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The fabrication of lateral SiGe heterojunction bipolar transistors requires the 
development of new processing stages, device design and modelling. In this work, 
techniques for cavity fabrication, surface preparation and con&ned selective epitaxial 
growth are developed and a new design of lateral SiGe heterojunction transistor is 
proposed. 

Two types of cavity were fabricated in this work, the open-sided cavity and 
the SOI cavity. The open-sided cavity allows confined growth to be carried out A-om a 
planar seed window, while the SOI cavity allows growth from a vertical (sidewall) 
seed. To ensure warp-6ee and rigid structures, the wall of the cavities has to be made 
6om an LTO/nitride/LTO sandwich. For sacriScial etching, the use of dry (SFg) and 
wet etch (KOH) processes were found to be suitable for the removal of 
polysihcon/silicon sacrificial layer, however, the use of wet processing meant a higher 
probability of stiction. It is also shown that the fabrication of SOI cavities should 
include a silicon sidewall ripphng reduction step (using KOH), to create an epi-ready 
vertical seed. 

Silane-only selective epitaxy is found to give good quality epitaxial layers, 
however the growth thickness that can be achieved before selectivity is lost is limited 
by an incubation period of -30 minutes. In addition, the high growth temperature 
(980°C) is found to cause oxide pitting and etching at silicon/oxide sidewall areas. 
Furthermore, development for a selective silicon germanium process at low 
temperatures has so far led to non-selective growth. 

A new DCS/SiH4/H2 epitaxy process has been established that provides good 
quality selective epitaxial layers at between 750°C - 930°C. At 850°C, uniformity 
was found to be +/- 5%, with a vertical and lateral growth rate (G-om a planar seed) of 
38 nm/min and 11 nm/min, respectively. Confined and unconfined lateral growth 
6om a vertical seed of up to 0.5 îm and 1 ^m, respectively, has been demonstrated. 
The epitaxy process, which has an activation energy of 2.4eV, was found to be largely 
unaffected by any local loading effects. In addition, silicon germanium epitaxial 
layers have also been successfully grown. As with the silane-only process, 
DCS/SiH4/H2 growth, selectivity is found to be lost after an incubation period, which 
at 850°C is close to 90 minutes. 

Based on the cavity and epitaxy processes that have been developed, a lateral 
SiCre heterojunction bipolar transistor has been proposed. From simulations, the 
design shows promise, with/r a n d f i g u r e s of 2.0 and 8.0 GHz, respectively. With 
further development in the DCS/SiH^/Hz epitaxy process to allow zw j'zA/ doping, the 
design may achieve an/rand figure of 6.3 and 15.8 GHz, respectively. Further 
scaling and design optimisation is likely to yield high performance devices. 
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Chapter 1 

Introduction 

Over the last few years, the rapid growth in the communications and internet sector has 

spurred the development of circuits and devices that operate at higher frequencies 

(above IGHz) while using less power and maintaining economic viabihty. The 

increasing demand for highly integrated wireless consumer and business products such 

as Personal Digital Assistants (PDAs), home and office networking, and mobile phones 

has been the main driving force behind this growth. One reason for this is the sheer 

high volume of the market, and the huge potential profitability. Gallium Arsenide and 

indium phosphide metal semiconductor Geld effect transistors (MESFETs) and 

heterojunction bipolar transistors (HBTs) are important high 6-equency devices [1-3], 

however, these technologies are expensive when compared to silicon based devices and 

not readily integrated with CMOS. SiGe based heterojunction bipolar transistors are 

rapidly gaining prominence as they can be integrated with CMOS and share many of 

the advantages of other commercial silicon technologies such as high yield, high output 

and low cost. They can also bring improvements in terms of higher gain and cut off 

6equency (/}), better low noise figure, excellent linearity, more stable operation over a 

wide temperature range and higher resistance to radiation exposure [4]. 

Over the last 15 years, silicon bipolar technology has matured, and self-aligned 

transistors with abrupt doping profiles have brought about devices with high cut-off 

&equencies. So far, sihcon bipolar transistors with cut-off Aequencies (/}) and 
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maximum G-equencies ( / ^ ) of 30 to 50 GHz have been manufactured [5, 6]. Over the 

same period, SiGe technology has also progressed and has pushed sihcon based bipolar 

transistors to higher levels of performance. SiGe HBTs now readily attain of over 

100 GHz [7]. More impressively, modem SiGe HBTs produced on silicon-on-iosulator 

(SOI) substrates have achieved cut-off &equencies of over 350 GHz [8]. This level of 

performance has allowed SiGe HBTs to begin to replace the traditional markets of m-

V compound semiconductors such as GaAs and InP. SiGe technology has become the 

technology of choice to meet the current demand for high G-equency low cost devices. 

Many of the design aspects incorporated into SiGe heterojunction bipolar transistors, 

such as self-ahgnment, deep and shallow trench isolation and double polysilicon base 

contacting, have been taken &om modem silicon homojunction bipolar transistor 

design. However, the use of SiGe has required considerable divergence 6om the 

standard methods used to fabricate bipolar junction transistors. For example, the use of 

ion implantation to deGne the base region has had to be replaced by epitaxial methods. 

The use of epitaxial growth technologies such as molecular beam epitaxy (MBE), ultra-

high vacuum chemical vapour deposition (UHV/CVD) and low pressure chemical 

vapour deposition (LPCVD) are now employed to grow stable strained SiGe layers. It 

6rst appeared that expensive modifications would be required to adapt existing 

production lines (including both circuit design and device fabrication) to include SiGe 

layers. However, in practice, Hnes have adapted economically and with relative ease 

and SiGe technology has already been successfully incorporated into several 

commercial fabrication facihties [1,9]. 

So far only vertical heterojunction bipolar transistors have been produced, however, the 

advancement of photolithographic techniques towards smaller feature size raises the 

prospect of high-6equency "lateral" bipolar transistors in which collector, base and 

emitter regions can be directly contacted [10-12]. A lateral structure should allow the 

fabrication of transistors with smaller parasitic resistances and capacitances, 

(particularly extrinsic base resistance and collector-base junction capacitance), than 

exist in vertical bipolar transistors. If properly exploited, this in tum should translate to 

improved &equency performance [13]. Lateral bipolar transistors also operate at lower 

operating currents, making them suitable for low power applications [14]. Furthermore, 

the lower vertical proGles of lateral transistors also make them more compatible with 



complementary metal oxide semiconductor (CMOS) processing. 

In the past, the performance of lateral bipolar transistors has been limited by large base 

widths, which have usually been determined by lithographic resolution. With the 

advent of deep sub-micron lithography, the base width can now be greatly reduced, and 

this can directly lead to increasedand^ax^. In addition, the use of spacers, controlled 

dopant diffusion and novel etching techniques have also been used to further assist the 

formation of narrow base regions and align base contacts [14-18]. The progress in SOI 

technology has also contributed to the resurgence of interest in lateral bipolar 

transistors. The isolation of lateral devices G-om bulk sihcon was always a difSculty 

and this is now readily solved by the use of SOI. Currently, lateral homojunction 

bipolar transistors on SOI can achieve a n ^ of up to 20GHz [14]. This is considerably 

lower performance than typically obtained for vertical homojunction bipolar transistors 

however, if lateral device fabrication techniques were allowed to mature to a point 

where lithographic features are similar to those utilised by vertical devices then the 

fundamental advantages of lateral design should lead to faster devices. 

As yet, SiGe has not been successfully incorporated into lateral bipolar junction 

transistors, however, simulations of lateral SiGe heterojunction bipolar transistors have 

been reported by Neudeck aZ. and Tang a/. [15, 19]. One of the problems of 

applying SiGe technology to lateral bipolar transistors is Ending a suitable method to 

incorporate germanium into the base. UnconGned SiGe growth proceeds uniformly in 

all directions. To fabricate a lateral bipolar transistor, epitaxial growth has to somehow 

be confined vertically in order to ensure growth occurs only in the lateral direction. One 

method that can be used to achieve this is confined lateral selective epitaxial growth 

(CLSEG) a technique pioneered by Neudeck aZ. [20]. 

Tang et al. carried out a detailed comparison of a lateral SiGe HBT with a state-of-the-

art vertical SiGe HBT. Simulations showed that by exploiting confined lateral selective 

epitaxial growth a lateral SiGe heterojunction bipolar transistor, using SOI and deep 

sub-micron lidiography, could achieve an and of 33 GHz and 160 GHz, 

respectively [19]. With further design improvements it seems Hkely that^^ox: could be 

pushed to 220 GHz [19]. This shows that lateral SiGe HBTs can achieve performance 

levels similar to those of comparable vertical HBTs. Figure 1.1 below shows the 



trend of vertical HBTs over the years. It also marks the level of performance that can be 

achieved from lateral SiGe HBTs. It is worth noting that the value of 220 GHz quoted 

for the lateral SiGe HBT was based on fabrication technology in 2001. 

400 

350 

300 

250 

X o -3-2004 
a 

150 

100 

50 -

2 2 0 GHz 

1990 1992 1994 1996 1998 2 0 0 0 2002 2004 

Year 

Fig. 1.1 fmax trend of vertical SiGe HBT over the years. The dashed hne shows the 

possible of a lateral SiGe HBT, as proposed by Tang [19]. The value of 220 GHz 

for the lateral SiGe HBT is based on fabrication technology circa 2001 (see appendix B 

for references). 

The objective of this work is to examine the feasibility of fabricating a lateral 

heterojunction bipolar transistor by confined lateral selective epitaxial growth (CLSEG) 

using the extensive facilities available at Southampton University Microelectronics 

Centre. 

This thesis is arranged as follows. In chapter 2, the theory of heteroj unction bipolar 

transistors is presented. The chapter will look at the advantages of lateral bipolar 

transistors over vertical bipolar transistors, and present a method of fabricating a lateral 

SiGe heterojunction bipolar transistor. In chapter 3, an overview of chemical vapour 

deposition is presented. The chapter will particularly look at epitaxy growth, including 



aspects that are related to it such as selectivity, faceting and epitaxy quality. In chapter 

4, the work will look at cavity fabrication, which is an important requirement for the 

fabrication of a lateral SiGe heterojunction bipolar transistor. Developments of 

selective epitaxial growth techniques are described in Chapters 5 and 6. In chapter 7, 

simulations of lateral SiGe HBTs are presented. Finally, in chapter 8, conclusions and 

future work are presented. 



Chapter 2 

Bipolar Transistor Theory 

This chapter will begin by looking at sihcon homojunction bipolar theory and will 

serve as a foundation for the silicon germanium heterojunction bipolar theory which 

follows. Although, in theory the principal operations of the two transistors are the 

same, the addition of germane to form a strained silicon germanium base region greatly 

enhances the performance of heterojunction bipolar devices. So far, the majority of 

high frequency bipolar transistors have been vertical devices, even though lateral 

devices could theoretically have lower parasitics and hence, better performance. The 

limited usage of lateral devices is largely due to technological limitations (e.g. 

hthography, epitaxy). However, with recent developments in epitaxial growth 

techniques such as confined lateral selective epitaxial growth (CLSEG), low power, 

high frequency lateral silicon germanium devices could now be fabricated. In this 

chapter, the issues related to the design and fabrication of bipolar transistors will be 

examined. 

2.1 Bipolar Transistor Theory 

The operation of a silicon homojunction bipolar transistor can be understood by 

looking at the emitter-base junction, (Ggure 2.1). The band diagram in solid hnes shows 



the formation of the junction when unbiased, hi this state, the diffusion and drift 

currents which result 6om the formation of the p-type and n-type junction are at 

equilibrium. is the natural built in voltage which results g-om the diffusion of 

electrons in the conduction band (^c) &oni the n-type emitter to the p-type base, and 

holes in the valence band 6om the p-type base to the n-type emitter regions. The 

built-in voltage that is formed prevents further net diffusion of carriers between the 

base and emitter regions. This results in zero net current. When the transistor is biased 

in the forward active region, the emitter-base region is forward biased, while the 

collector-base region is reverse biased. When the emitter-base junction is forward 

biased by a voltage, the potential barrier is reduced, as shown by the band diagram 

in dashed lines and electrons are irgected from the emitter into the base region. 

Similarly, holes in the base are iiyected into the emitter. Electrons that are injected into 

the base, become minority carriers, which can diffuse across the base region before 

being swept into the collector by the reversed biased base-collector junction. Thus, the 

result of a forward biased emitter-base junction, should be a large flow of current 

between the collector and the emitter. 

/\ 

± 

p+Si 
base 

n+Si 
emitter 

unbiased 

biased 

Fig. 2.1 Band diagram of emitter-base junction of a silicon homojunction bipolar 

transistor. 



Figure 2.2 shows the main electron and hole current components of a transistor in the 

forward active mode of operation. The largest current component is the flow of 

electrons from emitter to base ( / „ e ) . Holes will also cross the emitter-base depletion 

region giving rise to part of the base current, Ipg. Most electrons injected into the base 

will diffuse into the collector-base depletion region and will then be swept into the 

collector {Inc)- In a well designed transistor ~ he , however some electrons will 

recombine with holes in the p-type base region giving rise to the second significant 

component of the base current (Jrb)- Although the majority of holes and electrons drift 

across the emitter-base depletion region some recombination does occur (7̂ )̂, 

depletion region depletion region 

contact 
n 

collector emitter 

contact 

contact 

fig 2.2 Current components in an n^pn bipolar transistor in the forward active mode of 

operation. After Ashbum [21]. 

A good, high gain, device requires the collector current to be much greater than the 

base current. Already, by examining the principle current components, we can see how 

this can be readily achieved by heavily doping the emitter (so that Ine»Ip^, and by 

making the base width narrow (so that Irb is small). 

So, in most modem bipolar transistors, the width of the base is narrow. This means that 

the amount of electron recombination that occurs in the base is often negligible {Irb « 

Tpg). Based on this assumption, to a good first approximation, Inc, which is effectively 

also the collector current, Ic, is be given by [21] 



where ^ is electron charge, ̂  is area, is the difksivity of electrons in the base, M, is 

the intrinsic siHcon concentration, is the width of the base, is base doping, Pgg 

is the base-emitter voltage, is the ideality factor, is Boltzmann's constant and Tis 

the temperature. Based on Ggure 2.2, base current, is given by 

To a first approximation, Irg and Irb, can be neglected. This gives an equation for base 

current which is determined by hole irgection into the emitter [21] 

where Dpg is the hole diffusivity in the emitter, is the diffusion length of holes in the 

emitter and TV̂g is the emitter doping concentration. Taking the ratio of collector current 

to base current gives the transistor common emitter current gain, which is given by. 

(2.4) 
4 

If the width of the emitter is smaller than the hole diffusion length then can be 

replaced by the emitter width, Although this equation shows that the common 

emitter current gain can be increased by increasing Ẑ ĝ (or and A/̂ g while reducing 

% and in practice, it is necessary to take into account other aspects of the 

transistors performance. For example, as we will see in the following section, base 

resistance and collector-base junction capacitance affect a transistor's S-equency 

performance. So, to obtain a low base resistance, high base doping is necessary. But 

according to equation 2.4, this increase in doping would result in a reduction in current 

gain. Hence, a trade-oS" is required and in practise, a current gain of —100 is often 

chosen to be a good compromise [21]. 



2.2 Frequency Performance 

The Brequency performance of a bipolar transistor is often of paramount importance, 

and in this regard the cut-off G-equency (/r) is often used as a figure of merit. It is 

defined as the G-equency at which the common emitter short circuit a.c. current gain is 

unity [21]. Physically, the cut off frequency relates to the delay experienced by a 

minority carrier crossing from emitter to collector. The cut off 6equency is given by. 

fr = (2.5) 

where is composed of several delay terms which are, 

(2-6) 

where and are the delays due to excess minority carriers in the emitter and 

emitter-base depletion layers. 

The base transit time % is the delay due to excess minority carriers in the base and is 

given by. 

(2.7) 

where % is the neutral base width, 2)̂ 6 is the minority carrier diffusion coefficient and 

a is a constant that depends on the base doping proGle (a = 2 for a uniformly doped 

base). To reduce % (and increase^ the width of the transistor, has to be minimised. 

is the collector depletion layer transit time. It represents the delay at the collector-

base depletion region. is given by [22], 
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^ ^ = 1 ^ (2.8) 

where is the width of the collector base junction depletion layer and Vgd is the 

carrier scattering limited velocity, which is approximately equal to IxlO^cms"^ [23]. 

For high speed devices, as the base width % is reduced, becomes signiGcant. 

is the total emitter depletion layer charging time and is given by [24], 

(2.9) 

where Q ĝ and are the emitter-base and collector-base junction capacitances. 

r c is the collector charging tune and is given by [25], 

(2.10) 

where JZc &nd are the collector resistance and collector base junction capacitance, 

respectively. The signiGcance of r c can be reduced by making Rc small, in modem 

devices this can be achieved by using and an epitaxial collector. 

Substituting each delay term into the/r equation gives , 

1 r Arz fF., y 
A = — — (C,,, + C,, J + 

2;r 
(2.11) 

A curve of / r versus collector current, shown below, shows that ^ increases with 

collector current. It peaks at a certain value of collector current and then rapidly falls. 

At low collector current, is the dominant delay term. However, at higher 6equencies 

the effect of ĝ reduces drastically. At peak the dominant terms for an optimal 

transistor design are z/g, % and [21]. Hence, to increase/r, these three delay terms 

must be minimised. 
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g c 
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Collector current, 

Figure 2 . 3 v e r s u s collector current. 

The value of / r is based on a model in which the transistor's output is short-circuited, it 

is therefore, not an entirely realistic Ggure of merit to use. also fails to take into 

account base resistance and the collector-base depletion capacitance, a time constant 

which affects high &equency performance. 

A better figure of merit to use is which is defined as the 6-equency at which the 

unilateral power gain becomes unity. With the output of the transistor is isolated 

6om the input by an external circuit with reactive and resistive components. The load is 

assumed to be conjugately matched to the transistor's output impedance, is given 

by [26], 

fm?LX 
fr 

(2.12) 

where is the total base resistance. Hence, to achieve high 6equ.ency operation, base 

resistance and collector-base capacitance have to be minimised. In modem bipolar 

transistors, the base width is made ever smaller to achieve lower base transit times and 

high /r. As explained earlier, the reduction in base width increases base resistance, 

which &om the equation above reduces To counter this, the base doping can be 

12 



increased. This has to be matched with a reduction in emitter doping to prevent emitter-

base junction tunnelling, but this in turn will result in the reduction of gain. 

However, with the introduction of germanium to form a SiGe base, current gain can be 

enhanced. In fact, the main advantage of the addition of germanium is that it gives extra 

6eedom to heterojunction bipolar transistor designers, allowing unnecessary increases 

in transistor performance, principally gain, to be traded-off for alternative performance 

gains such as lower power operation at a given operational &equency. 

2.3 Heterojunction Bipolar Transistors 

The addition of silicon germanium into sihcon epitaxial layers to form strained silicon 

germanium layers can allow large improvements in transistor performance. Before 

considering the impact of the use of a SiGe base region on transistor parameters we wiU 

first look at the important material properties of SiGe in order to understand how the 

alloy offers enormous advantages over traditional sihcon BJTs. 

SiHcon and silicon germanium have different lattice constants. At 300K, they are 5.43A 

and 5.66A, respectively. When silicon germanium is grown on silicon the lattice 

mismatch will lead to a strained or a relaxed SiGe layer. A strained (or pseudomorphic) 

SiGe layer has a lattice constant that gradually changes &om that of silicon to that of 

relaxed silicon germanium. The whole structure is strain compensated with 

compressive strain in the SiGe layer and tensile strain in the sihcon layer [27]. In a 

relaxed structure the strain is released by the presence of misfit dislocations at the 

Si/SiGe interface. The presence of misGt dislocations, and associated recombination 

centres impairs the performance of devices and reduces yield. Figure 2.4 shows a 

schematic demonstrating the difference between strained and relaxed layers. 

There are several factors which influence the formation of misfit dislocations, mainly 

layer thickness, germanium content and temperature. The thickness at which a strained 

SiGe layer relaxes as a result of the build up of stress beyond a certain threshold is 



called the critical thickness. In a SiGe HBT the critical thickness determines the 

maximum possible basewidth, and in most cases to avoid device degradation it is wise 

to have a basewidth well below the critical thickness. With a silicon capping layer, the 

thickness of the SiGe can be almost double that of an uncapped layer. This is 

convenient in a SiGe HBT, as the capping layer would form the emitter of the transistor 

[28, 29]. Since the SiGe lattice constant changes with germanium content, the critical 

thickness is also dependent on germanium content, so lower germanium concentrations 

allows thicker layers. Besides thickness, the stability of layers is also dependent on 

temperature. Layers are often in a thermally metastable state whereby, after a high 

temperature process, such as annealing, the layer can relax. Figure 2.5 shows a plot of 

critical thickness for different germanium concentration for capped and uncapped SiGe 

layers. 

0 — o - o — O 

0 — 0 — o — o — o 

o - < ) — o — o 

unstrained SiGe 

+ 
(b) Pseudomorphic 

O - O — O — O — O — O - O 

o - < y < y - o - < y - o — 0 

silicon substrate 

(a) 

(c) Dislocated / Relaxed 

Fig. 2.4 A two dimensional crystal representation of Si and SiGe crystal structure (a) 

Growth of SiGe on a Si substrate (b) Pseudomorphic structure (c) Dislocated structure. 

After Iyer er a/. [27]. 
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Fig. 2.5 Critical thickness of capped and uncapped SiGe layers with different 

germanimn concentrations. AAer Hull a/, and Green aZ. [30, 31]. 

The enhanced performance of a SiGe heterojmiction bipolar transistor over silicon 

homojunction transistor is for the most part attributed to the abihty to decrease the 

potential barrier presented to electrons at the emitter-base jmiction. In addition to 

bandgap engineering by changing the geramium concentration the presence of strain in 

the SiGe also causes valence and conduction band splitting [32], resulting in an even 

smaller bandgap (figure 2.6). 

So, in a SiGe HBT the composition and thickness of the SiGe base are crucial 

parameters determining the electrical characteristics of the device. Practical limitations 

that result from the material properties of SiGe include a trade-off between composition 

and maximum basewidth, high germanium contents necessitate very thin base widths 

and in practice base compositions rarely exceed 25% germanium. Fortunately, as a 

result of strain this can still allow a considerable conduction band offset. 
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Fig. 2.6 Plot of bandgap reduction for various faction of germanium at 90K. AAer 

People a/. [32]. 

2.4 Electrical Properties of HBTs 

Figure 2.7 shows the band diagram of an Si/SiGe emitter base junction. In thermal 

equilibrium, the fermi level is constant across the base and emitter and the vacuum 

level remains continuous through the junction. These efkcts lead to discontinuities in 

the conduction and valence band (6Ec and 8Ev respectively). As a result of the bandgap 

difference and the band alignment considerations the potential barrier in the conduction 

band is much smaller than that in the valence band. After the introduction of 

germanium, the bandgap of the emitter, Eg(si) remains the same whereas the bandgap of 

the base, Eg(siGe) is reduced. The difference between Eg(si) and Eg(siGe) is equal to 8Ec + 

6Ev. 

After the introduction of germanium into the base, the barrier to hole injection ( 

remains almost unaffected and as a result the base current, which is due to mainly holes 

injected 6om the emitter into the base, remains more or less the same as in a silicon 

homojunction bipolar transistor. However, the barrier to electron iryection (%) is 

significantly reduced. This results in a considerable increase in electron injection from 

the emitter to the base, corresponding to an increase in emitter current. It will be shown 

later that all of this results in an increase in collector current and current gain. 
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Fig. 2.7 The effect of a strained SiGe layer on the bandgap of an emitter base junction. 

2.5 Current Gain and Early Voltage Enhancement 

The introduction of germanium into the base region improves several aspects of the 

transistor. The following derivations will show how collector current and current gain 

is improved, and how this can be ultimately traded for lower power operation. The 

derivations are closely based on the work by Harame a/. [33]. For the derivation, we 

assume the geometry of the SiGe HBT and Si BJT to be identical. We also assume that 

the emitter, base and collector proGles of the two transistors to be the same except for 

the germanium in the base of the SiGe HBT. The germanium profile is assumed to be 

linearly graded between the emitter-base and collector base junctions, as shown in 

figure 2.8, this feature is readily obtained and helps to reduce the base transit time by 

providing for the drift of minority carriers in the base. 
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Fig. 2.8 Band diagram of Si (dotted line) and SiGe HBT (solid line) in forward active 

mode. 

The m^or advantage of using a SiGe base is the inherent increase in current gain that 

allows additional design 6eedom. The improvement in current gain offered by SiGe 

HBTs compared to a Si BJT can be expressed by taking the ratio of the common 

emitter current gain of the SiGe HBT ( ) and the Si BJT ( ) to give 

where. 

A 

A Si 

77/ 

e . ( ^ ) 

/=0.4, ;;>1, >1, exp >1 

(2.13) 

where (grac^e) is the reduction in bandgap due to germanium grading in the 

base. Equation (2.13) shows that the SiGe HBT collector current increases 

exponentially for Gnite germanium content. For a SiGe HBT with a 3-8% Ge trapezoid 
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doping, base current remain generally the same but collector current density is 

increased 4.5 times compared to a Si BJT for a comparable base doping level. 

This increase in current gain is advantageous as it can be traded for higher base doping. 

The increase in base doping reduces base resistance, which can then be used to increase 

the maximum frequency of the transistor. Higher base doping also allows smaller 

basewidth, which reduces base transit time and further improves the frequency 

performance. 

The improvement in the high frequency operation of a SiGe HBT can be considered by 

looking at the small-signal unity gain &equency (or cut-off 6equency), which is given 

by, 

1 r 7.T A"' 
A - — -1— ) + 6̂ + 

V c V 
(2.14) 

where ^ and %c are the base, emitter and emitter base transit times, respectively. 

Among these % is typically the limiting delay time in bipolar transistors. 

The ratio of is given bŷ  

"^hSiGe 2 kT 

6̂,A 

(2.15) 

For a Gnite Ge grading, equation 2.15 above is less than unity. This shows how a SiGe 

HBT's/r is enhanced, compared to a similar silicon devices, due to a reduction in base 

transit time. 

Another beneGcial effect of using a SiGe HBT is the enhancement of the early voltage, 

that brings about an improvement in the output conductance of the transistor. 

Output conductance is a measure of collector current variations with respect to the 

reverse biased collector-base voltage. Early voltage can be de&ned as, 
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(Zl«) 

dV,, 

which is the ratio of the collector current to the change in output conductance at 

Thus, the improvement in the Early voltage between a Si and SiGe device can be found 

by, 

« exp(— :) x (2.17) 

For Snite germanium grading across the base, the ratio is larger than unity. Hence, the 

early voltage of a SiGe HBT is an improvement over a Si BJT. Furthermore, as both 

current gain and Early voltage are enhanced by the introduction of germanium, the 

product, which is an important Ggure of merit especially for high speed analogue 

applications, is also improved. 

2.6 Issues Facing High Frequency Lateral Bipolar Transistors 

Current high performance silicon based bipolar transistors are predominantly vertical 

devices and are used for a wide variety of analogue applications. In comparison, lateral 

bipolar devices have had little use in mainstream applications and are mainly used for 

low frequency or DC applications. This is because the vertical bipolar transistor has 

been the standard device for analogue applications and despite improvements in lateral 

bipolar design and the potential for better performance, vertical bipolar transistors are 

an estabhshed technology and currently outperform lateral devices. The investment 

required to develop the lateral bipolar transistors is a considerable barrier to 

mainstream interest in the technology. 
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A few technological difficulties have hindered the progress of high-frequency lateral 

bipolar transistors formed by implantation and diffusion. Isolating a lateral device from 

the subsfrate is the first such problem and is illustrated in figure 2.9. The parasitic 

transistors that are formed place restriction on the voltage range that can be used or else 

severely degrade the frequency performance of the lateral device. In addition to this, 

lateral transistors, which are commonly formed by diffusion in a CMOS process, tend 

to occupy a large area which contributes towards substantial parasitic capacitance that 

affects the transistors high frequency performance (increased Cbe and Cbc in eqn 2.14). 

Another problem is the obvious practical difficulty that the base of the transistor has to 

be sufficiently wide to allow easy contact. A wide base region increases the base transit 

time and results in poor high frequency performance (equation 2.14), and lower gain. 

Each of these difficulties are inherent to lateral bipolar transistors formed by 

implantation and diffusion, however, the advent of HBT technology has required the 

use of epitaxy to form transistor regions. The use of epitaxy to form regions of a lateral 

bipolar transistor has the potential to overcome all of these problems. 

n substrate 

Fig. 2.9 The illustration above shows parasitic transistors inherent in a lateral bipolar 

transistor. 

The prospect of solving these difficulties by the use of epitaxy, has encouraged a re-

examination of the lateral BJT and its inherent advantages over the vertical BJT. Many 

potential advantages arise from the overall simplicity of the structure of the lateral BJT. 

This can be seen from figure 2.10 below, which shows schematic cross-sections of 

lateral and vertical bipolar transistors. 
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Figure 2.10 includes some of the important resistances and capacitances associated 

with the devices. Rbi, Rbex are the intrinsic and extrinsic base resistances, respectively. 

The intrinsic base resistance refers to resistance of the base area that is within the active 

area and is inherent in all bipolar transistors. Rbex refers to the parasitic resistance for 

the region of the base that is needed to allow the base contact at the surface of the 

device. Similarly, the collector resistance has components Rci, R̂ b and Rggx are the 

intrinsic collector, buried layer and extrinsic collector resistances, respectively. In 

Ggure 2.10, Rcex is shown as an n-type diffused layer, however, in practise this is more 

likely to be a deep metal contact. Since the emitter is directly accessible at the surface 

of the device, R î, the intrinsic emitter resistance is the only component of the emitter 

resistance and this is often small as the emitter area is usually highly doped. The 

capacitances, Cjbc and Cjbe are the base-collector and base-emitter junction capacitances, 

each of these capacitances also has associated parasitic capacitances, where depletion 

regions form between "extrinsic" regions of the device. 

In a vertical bipolar transistor, an n^ epitaxial buried layer is often grown to reduce the 

collector resistance. Without the buried layer, making contact to the collector 6om the 

surface would result in a high resistance path for the collector current and cause early 

current saturation. To ensure a low resistance contact, the buried layer is often 

contacted directly 6om the surface. This usually requires a deep anisotropic etch and 

the use of a polysihcon or tungsten plug to Gil the etched via before metallization. 

Similar to the collector, the base of a vertical bipolar transistor cannot be easily 

contacted from the surface. Some form of low resistance contact method is needed to 

avoid high base resistance. Low base resistance is essential to avoid reduction in the 

maximum transistor operating 6equency, as highlighted in equation 2.12 above. One 

method that is often used to reduce the overall base resistance is to employ highly 

doped double polysilicon extrinsic base contacts. Unhke the base and collector, the 

emitter of a vertical bipolar transistor is accessible directly Grom the surface and 

therefore, emitter contact problems are not an issue. 

Lateral bipolar transistors allow the emitter, base and collector regions to be contacted 

directly to the device surface and the need for buried layers and comphcated contact 

methods are removed. In addition to this, it minimises extrinsic base (Rbex), collector 

(Rci) and emitter (Rei) resistances, which should result in improved high 6equency 
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performance. The lateral bipolar transistor also benefits from being more readily 

compatible with CMOS processes, albeit with some modification [15], due to its 

shallower structure (compared to vertical bipolar transistors). 

emitter base collector 

(a) 

cx)llector 

^ 

(b) 

Fig. 2.10 General schematic of (a) lateral bipolar transistor and (b) vertical bipolar 

transistor showing parasitic resistances and capacitances that are associated with each 

device. 

2.7 Current Lateral Bipolar Transistor Designs 

Modem lateral bipolar transistors employ a number of common features utilised to 

push devices towards higher frequency operation. These features are designed to 

overcome the main difficulties we have already discussed, namely definition of a lateral 

thin base, definition of a fully aligned base contact and device isolation. 
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In modem lateral bipolar transistors, the formation of a thin base can be achieved by 

spacer techniques, dopant diffusion, and novel angled ion implantation [14-16]. A 

review of pubhshed material shows that among these, the 5rst technique is the most 

commonly used [14, 16, 18]. Figure 2.11 below illustrates the spacer technique, as 

proposed by Nii a/. [16]. The technique involves the use of an oxide spacer to define 

the basewidth of the transistor. The process begins with the structure shown in Ggure 

2.11(a). Ion implantation is used to dope the exposed SOI layer p-type (Egure 2.11(b)). 

A thin spacer is then formed on the poly/SOI sidewall. This isolates the p-type base 

area during the n-type ion implantation step that defines the active area of the emitter 

(figure 2.11(c)). Contact is made to the thin base by the p^ polysilicon layer above the 

base/collector area. The Gnal device, before metallisation is shown in Ggure 2.11(d). 

Nii er aZ. found this device to have low base resistance (i.e. 2700) and low junction 

capacitances (i.e. Cje, Cjc and Cjb of 1.5fF, 2.4fF and 1.4fF respectively), and/r and 

of 12GHz and 67GHz respectively. Incidentally, the spacer technique shown here also 

allows a fully aligned base contact to be made to the intrinsic base (other researchers 

have also used similar spacer techniques to self align the external contact to the base) 

[14, 34]. 

For some time now SOI substrates have been used with vertical bipolar transistor 

technologies in order to isolate devices 6om the bulk substrate. SOI technology is 

readily adapted for use for lateral bipolar transistors and removes one of the principle 

difficulties faced by lateral bipolar technology. 

All of the high &equency lateral BJTs that have been reported to date make use of SOI 

substrates. Traditionally, a lateral transistor would sit in a p-type or n-type weU as 

shown in Sgure 2.9. However, this arrangement makes device isolation difBcult and 

can cause latch-up. In addition, SOI substrates also minimises parasitic substrate 

capacitance, which has a detrimental effect on high 6equency operation. Currently, the 

downside to using SOI substrates is cost, as they are generally more expensive than 

ordinary substrates, however, with the increased use of the substrate in industry along 

with further improvements in manufacturing, the cost of SOI substrates is expected to 

fall, making it more cost effective. 
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Fig. 2.11 Lateral bipolar transistor fabricated by spacer technique, after Nii et al. [16]. 

While the techniques discussed have been successful in producing high frequency 

lateral transistors, their potential can further be maximised through the use of SiGe 

alloy and epitaxy to form laterally grown HBTs [19]. We have already examined the 

benefits of heterojunction transistors, however, the need for SiGe layers adds difficulty 

since the layer has to be epitaxially grown (ion implantation of germanium into silicon 

can create strained SiGe layers, however layers usually have a high defect 

concentration, even after annealing [35, 36]). If lateral epitaxial growth can be 

achieved, epitaxy would also allow the formation of thin layers and sharp doping 

profiles. By combining the best features of vertical HBT and lateral bipolar 

technologies it should be possible to produce devices with excellent frequency 

performance. 

In vertical heterojunction bipolar transistor design, SiGe layers are often grown by 

chemical vapour deposition (CVD), a technique which allows epitaxial growth to occur 

selectively on exposed silicon surfaces but not on oxides. In principle it should be 

possible to create structures and CVD conditions that could orientate a growth plane 

such that device epitaxy can proceed in parallel to a wafer surface, epitaxial lateral 

overgrowth (ELO) and confined lateral selective epitaxial growth (CLSEG), are two 

possible techniques. The main difficulty associated with ELO is the lack of 
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confinement in the vertical direction - in general vertical and lateral growth proceed 

simultaneously - and the loss of planarity is a difficult problem to overcome. 

Nevertheless, Shahidi et al. [14], have used ELO, along with chemical mechanical 

polishing (CMP) to obtain a thin silicon active layer for lateral transistor fabrication 

(implantation was used to define the transistor regions). 

Confined lateral selective epitaxial growth (CLSEG) is a more difficult method to 

employ but is a more promising prospect for the fabrication of lateral strained SiGe 

layers (figure 2.12). In CLSEG vertical growth must be prevented by producing a 

growth fi-ont within some form of cavity. To date, CLSEG has only been used for 

silicon epitaxy growth. However, there is no reason why CLSEG cannot be used for 

SiGe growth. This technique should allow very thin lateral SiGe layers to be formed, 

enabling the fabrication of lateral heterojunction devices. Tang et al. have shown that 

an epitaxially defined SiGe base lateral bipolar transistor can potentially have a 

performance that is better than a vertical SiGe HBT [19] fabricated using similar 

lithographic resolution. 

Si seed 

oxide 

substrate 

Fig. 2.12 Formation of lateral transistor by CLSEG. 

2.8 Lateral Heterojunction Bipolar Transistor of Tang et al. 

The lateral SiGe heterojunction bipolar transistor proposed by Tang et al., shown in 

figure 2.13 makes use of confined lateral selective epitaxial growth by CVD to define 

the collector, base and emitter regions of the transistor. The doping of each region, 

including the SiGe base, is carried out in situ during epitaxial growth. The transistor is 

fabricated on an SOI substrate, which isolates it from the bulk substrate. The transistor 
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is also designed to have a self aligned external base contact, which makes direct contact 

to the intrinsic base. The general steps of the lateral bipolar fabrication process are 

illustrated in figure 2.13. 

(a) 

SOI 

oxide 

substrate 

(b) 

oxide 

substrate 

oxide 

p+ SiGe substrate 

substrate 

emitter collector 

substrate 

Fig. 2.13 Lateral SiGe HBT fabrication process proposed by Tang et a/. [19]. (a) Initial 

preparation of the SOI wafer (b) formation of cavity by sacrificial etching techniques 

(c) growth of p"̂  SiGe base and p"̂  silicon extrinsic base by CLSEG, followed by oxide 

deposition (d) growth of n"̂  epitaxy (e) contact to collector, base and emitter. 
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The fabrication process uses SOI wafers with a thin active layer (e.g. SIMOX). The use 

of a thin active layer minimizes the cross section of the device, which helps towards 

low power operation. The process begins by preparing a structure like that shown in 

figure 2.13(a). The sidewall of the n-type SOI layer will serve as the seed for the lateral 

epitaxy growth. This is followed by the formation of a cavity, which is created by 

sacriGcial etching (figure 2.13(b)). The base of the transistor is then grown by CVD to 

form the SiGe base, followed by the p^ siHcon extrinsic base, as shown in Sgure 

2.13(c). This is then followed by an oxide deposition process and an etch that opens the 

right hand side of the cavity. CLSEG is then carried out again to form the emitter area 

of the transistor (Sgure 2.13(d)). The process finishes with metallisation to the 

collector, base and emitter areas (figure 2.13(e)). 

Simulations carried out by Tang gr a/, showed that with a germanium concentration of 

10% and an overall base width of lOOnm, the lateral SiGe HBT could have a peak fr of 

33 GHz and a peak f ^ of 160 GHz. At peaky^ aiidymox, the peak collector current was 

fbimd to be 40 nA. As a reference, a vertical HBT with similar size, lithographic 

resolution and doping made by Kondo aZ. produced an^r and^a;^ of 40 GHz and 75 

GHz, respectively at a peak collector current of 200 pA [37]. These results are shown 

in Ggure 2.14. The increase in performance (i.e. higher frequency and lower power) of 

the lateral device is attributed to its lower base contact resistance, Rt, and collector base 

junction capacitance, Cjc and lower parasitics allowing for lower bias current for a 

given 6equency of operation [38]. Tang a/, also showed that, with further 

improvement, the lateral transistor could potentially achieve a n o f 220 GHz. These 

simulation results show the potential of the lateral heterqjunction bipolar transistor and 

in particular, highlight its capabihty to operate at lower power and higher frequencies 

than vertical transistors. 

One of that the most important aspect of the lateral HBT device is the CLSEG process, 

as it is the means by which a lateral strained SiGe can be formed. In order to achieve 

this, the CLSEG process has to be able to maintain complete selectivity throughout 

growth. In addition to this, the grown epitaxy has to be of high quahty and defect Gee. 

The use of SiGe means a growth process with a low thermal budget is preferred to 

avoid relaxation of the material and to minimize the out diffusion of dopants. Part of 
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the requirement is the preparation of cavities that are suitable for CLSEG. In this work, 

these two aspects (i.e. CLSEG and cavity fabrication) will be examined in detail. 
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Fig. 2. M/ r and^oi of lateral HBT by Tang et al and vertical HBT by Kondo et al. 

After Tang aZ. [19] 
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Chapter 3 

Chemical Vapour Deposition Theory 

Selective chemical vapour deposition (CVD) is a key requirement for the fabrication of 

a lateral HBT. This chapter provides a detailed consideration of epitaxial growth in 

general and selective epitaxial growth by LPCVD in particular. The chapter begins with 

a general look at epitaxy. This is followed by a look at three systems that are commonly 

used for epitaxy growth, MBE, LPCVD and UHV/CVD. The Southampton University 

Microelectronic Centre LPCVD system is then introduced. The latter part of the ch^ter 

looks at chemical vapour deposition in general, highlighting important factors that 

influence deposition such as the effects of boundary layers, diffusion lengths and 

surface reaction processes. The section Gnishes by looking at issues pertaining to 

epitaxy growth such as selectivity, epitaxy quahty and faceting. The Gnal section 

describes the main types of epitaxial growth, which include non-selective epitaxy 

growth (NSEG), selective epitaxy growth (SEG), epitaxial lateral overgrowth (ELO) 

and conGned lateral selective epitaxial growth (CLSEG). 

3.1 Epitaxy 

Epitaxy refers to the growth of single crystal material on a single crystal substrate. If 

the growth material is the same as the substrate, the process is called homoepitaxy. An 



example of this is the growth of single crystal silicon on a silicon substrate. For 

brevity, homoepitaxy will be referred to in this work simple as epitaxy, unless 

otherwise stated. However, if the growth material is different fi-om the substrate then 

the epitaxy growth is called heteroepitaxy. An example of this is the growth of silicon 

germanium on a silicon substrate. 

Epitaxy is normally achieved by a chemical vapour deposition (CVD) process such as 

low pressure chemical vapour deposition (LPCVD) or by a physical vapour deposition 

process (PVD) such as molecular beam epitaxy (MBE). Although the two deposition 

methods are different, the basic requirements for epitaxial growth are similar. Both 

require a supply of silicon adatoms to the wafer surface in order for growth to occur. 

For epitaxial growth to occur the silicon adatoms must diffuse on the surface of the 

substrate and find suitable nucleation sites before being desorbed into the lattice. In 

general adatoms will stop diffusing, and form part of the growing crystal when they 

find locations that are energetically favourable. The most favourable nucleation sites 

are "kinks" on atomic growth planes. If conditions are such that adatoms can diffuse to 

such sites, then epitaxial growth will occur row by row and plane by plane to produce 

defect free epitaxial layers aligned to the underlying crystallographic plane. 

SiH, 

epitaxy 

Si adatom kink 
substrate 

Fig. 2.1 Epitaxial growth by CVD using SiH4 involves diffusion of the source gas 

through a boundary layer, decomposition of SiH4, surface diffusion and incorporation 

of silicon adatoms at energetically favourable kink sites. 

Impurities, defects or dust on the substrate surface, or the growth surface can offer 

alternative nucleation sites that prevent layer by layer growth, cause three-dimensional 
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growth islands to form and ultimately degrade the quahty of the epitaxial layer. It is 

very important that the silicon substrate is well prepared prior to growth. The growth 

itself has to be carried out in a clean environment as gas and water vapour contaminants 

can also deteriorate epitaxy quality. 

3.2 Epitaxy Systems: A Comparison 

There are three common systems used for epitaxial grov^th, namely UHV/CVD, 

LPCVD and MBE systems. Each has advantages and disadvantages, and use tends to 

be very application specific. 

3.2.1 Molecular Beam Epitaxy (MBE) 

Molecular beam epitaxy (MBE) is a physical vapour deposition (PVD) process, unlike 

UHV/CVD and LPCVD systems, which are chemically based. The physical vapour 

deposition processes involve the evaporation of silicon and dopants either by electron 

beam evaporation or resistive heating. Evaporated species (in a flux) are transported to 

the wafer surface in a low vacuum where they are incorporated onto the surface [39]. 

Figure 3.2 below shows a schematic diagram of an MBE system. A more detailed 

working of an MBE system can be found elsewhere [39]. 

In comparison to CVD based systems, MBE has several features that are advantageous 

for certain applications. MBE typically operates at low temperatures, normally ranging 

G-om 400°C to 800°C [39], although growth at higher temperature (i.e. 900°C) is also 

carried out [40, 41]. Low temperature deposition brings the advantage of greatly 

reduced dopant out-diffusion and autodoping. Unlike CVD processes, MBE is not 

complicated by boundary layer effects nor by reaction kinetics at the wafer surface 

[39]. This allows MBE to be used to produce complex doping proGles that are difScult 

to achieve by CVD methods. The absence of intermediate reactions and diffusion 

effects, allows layer properties to be rapidly modulated. This allows Gne control over 

growth rate to be achieved, with sharp doping profiles and material transitions. Growth 

rates as low as 0.1 nm/min [42] to as high as 300 nm/min [43] have been reported. This 
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fine control is especially beneficial for quantum devices such as quantum cascade 

lasers and quantum well infrared photodetectors. Although MBE growth rates are 

relatively slow MBE has been used for applications such as silicon and silicon 

germanium epitaxial growth for HBTs [44, 45]. MBE systems operate at ultra high 

vacuum pressures, in the region of 10'̂  to 10"̂ ° Torr. Operating at UHV pressures is 

advantageous as it reduces the partial pressures of water and oxygen, which are found 

to be detrimental to the quality of the grown film [46]. However, the disadvantages of 

working at very low pressure are long tum-around times and the need for expensive 

pumps that can achieve UHV pressures, and expensive maintenance. 
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Fig. 3.2 Schematic of an MBE system, after Gruhle et al. [47] 

One of the major drawbacks of MBE is its low throughput, as typical systems can only 

process a small number of wafers at a time. This makes MBE expensive and unsuitable 

for commercial use, where high throughput is demanded. MBE is also more 

complicated to clean than CVD systems, often requiring complex chamber cleaning 

processes [46]. Besides this, maintaining and replenishing the silicon and dopant 

sources requires opening the MBE reactor. This is detrimental to the system as it 

exposes the reactor chamber to air. To bring the system back to operational status 

would then require long bakes to desorb any atmospheric species from the systems 

walls, which results in a long downtime. 
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3.2.2 Chemical Vapour Deposition 

Durmg chemical vapour deposition (CVD) gases are used to transport growth materials 

to the substrate. These gases react or decompose at the growth temperature to allow 

atoms to be adsorbed. CVD reactors can be divided into two main types - hot wall and 

cold wall systems, hi a hot wall system, the entire reaction chamber is heated to the 

growth temperature. This conGguration is advantageous as it ensures a relatively 

constant temperature throu^out the reaction chamber, which results in layers with 

good uniformity. However, the drawback of this is that during growth, materials will be 

deposited on the chamber walls. This will give a memory effect, where materials (such 

as dopants) on the walls can continue to be incorporated into the growth surface long 

after the gas supply has been cut off. hi comparison, in cold wall systems only the 

substrate is heated to the growth temperature and the chamber walls are kept much 

cooler than the substrate (usually by water cooling). This minimises deposition on the 

chamber walls and also the need for regular cleaning. One of the biggest advantages of 

CVD based epitaxy over MBE is the ability to batch process many wafers in a single 

run. Commercial UHV/CVD systems are now available that can batch process up to 25 

wafers at a time . Unlike MBE systems CVD does not require the reactor chamber to be 

opened in order to replace source materials. Therefore, CVD based systems have 

shorter downdme compared to MBE systems. 

Gas Inlet 

Gate Valve 
Wafers Seals 

Furnace 

Turbomolecular 
pump 

Turbomolecular 
+ 

Molecular Pumps 

Gate 
Valve 

Exhaust 

Mechanical Roots 
Pump Blower 

Fig. 3.3 Schematic of a UHV/CVD based epitaxy system, after Meyerson [48]. 
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In terms of pressure, LPCVD systems normally operate in the 10'̂  to 10̂  Torr region 

[49-51], while UHV/CVD systems tend to operate at around 10"̂  Torr [43]. As with 

MBE, one of the advantages of operating at UHV pressures is that it allows good 

quality epitaxy to be carried out a low temperatures (i.e. 500°C to 650°C) [52, 53]. 

This is a result of the UHV conditions, which minimise the presence contaminants such 

as water vapour or oxygen [54]. Although these are obvious benefits of UHV/CVD, 

growth at LPCVD pressures have also been found to give epitaxial layers of good 

quality [49, 55, 56], so UHV conditions are not necessary to obtain device quahty 

epitaxial layers. LPCVD pressures are advantageous because they do not require 

expensive UHV-standard equipment. This fact is h i^ ighted in this work where 

growths are carried out at around 1 Torr. With UHV/CVD systems, growth at very low 

pressures and temperature essentially means low growth rate. Although not as low as in 

MBE systems, the growth rate of UHV/CVD systems are typically in the 1 to 10 

nm/min for sihcon epitaxy. In comparison, silicon epitaxial growth by LPCVD has 

growth rates >10 nm/min [46, 57]. At higher pressures (i.e. 150 Torr), growth rates can 

be as high as -100 nm/min [56]. The higher growth rate of LPCVD systems is 

advantageous especially when thick layers are required such as for epitaxial lateral 

overgrowth (ELO) and confined lateral selective epitaxial growth (CLSEG). Although 

thick layers are possible with UHV/CVD systems, the low growth rates requires long 

growth times making it less suitable compared to LPCVD systems, especially when 

layers several hundreds of nanometres to several microns thick are needed. 

3.3 StnVIC LPCVD Epitaxy System 

This section describes the main design features of the SUMC LPCVD system. For 

reference, the schematic of the epitaxy system is shown in figure 3.4. The SUMC 

LPCVD system is a stainless steel system built to MBE standards. This makes the 

system expensive to build, however, the use of stainless steel chambers and metal seals 

offer the cleanest growth environment. Unlike the use of a quartz graphite chamber in 

UHV/CVD systems, the use of stainless steel minimises the safety risk from the danger 

of an implosion. The machine is water cooled (i.e. a cold walled system) and accepts 

35 



both 4-mch and 8-inch wafers. The machine has two growth chambers with a central 

load lock. The growth chambers can be pumped down to a base pressure of 1 mTorr 

using a Roots and dry pump. Growth can be carried out at a pressure of between 0.01 to 

2 Torr. The load lock also has a turbo pump, which helps reduce the amount of water 

and oxygen vapour in the chamber. The pressure in the load lock is also lower than the 

growth chamber. This prevents any water, oxygen or other contaminants &om 

transferring into the growth chamber &om the load lock. The machine is fixed with a 

graphite heater, which can be used to heat wafer substrates up to 1100°C. The machine 

is connected to a range of source gasses such as silane, dichlorosilane, arsine, 

phosphine, diborane, germane and hydrogen. All of the gasses are puriGed and 

controlled using mass flow controllers. Doping p-type using diborane can be achieved 

to concentration levels between 2x10^^ cm'"* to 6x10'^ cm""*. For n-type doping, 

phosphorus is used and concentrations between 2x10^^ cm"̂  to 2x10^^ cm'̂  can be 

achieved. The SUMC LPCVD machine used in this work can be fully controlled by 

computer but it can also be operated manually. The machine has been successfully used 

to fabricate various homojunction and heterojunction bipolar and MOS devices using 

selective and non-selective epitaxy processes based on silane [58]. More detailed 

information of the SUMC LPCVD system is covered by Bonar [46]. 
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Fig. 3.4 Schematic of SUMC LPCVD system. 

3.4 SIHMC Epitaxial Growth Procedure 
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A typical procedure for epitaxial growth starts with an cleaning of the sihcon 

substrate, commonly known as an RCA clean. It is a two step process which involves 

initially cleaning the wafers in a solution of NH4OH : H2O2 : H2O (1:1:5) at 72°C for 

10 minutes, followed by a rinse in purified water. The second step in the process is the 

immersion of the wafers in a solution of HCl : H2O2 : H2O (1:1:6) at 72°C for 10 

minutes, followed by another rinse in purified water. The wafers are then spun-dry in a 

warm nitrogen environment. At the end of the RCA cleaning stage a thin "RCA oxide" 

of around 1.5 nm thick is formed, which protects exposed sihcon areas 60m 

contamination before subsequent growth. 

Following the clean, the wafer is loaded into the epitaxy load lock which is then 

pumped down to base pressure. Once the base pressure is reached, a robotic arm 

transfers the wafer into one of the growth chambers. A hydrogen prebake is then 

carried out to remove the RCA oxide. This involves ramping the temperature up to 

980°C and baking the wafer for 5 minutes. Following this, the wafer is then cooled to 

the growth temperature in a hydrogen atmosphere. When the growth temperature is 

reached, the growth gasses (SiH4 or DCS/SiH4/H2) are turned on for the required 

growth period. When the growth period is over, the heater and gasses are turned off. 

3.5 Chemical Vapour Deposition Process 

Chemical vapour deposition consists of several steps, illustrated in figure 3.5. The first 

part of the deposition process is forced convection. This is the injection of reactant and 

carrier gasses into the growth chamber at high pressure. These gasses, enter the growth 

chamber and diffuse close to the wafer surface. They then diffuse through a boundary 

layer and are adsorbed onto the wafer surface. There, the gasses decompose to leave 

adatoms on the surface of the wafer. In a silicon epitaxial process, silicon adatoms 

which have resulted from the decomposition of silane, migrate until they 6nd stable 

sihcon sites to incorporate into the growing layer. These sites tend to be at steps formed 

by partially incomplete silicon layers. If a silicon atom fails to find a suitable site, it can 

nucleate on a dielectric surface or be desorbed &om the wafer surface. Atoms or 

molecules that are desorbed 60m the wafer surface, along with unused reactant gasses 
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and by-products of chemical reactions are extracted out of the reactor chamber. All 

these steps occur concurrently and, provided controllable parameters are fixed, the 

system can be considered to be steady-state. Depending on the growth conditions, one 

particular step may rate-hmit the overall process [42]. 

Carrier gas 
+ Reactant gasses 

> 
Forced Convection 

\ / 

Diffusion 

\ / 

Adsorbtion 

Carrier gas 
+ Reactant byproduct 
+ Unused reactant gasses 

> 

Diffusion 

gas-phase processes 

surface-phase processes 

Desorbtion 

Chemical Reactions and Surface Diffusion 

substrate 

Fig. 3.5 Illustration of a chemical vapour deposition process, after Kamins [42]. 

3.5.1 Boundary Layer DifFusion 

Gas diffusion through a boundary layer is often a rate limiting step in a deposition 

process [42]. The boundary layer is the thin layer of depleted reactant which separates 

the gas in the forced convection region 6om the surface of the substrate. Gas molecules 

that are forced into the reactor chamber have to diffuse through the boundary layer 

before being adsorbed onto the wafer surface. The flux of gas molecules diffusing 

through the boundary layer is weakly proportional to temperature and inversely 

proportional to pressure. This is highlighted in the equation [42], 

(3.1) 
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Where D is the gas phase diffusion coefGcient across the boundary layer, Do is a 

between 0.1 and 0.2 m^s'\ To is 273 K, Po is 760 Torr, and a is between 1.75 and 2 

[42]. 

3.5.2 Surface Reaction 

Surface reaction chemistry is a m^or factor influencing growth rate. Several processes 

occur when reactants approach the region close to the wafer surface. These processes 

include, decomposition of the source gas in the gas-phase, adsorption and 

decomposition of the source gas at the wafer surface, adsorption of atoms, the diffusion 

of silicon adatoms on the wafer, incorporation of adatoms into the growth 6ont, the 

desorption of adatoms, and the desorption of reaction by-products [42]. 

Gasses can decompose either homogeneously (i.e. in the gas phase) or heterogeneously 

(i.e. at the surface). Of the two, heterogeneous decomposition is preferred because it 

results in layers that are low in defects [42]. Gas phase decomposition tends to create 

clusters of atoms in the near-surface region. These clusters can disrupt the formation of 

epitaxial layers and be a source of defects. The clusters may also have a poly-

crystalline structure which can cause misalignment in the epitaxial layer, resulting in 

poor epitaxy quality. Although complete decomposition at the surface is preferred, 

some decomposition in the gas phase will always occur. In general low pressure 

systems will have less gas-phase reactions but other factors such as the type of reactor 

can also have an effect. For example, hot wall reactors have a hot ambient compared to 

cold wall reactors, where only the substrate is heated. As a result, homogeneous 

decomposition is more likely to occur in hot wall reactors than in cold wall reactors. 

The type of carrier gas also influences gas phase decomposition. The use of hydrogen is 

found to limit the amount of homogeneous decomposition because it is one of the 

reaction products. 

During heterogeneous decomposition reactant molecules arrive at the wafer surface and 

are adsorbed. Once adsorbed, the reacting species will be temporarily bound to the 
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wafer surface. A surface phase reaction will then take place causing the growth atoms 

to be adsorbed. Although these adatoms are bound to the surface of the wafer they are 

free to diffuse until a suitable site is found. After decomposition, reaction by-products 

desorb 6om the surface region and are removed 6om the reactor by forced convection. 

At the wafer surface, the diffusion length (Z) of the adatoms is given by [42] 

Z « (3.2) 

where is the surface diffusion coefficient and ^ is time available for surface 

diffusion. This can be approximated to [42] 

f « ^ = e x p (3.3) 

where is deposition rate, is activation energy, 7 is temperature, f is pressure and 

M is a number less than unity. Equation 3.3 above shows that the diffusion length of the 

adsorbed reactants on the wafer surface is dependent on temperature and inversely 

dependent on pressure. The diffusion length of adsorbed silicon atoms on the surface 

influences the quality of the layers formed. When diffusion length is long, the silicon 

atoms have a chance to travel further in search of a suitable silicon site. If a suitable 

sihcon site is not found then the silicon atom may desorb 6om the wafer surface and 

extracted out of the epitaxy reactor. Alternatively, if the silicon adatom comes into 

contact with other silicon adatoms nucleation can occur and three-dimensional growth 

can result. This in turn can result in defected epitaxial or polycrystalline growth. With a 

shorter diffusion length, the chance of polysilicon island growth becomes more likely. 

In an epitaxy process, the choice of temperature and pressure is limited by the machine 

capabihty and fabrication process (e.g. thermal budget). Hence, a balance between 

temperature and pressure is often needed to obtain good quality epitaxy. 
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3.5.3 Growth from Silane and Dichlorosilane 

Silane (SiH^) is a silicon source gas that can be used for epitaxial growth. The 

deposition of sihcon using silane is obtained by pyrolytic decomposition, such that 

SiH4(g)^ Si(s) + 2H2(g) (3.4) 

where sihcon (Si) and hydrogen (H2) are the reaction products. The reaction is 

irreversible, and for single-crystal layers, has to be carried out at high temperatures 

(>900°C). Although the equation above suggests a single-step reaction process, in 

practice, the growth of silicon &om silane involves several intermediate steps. Lee 

aZ. [59] suggests that silicon deposition 60m silane involves: (1) diffusion of silane 

&om the bulk gas through the boundary layer, (2) dissociation of silane into SiH2 and 

H2 at the sihcon surface, (3) adsorbtion of SiH2 on the surfaces, (4) diffusion of SiH2 

adatoms to kink sites, and (5) incoroporation of Si into the crystal lattice. 

As an illustration of surface chemistry, for silane (SiH^), the following reaction 

mechanism occurs. 

SiH4 + s ^ H + SiHs (3.5) 

SiHs + s ^ H + SiH2 (3.6) 

2SiH2 ^ Hz + 2SiH (3.7) 

2SiH H2 + 2s + Si (fihn) (3.8) 

2H —> H2 + 2s (3.9) 

where s denotes a vacant site and an underhne designates an adsorbed species. 

As with silane, the deposition of silicon from dichlorosilane (SiH2Cl2) (DCS) consists 

of several intermediate steps. Claassen a/, have shown that the two rate limiting steps 

in a dichlorosilane deposition process are: (1) decomposition of SiH2Cl2 to SiCl2 and 

H2, and (2) the release of CI G-om SiCl2 by interaction with H2 [60]. These reversible 

reactions occur such that 
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SiH2C:i2(!3) <-» Si(]l2(g) + (3.1()) 

SiCl2(g) + H2(g) Si(s) + 2HC1 (3.11) 

The SiCl2 and H2 molecules are both adsorbed on the surface after reaction. SiCl2 then 

diffuses to the surface steps, where it incorporates to the crystal lattice after the 

chemical reaction with H2. The chemical by-product of this reaction (HCl) is then 

removed &om the surface. An important feature of the DCS deposition is the 

reversibility of the overall reaction mechanism, as this allows greater selectivity 

(section 3.6). 

3.5.4 Mass Transport Limited and Surface Reaction Rate Limited Growth 

The two largely independent processes of diffusion through the boundary layer, and 

reaction at the surface give rise to two distinct growth regions, the first process 

effectively determines the rate at which reactant species arrive at the wafer and the 

second process determines the rate at which adatoms are adsorbed onto the wafer 

surface. Either of these processes can determine the overall deposition rate. Depending 

on which is the rate-limiting step, growth can either be mass transport limited or 

surface reaction rate limited, as shown in figure 3.6. If the flux of reactant molecules 

arriving at the wafer surface (through the boundary layer), is defined as and the flux 

of reactant that is consumed (by surface reaction) at the surface is deSned as then 

the mass transport limited region occurs when Whereas when growth 

is surface reaction limited. When the process is influenced by both mass 

transport and surface reaction rate processes. A process is generally mass transport 

limited at high growth temperatures, and surface reaction limited at low growth 

temperatures. 
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Fig. 3.6 Arrhenius plot showing surface reaction limited and mass diffusion limited 

region. 

In a surface reaction rate limited process, the rate of reaction and hence adsoiption is 

exponentially dependent on temperature, giving apparent activation energy, Growth 

in this region can be represented by, 

f \ 

Gr= /(exp & (3.12) 

Where is growth rate, 4̂ is a constant, A: is the Boltzmann constant and 7 is 

temperature. CVD systems designed to operate in the reaction rate limited region must 

be able to very accurately and uniformly control the wafer temperature to ensure that 

growth rates are reproducible and uniform across the wafer. 

At high temperatures the supply of reactant to the wafer surface can not meet demand 

and the process becomes mass transport limited. As a result, growth rate remains 

relatively constant with increasing temperature. Epitaxy systems designed to operate in 

this region have high growth rates that are insensitive to signiGcant changes in 

temperatures, heating uniformity and control is much less of an issue, but chamber 

design and gas flow become important. 

Epitaxial growth systems are generally designed to operate in either mass transport 

limited or surface reaction rate limited regions [46, 55] to ensure uniform layers and 
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repeatability 6om growth to growth. At the Southampton University Microelectronics 

Centre, good epitaxy growth is obtained in both regions [46, 49, 57], though uniformity 

was found to best in the mass transport limited region. Growths can also be carried out 

at the knee of the characteristic between surface reaction limited and mass diffusion 

limited regions. In this transition region, temperature, pressure and flow rate will all 

influence growth rates, growth quahty and uniformity. 

3.6 Selectivity 

In silicon epitaxial growth, a growth is termed selective if growth occurs only on areas 

of exposed silicon, and not on areas covered by an insulator (e.g. silicon dioxide or 

sihcon nitride) as shown in Ggure 2.7(a). When silicon is also deposited on oxide to 

form polysilicon islands as shown in figure 2.7(b), growth is termed non-selective. 

Non-selective epitaxy growth may be partial, as shown in Ggure 2.7(b), where 

polysilicon islands partially cover parts of the oxide surface. However, in certain 

growth conditions, epitaxial growth may be completely non-selective resulting in a 

blanket polysilicon layer on the oxide surface. 

Selective epitaxial growth can be achieved by balancing the rates of adsorption and 

desorption of silicon adatoms on the wafer surface. Adsorption and desorption rates are 

different for different surfaces (Si or Si02) by carrying out growths at conditions where 

the adsorption rate on silicon is greater than the desorption rate on silicon while, at the 

same time, the adsorption rate on oxide is smaller than the desorption rate on oxide, 

then selective growth can be obtained. 

There are therefore, many factors that can affect selectivity, one is clearly temperature, 

since adsorption rates are a strong function of temperature. This is shown in epitaxial 

growths using silane, where selective growth is only achieved at high temperatures (i.e. 

>950°C) [46]. In silane-only selectivity the activation energy for adsorption on silicon 

is lower than that for adsorption on oxide, thus there is a finite temperature range where 

sihcon adatoms are adsorbed and incorporated while on the oxide there is no 

adsorption. Other, secondary factors include pressure and flow rates, as these will also 
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influence adsorption rates. Reduced growth pressure can also have the additional 

benefit of reducing the amount of water vapour in the growth reactor, which have been 

found to affect selectivity [50]. For an epitaxy process which uses only silicon 

containing gases such as silane, correlations exist between selectivity and flow rate. At 

low flow rates and high temperatures, growth is selective with growth rate being some 

function of flow rate. However, at high flow rates, growth may become non-selective, 

as the high concentration of silicon species increases the likelihood of spontaneous 

nucleation as adatoms form stable silicon islands on the oxide surface. 
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(a) 00 
Fig. 2.7 (a) Selective epitaxial growth (b) Non-selective epitaxial growth due to 

polysilicon island deposition on the oxide. 

Li the silane-only selective regime adsorption and desorption rates can not be 

independently controlled. However, independent control can be established if chlorine 

based gasses are included in the gas chemistry, here, the silicon (deposition) to chlorine 

(etching) ratio becomes important. Extremes of silicon to chlorine ratio can lead, to 

etching or complete non-selective growth [61]. However, a point between the two 

extremes usually exists which can provide good selectivity[61]. 

Selectivity is useful when quantified as it allows ready comparison between growths 

with different conditions and also allows the engineer to determine a device tolerance 

to a loss in selectivity. The selectivity of a growth can be determined by optical 

inspection methods [62]. During inspection, a sign of a loss in selectivity is indicated 

by polysilicon island deposition on the insulator layer. A complete lost in selectivity, 

where the insulator is totally covered by polysilicon can often be observed by eye as the 
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wafer will look cloudy and not specular. However, if the polysilicon island density is 

low (e.g. -10^ islands/cm^), then inspection by eye is often insufGcient, as the wafer 

substrate will still look specular and similar to completely selective growth. A more 

consistent method of determining selectivity is by Nomarski optical microscopy 

(referred to after this as Normarski). Nomarski is a form of microscopy especially 

suited for the evaluation of surface quality and defects. The Nomarski method 

incorporates polarization and phase shift techniques that accentuate small variations on 

a surface. Using this method, polysilicon islands can clearly be observed and 

differentiated &om other features on the mask. Figure 3.8 shows images of selective 

and non-selective epitaxial growth at various temperatures as viewed by Nomarski. 

From images such as these, the density of polysihcon islands deposited can be 

quantised, hi this work, this is done by counting the number of polysilicon islands 

there are within a known surface area. To minimise measurement error, a large area 

should be taken. However, this may be impractical if counting is done manually for a 

high polysihcon density. If so, then taking a smaller area may be a more feasible 

approach. Alternatively, the task of counting can be automated using appropriate 

software (e.g. ImageTool [63]). However, the software is dependent on a good image, 

which has a high contrast between wafer surface and individual polysihcon islands on 

the surface. 

A useful measure of selectivity is the incubation period, the period for which growth is 

completely selective. Once growth time surpasses the incubation period it becomes 

non-selective and stable polysilicon islands begin to nucleate on the oxide surface. 

Maximising "selectivity" is really concerned with maximising the incubation time. In 

fabrication, knowing the length of the incubation period is valuable as it sets the upper 

limit of epitaxy thickness that can be obtained. This can be found by systematically 

carrying out growth for various times. The growth time at which polysilicon deposition 

is detected on the wafer surface is the approximate value of incubation time. Another 

possible method is to obtain the incubation 6om interpolated polysihcon island density 

data, as will be discussed in section 6.4.3. 
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Fig. 3.8 Nomarski images of various wafer surfaces with polysiHcon deposition (except 

(a)) after epitaxial growths at (a) 850°C, (b) 875°C, (c) 900°C and (d) 915°C. 

3.7 Faceting 

Faceting is a common occurrence in epitaxial growth by chemical vapour deposition. 

Facets develop as a result of sihcon atoms incorporating on the most suitable silicon 

sites with the lowest free energy. The facets that develop during growth are dependent 

on several factors. Epitaxy growth carried out on standard (1 0 0) silicon wafers in 

<1 1 0> oriented seed windows often exhibit {1 0 0}, {3 1 1} and {111} facets. Each 

facet grows at different rates and typically the growth rate, GRhki, of the different 

planes are GRioo > GR311 > GRm. The growth rates also reflect the atomic packing 

density of the different plane, which is highest for (1 1 1} plane, followed by the 

{3 1 1 } and {1 0 0} planes. However, if the seed windows are oriented along the 
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<1 0 0> direction (i.e. angled 45 degrees to the wafer flat) then no distinct facets are 

observed. The growth rate ratio between the (1 0 0}, {3 1 1} and {1 1 1} are distinct 

but are dependent on gas chemistry [56, 64]. Figure 3.9 shows faceted and unfaceted 

epitaxial growth in <1 1 0> and <1 0 0> oriented features, respectively. Besides seed 

window orientation, the angle of the oxide sidewall also influences facet development 

as it can suppress the growth of certain facets. Drowley aZ. found that during 

epitaxial growth in oxide seed windows, {111} facets generally do not appear until 

some lateral overgrowth has occurred (i.e. after epitaxy fills the seed window) [65]. 

This occurs because during the stage the epitaxy fills the oxide seed window, the oxide 

sidewall restricts silicon adatoms 6om silicon sites which forms the {111} plane. The 

{311} plane may also be suppressed to an extent at this stage of the growth. Once the 

epitaxy grows out of the window, the {1 1 1} plane is S-ee to form. However, the 

{3 11} plane will often form prior to the {1 1 1} plane. As the {1 1 1} is the slowest 

growing plane compared to the {3 11} and {1 0 0}, the {111} becomes the dominant 

crystal plane once it forms. The way the facet forms can be influenced to an extent 

using chlorinated sources by tailoring the sihcon to chlorine ratio [64]. Using this 

method, certain facets can be made preferential over others. This is especially useful for 

lateral epitaxy growth where a fast growing lateral growth front is desirable in order to 

achieve significant lateral overgrowth. Besides this, other variables such as temperature 

and pressure have also been found to influence faceting [66]. 

In relation to faceting, the orientation of the seed window also influences the defect 

densty. Epitaxial growth in seed windows oriented in the <1 0 0> direction produces 

less defected epitaxial layers than those oriented in the <1 1 0> direction [65, 67]. The 

reason for this is attributed to the stacking of silicon atoms, which in <1 1 0> seed 

windows, have a possibility of producing twin defects near the silicon / oxide interface. 

However, the amount of defects are less for <1 0 0> oriented v/indows. 
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Fig. 3.9 Epitaxial growth in (a) <1 1 0> and (b) <1 0 0> oriented seed windows. 

Growth in <1 0 0> seed windows do not show any distinct facets. Growth in <1 1 0> 

seed windows show {10 0} and {3 11} facets. 

3.8 Epitaxial Quality 

Good epitaxial quality is a prerequisite for device fabrication. The benchmark for good 

crystallinity is prime bulk silicon. There are several factors which influence epitaxial 

quality. This includes good preparation of the silicon seed surface. Prior to epitaxial 

growth, the wafer substrates should be thoroughly cleaned from metallic and organic 
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contaminants. This is done by carrying out an RCA clean. This also creates a thin layer 

of RCA oxide (-0.5 nm) on the surface, which protects the silicon surface h-om being 

contaminated when the wafer is transferred &om the wet clean to the epitaxy machine. 

This thin oxide is removed by desorbtion at high temperatures (>900°C) before actual 

growth is carried out. However, the need for a high temperature bake step is 

undesirable in many fabrication processes. To minimise the thermal budget, the RCA 

oxide can be thinned down in a low concentration 100:1 BHF solution so that the bake 

can be shortened. Alternatively, a HF clean could be carried out instead of the RCA 

clean. The HF dip leaves the wafer surface hydrophobic, and the hydrogen terminated 

surface can be desorbed at a much lower temperature of 650°C and is therefore the 

preferred cleaning method if low thermal budget is important. Both cleaning methods 

have been used in epitaxial growth by LPCVD resulting in good epitaxy quality, 

indicating that both methods provide sufficient cleaning [49, 68, 69]. However, there 

are some indications by Bonar a/, that the RCA clean may be superior to the HF 

clean. Besides these two common cleaning methods, other methods such as low power 

plasma etching have also been found to give similar results [70, 71]. 

Epitaxy is often grown in oxide masked seed windows that have been prepared by dry 

etching. This can result in damage of the silicon surface, which affects epitaxy quahty. 

To minimise this, an etch damage removal process should be carried out [72]. This 

consists of a thin oxidation step, which consumes the damage at the surface caused by 

the dry etching, followed by a wet etch in buffered HF to remove the grown oxide. The 

etch damage removal process has been found to give consistently better epitaxy quahty 

than one that has not had the process. If the seed windows are wet etched, then an etch 

damage removal process is not needed. 

Epitaxy quahty can be evaluated by several methods. The easiest method is by optical 

inspection using a Nomarski filter as it accentuates any non-uniformity on the epitaxy 

surface and allows surface defects to be clearly seen. As epitaxy quality can normally 

be inferred &om the morphology of the epitaxy surface, this method allows quick 

determination of the quahty of the grown layers. Figure 3.10 below shows several 

images of epitaxy surfaces as viewed under Normaski. Figure 3.10(a) is rough and 

rippled, which is an indication of poor epitaxial quality. The epitaxy surface in figure 

3.10(b) is still somewhat rippled but much smoother than in Figure 3.10(a). The 
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(c) 

Fig. 3.10 Nomarski images showing (a) defected epitaxy, (b) improved but defected 

epitaxy (c) good quality epitaxy. 
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smoother morphology is an indication that the epitaxy quality is better than the 

previous one. In figure 3.10(c), the epitaxy surface looks smooth and featureless. This 

is an indication of good epitaxy quality and is the reference for all growths. Although 

surface morphology is a good indication of epitaxy quality, defects may still exist 

below the epitaxial surface. This type of defect can be detected by electrical 

measurements (e.g. hall measurement, diode I-V curves). If diodes are used, defects in 

the epitaxy layer will result in a non-ideal ideality factor. Defects below the surface can 

also be detected by transmission electron microscopy (TEM), which allows high 

magnification (i.e. angstrom feature size) of the epitaxial layer. 
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Fig. 3.11 Types of epitaxy growth (a) non-selective epitaxy growth (NSEG), (b) 

selective epitaxy growth (SEG), (c) epitaxy lateral overgrowth (ELO), and (d) confined 

lateral selective epitaxy growth (CLSEG). 

3.9 Types of Epitaxial Growth 

Silicon epitaxy refers to the growth of single crystal silicon on a silicon substrate. 

Epitaxial growth can be divided into two general types - non-selective epitaxial growth 

(NSEG) and selective epitaxial growth (SEG). The type of growth that is achieved is 
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dependent on several growth conditions such as temperature, pressure, gas and flow 

rates. Selective epitaxial growth can be further divided into several types - unconGned 

selective epitaxial growth, usually referred to as SEG, epitaxial lateral overgrowth 

(ELO) [56] and confined lateral selective epitaxial growth (CLSEG) [20]. These four 

types of epitaxy are illustrated in Sgure 3.11. The following subsections will look at 

each type in greater detail. 

3.9.1 Non-Selective Epitaxy Growth (NSEG) 

During non-selective epitaxial growth, siHcon is deposited on the entire wafer surface. 

Epitaxy is obtained on areas where there is single crystal silicon exposed while on areas 

where there is an insulator (normally silicon dioxide or silicon nitride) amorphous 

silicon or polysihcon is obtained. In general, non-selective epitaxy is easier to achieve 

than selective growth, as conditions for selective growth are more stringent, non-

selective epitaxial growth is generally obtained at lower temperatures than selective 

growth [61]. Good epitaxy quahty can still be obtained even though growth is non-

selective. This has been shown by Bonar aA[58], who have successfully fabricated a 

sihcon germanium HBT using a combination of SEG/NSEG processes indicating little 

correlation between epitaxy quality and selectivity [73]. 

Non-selective epitaxial growth has been used in several applications; the blanket 

growth of a n-type and p-type buried collector in bipolar junction transistors is one 

typical example [74]. One of the most advanced uses of a non-selective growth is 

during the fabrication of SiGe heterojunction bipolar transistors. In this process, where 

selectivity is not required, the epitaxial growth by LPCVD can be carried out at much 

lower temperatures (i.e. 700°C) than would be possible if a selective process with the 

same source gasses (i.e. silane) was required. The HBT fabrication sequence uses a 

non-selective/selective epitaxy process with m doping to define the intrinsic 

collector, heterojunction base and emitter regions, and the extrinsic base contact in a 

single growth run [75,76]. Besides the advantage of being able to define the transistor 

active regions in a single run, the low temperature growth minimises the thermal 

budget and allows thin layers with sharp doping profiles to be deposited. 
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3.9.2 Selective Epitaxial Growth (SEG) 

Selective silicon epitaxial growth is the growth of epitaxial silicon on areas where there 

is exposed sihcon, but not at areas that are masked by an insulator. Although non-

selective epitaxy processes can be used to fabricate heterojunction devices, as shown by 

Schiz er a/.[73], selective epitaxy processes add a number of useful design options to 

semiconductor device fabrication sequences. During selective epitaxial growth, siHcon 

can be grown into predeSned seed windows, these windows can be made small using 

sub-micron lithography and in this way small device active areas can be grown. With a 

non-selective process, the device active area has to be defined by lithography after 

growth and has to include alignment tolerance, and this will generally lead to larger 

active areas. 

In general, the window &)r selective epitaxial growth is much smaller than for non-

selective epitaxial growth, hi the case of silane based CVD the selectivity window is 

very small, Bonar er a/, found that selective growth using silane-only by LPCVD can 

only be achieved at temperatures above 900°C [46]. hi comparison, non-selective 

epitaxy growth can be achieved down to 700°C [46]. Besides temperature, the pressure 

regime is also important in ensuring selective growth [77,78]. 

Although selective epitaxial growth can be achieved using silane-only, selectivity is 

much more readily achieved by the use of chlorinated gases such as HCl and 

dichlorosilane [51, 55, 68, 79]. In general, the gasses used for epitaxial growth usually 

include a silicon containing source gas such as silane or a chlorosilane and a chlorine 

containing gas such as HCl. The combination of the two types of gas along with a 

carrier gas such as hydrogen, allows independent control of growth and etching 

components of the overall chemistry, achieving a balance between silicon deposition in 

areas exposed by silicon and etching in areas masked by oxide. 

The gas combination which are commonly used for selective growth are DCS/HCI/H2 

[51, 79-81] and to a lesser extent, Sili/HCl/Hz [55]. To achieve good selectivity, the 

ratio between the silicon and chlorine containing gas has to be correctly balanced to 

achieve selective growth as a bias towards one type of gas could tip the growth 
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condition towards etching or non-selective growth. In epitaxy growth, growth 

temperature is often limited by the process' thermal budget, while pressure is limited, 

to an extent by the operational range of the epitaxy reactor. These two variables are 

often set prior to growth, although some leeway is possible. The addition of a 

chlorinated gas and varying the silane to chlorine ratio allows greater control to be put 

on growth so that selective growth can be achieved whilst maintaining the required 

temperature and pressure. 

The development of selective epitaxy growth using advanced techniques based on 

LPCVD and UHV/CVD has led to the fabrication of high-performance HBT devices 

[8, 44, 45, 58]. This, along with other technological improvements such as the use of 

SOI substrates, shallow and deep trench isolation and smaller geometries has further 

improved the performance of current HBT devices. At the time of writing, the highest 

performing HBT that has been reported is by Rieh gr a/, (i.e. IBM), which has an/r of 

350 GHz [8]. This brings the HBT closer to the territory of GaAs and InP HBTs. 

3.9.3 Epitaxial Lateral Overgrowth (ELO) 

Epitaxial lateral overgrowth (ELO) is an extension to selective epitaxial growth. It 

refers to the situation in which epitaxial growth is allowed to extend laterally over the 

masking layer (i.e. oxide or nitride) [56]. Lateral overgrowth is achieved by prolonging 

growth times so that the growth &ont progresses, in vertical and lateral directions, 

beyond the area deGned by the mask. If a substantial distance of lateral growth is 

required, an substantial thickness of vertical growth will also occur. The lateral growth 

rate is not necessarily equal to the vertical growth rate, as the lateral growth rate is 

determined by the lateral growth facet [64]. In selective epitaxial growth by LPCVD, 

the facets that commonly form are the {1 0 0}, {3 1 1} and {1 1 1}. Of these, the 

{3 11} and the {1 1 1} are the facets that contribute towards lateral overgrowth. As 

these facets are slow growing, the rate of lateral growth that can be achieved is low in 

comparison to the vertical growth (on the {1 0 0} plane). It is difficult but possible to 

control facet formation (a form of facet selectivity) by adjusting growth conditions 

[64]. 
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Fig. 3.12 Fabrication of SOI by ELO and CMP. (a) Epitaxial lateral overgrowth of 

silicon, (b) Merging of ELO islands, (c) ELO is thinned down by CMP to give an SOI 

layer. 

With suitable growth conditions, significant epitaxial lateral overgrowth can be 

achieved. This was shown by Zingg et al. who achieved more than 8 |im of epitaxial 

lateral overgrowth with DCS / HCl / H2 at 950°C at 150 Torr [56]. Similarly, Rathman 

et al. achieved lateral to vertical growth ratios of greater than unity using SiH4/H2 

chemistry [79]. ELO has been used for a number of applications, of particular interest 

is the use of ELO to fabricate local SOI islands [82]. This consists of epitaxial lateral 

overgrowth, followed by a chemical mechanical polishing (CMP) stage to thin the 

epitaxy layer to the required thickness. The advantage of such a process is that it could 

reduce the need for expensive SOI wafers. An extension of this is the use of ELO to 

make SOI wafers, as shown in figure 3.12 below [83]. Here, the epitaxy is allowed to 

overgrow laterally and combine to form blanket silicon on insulator layer. Although 

this has been successfully carried out, the quality of the ELO layer is not as good as 

bulk silicon. ELO has also been used to fabricate bipolar transistors [84] with a good 
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performance in comparison to a similar device employing LOCOS isolation (i.e. 

CcsxRc product 6ve times less than LOCOS device). All of these examples highlight 

the extra possibihties that ELO brings over standard selective epitaxy growth. 

3.9.4 Confined Lateral Selective Epitaxial Growth (CLSEG) 

ConGned lateral selective epitaxial growth (CLSEG) is an extension of epitaxial lateral 

overgrowth. The main disadvantages of ELO is the vertical component of growth, 

which can lead to a thick layer of varying thickness [85]. Although this can be thinned 

down by CMP, it is an expensive extra process step and control over thickness 

uniformity by CMP can be difficult. A better approach is to limit vertical growth so that 

only lateral growth is obtained. This can be achieved by the CLSEG method and 

involves growing selective epitaxy in cavity structures prepared by micro-

electromechanical systems (MEMS) processing techniques. The CLSEG method is 

illustrated in figure 3.13. As the figure shows, the cavity is fabricated prior to epitaxy 

growth (i.e. 6gures 3.13(a) to 3.13(c)). This involves growing a thin layer of oxide 

followed by an etch to open a seed window (Ggure 3.13(a)). A second thin layer of 

oxide is then deposited to protect the seed window. A sacrificial polysihcon layer is 

then deposited and patterned, before the deposition of another layer of oxide (Sgure 

3.13(b)). A window is opened and the polysilicon sacrificial layer and thin oxide are 

etched (figure 3.13(c)). This then allows CLSEG to be carried out (Ggure 3.13(d)). 

The advantage of the CLSEG method is it allows the thickness of the epitaxy to be 

specifically defined by the height of the cavity, which is determined by the thickness of 

the sacrificial layer. As the sacrificial layer is deposited by CVD, it allows layers with 

good uniformity to be deposited on the wafer, the results are generally better than the 

uniformity of the ELO + CMP technique described earlier. Furthermore, the use of 

CVD also allows very thin layers to be deposited, allowing thin cavities to be produced. 

Schubert aZ. have fabricated cavities that are as thin as 500 nm [20]. With the vertical 

epitaxy growth conSned, lateral growth progresses at a rate dependent on the lateral 

growing facet, as is the case with SEG and ELO. CLSEG by CVD opens up the 

prospect of the formation of strained SiGe layers within lateral SiGe heterojunction 
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bipolar transistors. CLSEG also brings other advantages associated with CVD such as 

the ability to grow thin doped layers with sharp doping profiles. 

oxide 

substrate 

nviflp 

polySi 

r 
thin oxide 
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^ CLSEG epi 

substrate substrate 
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Fig. 3.13 Cavity fabrication process for CLSEG. (a) Deposition of thin oxide and 

opening of a seed window, (b) deposition of thin oxide and polysilicon, followed by 

another layer of oxide, (c) removal of sacrificial polysilicon layer by dry or wet etch 

techniques, (d) confined lateral epitaxial growth fi-om prepared seed window. 

So far, CSLEG has mainly been carried out using LPCVD epitaxy systems [20, 51, 86]. 

The growth pressure has been in the region of 100 to 150 Torr, and at a temperature of 

900°C. DCS/HCI/H2 has been the gas of choice, giving good epitaxy quality and good 

control over selectivity. Confined lateral epitaxy growth of over 3\im, with an 

estimated growth rate of 260 nm/min has been reported [87]. CLSEG has seen use in 

several applications. One of which is in the fabrication of local SOI [88]. It also shows 

potential for use in sensor applications, where devices are fabricated on the laterally 

grown epitaxial layer [89]. CLSEG has also been use to make a low resistance contact 

to the intrinsic base of a bipolar transistor [13]. The most novel use of CLSEG is in its 

use to fabricate a lateral heterojunction bipolar transistor [13]. Although, CLSEG has 

been used in a number of applications, it use has been limited as cavity preparation and 

suitable selective epitaxy processes are difficult to perform and represent considerable 

development challenges. The need to build a cavity for CLSEG requires several extra 

processing steps in comparison to the ELO + CMP method. It is therefore important to 

ensure that the advantages of CLSEG offset this extra processing need. 
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Chapter 4 

Cavity Fabrication 

ConGned selective epitaxial growth requires the fabrication of cavity structures. In this 

research, three types of cavities have been designed and fabricated - test cavities, open-

sided cavities and SOI cavities. The cavities have to fulfil several basic requirements in 

order to be suitable for conGned growth. They have to be rigid and should not suffer 

6om warping or collapse under stress. Any cavity must not be damaged or distorted by 

any fabrication processes that are required after it is made, this particularly applies to 

the epitaxial growth and (any pre-epitaxy cleaning stages), but also apphes to any 

photolithographic, cleaning, deposition or etching. One of the important requirements 

of a cavity is it has to be compatible with the selective epitaxy process. As the epitaxy 

process developed at SUMC is designed to be selective to silicon dioxide, a cavity has 

to have its outer shell insulated by silicon dioxide. This is necessary as the use of 

materials such as silicon nitride can degrade selectivity. In addition, the cavity walls 

must be firee from any silicon/polysilicon residues as these would create nucleation 

centres during selective epitaxial growth. The process must also provide a sihcon seed 

that must be protected during cavity processing, to provide a smooth and flat, defect 

6ee surface suitable for epitaxial growth. 

The first part of this work required a full consideration of the process stages and 

resources available at SUMC in order to establish the most effective overall process, 

the latter stages of the work required continued development of key stages in order to 

59 



optimise the process. 

4.1 Processing Techniques 

Cavity fabrication inevitably requires the deposition and etching of silicon compatible 

materials. In this section the processing techniques used for the deposition of silicon 

dioxide and silicon nitride, and the etching of silicon and polysilicon are introduced. 

Although there are a myriad of deposition and etching techniques, this section will look 

in detail at the processes that are available at the Southampton University 

Microelectronics Centre. 

4.1.1 Dielectric Deposition 

The deposition of insulating Sims such as silicon dioxide and sihcon nitride is an 

important aspect of sihcon fabrication. Silicon dioxide and silicon nitride, are normally 

deposited by chemical vapour deposition techniques. Atmospheric pressure CVD, low 

and medium temperature CVD (normally produce 'Low Temperature Oxide' - LTO) 

and plasma enhanced CVD (PECVD) [39] are the most common techniques. The 

choice of deposition technique depends on various factors such as thermal budget 

requirement, uniformity, step coverage and throughput, the type or quality of oxide 

produced is also an important factor. 

4.1.1.1 Silicon Dioxide Deposition 

Silicon dioxide is the most common dielectric material used in silicon fabrication. It 

can be grown ZM j'zYw or deposited by chemical vapour deposition. High quahty oxide 

layers are normally obtained 6om j'zYw thermal oxidation. This is usually carried out 

at temperatures above 900°C. For thick layers, 'wet' thermal oxidation is carried out, 

where steam is used as the growth source. For very thin layers (less than <100 nm). 
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'dry' thermal oxidation Aom a gas source is used. Although thermal oxidation gives 

layers with very good uniformity, high breakdown voltage, excellent thermal stability 

and good conformaHty, the process has a high thermal budget, can only produce layers 

on silicon and produces layers with high intrinsic stress (300 MPa compressive stress 

[90]). Alternatively, oxide layers may be deposited at low temperatures (around 450°C) 

at atmospheric pressure using conventional CVD techniques. The lower temperature is 

advantageous for situations that require low thermal budget (e.g. during post-

metalhsation processing). Layers deposited in this way generally have confbrmal step 

coverage and good uniformity but layers with high intrinsic stress (300 MPa 

compressive stress). However, the oxide layers tend to be more porous than thermally 

grown oxides, which results in higher oxide etch rates in buffered hydrofluoric acid 

(BHF). Low temperature oxides can however be densiSed by annealing to give less 

porous layers with lower etch rates, comparable to thermally grown oxide. The third 

oxide deposition method is by plasma enhanced CVD (PECVD) which allows growth 

to be carried at very low temperatures (200°C). This process can also be used to tailor 

the intrinsic stress of the oxide, between compressive and tensile stress (between 300 

MPa compressive to 300 MPa tensile stress), by optimising the deposition conditions. 

PECVD deposited layers are non-confbrmal and have high etch rates. 

4.1.1.2 Silicon Nitride Deposition 

Sihcon nitride is normally used for the passivation of silicon devices and as a mask for 

the selective oxidation of silicon, the latter is possible due to the naturally slow oxide 

growth rate on silicon nitride. Silicon nitride is normally deposited by low pressure 

CVD at around 700°C using silane (SilLt) and ammonia (NH3). This deposition method 

gives good uniformity and high wafer throughput. However, deposited layers suffer 

&om very high stress (1000 MPa), but this can be reduced by making the silicon nitride 

layer silicon-rich. Another method that can be used to deposit silicon nitride layers is 

plasma enhanced CVD (PECVD) in which sihcon nitride layers are deposited at 

between 250°C and 350°C and can have an intrinsic stress ranging ^om 200 MPa 

(compressive) to 500 MPa (tensile) depending on the plasma drive &equency. Stress 

6ee layers can be obtained by using a switching plasma drive frequency technique [90]. 
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4.1.2 Sacrificial Etching 

During micro-electromechanical system (MEMS) microfabrication techniques silicon 

or polysilicon are often used as sacrificial materials to allows the formation of voids. 

Sacrificial layers can be removed using either wet or dry etching techniques. Several 

wet and dry silicon / polysilicon etching techniques are available within the facility. 

Etching is an important part of semiconductor fabrication, and choosing a suitable 

etching process is important to achieve good results. There are many etching techniques 

that, in general, can be categorised into wet and dry methods. As in any fabrication 

process, the use of an etch method is dependent on the specific requirements of the 

process. The chosen method has to be evaluated based on several criteria, which 

include selectivity, uniformity, etch rate, etch profile, defect generation and layer 

damage. Other criteria such as stiction may also need to be considered depending on 

the application (for example, in MEMS processing). 

mask mask 

(a) OO 

Fig. 4.1 (a) Anisotropic etch profile (b) Isotropic etch profile. 

Wet etching methods have in the past been the primary method for etching. Wet 

etching is advantageous as it allows a large number of wafers to be batch-processed. It 

is also generally technologically simpler to carry out. However, with the push towards 

smaller feature sizes over recent years, dry etching has become the preferred option. 

This is due to its ability to etch various materials (e.g. silicon, silicon dioxide, silicon 

nitride, aluminium), allowing small features to be defined. In addition to this, dry 

etching methods create less wastage, minimising ecological impact to the environment. 

A key issue with regard to etching is the etch profile. An etch is anisotropic if it etches 
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at different rates in different directions. However, if the etch rate is the same in all 

directions, the etch is called isotropic. In general, wet etching techniques tend to be 

isotropic whereas dry etching techniques are generally anisotropic. Figure 4.1 

illustrates both anisotropic and isotropic etch profiles. 

4.1.2.1 Wet Silicon Etching 

There are a number of etchants that can be used to etch sihcon or polysihcon. The 

most common are HF + HNO3 + Acetic Acid (HNA) and alkali-OH based etchants 

such as KOH. Besides these, ethylenediaminepyrochatechol (EDP) and tetramethyl-

ammonium hydroxide (TMAH) are also used, though they are less common. Among 

these etchants, KOH is readily available at the university fabrication facihty. KOH is an 

anisotropic etch and etches different silicon crystallographic planes at different rates, 

with the {1 1 1} plane being the slowest. The etch rates of the individual planes (e.g. 

{1 0 0}, {1 1 0}) are highly dependent on various factors such as chemical 

composition, dopant concentration and temperature. However, the addition of other 

chemicals to the KOH solution can have an effect on the etch rate, as an example, the 

relative etch rate of the {1 0 0} and {111} plane can be changed Aom 8:1 to 34:1 by 

the addition of isopropyl alcohol (IPA) [91]. Another advantage of the KOH etch is that 

the facet dependence of the etch rate helps to minimise surface roughness. The etch is 

also highly selective to sihcon in comparison to oxide, with an average selectivity of 

100:1. In addition to this, KOH is low in cost and is easy to dispose of At the 

Southampton University fabrication facility, the etch is normally carried out at 70°C 

giving a siHcon etch rate of 100 nm/min. However, the etch rate increases dramatically, 

up to 3 times, when polysilicon is being etched. 

4.1.2.2 Dry Silicon Etching 

Dry etching is another method that can be used to remove bulk sihcon or polysilicon. 

Most sihcon dry etching processes use fluorine containing compounds as they readily 
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etch siUcon and are highly selective to masking layers such as silicon dioxide. Dry 

etching can be done with or without a plasma. An example of a dry etchant without 

plasma is xenon diflouride (XeFa). The XeFi dry etch process is generally highly 

selective to silicon relative to oxide, and is an isotropic etch. An example of a plasma 

dry etchant is SFe. Similar to the XeF^ etch process, the SFg etch process is also a 

highly selective silicon etchant relative to oxide. One of the advantages of SFg is the 

ability to change the isotropy of the etch from isotropic to anisotropic by changing the 

process conditions. Process conditions also have an effect on silicon roughening, and 

therefore, trade-offs between isotropy, silicon roughening and other criteria often have 

to be made. Another advantage of a dry etch process is the fact that etching does not 

occur in a wet solution, as the latter can cause stiction due to capillary effect, a 

significant problem in cantilever (and other similar structure) fabrication [92]. By 

avoiding the need to use a wet solution, this problem is prevented. At the Southampton 

University fabrication facility, the SF^ dry etch process is readily available, and both 

isotropic and anisotropic etches can be made depending on the etch conditions. 

(a) (b) 

Fig. 4.2 The possible effect of wet etchants (liquid) on a cantilever, (a) Capillary action 

causes the cantilever to be pulled down to the surface, resulting in (b) stiction. 

4.2 Test cavity 

The first experiments were designed to examine issues related to the fimdamental 

aspects of cavity fabrication. The "test" cavity would not allow confined vertical 

epitaxial growth, however, with a minimum of lithography stages fabrication of these 

structures allowed the assessment and development of the suitability of the cavity 

materials, deposition techniques and sacrificial etching methods. These structures also 

provide useful substrates with which to test selective epitaxial growth processes. 
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providing useful and early insight of selective growth on complex structures. 

4.2.1 Fabrication Process 

After fiill consideration of CLSEG cavity requirements and the fabrication processes 

available a fabrication process was developed that would provide the first 'test" 

cavities (Ggure 4.3). 

To begin, standard 100 mm, <100> oriented, p-type sihcon wafers are subject to the 

growth of thermal oxide to a thickness of 200 nm. Next, undoped polysilicon is 

deposited and patterned. Next, either 200 nm of low temperature oxide (LTO) or a 

combination of LTO - nitride - LTO layers is deposited to form the outer shell of the 

cavity. Low temperature oxide (LTO) is used because it provides good confbrmal 

layers. Confbrmal deposition is important as it ensures the walls of the cavity are 

uniform in thickness and hence, have uniform stress [93]. However, the intrinsic stress 

of the oxide layer may cause parts of the cavity to deform [94]. To avoid this, an extra 

silicon nitride layer is deposited to strengthen the overall cavity structure. However, a 

dual LTO - nitride sandwich layer scheme leaves the sihcon nitride exposed and as the 

selective epitaxy process is designed to be selective to oxide and not to nitride, this can 

be detrimental to the selectivity of the epitaxial growth. To overcome this problem, 

another layer of LTO is deposited on top of the silicon nitride layer, giving a tri-layer 

LTO - nitride - LTO sandwich structure. To ensure the deposited oxide layers are 

resistant to etching, which is especially important during the sacriGcial etching stage, 

the wafer is densified in nitrogen at 950°C for 30 minutes (Ggure 4.3(a)). Section 

4.2.2.1 will give a review of the densiGcation methods used in this work. 

After the outer LTO layer is deposited, a cavity window is then opened by dry etching. 

Part of the polysilicon is also removed using a dry anisotropic silicon etch process 

(figure 4.3(b)). Then the remainder of the polysilicon sacriGcial layer needs to be 

removed. Both the isotropic SF^ dry etch process and the KOH wet etch process were 

considered suitable. Both have good selectivity to oxide, but it was felt that SFg ought 

to minimise the chance of stiction, although KOH would be much easier to use. 
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After sacrificial layer removal the resist is stripped, and a standard etch-damage-

removal process is carried out to remove any damage at the seed window caused by the 

dry etching (figure 4.3(c)). This consists of a short wet oxidation step at 950°C for 15 

minutes, which forms a thin oxide layer, followed by a brief etch in buffered HF for 15 

seconds to remove the grown oxide. Finally, the wafer is cleaned in an RCA solution 

after which the wafer is ready for epitaxial growth (figure 4.3(d)). A full process hsting 

can be found in the appendix. 
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Fig. 4.3 Test cavity process (a) Deposition of thermal oxide, polysilicon and 

LTO/Si3N4/LTO sandwich layers, (b) Etching of sandwich and polysilicon layers, (c) 

Dry etching of sacrificial polysilicon and thermal oxide, (d) Cross section of cavity 

with confined selective epitaxial growth. 
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4.2.2 Results of Test Cavity Fabrication 

4.2.2.1 Layer DensiGcation 

In the test cavity fabrication process, LTO and silicon nitride layers were used for the 

walls of the cavity. These layers were densiGed to improve the cavity's rigidity and 

strength. It is also necessary to minimise thinning during the sacrificial etch and 

minimise stress ia the layers. 

In this experiment, two densiGcation methods were examined for use in the test cavity 

process. The Grst method involved a rapid thermal anneal (RTA) at 980°C for 20 

seconds. The second method involved anneahng the wafers at 850°C for 15 minutes in 

wet O2. To determine the extent of the densification, these wafers were etched in 

buffered hydrofluoric (BHF) acid for 15 and 30 minutes. From this a plot of etch rate 

versus time was obtained. Thermally oxidised and undensified LTO deposited wafers 

were also etched for comparison. The wafers used in this experiment are summarised in 

table 4.4.1 below. 

Wafer Process 

Wafer 1 Undensified LTO 

Wafer 2 RTA, 980°C, 20 minutes 

Wafer 3 Wet O2,850°C, 15 minutes 

Wafer 4 Thermal Oxidation 

Table 4.1 Wafers used in the densiGcation experiment. 

The results of the etch test, shown in Ggure 4.4, show the undensiGed LTO layer to 

have an etch rate of 360 nm/min. This is much higher compared to the other wafers in 

the test. The thermally oxidised wafer, along with the two densiGed wafers, has a much 

slower etch rate. The etch rate of the thermally oxidised wafer was found to be 115 

nm/min. The etch rate of wafer 3, which was annealed in wet O2 at 850°C, was also 

found to be similar at 115 nm/min. Wafer 2, which was rapid thermally annealed, was 
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fbmid to have a slightly higher etch rate of 139 nm/min. 

Low temperature oxide is used for the fabrication of the cavities because it allows 

oxide to be deposited uniformly over features. It also has less intrinsic stress compared 

to thermal oxide, even after densification. This is important in ensuring a rigid cavity 

structure. UndensiSed oxide layers also etch at a higher rate compared to thermal 

oxide. The ratio, as shown in the graph, is 3:1 (LTO:thermal oxide). The importance of 

densifyiug the LTO layer comes during the sacrificial layer stage. Duriug this stage the 

oxide layer acts as a hard mask when the sacrificial layer is etched. Although the 

sacrificial etchant may be selective, the long etch time may severely thin the oxide 

layer. Densifying the oxide layer minimises this problem. Besides this, the 

densification process also redistributes the intrinsic stress of the LTO layer and ensures 

a level and rigid cavity ceiling. 

From the results, it can be concluded that both densification methods have sufficiently 

densified the oxide layer. This is indicated by the similarity of etch rates to those for the 

thermal oxide. However, of the two methods, the Wet O2 at 850°C for 15 minutes is 

found to be better as its etch rate is lower than the RTA at 980°C. The results of this 

experiment show that low temperature oxide, densijSed by either method, will have etch 

characteristics in buffered HF similar to thermally oxidised wafers. At SUMC, wafers 

RTA is carried out one wafer at a time, by contrast, the second anneal method can be 

used to batch-process up to 24 wafers at one time. Therefore, for a large number of 

wafers, the second anneal process would have an added advantage over the RTA 

process. 

In this work, the test cavities were densified by RTA. This was partly due to the more 

readily available RTA machine over the oxide Aimaces. Although the results show that 

the second densification method has a slight advantage over the RTA method, in 

practice, the difference between the two is small and has negligible effect in 

fabrication, especially if shallow etch backs of several microns are required. However, 

if long etch times are required then the second densification method is the preferred 

method. 
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Fig. 4.4 Etch rate of thermal oxide, undensified and densified low temperature oxides. 

4.2.2.2 Sacrificial Layer Etch 

The sacrificial layer etch process is an important step in the cavity fabrication process. 

In the test cavity fabrication, two etchants were examined to find the one most suited 

for the process. They were, an isotropic SFg dry etch process and wet KOH etch. The 

main purpose of the sacrificial etch is to completely remove the sacrificial layer, which 

in the case of the test cavity, is polysilicon. The outcome of the sacrificial layer etch 

should be a rigid, freestanding hollow cavity, as shown in figure 4.3. 

The SFg etch was carried out at a pressure of 150 mTorr, in a plasma energy of 80 Watt 

with an SFg flow rate of 50 seem. The KOH etch was carried out 70°C in a K0H:H202 

solution of 100:1. Prior to the KOH etch, wafers were briefly dipped in a buffered HF 

solution to remove any native oxide on silicon exposed areas. 

The SFg etchant was found to be successful in removing the polysilicon sacrificial layer 

of the test cavities as shown in the SEM image in figure 4.19. The image shows a test 

cavity that is hollow and freestanding. However, some warping of the cavity ceiling can 
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be seen. This etch was carried out for 90 minutes, which corresponds to an etch-back 

distance of about 6 |a,m. Ahhough the etch time is relatively long, the walls of the cavity 

have not been severely etched, confirming the high selectivity of the SFe etch. 

As with SFe, the use of the KOH wet etch was also found to completely remove the 

polysilicon sacrificial layer. Selectivity was found to be very good with minimal 

etching of the cavity walls. Warping of the cavity was also observed after the etch, 

similar to that seen after the SFe etch, indicating that warping is not dependent on the 

etch method but is due to non-uniform stress in the cavity walls, and this will be 

examined in more detail in the following section. Interestingly, although a wet etchant 

was used in the cavity process, no stiction was observed. As the size of the test cavities 

is small (less than 10x10 um^), its susceptibility to stiction is reduced [95]. 

The results of the sacrificial layer etch show that the use of the dry SFg and wet KOH 

etch are both suitable for polysilicon sacrificial etching, giving cavity structures that are 

hollow and freestanding. In addition to this, epitaxial growth using the test cavity show 

no silicon deposition on the cavity walls, indicating that the etching is sufficient in 

removing the polysilicon sacrificial layer. If etching was incomplete, some silicon 

deposition is expected, especially on the inner walls of the cavity. 

7 , e 5 K X 2 0 K U WD:7MM 
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Fig. 4.5 A test cavity following an SFe polysilicon sacrificial layer etch. 
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4.2.2.3 Warping 

Warping of the cavity ceiling was observed after every complete sacrificial etch step. 

Quahtative examination by SEM shows that the amount of warping is in general, 

dependent on the length of the cavity ceiling and the material used. Ah the cavities that 

were made 6om LTO were found to be waiped and the amount of warping was found 

to be related to the ceiling length as shown in figure 4.6. The warping in the LTO test 

cavities is a result of non-uniform stress in the LTO layer, which may have formed as a 

result of the difference in thermal expansion coefficients between polysilicon and oxide 

after deposition [96]. Figure 4.6 shows that the ceihng deflects non-hnearly with 

increasing length as indicated by the best-fit hne. Figure 4.7 shows an external view of 

a test cavity made from LTO. The ripples on the cavity ceihng are an indication that the 

cavity is warped. These ripples are more visible when viewed by Normarski as shown 

in Ggure 4.9(a), where the interference patterns indicate the ripples seen under SEM. 

The warping or buckling of the cavity ceiling is an indication of residual stress within 

in the LTO layer, and is an indication of compressive stress [97, 98]. To alleviate this 

problem, cavities were also fabricated using a tri-layer combination of LTO - sihcon 

nitride - LTO to form a stress-balanced structure, similar to that achieved by Choi 

a/. [99]. The basis of this idea is to make use of stress compensation (tensile in the 

nitride film, and compressive in the oxide 61m) by stacking multiple layers to 

approximate neutral stress. Although a simpler two layer LTO - silicon nitride scheme 

would give the same amount of rigidity, the outer LTO layer is needed because the 

selective epitaxial process is only selective to oxide. The result using this 

LTO/nitride/LTO sandwich is shown in figure 4.8. When compared to the LTO cavity 

in figure 4.7, it can be observed that the LTO/nitride/LTO cavity ceihng is 6ee &om 

any rippling. This shows that the use of LTO/nitride/LTO sandwich minimises rippling 

when compared the LTO cavity. 

71 



0.70 1 

0.60 

0.50 

5 0.40 

o) 0.30 

0.20 

0 . 1 0 -

0.00 

3.0 

Ceiling iength (urn) 

Fig. 4.6 Warping of test cavity ceiling made from LTO. 
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Fig. 4.7 Test cavities made from LTO only. Rippling on cavity ceiling is indicative of a 

warped ceiling. 
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Fig. 4.8 Test cavity made from LTO/nitride/LTO sandwich. No rlpphng on the ceiling 

can be observed indicating the ceiling is not warped. 

Rippl ing 

(a) (b) 

Fig. 4.9 Nomarski image of (a) LTO cavity and (b) LTO/nitride/LTO cavity. The 

interference colours in (a) are indicative of a warped ceiling. This is not seen in the 

LTO/nitride/LTO cavities. 

To examine the extent of warping, a cross section SEM was carried out on the LTO and 

LTO/nitride/LTO cavities. This meant that the cavity had to be cleaved through its 

cross section (it is likely that cleaving could redistribute the stresses in the cavity). 

Figure 4.10(a) and 4.10(b) are SEM images of an LTO cavity and LTO/nitride/LTO 
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cavity, respectively. Figure 4.10(a) shows the ceiling of the LTO cavity to be slightly 

warped. In comparison, the ceiling of the LTO/nitride/LTO cavity in Figure 4.10(b) is 

level with the wafer substrate. This shows that the tri-layer LTO/nitride/LTO 

combination is superior to the single layer LTO structure. LTO/nitride/LTO cavities 

measuring 10x10 with ceilings as long as 12 p,m have been found to be free from 

warping. Such a cavity is shown in figure 4.11. 

The results in this section shows that the LTO/nitride/LTO cavity is superior to LTO 

only cavity as it gives greater rigidity and is less effected by warping. The use of a tri-

layer LTO - nitride - LTO structure does not add significant complexity to the overall 

cavity process as it needs only two extra process steps. Hence, subsequent cavities are 

fabricated using LTO/nitride/LTO sandwich layers. 

20KV WDFMM 3 : 0 6 8 0 0 p . 0 0 0 3 3 

Signal A = ##1 QaM 7 F*b 2002 
Photo No. = 578 :10:09:20 EHT - 20.00 WO - 0 

Fig. 4.10 (a) Warping of test cavity ceiling made from LTO. The dashed line shows the 

position of the ceiling if it was not warped, (b) Test cavity made from LTO/nitride/LTO 

sandwich. Not warping of the ceiling can be observed. 
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Fig. 4.11 A cavity made from an LTO/nitride/LTO sandwich with a ceiling of 12 )xm. 

No warping of the ceiling is observed. Confined selective epitaxial growth (CSEG) can 

be seen in the center of the cavity. 

4.2.3 Summary 

The purpose of the test cavities was to examine the feasibility of the fabrication 

techniques, and then to apply successful techniques in subsequent cavity fabrication. 

The results in this section have shown that cavities should be fabricated using an 

LTO/nitride/LTO sandwich layer as it gives structures with good rigidity. It was also 

found to be compatible with the selective epitaxial growth process, which will be 

discussed in further detail later. The fabrication results also show that the sacrificial 

etching process can be carried out using either a dry SFe or wet KOH etch process 

without resulting in stiction problems. The methods highlighted here will be used in the 

following 'open sided cavity' process. 

4.3 Open Sided Cavity 

Fabrication of the open sided cavities was carried out to allow a study of confined 

lateral selective epitaxial growth. Unlike the test cavity, the open sided cavity has a 
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fully enclosed ceiling, which allows vertical growth to be confined. The sides of the 

cavity are designed to be open (hence, the term 'open sided') to provide a gas via and 

allow lateral epitaxial growth. When confined selective epitaxial growth is carried out, 

the epitaxy is expected to grow from the silicon seed situated at the centre of the cavity 

and overgrow laterally over the oxide and out of the side of the cavity. The open sided 

cavity will be fabricated using the techniques developed from the test cavity 

experiments. Figure 4.12 shows an illustration of the open sided cavity. 

Fig. 4.12 3D view of an open sided cavity highlighting the opening on the sides of the 

cavity. The image also shows the silicon seed window in the cenfre, under the cavity. 

4.3.1 Fabrication Process 

The open sided cavity fabrication process begins with a thermal oxidation process 

which grows 200 nm of oxide. A seed window is then opened by dry etching. This is 

followed by a dry oxidation process which grows a thin oxide layer of about 30 nm 

(figure 4.13(a)). This dry oxidation step also consumes any surface damage that is 

caused by the dry etch process [100]. A layer of polysilicon, 500 nm thick, is then 

deposited. This forms the sacrificial layer, which is later etched. For the shell of the 

cavity, a triple layer consisting of LTO - silicon nitride - LTO is deposited (figure 

4.13(b)), as used in the test cavity process. Next, the sides of the cavity are then dry 

etched. This is then followed by an isotropic SFg dry etch to remove the polysilicon 

sacrificial layer. As a comparison, a wet KOH etch was also carried out on a test wafer. 

Finally, the thin oxide protecting the seed window is removed using an isotropic dry 
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etch process (figure 4.13(c)) after which selective epitaxial growth is carried out. A fiill 

process listing can be found in the appendix. 

thin oxide 

.y 
substrate 

(a) 

substrate 

(b) 

sacrificial etch 

substrate 

(c) 

Fig. 4.13 Open sided cavity process, (a) Oxide deposition and patterning, followed by 

thin oxide growth, (b) Polysilicon followed by LTO deposition, (c) Polysilicon 

sacrificial layer etch followed by thin oxide removal. 

4.3.2 Results of Open Sided Cavity Fabrication 

4.3.2.1 Sacrificial Layer Etch 

Figure 4.19 shows an open sided cavity after a polysilicon sacrificial layer etch, where 

the cavity structure can be seen to be hollow and fi-eestanding. In the open sided cavity 

process, the sacrificial layer etch was carried out by dry etch (i.e. SFe) and wet etch 
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methods (i.e. KOH). For the test cavities, the use of SFg resulted in the complete 

removal of the polysihcon sacrificial layer, as was the case with the test cavities. The 

use of KOH in the open sided cavity process also resulted in the complete removal of 

the polysilicon sacriScial layer. However, it was observed that once all of the 

polysilicon sacriScial layer has been etched, many of the cavities were found to suffer 

from stiction. The susceptibihty of the cavity to stiction using KOH was found to be 

dependent on cavity size. Examination of the open sided cavities after etching show 

that the majority of the large cavities were affected by this problem. These are cavities 

measuring greater than 50 x 6 pim .̂ However, smaller cavities, measuring smaller than 

1 0 x 1 0 pm^, were found to be unaffected. This indicates that the susceptibility of a 

cavity to stiction is to a great extent dependent on size. Figure 4.15 shows a cavity 

which suffers S-om the problem of stiction. 

It is well known that wet processing methods, such as KOH, cause such problems and 

several techniques can be used to overcome this issue (e.g. phase-change release 

methods). However, these methods require special preparation of chemicals and 

apparatus. As a test to conGrm that wet processing is indeed the cause of stiction, an 

SFe-etched wafer with open sided cavities was dipped in deionised water for 3 minutes. 

The result of this was stiction similar to that after KOH etching. This highlights the 

unsuitabihty of the KOH as an etchant for the open cavity process. It also highlights a 

bigger problem, which is the inability to use wet processing (e.g. RCA clean) after the 

open sided cavity is fabricated. RCA clean is an important process, which is carried out 

prior to epitaxy growth to ensure good quahty epitaxy. One method, which has been 

implemented to overcome this problem, is to carry out an RCA clean prior to the 

sacrificial layer etch, and to then immediately load the wafer into the epitaxy machine 

once the etched has been carried out. This is done to minimise the possibihty of 

contamination. 
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Cav i t y 
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Fig. 4.14 An open sided cavity follov^ing an SFg sacrificial layer etch. 

10pm 
EHT = 20.00 kV WD = 11 mm 

Date :10 Jul 2002 
Time :10:0138 

Fig. 4.15 Open sided cavity following a KOH etch. Larger cavities such as the one 

shown above were found to suffer from stiction. 

4.3.3 Warping 

The use of the LTO/nitride/LTO tri-layer sandwich in the open sided cavity process has 

been found to give both rigid and warped structures. The rigidity of the structures was 

found to be dependent on the size of the cavities. The open sided cavities can be 

divided by size into two groups - large cavities (measuring >6x50 pim )̂ and small 
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cavities (measuring <10x10 p,m ). All of the small open sided cavities were found to 

be free &om warping. Of the large open sided cavities, a few were found to suffer 6om 

warping. This is despite the use of the LTO/nitride/LTO sandwich layer. Table 4.2 

summarises this result. The table shows that the maximum open sided cavity that can 

be built without any indication of warping is 6 x 160 ^m^. Some of the cavities that are 

9x 160pm^ in size were found to be warped, however, others were found to be rigid. 

All of the cavities larger than 12x 160 ^m^ were found to be warped. This result shows 

that rigid ^eestanding open sided cavities can be successfully fabricated using the 

process above, but it is limited to a size of 6x 160 p,m .̂ Figure 4.16 shows an SEM 

image of a 45 |im long open sided cavity that is 6ee 6om warping. 

Type Size ( îm ) Warped 
6x50 No 
9x50 No 
12x50 No 
14x50 No 
15x50 No 
6x 160 No 
9x160 Some 
12x160 Yes 
14x160 Yes 
15x160 Yes 

1x1 No 
2x2 No 
3x3 No 
5x5 No 

10x10 No 

Large Cavities 

Small Cavities 

Table 4.2 Open sided cavities that are warped / not warped. 6x 160 p,m^ is the 

maximum cavity size that can be built without being effected by warping. 

The reason for the warping is likely to be due to non-uniform stress distribution in the 

material. This is clearly shown in the case of the test cavities made 6om LTO only. In 

theory, the cavity ceiling can be represented as a cantilever beam Gxed at one end. As 

the cavity is made from a single type of material, it should not exhibit any signiGcant 

warping if its intrinsic stress is uniform as any expansion should occur in the 
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longitudinal direction. However, if the stress in the material is non-uniform then any 

material expansion will result in warping. In the case of the LTO cavity, the bending of 

the cavity ceiling is an indication that the intrinsic stress of the material is non-uniform. 

This is clearly visible in the SEM images and from optical inspection using a Nomarski 

filter. 

Date :24 Jul 2002 

Tim* :11)43A4 
WD = 11 m m EHT = 20̂ K\/ 

Fig. 4.16 Open sided cavity with level ceiling. Cavity length is 50 jxm. 

4.3.4 Summary 

The results of the open sided cavity experiments show that the size of the open sided 

cavities (etched by SFg) should be limited to a maximum of 6 x 160 )a.m ,̂ as cavities that 

are larger than this are susceptible to warping. The results also show that the use of a 

wet KOH sacrificial etch causes stiction problems and therefore, dry etch methods, 

such as SFg should be used instead. However, KOH can be used in the open sided 

cavity process if the cavities measure less than 10 x 10 pm^. In addition to this, wet 

cleaning methods such as RCA also need to be avoided after a sacrificial etch is done in 

order to avoid stiction problems. Instead, dry cleaning methods should be used. Within 

the limits outlined in this summary, open sided cavities that are suitable for confined 

lateral epitaxial growth can be successfully fabricated. 
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4.4 Silicon on Insulator (SOI) Cavity 

Confined lateral epitaxial growth is achieved using the open sided cavity by the 

overgrowth of silicon from a planar seed window over oxide. As it will be shown in 

chapter 6, the volume of lateral growth is dependent on the growth rates of the silicon 

facets that have a lateral growth component. To achieve a high lateral growth rate, a 

vertical {10 0} plane is highly desirable. However, when lateral epitaxial overgrowth 

develops from a planar seed window, the lateral growing plane that develops is not 

necessarily the {1 0 0} plane. Instead, slower growing planes such as the {3 1 1} or the 

{111} develop. An SOI cavity approach has been developed to try to overcome this 

"faceting" problem by providing a vertical rather than planar seed window. SOI 

substrates provide a possible route to cavity formation within which a silicon sidewall 

that, already in the <1 0 0> direction (i.e. {10 0} plane), can be placed. This should 

result in lateral growth on the {1 0 0} plane, with a growth rate that is similar to 

vertical epitaxial growth in the same experimental conditions. This is illustrated in 

figure 4.17. 

{100} 

{1 1 1} 

3 11} 

substrate 

SOI 
{100} 

CSEG 

{100} 

substrate 

(a) (b) 

Fig. 4.17 Comparison of growth fi-om a (a) planar seed, and (b) vertical seed. The 

{1 0 0} is the fastest growing plane and would be the preferred plane for lateral growth. 

Growth from a {10 0} sidewall ensures that the lateral growth rate (on the {10 0} 

plane) is maximised. 

4.4.1 Fabrication Process 

The wafers used in the SOI cavity fabrication process are n-type 100 mm silicon-on-

insulator wafers. The SOI wafer has a silicon active layer thickness of 2 jim and a 
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buried oxide thickness of 460 nm. To fabricate the cavity, a layer of LTO is first 

deposited, followed by a layer of silicon nitride and another layer of LTO. This forms 

an LTO/nitride/LTO sandwich, as used in the open sided and test cavity processes 

(figure 4.18(a)). These layers are then densified by rapid thermal annealing at 980°C 

for 20 seconds. Next, the wafers are patterned and the LTO/nitride/LTO sandwich layer 

is dry etched. A deep silicon etch using trifluromethane (CHF3) is then used to etch the 

SOI layer, which results in a vertical silicon sidewall (figure 4.18(b)). The SOI layer is 

then etched back using an isotropic SFg dry etch (figure 4.18(c)), several wafers were 

also etched using a wet KOH process. Unlike the test and open sided cavity processes, 

the SOI cavity process does not require the use of a polysilicon sacrificial layer, 

instead, the etch removes part of the SOI layer to provide a cavity and a single crystal 

seed. This process is then followed by an etch damage removal (EDR) to remove any 

defects caused by the dry etching [100], before epitaxial growth is carried out. Figure 

4.18 illustrate the SOI cavity fabrication process. 

(a) 
SOI 

substrate 

(b) 
SOI 

substrate 

(c) 
SOI < -

etch 
back 

substrate 

Fig. 4.18 Cavity fabrication process using SOL (a) Deposition of LTO/nitride/LTO 

sandwich layer, (b) Dry etch of sandwich and SOI layer, (c) Etch back of SOI layer by 

an SFe dry etch. 
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4.5 Results of SOI Cavity Fabrication 

4.5.1 SacriGcial Layer Etch 

In the test and open sided cavity processes, the SFg dry etch was successfully used to 

remove the sacrificial layer. In the SOI cavity process, a complete removal of the SOI 

layer is not required, instead the single crystal layer only has to be partially etched back 

to form a cavity. The use of the SFg isotropic dry etch back process was found to be 

suitable for the etch-back of the SOI layer, as shown in Ggure 4.19. This etch was 

carried out for 60 minutes, and corresponds to an etch-back distance of - 8 p,m. 

Although the SFg successfully removed sihcon crystal sihcon without damaging the 

cavity LTO, the surface of the sidewall after etching was found to be very rough and 

roughness of the sidewall seed is problematic to both device properties and the 

development of lateral epitaxial growth (see section 6.6). Inspection of the sidewall 

before the etch-back revealed that the surface of the silicon sidewall was already rough 

and rippled. The rippling on the sidewall is attributed to ripples that are present on the 

photoresist, a common problem in fabrication [101]. These ripples are translated onto 

the SOI sidewall during the deep sihcon etch. The roughness that is observed on the 

sidewall is believed to be a characteristic of the deep silicon etch process (CHF3). 

Qualitative comparison of the sidewall before and after the etch-back shows the 

sidewall to be rougher after the SF^ etch, indicating that the SFe increases the roughness 

of the SOI sidewall. Section 4.5.2 will look at several possible solutions to this problem 

in more detail. 
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Fig. 4.19 SOI cavity following an SFg sacrificial layer etch. 
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Fig. 4.20 SEM of SOI sidewall after 30 minute SFe etch back. The sidewall is visibly 

rippled. 

When KOH was used to etch back the sacrificial layer in the SOI cavity process, the 

etch-back proceeded anisotropically along the crystal plane of the silicon on insulator 

layer. For features oriented along the <1 0 0> direction, the etch-back proceeded along 

the {1 0 0} plane, as shown in figure 4.21(a). However, for features oriented along the 

<1 1 0> direction, the etch-back proceeds along the {111} plane, resulting in an etch 

back profile such as that shown in figure 4.21(b). 
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Unlike with the open sided cavities none of the SOI cavities suffered from stiction 

problems. This is mainly due to the relatively short depth of the SOI cavities (i.e. < 8 

|im) when compared to the length of the open sided cavity (i.e. up to 160 ^m). In terms 

of roughness, the silicon sidewall which has been etched back was seen to be smoother 

than the original sidewall, indicating that the KOH etch has the effect of smoothing, or 

planarising, the silicon surface. 

<100> <11 0> 

\ 
A 

etch front 

\ / 

etch front 
sidewall 

sidewall 

J/ 

cross section 

cross section \ 

{ 1 1 0 } SOI { 1 1 0 } 

substrate 

{ 1 0 0 } SOI < { 1 0 0 } 

substrate 

cross section cross section 

(a) (b) 

Fig. 4.21 KOH etch back from (a) a {110} sidewall results in a faceted sidewall 

whereas (b) etching a {1 0 0} sidewall results in a vertical sidewall. 

4.5.1.1 Etch Back Uniformity 

Etch-back uniformity was not an issue in either of the test or open-sided cavity 

processes because the sacrificial layer is completely removed in those processes. 

However, uniformity becomes an issue in the SOI cavity process as the etch-back 
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defines the depth of the cavity and this must be accurately known for device design. 

In the lateral HBT fabrication process, the position of the transistor base has to be 

aligned accurately under the base contact window during selective epitaxial growth. 

One of the factors that determines the accuracy of the base placement is etch back 

accuracy. If the amount of etch back can be reliably known, then the base can be 

positioned provided the epitaxial growth rate is also accurately known. The precision of 

the etch back can be determined by looking at its uniformity. To do this, the amount of 

etch back, carried out using SFg, of various cavities across the wafer was examined. 

The results of these measurements are shown in figure 4.22. The results show that the 

amount of etch back is dependent on the thickness of the SOI layer. The relationship 

between the two features was found to be linear, as highlighted by the straight line of 

best-fit added to the figure. As there would be no etching if the thickness of the SOI is 

zero, the best fit line passes through zero of the x and y-intercepts. From the slope of 

the best fit, the etch rate dependence on SOI thickness was found to be 0.12 min'\ The 

error bars indicate the accuracy of the etch-back measurement when examined by SEM. 

At 2pm feature size distance measurements have an error of+/- 60 nm. 
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Fig. 4.22 Graph showing etch back dependence on SOI thickness. 

87 



The graph shows that there is a linear dependence between the etch rate and SOI 

thickness, which means that any variation in the thickness of the SOI layer will have an 

effect on the etch back. The thickness of the active layer of the SOI wafers used in this 

work varies +/- 250 nm around an average thickness of 2 p,m. This means that the etch 

rate could vary by +/- 30 nm/mui. In the lateral transistor design, the amount of etch 

back that is required is 0.5 jim. This corresponds to an etch time of 125 seconds for an 

average SOI thickness of 2 p,m. With the uniformity stated above, carrying out an etch 

back for this amount of time will result in a variation of etch back between 440 nm and 

560 nm. Hence, an extra tolerance of 120 nm has to be taken into account when 

deciding on the minimum basewidth that is acceptable in the lateral bipolar transistor 

design. 

4.5.2 Silicon Sidewall Ripple Reduction 

In the SOI cavity process, severe rippling was observed on the silicon sidewall after 

etch-back. The surface condition of a silicon seed is a factor which greatly affects the 

quality of epitaxial layers. The importance of surface quality is highlighted in section 

6.7, where it is shown how epitaxial growth A-om a rough vertical seed results in 

rippled epitaxial layers with slow and unpredictable growth rates. In comparison, 

epitaxy on a smooth horizontal seed window is found to give good epitaxial quality 

with two dimensional growth and relatively fast and predicable growth rates. In order 

to achieve satisfactory lateral epitaxial growth &om a vertical seed window, the 

roughness or ripples on the vertical silicon seed has to be reduced or eliminated. In fact, 

the vertical seed has to be "epi-ready". In this section, several silicon rippling reduction 

methods are examined. 

Resist sidewall rippling is a problem that can occur in semiconductor processing. The 

irregular rippling, in both width and depth, on the resist sidewaU often result in 

striations and roughness on the sidewall of the etched layer [101]. The seriousness of 

the problem is largely dependent on the device or structural requirements, and is often 



only an issue if the quality of an etched sidewall is of importance (e.g. micro-mirrors, 

epitaxy, vertical MOS) [101, 102]. The reticulation on the resist sidewall is due to 

stress caused by the shrinking of the resist during post-exposure bake, a result of 

insufBcient curing. In addition, reticulation can also occur due to interference Singes 

along the resist sidewalls in conventional lithography [102]. 

Four ripple reduction methods were examined in this work. The first, second and third 

methods involve carrying out speciSc processing steps after the silicon sidewall has 

been deGned. The third method proposes a different method to fabricate the silicon 

sidewall. 

The first method uses a combination of oxidation and wet etching to achieve smoother 

siHcon sidewalls. The idea behind this method is that any protruding edges on the 

sidewall will oxidise at a faster rate than a flat surface, and this should have the effect 

of smoothing the rough surface. The process requires the wafer to be oxidised at 950°C 

in wet O2 for 20 minutes. This process grows -60 nm layer of oxide. This is then 

dipped in 7:1 buffered HF for approximately 45 seconds, which removes the grown 

oxide. Simulation results suggested that this process could reduce the magnitude of 

rippling by 50%, from 80 nm to 40 nm 

The second rippling reduction method makes use of the anisotropic KOH wet etch. In 

this work, the sihcon sidewall is orientated to the {1 0 0} plane and it ought to be 

possible to exploit anisotropic etching to reveal the (1 0 0} facet. During anisotropic 

etching etch &onts should progress to reveal facets belonging to the slowest etching 

planes. In the case of the silicon sidewall orientated to the { 1 0 0} plane, surface 

roughness composed of higher-index facets can be etch more rapidly than the {1 0 0} 

plane. Provided the surface is not so rough as to cause the occurrence of other lower-

order factes (e.g. (3 1 1} or {1 1 1}), anisotropic etching can^ in principle, be used to 

produce a flat {10 0} vertical seed. Total etch time was 2 minutes in KOH at 70°C. 

The third method used KOH with the addition of methanol. It is similar to the KOH wet 

etch process, and has been used at SUMC in NMOS processing to give smooth silicon 

etched layers. This etch was carried out for 2 hours at 28°C. The long etch time (in 

comparison to the KOH etch) is due to the low temperature of the KOH + methanol 
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etch, which was necessary due to safety reasons. 

The fourth method makes use of a hard mask to reduce the rippling. The fabrication 

process of the mask, which is shown in figure 4.23, does not rely on dry etching to 

define its geometry. Instead, it is defined by wet etching. This is done to avoid 

translating the ripples in the photoresist sidewall onto the hard mask. The hard mask is 

prepared by first depositing a layer of oxide (300 nm). It is then patterned by wet 

etching using 7:1 buffered HF, which creates a sloped undercut below the photoresist. 

A blanket layer of nitride is then deposited and dry etched. This leaves a nitride fillet at 

the edge of the oxide hard mask. Using the hard mask, the exposed silicon layer is then 

dry etched to produce a siUcon sidewall. 

i i \|/ 

(a) 

dry etch 
\|/ \|/ xtf 

(c) 

photoresist 

substrate 

(b) 

SOI 
siliccm sidewall 

substrate 

(d) 

Fig. 4.23 Fabrication of silicon sidewall using hard mask, (a) Oxide deposition, (b) Wet 

oxide etch under photoresist, (c) Nitride deposition followed by blanket dry etch, (d) 

Silicon dry etch using oxide hard mask. 

4.5.2.1 Results 

Figure 4.24(a) shows an SEM image of a silicon sidewall before any rippling reduction 

is carried out, while figures 4.24(b) to 4.24(d) show the surfaces of silicon sidewalls 

after each rippling reduction experiment. Each image is typical of the quality of all 

silicon sidewalls after each process is carried out. All of the images show the <1 0 0> 
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oriented sidewall as it is the plane of most interest in this work. 

In this experiment, the silicon sidewall was evaluated qualitatively &om SEM 

observations. Unfortunately, attempts to quantitatively measure the ripples by atomic 

force microscopy (AFM) have so far been unsuccessful as the AFM is unable to take an 

accurate proGle of a sihcon sidewall. Attempts to estimate the sidewall ripples &om a 

surface profile have also been unsuccessful due to the large height differences between 

the top and bottom of the sidewall. 

Figure 4.24(b) shows the surface of a silicon sidewall after a wet oxidation + buffered 

HF process. The magnitude of the ripples on the sidewall appear to be reduced when 

compared with those in figure 4.24(a) (i.e. before rippling), indicating that the 

roughness has been reduced. However, sharp linear features, can still be observed in the 

image which indicate that the wet oxidation + buffered HF process does not sufGciently 

remove the rippling on the sidewall. 

In comparison, figure 4.24(c) shows how the rippling reduction experiment using KOH 

for 5 minutes results in sihcon sidewaUs that are very smooth with no signs of ripphng. 

The depth of the etch back after 5 minutes was found to be —500 nm. Similar results 

were also obtained using KOH + methanol, as show in Ggure 4.24(d). However, some 

striations on the silicon sidewall can be seen, indicating that some rippling is still 

present. The depth of the etch back after 2 hours was found to be -200 nm, less than 

the KOH etch. Although not totally smooth, the result of the KOH + methanol etch is 

promising and further etching may remove the rippling entirely. 

The result of the fourth rippling reduction experiment, which makes use of a hard mask 

to form ripple fi-ee SOI sidewalls, is shown in figure 4.24(e). The SEM image shows 

that the hard mask process was generally unsuccessful. The deep silicon etch was found 

to have completely remove the hard mask layer, which indicates that the thickness of 

the hard mask (300 nm) was insufficient in protecting the masked SOI layer j&om being 

etched. In addition to this, the rippling on the SOI sidewall shows that the process is 

unsuited to give rippled &ee layers. Further optimisation of the hard mask technique 

may give better results, however, due to the good result obtained using the KOH etch, 

this was not carried out. 
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Fig. 4.24 Silicon sidewall (a) before rippling reduction, (b) after wet oxidation + 

buffered HF dip. (Figures continue following page) 
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Fig. 4.24 Silicon sidewall (d) after KOH etch, (c) after KOH + methanol etch, (e) 

prepared by hard mask technique. 

The results above show that the KOH etch process was found to be the best of the 

ripple reduction methods at removing the silicon ripples on the sidewall. In order to 

remove the ripples, the silicon sidewall has to be etched back by at least 500 nm. The 

etch rate of the KOH etch (i.e. 100 nm/min) is advantageous for this purpose as it 

allows a precise etch back to be carried out. As etch back is already required in the 

lateral transistor fabrication process the KOH etch can be used as a combined etch 

back, ripple reduction step. Although the other etch processes were not able to 

completely remove the sidewall rippling, each process was able to reduce rippling to 

some extent, with the exception of the hard mask technique. 
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4.5.3 Warping 

Warping was in issue that affected the test and open sided cavities to varying degrees, it 

is also a problem for SOI cavities. Figure 4.25(a) shows an 8 p,m deep SOI cavity with 

a ceiling that is warped by ~ 350 nm. The majority of SOI cavities have been found to 

be affected by this problem. However, the problem is minimised if a shallow etch-back 

is carried out, etch-backs of ~2 )j.m (figure 4.25(b)) result in no visible warping while 

providing cavities large enough to produce lateral HBT devices. 

• a iiiitMii*'':' 

EHT" 20.00 kV WD = 17 mm Dale :29 Jul 2002 j g f r ; 
Time =10:19:22 T ™ : 

(a) 
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Time :11:43:13 Mmg- 851 KX 

(b) 

Fig. 4.25 (a) 8 pm SOI cavity with a slightly warped ceiling (b) A 2 p,m SOI cavity 

with flat ceiling. 

94 



4.5.4 Summary 

The SOI cavity process was established as an alternative route to conGned lateral 

epitaxial growth. With the SOI cavity, the silicon sidewall serves as the seed for the 

growth, removing the need for lateral epitaxial overgrowth &om a planar seed window, 

as is the case with the open sided cavities. The fabrication results presented in this 

section show that both SFg and KOH can be used in the etch-back process. However, 

the latter is preferred as it removes rippling on the silicon sidewall, an inherent problem 

with the photolithographic process. Shallow etch-backs of up to 2 jim have been found 

to give SOI cavity structures that do not suffer &om stiction or warping problems, and 

this is well within the speciGcation needed for a lateral device. 

4.6 Conclusion 

In this section, three types of cavities have been fabricated. They are the test cavity, 

open sided cavity and SOI cavity. Of the three, the two latter cavities can be used for 

fully conGned lateral selective epitaxial growth. The differentiation between the open 

sided cavity and the SOI cavity is the former allows confined growth to be carried out 

&om a planar seed window, while the latter allows growth 6om a vertical (sidewall) 

seed. In this work, several speciGc aspects of cavity fabrication were examined in 

detail, this includes sacrificial etching, warping and sihcon sidewall rippling reduction. 

For sacriGcial etching, the use of both SFg dry etch and wet KOH etch process were 

generally found to be suitable for the removal of the polysilicon or silicon sacriGcial 

layer. However, the use of KOH was limited by stiction, and thus, should only be used 

in fabricating small sized cavities. Warping was a problem that affected all of the 

cavities. Initial use of densified low temperature oxide as the cavity material was found 

to be insufficient in providing warp &ee cavity structures. However, the use of an 

LTO/nitride/LTO sandwich layer greatly minimises this problem and hence, was 

implemented in all of the cavity designs. Silicon sidewall rippling was an issue that 

only concerns SOI cavities. Several ripphng reduction methods were examined in this 

work, and out of these, the use of an anisotropic wet KOH etch process was able to 

significantly minimise the amount of rippling. 
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Chapter 5 

Selective Epitaxial Growth using SiH^ 

At Southampton University Microelectronics Centre, selective epitaxy growth has 

mainly been carried out by low pressure chemical vapour deposition with silane as the 

only source gas. This process has been used to grow high quality epitaxial layers with 

good selectivity. It has also been found reliable and reproducible, and has been used in 

many successful device fabrication processes [58, 103, 104]. In this work, the SUMC 

silane only epitaxy process is examined to determine its feasibility in meeting the 

requirements for confined selective epitaxial growth. These requirements are thick 

epitaxial lateral growth, good selectivity, low thermal budget, good uniformity and 

good epitaxial quality. Some of these requirements have already been examined to a 

certain extent by Bonar aZ. [46, 49, 105], however, these earlier experiments with 

silane only selective epitaxial growth were mainly focused on the growth of thin layers 

for vertical devices (i.e. vertical BJTs and HBTs). In this chapter, the use of the silane 

process for thick epitaxial growth and lateral growth will be examined. 

5.1 Epitaxial Growth 

Several experiments were carried out to examine the feasibihty of thick selective 

epitaxial growth using silane. All growths were carried out at 980°C at a pressure of 
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1 Torr. These growth conditions were chosen as previous growth studies have shown 

that epitaxial growth at these temperatures and pressures provide the best epitaxy 

quality and selectivity [46]. Growths were carried out for 5, 12, 20 and 30 minutes. All 

of the wafers were prepared for the epitaxial growth as described in section 3.4. 

5.2 Results 

In this work, the epitaxial layers were examined by Nomarski optical microscopy and 

scanning electron microscopy (SEM). Figure 5.1 and 5.2 show the surface of wafers, as 

viewed by the Nomarski, after 20 and 30 minutes of growth, respectively. In both 

growths, single crystal epitaxy was observed in the seed windows, identifiable by the 

smooth morphology of the grown layers (although not shown here, the epitaxial layers 

produced by the 5 and 12-minute growths were found to be of similar quality). 

Although generally smooth, epitaxial material situated close to oxide sidewalls is found 

to be rippled. These ripples are seen in all growths, and are a result of an interaction 

between the epitaxial growth front and the oxide sidewall; in particular the ripples in 

the epitaxy are seen to correspond to the rippling of the sidewall that is caused by 

pixilation of the photoresist. 

Fig. 5.1 Nomarski image of selective epitaxial growth using silane after 20 minutes at 

980°C and ITorr. Selectivity is excellent but defects in the epitaxial growth can be 

seen. 
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Fig. 5.2 Nomarski image of selective epitaxial growth using silane after 30 minutes at 

980°C and 1 Torr. Selectivity is very poor and defects can clearly be seen in the 

epitaxial growth. 

5.2.1 Selectivity 

Examination of wafers after 5, 12 and 20-minutes of epitaxial growth confirmed the 

silane-only process to be completely selective. This is clearly evident, as all oxide 

covered areas are found to be fi-ee from any polysilicon deposition. This result concurs 

with the findings of Bonar [105], and indicates that the selectivity for the silane-only 

epitaxial growth process can be maintained for a minimum of 20 minutes. However, for 

the 30-minute growth, selectivity was found to have been lost, as indicated by the 

presence of a high density of polysilicon islands on the oxide. Closer examination of 

the oxide surface by SEM reveals that the features observed by Normarski actually 

consist of both polysilicon islands and oxide pits. The island density is seen to be very 

high, as can be observed from figure 5.2. The poor selectivity of the long epitaxial 

growth is to be expected, as the silane only process does not have an etching 

component to help maintain selectivity, unlike Si-Cl based epitaxy processes such as 

DCS/HCl/Hz. 

The cause of the oxide pitting is due to the desorption of silicon dioxide. This 

commonly found to occur at temperatures greater than 950°C. This desorption feature 
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of silicon oxide is in many ways fortunate as it allows thin "RCA oxides" to be 

removed by heating prior to epitaxy. The desorption of oxide occurs by the reaction 

[106], 

+ &O2 (^) ^ 2&0(g) (5.1) 

where 5"% is silicon, is silicon dioxide and .S'zO is silicon monoxide. The reaction of 

silicon with silicon dioxide forms sihcon monoxide, a highly volatile gas, which is 

removed 60m the epitaxial reactor by convection. When this occurs, it leaves behind 

pits on the oxide and is exacerbated by long growth times. 

The results here show that epitaxial growth using silane is selective up to 20 minutes. 

However, growth loses selectivity between 20 and 30 minutes which indicates that the 

incubation period of the growth on oxide, at the conditions used, lie between 20 and 30 

minutes. 

The existence of this incubation period hmits the selective epitaxial growth duration, 

which in turn restricts the thickness of vertical or lateral growth. For certain 

applications where long growth times are not required, such as in the fabrication of 

vertical bipolar transistors [58], this limitation is not generally a problem. However, 

long epitaxial growths are often required and are particularly needed for the fabrication 

of lateral bipolar transistors (see section 7.2). The amount of lateral growth that can be 

achieved is therefore dependent upon the lateral growth rate and the incubation period, 

for long selective epitaxial lateral growths both incubation times and lateral growth 

rates need to be maximised. 

The length of the incubation period depends on a number of factors including growth 

temperature, pressure and source gasses [105, 107, 108]. With the silane only epitaxy 

process, the variables that can be changed to influence the incubation time are pressure, 

temperature and flow rate. However, the epitaxy process used in this work is aheady 

highly optimised and hence, it is not possible (or at least, without considerable 

development time and resources) to significantly increase incubation time without 

causing adverse effects such as degradation in epitaxial quahty. 
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5.2.2 Epitaxial Quality 

Examination of the 20-minute growth by Nomarski shows the epitaxy to be of good 

quahty. This was inferred 6om the morphology of the epitaxial surface, which was 

largely smooth and largely featureless. These are strong indications of good epitaxial 

quahty. However, some defects can be seen on the epitaxy surface in the form of 

circular pits. Although defects can degrade device performance, the density of these 

defects is low (<1x10^ pits/cm^) and should not prevent the fabrication of working 

devices. The epitaxial layer produced by the 30-minute growth was also found to be of 

good quality, despite its poor selectivity. If selectivity was not an issue, this result 

shows that good quality epitaxy can be provided for at least 30 minutes using the silane 

only process. 

5.2.3 Vertical and Lateral Growth 

An important factor determining the suitability of a process for lateral growth is the 

growth rate. In section 5.2.1, the silane only epitaxy process was found to be hmited, in 

terms of selectivity, to window of less than 30 minutes. The incubation period limits 

the thickness of the growth that can be carried out, however, in order to determine the 

maximum growth that can be achieved before it loses selectivity, a Ggure for growth 

rate has to be obtained. In this section, vertical and lateral growth rates 6om seed 

windows are examined. To measure growth rate, the thickness of the epitaxial growth 

layer was measured by cross-sectional SEM. The thickness was measured 6om the 

base of the seed window to the top of the epitaxial surface. Vertical growth rate, Gx 

was calculated by the formula. 

=— nm/min (5.2) 
1̂/ 

where 7 is the thickness of the epitaxy(in nm) and is growth time (in minutes). 

If lateral epitaxial growth is obtained, its growth rate, is measured using the 
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formula, 

Gr =— nmymin 
t, 

(5.3) 

Where L is the extent of lateral growth (in nm) and ti is the lateral growth time (in 

minutes). Figure 5.4 shows how T and L are obtained. For consistency, all 

measurements were made at the central region of the wafer. As this growth was carried 

out at 980°C, clearly in the mass transport limited region [46], uniformity is expected to 

be within 3% across the wafer. 

Fig. 5.3 Selective epitaxial growth using silane only after 20 minutes. Epitaxy thickness 

is 550 nm. 

Figure 5.3 shows an oblique SEM image of selective epitaxy after 20 minutes of 

growth. The thickness of the epitaxial growth was found to be 550 nm. For the 5 and 

12-minute growths, the thickness was found to be 150 nm and 350 nm, respectively. 

This gives the epitaxy process an average growth rate of 28 nm/min. For the 5 and 12-

minute growths, no lateral growth was achieved as the thickness of the epitaxial layer 

was thinner than the 460 nm oxide layer. Lateral overgrowth was also not obtained with 

the 20-minute growth. Although the thickness of epitaxial growth was greater than the 
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oxide layer (i.e. 550 nm), the formation of the {3 1 1} plane has prevented the lateral 

growth. Epitaxial growth in both <1 1 0> and <1 0 0> oriented seed windows were 

fbnnd to be very similar in terms of thickness. 

In order to achieve lateral growth, the fourth growth experiment was extended to a total 

time of 30 minutes. In addition to this, the thickness of the oxide layer was reduced 

&om 460 nm to 200 nm to allow epitaxial growth to begin earlier in the growth process. 

The result of this growth is shown in Ggure 5.4 and Ggure 5.5. After 30 minutes, the 

thickness of the epitaxial growth, in a <1 1 0> oriented seed window, is 860 nm. The 

lateral growth, Z, measured 6om the side of the oxide window is 500 +/- 50 nm, which 

gives a lateral growth rate of 11 nm/min. This calculation assumes that lateral growth 

only conmiences when epitaxy reaches the top of the seed window. This gives a 

vertical to lateral growth ratio of 2.5:1. The lateral growth rate is initiaUy determined 

by the growth rate of the {3 11} plane, and then by the grovyth rate of the {1 1 1} 

plane. Different sihcon planes will have different growth rates, dependent upon the 

atomic density of the plane, the nature of the surface bond reconstruction and the 

process conditions. The {111} plane has a higher atomic density than the {3 1 1} and 

{10 0} planes, and a consequence has the slowest growth rate of the three planes. As a 

result of the formation of slower growing facets, such as the {3 11} and {1 1 1}, the 

rate of lateral growth j&om a horizontal seed can be significantly reduced. 

In theory, growth in <1 0 0> oriented seed windows should not form facets, and it is 

therefore interesting to determine the lateral growth rate of epitaxy grown in these seed 

windows. Figure 5.6 shows such a growth. The thickness of the epitaxial growth was 

found to be 860 nm, the same as the thickness in <1 1 0> oriented seed windows. 

Although no distinct facets are formed (other than the planar {1 0 0}), the amount of 

lateral growth was found to be similar to that 6om the <1 1 0> oriented seed windows 

at 530 +/- 50 nm. This result shows that the orientation of the seed window has only a 

small effect on the lateral growth rate of the epitaxy. 
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Fig. 5.4 SEM image showing 500 nm of epitaxial lateral overgrowth (ELO), and 

860 nm of vertical growth (tseg). The image also shows the severe oxide undercutting 

caused by the lateral epitaxial growth over the oxide. 
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Fig. 5.5 Faceting of growth using silane only after 30 minutes. The fastest growing 

plane is the {1 0 0} followed by the {3 11} and {1 1 1}, the slowest growing plane. 
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Fig. 5.6 Epitaxial growth after 30 minutes in a <1 0 0> oriented seed window. No 

distinct faceting other than the planar {1 0 0} is observed. 

As the gas used in this process consists only of silane, control over the development of 

facets is limited to changes in other variables such as temperature and pressure. 

However, changes in temperature and pressure can lead to significant changes in 

epitaxial quality, selectivity and growth rate so these possible routes were not explored 

in this work. An alternative method with which to control the development of facets is 

by changing the silicon / chlorine gas ratio in chlorosilane systems [64]. This 

possibility and a number of other factors led to an exploration of chlorinated source 

gasses as this would not only allow some control over faceting but would also allow 

additional control over selectivity. Such a process is presented in the following chapter. 

In addition to the problem of faceting, figure 5.4 also shows that the lateral epitaxial 

overgrowth process causes the loss of oxide in areas underneath the lateral growth, as is 

evidenced by the tapered oxide layer seen close to the seed window. The cause of this 

is believed to be similar to the problem of oxide pitting (described in section 5.2.1) due 

to the reaction between silicon and silicon dioxide at high temperatures (equation 5.1). 

As with oxide pitting, this problem can be minimised by a reduction in growth 

temperature. Similar 'etching' was also found in the 30-minute epitaxial growth 

sample. Etching is only observed in the Si/Si02 sidewall area as shown in figure 5.7. In 

this area, at least 80 nm of the oxide is found to be 'etched' on both sides of the 

104 



sidewall. This etching creates several problems, one of which is the enlarging of the 

silicon seed window. Although it is not a significant problem in this experiment, in 

fabrication processes that require growth in small windows or have tight alignment 

tolerances, this problem may not be tolerable. Oxide loss is likely to be significant for 

confined lateral epitaxial growths in cavities, where the walls of the cavities tend to be 

thin (~300nni). As this problem is directly related to temperature, carrying out epitaxial 

growth at lower temperatures would be highly beneficial. However, lowering the 

growth temperature of the silane-only epitaxy process degrades the quality of the 

epitaxial layers and makes it difficult to achieve selective growth [46]. 
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Fig. 5.7 80 nm of oxide sidewall is 'etched' during selective epitaxial growth. The 

dashed lines show the original oxide sidewall area. 

5.2.4 Confined Selective Epitaxial Growth 

So far, epitaxial growth using silane has been carried out without "confinement" and in 

ordinary seed windows. In order to determine the suitability of the epitaxy process for 

confined selective epitaxial growth, growth in one of the test cavity structures was 

attempted. The initial attempt at confined selective epitaxial growth was carried out 

using test cavities (see section 4.2) and although these do not confine vertical growth, 
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these "pseudo-confined" growths allowed the post-processing selectivity and epitaxial 

quality to be assessed. The methods used to define the cavities have to provide epi-

ready seed layers and oxides that do not provide silicon nucleation sites. 

The confined selective epitaxial growth was carried out using the same growth 

conditions as the unconfmed selective epitaxial growths (i.e. 0.1 Torr, 980°C, 30 

minutes using SiH4). As with the unconfined growths the selectivity achieved fi-om the 

epitaxial growth in test cavitites, as shown in figure 5.8, was found to be poor as 

indicated by the high density of polysilicon islands on the oxide surface. In addition to 

the poor selectivity, the oxide surface was also found to be pitted. The Nomarski image 

also shows the morphology of the epitaxial growth to be irregular and undulated, a sign 

of poor epitaxial quality. 

Fig. 5.8 Nomarski image after silane only growth on a wafer with test cavities. 

Selectivity is poor as indicated by the high density of polysilicon islands on the oxide. 

Figure 5.9 shows SEM images of confined epitaxial growth in test cavities oriented in 

the <1 1 0> and <1 0 0> directions. The epitaxial growth in the cavity oriented along 

the <1 1 0> direction (figure 5.9 (a)) can be seen to be non-uniform and irregular, 

features consistent with ideas inferred from the Normarski image in figure 5.8. Similar 

observations were also made of confined growth in cavities oriented along the <1 0 0> 
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direction, as shown in Ggure 5.9(b), although the cross-section image shown look to 

have more uniform growth. 

From the SEM images, the average thickness of the epitaxial growth of cavities 

oriented along the <1 1 0> direction was found to be -340 rmi, which corresponds to a 

growth rate of 11.3 nm/min. However, for cavities oriented along the <1 0 0> direction, 

the thickness of the epitaxy was found to be -660 nm, corresponding to a growth rate 

of 22 nm/min. In comparison, selective epitaxial growth with the same 

growth conditions, was found to be 28 nm/min for both <1 1 0> and <1 0 0> oriented 

seed windows (section 5.2.3). This means that the conSned growth has only a third of 

the growth rate of the unconfined growth. Due to the significantly reduced growth rate, 

no significant lateral overgrowth is observed in either cavity orientation. The reason for 

the difference in growth rates for conSned and unconAned growth is difScult to 

determine given the small number of experiments allowed. However, the reduction in 

growth rate and irregularity of the epitaxial growth between cavities seems to indicate a 

local loading effect, where the silicon seed is starved of silicon. However, such growth 

non-uniformities between seed windows were not observed with unconfined growth, 

suggesting that the problem is specific only to confined growth. The conGned growth 

differs G-om the unconfined growth in two important ways. The 5rst, is the effect being 

tested, the confined growth is carried out in cavities. The second is the global silicon to 

oxide ratio. In unconGned growth, the silicon to oxide ratio is estimated to be 17%, 

however, in confned growth this is much higher at -46%, almost three times greater. 

The dramatic increase in the silicon to oxide ratio is a result of the way in which the 

wafer used for confined growth was prepared. The large difference in silicon to oxide 

ratio seems to be the most Hkely reason for the reduction in growth as others have also 

reported similar observations [109]. With a large area of silicon exposed, the sihcon 

acts as a sink for incoming silicon atoms diffusing through the boundary layer. When 

the sihcon area is reduced, the amount of silicon adatoms that are 'collected' in seed 

windows increases, resulting in a higher growth rate. 
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Fig. 5.9 Confined epitaxy growth in test cavities made from LTO. (a) is a cavity 

oriented along the <110> direction, (b) is a cavity oriented along the <100> direction, 

(c) polysilicon deposition on the underside of the ceiling and ends of the cavity. 
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Besides epitaxial growth, polysilicon growth can also be observed inside the cavity. 

Looking at Ggure 5.9(c), polysilicon growth seems to be primarily concentrated at the 

ends of the cavity. Inspection of other cavities on the same wafer also show there to be 

polysilicon growth on the underside of the cavity ceiling. Interestingly, less polysihcon 

was found to nucleate on the cavity floor. There are two possible reasons for 

polysilicon growth - the polysilicon inside of the cavity could simply be non-selective 

growth similar to that observed on the oxide surface, or growth on polysihcon residues 

on the inner walls of the cavity, a result of incomplete etching during the fabrication 

process. The size and density distribution of the polysilicon areas within the cavidy 

indicate that the most likely cause is incomplete polysilicon etching. The higher 

concentration of polysilicon islands on the underside of the ceiling could be a result of 

the rougher surface of the LTO layer (compared to the cavity floor which is thermally 

oxidised), which can act as nucleation sites for island growth. The rougher surface is 

probably due to the deposition of the oxide layer on polysilicon. 

5.2.5 Selective Silicon Germanium Growth 

At the Southampton University Microelectronics Centre (SUMC), heteroepitaxial 

growth of silicon germanium has been carried out at temperatures between 700°C and 

800°C, at a growth pressure of 0.5 Torr. The gas flow rates used for silicon germanium 

growth are 120 seem hydrogen and 30 seem silane, with germane flows varying 6om 

0.5 to 3.0 seem. Germanium j&actions of between 1.8% to 16% have been achieved, 

dependent on the germane flow rate. The SiGe process has been successfully used in 

HBT device fabrication with strained SiGe base widths of <100 nm, including intrinsic 

SiGe spacer layers, with sharp doping proGles and transitions. With the addition of 

diborane, SiGe layers can be doped p-type with doping concentrations of between 

1.5x10^^ cm'̂  to 2x10^^ cm" .̂ The reader is asked to refer to Bonar [46] for more 

detailed information on the SiGe process. 

Although device quahty SiGe layers can be grown at SUMC, so far, the sihcon 

germanium growth based on the silane process produces non-selective layers. The lack 

of selectivity is a direct result of the reduction in growth temperature, which is needed 
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in order to form stable strained silicon germanium layers, and at the same time ensure 

sharp doping proGles and minimise the out diffusion of dopants - all of which are 

necessary for the fabrication of heterojunction bipolar transistors. 

Experiments exploring SiGe selectivity running concurrently to our own have shown 

that reducing temperature 6om 980°C does not allow selective growth while increasing 

the temperature causes germanium segregation [110]. This lack of a selective sihcon 

germanium process renders the silane/germane only selective approaches unsuitable for 

lateral heterojunction bipolar transistor fabrication. 

5.3 Conclusion 

The SUMC silane-only epitaxy processes are proven epitaxial techniques which have, 

in the past, been successfiilly used to fabricate working devices. These includes vertical 

sihcon homojunction bipolar transistors [111, 112] using a fully selective epitaxy 

process, and vertical silicon germanium heterojunction bipolar transistors [58, 103], 

using a combination of selective sihcon and nom-j'e/gcA've silicon germanium epitaxial 

growth. Although the silane only processes have been used to fabricate these devices, 

the requirements needed for the fabrication of lateral heterojunction bipolar devices are 

more stringent, as highlighted in section 2.8. 

The results of the epitaxial growths show that the silane only process is able to produce 

high quahty selective epitaxial layers, of up to 560 nm (28 nm/min). However, growth 

was only found to be selective within an incubation period of up to 20 - 30 minutes, 

beyond which the density of polysilicon islands increases dramatically. Epitaxial lateral 

growth up to 500 nm have also been achieved, however, lateral growth rates have been 

found to be limited by the formation of atomically compact facets such as the {3 1 1} 

and {1 1 1}. For lateral growth, the {1 0 0} is the preferred growing facet as it 

maximises the lateral growth rate. Further studies are required to determine if 

confinement or global loading causes the reduction in growth rate. 

Ih this work, the silane only process was carried out at a high temperature (980°C), and 

110 



produced epitaxial layers of high quality. However, the high temperature encourages 

oxide pitting and causes severe oxide 'etching' at sihcon/oxide sidewall areas. The high 

temperature process also makes it very difBcult to grow strained silicon germanium 

layers without resulting in relaxed layers. So far, strained silicon germanium layers 

have only been successfully grown at lower temperatures This is a big 

problem as selective silicon germanium growth is essential for the fabrication of lateral 

heterojunction bipolar transistors. 

Due to the hmitations of the silane-only process (i.e. short incubation period, high 

growth temperature, oxide degradation and non-selective silicon germanium growth), 

the process was deemed unsuitable for the lateral heterojunction bipolar transistor 

process. As a result of this, a new process based on silane and dichlorosilane has had to 

be developed. The aim behind this process is to use the chlorine-based gas 

dichlorosilane as a means of controlling selectivity. With better control over selectivity, 

the silane + dichlorosilane process should allow growth to be carried out at a lower 

temperature while still retaining good selectivity for a longer period of time. The lower 

temperature is especially advantageous as it would allow strained SiGe growth. This 

novel DCS/SiBL/Hz selective epitaxy process is presented in the following section. 
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Chapter 6 

Selective Epitaxy Growth using 

DCS/SiHVHj 

6.1 Introduction 

This section looks at the selective epitaxial growth of silicon by dichlorosilane and 

silane in hydrogen (DCS / SiH4). The addition of dichlorosilane into the silane based 

process is intended to provide a means of independently controlling the selectivity of 

the epitaxy growth by controlling the Si/Cl ratio. By adding this additional control it 

was hoped that the temperature range for suitable for selective growth could be 

reduced. To the best knowledge of the author, the use of DCS with silane for selective 

epitaxial growth has not been previously reported. 

6.2 Epitaxial Growth using DCS / SiH4 / Hi 

The section of work began with a series of exploratory growth experiments designed to 

determine the feasibility of selective epitaxial growth using dichlorosilane and silane in 

hydrogen. These experiments were intended primarily to explore the range of the 

available parameter space suitable for selective growth. The conditions used in the first 
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experiments were based on the silane-only processes developed in chapter 5, and 

published work on sihcon epitaxy using chlorinated gas sources using similar 

conditions to those within the operational limits of the SUMC epitaxy reactor [46]. All 

growths were carried out at 850°C, significantly lower than the temperature used in the 

silane growth (980°C). This temperature reduction would reduce the process' thermal 

budget and increase the feasibihty of satisfactory SiGe growth. Regolini gf aZ. [55] 

explored selective growth using silane and HCl at base pressures of around 1 Torr and 

describe how the ratio between silicon and chlorine is an important factor which 

determines the selectivity of a growth [55]. Finding a balance between the two, by 

changing the silane or HCl flow rates, is required to obtain good selectivity. In this 

work DCS replaces the HCl, not necessarily to "reverse" the overall reaction, but to 

decrease the net adsorption of sihcon adatoms onto the oxide. 

In the first experiments a short series of growths were carried out for 30 minutes. 

Growths with a 1:2 DCS/silane ratio, with DCS only and with a 1:1 DCS/silane ratio 

were carried out as summarised in Table 6.1. 

Process # Growth Conditions 

1 850°C, 1 Toir, 10 : 20 : 100 seem DCS / SiH4 / Hz 

2 850°C, 2 Torr, 10 seem DCS 

3 850°C, 1 Torr, 10 : 10 : 100 seem DCS / SiH4 / Hz 

Table 6.1 Epitaxial growth conditions using DCS / SiH4. 

6.2.1 Process #1: DCS / SiH^ / H2 at 10 : 20 :100 seem 

The first attempt at selective epitaxial growth was carried out at 850°C, 1 Torr with a 

DCS : SiH4 : H2 ratio of 10 : 20 : 100 seem. The results of this growth are shown in 

figure 6.1 and figure 6.2. The figures show the growth to be completely non-selective 

as indicated by the blanket layer of sihcon on the entire wafer surface. Closer 

examination shows that epitaxial growth is obtained at areas where sihcon is exposed 
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while polysilicon growth is observed on areas where there is oxide. These two areas are 

differentiated based upon the morphology of the surfaces, where polysilicon tend to 

have a grainier surface compared to that of epitaxial silicon, which is smoother when 

observed by Nomarski. 

Epitaxial and polysilicon growths can also be distinguished by cross-sectional SEM 

where the formation of <3 1 1> and <1 1 1> facets on features oriented along the 

<1 1 0> direction indicate epitaxial growth. Cross-section examination of the growth 

shows that the thickness of the epitaxial growth is 1.5 p-m, while the thickness of the 

polysilicon growth is 750 nm. This corresponds to a growth rate of 50 nm/min and 25 

nm/min, respectively. The quality of the epitaxy, shown from figure 6.2, was found to 

be of poor quality. This was inferred from the morphology of the epitaxy surface, 

which was found to have square depressions of various sizes. 

Substrate 

2[jm Signal A = SE1 Date :31 Jan 2002 
EHT = 20.00 kV WD = 8 mm Photo No. = 542 Time :10:38:09 

Fig. 6.1 Cross-section SEM image showing non-selective growth. Epitaxial growth is 

obtained on areas that are exposed to silicon while polysilicon is observed on areas that 

are covered by oxide. 
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Fig. 6.2 Image of the wafer surface showing epitaxy and polysihcon growth over 

siHcon and oxide, respectively. 

6.2.2 Process #2: DCS / H2 at 10 : 100 seem 

From the previous growth, it was clear that the flow rates used tipped growth too much 

towards deposition. In order to explore the opposite end of the scale, A second growth 

was carried out at 850°C at 2 Torr and with a DCS : H2 ratio of 10 : 100 seem (i.e. with 

no silane gas). Figure 6.3 is a cross sectional SEM image of a seed window after a 30 

minute run. The image shows the process causes the etching of silicon. The depth of the 

etch is 420 nm, which corresponds to an etch rate of 14 nm/min. Figure 6.3 also shows 

the process etches along the crystallographic plane of silicon as evident by the distinct 

{10 0} and {3 11} planes, indicating the etch is anisotropic. Closer examination of 

the etched {1 0 0} surface shows the silicon to be roughened by the process. 

Measurements were also made to determine the selectivity of the etch to oxide by 

comparing the thickness of the oxide before and after the etch. The difference in 

thickness of the oxide before and after growth was found to be negligible indicating 

that the process is very selective. 

The results show that the recipe and conditions that were used in this process causes 

etching instead of growth, and indicates one extreme of the DCS / SiH4 regime. 
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Although, this experiment was manifestly unsuccessful in growing epitaxial layers, this 

process is shown to be a potentially useful single crystal silicon etching technique. This 

process could be useful in the cavity fabrication process where it can be used to etch 

back polysilicon or silicon during the sacrificial etch stage of the cavity process. The 

biggest advantage of this would be that the etch-back and epitaxial growth steps could 

be carried out consecutively in the clean environment of the epitaxy reactor. This 

would be superior to the more traditional process which involves removing the 

sacrificial layer by dry etching followed by a clean in RCA before the wafer is loaded 

into the epitaxy system. With the in situ etch and growth method, the need for an 

intermediate RCA clean step would be removed and the possibility of wafer 

contamination would be further minimised. The process' high silicon to oxide etch ratio 

is also helpful in that it ensures little oxide is removed during the etch-back. However, 

the anisotropic nature of the etch means careful consideration of the cavity design, 

primarily the orientation of the structures with respect to the crystallographic plane, has 

to be made. 

Oxide 
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Fig. 6.3 SEM image of a seed window after a DCS / H2 growth with 10 : 100 seem gas 

ratio. The process results in anisotropic etching of the silicon substrate. 
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Fig. 6.4 SEM image showing a rough sihcon surface after a D C S / H 2 

"negative growth". 

This experiment indicates the existence of an important and previously unreported, 

etching regime, with potential applications in device design and surface preparation, 

further studies of the regime, to determine the range and scope of the technique, would 

be valuable. Within the context of this work, however, the most important aspect of this 

etching regime is its applicability to selective growth. Combining both DCS and silane 

under the right conditions should provide etching and growth reactants that can be 

independently controlled, hi this way DCS replaces HCl in the more traditional 

silane/HCl selective systems. 

6.2.3 Process #3: DCS / SiH^ / H2 at 10:10: 100 seem 

The third epitaxial growth was carried out at 850°C at 1 Torr with a DCS : SiEU : H2 

gas ratio of 10 ; 10 ; 100 seem, the mid-point between the flow rates used in the first 

(blanket deposition) and second (etching) processes. Figure 6.1(a) below shows the 

result of the growth as viewed by Nomarksi. After 30 minutes of growth, the wafer 

surface was found to be fi"ee from any polysilicon island deposition, indicating that the 
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growth was completely selective. Although, selectivity was found to be excellent, 

epitaxy quality was found to be poor as indicated by the rough 'orange peel' like 

surface of the epitaxy. The thickness of the epitaxial layer was found to be 840 nm 

corresponding to a growth rate of 28 nm/min. 

There are several factors that may lead to poor epitaxial quality, these include 

insufficient or poor pre-epitaxy cleaning, contamination in the growth reactor, gas-

phase reactions or insufficient oxide removal [42, 46, 72]. In addition, surface 

roughness, adatom mobilities and adatom density can also strongly influence the 

quality of epitaxy, in extreme cases polysilicon or amorphous Si can be produced. In 

general epitaxy becomes more challenging with reducing growth temperature as this 

reduces adatom mobilities. Maintaining good epitaxial quality while decreasing 

temperature requires improved preparation and conditioning of the growth reactor. At 

this stage there was insufficient detail to establish any fundamental link between the 

selective process and degraded epitaxial quality. Although the need for improved 

preparation and conditioning as a result of temperature reduction is highlighted. 

w (b) 

Fig. 6.5 Nomarski images of DCS / SiH4 growth after (a) 30 minute growth, 

(b) 90 minute growth. Growth is selective after 30 minutes of growth. After 90 

minutes, selectivity is lost. The addition of DCS into the hydrogen prebake greatly 

improves epitaxial quality. 
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6.2.4 Extended DCS / SiBL, / H2 Growth 

The 30 minute DCS / SiH4 / H2 growth with gas ratio of 10 : 10 : 100 seem, was found 

to give epitaxial layers with good selectivity. To test the extent of the selectivity, the 

DCS / Sill) / H2 growth (#3) was repeated with the same growth conditions but for 90 

minutes. The result of the growth, shown in figure 6.1(b), shows the surface of the 

epitaxy to be bumpy and populated with square pits. These are clear signs of defects 

and are an indication that the epitaxy is of poor quahty. The thickness of the epitaxy 

was found to be 2.6 ^m, corresponding to a growth rate of 29 nm/min. An epitaxial 

lateral overgrowth of 0.5 |j,m was also observed in this growth, and as with the silane-

only growth, the minimal lateral growth achieved is due to formation of slow growing 

{3 1 1 } and {1 1 1} facets. Examination by Nomarksi shows there to be some 

polysilicon island deposition on the oxide surface. An estimation of the polysihcon 

density taken at the centre of the wafer is 1x10^ islands/m^. 

In terms of selectivity, evidence of polysilicon islands on the oxide surface shows 

selectivity is certainly lost after 90 minutes of growth. As no polysilicon islands were 

detected after a 30 minute growth, it can be concluded that the DCS / SiH4 process has 

an incubation period of between 30 to 90 minutes long. With the number of growths 

carried out, the exact incubation time cannot be determined. In figure 6.7 the small data 

set is fitted based on the assumption that polysilicon island density increases linearly 

after the incubation time has elapsed. In this way Sgure 6.7 assumes the shortest 

possible incubation time (30 minutes) and represents, therefore, the lower limit. Here it 

is perhaps useful to consider the definition of selectivity, it is acceptable to equate 

selectivity loss to the incubation time, however, this may be unnecessarily strict. In 

fact, the existence of one polysilicon island per 100x100 jim^ area (i.e. 

1X lO'^islands/cm^) would be tolerable in a device process, most devices would have no 

islands incorporated and the loss of selectivity would only slightly degrade yield. 
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Fig. 6.6 Polysilicon island density with respect to growth time carried out at 850°C. 

The small data set is fitted based on the assumption that polysilicon island density 

increases linearly after the incubation time has elapsed. The fit represents, the lower 

limit of incubation time. 
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6.3 DCS / H2 Prebake 

The previous sections have shown the feasibility of using the DCS / SiH4 / H2 process 

for epitaxial growth. Although growth was selective, epitaxy quality was found to be 

generally poor. Compared to selective epitaxial growth using SiH4, the surface of the 

epitaxy was found to be uneven with visible surface defects, indicative of defected 

epitaxy. As the DCS / SiH4 processes are carried out at a much lower temperature 

(850°C) the process is less tolerant of surface defects, such as oxide islands/particulates 

[57]. hi an attempt to improve epitaxial quality DCS was added to the prebake stage to 

help to prepare the silicon surface prior to growth. This was done by adding a small 

amount of DCS in the % prebake cycle to aid surface cleanup [68]. 

The hydrogen prebake is normally carried out at 980°C for 5 mins at 100 seem prior to 

epitaxial growth, and is designed to etch thin oxide layers on the silicon wafer. In the 
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new DCS / H2 prebake process, 1 seem of DCS is added to the hydrogen for the same 

time and temperature. 

6.3.1 Results 

Figure 6.7 compares Normarski images of 30 minute DCS / SiH^ / H2 growths with and 

without DCS prebakes. After the standard prebake stage, the epitaxy surface is seen to 

be rough and grainy, as shown in figure 6.7(a). However, application of the DCS / H2 

prebake is seen to produce a dramatic improvement in epitaxial quality. This is 

indicated by the smoother epitaxial surface and the lack of obvious surface defects 

Ggure 6.7(b). Similar results with a similar process, have been reported by Chung a/. 

[68]. This improvement in epitaxy quality is believed to be due to either the removal of 

oxide residues at the seed interface which may have been insufSciently removed in the 

pre-epitaxial wafer preparation process, or due to the burial of the oxide residues by the 

DCS growth during the prebake. Of the two, the removal of oxide is the more Hkely 

cause as dichlorosilane-based epitaxy processes are known to severely degrade oxide 

[113, 114]. The has been suggested to occur by the reactions [114], 

&(j) + &O2 (g) ^ 2&0(g) (6.1) 

&C/ , ; f , (g) + & 0 , ( g ) ^ 2 A 0 ( g ) + 2 ^ a ( g ) (6.2) 

In addition to the removal of oxide, the use of DCS in the H2 prebake may also cause 

etching of surface defects, leaving clean and damage-&ee surfaces suitable for epitaxial 

growth [74]. This hypothesis is supported by the DCS/H2 etching results presented 

earlier in section 6.2.2. 

As the addition of DCS in the hydrogen prebake was found to consistently provide 

good quality epitaxial layers, this pre-epitaxy growth process was included in all other 

DCS/SiH4/H2 growths. 
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(a) (b) 

Fig. 6.7 Effect of adding DCS into the hydrogen prebake stage of the epitaxy process, 

(a) Without DCS, (b) with DCS. The addition of DCS results in a dramatic 

improvement in epitaxial quality. 

6.4 Growth at Different Temperatures 

The first few growth experiments, indicated that epitaxial growth using DCS / SiHU at 

850°C and 1 Torr, combined with the use of DCS in the % prebake offers selective 

epitaxial growth with good epitaxy quality and excellent selectivity. Growth rate is 

found to be reasonable at 38 nm/min, and allows fine control of epitaxy thickness 

features during growth. The following set of experiments were designed to characterise 

the DCS / SiH4 system for a range of temperatures. Epitaxial quality, selectivity and 

growth rate were assessed. 

Selective epitaxial growth was carried out at temperatures ranging from 750°C up to 

930°C. All growths were carried out at 1 Torr with a DCS : SiH4 : Hz ratio at 10 : 10 : 

100 seem for 30 minutes. 
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6.4.1 Temperature Dependency on Growth 

Figure 6.8 shows an Arrhenius plot for the DCS/SiB^/Hz process. As a comparison, the 

Arrhenius plot of the SiEl4 only epitaxy process is also shown in the graph [46]. The 

Arrhenius plot shows the existance of two linear regions, the flat mass transport limited 

region and the sloped surface reaction limited region. For the DCS/SiH4/H2 process, the 

growth rate is at a maximum above 900°C at 55 nm/min, and it is at a minimum at 

800°C at 9 nm/min. The figure also shows that the DCS/SiH4/H2 process moves from 

being surface-reaction limited to mass-transport limited at around 870°C. From the 

slope of the low temperature part of the curve, the activation energy of the process was 

found to be 2.4 eV or 55.3 kcal/mol. In comparison, for the silane-only process, the 

maximum growth rate occurs above 800°C at 15 nm/min, and drops to 7 nm/min at 

700°C. The activation energy of the silane only process is 1.9 eV. This value is a little 

less than the DCS/SiH4/H2 activation energy (Ea) of 2.4 eV. As a further comparison, 

other dichlorosilane based epitaxy processes carried out at this pressure region (1 to 10 

Torr) also have similar activation energies. Regolini gr a/, has reported an of 2.6eV 

for a DCS / H2 based process [55]. The similarity of the activation energies of the DCS 

based selective epitaxy processes indicate that the growth processes share the same rate 

determining reaction [42] and the DCS/Silane process has more in common with 

deposition using DCS only rather than silane only. 

Figure 6.8 highlights the differences between the SUMC silane-only and DCS/SiH^/Hz 

processes. The DCS/SiEl/H: process is able to achieve much higher growth rates at 

lower temperatures than the silane-only process. Selectivity can also be maintained at a 

much lower temperature (section 6.4.3). It is therefore a lower thermal budget process. 

In addition, growth using the silane-only process becomes non-selective below 930°C. 

Another characteristic of the DCS/SiH^/Hz process is that the transition from surface-

reaction-limited to mass-transport limited growth occurs at a higher temperature 

(890°C) as compared to silane-only (790°C). This characteristic is typical of 

chlorinated sources where the reaction occurs more readily [42]. 
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Fig. 6.8 Arrhenius plot of DCS/SiH/ZHs and silane only growth. The activation energy, 

Eaof the DCS/SiH4/H2 and silane only process is 2.4eV and 1.9eV, respectively. 

6.4.2 Epitaxy Quality and Surface Morphology 

Epitaxial quality is an important aspect in the fabrication of any semiconductor device, 

and temperature is one of the factors that directly impacts epitaxial quality. The 

Normarski images in figure 6.9 (a-c) show the morphology of the epitaxy and oxide 

surfaces of three growths, carried out at 825°C, 850°C and 915°C, respectively. The 

images show that the epitaxial quality improves with increasing temperature. At 825 °C, 

the epitaxial layers look bumpy with visible hillocks and stacking fault defects. At 

850°C, the surface of the epitaxial layers is smoother with no visible defects. When 

growth temperature is increased to 915°C, the epitaxial layers are largely smooth, 

although some very slight bumps can be seen on certain parts of the layers. Other types 

of surface defects such as those seen for the epitaxial layer produced at 825°C are not 

seen in layers grown at 915°C. This is highlighted in the SEM image in figure 6.10 

which shows the smooth surface of the epitaxy. 
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Fig. 6.9 Normarski images of epitaxial growths at (a) 825°C, (b) 850°C and (c) 915°C. 

Epitaxial quality improves with temperature. 

Oxide 
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Fig. 6.10 SEM image of a selective epitaxial growth by DCS/SiH4/H2 at 915°C for 30 

minutes, showing smooth epitaxial surface. 
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6.4.3 Selectivity 

Although epitaxy was found to improve with increasing temperature, selectivity was 

found to degrade. Figures 6.11(a) to 6.11(d) show the density of the polysilicon islands 

on the oxide surface increases with increasing growth temperature. At 850°C and 

below, no polysilicon is observed on the oxide surface after 30 minutes of growth. 

However, polysilicon can be detected on the oxide surface for growths carried out at 

875°C and above. The polysilicon island density at this temperature is 1.4x10^ 

islands/cm^. At 900°C, the polysihcon island density increases sharply to 1.3x10^ 

islands/cm^. This then drops to 5.2x10^ islands/cm^ at 915°C. Examination of growth 

at 915°C shows that although the density of the polysihcon islands is reduced, the 

average size of the individual islands has increased. The estimated polysilicon island 

density at each growth temperature is shown in figure 6.12. The 6gure indicates that 

the increase in polysilicon island density with temperature after 30 minutes of growth is 

hnear with temperature up to -900°C. A linear approximation of the curve was made to 

estimate the maximum temperature at which growth can be maintained after 30 

minutes. This was found to be around 875°C. To examine the length of incubation 

period at the highest growth temperature (930°C), growth after 15 minutes was found 

to be completely selective. As a comparison, at 850°C, growth became unselective after 

-90 minutes. These results indicate that the incubation period shortens with increasing 

growth temperatures. 

hi summary, the results show that all DCS/SiH4/H2 growths at temperatures S-om 

850°C through to 930°C are selective. Growths at 850°C and below have incubation 

periods greater than 30 minutes. Whereas growths above 850°C have incubation 

periods lower than 30 minutes. The polysilicon island density multiplied by polysilicon 

island size (the volume of silicon deposited on the oxide) can provide information on 

the incubation time and adsorption rates on oxide. Ih order to accurately assess these 

parameters a number of growths, over different time periods would be required at each 

temperature. Results for different growth times at 850°C (section 6.2.4) indicate the 

polysilicon islands grow rather slowly after incubation and, therefore, results here are 

likely to be a function of incubation time rather than growth rate. 
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The results of these epitaxial growths show that DCS/SiH4/H2 chemistry offers a wide 

selectivity window of from 750°C to 930°C, however, the incubation period shortens 

with increasing growth temperature. Even at 930°C incubation times of the order of 

~15 minutes, allied to relatively high growth rates could be useful process conditions 

for thick layers (>500 nm). Further studies are required to fully characterise the system, 

however, within the context of this work, a process suitable for lateral HBT fabrication 

was found with this early set of experiments. 

(a) 

Poly-Si 

(b) 

(c) (d) 

Fig. 6.11 Nomarski images of wafer surfaces with polysilicon deposition (except (a)) 

after epitaxial growths at (a) 850°C, (b) 875°C, (c) 900°C and (d) 915°C. 
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Fig. 6.12 Selectivity at 850°C, 875°C, 900°C and 915°C after 30 minutes of growth. 

Selectivity is excellent at 850°C but polysilicon islands are detected at the higher 

temperatures. 

6.4.4 Growth Uniformity at Different Temperatures 

Thickness uniformity across a wafer is an important consideration for epitaxial growth. 

Since thickness is strongly dependent on temperature in surface-reaction-limited 

regimes and position in mass-transport-limited regimes, thickness uniformity is 

potentially affected by all of these issues. Typical CVD epitaxy systems are designed to 

operate in either mass-transport or surface-reaction limited regimes, but not usually 

both. The SUMC reactors operate at the boundary of the two regimes and both gas-flow 

and temperature conditions need to be considered in order to achieve uniform growth. 

In general, to maintain device yield, growth thickness for all parts of a wafer should be 

the same and processes should be optimised to ensure this. In the SUMC reactors great 

care is taken to ensure that the wafers are uniformly heated, although the edges of 

wafers are inherently cooler. To assure uniform exposure to gas flow substrates are 

rotated and the gas-inlets are carefully positioned in relation to the substrate. Adjusting 

the height of the substrate is the most direct method with which uniformity can be 

gained in mass-transport regimes. 
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To determine the uniformity of deposition for the DCS/SiH4/H2 process, growths 

carried out at 825°C, 850°C and 930°C were examined in detail. The results of these 

measurements are shown in Ggure 6.13 . The epitaxy thickness measurements were 

taken from epitaxial growth in 10 |im seed windows at ten different chip sites across 

the wafer. These chip sites are denoted from 1 to 10 in the figure. The distance between 

chip sites is 10 mm, while the distance from the edge of the wafer to the first and tenth 

sites are 5 and 10 mm, respectively. 

Figure 6.13 shows that the growth rates at 825°C, 850°C and 930°C, as measured at the 

cenfral area of the wafer (area #6), are 20, 38 and 48 nm/min, respectively. The graph 

also shows that the growth rate reduces as growth moves away from the centre towards 

the edge of the wafer. For growth at 825 °C, the difference in growth rate between the 

centre (area #6) and the edge (area #9) is 6 nm/min. For growth at 850°C, the 

difference is 5 nm/min, while at 930°C it is 3 nm/min. The graph also shows that at 

930°C, the growth rate drops markedly at areas #1, #2 and #10. The drop between area 

nine and ten is 12 nm/min. This is much higher than the gradual drop seen between 

other sites, which is in the region of 0.5 nm/min. 

Growth at sites close to the wafer edge is often atypical and are excluded from detailed 

analysis. To determine the uniformity of the growths, the values obtained from 

measurements were compared with the average growth rate across the wafer. Figure 

6.14 shows the percentage difference between the average thickness and the actual 

thickness at different wafer positions for the three different temperatures. As in the 

previous frgure, growths carried out at higher temperatures have better uniformity than 

at lower temperatures. At 825°C, the growth uniformity is +/- 10%, at 850°C it is +/-

5% and at 915°C it is only +/- 2%. 

The SUMC epitaxy machines are generally operated for growth in the mass-transport 

limited region, an example of which is the silane-only growth presented in chapter 5, it 

is then unsurprising the best uniformity is obtained for the highest temperature growths 

(i.e. 915°C). The variation of+/-10% for low temperature growth is due to temperature 

variations from the centre to the outside of the wafers, hnprovements in uniformity 

may be achieved to some extent by an ac^ustment of the height of the substrate to 
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achieve higher flow rates at the edge of the wafer. However, this idea was not explored. 

Considering that the uniformity of growth at 850°C was considered to be good at +/-

5%, no further work on improving uniformity was carried out. 
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Fig. 6.13 Growth rate across the wafer for three different growth temperatures. 
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Fig. 6.14 Uniformity of selective epitaxial growths at 825°C, 850°C and 900°C. 

Uniformity improves with increasing temperatures. 
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6.4.5 Loading Effects 

Section 6.4.4 looked at global uniformity issues, another important consideration are 

localised loading effects. It is easy to imagine that a small silicon seed window 

surrounded by a large area of oxide might experience a higher growth rate than a large 

area of silicon, if exposed silicon causes more gas depletion than an oxide mask then 

localised loading might be observed, hi this section, the variation in growth rate due to 

local variations in the silicon to oxide ratio, or loading, is examined. To examine 

loading, the epitaxial growth by the DCS/SiH4/H2 process at 850°C in three different 

size seed windows, 3 pm, 6 pm and 10 )im, separated by 1 iim, 2 p,m and 4 (xm areas of 

oxide, were analysed. All of these measurements were carried out on the central areas 

of the wafer to ensure they were not influenced by uniformity issues discussed in the 

previous section. 

25.0 

20.0 

15.0 

1 
U 10.0 

5.0 

0 . 0 

window epacino 

M ^ 

substrate 

3um window Sum w indow 10um window 

• 1um • 2 u m • 4 u m 

Fig. 6.15 Loading between windows, with error bars. No variation in growth (quantify) 

rate is seen. 

The results of these measurements are shown in figure 6.15. The graph shows that the 

growth rates in all of the windows are very similar regardless of the silicon to oxide 
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ratio in the immediate vicinity. This is a strong indication that silicon windows does not 

signiGcantly deplete source gas concentrations close to the wafer surface. It is 

important to note that the measurements made here are representative of loading at a 

local scale and that global loading effects may stiU influence growth on the whole 

wafer. 

6.4.6 Growth Uniformity in <1 0 0> and <11 0> Aligned Seed Windows 

Devices fabricated by selective epitaxial growth are normally oriented to the <1 0 0> 

direction to minimise the generation of defects at the oxide sidewall area during 

epitaxial growth. The orientation of the device active area (i.e. seed window) has a 

direct impact on the quahty of the epitaxial growth as it influences the development of 

the epitaxy. To examine the effect of seed window orientation on growth rate, epitaxial 

growth in <1 1 0> and <1 0 0> oriented seed windows were carried out at 850°C, 1 

Torr for 30 minutes using DCS/SiH4/H2. 

Results of epitaxial growth in <1 1 0> oriented seed windows were found to be faceted, 

forming the distinct {3 11} plane (figure 6.16(a)). In comparison, epitaxial growth in 

the <1 0 0> oriented seed windows were found to be &ee &om faceting (figure 

6.16(b)), although the comers of the seed window do develop facets. To compare the 

growth rates of the <1 1 0> and <1 0 0> seed windows, epitaxy thickness 

measurements were made on various chip sites across the wafer, which are shown in 

figure 6.17. As with previous measurements, chip sites that are close to the wafer edge 

(area #1 and #10) were omitted. 

The results of the measurement show that any difference in vertical growth rate 

between seed windows oriented along the <1 1 0> and the <1 0 0> directions is small, 

and well within the error bars. The results also show that, for the process used, vertical 

growth rate is not a fimction of seed window orientation. 
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Fig. 6.16 Growth in (a) <1 1 0> oriented seed window develops <3 1 1> facets after 30 

minutes of growth, (b) <1 0 0> oriented seed window show no distinct facets. 
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Fig. 6.17 Comparison of growth in <110> and <100> aligned seed windows, grown at 

850°C using DCS/SiH4/H2. Little difference is seen between the growths. 

6.5 Confined Selective Epitaxial Growth by DCS / SiH^ 

So far, epitaxial growth using DCS / SiH4 has been described for unconfined growth 

from ordinary seed windows. As with the silane-only process (section 5.2.4), selective 

epitaxial growth was attempted in test cavities in order to determine suitability for 

confined growth. The purpose of this experiment is to study the impact of the cavity on 
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epitaxial growth development and to compare with unconfined growth. Aspects such as 

growth rate and faceting are of particular interest in this study as growth in a confined 

structure like the cavity may have an effect on these aspects. 

Figure 6.18 illustrates confined selective epitaxial growth in a test cavity. Ideally the 

CSEG region in figure 6.18(a) should have the same shape and dimensions as the SEG 

region in the unconfined window (fig.6.18(b)), as this would indicate that epitaxy 

conditions are such that mass-transport and loading effects are not affecting the epitaxy. 

CSEG 

substrate 

(a) 

SEG 

substrate 

(b) 

Fig. 6.18 (a) Cross section of test cavity with CSEG. (b) Cross section of unconfined 

window with SEG. 

Indeed, confined selective epitaxy growth in test cavities using DCS/SiH4/H2 at 850°C, 

at 1 Torr and for 30 minutes were found to be similar to selective epitaxy growth in 

unconfined seed windows. The vertical growth rate of unconfined selective eptiaxy at 

the central area of the wafer was found to be 28 ± 2 nm/min. In comparison, the 

vertical growth of confined selective epitaxy was found to be 27 ± 2 nm/min. 

Inspection of the epitaxy thickness at the centre, middle and outer areas of the wafer 

shows that at all three areas, the epitaxy thickness of both confined and unconfined 

growths to be similar, as shown in figure 6.19 (the centre, middle and outer area refers 

to the area within 50 mm, 25 mm and 5 mm, respectively from the wafer edge). As 

seen in previous uniformity measurements, growth at the edges of the wafer are 
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reduced due to gas and temperature effects at the wafer edge effects. In this experiment, 

no epitaxial lateral overgrowth was observed, which is expected as the growth time was 

relatively short. 
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Fig. 6.19 Uniformity of unconfined selective epitaxial growth (SEG) and confined 

selective epitaxial growth (CSEG) in 3 [im and 6 pm window across a wafer. 

Figure 6.20 shows epitaxy growth in unconfined seed windows and in a test cavity. 

From the SEM images, it can be observered that epitaxy growth in the cavity develops 

<3 1 1> facets in addition to the <1 0 0> facet. The same facets are also observed in 

unconfined growth. In terms of epitaxy quality, the surface of the epitaxial layers 

grown by confined selective epitaxial growth was found to be smooth, indicative of 

good epitaxial quality and similar to the sort of epitaxy quality seen in section 6.4.2 

under the same growth conditions. In addition, growth in the test cavities was found to 

be confined to the exposed silicon areas with no evidence of selectivity loss either in 

the inner walls of the cavities or on outer walls or surfaces. This result indicates that the 

cavity preparation techniques provide suitable surfaces for selective growth, with no 

polysilicon residues or other nuleation centres and that with DCS/silane growth, the 

incubation period for growth on oxide remains above 30 minutes. 
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Fig. 6.20 Cross-sectional SEM of (a) SEG and (b) CSEG by D C S / S i H 4 . Images show 

SEG and CSEG to be similar in terms of growth rate and facet formation. The substrate 

orientation is (1 0 0) the oxide sidewalls of the features are also in the <1 0 0> 

direction. 

The similiarity between the confined and unconfined selective epitaxial growth in terms 

of growth rate, uniformity, facet development and epitaxy quality shows that confining 

structures do not significantly alter mass-transport phenomina in the areas imeadiately 

surrounding the growth fi-ont. This is despite the lower local silicon to oxide silicon 

ratio of the confined growth, due to the extra oxide area introduced by the cavity, as 

compared to unconfined growth. The similarity of the two growths is advantageous as 

it means that processing development for unconfined selective epitaxial growth can be 
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easily applied to conGned selective epitaxial growth. An extension of this growth study 

would be to examine fully confined lateral selective epitaxial growth and how it 

compares with unconGned growth. A similar result S'om this study would further 

strengthen the theory of the similiarity between con&ied and unconGned growth at the 

epitaxy growth conditions which have been carried out. This following section 

examines this in detail. 

6.6 Confined Lateral Selective Epitaxial Growth by DCS / SiH4 

In the previous section, growth in test cavities showed that pseudo-conGned epitaxial 

growth is similar to unconfined epitaxial growth. In order to determine the feasibility of 

using the DCS / SiH4 for lateral device fabrication, fully conGned lateral epitaxial 

growths were carried out using SOI cavities. The use of the SOI cavities allows growth 

to be carried out directly &om a vertical {10 0} seed, allowing lateral growth to be 

achieved immediately. In addition, growth 6om a {1 0 0} seed should theoretically 

result in epitaxial growth in the <1 0 0> direction, maximising the lateral growth rate 

that can be achieved. At this stage the vertical seed SOI cavity approach was 

considered more promising than the horizontal seed open-sided cavity approach. In the 

first instance SOI cavities are easier to prepare and provide a route to lateral growth 

that avoids the development of facets with slow lateral growth rates. 

The growth conditions that were used for conGned epitaxy growth was 900°C at a 

pressure of 1 Torr using DCS / SiH4 / H2 with a ratio of 10:10:100 seem. The growth 

rate with these conditions, estimated from unconGned vertical growth experiments, is 

56 nm/min (see section 6.4.1). Assuming the lateral growth rate will be similar to the 

vertical growth rate (both are on the (100) plane), the growth time was set at 60 minutes 

to give lateral epitaxial growth of over 3 p,m. This was intended to allow epitaxy to 

grow laterally out of the cavity and be clearly visible for optical and SEM observations. 

137 



SOI 

substrate 

(a) 

SOI « etch 
back 

substrate 

(b) 

SOI 
CLSEG 

- > 

substrate 

( C ) 

Fig. 6.21 Confined lateral epitaxy growth process, from wafer fabrication to growth, (a) 

Oxidation of SOI substrate, (b) Formation of silicon sidewall by dry etching, (c) 

Unconfined lateral growth by LPCVD. 

6.6.1 Results 

Figure 6.22 shows the results of the confined epitaxial growth experiment as observed 

by Nomarski optical microscopy. It shows that there is a high density of polysilicon 

islands on the wafer surface, indicating the epitaxial growth has lost selectivity. The 

figure also shows that there is little lateral epitaxial growth inside the cavities. 

Inspection by SEM revealed that some growth did occur in the <1 0 0> oriented 

cavities, as shown in figure 6.23. However, no significant growth can be measured in 

<1 1 0> oriented cavity (figure 6.24). The epitaxial growth in the <1 0 0> oriented 

cavity is estimated to be 500 +/- 50 nm. Closer examination of the confined epitaxial 

growth was made by SEM and figure 6.25 shows the morphology of the epitaxial 

growth front in a comer of a <1 1 0> oriented cavity. To determine that this growth is 

truly epitaxial, a sample was dipped into a silicon KOH etch for one minute. This 

etches away any polysilicon islands but leaves the epitaxy relatively intact. Inspection 
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of the sample after the etch shows that growth in the cavities are indeed epitaxial. 

Figure 6.25 also shows polysilicon island deposition on the surface of the oxide with 

the edge of the cavity in particular, being completely covered by polysilicon. The 

growth front of the epitaxy looks to have come almost to the edge of the over-etch 

mark, which confirms the optical observations of the extent of confined grovW:h. Figure 

6.26 shows clearly the morphology of the epitaxy growth front which is non-uniform 

and rippled with no distinct facets. 

Polysilicon 

Fig. 6.22 Normarski image of confined epitaxy growth at 850°C for 90 minutes. 
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Fig. 6.23 Normarski image of epitaxial growth in SOI cavities oriented along the 

<1 1 0> direction. Confined growth can only be seen in the comers of the cavities. 

<100> 

CSEG 

Fig. 6.24 Normarski image showing epitaxial growth in SOI cavities oriented along the 

<1 0 0> direction. Confined growth can be seen inside the cavities all along the cavity 

sidewall. 
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Fig. 6.25 SEM image of a <1 1 0> oriented cavity showing confined (100) epitaxial 

growth in the comers. 
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Fig. 6.26 SEM of <1 0 0> confined epitaxial growth showing growth inside the 

cavities. 
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6.7 Unconfined Lateral Selective Epitaxial Growth by DCS / SiBL, 

Accurate knowledge of the rate of lateral growth is important for the fabrication of the 

lateral transistor as it impacts the accurate placement of the transistor's base region. 

One of the problems associated with confined epitaxial growth is determination of the 

exact extent of lateral growth. This problem stems from the difficulty in differentiating 

between the original sihcon seed plane and the epitaxial layer, particularly if there is 

little growth. In order to determine the extent of growth more precisely, a 90 minutes 

growth was carried out at 900°C and 1 Torr using DCS / SiEit / H2 with a ratio of 

10:10:100 seem., but this time with no etch-back of the SOI. The growth would 

therefore begin straight from the sidewall of the etched SOI layer. With this scheme, 

the edge of the oxide layer above the SOI acts as the reference point that will allow the 

start point of the epitaxial growth to be identified. Although this lateral growth is 

unconfined, the growth is expected to be similar to lateral confined growth. 

6.7.1 Results 

Figure 6.27 and 6gure 6.28 shows the result of the unconGned lateral growth &om a {1 

1 0} and {10 0} sidewall, respectively. The distance of lateral growth achieved from a 

{1 1 0} sidewall is 500 nm, while 1.5 p,m of lateral growth emerges 60m a {1 0 0} 

sidewall. This corresponds to a growth rate of 5 nm/min and 17 nm/min, respectively. 

Selectivity is seen to be excellent and httle polysihcon deposition is observed on the 

oxide surface. The surface of the epitaxial growth front, as can be observed from figure 

6.27, is rippled and non-uniform. This result is similar to that observed after conGned 

lateral epitaxial growth. It is believed that these ripples are a result of the ripples that 

are already present on the SOI sidewall prior to growth (section 4.5.2 looks at this 

problem in more detail). In comparison, the morphology of the lateral growth h-om a {1 

0 0} sidewall (figure 6.28) is seen to be generally smooth, however, the epitaxy situated 

close to the buried layer of the SOI is very rippled. In addition, the thick lateral growth 

has also resulted in some overgrowth over the top oxide layer. 
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Fig. 6.27 Lateral epitaxial growth from a <1 1 0> silicon sidewall, the surface of the 

epitaxy is seen to be very rippled. 
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Fig. 6.28 Lateral growth showing epitaxial overgrowth over the top oxide and faceting 

of the epitaxy. 
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6.7.2 Discussion 

The difference in the lateral growth rates for <1 0 0> and <1 1 0> oriented growths is 

due to the difference in growth rates of the two different crystal planes. From 

measurements, the average growth rate on the <1 1 0> sidewall was found to be 50% 

slower than average growth rate on a <1 0 0> sidewall. Interestingly, the lateral growth 

rate of the <1 0 0> sidewall is much slower than the vertical growth rate G'om the same 

crystal plane. The average vertical growth rate 6om a {1 0 0} plane was found to be 38 

nm/min (see section 6.4.1), which is shghtly more than three times the lateral growth 

rate on the same plane. In principle, in conditions where mass-transport and 

temperature variations are minimised the growth rates for vertical and horizontal <100> 

planes should be identical. Sections 6.4 and 6.6 have shown mass-transport and 

temperature effects to be minimised for the DCS/silane processes used in this work, 

this therefore, suggests that there is another reason for the reduction in growth. 

Although vertical growth has been carried out on {1 0 0} wafer substrates, there has 

been no vertical growth carried out on (1 10} substrates. The later is being planned for 

future work. Therefore, the lateral growth rate on this particular plane cannot be 

compared to any vertical growth data. Table 6.2 below summarises the unconGned 

lateral and vertical growth rates results. 

Growth Plane Vertical Growth Lateral Growth 

(nm/min) (nm/min) 

{10 0} 55 17 

{1 10} n/a 5 

Table 6.2 Uncon&ned lateral and vertical growth rate on {1 0 0} amd {110} crystal 

planes. Growth was carried out at 900°C at 1 Torr. 

There could be several reasons for the reduction in lateral growth rate. The most likely 

reason is the roughness of the vertical seed surface, as 6rst highlighted in section 4.5.2. 
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An important prerequisite for good quality epitaxial growth is an atoroically smooth 

and defect &ee surface as this ensures monotonic growth of silicon adatoms on the 

crystal plane. If however, the surface of the seed is not atomically flat, as is the case 

with the SOI sidewall, defect 6ee epitaxy wiU be more difGcult to achieve. A very poor 

seed surface will lead to defected epitaxy, or polycrystalline growth. In less extreme 

cases a rippled surface wiU result in slower growth. A rippled surface is in fact a multi-

faceted surface, and epitaxial growth wiU occur on each exposed facet with different 

growth rates. The fastest growing facets will rapidly form vertices and ultimately 

growth rate will be determined by the slower-growing facets. As a result of this, the 

overall growth rate will be significantly reduced. To ensure that epitaxial growth rates 

on vertical (100) seed windows is the same as horizontal (100) seed windows, the 

vertical walls need the same surface roughness as the epi-ready silicon substrate. 

6.8 Selective Silicon Germanium Epitaxial Growth by DCS / SiBL* 

Selective sihcon germanium epitaxy growth is an essential requirement for the 

fabrication of heterojunction devices. In this section, preliminary results of undoped 

selective sihcon germanium epitaxy growth are presented. The growth is based on the 

DCS / SiH4 / Hi selective epitaxy process. To obtain silicon germanium layers, 

germane (GeH4) was added to the DCS / SiH4 process. Growth was carried out at a 

temperature of 850°C at 1 Torr with a DCS / SiH4 / H2 flow rate ratio of 10 : 10 : 100 

seem. The GeH4 flow rate was set at 10 seem. Like the selective silicon epitaxy growth 

studies, growth was carried out in unconfined seed windows of various sizes and 

orientations. Growth time was 30 minutes. 

The results of the growth are shown in figure 6.29. The Sgure is an image of the wafer 

surface as viewed by Normarksi and shows the growth is completely selective with no 

indication of polycrystalhne island deposition on the surface of the oxide. The 

selectivity seen in this growth is similar to what would be expected 60m 

epitaxial growth using the same growth conditions as discussed in section 6.4.3. The 

morphology of the silicon germanium epitaxy can be seen to be cross-hatched, which is 

a clear indication that the silicon germanium layer has relaxed. In addition to this. 
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pyramid defects can also be observed on the epitaxy surface. However, the defect 

density is low (i.e. -1x10^ pyramids/cm'^) compared to the exposed silicon area. 

Although the germanium content in the epitaxial layer has not been characterised, 

based on previous silicon germanium growths using silane-only, it is estimated to be in 

the region of 5% to 10%. With the thickness of the silicon germanium epitaxial layers 

obtained, along with the estimated germanium concentration, the grown layers are 

much thicker than the critical silicon germanium strained layer thickness [30, 31]. It is 

then not surprising that the layers are relaxed. With a reduction in thickness, the 

process is expected to produce strained silicon germanium layers. 

SiGe 

Oxide 

Fig. 6.29 Selective SiGe growth showing cross hatched surface and several pyramid 

shaped defects. 

Although relaxed silicon germanium layers were obtained in this growth, the selective 

process that is used shows promise. Li order for the process to be usable in a device 

process, further characterisation would be required. This would include an examination 

of the conditions that provide defect free strained silicon germanium layers, 

characterisation of the germanium concentration with respect to the conditions used, 

and the incorporation of boron doping. 
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6.9 Conclusions 

In chapters 5 and 6, silane only and DCS/silane selective epitaxy processes have been 

examined. Both processes have been fbimd to produce good quality epitaxial layers. 

The results described in section 6.4.3 show that the DCS / SiH4 process achieves 

selective growth at a much lower temperature (down to 750°C) than silane (980°C). 

Results also show that both the DCS / SiH4 and the silane-only processes lose 

selectivity after a Gnite incubation period. Silane-only growth has been found to have 

an incubation period of between 20 and 30 minutes, aAer which a dramatic increase in 

polysilicon island deposition is observed on oxide. With DCS / SiH4, the incubation 

time is longer and is close to 90 minutes, even after 90 minutes of growth, polysilicon 

is observed but at a much lower density (1x10^ islands/cm^). The reason for the good 

selectivity and longer incubation time is attributed to the use of dichlorosilane, which 

allows selectivity to be controlled by providing a reversible reaction mechanism. 

The DCS/SiH^/Hi process offers several significant advantages over the silane-only 

process. These are summarised in table 6.3. 

Selectivity Selective growth between 750°C to 930°C. 

Improved selectivity allows longer growths. 

Selective SiGe growth. 

Low Temperature Reduced thermal budget. 

Reduced diffusion / sharper junction profiles. 

Germanium incorporation. 

No oxide pitting. 

General Good uniformity >850°C (+/- 5%) 

No local loading effects. 

Table 6.3 Advantages of the DCS / Sili^/Hi over the silane-only epitaxy process. 
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In addition to the above, results have shown that the use of a DCS / H; prebake prior to 

epitaxy growth leads to a significant improvement in the quality of epitaxial layers. The 

results presented in this chapter show that the DCS/SiH4/H2 process is a big 

improvement on the previous silane-only epitaxy processes, however, further 

development is necessary to fully optimise this process. 
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Chapter 7 

Lateral SiGe Heteroj unction Bipolar 

Transistor: Design & Simulation 

This project has mainly been concerned with the development of techniques with which 

the lateral HBT described by Tang and Hamel a/., [19, 115] (section 2.8) could be 

fabricated. In this chapter a new design of lateral heterojunction bipolar transistor is 

proposed. This new design takes into account all of the fabrication difGculties that have 

been discovered during this work and makes use of the new techniques that have been 

established. 

The new design, is based on growth 6om an SOI cavity and employs the confined 

lateral selective epitaxial growth (CLSEG) technique developed in chapter 6. The 

design takes into account the lateral growth limitations and selectivity duration of the 

current CLSEG process that limits selective lateral confined growth to - 1 |im. It also 

takes into account the current inability to grow selective ZM doped silicon epitaxial 

layers. However, the design does assume that thin strained doped silicon germanium 

layers can be grown. This assumption is made based upon recent positive development 

in this area, and it is expected that a selective doped (p-type) silicon germanium process 

will be available in the near future. 

Simulations are performed to assess the likely performance of the proposed lateral 
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device, fabricated with the technology that is currently available at the fabrication 

facility. Design optimisation and scaling could further improve performance to 

competitive levels. 

There are several differences between the lateral device proposed in this work and the 

lateral device proposed by Tang and Hamel et al. The lateral HBT described by Tang 

and Hamel et al. uses sub-micron lithography and thin silicon-on-insulator substrates 

(i.e. 0.1 )j.m SOI active layer). Besides this, the device uses a self-aligned base process 

method which allows direct contact to be made by an external base contact. In addition, 

the epitaxial growth process used in the fabrication process employs in situ doping 

which allows the collector, base and emitter regions of the transistor to be formed 

during the confined epitaxial growth step. 

0.5um 0.2um 

0.1 um 

(a) 

collector 

A 
emitter 

n+ O.lum 

0.05um substrate 

(b) 

Fig. 7.1 Schematic of lateral SiGe heterojunctioin bipolar transistor (a) proposed in this 

work, (b) proposed by Tang and Hamel et al. 

In comparison, the device proposed in this work assumes a lithographic resolution of 
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0.5 nm. The lateral devices are fabricated on SOI wafers with an active layer thickness 

of 2 p,m. The collector, base and emitter regions of the transistor are grown by CLSEG 

(undoped), but doping is done ex: by diffusion, with the exception of the base, 

which is doped m aiYw during epitaxial growth. In addition to this, contact to the base is 

not directly aligned to the intrinsic base, instead, it overlaps a smaU part of the emitter 

and collector. Figure 7.1 shows a schematic of the lateral SiGe HBT proposed in this 

work and that of Tang and Hamel aZ. along with geometry of the active regions. 

7.1 Fabrication Process 

The lateral HBT fabrication process is illustrated in figure 7.2, and is based on the SOI 

cavity process desribed in section 4.4. The lateral HBT is fabricated on 100 mm silicon 

on insulator (SOI) wafers which has a buried oxide thickness of 400 nm and an active 

layer of 2 p,m thick and is orientated to the {10 0} plane. The layer is p-type with a 

resistivity o f - 1 5 O .cm'^. The fabrication begins with the deposition of a 300 nm thick 

LTO/nitride/LTO sandwich layer. This is then densiGed at 980°C for 20 minutes in 

nitrogen. Part of the oxide layer is then dry etched (Ggure 7.2(a)). This defines the base 

contact window and self-aligns it to the edge of the device cavity. A blanker layer of 

silicon nitride is then deposited (Ggure 7.2(b)) and dry etched leaving nitride Gllets 

(Ggure 7.2(c)). The nitride fillets plug the base contact window and protects the 

epitaxial layer 6om being etched later in the process but are later removed prior to 

making base contact. With the oxide and nitride fillet acting as a hard mask, the 

exposed sihcon layer is then dry etched, creating a vertical silicon sidewall. The silicon 

layer is then etched back 500 nm using a KOH solution (Ggure 7.2(d)). This will take 

approximately -150 seconds at an etch rate of 20 nm/min. As the etch-back takes place, 

any ripples that are present on the silicon sidewall are removed leaving a silicon surface 

that is smooth (see section 4.5.2) and suitable for epitaxy growth. Selective epitaxial 

growth is then carried out using the DCS / SiH4 / H2 process. 

Growth is carried out at 850°C, 1 Torr with a DCS : SiH4 : H2 gas ratio of 10 : 10 : 100 

seem. This is based on the process estabhshed in section 6.2.3. During epitaxial growth, 

the base and collector regions of the transistor are defined (Ggure 7.2(e)). The proposed 

151 



scheme for the SiGe base and collector region is illustrated in Sgure 7.3. The total 

width of the base is 100 nm. This consists of a SiGe base that is 60 nm wide, with 

intrinsic SiGe spacers that are each 20 nm wide. The spacers are put in to buffer any 

out diffusion of boron &om the p^ SiGe base. The base is to be doped ZM p-type to a 

concentration o f -5x10 '^ cm'^ with a germanium concentration of 10%. Unlike the 

base, the 100 nm wide collector region is doped .yzYw. This is done by depositing a 

blanket layer of n^ polysilicon with a concentration o f - 5 x 10^^ cm'^ and then annealing 

at 1000°C in N2 for 20 minutes. This anneal causes out diffusion of phosphorus f-om 

the polysilicon into the intrinsic emitter region making it n-type and forming a junction 

with the boron doped base. The polysihcon layer is then patterned and dry etched 

(figure 7.2(f)). A selective nitride etch is carried out to remove the plug covering the 

base contact window. A layer of p^ polysilicon is then deposited and patterned, and this 

becomes the extrinsic base contact (figure 7.2(g)). Next, the collector contact window 

is opened by dry etching and the exposed areas are implanted n"̂  to a concentration of 

1x10^° cm" .̂ Metal (A1 + 1% Si) is then deposited and patterned to allow contact to be 

made to the collector and emitter regions of the transistor. This is followed by a thin 

oxide deposition stage to isolate the collector and emitter contacts. Metal is again 

deposited and patterned to make contact to the base of the transistor. The Gnal device 

structure is shown in figure 7.2(i). 
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(a) LTO deposition and patterning. 

SOI 

(b) Silicon nitride deposition 

nitride fillet 

SOI 

(c) Blanket dry etch of silicon nitride. 

SOI CSEG 

(d) Etch back of SOI by wet etch. 

V SiGe base 

collector emitter 

SiGe base 

collector 

(e) Confined lateral selective epitaxial growth by DCS / SiH ,̂ / Hz. 

SOI 

n+ polysilicon 
fillet 

(f) n^ polysilicon deposition followed by blanket dry etch. 

Fig. 7.2 Lateral HBT fabrication process. Continues following page. 
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SOI 

p+ polysilicon 

(g) polysilicon deposition and patterning, 

ion implantation 

photoresist 

(h) n^ implantation of collector area. 

A1 + 1% Si Metal 

emitter 
oxide 

collector 
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(i) Metallisation of collector, base and emitter. 

Fig. 7.2 Lateral HBT fabrication process. 
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Fig. 7.3 Proposed base region of SUMC lateral HBT. 
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7.2 Issues concerning Lateral HBT Design 

The new lateral HBT does not employ a self-aligned base contact scheme, which 

allows direct contact to be made to the thin lateral base. To achieve a fully self-ahgned 

contact requires additional non-trivial processing steps and considerable development 

time. The Arst objective of this work is to demonstrate the feasibility of fabricating 

such a device, the next objective would be to optimise and scale device parameters. 

A significant problem in lateral transistor fabrication is aligning the external base 

contact to the intrinsic base. The accuracy of the ahgnment is highly dependent upon 

lithography, the base resolution of which can be small (0.1 p,m by e-beam direct-write), 

but the main limitation is the alignment tolerance (-0.5nm). This effectively means that 

direct contact to the thin base is very difBcult. This problem can be overcome by 

enlarging the base contact window to take into account alignment tolerance, but, can 

lead to considerable degradation in transistor performance. In the transistor design 

proposed in this work, alignment tolerance of the external base contact is minimised by 

by defining both the base contact window and the cavity area on the same mask. With 

this scheme, emphasis is placed on accurately determining the position of base region 

during the epitaxial growth. The lateral epitaxial growth rate has been found to be -17 

nm/min, which is sufGciently slow to allow precise positioning of the base to be made. 

However, this can only be achieved if the etch back distance can also be determined 

accurately. As the etch-back rate using KOH is -18 nm/min, it is also sufficiently 

controllable to allow precise etch-backs to be made. 

One of the consequences of not using a self-aligned method for positioning the base 

contact is the need to have a base contact window that is larger than the actual base. In 

the design of the SiGe HBT, polysilicon is used to make contact to the base. By using 

an extrinsic p^ polysilicon base contact, a retarding electric Geld to the minority carrier 

electrons is created, ensuring low base current. It also ensures that the collector and 

emitter regions are not in direct contact and allows transistor action to be maintained. 

In the design of the lateral transistor, the base region is doped m while the collector 

region is doped ex Ideally, both regions should be doped m However, a 
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selective m j'zYw n-type epitaxy process capable of - l i im of lateral growth is still in 

development and not available at the time of writing. Therefore, the design of the 

transistor assumes the epitaxy growth of the emitter is carried out undoped. One of the 

drawbacks of ex doping is the need for annealing to drive in the dopants from the 

polysilicon in to the collector. These unfortunately will also cause the out diffusion of 

boron 6om the base region. This is further exacerbated by the fact that boron is a hght 

dopant and diffuses easily. This is expected to degrade performance but wiU stiU 

maintain transistor action, as shown from simulation. 

7.3 Lateral SiGe Heterojunction Bipolar Transistor Simulation 

In this section, the performance of the proposed lateral bipolar transistor is evaluated 

through simulation. The simulation was carried out using Silvaco ATLAS, a 

semiconductor device simulation package. The simulation listing and device cross-

section can be found in appendix C. 

Figure 7.4 shows the doping proGle of the device used in the simulation. An initial flat 

doping proGle was used for the collector (1.0xl0"cm"^), base (5xlO'^cm'^) and n^ 

polysilicon emitter contact (5x 10̂ ^ cm'^). An anneal was then carried out to simulate 

the diffusion of phosphorus 6om the polysihcon emitter contact to the intrinsic base. 

This was carried out at 950°C for 30 minutes. This time was found to be just sufficient 

to allow the dopants &om the n^ polysihcon emitter to diffuse towards the base and 

form a junction. Unfortunately, this anneal also causes the out diffusion of boron &om 

the base. The effect of this anneal is the enlargement of the effective base 6om 100 nm 

(including spacers) to 250 nm. 
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Fig. 7.4 Doping profile of the proposed lateral device before annealing and after 

annealing at 950°C for 30 minutes. 

7.3.1 Results and Discussion 

In this work, ^ and are used as figures of merit to assess the performance of the 

device. In the simulation, these Sgures were extracted using y-parameters &om which 

6equency admittance matrices can be calculated (i.e. Yn, Yn, Y21, Y22). From this, the 

device a.c. gain and power gain are calculated using [116], 

=20 log 21 

1̂ . 
(7.1) 

where is a.c. gain and using [116], 

a.c. power gain=10 log 
R e ( } ^ , + i m ( } ^ , - y ; J ' 

4 ( R e ( 7 „ ) R e ( 7 , , ) - R e ( y „ ) ( 7 j , ) ) 
(7.2) 

From these two equations, the device peak / r and are obtained at the point where 

a.c. gain and unity a.c. power gain are zero, respectively. 

Figure 7.5(a) shows the simulation results of the proposed lateral heterojunction bipolar 
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transistor. The graph shows the variation in the device/r a n d w i t h collector current. 

The plot shows that the device has a maximum^ of 2.0 GHz and a n o f 8.0 GHz, 

and this occurs at a peak collector cnrrent of 0.9 mA. Figure 7.6 shows a Gummel plot 

of the device. From this, the current gain of the device is found to be 16.6. 

The simulation results show that the transistor design gives a functional device. 

However, the figures for ^ and are somewhat low compared to other lateral 

homojunction devices, as current optimised lateral homojunction bipolar transistor can 

achieve an / r of 20 GHz with collector currents of 15 mA [14]. On reason for this is the 

large base that is formed by the out diffusion of boron, which is in turn, a consequence 

of the long anneal step for the phosphorus drive-in. This anneal step can be removed if 

both the base and emitter region can be doped .yzYw. Although such a process is 

currently unavailable, it is hoped that a selective m .yzYz/ doped process will be 

developed in the near future. To have an idea of the possible performance gain that can 

be achieved 6om a device with a similar physical structure but sharp doping profiles, 

the simulation was repeated but with a doping profile that is similar to that before the 

anneal (see 6gure 7.4). 

Figure 7.5(b) below shows the simulation result of the m doped device. The graph 

shows that the device has a maximum/r of 6.3 GHz and an̂ 0̂% of 15.8 GHz, which is a 

3.1 X and 2x improvement, respectively, over the proposed device. The device also has 

a peak collector current of 0.86 mA at maximum^^0%, which is similar to the proposed 

device. This improvement comes &om the use of m doping, which minimises the 

out-diffusion of boron. From the doping proGle shown in Ggure 7.4 the use of 

doping enlarges the base &om -100 nm to -250 nm. From the simulation results, the 

devices' base resistance, % and collector base junction capacitance, Cjbc was extracted 

using the formula [117], 

= R e ( Z i , - Z , , ) (7.3) 

and [117], 
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where Zn, Z12, Z21 and Z22 are two port Z-parameters. For the proposed device, Rb and 

Cjbc were found to be 600 Q and 1.37 fF, respectively at peak^^^. In comparison, the 

improved design has an Rb and Cjbc of 490 O and 1.55 fF, respectively at peak 

which means, Rb is reduced by 19% while Cjbc is increased by 13%. From this it can be 

concluded that one of the factors which contribute to the increase in^oi is the reduction 

in Rg. In addition, the increase in^^^r also comes 60m a reduction in the base transit 

time due to the narrower base of the m j'zYw doped device. From equation 2.7, the base 

transit time of the zm doped device is reduced -2.5 x compared to the ex; j'zYw doped 

device due to the reduction in base width &om 250 nm to 100 nm. It is therefore, not 

unexpected that the m doped device has a 6gure o f _ / ^ that is double of the 

doped device. In both of the devices, the value of Cjbc does not vary signiScantly, which 

is expected as the collector-base junction area of both devices remains largely the same 

regardless of the doping method. 

Further improvement in device performance in the form of lower collector current and 

higher can be found by reducing the thickness of SOI layer. A reduction in SOI 

thickness 60m the present 2.0 |im to 0.5 |im results in a device with an / r of 9.8 GHz 

and^a;( of 30 GHz, and a peak collector current of 0.66 mA. This reduction in collector 

current is due to smaller collector area (i.e. 2.0 xO.5 |im^) as compared to the proposed 

device (i.e. 2.0 x 2.0 |im^), highlighting the advantages of thinner SOI. 
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Fig. 7.5 Variation in fr andj^^x with collector current of lateral device with (a) ex situ 

collector, base and emitter doping (b) in situ collector, base and emitter doping. 
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Fig. 7.6 Gummel plot of lateral device with (a) ex situ collector, base and emitter 

doping (b) in situ collector, base and emitter doping. 

7.4 Conclusion 

In this section, a lateral SiGe heterojunction bipolar transistor is proposed, the design of 

which is based on the lateral selective epitaxial growth process using DCS / SiH4 / H2 

developed at the fabrication facility. The design requires an in situ doped p-type SiGe 
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selective epitaxial growth process to be developed, which is needed to form the base 

region of the lateral transistor. For the emitter, the design employs an doping 

method which uses diffusion from a highly doped polysihcon emitter. The simulation 

results have shown that the proposed lateral SiGe heterojunction bipolar transistor gives 

a functional device with any}- a n d ^ ^ of 2.0 GHz and 8.0 GHz, respectively. In order to 

improve the performance of the device, an m doped selective epitaxial process has 

to be developed. From simulations, the use of ZM doping to form the active regions 

of the transistor has been found to result in an increase in device performance, with an 

/ r and of 6.3 GHz and 15.8 GHz, respectively. Further improvement in device 

per&rmance can be achieved by simply reducing the thickness of the SOI layer 6om 

2.0 |im to 0.5 p.m. This results in an enhancement in / r a n d t o 9.6 GHz and 30 GHz, 

respectively. Currently, SOI wafers with silicon active layers of less than 50 nm are 

commercially available (SIMOX-SOI), and the use of such wafers could potentially 

improve the performance of the lateral HBT even further. 
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Chapter 8 

Conclusion and Future Work 

The objective of this work was to develop fabrication techniques and processes suitable 

for the fabrication of lateral heterojunction bipolar transistors by confined lateral 

selective epitaxial growth. The two most challengiiig fabrication aspects were the 

development of processes suitable for the fabrication of cavity structures and the 

development of selective epitaxy techniques suitable for the growth of devices. 

In order to achieve lateral epitaxial growth vertical growth has to be restricted and this 

is best achieved by creating cavity structures. The first part of the work was primarily 

concerned with the design and process development required for cavity fabrication. 

This work has led to the successful fabrication of two types of cavity, the "open-sided 

cavity" and the "SOI cavity". Open-sided cavities allow conGned lateral growth to be 

established j&om a planar silicon seed window, while the SOI cavity provides a vertical 

seed 6om which lateral growth can develop directly. Initial work using 'test" cavity 

structures showed that rigid cavities could be fabricated if the walls of the cavity are 

made &om an LTO/nitride/LTO sandwich layer. In addition, etching of the polysilicon 

or silicon sacriGcial layers, which is required to form a cavity, can be carried out using 

both dry (SFg) and wet (KOH) methods, however, the latter has a tendency to cause 

stiction for larger sized cavities. Similarly, warping of the cavity ceiling, a problem that 

affected most cavities, can be minimised by reducing the overall size of the cavity. For 

SOI cavities, a sidewall rippling reduction process using KOH is necessary to form a 
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smooth sidewall seed that is suitable for epitaxial growth. Open sided cavities of 50 p,m 

in length and SOI cavities of 8 p,m depth have been fabricated successfully. Although 

these large cavities can be fabricated by the processes developed in this work, smaller 

cavities <5 jim are preferred for lateral HBT fabrication as these are more robust to dry 

and wet fabrication processes and in any case large enough for good device 

performance. 

The development of a confined lateral selective epitaxial growth process began with an 

examination of a selective silane-only epitaxy processes, which had been developed at 

the fabrication facility. Results showed growth at 980°C, at a pressure of 0.5 Torr with 

a silane ratio of 10 seem, provided good quahty epitaxial layers. Epitaxial growth was 

also found to be selective but limited to an incubation period of about 30 minutes. 

Growth carried out for this length of time gave vertical epitaxial growths of up to 840 

nm (i.e. growth rate -28 nm/min) but only a lateral epitaxial overgrowth of 500 nm (i.e. 

growth rate -18 nm/min). Long growths using silane-only were also found to cause 

severe oxide undercutting and oxide pitting, a result of the high growth temperature. 

Due to the hmitations of the silane-only process (i.e. short incubation period, high 

growth temperature and oxide degradation), along with the lack of a suitable selective 

silicon germanium epitaxial growth process resulted in the development of an 

alternative selective epitaxial process based on Si-Cl chemistry. 

The new DCS/SiH4/H2 process uses the dichlorosilane as a means of controlling 

selectivity, allowing silicon and silicon germanium epitaxial layers to be grown at 

lower temperatures. By varying the sihcon to chlorine ratio, growth can be moved 

between deposition and etching. The balance between sihcon growth and etching of 

polysilicon on oxide, resulting in selective epitaxial growth, was found when the DCS : 

SiH4: H2 gas ratio is 10 : 10 : 100 seem. However, selectivity was found to be restricted 

by an incubation period, as in the silane only epitaxy process. Results show that the 

incubation period is -90 minutes for growth at 850°C. The DCS / SiHLt process was 

found to give good quality epitaxial layers at and above 850°C. However, a DCS / H2 

prebake stage is required prior to growth to ensure consistently good epitaxial layers. 

Arrhenius data show the process to have an activation energy of 2.4 eV, which is 

similar to other dichlorosilane based epitaxy process at similar pressures (i.e. - 1 Torr). 

Results show that growths that, at 850°C, produce layers with good uniformity (i.e. +/-
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5%) and are insensitive to local loading ejects. Selective vertical growth of 1.6 p,m and 

lateral growth of 500 nm have been demonstrated 6om planar seed windows. The slow 

lateral growth rate is attributed to the slow growing {3 11} and {111} facets which 

develop during growth 6om a planar seed. Relatively slow growth on the {3 1 1} and 

{ 1 1 1 } facets combined with selectivity loss after -90 minutes will reduce device 

dimensions to less than 1 pm. 

To overcome this problem, lateral growth was attempted 6om a {1 0 0} sidewall seed, 

prepared using SOI wafers. Theoretically this should result in growth similar to that 

A-om a horizontal seed. Using this scheme, conSned lateral epitaxial growth of up to 1.5 

|im has so far successfully been carried out in the SOI cavities. However, the lateral 

growth rate was found to be 17 nm/min, 50% less than the vertical growth rate. The 

reduction in growth rate has been attributed to the roughness of the sidewall surface, 

which is a result of the SOI preparation process. Fortunately, some development 

experiments have shown that ripples on the silicon sidewall can be removed using a 

KOH etch to provide a smooth surface that is suitable for epitaxial growth. 

Besides silicon epitaxial growth, selective SiGe layers have also successfully been 

grown using a DCS / SiH4 / GeH4 / Hz process at 850°C. The germanium content is 

estimated to be between 5% and 10%. 

Based on the process developments outHned in this work, a reahsable lateral SiGe 

bipolar transistor device has been proposed. The new device structure is based on 

processing and epitaxy techniques developed in this work (the only process that 

remains to be established is the p-type doping of the SiGe base). The proposed lateral 

device uses a non-self aligned base contact and an .yzYw doped emitter region. With a 

germanium content of 10%, and a collector, base and emitter doping concentration of 

1X10^^ cm'^, 5x 10^̂  cm'^ and 5x10^^ cm'^ simulation of the device predicts a n ^ of 

1.5 GHz and an^^K of 8.0 GHz at a peak collector current of 1.2 mA. 

If^ as expected, the base and emitter regions can be doped m .yzYw during selective 

epitaxial growth, the lateral device proposed could achieve a n o f 6.3 GHz and an 

of 15.8 GHz. These simulations show levels of performance that can be achieved with 

relatively minor developments to the epitaxy growth processes developed in this work. 
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With further development in the epitaxy growth process and transistor design and 

scaling, signi6cant gains in performance are expected. 

8.1 Future Work 

The results of the DCS / SiEl4 / H2 selective epitaxial growth process indicate a very 

flexible and important new epitaxy regime, however there is still a great deal more to 

be learned about the system. Further, detailed growths and analysis would allow the 

development of processes with improved selectivity and better epitaxial quahty to 

provide longer lateral growth at lower temperatures. These developments can be 

achieved by having a greater understanding of the eSect of temperature, pressure and 

gas flow ratios on epitaxial growth. These three factors strongly influence epitaxial 

growth and optimising these factors should allow better layers to be grown. 

Another important aspect of growth that requires development is m doping, 

including n-type doping of the silicon collector and emitter regions and p-type doping 

of the SiGe base. Of these the p-type doping of the SiGe is crucial to the overall device 

process, (n-type doping of the collector and emitter is not crucial but would be very 

beneGcial). So far only undoped growth has been carried out. Recent experiments, not 

reported in this work, on zM .yzYw p-type doping have produced only non-selective 

growth. The parameter-space study outlined above, allowing optimisation of the 

process conditions should help to establish the most suitable process conditions for p-

type SiGe doping. The advantages of having an m doped selective epitaxial process 

is advantages as it will simphfy the lateral device fabrication process by allowing the 

collector, base and emitter transistor regions to be defined in one single growth. This 

will reduce the number of fabrication steps and also cost. 

This work has also highlighted a disadvantage of carrying out lateral epitaxial growth 

60m a vertical (i.e. sidewall) seed which is sidewall rippling. Although several 

methods have been proposed to reduce this rippling and create an epi-ready surface, it 

may be more feasible to achieve lateral growth 60m a traditional horizontal seed. It has 

been shown by Bradbury er a/. [64] that an important factor in achieving this is Snding 
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a suitable silicon to chlorine gas ratios which will give a fast lateral growing facet. 

Again, the parameter space study would help in giving an insight into this work. If 

lateral growth in this manner can be achieved, it would allow cheaper standard wafer 

substrates to be used instead of the more expensive sihcon on insulator wafers. 
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Appendix C 

Simulation 

Simulation input file and device cross-section. 

go atlas 
# 

mesh infile=sige_hbt_3b.str 

# Define model 
material material=Si taun0=le-7 taup0=le-7 
material material=SiGe taun0=le-8 taup0=le-8 
models bipolar bgn print 

# Initial solution 
output con.band val.band 
solve init 

# Define method 
method newton trap autonr 

# Calculate Gummel Plot and AC parameters at IMHz 
solve prev 

# 3 - collector 2 - base 1 - emitter 
log outf=sige_hbt_3b_l.log 

solve vemitter=0 vbase=0.0 vcollector=0 VBtep=0.1 vfinal=1.9 
name=collector ac freq=le6 
solve vemitter=0 vbase=0.0 vcollector=2 vstep=0.025 vfinal=0.7 
name=base ac freq=le6 
save outf=sige_hbt_3b_2.str 
solve vemitter=0 vbase=0.72 vcollector=2 vstep=0.02 vfinal=0.78 
name=base ac freq=le6 
solve vemitter=0 vbase=0.79 vcollector=2 vstep=0.005 vfinal=0.83 
name=base ac freq=le6 
solve vemitter=0 vbase=0.84 vcollector=2 vstep=0.025 vfinal=1.0 
name=base ac freq=le6 

# Frequency domain AC analysis up to 10 0 GHz 
load inf=sige_hbt_3b_2.str master 
log outf=sige_hbt_3b_3.log z.param y.param gains inport=base 
outport=collector 

solve vemitter=0 vbase=0.8 vcollector=2 ac freq=le7 fstep=l.258925412 
mult.f nfstep=50 

# Extraction of parameters 
extract init inf="sige_hbt_3b_l.log" 

# Maximum cutoff frequency 
extract name="Ft_max" max(g."collector""base"/(6.28*c."base""base")) 

# Base bias at maximum cutoff frequency 
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extract name="Vbe@Ft_max" x.val from curve (v."base", 
g."collector""base"/(6.28*c."base""base" )) where y.val=$"Ft_max" 

# Input (base) capacitance at maximum cutoff frequency 
extract name="Cbb@Ft_max)" y.val from curve 
abs(c."base""base" )) where x.val=$"Vbe@Ft max" 

(v."base", 

# Transconductance at maximum cutoff frequency 
extract name="Gm@Ft_max)" y.val from curve 
abs(g."collector""base" )) where x.val=$"Vbe@Ft_max" 

(v."base", 

# Peak other parameters 
extract name="peak collector 
max(curve(abs(v."base"),abs(i."collector"))) 
extract name="peak gain" max(i."collector"/i."base"] 

current" 

# Gummel plot 
tonyplot sige_hbt_3b_l.log -set hbtex0 6_l_log.set 

# AC current gain versus frequency 

tonyplot sige_hbt_3b_3.log -set hbtex0 6_4_log.set 

quit 

I—I—I—r 
0 1 

1 1—T 1 1 T 
2 3 

Microns 
sige_hbt_3b.str 

Materials 

Silicon 

Si02 

SiGe 

Polysilicon 

Aluminum 

"1 r 
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Mask 1 

Structure group lA & IB: Rectangular Seed Windows 

These structures are oriented along the <110> direction. 

<100 

oxide 
seed 

window 

seed 

window 

substrate 

cross sect ion 

Cross 

section 

V I 

Structure group lA 

w (um) sp (um) 
10 10,5,3,2,1,0.5 
5 as above 
2 as above 

1 = 4000um 

Structure group IB 

w (um) sp (um) 
100, 50,20,10, 5,3,2, 50 

1 = 4000um 

Structure group IC: Rectangular Seed Windows 

These structures are similar to IB but oriented along the <100> direction. Width, w and 
spacing, sp are similar to that of structure IB. 

Structure group ID: Square Seed Windows 
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1 (um) sp (um) 
500,300,200,100,50,30,20 40 

10,5,2, 1,(X75,0.5 30 

Structure group IE: Square Seed Windows 

These structures are similar to IB but oriented along the <100> direction. Width, w and 
spacing, sp are similar to that of structure IB. 

Structure group IF: Circular Seed Windows 

d (um) sp (um) 
500,200 50 

100,50,20,10 30 
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Structure group IG: Triangular Seed Windows 

1 (um) sp(um) 
100,50,20 20 

10 ,2 ,1 10 

Structure group IH: Star Seed Windows 

X 
/> 

\ y 
/ \ 

>< H 

sp VI 

1 (um) sp (um) 
150,50,30 50 min. 

Mask 2 

These structures will be used to look at: 

• 

e 

e 
# 

Unconfined selective epitaxial growth (SEG) - using oxide step structures. 
Confined selective epitaxial growth (CSEG) - using simple cavities. 
Epitaxial quality of CSEG at silicon/oxide interface of epitaxy/cavity. 
Mechanical strength of cavity. 
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Structure group 2A: Test Cavities 

These structures are long rectangular cavities. These are oriented along the <110> 
direction. 

Ww 

PI 

seed 
window 

substrate 

Cross section 

VI 

cross 
section 

Wov 

Legend: 

PI - polysilicon mask 
VI - seed window mask 

Wov (urn) 1 (um) Ww (um) 
2 50,160 2 
2 50,160 5 
2 50,160 10 
5 50,160 2 
5 50,160 5 
5 50,160 10 

1 = 152um and 42um 
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Structure group 2B: Square Simple Cavities (Small) 

• • • 
i i 

Ww 

PI 

I 
VI 

• Wov 

Wov 

• 

Ww (um) Wov (um) 
1 1 ,2 ,3 ,5 ,10 
2 as above 
3 as above 
5 as above 
10 as above 
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Structure group 2C: Oxide Step Structures 

Ww Wov, 

window 

Cross section 

P I 

V] 

section 

window 

Legend: 

PI -polysiliconmask 
VI - s e e d window mask 

W w (urn) W o v (um) 
2 2,5 
5 as above 
10 as above 

1 = 152um, a = lOum 

Structure group 2E: Oxide Step Structures (Small) 

t W w 

W o v W w 

Ww (um) Wov (um) 
10 10 ,5 ,3 ,2 ,1 
5 as above 
3 as above 
2 as above 
1 as above 
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Appendix E 

Process Listings 

See following pages 6)r listings of each fabrication process. 

K1963 - Selective epitaxy growth and epitaxial lateral overgrowth experiment 

K1964 - Test cavity fabrication experiment 

K2209 - Open sided cavity fabrication experiment 

K2280 - SOI cavity fabrication experiment 

K2484 - Silicon sidewall rippling reduction experiment 

K2513 - Silicon sidewall ripphng reduction using hard mask experiment 
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Runmng k1963s on 03-25-2004 

,1|2|3;4|5}6I 

t 

13 

14! 

.f. 

ID I _ Description 
G-S12 Title Page: 8 wafers, p-typ^ 10-30 ohm.cm 

E-BEAM Mask/Reticle Writing 

1 Count 
' 8 

W-C1 ' R C A Clean 

F4-00 

Lithography Notes 
Notebook page 

INITIAL THERMAL OXIDATION 
Furnace 4: Load in 02: 2flOnm at l OOOdegC, 10" 0 2 , 2 0 ' wet02, 30' N2 

[WAFER 1 to 5 
F4-W1* Wet oxidation, 460+-10niii, llOOdegC, 15'02,44'wet02,30'N2.{PNP Init ox) 

WAFER 6 TO 8 

!W-C1 RCA clean 
oxidation ** 

WAFER 4 + 5 
;LP-A5 * Amorphous Si deposition: SOOnm +-25nrri at 560degC lOnm/min 

WAFER 4 + 5 

P-RHE 

W-R2 

GROW POLYSILICON AND THEN ETCH POLY (UFIELD) 
" spilt tor wafers 4 and 5 only ** 

' Only if A-Si deposition Is not done Immediately after 

iP-GSf STEPPER Photolith; K991RW, P I , L/FWd; nom. 1.1am resist 
STANDARD 

WAFER 4 + 5 
See Engineer: Inspect 

WAFER 4 + 5 
* Hardbake for dry etch 
WAFER 4 + 5 

;D-SP2 Etch Poiy/AmSi. Anisot on oxides >15nni SYSgO H8r2step . (For LF 
patterns) 

WAFER 4 + 5 
Resist strip, First pot Fuming Nitric acid only 

WAFER 4 + 5 

:p.RS * Resist strip 
WAFER 4 + 5 

X41 Inspect 2 wafers for residue after wet or dry etch. 
WAFER 4 + 5 

W-C1 

F4-D1 

THERMAL OXIDATION (THIN LAYER) 
RCA clean 

WAFER 4 + 5 
• Dry oxidation, SOnrn, llOOdegC. (BIPOLAR base area) 
WAFER 4 + 5 

ETCH OXIDE (All Wafp s; 1 to 8) 

P-GS1 STEPPER Photolith: K991RW VT, D/Field: nom. 1.1 um resist 
jSTANDARD 

IWAFER 1 TO 8 
G-2 r See Engineer: Inspect 
P-RHE* Hardbake for dry etch 
D-01REtchSi02 . Anisot. For D?F EBMF/OPTICAL resist OPT80+CHF3+Ar 

P-RS^'^Resist strip 

X-l ) t inspect 12 wafers for residue after wet or dry etch. 
I ETCH DAMAGE REMOVAL PROCESS 

W-C1 * RCA clean 
F4-00i'" Furnace 4: Load in 02: t o be specified 
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Running k1963s on 03-25-2004 

i î:2|3[4 5]61 lb r Description Count 

1 1 
4 WH-7lf Dip etch, 7:1 8HF 25degC- To hydrophobic Si + 20secs. 

{engineer* 
see 

'X-0 1 Genera! inspection stage 
LE-0 I Low Pressure Epitaxy; To be specified 

195 



Running k1954s on 03-25-2004 

1 2 I 3 ' 4 5 { e ; ID Description 
G-S12 Title Page: 8 wafers,_p-typfj 10-30 ohm.cm 
P-EM f - B E A M M a s k / f W d e miUng 

Cou t 
8 
0 

G-1P 
G-1 
W-CI 

Lithography Notes 
Notebook page 

* RCA clean 
INITIAL THERMAL OXIDATION 

F44)0i* Furnace 4: Load ZOOmnat lOOOdegC, 10' 0 2 , 2 0 ' iMt02,30' N2 
I G^WPOLYSIUCbN^DTHENEt^Tp 

W-C1 j* RCA clean ? 
;LP-A5;* Amorphous Si deposition: SOOnm +-25Tim at 560degC 10nm/min 
P-GS1* STEPPER Phototith: K991RW, P I , UField: nom. 1.1 um resist 

STANDARD 
' resist thicit enough? ** 

G-2 
P-RHB 
iD-SP2 Etch Poly/AmSi, Anisot, on oxides >15nm SYS90 HBr 2 step. (For LP 

patterns) 
W-R2 
;p-Rs 

:X̂ 1 [ 

W-C1 

See Engineer for instructions 
Hardbake for dry etch 

Resist strip. First pot Fuming Nitric acid only 
' Resist strip 
Inspect 12 wafers for residue after wet or dry etch. 

* RCA clean 

12 

DEPOSIT OXIDE AND DRY ETCH OXIDE 

CAVITY PROCESS SPLIT 
LO-20* LTO deposition: 200nm 20nm at 400degC SjH4 and 0 2 

WAFER 1 to 4 
RA-0 : AG RTA stage : 30secs at lOOOdegC * TO CHK RTA TIME ^ 

5 to 8 
WAFER; 

LO-IOj* LTO deposition; 100nm +- 15nm at 400degC SiH4 and 0 2 
IWAFER 5 to 8 

llN-13j* Deposit Si3N4 130nm+-20nm @ 740degC DCS;NH4 1:4, 2,3nm/m. 
! WAFER 5 to 8 
l 6 - 1 0 * LTO deposition: lOOnm +- 15nm at 400degC SiH4 and 02 
: iWAFER S to 8 
i !^ -0 i AG RTA stage : 30secs at lOOOdegC ? 
P-GS1* STEPPER Photolith: K931RW, V I , D/Field: nom. 1.1 um resist 

iSTANDARD 
i ** resist thick enough ** 

G-2 f See Engineer for instructions 

4 

0 

4 

4 

P-RHE* Hardbake for dry etch 
D-01F Etch St02 . Anisot For D/F EBMF/OI=flCAL resist OPT80+ CHF3+Ar 

•WAFER 1 to 4 
RA»6 ! AG RTA stage : 3Qsecs at lOOOdegC ? 
P-GSI* STEPPER Photolith: K991RW, V I , D/Field: nom. 1.1 um resist 

tSTANDARD 
!** resist thick enough ** 

G-2 * See Engineer for instructions _ 
P-RHB* Hardbake for dry etch 

b-OIFj^tch SiOZ . Anisot. " For b/F EBMF/OPTICAL resist 0PTM+CHF3+Ar 

jWAFER 5 to 8 

D-N1F Etch SiSNirAnisot. D/F EBMF/OPTICAL resist OPT80+ CHF3+Ar 

WAFER 5 to 8 
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Running k1964s on 03-25-2004 

33 

34^: 
• 35' '[ 

X , 

3% 

401 

46ip 
' 47lil' 
I 48|A 
!49# 
{'5(̂ 1̂ ' 

>i ID i Description Count 
D-01^Etch: Si02. Anisot. For D/F EBMF/OPTICAL resist OPT80+CHF3+Ar 0 

jWAFER 5 (o B 

X-U Inspect wafers for residue after wet ord y etch. 4 
X-11 inspect wafers for residue after wet • rdryet:h. 4 

IMabrETGHTEST 
:D-SP2 Etch PotySi Isot. OPT 80+ SF6 "Etch 4 

wafer 1-4 
D-SPa Etch PoIySi Isot. OPT 80+ SF6 "Etch 0 

wafer S-.S 
X-(1 inspect wafers for residue after wet or dry etch. 4 
CK Î inspect wafers for residue after wet or dry etch. 4 

ETCH OXIDE LAYER 
0 - 0 IP Etch Si02 . Anisot For DIP EBMF/OPTiCAL resist OPT8Q+ CHF3+Ar 1" 4 

** Etch 200niTi {bottom) oxide layer in cavities ** 

P-RS * Resist strip 4 
X-11 inspect 12 wafers for residue after wet or dry etch. 4 
D-01F Etch Si02 . Anisot. For D^F EBMF/OPTICAL resist OPT80+CHF3+Ar 0 

** Etch 200nm (bottom) oxide layer in cavities ** 

P-RS * Resist strip 4 
X-11 inspect 12 wafers for residue after wet or dry etch. 4 

ETCH DAMAGE REMOVAL PROCESS 
W-C1 • RCA clean 4 
F4-00 • Furnace 4: Load in 02; To be specified 4 
WH-7C Dip etch, 7:1 BHF 25degC. To hydrophobic SI + 20s®cs, 4 

Genera! inspection stage 1 

LE-0 Low Pressure Epitaxy; To be specified 2i 

W-C1 * RCA clean 4 
F4-O0 * Furnace 4; Load in 02: To be specified 4 

WH-7li Dip etch, 7:1 BHF 25degC. To hydrophobic St + 20secs. -2i 

X-0 General inspection stage 0 
LE-0 Low Pressure Epitaxy; To be specified 0 
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Running kZZOSs on 03-25-20D4 

l|2l3-4|5jGr m T ' Description 5 Count 

13.0 

14 

15 

rn 
10 

1»: 
i?! 

22!, ira 

i 27l 

28i 

p.EM E-BEAM Mask/Reticle Writing 
Title Page: 16 wafers, MATERIAL: p-*ype, ISohm.cm <100> 16 wafers 

G-IP f Lithography Notes_ ^ 
G-1 I Notebook page 
W ^ 1 i" RCA clean 
P W O F u r n a c e 4:"l!D6n«iC 10" OZ @ 166bde^ .3on42 

DEFINE SEED WINDOWS 
p-GSi* STEPPER PhotoWth; reticle k991rw, V I , D^Field; nom. 1.1 um resist 

JSTANDARD 
f See Engineer: inspect G-2 

P-RHfi* Ha dbake for dry etch 
D ^ l M Etch 3102 . Anlsot For D/FEBMFfOPTICAL resist OPT80+CHF3+Ar 

iP-RS I* Resist strip 
X-H Inspect 16 wafers for residue after wet or dry etch. 

:W-C1 * RCA clean 

W-C1 

SEED WINDOW ISOLATION OXIDE GROWTH 
)F5»90i* Pad oxidation: SOOdegC, 20nm+-5nm, 0 2 f HCI 

I F ^ ^ 

Wafers 1-a' 

Pad oxidation; 950degC, 40nm+- 5nm, 0 2 + HCI ' Wafe rs 3-16' 

RCA clean 

LP-AG* Amorphous SI deposition; SOOnm +-30nm at 560degC lOnmfmln 

i "Wa^rs 1^,9-12" 
LP-A5* Amorphous Si deposition: 500nm +-25nm at 560degC 10nm/min 

" W a f e r s 5 ^ 13 -16" 

I POLYSlLiCON ETCH 
P GS1 STEPPER PhotoHth eticle k99irw, f l , D/Fieid; nom. 1.1«m resist 

STANDARD 
P-RHE'Hardbake for dry etch 
G-2 See Engineer for instructions 

'"""DARK FIELD PATTERN - POOR END POINT AND ETCH SELECTIVITY, 
iBUT STOPPING ON 200nm Si02 - SHOULD BE OK*"* 

D-SP^ Etch Poly/AmSi. Anisot- on oxides >15nm SYS90 HBr 2 step. (For LF 
|gattsrns| 

:p.RSj*Reast^p 
X-11 J Inspect 16 wafers for residue after wet or dry etch. 

"I " 'DEFI'nE OXIDE CAVITY 
LMOl 'T fOdeposmon: and LN-Tai* Deposit Si3N4 130nm+-20nm @ 740degC 0CS:NH4 1:4, 2.3nm/m. 
LO^iq*TfO deposition: lOOnm +- ISnm at 400degC SIH4 and 0 2 

: L'_,. 2 . _L... 
l 0 - i a * L f 0 deposition; ISOnm +- 15nm at 400degC SiH4 and 02 

{wafers #13-16 _ 

1 
16 
"6 
0 

'16 
'l6 

18 

"o 
15 
15 

"15 

"is 

15 

14 

14 

14 
" a 

14 

14 
14 

14 
7 

291 RA=0 AG RTA stage : 30 sees @ 1000 degC 

! ' « SPLIT FOR WAFERS 9 -16 ' 

W-C1 ' R C A clean 
'F4-Wa* Wet oxida«(w: ISmins @ SSOdegC ( PNP research) 
X-0 ! General inspection stage; SFM wafer 9 by Engineer 

198 



Running k22093 on 03-25-2004 
: 'iD'r Description Count 

!W-C2 * Fuming Nitric acid clean, 2nd pot only 
IP-GSi* STEPPER Ptiotofith: reticle k991rw, Pi , UField: nom. i . l u m resist 
j iSTANDARD 
. G-2 * Soo Engineer: inspect 
P-RHE* Hardbake for dry etch ^ 

Etch Si02 . Anisot For UF EB#/OPTfCALl-es^^ "opfM+CHF3+Ar 

3̂ ^ 

47, 

50, 

iD-NIB Etch Si3N4. Anisot L/F EBWIF/OPTICAL resist OPT80+ CHF3+Ar 
iD-01B Etch Si02 . Anisot. For UF EBMF/OPTICAL resist OPT80+CHF3+Ar 

6' :' |WH-7i; 

W-C2 
P-GSI 

iG-2 

Etch PofySi Isot. OPT 80+ SF6 'Wafers 9-16' 
Resist strip 

Inspect 1S wafers for residue after wet or dry etch. 
General jnspection stage- SEM wafers by Engineer 

"REMOVE THIN OXIDE 
Dip etch, 7:1 BHF 25degC. 25 - 50 sees only 

General inspection stage: SEM wafers 1 and g by Engineer 
ETCH OXIDE + POLYSILICON 

• Fuming Nitric acid clean, 2nd pot only 
STEPPER Photolitti: reticle k991rw, PI , UField: nom. I . l u m resist 

STANDARD 
See Engineer: Inspect 

iP-RHE Hardbake for dry etch 
D-OI^Etch Si02 . AnisoC For UF EBMF/OPTICAL resist OPT80+CHF3+Ar 

14 

0 N1E Etch Si3N4. Anisot. UF EBMF/OPTICAL resist OPT80+ CHF3+Ar 
D 01E Etch Si02 . Anisot. For UF EBMF/OPTICAL resist OPT80+CHF +A 

D.SP2 Etch Poly/AmSi. Anisot. on oxides >15nm SYS90 HBr 2 step. (For LF 
patterns) 

54 a 
55 

D-SPS Etch PolySi Isot. OPT 80+ SF6 ' Wafers 1-4, 9-12 ' 

;WS-3 f Etch silicon In KOH ' Wafers 5-8, 13-16' 

596 

6 0 ; r t " 

' 61,1̂  

iP-RS I* Resist strip 
5 ^ 
iX4) 

inspect 16 wafers for residue after wet or dry etch. 
General inspection stage^SEM wafers by Engineer 
^ REMOVE fHIN OXIDE 

;WH-7[ Dip etch, 7:1 BHF 25degC. 25 -50 sees only 
EPITAXY LPCVD 

W-C1 ' RCA clean 
LE-0 Low Pressure Epita<y; >1umSEG 
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Running k2280s on 03-25-2004 

nislel ID 
iP-EM 
G-S12 

Description 
E-BEAM Mask/Reticle WnWng 
Title Paae- 15 wafers, MATERIAL: 12 wafers BGO SOI n-type, 2um active 
layer. <100> + 3 silicoo check wafers <100>. 
Lithography Notes ^ _ 
Notebook page 

• RCA clean 
### Cav% Formation ### 

Count 
b 

y LTO deposition: lOOnm +- 13nm at 400degC 
* Deposit LPCVP Si3N4. lOOntn @740degC 

SiH4 and 0 2 

LO-IO"* LTO deposition: lOOnm +- 15nm at 400degC SiH4 and 02 

# # # Photoiith + Etching Stages Nllllll 
P - G S r STEPPER Photoiith: reticle V I , D/Field: nom. I.Tum resist STANDARD 

G"2 * See Engineer: Inspect 
P-RHl* Hardbake for dry etch 

iD-NIF Etch **LTO-Si3N4-LTO sandwich** . Antsot. D/F EBMF/OPTtCAL resist 
; ,OPT80» CHF3Mr (S13N4 etch) 

iD-0 Dry deep Si anisotetch (~2um) iCP HBr process 3 Si check 
wafers only 

iG-2 J* See Engineer: Proceed only after SEM analys of c lo i od wafer 

:D-0 I Dry deep Si anisot.etch (—2um) ICP HBr process SOI wafers 1 - 12 

G-2 {* Note for Engineer: Do test etch KOH and SF6 

D-SP3 Etch PoiySi Isot. OPT 80+ SF6 (etch back Sum) 
|w3fer7-12** 

P-RS I* Resist strip 
jwafarZ-IZ** 

P-RS I* Resist strip 
WS-31 Etch silicon tn KOH (etch back Sum) 

! I 
iP-RS i* Resist strip 

wafer 1 okj2._ 
WS-3 Etch silicon in KOH (etch back Sum) 

wafer 1 ok ** 

' test with wafer 1 only * 
' test with wafer 1 only' 

' Strip wafers 2 - 6 if test on j 5 

Etch wafers 2 - 6 if test on I 0 

23a 

lO 

X-0 General inspection stage: SEIVl cavity (wafer 1,2,7) 

MifU Etch Damage Removal Process + LP Epitaxy #### 
W-C1 r RCA clean 
iF4-0C F a :e4: Load in 02: dry 02, 950degC, 20 mins _ 
VVH-70 Dip etch, 7:1 B H F ^ d e g C . Etch for 25 seconds (chk hydrophobic) 

LE-0 j Low Pressure Epitaxy: 1 - 3 um by DCS/SiH4 + DCS/H2 etch back (wafer: 
_ |see eng) 

LE-0 ! Low Pressure Epitaxy: 1 - 3 um by DCS/SiH4 + DCS/HZ prebake (wafci • 

jO 

- 2 

X-0 General inspection stage; SEM cavities 
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Running k2484s on 03-25-2004 

""Tz 3|4,5:6! m ; Description 
P-EM IE-BEAM Mask/Reticle Writing 
G-S13 Title Page: 7 wafers, 10-30 olim-cm, p-type {wafers 1-4). 3 wafers, SCO SOI 

,Wafers (wafers 5-7) 
G-1P ! Lithography Notes 
G-1 I Notebool< page 
W-C1 * RCA clean 

F4-Wd * Wet oxidation: 600nm. lOOQdegC; l,r02,x'w02,uN2 
Wafers 1 -4 

L0-30j* LTO deposition: 300nm+-30nrr) at 400degC S iH4and02 
Wafers ^ 7 

F4-Wi^* Wet oxidatton; ISmfns @ SSOdegC (PNP research) - LTD 
Densificafion 

P-GS1 * STEPPER Photolith; V I , k991rw, D/Fieldi nom. 1.1 um resist 
Wafers 1 - 7 

G-2 * See Engine^: inspection 
P-RHI* Hardbake for dry etch 

D-0 

D-OII^ Etch Si02 -600nm Anisot. 
CHF3+Ar Wafers 1 - 4 

b-oiP 

For D/F EBMF/OPTICAL resist OPT80+ 

Etch Si02 -300nm Anisot. For D/F EBMF/OPTICAL resist OPT80+ 
CHF3+Ar Wafers 5 - 7 

* Resist strip P-RS 
X-11 ! inspect 7 wafers for residue after wet or dry etch. 
W-C1 * RCA clean 

Count 
0 

tCP Dry etch Anisotropic, HBr Process. 2um Si etch down to buried Si02 
(300nm) 

: 18 9: 

21L 

' Oxide Rippling Reduction Experiment *** Wafers 1 - 3 
Wafers 1 - 3 WH-7C Dip etch, 7:1 BHF 25degC. Sto 10 sees. 

F4-WS* Wet oxidation: Smins @ SSQdegC { PNP research) 
'WH-7|"DTp"eich77lT8H"F"2^gC. 15 sees. 
"w^Cl1» RGA cTean 

1-3 
;F4-WS* Wet oxidation: Smirts @ 980degC ( PNP research) 
fWH-7 i ;b ipe^ , 7:1 BHF25degC. ISsecsi 
Xx-T 

33. 

W-

General inspection stage: SEM & AFM 

I S i con Rippling Reduction Experiment' 
W-C1 - RCA cIPT i 
F4-0 I'Furnace 4: 950degC iOmins wet02 

Wafers 5 - 7 
Wafers 5 - 7 

WH-71: Dip etch, 7:1 BHF 25degC. 30secs 

x-d General inspection stage: SEM & AFM Wafer 5 only 
W-G1 *RGAcka«i 

and 7 oniy 
F4-0 *Furnace 4: 950clegC 4Clmins wet02 - Carry out if needed 
WH-71 Dip etch, 7:1 BHF 25degC. SOsecs - Carry out if needed 
X-0 General inspection stage; SEIW & AFM 

; *** Etch Damage Removal EDR Process ' 
W-C1 p RCA dean 
F4-6 "Furnace 4: 950degC 20mins DRY 0 2 
WH-71: Dtp etch, 7:1 BHF 25degC. 2Ssecs. 

Wafer 4 only 

Wafers 1 

Wafers 6 

201 



Running k2513s on 03-25-2004 

H|2;3l4|5|G{ ID 

46 
6*' 

0 

Si, 

I 

i jo'i^ 

I l4 '6" 15 
1 

1G; 

17 

18 

11 
Ni 

0 

& 

19 a 
20̂ 1 
21 

P-EM IE-BEAM Mask/Reticle Writing 
Description^ 

G-S6 f Title page; 4 wafers, MATERIAL: 2 SOIs No.1 and No.2, 2 n-type 15 
{Ohm.cm <100> No.3 and No.4 

G-1P i* Lithography information 
G-1 i*Notebool< page 
W-C1 •* RCA clean 

Count 
0 
4 

:L0-4(^* LTO deposition; 400tim+-40nfn at 400degC SiH4 and 02 Wafer No. 
11+3 

LO-SOi* LTO deposition* SOOnm +- 30nm at 400degC SiH4 and 62 Wafer No. 
2 + 4 

i 

See Engineer: Inspect 
* Hardbake for wet etch 

P-GS1* STEPPER Photolith: reticle k969r, D Field: nom. 1.1 um resist 
_ STAND/V*D 

G-2 
P"-~RHI 
WH-2i 
P R3 
G 2 " 
w-ci 

LN-13 

:b-0 

LN-20 

04) 

Wet etch oxide, 20:1 BHF 25degC. To hydrophobic Si + 20secs. 
Resist strip 
See Engineer: SEM inspec 
RCA clean 

* Deposit SI3N4 130nm+»20nm 
Wafer No.1+3 

740degC DCS: N H4 1:4, 2.3nm/m. 

Dry etch; Etch Si3N4. Anisot. (~130nm) OPT80+ CHF3+Ar Wafer No.1+3 
Minima! over etch to retain Si3N4 fillet 

Deposit S(3N4 200ntn+-20nm at 740degC DCS:NH4 1:4, 2.3nm/m(n. 
Wafer No.2+4 
Dry etch: Etch Si3N4. Anisot. (~200nm) OPT30+ CHF3+Ar Wafer No.2+4 
Minimal over etch to retain Si3N4 fillet 

* See Engineer ; Inspect 
1 Dry Deep Si. anisot.etch (~2um} (CP HBr process 

G-2 
D-0 
X-6 I General inspection stage : SEM Sidewall 
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