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Abstract

Ultra-Shallow Junction Fabrication usingPlasma Immersion Ion
Implantation and Epitaxial CoSi2 asa Dopant Source

Erin Catherine Jones

Doctor, of Philosophy in Electrical Engineering andComputer Sciences

University of California at Berkeley

Professor Nathan W. Cheung, Chair

Source and draindiffusion regions which are shallowin both the lateral and verti

cal directions are essential for deep sub-micron metal-oxide-semiconductor field-effect

transistors (MOSFETs). Junctions need to be shallow in the lateral direction for process

reproducibility, control over the transistor threshold voltage, and reduction of subthresh

old leakage. The vertical junction depth needs tobeshallow so that the electric field profile

in thechannel region isconfined closely inthearea of thegate. Itisachallenge to fabricate

high-throughput, low-resistivity, low-leakage sub-80 nm junctions for MOSFET source

and drain regions.

Plasma immersion ion implantation (PIII) is an emerging technology which can

provide highdose-rate, low energy implantation. Shallow junctions are formed using4-12

kV SiF4 PIII for preamorphization, 2-5 kV BF3 PIII for Bimplantation, and rapid thermal

annealing. This preamorphization process yields 80-100 nm pn diodes with area leakage

current below 2nA/cm2, and shows that preamorphization is effective in reducing both
junction depth and diode leakage . 1 kV BF3 PIII into crystalline Si isused to fabricate p+

layers ofdepth 50-90 nm withpeak activation above 2x1019 cm"3.

The study of BF3 PIII doping includes characterization of substrate etching rates

due to sputtering andion-assisted etching processes during PIII. The BF3 plasma is shown

to haveachemical etchrate less than 2nm/min atmostoperating conditions; ion-assisted

etching processes during PIII implantation multiplythisrate by a factor of4 for 5kHz, 5kV

implantation. The etching is seen to increase with implant energy and frequency in the 1-

5 kV, 1-25kHz regime.

BF3 PIII dosimetry hasbeenmodeled, andamethodology for determining the ion

species distribution of the implanted dopant using implanter current and voltage (IV)



waveforms and mass spectrometry data has been developed. Afterthe ionspecies distri

bution isdetermined, this methodology isused to predict the dependence of final implant

profiles onimplant time, frequency, IV waveform, and substrate etch rate. The ionspecies

distribution in BF3 PIII is found tobeapproximately 7.5% B+, 85% BF2+ and7.5% F+. Since

the substrate is etched during implantation, the dose saturates with time. The saturation

dose depends more strongly on energy than frequency, and is found to be~3xl015 cm"2 at
lkV and ~1.4xl016 cm"2 at 5kV.

Junctions are also formed usingepitaxial cobalt disilicide as a dopant source for

boron. Epitaxial CoSi2 films are made by solid phase epitaxy of a Co/Ti bilayer. B is

implanted into the CoSi2 and then outdiffused. Thiswork has produced 110 nm junctions

(including the 50 nm silicide thickness) with area leakage current of 12 nA/cm2 for the

epitaxial silicide. B diffusion out of the bilayer-formed epitaxial CoSi2 is shown to be

equivalent to diffusion out of polycrystalline CoSi2, as long as the dose is high and the

implant is deep enough that dopant buildup at Ti-containing precipitates inside the sili

cide does not preclude the flow of dopants into the underlying Si.

As ultra-shallow junction diodes with low surface concentration are observed to

exhibit thermionic leakage currentaftershort-time annealing, the crossoverpoint between

Schottky-like diodes that exhibit thermionic emission leakage and pn junctions which

exhibit generation leakage current has been studied. The crossover is a volatile function of

the first spatial moment of the doping profile, and is found to occur generally at junction

depths on the order of20-40 nm for 5xl018-1019 cm"3 p-type doping. Acapacitance-voltage
technique for finding the process parameters which will yield the shallowest low-leakage

pn junction is presented.
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I Ultra-shallow junctions for ULSI

1.1 Introduction

Improvements in the performance and speed ofultra-large-scale integrated (ULSI)

circuit devices are made by scalingdown device dimensions. As the dimensions of metal-

oxide-semiconductor field-effect transistor (MOSFET) devices shrink, suppression of

short channel effects inthescaled-down devices requires close attention todoping profiles

in the source/drain, use of n+ and p+ poly gates, and new methods of well construction

anddevice isolation [1.1,1.2]. When devices are scaled below 0.1 ^m inchannel length and

power supply voltages are reduced below 2.5V, short channel effects like threshold volt

age lowering and bulk punchthrough may be more critical ULSI scaling limits than hot

electron effects [1.3,1.4]. Doping in thesource anddrain regions (Figure 1-1) must be opti

mized to minimize subthreshold leakage while maximizing on-statedrain current.

SPACER

SUBSTRATE LDD or S/D extension"

Figure 1-1. Schematic ofMOSFET device.

Reduction of the lateral source/drain diffusion junction depth has historically

been less aggressive than the scaling of minimum feature size, as the short channel effect

is small for channel lengthsabove 1nm. Recent scaling projections publishedby the Semi-



conductor Industry Association [1.5] have proclaimed an end to the slow, cautious shal

low junction scaling of the past (Figure 1-2). Over the next two DRAM generations the

10000

critical feature

S/D junction

S/D extension

oxide thickness

64M 256M 1G 4G 16G 64G
1995 1998 2001 2004 2007 2010

Projected DRAM Capacity and introduction year

Figure 1-2. Metal-oxide-semiconductor (MOS) device scaling trends
Projected values for minimum critical feature size for MOSFET gates, source/
drain extensions (minimum junction depth *.•), source/drain junctions (maximum
xp, and gate oxides, from SIATechnology Roadmap [1.5].

junction depth is expected to halve, from 70-150 nm for the 64M generation to 30-80 nm

for the 1G generation. By the year 2010, the SIA technology roadmap predicts that 10 nm

junctions will be in use. As junctions this shallow cannot be fabricated by conventional

implantation and furnace annealing processes, new shallow doping techniques are being

developed and characterized to meet this important scaling goal.

1.2 Device motivation for shallow junctions

Reducing the gate length of a MOSFET is the best way to raise device current and

circuit packing density. The goal of shallow junction scalingis to minimize the short-chan

nel effects observed when the MOSFET gate length is reduced. Short-channel effects

include MOSFET threshold voltage (Vj) reduction, hot-electron effects, and source-to-

drain punchthrough breakdown [1.6]. These effects are directly related to channel length

and drain voltage, and all are affected, directly or indirectly, by the dimensions of the

source and drain junctions. Junctions must be shallow in the lateral direction for process



reproducibility andthreshold voltage control. The vertical junction depthmust beshallow

to confine theelectric field profile in the channel region close to the gate. Properties of the

junctions themselves, like resistance and source/drain to substrate leakage currents, can

also degrade device performance. A successful MOSFET design will havea minimum VT

high enough to meet off-state leakage requirements, and the variation in Vj among

devices on a chip will be small. This section describes these important scaling consider

ations for shallow junctions.

1.2.1 Drain-induced barrier lowering

For a long-channel MOSFET device, the threshold voltage is a function of the gate

capacitance, thechannel doping, and thework function of thegate material. When the gate

length is reduced, charge sharing and drain-induced barrier lowering (DIBL) cause the

threshold voltage to approach zero. Figure 1-3 shows these two effects in a short-channel

Band diagram through channel:

Figure 1-3. Short channel effect in MOSFET
a) Chargesharing. The size of the gatedepletion is reduced due to encroachment
of the source/drain depletions, b) Drain induced barrier lowering. Both effects
reduce the threshold voltage of the device.

device. Charge-sharing iscaused by thesource and drain depletion regions extending into

thechannel and reducing thebulk charge thatmust becreated by the gate before inversion

occurs [1.7]. This lowers the threshold gate voltage needed for inversion. When the drain

voltage increases, the drain depletion extends further into the channel, and the barrier to

carrier movement between source and drain is reduced even further (DIBL) [1.8]. The

change inthreshold voltage duetothese short-channel effects isshownin Figure 1-4. Ithas



been empirically shown that the shift in MOSFET threshold voltage from the long-channel

value is AVT« e~L/x, where L is the channel length and the relation *« xUix is found

from graphing the function [1.9]. The parameter xox is the gate oxide thickness, and Xj is
the vertical junction depth.

0.7

>

T 0.6 h
>

& 0.5 I-'
CO

o
>

o
sz
CO

long channel threshold voltage-

high drain voltage

0.1 1

Channel length, L (^im)
10

Figure 1-4. Threshold voltage lowering byshort-channel effects
Threshold voltage lowered by charge sharing (SCE) and drain-induced barrier
lowering. After Ref. [1.10].

Subthreshold slope also demonstrates the quality of a device's turnoff. Below the

threshold voltage, the channel is in weak inversion, and the current flowing between

source and drain is dominated by diffusion. The current depends on the carrierconcentra

tions in the channel which are proportional to c' ' , where <DS is the surface potential

in the Si along the channel. For an increase of a factor of 10 in the drain current, Os must

increase 60 mV. The Si surface potential is coupled to the gate voltage by

AV0 = A<D
8 s ,.m, d-i)

where Cox is the oxide capacitanceand the summation contains all other capacitors affect

ing the channel inversion, including body, source and drain capacitors [1.6]. In an ideal,

long-channel device the channel is completely controlled by the gate, XC=0, and a decade

increase in drain current requires AV„=60 mV. The subthreshold swing is then 60 mV/

decade. For short-channel devices with charge-sharing and DIBL, the subthreshold swing

is larger than ideal. This indicates a slower turn-off and higher subthreshold leakage



(Figure 1-5). Subthreshold leakage and swing improve when source/drain capacitances

decrease.

short channel

^r f long-channel

/™!
1 decade in current

Gate voltage (Vg)

Figure 1-5. Subthreshold slope variation with short-channel effect
The change in subthreshold slope with channel length is shown in the difference
between dotted line (ideal) and solid line (real) for the short-channel device.

1.2.2 Punchthrough

Punchthrough is the meeting of source and drain depletion areas under the chan

nel. Punchthrough provides an alternate current path for the drain current. As shown in

Figure 1-6, when devices arescaled down without changing thesubstrate doping, punch-

through leads to the lossofgatecontrol over carriers in the channel: the potential lines in

GATE (2.5 urn) GATE (0.5 urn)

^S \ \ V 3V

—V\/^>^---^
^N «...«•«—**••

b)
VG=1.5V

N OV
^—

VD=3V -0.25 V

Figure 1-6. Punchthrough in MOSFET
After Ref. [1.6].

the short-channel device are not keptclose to thegate, allowing the carriers to spread out

intothebulk. Thedoping cannot beincreased throughout thewell withoutdecreasing car

rier mobility in the channel and exacerbatingthe body-bias effect,which causes the thresh

old voltage to be a strong function of the substrate bias. Punchthrough is avoided by

5



locally changing the doping under the channel, using deep implants or retrograde wells.

It isalso helped bykeeping the source and drain junctions as far apart as possible, byusing
shallow junctions.

1.2.3 Series Resistance

Reducing Xj can, onthe other hand, take its toll on the device ideality. The parasitic

source-drain resistances ofthe device will increase as Xj decreases, causing areduction in
on-state drain current and adecrease inthenoise margins of logic circuits usingthedevice

[1.11]. The resistances that mustbe considered are contact resistance (Rco), usually due to

metal or silicide contact to the doped region, sheet resistance of the doped layer (Rs),

spreading resistance where the carrier path turns toward the channel (Rsp), and the volt
age-dependent resistance atthe channel/junction edge due to the graded junction profile

(Rjn) [1.12]. Allofthese are dependent on the doping profile, junction depth and activation

of dopant in the source/drain junctions. Contact resistance depends on the metallic con-

Figure 1-7. Resistances at source and drain junctions
After Ref. [1.12].

tactand surface doping,andmay be degraded if the surface doping concentration is small

orif the Si surface roughened by previous processing. The sheetresistance is related to the

dopant distribution and increases when Xj decreases, unless there is an accompanying
increase in carriermobility (p.) or concentration (n, p):

-i-i

Rs = jq(\*pP(x)+iinn(x))dx (1-2)
LO



Atthe highdoping concentrations present in source/drain junctions, the mobility is satu

rated at a lowvalue due to impurity scattering, and may decrease further due to dopant

precipitation or residual implantation damage in the implanted layer. The total series

resistance is the sum of all these contributing resistances:

Thisseries resistance will raise the saturation drain voltage by 21dRtot, where Id is the sat

uration current ignoringseries resistance, and reduce the saturation output conductance

(gmo) by a factor ofl+gm0Rtot [1.11].

1.2.4 Hot electron effects

Hot electron effects are caused by high electric fields present at the drain edge

when the device is driven into thesaturation region, at highdrainbias. The highelectric

field creates hot carriers, creates substrate current, and can cause interface and oxide

damage [1.13]. N-MOSFETs degrade as hotcarriers generate interface traps that shiftthe

threshold voltage, reduce thedrain current, anddegrade thesubthreshold swing. P-MOS-

FETs degradeas electrons are trapped in the gate oxide, leadingto an effective reduction

in channel length, and a corresponding increase in current. At the same time, thep-MOS

punchthrough voltage moves closer to zero and the subthreshold current increases. The

severity of these effects is related to the peak electric field in the (Em) channel, which is

modeledas Em = (Vds - Vdsa() // , where Vds is the drain to sourcebias, Vdsat is the volt

age at which saturation occurs, and like the short channel effect, / has been empirically

found to be related to the junction depth [1.14]:

/ =0.22jc;1/2^/3. (1-4)

The degradation is even more serious in short-channel devices, for which V^ is lower.

PISCES simulations show that a reduction of Xj from 100 nm to 50 nm can increase the
maximum field at the device drain edgeby 55%, when assuming a threshold-adjustment

implant concentration of 1018 cm"3 and a Gaussian implant profile in the drain junction
with peak concentration of 1021 cm"3. Reducing the junction depth from 50 nm to 20 nm
increases the peak electric field an additional 30% [1.15].

To reduce the peak electric fields in drain regions, a very shallow, lowly-doped

drain region (LDD) may placed between the drain and channel so that the drainvoltage



drop is shared between the LDD and channel [1.16]. This reduces the voltage drop and

electric field in the channel, reducing hot-electron effects and increasing device lifetime.

However, the LDDincreases the seriesresistance of the drain,decreasingthe performance

as described in Section 1.2.3, especially in the linear region of operation. Typically, LDD

structures are used for n-MOSFETS where the drain current is degraded during hot-car

rierstressing.Simple source/drains aretypicallyused forp-MOSFETs, as their profiles are

less heavily doped and less abrupt than n-type junctions due to the lower solubility and

faster diffusion of boron dopants. A key question in the next few generations of devices is

whether the supply voltage is lowering enough that an LDD structure is no longer neces

sary [1.17]. On the other hand, an LDD-likestructurewith a shallower junction at the chan

nel edge to reduce short-channel effects and a deeper channel nearby for metallization

may still be useful for source/drain engineering.

1.2.5 Leakage currents

Keeping the leakage currents small in a scaled-down device is important for cor

rect operation of dynamic memory and other charge-storing circuitswhere the chargecan

leak away by junction or subthreshold leakage, causing dynamic errorsin the circuit oper

ation. The total leakage current in a shallow junction may increase because the junction

depletion regions are closer to the Si surface,and extend to envelop damaged layers from

processing, metallic contamination, or stressed Si/SiC^ interfaces where there deep level

traps act as generation-recombination sites for carriers (Figure 1-8). The leakage may

increase when the radius of curvature in the spherical corners of the junction decreases,

enhancing the electric field in that area, increasing the leakage, and severely reducing the

breakdown voltage of the junction.

In the one-dimensional case, the total reverse current density due to diffusion and

Shockley-Read-Hall generationcurrents in a one-sided p+n junction is given by

qn] \Dp qnt l2eSi(Vw-V)
jp1reverse Nn JT„ +X/J qND ^'5^

where q is the electronic charge, Nq is the doping concentration on the n-side, Dp and xp

are minority carrier diffusivity and lifetime on the n-side, n,- is the intrinsic carrier concen

tration, eg,- is the dielectric constant of Si, V^ is the built-in potential of the p+n junction,
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Figure 1-8. Sources ofjunction leakage currents in MOSFET source/drain junction

and V is the applied bias voltage [1.6]. The effective generation lifetime, x, includes the

effects of generation through deep-level impurities and traps. The slope of the current

density-voltage (JV) characteristic is given by

iJ.
dV

•qti: 2e,.

2* HqND(Vbi-V)

so that the slope is inversely related to t. A higher slope of the JV characteristic indicates

a lower x, corresponding to a higher concentration of traps caused by residual implant

damage, for example. When making junctions by implantation and annealing, it is espe

cially important that the implant damage be completely annealed and that the junction

depletion region be far away from any residual defects that may act as generation centers.

In a good shallow junction fabrication process, the generation current in the junction

depletion region is not increased by deep level traps introduced into the Si by implanta

tion, other processing damage, or metallic contamination.

1.3 Ultra-shallow junction fabrication techniques

The junctions used in MOSFET devices today are 120-150 nm in depth and rela

tively easy to process, but the 15-45 nm junctions that are needed for 0.1 pm channel

lengths require much more attention to meet leakage, resistivity, and reproducibility stan

dards. These difficulties have led to the invention of a number of new fabrication tech

niques and the resurgence of a number of old techniques for ultra-shallow junction

fabrication. The main categories are implantation, laser doping, and thermal diffusion

9
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from a dopant source. The advantages and disadvantages of the different techniques are

summarized in the following sections.

1.3.1 Conventional implantation

Shallow junctions in manufacturing are formed by dopant implantation followed

by an activation anneal. Ion implantation hasbecome themethodofchoice for fabricating

shallowjunctions because the dopant doseand position canbe precisely controlled. Since

the depth of the dopantbefore annealing issetby the ionenergyand the dose issetby the

implanter current, implanted junction depth and peak concentration are independent.

This is not true of junctions formed by thermal diffusion.

Ultra-shallow n+ junctionsare easily made,using dopant atoms such as As or Sb.

These atoms are heavy enough that they can be implanted at comfortably high voltages

with minimal channeling, and can be annealed at a high enough temperature for good

activation with little dopant redistribution using rapid thermal annealing (RTA). Junc

tions of10-50 nm have beenshown using Pand As[1.18,1.19]. It is not sosimple to control

p+ doping. The implantation profile of the primary p-type dopant, nB+, is deeper than the
n-type dopants becauseit has lowermassand because a largeportion of the implanted B+

ions may be scattered into one of the axial or planar channels between rows or planes of

Si atoms in the Si crystal. Once in a channel, ions do not experiencenuclear collisions as

frequently and their energy loss rate decreases, allowing them to travel much further into

the Sicrystal than they would in an amorphousmedium.Further, the diffusivity of Bin Si

is very high at the annealing temperatures needed to remove implant-induced Si lattice

damage. P+ doping might not be so difficult if heavier p-type dopants were available.

However,the main alternatives, Gaand Al, both haveunsuitably lowsolidsolubilityin Si.

Toobtain sub-50 nmp+n junctions bystandard implant and anneal processes, both

implant channeling and rapid, transient boron diffusion must be overcome. Other difficul

ties are implant damage to the substrate and gate oxide edges which may be exposed to

the ion beam during lowly-doped drain (LDD) or large-angle-tilt (LATID) implantation,

residual defects that remain after annealing, contamination, problems with achieving suf

ficientactivation in a limited thermalcycle, and the extremedifficultyin making a reliable,

low-resistance contact to a shallowjunction. Forboronp+ junctions,where the large diffu

sivity of Bin Si is greatly enhanced in the presenceof residual damage, these problems are

difficult to combat, and only 60 nm junctions have been shown with boron dopant [1.20,
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1.21]. Reducing the boron junction depths below 60 nm by standard processes requires

furtherreduction of the thermal budget, and a difficult trade-off between junction depth,

sheet resistance,contact resistivity, and reverse leakage currents.

1.3.1.1 Energy Limitations

Although conventional implantation machinery improves steadily, there it is not

yet a cost-effective tool for high dose-rate, very low-energy implantation (5 keV and

below). The conventional implanter current drops precipitously as the energy used to

extract ions from the implanter ion source is decreased. A state-of-the-art commercial

implanter can provide 5 mA of current at 10kV, but only 1 mA of current at 2 kV [1.22].

This limits the throughput of the implanter for low-energy implants, a problem for a

machine as expensive as a conventional implanter ($3M). Techniques have been devel

oped to deal with this implanter current problem. Onetechnique is to use a BF2+ implant

species instead ofB+, since BF2+ can beimplanted at energies higher bya factor of49/11

without increasing the rangeof Batomsin the Si. Anothertechnique is to extract ionsat a

highenergy from the ionsource, mass-separate them, and thendecelerate before implant

ing. This technique providesa higher implant current, but has the drawbackofenergetic

neutral contamination and BF2+ dissociation [1.23, 1.24]. Ions that are extracted at high

energy and then experience charge exchange with residual gas molecules will not be

decelerated, leading to an undesirable highenergy component of the implant.

1.3.1.2 Transient enhanced diffusion

Evenmore troublesome than variations in theas-implanted profiledue to channel

ing and energy contamination is the rapid movement of the profile due to transient

enhanced diffusion. Transient enhanced diffusion is observed whenever dopants are

implanted into crystalline Si and annealed at temperatures above 900°C. This enhanced

diffusion cancause dopant movement on the orderof 100 nm for temperaturecycles that

should cause no dopant movement according to classical diffusion theory [1.25]. The

dopant movement occurs in the tail region of the implant, usually for concentrations

below 1019 cm"3 [1.25, 1.26]. Transient enhanced diffusion is caused by supersaturated
concentrations of point defects introduced when implanting ions transfer energy to the

lattice and displace substrate atoms. Itisobserved for both Band Pdopantspecies, whose

diffusivities are proportional to the interstitial Si concentration [1.27]. The point defects
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will eventually recombine, so the transient only lastsas longas the interstitial concentra

tions are supersaturated [1.28]. Therefore the transient enhanced diffusion is related to

how much damage occurs to the substrate during implantation.

For low-dose implants, point-defect clusters dissociate during an RTA anneal

cycle, providing interstitials which enhance the Bdiffusion [1.29]. Forhigh-dose implan

tation, the interstitialscreated by implantation may be present in such quantity they col

lapse into dislocations. Under RTA, the dislocations are formed and then dissolve, and

released interstitials cause rapid diffusion. For a high-dose but non-amorphizing implant,

it has been reported that annealing can be done below 950°C without seeing enhanced

dopant movement [1-29]. At this temperature the end-of-range (EOR) defects may not

form due to point defect cluster dissociation during the temperature ramp. The other

option is to implant at lower energy (Figure 1-9). When the implant energy is high the

800°C furnace

1000°CRTA

5 10

Energy172 (keV)1/2
15

Figure 1-9. Dependence ofjunction motion on implant energy
Dopant movement during annealing for low dose phosphorus implantation.
After Ref. [1.29], p.129.

interstitial and vacancy populations created by the implant are far apart, and the diffusion

transient is long. Lower energy implant makes the initial profile shallower, and causes less

separation of Frenckel pairs which need to recombine. These two effects combined reduce

the junction motion of a low energy implanted sample.

1.3.1.3 Preamorphization

The purpose of preamorphization is two-fold: to stop B channeling into the sub

strate, and to reduce the implant-induced interstitial concentration which will enhance the

Bdiffusion. As the amorphous siliconis regrown by solid phase epitaxy (SPE) during the
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RTA temperature ramp-up, the dopant is incorporated athighlevels in the regrown lat

tice.The activated dopant in this case isusually higher than the activated fraction of boron

implanted into a crystalline silicon layer [1.30]. After SPE, the top layer of material is

single-crystal, with few interstitials present to help B diffuse. This was shown in Ref.

[1.25], where the diffusion of Bimplants into crystalline Si, preamorphized Si, and post-

amorphized Si were compared. In this experiment, the amorphous layers were thick

enough that all the boron was contained within them. Transient enhanced diffusion was

observed in the B tail region in the samples without amorphization. The transient lasted

less than 3 s at temperatures less above 950°C, and caused asmuch as 100 nm of dopant

motion. The dopantmovement increased with dose, ashigherdose implantation caused

greater interstitial supersaturation. Samples with post-amorphization only showed diffu

sion which matched with classical diffusion theory. Samples with pre-amorphization

rather than post-amorphization were even shallower, because the pre-amorphization

reduces implant channeling as well as enhanced diffusion.

There are difficulties with preamorphization aswell. The dopant must be entirely

contained in the amorphized-Si layer. Any dopant located beyond the oc-Si beforeanneal

ing will be in a region of high damage and will experienceenhanced diffusion. Also it has

beenobserved thatit ismorelikely for Binhigh concentration regions to form precipitates

in amorphized samples [1.25]. It is theorized thatincrystaUine samples, rapid diffusionof

the B dopant occurs before the precipitates can form or that the solubility limit may be

altered intheheavily damaged, crystalline sample. Another problem isthe presence of the

end-of-range (EOR) extrinsic dislocation loops that form below any ct-Si layer during

annealing. These are formed because the area below the ot-Si is supersaturated with inter

stitials that gained energy from implanting ions and haverecoiled from the surface layer.

The loops form to reducethe compressive strain caused by the large interstitial concentra

tion [1.31]. Strain fields remaining even after loop formation cause the EOR loops to be

preferred sites for dopant and impurity gettering. Both B [1.25] and F(Section 5.8) getter-

ing hasbeen observed. This defect pinningmakes the loopsharderto dissolve. In shallow

junctions, EOR loopsneed to be removed,as they may provide deep level traps if present

in a junction depletion region, and make a junction leaky. As the activation energy for

defect removal (~5 eV [1.32]) is higher than the activation energies for dopant diffusion
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(-3.46 eV for Bin Si [1.27]), rapid thermal annealing must be used to remove these defects

without causing excessive dopant movement.

EORloops are removed faster when the defect layer is closer to the surface, when

the amorphized layer is thinner [1.29,1.33]. Thismaybe due to the proximity of the surface

providing a sink for point defects, or may be related to the energy effect observed in

Figure 1-9.When the implant energy is lower, the ion range will be lower, the amount of

implant damage will be lower, and the EOR layer will be more shallow. This is another

reason to employ lower energy implantation for shallow junction formation.
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Figure 1-10. Dependence ofend-of-range damage removal on damage depth
The line shows the depth of damage that can be removed in a 10 s RTA at the
specified temperature. It is easier to remove shallower defects. After Ref. [1.29].

1.3.1.4 New techniques

There are other techniques to lower the junction depth with conventional implan

tation. One is using a higher dopant dose rate. There have been reports in the 2-20 keV

range for Bimplantation that higher dose rate can lead to higher damage accumulation in

the Si substrate. This means that if implanted at higher dose rate, the amorphous layer

caused by an implant may be thicker than usual, or the amorphous layer may be formed

at lower dose [1.34,1.35]. The advantages of using an amorphized layer to reduce transient

diffusion increase when the layer is thicker,or when the interstitial concentrations beyond

it are lower because the amorphizing dose was kept small. It has also been reported that

two-step annealing can reduce enhanced diffusion by reducing the point defect concentra-
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Hon ina pre-anneal step. Furnace annealing inthe550-600°C range for 30 minutes and low

temperature (750-800°C RTA) have shown some improvement in junction depths of As

[1.26] and B[1.34, 1.36, 1.37]. Although the junction depth measured by secondary ion
mass spectroscopy may bereduced tens ofnmbytwo-step annealing, little improvement
is seen in the electrical junction depth [1.34].

Ifthe junction depth cannot be reduced by changing the implant energy and diffu

sion, another option is to change the background doping. Since increasing well doping

decreases the carrier mobility, increases the subthreshold slope, and increases the body

effect, implantation under the source/drain extension regions may be used to locally
increase the doping and decrease the electrical junction depth [1.38]. These "pocket"

implant regions also serve to reduce the extension ofsource/drain depletion regions into

the channel and to increase the punchthrough resistance of the device.

1.3.2 Plasma Immersion Ion Implantation (PIII)

PIII isa veryhigh-current, high-throughput alternative toconventional implanta

tion for ULSI doping [1.39 -1.42]. PHI has the advantage ofbeing easily integrated into a

CMOS process inplace ofconventional implantation. PIII andconventional implanters are

both capable of the very low energy, 1015 cm"3 dose implants required to achieve accept
able, low resistivity shallow junctions. However, the throughput of PIII is much higher

because the PIII current is only very weakly dependent on the implant energy. Implant

current of 1mA/cm2 can be delivered (80 mA for a100 mm wafer) regardless of implant
energy or wafer size.

The PIII concept is shown in Figure 1-11. Aplasma containing the dopant ions to

beimplanted isgenerated, and the wafer isimmersed init. When anegative bias isapplied

to thewaferholder,the plasma electrons are repelled, and the dopant ionsare accelerated

across the sheath region and implanted at a voltage approaching the applied bias. The

applied biasmay beeither dc or pulsed; for microelectronic applications a pulsed bias is

used tominimize thinoxide charging stress [1.43]. In this type ofimplanter, a highimplant

currentcanbe obtained for energies above theplasma potential, around 100 eV or greater.

ThePIII apparatus isa very simpleand inexpensive system,built likea reactive-ion etcher

with theaddition ofa high voltage pulser. Additional advantages arean implant current

density and throughput which are independent ofwafer size. Disadvantages of the PIII

shallow junction process are similar to those of conventional implantation: transient
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Figure 1-11. Plasma Immersion Ion Implantation

enhanced diffusion (TED), Bchanneling, and annealing of implant damage. Other difficul

ties to consider are etching of the substrate during implantation, non-mass-selective

implantation, and possibly non-monoenergetic implantation due to finite rise and fall

times of the substrate bias waveforms. All ion species generated in the plasma may be

implanted. The PIII process, projects, dosimetry, and shallow junction fabrication are

described in detail in Chapter 2 - Chapter 6.

50-60 nm p+n junctionsmade with PIII have been reported using a lkV implant in

a BF3 plasma, and a two-step rapid thermal annealing cycle of 5 s at 800°C and 10 s at

1050°C [1.37,1.44]. Spreading resistance analysis of the profiles shows a peak activation

around 1020 cm"3. Ultra-shallow p+n junctions can also be formed by PIII using a two-step
implant: heavier ions (SiFx (x=l-4), Si, or F) from a SiF4 plasma are implanted into the Si

substrate to form a 10-20 nm amorphous layer, and then boron is implanted at 2kVwith a

BF3 plasma [1.45 - 1.48]. The two steps are performed sequentially without breaking

vacuum. Using this two-step PIII process, no end-of-range dislocation loops or stacking

faults are detected after annealing (1060°C, 10 s) due to the proximity of the Si surface

which acts as a sink for implantation-induced interstitial point defects [1.46]. The fluorine

concentration is below the detection limit of SIMS after annealing [1.49]. N-type PIII

doping has been demonstrated using PH3 plasma source gas [1.50].

1.3.3 Dopant Outdiffusion from Thin Films

The category of rapid thermal diffusion (RTD) from a solid source includes out

diffusion of dopant from polysilicon films [1.51], silicides [1.52-1.54], oxides [1.19], and

other films like B-doped Ge or SiGe[1.55,1.56]. Dopant may be introduced into these films
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byimplantation, or they maybedoped insitu. Since there isno lattice damage doneto the

Si substrate in either case, lower temperatures may be used for dopant activation and

drive-in cycle. RTD techniques have been used to form the shallowest junctions with the

highest dopant activation: 10 nm junctions have been reported for B, P and Asusing out-

diffusion from doped films. Using poly-Si orselectively depositing epi-Si for the dopant

source makes a raised source/drain structure possible[1.2].

Thedifficulties in usingsolid source diffusion forshallowjunctionsare insufficient

reproducibility and process control. Diffusion from a doped film is subject to the proper

ties oftheinterface between thefilm and the Si surface, which isdifficult to keep free from

oxide precipitates and contamination, especially in ever-shrinking contact holes. The

incorporated dose, then, cannot be well-controlled. Since the maximum concentration is

dopantsolidsolubility at theanneal temperature, and since thejunction depth issetby the

anneal time and dopant diffusivity at the anneal temperature, surface concentration and

junctiondepth are not entirely independent. Diffusion from a doped polysilicon or oxide

film produces a junction whose shape resembles an error function, as expected from clas

sical diffusion theory. Diffusion from silicide films may produce a different profile, as

dopant has been shown to build-up at some silicide/Si interfaces [1.52]. Current research

is devoted to finding new solid source materials, especially those that can be selectively

deposited, or beused in raised source/drain structures. The use ofepitaxial and polycrys-

talline cobalt disilicide as a dopant source for ultra-shallow boron junctions is discussed

in Chapter 7 and Chapter 8.

1.3.4 Gas-Phase Doping

Gas-phase or rapid thermal vapor-phase doping is related to solid-source doping,

except here the dopant is deposited in the form of desorbed gas molecules over the wafer

surface instead ofa thin film (Figure 1-12). Since the gas layer cannot be patterned likea

thin him diffusion source, a hard nitridemask layerwhich can withstand the rapid ther

mal annealing temperatures must be put down on the wafer before processing. Advan

tagesofthe technique are that nodamage isdone to thesubstrate, and that the dopant can

be predeposited and driven-inwithout openingthesystem(byflushinggas). It is a cluster-

toolcompatible technique that could be combined with a surface-cleaning step so that the

Si surface/interface effects which are a problem for solid-source diffusion can be mini

mized. Gas-phase doping has the same processcontrol problems as the solid-state diffu-
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sion source technique: that the profile is constrained to be exponential, that the dose

control is difficult, and that the surface concentration and junction depth cannot be con

trolled separately. The junction depth Xj depends onanneal time andtemperature, and the

surface concentration depends on temperature and gas flow. B junctions 30-70 nm in

depth with surface concentration above 1020 cm"3 have been reported using a I^H^ gas
source [1.57-1.59].

1.3.5 Laser Doping

Laser doping can produce the highest activated dopant concentrations and almost

constant concentration profiles in the doped regions [1.60,1.61]. The laser doping tech

nique is described in Figure 1-13. Gas molecules desorb on the wafer surface, as in the gas-

Figure 1-13. Laser doping

phase doping process, but here the predeposition step is performed by B2H6 photolysis by

a low energy (0.05 J/cm2) scanning ArF excimer laser at193 nm. The incorporated dose is

controlled by the number of pulses and the gas flow rate. The dopant drive-in is a second

18



step, where the laser fluence (energy density) is large enough to melt the Si (0.7 J/cm2).

The laser energy and number of pulses control the melt time and melt depth. Dopant

atoms are incorporated in the Si lattice as it regrows by solid-phase epitaxy (SPE). No

additional annealing is needed. 50 nm Bjunctions and 60 nm As junctions with surface

concentration above 1020 cm"3 have been reported. Additional advantages are that no
damage tothe substrate isobserved during melting / regrowth andthatnooxide damage
or charging occurs.

One difficulty with laser doping is that a hard, reflective mask is required to

absorb the laserenergy where dopant incorporation is unwanted. Usually Al masksare

used.Thetechnique hasvery lowthroughput,as thesmallspot-sizelasermust be scanned

across the whole wafer twice. The most difficult issue is process integration, however.

Simulations of the melt region in Si show thatthe thermal gradients due to melting at a

MOSFET gate edge prevent the melt from extending under the gate region [1.62]. This

means there is little or no electrical overlap of the gateand source/drain, leading to high

series resistance and bad coupling. Additionally, the poly-gate isexpected to meltduring

source/drain doping, leading to resizing ofpoly-Si grains and possible oxide stressing.

1.3.6 Gas-Immersion Laser Doping

Gas-immersion laser doping (GILD) is a variant of the laser doping technique

where a single laser scan is done with a high energy excimer laser at 308 nm while the

wafer isimmersed in thedoping gas [1.63,1.64,1.44]. Like laser doping, a box-like doping

profile withhighconcentration from thesurface tothejunction depthcanbeachieved. The

dose iscontrolled bythe number ofpulses and dopant gas pressure. The junction depth is

equal to thedepth ofSi melted, which isdetermined bythe laser fluence (energy density)

of a 40 ns laser pulse. In GILD, the laser wavelength is in the optical region. Current

research focuses on integrating the technique into an optical lithography wafer stepper

system. Ifthatwere to occur, laser doping could beperformed using a mask in thestepper

optical column, instead of using a hard mask on the wafer surface. It would eliminate the

masking steps needed to define source and drain regions, and increase the source/drain

process module throughput.Todate, Al masks are still needed to reflect the laserenergy

away from regions that do not require doping. With this technique, junctions of 25 nm

have been reported for boron.
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Figure 1-14. Gas-immersion laser doping

1.4 Objective of this work

This thesis details the development and characterization of two techniques for

shallow junction fabrication. Plasma immersion ion implantation (PIII) and epitaxial

CoSi2 as a doping source are two methods which are easily integrated into standard

CMOS processing, and have unique properties that can be exploited in making shallow

junctions for ULSI. Shallow junction optimization is studied using a combination of phys

ical materialsanalysistechniques,electrical measurements,and modeling. Materials tech

niques are used to monitor the movement of dopant in shallow junction systems, and to

monitor the effect of doping processes on the Si substrate and thin films on the wafer. Elec

trical characterization is used to predict which doped structures will behave more ideally

in a circuit, and new electrical techniques are developed for optimizing the doping

sequence. Modeling is used to explain the evolution of well-behaved junctions from leaky

metal-Si contacts as dopant diffuses and becomes active.The materials and shallow junc

tions made with PIII and epitaxial CoSi2 are described in depth in the following chapters.
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^ Plasma Immersion Ion Implantation

2.1 Introduction

Plasma immersion ion implantation (PIII) is a versatile technology for large area,

highcurrent, high dose rate implantation atboth medium and low implantation energies

(100 eV -100 keV) [2.1-2.3]. PIII, also called plasma source ion implantation or plasma

doping, was originally developed for metallurgical applications like high dose-rate

implantation of wear- and corrosion-resistant surface alloys by ion beam bombardment

[2.4-2.7]. Metallurgical applications exploit the conformal implantation capability of PIII:

it canbeused to implant all sidesof three-dimensional objects simultaneously,without ion

beam scanning or sample rotation. The physical principle of plasma immersion ion

implantation is illustrated in Figure 2-1. A substrate is placed on a holder which is

immersed in a uniform plasma of density no containing the implant ion species. A bias
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Figure 2-1. Schematic drawing ofPIII process
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waveform or DC voltage is applied to thewaferholder for implantation. When this nega

tive voltage waveform is applied to the target wafer,electrons arerepelled away from the

target surface and a "sheath region" of positive ions is established around the wafer

holder. Positive ions inside the sheath region are attracted by the negative potential of the

targetand accelerate toward it.The ions gather kineticenergywhile traversingthe sheath,

and implant at energies up to the potential difference across the sheath. When the wafer

bias is turned off, electrons from the plasma collapse the sheath regionand neutralize the

accumulated surface charge.

2.2 PIII Dynamics

Understanding the dynamics of sheath movement, ion current, and electron cur

rent during PIII is essential for controlling the implant dose, dose rate, surface charging,

and contamination. A model for the plasma sheathand implant currents during PIII has

developed [2.8-2.10] from analytical relations used to describe the time dependent plasma

currents and the flux of ions acrossa moving sheath edge [2.11]. The total current drawn

from the system power supply consists of four components: ion, secondary electron,

plasma electron, and displacement currents:

I. . , = L + I +1 +/,. . (2-1)total i se e disp v '

With efficient remote plasma sources, the sheath thickness is kept below 10 cm,

even under a bias of 100 kV. The ECR Pill system usually works in the low pressure

regime (0.1-10 mTorr), to minimize collisionalscatteringbetween the acceleratingions and

neutral atoms or molecules in the sheath. In the low pressure regime, where the mean free

path is larger than the sheath thickness, the sheath may be described as collisionless. The

ion current density (/,-) is then described by the quasi-staticcollisionless Child Law:

4 2a 1/2 V3/2

where £q, q,M, V, and s are the free space permittivity, ion charge, ion mass, sheath voltage

and sheath thickness, respectively. This analysis assumes the value of electric field seen by

an ion does not change as the ion crosses the sheath. This has been shown to be a good

approximation [2.12] when the timescale of the voltage pulse (rise time, on time, and fall

time) islonger than the inverse ion plasma frequency, cow"1, co™"1 isameasure ofhow fast
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the plasma ions can react to the applied bias, and is equal to (z0M/q2n0)1/2 . For aBF2+
ion in aplasma with no=1010 cm"3, co^,"7 is about 53 ns. If the voltage is slowly varying in
comparison, it canbe assumed that the ions see the instantaneous potential V across the

sheath.

The positive ion supply is replenished by diffusion from the bulk plasma across

the sheath boundary. These ions move at velocities approximately equal to the Bohm

velocity, (uB =105 cm/s). The ion current is then also equal to the ion flux across the sheath
boundary:

li =^Q(jt+uB) (2-3)

where n0 is the ion density. Equation 2-2 and Equation 2-3 together provide a complete

description of both the ion current and the sheath motion. Plasma electron current density

is assumed to follow a Boltzmann distribution,

le =-\l"oVee~V/T' - (2-4)
ve is the average electron velocity, ve = (8kTe/nme)1/2, Te is average electron tempera

ture, k is Boltzmann's constant, and me is electron mass. The plasma electron current is the

only source of electrons available to neutralize the accumulated positive surface charge

due to the bombarding ions and emitted secondaryelectrons. Displacement current is due

to the time variation of sheath potential and capacitance [2.13,2.14]:

U,-C.^ +V.^. (2-5)
Accurately accounting for the lastcurrent component, secondary electron current,

is essential for predicting charging damage to the substrate. Ion bombardment of the

wafer surface generates secondary electrons which are accelerated away by the sheath

potential, amplifying the surface chargeaccumulation. The secondary electron current is

related to the ion current which generatesthe electrons. Since the secondary electron yield

(y) is a function of the incoming ion energy, for a collisionless sheath, it can be related to

the bias voltage:

he = Y(V)/,. - (2-6)

The secondary electron yield is proportional to V^ for moderate ion energies (above a few

keV for BF2+), when the secondary electrons are created by kinetic energy transfer. In the
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lower energy regime the yield may saturate at a constant value due to potential emission.

Potential emission is the release of a secondary electron that gains energy when another

electron jumps from the target surface into a lower energy state in the approaching ion and

neutralizes it. This potential secondary electron emission pins y at a small value for low

energy incoming ions.

The above equations are valid whether the substrate bias waveform is pulsed or

dc. In either case,while the wafer bias is negative, electrons are repelled from the surface.

Positive chargewill build up on insulating layers on the substrate during the implanta

tion. When an implant pulse ends, the barrierto electrons is reduced, and electrons from

the plasma will flood the surface according to Equation 2-4 to neutralize the positive

charge built up by implanting ions. To avoid dielectric breakdown or thin-oxidestressing,

a pulse waveform must therefore beused to capacitively couple the applied bias to the sur

face potential for wafers containing insulating layers [2.15, 2.16]. The oxide stressing is

nrunimized by using shortimplant pulses, around 1|is,and low duty factors. If the implant

frequency is too high, in the range of 20 kHz, the implant charge neutralization by elec

trons between pulses may not be complete [2.17]. PIII canbe used with a dc waveform for

samples for which charging damage is not a concern.

Using only a few experimentally measured parameters, the ion density (n0), elec

tron temperature (Te), plasma potential (Vp) and floating potential (Vf), the above equa

tions can be solved to predict the PIII currents during implantation of an arbitrary

substrate ordevice structure. Comparison of themodel with measured PIII current during

implant pulses shows good agreement [2.17]. Work with this model has explained a

number of heretofore anomalous device and process-related charging effects during PIII:

for example, the insulator charging which occurs during the substrate bias pulse and the

electron neutralization of the surface when the pulse ends [2.17]. The charging is also

affectedby device structureson the substrate. The model has predicted that reverse-biased

well structureson ULSI wafers may exacerbate gate-oxide charging [2.18]. For microsec

ond pulses, this modeling and experimental work has verified that thin-oxide charging

effects can be minimized by keeping the duty factor small and pulsing frequency below

several kHz.
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2.3 Uses of PIII

Currently researched semiconductor applications of PIII shown in Figure 2-2

include plasma doping of source/drain, polysilicon, and trenches, SIMOX and Ge-Si-C

buried layer formation, and surface modification ofmetals. A number of these applica

tions are described in the following sections.
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Figure 2-2. Semiconductor applications of PIII

2.3.1 Plasma Doping

Conventional implantation is the primary technique used for high dose doping

applications like doped polysilicon gates, polysilicon emitters for bipolar transistors,

dopant source layers like silicides, and raised source-drain dopant source layers for ULSI

devices. However, conventional beamline implanters are very expensive, and have lower

throughput and higher per-wafer costs when compared to PIII for shallow junction forma

tion [2.19]. Since there is no drop-off in PIII implant current at low energy, as observed in

conventional implanters, PIII can perform these implants much faster.

The large-area capability of PIII makes it a viable alternative to conventional

implantation for large-area, high-throughput doping of thin-film transistors (TFT) for flat-

panel displays, as well. TFT material doping with P has been reported using RF plasma

[2.20,2.21]and ECRplasma doping [2.22], using PH3diluted in H or He as a plasma source

gas. P-type doping of polysilicon has been performed with BF3 gas in an ECR source [2.23,
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2.24]. Another emerging technique for high dose doping with a plasma source is ion

shower doping. Ion shower doping systems differ from PIII in that grids are placed

between the plasma source and wafer to extract and accelerate the ions from the plasma,

instead of using a substrate bias. Ion shower doping apparati have reported ion implanta

tion energies from 50 eV -100 keV and implant currents comparable to PIII, in the 0.1-2

mA/cm range [2.25-2.27]. Unlike PIII, ion shower systems require electron flood guns to

neutralize the built-up charge on the substrate during implantation. They do retain the

non-mass selective and large-area implant properties of PIII. These systems have been

used for TFT material doping using diluted PH3 [2.21,2.25-2.28] and B2H6 [2.27].

One consideration when evaluating plasma doping systems is whether additional

ions implanted along with the dopant degrade device characteristics. As plasma and ion

shower doping are both non-mass-selective, all ions generated in the plasma are

implanted. This leads to high concentrations of H or Fin the material after implantation,

depending on the gas source. It hasbeen reported [2.26,2.15] that these atoms largelydif

fuse out of a Si film during annealing, yielding low resistivity films even under low tem

perature annealing. Figure 2-3shows polysilicon film resistivity versus dopant annealing
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temperature for a numberofplasma doping and ionshower systems and variousanneal

ing techniques. The trends for Band P film resistivity track well among thegroups, and

show thatnon-mass selective doping ofP-doped polysilicon layers can be quite effective,

even coupled with low-temperature furnace annealing. No information on furnace

annealing ofBlayers was found. Ifthe carrier gas ischanged from H2 to He, a significant

difference in resistivity results. Implants done withPH3 in a Hecarrier likely showlower

resistivity for thesameimplantconditions due to thehigherionization potentialofHeand

itssmaller contribution to the ioncurrent. For thesame implant currentand implanttime,

a substrate doped in a PH3/He plasma will contain a higher dose ofP than oneprocessed

in a PH3/H2 plasma.

A comparison of doping efficiency and activation between ion shower and con

ventional ion implantation shows that these resistivityvalues are comparable to the con

ventional process [2.26]; in fact, the activated carrier concentrationsand conductivity are

slightly higher for the ion shower system when both samples undergo a 300°C furnace

anneal. The difference may be due to the excess damage caused by the molecular implant

species in the ion shower case, and by hydrogen termination of dangling bonds when

hydrogen carrier and hydrogen-containing gases are used. Ion shower and conventional

implant processes appear equivalent after a 450°C anneal. Another concern of ion shower

doping is the introduction of heavy metal atoms that are sputtered off the extraction grid

into the substrate. Since TFTs fabricated with PH3/He have been shown to have compa

rable electrical characteristics to conventionally implanted devices [2.25], with no obvious

deficiencies that might be due to deep level centers [2.21,2.27], control of dopant activa

tion appears a more pressing issue in the process development.

2.3.2 Plasma Doping of Trenches

PIII also be applied to the difficult problem of conformal doping of three-dimen

sional, non-planar topographies like pre-oxidation field implants in recessed oxide struc

tures and the deep, high aspect ratio trenches that need to be highly doped on the sides

and bottom to maximize the storage capacitance of high density DRAM cells [2.29]. With

conventional implantation, doping the sidewalls of trenches requires multiple implants at

varying tilt and rotation [2.30, 2.31]. Even with multiple reflections of dopants off the

trench sidewalls, conformal doping of very high aspect ratio trenches is not possible with

conventional techniques. Plasma doping is capable of conformal implants if the system
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pressure and implant energy are chosen correctly [2.32-2.36]. The angular distribution of

implanting ions is caused by collisions with neutrals in the sheath and by some random

ization in the direction of ion paths before entering the sheath. The angular distribution of

ions p(6), and its centroid 0 are therefore functions of the plasma pressure and the energy

gained by ions crossing the sheath. The angular divergence among the ions in a PIII

implant has been shown to be large enough to conformally dope a trench with an aspect

ratio of 12 and top opening of 1 \im [2.35], yielding a uniform electrical junction depth

a) b)

Figure 2-4. Conformal Trench Doping usingPHI
SEM cross-section of 12:1 aspect ratio trenches conformally doped by 5 mTorr BF3
PIII at a) 10 kV and b) 7.5 kV. After Ref. [2.35].

along the sidewalls of the trench [2.36] with no evidence of beam shadowing (Figure 2-4).

Varying the implant energy alters the junction depth on the bottom of the trench, confirm

ing that for the same neutral gas pressure, the centroid of the angular distribution (0) of
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ions in the plasma sheath is reduced by increasing the applied bias. In the pressure range

of0.8-8 mTorr, no effect of the plasma pressure on thedopant distributions is apparent.

2.3.3 PIII for Buried Layer Synthesis

Buried layers of many kinds are beingexplored for use in devices:subsurface SiGe

layers for heterojunction bipolar transistors [2.37], subsurface silicide and other conduct

ing layers for metal-base transistors, and buried layers of dopants [2.38,2.39] or insulators

for VLSI device isolation [2.40]. These layered structureswere originally formed by suc

cessive deposition steps onto a silicon substrate. If the materials formed are equivalent,

implantation is the preferred synthesis method due to its higher throughput and lower

costper wafer than molecular beamepitaxy (MBE) or metal-organic chemical vapor dep

osition (MOCVD). To achieve proper stoichiometry of subsurface compounds, the

implantation step must introduce atom concentrations above the solubility limit, requir

ing adose larger than 1017 cm"2. Silicon-on-insulator structures for ULSI have been formed
by wafer bonding and polishing, and by SIMOX, where a high dose ofoxygen (> 1017 cm"

) is implanted into the Siwafer and a high temperature annealing step is used to create a

buried oxide layerunder the crystalline Sisurface. Thedevelopment ofa PIII SIMOX pro

cess is aimed at lowering the cost of SIMOX wafers for SOI electronics by reducing the

implantation time. A two order-of-magnitude reduction in implantation time is possible

by PIII [2.41].

High-dose rate SIMOX synthesis using an oxygen plasma has been demonstrated

in the PIII system [2.41-2.44]. The high voltage demanded by SIMOX (> 50 kV) can be

maintained across the plasma sheath when using extremely low gas pressure (sub-mTorr).

The implant time for an oxygen dose of3x1017 cm"2 is less than 3 minutes for PIII; hours

are required by conventional ion implantation. Three different modes of SIMOX micro-

structures (oxide precipitates, single SIMOX layers and double SIMOX layers) are

observed when the relative concentrations of 02+ and 0+ changes. Single, continuous

buried oxide layers are obtained when the relative abundance of 02+ to 0+ is above 9:1 as

shown in Figure 2-5.
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^L Plasma and PIII Diagnostics

3.1 Introduction

The U.C. Berkeley PIII apparatus isshown in Figure 3-1. Microwave power from a

2.45 GHz, 1500 W microwave power supply is routed by waveguides and is fed through

aTE 10rectangular to TM 01 circular mode converterinto the electroncyclotron resonance

(ECR) source chamber through a quartz window. Process gas enters near the quartz

microwave input window, and the gaseous by-products leave the chamber through tur-

bomolecular and mechanical pump systems. The chamber has abase pressure of10"7 Torr

before processing. Typical process gas pressures are in the 0.2 to 5 mTorr range. The

plasmais generated inside an 875 Gauss magnetic field in a mirrorconfiguration created

in the source chamber by current coilswith 100 - 300 Amperes DC current [3.1,3.2]. The

plasma density is varied by altering the microwave power, input gas pressure, or mag-

Magnets Soft Iron Shielding Wafer Holder

Mode

Converter

2.45GHz "-1
uWave Input

Source

Chamber
15 cm

46 z
cm

A
38cm ^m 44 cm

Permanent Magnets

Process Chamber - 82 cm

Figure 3-1. Schematic ofU.C. Berkeley PIII system
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netic field configuration. The plasma flows into a44 cm diameter processing chamber sur

rounded by lines of permanent magnets. These magnets effect a magnetic bucket inside

thechamber toimprove the uniformity ofthe spreading plasma asit enters theprocessing

chamber from thesmaller 15 cm diameter source chamber. Uniformity ofthe ion density

of an Ar plasma has been measured by Langmuir probe measurements as ±2% across 8

inches [3.3]. Single or multiple-wafer holders up to 10 inches in diametercan be located

20-50 cmawayfrom thesource chamber in the82 cmlong process chamber, so thesystem

is compatible with both single wafercluster tools and large-area implantation.

3.2 6F3 Plasma Diagnostics

3.2.1 Mass spectrometry of neutral and ionized species

The plasma used for boron doping isgenerated from BF3 sourcegas. The

energy ofsome of the dissociation and ionization processes in the BF3 systemare listed in

Table 3-1. Thelowest energy process isdissociation ofBF3 intoBF2 + F. Mass spectrometry

Dissociation

Reaction

Energy
(eV)

Ref. Ionization

Reaction

Energy
(eV)

Ref.

BF3-4 BF2+F 6.48 [3.4] B-*B+ 8-8.3 [3.6]

BF3-» BF+F2 10.58 [3.4] BF -> BF+ 11-12 [3.6,3.7]

BF3 -> BF2*+F 11.44 [3.4] BF2 -> BF2+ 8-9 [3.6,3.7]

BF3-» BF+F+F 12.22 [3.4] BF3 -> BF2++F 15.9-16 [3.6]

BF3 -»BF2**+F 13.18 [3.4] BF3->BF3+ 15.25-16 [3.5,3.6,3.7]

BF3 -> BF*+F2 14.19 [3.4] F->F+ 16.92 [3.6]

BF3-> BF*+F+F 15.83 [3.4] F2->F2+ 15.7 [3.6]

F2 -> F+F+ 19.01 [3.6]

Table 3-1. Energy ofdissociation and ionization processes in BF3 plasma

in Figure 3-2 shows that BF2 is the most prevalent neutral species in the plasma. Data

taken by a high mass-resolution CMA/quadrupole mass spectrometer measures the BF2

fraction at 78% (Figure 3-2a), and data from a Ferran micropole mass spectrometer mea

sures 97%BF2 (Figure 3-2b). Both micropoles employ ionizers to ionize the neutral beam

for analysis. Themeasurements are taken for a 900 W, 0.8 mTorrplasma.
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Figure 3-2. Mass spectra ofneutrals in BF3 plasma
a) CMA/quadrupole and b) Ferran micropole measurements of neutrals in 0.8
mTorr, 900W BF3 plasma. Extra peaks seen at mass 24,28,32,44due to a few per
cent N, O, H gaseous contamination.

In theCMA/quadrupole, theionizer maybeturned off to measure ionizedspecies

in the plasma. A mass spectrum of ionized boron is shown in Figure 3-3. The wide peak

reflects the presence of two boron isotopes. Dividing the peak among the two masses

shows the B+ is 23% 10B+ and 77% nB+. This is close to the naturally occurring fraction,

-10P

10 12

Mass (AMU)
14

Figure 3-3. Mass spectrum ofboron ions in BF$ plasma
CMA/quadrupole measurement in 0.8mTorr, 900W BF3 plasma.

1 r\

19% B. Unfortunately, this mass spectrometer cannot be used to measure the ionized

species fractions at normaloperating conditions (gas pressure above 1mTorr). There is no

differential pumping, so athigh gas pressure, theion signal diminishes. Additionally, the
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systemhas a very long,1meter column betweenthe ionentranceport in the plasma cham

ber and the channeltron detector. Wall losses and collisional losses of the ions are very

high along this path. The ionized species signal is already much lower than the neutral

signal,and these lossesmake the measured ion species mass spectrum unreliableat typi

cal BF3 plasma operating conditions.

3.2.2 Langmuir probe measurements of ion density

The BF3 plasma conditionsare dependent on the input power, gas pressure, cur

rent in the magnet coils,and arrangement of the permanent magnets on the process cham

ber. The following observations have been made by Langmuir probe measurements in the

BF3 plasma, and are used to choose a plasma condition for implantation. The Langmuir

probes used to measure the BF3 plasma are etch-resistantcylindrical probes made from Pt

wire. The ion density can be calculated from the current-voltage (P/) characteristic of the

probe (Figure 3-4)in the region where the probe voltage is negative and ions are collected

[3.8]. The ion density can be found by plotting the square of the ion current versus the

I, probe current

ion collection

electron
collection

> Vg, bias voltage

Figure 3-4. Langmuir probe current-voltage characteristics
After Ref. [3.8].

applied probe bias. In the region where the ion current is saturated, the slope of this graph

will be

dl
sal 3-2„2j2

dV
= 8q'nWdVm (3-1)

where V is the applied bias, q is the electronic charge, n is the ion density, a is the probe

radius, d is the probe length, and m is the ion mass.
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Langmuir probe measurements show that the ion density increases with micro

wave power (Figure 3-5a). The BF3 plasma ion density peaks at a gas pressure between 1-

2mTorr. Below this, the density is limited bygas supply. Abovethis, the density fallsrap

idly due to plasma collisionality and ambipolarion diffusion to chamberwalls (Figure3-

5b). For ion density above 1010cm"3 at 500W and 125 Amagnet current, operation between
0.6mTorr and 8 mTorr is necessary. Plasma uniformity is measured by moving the Lang-

10*

0.1 mTorr
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•
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o
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o
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2 4 6 8 10

Gas Pressure (mTorr)

Figure 3-5. BF3 plasma density in PIII reactor
BF3 plasmas generated in ECR source with 125 A magnet current, measured by
Langmuir probe, a) shows variation in density with input power, and b) shows
the peak ion density at 1 mTorr, with 500 W input power. From Ref. [3.1].

muir probe across the chamber. Uniformityhas been measured using Ar gas, showing the

uniformity percentage of the plasma density across a 200 mm diameter at 1 mTorr

improves from 15% to 2.5% with the addition of the permanent magnets on the process

chamber [3.9]. The uniformity improves for lowergas pressures, higher input power, and

by moving further away from the sourcechamber [3.10]. Uniformitycan also be varied by

changing the magnet coil current. The best BF3 PIII implant uniformity in this chamber,

3% across an 8 inch wafer, is achieved at 220 A [3.11].

3.2.3 Optical Emission Spectroscopy of ion species

Optical emission spectroscopy is a non-invasive technique for identifying ion and

neutral species present in the plasma. The apparatus used to measure the light intensities

versus frequency is shown in Figure 3-6. As the wavelength controller steps through the
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Figure 3-6. Optical emission spectroscopy apparatus

optical spectrum, intensity peaks are seen. Their wavelengths correspond to the energy

emitted when an excited ion or neutral falls from a high energy state, usually caused by

energy gain during collisions with electrons in the plasma, to a lower one. Since the tran

sition energies depend uniquely on the energy levels of individual atoms and ions, the

spectrum of light emitted can be used to identify to the species that caused it. As a typical

plasma from the ECR source will have neutral density orders of magnitude higher than

the ion density, the neutral peaks usually have higher intensities.

Calibration of the monochromator is the limiting factor in correct measurement of

peak locations: the wavelength step is 0.1 nm, but the actual peak positions may be off by

more than 10 nm. Therefore, in this work a small leak of Ar tracer gas (-100 uTorr) is fed

into the plasma so the wavelength position and scale can be calibrated by matching a set

of four well known Ar peaks at 738.4,750.4,751.47, and 763.5 nm. The intensity peaks from

BF3 can then be identified and studied. Unfortunately, BF3 plasma optical emission spec

tra are difficult to analyze due to a high intensity background peak from 300-520 nm

(Figure 3-7). Some of these transitions havebeenidentifiedasBF and BF* species, but most

are due to BF2 ions and neutrals. The largenumber of possible vibrational and rotational

modes of the BF2 molecular species leads to this broadband radiation. The individual

peaks are listed in Appendix A.

The best use of OES is actinometry, where the ratio of intensity of a characteristic

peak from the plasma (Ix) to a peak from an inert tracer gas (It) is used to measure the vari

ation in the density of species x in the plasma. This technique can only be used if the exci

tation cross section of species x has the same functional form as the species t. The

commonly used F peak at 704 nm that is known to have a cross section similar to Ar is too

small to be observed in this work. What can be seen are changes in the intensity of the
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Figure 3-7. Optical emission spectroscopy 0/BF3plasma
OES spectra for 500 W BF3 plasmas at 1 mTorr and 2 mTorr. Higher radiation
intensity at 1 mTorr indicates higher dissociation and/or ionization at that condi
tion.

background and individual peaks with power and pressure. Figure 3-7 shows the

decrease in signal intensity from both the molecularspeciesradiationband and from indi

vidual peaks when the pressure is raised from 1 mTorr to 2 mTorr. This indicates that

either fewer excitedneutralsand ionsare being formed at the higherpressure, orthat their

lifetime is loweras the plasma becomes morecollisional. Both possibilities affect the spe

cies available during PIII implantation. In Figure 3-8, a few trends are shown for identi

fied peaks in the BF3 plasma. All of the peaksdecrease in magnitude between 1mTorr and

2 mTorr. Additionally, these BF, F+ and B+ peaks are seen to peakat 700 W for both pres

sures, and the largestto smallest peak magnitudes areseen forBF, B+ and F+, in that order,

for both pressures. These points cannotbe used for actinometry, since the cross-sections

are not known. However, the relative intensities can be easily measured to check the

reproducibility and stability of a plasma condition.

3.3 PIII Diagnostics

The PIII implant is controlled by setting the plasma condition, which controls the

ion density and ion supply, and by setting the external parameters of implant bias, fre

quency, and implant time. The dose incorporated in the substrate may be smaller than

expected from the aforementioned parameters if the exposed surface is eroded during
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Figure 3-8. BF, B+ and F+ OES peak variation in BF3 plasma
Variation in intensity of BF, B+ and F+ peaks in BF3 plasma measured by OES
when power and pressure changed. BF peak intensity measuredat 325.5 nm, B+ at
345.1 nm, F+ at 485.9 nm.

implantation. Itmay be difficult to predictthe surface erosion for implantationruns as the

etchingrate of the substrate and surface films are functions of allthe otherparameters: the

plasma conditions, source gas, implantation energy and frequency. During plasma

doping, substrates are subject tocorrosive plasma etching, reactive ionetching and sputter

etchingby ions and radicals (Figure 3-9). Fluorine-containing gases have very high reac-

Figure 3-9. Etching mechanisms in PIII
a) Chemical sputtering, b) physical sputtering, and c) chemical etching.

tive ion etching rates of Si [3.8]. Switching to anon-corrosivegas source like ly-l^ does not

preclude Si etching, as carrier gases like H2 have exhibited Si etch rates as high as BF3

during PIII [3.12] and sputtering can be caused by any gas at low energy.The following
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experiments studysputter etching ofoxide and poly-Si during ArPIII, and chemical sput

ter etching during BF3 PIII of oxides, Si and CoSi2.

3.3.1 Ar PIII etching rates

Oxide and polysilicon etching during Ar PIII is investigated to see PIII ion beam

sputtering rate in anunreactive plasma, inwhich the plasma alone will not cause etching.

The following experiments are run witha1mTorr, 900 W Arplasma. PIII is performed for

10 min at4 kV with repetition rates from 100 Hz to25 kHz.Control samples are exposed

totheplasma withoutpulsing. One sample set isimplanted with a30 s DC implant pulse

to see the steady-state etching rate.

A Nanospec spectrophotometer isused tomeasure the oxide and polysilicon layer

thicknesses after PIII exposure, whichare compared to the thicknesses in regions covered

by aclip duringthe processing. The data are plotted in Figure 3-10. The figure shows that

there isno difference between thepolysilicon and oxide etch rates, asis expected for non-

reactive ion sputter etching of similar materials. Theetchrate isvery small for the plasma

15

-5

• Poly-Si -

+ Si02

0 10 20

Implant Pulse Frequency (kHz)
30

Figure 3-10. Etching rates ofpoly-Si and Si02 during Ar PIII
Etching rates during Ar PIII are the same for poly-Si and SiC^. Etching rate
increases with implant energy. 900W, 1 mTorr Ar plasma.

alone and at low frequency. The etch rate increases linearly to almost 10nm/min for 25

kHz pulsing. The two lines show theetch rate increasing asimplant energy is raised from

1.75 to 4.5 kV, as expected since the peak sputter yield for Si with Ar+ occurs at energy
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higher than 5 kV [3.13]. The etch rate during DC implantation is much higher, 52.4nm/

min of polysilicon and 38 nm/min of oxide. To keep substrate material loss below 2 nm

during non-reactive 4 kV PIII, maximum implant times are 30 sec at 10 kHz, 13 sec at 25

kHz and 2 sec for DC.

3.3.2 BF3 etching rates

F ions and radicals that are formed in the BF3 plasma are efficientSiand Si02 etch

ing agents, since the chemicallyactive Fwill attach to dangling Si surface bonds and create

volatile molecules of SiF4 and SiF2, which can easily desorb. The combination of chemical

etching due to the F-containing BF3 plasma and sputter etching due to accelerated,

implanting ions can be expected to lead to higher etch rates than sputter etching alone.

These etch rates must be controlled for BF3 PIII, so that loss of implanted dose due to sur

faceerosion is kept small. This can be done by using low etch-rate conditions and by per

forming the implantation as quickly as possible. It is also possible to get deposition from

the plasma on the substrate. Often when working at low power and at high pressure, a

brownish tinge is detected after processing, indicating deposition. If PIII is run under a

depositing condition, much of the dopant will be located in a surface polymer layer. If this

layer is thick, much of the implanted dopant will be contained in this layer rather than in

the substrate. The dopant incorporated during annealing then depends upon how well the

surface is cleaned before annealing. Therefore, it is important that deposition be avoided

for dose reproducibility. Even if high etch-rate chemical sputtering is expected during the

implantation pulse, a visible deposited layer can build up between pulses since the PIII

duty factor is typically less than 2%. The etching rates must be monitored to make sure

implantation takes place in a slowly etching plasma.

3.3.2.1 Oxide

Figure 3-11 shows that the chemical oxide etching rate due to the plasma alone (no

pulsing) is controlled by the plasma power and gas pressure. The etch rate increases lin

early with microwave power and decreases with pressure. As plasma ion density falls

slowly with increasing pressure, operating at a pressure above 1 mTorr and at moderate

power is recommended in this system to minimize etching. If the pressure approaches 5

mTorr, the plasma sheath may become collisional.
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Figure 3-11. Etching rate ofSi02 in BF3 plasma
Si02 samples etched in BF3 plasma with no pulsing for30 min. show the etch rate
decreasing when power is decreased or gas pressure is increased.

In Figure 3-12, the variation of etch rates with PIII implant conditions are mea

sured at one of the highest plasma etching conditions in Figure 3-11, using a 900W, 1.5

mTorr plasma. The etch rate for plasma etching alone (no pulsing) at this condition is

about3 nm/min, in good agreement with Figure 3-11. During pulsing, chemical sputter

ing mechanisms are seen to magnify the oxide etching rate. The oxide etch rate increases

12 3 4 5

Implant pulse frequency (kHz)

Figure 3-12. Etching rateofSiOi duringBF3 PHI
Si02 samples etched during BF3 PIII for 10 min. at 900 W, 1.5 mTorr pressure
show etch rate increasing with BF3 PIII substratebias and frequency.
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with both implant energy and frequency, as seen for Ar PIII. With Ar PIII, the plasma etch

rate is zero and the sputter etch rate of 4 kV, 5 kHz implanting ions is 5 nm/min. In BF3

PIII the implanting ions increase the etch rate from 3 nm/min for plasma only to 15 nm/

min for 5kV, 5kHz PIII. To avoid more than 2 nm of Si02 loss from a poly-gate spacer

oxide during implant, a 5kV,5kHz BF3 implant step must be performed in less than 8 sec

onds.

Another fact which recommends high frequency operation is the observed

increase of plasma etch rate with increasing exposure time. This is observed in both SiF4

5 10 15

Length of Implant (min.)
20

Figure 3-13. Time-dependence ofoxide etch rate during SiF4 PIII
Samplesetched during SiF4 PIII in 300W, 0.2mTorr plasma.PIII bias is 4-6kVand
pulse frequency is 1-2 kHz.

(Figure 3-13) and BF3 plasmas [3.9] due to increasing substratetemperature aiding surface

diffusion and chemical desorption ofetch products from the wafer surface. The wafer tem

perature can exceed 150°C after a few minutes of PIII processing, if wafer cooling is not

employed.

3.3.2.2 Silicon

Since the etching rate has a significant effecton the shape and incorporated dose

of a PIII profile, an experiment is performed to measure the Si etch rate during PIII.

Because oxidechargingmay cause trenching around oxide patterns, here a pattern of Al

lines is formed on a Si test wafer. After etching, the Al is selectively removed and the Si

etching measured by a profilometer. The plasma conditions during this test are 900 W
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input power and 1.5 mTorr BF3 gas pressure. Again, this isthe highest etch rate condition
observed in ECR PIII system, asseen in Figure 3-11. The results in Figure 3-14 show that

thebaseetch rate ofSi due toplasma etching alone isabout2.5 nm/min at thisworst-case

condition. The etch rate is highly dependent on frequency, showing the importance of
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Figure 3-14. Etching rate ofSiduring BF3 PIII
Si samples etched during BF3 PIII for 10 min. at 900W, 1.5 mTorr pressure show
etch rate increasing with BF3 PIIIfrequency. Effect of energy cannot be resolved.

chemical sputtering during the implant pulses. The etch rate approximately doubles when

increasing the pulse frequency from 500 Hz to 5 kHz. The difference in etch rates due to

implant energy is within the error of the profilometer measurement. Figure 3-15shows the

selectivity of Si02/Si etching during BF3 PIII. The Si and Si02 etch rates are almost the

same at low energy and frequency, but oxide etches almost twice as fast as Si in the 5kV,

5kHz case.

3.3.2.3 CoSi2

Fast CoSi2 etching has been reported with CI etchants, as Co forms a very volatile

gaseous compound with CI, C0CI3 [3.14]. Co may form a gaseous compound with fluo

rine, C0F3, but this compound is not as volatile as C0CI3. C0CI3 is reported to be volatile

in the presence of F2 gas only at temperatures above 600°C [3.15]. Reported reactive-ion

etching rates of C0S12 in F-containing plasmas are quite low. However, it has also been

observed that Si/Co ratios of CoSi2 films increase to 3.3-3.4when etched in CF4 and 2.8-

2.9 when etched in F-contaminated Ar [3.14]. When F is present, Co appears easier to
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Figure 3-15. BF3 PIII etch selectivity
Data from Figure 3-12and Figure 3-14 are used to find selectivity of Si02 over Si
during BF3 PIII at 900W, 1.5 mTorr. Tine etch is more selective for higher energy.

remove than Si from the surface layer, perhapsdue to the ion bombardment causing C0F3

formation oraidingC0F3 desorption [3.8]. Significant Co loss is also possible due to sput

tering during PIII. The Co loss during BF3 implantation is monitored since the films used

for shallow junction processing are thin.

The silicides used to produce the following graphs are 30 nm thick, epitaxially-

grown, single crystal CoSi2 films grown by single-step annealing of a Co-Ti bilayer

(Chapter 7). Blanket-deposited and patterned wafers are exposed to a BF3 plasma for 7

minutes and then implanted by BF3 PIII with accelerating voltages of 3.5kV and 14kV for

10minutes. A grounded control sample is exposed to the plasma for 17minutes for com

parison. The amount of CoSi2 etchingis measured by measuringthe Co peak signal from

Rutherford backscattering (RBS). Theetch rates in Figure 3-16 are calculated by converting

theCo signal width to a CoSi2 layer thickness,, assuming no stoichiometry change during

implantation, and are therefore approximate. The figure shows that plasma exposure

alonehas littleeffecton the silicide: within experimental error, no Cois removed. Samples

that are Plll-implanted in the BF3 plasma,however, areseverely etched. The 3.5kV and 14

kV implanted samples lose 69% and 83% of the original Co atoms, respectively. The data

is comparable to RIEetching ratesreported forCoSi2 etched by CF4 and CF4+O2 at 500 V

RF bias: 2.2and 2.0 nm/min [3.14]. The fluorine RIE etching rates are comparable to the

pure sputtering rate reported for CoSi2 in Ar: 1.1 nm/min [3.14]. The Ar sputter etch rate

reported in Figure 3-10 si about 4 nm/min for 6.7 kHz, 4.5 kV PIII. As the sputter yield is
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Figure 3-16. Etch rate ofCoSi2 during BF3 PIII
Data from samples exposed to BF3 plasma for 17 minutes. PIII pulsing lasted 10
min. BF3 implantation at 900 W, 1.6 mTorr, 6.7 kHz.
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Figure 3-17. Co loss from BF3 Plll-implanted CoSi2 during annealing
CoSi2 films havesmaller Co content after BF3 PIII andrapid thermal annealing in
forming gas. Activation energy of high temperature (750°C-950°C) points is0.15 ±
0.03 eV.

expected to peak at incident ion energy near 10 kV, it is possible the maximum etch rate

lies between the 3.5 and 14kV data points reported.

Although in thiswork theCoSi2 removal rate isconsistent with sputtering, volatil

ization of the Co is observed during rapid thermal annealing, as shown in Figure 3-17.

This graph shows the loss rate ofCo atoms from thesilicide film per second of rapid ther

mal annealing. The drop in the Co areal density ismonitored by RBS. The loss rate ishigh

est for 750°C and higher, and the activation energy in this regime is calculated from the

Arrhenius plot as 0.15 eV. This low activation energy may indicate a CoFx compound is

formed which is quitevolatile above750°C, perhaps CoF3. This result indicates that F-con-
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tabling etches and implants should be kept to aminimum inthe presence ofCoSi2. There
fore, for conventional implantation of CoSi2, the work in following chapters uses a nB+
implant species.

3.3.3 Surface Roughening during PHI

Atomic force microscopy (AFM) is used tolook at the surface roughness after PIII

implantation and annealing steps of all materials. The AFM root-mean-square (RMS)

factor is the chosen measure of average surface roughness. If the Si surface is rough, the
contact material duringsubsequent metallization stepsmayform local spikefeatures, cre

ating shorts, leakage, or premature junction breakdown. For both Si and silicide surfaces,

implanted dopants may go deeper in one area than another if the surface is rough.

Figure 3-18 shows the effects ofplasma exposure and PIII on Si and Si02 surface rough

ness. Si exposed to the BF3 plasma andSi etched during PIII implantation have roughness

larger than unprocessed Si. After implantation, the roughness is greater than that of

unprocessed Si by a factor of 4-5, but still on the order of a few monolayers of Si. Rapid

thermal annealing is alsoshown to increase the roughness slightly. Theproximity of the

roughness valuesforPIII and plasma etched samples suggests that surface etching during
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Figure 3-18. Surface roughness ofSiand Si02 after PHI processing
Samples exposed to plasma or implanted for 30 min. Rapid thermal annealing
performed at 1060°C, for 10s in N2. TheAFM samplingwindow is 5um by 5um.
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implantation isquite uniform. For Si02, theRMS roughness before and afterimplantation

is comparable.Oxide roughness increases during RTA annealing as well.

AFM of CoSi2 raises different concerns. The initial roughness of C0S12 is higher

thanSi orSi02, at 2.7 nm. Plasma exposure and14 kV PIII donotaffect thesurface greatly,

as shown in Figure3-19. The 3.5 kV PIII sample,however, shows a great increase in the

surface roughness. This suggests non-uniform etching of the silicide film, perhaps due to

micro-patches of remaining surface contamination preventing local etching, or due to

preferential etching of facets or grains of the silicide. Either of these would explain why

etching ismoreuniform for the14kV PIII, wherehigherenergybombardmentis expected

to be more successful in removing surface oxide and materialofvarying crystallineorien

tation. After annealing, the roughness of the 3.5 kV and 14 kV implanted samples is

reduced substantially.

| Unexposed
| BF3 plasma etch

epitaxial 3.5 kV BF* Pll

CoSi2 3.5 kV BF3 PIII anneal 600°C

3.5 kV BF3 PIII, anneal 900°C

14kVBF*PIII

14 kV BF* PIII, anneal 600°C

14 kV BF3 PIII, anneal 900°C
—•—1—1—1—1—1—1—1—•—1—.—1—.—1—,—j

0 2 4 6 8

AFM RMS roughness (nm)

Figure 3-19. Surface roughness ofepitaxial CoSi2 after PIII processing

3.3.4 Contamination

For PIII to be considered as a replacement forconventional implantation for high-

dose ULSI steps, it has to be proven to be a clean technique. It cannot introduce heavy

metal or other impurities into the Si substrate that might act as deep level centers. Impu

rities that act as carrier traps haveenergy levels around the midgap of the Sienergy band

and are efficient at aiding the generation and recombination of holes and electrons. In the

source/drain depletion regions they can make the device leaky. In the channel, they

reduce the carrier lifetimes.
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The impurities Mg, Al, Cr, Fe and Cu are studied by secondary mass ion spectros

copy (SIMS). The graph in Figure 3-20a shows impurities in the wafer after a 3.5 kV, 14

min. BF3 PIII implant. Figure 3-20bis a control sample from the same wafer. The SIMS sec

ondary ion data is collected from the center 30 urn of a 300 urn diameter rastered crater

sputtered by a 5.5keV 02+ primary ion beam. The concentrations areexpected to be accu

ratewithin a factor of two and the depth scalewithin 7%. The penetration depth of the pri

mary 02+ beam for this analysis is about 8.8 nm (see Appendix C), so the high surface

concentrations in the top 10 nm of the material can be ignored. The results show higher

concentrations (3-4 orders of magnitude above background) and deeper penetration of the

impurities for the PIII sample. The contours of Al and Mg follow the curvature of the

implanted B and Fprofiles, indicating that these light mass impurities are likely sputtered

off the wafer holder or walls, ionized in the plasma,and implanted. Al and Mg come from

the Al used to construct the chamberwalls and wafer holder. The Fe and Cu profiles show

a more Gaussian shape, indicating diffusion of these species occurred during the BF3 PIII

where the wafer temperature can approach 100-200°C. The Fe diffusion depth into the

substrate is78 nm from Figure 3-20a. For Fe to diffuse this deep ( x = Jot )during the 14

min. implantation step, the average diffusivity (D) must have been at least 7xl0"14 cm2/s.

Using the reported temperature dependence of Fe diffusivity in Si [3.16], this indicates the

substrate temperature was at least 114°C. The observed Cu diffusion would indicate a

lower temperature. Fe and Cu come from the stainlesssteel clips and screws used to hold

the wafer pieces onto the holder. The Fe and Cu may have been sputtered off the clips, re-

deposited on the wafer surface, and diffused in from there.This may explain why the Fe

and Cu concentrations are higher than Al and Mg. For IC processing, this Cu contamina

tion must be eliminated.

Fortunately, none of these contamination sources are intrinsic to the PIII process,

and can be easily eliminated in a commercial machine. The inside walls and wafer holder

can be coated with a number of materials which will not contaminate Si: SiQ2, BN, Si3N4,

poly-Si coatings or a quartz liner can be used. The coatings can be deposited by plasma-

enhanced chemical vapor deposition (PECVD) and plasma-cleaned in the PIII chamber

itself, daily if necessary to keep contamination to a minimum.
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Figure 3-20. Metallic contamination during BF3 PHI in U.C. Berkeley system
a) Impurities introduced by 3.5 kV BF3 PIII for 14 minutes, measured by SIMS, b)
Impurities in control Si sample. Cr levels below SIMS detection limits for both.
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3.4 Conclusions

The etching of Si and other materials during BF3 PIII may be unavoidable, but the

rates can be controlled. Formaximum incorporated dopant dose, the Si etch rate must be

kept small. Si is seen to etch up to twice as slow as Si02 for the process parameters dis

cussed in this paper. Roughness of Si surfaces increasesby a factor of 4-5 during plasma

exposure or PIII, so a screen oxide may be helpful in preserving the Si surface quality

during PIIIsteps. It is equally important that Si02 etching, especially the etching of spacer

and screen oxides, be controlled for reproducibility. This requires a careful choice of

plasma conditions. As seen for the cobalt disilicide, material chemistry must be considered

when a sample is exposed to a reactive plasma like BF3, and the process window for each

material must be determined. In all of these cases, the length of plasma or PIIIexposure is

important and should be minimized by short time (1-30 s) and higher frequency (25 kHz,

in our system) pulsing.
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4 PIII Doping Dosimetry

4.1 Introduction

PIII depends on the principle that the large negative bias applied to the wafer

holder is capacitively coupled to the plasma sheath. The entire wafer bias is expected to be

dropped across the sheath so that the ions that cross the sheath are implanted with that

energy. If the rise and fall times of the wafer bias waveform are short, the majority of the

ions are implanted at the peak energy. Even so, the as-implanted PIII profile is a function

of many process variables: the substrate etch rate during implantation, the thin film dep

osition rate on the surface during implantation, the capacitive coupling of the applied bias

to the sheath region, the rise and fall times of the applied bias, the time-varying implant

current, the fractions of different ion species in the plasma, and ion-neutral collisions in

the plasma. This distinguishes them from conventional implant profiles, where mono-

energetic, mono-species implant beams lead to profiles which are better described by

Gaussian or Pearson IV distributions with sub-surface peaks. PIII hasbeenshownto pro

duce profiles with peak concentration at the surface and exponential shape for energies

below 5 kV (Figure 4-1).

In this chapter, a methodology is developed to use in situ measurements of the

implanter current (I) and implant voltage (V) to derive an energy spectrum for a single

implant pulse. If the ionspecies concentrations inthe plasma are known, thisenergyspec

trum canbe used to construct a per-pulse implant profile. If the ion species distributionis

not known a priori for a multi-species plasma, secondary ion mass spectroscopy (SIMS)

data from an implanted sample can be used to estimate the distribution and calibrate the

IV-generated profile. Data from 1- 5 kV, 2.5 - 5 kHz BF3 PIII implantsare used to demon

strate the concept. The implant profile for a single pulse can be used to project the final

58



100

Depth (nm)
150 200

Figure 4-1. BF5 PIII implantation profiles
BF3 PIII profileswith 2 kV to 20kV applied biasvoltage.

implant profile and total implanted dose as a function of implant time, PIII pulse fre

quency, and substrate etching.

4.2 Model of PIII implantation

4.2.1 General Model

The previous chapter discussed the processes of deposition, etchingand polymer

deposition that can occur concomitantly during SiF4 or BF3 PIII. Since operating in a

region ofdeposition nullifies theadvantages ofcontrollable depthand doseofionimplan

tation, implantation is generally performed in a slowlyetching plasma.

When implanting in a slowly etching plasma, the surface of the substrate is

steadily removed. If the surface at time t=0 is at x=0, then the surface at time r>0 is located

at x'-x-vt, where v>0 is the velocity of interface movement determined by the rate of sur

face removal due to sputtering and plasmaetching(Figure 4-2a). If the distribution of ions

implanted per second into thesubstrate isg(x) in theabsence ofetching, then in the pres

ence of etching, gfa'J describes the ions added to the substrate at time t. The total accumu

lated implantation profile after time t is

t t

C(x,t) = jg(x')dt' = jg(x-vt')dt' . (4-1)
0 0

Thetotal incorporated dosein thesubstrate istheintegral oftheconcentration profile from

the surface to the maximum implant depth:
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Q= JC(*,()</x (4-2)
Vt

Since, as shown in Figure 4-2a, the etching removes the implanted species along with the

substrate surface, dopant is lost from every implant pulse, and the incorporated dose

decreases as the etch rate increases. In the case of deposition, the equations are similar,

using v<0 (Figure 4-2b):

t

C(x, t) =jg(x - vt') dt' for x>0 (4-3)
0

t

C{x,t) = J g{x-vt')dt' ioxO>x>vt. (4-4)
x/v

Equation 4-3,forx>0,is the dopant profilein the substrate, and Equation 4-4gives the pro

file inside the deposited layer.

Original
surface

Dopant
Lost

Surface at time t b) Initial surface

x=vt —
Depth into substrate

Surface of

deposited layer
at time t

x=vt x=0 —•x
Depth into substrate

Figure 4-2. Implantation during etching ordeposition
Schematic illustration of simultaneous plasma a) etching or b) deposition during
PIII, and the effect on incorporated dose in the substrate.

4.2.2 Model for Shallow Implantation of BF3

The equations are easily solved for the case of a shallow implant in an etching BF3

plasma, where the as-implanted profile can be approximated by an exponential function

[4.1]. In this case the following equations apply:

*,*•,.£-<*-«">"• (4-5)
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V

Q =— 0-evt/L)
v

(4-6)

(4-7)

where Ois the implant dose rate (cm^sec*1), L(cm) is acharacteristic depth determined
by the implantspecies andenergy, andx is the depth in cm.When the implantlengtht (in

seconds) becomeslarge incomparison with L/v, the implant dose Q (Equation 4-7) will sat

urate, and further implantation will not increase the incorporated dopant. For shallow

junctions, the junction depth (and therefore L) must be small, so careful processing is nec

essary to make the etch-rateparameterv small.Using ECR-source PIII, the dose rate (O) is

higher than 10 cm"2 sec"1, which helps achieve a high incorporated dose in shallow
implanted junctions, even in the presenceof etching.

4.3 Extracting per-pulse implant profiles from SIMS data

Since PIII dopant is usually introduced during short, microsecond pulses with a

duty factor less than 10%, the mathematical description of the implant profile in

Equation 4-1 lends itself to a discrete formulation:

t/At t/At

C(*, t) =fAt ^g(x- nvAt) At =g(x) *fAt V 8(x - nvAt) At (4-8)
« = 0 n = 0

which is merely a convolution of the functiong(x) with a seriesof t/At Dirac delta functions

spaced vAt apart (Figure 4-3). The time step At is the actual time between pulses, or to

C(x)

• x

final profile

A

A

fAt-aiik

vAt

*
per-pulse profile

Figure 4-3. Schematic picture ofper-pulse profile deconvolution
Total concentration profile of implant (C(x)) is the convolution of a series of delta
functions (A(x)) with the dopant implanted per-pulse, g(x).
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reduce computation time, can be defined as the time required for the etching to remove a

chosen incremental thickness (a:,„c = vAt) of the substrate, perhaps several Angstroms. In

this case,it is assumed that every implant pulse that occursin the time it takes to etch away

Xinc Angstroms of Si is implanted at the same time.

In Ref. [4.2], the discrete nature of the function was recognized and used to solve

for the concentration profile C(x, t) and the dose, assuming a Gaussian profile fornix). A

profile forg(x) does not need to be assumed to fit the profile of C(x, t),asall the information

regarding the substrate etch rate (v), the length of the implant (r), the time step (Ar), and

the implant frequency (f), is entirely contained in the series of delta functions, fAt • b(x -

nvAt). Equation4-8 has been implemented in Matlab [4.3] using a matrix representation

for the convolution:

C = Ag (4-9)

where Cis avector containing the final concentration depth profile,g is avector represent

ing the per-pulse implant profile, and A contains all the information on the convolution.

Using this algorithm, the per-pulse profile g is determined from the final profile C, if the

etch rate, pulse repetition rate, and implant time are known and used to construct the

matrix A. Since g is independent of the etching rate, the final profile C and dose incorpo

rated in the substrate can be simulated for any etching conditions or implant times by

altering A. The advantage of this technique is that the per-pulse profile g is extracted

experimentally, without any need for an implant model. This reduces error in the simu

lated profiles. The programs used are described in Appendix B.

Secondary ion mass spectrometry (SIMS) data from a 10 kV as-implanted PIII

sample is shown in Figure 4-4a. Since the jagged roughness of the data is due to noise in

the SIMS measurement, the data read into vector C was smoothed as shown in the thicker

line to resemble the real profile in Si. The incremental thickness used in the extracted per-

pulse profile is 5 Angstroms, which is much smaller than the depth resolution of the SIMS

profiling (Appendix C). As the etch rate (2 nm/min), implant time (20 min), and repetition

rate (1 kHz) are known for this sample, the matrix A is constructed, and the vector g is cal

culated (Figure 4-4b). The graph of g shows that even for this 10 kV implant most of the

dopant is very close to the surface. The main peak at 20 nm is shallower than the expected

37 nm projected range for a 10 kV B+ implant [4.4]. For B introduced from a 10 kV BF2+

implant, one would expect that the B peak would be found closer to about 10 nm. This
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Figure 4-4. Per-pulse profile extracted from 10 kV BF3 PIII SIMS profile
a) SIMS profile from an as-implanted 10 kV BF3 sample is shown with the thin

line, and a smoothed version used for extraction of implant per-pulse profile is
shownwith the thick line, b)Extracted per-pulse implantprofile.

implies thatmost ofthedopant implanted inthis case isimplanted asa BF*" ion species at

10 kV orasa B+ species atan energy lower than the 10 kV peak energy.
This algorithm is used to extract per-pulse profiles from as-implanted SIMS data

from BF3 PIII samples in thefollowing sections. The extracted profiles areused tocalibrate

and double-check the results of implant profile modeling.

4.3.1 Data from 1 kV and 5 kV BF3 PIII implants

In the presence ofetching, the dose perpulse is higher than what would bepre

dicted by simply dividing the final SIMS profile by the number ofpulses. Since etching
during BF3 implantation isexpected, the profile ofthe dose implanted per pulse must be

found first, before comparing to the profile determined by the IV characteristics. For this

work, 1 kV and 5 kV BF3 PIII implants are done at 900 W microwave power, 1.5 mTorr

pressure, for 10 minutes. Ten minutes was long enough that the saturation dose was

reached for all samples and the etching ofthe substrate material was deep enough tobe
measured. The incremental thicknesses were chosen to make sure the etch rate used in the

extraction wasasclose as possible to the measured etch rate. This is necessary because of

the assumption that all the dopant implanted in the time ittakes to remove xinc Angstroms
of Si is implanted at the same depth. The etch rate must be rounded up so that it will
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remove exactly x,„c angstroms in t seconds. The etch rates used in the deconvolution are

listed in Table 4-1. All are well within the experimental variation of the measured etch

rates.

Sample Measured etch

rate

Optimal incre
mental thickness

Etch rate used in

deconvolution

lkV,5kHz 7.25 nm/min 6A 7.2 nm/min

5 kV, 500 Hz 4.1 nm/min 4A 4.0 nm/min

5 kV, 2.5 kHz 4.7 nm/min 4A 4.8 nm/min

5kV,5kHz 7.75 nm/min 4A 8.0 nm/min

Table 4-1. Approximate etch rates used inSIMS profile extraction

4.4 Constructing per-pulse profile from implanter IV waveforms

The approach taken here to explain and model the implant profiles is the opposite

of Ref. [4.7], where points from as-implanted profiles were used to approximate an ion

energy distribution for the ions. The present work takes a direct approach: since measure

ment of the bias voltage (V) and implanter current (/) waveforms versus time is already a

common diagnostic tool in PIII systems, we use these measured waveforms to derive the

energy spectrum of dopant implanted during each implant pulse. If the fraction of differ

ent ion species in the implanting flux is known, the implant profile can be constructed

from the energy spectrum of implanted dopant (IV per-pulse profiles). If the ion species

distribution is unknown, secondary ion mass spectroscopy (SIMS) data can be used to

determine it.

4.4.11 and V waveforms

Substrate current (I) and applied bias (V) are typically measured in situ during PIII.

For most plasma doping systems, the measured peak current and peak voltage are used

as a reproducibility check, to compare whether the current run is comparable to a previous

run at the same condition. Most dose calibration is done ex situ, by running a number of

samples at different conditions, measuring the dose by SIMSor by four point probe after

annealing, and then plotting those results against integrated current delivered by the

implanter. The present work uses the measured W waveforms in a more precise manner,

first deducing what part of the total current is due to ions, and then using the voltage
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waveform to derive an energy spectrum for the ions. From this energy spectrum, the

implant profile can be constructed. In this way, the IVwaveforms can be developed into

a diagnostic tool for dopant dose and profile control during PIII.

Thecurrent andvoltage waveforms measured during a5kV,5kHz BF3 implantare

shown in Figure 4-5. The current waveform is the total current drawn by the implanter,

and the bias waveform is measured on the wafer holder. It is usually assumed that the

large negative bias applied tothewafer holder iscapacitively coupled tothesheath region

of the plasma,and that the entire waferbias is dropped across the sheath [4.9]. Ionscross

ing the sheathare then implanted with thatenergy. For the ECR source, the plasma den

sity is-1010 cm*3, and the sheath width ison the order of1cm. Since oxide thicknesses on
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Figure 4-5. PIII implant current and substrate bias voltage waveforms
a)Bias waveform applied to PHI waferholderduring implantationshowing dura
tion of rise time, on time and fall time of pulse, b) Total current drawn by
implanter during application of voltage pulse shown in a). Total current is
approximately equal to the ion current plus secondaryelectroncurrent.

Si wafers for ULSI are on the order of1micron =10"4 cm, the capacitances on the wafer are

much larger than the sheath capacitance, and practically all the applied bias is dropped

across the sheath. This may not be true for implants of glass substrates for TFT devices,

where the insulating layer thickness is much larger. If the insulator thickness is on the

order of 1 mm, a significant, time-dependent error will be introduced into the implant

energy, as much of the applied bias will be dropped across the substrate [4.10]. For the

ULSI wafers usedinthisexperiment, thesheath voltage can beequated totheapplied bias.
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Since the time-scale of interest in the plasma pulsing is microseconds and ions

cross the sheath on the nanosecond time-scale, it can be approximated that the ions cross

the sheath instantaneously. The dose of ions at time t will then be proportional to the ion

current at time t, and their energy will be given by the bias at time t. This approximation

is invalid if the ions cross the sheath much slower than the time-scale of the pulse, or if the

plasma sheath is collisional, as in the case of Ref. [4.7]. If the neutral gas pressure is too

high, charge-exchange between neutrals and accelerated ions in the sheath leads to an

additional implantation component of fast neutrals. In this case, the implant dose will be

higher due to the fast neutrals, although there may be no change in the implanter current.

In this work, the gas pressure is kept near 1 mTorr, low enough that the plasma can be

described as non-collisional, and fast-neutral implantation is negligible.

4.4.2 Secondary electron yield

As described in section 2.2, the total current drawn by the implanter is the sum of

the ion current, electron current, displacement current, and secondary electron current.

Previous work has shown that the displacement current is negligible for the operating

conditions used in this experiment [4.9]. Whenever the wafer holder is at negative bias,

during the rise-time, on-time, and fall-time of the pulse, the barrier to electrons is very

high, resulting in negligible electron current. Therefore, the only currents that must be

accounted for in this work are ion current and secondary electron current. Secondary elec

tron yield is a function of ion species and target composition. All the ion species in the BF3

plasma (B+, F+, BF+, and BF2+) may be expected to have different yields. It complicates

matters further that the surfaces exposed to the ions during doping tests include regions

of Si, SiC>2 and Al on the test wafers and Al on the wafer holder. As a first order approxi

mation to the average secondary electron yield versus energy in these experiments, a

number of observations have been culled from the literature.

Most secondary electron yield (y) information is collected from noble gas ions, like

Ar+, on cleanmetal surfaces likeAl.Whena clean,atomically-flat surfacebegins to oxidize

or roughen, the secondary electron yield increases. In Figure 4-6, it can be seen that in the

energy range of interest in this paper, 0-5 keV, the secondary electron yield of B is close

to that of Ar, while the yield of F is higher by an average of 0.2 [4.11]. Ref. [4.12] shows that

the secondary electron yield of a molecule is typically as large as the sum of the yield of its

components. Ref. [4.13] has shown that the secondary electron yield of Ar on Al is, on
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Figure 4-6. Secondary electron yields on surfaces bombarded byAr, Fand B.
Yield from Ar-bombarded, plasma-processed Si, Si02 and Al from Ref. [4.13].
Yield from F, Band Ar-bombardment of pristine Al from Ref. [4.11]. On clean sur
faces, the yield of Fions is larger than Ar or B. On processed surfaces, the yields
from Si and Al are comparable. As these models are onlyvalid for energies above
15-2 keV, the yield model used in this work (thick line) is based on data on low-
energy Ar bombardment of oxidized Al (triangles) from Ref. [4.14].

average in this energyrange, 1.9 larger thanSiand 1.25 larger than Si02- For this work, the

average secondary yield is calculated starting with the yield of Ar on oxidized Al mea

sured in Ref. [4.14], adjusting for the ion species Band Fusing approximate proportions

of B+, BF+, BF2+ and F+ in the plasma and the data of Ref. [4.11], and adjusting for the

target material by gaugingthe percentage of Si,Si02 and Al presenton the wafer surface

and using thedata of Ref. [4.13]. The data are fit with the function yse = '̂Energy™ for the

conditions in this study, whereenergy is in eV. As shown in Figure 4-6, once the higher

yield of Fions and the lower yield of Si are taken into account, this secondary electron

yield approximationis not very different from the original data in Ref. [4.14]. Values of the

fitting factors Aandmare given inTable 4-2 for different plasma compositions, assuming

that thematerial exposed is 20% Si and 80% Al. This fit estimates kinetic secondary elec

tron emission only, so the secondary electron yield and current at very low energies,

where potential electron emission usually dominates, aresomewhat underestimated. This

meansthe dose of low energy ions (< 1 keV) may be overestimated in the IV profiles.

Figure 4-7 shows theenergyspectrum of implanted ionsduring the 1microsecond,

5 kV PIII pulse shown in Figure 4-5. This energy spectrum is obtained assuming the sec-
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Plasma ion species A m

100 % Ar+ 0.0026 0.86

7.5%B+, 7.5 % F+, 85%BF2+ 0.001 0.965

80% B+, 20% BF2+ 0.004 0.82

Table 4-2. Approximate secondary electron yield fitting factors for PHI

ondary electron yield as described above, assuming a non-collisional sheath, and assum

ing that 50 eV is the minimum energy an ion must have to be implanted. The energy

resolution in the figure is 100 eV; resolution of 10 eV isused for theactual profile construc

tion. It was expected that the high current during the rise time of the pulsewould be an

important factor in the energy spread. Theioncurrent isvery highat the beginning of the
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Figure 4-7. Energy spectrum of5 kV PIII implant
Energy spectrum of PIII implant, showing dose of ions implanted per energy,
assuming ions see instantaneous bias and sheath is collisionless. Energy resolu
tion in figure 100 eV, minimum energy for ion to implant taken as 50 eV. Second
ary ion yield adjusted for ion species present and substrate material.

pulse when the electrons are repelled and a large concentration of ions is left in the sheath

region. The current falls to a steady-state value as the initially high ion concentration in

the sheath is depleted, and the current ismaintained by ionsdiffusing from the plasma to

thesheath edge. Figure 4-7 shows that theenergy spread due to the rise timeis notnearly

as severeas that due to the fall time. As can be seen from the figure, the long fall time of

the wafer bias contributes most to the energy spread of the implant, even though the
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implant current during the fall time is low and exponentially decreasing. To reduce this

spread in the energy the pulse fall time must be reduced. The slow fall time in this PIII

system is a function of the matching network, which canbe improved to yieldmore mon-

energetic implants. Increasing thepulse ontime tomake thehighenergyionsa greaterfac

tionofthetotal implant dose isnot a good solution: whentheon-time is increased beyond

1-2 \is, the positive charge deposited on the surface by the implant maybe large enough

to cause thin oxide charging damage or breakdown [4.8].

4.4.3 Multiple ion species

Once theionenergy spectrum isdetermined, an ionspecies orcollection ofionspe

cies must be specified before calculating the profile.When the ion fractions are chosen, the

profile is constructed using tables of projected range (Rp) and straggle (ARp) data from the
implant simulator TRIM [4.4]. Figure 4-7 gives thedose implanted in an energy range, E-

AE/2 to E+AE/2. The energy resolution AE, theenergy binsize, is 10 eV in the following

simulations. Thedose in each bin is thendivided up amongthe ion species present in the

ion flux incident on the wafer. Once the dose is divided among the implanted species, a

Gaussian profile is constructed for each ion species within each energybin. Interpolation

between the values from TRIM is used to find Rp(E) and ARp(E), and the height of the
Gaussian is calculated by integrating the function from the Si surface to infinity and set

ting that value equal to the dose for the current species in the current bin. The individual

profiles are added up to make a total profile. Results are shown for three different cases

inFigure 4-8, assuming the ions are100% B+, 100% BF+, or100% BF2+. Theprofiles allshow

a peak right under the surface due to the high concentration of very low energy ions

implanted during the fall time of the pulse. The profiles show the B+ profile extending a

fewhundred Angstroms deeper than the BF2+ profile, as expected. AsTRIM data assumes

implantation into an amorphous solid, the effects of ion channelingare not accounted for.

4.5 Comparison of per-pulse profiles from IV waveforms and SIMS

deconvolution

Per-pulse profiles for the 5 kV, 5 kHz BF3 PIII implant are derived in Figure 4-9a

for boron and Figure4-9b for fluorine using both SIMS deconvolution and W-construc-

tion. The per-pulse profiles from SIMS data were derived using an etch rate of 8 nm/

minute and an incremental thickness of 4 Angstroms. A systematic and constant error is
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Figure 4-8. Per-pulse profiles from IV waveforms assuming B+, BF+ orBF2+ ion species
Per-pulse implant profiles generated by IV method for 5 kV, 5 kHz BF3 PIII
implant at 900W, 1.5mTorr, using energy spectrum as shown in Figure 4-7.

present in the B and Fconcentrationsand dose, due to uncertainty in the relative sensitiv

ity factor (RSF) used to convert the rawSIMS data to concentration. The uncertainty in the

RSF factor is estimated at 20% for Bin Si,but may be more than 100% for Fin these profiles.

This means that although the shape of the profile may be correct, the absolute concentra

tion at each point will be off by a constant factor. There will be a corresponding error in

the integrated dose from the SIMS profile. In the first 5 nm of material removal, SIMS has

not attained a steady-state removal rate,so the shape of the profile may not be reliable that

closeto the surface. Reproducibility between samples isestimated at 5% for Band 50% for

F. Therefore, when using the SIMS profiles to compare to the IV profiles, it is more useful

to compare the profile shapes than the actual concentrations, especially for fluorine.

Also shown in the figure are per-pulse profiles constructed using the IV method,

using the IV waveforms and energy spectrum shown in Figure 4-5 and Figure 4-7. To

account for the distribution of ion species, the ion current is divided among the ion species

according to their fraction:

>• = L„(xR +xDr + xDC +xF) (4-10)

where the X terms are the fractional contribution of each ionized species to the total ion

flux. This is not necessarily the same as the ion species distribution measured by optical

emission or mass spectrometry in the bulk plasma, so it may not be possible to measure

70



Depth (nm)

1013
0 10 20 30 40 50 60 u 0 10 20 30 40 50 60

Depth (nm)

Figure 4-9. Per-pulse profiles for 5 kHz, 5kVBF3 PIII implant
Comparison of per-pulse profiles from IV method (dark line) and from SIMS
deconvolution method (gray line) for a) boron b) fluorine profiles from 5 kV, 5
kHz BF3 PIII at 900 W, 1.5 mTorr. Ion species distribution used for simulation is
7.5% B+, 0% BF+, 85% BF2+, and 7.5% F+.

them directly. In thatcase, the X terms can beused as fitting parameters. As B+, BF+, BF2+

and F+ are the main ion species detected bymass spectrometry inthe bulkBF3 plasma, the

sum of the four X terms is approximately 1. Assuming that the ion species distribution

does not change during the pulse, the ion dose per energy is then divided up among the

ions according to their fraction X. The boron dose and fluorine doses are then written:

*B =*to,JXB +XBF +XBFj

*F = V«/(XF +XBF +2XBf)

(4-11)

(4-12)

where the total dose Q>totah Is tne 'on dose perenergy summed over allenergies.

The per-pulse profiles in Figure 4-9 show how the ion species distribution can be

used to fit the IV profile to the profile extracted from SIMS. For the 5 kV, 5 kHz profile, at

least 5% of the ion species must be B+ to fit the tail of the boron profile. Less than 10% F*
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is needed to fit the tail of the fluorine profile. The contribution of BF+ is 0-10%. Variation

of the XBF parameter has shown that the total profile is insensitive to this contribution. The

data showsthat the implantcontains about85% BF2+. This gives a peakconcentration near

the surface, and causes the dopant concentration to fall two orders of magnitude in the

first 15 nm.The ion species distribution shown is the result of fitting the IV energy spec

trum to the SIMS profiles for the three different implants: 5 kV at 5 kHz (Figure4-9), 5 kV

at 2.5 kHz (Figure 4-10), and 1 kV at 5 kHz (Figure4-11). The distribution which best fits

10 20 30 40 50 60

Depth (nm)

b) Fluorine

••|k

10 20 30 40 50 60

Depth (nm)

Figure 4-10. Per-pulse profilesfor2.5kHz, 5kV BF3 PIII implant
Comparison of per-pulse profiles from IV method (black line) and from SIMS
deconvolution method (gray lines) for 5 kV, 2.5 kHz BF3 PIII at 900 W, 1.5 mTorr.
a) are boron profiles and b) are fluorine. Ion species distribution is 7.5% B+, 0%
BF+, 85% BF2+, and 7.5% F+.

all three is 7.5% B+, 0% BF+, 85% BF2+ and 7.5% F+. This distribution is close to values that

have been reported for BF3 plasmas in other PIII systems and spectroscopy work [4.5,4.6].

The SIMS for this work was done using a Cameca IMS4f instrument. The primary

beam wasan 02+ beam at 64 degrees to the normal, with an impact energy of2 keV. The

analysis was performed with the chamberbackfilled with oxygen to a pressure of 5 uTorr

for better resolution near the surface. Even so, as can be seen in the first 5-10 nm of the B
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Figure 4-11. Per-pulse profiles for 5 kHz, 1 kV BF3 PIII implant
Comparison of per-pulse profiles from IV method (black line) and from SIMS
deconvolution method (gray line) for 1 kV, 5 kHz BF3 PIII at 900 W, 1.5 mTorr. a)
areboron profilesand b) are fluorine. Ion speciesdistribution is 7.5% B+, 0% BF+,
85% BF2+, and 7.5% F+.

profiles in Figure 4-9 and Figure 4-10, the IV and SIMS profiles do not match very well

close to the surface. This is expected due to the SIMS transient at the surface, before the

primary 02+ beam and oxygen bleed have time to convert the surface to a steady-state

SiOx layer. It is impossible to tell whetherthehighsurface concentrations predicted by the

IV method are truly present, as SIMS cannot measure the surface concentration. The sim

ulated surface concentration is mainly due to very low energy ions implanted during the

fall time of the implant bias. It is also possible that many of these low energy ions were

reflected or contributed to the surface etching rather thanbeing implanted.

The boron profile shapes, however, are fit very well by the IV profile in all three

cases, predicting the high concentrations near the surface and the rapidity of the dopant

fall-off. The shapeof the fluorine profiles is fit well for the 5 kV cases, although the con

centrations are off by more than a factor of two in places. This error in concentration is

comparable to the uncertainty in the SIMS concentration calibration. The boron doses
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from IV vary from the SIMS doses by the factors listed in Table4-3. The dose error reflects

errors in the secondary electron yield function, theetch rates used,andthe ionspecies dis

tribution. In these examples, it is shown the IV method can beusedto generate per-pulse

profiles that can be used to predict absolute doses in PIII within a factor of 2. With better

SIMS concentration calibration, this factor can be reduced.

Sample SIMS dose(cm"2) IV dose(cm"2) ratio (SIMS/IV)

5kV,5kHz 2.2 x 1010 3.2 xlO10 0.69

5 kV, 2.5 kHz 3.0 xlO10 3.1 x 1010 0.97

lkV,5kHz 1.8 xlO9 1.6 xlO9 1.13

Table 4-3. Dose from SIMS and IV per-pulse profiles, excluding top 5 nm

4.6 Using per-pulse profiles for dose prediction

During PIII implantation in the presence of etching, a steady statecondition will

developwhere the dopantetched awayisbalanced by the dopantimplanted. The IV-gen-

erated per-pulse profile developed in thischapter isuseful for predicting the as-implanted

dose and profile, as it requires no assumption about the shape of the per-pulse profile. It

can predict the profile shape, dose, and profile changes due to changes in the implanter

current or voltage waveform. The data needed for these predictions are the current and

voltage waveforms, etch rate, and the ion speciesdistribution.

Figure 4-12 and 4-13 show how the IV profiles can be useful for choosing the best

implant parameters for a run, by determining the dose saturation behavior under a

number of different PIII conditions. To construct these figures, the IV per-pulse profiles

from Figs. 4-9 to 4-11 have been multiplied by matrices containing the information on

implant time, etch rate and pulse frequency, as described in Equation 4-9, to yield final

concentration profiles. The dose saturates after a steady-state condition of implantation

and removal is reached. Figure 4-12 shows the dependence of dopant saturation on the

implant energy. This graph takes into account the actual measured etch ratesduring 1 kV

and 5 kV implantation at 5 kHz. The graph shows clearly that the dose in the 1 kV case

reaches its saturation value faster, in about 30 s. The saturation behavior here is due to the

differences in profile. Saturation occurs more quickly when the dose is located nearerthe

surface. Also shown is the maximum dose possible at each condition. The 1 kV implant

can deliver amaximum dose of4x1015 cm"2, in 30 s, but the 5 kV implant delivers a dose
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Figure 4-12. Dependence ofdopant saturation on implant energy
Dependence of dose saturation on implant energy in 5 kHz BF3 PIII. Generated
using IV per-pulse profiles from Figure 4-9 and Figure4-11, and measured etch
rates for 5 kHz, 1 and 5 kV implantation. Dose saturates faster and at lower dose
for lower energy implant, when dopant is closerto Si interface.

over 2x10 cm"z when it saturates in about 60 s. Both of these doses are in excess of what

is typically needed for a ULSI source/drain implant. Using the 5 kV, 5 kHz implant, a

worst-case shallow junction dose of 5xl015 cm"2 can be achieved in a 10 seconds. In this

short time, less than 13 Angstroms of Si will be lost due toetching, evenat thehighest Si

etch rates reported here.

Figure 4-13 shows the dependence of the dose saturation on implant pulse fre

quency. Since the dose implanted per time increases proportionally to the frequency, but

the etch rate only increases a factor of2as frequency increases a factor of 10, using higher

frequency is an effectiveway to increase the incorporated dose in the substrate. The time

required for saturation depends more on the profile than on the etch rate, so the dose sat

uration is reached in about one minute for all frequencies. From this figure, the time to

reach 5xl015 cm'2 for the 2.5 kHz case is twice as long the 5kHz case. Taking into account
the smaller etch rate of Si at 2.5 kHz, the Si loss is approximately the same for each, less

than 13Angstroms. This etching loss should not cause a problem in ULSI devices, as it is

comparable to Si loss during cleaning processes.

Modeling of PIII plasma currents has shownthat it takes milliseconds for equilib

rium to be re-established after the implant pulse ends, for typical plasma conditions [4.8].

This means that if the pulsing frequency istoo high, positive charges deposited onthesur

face by the implanting ions maynotbetotally neutralized by plasma electrons before the
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Figure 4-13. Dependence ofdopant saturation onimplant frequency
Dependence of dose saturation of 5 kV BF3 PIII on pulse frequency. Generated
using IV per-pulse profilesand measured etch rates for 5 kV, 0.5-5 kHz implanta
tion. Time required for dopant saturation not a strong function of etch rate. Since
etch rate does not increase as fast as dose rate does with increasing frequency,
higher frequency can still be used to increase dose incorporated.

next implant pulse begins. Although individual implant pulses may only deposit enough

charge on the surface to change the surface potential by a fraction of a volt, over a series

of pulses, a potential large enough to causeoxide damage may develop. If the pulsing fre

quency is too high, the charge built up on the surface can become large enough that the

oxide breakdown field will be exceeded. So although using higher implant pulse fre

quency is useful for increasing the dose rate and reducing the total amount of substrate

etching, the frequency must be kept low enough to protect thin oxides on the wafer. Fora

4xl010 cm"3 Ar plasma implant using a2jis implant pulse with infinitely fast fall time, the
maximum frequency that should be used is 20 kHz. The peak frequency that can be used

without oxide breakdown may be increased by lowering the pulse on time, lowering the

pulse fall time, or changing plasma conditions. These same steps will lead to lower etch

rates and lower energy spread in the implanted ions.

4.7 Conclusions

Implanter current and voltage waveforms can be used to construct implant pro

files for single-species plasma immersion ion implantation. The ion species distribution in

multiple-species implantation can be found by comparing constructed per-pulse profiles

with SIMS profile data. Once the ion species distribution is known, per-pulse profiles can
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be generated for various implantation conditions and can be used to project the depen

dence of implant profile and dose on other process parameters, like implant time, sub

strate etch rate, and frequency. By monitoring and tailoring the implant biaswaveforms,

the plasma implant profiles can be predicted, controlled, and optimized for specific

implant applications.
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5 Shallow junction fabrication with PIII

5.1 Introduction

Shallow semiconductor doping with PIIIwas first reported by Mizuno in 1987[5.1,

5.2]. That process used an ECR plasma source with 5% I^H^ in He to generate ions, and

an RFbias to effect an implant energy of 700eV for p-type doping. The U.C. Berkeley reac

tor was constructed in 1988 for impurity gettering implants [5.3], and the first shallow

junction doping using BF3 source gas was reported in 1990 [5.4-5.6]. Since then, p-type

shallow junction doping by PIII has been achieved on prototype systems at a number of

companies and universities [5.7-5.23]. The work of Felch et al has produced the shallowest

p+n junctionsmade with PIII, using a 1 kV implant in a BF3 plasma,and a two-step rapid

thermal annealing cycle of 5 s at 800°C and 10s at 1050°C [5.15,5.16]. Spreading resistance

analysis of the profiles shows a peak activation near 1020 cm"3 and junction depth of 50-55
nm atbackground doping 1018 cm"3.

This chapter evaluates the use of PIII as a replacement for conventional ion implan

tation for shallow junction formation. Properties of p+ implants and p+ junctions made in

the U.C. Berkeley PIII reactor are studied. The results are compared to a number of con

ventional BF2+ implanted samples and BF3 Plll-implanted samples prepared by off-

campus vendors.

5.2 Effect of PIII substrate bias on as-implanted profiles

5.2.1 As-implanted profiles

Boron implant profiles from BF3 PIII performed with a 900 W power, 1.5 mTorr

pressure, and 220 A magnet current plasma are shown in Figure 5-1. The implants were

done with 1 kV and 5 kV bias at a repetition rate of 5 kHz. SIMSanalysis was performed

with a 2 keV primary 02+ beam at 64° to the normal. The 02+ primary beam is used
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°Leff 50 100
Depth (nm)

150

Figure 5-1. UCB PIII implant profiles at 1 kV and 5 kV
Si implanted by lkV and 5kV, 5 kHz BF3 PIII, at 900W, 1.5 mTorr pressure. The
effective characteristic length of the implant, L^, isdefined as the point atwhich
the concentration falls to 1/e of its peak value.

because the secondary B+ concentration is higher when the surface matrix is SiC>2, not Si.

An 02+ beamand O2 bleed are used to convert the surface to Si02 for accurate SIMS mea

surement. Inaddition to having a higherdose, the 5 kV profile shows a dopant concentra

tion an order of magnitude higher than the 1 kV implant as deep as 65nm. If the source of

the B dopant were a surfacedeposition layer, the dopant concentrationswould not be this

high so deep in the wafer, sinceSIMSion mixing for the samples measured here should be

less than 19 Angstroms(AppendixC). This showsthat the dopant is implanted,not just

deposited on the surface. As described in the previous chapter, the features of the implant

profile are caused by the implanter current-voltage waveforms, and the simultaneous

implantation of multiple ion species.

Most PIII systems in use are prototypemachines for which quantitativecorrelation

of depth and substrate bias have notbeen shown. Most published PIII implantation pro

files closely resemble the exponential curve in Figure 5-1 before annealing. It is therefore

proposed to characterize implants by a parameter L^ L^ is defined in Figure 5-1 as the

exponential fall-off parameter, the depth at which the dopant concentration falls to 1/e of

its maximum value. The depths at which these profiles fall to 1/e of their peak concentra

tions are 13 A for 1kV, and 43 A for 5kV. Figure 5-2 shows a plot ofLejj for anumber of
groups performing boron implants with different plasma sources and source gases. The

correlation is quitegood, showing amarked relation of thewaferbias voltage to the effec-
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tive depth of the implant profile, which was measured by secondary ion mass spectrome

try (SIMS) in each experiment.
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Figure 5-2. Application ofexponential PIII model to other PIII groups
Leff values for different plasma doping groups showing a good correlation

between Leff measured from SIMS data and the reported implant bias voltage.
Data from Refs. [5.15,5.6-5.11,5.19,5.24].

5.2.2 As-implanted dose

Since the highest current occurs when the sheath is first formed, and the sheath

width increases with increasing applied bias, the dose per pulse is expected to increase

with bias as well. The ion current before the sheath reaches a steady-state thickness is

related to the maximum sheath width and the velocity of the sheath edge as it expands.

Bothof these are larger when a higher bias is applied. With a larger bias, a larger volume

of ions are uncovered as the sheath forms. If the pulse and fall time are short, these ions

implanted as the sheath expands may be a larger fraction of the total dose than ions that

diffuse to the sheath edge and become accelerated. The PIII implant models given in

Chapter 2 describe the ion current during a PIII pulse in a low-pressure, collisionless

plasma as

ds V

s
dt

3/2

r
(5-1)

where Kis a constant, n0 is the ion density, V is the applied bias, and s is the sheath thick

ness. Ug is the Bohm velocity, which is constant. In steady state, the ion current will be con-
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stant, and depend only on the ion density, /,- =qn0uB. However, since steady state takes

many microseconds to beestablished, almost as long as the period of the implant pulse,

most of the dopant is introduced in the transient stage. Using Equation 5-1, the total
charge implanted is

!,oi = j h-dt =Qf(. +qn0(sfinarsinUial) . (5-2)
putee

The contribution due to ions diffusing to the sheath edge from the bulk plasma is the
steady state component Qss =qn0uBtp, where tp is the pulse length. The charge due to the
transient current component is Qtmns =qn^nal if the initial sheath width is comparatively

small. The functionality ofQtrmis is found from Equation 5-1 by setting ds/dt to zero, as the

maximum sheath width is attained at the end of the transient:

Ifthetotal implanter current isgiven bythe sum ofion current and secondary electron cur

rent, then Jtot =Jj+J$e =lj(l+y). The total charge drawn by the implanter during a pulse is

then Qtot=Qtmns(l+y) when Qtr(WS»Qss, during a short pulse. As yalso has bias voltage
dependence, y «= v05, the functionality of the integrated charge dose of the implanter
should be

1/2 175/4Qtot~yQtrans = K3 •„;" •V*'" (5-4)

for 7»1. This functionality is seen in measurements of the total charge per pulse drawn

from theimplanter in Figure 5-3, which show asuper-linear dependence onsubstrate bias,

12 3 4 5 6
Substrate Bias (kV)

Figure 5-3. Pill integrated implanter charge dose per pulse
BF3 PHI at 1 mTorr pressurewith 125 A magnetcurrent.
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and a sub-linear dependence on the plasma power, which is related to ion density. The

actual ion dose per pulse can only be found by separating the secondary electron current

from the ion current, a method for which was discussed in Chapter 4. The total ion dose

per pulse is plotted versus substrate bias in Figure 5-4. According to the dosimetry work

in Chapter 4, approximately 92.5% of the ions implanted contain B. The expected sub-

linear dependence of ion dose versus substrate bias can be seen in this data.

12 3 4 5

Implant bias (kV)

Figure 5-4. Total ion implant dose perpulse for BF$ PIII pulses
BF3 PIII at 1.5 mTorr pressure, 900 W power, 220 A magnet current. Dose values
found by measuring total ion current and eliminating secondary electron compo
nent as in Chapter 4. Boron dose per pulse is approximately 92.5% of the total.

5.2.3 Dose saturation

As described in the previous chapter, the dose in Si will saturate after about one

minute of implantation, as dopant introduction and removal due to etching reach a

steady-state. The expected and measured saturation doses are shown in Figure 5-5. The

saturation doses measured by SIMS are 1.4xl016 cm"2 for 5 kV and 3xl015 cm"2 for 1 kV,

with a pulse repetition rate of 5 kHz. A combination of two effects makes the 5kV satura

tion dose higher: first, less dopant is lost to surface etching because the peak ion energy is

higher and the profile is deeper. Second, the dose is higher because a higher dose of ions

is implanted during the transient portion of the implant pulse (higher Quarts)- The satura

tion doses for the implant conditions in Figure 5-5are large enough for MOSFET source/

drain implants, and can be reached in less than 60s implant time. The saturation dose can

be raised by using plasma conditions with slower etch rates, higher implant bias voltage,

or higher frequency.
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Figure 5-5. Dependence ofdose saturation on substrate bias
BF3 PIII implants at 1 kV and 5 kV with 900W, 1.5 mTorr pressure BF3 plasma.
Implanted for 10 min. to reach saturation dose. Solid lines are dose saturation lev
els calculated from implanter IV waveforms using measured Si etch rates. Stars
(5kV) and cross(lkV) are integrated doses measured by SIMS.

5.3 Effect of implant pulse frequency on incorporated dose

Figure 5-5 predicts that higher frequency implantation will increase the incorpo

rated dose. However, since both dose rate and etch rate increase with increasing ion fre

quency, the etch rate must be checked to confirm that a net dose gain will result. A 20%

increase in dose between the 5 kV, 2.5 kHz and 5 kHz implants is expected from the sim

ulation,but cannot be resolved by the SIMS measurement. Figure 5-6 shows the estimated

throughput of PIII for frequencies abovethosemeasured in the UCB system. The BF3 PIII

etching rates measured at 0-5 kHz are extrapolated to estimate etch rates for 10 kHz and

above. Above 10 kHz, about 3seconds isrequired toreach a5xl015cm"2 dose for 5kV. For

this energy, a repetition rate above 10 kHz need not be used. A higher repetition rate

implant will require approximately the same time, but will attack the Si surface faster. For

1kV implants, the highest possible repetition rate isrequired toapproach the 5xl015cm"2

dose mark. To do alow dose implant, below 1015 cm"2, at these dose rates only a fraction
of a second of implantation is needed. Sheet resistancemeasurements of the 1 kV and 5 kV

BF3 samples after 1060°C, 20 s RTA annealing in nitrogen confirm that the effect of the

pulse frequency on incorporated saturation dose is slight (Figure5-7).
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Figure 5-6. PHI throughput dependence on implant bias and frequency
Simulated time to reach 5x10lD cm"2 incorporated dose using measured etch rates
for low frequencies and estimated etch rates for frequencies above 5 kHz. Per-
pulse profiles generated from implanter IV waveforms used to predict behavior.
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Figure 5-7. Variation inactive dose with implant frequency
Measured sheet resistance values for UCB PIII samples implanted at varying
energies and frequencies. Implantation done for 10 min. to reach saturation dose.
Samples annealed at 1060°C for 20 s.

5.4 Effect of substrate bias on annealed profiles

With an eye toward meeting the predicted targetof 10-45 nm junction depth for0.1

Hm VLSI devices, the junction depths of Pill-formeddiodes at abackground concentration

of 1010 cnV° madeby different groups are shownin Figure 5-8. A correlation betweenjunc

tion depth and implantation voltage is apparent, even though the data come from three

different junction profiling methods. The spread of the data is due mostly to variation in
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Figure 5-8. Correlation ofjunction depth after annealing tosubstrate bias
Junction depth defined at background (NB) doping level 1018 cm'3. Data from
Refs. [5.6,5.7,5.9-5.11,5.15,5.16-5.18].

annealing cycles. The trend recommends the use ofimplant energies as low aspossible for

shallow junction formation, regardless ofannealing cycle and whetherpreamorphization

is used.

5.4.1 Junction depth

Spreading resistance profiles are shown inFigure 5-9 for shallow junction samples

implanted with BF3 PIII at lkV and 5 kV and annealed identically, at 800°C for 20 s and

thenat 1000°C for 20 s. The deeper junction depth for the5kV implanted sample iscaused

bya number offactors. First is the higher dose ofdopant in the 5 kV sample. The samples

were implanted for 10 minutes, and each has reached the saturation dose, which is a func

tion ofsubstrate bias. The 5 kV sample has a dose 4.7 times higher than the1 kV sample,

and its as-implanted tail region extends about 50 nm deeper than the 1 kV sample, as

shownin Figure 5-1. As85% ofthe implanted species are BF2+, bothofthe implants areat

high enough dose to cause amorphization of the substrate. As discussed in Section1.3.1.2,

transient enhanced diffusion isa function oftheamount ofsubstrate damage presentafter

implantation, which can be expected to be sizable under the amorphous layer of these

high-dose implants. This damage is a function of the implant energy and dose, and is

expected to be more severe in the 5 kV case.
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Figure 5-9. SRPjunction depth dependence onsubstrate bias at saturation dose
Samples implanted at UCB with 1 kV and 5 kV BF3 PIII to saturation dose.
Annealed in two steps: 20 s at 800°C, and 20 s at 1000°C. Profiles measured by
spreading resistance.

5.5 Effect of surface cleaning after PIII

As described in Section 5.2.1, a shallow dopant profile may be observed by SIMS

whether the dopant was implanted at low energy or deposited on the surface. During low-

power, low-frequency implantation, a B and Fcontaining film may deposit on the wafer

[5.25]. Films may also occur when the chamber has been contaminated with water. It is

important to avoid deposition, as it can lead to reproducibility problems. The dose in Si

after annealing is then a function of how the wafer is cleaned before annealing. Figure 5-

10 shows this effect for 1 kV and 5 kV BF3 PIII implanted wafers implanted by Vendor A

and cleaned in by different procedures before annealing. Vendor A has a PIII chamber

with an ICP ion source which operates at a nominal condition of 0.8 mTorr, 350-500W RF

power. This system uses 4 us pulses with frequency up to 12.5 kHz. In Figure 5-10,either

a de-ionized water rinse ornormally non-SiattackingHF dip affect the resistivity. Hydrof

luoric (HF) acid has been reported to etch heavily n+ doped poly-Si at an extremely low

rate of 0.7 nm/min., so the dopant removed in this short 10 second dip is more likely in

the form of a deposited layer or B-Si alloy. Wafers that arecleaned in sulfuric acid/perox

ide and then HF dipped lose a greater deal of dose, as this clean oxidizes and removes

about the top 4 nm of Si. The resistivity of the 5 kV wafer increases sharply after HF dip

but is the same for sulfuric acid oxidation plus HF dip. This indicatesa surface film on this

wafer, which is removed in an HF dip oracidclean. The deep H2SO4/H2O2 cleandoes not
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change the resistivity from the HF case because the projected range of B implantedas a 5

kV BF2+ ion is more than 5nm, and so most of the implanted dopant is deeper than the

etch can reach.The dopant in the 1 kV case is much closer to the surface than 4 nm, so the

dose is more seriously affected by the sulfuric acid clean.

A commonly used alternative to the H2SO4/H2O2 clean for removing residual

organic material is an oxygen plasma scourge at 300W for 2.5 minutes. The effect of the

plasma cleaning process on dopant retention is shown in Figure 5-11. This figure com

pares the sheetresistance of aconventionaUy implanted sample,a sample from Vendor A,
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and a UCB PIII sample, all implanted at approximately the same dose and substrate bias.

With no cleaning or just a DI rinse, the three samples show approximatelythe same sheet

resistance. With an HF dip or O2 plasma clean, the resistivityof the conventionalimplant

does not change.The UCBsample, which is implanted in a etching plasma condition and

has little surface deposition, loses a small amount of dose. The Vendor A sample loses

more. This indicates that the Vendor A sample either has more surface deposition or a

lower effective energy of implant. For the samplewith lower dose, the variations in dose

retention with cleaning are more pronounced.

5.6 Effect of annealing conditions

The main factor determining the final junction depth is the anneal sequence.

Choosingan annealing sequence for ultra-shallow junctions implanted by PIII must take

into account the considerations of activation, damage removal, and junction movement.

The first two require a significant thermal budget, and a shallowjunction depth requires

a minimal one. The doses implanted by PIII aretypically above the amorphization thresh

old, so the annealing cycle for the Plll-implanted junctions must be sufficient to dissolve

end-of-range (EOR) defects which are formed when the supersaturated concentrationsof

Si self-interstitialsbelow the amorphous/crystalline interface collapseinto extrinsic dislo

cation loops. The annealingbehavior of the defects depends on the annealingambient, the

defect concentration,the surface proximity, stressat wafer pattern edges, and the concen

tration of contaminants in the Si [5.26]. Contaminants like O and Fhave been reported to

pin EOR defects, making them harder to anneal out (see Section 5.8). Elimination of these

defects is especiallyimportant for ultra-shallow junctions, for which thepwjunctiondeple

tion region may be only a few hundred angstroms from the EOR defect sites. The defects

are likely sources of deep-level generation centersthat will increase the leakagecurrent of

junctions. According to Figure 1-10, the advantage of PIII implanted junctions is their sur

face proximity. The time needed for complete defectannealingdecreases when the defects

are close to the surface, which can act as a sink for the excess interstitials [5.27,5.28].

As mentioned in Section 1.3.1.2, increasingthe dose rate to get deeper amorphiza

tion during implant and utilizing two-step annealing profiles are two ways that small

decreases in junction depth can be achieved using conventional implantation. With PIII,

the dose ratesarealready much higherthan conventionalimplantation.The following sec-
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tions show effects of one- and two-step annealing on implant resistivity and junction

depth.

5.6.1 One-step annealing

Junction properties with annealing are studied by sheet resistance and spreading

resistance measurements. Figure 5-12 shows the sheet resistance of samples annealed for

20 s at varying temperatures. For 5 kV, the difference between annealing at 1000°C and

1060°C is small, but for 1 kV samples, 1060° C is needed to minimize the resistance. For

both samples, the active dose after annealing at 1100°C is shown to be smaller than after

1060°C Thiscould be due to some dopant evaporation from the near-surface layers at the

elevated temperature, but ismorelikely due togettering of the dopant in electrically inac

tive Bprecipitates near the implant peak. Bprecipitation has been shown to occur in con-

800 900 1000 1100

Anneal temperature (°C)

Figure 5-12. Isochronal annealing ofBF$ PIII implants
Annealing for 20 s in nitrogen. Samples implanted by Vendor A with BF3 PIII at
dose 3.5xl015 cm"2. RF plasma power 350-500W, pulsing at12.5kHz.

ventionally implanted samples in which the dopant exceeds the solubility limit (0.8-

1.7xl020 cm"3 at1000°C) [5.26]. Precipitation is more likely for higher temperature anneal
ing, for higher implant doses, and in samples which have been amorphized. Figure 5-13

shows isothermal annealing of samples implanted at 4 kV and annealed at 1000-1050°C.

1050°C is more effective for activating dopant. Dopant activation increases only slowly

after the first few seconds. Since increasing the anneal time from 10 to 20 seconds only

slightly improves the sheet resistance for 1000°C and may degrade it at 1050°C, using an
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plasma, for 30-60 s. Rapid thermal annealing in N2.
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Figure 5-14. Variation in junction depth with anneal temperature
Samples implanted with lkV BF3 PIII at 3xl015cm*2 dose atUCB. Implantation in
900W, 1.5mTorr plasma. Annealed in nitrogen RTA.

anneal of 8-10 seconds is preferred to minimize diffusion. Two-second annealing is not

enough to ensure sheet resistance below 200Q/sq.

Spreading resistance profiles areshown in Figure 5-14for 1kV BF3 implanted sam

ples that are annealed for 20 s at 1000°C or 10 s at 1050°C The short 1050°Canneal causes

higher activation and larger dopant movement than the longer anneal at lower tempera

ture, as expected from the sheet resistance data. The drop in the hole concentration near

the surface is caused by an increase in the measured sheet resistance of the samples, and
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maybe due to Bprecipitation in the area of the implant peak. Transient enhanced diffu

sion below the 1019 cm"3 level, high concentration enhanced diffusion, and increased acti
vation at 1050°C are seen to make the profile more uniform without increasing the junction

depthbymuch. The junction depth at background concentration of1017 cm"3 is90 nm for

the 10s 1050°C anneal, and 84 nm for thesample annealed at 1000°C for 20s.

5.6.2 Two-step annealing

Two-step annealing has been reported for both PIII andconventional implant pro
files, withimprovements injunction depth up to10 nm. An RTA pre-anneal at 750-800°C

[5.11] or furnace pre-anneal at 600°C for 30 min. have been explored [5.29]. These works

postulated that thepre-anneal cycle allows some movement and recombination ofpoint-

defects at a temperature too low for dopant diffusion. In this work, a pre-anneal cycle of

800°C for 20 swasused to test the application oftwo-step annealing to thePIII samples. It

was shown in Figure 5-12 that the 800°C anneal only causes a small amount of activation

of the dopant. Figure5-15 shows the effect of the two-step anneal on sheet resistance. In

all cases, the use ofa pre-anneal reduces thesheet resistance, in mostcases, by 100 ft/sq.

For both 1 kV and 5 kV, the pre-anneal reduces the resistance after a 1000°C anneal to a

value comparable to the value after a 1050°C one-step anneal.

One-step

With 800°C, 20 s
pre-anneal

1000°C,10s 1000°C, 20 s 1050°C, 10 s
RTA CYCLE

Figure 5-15. Effect of two-step anneal onsheet resistance
Samples implanted with 1kV and 5 kV BF3 PIII by Vendor A. Dose=3.5xl015cm"2.

SRP profiles are shown in Figure5-16 for the 1000°C one-step and two-step

annealed samples. The profiles show that the two-step anneal cycledoes yield a shallower

junction for these implant conditions. The pre-annealedjunction has a depth of 50-60 nm
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Figure 5-16. Variation injunction depth with two-step anneal
Spreading resistance profiling of samples implanted with 1 kV BF3 PIII at
3xl015cm"2 dose at UCB. Implantation in 900W, 1.5 mTorr plasma. Annealed in
nitrogen RTA for a) 20 s at 1000°C, and b) 20 s at 800°C and 20 s at 1000°C The
two profiles for the two-step annealed sample were provided by different spread
ing resistance vendors.

at abackground concentration of1017 cm"3,24-34 nmshallower than the sample annealed

in a 1000°C cycle only. No sign of precipitation is seen, and the dopant activation is high

almost all the way to the surface. The small dip in the carrier concentration near the surface

of the two-step samples can be attributed to spreading resistance surface effects. It is clear

from Figure 5-16 that transient enhanced diffusion is drastically reduced in two-step

annealing of these samples. According to Figure 1-10, a 10s 800°C anneal cycle can remove

EOR damage 8 nm deep from BF2+ implants. If EOR loops were to form in the 1 kV PIII

samples, they would be slightly deeper than the projected range of most of the dopant in

the PIII samples. The dopant in the 1 kV PIII samples should be closer to the surface than

the projected range ofa1kV nB+ ion, which is about 5nm. This means that the 800°C pre-

annealcycle is likely sufficient for the EOR loops to dissolve and forthe excess interstitials

to migrate to the Si surface. When the high temperature anneal step begins, the interstitial

concentrations are low, and the diffusion transient is minimal, leading to a significantly

shallower junction. This improvement in the junction depth after annealing is due to the

shallowness of the implanted dopant and the length of the pre-anneal. If the pre-anneal

were shorter or the implant deeper, the 800°C cycle might not be sufficient to remove the

implant damage.
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5.7 Effect of machinery

As described inChapter 4, the as-implanted distribution of dopant isa function of

the implant waveforms, ion species and density inthe plasma, collisionality inthe plasma,

and substrate etching rates. Allthese parameters vary from system to system, asdifferent

plasma sources, reactor geometry, operating conditions, and pulsers may be used.

Figure 5-17 shows 5 kV as-implanted BF3 PIII profiles from three different reactors. The

integrated dose of these profiles hasbeen normalized to 2.6xl015 cm"2 to show the differ

ences in the profile shapes. The Vendor A sample is implanted in a ICP ion source with

pulsewidth of 4 us, gas pressure of 0.8 mTorrand repetition rate of 12.5 kHz. The Vendor

A profile is similar in shape to the UCB profile, which was implanted in ECR plasma at

pressure around 2 mTorr using 1 us pulses and a repetition rate of 5 kHz. As described
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Figure 5-17. Comparison ofas-implanted profiles from different Pill apparatuses
SIMS profiles of B implanted by 5 kV BF3 PIII at UCB,Vendor B [5.10]and Vendor
A. Dose normalized to 2.6xlOl5 cm"2 for Vendor Asample. UCB profile generated
from per-pulse profile extracted from SIMS data of 5kV, 5kHz BF3 PIII implantat
1016 cm"2 dose.

previously, the UCB profile is influenced by a long pulse fall time causing a low mean

implant energy and 85% BF2+ implant species. The Vendor Bsample is implanted ina PIII

reactor with a dc plasma source with gas pressure of 1 mTorr, using 20us pulses with 1
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kHz repetition rate. This profile indicates that the implantedboron in the Vendor Bsystem

have either higher peak implant energy, a greater fraction of high energy components,

lower collisionality, or a greater fraction of B+ ion species than the other two. The 20 us

long implant pulse probably raises the mean energy of the implant. Collisional effects are

not expected at the relatively low pressures used in these systems.

5.8 Effect of fluorine

Use of BF2+ conventional implantation orBF3 PIII results inhighconcentrations of

Fin the substrate. As Fis has very low solubility in the Si lattice, a high fluorine concen

tration can cause defects in the Si during annealing. Two kinds of defects have been

observed. One type occursduring SPE regrowthof the amorphized surfaceduring anneal

ing. The SPE proceeds from the amorphous/crystalline (a/c) interface and proceeds

toward the surface. As F cannot be incorporated in the lattice due to low solubility, it is

pushed up into the remaining ex-Si. When the concentrationof Fin the oc-Si grows too high,

the Fmay precipitate.This can causestackingerrors in the growing layer and local "bub

bles" of trapped F. These F precipitates usually occur near the projected range of the

implant. Fwhich is implanted below the a/c interfacemay be gettered by the EOR range

loops as they form [5.30].

Figure 5-18 shows the as-implanted F position (a - c) and F movement during

annealing (d - f) in samples implanted by BF3 PIII from 5-20 kV. All samples show a B sur

face peak afterannealing, due to SIMS artifacts, some surface deposition, or precipitation.

For samples implanted below 20 kV, the 20sec, 1000°C annealingcycle used is sufficient

for all Fto diffuse out of the substrate. After annealing, the Fconcentrations arebelow the

SIMSdetection limit. The effect of Fcan onlybe seenin the 20kV BF3 PIII implant, where

a second, sub-surface B and F peak develop during annealing. This peak is located about

30nm deep. As the projected range for a Batom implanted as BF2+ is about 16nm and the

range of a Fatom from BF2+ is 18 nm, this is likely the location of the EOR defects. It can

be plainly seen that Fis gettered at these sites.The EORloops may be harder to anneal out

in this sample because they are larger, due to the higher damage done by a higher energy

implant, or because the Fat the EOR sites pins the defects, making them even more diffi

cult to dissolve.

As Fsupersaturation in an implanted sample cancauseextended defects or defects

that affect the effective diffusivity of B, it is preferable to implant at as low an energy as
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possible when a high implant dose is needed. When a BF3 PIII implant is done below 10

kV, the Fdiffuses out of the Sientirely in a 1000°C, 20s RTA cycle,and there is no observed

impact of the F on the dopant profile.

5.9 PIII vs. conventional implantation

For very low energy implantation, conventional implantationexhibits many of the

complications that are perceived as problems in PIII implantation. Low-energy conven

tional implant beams often contain a significant fraction of energy contamination and

metallic contamination, and exhibit non-uniformity due to beam broadening. Figure 5-19

isacomparison of implant profiles from 5kV BF3 PIII and5keV conventional BF2+ implan

tation from [5.31]. Since a low-energy conventional implant profile at the same high PIII

dose was not available, the PIII concentrations are normalized to the same dose using an
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Figure 5-19. Comparison ofPIII and conventional implant profiles at 5 kV
Conventional BF2+ implant profiles from 7xl013cm"2 and 5xl014 cm'2 implants
[5.31]. PIII profiles calculated from per-pulse profile extracted from 5kV, 5kHz,
1.4xl016 cm"2 dose BF3 PIII.

extracted per-pulse profile. The comparison is not perfect, as the PIII profile is based on

1016 cm"2 implantation, which is far above the necessary dose for amorphization. For the
conventional implant profiles, the 7xl013cm'2 dose is well below the amorphization

threshold and 5x1014 is the threshold dose. It can be seen that the tail region ofthe conven
tional profiles does not change appreciably as the dose is raised to5xl014 cm"2. For higher

dose, the tail profile of the conventional implant should not change further. The implant
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tail regions intheconventional and PIII profiles match in the5xl014 cm"2 case, soit can be

inferred that the small fraction of B+ ion species that exist in the BF3 PIII plasma does not

make the profile deeper than a5keV conventional BF2+ implant. From 8-36 nm in depth,

the PIII profile has a lower concentration. This is because of the high surface concentra

tions measured for thePIII sample, which maynotbeprecise. Asmentioned, these profiles

were normalized to the same dose, and so the high surface peak seen by SIMS may skew

theprofiles. In anycase, as the dose increases, the conventional implant profile looks more

like the PIII implant profile.

Profiles for conventional BF2+ and BF3 PIII implants atlkV are shown inFigure 5-

20. These are as-measured, un-normalized SIMS plots. The conventional implant was

done to adose of1015cm"2, and the PIII implant was done to the saturation dose. From the
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Figure 5-20. Comparison ofPIII and conventional implant profiles at 1kV
PIII sample implanted by 1 kV UCB BF3 PIII, 900W, 1.5 mTorr, to saturation dose,
measured by SIMS at 3.11xl015cm"2. Conventional implant is 1kV BrV implanted
to expected dose 1015cm'2 [5.32]. SIMS measures dose at 3.7xl015cm"*.

integrated SIMS data, the doses are estimated at 3.1xl015 cm"2 for PIII and 3.7xl015 cm"2

for the conventional implant. As the SIMS data was provided by the same vendor, the

SIMS dose errors should be reproducible (± 5%), and soit isvalid to compare the charac

teristics of the profiles, especially in thetail regions. IfSIMS hadnotbeenprovided by the

samevendor it would be difficult to comparethe profiles, asmost of the dose is contained

within the first few tens of Angstroms, where the SIMS measurement is in its transient

stage, andconcentration conversion factors are notreliable. As shownin Figure 5-21, more
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Figure 5-21. Proximity ofdopant to surface in 1 kV implantation
More than 90% of dopant in Figure 5-20 is located within 4 nm of Si surface for
both conventional and PHI implant.

than 93%of the conventionally implanted dopant is locatedwithin 4 nm of the surface; for

PIII, 91% ofthe dopant isin this region. Below 10 nm, there is less than 5x1013 cm"2 dopant
present in both samples. The implant profiles look very similar in the top 20nm, especially

between 10-20 nm in depth where the dose conversions should be consistent forboth sam

ples. From 20-50 nm in depth, the conventional profile has a higher concentration, which

may be due to B channeling or neutral contamination of the implanting ion beam. This

component may be absent in the PIII implant because the higher dose rate causes faster

preamorphization and reduces channeling. PIII will not have any high energy contamina

tion, because the ions are extracted from the plasma by the implant bias. The shallowness

of the PIII profile is encouraging, given that 10% of the dopant implanted with PIII may

havebeenimplantedas B+ ionspecies. Apparently, evenwith the complexities ofmultiple

ion species implantation and waveform-dependent energy distribution, PIII produces a

profile which is very similar to the conventional implanter in this energy range.

5.10 Conclusion

The preceding sections show the ease of using PIII processing in place of conven

tional implantation for shallow junctions. Since the dose rate of PIII can be very high,

advantages seen for high dose-rate conventional implantation are seen for PIII. Dose rate

is increased by increasing plasma power or increasing implant substrate bias. As final

junction depth is tied to implant energy, low energy should be used. To maintain repro

ducibility of shallow PIII implant doses, it is important that surface deposition be avoided.
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This is done bycontrolling plasma parameters and performing the implant at high fre
quency, for atotal implant time ofafew seconds. Shallow junctions with electrical junction
depth of 50 nm and surface concentration above 2xl019 cm"3 can be made simply, by 1kV
implantation and two-step annealing at 800°C for 20s and 1000°C for 20s.
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/L Shallow junction formation with PIII
" using preamorphization

6.1 Introduction

Preamorphization is studied for two reasons: first, when dopant is implanted into

an amorphous layer, B channeling is suppressed. Second, the amorphous silicon is

regrown by solid phase epitaxy (SPE) during an annealing step. The SPE-regrown Si

should have fewer defects than Si implanted at a sub-amorphizing dose, so transient

enhanced diffusion should be lower in that layer. These effects have been observed in

many experiments: activated dopant in pre-amorphized and re-crystallized Si is usually

higher than theactivated fraction ofboron implanted into a crystalline silicon layer [6.1],

and many groups have reported shallower junctions using pre-amorphized Si. The chal

lenge of this project is to demonstrate the use of PIII for shallow junction preamorphiza

tion,and designa process flow for anultra-shallow P+/Njunction thatminimizes residual

damage in the Si and keeps it away from the metallurgical junction to achieve a leakage

current aslow asthe industry standard of 1nA/cm2.

6.2 Experiment

Shallow junctions are formed with PIII using a two-step implant: first, heavyions

(SiFx +(x=l-4), Si+ and F+) are implanted into the crystalline Si substrate using SiF4 PIII. A

dose on the order of 1015 cm"2 is sufficient to convert the Si surface to amorphous Si (a-Si)
with this implant. The SiF4 implants are done with a 300 W, 5 mTorr plasma, with etch

rates during pulsing around 1.2 nm/minute for oxide. In this chapter, SiF4 PIII is per

formed withbias voltages from 4-8kVand withpulse frequency 1-2 kHz. The implants

are done for 10 min. to reach the saturation dose. Boron is then implanted into the a-Si

with substrate bias1-5 kV. Dopant is implanted for 15 min. to reach the saturation dose

either with 5 kHz pulsing or DC implantation. The nominal BF3 plasma condition is 1
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mTorr, 650-750 W.TheSietchingrate at thiscondition is lower than the values cited at 1-

3mTorr, 900 WinChapter 3. The amorphous layer isrecrystallized and the dopant is acti
vated ina single rapid thermal annealing (RTA) cycle innitrogen.

Since amorphization can be caused by any of the species in the SiF4 PIII implant,
thedepth ofthe amorphous layer isrelated tothe projected range ofSi+ or F+ ions, which

penetrate the deepest. Projected range values from the simulator TRIM are listed in

Table 6-1 for the energies used in this experiment [6.2]. The amorphous layers are expected
tobeabout85 -150 A deep for the4-6kV SiF4 PIII. The 1-5 kV biasfor BF3 PIII ischosen

so that most of the dopant, which should be within Rp+ 2ARp of the surface, will be located
inside the amorphous layer. The majority of the dopant in a PIII implant shouldbe even

shallower than these values suggest since the multiple species present and theenergy dis

tribution ofthePIII implant introduce low energy components, asdescribed inChapter 4.

Implant

Energy

Si+ ion

Rp /Rp+2ARp
F+ion

Rp /Rp+2ARp
B+ion

Rp /Rp+2ARp
Bfrom BF2+

Rp /Rp+2ARp

IkeV 53 /131 A 19 / 49 A

2keV 52 / 112 A 62/138 A 91 / 217 A 32 / 82 A

4keV 85/177 A 105 / 225 A 162/368 A 49 /123 A

5keV 100 / 206 A 126 / 266 A 198/440 A 57 / 141 A

6keV 115 / 233 A 146 / 306 A 233 / 511 A 66 / 162 A

Table 6-1. Maximum possible range and straggle inAngstroms of
implanted ions in Si

6.3 Preamorphization Depth

Rutherford backscattering (RBS) channeling and transmissionelectronmicroscopy

were used to measure the depth of the amorphous layer created by SiF4 PIII. Channeling

results using a1.95 MeV 4He+ beam with 105° backscattering angle are shown for 4kV and
6 kVimplants in Figure 6-1. The peak at the right hand side is due to the a-Si layer. Using

the width of this peak, the amorphous layer thickness is calculated as 10 nm for 4kV, and

14nm for 6 kV SiF4 implantation. The small surface peak seen on a pristine Si wafer with

native oxide is about 4 nm, so the height and width of these peaks can be ascribed to dis

order caused by implantation. TEM micrographs confirm the amorphous layer thickness

for the 4 kVcase in Figure 6-2, where the lighter region at the top of the bright-fieldTEM
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Figure 6-1. RBS channeling spectrum ofSipreamorphized by SiF4 PIII

Figure 6-2. TEM micrograph ofa-Si layerformed by 4kV SiF4 PIII

micrograph isa 10nm layer ofa-Si. The transition between the amorphous and crystalline

regions is quite abrupt. The layer thicknessesmeasured from RBS channeling and TEM are

close to the projected range of 4 and 6 keV F+ ions shown in Table 6-1.

6.4 Incorporated dose

The sheet resistance of PHI-doped samples after 1060°C, 10 s annealing is higher

for the samples that have been preamorphized (Figure 6-3). The dose, ~(RsM.q)"1, has sim
ilarfunctional dependence onplasma power for preamorphized and non-preamorphized

samplesifmobility isassumed constant. The ratio ofactive dose in the twocases isapprox

imately2.3. Higher sheet resistance canbe causedby lower incorporated dose, lower acti

vation, shallower junctions, or lower mobility of carriers. The reduction in active

concentrationmay be due to lower retained dose in the preamorphized samplescaused by

a higher etching rate of the amorphous Si during BF3 PIII. Another possibility is that the

very high concentrations of Bnear the Si surface have formed precipitates. Precipitates

form at lower concentrations insamples that have been amorphized [6.3], and their pres

ence in the surface region can reduce the mobility of carriers.
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6.5 Annealed profiles

The preamorphized and BF3-implanted samples in Figure 6-4 are annealed at

1060°C for 10s. Spreading resistance (SRP) profiles show that the PIII two-step 5kV SiF4

PIII and 2 kV BF3 PIII implant creates a 100 nm junction (~ 75 nm at 1018 cm"3 concentra

tion),whereasdevices fabricated without the SiF4 preamorphization step aremore than 20

nm deeper. Figure 6-4 shows thateven a thin, 10 nm amorphous layeris useful for reduc

ing the junction depth with PIII, since the B implant peak is at the surface. Again, active

dopantconcentrations are lower in the preamorphized case, due to precipitation or lower

dopant incorporation in the substrate. Transient enhanced diffusion is observed to be the

main cause of the junction depth extending to 100 nm. In a sample with thin (10 nm)

preamorphization, this enhanced diffusion may be caused by incomplete containment of

the B in the a-Sibefore annealing, ormay be due to the smallend-of-range (EOR) defects

providing an insufficient sink for interstitials. The concentration of interstitials available

to enhance the diffusion becomes smaller as preamorphization energy and dose are

reduced [6.4].

Figure 6-5 summarizes the effectof a thickeramorphous layer reducing the junc

tion depth. The diodes which were implanted with ions from a SiF4 plasma at 7-8 kV and

in a BF$ plasma at 2 kV with implant doses 5xl014 to 1016/cm2 have junction depths of
77±10 nm after a 1060°C, 1-10 second rapid thermal anneal. This is likely due to thicker

amorphous layer containing a greater amount of the dopant. When the amorphous layer
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is thicker, the tail will extend a smaller distance beyond it. The fraction of the B which is

affected by the initial transient will be reduced.
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Figure 6-5. Variation in electrical junction depth withpreamorphization energy
Preamorphization by SiF4 Pill at varying substratebias,and BF3 implantation at 2
kV. Annealing at 1060°C for 10 s. Junction depth measured by spreading resis
tance profiling.
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6.6 Substrate Damage

Thethermalcycle used to activate dopantmust alsobe longenough to dissolve the

layerof end-of-range defects that forms underneath the amorphous-crystalline interface

when thewafer is heated. If incompletely removed, the end-of-range (EOR) defects may

actasdeep-level trapsin thepn junction depletion region. Extrinsic defects aremore likely

to form and are harder to remove in locations in the sample that are under stress, like

LOCOS oxide edges. The following studies were done to show that the 1060°C, 10 s

annealing cycle is long enough to remove all traces of the defects.

6.6.1 Channeling data

Figure 6-6 shows channeling data from samples implanted with SiF4 at 6 kVand/

or BF3 at 2 kV. Shallow angle channeling was performed with 1.95 MeV 4He+ ions with a

backscattering angle of105°. When implanted with BF3 only, an 8nm deep damage layer

is formed. Thedepth of the damage is sbghtly lowerthan the projected rangeofa 2 kV B+

ion, or the Rp+2ARp value for a Batom implanted asa BF2+ ion. The curve for implantation

600

SiF4 and BF3 Implant

SiF4 Implant

275 300 325 350

Channel

BF3 Implant

SiF4 + BF3
Implanted and
Annealed

Clean Si

375

Figure 6-6. Substrate damage with and without preamorphization
RBS channeling performed with 1.95 MeV 4He+ beam and 105° backscattering.
Scale is 3.8 keV per channel. SiF4 implants at 6 kV and BF3 implants at 2 kV
Annealing at 1060°Cfor 10s.

ofboth SiF4 and BF3 showsa damage profile identical to the SiF4-only case. Comparison

of the channeling spectra ofimplanted, annealed and unprocessed Si in Figure 6-6 shows

that the crystalline quality of the implanted sample is recovered afterannealing.
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The amount and depth of surface damage can be measured by integration of the

counts in the channelingsurface peaks. These numbersare compared to the nominal peak

size for a clean Si wafer in Figure 6-7. The size of the surface peak increases with the

implantationenergyand a-Si depth, but afterannealing, all sampleshave a peak compa

rable to that of unprocessed Si. There is no detectable surface damage remaining after

anneal.
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Figure 6-7. Recovery ofSiquality after amorphization andanneal
Integrated counts from Si surface peak of RBS channeling data before and after
RTA annealing at 1060°C, 10s.Samples implanted by SiF4 PIIIat 4-6kV and BF3 at
2 kV. Sample at zero is unprocessed Si.

6.6.2 Transmission electron microscopy (TEM)

After annealing at 1060°C for 10seconds, the amorphous Si region is recrystallized

and no end-of-range (EOR) dislocation loops due to SiF4 implant damage or extended

defects remain (Figure 6-8a). A thin layer of residual damage exists within 2-3 nm of the

Si surface in blanket-implanted samples. In diode device samples, this surface layer is

removed during wafer cleaning and further processing.TEM studies show that the actual,

low-leakage diode samples in the active device center and at the diode edge below the

field oxideare as good as the blanketsamples. No EOR dislocation loops or stacking faults

are observed in the active device region (Figure6-8a), or in the diode perimeter region

(Figure 6-8b), where stress in the LOCOS oxide might be expected to promote defect

nucleation. No extended defects existafter this anneal cyclebecause the amorphous layer

is less than 20nm, and the thermal cycle required to remove EOR damage decreaseswith

the depth of the damage. In a 10s anneal cycle, 20 nm deep EOR defects would require

970°C annealing to dissolve, while defects10nm deep only require 850°C annealing [6.4].
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a)

b)

250 nm

Figure 6-8. TEM ofSi in active device areas after implantation and anneal
TEM micrographs of Si show no extended defects: a) under the active device, and
b)at the device edge. Samples are implanted withSiF4 at 4 kV, withdose1015 cm"
3, and with BF3 at 2kV, and dose 5xl014 cm"3. Rapid thermal annealing was per
formed for 10s at 1060°C

For the 4 - 6 kV PIII preamorphized samples with 10-15 nm deep amorphous layers, the

1060°C, 10 s annealing issufficient to remove extrinsic EOR loops. The Fwhichmightpin

EOR dislocation loops or bubbles diffuses out during annealing for these low implant

energies, as observed by SIMS.

6.6.3 Reflectance

A third measurement that testifies for the recovery of crystalline quality in PIII

implanted and annealed Si is a reflectance measurement using an optical source of wave

length 400-800 nm. Figure 6-9 shows the measured optical reflectance of samples with a

surface a-Si layer created by4-6 kV SiF4 PIII, and the reflectance ofthesame samples after

annealing. Theas-implanted samples havea reflectance value 25% greater than the refer

encevalue of 100 measured fora clean, unprocessedSiwafer. After annealing, the surface

reflectance is indistinguishable from that of pure Si, given the measurement error of 2%.

6.7 Electrical behavior of preamorphized devices

6.7.1 Diode process flow

The process flow forp/j junctionsusing PIII is shown in Figure 6-10. Substrates are

CZ-grown, (100) w-type wafers with resistivity 8-12 Q-cm. Active diode areas are defined

using the local-oxidation (LOCOS) process to reduce the volume of the depletion region

109



3>
0)
o
c
<o

©

150

100

290 300

Plasma input power (W)

Unprocessed Si

0 as-implanted
A annealed

310

Figure 6-9. Reflectance measurements ofimplanted andannealed Si

around the diode perimeter and reduce the generationleakage currents. For comparison,

a second set of diodes is fabricated with active areas etched into a 500 nm field oxide (No

LOCOS). Allwafers are doped using a two-step PIII implant directly into the exposedSi

substrate, using SiF4 for preamorphization and BF3 for doping. The amorphous layer is

recrystallized and the dopant is activated in a rapid thermal anneal (RTA) cycle of 10sec

onds at 1060°C in N2. Chemical vapor deposition is used to put down a low temperature

(CVD-LTO) oxide at 400°C. Contact holes arepatterned in this oxide before deposition of

800 nm ofAl-2% Si. Thewafersare sinteredat 400°C for20minutes tomakegood electrical

contact between the Al and p+Si.

6.7.2 Diode characteristics

To study the current-voltage characteristics of the shallow junctions, diodes of

sizes from 625 to 4x106 \im2 and with width-to-length ratios from 1:1 to 16:1, were fabri
cated on the test chip. Electrical characteristics of forward-biased diodes with various

preamorphization conditions were measured. The ideality factors of the diodes range

from 1.05 to 1.06 for all diode sizes. The total forward current (sum of bulk area diode cur

rent and current from periphery or perimeter of diode) is proportional to (diode area)0,88.
Forward current is more strongly dependent on area than perimeter for diode areas up to

4x10° |im . The linear dependence of current on area indicates there is no spiking of the

Al-2%Si through the shallow junction.

Measurements of the reverse-bias leakage currents of the diodes are also encour

aging. The forward and reverse J-V characteristics of a diode made with 5kV SiF4
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preamorphization and 2 kV BF3 implantation are shown in Figure 6-11. A total leakage

current density of 3.2 nA/cm2 at -5 Vreverse bias is measured including both bulk and
peripheral components.

106
CM
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Forward

3.2 nA/cm2 at -5 Volts

Reverse

Width to

Length Ratio

Ja (nA/cm2) 1.7 1.7

Jp (pA/cm) 90 95

12 3 4 5

Bias Voltage (Volts)

Figure 6-11. JVcharacteristics of100nmpnjunction
J-V characteristics of diode with area 4xl06 urn2, fabricated with 5kV SiF4
preamorphization and 2 kV BF3 implantation, annealed at 1060°C for 10 s. Inset
shows values ofJa, the leakage current density indiode area, and Jp, the perimeter
leakage current per centimeter of perimeter.

6.7.3 Area and perimeter leakage

Reverse leakage current is found to be strongly dependent on diode perimeter.

Diodes with width-to-length (W/L) ratio of 4:1 have leakage current nearly 20% larger

than those W/L ratio of 1:1 (Figure6-12). The leakage current density shows an increase

for smaller diodes as the ratio of peripheral area to bulk diode area increases. The total

reverse leakage current can be written as the following:

J = 2/p(L+W)+JflLW+4/c (6-1)

where }p is the current per length ofperimeter, Land Ware the length and width of the

diode active area, ]a is the current density in the diode bulk, and Jc is the contribution of

the corners. Ja and Jp are extracted using diodes with width-to-length ratios from 1:1 to

16:1. The leakage component duetoarea alone isless than 2nA/cm2 with5Vreverse bias

for the diode in Figure6-11. The peripheral current density is much larger, explaining

increased leakage for smaller area diodes. The peripheral leakage component is greater

than 90 pA/cm for all diodes (or 20 nA/cm2 using the metal overlap value of 50 urn). The
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Figure 6-12. Effect ofperimeter on diode leakage
Increase in current density when perimeter leakage becomes more important.
Diodespreamorphizedwith 4kV SiF4 PIII, and implantedwith 2kVBF3 PIII.

low leakage of the diode bulk shows that the PIII process is intrinsically capable of pro

ducing extremely low-leakage junctions.

6.7.4 Leakage dependence on preamorphization and device structure

Electrical measurements of diodes with and without a 4-8 kV SiF4 preamorphiza

tion step show that the reverse leakage currents at 5V reverse biasand idealityfactors of

preamorphized and non-preamorphized samples are similar. The diode reverse character

istics for preamorphized and non-preamorphized samples are equivalent below reverse

breakdown (Figure 6-13), but the onset of breakdown occurs at a lower voltage for the

preamorphized samples. This early breakdown is expected in the shallower preamor

phized diodes, where higher junction curvature causes increased electric field in the diode

corners.

Figure 6-14 shows the effect of preamorphization energy and device structure on

junction leakage. The two diodes fabricated with LOCOS structures, preamorphized with

4kV and5 kV SiF4 PIII, have similar values of}p (52 pA/cm and 90 pA/cm). The value of

Ja is found to be higher for the 4 kV samples regardless of their diode isolation structure.

The area leakage density is 14.8 nA/cm2 for the 4 kV preamorphized samples, which is
higher than the 2 nA/cm2 at -5V bias found in the 5 kV preamorphized samples. For
diodes fabricated without LOCOS, perimeter leakage is much higher, about 300 pA/cm,

due to an increase in the volume of the junction depletion region and in the surface area

of Si/Si02 interface states around the perimeter. This illustrates the limiting effects of
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device structure on shallow diodes: the intrinsic leakage ofthe PIII junction, ignoring edge
and device design effects is below 2nA/cm2. Table 6-2 contains asummary ofthe area and
perimeter leakage components of diodes made with different preamorphization and

annealing conditions. The sample with 6kV SiF4 implant and annealed for only Is shows

Sample E10 E15 E19 E2-21-3 E2-21-5

SiF4 implant
voltage (kV)

4.1 4.2 5 6.2 6.1

Structure No LOCOS LOCOS LOCOS LOCOS LOCOS

Anneal time

at1060°C

10 10 10 1 10

Ja (nA/cm2) 19 16 2 9 2

Jp/50um
(nA/cm2)

29-60 18-40 21 10-14 90-94

Table 6-2. Summary ofpreamorphized diode area and perimeter leakage

higher area leakage than comparable samples that are annealed for 10s. The shallower

junction depth and lower activation of the sample annealed for 1 sec may cause higher

leakage due to higher junction curvature or incomplete removal of defects. The minority

carrier lifetime extracted for Si under the junctionarea is about 250 \is [6.5], indicating that

few additional deep-level centersare introduced by the PIII technique.

6.8 Conclusion

Using a two-step PIII implantation process is an efficient method of fabricating

very low leakage, ultra-shallow pn junctions. The low-energy PIII preamorphization and

dopant implantation sequence can be used to keep the junction shallow without causing

extended defects or implantation EOR loops. In this processing sequence, residual crystal

damage from the SiF4 implantation is kept more than 80 nm from the metallurgical junc

tion, which is 75 -100 nm deep after annealing. Electrical measurements show the total

leakage of the diode bulk can be less than 3. 2nA/cm2 at -5 V applied bias. Diodes with
varying areas and width-to-length ratios show that most leakage current is produced at

the diode edges. Data extraction shows that leakage due to diode bulk alone (Ja) is as low

as 2nA/cm2, while peripheral leakage (]p) is greater than 90 pA/cm, and varies according
to field oxide thickness.

115



6.9 References

[6.1] M. Y. Tsai and R.G. Streetman, "Recrystallization of Implanted Amorphous Silicon
Layers 1: Electrical Properties of Silicon Implanted with BF2+ or Si++B+," J. Appl.
Phys., 50 (1), pp.183-187,1979.

[6.2] J.F. Ziegler and J.P. Biersack, The Stopping and Range of Ions in Solids, New York:
Pergamon Press, 1985.

[6.3] T.O. Sedgwick, A.E. Michel, V.R. Deline, S.A. Cohen, and J.B. Lasky, 'Transient
boron diffusion in ion-implanted crystalline and amorphous silicon/' J. Appl. Phys,
63 (5), pp. 1452-1463,1988.

[6.4] R.B. Fair, "Junction formation in Silicon by Rapid Thermal Annealing," in Rapid
Thermal Processing Science and Technology, ed. by R. B. Fair, New York: Academic
Press, pp. 169-226,1993.

[6.5] H. Wong, N. W. Cheung, and S. S. Hong, "Electronic defects in silicon induced by
MeV carbon and oxygen implants," Nucl. Instrum. Meth., B37-38, pp. 970-974,1989.

116



HJ Epitaxial Cobalt Disilicide for ULSI

7.1 Silicides for ULSI

Silicides are used inanumber ofULSI processing steps, as interconnects, Schottky

barriers, ohmic contacts, and low-resistivity gate contacts. Typical silicides have resistivity

ten times lower than polysilicon, and so are used to reduce RC delays in short intercon

nects previously fabricated from poly-Si. These chapters focus on a process used to make

ohmic salicide contacts to heavily doped source and drain regionsof ULSI devices. Silicide

contacts to n+ orp+ Si regions have lower contact resistivity than Al orbarrier layer con

tacts. They reduce the sheet resistivity of the source/drain region and do not suffer from

junction spiking like Al-Si contacts [7.1]. Electric field simulations of source/drain areas

have shown that voltage drops due to the parasitic contact resistance are responsible for

most of the loss of current-driving capability of small-dimension MOS devices; thus, the

lowercontact resistance of asilicide-Si contact can makea significant increase in the speed

of a circuit [7.2].

Silicidecontactsneed low resistivity, good thermal stability, low stress, to be com

patible with existing fabrication processes, to exhibit no overgrowth on field and spacer

oxides,and to be un-reactive with dopantatoms. The most commonly used silicide isTiSi2

since it has the lowest resistivity of the silicides, 13-16 ^ifi-cm [7.2]; however, it meets few

of the other qualifications of a good silicide. Althoughit has a slightly higher resistivity

(15.8-20 n£2-cm) [7.1], CoSi2 is studied as an alternative to TiSi2 because it outperforms

TiSi2 in all othercategories (Table 7-1). Silicide growth can proceed eitherby Si diffusing

into the metal and reacting, or by metal diffusing into the Si substrateand reacting. If the

growth occurs by Simovement, then the silicide growsup onto the field and spacer oxides,

and can cause electrical shorting between the shallow junctions and the gate, called bridg

ing. TiSi2 grows by Si movement unless the annealing temperature is below 620°C. A
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Property C54 - TiSi2 CoSi2 epitaxial CoSi2

Resistivity 13-16 faX2-cm 15.8-20 un-cm

Tensile stress (dynes/
cm2)

1.6xl010 0.8xl010 1.9-3.3xl010

Temperature range for
which Si is diffusing
species

T>600°C T<600°C T<600°C

B diffusion Reacts with B Fast Fast

As diffusion Reacts with As Fast grain boundary
diffusion only

P diffusion Reacts with P Reacts with P

Lattice structure Orthorhombic CaF2 (fee) CaF2 (fee)

Lattice parameter 0=0.8252 nm

MK4783 nm

c=0.8540 nm

0.5367 nm 0.5367 nm

Atomic density 7.7622X1022 cm-3 7.7622X1022 cm'3

Barrier height to n-Si 0.6 eV 0.64 eV

Thermal expansion
coefficient, a=3 ppm/
°CforSi

12.5 ppm/°C 10.1 ppm/°C

Table 7-1. Summary ofimportant properties ofsilicides for ULSI

second annealing stepmust then beused toconvert theTiSi2 intoa lower resistivity phase.

The resistivity of TiSi2 is critically dependent on these steps,while low-resistivity CoSi2

canbe formed for temperatures higher than400°C. CoSi2 growsby Co movement except

between 550° and 650°C, so overgrowth is less problematic, and single-step annealing

above650°C is possible. For efficient processing, it is preferred that silicide growthbe self-

aligned, so that extra maskingstepsare not necessary (Figure 7-1). For self-aligned silici-

dation to be successful, the recipe must be perfected to eliminate silicide overgrowth on

oxides. This can be done in a single step with cobalt silicide.

Probably the most important advantage of CoSi2 over TiSi2 for shallow junctions

is its stability with respect to the prevalentSi dopants. Duringhigh temperature annealing

steps, TiSi2 will react with B or As, forming Ti-B or Ti-As precipitates at the TiSi2 grain

boundaries. These precipitatesblock dopant diffusion in the silicideand raise the resistiv

ity of the material [7.3]. The formation of these precipitates is so favorable that B may be
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a) n-Si

un reacted

silicide metal

b) n-Si

silicide

c) n-Si

silicide

(new-phase)

d) n-Si

Figure 7-1. Self-aligned silicidation
a) Blanket deposition of metal, b) RTA or other anneal cycle to form silicide, c)
selective metal etch to remove un-reacted metal on oxide, and d) second anneal to
reduce resistivity (for TiSi2).

depleted from the TiSi2/Si interface during annealing, increasing the contact resistance

[7.4]. CoSi2 does not react with B, and although it is energetically favorable for CoSi2 to

reactwith As, such a reaction has not been observed [7.3]. Since the solubility of B and As

in CoSi2 is lower than in Si, dopant in these structures diffuses to the CoSi2 interfaces,

where a buildup of dopant can seen during annealing, further reducing the contact resis

tance of CoSi2/Si interfaces [7.5].

The difficulty in using any silicide is reproducibility. The properties of the material

and the junction under it depend on many variables: surface cleaning before metal depo

sition, metal deposition technique, annealing ambient, annealing temperature and ramp

ing rate, temperature gradients, substrate doping, and contact size, to name a few. All of

these will affect the silicide resistivity, contact resistance, thickness, and lateral growth. A

few general guidelines exist for making a good-quality polycrystalline CoSi2 layer. The

annealing ambient must be carefully controlled, because self-passivating C03O4 may form

if 02 is present during heating [7.6]. Precipitates of this material in the silicide will increase

the resistivity of the silicide. Rapid thermal annealing, with high flows of N2 or forming

gas in the chamber during annealing, can create sibcides with lower O content and lower

resistivity [7.7]. Good CoSi2 films can alsobe made using a capping layer or vacuum tube

[7.8, 7.9]. Presence of a native oxide on the Si substrate is another problem during CoSi2

formation. Co cannot reduce oxide like Ti can, rather it balls up on an oxide surface. Sili

cide will only form where the oxide is thin enough that Co can diffuse through it [7.10],
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leadingto patchy and discontinuous films. Surface cleaning must be careful and uniform

so the silicide may grow evenly.

There are also problems inherent in the scaling of silicide films. Overgrowth on

oxides is more likely as contact hole sizes arereduced. CoSi2 resistivity increaseswhen the

metal thickness is decreased, regardless of annealing temperature [7.2, 7.1]. Films with

CoSi2 thickness below 40 nm have been shown to agglomerate, balling up into highly

resistive islands during silicide formation [7.10]. Thicker films are typically more stable,

allowing long-time, high temperature annealing steps before they agglomerate. Recent

work has reduced the minimum thickness of CoSi2 that can be used without agglomera

tion to 25nm [7.20].

7.2 Epitaxial cobalt disilicide

Using an epitaxially grown silicide is one way of avoiding the problems of rough

interface [7.11], moderate thermal stability [7.2], and largegrain-boundary dopant out-dif

fusion [7.12] of poly-crystalline CoSi2. CoSi2 has a fcc-based lattice (CaF2) structure and a

low (1.19%) lattice-mismatch to (100) Si, so it is possible to grow epitaxially. If Co metal is

deposited directly on Si and growth proceeds by solid-phase diffusion, the film will not

grow epitaxially because the metal diffuses to the interface quickly and unevenly due to

oxide patches, and the material grows too fast. The first epitaxially grown CoSi2 on (100)

Si was reported in Ref. [7.13]. This method uses a 10-30 nm Ti layer under the 20-30 nm Co

layer to retard the Co diffusion to the Si interface, where the growth occursby solid-phase

epitaxy (SPE). Epitaxial, single-crystal CoSi2 growth has since been achieved on (100) Si

using bilayers of Co/Ti [7.14-7.16, 7.9, 7.12], Co/Zr [7.17], and Co/Ta [7.11], multilayers

of Co/Ti [7.16], and CoW alloys [7.18]. In all of these cases, the epitaxial growth of CoSi2

is aided by the second material in two ways: the Ti, Ta, Zr, and W all serve to reduce the

native oxide at room temperature, so the Si surface is atomically clean before growth

begins, and they all form an intermediate layer between the Co and Si which drastically

reduces the Co diffusion into the Si. When the growth proceeds slowly, CoSi2 grows epi

taxially, without any intermediate phases (CoSi or Co2Si), for temperatures above 400°C

[7.15]. Low-resistivity, single-crystal CoSi2 is grown by fme-tuning this process, choosing

correct layer thicknesses and annealing conditions.
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7.3 Experiment

The cobalt silicide process used for thesamples in thischapterisbased on thewell-

optimized process developed in Refs. [7.14, 7.15, 7.9]. These processes utilize a Co/Ti

bilayer to force the silicide to grow epitaxially. The CoSi2 layer isa single crystal, has the

most planar interface, andhasthelowest resistivity witha2nmTi layer. Since it isdifficult

to deposit a continuous 1nm thick layer ofTi, there maystill be some SiC^ lefton thesur

face, and films grown under this condition arepolycrystalline with a preferred (200) ori

entationand a rough interface. With a 5 nm Tilayer, the interface has pronounced <100>

and <111> facets. Thicker Ti layers lead to a rough layer ofTiN on top of the CoSi2 after

annealing [7.21]. In all cases, the Co/Ti growth leavesa surface layer of fine Ti-Co-Si-O-N

precipitates on top of the silicide. The CoSi2 film made with 2 nm Ti is very stable: it can

withstand 900°C, 30 min. annealing without degradation.

Thesamplesdescribed in thischapterwere grown on 4-inch diameter,CZ-grown,

(100) n-type wafers with resistivity 8-12 Q-cm. Active diode areas were defined using the

local-oxidation (LOCOS) process on some of the wafers. After wet cleaning and a 300W,

60s oxygenplasma scourge,a 2nm layerofTiand a 15nm layerofCowere sputter depos

ited in a Perkin-Elmer 4410 sputtering system. These are the metal thicknesses that have

been shown in Ref. [7.14] to yield the lowest resistivityand most planar, uniform epitaxial

silicide film. To make polycrystalline silicide samples for comparison, some wafers were

deposited with only the 15nm of Co. Silicides are grown in an AG Associates Heatpulse

210T rapid thermal annealing (RTA) chamber in a forming gas ambient (N2/12% H2).

Sinceannealing temperatures above 900°C have been reported to cause silicide agglomer

ation [7.1, 7.15, 7.23], the silicides were formed at 900°C in a 30 s cycle. Excess Co and Ti

metals were removed in standard selective etches: Co was removed in a 1:1 HN03:H20

solution, and Ti was removed in a 2:1:1 H202:NH40H:H20 solution.

7.4 Metal layer thicknesses

7.4.1 X-ray fluorescence (XRF)

The X-ray fluorescence measurements were performed on a Kevex Omicron

machine at 10 keV with 0.084 mA beam current for 100 s. Since calibration curves were not

available for Co or thin Ti, the thicknesses were found by comparing to a standard with 2

nm Ti under 15 nm Co whose layer thicknesses had been measured by TEM. The layers
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were measured to be 12.9 nm Co and 1.9 nm Ti on the Co/Ti sample, and 14.3 nm Co on

the sample without Ti.

7.4.2 Rutherford Backscattering (RBS)

Rutherford backscattering and channeling are used to check the thickness and

composition of the Ti, Co and CoSi2 layers, and gauge their crystalline quality. RBS data

is shown for the Co/Ti and Co layers before annealing in Figure 7-2. Measuring the width
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Figure 7-2. RBS ofunannealed Co/Ti andCo samples
RBS performed with 1.8 MeV 4He+ primary beam and angles G1=65°, G2=80o and
6=165° is shown for the Co/Ti and Co metal layers before annealing

of the energy peaks at 50% of their maximum height, the analysis in Appendix C is used

to calculatea thickness of 14nm for the Co layerand 10nm for the Ti layer in Figure7-2a.

The difference between the right edge of the Ti and Si peaks and the values of the Ti and

Sikinematic factorsshow that the Ti layerbegins12nm from the surface,and the Si layer

begins about 17nm from the surface, indicating either large transition layers between the

Si/Ti/Co materials or rough interfaces. For the sample without Ti in Figure 7-2b, the Co

thickness iscalculated at 15.5 nm.Thedifference between the rightedge oftheSipeak and
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the position expected from its kinematic factor implies a transition layer or interface
roughness of 1.5 nm.

7.5 Silicide layer thickness and composition

Random Rutherford backscattering (RBS) and channeling measurements are

shown inFigure 7-3a for the Co-Ti and Figure 7-3b for the Co samples after annealing. The
area ofthe RBS Co peak and the Si peak from the silicide are used to find the composition
of thesilicides made with and without Ti. The Co-Ti silicide isCoSi2<2 with athickness of

47.8 nm from the Co peakand 45.4 nm from the Si peak. The silicide made from Co alone

isCoSi2! witha thickness of44.9 nm from the Co peak and 45.3 nm from theSi peak.

RBS channeling measurements were performed by aligning the beam with the

<100> direction and performing RBS witha backscattering angle of 105°. For a perfect Si

crystal, the ratio of the backscattered ion yield from the Co signal when the beam is

aligned to the yield when the beam direction is random GCmw) would be less than 5%. For

the silicide grown fromCo-Ti, %„„•„ is 28%. This relativelyhigh value of Xmin indicates that
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Figure 7-3. RBS ofannealed silicide films
RBS spectraof A) epi-CoSb with %min=2%% and B) poly-CoSi2 with Xmin=60%. RBS
performed with 1.8 MeV *He+ ions, 65° sample tiltand normal incidence. <100>
channeling performed at an angle of 105°.

1500

while the sample is highly epitaxially grown, it is not perfectly single-crystal. It is, how

ever, of very good crystallinequality for a silicide made from sputtered metal. Some of the
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scattering in the silicide may be due to surface oxide, isolated residual 11 impurities or pre

cipitates. Previous work in Ref. [7.21] on similar silicides reported a 17% channeling Xmin

when the Ti precipitates and TiN material on the top of the silicide were etched off. The

high Xmin f°r this sample is probably due to the Ti-containing precipitates at the silicide

surface.The silicidemade without aTi interlayer, the sample referred to as polycrystalline

CoSi2, has a channeling Xmin °f 60%. For a material made up of small, randomly oriented

grains, the Xmin is expected to be higher. This data indicates that the grains of the poly-

CoSi2 film arehighly textured, although grains of many orientationsarepresent, as shown

by x-ray diffraction.

7.6 Silicide structure

7.6.1 X-ray diffraction

X-ray diffraction (XRD) data supports the conclusion that CoSi2 films made from

a Co/Ti bilayer grow epitaxially and that films grown without Ti have a number of differ

ently-oriented grains. As described in Appendix C, it is expected that for an epitaxially

grown CoSi2 film on (100) Si, only planes from the {100} family will be detected. A poly

crystalline film will have a number of randomly oriented grains, so other planes should

meet the Bragg condition asthe sample is tilted. Thecollected data are shown in Figure 7-

4. The intensities of the peaks are fairly low, as expected when a very thin film is mea

sured. The scan of the sample grown from a Ti/Co bilayer shows only (200) and (400)

CoSi2 peaks, identified using Table C-2. Usually the (200) Si peak cannot be seen due to

interference from radiation scattering off atoms in the Si diamond structure. In the Co/Ti

sample, the high stress at the interface has apparently caused enough rearrangement of

the surface Sithat the (200) peakmaybeseen. The sample grown from a Co layer without

Ti appears somewhat polycrystalline, asmanyhigher indexplanes can be seen, including

(220), (222), and (311) CoSi2. The (400) peak isthelargest, implying the film has predomi

nantlya (100) texture. The three small extra peaks between the (200) and (220) CoSi2 peaks

in Figure 7-4b are best identified asCoxN orCoxO peaks, probably due to the annealing

of the CoSi2 samples in a N2/H2 ambient which may have contained some oxygen con

tamination. The 2 nm of Ti used to grow the film in Figure 7-4a does not appear to be

enough to cause nucleation of any TiSix orTiOx phases large enough to be identified.
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Figure 7-4. X-ray diffraction ofepitaxial and polycrystalline CoSi^
XRD spectra of the a) epi-CoSi2 sample and b)poly-CoSi2 sample after silicide for
mationand selective metal etch. 20 scan performed by tiltingthe samples to vary
the diffraction angle from 25 to 75°. The 20 resolution is 0.1°, and the mechanical
tilting of the sample takes 1 second perdata point.

The distance between the same-index CoSi2 and Si peaks can be used to measure

the strain present in the CoSi2 thin film. Since un-strained CoSi2 and Si will have lattice

parameters of 0.5367 nm and 0.543 nm, respectively, CoSi2 grown on Si will be under ten

sile stress, forcing the lattice parameter in the direction perpendicular (flyjj to the surface

to contract. The perpendicular lattice parameter is calculated from the XRD peak using

equations listed in Appendix C. The locationof the (200) and (400) CoSi2 and Si peaks near

33° and 70° are used to calculate values for a$ and af(Table 7-2). The peak locations are

averages from three XRD runs. Values of strain arecalculated assuming that the substrate

Si peak 26 Co peak 20 as (A)=fl/i i fl/i(A) £|| e± eT

33.175 33.9 5.404 5.284 -0.69% -1.55% 2.24%

69.217 71.167 5.425 5.295 -1.08% -1.34% 2.42%

Table 7-2. Strain in epitaxial cobalt disilicide

and film are pseudomorphic. Using a reported value of the Poisson ratio, v=0.33 [7.22], it

can be seen that the measured values of tetragonal strain are very close to the theoretical

maximum strain (em<w.)in the silicide film:
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1 + V as~nf

1 -V fl,
= 0.0233 . (7-1)

Assuming that none of the lattice mismatch is relieved through misfit dislocations, the

stress in the plane of the film (a) can be written:

Y 2u(1+v)
(7-2)

where \i is the shear modulus, 4.85 x 1011 dyn/cm . Using this equation, the stress in the

epitaxial film is found to be between 1.33xl010 dyn/cm2 and 2.08xl010 dyn/cm2, in rea
sonable agreement with values reported by in Ref. [7.21] (1.9xl010 dyn/cm2) and Ref.
[7.22] (3.32xl010 dyn/cm2) for epitaxial CoSi2 films.

7.6.2 Transmission Electron Microscopy

A cross-sectional transmission electron micrograph (XTEM) of the as-formed epi

taxial silicide is shown in Figure 7-5. The film is approximately 52 nm thick with a stan

dard deviation of less than 5 nm. The interface is coherent with the substrate and very

planar, interrupted every 100 nm or soby ledges edged with (111) facets as observed pre

viously [7.21,7.14,7.15]. Silicides made at thesameannealing temperature but in a shorter,

Ti-N-O-Co-Si precipitates

Figure 7-5. XTEM ofepi-CoSi2 made in 900°C, 30s RTA
Cross-sectional transmission electron micrograph (XTEM) of52 nm thick epitaxial
CoSi2 formed in 30 s, 9()()°C RTA cycle in forming gas. Facets edged by {111}
planes are less than 5 nm deep. Amorphous precipitates in top3 nm of film con
tain Ti-N-Co-Si-O.
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20 s RTA annealing cycle (Figure 7-6)are thinner, ab.out 41 nm. In addition, this film has a

denser distribution of thicker facets than the film annealed in a longer RTA cycle. Films

Ti-N-O-Co-Si precipitates

I 50 nm W
< >

Figure 7-6. XTEM ofepi-CoSi2 made in 900°C, 20 s RTA
Cross-sectional transmission electron micrograph (XTEM) of epitaxial CoSi2
formed in 20 s, 900°C, RTA cycle in forming gas. Theshorter thermal cycle yields
a thinner,41 nm film, with greater variation in thickness. The ledges in this sam
ple are larger, 7-8 nm thick.

used to make devices in the next chapter are all annealed for 30 s.

Another important feature in theepitaxially-grown CoSi2 films are the precipitates

(3-9 nm in diameter) in the top quarter of the epitaxial CoSi2 film. These have been identi

fied as amorphous Ti-N-Co-Si-O precipitates [7.14]. The precipitates, as wiD be shown in

the next chapter, have a dramatic effect on the redistribution of dopant in the epitaxial

CoSi2 films. The polycrystalline CoSi2 films have grain sizes on the order of 100 microns

and no Ti-N-Co-Si-O precipitate layer, as the polycrystalline films were formed without

Ti. The polycrystalline silicides are on average slightly thinner than the epitaxial films,
about 50 nm.
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V Epitaxial CoSi2 as a shallow junction
^ doping source

8.1 Using silicide as a dopant source

Silicided junctions have been widely evaluated for reducing the resistivity and

contact resistance of ultra-shallow source/drains [8.1, 8.2]. Three processes are used to

make silicide contacts to source/drain junctions (Figure 8-1). All three make use of the

maskless, self-aligned silicide (salicide) process described in the previous chapter. The

conventional approach is to diffuse the doped junction before forming the silicide. As the

substrate is consumed during silicidation and a rough silicide with a non-planar growth

front may easily grow all the way through the junction, this processis difficult to scale. For

ultra-shallow junctions, "implantation through metal" (ITM) or "silicide as a doping

source" (SADS, or implant through silicide, ITS) processes are advantageous [8.3 - 8.8]. In

both ITM and SADS schemes, implant damage is contained in the metal or silicide, so a

high temperature step to anneal implant damage in the Si is no longer necessary. Low tem

peratures (800°C or below) can be used for activation and drive-in of the dopant. Spiking

through the junction is avoided, as conformal dopant outdiffusion occurs after the silicide

is formed. SADS appears preferable, since metal atoms that are knocked into the Si during

ITM implantation tend to make such devices very leaky [8.1].

There are two main difficulties when using metal layers or silicides as dopant

sources: providing enough dopant supply to the interface so the dopant concentration can

approach solid solubility, and ensuring the activation temperature is low enough that no

agglomeration of the silicide occurs during processing. The following chapter describes

the properties of shallow junction devices formed by B diffusion from epitaxial CoSi2.

Physical and electrical properties of junctions made with the SPE-grown epitaxial CoSi2

are compared to devices made with standard, polycrystalline silicide.
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Figure 8-1. Silicided shallow junction fabrication.
Three methods for forming silicide-contacted shallow junctions: a) silicide as a
doping source, b) implantation through metal, and c) the conventional process.

8.2 Experiment

Junction device structures were fabricated on 4-inch diameter, CZ-grown, (100) n-

type wafers with resistivity 8-12 ft-cm. Active diode areas were defined using the local-

oxidation (LOCOS) process, as shown in Figure 6-10. The metal deposition and silicide

formation were described in the previous chapter. Since BF3 PIII was shown to cause

enhanced removal ofthe silicide (Section 3.3.2.3), the silicides were doped by conventional

implantation. nB+ ions were implanted at 3.5 keV and 7.5 keV at doses 1014 and 1015 cm"
2with an Applied Materials 9200X] implanter. These energies were chosen to locate the B
peak at 15%and 30%, respectively, of the silicide thickness [8.9]. Profile calculations show

that the point where the dopant concentration falls to 1% of its peak value is25nm and 32

nm for these two energies, so it is expected that most of the dopant and implant damage

will be contained in the silicide. Since there is no implant damage in the Si requiring high

temperature removal, low temperatures (600-900°C) can beused for the dopant diffusion

and activation. Transient enhanced diffusion is not expected in these samples. Post-
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implant annealing was performed in the Heatpulserapid thermal annealing (RTA) cham

ber, with a 30 second cycle in N2 at temperaturesvarying between 600-900°C. Annealing

temperatures above 900°C are reported to cause silicideagglomeration and are not used

in SADS processing [8.6,8.10,8.11]. These steps and the naming conventions for the sam

ples in this paper are listed in Table 8-1.

Sample Epi Epi - Low
Dose

Epi - Low
Energy

Poly

Metal used Co/Ti Co/Ti Co/Ti Co

^B* implant energy 7.5 keV 7.5 keV 3.5 keV 7.5 keV

11B+ implant dose 1015cm'2 1014crn2 1015 cm'2 1015 cm'2

Table 8-1. Processing Summary ofdevices

8.3 Boron redistribution in implanted CoSi2/Si structures

8.3.1 As-implanted profiles

High-resolution secondary ion mass spectrometry (SIMS) data from a Cameca

IMS4fspectrometer is used to monitor the as-implanted Bdepth profile and the Bredistri

bution afterannealing in device samples. SIMS analysis was performed with a 3 keV 02+

beam which hits the sample at 52° off normal incidence to improve depth resolution. Low

energy 02+ is used to minimize ion beam mixing during depth profiling and minimize

excessive spreading of the profiles [8.12 - 8.14]. The SIMS depth profiling and concentra

tion calibration for these samples is discussed in Appendix C. Widening of the profiles is

also caused by the non-planar CoSi2/Si interfaces, introducing error in the depth scale on

the order of the interface roughness. This error is greater for the polycrystalline samples.

As the following figures will show, even with a total of approximately 8 nm error in the

depth scale,distinct movement of the dopant with annealingcanbe seen in the SIMS data.

Figure 8-2shows the as-implanted profiles of Bin the CoSi2/Si samples measured

by SIMS. The CoSi2/Si interface is defined for each sample as the depth where the Co

signal falls to half its maximum value. The figure shows comparable Bprofiles in the epi

and poly samples implanted with 7.5 keV, 1015/cm2 nB+. The profiles in both materials
are deeper than expected from the simulation, due to random scattering of ions into chan

nels in the textured silicides. Channeling occurs at these low energies even when the sam

ples is intentionally tilted 7° off normal. The channeling of B through the epitaxial-CoSi2
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Figure 8-2. SIMS ofas-implanted CoSi2 samples
Secondary Ion Mass Spectrometer (SIMS) B profiles collected from as-implanted
epitaxial and polycrystalline samples using 3keV 02+ primary beam. All samples
implanted with "B*. Shaded region indicates variation in silicide thickness
among samples.

ismore severe, as expected. The profile for the low-dose epi sample (7.5 keV, 1014/cm2 B

implant) has the same shape as the higher dose implant. The low-energy epi sample (3.5

keV, 10 /cnr B implant) has a B peak closer to the surface and a steeper slope, as

expected. The Bis mostly contained in the silicide for all samples.

8.3.2 Epi sample (7.5kV, 1015/cm2 B-implanted)

The dopant movement in the epi sample is measured by SIMS. The data in

Figure 8-3a shows a buildup of B at the CoSi2/Si interface and B movement into the Si.

Both quantities increase with post-implant anneal temperature. Since TEM micrographs

have not shown any roughening or agglomeration at the CoSi2 interface during the

annealing steps, theBmovement seen in the SIMS cannot beattributed to interface rough

ening. The movement is larger than theexpected cascade mixingerror, so Bdiffusion into

theSi isconfirmed. According to values ofdiffusivity and activation energy listed in Ref.

[8.15], bulkBdiffusion inSi should vary from 0-1.5 nm for 600-900°C annealing. This indi-
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cates that the 10-25 nm of B diffusion seen directly under the Si/CoSi2 interface is

enhanced by the high Bconcentration in thatarea. In the regions where the Bconcentra-

tion is below 10 cm" , the Bdoes notmove significantly. If thisprocess is used to make

shallow junctions for deep sub-micron feature MOS devices with channel doping on the

order of 10 cm" , the junction depth will be independent of the annealing temperature

for short RTA cycles in the range 600-900°C.

Anotherfeature to notice is thebuildupofBin the region ofthe Ti-containing pre

cipitates that were shown in Figure 7-5. The precipitate layeracts as a dopant sink,very

much like oxide capping layers used to avoid B loss from the silicide during annealing

[8.13]. Inall the samples madewith epitaxial CoSi2, theprecipitate layeractsas a capping

layer, and there is no net dopant lossin the structure with annealing. As shown by arrows

in the inset of Figure 8-3a, Bin the CoSi2can move both toward the CoSi2/Si interface and

towards the surface precipitate layer. In this sample, where the initial implant is high in

dose and energy, the precipitate layer does not have a very strong effect on the junction

properties. A sufficient amount of dopant diffuses into the Si to create a high-quality, pn

diode after 700-900°C annealing.

8.3.3 Poly sample (7.5kV, 1015 cm"2 B-implanted)

The Bredistribution in the poly sample (7.5 keV, 1015 cm"2 B) is shown in Figure 8-
3b. The buildup of Bat the CoSi2/Si interface and Bdiffusion into Siare similar to the epi

sample in Figure 8-3a. Like the epi sample, the value of X: at low concentrations is inde

pendent of temperature, and high-concentration enhanced diffusion is observed. The

dimensions of the p-layer under the silicide in the poly sample are averages, as the poly-

CoSi2 has a greater variation in silicide thickness and a non-planar interface. It is difficult

to discern whether the slight increase in X; from the epi to the poly sample is actually due

to faster diffusion under the polycrystalline CoSi2, SIMSmeasurement errors, or variable

roughness of the CoSi2/Si interface making the Bappear to penetrate deeper. Taking into

account these errors, the junction depths are indistinguishable. Buildup of B inside the

polycrystalline CoSi2is different as there are no Ti-N-Co-Si-O precipitates in the material.

TEM study has shown that coherent B-containing precipitate regions formed during

annealing are responsible for the B peak in the center of the 900°C annealed poly sample

(Figure 8-4). The presence of B in these regions is confirmed by energy-dispersive x-ray

(EDX). The large B concentration in the precipitates is likely the source of their contrast.
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Figure 8-3. SIMS ofannealed Epi-CoSi2 and Poly-CoSi2 samples
SIMS data collected from 7.5kV, 1015 cm"2 Bimplanted a) epi sample and b) poly
sample before and after annealing for 30 s at 6(K)°C, 700°C and 900°C. Annealed
samples show marked Bbuildup at CoSi2/Si interface. Epi sample shows addi
tional buildup at location of precipitates near silicide surface. Junction depth
below 10 cm"3 does not move with annealing at these temperatures.

B-containing precipitates

Figure 8-4. XTEM ofpoly-CoSi2 after dopant annealing
XTEM micrograph of 7.5 keV, 1015 cm"2 Bimplanted polycrystalline CoSi2 after
900°C annealing, showing circular regions with brighter intensity near the pro
jected range of implant. These are identified as CoSi2 regions containing highcon
centrations of boron.
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Since the implant is deep and the doseishigh,thisunexpected precipitation haslittleeffect

on the amount of Bmoving intothe Si. Thedose in Si after annealing is sufficient for good

junction formation.

The buildup of B at the CoSi2/Si interface is compared in Figure 8-5a for the epi

and poly samples. The data shows thatthe interfacial buildup is indistinguishable for epi

and poly material, and has a low activation energy of about0.4±0.15 eV. The low activa

tion energy means that significant pileup can occur at low temperature (600°C). In

Figure 8-5b, a similar result is seen for measurements of the total B dose in Si under the

silicide, measured by integrahng the Bprofiles from the SIMS data. The results for the epi
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Figure 8-5. Dopant outdiffusion from CoSii
a) Arrhenius plot shows increaseof B concentrationat the CoSi2/Si interface with
post-implant annealing temperature, b) Arrhenius plot of chemical and active B
doses incorporated in Si (under silicide) with post-implant annealing tempera
ture.

and poly samples are similar, and the activation energy for the chemical dose in Si is found

to be very low, 0.29 eV ±0.05 eV. Also shown is the increase in dopant activation with

annealing temperature for the epi-CoSi2 sample. From this data, significant B incorpora

tion on lattice sites requires annealing above 800°C. The activated B dose is calculated

from spreadingresistance profiling results. Since the first few readings under the silicide
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must be disregarded due to the shunting influence of the silicide, and since error in the

assumed bulk mobility values makes the calculatedactivated dose appear low, the values

calculated here are lower bounds on the true activation and may contain errors of up to

100%.

8.3.4 Epi - low energy (3.5kV, 1015 cm'2 B-implanted)

TheSIMS data from the low-energy epi sample in Figure8-6a) shows that putting

the dopant peak in the location of theTi-N-Co-Si-O precipitate layerand startingwith the

dopant further away from the CoSi2/Si interface lowers the dose accumulation in the Si.

As shown in the figure and clarified by the magnitude and direction of the arrows in the

inset, at 600°C annealing there is dopant movement into the Si, buildup at the interface,

and buildup in the surface precipitate layer. At 900°C, the B flux toward the precipitate

layer is much larger,depleting the Bfrom the silicide/Si interface. Apparently, the Ti-con

taining precipitates require saturation by Bbeforesignificant Bmotion into the Si is possi

ble. At 600°C, the precipitates are saturated, and Bdiffusion into Si is observed. At 900°C,

more B is needed to saturate the precipitates and little B is available for diffusion into Si.

The presence and type ofprecipitate layer formed during bilayer epitaxial silicidegrowth

must be considered when designing implant and annealing sequences for the SADS pro

cess.

8.3.5 Epi - low dose (7.5kV, 1014 cm"2 B-implanted)

Similar diffusion flux competition is seen in the low-dose epi sample in Figure 8-

6b, where Bis implanted at7.5 keV energy, but atadose of 1014/cm2. Like the low-energy
epi sample, the B flux into the Si is sizable at 600°C, and the familiar buildup of Bat the

interface isseen. Thebehaviorof the low-dose epi and low-energy epi samplesafter900°C

annealing is similaras well. At 900°C, the Brequired to saturate the precipitates is larger,

and the Bflux toward the precipitates is dominant. In the low-dose epi case, the accumu

lated dose is an order of magnitude lower than the epi sample. Not enough dopant is

present forsaturationof the precipitates, and Bisdepletedfrom throughout the silicide to

build up in theTi-N-Co-Si-O precipitate location. There isstilla Bpeak at the interface, but

the interfacial concentration of Bafter the 900°C step is reduced from the as-implanted

case. A threshold dose is therefore necessary to saturate the precipitates before there is a

driving force for the excess B to diffuse into the Si.

137



50 100 150

Depth (nm)

Ti/N/Co/Si/O precip.

50 100 150

Depth (nm)
200

Figure 8-6. SIMS ofannealed epi-low energy and low dose samples
SIMS data from a)epi - low energy andb)epi - low dosesamples before and after
post-implant annealing. In a), projected range of implant is very close to Ti-N-Co-
Si-O precipitate layer, so most of the B is trapped there, and little diffuses into Si.
In both cases, at 900°C most of the B is required for saturation of Ti-N-Co-Si-O
precipitatelayer, and dose in Si is small.Magnitude of arrowsin inset shows rela
tive sizes of B flux into Si and B flux toward precipitate layerat different tempera
tures. As in the epi and poly samples, the tail region isaffected littleby annealing.

The dopant gettering effect of the precipitate layer necessitates a higher energy,

higher dose implant for sufficient B incorporation in the Si. Since the low-concentration

implant tail defining the junction depth doesnot move with annealing in this temperature

region, the junctiondepth is setby the implantation condition. As shown in Figure 8-7, the

pn junction depth beyond the silicide is around 55-65 nm for the high-dose,high-energy

implants at abackground concentration of 1018/cm3. From Figure 8-6a and Figure 8-6b, a
pn junction depth of 20-30 nm beyond the silicide is found for the low-energy and low-

dose implants. However, the lower Xj ofthe low-energy, low-dose implants istied tolower

surface concentrations and B doses in Si, which result in poorelectrical characteristics of

those samples.
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Figure 8-7. Junction depth sensitivity to background doping
Junction depth beyond silicide (xj, as defined in Figure 8-3) is independent of
annealing temperature and type of silicide for poly and epi samples (75kV, 1015
cm"2 dose). Total junction depth is silicide thickness plus outdiffusion depth.

8.4 Boron activation during post-implant annealing

Another factor involved in the electrical characteristics of the diodes is the dopant

activation (Figure 8-5b). The dopant activation is calculated by integrating the curve of

activated Bin Simeasuredby spreading resistance profiling (SRP) in the epi sample. Little

activation is seen for annealing at 600-700°C, and the Arrhenius plot slope in that region

gives a low activationenergy, around 0.2 eV. This activation energy is close to the activa

tion energy of the B dose buildup in the Si (also in Figure 8-5b), suggesting that the acti

vated B is proportional to the B diffusing into the Si: a certain fraction of the diffusing B

finds substitutional lattice sites. Above 700°C, the activated dose in Si increases rapidly,

faster than the total dose. The highertemperatures are needed to efficientlyactivate both

the Bpresent and Bdiffusingin.The increase in post-implant annealing temperature from

800°C to900°C increases the activated Bdose inSi bya factor of5, from 9.4 x 1012 cm"2 to

5.4x 10 cm , without increasing the junction depth.

8.5 Electrical characterization of diodes

Variation in the electrical properties of the diodes and silicide degradation are the

main constraints on the annealing process window since the junction depth is constant.
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8.5.1 Epi and polysamples (7.5kV, 1015 cm"2 Bimplant)

The/V curves ofcharacteristic diodes from theepi and polysamplesare shown in

Figure 8-8a and b, respectively. The forward bias curves show that the diodes behave like

pn diodes in the forward turn-on region, with forward saturation currents at least 4-6

orders of magnitude higher than the reverse leakage currents at all temperatures and

diode ideality factors of 1.10 for epi samples and 1.04 for poly samples after 700°C post-

implant anneal. The reverse characteristics show that the leakage improves as the post-

implant annealing temperature is increased from 600-700°C, bothbyreducing theleakage

current and by slightly reducing the slope of theJV curve (Section 1.2.5). The reverse leak

age currentsafter 700°C and 800°C post-implant annealing are similar in magnitude for

both the epi and poly setsofdiodes. For theepi diodes, the slopes of the 800°C curvesare

lower, indicating lower carrier generation in the space-charge region. This indicates that

thehigher boronconcentration and activation in the800°C p+ layer is shrinking thepene

tration of the space charge region into the p+ layer. This reduces the effect of any deep-

level centersin the region, and creates a thicker quasi-neutral p+regionbufferbetweenthe

depletion regionand the CoSi2 interface. When thisquasi-neutral regionis too thin,within

a diffusion length of the space-charge region, majority carriers from the metal are able to

diffuse to its edge and add to the leakage current [8.16].

After900°C annealing, the reverse-biased JV slopes increase onlyslightlyforboth

typesofsilicides, but themagnitudeofleakage in the900°C epi diode increases noticeably.

The unchanged slope indicates that the depletion region itself is roughly comparable to

the oneafter800°C post-implant annealing. The cause of theincreased leakage magnitude

is probablysilicide-related. Further inspection of the 900°C post-implant annealed poly

crystalline silicide JV characteristics shows that although the poly diodes have a lower

leakage in magnitude than theepi diodes, theslope ofthecharacteristics ishigher than the

epi diodes and the curves contain a bump at -3V. This suggests an additional source of

leakagecurrent a small distance above the metallurgical junction in the p+ region, likely

due to the proximity of the rough poly-CoSi2 interface. Another possible explanation is

that residual implant damage is created in regionswhere the silicide is thin and the boron

entirely penetrates through to the silicon during implantation.
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Figure 8-8. Current density-voltage characteristics ofCoSi2 diodes
Forward and reverse current density-voltage curves with varying anneal temper
atures, a) epi diodes with minimum reverse leakage current density 12 nA/cm2,
and minimum slope among the curves observed after 800°C anneal, b) poly sam
ple diodes have minimum reverse leakage current density at 700°C, and smaller
leakage for 700°C-900oC than epi-CoSi2 diodes, c) epi-low dose diodes, d) epi-low
energy diodes.

141



8.5.2 Low-dose epi (7.5 keV, 1014 cm-2 Bimplant) and low-energy epi (3.5 keV,

1015 cm"2 B implant)

For the low-dose epi diode, excessive leakage currents are observed (Figure 8-8c).

The slope of the reverse-biased JV characteristics after post-implantanneal at 600-800°C is

similar to the steep rise in the epi and poly diode leakage current densities at 600°C. After

900°Cannealing the curve flattens out, indicating that a junction of better quality has been

formed under the silicide, although the proximity of the metal to the junction keeps the

current high. The behavior of low-energy epi diode shown in Figure 8-8d, implanted with

boron at 3.5kV, behaves even more like a Schottky contact (i.e., a device with no B

implant). The low-energy diode JV curves have been compared with the curves for a

Schottky diode made with the same silicide.The low-energy epi diode currents follow the

contours of the Schottky diode currents closely, but the magnitude of the reverse leakage

current is 10-100 times lower. The same comparison to the contours of the Schottky diode

can be made for the low-doseepi diodes, although in the low-dose epi case the current is

reduced by factors of 102-104. The Schottky-like behavior of the low-dose epi and low-
energy epi diodes may be explained by considering them as camel diodes with the small

amounts of boron present under the silicide increasing the effective barrier height of the

contact [8.17,8.18].

For the camel diodes, a very small change in the barrier height can cause a large

change in the reverse leakage current, like the factor of10-104 reduction in currents seen

in these samples. The camel diode model explains the difference between the low-dose

and low-energy epi samples: the low-dose epi sample shows lower leakage because its

boron layer isthicker while thesurface concentrations ofthetwo samples arecomparable.

Asseenfor the low-energy episamples, even thesmall amountofdopantpresentand acti

vated after 600°C annealing is able to raise the barrier and lower the leakagean order of

magnitude. However, the low-dose epi and low-energy epi diodes do not have pn diode

characteristics, and havereverse leakage currents more than 100 times largerthan theepi

and poly samples. A summary of the diode types and ideality factors after 700°C anneal

ing is shown in Table 2. Thecamel behavior is discussed fully in the nextchapter.
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Sample Epi Epi-Low Dose Epi-Low Energy Poly

B dose in Si from SIMS high low low high

Junction type pn junction camel diode camel diode pn junction

n, diode ideality factor 1.11 1.37 5.3at600°C 1.04

Total leakage current den
sity

21 nA/cm2 1700 nA/cm2 175uA/cm2 at
6006C

4 nA/cm2

Table 8-2. Summary ofdiode physical and electrical properties after 700°C
post-implant annealing.

8.6 Discussion

Thevariation of leakage current magnitude with post-implant anneal temperature

is shown for the epi and poly diodes in Figure 8-9. Each point is an average of 5 ormore

diodes tested at the given post-implant anneal condition. The curves show that it is pref

erable toactivate the dopant in the range of700°-800°C toachieve the lowest possible leak

age currents. The post-implant anneal of600°C isclearly insufficient to promote adequate

dopant movement and activation. As the junction depth is independent of the tempera

ture of thispost-implant anneal, a700°C anneal maybechosen to keep thethermal budget

at a minimum, or an 800°C anneal may be chosen to minimize reverse leakage current

while promoting dopant activation. The curves show that the poly process creates low

leakage junctions that are thermally stable up toa900°C, 30 s RTA step. The epi samples

600 700 800 900

Post-implant anneal temperature (°C)

Figure 8-9. Effect ofdopant activation temperature on CoSii diode leakage
Leakage current density measured at -5V biasof epi and poly samples with varia
tion in annealing temperatures. 700°C-800°C is the ideal range for the epitaxial
CoSi2 diodes, as theepisample current increases after 900°C annealing. Error bars
show highest and lowest leakage current measured for the sample.

143



also produce good diodes that are thermally stable up to 800°C. As there is no evidence of

large-scale morphology changes in the silicide after 900°C annealing, the increased leak

age of the 900°C post-implant annealed epi samples is attributed to local defect failures,

perhaps due to thermal-mechanical stresses in thebilayer-formed epitaxial silicide. TheU-

shaped curve of Figure 8-9 has been seen previously for poly-CoSi2 diodes, where the

increase in currentafter900°C annealing was attributed to silicide agglomeration [8.1]. As

mentioned, the slopes of the JV curves after 900°C annealing (in Figure 8-8) support the

ideathat the increase in leakage is not pn-junction related, but rather a propertyof the sili

cide. In these samples, however, a sheet resistivity increase has not been detected in these

silicides after the anneal, as is usually the way agglomeration is quantified in absence of

TEM data [8.10, 8.11]. More unexpected is the fact that the poly diode isunaffected by the

high-temperature anneal while the epi diode leakage has increased, since previous work

reports that epitaxial silicides are more resistant to agglomeration [8.10]. Perhaps relax

ation of high strains in small-area epitaxial silicide diodes causes agglomerationwhich is

not seen in large- area blanket films.

The total leakagecurrent of devices depends highly on the perimeter current den

sity, which is more a function of the interfacial structure of the device than a property of

the diffused junction being studied. As in Section 6.7, devices with varying area and

perimeter areused to distinguish the area (/„) and perimeter (L) components of the reverse

leakage currents. A graphofltotn]/L versusLis shown for the700°C post-implantannealed

nominal poly and epi diodes (Figure 8-10). The slopes provide areal leakage density of 2

nA/cm2 for poly after a700°C post-implant anneal. The areal leakage density of the epi
appears larger from the three largest samplesin the plot,but the areal and perimeter leak

age densities of the epi diodes are masked by a sharp increase in the leakage current den

sity as the diode size decreases. This increase may be due to either an area-dependent

metallurgical effect like stress, a different morphology of the epitaxial silicide in smaller

area contacts, ora significant contribution from the corners of the diode.The areal leakage

of the poly diode is comparable to diodes made by direct implantation into Si.The perim

eter leakage of the poly diodes was calculated at 170 pA/cm, and is almost twice the value

found of 90-95 pA/cm found in Section 6.7 for 100 nm junctions formed by implantation

directly into Si and 1060°C annealing. The highervalue of perimeterleakage may indicate

that lateral diffusion of dopant out of the silicide orsilicide growth at the edges canbe sig-
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Figure 8-10. Area and perimeter leakage currents ofEpi and Poly-CoSi2 diodes
Plot shows variation of bulk leakage current density (Ja) and perimeter leakage
current density (Jp) among Epi and Poly diodes annealed at 700°C. Points are
averages of diode leakage for a certain size diode.

nificantly different than in the bulk region, and will be the limiting factor in producing

low-leakage 100 nm junctions with the SADS process. Again, as shown in Table 8-3, it is

seen that the leakageof the low-energy epi diode is an order of magnitude better than the

Schottkydiode, and the low-dose implant is two orders of magnitude lowerin leakage.

Sample fa h
Epi-Low Dose 33 uA/cm2 1 uA/cm

Epi-Low Energy 357uA/cm2 26 uA/cm

Schottky 1.1 mA/cm2 295 uA/cm

Table 8-3. Area and perimeter leakage ofdiodes after 900°C dopant
activation annealing.

Figure 8-11 shows the correlation between physicaljunction properties and electri

calcharacteristics. The graph correlates the leakage current density to the concentration of

boronat the CoSi2/Si interface. A similar relation is observed by plotting the leakage cur

rent density versus the Bdose incorporated in the Si. The clustering of most of the points

around a single line regardless of annealing confirms that the implant profile is the most

important parameter to optimize to achieve a low-leakage diode. For epi-CoSi2, this is due

to the Ti-N-Co-Si-O precipitates which restrictthe dopant movement into the Si in the low-

energy and low-dose implant cases, and make it necessary to use a higher-dose, deeper

implant to get enough B under the silicide to make a pn junction. The 900°C, low-dose

implanted diode is the only sample which does not follow the trend. As explained previ-
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ously, it is a camel diodecontact whose leakage is dependent on the depth of the p layer.

In thiscase, the leakage current is lower than expected from thecurvebecause the dopant

layer is thick (due to the 7.5kV implant) although the B interface concentration is low.

8.7 Conclusion

When shallowjunctions are formed with the SADS process using a Co/Ti bilayer

to form an epitaxial CoSi2 contact, theuse ofa thinTi interlayer which helps the film grow

epitaxiallycan radically affect the dopant redistribution. Since the Ti bilayerused in the

epitaxial silicide formation creates a layer of dopant gettering precipitates. A threshold

dose of Bis required to saturate the precipitates before sufficient B diffusion into the Si can

occur. These effectsare seenclearly in electrical characteristics, where samplesimplanted

with low-dose or low-energy dopant have high leakage. The low-energy and low-dose

implanted diodes are best described as camel diode contacts, whose reverse leakage is a

sensitive function of the doping levels. The low-dose epi diodes areslightlybetter,owing

to the deeper penetration of B into the Si. A sufficiently high-dose, high-energy implant

and annealing in the 700-800°C range is the best choice for creating a low-leakage, good

quality pn junctionwith this process. As shownby SIMS data, the resultingjunctiondepth

of these low-leakage diodes is constrained in the area of 100 nm, including the silicide

thickness. Shallower junctions will require eitherthinnersilicides oracceptance of leakage

currentsin excessof the 1nA/cm2 ULSI benchmark.
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CI Ultra-shallow junction scaling

9.1 Introduction

Instandard implant and rapid thermal anneal processes, junction depthis reduced

by lowering implant energy and thermal budget. For p-type doping, this lower thermal

budget may lower the active boron concentrations below 2x1019 cm"3. Junctions made by
diffusion from a solid or gaseous dopant sourcemay have higher activation,but will have

steep,error-function shaped profiles. When these junctions are deep, they exhibitidealpn

junctionleakage due to holeand electron generation in the junctiondepletion regionand

minority carrier diffusion across the junction.When they becomevery shallow, below sev

eral hundred Angstroms, the junctions may become fully depleted and behave as camel

diode contacts [9.1]. A camel diode is a Schottky metal-semiconductor contact with a bar

rier height enhanced by a thin layer of carrier-depleted Si doped oppositely to the sub

strate under the metal. When the junction becomesshallow enough to be described as a

camel diode contact, its leakage current due to thermionic emission of carriers from the

metal into Si increases rapidly. Since a cameldiode is fully or partially depleted, it has no

quasi-neutral region and cannot behave as a minority carrier device. This chapter investi

gates the electrical behavior of junctions as they become very shallow, using the simple

analytical model of Shannon [9.1], 1-Ddevice simulations, and the CoSi2 diodes fabricated

in the previous chapter. A CV method for detecting the camel to pn junction crossover

point in devices is developed.

9.2 Camel diode barrier height and leakage current

9.2.1 Barrier height calculation

A schematic of the doping profile and band diagram of a camel diode (i.e., Shan

non contact) is shown in Figure 9-1. The thin p-layer of thickness d has an arbitrary net
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doping profile of concentration NA(x), which is assumed to be completely depleted in this

simple analysis. The thermionic emission barrier height is then the sum of the barrier

height of the metal contact to n-Si (<!>#) and the enhancement due to the p-layer, AO(V):

**W = *Bo+A*<v> (9"1)
where the enhancement AO is a function of the p-layer doping, junction depth, substrate

doping, temperature, and applied voltage. The metal contact is assumed to be the epitaxial

CoSi2material described in the previous chapters, with workfunction 4.789 eV.

qAO(V)

Figure 9-1. Schematic drawing ofcamel diode contact band diagram
q<S>2o is the barrier height of the Schottky diode (with no p-type doping layer) at
zero bias. qAQ>(V) is the voltage-dependent enhancement in the effective barrier
height due to the dopant profile shown in the inset. Na(x) and Nn arenet dopant
concentrations.

In this model, when the p-layerdoping and thickness are increased, the total bar

rier height to n-Si will saturate. Saturation occurs when thebandbendingbetween the p-

Si and n-Si reaches its maximum value, Eg -®n -<t>p at thermal equilibrium, where 0„isEc
-Eyin the quasi-neutral n-type substrate, and Op is Ej- Ev in the quasi-neutral region ofthe

diffused layer. When the barrier height saturates, holes begin to buildup in the area of the

peak potential,and the layeris no longer fully depleted.This is one measure determining

when the device begins to behave like a pn junction.

The barrier height enhancement is calculated from Poisson's equation, assuming

complete depletion of the surface layer of thickness d [9.2]. The second derivative of the

potential is related to the ionized dopant profiles:

—_ =JLna(x) forO<x<d,
clx2 h A
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dZyV -a
and —- = -±ND ford<x<W, (9-3)

dx- es

where W is the total thickness of the depletion layer, q is the electron charge, £5 is the per

mittivity of sibcon, and Nq is the uniform doping concentration of the substrate.

Equation9-2and Equation 9-3 are integrated onceto find the electric field, d*V/dx = -E(x),

andintegrated again to find the potential, Wx). The calculation usesthe following bound

aryconditions: theelectric field and potential are continuous at theboundarybetweenthe

n- and p-typedoping layers (x =d), the electric field at theedgeof the depletion region (x

=W) is zero, and the potential at the surface is ¥ (x=0) =<DB0 if image-force lowering is

ignored. The potential is then found:

X d

V(x) =®m+\lND(d-W)]x+l\xNA(x')dx'+lx\NA(x')dx' ford<x<W, (9-4)

and V(x)=VrND
fd2 x2
{2 2

+ M ford<x<W.

The quantity M is the spatial moment of the p-type doping profile:

M =fjx-NA(x)dx
• 0

(9-5)

(9-6)

The totaldepletionwidth W is then found from settingthe potential in the bulk, ¥ {x =W)

=®B0' (Vbi ~V)'as described in Figure 9-1.

r"?

W(V) =
•ie.

^- .(V„-io+^fi + M
-1I/2

d ND/2J_
(9-7)

The total barrier height is then found by finding the maximum value of *¥(x), which occurs

where the electric field (-dW/dx) equals zero. This gives anexpression for the position (xm)

where the potential is maximum:

JNA(x)dx =ND(d-W)+JNA(x)dx (9-8)

Once xm and W are found from Equation 9-8 and Equation 9-7, the total barrier height

4>(V) is equal to ¥(xm):

*<*J =0»n + r-BO NDxm (rf-W) +xttlJHA (x) dx+jx-NA (x) dx
167C6. x

(9-9)
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Image force lowering of the barrier is included in the last term in Equation 9-9, as the

image force correction can be large in lowly doped layers: for a layer with 1019 cm"3, the

correction is only 0.3%, but for a 10 nm layer with constant doping of 1018 cm"3, the cor

rection is 60%. The voltage dependence in W and xm in Equation9-9causes the maximum

barrier height to fall when the magnitude of the applied reversebias is increased. For an

arbitrary doping profile, the equationscanbe solved numerically.

9.2.2 IV Characteristics

The current density-voltage characteristic of the camel diode contact is dominated

by thermionic emissioncurrent, likeaSchottky contact, but with enhanced barrier height:

he =A* T~exV
-<7<Vvhr rqV

kT exPl-j^]-1 (9-10)

where A* is the effective Richardson constant for n-type Si, 252 A/cm2/K. Anexample of
the current density-voltage plots expected from these relations is plotted in Figure 9-2,

assuming constant doping in the p-layer. As shown in Ref. [9.1], for moderate doping

levels the magnitude of the current density is sensitive to very small changes in the junc-

.2 |
co 3

.£2 <

CD ^
o 'w

.2 "O

fE I
o

10c

10"

,'*
d = 5 nm

d = 15 nm

d = 25 nm

12 3 4

Reverse bias voltage (V)

NA=1018cm"3
NcplO^cm"3

Barrier

height
saturation

limit

Figure 9-2. Current density-voltage curves forcamel diode contacts
Simulated current density-voltage curves show rapid variation in current magni
tude with p-type layer thickness variation for constant doping: N^IO18 cm"3,
Nn=1016 cm"3. 40 nm curve shows barrier height saturation current level of3x10"
12 A/cm2.

tion depth. As the barrier height lowers, the leakage climbs rapidly. A small, 5 nm thick

ness variation causes a factor of 1000 increase in leakage at -3.3V of a 30 nm junction with
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junction doping of 1018 cm"3 and background doping of 1016 cm"3. In the 35 nm p-layer
curve, the slope of thecharacteristic changes at-1.5 V where the increasing bias lowers the

barrier height from the saturation value seen at low bias values. When the barrier height

saturates, and the band bending reaches its maximum, the thermionic emission leakage
drops to the pA/cm2 level according to this model.

To determine how shallow a junction can be tolerated at different doping levels,

the leakage current density is plotted as a function of the p-layer thickness while varying

theconstant p-layer doping concentration, NA, inFigure 9-3. The figures showthepnjunc-

10"
a)ND=1016cm"3

NA =5x1017cm"

5x1018 \ increasing NA

bJNo^O^cm"3

NA^xlO^cnr3

1019

5x1019

barrier height
saturation limit

.xv».\\\\\\\x\>,>,w\w\\\\\

40 60 0 20
d, p-iayer thickness (nm)

40

Figure 9-3. Variation in thermionic emission currents with substrate doping
Simulated current density at -3.3 V reverse bias for CoSi2/p-Si/w-Si camel diode
contacts with a) 1016 cm''5 and b) 1018 cm'3 substrate doping and uniform doping
of surface dopant layers.

60

tion depth required to avoid thermionic emission leakage. Accordingto this model, a shal

low junction abutting aMOSFET channel region with doping near 1018 cm"3 requires more
than 25 nm of material doped 5x1018 cm"3 or more to avoid thermionic emission leakage.
If activation above 1019 cm"3 is possible, a15 nm layer may be sufficient to meet the leak
age requirement. The current is exponentially dependent on the barrier height enhance

ment, which is proportional to the spatial moment, or N/jd2 in the case ofconstant doping;
therefore, the leakage current of the camel diodes is very sensitive to doping profile.

Diodes fabricated with doping that puts them near the camel regime exhibit large fluctu

ations in leakage with minor process variations.
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9.2.3 Effect of profile shape on barrier height

As discussed above, the profile of a shallow junction in the camel diode regime

influences its electrical behavior. In Figure 9-4, the equations from Section 9.2.1 are used

to calculate the barrier heights for different profiles with the same surface concentration

and dose ofactivedopant. In thisexample, theexponential profile,with the highest spatial

moment, has the highest barrier height. Figure 9-5 shows the variation in barrier height

when the junction depth is 10nm and the surfaceconcentrationisvaried to keep the doses

constant. Amore box-like profile is shown to be preferable formeetinga junctiongoal.To

make a 10 nm junction with constant dose, the surface concentration of the exponential

CONSTANT GAUSSIAN EXPONENTIAL

_mi7Nd^IO1' cm-

depth (nm)

0.98

^» depth (nm)

Figure 9-4. Barrier height with varying profile but constant surface concentration
Surface concentration is kept constant while junctiondepth is varied with profile
shape to keep dose constant. Exponential case,with highest spatial moment (M),
has largest barrier.

profile is increased a factor of 6.5 over the constant profile with hardly any increase in the

total barrier. This is why it isdifficult tomakeultra-shallowjunctionsby rapid thermal dif

fusion from a gaseous or oxide dopant source, when the dopant profile is constrained to

follow an error function. Exponential profiles have to be deeper than the more uniform

profiles made by laser doping to act electricallyas ideal pn junctions.

9.2.4 Camel diode leakage of CoSi2 diodes

The scaling difficulties described in the preceding sections are observed in the epi

taxial CoSi2/p-Si/n-Si diode structures fabricated in Chapter 8. To review, the naming
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Figure 9-5. Barrier height with varying profile but constant junction depth
Dose and junction depth are constant, and surface concentration is varied. In this
case, constant profilehas highest spatial moment (M), and highest barrier.

conventions of the samples are summarized in Table 9-1. Reverse-biased JVcharacteris-

Sample High-Energy Low-Energy Low-Dose

11B+ Implant Energy 7.5 keV 3.5 keV 7.5 keV

Implant Dose l()15cm"2 1015cm"2 1014cm"2

Table 9-1. Summary ofboron implants in CoSii used asa dopant source

tics are shown for the diode samples after 900°C annealing in N2 RTA in Figure9-6.

Orders-of-magnitude variation is observed in the reverse leakage currents, despite sec

ondary ion mass spectroscopy and spreading resistance profile data indicating that signif

icant quantities of Bare present under the silicide for all the samples. Diodes implanted

with ^B"*" at7.5 keV and 1015 cm'2 dose show leakage current near 100 nA/cm2 at-5V and
behave like idealpn junctions after a 900°C, 30 s post-implant anneal. Diodes implanted

at 3.5 keV with 1015 cm"2 dose or at 7.5 keV with a1014 cm"2 dose display higher leakage
currents likeSchottkydiodes that were made in the same silicideprocessing sequencebut

without Bimplantation and annealing steps. The low-energyJV curve shows similar curve

shape but large difference in leakagemagnitude from the Schottky diode curve.

9.2.5 PN junction / camel diode phase space

Figure 9-7summarizes the shallow junction scaling criterion based on thermionic

emission leakage. The lines in the graph give the doping and junction depth necessary for
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Figure 9-6. Reverse current density ofCoSi2 diodes with implant condition
Reverse-biased current density-voltage curve for CoSi2 diodes implanted with
boron after 900°C post-implantanneal, showing Schottky-like behaviorof diodes
implanted at a low-dose or low-energy condition.
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Figure 9-7. Camel diode/pn junction phase space
Lines indicate surface concentration (N^o) and junction depth (d) necessary for
barrier height saturation, including effect of barrier height lowering. Position of
fabricated CoSi2 device parameters in camel/pn junction phase space assumes
constant doping in p-type diffused layer.

barrier height saturation of constant, Gaussian, and exponential doping profiles. As the

junctions become shallower, the doping needed to meet the leakage requirement for the

different profiles diverges. With an active surface concentration of5xl019 cm"3, aconstant

profile of less than 5 nm is sufficient. For an exponential profile, more than 20 nm is
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needed. P-layer peak doping and thickness values from spreading resistance profiling of
the epitaxial CoSi2 diodes are shown in the pn junction/camel diode phase space. The
position in the diagram of the CoSi2 diodes' thickness and doping data correlates very well
with the leakage characteristics shown in Figure 9-6. The low-energy and low-dose sam
ples with high leakage and Schottky-like characteristics are located in the region where
thermionic emission is the dominant leakage mechanism. The high-energy sample with
leakage current density near 100 nA/cm2 at -5V is located above the cutoff line, in the

region where diffusion and generation dominate, and therefore can be described as a pn
junction.

9.3 Camel diode capacitance

9.3.1 CV method for determining camel/pn crossover point

The camel diode behavior of shallow junctions is also observed in capacitance-

voltage (CV) measurements, where the presence of the depleted p-type layer makes the

depletion region larger, and the capacitance smaller, than a pure Schottky contact. Such

capacitance-voltage measurements have been used to monitor the progression of dopant

into semiconducting material, by observing the increase in the V-axis intercept ofthe 1/C2
vs. Vdiagram after increasing thermal cycles [9.3]. Likewise, the change in1/C2 values as

a camel diode turns into a pn junction diode can be monitored to find the crossover point,

and so determine the minimum junction depth that behaves as pn junction for a particular

process.

The depletion width of the camel diode contact is given by Equation 9-7. Since

C=tsAM, the intercept of the 1/C2 plot {1/C2 =0) occurs at W2 =0:

Vi= l/B/+2F(2M +NDrf2) C9"11)
s

where Vgj = Ogo- O,,. V,- for the pn diode is the built-in potential of the pn junction, which

varies slowly for NA in the degenerate doping regime. The variation inthe 1/C2 plot with
varying junction depth (d) is shown in Figure 9-8.Forsimplicity, the p-layer doping is kept

constant. At d-0, the intercept is at the Schottky value. As d increases, the magnitude of

the VC curve increases but the slope remains constant so the 2/C2 plot intercept increases,
as shown in the line for dc>d> 0.The intercept increases until the barrier height saturates.

When the saturation point is reached, the slope of the 1/C2 curve (2es/qNr)) increases to the
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2eZes ( 1 1 ^pn junction value — — + — , and the intercept falls to the pn junction built-in poten

tial (the line with d > dc). For layers thicker than this, the pn junction intercept will be

roughly constant. As shown in Figure9-8, if high enough voltage is applied, the p-type

d>d

d = d

dc> d >0
d=0

'•I > "I > v
Vj(0)Vi(d>dc)

Figure 9-8. Monitoring PN junction evolution with CV
Variation of the 1/C2 graph with increasing junction depth, d, for constant diode
doping. d=0 is a Schottky contact, dc is the crossover thickness. Diodes with p-
layer thickness larger than d(are pn junctions at V=0.

layerwill be depleted. At the voltage where this occurs the camel diode slope will again

be observed, and the slope on the 7/C2 plot will change. Agood pn junction will exhibit pn
junction behavior up to the supplv voltage.

Figure 9-9 shows the increase of the 1/C2 plot intercept as the dopant dose in Si
increases. When the barrier heightsaturates, and the diode begins to act as a pn junction

with a quasi-neutral region in the p-type layer, the intercept decreases to the built-in

potential of the pnjunction. Observation of this 1/C2 intercept curve isauseful method for
finding the minimum drive-in necessary to create a diode with pn behavior, for which

leakage current is not sensitive to changes injunction depth and doping.

9.3.2 Observation of camel diode behavior in 1-D simulation

The simple analytical model ofcamel diode behavior from the previous sections is

tested in the device simulator TMA MEDICI, version 2.1.2. The simulator allows second-

order effects like incomplete depletion of the p-layer to be taken into account. Diodes are

simulated with a uniformly doped p-layer (A/^IO18 cm"3) or with a Gaussian profile (at
surface N^o=1019 cm"2). The background doping is 1017 cm"3 in both cases. Contacts to the
p-layerare CoSi2 and contact to thesubstrate isassumed to ben+ poly-Si. Thesimulation
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Figure 9-9. Variation of 1/C2 plot intercept with doping
Increase with doping of the intercept of the 1/C2 diagram, showing intercept
steadily increasing as junction depth increases and then snapping back to the pn
junction value when pn junction is formed.

mesh isvery fine inthe shallow doping areas, withgrid points every 1-5 Angstroms. High

frequency acanalysis at 1 MHz isused to extract thecapacitances of the simulated diodes.

0.05

Depth in Si (microns)
0.05
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0.10

Figure 9-10. Simulated barrier height saturation ofGaussian junctions
Barrier height enhancement and saturation of Gaussian pn junctions with junc
tion depth 0-40 nm, surface concentration 1019 cm"3, and background doping 1017
cm"3, a) 0V applied bias, b) -5 V reverse bias.

Figure 9-10 shows conduction band contours for the Schottky diode case and for

Gaussian profiles with junction depth 10-40 nm, with 0 V and -5 V reverse bias applied.

The 30 and 40 nm junctions both reach the saturation barrier height even under -5 V

reverse bias. The 10 and 17 nm layers both show the reduction of barrier height under
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reverse bias, in Figure 9-10b. From these plots, a junction more than 20 nm is needed to

reach barrier height saturation under -5 V bias.

9.3.3 Confirmation of CV method with 1-D simulation

Figure 9-11 shows 1/C2 values simulated at 0 Vand -5 Vfor both the uniformly
doped and Gaussian profile diodes. The figure shows the impact of incomplete depletion

onthe diode capacitances. Here, the plots all show a bump inthe 1/C2 values around the
crossover region. As expected, the crossover from camel to pn junction occurs at a higher

junction depth when a higher voltage is applied (d2>dj in Figure 9-1 la and b).The changes

in capacitance are correlated to the increasing barrier height enhancement, shown in

Figure 9-1 lc and d. 1/C2 is seen to reach its peak as the barrier height enhancement is half
way to saturation, at junction depth dj at 0Vand d2 at -5V. Beyond these values, the fully-

depletedapproximation begins to breakdown,holes in thep-layerbeginto respond to the

bias, and the effective depletion width decreases. At the bottom of the hump, at junction

depth d$ (-5V), a quasi-neutral region is established and barrier height saturation occurs.

Beyond the peak, the 2/Cz values are roughly constant, as the pn junction capacitance

should not change with junction depth. This is true for the constant doping profile in

Figure 9-llb. In theGaussian profile in Figure 9-1 la, the depletion width increases slowly

as the Gaussian profile is stretched, and the doping gradient in the tail becomessmaller.

The same set of features can be observed in the plot of 1/C2 intercepts (VJ) in
Figure 9-1 le and f. The intercepts plotted hereare found using the 0 Vand -5V points to

define a slope as in Figure 9-8. The intercept increases from the Schottky value to a peak

at dj, falls to a valley at d2, and then rises to the saturation value at d$. As shown in

Figure9-11, fora highlydoped, non-uniformly doped diode, the valleymay be difficult to

resolve. Asthe idealpn junction condition isat theend ofthevalley (d^), comparingresults

from the reverse-biased 1/C2 plot (Figure 9-lla) and the intercept plot (Figure 9-lle) may
be necessary to identify the correct point. The minimum junction depths for pn junction

behaviordeterminedby this simulation are 30 nm for the Gaussian profilewith peak con

centration 1019 cm"3, and 60 nm for the uniform doping profile with doping 1018 cm"3.

9.3.4 Confirmation of CV method with CoSi2 diodes

Figure 9-12 shows the measured 1/C2 plot intercept of the CoSi2 diode samples.
Thedata isplottedversus junction depth from SIMS data,which issomewhat misleading,
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Figure 9-11. Simulation ofCV methodfor finding minimum pn junction depth
Bump in1/C values seen asjunction changes from camel topnjunction diode for
Gaussian profile in a) and constant profile in b). Actual barrier height enhance
mentqA<t> (defined in Figure 9-1) shown in c) and d). Peak at 0 Vat dh when0 V
barrier height halfway to saturation. Peak in -5V atd2, when -5 Vbarrier height
halfway to saturation. -5 Vpeak ends at d3, where -5V barrier height saturation
reached, e) and f) show variation in 1/C2 plot intercepts (V,) with increasing junc
tion depth using values from 0V and -5V to define the slope. Background doping
1017cm .
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as the dopant doses and interface Bconcentrations vary among these samples. The mea
sured values correlate well with the leakage behavior in Figure 9-6 and with the barrier

heights calculated using the equations in Section 9.2.1 and the SIMS dopant data. The
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Figure 9-12. CV identification ofCoSi2 diode contact type

resultsare summarized in Table 9-2. The low-energy diode shows a barrier height higher

than the Schottky junction and reduced leakage. The low-dose diode shows an increased

barrierheight, but on average, no reduction in the leakage, due to a very large spread in

leakage among the low-dose samples, as expected from Figure 9-2. The SIMS data of the

Sample High-Energy Low-Dose Low-Energy Schottky

Vj, measured CV intercept (V) 0.76 1.07 0.82 0.45

V{, calculated CV intercept (V) pn jn value 1.34-1.55 0.81-0.83

Best leakage current density 100nA/cm2 22uA/cm2 350uA/cm2 2.3mA/cm2

DIODE TYPE PNJN CAMEL CAMEL

Table 9-2. Summary ofepitaxial CoSii diode type

best, lowest-leakage low-dose samples showed that those had a similar dose but higher

junction depth of B in the Si than the low-energy samples. This correlates with the trend

seen in Figure 9-4, where deeper junction depths are seen to be most effective for reducing

leakage. For the high-energy diode, the barrier decreases and the leakage decreases fur

ther, showing it has reached the pn junction regime.
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The progressive increase, peak, and saturation of the 1/C2 plot intercept has also
been observed in the CoSi2 diodes. Figure 9-13 shows such a curve for the Low-Energy

sample with successive annealing steps at 700°C. The peak and decline signallingbarrier

12 3 4 5
Annealing Time (min)

Figure 9-13. Variation of 1/C2 plot intercept for CoSi2 diode on annealing
Sample implanted with 3.5 keV B+, 1015 cm"2 dose, annealed at 700°C. Intercept
increases to a peak, decreases, and saturates. Ideal junction forms after 5 min.

height saturation at0V biasare seenafter1-1.5min. annealing. The dip isnot pronounced

because the 1/C2 intercept was found using points at 0Vand -1 V to find slope. Ideal junc
tion is formed after 5 min. of annealing, when dip ends.

9.4 Conclusions

The high leakage currents of ultra-shallow junctions formed by B diffusion out of

solid-phase epitaxially grown CoSi2 contacts grown from Co/Ti bilayers on Si are

explained by the camel diode contactmodel. Depending on implant condition, the diodes

behave eitheras pn diodes orSchottky diodes with barrier height enhancedby the p-type

diffusion. Camel diode contacts, with barrier height that depends on the spatial moment

of the doping and thermionic leakage current that depends exponentially on the barrier

height, have electrical characteristics that are very sensitive to process variation. There

fore, for reproducible junction IV characteristics, shallow junctions to be used in critical

devices must be fabricated deep enough or highly doped enough to behave as ideal pn

junctions. Capacitance measurements areshown to be useful in finding the point where a

leaky, majority-carrier camel diode becomes a low-leakage, minority-carrier pn junction.
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This point defines the minimum junction that can be made with a process which will

behave electrically as a pn junction.
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A Appendix: Optical emission
-^^ spectroscopy peaks

A.1 Introduction

Optical emission peaks for species expected in BF3 plasma are compiled so that

peaks in measured OES spectra may be analyzed in Chapter 3. In SectionA.2, the OES

peaks are listed. In Section A.3, a calibrated OES spectrumfrom a BF3 plasma is shown.

A.2 OES peaks

A,(nm) Species Intensity Ref. A.(nm) Species Intensity Ref.
089.0 BF3 [A.l] 221.7 Si [A.4]
094.0 BF3 [A.2] 222.0 B+ 70 [A.6]
126.1 Si+ [A.3] 222.0 BF3+ [A.l]
136.2 B+ [A.3] 229.1 Si [A.4]
162.4 B+ [A.3] 229.5 Si [A.4]
180.8 Si+ [A.3] 232.3 B+ 40 [A.6]
182.6 B [A.3] 232.9 B+ 40 [A.6]
196.0 BF [A.3] 239.3 B+ 40 [A.6]
200.8 Si [A.4] 239.5 B+ 220 [A.6]
201.1 Si [A.4] 243.5 Si [A.7]
205.5 Si [A.4] 243.8 Si [A.4]
206.0 B [A.5] 244.3 Si [A.4]
206.1 Si [A.4] 245.0 B [A.5]
206.5 Si [A.3] 245.0 BF3 [A.3]
206.6 B 250 [A.6] 245.2 Si [A.4]
206.7 B 300 [A.6] 246.0 B+ 40 [A.6]
208.9 B 500 [A.4] 249.7 B 1000 [A.4]
209.0 B 500 [A.4] 249.8 B [A.4]
211.5 Si [A.4] 249.8 B [A.8]
212.1 Si [A.4] 250.7 Si [A.4]
215.0 BF3 [A.3] 251.4 Si [A.4]
217.9 B+ [A.6] 251.6 Si [A.4]
220.7 Si [A.4] 251.9 Si [A.4]
220.8 Si [A.3] 252.0 Si [A.9]
221.1 Si [A.4] 252.4 Si [A.4]
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A.3 OES spectra from BF3 and Ar plasmas

The following pages show measured spectra from BF3 and Ar plasmas run in the

ECR system. Plasmas are run at 700W, 1mtorr gas pressure, and 220 A magnet current.

The relative intensity of lines in the Ar plasma follow closely the intensities listed in Ref.

[A.14]. Quartz windows in the ECR chamber attenuate the optical signal below300 nm.
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MM Appendix: Implant profile generation
-"-^ and extraction programs

6.1 General

The following programs were written for Matlab, version 4.2c, distributed by
MathWorks, Inc.

B.2 Per-pulse profile generation from implanter IV waveforms

Generation ofa per-pulse profile from the implanter IV waveform requires two
programs: Ivtospec.m, which creates an energy spectrum for the implant from the

implanter waveforms, and Specboth.m, which creates the implanted profiles from the
energy spectrum.

B.2.1 Generation of energy spectrum

Program Ivtospec.m takes two 2-column input files which contain the implanter

current and voltage waveforms. The first column is expected to contain the time in sec

onds, and thesecond column, voltage orcurrent. The program will extend thefall-time of

the voltage waveform to the end of the pulse period, and will extrapolate for more points
inthevoltage rise-time. The current isconverted tocurrent density, andcurrent duetosec

ondary electron emission is extracted. For accurate simulation, the parameter 'step' must
be small. This is the width of each energy bin. Another parameter that may be changed is
theminimum implant energy. In this version, it isassumed thatany ion withless than 50

eVofenergy is deposited or reflected, but not implanted.

% BEGIN PROGRAM

% PROGRAM IVTOSPEC.m takes [time | I] and [time | V] files and yields
% 2-column outfile containing energy and # ions implanted at that energy,
% This is the energy spectrum of implant, assuming collisionless sheath

% INPUT DATA IN THIS SECTION-

ma = 5000; % energy of highest bin
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step = 100; % energy range in each bin

nb = ma/step;% number of bins

bins = [step:step:ma];

% READ IN DATA: files expected are 2-column: 1. time, 2. voltage/current
vinfile='voltages.txt';
fidl = fopen(vinfile,'r+');

[volt,countdat] = fscanf(fidl,'%g %g',[2 inf]);
11 = length(volt);

iinfile='currents.txt';

fid2 = fopen(iinfile,'r+');

[curr,countdat] = fscanf(fid2,'%g %g',[2 inf]);
12 = length(curr);

frequency=5000; % frequency of implant pulses,
% to give length of fall time between them

area=.007853 9816; % implant target area in mA2

outfile='outbins'; % outfile name for energy spectrum

%CORRECT SECONDARY ELECTRON YIELD MODEL FOR ION SPECIES USED:

%for 7.5% B, 7.5% F, 85% BF2 : sey=0.0026 * energy A 0.86

%for 80% B, 20% BF2 : sey=0.001 * energy A 0.965 (both for 20% Si exposed )
%for Ar, use 0.004*energyA0.82

seypf=0.0026;

seyex=0.86;

%Used Rocca data for Ar yield on Al in l-5kV range, Used Alonso data to

%switch ion species from Ar to B/F, Used En data to adjust for % of Al,
%Si and Si02 exposed

%

curr(2,:)=curr(2,:) ./ area; % convert to current density

dt=curr(1,2)-curr(1,1); % timestep must be constant for all

% data

if ~(dt==volt(1,2)-volt(1,1)) % timescales must be the same for i and v

error('timestep must be equal for voltage and current')

end

if ~(curr(l,l)==volt(l,l))

error ('starting time must be equal for voltage and current waveforms')
end

curr(l,:)=[curr(l,l):dt:curr(1,1)+(12-1)*dt];

voltd, :)= [curr(l,l) :dt :curr (1,1) + (12-1) *dt] ;

volt(2,:)=volt(2,:)-max(volt(2,:)); % remove dc offsets

curr(2,:)=curr(2,:)-max(curr(2,1));
%

% IMPLANT PER PULSE

%implanted ions=(pulse on?=volt>50eV?)*current*dt/secondary e- current

%only consider ions implanted after pulse begins

%divide out secondary e- current using SE yield from input model
templ=-dt*(real(volt(2,:)<=-50).*curr(2,:))./(seypf*(abs(volt(2,:))).A-

seyex+1);
%__.

% RISE TIME / FALL TIME

%This Section splits energy profile into rise time/on time/fall time
%rtv, rise time is time to get to 0.85 of max voltage
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%on, on time is time when voltage falls below 0.85 of max voltage
%st, start time is time when voltage above 0.05 of maximum
maxvolt= min(volt(2,:)) % maximum implant voltage
rtv=min(find((volt(2,

st =min(find((volt(2,

on =max(find((volt(2,

)-0.85*maxvolt)<0))

)-0.05*maxvolt)<0))

)-0.85*maxvolt)<0))

% timeindex to 85% max. voltage
% timeindex when pulse began
% time index of pulse end

% FALL TIME: EXTRAPOLATE FROM WAVEFORM TO COMPLETE FALL TIME

%assume exponential fall in voltage or current, fit log plot to find slope
%add 500 points from end of data, ftl, to point where ion energy too low
%to implant (-50eV), at ftend

ft2 = 1/frequency; % 1/frequency, set in input section
ftl = curr(1,12); % last timevalue of measured data

ftO = curr(l,on+l); % timevalue at beginning of fall-time
voltg=log(-volt(2,on+l:12));

slope=sum(gradient(voltg))/length(voltg)/dt;
yo=volt(2,12);

ftend=ftl+(log(-50/yo))/slope;

steps=500; % # of timesteps in extrapolated waveform
dtg=(ftend-ftl)/steps; % timestep in extrapolated waveform
timeh=[ftl+dtg:dtg:ftend];

volth=yo*exp((timeh-ftl)*slope) ;

tci=12-250; % timeindex range used for curr fit: tci to 12
tc=curr(1,tci); % timevalue range used for curr fit: tc to ftl
currg=log(-curr(2,tci:12) );

slc=sum(gradient(currg))/length(currg)/dt ;
co=curr(2,tci); currh=co*exp((timeh-tc)*slc) ;
currk=curr(2,tci)*exp((curr(1,tci:12)-tc)*slc);

lenh=length(timeh);

temp3 = -dtg*(real(volth<=-50).*currh)./(seypf*(abs(volth)).Aseyex+1) ;
% implanted ions during end of fall time

% RISE TIME: INTERPOLATE FOR MORE POINTS

f=50; % add f points between every point in rise time
dtf=dt/f; % timestep in rise time
time=[curr(1,st):dtf:curr(1,rtv)]';
curr2=interpl(curr(1,:), curr(2,:), time);

volt2=interpl(volt(1,:), volt(2,:)( time);

len=length(time);

temp2 = -dtf*(real(volt2<=-50).*curr2)./(seypf*abs(volt2).Aseyex+1);
% implanted ions during rise time

%

% TOTAL DOSE AND MEAN ENERGY OF IMPLANT SPECIES

% for dose/pulse add up all the dose/time steps,
% convert to cm-2

dose=-l*(sum(templ(rtv:12))+sum(temp2)+sum(temp3))*le-4/l.6e-19
% mean implant energy = Sum(Energy*dose)/(total dose)

meanen=(sum(volt(2,rtv:12).*tempi(rtv:12))+sum(volt2.*temp2)+sum(volth.*
temp3))/(sum(tempi(rtv:12))+sum(temp2)+ sum(temp3))
%

% ENERGY DISTRIBUTION

% split implant voltage into discrete bins and sum up all ions which match
% each bin (tempi-temp3 from above)

% RISE TIME
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for x=l:nb

energyla(x)= sum(temp2(find(abs(floor(volt2./step)) == x) ));
end;

% ON TIME

for x=l:nb

energylb(x)=sum(tempi (rtv-l+(find(abs(floor(volt(2,rtv:on)./
step))==x))));

end;

% FALL TIME

% count ions from fall time and extrapolated fall time
for x=l:nb

energylc(x) = sum(templ(on+(find(abs(floor(volt(2, on+1:12)./step)) ==
x)))) + sum(temp3(find(abs(floor(volth./step)) == x)));
end;

% TOTAL

energyl=energyla+energylb+energylc;
% SAVING DATA

A=[bins

B=[bins

C=[bins

D=[bins

,(energyla/1.6e-19*le-4) '];

,(energylb/1.6e-19*le-4)'];

,(energylc/1.6e-19*le-4) '];

,(energyl/1.6e-19*le-4) '];

fid4=fopen(outfile, 'w') ;

fprintf

string=

fprintf

string=

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fprintf

fid4, '# Output from Ivtospec.m, Energy spectrum of implant\n');
'# Current Input file was: ' iinfile ' \n'];

fid4, string);

'# Voltage Input file was: ' vinfile ' \n'];

fid4, string);

fid4, '# SEY model used:seypf=%2.6f, seyex=%2.6f\n',seypf,seyex);
fid4, '# \n');

fid4, '# Energy spectrum of Rise time \n');

fid4, '%g %g \n', A');

fid4, '# \n');

fid4, '# Energy spectrum of On time \n');

fid4, '%g %g \n', B');

fid4, '# \n');

fid4, '# Energy spectrum of Fall time \n');

fid4, '%g %g \n\ A'); fprintf(fid4, '# \n');
fid4, '# TOTAL Energy spectrum \n');

fid4, '%g %g \n', A'); fclose(fid4);
'program "done'"

outfile

% •END PROGRAM-

B.2.2 Generation of per-pulse profile from energy spectrum

Spectoprof.m takes the output from Ivtospec.m. Using the dose of ions implanted

per energy given by that program, Spectoprof.m generates a per-pulse implant profile

(concentration versus depth). Two files be set up which contain the projected range and

straggle data for the atomic species whose implant is being monitored (i.e., Bor F). These

filesare two-column,energy in eV and projected range or straggle in A.The program also
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requiresas input the ion species fraction of the implant (db, dbf, dbf2 and df). The SIMS

per-pulse profiles in Chapter 4 were fit by varying these parameters. Output file is total

concentration versusdepth ofmonitored atom. The program belowissetup tomonitorB.

%--BEGIN PROGRAM

% SPECTOPROF.M : Takes as input an output file from Ivtospec.m, [bin dose],
% and fraction of ion flux due to each ion species (B+, BF+, BF2+ and F+) .
% Program plots the depth profile assuming Gaussian profiles and using
% range and straggle data from TRIM 90.05. This program gives
% PROFILES FOR BORON implanted during BF3 PIII.
% Must set up files brp.dat and bdrp.dat, 2-column files containing
% [energy(in eV) | range_or_straggle(in A)].

% INPUT DATA IN THIS SECTION

infile='outbins';

fidl = fopen(infile,'r+');

[bins,countdat] = fscanf(fidl, '%g %g',[2 inf]);
fclose(fidl);

nb = length(bins);

ma = max(bins(1,:));

step = bins(1,1);

outfile='binspp'; % Output filename

% ion species fractions

% 11 B +; 30 BF +; 49 BF2+; 19 F +

db=.075; dbf=0; dbf2=0.85; df=0.075;

%-TOTAL DOSES EXPECTED

expdose=sum(bins(2,:)); % dose from input file
bdose=(db+dbf+dbf2)*expdose; % total boron dose

%-BORON PROFILE

% table of projected ranges for boron from TRIM 90.05, in Angstroms
fid2 = fopen('Brp.dat',' r+');

[brp,countdat] = fscanf(fid2,'%g %g',[2 inf]);
fclose(fid2);

% table of straggle in projected range for boron TRIM 90.05, in Angstroms
fid3 = fopen('Bdrp.dat','r+');

[bdrp,countdat] = fscanf(fid3,'%g %g',[2 inf]);
fclose(fid3);

% energy of different ion species after impact
ebb=l;

ebbf=ll/3 0;

ebbf2=ll/49;

xmax=1000; % maximum depth of constructed profile, in A
xstep=5; % depth resolution in Angstroms
depth=[0:xstep:xmax]; % set depth matrix

profilebb=zeros(l,xmax/xstep+l); % intitalize concentration matrix
profilebbf=zeros(1,xmax/xstep+1); % intitalize concentration matrix
profilebbf2=zeros(1,xmax/xstep+1); % intitalize concentration matrix
% .
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for i=l:nb

% B FROM B+

xi=interpl(brp(l,:), brp(2,:), bins(1,i)*ebb);

% proj. range = peak location
dxi=interpl(bdrp(l,:), bdrp(2,:), bins(1,i)*ebb);

% drp = gaussian width

ai=bins(2,i)/(dxi*le-8*sqrt.(pi/2)*(l+erf(xi/dxi/sqrt(2)) ));
% set peak concentration

profilebb=profilebb+ai*db*exp(-(depth-xi).A2/(2*dxiA2));
% Gaussian profile

% B FROM BF+

if bins(l,i)*ebbf > 10;

xi=interpl(brp(l,:), brp(2,:), bins(1,i)*ebbf);
dxi=interpl(bdrp(l,:), bdrp(2,:), bins(1,i)*ebbf);
ai=bins(2,i)/(dxi*le-8*sqrt(pi/2)*(l+erf(xi/dxi/sqrt(2)))) ;
profilebbf=profilebbf+ai*dbf*exp(-(depth-xi).A2/(2*dxiyv2));

end;

% B from BF2+

if bins(l,i)*ebbf2 > 10;

xi=interpl(brp(l,:), brp(2,:), bins(1,i)*ebbf2);
dxi=interpl(bdrp(l,:), bdrp(2,:), bins(1,i)*ebbf2);
ai=bins(2,i)/(dxi*le-8*sqrt(pi/2)*(1+erf(xi/dxi/sqrt(2))));
profilebbf2=profilebbf2+ai*dbf2*exp(-(depth-xi).A2/(2*dxiA2));

end;

end;

profileb=profilebb+profilebbf+profilebbf2;

bdose

calc_b_dose=trapz(depth,profileb)*le-8

% dose in profile (check that they're equal)
%-SAVING DATA

fid4=fopen(outfile, 'w');

fprintf(fid4, '# Output from SPECBOTH.M, F and B IV-constructed per-pulse
profiles\n');

string=['# Input file was: ' infile •\n'];
fprintf(fid4, string);

fprintf(fid4, '# Boron flux fraction %2 .3f\n•,db);
fprintf(fid4, '# BF flux fraction %2.3f\n',dbf);
fprintf(fid4, '# BF2 flux fraction %2.3f\n',dbf2);
fprintf(fid4, '# F flux fraction %2 .3f\n',df);
fprintf(fid4, '#\n');

fprintf(fid4, '# Calculated B dose=%.3e, Expected B dose=%.3e\n', bdose,
calc_b_dose);

fprintf(fid4, '# Boron implant profile\n');

fprintf(fid4, '# Depth(Angstrom) Concentration(cm-3)\n');
B=[depth', profileb'];

count=fprintf(fid4, '%g %g \n', B');

fclose(fid4);

'program done'

outfile

%-END PROGRAM
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B.3 Per-pulse profile extraction from SIMS data

As described in Chapter 3 and 4, simultaneous implantation and etching during

plasma immersion ion implantation cause the final concentration profile to be a convolu

tion of a per-pulse implant profile witha function that takes into account the pulse rate

and surface erosion rate. Secondary ion mass spectrometry of the Bprofile gives the final

concentration profile. The program Rev.m takes that concentration profile and performs

thedeconvolution. Input data that are needed are the etching rate (in A/sec),thepulse fre

quency (in Hz), the implant length (in s). Ifinput data has depth resolution of1Angstrom

(one point per Angstrom), then program will determine an optimal depth removal incre

ment (xinc) to make the etch rate in the program as close as possible to the real etch rate.

Since it is assumed in the program that all pulses implanted in the time (t^) it takes to

remove xinc Angstromsof material are implanted at the samedepth, the etch rate will be

rounded so that the tjnc isan integer. Awarning is given ifxinc ofthe input data isnotopti
mal.

The deconvolution is described by theequation C=Ag, where C is the final concen

tration vector read in from SIMS data, and g is the per-pulse concentration vector. A con

tains the information on the deconvolution. The vector equation will resemble the

following:

c(.v,)

c(x2)

c(.xy)

c(x4)

c(x5)

c(xe)
c(x7)

c(x9)

10 0 0 0

11000

11100

11110

11111

0 1111

00111

000 11

00 00 1

tf(.T,)

i'(v2)

*(.v3)

8 (x4)

= Ag (B-l)

where the values in A will vary with etch rate, frequency and implant time. Even using

sparse matrices for the calculation, the size of the matrices becomes large for etch rates

larger than8nm/min and long implant times. In these cases, a lowerXj„c shouldbe used.
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After the matrix A is constructed, the deconvolution is a single, inverse matrix

multiplicationstep.This same program can beused to makea per-pulseprofileinto a final

implant profileby inputting the per-pulse profile, settingall the implant parameters, and

simply substituting a forward matrix multiplication step.

%--BEGIN PROGRAM

% PIII implantation during etching, given:

% ** final profile in matrix C[] (one point per r angstrom depth)
% ** etch rate v in Angstroms per second (may be fractional)
% ** implant pulse frequency in Hz
% ** length of implant in seconds

% GIVES PER PULSE PROFILE

%--DATA INPUT IN THIS SECTION

% Setting up matrix for final implant profile
% CsO(x) is as-implanted profile from SIMS, cslO is number of points
% Expects 2-column file X values and Concentration

% X-values must be evenly spaced.

% If X spacing=l Angstrom, program can set optimal resolution

filename='bf3_55/5kv5khz.txt';

optfilename=[filename 'opt'];

fid=fopen(optfilename);

if fid==-l;

fid=fopen(filename);

end

CsO=fscanf(fid, '%g %g\ [2 inf]);
fclose(fid);

CsO=CsO';

cslO=length(CsO);

% IMPORTANT INPUT DATA

v=77.5/60; % Exact etch rate in Angstrom/sec

t=600; % Length of implant in seconds

f=5000; % Implant pulse frequency
%

% find optimal resolution for profile, r

% resolution is lowered to r for best fit to etch rate

% real etch rate is v*60 Angstrom/sec

% etch rate used is r*60/round(r/v) Angstrom/sec

real_etch_rate=v*60

rm=[l:l:5]; % maximum depth step 5 Angstrom

choices=(rm*60./round(rm/v));

rm2=abs(choices-60*v);

r=min(find(rm2-min(rm2)==0) ) ;

optimal_r=r

optimal_etch_rate=r*60/round(r/v)

% check that data in proper form, either one point per Angstrom

% (in which case resolution will be reduced to optimal r)

% or that resolution is properly set to optimal r
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% if not, warning will be displayed and calculation continues
rdat=CsO(2,1)-Cs0(l,1);

if rdat==l

csl=ceil(cslO/r);

Cs=zeros(csl, 2);

for i=l:csl

Cs(i,l)=CsO((i-l)*r+l,l);

Cs(i,2)=CsO((i-l)*r+l,2);

end

fid=fopen(optfilename,'w');

count=fprintf(fid, '%g %g \n', Cs');

fclose(fid);

'made new file with optimal depth spacing, suffix "opt"
Cs=Cs( :,2) ;

else

' i c i

if ~(r==rdat)

current_etch_rate=(rdat*60/round(rdat/v))

current_r=rdat

q=input('WARNING: depth step is not optimal. Continue? (y/n)

if q=='n'

error{'Program terminated due to incorrect r & etch rate values')
else

r=rdat;

Cs=CsO(:,2);

end

else

'data already properly scaled'

Cs=CsO(:,2);

csl=cslO;

end

end

% Time step: 1 second. Resolution lowered to r Angstroms.
% If etch rate lower than r Angstrom per second, so
% many seconds go by without r Angstrom removal, then
% dt is time that passes before new layer considered,
if v/r<l

dt=round(r/v); vi=l;

else

dt=l; vi=v/r;

end

% dimensions of conversion matrix

cl=csl;

gl=csl;

% Time indecies (n and m). Need two to deal with etch rates

% which are fractions of an Angstrom per second (1/v not integer).
n=floor(t/dt);

m=ceil(t/dt);
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% Implant description
a=sparse(cl,gl);

if dt>t

b=f*t*ones(gl,l);

a=spdiags(b,[0],cl,gl);
else

if m==n

b=f*dt*ones(gl, n) ;
bl=[l-n:0];

bl=-vi*bl;

a=spdiags(b,bl,cl,gl) ;
else

b=f*dt*ones(gl,n);

c=f*rem(t,dt)*ones(gl, 1) ;

b=[b,c];

bl=[-n:0];

bl=-vi*bl;

a=spdiags(b,bl,cl,gl) ;

end

end

clear b bl CsO;

% REVERSING CALCULATION

Cs=sparse(Cs);

Gs=zeros(gl,2);

Gs(:,2)=a\Cs; % change this line to perform forward calculation,
% to find final profile from per-pulse profile

% depth matrix (X)

Gs(:,l)=r*[0:gl-1]';

% extinguish negative values

for i=l:length(Gs);

if Gs(i,2)<0;

Gs(i,2)=10;

end

if Gs(i,2)==0;

Gs(i,2)=10;

end

end

% Saving data in two columns, x values and G values

ppfilename=[filename 'pp'];

fid=fopen(ppfilename,'w');

count=fprintf(fid, '%g %g \n', Gs');

fclose(fid);

'made output file with per-pulse profile, suffix pp'
'done'

%--END PROGRAM
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•^Appendix: Shallow junction and thin
^-^film characterization techniques

Cl Introduction

This appendix contains introduction, background, and calculations for a number

of the characterization techniques that have been used in this work. Secondary ionmass

spectrometry (SIMS, section C.2) isused todetermine thedepth of implanted dopant pro

files and to estimate dopant diffusion during annealing cycles. This section contains the

penetration depth calculations for the SIMS analysis used. X-ray diffraction (XRD, section

C.3), and Rutherford backscattering (RBS, section C.4) are used to measure film thick

nesses, determine structural information about metal and silicide films, and to look at

implantation-induced structural damage. These sections contain the table of XRD peaks

used to identify CoSi2 and the kinematic factors and stopping powers used for RBS of

CoSi2-

C.2 SIMS

Secondary ion mass spectrometry is used to find the concentration versus depth

profiles of impurity atoms insilicon and cobalt silicide materials. The technique usesalow

energy (1-10 keV) ion beam toslowly sputter away the material being analyzed (Figure C-

1). The ionbeam sputtering creates asecondary particle plume consisting of neutrals and

positive and negative ions. The particles in the plume are mostly generated within the

penetration depthof theprimary ion. A mass spectrometer isused tocollect either positive

or negative ions. Electronic gating is used so ions areonly collected from the center of the

crater, to avoid edge effects. The SIMS work in this paperwas performed in Cameca IMS-

3f, IMS-4f and IMS-4.5f high mass resolution magnetic sector ion microanalyzers at sites

at Intel, SEMATECH and Charles Evans.
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Figure C-l. Secondary Ion Mass Spectrometry

Successful profiling of shallow dopant profiles by SIMS requires attention to the

experimental conditions. Care is taken inchoosing the primary ion species, energy,sputter

rate, and ambient. Most important is the primary ion species. Reactive ion beams,namely

02+ and Cs+, are used to enhance the fraction ofsputtered atoms which are positively and

negatively ionized, respectively. Using these beams rather than an inert beam like Xe+ or

Ar+ will increase the secondary ion yield by orders of magnitude. For boron in Si, the sec

ondary ion measured is either nB+ or 10B+, so the ion used is 02+. It has been found that
the ionized secondary B concentration is further enhanced when the surface matrix is

Si02, after the C>2+ has impinged on the surface long enough to convert it to oxide. At the

beginning of a SIMSmeasurement on a B-doped Si sample, when the matrix at the surface

is changing from Si to SiC>2, the B secondary yield will vary by orders of magnitude. This

surfacetransienttime is loweredby using alowerenergyprimary ionbeam.Usinga lower

energy beam, the ion penetration depth is lowered, and the amount of Si that must be con

verted to SiC>2 before reaching steady-state is reduced. In magnetic sector instruments like

the CAM ECA IMS series, lowering the ion beam energy is tied to raising the incidence

angle of the beam. As the sputter rate increases with angle faster than it decreases with

energy, this can lead to a reduction in the steady state O concentration in the matrix, and

lower the secondary ion signal of B[Cl ]. One of the methods developed to compensate is

the use of an oxygen bleed, backfilling the SIMS vacuum chamber with a low flow rate of

oxygen. This oxygen helps establish the stoichiometry of the SiC>2 surface layer quickly, so
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the B yield is well defined and the surface transient is minimized [Cl, C.2]. This helps

maintain the stoichiometry regardless of the sputtering rate,and helps keep the bottom of

the sputtered trench smooth. In addition, since the oxide formed is thicker than the Si con

sumed, the sputtering rate of the original material is effectively reduced. The problem of

the technique is that oxide grown on walls in the system canattract B, leading to system

memory, higher background Bconcentrations, and an erroneously longer decay length of

the measured B tail.

Conversion of the secondary ions per second recorded by the mass spectrometer

to a concentration versus depth profile requires two steps: conversion of the sputter rate

to a depth scale, and conversion of the ion counts to concentration. The depth scale is set

by measuring the depth of the eroded crater afterwards, assuming a constant etch rate

during the measurement,and directly converting the time scale to a depth scale. For mea

surement of a Si sample, the etch rate is only in doubt during the surface transient, when

the stoichiometry is changing. This small error is minimized by using lower energy ions

and oxygen bleed to reduce the transient. For multi-layersystems, like CoSi2 on Si layers,

the depth scale is harder to set. There may be different etch rates in the two materials, and

interfaceroughness may causeboth materials to be exposed and etched at once [C.3, C.4].

To calibrate the depth in this case, both etch rates must be measured and the depth scales

calculated on both sides of a carefully chosen interface location. Although it has been

reported previously that Si and CoSi2 sputter rates are close [C.5], for this work, the sput

ter ratesof 0.24 nm/sec for CoSi2 and 0.28 nm/sec for Si were measured for a 7.5keV pri

mary 02+ beamat 52° off normal. These valueswere used to set the depth scales.

The concentration is set by relative sensitivity factors (RSF) determined by mea

surement of calibration standards [C.5,C.6]. Once RSF values are determined, the concen

tration is calculated from the intensity of the secondary ion signals from the matrix (Jm)

and the impurity (/,):

c, =rsfA =[cj£)j- (C-l)
where Cw is the concentration of the matrix ion being measured in the matrix, and a are

the ion yields. Cm, am and a; are all matrix-dependent quantities. The RSF is usually cal

culated from measurement of a doping standard from
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®clj
RSF = '" (C-2)

2(I/, - /,,C) V '

where £ is the total dose of the dopant, c is the number of data cycles measured, t is the

analysis time per cycle, z is the total sputter depth, and Ib is thebackground counts mea

sured per cycle. The RSF calculated this waywill contain errors due to roughness of the

crater impeding correct interpretation ofz,measurement of Im, lb and Iif and local geome

trynear oronthesample that can alter ion paths. RSF values reported for thesame implant

standards in industry can varymore than 50%. The concentrations reported are no better

than these RSF values. For CoSi2, sinceno standard existed, the RSF values used in those

samples had to be calculated. As described in Ref. [C.5], the RSF for B in Si and CoSi2 is

almost thesame because the C„, values for Si in Si and CoSi2 are close, and the ratio 0:5/0:5

is almost the same in the two materials. Using the same RSF for Bin Si and CoSi2 is esti

mated to cause an error of only 15%. This is especially fortuitous in the transition and

interface region between Si and CoSi2, where the composition exposed maybe part Si and

part CoSi2. For this work, the RSF factor for Bin CoSi2 was determined separately, by cal

ibrating the RSF so the SIMS dose matched the reported implantdose.

The last factor thathas to be examined istheerrors introduced in the SIMS profiles

due to interface roughness. Since dopant outdiffused from silicide is expected to be con

formal with the interface, interface roughness will cause spreading of the SIMS profiles.

Elst reported decay lengths of the Co+ signal from mono-crystalline and polycrystalline

CoSi2, finding that for the lowest 02+ impact energy (2 keV), theCo signal decays inabout

5 nm. The decay was longer than 15 nm for polycrystalline CoSi2- That work showed the

correlation of thedecay depths tothepenetration depth oftheprimary ion. Ref. [Cl] gives

thepenetration depth as RcosQ, where Rin nm is 2.15 *Efor 02+ and 2.835 *E068 for Cs+

in Si, if Eis in keV. As thesimulator TRIM [C.7] shows that thenuclear stopping energy of

O in CoSi2 is higher than in Si or Si02, the values of penetration depth calculated below

for CoSi2 are upper bounds. The primary ion penetration depths used in this work are

listed in Table C-l. The depth error due to thesignal decay willbe related to this parame

ter. Error due to interface roughness isadditional. Therefore, in interpreting the SIMS data

of the CoSi2 samples, interface roughness must be taken into account.
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Vendor Ion Matrix Final

Impact
Energy
(keV)'

Angle
off nor

mal

Penetration

depth
(nm)

Reported
accuracy

of RSF/
dose

Charles Evans, 10/
1995 (IMS-4.5f)

Cs+ Si 5.5 24 5.4 x2

Charles Evans,

2/1994 (IMS-4Q
o2+ CoSi2,

Si

3 52 4.0 x2

SEMATECH,11/
1995 (IMS-4Q

o2+ Si 2 64 1.9 50%

Charles Evans, 9/
1993 (IMS-3f)

o2+ Si 5.5 42 8.8 x2

Table C-l. Penetration depths ofprimary ions in SIMS

C.3 XRD

X-ray diffraction isa fast, non-destructive technique for identifying the phase and

orientation of materials present in a sample [C.8]. In this work, XRD data was one of the

clues used todetermine whether cobalt disilicide films were epitaxially oriented onSi sub

strates. X-ray diffraction istheresult of incident X-ray radiation being scattered by thereg

ular array of scattering centers formed byatoms in the stacked crystal planes in the target

material. The spacing of these atoms and planes isclose to the wavelengthof the Cu-Kai

radiation used, 0.15405 nm. Diffraction occurs when beams scattered off adjacent crystal

planes are in phase, asdescribed in Figure C-2. The Bragg lawdescribes the conditionnec

essary for the beams to be in phase:

nX = 2dsine (C-3)

where n is the order of the diffraction, Xis the wavelength and the other parameters are

defined in Figure C-2. For thecubic materials studied in the following work, the space (d)

between adjacent planes isa simple function of theMiller indices of the plane Qikl):

dhki =
JiFTTT?'

(C-4)

An X-ray diffraction spectrum that can be used to identify the crystal structure

present in asample can bemadeby varying thewavelength ina Laue camera, orby tilting

thesample tovary the angle 6 in an X-ray diffractometer. In the latter technique, a29 scan,

theincident and diffracted beam angles are varied to yield a plotof diffracted beam inten-
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Figure C-2. Diffraction in strained thinfilm
Bragg law predicts constructive interference when line segment AB+BC=2dsin9.
Film grown epitaxially on Si will stretch or contract to match Si lattice parameter
in lateral direction, leading to a change in the perpendicular plane spacing, a^.

sity versus diffraction angle, 20. EquationC-3and Equation C-4can then be used to trans

late the angle 26 at which diffracted beams occur into the Miller indices of the planes that

caused the diffraction. For Si and cobalt disilicide, which have structures based on the non-

primitive face-centered cubic (fee) crystal structure, certain planes that would show dif

fraction in a simple cubic structure are not expected to cause intensity peaks. In fee struc

tures, diffraction peaks are only expected for planes whose Miller indices are all even or

all odd.

X-ray diffraction can provide information on a strained thin film grown on Si. As

shown in FigureC-2, if a film grows epitaxially on Si, its lattice parameter in the plane of

the interface (flyi |) must be equal to the lattice parameter of Si (as). The unit cell will then

distort according to Poisson's ratio, forcing the lattice parameter in the perpendicular

direction (an) to either contract or expand. Since the x-ray penetration into a Si substrate

is on the order of microns, intensity peaks can be seen for both the substrate, where plane

spacing is based on a$, and the thin film, where plane spacing is based on an. The differ

encebetween measured values of a^ and the expected value ofan in an unstrained film

gives a measure of the strain in the film [C.9]. For an epitaxially grown CoSi2 film on (100)

Si, only planes of the {100) family are expected to be seen in the measurement. Films that
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show a number ofother planes are likely to be polycrystalline. Table C-2 lists peaks that
fall in the measured diffraction angle range of 25-75°. This table is used in Chapter 7 to
analyze XRD data.

ANGLE

(°)

Spacing,
d(A)

Plane

(hkl)
Material ANGLE

(°)

Spacing,
d(A)

Plane

(hkl)
Material

28.441 3.1355 (111) Si 47.920 1.8967 (220) CoSi2

28.492 3.13 (110) CoSi 48.648 1.87 (002) Co2Si

28.812 3.096 (HI) CoSi2 49.209 1.85 (311) Cc^Si

32.531 2.75 (111) G)2Si 50.461 1.807 (211) CoSi

33.393 2.681 (2(H)) CoSi2 53.544 1.71 (320) Co2Si

34.880 2.57 (111) CoSi 56.118 1.6375 (311) Si

39.489 2.28 (211) Co2Si 56.890 1.6171 (311) CoSi2

40.475 2.21 (200) CoSi 59.680 1.5480 (222) CoSi2

42.399 2.13 (310) G^Si 64.674 1.44 (420) Co2Si

44.139 2.05 (021) G^Si 66.437 1.406 (312) G^Si

44.830 2.02 (220) GbSi 68.363 1.371 (222) Co2Si

45.303 2.00 (301) G^Si 67.127 1.3577 (400) Si

45.884 1.976 (210) CoSi 70.718 1.331 (311) CoSi

46.032 1.97 (121) C()2Si 70.119 1.3409 (400) CoSi2

47.300 1.9201 (220) Si

Table C-2. Possible diffraction peaks in Co/Si system

Using the values of perpendicular and parallel lattice parameter calculated from

the XRD peak locations, values of strain are calculated from:

In-plane strain = zu = (atll-nf)/af

Perpendicular strain = e;; = (afl-af)/af

Tetragonal strain =

C.4 RBS and Channeling

E// = \aa-afit\/af

(C-5)

(C-6)

(C-7)

Rutherford backscatteringand channeling monitor the energy and intensity of the

elastically backscattered portion of an incident ion beam to characterize an unknown
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sample [Cl 0]. Typically a H or He ion beam with energy in the MeV range is used, as these

ions have a de Broglie wavelength small enough that the ions will collide with target

atoms, not be diffracted. RBS is a uniquely informative non-destructive technique, which

can provide quantitative information on chemical composition, layer thicknesses, and

depth profiles without specimen preparation or calibration standards. Its weaknesses are

low resolution for masses lower than the substrate and for low concentrations of impuri

ties, poor lateral resolution (~1 mm), and artifacts in the data when the surface or material

interfaces are rough. Ion channeling is a related technique where the ionbeam is aligned

with a low index crystallographic direction, like the Si <100> direction. In a crystalline

material thenumberofbackscattered ions will fall sharply when thebeam. Highbackscat

tering yield during channeling can indicate high concentrations of crystalline damage,

interstitial dopants, orpoly-crystallinity.

A schematic of the RBS geometry used in this work is shown in Figure C-2. A

number of quantities must be calculated before analyzing RBS data. First is the kinematic

a)

sample

incident
beamy

/*'ye

,•*

•D
detector

Figure C-3. Rutherford backscattering geometry

factor, the ratio of the measured energy of backscattered ions (KE0) to the incident ion

energy (E0), calculated from the conservation of mass andmomentum expressions:

V =

-.2

(1- (M2/M,)2sin29) ""+ (M2/MJ cosG
1+ (M2/M])

where Mj is the incident ion mass, M2 is target mass, and 6 is the backscattering angle

shown in the figure. The composition ofamaterial can be found by calculating thediffer-
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ential scattering cross section of the ion-atom collision (do/dQ), which is proportional to

the squares ofthe atomic numbers divided by the square ofthe ion energy, (Zfa/E)1. The
area of an RBS peak, AA or AB in Figure C-2, is then equal to A = Q•— •dQ. •Nt

where dft is the solid angleof the detector, Q, the total number of incident ions,and Nt the

areal density of target atoms.The composition of a film AmBn can then be found within a

few percent accuracy from the ratio of backscattered ions in a peakto incident ions:

m

n

(NO,

Calculation of the film thickness requires calculation of the effective stopping energy of

ions in the material, and knowledge of the expected atomic density of the material (N). The

effective stopping energy is also a function of the incident energy, angles 03 and 62 from

Figure C-2, and the kinematic factor of the collision:

7 -2

**

[e0] = [SJN =
Kz(Ej E{KEo)

COS6, COS6-

(C-9)

(C-10)

If the layer being measured is a compound, Bragg's rule may be used to estimate the con

tributions of the different species to the total stopping energy: tAmBn _ me^ +n£B

Once the effective stopping energy due to species A in layer AB is known, the layer thick

ness may be calculated from the width of the energy peak, AE^ or AEg, from the figure:

Table C-3 and Table C-4 report calculated values for the effective stopping energy

for Si and Co atoms in Si, Co and CoSi2 materials for the conditions used in the experi

ments in this paper.

Target material Kinematic factor Atomic density (cm*3)

Si 0.5694 5x1022

Co 0.7657 8.97x1022

Ti 0.7197 5.66x1022

CoSi2 7.7622x1022

Table C-3. Kinematic factor and atomic density for target materials studied
by 1.8 MeV4He+ RBS. Backscattering angle 9=265°.
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Target material e for Si in target

(xl0'15eVcm2/atom)
e for Co in target

(xlO,5eVcm2/atom)
e for Ti in target

(xlO-15eVcm2/atom)

Co 570.58 584.36 584.36

Ti 629.1

CoSi2 489.51 484.16

CoSi^i 488.20 482.54

CoSi2.2 486.97 481.02

Table C-4. Effective stopping energies for RBS performed with 1.8 MeV
4He+ primary beam, with 07=65° and ^2=^0°.
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