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ABSTRACT

In recent years, there has been interest in obtaining

efficient photoluminescence (PL) and electroluminescence from

Si 1 _xGe,/Si or Si/Ge superlattices. In this dissertation, long-

period Si 1 _xGex/Si superlattices grown by molecular beam epitaxy

at 500 0C and annealed post-growth using rapid thermal annealing

were investigated using photoluminescence (PL). The as-grown

samples have broad PL bands from isoelectronic centers related to

Ge complexes as well as sharp near-edge bound exciton lines. The

broad PL band was found to be 120 meV below the band gap, after

accounting for the effects of confinement of holes. Post-growth

annealing resulted in a reduction in the broad PL band activation

energies and a shift of the broad band to higher energies. The

reduction in the activation energies of the broad band were found

to be due to the position of the emission centers within the

Si 1 _×Gex layers. The emission centers in the middle of the Si 1 _xGex

were deactivated at higher temperatures than those at the edges,

which caused the shift of the broad band to lower energies as the

sample temperature increased. The shifts of the broad PL band as

the annealing temperature increased were found to be due to a net

shift of the emission centers towards the interfaces. The

effective local band gap at the interfaces was higher than the

average in the Si 1 _xGe, layers, thus resulting in the shift of the

broad PL band to higher energies for the annealed samples.

Xvi



PHOTOLUMINESCENCE STUDY OF Si 1 _.Ge 1/Si AND Si/Ge

STRAINED LAYER SUPERLATTICES

I. Introduction

Silicon-germanium (Si-Ge) heterostructures, which includes

Si 1 _xGe× strained layers, Si 1 _-Ge,/Si superlattices, and monolayer

Si/Ge superlattices, have become a major area of research since

1985. The reason for this interest falls into two general

categories. First, Si-Ge heterostructures offer the possiblity

of enhancing the performance of silicon electronic devices to

levels previously only achieved in the more exotic III-V

semiconductors at costs typical of silicon devices. Second, Si-

Ge offers possibilities for optoelectronic devices that could not

have been imagined in bulk silicon, because of its indirect band

gap. In the first category are the Heterojunction Bipolar

Transistor (HBT), the High Electron Mobility Transistor (HEMT),

and the High Hole Mobility Transistor (HHMT). Each of these has

been implemented using Si-Ge technology, and their performance

continues to be enhanced at commercial laboratories throughout

the world. In the second category are the devices that have more

risk involved, and as a result, have taken more time to develop.

This includes emitting and detecting devices that operate in the

1



range from 1.3 to 1.8 microns. While the risk involved in

developing these devices is higher, so is the potential payoff.

The band gap of Si-Ge heterostructures is ideal for silicon based

photonics, and since most work is done on silicon substrates,

there is the potential for monolithic photonics and

optoelectronics. Clearly, photonics and optoelectronics at costs

comparable to present silicon electronics would be a major

technological breakthrough.

In this dissertation, the optical properties of Si 1 -xGex/Si

and Si/Ge superlattices were examined using photoluminescence

(PL). The emphasis was first on characterizing the different

luminescence bands, then on maximizing the bands that have

potential for electroluminescence. The PL characterization was

done as a function of temperature, excitation power, and

excitation wavelength for a variety of sample structures. The

broad band luminescence with potential for electroluminescence

was further examined and characterized by repeating the above

experiments on samples annealed under different conditions.

This dissertation is organized as follows: Chapter I is an

introduction; Chapter II gives background on previous research

relevant to Si-Ge heterostructures and superlattices. Chapter

III gives a description of the experimental setup used to make

the PL measurements as well as a description of the sample growth

procedures and parameters. Chapter IV describes the experimental

2



results and discussion thereof, and includes some theoretical

calculations and modelling in the context of interpreting the

data. Chapter V is the summary of the important results, and

recomendations for future research.
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II. BACKGROUND

Properties of Silicon, Germanium, and Bulk Si_.Ge. alloys

Crystal structure Both silicon and germanium crystallize in

the diamond form, which

consists of two

interpenetrating FCC

lattices, as shown in

Figure 1. A Si 1 _xGe,

alloy consists of

silicon and germanium

atoms randomly

dispersed on the

diamond lattice. The

lattice constant for

silicon, asj is 0.5431

nm and is 0.5657 nm for

germanium, ae. The Figure 1: Crystal Structure of Silicon
and Germanium (Sze 161).

lattice constant for

bulk SilxGe, has been found to obey Vegard's Law (Dismukes 1964,

Aharoni 1978)

aslG = aSi + (a - a,.)x = a(x), (1)

where x is the germanium fraction.
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Bandstructure and Optical Properties Examination of the

bandstructures of silicon and germanium give clues to their

optical and electrical properties; in fact most of the important

information is contained in the electronic band structure in one

form or another. Silicon and germanium are both indirect band

gap semiconductors. As shown in Figure 2, the conduction band

minimum in silicon is 4/5 of the distance from the zone center F

to the X symmetry point, while for germanium the conduction band

minimum is at the L symmetry point. The conduction band minimum

in silicon is six-fold degenerate while the conduction band

minimum in germanium is four-fold degenerate. Both silicon and

germanium have heavy hole and light hole valence bands that are

degenerate at the zone

center, and a split-off

hole band below the
5 Ge Si

valence band maximum.
4

The degeneracies of the

I CONUTION~
conduction and valence I'E7OS

band greatly affect the
L / _IGHT ANO E9

Z E9 EýAVY t'O.Ielectrical properties 0.

of silicon and _,

germanium. The -2I

degenerate bands result " /

in lower mobilities for -L 1 :1c0 X L [111J r [1003 X
WAVE VECTOR

both electrons and

holes. Figure 2: Band structure of silicon and
germanium (Sze 1981)
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The optical properties of bulk unstrained SijxGe. alloys

have been extensively studied begining in the 1950s (Johnson,

1954; Levitas, 1954; Braunstein, 1958). This early work found

that the bandstructure depended greatly on ordering of the

silicon and germanium atoms within the unit cell. For random

unstrained alloys, the bandstructure has been determined to be an

average of the silicon

and germanium

bandstructures (Stroud EgN BLK S,,_XALOYS

and Ehrenreich 1970).

For random alloys the I

bandstructure is

silicon-like for x < 0 -

0.85 (with the

S08-conduction band minima

at the A symmetry

points which are

between the F and X 06
C Ot IC

points (approximately G, FRACTION (Xý

0.8 times the distance Figure 3: Bulk Si 1 _xGe, bandgap vs. alloy
concentration (Bean 1988)

from F to X). For x >

0.85 the bandstructure is germanium-like (with the conduction

band minima at the L symmetry points). The resulting energy gap

dependence as a function of alloy composition is shown in Figure

3. An analytical expression for the bandgap of bulk unstrained

6



Si 1 -Ge, at room temperature over the full range of alloy

concentration, x, has been found to be (Weber and Alonso 1989)

Eg = 1.155 - 0.43x + 0.206x 2 eV. (2)

Comparison to III-IV semiconductors. Silicon has dominated

the semiconductor electronics market since the 1950s, even with

its relatively poor electronic properties. Also, silicon, as

well as germanium, and bulk silicon-germanium alloys are indirect

semiconductors making efficient light emictssion impossible from

bulk materials. The carrier mobilities are not spectacular

compared to some of the III-V semiconductors (See Table I).

Silicon has mechanical properties, though, that make it

attractive and have contributed to its technological importance.

It has a high value of Young's modulus and a tensile strength

three times that of 'teel (Bean 1988). It also has a high

thermal conuuctivity which has significance in device

applications and aids growth with low defect concentrations.Most

importantly, silicon possesses an inert oxide that is easily

grown. These properties make silicon based semiconductor

technologies attractive especially if the electronic properties

can be enhanced by introducing Sil.,Ge,/Si heterostructures and

supeflattices.
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Table I: Properties of Si, Ge, and selected III-V's

(at room temperature)

Si Ge GaAs InP GaSb InAs GaP

direct/indirect i i d d d d i

lattice constant 5.431 5.646 5.653 5.869 6.096 6.058 5.451

E9, 0 K (eV) 1.17 0.744 1.52 1.42 0.81 0.43 2.32

EV, 300 K (eV) 1.12 0.66 1.43 1.27 0.68 0.36 2.25

Effective mass, 0.981 1.641 0.066 0.073 0.047 0.026 0.82

electron, m,/m 0.19r 0.082t

Effective mass, 0.49 0.28 0.5 0.4 0.3 0.41 0.60

heavy hole, m,/m

Effective mass, 0.16 0.16 0.082 0.078 0.06 0.025

light hole, m,./m

Hole mobil. V-cmn/s 430 1802 300 l0 1000 453 75

Electron mobility 1350 3600 8000 4500 5000 30000 110

Exciton Binding

Energy (eV) 14.7 4.15 4.2

longitudinal transverse

(Values from Kittel 1986; Sze 1981)

Superlattices

A superlattice is a periodic array of two or more materials

that often has properties different from either of the bulk

8



constituents. While a superlattice can be composed of any

materials, we are most concerned with semiconductor superlattices

first proposed by Esaki and Tsu in 1969, in which the constituent

semiconductors are alternated in a one-dimensional periodic

structure where the period is less than the electron mean free

path (Esaki and Tsu, 1969; Esaki and Tsu, 1970). Early studies

of superlattices focused on the transport properties in the

growth direction. Later, absorption, photoluminescence,

magnetoabsorption, 2-D transport properties in the growth plane,

and other studies led to discovery of the significant

developments that have made superlattices one of the hottest

research areas in physics over the last decade.

The periodic alternation of semiconductors in a

compositional superlattice results in one-dimensional spatial

variation of the conduction and valence band offsets, as shown in

Figure 4. The periodic variation of the conduction and valence

bands creates the superlattice potential which is responsible for

most of the interesting properties of superlattices. The band

alignment is determined by the difference between the constituent

material energy gaps and the valence (or conduction) band offset,

a fundamental property of the heterojunctinn, which can be

estimated theoretically or measured using x-ray photoemission

spectroscopy or other techniques.

It is also possible to fabricate doping superlattices, where

9



the superlattice potential is created from a periodic variation

of the doping; n- and p-type layers in either a single or in

different semiconductors are alternated on scales similar to

compositional superlattices. (Dohler 1972a&b) While doping

superlattices have many interesting properties, including some

that cannot be duplicated in compositional superlattices, space

and time limits their discussion here. Doping superlattices in

Si-Ge or in Si have not been fabricated, although they have been

studied theoretically. (Gallup 1990, Lee 1990)

(b) COMPOSITIONAL SUPERLATTICE

ICONDUCTION BAND

S>/ENERGY GAP;" E 2

VALENCE BAND
! i r I I

0 3 2t 3z

DISTANCE x

Figure 4: Superlattice Band Offsets (Esaki 1985b)

Bandstructure The electronic structure of a superlattice

contains or predicts most of its interesting properties, so its

determination is of fundamental importance. The starting point

for most bandstructure calculations is the assumption that the
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bulk properties of the individual layers are retained. The

simplest model uses the effective mass approximation and writes

the electronic wave function as a plane wave, just as in the

Kronig-Penney problem. The Kronig-Penney model has been used

extensively to analyze experimental data. It is accurate as long

as the thicknesses of the alternating SL layers are greater than

20 angstroms and the lowest conduction band states and highest

valence band states are nondegenerate. The Kronig-Penney model

in its simplest form is a one band model and cannot describe

interaction between bands, such as between light and heavy hole

bands, but it does give an accurate determination of the

superlattice band gap. More complicated theoretical

bandstructure calculations take into account the interaction

between the various bands, such as between light hole and heavy

hole bands, which are important for states that are far in energy

from the band edge.

The result of a Kronig-Penney or other effective mass

calculation is a series of conduction and valence minibands, with

the energies, bandwidths, and number of minibands dependent on

the superlattice parameters - conduction and valence band

offsets, layer thicknesses, and hole and electron effective

masses. As the layer thickness decreases, the minibands are

pushed to higher energies as shown in Figure 5, corresponding to

an increase in the superlattice bandgap. In addition, the

bandwidths increase as the well widths decrease. The bandwidths

11
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Figure 5: Superlattice energy bands as a function of well width.
The bandwidth of SL bands increase as the well width decreases
due to wavefunction overlap from adjacent well. (Esaki 1985b)

are due to overlap of wavefunctions from adjacent wells; where

there is no overlap, as is the case for a single quantum well or

for superlattices that have thick barriers, the bandwidths are

small or nonexistent.
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Figure 6: Superlattice minizones and minibands. (Esaki 1985b)

The superlattice potential can be thought of as a

perturbation of the bulk bandstructure. The superlattice period

is generally larger than the bulk lattice constant that

determines the periodicity of the bulk crytal and thus its

Brillouin zone boundaries. The superlattice periodicity causes

the bulk Brillouin zone to be divided into minizones, the number

of minizones equal to the ratio of the superlattice period to the

bulk lattice constant. These minizones perturb the bulk

bandstructure, creating minibands and minigaps as shown in Figure

6, analogous to the perturbations to free electron energy bands

13



in the nearly free electron approximation. These minibands are

the same as those determined from a Kronig-Penney type model.

Applications Superlattices expand the available choices of

semiconductors for device applications from a few to a nearly

infinite array, because of the ability to tailor the band

structure by varying the SL layer thicknesses, SL period, and the

bandgap of the constituent materials if they are alloys. An

additional degree of tailorability occurs when there is a lattice

mismatch between the constituent layers. In this case, the

amount of strain in each of the layers can be varied by the

choice of substrate, and this variable strain causes shifts and

splittings of the various conduction and valence bands. This

degree of tailorability for each material system, when multiplied

by the available choices for superlattice systems, gives the

infinite array of material choices for nearly every energy and

wavelength range from UV (380 nm) to far infrared (50 pm). This

is especially useful in the areas of optical detectors and and

emitters. Varying amounts of quantum confinement by varying the

superlattice structure can be used to change the band gap of the

superlattice, thereby allowing each material system to have a

range of accessible band gaps. Thus a device designer can pick

the superlattice structure based on the energy range of device

operation. For example GaAs/AlGaAs quantum well/superlattice

lasers can be fabricated to emit anywhere from 700 to 850 nm.

14



Superlattices and quantum wells are extremely efficient

optical emitters with quantum efficiencies near unity, (Weisbuch

1987) so high that the luminescence from SL and quantum wells is

typically intrinsic rather than extrinsic or defect related that

dominates typical bulk semiconductors. Intrinsic luminescence

persists to higher temperature than extrinsic luminescence, which

is of importance to devices that need to operate at room

temperature (most practical devices). The high quantum

efficiency, together with band gap tailorability, make quantum

well and superlattice LED's and lasers one of the most important

device applications of superlattices.

Another important class of device applications uses

modulation doping to increase carrier mobilities, and hence the

device speed. In modulation doping the barrier materials are

doped, creating excess carriers in the well materials. (Gossard

1985) Since carriers are spatially removed from the impurity

centers, impurity scattering, one of the major limitations on

carrier mobility, is significantly reduced, resulting in high

mobility devices. Both high hole mobility and high electron

mobility devices have been made, primarily in the GaAs/AlGaAs

system.

Growth Superlattices are now grown using a variety of

techniques, including Molecular Beam Epitaxy (MBE), Liquid Phase

Epitaxy (LPE), and Chemical Vapor Deposition (CVD). The MBE
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technique has been found to be the most suitable technique for

the growth of most semiconductor superlattices, because of its

characteristic slow growth rate, low temperature deposition, and

high degree of control of composition, doping, and layer

thicknesses. (L.L. Chang, 1985) These characteristics provide

high quality films with thin layers and abrupt, smooth interfaces

required for good superlattices.

Si-Ge Growth Considerations

In order to bring the world of heterostructures and

superlattices to silicon, another semiconductor is required that

is chemically and crytallographically compatible. In addition,

the other semiconductor must be lattice matched. The only

semiconductor that meets these requirements is germanium (or a

silicon-germanium alloy). As can be seen from Figure 7, there is

a four percent lattice mismatch between pure Si and Ge, but the

system does have a wide range of possible bandgaps, covering the

technologically important 1.3 to 1.55 micron wavelength region.

Silicon Molecular Beam Epitaxy Molecular Beam Epitaxy (MBE)

is thc technique of choice for growth of Si 1 _xGex/Si and Si/Ge

superlattices, especially those used in research. As these

structures become more well understood and the emphasis becomes

the production of commercial devices, lower cost, higher

16



LATTICE MISMATCH TO SILICON (%/)

5 0 5 io 15 20
40 I I

0 ZnS

> 30 04
0 - ZnSe

AIP 
CdS

, 0 ZnTe
GaP .- _ AIAS 0o

z20-
< - CdSe-<L SbA CdoTe U~j

LJ

SI GaAs n>
CI A ss II 0 <

UJ 9-'. BULK 30,z 1.0 I .. .. \

',SL b e Gab -1.5
20

(Ge) S. - -_50
0 S HH TT 1e co I 1 1 I•

5.5 60 65

LATTICE CONSTANT (A)

Figure 7: Bandgap vs. lattice parameter for important
semiconductor systems. (Bean 1988)

throughput techniques such as chemical vapor deposition may

overtake MBE. Currently only MBE provides the degree of control

of sample structure, doping (of individual layers), and

interface quality needed for good superlattices.

A schematic of a typical Si-MBE system is given in Figure 8.

The essential elements of an MBE system include: (1) an

ultrahigh vacuum (UHV) environment, (2) In-situ substrate heating

and preparation, (3) Evaporation and ion sources, and (4)
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Figure 8: Schematic of Si-MBE system. (Kubiak 1988)

Analytical/diagnostic instrumentation. (Kubiak 1988)

Si-MBE growth requires a UHV environment in the range of

10-" to 10-'o mbar which rises into 10-10 to 10-8 range during

growch. This vacuum must be maintained in an oil-free
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environment, in order to obtain low levels of contaminants. In

order to keep contaminants to a minimum, wafers are loaded and

unloaded in a buffer chamber separate from the growth chamber.

The buffer chamber has separate pumps that can quickly reach UHV.

The buffer chamber has a wafer transport mechanism for

transferring the samples to the growth chamber and/or the

characterization chamber.

After the wafers are loaded into the buffer chamber and the

buffer chamber is evacuated, they are transferred to the growth

chamber where they are mounted in a rotating mount that will help

maintain uniform growth over the surface of the wafer. Below the

sample mount is a sample heater and a thermocouple, which

maintain growth temperature to within 10 0C. The heater is also

used to heat substrates up to 900 0C for wafer preparation.

Si-MBE requires sources more complex than those for III-V

semiconductors. Silicon and germanium are typically introduced

with electron beam evaporators, in which the source material is

heated with an electron beam. Electron beam evaporators avoid

contamination problems associated with thermal heating in a

crucible.(Pearce 1983) Typical dopants used in Si-MBE include B,

Ga, In, Al, P, As, and Sb. These are introduced in a variety of

ways, using E-beam sources, ion sources, thermal sources, and

others.
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It is necessary to have diagnostic equipment in-situ to

monitor growth. Flux monitoring of E-beam sources is necessary

to insure that growth is proceeding at the intended rate.

Reflected High Energy Electron Diffraction (RHEED) can also be

used to monitor growth, particularly the ratio of Ge to Si

fluxes, but the varying electromagnetic fields associated with

the E-beam sources must be neutralized before RHEED can be used.

Critical Thickness As can be seen in Figure 7, there is a 4

percent lattice mismatch between silicon and germanium that makes

growth of Si-Ge heterostructures and superlattices more

complicated than typical III-V systems that have lattice matched

options available. The result is two types of growth of

epitaxial layers of Ge or Si 1 _xGe, on Si (or Si or Si 1 _xGe cn Ge),

commensurate and incomensurate. For comensurate, or

pseudomorphic growth, the deposited epilayer takes on an in-plane

lattice constant equal to that of the substrate. Germanium and

Si 1 _xGe× have lattice constants greater than that of silicon, so

that pseudomorphic Ge and Si 1 _xGex grown on Si have biaxial in-

plane compression and tension normal to the interface. Layers

grown on Ge have the opposite strains. Above a critical

thickness, the strain can no longer be accomodated within the

epitaxial layer and incommensurate growth occurs. In this case

misfit dislocations at the substrate/epilayer interface are

genezated to relax the strain in the epilayer. The critical
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thickness is dependent on x, the alloy concentration, and has

been found theoretically to be (Kasper 1977)

hc" 1.175 x 10- 21n(8.9h.) in nm, (3)

where

f = asj - a(x) = 0.042 x. (4)asi

The experimental values for h, have been found to much greater

than those found theoretically, and have been found to obey the

empirical relation (People 1985d)

hC 1.9 x 0- ln(h/o.4) (5)

The variation of critical thickness versus the germanium

concentration is shown in Figure 9. The critical thickness of

elemental Ge on Si is about 6 monolayers.

For a superlattice, the critical thickness applies to any

single layer within the superlattice. In adIdition, there is a

second critical thickness that applies co the overall thickness

of the superlattices, that is equivalent to the critical

thickness of a layer of Si 1 _-Ge, w-ith an alloy content that it the
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Concentration. (Bean 1988)

average of the superlatti:e constituents. The average

composition is given by (Jain 1991):

_ xd 1 - x 2d 2  (6)
- 1+ d2
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and the lattice constant is

-ald + a2d2  (7)

where a, and a 2 are the unstrained lattice constants and d, and d 2

are the thicknesses of the two constituent layers. To calculate

the overall critical thickness, we can use Equation (3) or (5)

above, but we must substitute the misfit parameter fmsL for fm,

where

f.L = aav - asu, (8)

and a,, is the in plane lattice constant of the substrate.

In a strained layer superlattice, there can be strain in

each of the different types of layers, such that the overall

strain in one period is partially or totally symmetrized. A

strain symmetrized superlattice has a critical thickness greater

than that of a superlattice where only one of the two layer types

is strained. In principle it is possible to construct a strain

symmetrized superlattice in which the compressive strain in one

layer exactly cancels the tensile strain in the other so that the

overall strain energy over each period is zero. In this case the

critical thickness approaches infinity. The recipe for obtaining

strain symmetrized superlattices is given by Kasper, et al.
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(Kasper 1987b). The general idea is to grow the superlattice on

a relaxed Si 1 _xGe, buffer that has a lattice consLant between

those of the consituent superlattice layers that results in equal

strain in the two layers.

Doping Doping of Si-Ge structures is required for most

device applications, so that the successful growth and

characterization of doped Si-Ge heterostructures and

superlattices is of fundamental importance.

Dopant incorporation into Si and Si-Ge heterostructures and

superlattices has been studied extensively over the last several

years. Dopants that have been sucessfully used in Si layers

include B, Ga, In, P, As, and Sb. Doping is achieved by one of

several methods. Coevaporation from elemental sources has been

used to sucessfully incorporate boron into Si structures at low

growth temperatures, compatible with Si-Ge epitaxy. (Mattey

1990, Parry 1991) Elemental horon sources have also been used to

dope Si 1 _-Ge, layers. (Kibbel 1990b, Jorke and Kibbel 1990) Boron

has also been incorporated using HBO, or B 20 3 sources, with

concentrations as high as 3 x 1020 cM- 3 . (Tatsumi 1990, Lin 1989)

Successful pseudomorphic growth of Si-Ge structures by

molecular beam epitaxy is usually done at low temperatures which

leads to potential problems of dopant incorporation into Si-Ge

heterostructures at high doping levels, since the doping
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concentration achieved for co-evaporated dopants is dependent on

the growth temperature. (Ni 1989) However, high growth

temperatures result in poor quality Si-Ge heterostructures;

misfit dislocations and defect concentrations are much higher for

high temperature growth. This problem can be solved by the use

of secondary ion implantation of dopants during growth for

incorporation of some dopants. Gallium has been successfully

incorporated into Si layers at low growth temperatures using this

method. (Schaffler and Jorke 1990) Antimony (Sb) has been

incorporated into Si for growth temperatures as low as 550 'C.

(Ni 1989)

Deposition of an amorphous dopant layer and subsequent

crystallization using solid phase epitaxy is a third method that

has been used to dope epitaxial Si. However this method is most

likely incompatible wih Si-Ge MBE because of the thermal

treatments necessary for crystallization.

In-situ characterization Several characterization

techniques are available to Si-MBE that are performed in-situ,

either during growth or in the MBE apparatus in a

characterization chamber. All of the most useful methods are

described for comparison and completeness; as will be seen in

Chapter III, not all of the techniques described were used to

examine or assist in the growth of the samples in this study.
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Reflected High Energy Electron Diffraction (RHEED), a commonly

used technique to monitor layer by layer growth in III-V MBE, is

difficult to implement in Si-MBE, as mentioned above. It has

been used successfully in some cases to monitor growth rate in

Si-Ge heterostructures and superlattices. (Arbet 1989, Huang

1988, Sakamoto 1987)

Flux monitors are used to determine growth rates of Si and

Ge. These are calibrated to deposition rates for the various

growth temperatures used before SL growth so that flux

measurements can be directly related to Si and Si-Ge deposition

rates.

Ex-situ characterization As was the case with the in-situ

characterization techniques, there are a variety of techniques

available for characterization of Si-Ge heterostructures and

superlattices. This section is intended only to introduce the

most important techniques for comparison and to establish the

degree of synergism between the various techniques.

It is common for superlattice samples to be examined using

high resolution X-ray diffraction to determine the superlattice

period and an estimate of the layer thicknesses.

Transmission Electron Microscopy 'TEM) is a more sensitive

technique for the measurement of individual layer thickness. TEM
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can also be used to study defects that have been brought out

using defect etching. Defect densities in Si/Ge superlattices as

a function of critical thickness have been studied. (Kasper 1977,

Kasper 1985)

Rutherford Backscattering Spectroscopy (RBS) is a technique

that has been used to measure the composition of Si-Ge

heterostructures and superlattices as well as the doping profiles

and concentrations. It can measure with a high degree of

accuracy the alloy concentration, x, in the Si 1_xGe. layers. It

can measure the concentation of most dopants, with the notable

exceptions of P and B. (Pawlik 1988)

Raman spectroscopy has been used extensively in Si-Ge to

determine both extrinsic and intrinsic properties. The

vibrational modes of Si, Ge, and Si 1_xGex alloys with and without

strain were determined by Raman spectroscopy. (Parker 1967,

Cerdiera 1972, Brya 1973, Lannin 1973). With these vibrational

modes for bulk materials known, Si 1 _xGex strained layers as well

as SilxGex/Si and Si/Ge were examined to determine the effects of

strain and quantum confinement on vibrational energies. (Cerdiera

1984, Kasper 1988) The result is that the optical phonon

frequency is sensitive to the strain present in the Si, Ge, or

Si 1 -xGex layer, so that Raman spectroscopy can be used to

determine the strain in a Si-Ge structure. In addition, folded

acoustic phonons have been found in superlattice structures, in
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agreement with zone-folding arguments and providing an additional

probe of superlattice layer thicknesses. (Brugger 1986, Chang

1988a&b, and Lockwood 1987)

Si_.Ge, 1/Si and Si/Ge Superlattice Bandstructure

Band Offsets Determination of the bandgap of Si 1 _-Ge,/Si and

Si/Ge superlattices requires the accurate determination of the

valence and conduction band offsets. The band offsets for Si-Ge

have been studied extensively over the past several years, both

theoretically and experimentally, for the full range of x and

strain conditions.

Band offsets for Si-Ge heterostructures have been determined

theoretically by first using deformation potential theory to

obtain the conduction and valence band splittings and shifts due

to strain. (Van de Walle and Martin 1986) Van de Walle and

Martin estimated the valence band offset to be 0.84 eV for fully

strained Ge on unstrained silicon and 0.31 eV for fully strained

Si on unstrained Ge. These valence band offsets result in Type

II band alianment for Si on Ge and Ge on Si as shown in Figure

10. Using a similar analysis, Bean determined valence band

offsets for the Si 1 _-Gex/Si heterojunction for various strain

relaxed substrates, which are shown in Figure 11. (Bean 1988)
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Figure 10: Band Alignments in Si/Ge. (Bean 1988)

X-ray photoemission has been used to experimentally

determine the valence band offsets for Si-Ge heterostructures.

(Ni 1987a 1987b) The measurement requires that the core level

energies for the constituents of the heterojunction be known.

This introduces a complication for strained layers, since known

values for core levels of bulk materials must be corrected for

strain. (Schwartz 1989) After correcting for strain, the valence

band offsets have been found to be 0.74 eV for growth of fully

strained germanium on unstrained silicon, and 0.17 eV for fully

strained silicon on unstrained germanium. (Bevk 1990)

Band Gap of strained Si1. 1Ge, The band gap of Si 1jGe. depends

upon the degree of strain in the layer, which is related to the
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in-plane lattice constant that is established from the growth

parameters. Strain has been found to drastically alter the

electronic band structure of Si 1 _×Gex due to splitting and

shifting of valence and conduction bands. In Si or Si-rich

unstressed Si 1 _xGe., the conduction band minimum is in the F-X-

direction and is thus 6-fold degenerate. The valence band is

two-fold degenerate, with a heavy hole component and a light hole

component. When the SilxGex becomes strained, the hydrostatic
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part shifts the valence band up for compressive strain, and down

for tensile strain. The uniaxial strain component results in a

tetragonal distortion, lowering the symmetry of the crystal,

which splits the degeneracy of the six-fold degenerate conduction

band into a four-fold and a two-fold band, and splits the heavy

and light hole bands. The shifts of valence and conduction

bands, as well as the amounts of splitting for various strain

conditions have been calculated by People using data for the

unstrained band structure of Si 1 _xGe. and the known deformation
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potentials for Si and Ge. (People 1986a, Abstreiter 1986)

As long as layers are grown below the critical thickness,

such that there are a low density of misfit dislocations, we can

assume that growth of Si 1 _xGe, on Si (or Si 1_YGeY) results in a

fully strained layer, in which the in-plane lattice constant is

equal to that of the substrate (or to Si 1 _YGey in the case of

growth on relaxed substrates with a lattice constant between Si

and Ge). Once the lattice constant or strain in a Si 1 _xGex layer

is known along with the alloy concentration, x, the band gap can

be determined from Figure 12, as determined by People and

Abstreiter et al. (People 1986a, Abstreiter 1986) Note the huge

differences in band gap for the different strain conditions,

particularly between growth on Si substrates versus growth on Ge

substrates. The bandgap of fully strained Si 1 _xGe, grown on Si

has been determined experimentally to be (at 4.2 K)

Eg(x) = 1.170 - 0.89x + 0.369x 2 ev. (9)

(Robbins 1992)

Theoretical Calculations The first band structure

calculations on Si-Ge heterostructures and superlattices

concentrated on monolayer superlattices, largely because of the

predictions that under appropriate conditions, it would be
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Figure 13: zone-folding in a 10 monolayer period superlattice.
(People 1986a)

possible to have a direct or pseudodirect band gap superlattice

composed of layers that were indirect semiconductors. This idea

originated with the work by Gnutzmann and Clausecker, which

predicted that in short period superlattices, the additional

periodicity imposed by the superlattice potential would fold
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bands back towards the zone center. (Gnutzmann and Clausecker

1974) In silicon the conduction band minimum lies approximately

4/5 of the distance from the zone center to the X zone boundary.

In order to fold the conduction band minimum to the zone center,

the bulk Si Brillouin zone needs to be folded in the z direction

5 times as shown in Figure 13. This can be accomplished with a

Sin/Ge, superlattice where n + m = 10, 20, 30, etc. The 10

monolayer structure appears to be the best candidate to observe
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zone folding. The zone-

folding idea was proven in a 16 .
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calculation by Satpathy et al
1.2

on Sin/Ge, superlattices for

n,m = 3-7. (Satpathy 1988) In 1.0"

these calculations the folded Q) 0.8" optical"-
S---. window
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C
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in Figure 14. Hybertson and .. butter

Schiuter studied Si 2 Ge2 and 0

Si4Ge4 superlattices using the -0.2 .8
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pseudopotential technique.
x in Sii _-, Ge,•

(Hybertson and Schluter 1987,

1988a & b) The lowest energy Figure 15: Requirements for
buffer layer composition in

transitions in this case were direct band gap Si/Ge
superlattices (Gell 1989)

found to be indirect.

Calculations by Froyen et al on Sin/Gen for n = 1,2,4,6 also

found that in each the superlattice had an indirect band gap.

(Froyen 1987, 1988) With the calculations by Ciraci and Batra

for n = 1-6, all Sir'Gen superlattices grown on Si for n less

than or equal to 6 have been found to be indirect.

Requirements for Direct Band Gap Si/Ge SL. After the

initial band structure calculations attention turned to the
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conditions necessary for direct transitions in SiGe

superlattices. Gell proposed that all Si/Ge superlattices grown

on Silicon would be indirect because of the degeneracy in the

conduction bands. (Gell 1989) The zone-folded conduction bands

in the X_ direction for Si/Ge superlattices grown on Si are at

same energy as the unfolded bands in the Xx and Xc directions.

It is necessary to lower the Xz conduction bands relative to the

XY and X. conduction bands. This can be accomplished by g owing

the superlattice on a substrate with an lattice constant larger

than sil The most practical method of achieving this is to

grow a relaxed Sil-xGe, buffer layer on a Si substrate. The

buffer layer composition must be chosen carefully, though, since

the lattice constant that is forced upon the superlattice by the

buffer iayer composition affects the amount of strain in the Ge

and Si layers. The strain in the individual Si and Ge layers

determines the conduction and valence band offsets. The

conduction and valence band offsets determine the positions of

the zone-folded superlattice states. Thus there is a narrow

range of buffer layer compositions, x = 0.6 to 0.83, that result

in direct band gap Si/Ge superlattices as shown in Figure 15. It

turns out that buffer layers with this composition result in

nearly equal strain in the Si and Ge layers, so that over each

period the net strain is close to zero. Thus direct band gap

Si/Ge superlattices can also be strain syrmmetrized so that there

is, in principle, no critical thickness for the superlattice,

which should help in the production of efficient light emitters.
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Kronig-Penney Model The Kronig-Penney Model can be used to

predict the band structure of superlattices with periods greater

than 20 monolayers. (Pearsall 1989a) This is particularly useful

to predict the superlattice band gaps for Si 1 _xGex/Si

superlattices, for which no full bandstructure calculations have

been performed. The Kronig-Penney Model starts with a one-

dimensional time-independent Schrodinger equation (Kittel 1986)

h 2  d 2*(x) + U(x) * (x) = E* (x) (10)
8=nr 2  dx2

where U(x) = the periodic superlattice potential defined as the

periodic extension of

U(x) 0 , for 0 < x < !w (11)

and

U(x) UO , for lw < x < d (12)

where

d = 1w + lb = superlattice period = well width + barrier widt i 1 3 )

and

UO = conduction or valence band offset (14)

The solution is assumed to be of the form

W(x) = Aeikx • Be-Iku for 0 < x < iw (15)
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*(x)= C eX + De-k• for 1w < x < d (16)

where

S8 2 mE andk I 8mb(O - E) (17)kw = and k,, = ,
hh2

and m,, and mb are the effective masses in the well and barrier

regions respectively. Using the boundary conditions of

continuity of the wave function and its first derivative at the

interfaces, and requiring that the solution be in the Bloch form

p(x + d) = *(x) e I, where q = Bloch wave vector. (18)

The result is the dispersion relation

cos (qd) = cos(kw,,)cosh(kblb) + Asin(kw1) sinh(kblb), (19)

where

A = mbkw (20)
rnwkb'

Equation [18] can be solved for E(q) to determine the quantum

confinement energies and the superlattice miniband structure for

both the valence and conduction bands. The solutions to Equation

[18] are a set of energy bands. The values at q = 0 are the
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minimums, and define a set of quantum levels - a ground state and

several excited states, the number depends on the superlattice

parameters, the effective masses, etc. For Si 1 _-Ge, on Si the

heavy hole bands are well separated from the light hole bands so

that only the heavy hole bands need to be considered for the

determination of the band gap. The excited states, though,

overlap with the light hole states, so that the resulting E vs. q

band structure is not valid, since it does not consider

interaction between the heavy and light hole bands. The

effective superlattice band gap is determined from the energy

difference between the conduction band ground state and the

valence band ground state.

Device Applications

The silicon-germanium material system promises improvements

in two areas. The Si-Ge based heterojunction bipolar transistor,

bipolar inversion channel FET, and the modulation doped FETs

provide higher speed electronic devices. The Si-Ge sytem also

provides the opportunity to replace electronic devices on

integrated circuits with optical devices, or to have optical and

electronic devices on the same chip.

Monolithic Optoelectronics The largest potential payoff

from Si-Ge heterostructures and superlattices would result if
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photonic and electronic devices could be integrated onto the same

integrated circuit chip. Electronic technology in silicon is

well developed; Si-Ge offers the possibility for improvement of

electronic devices. Photonics in silicon would require efficient

detectors and emitters in the 1.3 to 1.5 micron wavelength range.

Waveguides for light transmission could be Sil-xGex channels

possibly doped with erbium. Optical modulators would be needed

as an optical analog for the transistor. The critical elements

for monolithic optoelectronics are discussed below.

Emitter Contact
Sn - So Eml tier

Bose Contact

P - (Ge.S' ) Base
CollectorCContact [ nT s

Sj L,,,/ Collector

n - Si Subcollector

St Substrate

Figure 16: A Si-Ge Heterojunction Bipolar Transistor (Iyer 1987)

Heterojunction Bipolar Transistor The heterojunction

bipolar transistor (HBT), an example which is shown in Figure 16,

takes advantage of increased mobility in Si 1 _×Gex layers and
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provides the single most sucessful device application to date in

the Si-Ge system. Gain in an HBT is determined by the expression

(Pearsall 1990)

G!=A e kT (21)
PB

where

NE = emitter doping, PB = base doping, and (22)

AEEB = potential difference between emitter and base (23)

For high speed operation the base doping needs to be high. To

maximize gain, the ratio NE/PB should be as high as possible. If

the emitter and base are composed of the same material, as in a

silicon HBT, increasing the emitter doping results in a negative

value of AE, and thus a low gain. If the silicon base is

replaced with a SilxGex base with its lower bandgap, AE is high,

allowing for high base doping (for high speed), without requiring

high emitter doping necessary for high gain, since the

exponential factor overwhelms the ratio of emitter doping to base

doping. The high base doping results in a lower resistance base

which reduces noise and degradation by injection effects. (Jain

1991) The base can be made thin, which decreases the transit time

and increases the frequency response. Collector doping can also

be increased, resulting in even higher frequency response.
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The first Si-Ge HBT was fabricated by Iyer et al. (Iyer

1987). Since then, there have been numerous improvements to the

original device. (Xu 1988, Tatsumi 1988, Patton 1988, Temkin

1988, Harame 1988, King 1989, Taft 1989a, Patton 1989, Kamins

1989, Kibbel 1990, Patton 1990). The device by Patton has the

highest cutoff frequency to date, 75 Ghz, that may be improved to

over 100 GHz in the near future. (Patton 1990) This performance

is comparable to the best III-V HBTs, but retains the fabrication

advantages of Si-based technology.

Modulation Doped Field Effect Transistor (MODFET). The two

types of modulation doping in Si-Ge are shown in Figure 17. In

both cases, carriers are spatially removed from impurity centers,

resulting in very low impurity scattering, which has a major

effect on carrier mobilities. The first modulation doping of Si-

Ge was demonstrated for holes (p-type) at Bell Laboratories,

(People 1984, People 1985b, People 1985c) N-type modulation

doping was first done at AEG and Munich Technical University.

(Abstreiter 1985b, Jorke 1985) P-type modulation doping is

achieved by doping the silicon layers in a Si/Si 1 _-Ge,

heterostructure with acceptors. The resulting band bending then

produces a two-dimensional hole gas in the Si 1 _xGe, layers with

mobilities as high as 5000 cm2 /V-sec, ten times higher than bulk

Si, and higher than any III-V bulk semiconductor. (People 1985c)

N-type modulation doping is acheived by doping the Si 1 _xGe. layers

with donors. The result is a two-dimensional electron gas with
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Figure 17: Modulation Doping in Si-Ge. (Pearsall 1989a)

mobilities as high as 180000 cm2 /V-sec, more than 50 times higher

than bulk Si, and higher than any other bulk semiconductor.

(People 1985c, Abstreiter 1985b) Modulation doping in the

fabrication of the modulation doped field effect transistor

(MODFET) shown in Figure 18, also known as the high electron

mobility transistor (HEMT) for the n-channel MODFET or the high

hole mobility transistor (HHMT) is another class of electronic

devices that benefits from the Si-Ge material system. As with

the HBTs, the idea of the MODFET is borrowed from the GaAs/AlGaAs

system. The two types of modulation doping in Si-Ge are shown
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Figure 18: Si-Ge Modulation doped FET (Pearsall 1989)

in Ficure 17. ThE V_ nd cie:itr&- no,-1-ilities depend upon the

doping profile and the doping setback, the distance of the delta

doping layer from the heterojunction. N-type and p-type MODFETs

have been fabricated with performance better than commercially

available n- and p-type MOSFETs. (Pearsall 1985, Pearsall 1986b,

Daembkes 1986)

Bipolar Inversion Channel FETs (BICFET) The BICFET was

proposed in 1985 as a new device with improved switching
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Figure 19: Si-Ge BICFET (a) Structure (b) band diagram (Jain
1991)

performance over conventional silicon bipolar transistors.

(Taylor and Simmons 1985) The BICFET uses an inversion channel

rather than a charge neutral base region so it is a very

attractive high-speed alternative to the HBT, since it avoids

charge storage and carrier recombination problems inherent in the
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base regions of HBTs. (Taylor 1988) The band alignment in Si-Ge

favors p-channel operation, which is difficult to achieve in III-

V heterostructures. A gain of 365 was measured in a p-channel

Si-Ge BICFET (shown in Figure 19), the highest for any BICFET,

and much higher than typical III-V BICFETS with gains of 8-15.

(Taft 1989b).

AI CONTACT SiO2 THERMALLY

ION-IMPLANTED JUNCTION GROWN OXIDE

AN GUR RING

pt,4'" SI SUBSTRATEI

Ge, Sit.x/Si SUPERLATTICE
WAVEGUIDE ABSORPTION REGION

AI CONTACT

Figure 20: Si 1 .×Gex/Si superlattice waveguide avalanche
photodetector. (Pearsall 1986c)

Infrared Detectors. Infrared detectors using Si-Ge have

been fabricated with response in the critical 1.3 to 1.55 micron

wavelength range. Luryi, et al, fabricated a Ge p-i-n

photodetector on a silicon chip, that had a 40 percent quantum
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efficiency, close to commercially available Ge detectors.(Luryi

1984) However, the structure was grown incommensurate, resulting

in dislocations at the substrate buffer layer interface that

caused high values of dark current and noise. Temkin, et al,

fabricated a p-i-n superlattice waveguide photodetector in which

the intrinsic region was a 20 period superlattice alternating 29

nm Si regions with 6 nm Si 0.4Ge0 .6. (Temkin 1986) An improved

superlattice avalanche multiplication photodetector, shown in

Figure 20, was fabricated later by the same group. (Pearsall

1986c)

Quantum Well Infrared Detectors. The quantum well infrared

detector uses intersubband absorption, i.e., absorption between

confined states, as its detection mechanism. In Si 1 _3Gex/Si

superlattices the confined states (subbands) are in the valence

band. The spacings between these states are small, no more than

.3 eV for a practical case, so that Si 1 _-Ge,/Si intersubband

infrared detectors would be used for detection in the far

infrared, from 4-50 pm, providing that charge can be conducted

out of the wells.

Light emitting devices. To date, the goal of getting light

out of silicon or silicon based structures has been reached with

only limited success, particularly in the important infrared

range (1.3 to 1.55 micron).
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Luminescence related to deep levels in silicon was the

primary mechanism for getting light out of silicon prior to the

recent research into Si-Ge light-emitting structures. Most of

the methods that have been attempted have involved isolectronic

centers in silicon. The first Light Emitting Diode (LED) using

isoelectronic centers was from a carbon-related center created by

irradiation damage. (Canham 1987) The most successful Si LED

involved silicon doped with sulphur. (Bradfield 1989) There is

some hope that these isoelectronic centers in Si or Si,_•GeX could

have strong electroluminescence (EL) similar to that found in

GaP:N, another indirect bandgap system. (Bergh 1976)

There has been some success getting EL from Si doped with

erbium using ion implantation. (Ennen 1983, Ennen 1985)

Recently, erbium has been used to dope Si 1 -CGe. epilayers and

Si 1_xGe•/Si superlattices. (Houghton 1991b) The photoluminescence

from these structures is stronger than Si:Er and persists to high

temperatures, but is still too weak for an efficient device,

though there is hope for improvements. The data so far suggest

that Er in Si 1 -×Ge• has a large cross section for exciton capture,

favorable for efficient light emission.

There have been several attempts to get PL from mcnolayer

Si/Ge superlattices with a pseudodirect band structure, (Zachai

1988, 1990a&b) but none to date have exhibited EL, and the PL is

most likely due to defect unrelated to the superlattice. (Schmid
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1990b). The prospects for efficient EL from monclayer Si/Ge

superlattices are not as good as some of the other possibilities

at this time.

A LED with a 1 percent quantum efficiency and consisting of

a single Si 1 _Ge. layer was fabricated by the NRC-Canada group.

(Rowell 1991) The defect related luminescence was broad band (80

meV bandwidth) and at energies 120 meV below the Si 1 _-Gex band

gap. It was proposed that the origin of the luminescence was

isoelectronic centers related to Ge complexes. (Houghton 1991b)

Intense luminescence has also been obtained from porous

silicon, i.e., silicon that has been electrochemically etched

under closely controlled conditions such that the remaining

structure consists of needlelike cones 10-20 nm in diameter. The

emission from porous silicon is visible, ranging from yellow to

deep red, and extending into the infrared in some cases. While

porous silicon is interesting, it does not appear likely that

emission in the 1.3-1.55 micron range can be obtained, so it does

not directly compete with the structures above.

Stability of Si1 .,Ge 1/Si and Si/Ge SLs

Stability of as grown Si-Ge structures with respect to

critical layer thicknesses has already been commented on above.
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All strained-layer superlattices are unstable in some respect

because they are grown in a nonequilibrium situation. As a

result, there are several effects which may cause the

superlattices or heterostructures to attempt to relax to an

equilibrium condition. The superlattices and heterostructures

relax in two ways. First, the Ge or Si 1 .Ge. layers interdiffuse

with the silicon layers, making the interfaces fuzzier than they

may already have been (in the case of Si 1 _-Ge,/Si interfaces)

Second the strain may relax by the formation of misfit

dislocations. The structural stability of Si/Ge and Si 1 -xGe,/Si

superlattices when subjected to typicdl device fabrication or

operating environments is important Lt future applications, as

well as to fundamental material cha-acterization.

Interdiffusion, strain relaxation, and misfit dislocation

formation and propagation have all been investigated in recent

years. (Prokes 1991a&b, Friess 1991, Kuan 1991) The studies by

Prokes et al indicated that in initial stages of relaxation due

to thermal treatments the relaxation is primarily th~oug

interdiffusion rather than formation of misfit dislocations. In

addition it was found that a significant part of the

interdiffusion is interstitial related, especially in the early

stages of interdiffusion. Interdiffusion coefficents for Si and

Ge in Si/Ge SLs have been determined using Raman spectroscopy.

(Schorer 1991) The interdiffusion coefficient, D, has been

shown to be related to the bulk interdiffusion coefficient, D.,

according to
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-2k 2D.[l + 2Kk 2  -2k2D", (24)

where K = the gradient energy coefficient, f = Helmholtz free

energy, k = 2x/d, where d = SL period. (Schorer 1991) The bulk

interdiffusion coefficient of a Si-Ge alloy is

D. = [xDGQ + (l-x)Ds.]F, (25)

where

F = x(l-x) d2f/dx 2  (26)
NkBT

In Eq [25-26] x is the Ge fraction, DGe and D3j are the tracer

diffusivities of Si and Ge atoms within the Si-Ge alloy, N is the

atomic density, kB is the Boltzmann constant, and T is the

absolute temperature.

A complete study of misfit dislocation formation and

propagation as a function of anneal temperature and anneal time

was reported by Houghton. (Houghton 1991a)

Photoluminescence

General Considerations Photoluminescence (PL) is a useful

technique for the nondestructive analysis of bulk and epitaxial

semiconductors, as well as semiconductor superlattices. PL can
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give semiquantitative information about impurity concentrations

and other defects. PL can detect the presence of some defects at

very low concentrations, depending on the efficiency of the

optical emission associated with the defect. PL can give very

accurate information about the bandgap of bulk materials as well

as the effective band gap of superlattices. The temperature

dependence of PL can be used to determine binding energies of

defects, or combined with other data, can provide information

about whether the emission is excitonic, or related to electron

or hole traps, or other types of emission. The main limitation

of PL is that it probes only the states below the energy gap of

the semiconductor. For superlattices, only the lowest energy

confined states that determine the effective superlattice band

gap can be seen; the others are above the effective gap and can

be probed using photoluminescence excitation spectroscopy (PLE).

PL from Bulk and Epitaxial Silicon Since the samples

investigated in this dissertation have germanium concentrations

less than 0.85, the bandstructure and optical properties are

expected to be silicon-like. Thus previous studies of silicon by

PL are very relevant to this research. It is to be expected that

many of the luminescence features seen in Si-Ge structures are

shifted or broadened peaks seen previously in bulk or epitaxial

silicon. Prior to 1976, PL studies on silicon concentrated on

near band edge features, primarily free exciton (FE) and shallow

donor and acceptor bound exciton (BE) emission. The definitive
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work was performed by Dean, et al. (Dean 1967). The introduction

of the liquid nitrogen cooled intrinsic germanium detector in

1976 led to more detailed studies of deeper emission, as well as

more highly resolved studies of the near band edge BE and FE

features. Silicon, though deemed to be an "optically dead"

material, has nevertheless become one of the most studied

semiconductor materials by PL due to its technological importance

to the electronics industry. As seen in Table 2, there have been

multitudes of lines that have been identified in bulk Czochralski

(CZ) or Float Zone (FZ) Si, and recently in epitaxial Si grown by

MBE, MOCVD, Gaseous Source Molecular Beam Epitaxy (GSMBE), and

others. PL has been able to detect the presence of a host of

impurities, including those that are incorporated as shallow

donors (As, P, Sb, Bi) and acceptors (B, Ga, In, Al), those

forming isoelectronic centers, as well as those forming complexes

with each other and with Si (C, N, H, 0). Many of the centers

have been found in FZ and CZ grown Si that have been subjected to

specific irradiation and/or annealing conditions. Some of these

have since been found in MBE grown Si (G, Nl-N4, D1-D6, C, Il,

13), which indicates that these centers are characteristic Si

defects, and not unique to the method of sample preparation.

In silicon, especially relatively pure silicon, most of the

luminescence processes at low temperatures begin with the

trapping of excitons that have been formed quickly (nanoseconds)

by above bandgap photo-excitation of electron-hole pairs. This
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is due to the long lifetime of free excitons, 60 Jisec, in pure

Si. (Merle 1978)
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Table II : Energies of Si PL lines at 4K (Unless otherwise

specified, the information below is from Davies, 1989). All

lines are zero phonon unless otherwise specified. The phonon

column gives the principal phonon replicas. (TO = 58 meV, TA = 18

meV)

Energy (meV) Phonons Description

1170.0 Band gap at 0 K.

1155.7 TO,TA,TO+G Free exciton (FE), no phonon (NP) line

1152.5 "IF" NP emission

1152 "2F" NP emission

1150.7 TO Boron (B) BE, NP line

1150.1 TO Antimony (Sb) BE, NP line

1150.1 TO Phosphorus (P) BE, NP line. Multiexciton

(i) lines at 1146.3, 1143.7, 1141.7,

1140.5, and 1139.3, for m = 2-6.

1149.6 TO Aluminum (Al) BE, NP line. Multiexciton

lines at 1146.3, 1147.7, 1141.5, and

1140.3.

1149.2 TO Arsenic (As) BE, NP line

1149.0 TO Gallium (Ga) BE, NP line

1148.8 "al" and "a2" NP emission from P donor

1146.9 TA Bismuth (Bi) BE, NP line

1143 TO, TA "TD" produced in CZ Si by heating to 450

oC

1142.2 HF implantation and anneal 450-600 °C

1141.0 TO Indium (In) BE, NP line
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1137.3 FE with TA emission

1132.6 Li BE line with TA emission

1131 "Y"; radiation damage in Si:Li

1129.9 Multiexciton line involving two excitons

bound to Li donor. Similar lines at

1127.8, 1125.9,1124.5, and 1123.2 for

m = 3-6.

1126 "Z"; radiation damage in Si:Li

1122.3 "A"; Line in MBE Si associated with

N + Al (Alt 1985, Lightowlers 1989b).

1122 "ABC"; Trigonal isoelectronic centre

involving N + Al

1117.6 G = 66 "o1"; one of a series including "02" =

1115.6, "03"=1113.7, and "04"=1111.8,

Thermally induced in CZ silicon.

Possibly bound to free or strain

broadening.

1117.5 9.2 "PQR"; In related, associated lines at

1115.9 and 1108.5

1117 "X"; radiation damage of Si:Li

1117 Isoelectronic center involving Be + C

1116.9 "NLI"; associated lines at 1116.1 and

1119.3. Observed after B implantation

and 10 min anneal at 450 C.

1108.3 "S"; associated lines at 1104.5, 1100.5,
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1092.7, 1090.5, 1088.1, 1085.5, 1070.4,

1067.2, 1060.8, 1034.2, 1023.4, 1014.4,

formed in CZ Si by 100 hour anneal at 500

0C.

1108.1 Produced in CZ Si by neutron irradiation

and annealed at 250 C

1107.2 17 PL from Si after laser annealing.

Associated lines at 1108.2, 1108.7, and

1109.

1106.16 "k"; identified in MBE Si grown at 550

TC (Lightowlers 1989b).

1100.6 Radiation damage center produced by He',

H2-, or proton bombardment.

1099.5 FE with LO emission

1097.7 FE with TO emission

1095 "3F"; Exciton bound to modified 1094.5 F

center. Multiexciton emission at 1092,

1090, and 1088.5 for m = 2-4.

1094.5 "F"; Emission of exciton bound to center

formed in CZ Si with [C}]>5xl016 cm-3 .

Multiexciton emission at 1092.5, 1090,

1088.5, and 1087 for m = 2-5.

1093.2 Li BE with TO emission

1092.7 B BE with TO emission. Multiexciton lines

a-: 1090.4, 1088.1, and 1086.5 for m =2-4.

1091.9 Sb BE with TO emission.
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1091.8 P BE with TO emission. Multiexciton

lines at 1088.2,1085.6, and 1083.7

for m = 2-4.

1091 As BE with TO emission.

1090.0 Multi-BE with 2 excitons + TO. Similar

lines at 1088.5, 1086.8, 1085, 1083.8,

1082.5, 1081.1, for m = 3-8.

1086.9 T1 related lines at T<20K. Associated

lines at 1081.5 and 1080.4.

1082 Radiation damage of Si:(C+Li); similar

to "SO at 1045.

1081.1 Observed in B implanted Si after 400 °C

anneal

1080 30.2 "12"; Monoclinic I center produced by B

implant or electron irradiation of Si:B,

involves 2 B atoms.

1076 Si:Be isoelectronic center

1074.7 FE with TO + IV(a) emission (Dean 1967)

1067.2 One of S series; see 1108.3

1066.7 Associated with Fe-B pairs in MBE Si

(Lightowlers 1989b)

1062.5 Produced by n irradiation and 300 0C

anneal of CZ Si

1060 Radiation damage at 100 K in high C, 0

1052 "O1"; one of series of 3 lines produced
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by heating CZ Si for 130 h at 500 'C; 02

1048; 03 at 1042

1051.7 FE with TO + IV(b) emission (Dean 1967)

1050.2 "Ge-2"; Ge-related radiation damage

center; associated line at 1047.2.

1050.1 "TI PQR"; Ti related lines for T>15,

other lines at 1048, 1042.7.

1049 Radiation damage of Si:Ga and annealed

at 250 'C.

1045 32.2, 47.9 "Q"; Radiation damage of Si:Li;

55.1 associated lines at 1044 and 1048.

1039.8 "13" or "X"; ion implantation, neutron

damage, and annealed at 500 to 800 K.

Also seen in ion beam doped Si:As grown

by MBE (Rowell 1990)

1037 Produced by ion bombardment

1034.2 One of the S series; see 1108.3 line

1033.2 FE with TO + G emission (Dean 1967)

1025 Produced in electron irradiated FZ Si:Li

and annealed at 450 C.

1023.4 One of the S series; see 1108.3 line.

1018.9 TA,22,51, "Ii" or "W"; Ion implantation or similar

56,60,70.3 damage line. Trigonal center. Also seen

in low temp MBE Si 1 _-Ge,. (Noel 1990)

1014.8 Like 1018.9 "W" line but produced with Ne
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implantation.

1014.7 7 "Cu"; Cu-related trigonal center

1014.4 One of the S series; see 1108.3 line

1012.6 "D6" dislocation related band (Sauer,

1985)

1012 Line like 1018.3 "W", but produced by He

implantation.

1011.7 FE with TO+G+IV emission (Dean 1967)

1010.3 15 Au related center

1009.7 Line like 1018.3 "W", but produced by Ar

implantation.

1004.8 Line like 1018.3 "W", but produced by Kr

implantation.

1003.7 Rhombic I center produced by neutron

irradiation and 400 'C anneal.

1000 Produced by Xe implantation.

997 "D4" dislocation related center (Sauer

1985)

990+/-10 Ion implantation damage and hydrogena-

tion

996.8 Produced by neutron irradiation and

annealed at 150 'C

991.37 "j"; Observed in MBE Si grown at 550 'C;

annealed out at 300 TC (Lightowlers

1989 P and b)

988.8 Produced by neutron irradiation and
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annealed at 375 TC

977.8 Observed in Si:S

969.5 72 "G"; Monoclinic I center involving two

C and one Si atom

968.7 FE with TO+2G emission (Dean 1967)

967.4 Produced by neutron irradiation and

annealed at 150 °C

965.2 "I"; Produced by 450 0C heating of CZ Si

957 Produced in CZ Si by 180 h at 450 0C or

by irradiation damage below 200 TC

956.9 Perturbed form of 969 "G" line

953.9 Perturbd form of 969 "G" line

953 Perturbed form of 969 "G" line

953 "D5" dislocation related band (Sauer,

1985)

951.2 Perturbed form of 969 "G" line

949.9 "F"; C-related radiation damage center;

monoclinic I symmetry

947 Produced by radiation damage and 450 C

anneal

945.8 see 944.8

944.8 10.3,G, Observed in Mn+Zn-doped Si;

6.4 luminescence from excited state at

945.8

943.7 6.1 "Cu*"; Observed after Cu diffusion;

similar to 1014.7 Cu center; trigonal
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center

939 "D3" dislocation related center (Sauer

1985)

935.2 Produced by radiation damage at 20 K in

C-doped FZ Si

935.1 29.4,66.3 "T"; Rhombic I center involving C

produced by radiation damage and annealed

at 450 OC

929.1 C-related radiation damage center

929 59.4 "Ga3", Gallium related defect

926 Radiation damage and anneal at 250 °C of

Si:Ga

925.5 TA,20,63 "H" or "K"; Radiation damage and annealed

at 450 'C in CZ grown Si; monoclinic I

center with C dependence

922.3 Produced by high temperature anneal

involving possibly C+Al

919.8 Radiation damage center involving C

903 "9"; Produced by 300-400 h at 450 'C

in CZ Si; monoclinic I center

900 "D5'" dislocation related band (Sauer,

1985)

897.9 Produced by radiation damage of CZ Si

and annealed at 350 'C

878 Produced by radiation damage and annealed

at 100 'C of Si:Li
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875 55.8 "Gal"; Radiation damage of Si:Ga

involving C in a rhombic I center

874 "D2,, dislocation related tetragonal

center; associated lines at 807, 939,

and 997 (Sauer 1985)

868.7 Seen in MBE Si:As (Rowell 1990)

062.17 "i"; Found in MBE Si grown at 550 OC.

Possibly C-N-H related (Lightowlers

1989b) . Removed with 700 'C anneal.

861.68 "h"; Found in MBE Si grown at 550 T.

Possibly C-N-H related (Lightowlers

1989b) . Removed with 700 T anneal.

856 Rhombic I radiation damage center

produced in Si:C at T<300 K;

thermally destroyed at T>300 K

844 14,G Observed after Cr diffusion into

Si:B

836 "Al 1"; Rhombic I radiation damage

center produced in Si:Al

829.8 15 Au-related center

812.91 IIgII; found in MBE Si grown at 550

OC. Possibly C-N-H related. (Lightowlers

1989b)

812.30 "f"; found in MBE Si grown at 550

OC. Possible C-N-H related. (Lightowlers
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1989b)

811.1 7.2,9.2,16.5 Rhombic I center produced by Pt

diffusion at 1150 0C

810.5 see 811.1

807 "Dl"; dislocation relate" tetragonal

centei (Sauer 185)

805.4 15 Tetrahedral center produced by Pt

diffusion at 1050 0C

793.4 3,7 Au-related

793.0 see 793.4

792.8 see 793.4

791.9 see 793.4

789.4 TA,65.5,72.5 "C"; Monoclinic I radiation damage

138.1,145 center involving C and 0. Also seen

in Si _xGex layers grown by low temp-

erature MBE. (Noel 1990)

785 Produced by radiation damage and

300 TC anneal of Si:Li

778.53 "e"; Found in MBE Si grown at 550

°C. Possibly C-N-H related

(Ligatowl -rs 1989b)

775.1 Room temperature irradiation product in

Si:Al

772.4 "N5'*; see 745.6

768.6 C-related radiation lamage center

767.4 "N4"; see 745.6. Seen in MBE Si
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grown at 550 0C (Lightowlers 1989b)

767.3 TA,18,LA=43 "P"; Monoclinic I C-related center

65.6, 72 produced by radiation damage and

annealing at 450 0C in CZ Si

766.7 Produced by neutron irradiation and

annealing at 375 0C in CZ Si

761.5 "N3"; see 745.6

760.6 I'M"; Radiation damage center involving

C

758 "N2'; see 745.6. Seen in MBE Si

(Lightowlers 1989b)

745.6 122.9,71.3 "Ni"; Monoclinic I or trigonal center

involving N and C atoms. Seen in MBE

Si (Lightowlers 1989b)

744.9 Seen in MBE Si after irradiation with

2 MeV electrons (Lightowlers 1989b).

737.6 7.5, 10 Observed after Fe diffusion

735.1 see 737.6. Seen in MBE Si (Lightowlers

1989b)

734.7 see 737.6. Seen in MBE Si (Lightowlers

1989b)

707 15 Au-related center

698 TA "a"; Trigonal center in MBE Si (de Mello

1989).

677 Observed after Cr diffusion into Si:Ca

567.9 See 564.7
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566.1 see 564.7

565.7 see 564.7

564.7 13, 60 Mn-related tetrahedral center

488 Monoclinic I radiation damage center

involving C and 0

Near-band-edge PL from Si. Most of the PL lines given above

in Table II are from deep centers. Of most importance are the

near-band-edge lines due to recombination of free excitons (FE)

and excitons bound to shallow donors and acceptors (BE). The FE

lines include the no phonon (NP) line at an energy 14.3 meV (the

binding energy of a free exciton) below the bandgap plus the

various phonon replicas of the NP line that result from phonons

emitted along with photons for momentum conservation. The

principal phonon replicas are the transverse acoustic (TA),

longitudinal optical (LO), and transverse optical (TO) lines that

are 18.4, 56.2, and 58.0 meV below the NP line, respectively.

(Davies 1989) The ratio of the intensities of these three lines

are 0.03: 0.1: 1 for TA: LO: TO. There are also several

prominent two phonon and three phonon lines that are evident in

PL from Si. These include lines at 1.08 eV and 1.04 eV, that are

due to FE emission with one TO and one zone center G phonon, and

FE emission with one TO, one G, and one zone edge IV phonon,

respectively. Bound exciton lines (BE) and emission from bound
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multi-exciton complexes (BMEC) include lines corresponding to

each of the FE lines with energies below the FE comporents, the

difference being the binding energy of the exciton to the shallow

center, between 2.7 and 7 meV. (Thewalt 1982)

PL from Bulk Si 1.. Ge. The definitive works on PL from bulk

Si 1 _xGe. alloys are those by Weber and Alonso and the earlier work

of Mitchard and McGill. (Weber and Alonso 1989, Mitchard and

McGill 1982) The Mitchard and

McGill study was limited to

samples with x=0.1, but these

samples showed an important TOsi-si

effect applicable to Si 1 _-Ge,/Si 60,4-

superlattices - the bound
E 50

exciton lines were broadened TOSI-Ge
S40o

due to the effects of alloy w
Z

fluctuations in the alloy W 30 - Tz 30 TO~e-Ge •

layers. The Weber and Alonso 0 LA
z
0 20

study covered the full range I 0#

of 0<x<l, and presents several 10 T 4 0%00

key pieces to the

understanding of PL from 0 0.2 0.4 0.6 0.8 1.0

Si 1 -xGex/Si superlattices. It Sil-xGex COMPOSITION

was shown that no phonon Figure 21: Si l _×Gex phonon
energies vs. alloy concentration

lines, which are forbidden in (Weber 1989)
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pure Si samples, are quite strong in Si 1 _xGex, due to the

statistical distribution of Si and Ge atoms acting as momentum

conserving scattering centers. In addition, the phonon replicas

of the no phonon lines were used to determine the phonon energies

as a function of x; these values are shown in Figure 21. For

x<0.85 the energies of TOsi-si, TOSiGe, TOGeGe, and TA were found to

be 58.0 meV, 49.0 meV, 34.5 meV, and 18.7 meV, respectively.

PL zt'om Si 1.. Ge 1/Si and Si/Ge superlattices PL from

Si 1.×Ge×/Si and Si/Ge superlattices has been studied only

recently, because of difficulty getting samples of sufficient

quality to obtain usable signals. With the early theoretical

predictions of the possibility of obtaining a direct band gap in

monolayer Si/Ge superlattices, (Gnutzmann and Clausecker 1974,

Gell 1988, Froyen 1987, Satpathy 1988) attention centered on

obtaining PL from these structures. The first report of PL from

Si/Ge superlattices was reported by Eberl, et al. (Eberl 1987) on

strain symmetrized samples. Strain was symetrized by growing the

Si/Ge superlattice on a thick partially relaxed Sil_,Ge, buffer

layer which resulted in growth of the superlattice at a lattice

constant intermediate between that of silicon and germanium.

Thus both the silicon and germanium layers were strained, but

with the overall strain for each period close to zero. The same

group continued to report results from similar structures.

(Zachai 1988, Zachai 1990a&b) The strong PL at 0.85 eV obtained
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from these samples was claimed to be due to direct or

pseudodirect zone-folded free exciton transitions. However the

similar intense broad features were later seen in Si 1jGex layers

that were too thick for zone-folding arguments to apply. (Noel

1990a) Thus it is believed that the strong luminescence seen by

Zachai, et al, originated in the thick strain relaxed buffer

layer, though the controversy has not yet been completely

resolved. (Schmid 1990b, Zachai 1990a) The broad bands observed

by Noel et al were found in samples grown by MBE at 400 °C and

were substantially more intense with annealing. The typical

annealing condition for the strongest luminescence was RTA for 30

sec at 625 °C. The broad bands were 120 meV below the strained

Si 1 _xGex band gap, and were reported not to depend on sample

structure. The authors also determined from photoluminescence

excitation spectroscopy (PLE) that the main luminescence peak did

not involve phonons, though there may have been a TO phonon

replica convoluted with the main peak in some cases. Later, the

same group proposed that the origin of the broad luminescence was

isoelectronic centers related to Ge complexes within the Sil_×Ge,

layers. (Houghton 1991b) The broad band emission was found only

in MBE-grown Si-Ge.

Beginning with the first PL studies of Si/Ge and Sil-xGex/Si

superlattices and heterostructures, the goal has been to find

identifiable near-band gap excitonic emission that could be used

to verify theoretical determinations of band gap and other
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properties such as phonon energies, similar to the results in

bulk Sil-,Ge.. In MBE-grown Si/Ge and SilxGe, superlattices, near-

bandgap excitonic has not been identified, though some claims

have been made. The claims of excitonic emission from Si/Ge

superlattices have been mentioned above. (Eberl 1987, Zachai

1988, Zachai 1990a&b) In addition to the above claims of the

German group, there have been similar claims of superlattice band

edge emission from MBE Si-Ge by several other groups. (Rowell

1987, Montie 1989b, Okumura 1989, Montie 1990, Glaser 1990a&b,

Kallel 1990) In several cases, emission was similar to the broad

band emission discussed above. In others there were sharp bands,

but the peaks were at energies of known silicon dislocation-

related bands, Dl-D6. (Sauer 1985) In no cases did the authors

show conclusive evidence of exitonic emission. Terashima et al

reported near-bandgap PL from MBE-grown Si,-×Gex single epitaxial

layers grown below the critical thickness for x=0.04 and x=0.15.

(Terashima 1990) Radiative recombination of bound exitons and

free excitons was found. In addition defect-related L bands,

similar to those seen in bulk Si 1jGex were identified. (Weber and

Alonso 1989, Mitchard and McGill 1982).

There have been recent reports of near-band gap exitonic

emission from Si-Ge structures, either from Sil-,Ge. strained

layers or Si 1 _xGe,/Si superlattices grown by techniques other than

molecular beam epitaxy, such as chemical vapor deposition or

liquid phase epitaxy. Sturm et al reported near-bandgap PL from

70



Sil-,Ge,/Si superlattices grown by a combination of rapid thermal

processing and chemical vapor deposition (RTCVD). (Sturm 1991)

The emission consisted of a strong no phonon (NP) component and

phonon replicas involving TA, TOi-_,i, TOsi-Ge, and TO,,_Ge phonons.

Recombination of free excitons (FE) and excitons bound to shallow

impurities (BE) were identified. The BE emission had lifetimes

between 375 and 420 ns, similar to BE lifetimes in Si. From PLE

the BE binding energies were determined to be 5 meV, also in

agreement with Si BE binding energies. A comprehensive study of

PL from Sij_,Ge. single layers grown by liquid phase epitax has

recently been reported. (Robbins 1992) In this study near-

bandgap features similar to those reported by Sturm et al were

found, but in this case the FE and BE components were clearly

resolved. From this study, an analytical expression for the

exciton energy gap was determined to be (for O<x<0.24)

ExW = 1.155 - 0.874x + 0.367 X2 eV. (27)

In addition an expression for the exciton binding energy that

takes into account the effects of strain was derived.

Near-band gap emission from single SijxGe, layers was

reported recently by another group. (Dutarte 1991) once again

the samples were grown by RTCVD. In this case the samples

consisted of a single buried fully strained _SijxGe, layer.. with x

= 0 to 0.22. The emission consisted of a NP line and phonon

replicas similar to those found by Sturm et al. The buried
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Si 1jGe, layer samples with cap layers were compared to samples

without cap layers that did not show excitonic emission from the

epitaxial Si 1 .Gex. This comparison indicates that nonradiative

surface recombination is minimized by the use of Si capping

layers and/or that exciton confinement is required to see

excitonic features from Si-Ge structures.

In summary, the PL from Sil-xGex layers or Si 1 _xGex/Si

superlattices grown by MBE seems to be different than that of

samples grown by other methods. (Houghton 1991b) The MBE-grown

samples are dominated by broad PL bands that &re defect-related,

while the CVD or LPE samples that are grown at higher

temperatures do not have broad PL bands, but have FE and BE lines

near the bandgap. This has led to some speculation that the

broad bands in MBE-grown samples are a convolution of the narrow

FE and BE lines and their phonon replicas that have been

broadened by some mechanisms. (Rowell 1991) As mentioned above

it has also been suggested that the broad bands are due to

isolectronic emission from Ge-complexes. (Houghton 1991b) In

either case, it is clear that a better understanding of the broad

PL bands and their relationship to the near-bandgap excitonic

emission is required.
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Isoelectronic bound exciton emission from Si and Sil.,Ge,

In indirect band gap semiconductors, the radiative decay of

excitons bound to isoelectronic impurities and complexes is an

important luminescence mechanism. The most celebrated of these

has been GaP:N, (Thomas 1963) but isoelectronic bound exciton

(IBE) emission has also been seen in Si, having first been

identified in 1979 in an indium related complex. (Mitchard 1979)

Since its first observation in Si, IBE emission has been seen in

Si:Be, Si:Cu, Si:In, Si:Li, Si:S, Si:Se, Si:Zn, and Si:Tl. (Henry

1981, Weber 1982, Lightowlers 1984, Watkins 1984, Lightowlers

1985, Brown 1986a&b, Bradfield 1988, Modavis 1991, M.O. Henry

1989, Singh 1989) Isoelectronic centers in silicon are different

in one respect than GaP or other indirect bandgap materials. A

single group IV impurity does not create bound exciton states in

silicon; multiatom states are required. (Bradfield 1988) IBE

emission in silicon is characterized by a long radiative

lifetime, from microseconds to milliseconds in some cases. This

long lifetime is due to the very low probability of competing

nonradiative Auger processes. Isoelectronic centers bind

excitons by tightly binding one carrier, usually electrons, and

loosely binding the other in a hydrogen-like orbit. Thus the

center is usually an electron or hole trap, with a fairly high

capture cross section for excitons (or electrons or holes). This

high capture cross section, and the long radiative lifetime,

combined with the absence of competing nonradiative processes
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make IBE emission a promising method of obtaining light emission

from silicon and silicon-like structures.
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III. EXPERIMENTAL

Sample Growth

The samples were grown by molecular beam epitaxy (MBE)

in a VG-V80 system. Silicon and germanium were evaporated by

Temescal CV 14 electron beam evaporation sources. The Si(100)

substrates were first chemically cleaned by a modified Shiraki

procedure, the grown oxide was evaporated at 850-900 'C in the

deposition system. A 100 rim silicon buffer layer was grown at

650 °C at a rate 1.5 A/sec. The superlattices were grown at

500 °C, with the alloy deposition rate of 2 A/sec. The

superlattice structures were grown 500 nim thick with a final

silicon capping layer of 30 nm. Table III lists the sample

structures investigated, which were verified by X-ray

diffraction.

Post-Growth Annealing

After cleaning the samples, as described below, the samples

were annealed post-growth in N2 gas environment using Rapid

Thermal Annealing (RTA). The annealing temperatures ranged from

525 °C to 850 0C. The annealing times ranged from 15 seconds to

2 minutes. The RTA was performed at the Wright Laboratory Solid

State Electronic Technology Directorate.
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Photoluminescence Experimental Setup
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Figure 22: Photoluminescence Experimental Setup

The setup used for the photoluminescence measurements is

given in Figure 22. The samples were mounted in a strain free

manner using rubber cement on a copper cold finger inside a Janis

77



10DT optical cryostat. The liquid helium could be pumped by a

mechanical pump to obtain sample temperatures below 4.2 K, and

thus the cryostat allowed variation of the sample temperature

from 1.6 K to room temperature using a heater. The sample

temperature was monitored with Lakeshore 100DT silicon diode

temperature sensors and controlled with a Lake Shore DRC-82C

temperature controller. The PL was collected into a SPEX 1702

3/4 meter spectrometer and detected by a North Coast 817L(or S)

liquid nitrogen cooled germanium detector. The entrance and exit

slit widths of the spectrometer were nominally set at 1000 and

2000 microns, respectively so that the resolution was 2.5 meV at

1 eV. The signal was obtained using a Stanford Research SR530

lock-in amplifier and preamplifier and fed to a Zenith 248 (IBM

AT compatible) PC using Labtech Notebook data aquisition

software. Excitation was provided with either a Spectia Physics

Series 2000 krypton or argon ion laser, that was chopped with a

Stanford Research SR 540 optical chopper.

Photoluminescence Experimental Procedures

System Alignment and Calibration Before measurements could

be taken, the spectrometer, detector, and optics had to be

aligned. This was done using a He-Ne laser. Once the system was

aligned two calibrations were performed. First, a krypton

calibration lamp spectrum was taken to calibrate the spectrometer
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Figure 23: Response of System to 1000 'C Blackbody

dial setting to the known positions of the krypton lines.

Krypton lines over the full range over which PL data was to be

taken were used from 1.0 to 1.8 microns. Second, a blackbody

source at 1000'C was used to determine the system response. The

response of tne system to the source is shown in Figure 23. The
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system response was determined by dividing the blackbody output

of the system by the known output from a blackbody source at 1000

TC. As can be seen in Figure 23, there is a strong absorption at

0.9 eV that is due to water vapor in the path between the sample

chamber and the detector.

Sample Preparation and Mounting The samples were received

from the Naval Research Lab in large pieces, usually 1/6 of a 3

inch wafer. These were cut into smaller 3-4 mm square pieces for

mounting on the cold finger. After cutting but prior to mounting

the samples were cleaned using a three step procedure: (1) clean

in trichloroethylene, (2) clean in methanol (3) wash with

deionized water. The cleaned samples were mounted, usually four

at a time on the copper cold finger using a small amount of

rubber cement on the upper edge of the sample. During data

acquisition the laser spot was placed on the lower half of the

sample, to avoid complications with the effects of strain on the

PL.

System Start up Procedures To prepare the system for cool

down and data acquisition, the jacket between the LN 2 and liquid

helium dewars had to be evacuated to insure that helium could be

held for long periods of time. The jacket was evacuated using an

Alcatel turbomolecular pump backed by a mechanical pump. Care
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had to be taken to insure that oil from the mechanical pump did

not get inside the dewar. After pumpdown the system was cooled

down by first adding LN2, then adding liquid helium at least four

hours after adding LN 2.

PL Measurement Procedures After the samples were mounted

and the system was cooled down, the PL measurements were taken.

The samples were typically arranged in a 1350 geometry, which has

been found to be the best arrangement for obtaining PL from the

samples where the excitation is primarily near the surface (which

applies to most PL measurements regardless of excitation).

(Davies 1989) The PL signal, once found, was optimized by

adjusting excitation beam position, optics between the sample and

the spectrometer, chopper speed, and phase of the lock-in

amplifier.

Choice of Laser Excitation The samples were excited with

the 647 nm Kr line, 488 or 514 nm Ar line, or 337-357 nm Kr

multiline, allowing the variation of penetration depth from 5 jIm

to .01 4um. Since the superlattice regions were 0.5 microns

thick, PL features due to the superlattice region could be

isolated from those due to the Si substrate or the buffer layer

by using the UV excitation source.



IV. RESULTS AND DISCUSSION

Dependence of PL on excitation

The four laser excitation sources used, 647 nm krypton, 514 nrm

argon, 488 nm argon, and 337-357 nrm krypton UV multiline, each had

a different penetration depth. The penetration depth is determined

from Beer's Law

I(x) = 1(0) e- x (28)

where u = absorption coefficient at wavelength

of excitation beam

I(x) = Intensity as a function of depth in sample,

and 1(0) = Intensity at surface.

The penetration depth is the depth at which I(x)/I(0)=1/e, and thus

is the depth in which most of the electron-hole pairs are created.

The penetration depths for 647, 514, 488, and 350 nm excitation are

5 •jm, 1 pim, 0.9 gm, and 100 angstroms, respectively. Most of the

electron-hole pairs created in the excitation region quickly form

xcitons. These free excitons can diffuse through the material

depending on the concentration of defects or centers capable of

trapping them, because of the long radiative lifetime for free

excitnns in indirect band gap materials, 60 ps for bulk Si. The

long lifetime of free excitons results in a long diffusion length

for free excitons, as high as 430 pm in material with a low defect
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concentration (Davies 1989). To estimate the free exciton

diffusion length in silicon, the PL from the back of several

samples was compared to the PL from the front, using UV excitation,

and the results are shown in Figure 24. The excitation of the back

was absorbed in the silicon substrate, while excitation of the

front was absorbed in the C.. micron thick superlattice region.

The PL from the front contained broad bands from the superlattice

region and little or no substrate or cap layer luminescence. The

PL from the back contained strong substrate related luminescence as

expected, but also contained a reduced broad band from the

superlattice region which indicated that excitons created in the

substrate had diffused to the superlattice region where they

subsequently recombined via the center responsible for the broad

band. The thickness of the substrate was 0.5 mm, or 500 microns,

which is close to the previous estimates for the free exciton

diffusion length in Si. Diffusion through the superlattice,

becomes a more complicated issue, even ignoring capture of excitons

by defects, because of the potential barriers imposed by the

superlattice potential. The free exciton Bohr radius, about 40

angstroms in Si, gives a relative measure of the exciton diffusion

through the superlattice. For wells (Ge or Si 1 -.Ge×) of the same

dimensions or less than the free exciton Bohr radius, it is

expected that there will be significant diffusion of excitons

through the superlattice and the resulting PL will be from the

upper superlattice layers. For wells larger than the Bohr radius,

it is expected that the free excitons will become confined to the
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first few wells and the resulting PL will only be from the upper

layers of the superlattice.

Since it is well-known that interfaces in superlattices are an

effective getterer for impurities and other defects, it is expected

that the superlattices layers closest to the surface to have a

lower concentration of defects than the layers closest to the

superlattice/substrate interface. Visible laser excitation, either

647, 514, or 488 nm is absorbed by both the superlattice and

substrate areas and exciton diffusion is not a significant issue

since all areas (substrate, buffer, superlattice, and cap) are

excited. However, UV excitation is nearly fully absorbed in the

silicon cap region, and requires exciton diffusion in order to look

at recombination in the superlattice region. The advantage of UV

excitation is that nearly all of the excitons created in the

excitation region would be captured in the superlattice region. As

long as there are centers capable of radiative recombination in the

superlattice region, it is assured that there will be a high

density of excitons to supply those recombination processes. This

is more favorable than the case in which excitons are created

throughout the superlattice and substrate regions resulting in a

lower relative exciton density in the superlattice region.

In Figures 25-31 the PL for various excitation wavelengths

are compared. In sample SL00201.1 (Figure 25), the PL from UV

excitation does not contain the same structure as the PL from the
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more deeply penetrating 488 nm (blue) and 514 run (green), although

a broad band emission is seen in all three samples. The additional

lines from blue and green excitation are D-lines (Dl-D5) seen

previously in highly dislocated bulk and epitaxial silicon. It is

apparent from these excitation dependent spectra showing D-lines

for the more deeply penetrating excitation that the dislocation

dependent D-lines originate from deep within the sample structure,

most likely at the substrate/buffer interface or in the buffer

itself. The substrate related peaks, TOsubstrate and TO+IVsubstrate, are

much stronger in the 514 and 488 nm excitation cases than the UV

excitation case. The spectrum from UV excitation has much stronger

superlattice related sharp peaks, NPSL, TAs,, and TOSL, that will be

discussed in more detail later. The 514 nm excitation also

produces a d line at 770 meV that will be discussed later.

In Figure 26 (SL00206.1), UV excitation produces sharp

superlattice related peaks, TOsL, TASL and NPsL, that are not seen

with 488 or 514 nm excitation. The broad PL band is seen for all

three excitations. In addition, d line luminescence is seen at 770

meV for UV excitation. Substrate related peaks near 1.1 eV,

TOsubstrate, are seen in all three spectra, but are stronger for

optical excitation.

In Figure 27 (SL00405.1), all three spectra have a broad band

from 0.7 to 0.9 eV, with a a line at 770 meV on top of the broad
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band. There are slight differences in the shape of the broad band

for the three different excitations, but these may be due to

differences in the system response between the UV and the optical

excitation spectra. The UV spectrum was taken in Room 134E while

the 514 and 488 nm spectra were taken in Room 134C.

In Figure 28 (SL10322.2), the broad band is also dependent

upon the excitation. The UV excitation spectrum has its peak at

870 meV with perhaps a second peak at 940 meV. The 514 nm

excitation spectrum has the 940 meV peak is dominant, with the 870

peak reduced. Superlattice related sharp peaks, TO., and NP,:, are

seen in both spectra, but are much stronger compared with the broad

PL band using UV excitation.

In Figure 29 (SL10206.1), the broad band at 860 meV has the

same shape for UV, 514 nm, and 488 nm excitation. Substrate

related peaks between 1 and 1.1 eV, are seen for 488 nm and 514 nm

excitation, but not for UV excitation. The substrate for this

sample was heavily-doped, which is the reason for the broad

substrate related peaks that are different than most of the other

samples investigated.

In Figure 30 (SL00326.1), the spectrum for UV excitation is

dominated by a broad band from 0.7 to 1.1 eV, while the 514 and 488

nm excitation spectra are dominated by the peaks near 1.1 eV,

TO~se, from FE and BE emission with TO phonon emission. Peaks
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at 775 mev (d) and 990 meV (j) are also seen for UV excitation.

In Figure 31, SL10531.2, all three spectra have the broad PL

band near 0.8eV, but the spectra for 488 and 514 nm excitation have

dislocation lines Dl and D2 on top of this broad band which appears

to shift the broad band peak position. The substrate related

peaks, TOsustrate are seen only with 488 or 514 nm excitation.

In every case in Figures 25-31, the substrate peaks are strong

for 514 or 488 nm excitation, but are weak or nonexistent for UV

excitation, showing that in the UV excitation case, most of the

recombination is occurring in the superlattice region. The spectra

obtained with UV excitation that contain substrate peaks are most

likely due to part of the excitation beam hitting the edge of the

sample and exciting substrate PL that is collected inefficiently

due to the collection geometry. It was difficult to insure that

the invisible UV beam hit the center of the samples, which were cut

small because of practical limitations. It was necessary to take

samples from the center area of the wafer for direct comparisons of

samples within the same wafer, which limited the size of the pieces

cut, in order to have enough samples available.

The luminescence at energies below the characteristic

substrate luminescence is mostly due to recombination in the

superlattice. The exceptions to this are the D-line luminescence

in samples SL00201.1 and SL10531.2 (Figures 25 and 31), and
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possibly the 770 meV PL luminescence in SL00206.1, SL00405.1, and

SL00326.1 (Figures 26, 27, and 30 respectively) . Note that in each

case the superlattice luminescence for the UV excitation is of the

same intensity or greater than that for visible (514 or 488 nm)

excitation. All of the intensities are roughly comparable. The

laser power in all cases was 50 mW and the spot sizes were roliahly

comparable. Thus the total energies absorbed by the samples were

roughly the same for all three excitations. In the UV excitation

case, all of the energy is absorbed in the upper cap layer where

excitons are formed; in the visible excitation case, the excitation

energy is absorbed over the entire superlattice region and into the

buffer and substrate regions.

Near-Band-Edge PL

Three samples, SL00201.1 (40/20, x = 0.25), SL00206.1 (40/20,

x = 0.25), and SL10322.2 (120/40, x = 0.25), contained sharp PL

features consistent with near band-edge emission. The sharp PL is

due to shallow bound excitons (BE), and consists of a no phonon

(NP) line as well as phonon assisted lines. The exciton binding

energies obtained from the temperature dependence of the BE(NP)

lines are in the range of 1.4 to 4.2 meV.

The sharp lines in Figure 32, expanded in Figure 33 for the

three samples, show a strong no phonon (NP) line as the highest SL
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Table IV: Sharp Line positions and phonon energies

Sample Phonon Energies (meV)
Number NP TA TOsi-si TO iG TO.eGe

SL00201.1 1017 17.7 58.1 48.8 34.8

SL00206.1 1047 18.7 58.0 50.7 33.7

SL10322.2 1032 18.0 58.5

Average 18.3 58.3 49.7 34.3

Bulk Si-Ge alloys 18.0 58.0 49.0 34.5
(Weber and Alonso 1989)

energy feature. The NP line, not allowed in pure silicon but still

weakly present due to momentum transfer from the impurity

associated with the transition, occurs strongly in Si 1 _xGe. because

of momentum conservation due to the statistical distribution of Si

and Ge atoms within the alloy. The NP line is accompanied by four

phonon assisted lines with average energies of 18.3±0.4, 34.3±0.8,

49.7±1.0, and 58.3±0.6 meV below the NP line, as given in Table IV.

These phonon lines correspond to emissions with momentum conserving

transverse acoustic (TA), transverse optical (TO) (Ge-Ge), TO(Si-

Ge), and TO(Si-Si) phonons, respectively, and the phonon energies

agree well with those found by Weber and Alonso for bulk Si 1 _×Ge,

alloys. (Weber and Alonso 1989) The PL spectra look very similar

to the results for bulk samples, except for shifts in peak energies

due to the dependence of the Si 1 _.Ge. band gap on strain and to

quantum confinement. As discussed in Chapter II the band gap of

Si 1.×Gex depends on the degree of strain in the layer (see Figure

12). Since these samples were grown on Si substrates and were

grown well below the critical thickness, it is expected that the
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Si 1 _-Ge, layers are fully strained and thus have a band gap quite

different from unstrained bulk Si 1 _xGe. layers. Quantum confinement

is due to the superlattice structure that creates valence band

wells, resulting in a shift of the effective superlattice band gap

to higher energies.

Temperature dependence of sharp peaks. In order to determine

the nature of these sharp features, the study of PL spectrum

dependence on sample temperature has been made. Figures 34-36 show

the near band-edge PL for samples SL00201.1, SL00206.1, and

SL10322.2, respectively, measured at various temperatures from 1.6

to 12 K. It can be seen that the PL intensity decreases very

rapidly as the sample temperature increases. This rapid decrease

of the lines and their symmetric shape are characteristic of bound

exciton (BE) emission. As the temperature increases above 1.6 K,

the excitonz are dissociated from the binding center, decreasing

the population of bound excitons and increasing the population of

free excitons, and consequently decreasing the BE emission

intensity with a temperature dependence given by (Bimberg 1971)

I MT = I0° (9_(T_ I '(29)

l+CekT

where Eb is the binding energy of the cxciton. By fitting the NP

line integrated intensities obtained at various temperatures to Eq

(29), the binding energy of the exciton to the defect for each
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sample can be determined. The fitting is complicated by the

constant factor C, which is related to the degeneracy of the

initial and final states of the bound and free exciton. For

silicon the constant C is around 20. (Davies 1989) Thus at high

temperatures, the 1 in the denominator becomes overwhelmed by the

constant C times the exponential factor and the intensity is given

by:

Eb (30)I( T) = C' 1o e - (0

If we plot the natural logarithm of the integrated intensity versus

l/T, then the slope of the best fit through the high temperature

points is the binding energy divided by k, Boltzmann's constant.

The temperature dependent PL fits are shown in Figures 37-39, and

the results are summarized in Table V. These values, between 1.4

and 4.2 meV, agree with previous results for shallow bound excitons

in CVD grown Si 1 /3Ge,/Si superlattices, (Sturm 1990) bulk Sil-,Gex

Table V: Sharp line energies and derived SL band gap

(in meV)

Sample No. ___EE_ ESL E-, (calculated)

SL00201.1 1017 2.2 11.9 1031.1 1065

SL00206.1 1047 4.15 11.9 1C03.25 1065

SL10322.2 1032 1.4 11.9 1045.3 975

E' = ENP - Eb - E..

alloys, (Weber and Alonso 1989; Mitchard and McGill 1982) and bulk
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Si. (Thewalt 1982).

For our samples, shifts in the BE lines to higher energy as

the sample temperature increases are not observed as was seen in

the RTCVD samples, (Sturm 1990) which might have indicated free

exciton (FE) luminescence. In fact, the BE lines shift slightly to

lower energy with increasing temperature, which will be discussed

later. It is likely that the FE lines were not observed because of

the high concentration of centers leading to the short lifetime

nonradiative recombination inherent in MBE samples grown at low

temperatures. (Houghton 1991b) The long lifetime free excitons can

be captured by non-radiative recombinaion centers where they are

lost to nonradiative processes before they recombine radiatively.

BE emission would be affected less because of its lower radiative

lifetime, typically 1 psec for BE in Si (Thewalt 1982) compared to

60 gsec for FE. (Davies 1989) It is proposed that the lifetime of

nonradiative processes is on the order of 1 psec, so that

nonradiative processes overwhelm FE emission but BE emission is

still observable.

Experimental determination of SL band gap. From the peak

energy positions of the NP lines, Eý, and the binding energies

obtained from temperature dependence of NP lines, Eb, the effective

band gap of the superlattices, Eg, in Table V were determined

using:
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EN = Eg - Eb - E,,. (31)

The free exciton binding energy, Eex, was assumed to be equal to a

linear interpolation of the values for silicon and germanium, 14.3

and 4.7 meV, respectively. The superlattice band gaps deduced

from PL data differ from those calculated using a Kronig-Penney

model (shown below), although SL0'O06.1 is in close agreement.

These differences, along with the apparent differences between the

samples SL00201.1 and SL00206.1, which were designed to have the

same sample structure, are mainly due to actual superlattice layer

thicknesses different from the designed values. Sample SL00201.1

was found to have a superlattice period three angstroms longer than

SL00206.1 using X-ray diffraction. The 30 meV difference in the NP

line energy can be explained by attributing this three angtrom

difference to 23 angstrom Si 1 _-Ge, layers rather than the designed

20 amgtroms. It is apparent that the band gaps deduced from the PL

data are higher than the band gaps of strained Si 0.75Ge0 .25 layers,

determined to 0.95 eV by Lang, et al, and 0.96 eV by Robbins, et

al. (Robbins 1991, Lang 1985) This is an expected superlattice

effect due to quantum confinement of holes resulting from the large

valence band offset. The confinement energies, between 50 and 110

meV, are reasonable when compared to the Kronig-Penney calculations

in the next section.

Effects of alloy fluctuations. Variation in the alloy

concentration, x, in the Si 1 _.Ge, layers is responsible for two

effects apparent in PL data. First, the BE lines shift to lower
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Table VI: Linewidths and shifts of BE lines

meV
Sample No. Linewidth ENp(I.6K) E, (12K) Shift(l.6-12K) Ax

SL00201.1 7.7 1021 1017 4 0.009

SL00206.1 5.9 1047 1046 1 0.007

SL10322.2 6.5 1032 1032 0 0.010

The alloy fluctuation, Ax, is calculated assuming all of the
NP BE linewidth is due to variations in x.

energy as the sample temperature is increased. These shifts are

summarized in Table VI. The binding energy of a shallow donor or

acceptor depends on the local environment; an environment with

silicon content greater than the average results in a higher

binding energy than one with a silicon content lower than average,

because Eb greater in Si than it is in Ge. Thus at low

temperatures BEs from environments with both low and high Si

content are present equally, but as temperature is increased the

luminescence from BEs in Si depleted environments dissociate faster

than those in Si-rich environments, and thus the BEs in Si-rich

environments dominate. Second, the linewidths of the BE lines,

ranging from 5.9 to 7.6 meV (shown in Table VI), are similar to the

linewidths found in bulk Si 1 _xGe., (Weber and Alonso 1989) which were

10 times greater than those found in Si, 0.4 meV. (Davies 1989)

The linewidths in the bulk Si 1 _-Gex alloys studied by Weber and

Alonso were due to fluctuations in the alloy concentration, x. The

authors found that the BE linewidths followed the expression
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AEB, = 2.36 C dEg X(/-x) 
(322

dx 4 3aN (32)
3

For x=0.25, the case for these three samples, AE should be 7 meV,

in excellent agreement with the observed linewidths. Thus the

alloys fluctuations evident from the linewidths of the the BE lines

are statistical in nature; there is no additional clustering of Ge

atoms producing fluctuations outside of a normal distribution.

One obvious question that remains is - why are near-edge BE

lines seen in some samples grown by MBE and not in others? In

fact, 26 samples of various sample configurations have been

examined in this study and perhaps hundreds by other groups. Only

these three samples contain the identifiable near-edge FE or BE

lines seen to date. It is reasonable to expect that near-edge

lines should be present in all samples and not only in these three

samples. The fact that they are not is the real problem requiring

resolution. It is known, from Figures 25-26 and Figure 28, that

the BE emission originates in the upper superlattice layers, but it

is unclear if this is due to the distribution of shallow bound

impurities in the superlattice, the distribution of competing

broad band emission centers, or some other meachanism. It is

clear, though, that BE emission is strongest in the upper layer of

the superlattice and that this strength is related to the high

exciton density created by the use of UV excitation.
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It is proposed that the broad band centers, which dominate

most MBE grown samples, are very efficient at trapping excitons,

more efficent than shallow impurities responsible for BE emission.

This has found to be the case for other isoelectronic centers in

Si. They also capture free excitons at a much faster rate than the

FE recombination process. In the three samples that have BE

emission, it is likely that there is a nonuniform distribution of

the centers responsible for the broad PL band, or a nonuniform

distribution of the impurities associated with the BE emission

(high impurity concentration in the upper superlattice layers), so

that there is enough trapping and recombination of excitons at BE

centers that these features can be seen in PL spectra.

Calculations of Band gap in Si1 .. Gel/Si SLs using a Kronig-Penney

Model

The effective superlattice band gaps for all of the structures

investigated experimentally were determined using the Kronig-Penney

Model described in Chapter II. The bandgap for Si used was 1.169

eV and for the Si 1 _-Gex band gap the values determined by Robbins et

al in Equation (27) in Chapter II were used. (Robbins 1992) For the

valence band, heavy hole effective masses were used, since the

light hole bands are 100 meV below the heavy hole bands due to

strain-induced splitting as discussed in Chapter II. For the

conduction band an average of the longitudinal and transverse
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Table VII: Summary of Kronig-Penney results and paramters used.

(angstroms) (eV) (in units of mO) (eV)
tsi tSiGe X AE, AE, mhh MC* EgSi-Ge EgSL

40 20 0.25 0.19 0.02 0.5325 0.2846 0.959 1.065

120 40 0.25 0.19 0.02 0.5325 0.2846 0.959 0.990

120 40 0.36 0.27 0.01 0.5072 0.2687 0.888 0.904

140 70 0.36 0.27 0.01 0.5072 0.2687 0.888 0.893

140 70 0.30 0.225 0.02 0.5210 0.2775 0.926 0.931

140 70 0.24 0.18 0.02 0.5348 0.2859 0.966 0.971

140 70 0.12 0.085 0.03 0.5624 0.3014 1.055 1.059

80 40 0.35 0.26 0.02 0.5095 0.2702 0.894 0.910

effective masses applicable to the four-fold degenerate conduction

band was used as given by

2 1 + 1, (33)
m, mt m

where

m, = transverse effective and m• = longitudinal effective mass.

(34)

The band offsets were obtained from results by Bean shown in Figure

11. (Bean 1988) A summary of the parameters used in the Kronig-

Penney model are given in Table VII. The parameters in Table VII

were used to calculate valence band confinement of holes. The

superlattice band gap was determined by adding the confinement
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energies to the Si 1 _xGe, band gap. In all cases the band alignment

was Type I, but the conduction band offsets were all very small so

that the conduction band offsets are too small to produce electron

confinement. In these cases the electron states are delocalized

and not significantly affected by the superlattice potential. Thus

the electron energy bands take on the characteristics of the bulk

bands of each layer.

40/20 Samples. Samples SL00201.1, SL00206.1, and SL10415.2

were all nominally an 83 period, 40 angstroms silicon/20 angstroms,

Si 0.7 5 Ge0 .25 superlattice. The Kronig-Penney model was used to

determine the bandgap of this structure. In addition, since it is

expected that there may be small deviations from this structure,

the bandgap was determined as a function of the well width, keeping

the barrier width constant (Figure 40), and as a function of the

alloy concentration x, keeping the layer thicknesses constant

(Figure 41). As can be seen from these calculations the band gap

of the 40/20 samples with x = 0.25 is much more sensitive to

deviations in the superlattice layer thicknesses rather than the Ge

fraction in the Si 1 _-Ge, layers. For example if the actual well

thickness were 18 angstroms (10 percent reduction) the superlattice

band gap would change from 1.065 to 1.13 eV (a 6.1 percent

increase). On the other hand a ten percent reduction in the Ge

fraction, from .25 to .225, would result in an increase in the

superlattice band gap from 1.065 to 1.088 (a 2 percent increase).
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infinite SL, x = 0.25
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as a function of Si 0.75Ge0 .2s layer thickness for a nominal 40/20
SL (SL00201.1, SL00206.1, and SL10415.2).
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Using these calculations, if it is assumed that the differences in

the experimentally determined band gap were due to variations in

the actual layer thicknesses or alloy composition, the actual

structure of SL00201.1 was either 40/20, x=0.29, or 40/22.5,

x=0.25, or some combination in between. Similarly, SL00206 was

either 40/20, x=0.255, or 40/20.2, x=0.25, or a combination in

between.

120/40, x = 0.25 Samples. Samples SL10322.2, CH93, and

SL10301.1 were all nominally a 30 period 120 angstrom Si/40

angstrom Si 0. 75Ge0 .25 superlattice. The Kronig-Penney model was used

to calculate the superlattice band gap as a function of well width

(Figure 42), and as a function of alloy concentration (Figure 43).

For this sample the SL band gap is slightly more sensitive to layer

thicknesss deviations as opposed to changes in the Ge fraction in

the Sil-)XGe. layers. Using these calculation, the actual structure

of SL10322.2, using the experimental determination of band gap from

Table V, was either 120/40, x=0.16, or 120/32, x=0.25, or a

combination in between.

140/70 Samples. Samples SL10531.2, SL10531.I, SL10206.1, and

SL10530.I were 70 angstrom Si 1_xGex/140 angstrom Si SLs, 0.5 microns

thick with x= 0.36, 0.30, 0.24, and 0.12, respectively. In Figure

44 the bandgap for these structures are calculated along with the
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Figure 42: Kronig-Penney calculation - Si/Sio.7 5 Geo.25 (120/40) SL
bandgap as a function of Sio.7sGeo.2S layer thickness
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bandgap as a function of x
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Figure 44: Kronig-Penney calculation - Si/Si1 _xGex (140/70) SL
bandgap as a function of Si 1 _•Ge• layer thickness for x = 0.12,
0.24, 0.30, 0.36.
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variations due to different well widths. In Figure 45, the rcsults

of the Kronig-Penney calculation of the SL bandgap for the 140/70

structure is shown. In all of these structures there is very

little quantum confinement so that the SL band gap is very close to

the fully strained Si 1 _xGe. band gap.

120/40, x=0.36 Samples. Samples SL1105.1, SLIII05.2,

SLIII05.3, SL11203.1, and SL11202.3 were all 120 angstrom Si/40

angstrom Si 0 .64Ge0 .36. The calculated bandgap for this structure as

a function of well width is shown in Figure 46.

80/40 Sample. The Kronig-Penney calculation for the 80

angstrom Si/40 angstrom Si 0 .65 Ge0 .35 superlattice, SL00405.1, as a

function of well width is given in Figure 47.
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infinite SL, x = 0.36
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Figure 46: Kronig-Penney calculation - Si/Si 0 .6 4Geo.3 6 (120/40) SLI
bandgap as a function of Si 0 .6 4 Ge 0 36 layer thickness
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infinite SL, x = 0.35
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Figure 47: Kronig-Penney calculation - Si/Si 0 .65 Geo.3 s (80/40) SL
bandgap as a function of Si 0 .6 sGe 0 .35 layer thickness
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Annealing Studies

The annealing studies produced three main categories of

re3ults. First, the intensities and energies of the sharp BE lines

depend upon the annealing condition. Second, the intensities and

energies of the broad band PL depend upon the annealing condition.

Third, annealing at high temperatures produces dislocation related

lines that are similar to D lines in bulk and epitaxial silicon.

In this section the first and last of these results will be

discussed. The effects of annealing on the broad band PL will be

discussed in the next section in the context of the luminescent

mechanism responsible for the broad band emission.

Annealing effects on sharp BE lines. The effects of annealing

on the sharp bound exciton lines were necessarily limited to three

samples, SL00201.1, SL00206.1, and SL10322.2. The spectra for

these three samples for annealing temperatures from 550 'C to 850

TC is shown in Figures 48-50. For all three samples, there is no

shift in the position of the sharp bound exciton lines from the as-

grown position for annealing temperatures below 650 0C. For

annealing temperatures above 650 IC the bound exciton lines shift

to higher energies. These shifts are due to interdiffusion and

strain relaxation in the Si 1 _xGe, layers. Interdiffusion results in

a net flow of Ge atoms from the Si 1 _.Ge, layers to the Si layers.

This results in wider Si 1 _xGex wells with a lower value of alloy
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concentration, x. The widening of wells would result in a lower

hole coniiiemefnc energy and a iov-er efrective superlattice band

gap. The lower value of x in the wells would result in a higher

effective superlaLtice band gap. In addition relaxation of the

strain in the Si 1.- Gex layers causes a shift to higher energy,

corresponding to the dependence of Si 1 _.Gex band gap on strain.

These three competing effects make the correlation of PL data to

interdiffusion and strain relaxation for intermediate temperatures

difficult. In the limit of very high temperatures, possibly at 850

TC, the superlattice structure is completely destroyed; the

remaining superlattice region becomes a 0.5 micron thick strain

relaxed epilayer with an alloy concentration determined by a

weighted average of the layers of the superlattice. For SL00201.1,

the completely interdif fused/relaxed superlattice results in an

alloy layer with x=0.083. The bandgap for this layer would be 1.12

eV so that the NP line would be at 1.10 eV (Ep - Eex - Eb, where

Ee,=free exciton binding energy = 14.3 meV and Eb=5 meV binding

energy of exciton to shallow impurity). Since the NP line appears

at 1.07 eV for the SL00201.1 850 0C sample, 30 meV lower than where

it should appear for a fully relaxed and interdiffused

superlattice, it is likely that the superlattice has not been fully

relaxed for 850 'C/30 sec annealing. For sample SL10322.2, the

completely relaxed alloy concentration would be 0.063, with a band

gap of 1.13 eV. The NP line should appear at 1.11 eV, but instead

appears at 1.04 eV.
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Dislocation-lines brought out by high temperature RTA.

Annealing at high temperatures, usually above 650 0C, results in the

formation of strong sharp PL lines at energies of Si dislocation-

related D-lines. These are seen in Figures 48 and 50 as well as

Figures 54-57 in the next section. These D-lines originated from

dislocations created when misfit dislocations formed when the

superlattice relaxed during heat treatment. In sample SL10416.1

(Figure 51) the D-lines created by high temperature annealing at

850 0C are split into two components 5 meV apart. It is believed

that the lower energy component of this doublet is related to

dislocation-luminescence in the SilxGe. layers while the higher

energy component is the Si dislocation luminescence. This is the

first observation of D-lines in Si 1 _xGex.
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Broad PL Band

Peak Positions. Nearly all of the samples examined have

exhibited a broad PL band similar to the results of Noel, et

al.(Noel 1990a) However our peak positions are not 120 meV below

the strained Sil_,Gex bandgap as they found, but vary from 60 to 110

meV below the Si 1 _.Gex bandgap. This range of values is primarily

due to varying amounts of quantum confinement of holes in the

valence band. In Figure 52 the broad band PL peaks are plotted vs

the germanium fraction, x, after subtracting from the PL peak

position the calculated quantum confinement energy for holes

determined from the Kronig-Penney model. In this way we can

directly compare our peak positions relative to the band gap vs

those of Noel et al. As can be seen in Figure 52, our broad band

peaks after correcting for quantum confinement of holes, agree with

Noel data that shows the peak emission is 120 meV below the band

gap, but that in our case the correct band gap is the effective

superlattice band gap. Our samples with sharp BE spectra, that

precisely give the effective superlattice band gap, can be used as

a confirmation of the 120 meV difference. Using the band gaps

determined from the positions of the bound exciton NP lines in

Table V, the positions of the broad band relative to the band gap

can be determined as exactly as we can identify the broad peak

position. The result is that the broad band peak position is 131,

113, and 145 meV below the band gap for SL00201.1, SL00206.1, and

SL10322.2, respectively for an average of 130 meV. The slight
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discrepancy here may be due to the difficulty in establishing the

broad peak position in the samples that had both broad band and

sharp BE emission.

Identification of the 120 meV difference between broad peak

energy and the effective band gap is important for two reasons.

First, the broad band emission in Si/Si 1 _-Ge, is due to d -p centers

that emit 120 meV below the band gap. Second, the broad band

emission, even though it is deep, is affected by the superlattice

potential and the emission energy moves with the amount of quantum

confinement of holes.

Model for Broad PL Mechanism. There are several possible

models or mechanisms to account for the broad band PL. The most

likely mechanisms are the donor-acceptor pair model aLl the

isoelectronic bound exciton complex model.

It has been proposed that the broad band emission is due to

donor-acceptor pair recombination. (Kennedy 1992) Donor-acceptor

pair emission has previously been seen in intentionally doped Si.

(Enck and Honig 1969, Ziemelis and Parsons 1981, 4iemelis 1982)

Donor-acceptor pair emission in Si is characterized by a long

radiative lifetime, and a broad emission band that includes

recombination from distant pairs. The emission energy for a given

donor-acceptor pair is given by

EPL = Eg - (EA + ED) + e2/eR + Ephono (35)
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h

Figure 53: Model for Broad Band Emission. The center first
tightly binds an electron; the charged center then loosely binds
a hole.

where EPL is the emission energy, EA and ED are the acceptor and

donor ionization energies, and R is the distance between the donor

and acceptor. For Si, the acceptor and donor ionization energies

are 40 meV or higher, depending on the impurity. (Sze 1981) Thus,

the donor-acceptor pair emission has a temperature dependence

characterized by a 40 meV or higher activation energy, from the

ionization of either donors or acceptors (whichever has a lower

ionization energy, usually donors).

The other model for the broad band PL mechanism was first

suggested by Houghton et al. They proposed that the broad PL seen

in Si/Ge and Si 1 _-Ge,/Si superlattices and heterostructures was due
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to isoelectronic centers related to Ge complexes. (Houghton 1991)

The complexes necessarily include Ge interstitials in order to

differentiate the optically active Ge atoms from the lattice Ge.

The complexes also must contain two or more atoms or vacancies.

Isoelectronic centers have very strong emission in indirect band

gap materials, the most notable example being GaP:N. Isoelectronic

centers are characterized by a long radiative lifetime and are very

efficient at trapping excitons. As is the case with most

isoelectronic centers, it is proposed that the centers responsible

for the broad emission first tightly bind an electron through an

electron trap, and the hole is more loosely bound in a hydrogen-

like orbit, as shown in Figure 53. This type of configuration is

typical of excitons bound to isoelectronic centers including

isoelectronic complexes. In this configuration, the hole, having

a large effective Bohr radius of approximately 30 angstroms, would

be affected more by the superlattice potential, due to the overlap

of the hole wave function with the superlattice potential barriers.

The electron, being tightly bound and having a smaller effective

Bohr radius, would be affected less by the superlattice potential.

Furthermore, the band alignment in Si/Sil-xGex has a conduction band

offset of 50 meV or less, too little for any confinement effects on

electrons.

Other models have been proposed that rely on fluctuations in

the Sil_×Ge. alloy concentration or in layer thicknesses that produce

regions within the superlattice with a lower band gap. (Chi 1991,
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Rowell 1991) It has been proposed that these regions could confine

excitons forming a high density exciton phase, resulting in broad

band emission below the Si 1jGe. band gap similar to electron-hole

droplet emission in bulk Si or Ge. In fact, this is the model used

previously to explain similar broad band L-band emission in bulk

Si 1jGe. alloys.(Weber and Alonso 1989) The problem with these

models is that they can not explain the 120 meV difference between

the peak emission and the band gap. However, it is possible that

fluctuations in either the alloy concentration or the layer

thicknesses, or both, could have an effect on the linewidth and

peak position of the broad band, which will be discussed further

below.

Annealing effects on broad band PL. The effects of

annealing on the broad band PL were in three categories. First,

similar to the Noel results, PL intensity increases with annealing

temperature up to approximately 650 'C, then decreases at higher

annealing temperatures as interdiffusion and strain relaxation

commences. Second, the PL peaks shift to higher energies as the

annealing temperature increases, even for annealing at 550 °C (see

Figures 54-57). At annealing temperatures below 650 'C for samples

grown at 500 'C, interdiffusion and strain relaxation should be

minor and is not expected to produce a shift in superlattice band

gap corresponding to the shifts in the broad band peak positions

that we have seen. (Houghton 1991a) The positions of the sharp BE

lines, which are very sensitive to sample structure (as shown by
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Table VIII: PL Peaks positions vs. Anneal Temperature

PL Peak Positions (meV)
Sample No. t !tj,ý As Grown 550/30 600/30 650/30 750/30

SL00405.1 80/40 770 775 826 827 850

SL10206.1 140/70 860 863 867 --- 874

SLIII05.1 120/40 825 825 830 840

SL10531.1 140/70 880 885

SL10531.2 140/70 776 788 792 790 800

SLI0322.2 120/40 930 930 960 970

the Kronig-Penney calculations in the previous section) that would

be altered by interdiffusion and strain relaxation, do not shift

until the sar.pIs are annealed above 650 'C (see Figures 48-51).

Thus, the shifts in the broad band peak for anneal temperatures

below 650 °C cannot be due to substitutional interdiffusion. It is

proposed that the shifts are due to diffusion of Ge interstitials

that are part of the Ge complex that produces the broad PL band.

Since interfaces are efficient at trapping impurities, the result

is a net diffusion of Ge interstitials from the center of the

Si 1 _-Ge, layer to the edges, and thus a shift of the PL peak. The

details of the peak shift will be discussed below. Third, the

activation energies determined from the PL temperature dependence

decreased as the anneal temperature increased. These three effects

will be discussed more below.
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Temperature Dependence of Broad Peak. The broad PL band was

examined as a function of sample temperature for each of the

samples; the results are shown in Figures 58-64. The PL signal in

each case increases from 1.6 K to 20 K, then falls off for higher

temperatures with an activation energy in the range of 7.5 to 27

meV. The activation energies were determined by plotting the

natural log of the integrated broad peak intensity versus l/T,

similar to the analysis done in the case of the sharp BE peaks. At

the higher temperatures this plot approaches a linear fit with the

slope equal to the activation energy divided by Boltzmann's

constant, as in the previous section. The fits for each sample are

shown in Figures 65-71, and the activation energies for the as-

grown as well as the annealed samples are summarized in Table IX.

These activation energies rule out the donor-acceptor pair model as

the emission mechanism, which should have activation energies

greater than 40 meV. The broad PL bands also shift to lower

energy with increasing temperature.

Annealing Effects on Broad PL Band Activation Energies. As

shown in Table IX, the activation energies of the broad PL band

depend upon the annealing temperature. The activation energies

decrease from the as-grown case, and are a minimum at the highest

anneal temperature for which the broad band peak is observed for

each sample. This shift in the activation energies can be

explained in terms of the isoelectronic bound exciton complex

model. We start with the assumption that in the as-grown samples,
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Figure 65: Ln I vs. I/T, broad band PL - SL10206.1
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Table IX: Activation Energies of broad peaks vs. annealing
temperatures

Activation Energies (meV)

Sample No. As grown 550/30 600/30 650/30 750/30

SL00405.1 22.3 21.4 10.9 7.75 7.7

SL10206.1 13.9 13.0 12.5 10.0

SLIII05.1 14.0 10.7 10.4 8.1

SL10322.2 26.8 22.4 16.3 15.1

SL00206.1 25.0 22.0 17.2 11.5

the isoelectronic centers responsible for this emission are

randomly distributed throughout the Si 1 _xGe, layers. The excitons

bound to these centers, in the model proposed, are composed of a

tightly bound electron and a loosely bound hole with hydrogen-like

orbits. The excitons have an effective Bohr radius of

approximately 20 angstroms (see Table X for the computation),

comparable to the dimensions of the Si 1_xGex wells, where most of the

effective Bohr radius is due to the loosely bound hole. The

quantum well provided by the Si 1 -Gex layer surrounded by silicon on

both sides results in additional confinement of the bound exciton

(due to additional hole confinement) and a higher binding energy.

However, the increase in the exciton binding energy depends on the

position of the center within the Si 1 _xGe, layer. (Meynadier 1988)

Centers nearest the middle of the wells have the highest binding

energies; those near the interfaces have the lowest binding

energies. If we consider the hole part of the exciton as

hydrogenic, then the calculations for changes in the binding energy
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for a hydrogenic impurity in a quantum well can be used. In Figure

72, the result of these calculations is shown. The effective Bohr

radius is calculated from

a- = h/2o (36)

where mh" is the effective mass of holes and Ebh~le is the binding

energy of holes to the complex. The hole binding energies were

assumed to be the activation energies determined from the PL

temperature dependence. Since the holes are more loosely bound

than the electrons, they have a lower binding energy; the

dissociation of holes occurs at much lower temperatures than the

dissociation of electrons. Thus, the reduction of PL as the

temperature increases is dominated by hole dissociation. Given the

effective Bohr radius of holes, the differences in the hole binding

energy between complexes located at the center of the Si 1 _xGe. layers

vs. those at the edges can be determined from Figure 72; these are

labeled theoretical differences in Table X. These are compared

with the experimental differences determined from the temperature

dependent PL. Here it is assumed that the hole binding energy for

complexes located at the edges of the Si 1 _×,Ge× layers (at the

interfaces) is equal to the activation energy for the highest

annealing temperature for which the broad band PL was observed, in

which the complexes have diffused to the interfaces (edges of

Si 1 _×Ge. layers) . Also, the binding energy for the complexes located

at the center of the Si. xGex layers was assumed to be the binding

159



--3- --- --- . ....... I......... I........ I............................... ... . .......

32.5- .

CY) o 2 ... ... ....' . .... .' ..... ... •........ '........ '........ I ........ ........2

C- 2 -. ............ ............-------..------.-------

1 .5

0 1 2 3 4 5 6 7 8 9 10
Si-Ge thickness/Hole Bohr radius

Figure 72: Hole Binding Energy vs position in Si 1jGe, layer. The
ratio of the hole binding energies for on center complexes vs
interface complexes is plotted vs. tsiGe/aO0

energy of the as grown samples. Even though the as-grown samples

were assumed to have a uniform distribution of complexes, the high-

temperature reduction of PL would be dominated by the higher

binding energy complexes, i.e., those located at the center of the

Si1jGe, layers. There is good agreement between the experimental

and theoretical shifts in hole binding energy in Table X.
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Table X: Hole Binding Energy vs. Well Position. The theoretical
values are determined from Figure 75. The experimental values
are determined from PL temperature dependences vs anneal temp.

As-grown Hole Binding Energy
binding Bohr Change - Center to
energy Radius edge (meV)

Sample No. (meV) (angstroms) L/aO Theoretical Exoerimental

SL00405.1 22.3 18.3 2.2 6.2 14.6

SL10206.1 13.9 22.9 3.1 5.0 3.9

SL11105.1 14.0 23.2 1.7 7.3 5.9

SL10322.2 26.8 16.3 2.4 10.6 11.7

SL00206.1 25.0 16.9 1.2 13.8 13.5

Shifts of Broad Band with Sample Temperature. The broad PL

band for both the as-grown and annealed samples shifts to lower

energies as the sample temperature is increased. The shifts, shown

in Table XI, range from 20 to 100 meV. The broad band peak

emission is given by

EpL = Eg -Eb ± Ephonoa (37)

where Eb is the binding energy of the exciton which contains

contributions from both the hole and the electron, E, is the

effective band gap, and Ephoflfl is the phonon term that accounts for

the secondary low energy peak in some of the samples (SL10322.2,

SL00201.1, and SL00206.1). The peak emission does not involve

phonons, as was determined by Noel et al. (Noel 1990a) The broad

band is a convolution of the emission from all the individual
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Table XI: Shifts of Broad Band Peaks with Temperature.

Peak AEg
Shift Hole elect. Center
1.6 K bind. Bohr alloy AEg to
to 50K E diff Radius fluct from Ax edge

Samole # meV) (meV) (nin) AxC (meV) (meV)

SL00405.1 50 14.6 1.16 0.095 61 107

SL10206.l 30 3.9 1.14 0.090 60 100

SLlllO5.l 30 5.9 1.16 0.096 58 105

SL10531.1 45 l- .Ij 0.081 60 95

SLlO53l.2 2u -- 1.16 0.096 63 105

SL10322.2 45 11.7 1.13 0.083 57 95

SL00206.1 100 13.5 11.3 0.083 76, 104

isoelectronic centers with~in the Sil-.Ge. layers, each with a

different exciton binding energy and temperature behavior. The

emission energy for a given center is the superlattice energy gap

minus the exciton binding energy. The exciton binding energy is

comprised of two parts, the energy to bind the electron to the

center, the largest part, and the energy to bind the hole to the

charged center, the smaller part that varies depending on the

position of the cent-r within the well. The higher the binding

energy, the more the luminescence persists to higher temperatures.

Thus centers with the highest binding energies have the lowest

energy emission and persist to higher temperatures than centers

with lower binding energies and higher ene :gy emission. The result

is a shift in broad peak energy to lower energy as the sample

temperature is increased.
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The temperature-dependent peak shifts in Table XI cannot be

fully explained by the hole binding energy changes from variations

in the position of the complex within the Si 1 _-Ge, layers, though

part of the shift is due to these variations. The remaining

shifts, from 35 to 87 meV depending on the sample, must be due to

either - reduction in the band gap or an increase in the electron

binding energy. The part of the exciton binding energy due to the

binding of the electron, since the electron is very tightly bound

and highly lccaized, should depend more on the properities of the

binding center and is assumed to be constant. However, the band

gap, as seen by the highly localized electron, varies due to

Si SiGe Si
d Ec

E (ýentr)
Eg(edge), 9

EV

Fig-ure 73: Local Band gap Fluctuations. The reduction in local
band gap for emission centers located in well centers corresponds
with terperature dependent PL peak shifts.
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variations in the position of the center within the well, as shown

in Figure 73. For a center located at the Si/Sil-,Gex interface, the

effective local alloy concentration is one-half the average alloy

concentration in the SilxGex layers. The fluctuations of the alloy

concentration also affect the local band gap. To determine the

effects of alloy fluctuations, first the effective Bohr radius of

the electron is determined using Equation (35). Here it is assumed

that the electron is in a hydrogenic orbit, which admittedly it is

not. However, this calculation will underestimate the spatial

localization of the electron, providing a lower bound to the alloy

fluctuations. The effective Bohr radius of electrons for the

samples in Table XI were calculated using Equation (35) but

substituting the electron, effective mass, me*, for the hole

effective mass, mh*, and substituting the electron contribution to

the exciton binding energy, estimated to be 105 mev, for the hole

binding energy. The effective electron Bohr radii ranged from 11.3

to 11.6 angstroms, approximately 2 lattice constants. Assuming a

random distribution of Ge atoms within the Si 1 _×Gex layers, which was

proven by the sharp BE linewidths, the alloy fluctuations within an

effective Bohr radius sphere can be calculated from

1
8 x 4 [ x 2 (38)

-a 3N
3

where a = Bohr radius, and N = density of lattice sites. (Mitchard

and McGill 1982) The results are given in Table XI. These alloy
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fluctuations were used to compute a band gap fluctuation associated

with this alloy fluctuation, using the band gap curves determined

using the Kronig-Penney model, Figures 40-47. The observed shifts

of broad band can be explained as follows. As the temperature is

raised above 1.6 K, holes begin to dissociate from the

isoelectronic centers, with activation energies determined by well

position. The centers located at the interfaces dissociate first,

due to the lower hole binaing energy of holes at the interfaces.

The centers located at the middle of the Si 1 _xGe, layers dissociate

last because of their higher binding energy. Because the local

band gap for centers located near the middle of the Si 1 _xGex layers

is lower, on average, than those at the edges, the emission energy,

in accordance with Equation (37), shifts to lower energies as the

temperature increases. As the emission shifts to lower energy,

corresponding to the shift in the emission from the edges to the

center of the SilxGe, layers the emission remains broad due to the

alloy fluctuation effects. The amount of the shift depends on the

distribution of isoelectronic centers within the Si 1 _xGex layers.

In Table XI, the fluctuation in the local band gap due to both

alloy fluctuations, and position within the Sil-XGe,( layer is

calculated. The fluctuations in the local band gap due to alloy

fluctuations corresponds to the observed linewidths. These

fluctuations are uniform throughout the Si 1 _xGe. layers and thus do

not contribute to the temperature dependent peak shifts of the

broad PL band. The differences in the local band gap vs the

position in the Sij-xGe× layer, near 100 meV, are greater than the
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observed temperature dependent peak shifts. There are two reasons

for this. First, the shifts were only measured up to 50 K; the

peaks continue to shift as the temperature is raised above 50 K.

Second, at 1.6 K the emission is from all positions within the Sil_

XGe. layers so that the overall peak position is intermediate

between the edge and center peak positions (assuming they could be

resolved. Thus the shift from 1.6 K to 50 K can be expected to be

one half of the maximum shifts given in Table XI.

Shifts of Broad Band with Annealing Temperature. The shifts

in the broad PL band to higher energy with increasing anneal

temperature can be explained in terms of the results already

discussed. The reduction of activation energies vs annealing

temperature shows that the broad band emission centers move towards

the Si/Si 1 _,Ge, interfaces as the annealing temperature increases.

This changes the distribution of local band gaps seen by the broad

band emission centers, so that Si-rich environments dominate. Thus

the emission at low temperatures, is shifted to higher energies

when compared to the as-grown samples that have a uniform

distribution of these emission centers. The broad band from

annealed samples still shifts to lower energies with increasing

sample temperature consistent with the argument presented in the

last section.
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Photoluminescence from monolayer Si/Ge superlattices

Two samples, SLlIII2.1 and SLIII12.2, consisted of alternating

layers of pure Si and pure Ge, each with 5 nm Si layers alternating

with 1 nm of Ge. SL11112.1 was grown at 470 'C while SL11112.2 was

grown at 420 'C. Neither of the as grown samples have very strong

emission. However, SLIIII2.1, when annealed by RTA above 600 0C,

has a strong broad band that emerges (see Figure 74), similar to

the broad bands seen in Si 1 _-Ge,/Si superlattices. In addition,

there are dislocation-related D-bands present that indicate partial

strain relaxation. Using the band offsets for Si/Ge determined by

van de Walle and Martin of 0.84 eV, (van de Walle and Martin 1986)

and assuming for thin Ge well the confined hole states are one half

the valence band offset, and the confined electron states are one-

half the conduction band offset, the effective SL band gap is

approximately 855 meV. Thus the broad peak at 750 mev is 105 meV

below the effective band gap, and is therefore of the same nature

as the broad band peaks in Si 1 _×Ge,/Si superlattices. Since we know

that the Si/Ge system has a type II band alignment, the fact that

broad band peaks are not seen in as grown samples is not

surprising. The as-grown samples have very little interstitial Ge

in the Si layers that could form isoelectronic centers. Annealing

causes some interstitial Ge to diffuse into the Si layers. The

interstitial Ge forms isoelectronic complexes; those near the

interfaces can bind a type II exciton by trapping electrons in the

Si and loosely binding holes in the Ge regions.
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PL from Deep Centers

Several samples have emission other than the sharp bound

exciton emission and the broad band PL. Strong dislocation related

lines, D1-D4, D5, D6, and D5', have also been seen and noted above.

In addition to these, the "G" line at 969 meV, the "j" line at 990

meV, the "W" or "Il" line at 1018.9, and a line at 770-775 meV have

been identified.

The "G" line is related to a monoclinic isoelectronic center

involving two carbon and one Si atoms.(Davies 1989) One of the

carbon atoms is interstitial and is captured by a substitutional

carbon. This center has previously been seen only in bulk Si, and

is formed by irradiation and annealing; the formation mechanism is

believed to involve the creation of carbon intersititials by

silicon interstitials formed by irradiation damage. Carbon is a

common contaminant in Si-MBE, and it is reasonable that under

appropriate conditions there will be centers formed with the carbon

contaminants, particularly since the MBE growth at low temperatures

proceeds in a nonequlibrium manner. Figure 75 shows the strong "G"

lines that were found in a portion of SL00201.1.

The "j" line at 990 meV has been previously seen in MBE Si

grown at 550 °C. (Lightowlers 1989a and 1989b) It is believed to

be associated with carbon-nitrogen-hydrogen complexes. Sample

SL10322.2 has a "j" line, as shovm in Figures 33 and 36, as well as

170



SL00201 .1 40/20 x=0.25
UV excl1.6 K 50 mW

4 D2

3.5--------- - -- --T --------- --- ------------- T-----

3 ------------

Cl) TO
S 2 .5 -- ------ -- -- --- --- .... ----

Cz

4 1.---- ------------------------ ----------------- ----

NPS L

1 -- - -- - -- - -- - - 4 - - - - - - - - - - --- - - - - - - - - - - --- - - .-- -

0.5t

0.7 0. 0.9 .

0.75 0.85 0.95 1.05
Energy (eV)
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SL00326.1 shown in Figure 30. The line anneals out for anneal

temperatures above 550 °C (see Figure 50). The Lightowlers studies

found the "j " line anneals out at 300 'C, but these were for longer

anneal times. In Si-Ge a rough equivalence has been found between

annealing at lower temperatures for long periods and annealing at

higher temperatures for shorter periods. (Houghton 1991a)

Sample SL00201.1, when annealed by RTA at 550 and 575 0C, had

emission at 1018.9 meV as shown in Figure 48, that may be "W" or

"Il" emission that has been previously identified in Si 1 _xGex grown

at low temperatures. (Noel 1990) This center has been identified

as a trigonal isoelectronic center. (Davies 1989)

A line at 770-775 appears in several of the samples, including

SL00206.1, SL00405.1, SL00326.1, and SL10301.1 shown in Figures 26,

27, 30, and 55 respectively. It is labeled "d" because it may be

the "d" line at 767.19 meV previously identified in MBE Si with a

high concentration of carbon and nitrogen. The 'd" line is

believed to be associated with the "N4" line seen in carbon rich CZ

Si that has been implanted with nitrogen or in FZ Si that has been

implanted with both nitrogen and carbon.

The presence of the "G", "j", and possibly "d" lines indicates

that there is a high concentration of carbon and nitrogen in the
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samples. It is unknown what roles these impurities play in the

broad band PL but clearly they are available as possible

constituents in the complex responsible for the broad band.

Sample characterization vs. position in wafer

In this section, the variations in the MBE-growth, as

determined by PL, are discussed. For several of the wafers, the PL

as a function of the position in the wafer were examined for

different excitations. The changes evident were in four

categories: (1) shifts of peaks due to a change in the superlattice

band gap, (2) change in the intensity of peaks, (3) new peaks

indicating a nonuniform distribution of defects, and (4) changes

due to variations in growth temperature. As will be discussed

below these categories are not mutually exclusive.

Peak shifts due to changes in SL band gap. The Si 1 _xGex/Si

superlattice samples with sharp bound exciton (BE) emission,

SL10322.2, SL00201.1, and SL00206.1, offer the most sensitive probe

of changes in the superlattice bandgap. In Figure 76, the PL for

three samples from the same wafer, SL00201.1, are shown. The BE

peaks shift to higher energy as the radial distance from the center

of the wafer increases. These shifts are due to an increase in the

superlattice bandgap as a function of radial distance from the

center of the wafer. The superlattice bandgap shift could be due
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to changes in either the superlattice layer thicknesses or changes

in the alloy concentration, x, in the SilxGe. layers, or a

combination of the two.

Changes in peak intensity. The intensity of the sharp BE

lines are reduced as the radial distance from the center of the

wafer increases (see Figure 76) . In addition, the intensity of the

broad PL band was found to vary as a function of the radial

distance from the center of the wafer as shown in Figures 77-78.

It is believed that this reduction in PL intensity is due to an

increased concentration of nonradiative defects at the outer edges

of the samples as compared with the center.

New PL peaks. Some of the samples have PL peaks that appear

in only some of the pieces cut from the wafers. Sample SL00201.1

has one piece that had BE emission from two different impurities

that had no phonon lines 10 meV apart, as shown in Figure 79. The

NP lines have slightly different temperature behaviors, indicative

of two different binding energies. The higher energy NP line is

probably due to phosphorus or boron, both with binding energies

near 2.7 meV (Thewalt 1982). The lower energy NP line may be

Indium, which is found 10 meV lower than boron or phosphorus in Si.

(Davies 1989).
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In addition, the "G" and "j" discussed in the previous section

were found in only some of the portions of the wafer for SL00201.1

and SL10322.2 respectively.

Changes due to growth temperature variations. As mentioned in

Chapter II, the growth temperature varies by as much as twenty

degrees between the center and the outside edge of the wafer. In

addition, at H-he extreme edge of the wafer, where the sample is

held down with metal clamps, there are areas where the growth

temperature may be much higher than the nominal growth temperature

of 500 0C. While the outer edge of the wafer cannot be considered

representative of the wafer and is normally not used for

characterization studies, there is the opportunity to examine the

effects of growth temperature in a rough sense as the sample

position approaches the outside of the wafer. The trend for most

of the samples is that the broad PL band intensity becomes

considerably weaker as the distance from the center of the wafer

increases. This dropoff corresponds to the gradual reduction in

the growth temperature across the wafer. Thus the broad band

intensity is growth temperature dependent, as well as annealing

temperature dependent.

Comparing the samples examined in this study to those studied

by the NRC-Canada group with similar emission provides another

interesting observation. (Noel 1990a) The NRC-Canada samples were
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grown at 390 0C compared to 500 CC for those in this study, but our

growth temperature could be reduced to perhaps 480 00 at the edges

of the samples. The weak broad band emission from the outside edge

samples is similar to that from the NRC-Canada as-grown samples,

which had very weak emission. Thus it appears likely that the

broad PL band is very dependent on the growth temperature. In the

model that has been proposed here, the broad PL band is due to

isoelectronic centers related to interstitial Ge complexes. The

uccurence of Ge interstitials is due to the non-equilibrium MBE

growth process, so that the interstitial Ge concentration and

configuration should be highly dependent on the growth temperature

and the post growth annealing conditions. The fact that the broad

band PL is not seen in CVD samples grown at 700 'C with comparable

structure, (Sturm 1991, Houghton 1991) gives support to this model.

The higher temperature CVD growth does not allow the formation of

Ge interstitials.
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IV. SUMMARY

Sharp Near-Band-Edge Bound Exciton Lines in Si_..Ge./Si Superlattices

Near-band-edge excitonic features approximately 20 meV below

the effective band gap have been seen in Si 1 _-Gex/Si superlattices

grown by MBE. These features were identified as bound exciton

lines, including a strong no phonon line and TOc;_sj, TOsi-Ge, TOsi-Ge,

and TA. The primary reason they have been found is that the

excitation source for the photoluminescence (PL) measurements was

UV (350-357 nm). Excitation with 488 nm or 514 nm had much weaker

(or no) bound exciton lines. Temperature dependent PL measurements

were used to determine the binding energy of the exciton to the

shallow impurities, in the range from 1.5 to 4.2 meV. The

linewidths of the BE lines, 5.9 to 7 meV, were the same as those in

bulk Si 1 _xGe. random alloys; thus the fluctuations of the alloy

concentration in the Si 1 _,Gex layers was statistical (there was no

evidence of clustering of Ge atoms).

Broad PL Band

The broad PL band was found to be 120 meV below the effective

superiattice " -ad gap, after the effects of quantum confinement of

hole. wa accountpd fcr.

Temperature dependent PL on as-grown and annealed samples was used
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to determine the activation energies of the broad PL band. The

activation energies were determined to be 7.7 to 27, and were found

to vary depending on the annealing conditions, being the highest

for the as-grown samples and the lowest for the highest annealing

temperature at which the broad band was seen. The broad PL band

also was found to shift to lower energies as the sample temperature

increased. The temperature-dependent shifts were 20 to 100 meV

over the temperature range 1.6 K to 50 K, comparable to the 40 meV

shifts in the L-band in bulk Si 1 _-Gex over the same temperature

range.

A model was proposed to account for the annealing and

temperature-induced shifts in the activation energies and peak

positions of the broad PL band. The broad PL band is due to

isoelectronic centers originating from Ge interstitial complexes in

the Si 1 _-Gex layers. The complex binds an exciton by first tightly

binding an electron with a binding energy of approximately 105 meV.

The hole is then loosely bound to the charged center in a

hydrogenic orbit with a binding energy of approximately 15 meV.

The result is that the hole orbits are greatly affected by the

superlattice potential. The emission centers are distributed

throughout the Si 1 _-Gex layers; the position of the emission center

within the well affects the binding energy of the hole to the

charged complex. The difference in the hole binding energy for

centers located at the cpnter vs centers located at the edges was

calculated for each sample, assuming the hole was bound
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hydogenically. These differences agree with the differences in the

activation energies between as-grown and 750 0C annealed samples.

Thus the activation energy changes vs annealing temperature can be

explained if we assume that the centers responsible for the broad

band emission diffuse to the interfaces with annealing. Under this

assumption, the shift of the broad PL band with temperature is

explained by the distribution of local band gaps at the emission

centers. As the temperature increases and holes begin to

dissociate, those with the lower dissociation energies dissociate

first, leaving those with the higher binding energy. The local

band gap surrounding the emission centers with higher binding

energy (those located in the center of the Si1 .. Ge, layers) is lower

than the average, which incluides those near the interfaces. Thus,

the broad band shifts to lower energy as temperature increases.

The annealing-induced shifts in the broad PL band were due to the

shifts in the centers to the interfaces. The effective alloy

concentration seen by the electrons at interfaces is higher than

that at the center. Thus the effective band gap seen by the

isoelectronic centers located at the interfaces is higher,

producing the shift of the broad band to higher energy.

Annealing Studies

The annealing studies produced results in five areas in

addition to the changes .in the broad band PL dissociation energy

discussed above. First, the sharp bound exciton lines were found
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not to shift as a function of anneal temperature for anneal

temperatures below 650 °C, consistent with little or no lattice

interdiffusion at low annealing temperatures. Second the broad PL

bands shift to higher energy as the annealing temperature

increases, with some shifts even for 550 0C annealing te;nperatures.

These shifts are due to the diffusion of the interstitial complexes

responsible for the broad band emission. Third, the intensity of

BE and broad band PL features increase as the annealing temperature

increases, corresponding to a reduction of nonradiative defects

inherent in samples grown by MBE at low temperatures. Fourth, in

the samples with both broad band and sharp BE emission, the broad

band increases at a faster rate than the sharp PL band as annealing

temperature increases. Fifth, annealing at high temperatures (850

'C) eliminates the broad band emission, replacing it with

dislocation-related D-bands in most cases. The disappearance of

the broad PL band with high temperature annealing is due to the

destruction of the complexes responsible for the emission, by

incorporation of interstitial Ge on substitutional sites. The D-

bands in at least one case have a Si component and a Si 1jGex

component, corresponding to the propagation of dislocations through

the superlattice as the annealing temperature increases.
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Recommendations for future study

The broad PL band must be studied as a function of the growth

temperature, to determine if stable conditions for efficient

emission applicable to emitting devices can be obtained. It would

also be useful to determine the components of the Ge complexes; are

there other impurrities such as oxygen, nitrogen, or carbon that

are involved in these complexes and can intentional doping of one

or more of these create more intense PL.
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