning, 1- 

D simulations using TSUPREM-3 werc initially uscd to arrive at the doping profiles, oxide 

1 ayers thickness, ion-implan tations doses and energies etc. Once the doping profiles and 

processing parameters are correctly obtained using 1-D simulations, 2-D simulations using 

TSUPREM-4 were carried out to account for 2-D effects such as lateral diffusion and to fine 

tune the final processing parameters. Further, doping profiles, device structure and mesh 

generated by 2-D simulations can be directly transferred to a device simulator such as 

MEDICI. 

2.6.1 243 Process Simulations Using 'l'SUPREMd[ll] 

The simulated structure is essentially the unit ce11 of the power MOSFET switch, which 

is the main building block of the switch. The top view dong with a cross section of the unit 

ce11 are shown in Fig. 2.8. Aggressive layout design rules were developed in order to 

achieve the minimum ce11 pitch possible. 
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The minimum c d  pitch for a given technology is deterrnined by the minimum l i n ~  

width hat  can bc rcsolvcd by this technology. In the MRL facilitics this line width is 0.8 

Pm, the cornpletc design d e s  used in the iayout is given in Appendix A. 

The simulate. structure has a ce11 pitch of 4.1 Pm. The process utilizes two levels of 

interconnects, a polysilicon layer and a single level of metallizattion. The net doping 

contours in the difkrent regions of the unit ce11 structure togethet with the major process 

cornponents are s h o w  in Fig. 2.9 using T M .  ~isua l ' .  

The doping profiles in the channel, sourcddrain regions and in the LDD are shown in 

Fig. 2.10. The threshold voltage adjustment using BF2 results in channel surface 

concentration of 8x10'~ cni3 corresponding to a threshold voltage of 0.322 V. The LDD 

regions has a junction depth of 0.18 prn and a maximum peak concentdon  of 2.6~10'~crn- 

3, its width is determineci by the SWS oxide lateral width which is 0.35 m. 

The S/D junction depth and doping profile are controlled by the arsenic ion-implant 

dose and energy and also by the thickness of the screen oxide. The swface concentration of 

the sourcddrain regions is 2 . ~ x ï d ~ c m - ~  with a junction depth of 0.22 p. 

While al1 ion-implantations are performed through a screen oxide to ensure arnorphous 

scatterhg of dopants, a 7" tilt angle were used in the simulations since the commercial ion- 

implantation facilities uses 7' tilt angle as a standard procedure. In addition, temperature 

rarnp-up and ramp-down of d l  diffusion steps were included in the simulations. 

1. TMA Visual is a trademark of Technology Modeling Associates, Inc. CIMA) 
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Fig. 2.8: Device stnicturt: (a) top view (b) cross section of the unit ceii 
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11 111 4 1 
II II! b I LDD region 
11 1 1 1 1  I 
II II 1 I 

Fig. 2.1 0: Simulated doping profiles in (a) S/D region, (b) channel region and 
(c) LDD region 
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Device simulations werc camied out using MEDICl[12]. MEDICI simulations were 

done iteratively in conjunction with TSüPREM4 to adjust andor optimize the unit ce11 

electrical charactenstics such as threshold voltage, subthreshold swing, breakdown voltage 

etc. The empirical formula in Equation 2-5 was uscd to analytically confirm the minimum 

device length for long channet ôchavior. The calculaicd I.,,,,, is 0.423 pm which suggests 

that a 0.8 pn device will not suffer short channel effets. The subsequent simulations 

results are normalized on a per channel widîh basis (Le W=i pm). 

2.7.1 1-V Characteristics 

The transfer characteristic of the unit ce11 is obtained by sweeping the gate to source 

voltage from zero to 5 V in 0.1 V increments at Vm= 0.1 V as shown in Fig. 2.1 1. The 

extracted threshold voltage is 0. 337 V and is defincd as the intercept of the x-axis with a 

line extrapolated from the linear region of the IDS-VGS c w e .  

The value of the subthreshold swing S is extracted from the subthreshold transfer 

charactenstics, as s h o w  in Fig. 2.12. and is qua1 to 80.34 rnV/decade at Vos= 0.17 V. The 

device leakage cumnt at zero gate voltage and VDs= 0.1 V is 68.7 pA/pn. The unit ce11 

effective channel length is 0.6225 pm. 

The output charactenstics are simulatcd by sweeping Vm from O to 9 V at different 

VGS values from zero to 5 V in 1 V increments as shown in Fig. 2.13. 

The drain saturation cument IB, is 862 CLA/pm at VGS= 5 V which indicates high 

current drive of the unit 4 1 .  This resutt translates into the following: (1) a power MOSFET 

switch implemented by paralleling this unit ce11 would require less total width, occupy less 

chip area which iïi turn resul ts in lower input capacitance and total gate charge and (2) faster 

switching speeds for digital circuits implemented on-chip. In addition, the almost flat output 
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characteristics in the sahiration region is very desirable in applicaîions such as cumnt 

The device specific on-resistance defined as the product of the inverse of the slope of 

the ID-VDs curve (normalized per channel width) in the triode region and the ceIl pitch is 

1 17.46 @cm2 at VGs=3.3 V. 

The 1-A power switch can be realized using a pattern consisting of a 70x70 array of 

aiternating source and drain junctions. The total width of the power switch is 3 1,878 pm 

corresponding to a current carrying capability of at least 1.0 A and a device on-resistance 

%, of 90.1 rnQ at VGS=3.3 V. 

8.80 1.80 2.80 3.00 4.00 
V (GATE)  (Vo 1 id 

Fig. 2.1 1 : Simulated transfer characteristics of the unit ceIl 
(Ldrawnd-8 p, LeflE0.6225 pm) 
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Fig. 2.12: Simulated subthreshold characteristics of the unit ce11 
(Ldrr,-0.8 p, Le@-6225 Cun) 

Fig. 2.13: Output characteristics of the unit ce11 
( h a . 8  Pm, Le@.6225 pm) 
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2.7.2 Charge M e r  Characteristicb & FOM 

The charge transfer characteristics was obtaincd using MEDICI'S Circuit Anaiysis 

Advanced Application Module (CA-AAM)[12]. nie switch was simulatcd in a common 

source configuration as shown in Fig. 2.14 with a pilsed voltage source1 applied to the gate 

of the switch and with the drain connectai to a 10 V supply via 10 R load resistor. The 

simulated charge transfer characteristics is show in Fig. 2.15. The total gate charge Qfg 

necessary to charge the input capacitancc q, and raise its voltage to 3.3 V is 0.34 nC as 

illustrated in Fig. 2.15. The switch FOM defincd as the product of the on-resistance and the 

total gate charge at VGS= 3.3 V yields a value of 30.6 mRnC. A surnmary of the key 

parameters of the power switch are listed in Table 2.3 

Table 23: 0.8 pm power switch key parameters 

Operating Voltage Or) 

1 Forward blocking capability (V) 

1 Specific on-resistance (@km2) at VGS=3.3 V II 1 17.46 1 

L 

Current handling capability (A) 

Active chip area Qmxprn) (excluding pads) 

TotaI channel width (pn) 

Cell pitch (pm) 

Source/Drain junction size (pmxpm) 

1 On-Resistance (m) 

J 

1 .O 
1 

290x290 

31878 

4.1 

3.3x3.3 . 

1. when the device is tested experimentally a pulsed m e n t  source is used to plot the 
gate charge versus VGs 

Total gate charge (ne) at VGs=3.3 V 

FOM=&,xQ, (mR.nC) 
i 
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Pulsed voItage source 

Fig. 2.14: Schemaîic of test circuit used in extracting charge transfer 
characteristics using CA-AAM 

Fig. 2.15: Simulated charge transfer characteristics of the 0.8 pm switch (W=3 1,878 pm) 
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Whik the simulated FOM (30.6 mZZnC) for the 0.8 pm implies significant 

improvement in cficiency ovcr vertical structures, the m e t  specification to achieve a 

FOM of less than 10 &nC (componding to 9596 efficiency) cannot be achieved using 

Fwthermore, the simulated on-resistance does not account for the parasitic resistance 

of the metal mnners (de-biasing effects) [13]. This resistance becornes significant in large 

devices. In order to d u c e  the resistance contribution of the metal to the on-resistance, 

layout patterns incorporating multilevel of metakaîion are necessary. MuItileveI 

metallization also results in higher paclcing densities, cspecially, if the process features full 

stacking of contacts and via and/or borddess contacts are allowed [SI. Fig. 2.1 6 illustrates 

the area saving resulting h m  the use of stacked contacts and metal layers as well as 

borderless contacts. 

I l l  t i  I 

Fig. 2.1 6: S tacked con tacts and borderless contacts: (a) No stacking and borders, 
(b) stacking and borders (c) stacking and borderless 
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These advances enable the use of nmw-stacked mctaJ layers as mcial cunners. as a iuu l t  

they can accoIIltllOdate high current densities without the netd for widc metal runners. 

Deep submicron processes availabk today offer multilevel metallization and featurcs 

such as full stacking of metal layers, contact and via are becoming standard due to advances 

in contact fabrication proctsses. In addition, and most importantly they offer high current 

drive and high packing density. The 1-A power switch specifications can therefore be 

greatly improved by using deep-submicron CMOS process tcchnology. In Chapter 3, a 1-A 

power MOSFET switch impiementcd in 0.25 pm-5 levei metaliizaîion process is 

investigated in an effort to further improvc the performance of the switch and to achieve a 

FOM less than 10 rnQ.nC. 

This chapter presented the design of 1-A power MOSFET switch in low voltage CMOS 

technotogy. The design uses a 0.8 pm - single level metd process. Fabrication steps. design 

issues, layout techniques and simulation results were discussed The switch was constnicted 

using a checkerboard layout pattern to maxirnize the W/A ratio multing in an active chip 

area of 290x290 corresponding to a total width of 3 1,878 p. Simulation nsults show 

a specific on-resistance of 1 17.46 pfi.cm2. The switch FOM is 30.6 mR.nC which compares 

favorably with commercial devices based on vertical structures rated at 20-30 V, however, 

it fell short of achieving the targeted 10 -.K. 
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1-A Power MOSFET in 0.25 pm CMOS Technology 

3.1 Introduction 

The performance of the power switch prtscnted in Chapter 2 and implemented in 0.8 

pm base Iine and single level m c ~ o n  can be significantly improved through device 

scaling and the use of multiple level metakation. Using an advanced deep-submicron 

technology can result in a substantiai ùKxtasc in the packing density due to the shorter 

channel length, the srnalier contact areas and spacing as well as the use of contacts stacking 

and multi level metallization. 

Associated with the increase in packing density is a smaller specific on-resistance and 

higher current drive. The higher the current drive the srnaller the required total width of the 

power s witch, resulting in reduced input capcitance and gate charge. 

In this Chapter, the design and implementation of a 1 A N-chamel power switch 

implemented in a 0.25 Pm, 5 level metallization CMOS process is presented. Simulation of 

the 0.25 pm unit ceIl was carried out in order to predict the performance of a device 

fabricated in such technology. Experimental results are presented and the measured 

parameters are compared with simulation results. 
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3.2 The 0.26 pn MOSFET Unit CeU 

To predict the performance of the 0.25 p powcr MOSFET switch, pmfcss and device 

simulations werc perfonmd for the unit ccll*. Simulations Fan provide a masonable insight 

on the extent of performance improvements one might obtain by the scaleddown process. 

Suppression of short channel effects ( S a )  constitute the main design challenge in a 

scaled-dom process. A solution to alleviate short channel effects is the use of lateral 

channel doping engineering such as pocket and halo implant which provide the possibility 

to effectively tailor the short-channel performance[l). 

The pocket implznt, illustrated in Fig. 3.1, raises the concentration of the p-well around 

the source and drain junctions without increasing the concentration in most of the channel 

region, hence, the depletion region widths, responsible for SCE, are reduced &d the 

channel carrier mobility is not significantly degradeci. 

Polysilicon gate - 
Gate oxide 

Fig. 3.1: Cross section of an LDD MOSFET including pocket implant 

A technique used to implement the pocket implant involves the use of large-angle-tilt 

(LAT) implantation[2-31 in which the ion beam is oriented by a large angle, typically, 30" to 

40" and the implantation is masked by the gate electrode and a Tisi2 film. The stopping 

power of Tisi2 is 1.5 times that of silicon, therefore, by adjusting the dose, energy and the 

*. The manufacturer's documentation provided most of the information on the 
structure and the process used in this fabrication. This idormation is proprietary. 
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tilt angle of the ion-implant, v a y  locahed pocket profiles cari be fabnFatrA ushg this 

method. Process sequencc of the pockct fabrication arc iliustrated in Fig. 3.2. 

Boron ion-implant ('iilt angle=30°) 

' #- 

Open window 

Fig. 3.2: Steps for pocket implant fabrication (a) LDD and S/D implantation (b) 
salicide formation (c) SWS removal and LAT ion-implantation 

Process simulaiions were carrïed out for a unit ce11 of 1.85 pm ce11 pitch which was 

used in the Iayout of the power switch. The structure is the same as the one used for the 0.8 

pm with the proper scaling of the gate length, sourddrain junction depths, oxide thickness 

and p-well doping profile with the only major difference k i n g  the incorporation of the 

pocket implant. 

CMOS Compatible Power MOSFETs for On-Chip DC/DC Converters University of Toronto 



3.2.1 Layout of the 0.25 pm Unit Ceïï 

The layout of the unit cell is illustnted in Fig. 3-30 which is tk main building block of 

the power switch. The channel length uscd in the layout of thc unit ceIl is 0.25 m. The 
ability to stack multiple contact and vias as well as metal tayers resulted in a ce11 pitch of 

1.85 p. The minimum widths of the metai layers used in the layout are dictattd by 

electromigration guidelines as suggested by the manufacturer. Using too thin metal runners 

may result in switch faliure. 

0.25 pm 
stack of C, V 1 and V2 * 1- 

polysilicon gate 

\ 

M 1 = metal 1 
M2= metai 2 
M3= metal 3 
C= contact 
V1= Via 1 
V2= Via 2 

unit ce11 pitch= 1.85 pm 
iI ) I 

Gate oxide (55 A) 

Pocket implant - 
P- weIl 

Drain 

0 Source 

M2 and M3 

Fig. 3.3: Unit ce11 (a) layout (b) cross section 

- - -  
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3.3 0.25 pm Power MOSFET Switch Layout 

A chcckcibosrd layout pattern was used in the layout of the 1 A - 0.25 pm powcr 

MOSFET switch. Thc Iayout shom in Fig. 3.7, usez: (1) a stack of 3 mctal layers to reduce 

the ceIl pitch and rninimize the de-biasing effects and (2) a p+ substrate contact on the 

surface. 

A power switch with a 1 A current caqing capability can be constructed using a 

63x63 array of altemating source and drain junctions equivalent to a total channel width of 

12,499 pm and exhibiting an on-resistance R, of 6 1 

P' 

stack of 

i c .  

' l and 

P+ substrate contact 
/ 

O 

:e pad 

'2, and V3 

to drain pad 

Fig. 3.7: Checkerboard layout pattern for the 0.25 p switch 

3.3.1 Charge M e r  Characteristics and Figure Of Merit WOM) 

The charge transfer characteristics of the devia were obtained using the MEDICI CA- 

M software package and the circuit configurations is shown in Figure 2.14 and discussed 

in Section 2.7. 

- 
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The input file to CA-AAM includes the devioc mode1 generatcd by MEDICI and a 

netlist of the circuit configuration. The resulting charge transfcr characteristics is shown in 

Fig. 3.8. The total gate charge Qg neccssuy to charge the input capacitance C, and raise its 

voltage to 3.3 V is 0.074 nC which results in a FOM &,xQg) of 4.51 mR.nC. 

The significant improvement of the FOM over that of the 0.8 p n  device discusseû in 

Chapter 2 is atîributed to the higher packing density and cumnt drive of the 0.25 p 

process. Tnis is clearly reflected in the relatively small &vice a m î  required to implement a 

1-A power switch. The key device parameters for the 0.25 pm switch are summarized in 

Table 3.1. 

1 ' 

Q(fNHOS.GaLe) (Coul) *LOT-1 1 

Fig. 3.8: Charge transfer characteristics of the 0.25 pm switch W=12,499 pm 
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able 3.1: Key proass ami device pucrnnbrs of the O 2 5  pn writch (simulation) 

1 Forward blocking capability (V) II 7 

1 Cell pitch (pm) II 1.85 

Current handling capability (A) 

Chip size Qimxpm) (excluding pads) 

1 .O 

130 x130 

- - -- 

SourdDrain junction size (pnxpm) 

Specific on-rcsistance (pLkcm2) at VGp3.3 V 

The mask !ayout of the test chip is shown in Fig. 3.9 and includes the power MOSFET 

switch and other test structures to verje the electrical characteristics of the process. 

- - -- - -- 

1.6x1.6 

14.8 

On-Resistance (mR) at vGs=3.3 V 

Total gate charge (nC) at VGs=3.3 V 

A rnicrograph of the switch is shown in Fig. 3.10. The structure includes pads for 

probing, however, in actuai on-chip implernentation these pads are not included. Hand 

calculations of the parasitic capacitance associaicd with the pad structure predicts a rough 

value in the order of 1 0 - l ~  Farad. 

61 

0.074 

The DC measurements including output, transfer and breakdown charactenstics as well 

as the on-resistance were performed by probing loose dice (on-wafer measurements), while 

gate charge, rise and fa11 times measurements were done on packaged devices. 

- 
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Fig. 3.9: Layout of the test chip 

Table 3.2: List of test elements 

I l - l  l Single-NMOS W b  1. W0.25 (pdprn) 1 electrid characterization 

1 1-2 1 
- 

Single-NMOS W/L=2WO.25 (pdprn) 1 electricai characterization 

Objective Location 

1 1-3 ( Power MOSFET Switch W/I=12,499/0.25(pdp) 1 elcctrical characterization 

~escriptioa 

1 1-4 ( 2x2 Array-NMOS WM.4/0.25 (&p) ( elcetrical characterization 

1 1-5 1 4x4 Array-NMOS Wk38.4E0.25 (pm/pn) 1 clectrical characterization 

1 1-7 1 Structure for SEM inspection 1 SEM inspection 
- - 

Kelvin structure 1 contact mistance measure- 

I I ment 
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Fig. 3.10: Micrograph of the 0.25 pm switch 

~ - 
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3.4.1 Output Characteristics 

The output characteristics (ID-VDs) of the &vice are shown in Fig. 3.1 1- In thest 

measurements two probes where used to swecp the drain voltage VDs and anothcr two 

probes connectcd to a high impedance voltmeter whcrc uscd to rncasurc the voltage 

difference betwetn the source and the drain. as a result, the voltage &op at the probes 

contact were eliminaîcd. 
<FI> 

0-00 OU <V> 10.0m /div 100-m 

Fig. 3.1 1 : Experimental output characteristics of the 0.25 pm switch 

The transfer characteristic (ID-VGS) of the switch is shown in Fig. 3.12. From the figure 

the threshold voltage was extracted as the intercept of the x-axis with a line extrapolated 

fonn the linear region of the IDS-VGS curve. For the device tested, the extracted threshold 

voltage was 0.329 V. The measud threshold voltage is roughly 130 mV less than the 

expected value. This drop in threshold voltage is attributed to threshold voltage shifts 

caused by transient enhanced diffusion encountered in power MOSFETs with closed-ceIl 

checkerboard layout patterns[4]. Transient enhanceci diffusion occurs due to the formation 

of interstitiai sites at the surface of the device following ion-implantation which causes the 
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boron to pile up everywherc except at the &vice corners due to 3-D effccts, heuce. the 

device exhibits a threshold voltage that is iower than conventional MOSFETs. 

The logarithmic transfer characteristic of the device is shown in Fig. 3.13. The &vice 

exhibits a subthreshold leakage cumnt is 590 nA and a subthreshold dope of 78.13 

mV/decade. 

Fig. 3.12: Experimental transfer characteristics of the 0.25 pm switch 

decad 
/d 1 

Fig. 3.13: Experirnental subthreshold characteristics of the 0.25 pm switch 
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3.4.3 Breakdown Voltage (BVDS) 

Thc bmikbw11 voltage characteristics of the switch is shown in Ag. 3.14. BnaLdown 

voltage m c a s ~ m c n t s  w a e  p r f o d  to show the switch ability to withstand hi@ input 

voltage (foward blocking capabi1ity)- The vaiue of the brcalrdown voltage is defincd as the 

drain voltage at which a drain cumnt of 10 A LA BOWS. The measurtd breakdom voltage is 

approxllnately 7.1 V which is sufficient for the application on hand and in agreement with 

simulation and manuf8cturcr's data specification. 

WQRKER < 7.100 V 10,4630uF1 

0.00 

Fig. 3.14: Breakdown 
VDS < V I  1 . 0 0  /diu 8.00 

voltage measurements for the 0.25 pm switch 
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The switch on-mistance was measursd usïng the 5 point probe configuration, shown in 

Fig. 3.1 5 which is similar to  the Kelvin Jeirtute muisurernent method[S]. A aimnt 4 is 

forced between the outer two probes and the voltage difference AV is measured between 

the inner two probes using a high impedance voltmeter. Since the high impedance voltmeter 

allows very Iittle current to fiow in the probes. the voltage differcnce AV is solely due to the 

voltage chop across the switch on-rcsistance R, [6-73, thus, eliminating any voltage b p s  

across the probe contact resistance. 

The switch on-resistance c m  then be calculatad using the tquation 

A plot of t!!e switch on-resistance versus the gate voltage is s h o w  in Fig. 3.16.. The 

measured on-resistance value at VGs= 3.3 V is 40.37 mQ corresponding to a specific on- 

resistance of 6.882 pi2.cm2. 

The measured on-resistance value is less than the simulated one (61 mQ). This discrepancy 

can be attributed to the threshold voltage shift due to transient enhanced diffusion as 

discussed in Section 3.5.2. 

-- - - -- 
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Contact to probe voltage drop 

/' 
n+ n+ 

A 

J 

v,,,= O v 
Fig. 3.15: On-resistance measurement setup 

HRRKER < 3.305 V 40.368000000rn~ 

<n> 

Fig. 3 
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The totai gnte charge Qg was Md h m  the charge ma characttristic (Vp-Qg). 

This characteristic was amved at using the circuit iilusttatcd in Fig. 3.17 by applying a 

current pulse to the gatc of the &vice under test and observing the gate to source 

voltage Vg, with respect to tim. The duration of the cumnt pulse must k large enough to 

charge the device input capaciîance C, and raise the gate to source voltage to a 

predetermined value. 

A typical gate to source voltage waveform versus time is shown in Fig. 3.18. The 

charge transfer characteristic is obtaincd by converhg the tirne-axis in Fig. 3.18 to a 

charge-axis by rnuItiplying the time scale by an appropriate scaling factor according to the 

relation 

where ICh is the peak value of the current pulse and t is the tirne. The resulting charge 

transfer characteristic for the device under test is shown in Fig. 3.19. 

Measurements show that the device exhibits a total gate charge of 0.105 nC at a gate 

voltage of 3.3 V. The simulaîed total gate charge of the switch is 0.074 nC. The ciifference 

between the measured and the simulated gate charge values is 0.03 1 nC which cornponds 

to the effective parasitic capacitances due to packaging, extemal wiring interconnects and 

the breadboard used in this test. The rtsulting Figure Of Merit FOM for the device is 4.24 

m . n C  which satisfis Our target specification. 
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Fig. 3.18: Gate to source voltage waveforms during the charging of the input 

'Va 

%=IO n 
Pulsed current source To oscil1oscopc (V&) 

r - ----  
1 

I D.U.T 

capacitance ci, (curnnt pulse 0.42-mA 
- 

I 

14 
I 

I 
I 

Fig. 3.19: Measured charge k s f e r  characteristic for the 0.25 pm switch 

I 

c3 I 
1 

I 
I 
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The &vice risc and faIl timcs were m e a s d  in a c o m  source configuration under 

resistive Ioading conditions using the circuit in Fig. 3.20. The typicai masured risc and faIl 

times of the switch are 5.8 and 3.5 ns, respectively. 

1- i To Oscilloscope 

DUT 

Fig. 3.20: Test circuit for rise and fa11 times measurements 

In this chapter the design, implementation and characterization of a 1 A - power 

MOSFET switch were discussed. Simulations results were presented. The use of 0.25 Pm 

design rules together with the full stacking capability of contacts and vias as well as 

multiple metal layers resulteà in an extremely compact chip area of 16,900 pn2 for 1 A 

current handling capability. 

The switch was successfully tested and exhibiteci an on-resistance of 40.37 r d &  a total 

gate charge of 0.105 nC corresponding to a FOM of 4.24 mRnC. 

The experimental results are in good agreement with simulations. The measured and 

simulated specifications of the power MOSFET switch are summarized in Table 3.3. Al1 

design specifications have been met. The FOM of the switch based on measurements satisw 

the requirement for FOM<lO m . n C  which is necessary to achieve a converter efficiency of 

at least 95% at 10 MHz as mentioned in Chapter 1. 
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Table 3.3: Musurcd and simulaicd specificaîions of the 0.25 pm switch* 

Operating Voltage (V) II 3.3 1 3.3 

Parameter 
L 

Cumnt carrying capability (A) 

- 

Forward blocking capability (V) at I ~ i 0  p.A 

Active area (CLmxp) 

On-Resistance (mR) at VGs=3.3 V II 40.37 l 61 

Mtasured Value Simulatcd Value 

1 .O 1 1 .O 

Total channel width (pm) 

Specific on-resistance (pQ.cm2) at VGs=3.3 V 

Rise time, t, (ns) 

7.1 

130x130 

*. nie above measufcmcnts reprcsent typicai values obmincd on several chips. Vanation h m  chip to 
chip ranged within -tc% 

7 .O 

- 
12,499 

6.882 

CMOS Compatible Power MOSF'ETs for On-Chip DC/M= Converters University of Toronto 

1 2,499 

14.8 



B. Yu, "MOSFET Technology for Uitn-LargeScale Integraîion", Ph.D. Dissertation, 
University of California at Berkeley, 1997. 

A. Hori, M. Segawa, H. Shimornura, S. Karneyarna,"A Self-Aligneci Pocket 
Implantation (SPI) Technology for 0.2-pm Dual-Gate CMOS", EEE Electron Device 
LRtters, Vol. 13, pp. 174- 176, 1992. 

C. Y. Chang, S. M. Szc, 'WU1 Technology", McGraw-Hill, Inc., New York, 1996. 

M. Darwish, C. Raffcrty, R Williams, M. Coniel, H. Yilmaz, 'Transient Enfianceci 
Threshold Shifts in Power MOS Transistors" IEEE International Electron Devices 
Meeting (IEDM), Procecdings, pp. 1023- 1025, 1995. 

D. K. Schroder, "Semiconductor Material and Device Charactexizaîion'', John Wïley 
& Sons, Inc., New York, 1990. 

M. Azam, "Impact of Measurement Conditions on the On State Resistance in Large 
High Performance Vertical DMOS Devices", Ph.D. Dissertation, Arizona State 
University, 19%. 

Hewlett Packard, HP4155A Semiconductor Parameter Analyzer "üser's Task Guide", 
1993-1 194. 

Siliconix Incorporateci, "MOSPOWER Applications Handbook", Santa Clara, 
California, 1984. 

CMOS Compatible Power MOSFETs for On-Chip DC/M= Convertzrs University of Toronto 



Chapter 4 - Conciusi~~ls Page 62 

Conclusions 

Motivated by the demand for low power losses in the mniconductor power switches in 

onchip high e fficency portable s w itch mode DC/DC converters, two low-voltage power 

MOSFETs were investigated. 

In Chapter 2 the design issues of a 1 A power MOSFET switch using a low-voltage 0.8 

prn - single level metaiiization CMOS compatible process were discusd. In order to 

achieve low &d<Qg product, the device structure, doping profiles and the unit ceIl layout 

were optimized for &imum specific on-resistance. A ce11 pitch of 4.1 p was use. for the 

unit ml1 simulation. Simulation results of the unit ceil yields a specific on-mistance of 

1 17.46 @cm2. A power switch with current carrying capability of 1 A can be constructed 

using a device with total width of 31,878 p m  corresponding to an active chip area is 

290x290 The simulated FOM of the switch is 30.94 mS2.nC which is larger than the 

targeted value (10 M.nC). Although the FOM indicates significant performance 

improvements over vertical power MOSFETs, the performance is lirnited by the minimum 

line width and the number of metai layers used in the 0.8 pm process. 

A second switch was designed and implemented experimentally in a 0.25 p.m - 5 level 

metallization process. The aggressive layout design rules and the ability to stack multiple 

contacts and metal layers resulted in a ceH pitch of 1.85 m. A specific on-resistance of 

6.822 -cm2 was achieved. The low specific on-resistance is amibutecl to  the process high 

current drive and high packing density. 1 A switch was implemented using a device with a 

total width of 12,499 p.m comsponding to a very compact active chip area of l3Ox 130 p2. 
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Expcrimental rcsuits show that the switch is able to =hime a rise and fall time of 5.8 

and 3.5 ns, respectively, an on-rcsistance of 40.37 mR. a total gate charge of 0.105 nC and a 

FOM of 4.24 mSZnC which mats the targct specificaîions neceSSary to achieve a w n v e m r  

efficiency of 95%. 

The low on-resistance, gate charge and fast switching times reporteci here in this thesis 

clearly demonstrate the advantagcs of the implcmentation of the switch in a ULSI based 

process, making the switch a suitable candidate for on-chip, high-frequency switch mode 

DC/DC converters. 

Future work can take advantage of new &velopmcnts in interconnects and contact 

processes by incorporating Cu interconnects ta reduce de-biasing effects and make use of 

borderless contacts to increase the packing density. Consideration can also be given to 

reduce the gate resistance using special silicide materials and new layout techniques to 

further reduce the chip area for a given current carrying capability. 
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Appendix A 

Layout Design Rules for the 0.8 p Process 

The layout design niles for the 0.8 jun proctss are based on a minimum alignment 

tolerance of 1.5X and minimum Iine width of 2L, w h m  2k = 0.8 Pm. The total number of 

masks are 4 (for N-chamel MOSFET). The niles are iisted below: 

A. Active (Mask # 1, Active) 

a 1 minimum width= 631 

a 2  minimum spacing=3k 

B. Polysilicon gate (Mask # 2, Poly) 

b. 1 minimum width= 2h 

b.2 minimum spacing= 2h 

b.3 minimum overlap with active= 3h 

C. Contact (Mask # 3, Con) 

c. 1 minimum width= 2k 

c.2 minimum spacing to @y= 2k 

c.3 minimum overlap of metai- 

c.4 minimum overlap of poly= 2k 

D. Metal (Mask # 4, Metal) 

d. 1 minimum width= 3h 

d.2 minimum spacing= îk 

CMOS Compatible Power MOSFETe for On-Chip DC/DC Converters Uinversity of Toronto 



Appendu A Page 65 

1- Active 

p z  PoLY 
CON 
METAL 
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