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Abstract

Borophosphosilicaic glass (BPSG) of dopant content dwi%B and w19 P
was dcposited as an interlevel diclectric over MOS devices.  Oxygen:hydrides
ratios of 1:1, 2:1 and 3:1 were used for film deposition in an LPCVD rcactor.  The
BPSG films were compared to control samples of SiO2 and PSG films to cvaluatc
the effcct of oxygen:hydrides ratio on sodium gettcring cffectiveness.
Intentional sodium contamination was introduced into the devices using
cvaporation of NaCl followed by an Na* drive-in. Thc numbcr of mobilc
impuritiecs in the MOS decvices was cvaluated using tcmperaturc-bias stress
testing (TBST). The results showed that the BPSG films trapped 85% or morc of
all mobile sodium in conditions of hcavy contamination and prolonged
heating. BPSG formed at a 1:1 oxygen:hydrides ratio was beiter than the other
BPSG and PSG groups at gettering sodium. In addition to being supcrior
getters, the 1:1 samples had higher oron content (and possibly less P content)
than the othcer BPSG films, indicating that BO3 may play a rolc in geucring. A
trapping mcchanism is proposed in which the addition of B 10 SiO2 creates
non-bridging oxygen, which can serve as cation traps. Thc flatband vollage
shifts of uncontaminated MOS capacitors were found to be larger for dcevices
with doped infzricvel diclectrics than for devices with SiO2 films; the
hypothesis that the shift is duc to a polarizable speccics (possibly P205) is
developed. 1t is concluded that LPCVD BPSG formed with a 1:1 oxygen:hydrides
ratio is a viable candidatc to rcplace PSG as an interlevel diclectric, duc to its
high gecutering cffcctiveness, lower flow temperature, lesscr  auto-doping  of

the gatc oxide, lower stress, slower eich ratc, and few particulatcs and dcfects.
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Introduction

1.0 Introduction

Silicatc glasses arc cssential ingredients for the fabrication of silicon
integrated circuits. The thermally grown ficld oxide is used as an impurity
mask, a surface passivator and an insulator for overhcad conductive layers. The
gatc oxides of ficld-cffect transistors arc thermally grown, have few impuritics
and high breakdown voltage. Deposited silica films arc uscd as insulstors
between layers of conductive materials (such as polysilicon or aluminum),

passivating ovcrcoats and filling for substrate isolation trenches.

Miniaturization of integrated circuits has dramatically increased the
ratio of vertical-to-horizontal device dimension, allowing grcat circuit density
but challenging the capability of traditional processing practices. Onc
difficulty that has arisen is inadequate clectrical continuity of aluminum that
is dcposited over the sharp SiOz steps at substratc contact windows.
Elimination of such defects is achicvablc through chcmical and heat trcatment
of the intcricvel diclectric. A popular solution is to dope thc deposited glass
with phosphorus, boron or both!. The impuritics lower the glass softcning
temperature such that it flows undcr high temperaturc, which allows tapering
of the sharp edges that would otherwisc be present.  Boron is roughly three
times more cffective? than phosphorus for rcducing glass fusion tcmperature.
It is desirable to reduce the softcning tcmpceraturc as much as possible (to
minimize dopant rcdistribution during hcating), but thcre arc limits to the
quantity of B and P that can bec added to thc glass whilc rctaining its physical,

chemical and clectrical stability.

! The modified oxides are termed "phosphosilicatc glass™ (PSG), "borosilicaic glass®
(BSG) and "borophosphosilicatc glass™ (BPSG) respectively.

2 Per unit weight, usually expressed as "wi%".
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A very attractive property of P-doped films is the ability to immobilize
("getter”) mobile  alkali  ions. These cations cause scrious clectrical
instabilitics when allowed to move frecly in oxide layers ncar the silicon
surfacc. In ficld-cffect transistors they causc the threshold voltage 1o drift
over time and change with changing bias. Bipolar transistors suffer from low
gain, high noisc and poor lecakage. Trapping these contaminants is required to
produce good quality integrated circuitry, so the decposited glass plays an
important role in providing device stability. In borophosphosilicate glass

(BPSG) the primary purposc of thc P content is to supply alkali ion gettering.

BPSG is wcll suited for use in high density silicon circuits. In addition to
its low fusion tcmpcrature and contaminant gettering, it has relatively low
residual stress and a low eich rate.  Since it is a relatively new material much
cffort is being invesicd to determine how dcposition parameters affect its
composition and bchaviour. It is commonly formed in one of three types of
chemical vapour dcposition rcactor, which operate at atmospheric pressure
(APCVD), low pressure (LPCVD) r usc plasma enhancement (PECVD). The

rcactor typc and conditions affcct most characteristics of the film.

Onc dcposition parameter which has been observed to influence film
composition in all types of rcactors is thc mole ratio of oxygen to the total
amount of hydrides in the forming gas. Variation in this ratio can result in
diffcrences in deposition ratc, number and size of particulates in the film,
dopant uniformity and quantity, as well as the chemical statc of impurities.
The magnitude and naturc of these cffects arc altered by other deposition
conditions such as tcmperaturc and pressure, so finding the optimum

deposition recipe is a Jifficult and complex pursuit.
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The necd 1o investigate the cffect of oxygen:hydrides ratio on the
gettering  cffectiveness of BPSG arosc through discussion with Process
Technology Limited, a manufacturer of chemical vapour dcposition systems.
One of their clients (a major semiconductor manufacturcr) had reported that a
number of MOS devices with BPSG overcoats were exhibiting unacceptable
threshold voltage drift. The films had been deposited in an LPCVD rcactor
using a low oxygen:hydrides ratio (near 1:1). The target concentrations for B
and P in the glass werc moderate (not revealed). It was assumed that the causc
of the eclectrical instability was drift of Na* in the gaic oxidc; the speculation

was that these mobile cations had penctrated the BPSG passivation layer.

Since the target level of phosphorus in the glass was considered high
enough to provide gettering, focus was given to thc BPSG recipe. It was
suggested that the low oxygen:hydrides ratio could causc phosphorus in the
film to be incompletely oxidized, forming P2013 instcad of P05, which is
generally considered the active ingredicnt in sodium gettering.  Learn [36] had
demonstratcd that the chemical statc of phosphorus in LPCVD films was
dependent upon the oxygen:hydrides ratio used. A scarch for cxisting
information on the cffect of oxygen:hydrides ratio on gettering cfficicncy
revealcd that information on thc subject was lacking. Somc conflicting results
were found on the effect of deposition system on gettering performance.  Kern
and Smecltzer [30) rcported that gettering qualitics of BPSG appear to be good
for various CVD systems, whercas Avigal [2] rcporied that BPSG films formed

with plasma cnhancement were superior to BPSG and PSG samples deposited at
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atmospheric pressure. Avigal also observed that borosilicate glasses were as
good at immobilizing sodium as PSG oncs, indicating that P20s is not the only
sodium-trapping compound and that gettering may be scnsitive to the glass

composition andfor structure.

Given the paucity of information on the subject, it was decided to test

thc hypothesis that gettering cffectiveness depends upon the oxygen:hydrides

raiio bcing high cnough to convert phosphorus into P20s5. It was also hoped

that insight into the geticring mechanism of LPCVD BPSG could be gained.

This rcpont is partitioned into six chapters and onc appendix. The title
and intent of cach chapter is as follows :

« Introduction dcscribcs thc motivation for the project and the

organization of the thesis.

* Background summarizes thc resuits of previous rescarch in areas

rclevant to this work.

* Methodology dcscribes the method uscd to test the hypothesis, and

includes the rationale bchind the choices made.

* Results presents thc empirical data in a distilicd form.

¢ Analysis discusscs the results and proposcs explanations for the

obscrved phenomena.

* Conclusions summarizes the findings of this rescarch.

« Appendix A dcscribes a measur *  automation program that was

written for, and cmployed in this wuia.
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2.0 Background

This chapter surveys what has been donc in prior rescarch on BPSG and

ionic impurity gettering. Detail is included where it pertains to this project.

2.1 Bequi s for Deposited Diclectric Films

General requirements for an interlevel dielectric arc high breakdown
voltage, low defect and particulatc density, low stress!, chemical stability and
compatibility with adjacent materials. Failurc duc to shorts between
conductive layers can bec avoided if the deposited films have conformal
coverage and few pinholc defects. Open failures can be reduced by tapering
the sharp profile steps to allow morc consistency in the cross-section of the
deposited mctal lines [45]. Smooihing of thc topology is commonly donc by
modifying the film chemistry 1o lower its sofiening tempcrature, then flowing
the glass to achieve the degreec of planarization desired (29,30.38,49.56.57].
Boron and phosphorus are very cffective at reducing the viscosity of Si02

films, and arc uscd clscwhere in the process, so thcy arc usually chosen.

Often two heating steps arc pcrformed, onc to smooth the topology prior
to opening contact windows ("flow") and onc to tapcr contact windows after
they have been etched open (“"reflow™) (12,19,27,29,30,37,42,48,56]. The
combination of timec and tcmperaturc for thesc steps causcs  dopant
redistribution, which sprcads and dccpens junctions such that problems arise,
such as subthreshold lcakage, punchthrough and cxcessive Miller capacitance
{1,30,58,43]). To rcducc these cffects, cffort has bececn made to lower the

temperature used [1,18,29,30,11] and/or shortcn the duration of the sicps [40].

Low mechanical stress avoids cracking and permits the usc of thicker films {29,56).
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Since glass fusion tcmperaturc drops lincarly with B or P content, the standard
mcthod is to add as much dopant to the glass as possiblc while rctaining its

clectrical and chemical stability.

Dopcd-oxide films arc principaily uscd as interlevel diclectri ., but they
can also bec used as passivation ove:coats (2,12,25,36,38.43,57) which protect the
circuitry from the cnvironment, isolation trench filling [6] (the insulating fill

must have low stress) or as a solid-state doping source {29,38].

When boron and/or phosphorus is inmtroduced into silicon dioxide some
of thc physical and clectrical characteristics arc considerably altered. The
softcning temperaturc can drop hundreds of degrees, residual stress lowers,
chcmical stability worscns, and etch rate can vary broadly. Deterioration of
diclcctric propertics, polarization and immobilization of ionic charge all can

affect the clectrical bchaviour of the material.

2.2.1 Physical Effects :

2.2.1.1__Flow Tcmperature :

Film flows so that its surfacc cnergy is minimized; the amount of flow
depends  primarily upon the film viscosity and initial surface energy, and
sccondarily upon the ambicnt gas type, pressure, deposition system and
gcometry of the underlying structure (4,10,29,55).  Heating, doping and

sclection of gas typc are common ways of reducing the film viscosity.

All flow and reflow steps usc elevated temperature to reduce the

viscosity until thc glass softens and physical rearrangement occurs. The rate
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of flow is proportional to temperaturc, such that time and temperature can be
traded off to achicve a given degree of flow [1.4.29.30,38,43). Rapid isothcrmal
hcating (4,19,27,30,38,40,45] is promising bccausc the time-temperature product
can be tailored to give the desired flow angic with minimal dopant
redistribution. The wafers are abruptly brought to high temperature (800-
1200°C) for times of less than 1 minutc using an incohcrent lamp array. This
technique features lower time-temperature producis:, shallower junction
depths, lower sheet resistance and less wafc warpage than for devices

processed in fumace tubes, but often exhibit serious film dcfects.

S$i02 recaches its softening temperaturc at 1160°C, a tcmperature at
which dopant redistribution occurs rapidly. Adding B and/or P softecns the
glass by disrupting the rcgularity of the glass structurc with local distortions,
weakening the nctwork and thercby lowcring its viscosity [38]. The addition of
phosphorus dccreascs the softening point of silica by 17-27°C/wt%P, with flow
angle decrcasing at a rate of roughly 4.5°/wi%P [1,11,25,29,30,38,43,49,54].
Thus, 10 get flow to occur at temperaturcs below 900°C, or achicve
planarization, the P content must cxcced 10-12wt%. At  such  high
concentrations the film becomes chemically unstable (sce scction 2.2.1.3), so

PSG glasses arc limited to flow above 950°C (4].

For each 1wt% increase in B contcnt, a monotonic reduction of 40-65°C
in flow temperaturc is achicved [4,5,18,27,30,38.43,54]. Boron has a grecater
cffect than phosphorus largely duc 1o the light naturc of B (for cqual wt% of

cach clement there will be 2.9 times as many B as P atoms). Also, the linked-

1 Prior rescarch [27,29] has shown that for BPSG films of 4wi%B and 4w%P ir Ng,
rapid isothermal heating flow after 30 scconds at 1100°C is cquivalent to furnace
tube flow after 30 minutes at 925°C.
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ring structurc of B203 has wecak inter-ring bonds, duc to substitutional B in
B8033- climinating a bridging O bond from a ncighbouring SiO44- tctrahcdron
[S0]. In contrast, the P205 structurc consists of shects of POg4- tctrahedra.
which are linked to adjacent tctrahedra, making it inherently stronger [38,43).
There is intcraction between B and P in BPSG films : at less than 4wi% B, BPSG
is softened when P20s is added; ncar 4.5wi%B the amount of P2Os has little

cffect; above 4.5wi%B thc addition of P2Os raises the fusion temperaturc [38,43).

Anncaling, flow and rcflow arc done in an N3, Oy or stcam ambient, with
N2 having the lcast softening cffect upon the glass. Flow can be accomplished
at a lower temperature (25-30°C) in O and much lower (50-70°C) in stcam
11,2,4,5.17,18,27,29,30,49,54,57]).  Altematively, the time of heating can be
lesscned for a given tcmperature, with stcam heating requiring half of the

timc nceded as for heating in Nz (4). Problems which arise with steam heating
arc oxide growin in the contact windows and thc production of corrosive acids

through rcaction of water and glass constituents [4,30,54].

Many studics have shown BPSG fusion to occur at temperatures 100-
350°C below that of similar PSG films [2,4,10,18,27,29,30,38). Examples of flow!

conditions for BPSG films arc given in Figurc 1.
2212 Film Strcss :

Mcchanical stress in doped SiO2 films is usually of much smaller
magnitude than for undoped SiO2 (2,11,25,29,30,36,37,47,56]. The presence of B
and/or P typically rcduces the film stress 0 low-compressive, though low-

tensile stress may occur in strongly doped glasses or after densification. The

! Nominally 40° reduction in flow angle.
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method of deposition influences the stress type and size, with LPCVD and PECVD
yielding the lowest stress magnitude. Such films improve reliability by
lowering crystallographic damage and wafer warpage, and allow formation of

thicker films.

E L E les of BPSG Fluw Conditi
Bwt%/Put® TempI°C] Timeimin] Ambient CVDType  Beference

20/4.0 925 30 steam LPCVD 18
217136 988 60 N2 {not CVD) 38,43
21/64 963 60 N2 (not CVD) 38,43
251715.0 920 n/a steam+O2+N2 LPCVD 36
30/50 920 30 N2 PECVD 48
3.0/54 800 30 steam PECVD 2
34/45 1000 30 N2 APCVD 30
35740 850-925 30 steam LPCVD 18
35/4.0 £50-925 30 N2 LPCVD 18
36/4.7 820 60 N2 (not CVD) 38
40/4.0 980 30 N2 PECVD 54
40/40 925-950 30 N2 APCVD 29
40/4.0 900-925 30 steam APCVD 29
40740 825-850 30 N2 PECVD 48
40/5.0 870 30 N2 PECVD 54
41137 925-950 30 N2 APCVD 30
4.1/47 900 20 N2 PECVD 19
41/6.6 900 20 N2 PECVD 19
43172 900 20 N2 PECVD 19
45/4.0 900 5425 steam+N2 LPCVD 49
45/4.0 800 30 steam LPCVD 49
46/3.1 820 60 N2 LPCVD-T 45
4.7/4.1 825-850 39 N2 APCVD 30
5.0/4.0 875 40 02 APCVD 27
5.0/4.0 825-850 30 N2 APCVD 29
50/4.0 800-825 30 steam APCVD 29
50/5.0 820 30 N2 PECVD 54
55735 850 60 N2 LPCVD-T 6
56/3.1 780 60 N2 LPCVD-T 45
57125 800 30 steam PECVD 2
5.7/31 725.750 30 N2 APCVD 30
6.0/18 853 60 N2 {not CVD) 38,43
6.0/3.0 725-750 30 N2 APCVD 29
6.0/3.0 700-725 30 steam APCVD 29
6.0/3.6 843 60 N2 (not CVD) 38.43
65/4.0 880 30 N2 PECVD 54
68/29 720 60 N2 LPCVD-T 45

Notes : “n/a" means Information nct available; “LPCVD-T" means LPCVD with TEOS
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»2.1.3__Chemical Stability :

The cxcellent stability of SiO2 makes it a desirable insulator and
passivation overcoat.  Silica doped with phosphorus and/or boron is more
porous, permitting H20 to cnter the glass and rcact with the P and B to form
phosphoric and boric acids [1.2,4.5,10,11,25,29,30,37,38,43,44,57). The acids in
these hygroscopic films reduce chemical stability and are prone to leeching to
the surfacc, which can cause surface devitrification, corrosion of aluminum
and dectachment of photoresist. The amoumt of acid which precipitates depends
t0 somc extcnt upon the deposition method used and subsequent densification

14,27,29,30), but chicfly upon the quantity of dopants in the film.

As-dcposited CVD glasses tend to have poor chemical and electrical
stability, cach of which is improved significantly by densification. The
amount of phosphorus is limiied to less than 7wt% in PSG and 4-5wi1% in BPSG;
at higher levels the films are useless [1,2,4,10,11,29,30,38). Boron is limited to
less than 4-5w1% to kecp BPSG films reliable [4,5,30,38,43]1, with boric acid
precipitation worst in LPCVD films [4). These limitations imposc a boundary for
how much of thc glass softening can be achicved through dnping and how
much hcating will bc rcquired. Gettering performance is not strongly limited,
sincc these concentrations arc high cnough to provide virtually complete
sodium trapping. To improve stability, dopant concentration can be limited
ncar the outcr surface, glasscs can be immediately anncaled following
dcposition, densification and storage can be done in dry ambicnt gas and

adhesion promoter can be used to aid photoresist application (4,11,27,30,43,54].

10
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The ctch raic of B and P doped films in HF solutions:’ is directly affected
by the quantity of cach clement {2,4,5,11,16,18,27,29,30.37.48.49.51,54.59). The
etch ratc incrcases with rising P content and dccreases with increasing B
content. These cffects are not strongly affected by dcposition conditions or

subscquent processing  steps.
2.2.2 Electrical Effects :
22.2.1 _Diclectric P L

The breakdown electric ficld for BSG, PSG and BPSG varies from 1.5 times
higher to an order of magnitude lower than for SiO2 films {3.29.30,51).  Though
diclectric strength can be diminished by doping, brcakdown through film
flaws, pinholes and shorts is generally climinated. LPCVD films have higher
diclectric strength than APCVD glasses, due in part to lower particulatc density
{4,30). Lcakage currcnts tend to be 1-2 orders of magnitude higher than for
thermal SiO3z {51]. The diclectric constant can vary from 3.8 to 4.5 dcpending

on dopant conccntration, dcposition and anncaling conditions {29,30].
2222 Polarization :

The application of a potential diffcrence across a doped film can cause
polarization of the P and B complczcs, resulting in a change in the substrate
space charge, which shifts the flatband and threshold voltages.  The amount of

shift depends upon thc magnitudc and duration of applicd clectric ficld and

1 Slow rates are preferred because they allow controlied fcature eiching. A morc
thorough discussion of etch rates is containcd in scction 2.6.

2 Pure, or buffered with NH4F ("BHF"), or diluted with HNO3+H20 ("P-cich”).
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dopant concentration in the film.  This polarization is entircly reversible,
though the clectrical instability that it introduces can scriously degrade

device bcehaviour (1,2,29,31,33,51).

Two polarization cffects have been observed, onc fast and one slow
{3.17.511. Thec fast onc saturatcs within milliscconds at 200°C and is thermally
activatcd with an cnergy of 1.0 e¢V. Film polarizability for this process does not
vary with sizc or polarity of clectric ficld and is proportional to the squarc
root of P20s content {3,17,51]. The slow process occurs above 100°C with
activity beginning aftcr scveral hours at 200°C. It is independent of polarity
of the clectric ficld and depends strongly on the P20s5 concentration {3,51}; a

causal mcchanism of ion migration through the oxide has been proposed [51].

Polarization in P-doped oxides can be dributed to the pairing of
oppositcly charged P sites. In P2Os, P substitutes into two Si positions in SiO44-
tcirahcdra, onc P sitc having a relative positive charge (PO43-) and one
having a non-bridging oxygen (POs%-) [3,17,50]. In the presence of an eclectric
ficild thc non-bridging oxygen can move to the positively-charged sites as

depicted in Figure 2 (after (3)).

2223 Immobilization of lonic Ct )

The addition of phosphorus to SiO2 has becen shown to immobilize mobile
cations ]2-4,8,12,17,22,27,30-32,39,43,44,51,56,58,55.61). A weaker cffect has
been suggested for boron in silica [2], but no strong correlation has been
dctcrmined [4,5,11,29,30,43). A complete discussion of the gettering effects of P

and B in oxides is contained in scclion 2.4.
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2.3 Mahile lonic 1 ities_in SiO»

Thermally grown and dcposited SiO are excellient insulators for the
gate, field and interlevel diclectrics in silicon circuitry. Howcver, the
clectrical behaviour of silicon devices is decgraded by the action of mobile

ionic impurities drifting and diffusing through these oxides.
23.1 Electrical Effect :

The effcct of charge residing in the oxide is to inducc a charge of
opposite polarity in the substratc. The amount of induced charge rclates
inversely to the distaace of the oxide charge from the substraic (12,21,52,61).
In MOS Ficld-Effcct-Transistors the induced charge shifis the flathband (and
therefore threshold) voltage, causing sourcc-drain conduction to vary with
history of gate bias [17,22,44,61]. In bipolar transistors thc cffecct manifests

itself as low current gain, low brcakdown voltage, high junction lcakage and

| IR
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high noisc [12,44]. Thc presence of Na* in the oxide also strongly influences
the radiation scnsitivity of underlying devices : ionizing radiation liberates
sodium, which then drifts 1o the surfacc and pceriurbs the space-charge
balancc therc [24). To rctain satisfactory performance for most silicon devices,

mobilc charge concentrations must be kept ncar or below 10'0 jons/cm2.

Many of thc substances used in the fabrication of MOS devices are
sources of contamination (particularly sodium) (8,12,33,24,44,62). Precautions
arc takcn : laboratory chemicals arc purificd, quartzwarc is usually trecated
with HCl to geticr sodium, and low-sodium filaments are used in aluminum
cvaporation.  Ncvcrtheless, alkali ions do get into the wafers through fumace
tubcs and boats, cvaporator fixtures, gascous ambients and reactants, chemical
ctchants and solvents, bcakers, tweezers and human handling. Sodium
contamination is usually kept in the 10%-1010 ions/cm2 range in modemn

fabrication lincs, but can vary from 108-10!2 jons/cm?2 [8.17,22.44].
233 Chemical Natuyre

The most common mobilc impurities arc small, light, alkali ions : Li*,
Na* and K* [12,44,52). Though lithium is thc most mobile, it is rarc and has
only been detected in trace amounts in glass. Na*! has thc smallest radius of
the common ions and moves freely above 110°C [12,14,17,22,31,34,44,52]. No
bias-stress  flatband shift is gencrally obscrved unless there is Nat  detected
also [61]. Potassium stays at the gaic/oxide interface below 200°C, begins

moving above 225°C and moves freely (though slowly) above 300°C (7,13).

Sodium in Si(); moves cntirely as Na* (17).

14
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Rubidium and Cesium arc uncommon and are immobilc below 400°C [13). Type

i1 clcments have been observed to be immobile in silicon dioxide.
234 R.lcasc and Movement

The as-processed distribu:ion of Na* in an oxide customarily consists of
high concentrations ncar the silica boundarics and an cven  distribution
through the bulk [8.14,15,22,52,61). This affinity for bouadarics is probably
duc to potential wells! (non-bridging oxygen atoms bchave as holc traps)
which capture and hold the cations [7,13-15,22,24.32]. Movement away from
cither interface is emission-limited with a number of activation cnergics
[7.14,17,22,34,35,53]. The porntion of thc total number of contaminant ions that
is mobile dcpends cxponentially on tcmpcraturc. with cmission ratc a
monotonically dccrcasing function of time (34,35]. Oncc rclcased, ionic sodium
moves with high mobility {possibly assisted by intcraction with hydrogen) at a

constant rate, regardless of direction [7,22,34,35].
2.4 __Gettering of Mobile lons &

The chief mecans of reducing the cffect of mobile alkali ions is to
minimize their quantity through clcan fabrication materials and cquipment.
As an adjunct, gettering of thc impuritics can bec accomplished through the
introduction of chlorine anions or cation traps in doped glasscs.  Though
effective, gettering can only bec rclicd upon for impurity concentrations of
less than 10!5 ijons/cm2, since even held cations will be partially compensated

in the substrate space-charge region [3,17,22]).

1 The nvmber of wells at Si02/Si boundary cxceeds Sx10'2 wraps/cm? [7.8]).
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241 Chiori Lo

A mixturc of 02 and HC! is ofien introduced into quartiz furnace tubes
uscd for processing. This “HCl clcan” works by reacting ClI° with Na* 10 form a
volatile NaCl complcx which evaporates during heating, or inactive salts upon
cooling [33,39). This reduces thc mobile ion concentration (by more than an
order of magnitude), with no change in other characteristics (33]. A similar
tcchnique is somctimes cmployed in the growth of the gate oxides, where the

oxidizing gas is a mixturc of O3 and 2-6% HCl (44).
24.2 Phosphorus-Doped Glasses-

Phosphosilicatc glass getters sodium [2-4,8,12,17,22,27,30-32,39,43,44,51,
56,58,59.61]. Sodium cations in PSG+Si02 films have bcen obscrved to be
cntircly held in the PSG layers or at the PSG/SiOy interface {3,8,61). When a
PSG laycr is added to a SiO2 film containing Na* and K*, the contaminants are
quickly and uniformly rcdistributed and trapped within the PSG upon heating
(3.8,61). Thus, PSG films of small polarizability arc very uscful in stabilizing

surface charge against impurity movement [17).

Geltcring appcars to requirc phosphorus in the P05 oxidation state.
The presence of P05 both slows the transport rate! and increases the
activation cncrgy requircd to libcratc trapped Nat [11,17,61). Thce mechanism
is that P20 5 polyhcdra produce two substitutional atoms for Si (in SiOg4-
tetrahedra), providing a frec positive charge and a non-bridging O- [3,17],
which can capwre mobile cations as pictured in Figure 3. The depth of these

P-rclated traps is larger than most other traps in the silica, such that a higher

! Up to 8 orders of magnitude for 10'3 ions/cm? in 4wi%P glass (17).

16
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activation cncrgy is rcquired to launch ions, and thercfore the traps in the P-
doped glass will be less likely to emit their captives. The movement of Na* in
PSG is therefore emission rate-limited, tempceraturc-induced and is comprised
of drift in the applicd clectric field. This motion decreases sharply as the
concentration of P20s in the glass rises, duc to the higher number of non-

bridging O- sites (3,17].

Eigure 3 : Getiering | ism for P20
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243 Boron-Doped Glasses:

The major reason for including phosphorus in BPSG is to supply
gettering, since B203 has been assumed to provide little gettering cffect
(4,5,11,29,30,43). However, studies by Avigal [2] have shown geticring for all
compositions (0-3wt%B/0-7.4wt%P), with some BSG films better than PSG oncs.
This indicates that gettering is not just a function of P=0 bond, could be causcd
by boron complexes, and is sensitive to the glass structurc. Glasses co-doped
with B and P have shown gettering as cffective as for PSG films of similar P

content {2,29,30].

17
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44 ating Fl{lecte: !

High tcmperaturc steps (densification, flow, reflow) allow much of the
mobilc charge present in the glass to scttle into available trap sites, usually
within the first 10 minutes [2,17,57). Hecating also has the cffect of changing

most P-Si bonds into P=0 typc bonds, which converts PH3 and P203 into P05,

thereby providing cffcctive gettering of sodium [23,57).

)5 Eft { Degosition System :

Thrce types of dcposition systems are commonly employed to fabricate
BPSG : APCVD, PECVD and LPCVD. APCVD allows rapid deposition rate and good
dopant uniformity but has poor step coverage and high particulate and defect
density. PECVD fecatures low particulatc and defect density and good step
coverage but complexity of the rcaction and incorporation of toxic compounds
remain problems. LPCVD rcactors have the lowest deposition rates but produce

conformal films with fcw defccts, particulates or unstable chemicals.
2.5.1 Atmospheric Pressure Deposition (APCVD) :

APCVD fcaturcs a simplc deposition system and allows high throughput,
s0 it appcars attractive for large volumc processing lines. Deposition entails
the reaction of BaHg, PH3, SiH4, and Oz at 330-460°C and room-ambient
pressure {26,27,29,30,49).  The utilization of reactant gas is poor, pantially due to
mutual inhibition of thc hydride components?.  Temperawure also affccts

composition : as it decrcascs B content rises and P content declines, with more

Scction 2.5.4 contains further discussion of densification.

< Diboranc inhibits the oxidation rate of phosphine, so that P content drops with
increasing B content [25,30).

<

18




Background

P in P03 than in films formed at higher temperaturc!.  Oxygen:hydrides ratios
arc high - 20:1 and 30:1 arc thc common choices from the range of 10:1 10 60:1.
Increasing thc oxygen:hydrides ratio reduces deposition rate, number of
particulates and dcfects, and boron content of the glass. Growth rates of up to
1600 A/min are possible, though film quality degrades scvercly at rates above
1000 A/min. APCVD offers very good thickncss uniformity ((27] rcported */.
1.5% over a 100 mm wafer) and smooth dopant profilc. The wecakest aspect of
APCVD films is their high density of particulates and defects. commonly more
than an order of magnitude higher than for similar PECVD or LPCVD films.
Film stress tends to be higher than for other CVD films and is tcnsile as-
deposited, and compressive after densification or fusion (29,30,37]. Step
coverage is poor, as is thec stability of the as-deposited glass [27,30).

Densification improves the stability significantly (sec scciion 2.5.4).
2.5.2 Plasma Enhanced Deposition (PECVD) :

Plasma Enhanced CVD systems use a rclatively complex reaction to
produce high quality films with good step coverage. Oncc thc wafcr substrate
is heated to 300-450°C, films are formed through the rcaction of BaHg, PH3,
SiH4, N20 and O3 in an ionizing rf ficld at pressures of 0.6 to 2.35 Torr {2,30,47-
49,54]. The N20:SiHg4 ratio is kept above 30:1 in order to yicld good dopant
uniformity. Growth rates of 300-3800 A/min havc been rcported (47,48], with
variation duc to rf power, substrate tempcraturc and dopant content’.  Film
thickness variation is */.2-5% (cver a 100 mm wafer) [19,30,47,48,54], with low

particulatc and defect densitics : 0.06-0.15 dcfects or particles(<2 um)/cm? have

1 P;03 in low temperature BPSG is roughly 25% of total P, as opposed to 10% for high
temperature films.
Growth ratc relates inversely with phosphorus content
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been reported [19,30,48,54).  Excellent dopant uniformity has been observed for
films of 0-6wi%B and 0-11wi%P (30,48,54], though incorporation of PH3 and
other rcagent gascs in a non-oxidized form is a problem for PECVD films. The
amount of P held in P2O3 and PH3 is relatively large (11,23,49]), so densification
is imperative. The glass quality improves with increcasing oxygen:hydrides
ratio [54), and has bcen noted to getter better than similar APCVD films [2).
Other charactcristics of PECVD films include low intrinsic stress (2,47], good

adhesion (2] and cxccllent step coverage.
2.5.3 Low Pressure Deposition (LPCVD) :

Films of very good quality have been deposited in low pressure CVD

systems (2,4-6,18,25,36,38,40,55]. LPCVD films suffer from low deposition rate
but characteristically have the highest uniformity, fewest flaws and best step

coverage of dcposited oxides.

Standard LPCVD reactors opecrate at pressures of 0.1-0.3 Torr and
tcmperaturcs of 300-500°C [18,30,36,37]1. Most systems utilize the reaction of
B2Hg. PH3, SiH4, and O3, though BCl3 and trimethylborate (TMB) can also be
uscd as boron sourccs? {4-6,18,25,30,38]. Gas flow can be perpendicular or
paralicl to the wafcrs. The growth rate tends to be low (75-230 A/min [18,25]))
and dcpends on wafer spacing, pressure, temperature, gas flow rate,
oxygen:hydrides ratio and dopant content [25,36,37]. The slow formation yields
good thickness uniformity (*/. 2.7% over 100 mm wafer [18]) with very low

particulatc and defect counts : <0.2 particles(<2 um)/cm? [2,4,5,30]. Dopant

When LPCVD systems use decomposition of tetracthylorthosilicate (TEQS), pressures
of 0.25-0.5 Torr and temperatures of 620-700°C are used {4-6,38].

BCl3 cnhances P incorporation but can incorporatc excessive HCl in the film
[4,18,30). TMB is attractive because it is roughly 2000 times less toxic than
diborane [4-6,25,38).
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uniformity is also superior, with B and P distribution held to within */. 0.2wi1%
over a 100 mm wafer (4,5,18,36,37). B is incorporated as B203 and content
increases as BaHg molc ratio increases and/or temperature decreases [37.38].
Phosphorus is incorporated as P05, PpO3 and PH3 and incrcases as pressure
and/or temperature decrease (4,11]. Stress is usually low-compressive (36,37)

and step coverage is excellent {30], as is film adhesion (4.5).

The oxygen:hydrides ratio mos: strongly affccts the chemical state of
dopants in the glass, particularly phosphorus [36]. Below a ratio of 1.5:1 the
amount of PH3 and P03 in the film incrcases as the ratio diminishcs. PHj
content also climbs as oxygen:hydrides ratio riscs above 1.5:1, while P203
content rises slightly. The quantity of P20s is inverscly relatcd to the other
species, and is maximized at an oxygen:hydrides ratio of 1.5:1, thercfore this
ratio is commonly chosen (18,37,30]. Thc low ratio casc can bc cxplaincd by the
relative scarcity of bonding oxygen, but thc high ratio casc indicates that
simple analysis is insufficient. The gecttering cfficiency of the film should
follow the P2Os content variation, since othcr P-compounds do not appear 1o

contribute significantly to gettering [23,57).
2.5.4 Film Densification :

Immediately following dcposition of thc BPSG layer a hcat trcatment is
performed to rcorder the glass structure, reduce film defects, minimize fixed
charge and fast surface states, frec trappcd gascs and chemically stabilize any
elemental components. This anncal is donc at tcmperaurcs ncar the glass
softening point (typically above 700°C) and can bc used as the flow step if

desired. Oxygen bearing ambients allow rcarrangement of the silica at lower

temperatures than inert ones, so stcam is often chosen (though the moisture
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can rcact with B and P to form acids) (27,57). Densified BPSG flows at lower
tcmperatures, has fewer flaws, has greater stability (electrical and chemical)
and ciches morc slowly than as-deposited films (2,27,29,30). The hecat convernts
interstitial P in P-Si bonds into substitutional P in P=0 bonds and allows PH3
and P2013 to fully oxidize into P20s, which improves alkali ion gettering
[23,36,54]). A decleterious cffect is that often boron and phosphorus move to the
film boundarics, gathering at the Si interface (where some diffuses into the
substratc), or cvaporating out of the top of the glass! (2-5,27,51,57]). This effect
is attenuated when an incrt ambient gas is used {27). It is standard practice to

densify ncwly-deposited BPSG films despite these drawbacks.

The composition of thin diclectric films is difficult to determine

accuratcly (43, 49]. Some of the methods used to analyze BPSG are as follows :

* Wet chemical colourimetric methods [10,18,23,29,30,36,37,43,49) are
slow and destructive, but are accuratc and are used to calibrate other
mcthods. Thesc tcchniques involve dissolution of the film in a solvent

solution, followed by spectrophotometric analysis of the precipitates.

* "lon Chromatography" (4.,5,23,30,54] also involves examination of
dissolved samples, but focuses on anions in the sample (rather than

precipitates). It is uscful fo. entifying oxidation states of B and P.

» "Electron Microprobe” (19,29,30,36,54) utilizes an eclectron beam to
cxcite X-rays in the sample. Thc emissions are analyzed to determine

clcmental type and quantity. It is limited by the low electron beam

Ncar 1000°C blisters can form in the glass when impurities boil off [57].

22
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energy required for thin films.

« "Sccondary lon Mass Spcctroscopy" 14.5.11,18,27,29,30,37] is used when
information on dopant content and profile is desired.  Bombardment
with a strecam of neutral ions results in cmission of sccondary ions in
the sample material. SIMS is relatively inaccuratc and often causes

charging of the sample films during testing.

e "Infrared Spectroscopy” (2,4,5,27.29.30,49] is a rapid, non-destructive

technique that involves cxamination of the infrared absorption spectra

of the test sample. Since the absorption pcaks for P=O and B-O overlap a

Fourier Transform is used to extract estimatcs for thc actual peaks.

¢ Less common methods include “Electro-Chemical Spectroscopic
Analysis” [47,57]. "Auger Electron Specctroscopy” (571, "Ncutron

Activation" (8,61] and "X-Ray Fluorescence” [27,29,30,54).

The etch ratc of B- and P-doped SiO2 is a good compositional indicator
and easy to determinel, so it is widely used [2,4,5,11,16,17,27,29,30,49,51,54,59].
Phosphorus increcascs the etch rate, while boron slows it?, as docs densification
[2]. As B content approaches 5wt% the effcct on cich raic in BHF saturates,
such that no further rate decrecase is obscrved [4]. These cffects arc obscrved
regardless of CVD system used [37]. Sincc cich rate varics with scveral
conditions, it is most useful for estimation of B and P content rather than for

precise dctermination.

—

Timing the etching of contact windows yiclds an in-process estimation of ctch rate,
The rise is roughly exponcntial with increasing P;O¢ content [16,51,54].







