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ABSTRACT

Pancake reactors operated at low temperaturesand reduced-pressures have been
used for silicon selectiveepitaxial growth (SEG). In genera, dichlorosilane(DCS) is the
silicon source gas, hydrogen is the carrier gas, and HCI1 prevents the formation of
polysilicon on the silicon dioxide. An investigationof growth rate, uniformity, and doping
characteristics of SEG silicon grown at reduced pressures between 40 and 150 Torr and
temperatures between 820°C and 1020°C in a pancakereactor is presented.

The dependences of growth rates and uniformities on growth temperatures,
pressures, and doping were studied. Improvement in thickness uniformity across the wafer
was achieved by lowering the deposition temperature and pressure. In-situ phosphorus
dopingin therangeof 1016-10'8 P atoms/cm3 was accomplished by introducing phosphine
(PH3) gas into the reactor during epitaxial deposition. Doping concentration, which was
determined by three different methods, increased with phosphineinject set point. Also,
higher phosphorusconcentrationswere obtained at lower deposition temperatures and/or
pressures. Diodes and bipolar transistorsidentically fabricated in undoped SEG and in bulk
silicon were used to characterize the SEG material quality. Since averageideality factors,
leakage currents, breakdown voltages, and current gains extracted from 970°C-40T SEG
devicesweresimilar to those of substrate devices, the materia quality of the SEG deposited
at 970°C and 40 torr wasindicated to be as good as the bulk silicon.



CHAPTER 1. INTRODUCTION

1.1 Purpose of Work

Silicon Selective Epitaxial Growth (SEG) is to deposit silicon only at selective
locations where the silicon substrate is exposed on an oxide-patterned wafer. This
techniqueis attractive because o itsapplicationsin the area of advanced bipolar, CMOS,
BiCMOS, and other nove devices. Hence, the material quality of the selective epitaxia
sliconisan important issuefor utilizing SEG technology.

Theobjectived thisresearch work is to determine epitaxia growth conditionsin «
Gemini-1 pancakereactor. A fabrication processfor test devicesand a test mask set were
designed and implemented. Selectiveepitaxial silicon films were deposited under various
growth conditionsto investigatethe growth rate and uniformity dependances on deposition
temperature, reactor pressure, partial pressuresof the reactant species, and theinjection rate
of phosphine (PH3) dopant gas. Then test devices were fabricated on the SEG/ELO
materialsand tested. After physical and electrical characterization for the SEG/ELO films
grown at different conditions, appropriate operation regions for the Gemini-1 pancake
reactor weredefined. Theresultsare helpful to obtain selective epitaxia slicon with desired
growth rate, uniformity, and doping characteristics.

1.2 Overview of Thesis

Thisthesisdescribesthe fundamentalsof silicon selectiveepitaxial growth, device
fabrication, testing procedures, as well as physical and electrical test results. A literature
review is presented in the second chapter to provide background information on epitaxial
growth theory, epitaxial reactors, common defects, properties, and growth considerations
for SEG/ELO, and in-situ doping as well. Chapter three describesin detail the fabrication
and testing proceduresfor the test devicesfabricated on SEG materials. Mask layout,
SUPREM-III simulations, and many commonly used evaluation methods for SEG




materialsare presented in thischapter. Chapter four presentsthe characterization resultsof
this work; and is divided into growth rate studies and electrical evaluations. Finally, a
conclusion isdiscussed in chapter five.

——



CHAPTER 2. BACKGROUND

2.1 Silicon Epitaxy

The slicon epitaxy isto grow athin singlecrystal siliconlayer upon asinglecrystal
substrate. During the growth, the epitaxial layer can bein-situ doped with n-type or p-type
dopants. Silicon epitaxial growth iswiddy used in the bipolar fabrication processesand is
becoming important for MOS technologies[1-3]. It is also usad in discrete power devices
and CCD technology [4-6]. For bipolar, a lightly doped silicon epitaxia layer upon a
substrate with higher concentration can isolate the substrateand reduce the collector series
resistance. On the other hand, epitaxia structuresare used to enhance the performance of
DRAMs and CMOS ICs and to reducethe soft errorsand aleviate the latchup problem [7-
9].

Silicon epitaxy can be achieved in various systems. Among these, chemical vapor
deposition (CVD) epitaxy is by far the most important if we consider its usage, processing
speed, and control of the impurity concentration [10]. Silicon CVD has been accomplished
with silane (SiH4), dichlorosilane (SiH2Cl2), trichlorosilane (SiHCI3), and silicon
tetrachloride (SiCl4). The progresstowardsreduced pressure and low temperatureepitaxy
producesepitaxial layerswith low defect levels and can reduce pattern shift and autodoping
[11-14].

2.1.1 Fundamentalsof Epitaxy

CVD epitaxy of siliconfilmscan be represented schematically as shown in Figure
2.1 [15]. Thereactantsdiffusethrough the carrier gasto the surface. They are absorbed on
the substratesurface where chemical reactionstake place. Then the reaction by-productsare
desorbed from the surfaceand diffuse away into the carrier gas. In this section, the basic
principles,including kineticsand transport, of slicon epitaxy will be discussed.




Diffuson of
reactantsto urface

o
Absorption

b s

Film-forming
reaction

Diffuson of
produds from surface

rfacereactions

®
Subseuent ]f!sotption

Figure2.1 Schematicof CVD reaction Seps[15].

1

Film

Figure 2.2 Badc modd for the epitaxial growth process[16].




2111 Kineticsof Growth

Grove[16] developed asmplemode to study the kineticsof epitaxial film growth.
The modd as shown in Figure 2.2 explains many phenomenaobserved in the epitaxial
growth process. As shown, the concentration of the reactant speciesin the bulk of the gas
is Cg but becomes Cs at the surface of the substrate. The reactant gas for silicon epitaxy
may be one of the following: SiH4; SiH2Cl2; SiHCI3; or SiCl4. Note that the flux of
reactants towards the interfaceis Fi and the flux of reactantsconsumed in the epitaxial
reactionsisF2.

We assumethat the flux F1 can be expressed by the linear formula

Fi = hy(Cy - Cy) @2.1)

where hg is the gas-phase mass transfer coefficient. The flux F2 is assumed to be linearly
proportional to Cs and expressed by

F; = K,C (2.2)

where Ks is the surface reaction rate constant. In steady state, F1=F2 =F and therefore

Cs= Ce (2.3)
1 .
hg
The growth rate of silicon epitaxial film, V, isgiven by
-2
v Nl Ks +hg Ny (24)

whereN1 is the number of silicon atomsincorporated into a unit volume of the film which
iS5 x 1022 atoms/cm3. Since Cg = YCt, where Y is the mole fraction of the reactant species
and Qtisthe total number of molecules per cubic centimeter in the gas, the expressionfor
the growthrateis

= Kshz Ct]
V= K, +h, [m Y (2.5)




Equation 2.5 datestha the growth rateis proportiond to the molefraction Y o the
reactant gpecies. The growth rate a a given mole fraction isdetermined by the smdler vaue
of Ks or hg. Thiscorrespondsto the limiting casesof mass-trandfer controlled and surface-
reection controlled conditions. In these two cases, the growth ratesare given by

V =K; [—1%—] Y [surfacereaction-controlled] (2.6)
or
V=hg N%] Y [ mess transfer-controlled @7

The temperaturedependence of growth ratesaf slicon filmsfor varioussilicon gas
sourcesis shown in Figure 23 [17]. The growth rate is proportiona to exp(-Ea/KT) in
region A, whileit isalmost independent of temperaturein region B. Since chemical reaction
rate constantsgenerdly follow an exponentia temperature dependence while masstrander
coefficients are independent of temperature, region A is referred to as surface reaction-
controlled. Region B (higher temperature)isreferred to as mass transfer-controlled.

Thissmplified modd neglects theflux of reaction products and assumesalinear
goproximation for the surface reaction. In spitedf these, the Grove modd till describesthe
two regionsd the growth processand givesan estimatedf Ks and hg from the growth rate
data.

2112 GasPhase Mass Transfer [18,19]

Equation 2.1 assumed the flux from the gas bulk to the surface by Fi = hg(Cyg -
Cs). The smplest modd used to gpproximatethe value o hg is the stagnant-film modd
which isshown in Figure 24. Thegasisdivided into two regions. In oneregion the gasis
well mixed and is moving past the surface with aconstant velocity. The other region isa
stagnant film region  thickness § next to the substrate. Mass transfer of the reactant
pecies across the stagnant film to the substrate proceedsonly by diffusion. Let Dg be the
diffusivity of the active species, then flux F1 can be written as

Cg‘Cs
o

F; =D, (2.8)

Comparing Equation 2.1 and Equation 2.8, weobtain
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D

(2.9)
Fluid mechanicsis able to provide a more redlistic and accurate estimate of the mass-
transfer coefficient hg. Boundary layer theory developed by Prandtl is used for this
problem. It describesa boundary layer isatransition region between the substrate and the
free gas stream. At the substrate, the velocity is zero because of friction. In the boundary
layer, the reactant species must diffuse to reach the substrate surface. Above the layer, the
gas stream flows with a uniform velocity U as shown in Figure 2.4. The boundary layer
thickness 8(x) is defined as the distance between the surface and the point a which the
velocity i1s0.99U.
The thickness can be calculated from [18]

=./Bx 5
8(x) = o0 (2.10)

where i, p arethe viscosity and density of the gas, respectively. The average boundary
layer thicknessd over the wholeplateis given as

5=l ~2,/BL
S—LIO 8(0dx =24/ 75 (2.11)

§=2L / H _ 2L 2.1
5 TV UL = R (2.12)

or

where ReL is the Reynolds number. Now if we substituteg for the thickness of the
stagnant film 6in Equation 2.9, the mass-transfer coefficient hgis:

hz=D8=g‘DgV§eL .13

We can noticethat hg is proportiona to ¥U. Hencein the mass-transfer controlled
regime, the growth rate should be a function of gas flow rate in the reactor. Thisisin
agreement with Theuerer'sdatain the vertical reactor [20]. A number of researchers have
analyzed the transport phenomena in epitaxial reactors[21-25] . In order to calculate gas
phase mass transport accurately, it i s necessary to take morefactorsinto account instead of
the simplifying assumptions. For example, temperaturevariation above the susceptor, gas




phase reactions, and nonlinear reactant concentration gradient in the boundary layer, al of
which could affect the accuracy. In addition, it is necessary to use numerical methods to
precisely simulate mass transport for advanced reactors[26].

212 Silicon Source Gasesand Chemica Reactions

Silicon tetrachloride (SiCl4), trichlorosilane (SiHCI3), dichlorosilane (SiH2Cl2),
and silane (SiH4) are four major gas sources which have been used for silicon epitaxy.
SiCl4 has been widdly used in the past for silicon epitaxial growth. It ischemically stable
and hasarather low vapor pressure, and it usudly leavesvery little silicon coating on the
reactor walls. The disadvantage of using SiCla is that it requires a high deposition
temperature (1100°C - 1300°C). The overal reaction is a hydrogen reduction of the gas,
written as

SiCl4 + 2H; — Si + 4HCI (2.14)

SiH2Clz and SiHCI3 have smilar characteristicsto that of SiCla except that they can
be used at lower deposition temperaturesfor comparabl e growth rates and crystal quality.
Since lower temperatures reduces autodoping and diffusion, SiH2Cl2 is widdly used in low
temperaturesilicon epitaxy. At Purdue University,aGemini-1 reactor uses SiH2Cl2 asthe
silicon source gas. It has been shown that SiH2Cl2 has the highest efficiency of the
reaction, i.e., the ratio of the amount of deposited silicon to the amount of reactant gas
entering the reactor, while SiCla is the lowest.[27]

Compared to chlorosilane chemistries, SiH4 is not widely used for silicon epitaxy
though the deposition temperaturefor SiH4 is lower. The disadvantagesof using the SiH4
reaction arethat homogeneousgas phase reaction could occur and no HCl is set free. SiH4
is not a stable gas and reducesin the gas phase and forms silicadust. The wafers could be
contaminated and the walls of the reactor need frequent cleaning because of the heavy
deposition. Silicon deposition reaction using silane is different from those using
chlorosilane since no HCI is present in the decomposition of silane. Therefore, no Cl can
be used to removed metallic impurities from silicon. Silane used to form silicon by the
pyrolytic decompositionis given by thereaction

SiH4 — Si + 2H; (2.15)

while the reactionsusing DCS are




SiH,Cl; — SiCl, + Hj (2.16)
SiCl; + H, — Si + 2HCl (2.17)

whereHCI is adecomposition by-product. HCI will etch any silicon atoms which nucleste
on the oxide surface and therefore prevent further nuclestion by thereaction

Si + 2HCl1 — SiCl; + H, 2.18)

By adjusting the HCl amount in the entering gases, good selectivity is obtained.
Continually increasing the HC1 amount, growth eventually enters the etching regime where
etchingof the silicon substrate surface will occur and no longer permit silicon epitaxy.

213 Epitaxia Reactors

Figure 2.5 illustratestypical epitaxial reactor configurationswhich are used in the
microelectronicsindustry. The horizontal, vertical or pancake, and barrel reactorsare dl
cold-wall reactors. Reactor walls are cooled to minimize deposition on the walls while the
susceptorsare heated by rf inductioncoilsor by high-intensity radiation lamps.

The simplest is the horizontal reactor which consists of a horizontal quartz tube.
Wafersare placed horizontally on a graphite susceptor in thetube. The wafers are heated by
the susceptor that isrf power coupled. Gases used for growing epitaxia silicon enter a one
end of the tube and are exhausted from the other end. The flow of gasis pardlel to the
wafer surface and the reactant species are supplied to the growth interface via diffusion
through the boundary layer on the surface. This kind of reactor offers lower construction
cost, but controlling the deposition over the entire susceptor isa problem. It isdifficult to
get good temperature, thickness, and doping uniformitieswithin a wafer and from wafer to
wafer.

In the vertical pancake reactor, the wafers are placed on the silicon carbide coated
graphite susceptor which is heated by the underlying rf coils. The susceptor is near the
bottom of the quartz bell-jar. The reactant gases enter from the center of the circular
susceptor, rise to the top of the bell-jar and then spread downward. Some gas exits to the
exhaust in the bottom while some flows over the susceptor. The gases are distributed
evenly across al wafersand the susceptor rotatesto further smooth out any nonuniformity
in flow. Thus, good thickness and doping uniformities are obtained. The vertical pancake
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Figure 2.5 (a) Horizontal, (b) pancake, and (c) barrd reactorscommonly used for vapor-

phase slicon epitaxy [30].




— UHV/LOAD CHAMBER ~

MASS
SPEC. GAS
SOURCE
FURNACE '
== "
ROTARY PUMP H '
AND N | | c «— VACUUM
ROOTS BLOWER . ' ! Tmﬁus
+ A T
| J
TURBO f COILS 3 ;3:20
PUMP T
A1,04
TRAP

U

ROTARY PUMP

Figure 2.6 UHV/CVD system schematic [13].

12




system is capable of running at reduced pressure as well as at atmospheric pressure to
N nze autodoping effectsand pattern shift.

In the barrdl reactor, the graphite susceptor has a hexagonal cross-section. The
wafersare held about 25  to the vertical on the susceptor in the bell-jar to compensate for
boundary layer and reaction depletion effects [28]. The gases flow parallel to the wafer
surface. Wafers are radiantly heated S0 that it iseasy to get good temperature uniformity.
The flow pattern of gasesin the barrel reactor is quite complex [29]. Gases are injected
from thetop of the reactor through a pair of nozzlesand theflow isdirected down one side
of the chamber. The susceptor rotates to average out the differences in growth rate.
Thicknessuniformity is comparableto that in vertical reactorsand it can operate a reduced
or at atmospheric pressure.

Epitaxial silicon layerscan also bedeposited by ultrahigh vacuum/chemical vapor
deposition (UHV/CVD) [13,31]. Meyerson has demonstrated that device quality materia
can be obtained at temperatures as low as 750°C in this kind of system. The key
requirement for successful silicon epitaxy isto keep the silicon surfaceclean and atcomicaly
bare at the time epitaxial growth begins. In order to keep the silicon surface bare, the
temperature must be high enough or the partial pressure of water vapor must be low
enough. Figure 2.6 showsa UHV/CVD apparatus. The vacuum level in the apparatuscan
bring silicon wafersrapidly into an environment that maintains the bare surface. The UHV
section is pumped, baked, and hydrogen plasma scoured until the base pressure is about
102 tom. The wafer carrier is prebaked in the load chamber before transfering it into the
UHV system via a magnetically coupled load lock. Wafers are placed coaxialy in the
growth chamber. The mass spectrometer in the UHV section allowsin-situ diagnosticsof
the system.

2.1.4 Common Defects

A number of different defect types have been observed in silicon epitaxial films.
The most typical two are growth stacking faults and dislocations. Sometimesother gross
defectsarefound that usuadly resulted from improper cleaning or handling procedures.

2.1.4.1 Stacking Faults

Stacking faults, asillustratedin Figure 2.7, are the most important typesof defects
that are found in silicon epitaxial growth [32,33]. Mot of the work on defectsin epitaxia
growth is devoted to the study of stacking faults. In general, epitaxial growth requires
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atomic layers in a regular order, i.e., to form a new layer only after the last one has been
completely formed. However, if thereis asmall areaof mismatched stacking with respect
to the substrate (e.g., by an impurity atom), the regularity of the atomic layers would be
disturbed. Thefresh successive layers will continue to grow in thisnew kind of sequence
with the fault, hence the stacking fault occurs.

The stacking faultsgppear as equilateral mangleson the epitaxial |ayer surface when
grown on {111) silicon wafers. Each side of the stacking fault isin a <110> direction. For
{100) wafers, the shape of a stacking fault lookslikea square in shape and each side of the
stacking fault is along a <100> direction. Stacking faults in (100) silicon wafers
propagatealong (111)plane. Thusthey are actually in the form of pyramidswith a square
base as shown in Figure 2.7. Thelength of each sideisrelated to the thicknessof epitaxial
layer. Therefore, a rough estimateof epi thickness can be obtained from the width of the
stacking fault.

Epitaxial stacking faults could be formed as a result of several factors. These
include both external and internal factors, such as contaminantsand mechanical damageon
the substrate surface, contaminantsintroduced into the epitaxial reactor during deposition,
the condition of deposition, and crystallographic defectsof the substrate[33].

Contaminantson the substrate surface could nucleate stacking faultsin the epitaxial
layer [34]. Surface mechanical damage on the substrate in the form of scratches, saw
marks, etc. and slip bands also are common reasons for obtaining stacking faults.
Incompleteremoval of oxidefrom the substrate before epitaxial growth isfound to cause
stacking faults in the epitaxial overgrowth. Stacking faults generated by the effects of
gaseous contaminants such as carbon, oxygen, and metallic impurities have a'so been
observed. Carbon can form silicon carbide precipitates to provide sites for nucleation of
stacking faults [35]. The nucleation of growth stacking faults caused by bulk
crystallographic defects in the substrate has also been demonstrated. Plastic deformation
during film deposition can a so giverise to stacking faults. It would occur when wafersare
nonuniformly hested during epitaxy or when wafersare put in and withdrawn from the hot
furnace at high rates during diffusion and oxidation . Thisis because thermal gradientsare
established between center and periphery.

Severd dectrica effectsin devicesare aresult of stacking faults. Theseincludethe
formation of emitter-collector pipesor shortsin bipolar transstors as well astheincrease of
the reverse leakage currents and breakdown voltage reduction in the p-n junction. The
formation of pipesis because epitaxial defects will collect metallic impuritiesand alow
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accd erated movement of dopants. These pipescan short the base-emitter and base-collector
junctionsdf bipolar trangstors.

2.14.2 Didocationsand Other Defects

During the epitaxial growth, wafers are placed on a grgphite: susceptor which is
subsequently heated to a high temperature. Nonuniform heating may occur because the
susceptor is nonuniformly heated or because a lack of intimate contact between the
susceptor and wafers [36]. This results in large temperature gradients. |f temperature
gradients are large enough, didocations will be generated. In addition, propagation of
substratedid ocationsinto the epi layer isaso possble.

Some other gross defectscaused by poor fabrication techniques may occur during
the epitaxial growth process [37]. Orange ped appearance is sometimes caused by
preferentia etching during the in-situ cleaning step before growth. Pits, voids, growth
hillocks or spikes result from small particlesdf silicon or oxide in the reactor during the
growth. Haze is caused by alesky sysem or by improper cleaning prior to epitaxia growth
and can be avoided by teking proper precautions.

2.2 Selective Epitaxial Growth and Epitaxial Lateral Overgrowth
221 Introduction

The selectiveepitaxid growth (SEG) o glicon isaspedid epitaxy technique useful
for small deviceisolation [38-40] and asepitaxid latera overgrowth (ELO), for advanced
device structures [41-44]. SEG allows the epitaxial slicon be grown only in sdlected
regions on a wafer. These sdected regions are usudly photolithoghaphically opened
windows in an oxide layer. SEG evolved from full-wafer slicon epitaxy and hence growth
conditions are quite smilar to those of full-wafer epitaxy. Though SEG wasfirst reported
in 1962 [45], it has only recently overcome problems with defects, selectivity, and growth
uniformity by utilization of purified hydrogen, hydrogen chloride, and dichlorosilane gases
a low temperatures(<1000°C) and at reduced pressure (10-200T) in cold-wall epitaxia
reactors [38,46,47]. This technique has brought much attention for the development of
various nove device dructures.

Sdlectiveepitaxy isgrown on theexposed slicon in the ssed window, which are
defined in amask materid. usudly oxide, on adlicon wafer asdepicted in Figure 2.8(a).
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Figure 2.8 (a) Selective epitaxial growth (SEG), (b) Epitaxial lateral overgrowth (ELO),
and (c) Confined lateral selective epitaxial growih (CLSEG).
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The deposition conditions are adjusted to alow epitaxia growth only on the exposed
slicon surface and not on the masking oxide. When the epitaxial silicon is grown for
longer periodsdf time 0 that the growing surfaceis above the mask surfaceleve, it will
grow lateraly over the oxide mask aswedl as growing vertically. Thisisshown in Figure
2.8(b) and is referred to as epitaxid latera overgrowth (ELO). The overgrowth ratio is
defined as aratio between thelatera dimensonsd the ELO film and its thicknessover the
oxide. Mog reported ratios are about 1:1. Confined lateral selective epitaxia growth
(CLSEG)[48] is grown using the same conditionsas SEG, but the epitaxial sllicon grows
verticaly and then laterdly in a cavity or tunnd consisting of oxide or nitride walls as
shown in Figure 2.8(c).

To keepinitial growth surface clean and bare of oxide, SEG deposition beginswith
ahigh temperature H2 bake and an optiond HCI etch. During the H2 bake, the reaction S +
SiO2 --> 28i0¢g) Will removeany native oxide (10-100A thick) [49]. This etch competes
with the oxidation of dlicon by water vapor and oxygen and requires a very dry ad
oxygen free environment for removing the native oxide [50,51]. H2 is intraduced into the
reactor during thisetch sinceit iseadly deaned and dried with in-linefilter. It will not react
with the wafer and will displace or carry out the resdua H20 and 02. At the same
temperatureand pressure, the quality of SEG improves with the reduction of water vapor
and Oz levdsin thereactor. It wasdetermined experimentaly thet the critical temperature,
above which deposition of good quality epitaxid silicon is possble, is governed by the
moisture and oxygen partia pressureduring precleaning and growth processes. The HC1
etch is usudly performed after the native oxide has been removed with the H2 bake. This
each will not etch the oxide but etches the exposed silicon surface. Hence it is usad to
remove surface impurities and damage to get an atomically clean surface for growth.
However, if too much of HCI and too large a temperature is used, an undercut between
silicon and oxide may occur which can leed to edge defects[40,52,53).

SEG/ELO is normaly deposited in reduced-pressure reactors. It was a
breskthrough in SEG technology to use reduced pressures(<200T) and low temperatures
(<1000°C) as reported by Tanno et a. in 1982 [47]. The reduced pressures and
temperatures result in improved surface morphology, improved selectivity, reduction in
SEG/sidewall interface defects, and decreased undercutting of the masking material.
Though any silicon source gas usad for conventiona epitaxy can be used for SEG/ELO,
dichlorosilane (DCS)is the most common. A carrier gas of hydrogen is used to improve
the uniformity of growth rates across a single wafer and from wafer to wafer without
contaminating the chamber.
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Nucleation of polysilicon on the masking material produces nonsel ectivegrowth.
Selectivity is affected by DCS and H2 flow rates, the deposition temperature and pressure,
and the masking material. To prevent the polysilicon nucleation, HCI gasis added into the
deposition gases [(46]. In addition, reduced pressure and low temperature are used to
suppressthe nucleation [46,47,52]. It has also been found that nucleation generally occurs
less often on therma silicon oxide than on slicon nitride.

The quality of SEG/ELO depends on several deposition conditions, such as
temperature, pressure, seed orientation, masking materias, and contaminantsin the reactor.
For masking materias, oxide has been shown to be the better material than nitride because
nitride generatesmoredefectsaong the sdewdls. Therefore, oxideisgeneraly used asthe
masking material. Lower deposition temperatures and reduced pressure improves the
uniformity and selectivity. The lower temperature makes the surface reaction ratedow, and
the reduced pressure increases the diffusion rate of silicon gaseous species to the wafer
surface. These two effectswill bring depositioninto the surfacereaction controlled regime
[11,38,47,54,55]. In thisregime, deposition of slliconisafunction of temperatureinstead
of gas flow. The temperature is more readily controlled than the gas composition.
Therefore, the uniformity is improved when we use low temperature, reduced pressure
deposition.

At higher temperatures and pressures, deposition is diffusion-limited, i.e., gas
phase diffusion through the boundary layer controls growth. Because the steady State
concentration of gaseous silicon speciesover theoxideis higher than that over the silicon
surface, more silicon will grow at the edgesof seed holesthan in the center. Thisresultsin
aconcave upward SEG profile. Wecdl this phenomenon smiley sinceit lookslikeagrin.

2.2.2 Growth Characteristics

The Gemini-1 slicon epitaxy reactor in the Purdue University Epitaxy Laboratory is
a low temperature, reduced pressure, RF-induction heated pancake reactor. Hydrogen is
the carrier gas, dichlosilane (DCS) supplies the silicon source and HCl providesin-situ
cleaning and suppresses polysilicon nucleation. Generally, SEG and ELO were
accomplished & 150 Torr and 970°C in Purdue. However, reduced the temperature and
pressurefor SEG/ELO to 840°C and 40 Torr is possible. In thefollowing subsections, the
characteristicsof SEGEL O growth conditionsand growth phenomenon are reviewed.




2.2.2.1 Seed Window Orientation and Faceting

The seed window orientation has an effect on the SEG quality. It wasdetermined
that seed windows oriented aong <100> directions on a (100) substrate have the lowest
density of defects[56-59] and give a uniformly flat top surface [40,57,59,60]. SEG grown
on (100) substrates have much better quaity then that grown on (111) substrates because
o the lower probability of forming stacking faults [52]. Seed windows which are not
digned to <100> directions generatefacetsat the sidewal interface, thus reducing active
devicemasand theintegrity of meta interconnect lines. One solution to this problemisto
use chemica-mechanica polishing method to planarize the surface.

Faceting is caused by different growth rates dong the different crystal planes. The
(100) planes have the highest growth rate, followed by the (110}, (111), and (311)
planes [59]. The other planes have much lower growth rates. The problem with faceting
isthat it formsa nonplanar surface. In addition to making seed windows aigned to <100>
directions[40,59], facetingcan be reduced by lowering the growth temperature, reducing
the pressure, and increasing HC1 concentration [11,38,47,53,61]. When the Sdewadll is
aong {110}, <311> facetsare observed a theedge of the seed hole. As the growth surface
is above the oxide, <111> facets will aso appear on the ELO film as shown in Figure
2.9(a). However for (100) sidewadlls, less faceting is observed on SEG and only (110)
planes shown in Figure 2.9(b) would appear on the ELO film. Hence orient the rectangular
patterns at 45° to the[110] flat on a (100) wafer to avoid the faceting as shown in Figure
2.9(b) [59].

2.2.2.2 HCYDCS How Rate Retio

SEG can be viewed as the result of a depogition reaction and a HC1 etching
reaction. The dependence of growth rate on the HCIY/DCS flow rate ratio has been sudied
by variousresearchers. For the pancake reactors, Friedrich has investigated the HCI/DCS
flow rate ratio dependencefor atotal gas flow of 60 standard liters par minute (dm) at
950°C and 150 Torr [63].

Generally, the growth rates decrease as HCI increases, and the growth rates
increase as the DCS increases. Therefore it is expected that lower growth rates occur at
higher HCI/DCS ratios. Mogt reported observations used a fixed DCS flow rate while
varying the HCl flow rate and resulted in alinear dependence between growth ratesand the
HCVDCS ratios. However, if both HC1 and DCS rates are changed in the experiments,
sometimes a higher HCI/DCS ratio can result in a higher growth rate. Kastdlic [64]
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Figure 2.9 ELO facets: (a) Seed window is along <110> directions. (b) Seed window is
along <100> directions[62].
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suggested to use the quantity of HCI2/DCS instead of HCYDCS to get amore accurate and
clear result to compare different experiment results.

For the Gemini-1 pancakereactor, Friedrich found that the change in growth rates
aong the radial direction across the susceptor was basicaly independent of the HCI and
DCS composition. If non-uniformity isdefined as

Non-uniformity = gﬁmu:%%mm_ X 100% (2.19)
max min

where GRmin and GRmax are the lowest and highest growth rates which measured dong
the susceptor respectively. Theamount of non-uniformity was found to decrease as growth
rateincreased. Hence the most uniform epi films were obtained near the trangtion region of
sdlectivegrowth and polysilicon nucleetion on theoxide,

2.2.2.3 Temperature Dependence
The temperature dependence of slicon epitaxial growth from DCS has been

investigated by many researchers. From Figure 2.3 in Section 2.1.1.1, the chemicd
reaction for low temperature silicon epitaxia growth isin the surface reaction-controlled
region and will be sensitive to temperature. As shown in Table 1, the higher the
temperature, the higher the growth rate expected.

Friedrich did aseries d experiments to find out the temperature dependence of
slicon epitaxia growth in the Purdue resctor. The germanium mdt experiment was carried
out first to calibrate the temperature controller of the reactor and the temperature uniformity
across the susceptor. The uniformity for deposition on bulk wafers was better than that on
the patterned wafers under selective conditions. For patterned wafers under sdlective
conditions, lower deposition temperatureswould provide better growth uniformity. Figure
2.10 shows the growth rate profile comparison with different temperatures. Intraswafer and
inter-wafer uniformities have bean reported as 2-5% [46,61].

2.2.2.4 Oxide Area Dependence

The growth ratesof SEG/ELO can be different depending on the ratio of exposad
silicon to oxide covered area. This area dependence has bean studied [65,66] and is nat
desirable because generdly it will cause non-uniformity. This effect can be reduced by
reducing pressure and temperatureor by high HCI flows [65]. Table 2 and Figure 2.11
showsthat growth ratesincreased as the exposed slicon area decreased. Thiscan occur in




Table 1
Temperature dependenceof growth fram0. 36 vol.% DCSin H2 a 150 Torr [63].

Tempeature(°C) | G ovt h Rate (um/min)
900 0.134
950 0.189
1000 0.209
Table2

Masking oxide area dependenceof growth.

Oxide% | Growth Rate (um/min) | % Non-uniformity

0.9%5 0.353 193
09D 0.300 14.8
0.50 0179 17.8
0.30 0.176 9.6
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the device scale or wafer scale. In addition, the uniformity within a run increased as the
ratio of oxideareatoslicon areafedl beow about 40%.

2.2.2.5 Oxide thickness

It has been reported that changesin masking oxide thickness affects growth rates.
The wafer surface temperature is strongly influenced by the radiative heat transfer
propertiesof the masking oxide layer. Wafers with thinner oxides have higher surface
temperature due to decreased radiant hest transfer. Thisin turn affectsthegrowth rates. For
the pancake reactor, growth rate increasesfor thinner oxides[67]. The growth ratesin this
study appear to depend on the globa average oxide thickness. Local variationsin oxide
thicknessin theimmediatevicinity of the seed window have little effect on growth rate. In
addition, the absolute change in growth rate with oxide thicknessis larger as the value of
HCI#/DCS issmaller, i.e. the growth rateis higher.

2.2.3 Doping

In order to control the conductivity type and carrier concentration of silicon epitaxia
layers, gaseousdopantsare intentionally introduced into the reactor along with the silicon
source gas. Typicaly, dopants are introduced using their hydrides. Diborane (B2Hs) is
used to incorporate boron, phosphine (PH3) to incorporate phosphorus, and arsine (AsH3)
toincorporatearsenic. Presently Purdue only has phosphinefor n-typedoping. Thereis no
simpleruleto relate theincorporation of dopant atomsfrom the gas phaseinto the silicon
film. The dopant level in the epitaxial silicon film is controlled by the amount of dopant
introduced into the reactor, by the dopant concentration in the substrate, and by how far the
epitaxial layer has grown above the substrate. The intrinsic doping, with no intentional
dopants introduced to the reactor and a lightly doped substrate, is about 50 Q-cm and n-
type.

The in-situ boron, arsenic, and phosphorusdoping of silicon epitaxial films from
silane by ultrahigh vacuum system (UHV/CVD), by low pressure chemical vapor
deposition (LPCVD), or by plasma-enhanced chemica vapor deposition (PECVD) have
been investigated by various researchers [68-70). Arsine and phosphine are known to
suppress polycrystalline silicon growth rates from silane while diborane enhances the
polycrystalline silicon growth rates. Comfort and Reif [68.69] reported tha the growth rate
and uniformity of silicon epitaxial films deposited by LPCVD were degraded in the
presence of arsenic. LPCVD growth rate decreases as the value of ppm AsH3 in SiH4
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source increases. PECVD growth rates are reported less sensitive to arsine. LPCVD and
PECVD arsenic incorporation increaseswith decreasing the deposition temperature or with
increasing the gas-phase arsenic fraction. PECV D depositsexhibit superior morphology to
LPCVD and show an increase in active dopant incorporation. There is no significant
change in epitaxial growth rates in the presence of diborane. However, LPCVD and
PECVD boron incorporation is observed to depend linearly on diborane partial pressures
and LPCVD boron incorporationincreases with increasing temperatute. The n-typeand p-
type epitaxia silicon films with well controlled doping concentration in the range of
104 - 1020 dopant atoms/cm? can be achieved.

The interaction between the substrate dopant concentration and the doping of the
epitaxial layer will cause two problems, solid state diffusion and autodoping. Solid state
diffusionisthe diffusion of dopant alongits concentration gradient. Autodoping refersto a
transfer of dopants which areinitially contained in the substrate to the growing epitaxia
layers. It is a large problem at high deposition temperatures for which the rate of
evaporation of the dopantsand therate of incorporation are significantly high. Using low
temperature and reduced pressure conditions for selective silicon epitaxial growth
couldminimize the these two problems.




CHAPTER 3. FABRICATION AND TESTING PROCEDURES

3.1 Introduction

The goal of growing SEG/ELO is to use this material for building high quality
devices. Therefore without device quality material, fabrication of devicesin SEG/ELO is
irrelevant. In this work, silicon epitaxial layers grown under different conditions were
characterized for (8) surface morphology, (b) growth rate and film thickness uniformity, (c)
doping concentration, and (d) electrical properties. Device quality of SEG/ELO material
was examined via electrical evaluation of devices built in SEG/ELO. These device
characteristics were then compared to those measured on devicesfabricated on bulk silicon.
Mask layout and fabrication proceduresfor the test devices, as well as several common
characterization techniques, are describedin thischapter.

3.2 Mask Layout

Seven mask levels, aslisted in Table 3, are designed and implementedfor theentire
process for all test devices. The first level mask contains a lot of seed windows with
different shapes for observing the growth phenomenon and for growing SEG. The second
and third levels are used to open windows for boron and arsenic implants, respectively.
The optional fourth level is used for polysilicon gates only when it is desirable to make
PMOS devices. If it is not necessary to make PMOS devices, then this level is skipped.
Level five openscontact windowsto the substratefor substrate MOS capacitorsand for epi
diodes. Level six isdesigned for contact windows to SEG, and thelast level is used for
metd definition.

The layout of acomplete die for thetest devicesisillustrated in Figure 3.1. The
dimension of each dieis approximately 2600um x 2800um. Each die consistsof different
test devices, alignment marks, and stripsfor spreading resistance profiling (SRP). The test
devices in the mask set include BJT transistors, PMOS transistors, E-B diodes, B-C




Table3

Mak levelsfor test devices.

Mask Number Region Defined
1 SEG seed windows
2 Boron implant
3 Arsenic implant
4 Poly gate
5 Contacts to substrate
6 Contacts to epi
7 Metal
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diodes, gate-controlled diodes, MOS capacitors, and resistors. These test devicesfabricated
in SEG idands are usad to dectrically characterize the quality of SEG materid. For the
diodes, idedlity factors and breskdown voltages are used as criterion. In addition, BJT
transstorsare tested for forward dc current gains. Thereare two different szesfor each
kind of individua diode. The dimensionsfor the p-type regions are 20um x 20pum and
40um x 40um. Thereare six BJT transstorsin each die with emitter sizesof 9um x 9um,
12pum x 12pm, 15um X 15pum, 20pum x 20pm, 30pum x 30pm, 40pum x 40pm, S0Um X
50pum, and 60um x 60um. Metal pads of 150um x 150pm are connected to contact
windows for the electrica probe testing. MOS capacitors of sizes 200pum x 200um and
400pum x 400pum can be used to verify doping densities, oxide thicknesses, and carrier
lifetimes. The gate-controlled diode can be usad to estimate the minority carrier lifetime.
Theresstorsare used to evaduate resstivitiesand check thedoping dengties.

3.3 Processing
3.31 SEG/ELO G owt h Condition

The Gemini-1 reactor a Purdue Universty is an induction-heated pancakereactor
with capability for low temperature and reduced pressure operation. The reaction chamber
mainly consists of the bell-jar and the susceptor. The quartz bdl-jar measures about 21
inchesin diameter and 27 inchesin height. The round graphite susceptor which measures
about 19 inchesin diameter is located near the bottom of the bell-jar and is heated by rf
induction from the coils bdow. Figure 3.2 shows a schematic representation of thereactor.
During operation, the susceptor rotates counterclockwise at 8 rpm to smooth out any
nonuniformity in gas flow, resulting in improved uniformity. Five gases are connected to
the reactor: nitrogen, hydrogen, dichlorosilane, hydrochloric acid, and phosphine. The gas
mixtures enter from the center of the susceptor and flow upward to the top of the bdll-jar,
then flow downward dong the bdll-jar wall. The computer-smulated streamlines in the
reactor are shown in Figure 3.3 [26].

The growth experiments were carried out on p-type, 6.29 - 851 Q-cm, (100)
slicon subgtrates. Wafers were cleaned in a H2S04/H202 solution, rinsed in de-ionized
(DI) water, and dipped in a buffered hydrofluoric (BHF) solution. After a blow-dry with
nitrogen, a 20 minute 1050°C H2 bum oxidation produced 21004 of oxide. Subsequently
the wafers were patterned by the first-level mask. The rectangular seed patterns were
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diodes, gate-controlled diodes, MOS capacitors, and resistors. These test devicesfabricated
in SEG idands are used to eectricdly characterize the qudity of SEG material. For the
diodes, ideality factors and breskdown voltages are used as criterion. In addition, BJT
transstors are tested for forward dc current gains. There are two different szesfor each
kind of individua diode. The dimensonsfor the p-type regions ae 20um x 20um and
40um x 40um. Thereare six BJT transstorsin each die with emitter sizesof 9um x 9um,
12um X 12pum, 15um x 15um, 20um X 20um, 30um X 30um, 40um x 40pm, 50pum x
50um, and 60um X 60um. Meta pads of 150um x 150um are connected to contact
windows for the electrical probe testing. MOS capacitors of sizes 200um x 200um and
400um X 400um can be usad to verify doping densities, oxide thicknesses, and carrier
lifetimes. The gate-controlled diode can be usad to estimate the minority carrier lifetime.
Theresgtorsare usad to evaluate resstivitiesand check thedoping dengities.

3.3 Processing
3.3.1 SEG/ELO Growth Condition

The Gemini-1 reactor at Purdue Universty isan induction-heated panceke reactor
with capability for low temperature and reduced pressure operation. The reaction chamber
mainly consists of the bell-jar and the susceptor. The quartz bell-jar measures about 21
inchesin diameter and 27 inchesin height. The round graphite susceptor which measures
about 19 inchesin diameter islocated near the bottom of the bell-jar and is heated by rf
induction from the coils below. Figure 3.2 shows a schemeatic representation of the reactor.
During operation, the susceptor rotates counterclockwise a 8 rpm to smooth out any
nonuniformity in gas flow, resultingin improved uniformity. Five gasesare connected to
thereactor: nitrogen, hydrogen, dichlorosilane, hydrochloric acid, and phosphine. The ges
mixturesenter from the center of the susceptor and flow upward to the top of the bell-jar,
then flow downward dong the bell-jar wal. The computer-smulated streamlinesin the
reactor are shown in Figure 3.3 [26].

The growth experiments were carried out on p-type, 6.29 - 851 Q-cm, (100)
slicon subdgtrates. Wafers were cleaned in a H2S04/H202 solution, rinsed in de-ionized
(DI) water, and dipped in a buffered hydrofluoric( BHF) solution. After a blow-dry with
nitrogen, a 20 minute 1050°C Hz bum oxidation produced 2100A of oxide. Subsequently
the wafers were patterned by the first-level mask. The rectangular seed patterns were
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Figure 3.2 Schematicdiagram of an induction heated pancakereactor [26].

Figure 3.3 Streamlinesin the reactor for H2 = 60 slm and SiH2Cl2 = 0.22 dm. The
susceptor temperatureis950°C and the pressureis 150T [26].




Table4

Processsequencefar silicon epitaxial growth.
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Process Step Ambient Comments

Load clean wafersi nto thereactor Atmosphere

Nitrogen purgeand fill with hydrogen Hydrogen Removeall oxygen

(pump down t o the desi red pressure)

Hydrogen bake Hydrogen Heat up to the bake temperature

t o removenative oxide
HCl etch HCl in hydrogen | Expose atomically clean surface
Deposition DCSanddopant | Deposit epitaxial film
in hydrogen with optional in-situ doping

Cool-down Hydrogen DCS/HCIf generator are off
Purgeout hydrogen and fill with nitrogen | Nitrogen Removeall hydrogen

Wl cad wafers

Atmosphere
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final wet oxidation/drive was performed at 1000°C for 20 minutes. Figure 3.4 showsa
SUPREM-III smulated np-n doping profile for the test bipolar transistor. SUPREM-III
program was used to smulate the doping profilesand to estimate oxide thicknesses a
various pointsin the process.

The contact windows to the silicon epitaxia layers were defined with AZ-1350
positive photoresist using mask level six, and these windows were opened by BHF wet
etching. Then metd patterns were defined with the last (seventh) mask in AZ-1350
photoresist. Subsquently Al-1%Si was deposited over the wafer surface by sputteringin
the Perkin-Elmer modd 2400 sputtering system. This metdlization sep wastoward theend
of the process. The aluminum contains 1% silicon in order to prevent auminum spiking.
The metdlization etch used the "lift-off' technique. After the lift-off etch in acetone, the
meta was annedled at 400°C in nitrogen for 15 minutes to create good metal/silicon
contacts. Thetest BJT processflow isillustrated in Figure 35.

3.4 Evaluation Methods for SEG/ELO

34.1 Morphology

Generally, the morphology of SEG/ELO structures can be observed by three
techniques: optical micrascopy, scanning € ectron microscopy (SEM), and transmission
electron microscopy (TEM). The maximum magnificationvauesadf thesethree methodsare
1000x, 100000x, and 500000x, respectively. Nomarski interference contrast microscopy
and SEM were usd in this epitaxial growth experiment to determine the surface
morphology and imperfections.

34.1.1 Nomarski

Optica micrascopy isone d the smplest methods to get vauable information of the
surface morphology of SEG/ELO. An Olyrnpus BH-2 microscope whose magnification
valuesare 150x and 750x is used in this experiment. The use of Nomarski illumination
enhances the ability to observe surface morphology so thet step heightsas small s 30-50A
can bedetected. Under illumination in the Nomarski contrast mode, light passes through a
polarized prism and then through two connected birefringent (Wellaston) prisms positioned
90 that their optical axes are perpendicular. Thisconfiguration splitstheilluminating beam
into two mutudly perpendicular polarized beams. The two beams strike the surfaceof the
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Figure 3.4SUPREM IIT smulated plot of net chemical impurity concentration versusdepth
intothe gructurefor the test deviceprocess.
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wafer a short distance apart, and are then reflected back into the microscope and
recombined by passing through the Wollaston prism again and through an anadyzer.
Differentintensities can be detected if differencesin optica path length of the two beams
are encountered. Steps or refractive index changes can cause such differences. The
Nomarski interference contrast microscopy is therefore used to view details on the
SEG/ELO surface, such as stacking faults and pits which often cannot be observed in
ordinary illumination. The adjusmentsof the polarizer, anadyzer, and prisms can be st to
produce maximum interferencecontrast for Nomarski illumination.

34.1.2 SEM

SEM is dso an important technique and is widdly used to anayze the surface
morphology and structures of SEG/ELO samples. In SEM, a heated tunggten filament is
used to create a beam of dectronsthat is accelerated, focused to a smdl diameter, ad
rastered across the surface of the sample while a cathode ray tube (CRT) is scanned in
synchronism. Electrons striking the surface produce secondary €l ectrons whose intengty
paitern in digolayed on the CRT. Theimage contrast between surface featuresiscreated due
to differencesin atomic number and wark function as wel asin surface morphology. SEM
analysis can provide much higher magnification, better resolution, and depth of thefield
then optical microscopy.

3.4.2 HIm Thickness

There are both destructive and nondestructive methods availablefor the accurate
measurement of thethicknessaf thedliconepitaxia layer. Sncethereare tepsin theoxide
on ELO dructures, nondestructivestep-height measurementswith a Tencor Alpha-Step 200
profilometer are usad in this experiment. This smple and rapid method is to use a
mechanica stylus to run acrossthe step and measurethe height. A video microscopeand a
9" video monitor are used for precisdy pogtioning the wafer under the stylus. Thedepth of
the seed holes was measured prior to the epitaxial growth. Thus, the epitaxia layer
thicknessis the sum of the depth of the seed hole and the step height of the ELO over the
oxide,
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34.3 Diodes

Following fabrication, base-emitter and base-collector diodes were tested using an
HP4145A Semiconductor Parameter Analyzer with a probing station. Reverse-biasand
forward-bias |-V datacharacteristicswere obtained. Idedlity factors and reverseleskage
currents of the diodes were measured and calculated to gain an insight into the materid
qudity of SEG grown a different conditions. Junction reverse-biasleskage currentswere
measured a -1.5V. The dope of the forward-bias curve determines the junction idedity
factor,n, by thereationship

I = IpeqVamkT 3.1

where Io is the saturation current, q is the eectron charge, Va is the gpplied voltage, k is
the Boltzmann'scongtant, and T is temperature. Taking anatural logarithm yieds

In = Inlp + %‘E’% (3.2)

Henceidedlity factor can be caculated from the dope of In(I) versus VA plot. Figure3.6
shows a forward-biased current-voltagecharacteristicsdf adiode. n=1 indicatesdiffuson
current domination over recombination current and leadsto good materid quality with low
defect dengty. However, when 1 gpproaches 2, recombination current dominates and poor
materia quadity with high defect dendity isindicated.

34.4 Bipolar Junction Trangstor

For NPN bipolar transistors, idedlity factors and reverse leakage currents of the
base-emitter and base-collector junctions were tested first. Subsquently the transistors were
tested in the common emitter configuration. The Early-voltages were measured by
extrgpolation from the common emitter curves. Then theforward DC current gain, B, over
arangeof collector currents were measured with VBc =0 whileincrementing VBE from 0 to
1 volt. B can becdculated from the collector and base DC currents & esch tested VBE vaue

as
e _Ic
kol (3.3)
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The maximum beta of a transistors can be obtained from B versus In(Ic) plot. Since
breakdown has been shown to affect junction/oxide interface quality, the breakdown
voltagesof the base-emitter and base-collector junctions, BVEBO and BVCBO respectively,
were mesaured framthereverse-biased I-V curves after all other measurements were taken.

3.4.5 Resistivity and Doping Concentration

Theresstivity and doping concentration of theepitaxial layer are two of the primary
concerns for the doping runs. Several measurement methods, such as four-point probe,
capacitance-voltage, and spreading resistance profiling (SRP), are generally used to
determinethedoping concentrationin theepitaxid layer.

3.4.5.1 Four-Point Probe M easurement

The four-point probeis the easiest and the most widdly used method of measuring
the doping concentration in the semiconductor materials. The sheet resistance of the n-type
epitaxial layer grown on p-type substratecan be measured by thefour-point probe. Since
the epitaxial layer, Rs, is of opposite impurity type to the substrate, the current will be
restricted within it. A four-point probe station and a Unicorp 1900 digital resistivity test set
were used for measurements. Four equally spaced collinear probes are placed on thelayer.
A fixed current i s passed through the two outer probes, and the resulting voltage across the
outer probesis measured. Then sheet resistance reading is shown on thedigital display.
Since the thickness of the epitaxia layer, t, is known by a thicknessmeasurement and is
much smaller than the probe spacing, theresistivity, p, can be obtained from the product of
sheet resistance by thicknessaf theepitaxial layer as

p = Rst (34)

Figure 3.7 gives the resistivity of n- and p-type silicon as a function of doping
concentration [72]. Once the resistivity is obtained, Figure 3.7 is used to convert the
resistivity to the corresponding doping concentration in the epitaxial layer.

3.4.5.2 Resistors

Three serpentineresistorsof different dimensionsin each die werefabricated. For
each resistor, the resistance can be easily measured using an HP4145A with a probing
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station. The sheet resistance can be calculated by dividing the number of squares, and
thereforeresstivity and doping concentrationd the epitaxia layer can be obtained.

34.5.3 Capacitance-VoltageM easurements

Two MOS capacitors of different dimensions, 200um x 200um and 400um x
400pm, werefabricated on the epitaxid layer in each die. Thedoping concentration in the
epitaxia layer can be determined by the G-V technique usng the MOS capecitors. The
capacitors were tested usng a probing station and an HP4275A multi-frequency LCR meter
which was controlled by an HP 9000 series 236 computer. The measured C-V data were
then downloaded into a mainframe computer on the Purdue Engineering Computer
Network (ECN). The relationship between the carrier concentration N and the capacitance
Creaulting from areversevoltage V can be expressed as

N= 2 (3.5)
qeA2(d(1/C2)/dV]

where g istheelectric charge, € isthe dielectriccongant, and A isthearead the capacitor.
Figure 38 (a) shows C-V datacharacteristicsderived from arepresentative MOS-capacitor.
Then 1/C? versusV curve was plotted and the dopedf d(1/C%)/dV in the depletion biasing
region was taken as shown in Figure 3.8 (b). Therefore, the doping concentration can be
obtained from thedope dof the 1/C2 versus V plot using Eqg. (3.5).

3.4.5.4 Spreading resistance profiling

Spreading resistance profiling (SRP) is a technique to generatearesstivity and a
doping profile. It hes applicability over abroad range of dopant concentration (1014-1020
atoms/cm3). Using this technique, the junction depth and doping concentration can be
verified. The sampleis mounted on a bevd block with melted wax. Bevd anglesof 15 to
5° aretypicd. Two carefully digned probes sep dong the sample surfaceand theresstance
between the probesis measured a each location. Then the measured Soreading resistance
datacan be converted to doping concentration. It is very useful to kegp an oxide layer on
the sample. The oxide provides a sharp comer & the bevel and clearly definesthe start of
the beveled surface because the soreading resstance o theoxideisvery high [73].




1 T T I ; T 3
"—_—/ Co = 26.66 pf -

0.8 F E
0.6 F 3
3 F 3
0.4 F =

: 3

02 F E

o E | | | | 1 3

-20 -15 -10 -5 0 5 10

voltage (vVolts)

(a)

Figure1)3.8 (a) Measured capacitance-voltage characterigtics of arepresentative MOSC
(#506-).




Sope=d(1/C2)/dV

2.2 10! l

21

2110

2.0 1021

19 102!

1.8 102!

1/(C*C)

1.7 102!

1.6 1021

1.5 102!

111IIll|1"lll"l"']l'7]’lll'|lt"l]li'

21 1 | ] [

Llllllllllllllllill‘_l_l_Lllll,LLllllLlllll

1410

)
o

-15 -10 -5 0
valtage (volts)

(b)

Figure 3.8 (b) corregponding 1/C2 versus V curve

—
(=]

45




46

CHAPTER 4. CHARACTERIZATION OF SEG/ELO

4.1 Introduction

The trend for growing SEG/ELO istoward lower deposition temperatures, shorter
temperaturecycles, and lower system pressuresto get more uniform epitaxia filmsand to
minimize autodoping and pattern shift. To obtain the characteristics desired in the
SEG/ELO material, many considerations must be weighed in deciding the deposition
parameters. SEG/ELO materia quality, morphology, doping concentration, and the
dependenceof growth rateson deposition parameters such as temperature and pressure, are
important factors which can affect theelectrical characteristicsof devices. More than fifty
epitaxy runs, including both undoped and doped runs, have been accomplished using the
Gemini-1 pancake reactor which is housed in the Purdue University Epitaxy Laboratory.
By characterizingthe SEG/ELO filmsgr own at different conditions, regionsof operation
for this Gemini-1 pancake reactor can be defined. SEG/ELO growth rate characteristics,
doping concentration, and electrical evaluation of the test devices built in SEG/ELO are
presented in thischapter.

4.2 Growth Rate Characteristics

The primary parametersthat are typically controlled during the silicon epitaxial
growth are the thicknessor its time derivative, growth rate, and resistivity of the layer.
Therefore, thefirst attention is paid to the growth rate uniformity acrossa wafer at different
deposition conditionsin thiswork. The experimentsdiscussed in this section attempted to
investigate the dependence of growth rateson growth temperaturesand pressures in order
to get an optimum set of perimeterswhere non-uniformitiescould be nnni nnzed

Growth rate or thickness uniformity is generally imperative so that thickness
dependent propertiescan meet specifications and sc that the subsequent processes can be
properly controlled. In epitaxial growth, the reactants must be transported to the exposed
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slicon surface and then incorporated into the crystd lattice. The growth rateislimited by
either the rate o trangport or by the surfacereaction rate. Therefore, the growth ratecan be
afunction o temperature, pressure, gas composition, and substrate orientation.

In thisexperiment, slicon selectiveepitaxid growth was conducted in the SiCl2Hz-
HCI-H2 system at temperaturesranging from 820° to 1020° C and with system pressurein
theranged 40 to 150 Torr. Hydrogen isthe carrier gas, dichloroslane(DCS) suppliesthe
silicon source, and HCI providesin-situ cleaning to prevent theformation of polysilicon on
the oxide. The growth was carried out on two-inch (100) p-typewde!;. Wefer preparation
and cleaning proceduresbefore deposition asdescribed in Section 3.3.1wererepeated for
every epitaxy run. Oxide-patterned waferswere placed in the mid-point between the center
and the perimeter o the susceptor with their rectangular seed patterns oriented dong the
radial direction o the susceptor. Figure 4.1 schematically shows the wafer location on the
susceptor.

After epitaxia growth, thickness of the SEG/ELO films was measured using a
Tancor Alpha-Step 200 profilometer. During deposition, the largest growth rate variaion
across awafer wasexpected to exist in the radial direction of the Susceptor since susceptor
rotation could not smooth out any nonuniformity in thisdirection. Therefore, thickness
measurements were taken at seven different pointsin this direction, as shown in Figure
4.2, to get afairly representativeof growth rate uniformity in awafer. The seed window
dimension and location within adie were chosen identica for eech measurement point.

4.2.1 Dependenceof Temperature

The temperaturedependencedf slicon epitaxia growth from DCS has been sudied
by many researchers. Asdiscussed in Section 2.1.1, growth mechanism is surfacereaction
limited when temperature is below about 950°C. Therefore the growth rate of low
temperature licon epitaxia growthislimited by reaction kineticsat the Sllicon surfaceand
does depend on temperature. I n general, growth rate decreaseswith decreasing temperature
for low temperaturedlicon epitaxy.

In this epitaxy experiment, depositions conducted at differens temperatures and
system pressures required different HC1 and DCS gas flow rates, as well as HCYDCS
ratio, in order to get good selectivity and device quality epitaxia films. Hence only the
growth rate profiles across the wafer ingead of absolute growth rates could be compared
directly.




Figure4.1 Wafer locationson the susceptor.

Figure4.2Positionsof measurement pointson a wafer.
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Figure 4.3 (a)-(c) illustrate selective epitaxial growth rate profiles on oxide-
patterned wafers a various deposition temperatureswhen system pressures were kept at
150 Torr, 95 torr, and 40 Ton, respectively. At same pressure, growth rate profiles were
affected by temperature and the uniformity across the wafer was much better at lower
deposition temperature. Since the low temperature epitaxial growth isin the reaction-
controlled regime and lower deposition temperature dows the surface reaction rate,
improvement in growth rate uniformity can be achieved by lowering the deposition
temperature.

Growth rate change along the radid direction was observed. In genera, growth
rates dropped from inner positions towards the perimeter o the wafer. There was no
masking oxide thickness dependence on these growth rate profile comparisons, because
masking oxide thickness measured by profilometer was fixed at about 2100A for each
epitaxy run. In addition, since the seed window dimension at each measurement point was
identical, there was no "loading effect” on these profilecomparisonseither.

4.2.2 Dependenceof Pressure

Reduced-pressuresilicon sdlective epitaxia growth has been accomplished in the
pressure range from 40 Torr to 150 Torr in thisexperiment. It was observed that growth
rate uniformity wasinfluenced by the pressure. Figure 4.4 (a)-(c) present selectiveepitaxid
growth rate profiles across the wafers obtained for depositionsat various pressureswhile
the temperatureswere maintained at 970°C, 920°C, and 870°C, respectively. Growth rate
profile was more planar and smoother as the deposition pressure decreased. The ratios of
sandard deviation to meen growth rate were normdly less than £3.3% for the 40 torr
epitaxy runs. Surface morphology of the epitaxia films grown at 40 Torr looked good
when observed using amicroscope with Nomarski illumination or with SEM. No stacking
faultswereobserved in these40 Ton runs.

At the lower deposition pressure, gas density was lower and the diffusivitiesdf the
gaseousreactive oecies became substantially larger Sncediffusivities varied inversdy with
pressure. In addition, the gasflux associated with the deposition reaction at the surface was
smdler than the diffusiveflux of the reactants to the surface. Hence the epitaxial growth
was controlled by the deposition reection a the surfaceand became independent of the gas
flow pattern. Consequently, better growth rate uniformity was achieved at lower deposition
pressures.
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Figure4.3 (b) Selective epitaxy growth rate profiles on oxide-patterned wafersat 95 Torr
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Figure 4.3 (c)Selective epitaxy growth rate profiles on oxide-patterned wafersat 40 Torr
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Figure 4.4 (b) Selective epitaxy growth rate profilesan oxide-patterned wafersat 920°C
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Appendix-B presentsa summary of all epitaxy runs which were conducted at low
temperatures and reduced pressures. The mean value and the standard deviation of
measured growth ratesacross a wafer were cal culated. %Non-uniformity Of each epi wafer
wasdefined as

- 1 1 :.GR ;GR n-
%Non-uniformity (Rmax+ GRI:Q 9 100% 4.1)
where GRmax and GRmin Were the maximum and minimum growth rates across a wafe,

respectively. From thisdefinition and the ratio of standard deviation to mean growth rate,
growth rate uniformitiesof different epitaxy run could be quantitatively compared.

4.2.3 Dependenceof Inject Tube Size

In this experiment, a larger inject tube was used for several epitaxy runs to
investigate the effect of inject tube size on growth rate. Growth rates and the ratios of
standard deviation to mean growth rate using the large inject tube were compared to the
averagevaluesof those using theregular inject tube. Lower growth ratesand better growth
rate uniformities were observed for using the large inject tube. A growth rate and
uniformity comparison of using different size inject tubes at 970°C-40T was presentedin
Table 5, and the numbers were the average values over severa runs. Since the total gas
flow rate wasfixed, the gas velocity decreased inversely proportional to the cross-section
area of the inject tube. With lower gas velocity, the supply of the reactive species
decreased, resulting in lower surface concentrationsand lower surface reaction rates.
Therefore, the growth rateswere lower and better uniformitieswere obtained.

Tables
Effect of inject tube szeon growth rate.

Temp.| Press. | HCI/DCS | Doping| Ave.G.R. | Std.Dev./Ave.G.R.[ Comments
(°C) | (Torr) (%) | (um/min) (%)

970 | 40 3 0 0.077 1.3 largeinject tube
970 | 40 3 0 0.090 1.8 smal inject tube
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4.2.4 Wdfer to Wafer Growth Rate Uniformity

Wafer to wafer growth rate uniformities were examined in thisexperiment. In each
epitaxy run, two wafers were placed in the Smilar postionsas shown in Figure4.1. The
sdectiveepitaxia growth rates across each wafer were messured and the meen vdueswere
caculated. The average growth rate for each wafer in samerun was compared. %Error was
defined as

CRmax - GRuin y 1009, 42)

GRmax + C‘Rmin

%Error =

where GRmax and GRmin were the maximum and minimum averagegrowth ratesdf wafers
in the same run, respectively. Smdler %error vaue suggested better uniformity on the
susceptor and better repeatability of the system. Table 6 summarized this wafer to wafer
growth rate comparison a various depostion conditions. Especidly a lower pressures,
good wafer to wafer uniformitiss were observed. For 40 torr and 95 torr runs, wafer to
wafer uniformities dways varied less than 4.7%.

4.2.5 Dependenceof Doping

The Gemini-1 pancake reactor in the Purdue Universty Epitaxy laboratory is
capable of growing in-situ n-type doped slicon epitaxial films. This is achieved by
introducing phosphine (PH3) gas into the reactor during epitaxial deposition, while
hydrogen is the carrier gas and dichlorosilane (DCS) suppliesthe silicon source. Thisin-
Stu doping techniqueis attractive becauseit alows us to control doping profilesin silicon
epitaxia structures. In addition, it diminates aconventiona doping step which is normadly
accomplished by post-deposition ion implantationor thermd diffuson.

An automatic dopant control system with three automatic flow controllersin the
Gemini-1 reactor was utilized to control the dilution and injection rate of phosphine gas
used during deposition. The dopant set point is a percentage of 300 sccm. Assuming
systemdopant set point isa 20%, the actud flowa thissettingiscaculated as

Inject Flow & _ 20 -
SourceFlow =100 300 sccm = 60 sccm (4.3)




Table6

Wafer to wafer growt h rate comparison.

Run# | Temp (°C)| Press. (T) [ HCI/DCS | Ave. G. R. (um/min)| % Error
480 1020 150 6.4 0.214 3.7
533 1020 150 6.4 0.19 1.5
477 970 150 5.64 0.113 8.4
484 970 95 4.32 0.136 2.2
511 970 95 4.32 0.111 1.8
481 970 40 3 0.1 25
510 970 40 3 0.081 1.9
522 970 40 3 0.093 3.2
478 920 150 2.73 0.088 5.1
541 920 150 2.73 0.039 39
548 920 150 2.73 0.054 2.8
485 920 95 2.05 0.083 1.2
512 920 95 2.05 0.064 1.6
547 920 95 2.05 0.051 39
482 920 40 1.36 0.054 4.7
546 920 40 1.36 0.039 2.6
514 870 95 1.18 0.034 44
544 870 95 1.18 0.025 4
501 870 40 0.55 0.027 0
513 870 40 0.55 0.028 1.8
545 840 40 0.4 0.012 4.3
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The doped epitaxy runsat 1020°C-150T, 970°C-150T, 970°C-40T, 920°C-150T,
and 920°C-40T werecarried out. The dopant s&t pointsaof 20%, 40%, 60%, and 80% were
used at eech o these deposition temperatures and pressures. As same as the thickness
measurementsfor the undoped runs, seven pointson each wafer of these doped runs were
measured using the profilometer. At each growth temperatureand pressure, the HCI/DCS
ratio was kept unchanged for various dopant set points. Hence the growth rates a different
dopant st points were compared first to see the effect of doping on growth rate. A plot of
growth rate versusdopant set point at different deposition conditionswas shown in Figure
4.5. Dopant set point of 0% represented the undoped runs in this figure. It was seen that
growth rates did not consistently vary with increases of phosphine (n-type dopant)
percentage. No significant dependence of doping with phosphine on growth rate was
observed. Therefore, in-stu n-type doped selectiveepitaxia filmscould be obtained & a
growth rate amilar to that of undoped epitaxy.

When PH3 dopant set points varied from 0% to 80%, the growth rate profilesfor
depositionsat 1020°C-150T, 970°C-150T, 970°C-40T, 920°C-150T, and 920°C-40T were
illustrated in Figure 4.6 (a)-(e), respectively. No sgnificant deterioration of growth rate
uniformitieswas found in the presence of phosphine. Growth rate uniformities of 40 torr
undoped runs were observed dightly better than those of 40 torr doped runs. Morphology
of doped SEG/ELO grown a 40 torr looked good under microscope with Nomarski
illumination. For 150 torr runs, the surface of doped SEG/ELO did not look as good as that
of undoped films. A few edge defects and stacking faults were seen on the n-type doped
SEG/ELO deposted a 150 torr by usng aNomarski microscope.

4.3 Measurements of Doping Concentration

Mog research on silicon epitaxia growth was focused on undoped deposition and
limited results were published for in-situ phosphorus doping during selective epitaxia
growth a low temperature and reduced pressure. Hencein addition to growth rate, doping
concentration of SEG/EL.O wasanother concern in thisexperiment. Doping concentrations
of SEGELO grown a various depostion conditions were determined by resstors,
capacitors, and four-point probe measurements. The results o these rneasurements were
presented in this section.
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Figure 4.5 Silicon selective epitaxy growth rates vs. BB dopant set points & various
deposition conditions.
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Figure 4.6 (d) Selective epitaxy growth rate profileson oxidepatterned wafersa 920°C,
150T, and various PH3 dopant s&t points.
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4.3.1 Four-Point Probe Measurements

The easiest method to determine doping concentration of SEGEL O is four-point
probe measurement. Doped epitaxy runs of 1020°C-150T, 970°C-150T, 970°C-40T,
920°C-150T, and 920°C-40T were conducted in thisexperiment. Two-inch and three-inch
oxide-patterned (100) waferswere used in eech doped epitaxia run and were placed in the
mid-point between the center and the edge of the susceptor. Since large area SEG/ELO was
required in order to placefour collinear probeson it, the three-inch waferswith lessoxide
coverage were used fur the four-point probe measurements after epitaxial growth. The
sheet resistance were measured at seven points across the wafer where the thicknessof the
epitaxia layer had been determined. The resistivity was caculated as a product of sheet
resistance and film thicknessand then doping concentration was determined using Figure
38.

Figure4.7 presented the combined effect of dopant set point, growth temperature,
and pressure on phosphorus concentration in SEG/ELO determined by four point probe
measurements, First, the dopant set point was the mogt significant factor. It isclear that
phosphorus concentration increased dramatically with increasing dopant set point. Second,
higher phosphorus concentration was observed at lower pressure and/or at lower
termperature as shown in Figure 4.8 (a)-(d). Probably becauselow temperature permitted
the gaseous boundar y layer next to the silicon surface to be more stableand the diffusivities
of the reactive species became larger at a lower deposition pressure, phosphorus
incorporation in SEG/ELO was enhanced with decreasing temperature and/or decreasing
pressure.

4.3.2 Resstance Messurements

Serpentine resistors were fabricated on ELO grown & 1020°C-150T, 970°C-40T,
and 920°C-40T with variousdopant set points. Resstorsfabricated in the samedies where
the thickness measurementshave been taken beforefabrication were measured. Resstance
measurements of these resistors were taken using a probing station and an HP4145A
Semiconductor Parameter Andlyzer. Referring to Section 3.4.5.2, the sheet resistancewas
caculated by dividing the number of squares and thus resistivity was the product of sheet
resistanceand SEG/ELO thickness.

Since ELO has amusghroom shapeon theoxide as shown in Figure4.9(a), asmple
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modification was made for calculating theresistivity. In this modification structure moddl,
the ELO resistor was composed of three paralel resistorsasillustrated in Figure 4.9(b).
Therefore, the measured resistance was the parallel sum of these three resistors, i.e.,
Rnieaswred = R1 // R2 // R2. The aspect ratio was defined as 1: 1 and thicknessof resistor R1
wasthe sum of oxidethicknessand ELO thicknessover the oxide. Since the thickness was
known, materia's resistivity, which was same in each resistor, was easily obtained. By
using Figure 3.8, phosphorusconcentrationin ELO material wasdetermined.

Doping concentration determined by resistance measurements was found to be
different from that determined by four point probe measurements. However, similar trends
in phosphorus concentration in SEG/ELO were observed. Figure 4.10 presented the
doping concentration determined by resistors versus dopant set point at various growth
conditions. Obvioudy, the phosphorusincorporation was enhanced with higher dopant set
paiint. In addition, higher doping concentration was achieved at lower temperature and
lovver pressure.

4.3.3 C-V Measurements

The MOS capacitors built on SEGEL O were measured using a probing station and
an HP4275A multi-frequency LCR meter. A 1/C? versus V plot was made based on the
measured C-V data. A straight line in the depletion biasing region in this plot indicated
uniform concentration in the depletion region. Then Equation 3.5 was used to calculate
phosphorus concentration in the epitaxial layer from the Sope of the 1/C? vs. V plot. A
simple computer analysis program written by Professor M. Lundstrom can also be used to
cal culate doping density from the measured C-V data. The program isin EC machineand
thecommand s "/a/ee557/CV/moscv".

Figure 4.11 presented a plot of phosphorusconcentration determined by the C-V
measurements versus dopant set point a 1020°C-150T, 970°C-40T, and 920°C-40T.
Doping concentrationsin therange 1016-10'8 phosphorusatoms/cm?® were achieved in this
experiment. The data pointsin Figure4.10 were averaged valuesover at least 5 capacitors
across the wafer. Again, significant increase in doping concentration was observed with
larger dopant set point. Also, lower temperature and pressure were preferred for a higher
phosphorus concentration.

Table 7 summarized the phosphorus concertrations determined by three different
methods a various deposition conditions. Although there were differencesamong doping
concentrationsdetermined by different methods, similar dependencesof dopant set point,
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Table7

unmary of phagphaorusconcentr ation determined by

different net a variousdegpodtion conditions
Run # Temp (°C) | Press. (Torry HCI/DCS | Doping (%) Doping Concentration

from 4-point probe]  from resistors from C-V
520 1020 150 6.4 20 1.2E+16 1.9E+16 1.5E+16
521 1020 150 6.4 40 4E+16 TE+16 1.3E+17
523 1020 150 6.4 60 6E+16 9E+16 1.9E+17
524 1020 150 64 80 2.5E+17 33E+17 71.4E+17
528 970 150 5.64 20 1.1E+16 - -
529 970 150 5.64 40 53E+16 - -
534 970 150 5.64 60 9E+16 - -
535 970 150 5.64 80 3.3E+17 - -
486 970 40 3 20 4E+16 9E+16 5.8E+16
467 970 40 3 40 9E+16 2.1B+17 1.8E+17
438 970 40 3 60 1.7E+17 3.8E+17 3.8E+17
490 970 40 3 80 4.5E+17 - -
507 920 150 273 20 2.5E+16 - -
509 920 150 273 40 5.5E+16 - -
537 920 150 2.73 60 1.1E+17 - -
538 920 150 273 80 4.3E+17 - -
506 920 40 1.36 20 3E+16 2.1E+17 5.6E+16
508 920 40 1.36 40 1E+17 4E+17 2.4E+17
517 920 40 136 60 1.9E+17 "~ 6E+17 49E+17
518 920 40 1.36 80 71.5E+17 - -
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deposition temperature, and pressure were observed with each method. Thesedata will be
helpful in finding a close dopant set point for the desired in-situ doping concentration in
SEG/ELO.

4.4 Electrical Measurements

Among semiconductor devices, the bipolar junction trangistor is the most sengitive
to material quality and processingdefects. Therefore, comparative bipolar transstors, dong
with p-n junction diodes, were fabricated in SEG/ELO and in theidentically processed n-
type (100) silicon substrate, and their electrical characteristics were compared in order to
characterize the SEG material quality. The fabrication process and the transstor structure
weredescribed in Section 3.32. After fabrication, deviceswere tested using an HP-4145A
semiconductor parameter analyzer with a probing station. Dry nitrogen was passed over the
wafer during the measurement. The initial electrical measurement results of the devices
fabricated on undoped SEG/ELO, which was deposited at 40 Torr, are presented in this
section. A photograph of atest bipolar junction trangstor fabricated in SEG/ELO idand is
shown in Figure 4.12.

441 Diode Meassurements

Thediodes were tested first to ensurethe transistor operation. It isimportant to test
the performance of the diodes fabricated in SEG/ELO since p-n junctions are S0 widdy
used and the SEG/ELO materia quality can be evaluated by these p-n junctions. Table &
listssomeimportant parametersthat were extracted from the emitter-baseand the collector-
base diode characteristics. More than ten of each kind of diodes were examinedfor every
wafer, and the numbersin Table 8 are the average values of functiona devices. The p-n
junction areas which were measured and compared are 3600 um?2 and 10032 pm? for the
emitter-baseand the collector-basejunctions, respectively.

A typical forward bias |-V curve for the SEG emitter-base diode, with collector
open circuited, having 60pum x 60pm emitter is shown in Figure 4.13. Theidedlity factor.
T, was calculated by taking the dlope of the linear region in the forward bias -V curve
usng Eq. (3.2). Aslisted in Table 8, the ideality factors were quite good for the diodes
built in 970°C-40T SEG and in the substrate. At moderate forward bias voltages, idedlity
factors of emitter-base and collector-base junctions were between 100 and 1.01 for
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Figure4.12A SEMpicture showing a tes trandgor fabricatedin SEG/ELO.
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Table8

Summary of measured parametersfromtheemitter-baseand collector -base
diodesfabricated in bulk silicon subdrateand 970°C-40T SEG.

Type Subdrate 970°C-40T SEG |
Junction E-B CB E-B C-B
| deality Factor () 101 | 101 | 100 | 101

L eakage Current Density 3.19 149 | 417
( x 10-5A/cm?2)

Breakdown Voltage(V) >40 >40 | >40
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substrate diodes and for those fabricated in 970°C-40T SEG. The very low values of M
indicated that the number of recombination centers, or defects, was low and the space
chargelayer recombination/generation currentsare small. Hencethe excellent quality of the
970°C-40T sdlective epitaxial filmwasdemonstrated.

However, the ideality factors extracted from the diodes built in 920°C-40T SEG
were high. For either emitter-baseor collector-basediodesin 920°C-40T SEG, the average
ideality factor was not lessthan 1.75, indicating significant recombination currents. It was
suspected that more contaminant species, such as oxygen and carbon, were incorporated at
lower temperatures, resulting in defectsin the epitaxia layers.

The reverse leakage current densities of the emitter-base and the collector-base
junctions, Jeso and Jebo respectively, were measured from the reverse bias |-V curves. The
reverse bias leakage current was measured at -1.5V. As listed in Table 8, the reverse
leakage current densitiesof E-B and C-B junctionsfor substrate devices and 970°C-40T
SEG devices were in the same magnitude order, indicating that 970°C-40T SEG materia
quality wasasgood as silicon substrate quality. The reverse leakage current densitiescould
be smallerif thedeviceswere gettered to remove impuritiesand defects.

The breakdown voltagesof the emitter-base and the collector-basejunctions were
also measured from the same curve. They were measured last since breakdown would
affect devicequality. The breakdown voltage was sel ected when the reverse bias exceeded
ImA. For all substrate and 970°C-40T SEG devices, the breskdown voltages of the E-R
and C-B junctions werelarger than 40V.

4.4.2 Transstor Measurements

Bipolar junction transistorsfabricated in both 970°C-40T SEG and substrate with
emitter dimension of 60pum X 60pum Were measured and the device characteristics were then
compared. The transistors were tested in the common emitter configuration. A set of [-V
output curvesfor arepresentativeSEG transstor wereillustratedin Figure 4.14.

Figure4.15 (a) and (b) present the Gummel plots, which are Ic and Is versus VBE
curves, for two representative bipolar transistors built in 970°C-40T SEG and substrate,
respectively. The shape of thesetwo plotswerevery similar toeach other. Fairly long and
parallel ideal regionsfor Ic and Is can be seen in these Gumme plots. The values a low
current and voltage are sometimeserratic due to instrument error and bad contact between
the probe and the metal pad. These values should not be considered meaningful. The
forward DC current gain, B, was calculated from the vertical distance between Icand In
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curvesat each tested VVBE value. Beta versuscollector current plotsfor a. representative EG
transistor and a substrate transistor are shown in Figure 4.16 (@) and (b), respectively, ad
the peak betas were obtained from these plots. Since there was no buried layer in bath SEG
and substratetransistors, which might result in large collect resistance, sharp B falloff with
large collector current can be seen in these two plots. More than ten transistors were tested
for each wafer and the maximum current gains were averaged over good devices. For the
transistorsfabricated in 970°C-40T SEG, the average maximum beta was 101. Compared
to 112 for the substrate transistor, the materia quality of the 970°C-40T SEG was again
proved to be very similar to the substrate. Slight differencesin average maximum betas,
Gummel plots, and B vs Ic plots between these two kinds of transistorswere most likely
due to the differencesin collector doping concentrations, and in the base width of the
transistorsas well.
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CHAPTER 5. CONCLUSIONS

In thiswork, more than fifty epitaxy runs have been carried out using the Gemini-1
pancake reactor which is housed in the Purdue University Epitaxy Laboratory. Growth
rate, uniformity, and doping characteristicsof SEG deposited at temperatures between 820
and 1020°C and pressures between 40 and 150 Torr were investigated. In addition, test
devices werefabri ated in SEG and measured to determine doping concentrationsand to
characterizeSEG materia qudity.

Thedependenceof growth rate uniformitieson growth temperaturesand pressures
was investigated. It was determined that better growth rate uniformity was achieved at
lower deposition temperatures and/or pressures since epitaxial growth at lower
temperaturesand pressures was reaction-controlled. The ratios of standard deviation to
mean growth rate acrossa wafer were normaly lessthan £3.3% for the all 40 Torr epitaxy
runs. Wafer to wafer growth rate uniformitiesin the same epitaxy run were examined.
Again, wafer to wafer uniformities were improved a lower pressures. For 40 Torr and 95
Torr runs, wafer to wafer uniformitiesalways varied lessthan £4.7%. Lower growth rates
and better growth rate uniformitieswere observed for using the large inject tube in the
reactor.

A number of n-type in-situ doped epitaxy runs at various temperatures and
pressures, as well as & different dopant set points, were accomplished by introducing
phosphine (PH3) @as into the reactor during epitaxial deposition. Neither significant
dependence of growth rates on doping with phosphine nor significant deterioration of
growth rate uniformitiesin presence of phosphine were observed. Hence n-type in-Situ
doped SEG could be obtained with smilar growth rates and uniformitiesas undoped SEG.
Measurements of SEG doping concentration usng threedifferent methods reveded that the
phosphorus concentrationsaof 1016-10!# phosphorus atoms'cm3 were achieved. It was
shown that SEG doping concentration increased dramatically with increasing dopant set
point. Also, lower deposition temperatureand lower pressure was preferred for a higher
phosphorus concentration. These results provided a basis for finding a close dopant set
point for the desired in-situ doping concentrationin SEG.
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Previouswork in SEG/ELO research has demongtrated theexcellentquality of SEG
material deposited at 970°C and 150 T on [74]. In thiswork, diodes and bipolar transistors
were fabricated in SEG filmsto evauate the SEG materid quality grown a 40 Torr. It was
shown that the devices built in 970°C-40T SEG matched the performance of the device
fabricated in bulk silicon. Junction ideality factors, reverse bias leakage currents,
breakdown voltages, and maximum current gainsextractedfrom thedevicesbuilt in 970°C-
40T SEG wereas good asthose parametersof substratedevices, indicating good quality of
the SEG material grown at 970°C and 40 Torr. This implies that 970°C-40T SEG is
sufficiently good to utilize it in development and fabrication of novel devices and other
applications. It will provide better uniformity acrossthe wafer than SEG grown at 970°C
and 150 T on without deteriorating the material quality. However, test resultsindicated that
920°C-40T SEG was of lower quality than 970°C-40T SEG. A possible reason for the
degradationin 920°C-40T SEG may be that more contaminant specieswere incorporated a
lower temperatures, resulting in higher defect density in the epitaxial layers.

The results obtained from this research work has laid the foundationsfor getting
SEG with desired growth rate, uniformity, and doping characteristicsin the Gemini-1
pancakereactor. It is hoped that these resultswill be helpful to utilize the SEG technology.
However, device characterization of SEG materia grown at lower temperatureswill be
further investigated. Future work will also include the study of the properties of in-situ
doped SEG deposited by the Gemini-1 pancake reactor at low temperaturesand reduced
pressures.
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Appendix A: Fabrication Process Run Sheet for Test Devices

1. Starting material
« 2inch p-type (boron)
« Orientation: (100)
- resigtivity : 6.29- 851 Q-cm

2 Pranhaclean
+ H202 : H2S04 = 1:1
+ BHFdip

3. Fidd Oxide
+ 20 min Hz burn oxidation@ 1050°C

4. Epi seed lithography (Mask#1,darkfield)
Place wafer in hardbake oven

10 min @ 120°C

« Apply adhesive promoter HMDS

« Apply AZ-1350 positive photoresist
30sec @ 4000 rpm

« Place wafer in prebakeoven
20 min @ 90°C

« EXpose : 7.5 sec

« Develop photoresst

AZdeveloper:DI=1:1,_____ sec

« Place wafer in hardbake oven
20 min @ 120°C
Etch oxidein BHE
Etchtime:
» Remove photoresistin ACE

5. Piranhaclean
«H202: H2SOa=1:2

« BHFdip
6. Selectiveepitaxy

* Run#:

- BakeHz
Time: min
Temperature: °C
Pressure: _________ torr
H2 massflow : slm

« EtchHCI

Time: min

Date/ time



Temperature : °C

Pressure: tom
HCI massflow : dm
« Deposit
Time: min
Temperature: °C
Pressure : tom
DCSmass flow : slm
HCI massflow : dm _
N dopant setpt : (200 ppm PH3in H2)

« Epi thickness(ave) :

7. Piranhaclean (1:1)

* For PMOS:
8a. Gateoxidefor PMOS
40 min dry oxidation @ 1100°C

8b. Deposit palysilicon
- 3000Ay@ 580°C

8c. Poly gatelithography (Mask#4, lightfield)
Place wafer in hardbake ovei:

10 min @ 120°C

« Apply adhesive promoter HMDS

« Apply AZ-1350 positive photoresist
30 sec @ 4000 rpm

- Place wafer in prebake oven
20 min @ 90°C

« Expose: 7.5 sec

- Develop photoresist
AZ developer:DI=1:1, sec

« Place wafer in hardbake oven
20min @ 120°C

» Etch poly (Wet etch)

» Removephotoresstin ACE

%*
8. Epi oxide
« 20 min H2 bum oxidation @ 1000°C

9. Piranhaclean (1:1)

10. Baselithography (Mask#2, darkfield)

- Place wafer in hardbake oven
10 min @ 120°C

- Apply adhesivepromoter HMDS

« Apply AZ-1350 positive photoresist
3D sec @ 3500 rpm

« Place wafer in prebakeoven
20min @ 90°C

« Expose: 7.5 sec




» Develop photoresst

AZ developer:DI=1:1, sec
» Place wdafer in hardbake oven

20min @ 120°C
« Etch oxidein BHF

Etch time:

11. Baseimplant (P-implant)
« Implant Boron
Dose : 5x 1013/ cm?
~ Energy : 25KeV
« Stripresst

1il. Franhaclean (1:1)

13. Base oxide/ drive-in
« 20 min Wet oxidation@ 1000°C
« 20min @ 1000°C in N2

14. Piranhaclean (1:1)

15. Emitter lithography (Mask#3, darkfield)

« Place wafer in hardbake oven
10 min @ 120°C

- Apply adhesivepromoter HMDS

« Apply AZ-1350 pogtive photoresist
30 sec @ 3500 rpm

« Place wafer in prebake oven
20 min @ 90°C

- Expose : 7.5sec

« Devdop thotorast
AZ developer:DI=1:1, sec

« Place wafer in hardbake oven
20min @ 120°C

Etch oxidein BHF

Etchtime:

16..Emitter implant (N-implant)
« Implant Arsenic
Dose : 1 x 1015/cm?
Energy : 5 KeV
Sripresst

17. Piranhaclean (1:1)

18. Emitter oxide/ drive-in
20 min wet oxidation@ 1000°C

19. Contect Iithography (Contact to epi, mask#6, darkfield)
« Place water i

e in hardbake oven
10 min @ 120°C
+ Apply adhesve promoter HMDS
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« Apply AZ-1350 positivephotoresist
PPY 30 sec @ 4000 rpm
- Place wafer in prebake oven
20 min @ 90°C
« EXpose: 7.5 sec
« Develop photuresst
AZ developer:DI=1:1, sec
« Place wafer in hardbake oven
20min @ 120°C
« Etch oxidein BHF
Etchtime:
« Remove photoresistin ACE

20. Piranhaclean (1:1)

21.Contact lithography (Contact to substrate, mask#5, darkfield)
« Placewafer in hardbake oven
10 min @ 120°C
« Apply adhesive promoter HMDS
+ Apply AZ-1350 positive photoresist
30 sec @ 4000 rpm
» Placewafer in prebakeoven
20min @ 90°C
Expose: 7.5 sec
« Develop photoresist
AZ deveioper: DI=1:1, sec
« Place wafer in hardbake oven
20min @ 120°C
« Etch oxidein BHF
Etchtime:
 Remove photoresst in ACE

22. Piranhaclean (1:1)

23. Metd lithography (Lift-off, mask#7, darkfield)
- Placewarer in hardbake oven
10min @ 120°C
« Apply adhesive promoter HVDS
« Apply AZ-1350 positive photoresist
30 sec @ 3500rpm
- Place wafer in prebakeoven
25 min @ 90°C
« EXpose: 7.5 sec
- Develop photoresist
AZdeveloper:DI=1:1, sec
« Do not hardbake photoresist
- BHR dip
- Do not remove photoresst

24. Meta deposition
« putter deposit Al-1%Si, 30 min
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25. Mdd lift off _
« Removemetal and photoresistin ACE

26. Metal anneal
« 20 min N2 @ 400°C

27. Electrical tegting

04
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