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Introduction

1. Attraction of GexSi1.x Epitaxy

The development of strained layer epitaxial growth of GexSii.x on silicon
by Kasper! and later by Bean? opened up a whole new realm of possibilities
for silicon-based devices. A relatively large bandgap change with respect to
silicon can be obtained for germanium fractions as low as 0.2 (180 meV).
GexSi1.x forms a random alloy over the whole range of compositions
allowing the bandgap to be tailored for a specific purpose with proper choice
of the germanium fraction. Most of the heterojunction devices pioneered in
band gap engineering with the GaAs /AlGaAs system have been successfully
implemented using the GexSij.x /Si material system - such as Heterojunction
Bipolar Transistors?, MODFETs#, Resonant Tunneling Diodes® and Infrared
detectorsé. The GexSi1.x /Si material system is particularly attractive since
GexSi1-x /Si heterojunction devices will be more amenable to silicon

processing technology than III-V materials.

2. Thesis Overview

In this thesis the growth of strained GexSij-x films by Rapid Thermal
Chemical Vapor Deposition is explored and the application of the Ge,Si1-x /Si
heterojunction to an improved pMOS device is considered.

In chapter 1 the two key aspects of strained Ge,Sij.x films, the strain and
the bandgap offset, are reviewed.

In chapter 2 the growth of these films by Rapid Thermal Chemical Vapor
Deposition (RT-CVD) is discussed Low temperature silicon epitaxy is
reviewed and the growth and doping kinetics of silicon and Ge,Siy.x epitaxial

films using RT-CVD are shown.
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In chapter 3 an improved pMOS device using a GexSii-x /Si
heterojunction is introduced, the MOS-gated High Hole Mobility Transistor
(MOS-HHMT). The operation of such a device is analyzed and demonstrated
experimentally

In chapter 4 the current-voltage characteristics of the MOS-HHMT are
measured and models for the inversion layer hole mobility and the drain
conductance are developed. Remaining questions regarding the operation
and viability of the MOS-HHMT device structure are then raised and

commented upon.
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Chapter 1 : Strained GexSi1-x Review

1.1. The GexSij-x /Si Heterojunction

Germanium and silicon both have a diamond crystal structure and form a solid solution
across the whole range of compositions from germanium to silicon The two
semiconductors have approximately a 400 meV difference in bandgap making the Ge/Si
material system attractive for bandgap engineering. Unlike the GaAs/AlAs matenal
system, which is almost lattice matched, there is a 4% lattice mismatch between the relaxed
lattice constants of silicon and germanium. The large lattice mismatch presents limitations
in growing these heterojunctions because of the strain in the films and the corresponding
misfit dislocations that can result from the strain and changes to the GexSij-x band
structure. Most of the material properties of these strained GexSijx (and silicon) layers are
still the subject of active investigation and theory.

In this chapter two of the most important aspects of the GeyxSi}.x /Si material system,
the lattice mismatch (section 2) and the band structure (section 1.3) are reviewed. The
discussion will focus on GexSi.x films grown on Si(100) substrates since all the work in
this thesis was done under these conditions. The methods outlined in this section are also

applicable to other substrate orientations and substrate compositions.

1.2. Lattice Mismatch
The lattice constant of germanium is 4% larger than that of silicon so unstrained
GexSijx alloys will have a larger lattice constant than silicon. The lattice constant of

relaxed GexSijx films (ap) can be approximated using Vegard’s Law as

Eq. 1.1 a0 = x aGge + (1-x) ag;
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where x is the germanium fraction and agGe and ag; are the lattice constants of germanium
and silicon. Experimental measurements of the relaxed lattice constants of GexSi}-x alloys
can be found in Reference [1]
The misfit (f) between the epitaxial layer and the )substratc is defined as
a,—a,

_
Eq. 1.2 f="—

o)

where ag is the lattice constant of the substrate and a,, is the relaxed lattice constant of
the epitaxial layer.
The misfit between the epitaxial layer (GexSij-x) and the substrate (silicon) can be
accommodated in two ways
1. By elastically straining the material (Figure 1.1a).
€ = misfit accommodated by strain
2. By forming misfit dislocations along the interface (Figure 1b)
0 = misfit accommodated by dislocations
The total misfit will be equal to the sum of these two components such that
Eq. 13 f=¢+d
1.2.1 Equilibrium Critical Thickness
The Matthews/Blakeslee model? uses the energy balance of strain energy due to misfit
dislocations (Eg) and the elastic strain energy (E¢) to determine what the equilibrium
spacing of misfit dislocations in the overlying film ‘will be. There is a strain energy
associated with both the elastic deformation of the epitaxial film and the presence of
dislocations (which disrupt the crystal periodicity). The elastic strain energy is given by

Eq. 14 E =¢Bh

£
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a.

Ge ,Sij. Epilayer

Silicon
Substrate

Ge ,Si ;. Epilayer

Silicon
Substrate
e
ds
mismatch accomodated with misfit dislocations
Figure 1. Schematic showing two means of accommodating misfit, [a] formation of misfit

dislocations and [b] epitaxial layer is coherently strained.
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where € is the misfit accommodated by elastic strain, h is the epitaxial layer thickness, and
B is a factor depending on the elastic constants Cjj and the direction cosines of the normal
to the plane relative to the cubic axis  The energy associated with a misfit dislocation

between two crystals is approximately

Eq. 1.5 E; =‘%§ b[ll*%) + i] where & (G G,G,b

4G )1 v)

¢

where G, is the shear modulus of the epitaxial layer, Gs is the shear modulus of the silicon
substrate, v is Poisson’s ratio of the strained layer, b is the Burgher's vector, and R is the

radius of the dislocation strain field.

The Matthews-Blakeslee model is particularly useful for determining the maximum
coherently strained epitaxial layer thickness (no misfit dislocations) that is
thermodynamically stable for a given misfit (i.e. germanium fraction). The elastic strain

for a given epitaxial layer of thickness h, is given by :

Eq. 1.6 € =(% [ln(%)+ 1}

If the calculated value for the elastic strain (Eq. 1.6) equals or exceeds the misfit the
epitaxial film will be coherently strained, i.e. not have any misfit dislocations. The critical
thickness refers to the maximum thickness an epitaxial film can have and still be coherently
strained in thermodynamic equilibrium. The critical thickness occurs when the equilibrium
elastic strain energy equals the misfit (€ = f). For GexSi|.x epitaxial layers the critical
thickness will depend on the germanium fraction (x). Films with larger germanium
fractions will have larger misfits and therefore correspondingly lower critical thicknesses.

Houghton et al use a modified version of the Matthews/Blakeslee model (described
above) to determine the equilibrium critical thickness for buried strained layers and
strained-layer superlattices (reference 3) They assume that the elastic constants of the
Ge,Si1.x layers are the same as that of silicon and that the crystal is isotropic. The critical
thickness (h*), in nm, calculated in this manner for a single GexSij.x layer with no silicon

cap is
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Eq. 1.7 h' =0.023 1 4h )
f . b/

If the epitaxial GexSij.x layer has a silicon layer on top the critical thickness is increased

since any relief of the elastic strain by forming dislocations in the GexSiyx layer will add
strain energy in the overlying silicon layer. The resulting modification to the critical

thickness formula is

B =0.023 ln( 4’
f b

Eq. 1.8

where tgp is the thickness of the silicon cap layer.

The calculated critical thickness is plotted versus germanium fraction in Figure 1.2 for
a single GexSiy_x layer with no silicon cap layer and with a 200 nm silicon cap layer. A
single Geg 2Sig.g layer with no silicon cap has an equilibrium critical thickness of
14.4 nm. The equilibrium critical thickness for a Geg 2Sig.g layer increases to 22.4 nm
with the addition of a 200 nm silicon cap layer. All combinations of germanium fraction
and Ge,Sij.x thickness that fall on or below the critical thickness curve will be coherently
strained while all combinations above the curve will either be relaxed with misfit

dislocations or, if coherently strained, will be metastable.
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Figure 1.2 Critical thickness versus germanium fraction for a single GexSil-x layer with no silicon

cap and with a 200 nm silicon cap.

It is important to note that this is a thermodynamic calculation. It is often possible with
low temperature epitaxial growth processes to grow coherently strained GexSij-x films that
exceed the equilibrium critical thickness 45 Metastable films are possible because of the
large activation energy associated with the homogeneous nucleation of the misfit
dislocations (=100 eV ¢).

1.2.2 Misfit Dislocation Nucleation and Propagation

Much experimental3.4.7 and theoretical$8, work has been directed toward
understanding the relaxation kinetics of metastable strained layers (i.e. strained layer
thicknesses above the critical thickness). This work is motivated by the ability of low
temperature epitaxial techniques to grow coherently strained films above the critical
thickness. It is often desirable to consider GexSij-x structures which are metastable in
order to obtain the largest possible bandgap offset and maintain a certain layer thickness.

Many of the devices described in the literature fall into this regimel01!  Because of the
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desire to have thicker GexSi|.x films and larger germanium fractions it is important to
consider whether metastable GexSi).x layers will remain coherently strained during the
subsequent thermal cycles which may include growth of additional epitaxial layers and
device processing. The two key components in studying the relaxation of metastable
strained layers are the dislocation nucleation and the dislocation propagation. Dislocation
multiplication processes are also important at high dislocation densities, however for
devices used in integrated circuits even small dislocation densities are unacceptable, so
dislocation multiplication is omitted from this discussion.

Epitaxial growth of strained layers will always begin with a film thickness below the
critical thickness, i.e. the film thickness is zero. As the film continues to grow the strain
energy will continue to increase and eventually when the film exceeds the equilibrium
critical thickness it will be energetically favorable to have misfit dislocations relieving the
stress rather than to have a coherently strained epitaxial layer. There is a large kinetic
barrier (=100 eV) for the formation (nucleation) of homogeneous dislocations, such a large
barrier that it is thought that most of the misfit dislocations are the result of heterogeneous
nucleation 6:12. The dependence of dislocation nucleation on heterogeneous sources has led
to a large variation in the maximum metastable epitaxial GexSij.x layer thicknesses and a
great deal of difficulty in modeling kinetics of nucleation.

The effective stress is the unbalanced force responsible for the nucleation and
propagation of misfit dislocations in strained layers that exceed the equilibrium critical
thickness. The effective stress (Teff) is defined as the difference between the elastic stress
in the layer and the stress related to the extension of a 60° dislocation segment!*  For a
GexSij-x epilayer of thickness 4, in nm, and germanium fraction x, the effective stress (in

GPa) is estimated to be 9

Eq. 1.9 Ty = 3.88% —0-}?5111(10 h)

The film will begin to form misfit dislocations when the effective stress is greater than

ZCT0.
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A semi-empirical expression for the dislocation nucleation rate (dN/dt), which depends
on the effective stress (Tefr), the heterogeneous nucleation site density (No) and the
activation energy for nucleation (E,p) has been put forth by Houghton °

Eq. 1.10 dNY) x N, Tas | e*(%‘

dt G

where y and n are fitting parameters.

The dislocation velocity (V) in semiconductors with a diamond lattice structure has
been extensively studied!4:!5 and is expressed in a semi-empirical form as

Top\™ —(E
Eq. 1.11 V=V(,—(°-}*I e n)

where V, is a material constant , Ey is the activation energy for dislocation glide, and the
stress exponent m is found to vary between and $ 9,

A quantitative estimate of the dislocation density for a given metastable GexSi)-x/Si
heterostructure and thermal cycle can be made using experimental data to fit the equations
for dislocation nucleation (Eq  10) and dislocation velocity (Eq. 11). This was done by

Houghton for MBE grown films in reference 9.

1.3. Band Structure

The motivation for investigating the GexSij-x /Si material system is the substantial
bandgap difference between silicon, which has a bandgap of 1.12 eV at 300K, and
germanium, which has a bandgap of 0.66 eV at 300 K The magnitude of the bandgap
offset for GexSij.x alloys has a strong dependence on the strain.

13.1 Influence of Strain on the bandgap

The indirect bandgap of strained GexSij-x alloys on silicon substrates has been
calculated by People using a full 6 x 6 strain Hamiltonian!®¢  The indirect band gap has

four contributions

10
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1. The band gap of the unstrained GexSijx alloy as measured by Braunstein et
all?

2. Shifts of the band gap due to hydrostatic compression (change in volume).

3. Uniaxial splitting of the indirect conduction band edges, and

4. Uniaxial splitting of the degenerate valence band edge atk = 0.

In Figure 1.3 the bandgap versus germanium fraction is shown for unstrained GexSij-x
alloys (measurements of Braunstein) and coherently strained GexSi).x alloys (calculated).
In the unstrained alloys the dependence of band gap on germanium fraction is fairly weak
for alloys with germanium fractions up to 0.8, with the conduction band minima being
silicon-like. For an unstrained Geg2Sig g alloy the bandgap change from that of silicon is
only about 110 meV. For germanium fractions higher than 0.8 the bandgap changes more

rapidly with germanium fraction and the conduction

1.1
10 - Unstrained
S e
L
o 09 |
o
> Coherently
{=1y] )
g T £ Strained
07 +
0.6 ] 1 ] ]
0.0 0.2 0.4 0.6 0.8 1.0
Germanium Fraction
Figure 3 Bandgap energy versus germanium fraction for coherently strained and relaxed

GexSi].x films. The two line for the bandgap of the coherently strained GexSi]-x

reflects the uncertainty in the deformation potentials used in the calculations. (After
Reference 16)
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band minimum is germanium-like. Strain causes the bandgap of GexSij.x alloys to shrink
more rapidly. For a coherently strained Gep 2Sig g alloy the bandgap change from that of
silicon is approximately 180 meV. It is apparent that maintaining a coherently strained
layer is desirable not only to avoid misfit dislocations, but also to achieve a larger bandgap
offset.

The effective density of states in both the conduction and valence bands is reduced
because of the band splittings caused by the uniaxial strain. A schematic of the band lineup
and splitting for germanium on a Si(100) substrate is shown in Figure 4. In the valence
band the fourfold degenerate J=3/2 state (J = angular momentum) and the twofold

degenerate J=1/2 are separated in energy. In a coherently strained Geg 2Sig g alloy the

J=3/2 states
A
conduction
= = = = = = = — bands
A
conduction A L
band
_________ valence
bands
valence
band
Si (cubic) Ge (strained)
Figure 1.4 Splitting of the valence and conduction band degeneracy in a strained germanium layer

on a silicon substrate. (After Reference 18)

12
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are separated by 34 meV and the J=1/2 state is another 95 meV lower. In the conduction
band the six conduction valleys are split according to the k vector. The four in-plane
valleys [(100), (010), (010) and (100)] move down in energy and the two valleys
perpendicular to the plane [(001) and (001)] move up.

13.2 Heterojunction Band Alignment

Van de Walle and Martin did self-consistent calculations based on the local density
functional and ab initio pseudopotentials in order to study the properties of a coherently
strained Si/Ge interface!® In particular they calculated the heterojunction band lineups for

germanium on silicon

20 - Ec(2)
S
;:: 15 |
U
S
M0 F
Ey (1)
Eyv (2)
05 |
Ey @)
0.0 T - ; u 1
0.0 0.2 0.4 0.6 0.8 1.0
Ge Fraction
Figure § The offset of the conduction and valence bands, relative to the top of the silicon valence

band, versus germanium fraction for coherently strained GexSi].x films on Si(100)

substrates. After Reference [18]

(100), (111) and (110) substrates as well as the band lineups for silicon on a germanium

substrate.
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The valence and conduction band offsets for strained GexSij-x alloys matched to a
Si(100) substrate are shown in Figure 1.5. The bands offsets are all referenced to the top
of the valence band in silicon. Most of the bandgap offset for GexSi}-x films on silicon
substrates is in the valence band. For a Geg 2Sig g alloy, which has a 180 meV bandgap
difference, there is a 164 + 20 meV offset in the valence band and only a 16 meV offset in
the conduction band. The band alignment is predicted to be type I for germanium fractions

of up to around 0.6 and type II thereafter (see Figure .6 for pictorial representations of the

band alignments).
]
Typel Typell
Figure 6 Pictorial definition of type I and type 1I band alignment. Type I - the smaller bandgap

lies entirely within the bandgap of the larger. Type II - the conduction and valence
band edges of the smaller bandgap lie above the respective conduction and valence band
edges of the larger.

The discussion and examples discussed in this section relate to coherently strained

GeySij-x films on Si(100) substrates. If the substrate orientation or composition (i.e.

germanium fraction) is changed there will be changes in the bandgaps and band lineups.

1.4. Material Parameters for GexSijx
Most of the properties of GexSij.x alloys are estimated from their values for

germanium and silicon using Vegard’s Law (linear interpolation between the bulk values

14
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for germanium and silicon). The tables on the next page include some of the more

important material parameters.

15
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Table 1.1 Band structure parameters for silicon and germanium at 300 K. After Reference [19].
germanium
Bandgap 126 eV 0.66 eV
Effective density of states
conduction band 2.8 x 1019 cm™3 1.04 x 1019 cm3
valence band 1.04 x 1019 cm-3 6.0 x 1018 ¢m™3
Effective Mass (m*/mo)
electrons m]‘ = (98 ml' = 1.64
m¢" =0.19 m¢ = 0.082
holes m]h' = (.16 mlh‘ = (0,044
mph" = 0.49 mpp” = 0.28
Table 1.2 : Phystical properties of silicon and germanium at 300 K. After Reference [19].
silicon germanium
Lattice Constant (nm) 5431 5.646
Poisson Ratio 0.279 0.273
Dielectric Constant 11.7 16.0
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2.1 Drive to Low Temperature Processes

Great strides have been made in reducing device dimensions with improved

lithography techniques. In the 1960s typical feature sizes were measured in mils

1 mil = 25 pm) and integrated circuits contained only a few hundred transistors! Today
line widths are already less than one micron in production and 16Mbit DRAM cells are
going into production. Vertical device dimensions have not been shrinking as rapidly.
One of the limiting factors in scaling vertical device dimensions is diffusion during the
high temperature processing steps.

In the past the high temperatures required for good quality silicon epitaxy limited the
ability to grow thin epitaxial layers because of inter diffusion and autodoping. In bipolar
junction transistors a heavily doped buried layer is placed below in the collector to reduce
the parasitic series resistance. A more lightly doped epitaxial layer is grown on top to
reduce the collector/base junction capacitance, reduce the Early effect (depletion layer will
be mostly in the more lightly doped collector), and to achieve a high breakdown voltage.
Several microns of epitaxy was needed on top of a buried layer in a bipolar transistor to
contain the dopant out diffusion. If epitaxy were done at much lower temperatures the
vertical dimensions could be reduced considerably and the entire vertical structure could be
grown epitaxially (emitter, base and collector).

The stability of SiO7 at low temperatures has traditionally precluded low temperature
epitaxial growth. As a result epitaxial growth temperatures in excess of 1000° C have been
used to avoid the formation of hillocks and stacking faults which result from stable oxides
forming on the surface.

The development of silicon MBE and UHV-CVD lowered the partial pressures of

oxygen and water vapor sufficiently to allow the growth temperature to be reduced without
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running into the problems of forming oxide related defects. Meyerson? used the
equilibrium data of Ghidini and Smith for the Si/0,/SiO, system? and the Si/H,0/Si0,
system* as the criteria for partial pressures of oxygen and water vapor below which a stable
oxide would not form (see Figures 2.1a and 2.1b). On the basis of on this data and
assuming water vapor and oxygen impurities of at least 1ppm in the source gases he
proposed that by lowering the system pressure to less than 1 mtorr during low temperature
epitaxial growth (T<850° C) the partial pressures of H,0 and O3 would be low enough to
avoid the formation of SiO; For example, if the source gases contain ppm of water
vapor and growth is performed at 100 torr the partial pressure of water vapor is 104 torr
and SiO, will be stable for any growth temperature below 1050° C. If the pressure during
growth is reduced to 1 mtorr then the partial pressure of water vapor will drop to 10-9 torr
and SiO7 will not form at temperatures above 700° C,

These equilibrium SiO2/Hy0/0 calculations proved to be overly pessimistic because
kinetics, rather than thermodynamics, tend to dominate the epitaxial growth process at low
temperature. If an epitaxial system's growth chamber is kept under vacuum and the source
gases are pure, good quality silicon epitaxial layers can be grown at low temperature even
at atmospheric pressure®. The ability to grow epitaxial silicon at low temperatures under
non-UHV conditions is aided by the moving growth front which does not allow

equilibrium conditions to be established.
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2.2 Princeton Rapid Thermal Chemical Vapor Deposition Reactor

2.2.1 System Description

The Princeton Rapid Thermal Chemical Vapor Deposition system is modeled after the
Limited Reaction Processing reactor developed by Gibbons et al 6, The reactor is a cold
wall epitaxial reactor which heats the wafer using a bank of high intensity tungsten-halogen
lamps. The wafer temperature can be changed very rapidly since the wafer provides the
only thermal mass and the lamp power can be changed very quickly. For example, the
wafer can be heated from room temperature to over 1000° C in less than 5 seconds.
Cooling is predominantly radiative at high temperatures, so cooling from 1000° C to
=600° C is rapid (a few seconds) Below =600° C the wafer is cooled by mainly
conduction from the gas flow, a much slower process at low pressure. The rapid heating
and cooling of the wafers minimizes the total thermal cycle that a wafer sees during a high
temperature process.

Diffusion processes depend on both the time and temperature through the product of
the time and the diffusivity (D), which is exponentially dependent on temperature. For
example, the impurity distribution resulting from diffusion from a constant source’ is

Eq. 2.1 N(z,t)=N_ erfc(a—zﬁ
where N(z,t) is the impurity concentration at a time t and a distance z from the source, and
Np is the impurity source concentration. Limited reaction processing reduces the time
spent heating and cooling the wafer and thus reduces the thermal cycle to a minimum for a
desired growth process

Figure 2.2 shows a drawing of the reactor chamber in which the wafer rests on quartz

pins inside a quartz tube through which the process gases flow. A
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Chapter 2 Low Temperature Epitaxial Growth and Kinetics

gold reflector assembly encloses the quartz tube and houses the tungsten-halogen lamps,
which lie in rows undemeath the tube. Figure 2.2 also shows the load lock, which is used
to minimize the introduction of oxygen and water vapor to the growth chamber while
exchanging wafers, and the infrared temperature monitoring system which is described in
section 2.3.3.

Figure 2.3 shows a flow diagram of the different systems of the Princeton Rapid
Thermal Chemical Vapor Deposition Reactor which include the pressure control system,
the temperature control system, the gas flow controls and the exhaust. The source gases
are enclosed in vented cabinets and the flow into the chamber is metered using mass flow
controllers. Hydrogen carrier gas, which makes up the bulk of the gas flow during growth,
is passed through a palladium diffuser to remove any residual impurities (especially
oxygen and water vapor). The flow of the various source gases is directed to either a vent
line that bypasses the growth chamber or the main line. The flow rates of the source gases
are typically stabilized in the vent line and then rapidly diverted using five-ported valves to
the growth chamber to initiate growth Thus growth cycles can be controlled by gas
switching. A capacitive manometer measures the pressure and feeds the value into a
pressure controller which throttles the gas flow with a butterfly valve to maintain a
predetermined pressure setting. Vacuum is provided by a rotary vane pump which enables
us to obtain pressures down to a few torr during growth. Temperature is monitored by the
infrared temperature measurement setup and fed into a controller which varies the lamp
power. Finally the reaction byproducts pass through a burn box, which oxidizes them

before they are exhausted to the atmosphere.
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2.2.2 Infrared Transmission Temperature Monitoring

Aside from temperature non uniformity, the greatest problem plaguing rapid thermal
processes is temperature measurement. Pyrometry is typically used to measure
temperature but variation in the wafer emissivity, due to the presence of other material
such as oxides and nitrides, the wafer backside polish and doping, the measured
wavelength, and temperature®, make it an unreliable technique®. The infrared transmission
temperature monitoring scheme developed at Princeton!® avoids the problems associated
with pyrometry and provides a highly accurate way of monitoring temperature.

The infrared absorption technique relies on the strong temperature dependence of the
absorption of sub-bandgap radiation in the temperature range from 400° to 850° C At
room temperature a silicon wafer is practically transparent to .3 um and 5 pm radiation
which have a photon energies of 0.96 eV and 0.83 eV respectively. When the temperature
reaches 400° C absorption from free carriers and indirect band to band transitions begin to
become significant. As the temperature increases the silicon bandgap narrows and the
concentration of free carriers increases leading to an increase in the absorption from both of
these mechanisms. In Figure 2.4 the normalized transmission for .3 um and 1.5 Hm
radiation through a 450 pum thick Si wafer is plotted as a function of the wafer temperature.
As the temperature increases, the transmission of the 3 um laser, which has a photon
energy closer to the band edge, drops off more rapidly. At 625° C the 450 pm thick silicon
wafer is essentially opaque to the .3 um laser. The 5 pum laser extends the range of the
technique to almost 850° C before the transmission drops to zero. Simple absorption
models indicate that bandgap absorption is the dominant mechanism for the .3 pum laser

and free carrier
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Figure 2.4 Normalized transmission through a 450 um thick silicon wafer for a .3 um and a

1.5 um laser versus temperature.

absorption is the dominant mechanism for the 5 pm laser! The transmitted intensity at
a given temperature, I(T), is given by

Eq. 2.2 I(T)=L, 1 e™D.
where I, is the incident intensity, o(T) is the absorption coefficient at temperature T, tg is
the wafer thickness and L, is the fraction of radiation that is not lost to reflection and

scattering from the wafer backside roughness. Theses losses are assumed to be
independent of temperature so that L, cancels out if the transmission is normalized by
dividing the transmission at a given temperature by the transmission at room temperature.

The normalized transmission is

a(T) ¢ ,
Eq. 23 N[T | = I(T) = Lo 10.2(300;) = eA-a(T)+a(300 Nt
1(300) L Le

Since the absorption at room temperature is essentially zero for the 3 umand Spm

radiation the normalized transmission reduces to

Eq.24 N(T) = ™Mt
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The transmission depends exponentially on thickness so the wafer thickness must be
known to obtain accurate results The normalized transmission for a desired wafer
thickness tx can be determined from the normalized transmission of a reference wafer of
thickness t using

Eq.2.5 N (T) = NS(T}":T)
where Nx(T) and Ng(T) are the normalized transmission at temperature T for the new
wafer and the reference wafer respectively.

The thickness for a 100 mm silicon wafer is required to be 525 um £ 25 um by SEMI
standards!2. This thickness variation will result in a + 5 C° error in the temperature control
if no correction is made. The change in thickness of the wafer during epitaxial growth is
insignificant since the maximum epitaxial layer thickness is typically less than 2-3 um
which corresponds to a thickness change of less than 0.6%

Thick films of GexSij.x can be a problem with this technique since the bandgap of
GexSij-x is closer to the photon energies of the .3 um and .5 pm lasers. Many of the
GexSij-x films of interest are very thin because of critical thickness considerations so,
despite the higher absorption coefficient of the GexSi)-x films, the transmission will only
change slightly because the optical path length through the GexSij.x is small. In order to
see the magnitude of the transmission change an epitaxial GexSij-x layer was grown on a
wafer with a thermocouple bonded to it The temperature was controlled using the
thermocouple and the transmission was monitored as the GexSij.x film grew. After
growing a 200 nm Ge 3Si 7 film only a 12% reduction in the normalized transmission at
700° C was seen This corresponds to an error in temperature of less than 5°C. At
750° C where the bandgap is closer to the laser photon energy an error in the infrared
temperature measurement of 20 C° was seen A thickness of 200 nm is over twenty-five
times the equilibrium critical thickness for a Ge 3Si 7 film (h*=7.6 nm)

A pure germanium layer was also grown on the thermocouple bonded wafer. A film

thickness of less than 50 nm was enough to reduce the infrared transmission to zero so
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some care must be taken with this technique when growing thick GexSij.x films or
GexSijx films with germanium fractions larger than =0.5.
When used carefully the infrared technique is capable of maintaining the temperature

within 1-2° C of the target value over the temperature range from 500° C to 800° C 17

2.2.3 Source Gases for Epitaxial Growth

Dichlorosilane (SiCl2H3) was used as the silicon source and germane (GeHs) was
used as the germanium source. Dichlorosilane is a liquid at room temperature but the
vapor pressure is high enough to use without a bubbler  psi). Germane was diluted in
hydrogen to a mole percent ranging from 0.6 to 0.9 %

The dopants were supplied by diborane (B2Hg) and phosphine (PH3) diluted in
hydrogen. The diborane was typically diluted to 10 ppm and the phosphine to 70 ppm.

Hydrogen was used as the carrier gas. Since hydrogen constituted the bulk of the gas
flow it was passed through an in-line palladium diffuser to remove any trace impurities

(especially oxygen and water vapor).

2.3 Epitaxial Growth Rates

2.3.1 Thin Film Analysis

Basic information about the epitaxial film quality and composition was obtained using
a number of different analytical techniques. The two techniques used most heavily in this
work were Secondary Ion Mass Spectroscopy (SIMS) and Rutherford Backscattering
(RBS). Rutherford Backscattering was used to do quantitative analysis of the GexSij.x
compositions and to check the crystallinity.

Almost all of the growth rate data presented in this thesis and all the boron doping data

was determined from SIMS analysis. A Ge,Si|-x calibration standard with three different
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germanium fractions was grown and measured by RBS and boron and phosphorous
implants were used as dopant standards. All depth calibrations were done by measuring
the crater depth The germanium compositional analysis was accurate to within
approximately * 3% and the doping concentrations agreed with results of electrical

measurements within a factor of two.

2.3.2 Silicon and Germanium Epitaxial Growth

The growth rate of silicon using a flow of 26 standard cubic cm (sccm) of
dichlorosilane (SiHCly) diluted in 3.0 liters per minute (Ipm) of hydrogen at 6.0 torr was
measured over the range of growth temperatures from 1000° C to 625° C  An Arrhenius
plot of the resuits is shown in Figure 2.5 The transition from the mass flow limited

growth regime to the reaction rate limited growth regime occurs at a

1000
mass flow limited
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g 100 -===- germanium
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o 1 +
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Figure 2.5 Arrhenius plot of the growth rate of silicon with a flow of 26 sccm of dichlorosilane and

of germanium with a flow of 3.0 sccm. The growth was performed at 6.0 torr with a

3.0 Ipm flow of hydrogen.
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temperature of approximately 800° C 13. In the reaction rate limited regime the slope of the
Arrhenius plot indicates an activation energy of 1.9 eV. Below 650° C the growth rate of
silicon is less than 0.5 nm/min.; this is too slow to be practical for a single-wafer reactor
and leads to a practical lower limit for the epitaxial growth temperature with SiH2Cl,.

The growth rate of germanium using 3.0 sccm of germane was measured over the
temperature range of 500° C to 700° C and plotted in Figure 2.5. The apparent activation
energy for germanium growth is much smaller than that of silicon (0.38 eV). It has been

postulated that germanium growth in this temperature range may be mass flow limited!4
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Figure 2.6 Growth rate of GexSi|-x epitaxial films as a function of germane flow at 605° C. The

growth rate is also split up into its germanium and silicon components according to
Eq. 2.16a and Eq. 2.16b.

2.3.3 GeySiy-x Epitaxial Growth
As small flows of germane (1-3 sccm) are added to the SiH2Cl; flow (26 sccm) the

growth rate increases dramatically in the reaction rate limited growth regime. At 605° C
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the growth rate rises from less than 0.2 nm/min with no added germane to 28.4 nm/min
with the addition of 3.0 sccm of germane. This is an increase of over 100 times and can’t
be attributed solely to the additional growth of germanium. In Figure 2.6 the growth rate at
605° C is plotted versus the germane flow. The total growth rate is also broken up into the

germanium and silicon growth components using the germanium fraction measured by

SIMS.
Eq. 2.6a RS =(1-x) - Rg™
and
Eq. 2.6b Ro =x R™

where RZ is the growth rate component for species n and x is the germanium fraction. As
germane is added to the SiH,Cl; flow the component growth rates of both germanium and
silicon increase. The increased silicon growth rate, with no corresponding change in the
dichlorosilane partial pressure, indicates that the addition of germane is catalyzing the
silicon growth.

The catalytic effect of germane is also seen in the growth rates of GeySij_x films at
625° C and 700° C as shown in Figure 2.7 and Figure 2.8 respectively. The size of the
catalytic effect diminishes as the growth temperature increases. When a 2.0 sccm flow of
germane is added to the 26 sccm flow of dichlorosilane a growth rate enhancement of
90 times is seen at 605° C. The growth rate enhancement drops to 65 times at 625° C and
12 times at 700° C. The catalytic effect is more significant at lower temperatures because
the silicon growth rate is falling off exponentially. In the mass flow limited growth regime
(T>800° C) no catalytic effect is seen.

As the growth temperature is lowered the films become increasingly germanium rich.
This is because the growth rate of the germanium component is only weakly dependent on
temperature, like the growth rate of pure germanium. The germanium growth rate
component for a germane addition of 2.0 sccm to 26 scem of dichlorosilane is 7.6 nm/min

at 700° C and only drops to 5.9 nm/min at 605° C, a reduction of only 22%. The silicon
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growth rate component, in the same films, drops from 27.4 nm/min at 700° C to only

12.0 nm/min at 625° C — a reduction of over 100%.

At higher temperatures the growth of GexSij.x epitaxial layers tends to be

three-dimensional (also referred to as islanding). The high levels of stress in the films

make it energetically favorable for the growing Ge,Sij_x layer to ball
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Figure 2.7 Growth rate of GexSi}.x epitaxial films as a function of germane flow at 625° C. The

growth rate is also split up into its germanium and silicon components according to

Eq. 2.16a and Eq. 2.16b.
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Figure 2.8 Growth rate of GexSi).-x epitaxial films as a function of germane flow at 700° C. The

growth rate is also split up into its germanium and silicon components according to
Eq. 2.16a and Eq. 2.16b.

up to reduce strain At higher growth temperatures, such as 700° C, the islanding is
observable to the naked eye, giving the wafer a hazy appearance. Three-dimensional
growth is usually undesirable because any interface above the GexSij-x layer will be very
rough. This interface roughness ruins the in-plane mobility (interface scattering) and
makes the thickness of a GexSi)x layer non uniform, broadening the energy levels of
quantum wells At growth temperatures of 625° C and below, the surface appears
perfectly flat even under a microscope using Nomarski (phase contrast microscopy)

Rough surfaces can also result from too high a partial pressure of oxygen or water

vapor in the reactor The roughness in this case results from stacking faults and hillocks

2.3.4 Molecular View of Epitaxial Growth
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The epitaxial growth process consists of a series of steps leading to the incorporation of
the reactant species into the growing film. Figure 2.9 shows a schematic representation of
the epitaxial growth process!3> which can be thought of as consisting of five major steps

1. Gas phase reactions.

2. Adsorption to the crystal surface,

3. Surface diffusion of the adsorbed species.

4. Dissociation of the species and incorporation into film.
5. Desorption of the reaction byproducts.

When modeling this complicated sequence of events it is usual to assume that one of
these steps will be much slower than the others and will determine the reaction rate. If this
is true, then all the steps prior to the rate determining step can be assumed to reach

equilibrium and all the subsequent steps can be assumed to happen instantaneously.
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Figuré 29 Schematic of a sequence of molecular reactions that lead to epitaxial growth from the
vapor phase. After Reference [15].

23.5 Hydrogen Desorption Limited Growth Model

Epitaxial growth with silane and germane has a similar growth rate enhancement!¢ to
that of dichlorosilane and germane described earlier. The growth enhancement with silane
is smaller - only a 25 times increase in the growth rate at 550° C with a 10% addition of
germane to silane. The catalytic effect on growth rate of germane additions to silane was
found to be consistent with increased hydrogen desorption from germanium on the growth
surface. An increased desorption rate of hydrogen from the surface will result in a lower
coverage of surface adsorption sites by hydrogen The lower hydrogen coverage of the
surface allows for increased adsorption of the growth species and hence an enhanced
growth rate.

The following model!? attempts to account for the growth rate enhancement seen with
additions of germane to dichlorosilane by assuming that hydrogen desorption limits the
growth rate. The ad-sites on the silicon surface are assumed to be predominantly blocked
with adsorbed hydrogen The growth rate enhancement, seen with germane addition, is
postulated to result from a decreased surface coverage of hydrogen due to the weaker Ge-H
bond (Compare the +90.79 kJ/mol enthalpy of formation for germane to the
+32.64 kJ/mol value for silane3 ).

Additional (simplifying) assumptions are as follows

1. Only one type of adsorbing species is important for Si and Ge growth and these
result from simple decomposition reactions which we will take to be

Eq.2.7 SiCL,H, = SiCl, + H,

and

Eq.2.8 GeH, = GeH, + H,

Note : the exact mechanism is not critical to the derivation.
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2. All the adsorbing species (GeHp, SiCly, and H ) compete for the same type of
adsorption site.

3. All Si and Ge containing species that adsorb contribute to the growth rate - i.e.
total

Eq.2.9 R; =o0xR,,
or
Eq.2.10 SiClzcg) - Sic];tudxiw - Siw‘p

where R and R, 45 are the growth and adsorption rates respectively and 6 is a

geometric factor.
Since the adsorption rate is assumed to be rate limiting, preceding reaction steps can be
considered to be in equilibrium. For the gas phase decomposition reactions this means

that

Eq.2 1la Psacxz =Kg; Psm,c
and
Eq.2. 1b PGeH2 =Kge Poen,

where Pgicpn, Pgeng. tc., are the partial pressures of the respective gas species and Kg;
and Kgp are the equilibrium constants. The adsorption rate for each species is assumed to

be of the nondissociative Langmuir form!8 which may be written as

Eq.2.12 R, =(1-6) C(E.J ) R otiision

X
where (1-6) is the fraction of available sites, E,,, is the activation energy for adsorption of

species X, and Regjjision is the collision rate of the adsorbing species with the surface. The

collision rates are given by the kinetic theory of gases as

Si

Eq.2.13 Rc =Y, 'PSiClz
Ge

Eq.2.14 R~ Y;, 'PGeH;,
H

Eq.2.15 and  R. =Y, P,

(1/2)

where Y is (27[ Mg, kT} and Y and Yy are similarly defined.
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The Polanyi-Wigner equation!® for the first order hydrogen desorption process is :
H
Eq.2.16 R —vN@e &)

desorption
where v =frequency factor, N = # of sites per cm2, 8 =fraction of filled sites, and Eq is the
activation energy for H desorption. Eq.2.16 is modified to account for the proposed
enhanced desorption of H due to the presence of Ge on the surface, by replacing the
desorption probability e-B4KT py

{Ed/xr)

(e /i) +(1-x)-e

Eq.2.17 F(x)=x-e
; S o . . :
where E:c and Ed1 are the activation energies of hydrogen desorption from Ge and Si

. . Ge Si .
sites on the surface. We assume that El < Ed because of the weaker Ge-H bond so that
: ,

the desorption rate increases as the germanium fraction increases.

The hydrogen adsorption and desorption will be equal under steady state growth
conditions. Using Eq 2.12, Eq. 2.15, Eq. 2.16 and Eq. 2.17 the fraction of open sites is
found to be

Eq.2.18 0) =

v N F(x) B
VNF()+ Yy (P, e
Qualitatively Eq. 2.18 shows that as the Ge fraction of the film increases the number of
available sites increases through the dependence on F(x), the modified hydrogen
desorption probability.
The component growth rates of Ge and Si may be written in terms of the fraction of

available adsorption sites (1-9) as :

Eq.2.19 R = oY, Psmzaz(]—e)e‘(ﬁ-/k:)
and ‘
Eq.2.20 Rge 5Y, PGer 1— e)e—(E;.ds/k'r)

Since the growth rates both contain the common terms (1-8) we may write
Ge JEnfkT Si_oEnfxr
(]—6) _ &3 e‘( ) ]{G e‘( )

6 Y;Pgey, 6 YsPsyc,

or
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Rg Psm,cn2 =(YG)C‘+:FALL}/.\I _

Eq.2.21 R(S; P(;eﬂ‘ Y,
GeH, flow rtial press component growth rates
(scom) (mtorr) (nm/min) “J’
SiH2Clp GeHy silicon germanium
0.5 8.4 0.16 1.7 0.4 12.4
1.0 8.2 0.32 4.7 1.5 8.2
2.0 7.9 0.60 12.0 5.9 6.5
3.0 7.5 0.87 17.1 11.3 5.7
Table 2. Calculated value of the dimensionless parameter “J” (Eq. 2.31) using GexSi}-x growth rate
data at 625° C and a total pressure of 6.0 torr. If hydrogen desorption is limiting the
growth rate “J” should be constant.
GeHy flow partial pressure component growth rates
(scem) (mtorr) (nm/min) “J’
SiH2Clp GeHy silicon germanium
0.33 8.5 0.11 9.8 0.6 4.9
1.47 8.0 0.45 22.6 5.3 4.2
245 7.7 0.72 30.4 10.1 3.6

Table 2.2 Calculated value of the dimensionless parameter “J” (Eq. 2.31) using GexSi].x growth rate
data at 700° C and a total pressure of 6.0 torr. If hydrogen desorption is limiting the
growth rate “J” should be constant.

The parameters on the left-hand side of Eq. 2.21 are known for a set of growth
conditions and the expression on the right side should be constant at a given temperature.
We define this constant value for a given growth temperature and total pressure as the
dimensionless parameter “J”. The value of “J” is calculated from the growth rate data
measured at 605° C in Table 2. and from the growth rate data measured at 700° C in

Table 2.2 For growth of GexSij.x at 605° C it is evident that the value of “J” is not
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constant as predicted by the hydrogen desorption limited growth rate model, but falls off
with increasing Pgepy. At 700° C the parameter “J” is more nearly constant suggesting
that the hydrogen desorption limited growth model may be more reasonable under these
growth conditions.

The data suggests that the growth rate using dichlorosilane and germane sources at
700° C may be limited by hydrogen desorption from the surface. At 605°C this is
evidently not the case and the growth rate may be limited by some other factor such as gas
phase kinetics, surface nucleation, oxygen desorption (growth is not under ultra high

—

vacuum conditions), or the influence of the chlorine from the dichlorosilane.

2.4 Boron Doping Kinetics

The boron dopant incorporation in silicon as a function of diborane flow (11ppm in H,)
was investigated at 700° C and 800° C. As may be seen in Figure 2.10 the boron doping
was linear with B,H flow. This linearity extended above the solid solubility of
2.0 x 1019 cm-3 for silicon20 at 700° C suggesting a kinetic dependence for the boron
incorporation rather than a thermodynamic dependence. Equilibrium would set an upper
limit to the doping levels equal to the solid solubility. It is also evident from Figure 2.10
that the boron doping in silicon at 800° C Si is a factor of ten lower than the boron doping
at 700° C for equal diborane flows. At 800° C the solid solubility of boron is
4.5 x 1019 cm-3, more than twice the solid solubility boron at 700° C. Equilibrium
considerations would lead one to believe that

the higher the solid solubility, the higher the doping incorporation. The growth rate of
silicon at 800° C is 45.0 nm/min, a factor of 15 higher than the growth rate at 700° C.
This suggests that the boron dopant incorporation is inversely proportional to the growth

rate and, as mentioned previously, directly proportional to the diborane flow -
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Figure 2.10 Boron concentration in silicon epitaxial films versus 10 ppm diborane flow rate for

growth temperatures of 700° C and 800° C.
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The kinetic dependence of the boron dopant incorporation may be thought to result simply
from the ratio of the diborane flux upon the sample to the silicon flux of the growing film.
In other words the boron flux into the growing epitaxial film remains fixed for a given
diborane flow but the boron concentration in the epitaxial film will be modulated by the rate
of the concurrent epitaxial growth. In GexSij.x films, where the growth rate depends on
the germane flow, the boron dopant incorporation is also found to drop off linearly as the

growth rate increases (see Figure 2 This further confirms the simple kinetic relation

of Ea. 2.22.
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Figure 2.1 Boron concentration versus inverse growth rate for Gex Si|.x films grown at 700° C.

2.5 Growth Summary

Good quality epitaxial silicon and GexSi).x films can be grown at low temperatures in a
low pressure epitaxial reactor (6 torr) if care is taken to reduce the partial pressures of
oxygen and water vapor. Precise temperature control in the reaction rate limited growth
regime (T<800° C) is essential because the growth rate at these temperatures is
exponentially dependent on temperature. Infrared transmission has proven to be a reliable
and highly accurate method for monitoring and controlling the temperature in this range.

It is found that the addition of germane to dichlorosilane catalyzes the epitaxial growth
rate in the reaction rate limited growth regime allowing reasonable GexSij.x growth rates to
be achieved at temperatures down to 605° C,

In the reaction rate limited growth regime boron doping kinetics are determined by

kinetics rather than by equilibrium considerations (solid solubility).
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Chapter 3 : MOS-Gated High Hole Mobility Transistors (MOS-HHMTs)

3.1 What is a MOS-HHMT and why is it relevant ?

3.1.1 Limitations of pMOS

The performance of CMOS circuits is largely limited by the low transconductance of
pMOS transistors, resulting from the lower mobility of holes in silicon. The width of the
pMOS devices must be increased (sized) in order to achieve symmetric rise/fall times in
digital circuits. Sizing the pMOS transistors reduces the circuit density and increases the
input capacitance of each logic gate. As a result improvements in pMOS performance will
have a disproportionately large impact on CMOS circuit density and speed.

3.1.2 Inversion Layer Mobility

The mobility of carriers in the inversion layer of a MOSFET is significantly less than
that of carriers in the bulk semiconductor. In addition to the phonon and ionized impurity
scattering seen in bulk material, carriers in an inversion layer also suffer scattering induced
by surface acoustic phonons !, oxide fixed charge and the variation of the Si/SiO; interface
potential caused by roughness of the oxide interface 2.

The inversion layer mobility is often considered by looking at the effective (field effect)
mobility versus the effective transverse field caused by the gate potential (for example see
reference [3]). The effective mobility (Lef) is extracted from the drain conductance curve

of a MOSFET (see Figure 3.1) and is taken to be
: =(L i) ___1____)
5a 31 o= () (2l
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Drain Current (LA)

Gate Voltage (V)

Figure 3 Typical drain conductance curve for a MOSFET.

‘ I
. . . . L
where (\l{]) is the ratio of the gate length over the width, (\TL
D/

is a measure of the drain

conductance at a given gate bias, and Cox (VG — VT) is the difference between the gate
potential and the threshold voltage times the oxide capacitance, which is an estimate of the
inversion charge density.

The effective vertical field (Eeg) is defined as the average electric field resulting from
the gate potential which is felt by the carriers in the inversion layer The effective vertical

field is taken to be

Qdep +T‘ Qinv
Eq.3.2 E =( e !
N

ot

where E€g; is the dielectric constant of silicon, Qdep is the depletion charge, Qinv is the
inversion charge, and 1) is a weighting factor that takes into account the partial screening of

the gate field by other carriers The weighting factor
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Figure 3. 2 An example of the effective mobility vs. effective vertical field plot for electrons and

holes. Data taken from reference [6].

is usually taken to be i = 1/3 for electrons ¢ and i = 1/3 for holes 3 on a Si (100) surface.
The physical significance of the weighting factor is not understood theoretically. When the
appropriate weighting factor is chosen the effective mobility will follow a “universal" curve
of effective mobility vs. effective vertical field irrespective of oxide thickness, doping
density, and substrate bias 5.

A typical example of a plot of the effective mobility versus effective vertical field, taken
from data by Watt and Plummer 6, is shown in Figure 3.2. At low effective vertical fields
(gate voltages just above threshold), the peak effective mobility is limited by ionized
impurity scattering and interface fixed charge. After reaching a peak value, which depends
on the doping level and the fixed charge in the oxide, the effective mobility decreases along
a “universal” curve with increasing effective vertical field. The decrease in mobility at

higher fields is a result of the carriers being confined more closely to the Si/SiO3 interface
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as the effective vertical field increases. As the carriers move closer to the Si/SiO> interface
they experience increased interface scattering This can be qualitatively understood by
looking at a simple picture showing the carrier potential at two different effective vertical
fields and the corresponding wave functions At smaller effective vertical fields the
potential formed by the gate field is relatively shallow and broad and the corresponding
carrier probability distribution is spread out (Figure 3.3a) As the field gets stronger the
potential becomes deeper and narrower forcing the carrier probability distribution closer to
the interface (Figure 3.3b). As the wavefunction is drawn closer to the interface the
average spacing of the carriers from the Si/SiO2 interface (Zavg) gets smaller, therefore
interface scattering becomes more probable and drives the effective mobility down

It is obvious from Figure 3.2 that the effective mobility of holes is only about one third
that of electrons. Thus the discrepancy in mobility between electrons and holes persists in
an inversion layer The two horizontal lines shown in Figure 3.2 represent the bulk hole
mobility for doping levels of 1016 ¢cm3 and 1017 cm-3. The bulk hole mobility values are
very similar to the electron effective mobilities across the range of the effective vertical field
of the gate. This raises the question, “What if a pMOS device with a more bulk-like hole
mobility could be designed?*. If this could be done then the difference in transconductance

between the nMOS and pMOS devices would
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Figure 3.3 Sketch of the hole potential and hole probability distribution undemeath the gate of a
MOSFET at both low and high effective vertical fields.
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not be as large and a more symmetric CMOS circuit could be developed, reducing the size
and input capacitance of the logic gates.

3.13 Introducing the MOS-HHMT

One structure that has been proposed 67-8 moves carriers away from the Si/SiO3
interface by adding a buried GexSij.x layer underneath the gate of a standard MOSFET
structure. The GexSij.x layer (well) is separated from the Si/SiQ; interface by a thin
(5.0 to 10.0 nm) layer of silicon. Because of the valence band discontinuity it is possible to
form an inversion layer at the GexSij.x/Si interface before the Si/SiO; interface also
inverts. The silicon layer between the Ge,Sij.x and the oxide acts as a spacer separating
the inversion layer in the GexSi}.x well from the scattering sites at the Si/SiO; interface.

The term MOS-HHMT (MOS-gated High Hole Mobility Transistor) is used in this
thesis to refer to this device. MOS refers to the gate and HHMT is reminiscent of HEMT
which also uses a semiconductor heterojunction to confine carriers.

In addition to forming a semiconductor heterojunction the GexSij.x layer and silicon
spacer change the internal device capacitances and threshold voltage of the MOS-HHMT
compared to a standard MOSFET. Figure 3.4 depicts the cross-section of a MOS-HHMT

device.

3.2 How Does it Work?

3.2.1 Band Diagrams

The operation of the MOS-HHMT can be understood by considering the band diagram
with different applied gate biases. Figure 3.5a shows the band
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Figure 3. 4 Cross-section of a MOS-HHMT. The buried GexSil-x layer is separated from the gate
oxide by a thin 5.0-10.5 nm epitaxial silicon spacer layer. Implanted souce/drains
contact both the spacer layer and the GexSil-x layer.
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Figure 3.5a Energy band of MOS-HHMT near flatband for a device with a Ge >Si. g well and a
7.5 nm silicon spacer layer. Note the large valence band discontinuity at the Ge 3Si g

/Si interface. (Oxide bandgap is not to scale.)
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Figure 3.5b MOS-HHMT band diagram with an applied gate voltage of -1.2 volts. An inversion
layer has formed in the Ge »Si g well but not at the S¥/S10; interface.

diagram near flatband for a structure with a 7.5 nm Si spacer layer and Ge 2Si g well
Most of the bandgap offset at the GexSi).x/Si interface is in the valence band
(AEy =165 meV) forming a potential well for holes and enabling the GexSij.x well to
invert before the Si/Si0; interface. When a small negative gate bias is applied (Figure
3.5b) an inversion layer first forms in the GexSij-x well with no corresponding inversion
layer at the Si/Si07 interface. However as the magnitude of the gate bias is increased an
inversion layer does eventually form at the Si/SiO; interface (Figure 3.5c). One of the
goals in optimizing the device structure is to maximize the number of carriers added to the

GeyxSij-x well where a higher -more bulk-like- mobility is anticipated.
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Figure 3.5¢ MOS-HHMT band diagram with an applied gate voltage of

-2.5 volts. An inversion layer has now also formed at the Si/SiO, interface

3.2.2 Simple Capacitor Model

The operation of the MOSFET is largely determined by the capacitive control of the
surface potential (§g) by the gate. Looking at a gate/substrate cross-section, the MOSFET
input can be modeled as two capacitors in series, corresponding to the gate oxide (Cox) and
the depletion layer (Cgep) as shown in Figure 3.6. In a MOS-HHMT, charge can also
build up at the GexSi}.x/Si interface (9G) so an additional capacitance associated with the
silicon spacer layer (Csp) must be included (Figure 3.6).

The most important consequence of the change in gate capacitance is that the capacitive
coupling of the gate potential Vg to the potential in the GexSij.x well 9g, is weaker,
Cg 1 =Csp’! + Cox"!, than the capacitive coupling of gate potential to the potential at the
S1/Si0; interface ¢s , Cg = Cox
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Figure 3. 6 : Simple capacitor model of the gate-subtrate connection. Comparison between a

MOSFET and a MOSHHMT. The addition of the silicon spacer layer capacitance

differentiates the two.

This means that the number of carriers in the inversion layer (Qipy) of a MOS-HHMT at a
given gate voltage above threshold (V) will be less than that in a silicon MOSFET since

Eq. 3.3 Q. =Cs(Vo-Vq)

The addition of the GexSi]-x layer also changes the depletion capacitance (discussed in
section 3.2.6). These changes in the gate capacitance will also effect the threshold voltage
(section 3.2.5) and the subthreshold swing (section 3.2.6).

3.2.3 One Dimensional Poisson Solver for a MOS capacitor

In order to better understand and predict the behavior of the MOS-HHMT a simple
program was developed to find the one-dimensional electrostatic solution to Poisson's
equation for an MOS capacitor at a given gate bias. Details of the semiconductor vertical
composition and doping profiles as well as the gate oxide thickness, fixed charge and

interface state density are input interactively. The gate voltage is also input and a trial
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surface potential is selected by the program The choice of the surface potential determines
the surface electric field and the solution to Poisson's equation for these initial conditions is
propagated using the fourth order Runge-Kutta method. The surface potential is refined
during successive iterations until convergence is reached when the potential in the bulk
semiconductor goes to zero (within 1 mV). A constant quasi Fermi level in the thin Si and
GexSi]-x layers equal to that deep within the bulk was assumed (i.e. no channel-substrate
bias). Fermi-Dirac statistics are used to obtain carrier concentrations. Information
regarding the band offsets was taken from calculations by Van de Walle and Martin for
coherently strained Ge,Si;.x on silicon substrates9, the strain induced splitting of the band
degeneracies is included The density of states for the individual bands was assumed to be
one third that of silicon

Using this program the hole density in the GexSij.x well and at the Si/SiO; interface
can be simulated for a given epitaxial structure The simulated device structures had a gate
oxide thickness of 10.0 or 12.5 nm, a 10.0 nm GeSi;.x well, and a thin Si spacer layer
The silicon spacer thickness and germanium fraction in the well were varied. The doping
was fixed at 1016 cm-3 n-type. More details on the routines used in the Poisson solver and
assumptions made are found in Appendix 11

3.2.4 Hole Density vs. Gate Voltage

In order to compare different MOS-HHMT structures the device operation must be

understood in a quantitative way Therefore the dependence of
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oxide capacitance. A kink in the slope of the total hole density curve due to the changing
gate capacitance will therefore be seen at the onset of the Si/SiO; inversion. Inversion of
the Si/SiO; interface effectively limits the number of holes in the GexSiy-x well by pinning
the surface potential

In order to compare the effectiveness of different structures in confining holes to the
GexSi.x well a figure of merit which will be referred to as crossover is introduced
Crossover is defined as the number of holes in the GexSij.x well when the number of
holes at the Si/SiO2 interface equals in the number of holes in the GexSij.x well
Crossover is indicative of the maximum number of holes that can be put into the GexSijx
well for a given structure

In Figure 3.8 the fraction of holes in the GexSij.x well is plotted as a function of gate
voltage for two structures with a Ge 3Si g well and different spacer layer thicknesses At
typical operating voltages less than 40% of the carriers are found in the GexSijx well. Itis
also apparent that the structure with the larger spacer layer thickness (weaker capacitive
coupling to the Ge,Sij.x well) has a smaller fraction of carriers in the GexSi).x well. Only
the carriers added to the GexSij.x well will serve to enhance the transconductance of the
FETs, thus one of the constraints in designing a MOS-HHMT structure is to have the
maximum number of carriers in the GexSij.x well

3.2.4.2 Dependence of the Hole Density in the GexSij.y Well on the Structure.
A simple analytical formula for the hole density in the GexSij-x well at crossover can

be derived by considering the hole densities in the GeySiix well
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Figure 3.7 Simulated hole density vs. gate voltage for 8 MOS-HHMT with a Ge 3Si. g well and a

7.5 nm Silicon spacer layer (same as Fig.5a-c). The total hole density under the gate is
shown as well as the hole density in the Ge 2Si g well and at the Si/SiO2 interface.

the hole density in the Ge,Si).x well and at the Si/Si0O; interface as a function of the gate
bias must be studied
3.2.4.1 Description

The simulated hole density versus gate bias for a structure with a 7.5 nm silicon spacer
and a Ge 3Si g well is shown in Figure 3.7 (band diagram in Figure 3.5) The total hole
density under the gate is shown as well as the hole densities in the GexSij.x well and at the
Si/Si07 interface  The Gey,Sij.x well inverts first, due to the valence band offset, so
initially all the holes are being added to the GexSij.x well The slope of the total hole
density curve is proportional to the gate capacitance, which is equal to the series
combination of the oxide and spacer layer capacitance when carriers are being added
predominantly to the Ge,Sij.x well. When the Si/SiO; interface inverts most of the holes

are subsequently added to the Si/SiO; interface so that the gate capacitance now equals the
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Figure 3. 8 Fraction of hole in the Ge 3Si g well of two MOS-HHMT structures (simulations)- one

with a 7.5 nm silicon spacer layer and one with a 10.5 nm spacer layer.

and at the Si/SiO; interface to be equal when the tops of the bands at their respective
heterojunctions are equidistant from the Fermi level (Figure 3.9). The voltage drop across
the silicon spacer (A¢sp) is then equal to the potential of the bandgap offset (AEy/q). If, for
simplicity, it is assumed that the holes in the silicon spacer layer are all at the Si/Si03
interface and the ionized impurity density in the spacer is negligible (compared to Qjny and
Qdep) then the electric field across the spacer(Egp) will be constant and by Gauss’ Law

equal to:
E QGCASi],x + Qdep

sp
Eq.3.4 Es;
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oxide

Figure 3.9 : Schematic energy band diagram near crossover.

where Qqep is the depletion charge, Qgesi is the charge from the holes in the Ge,Si|.x well,
and g; is the dielectric constant of silicon. The potential drop across the spacer layer can

be written as Adsp = Egp X tsp, so that at crossover

AE, _ Qqesi,, + Quep
Xt
Eq.3.5 q £ sp
Si

Eq. 3.5 may be rearranged to solve for the hole density in the GexSij.x well at

Crossover as
€ AEy

2 NdCP
q tIp

Eq. 3.6 Ngesi,.
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Figure 3.10 Lines of equal hole density in the GexSil-x well at crossover (x1012 cm2) from

simulations of structures with various germanium fractions in the well and silicon

spacer layer thicknesses.

Thus the density of holes in the GexSij-x well (NGesi) will increase if the germanium
fraction in the well is increased (AEy T ), the spacer layer thickness is reduced (tsp 1), or
the depletion charge is reduced (Qdep {). In section 3.2.6 it is seen that the depletion
density (Ngep) changes due to the bandgap offset at the GexSiyx /Si interface. This effect
is taken into account in calculations using Eq. 3.6.

The hole density at crossover was also extracted from simulations of structures with
spacer layers thicknesses ranging from 0 to 7.0 nm, germanium fractions ranging from
0.1 to 0.4, a uniform doping of 1 x 1016 cm3 and an oxide thickness of 10.0 nm.
result of these simulations is shown in Figure 3.10 where the crossover density is plotted
as a response of the spacer layer thickness and the germanium fraction in the well

lines plotted are of equal hole density in the GexSij.x well at crossover.
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Spacer Width Ge Fraction Hole Density at Crossover
(nm) (1012 cm-2)
5.0 0.1 0.75 0.55
7.5 0.1 0.40 0.23
10.5 0.1 0.21 0.07
5.0 0.2 2.12 1.80
7.5 0.2 1.36 1.11
10.5 0.2 0.89 0.69
50 03 333 3.15
7.5 0.3 2.14 1.84
10.5 0.3 1.46 1.23
Table 3 Comparison of the hole density in the GexSil-x well at crossover as predicted by the

analytic model, Eq. 3.6 and to results from the Poisson solver for various spacer layer
widths and germanium fractions in the GeyxSi|.x well.

In Table 3 the crossover density is calculated using Eq. 3.6 for a series of different
spacer layer thicknesses and germanium fractions in the well and compared with results
from the Poisson solver program (tox = 12.5 nm and Np = 1 x 1016 cm-3 are fixed). The
analytic model tends to overestimate the hole density in the GexSi|.x well at crossover
This may result from the fact that the reduced density of states in the valence band of the
GexSij.x layer caused by strain splitting (section .3) is not taken into account in the
analytic model

When designing the structures for a maximum hole density in the GexSij_x well it is
desirable to have a large germanium fraction and a small spacer thickness. In practice the
germanium fraction will be limited by the critical thickness of the GexSij.x layer
(section .2.1). In chapter 4 the optimum spacer layer width (tsp) is shown to be a tradeoff

between increasing the hole density in the Ge,Sij.x well (tsp 1) and increasing the mobility
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in the well (tsp T). For device performance optimizing the transconductance of the
MOS-HHMT is of primary importance and this depends on both the carrier density and
the inversion mobility.

3.2.5 Threshold Shift

In simple MOSFET theory the transistor is considered to enter into strong inversion

when the surface potential (¢S) is twice the Fermi potential in the bulk (2%g). Fora

non-degenerate semiconductor this is approximately :

Eq.3.7 O = (E—F;_E“il - (k})'ln(%)

where Ef is the Fermi energy, E; is the intrinsic Fermi energy, Np is the donor impurity
concentration and N; is the intrinsic carrier concentration.

The threshold voltage (gate voltage at the onset of strong inversion) is then equal to:

Qeg] + 2, = Y2E5NsC00) | o + 0o

gate Cox

Eq. 3.8 V(=

where Qqep/Cg is the potential drop across the oxide resulting from the field caused by the
depletion charge (Qdep), 20F is the surface potential at inversion, and ®ms is the difference
in wirkfunction between the gate material and the semiconductor.

In a MOS-HHMT the GexSij.x well inverts before the Si/SiO; interface so that

threshold is determined by the potential at the GexSi1.x/Si interface (¢G) rather than the

surface potential (¢g) The potential at the GexSij.x/Si interface at the onset of strong

inversion is lower than that of a typical MOSFET because of the valence band offset :

Eq. 3.9 ¢G = M

q
In a MOS-HHMT the gate capacitance when adding carriers to the Ge,Sij.x well is not

equal to the gate oxide capacitance but rather the series capacitance of the silicon spacer
layer and the gate oxide as discussed in section 3.2.2. Making these substitutions into

Eq. 3.8 the threshold for inversion in the Ge,Si;_x well becomes:
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Eq.3.10 [V{|= ‘IZQ‘((S&NI;(?P")AE") +(20-AE,)

Cox + CSP
and the threshold shift of the MOS-HHMT relative to a silicon MOSFET with the same

doping can be written as

Eq3  AV,=AE, + %%Nn‘z""

R

The threshold shift, calculated using Eq.3 1, is shown as a function of the
germanium fraction for two spacer widths ( 5.0 and 5.0 nm) in Figure 3 1 The
magnitude of the threshold shift is strongly dependent on the size of the valence band
offset. Increasing the spacer layer thickness reduces the capacitive coupling of the gate to
the GexSij.x channel, partially offsetting the threshold shift caused by the valence band
offset A positive threshold shift means that the magnitude of the threshold voltage is
reduced (i.e. Vi approaches zero), while a negative threshold shift means that the GexSij.x
well does not invert before the Si/S10; interface

In Table 3.2 the threshold shift calculated by this simple analytic model is compared to
the threshold shift extracted from a linear fit of the hole concentration vs. gate voltage curve

from simulations and from the drain





