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Properties of Silicon for Photoluminescence
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For more than five decades, silicon has dominated the semiconductor industry that supports 
memory devices, ICs, photovoltaic devices, etc. Photoluminescence (PL) is an attractive silicon 
characterization technique because it is contactless and provides information on bulk 
impurities, defects, surface states, optical properties, and doping concentration. It can provide 
high resolution spectra, generally with the sample at low temperature and room-temperature 
spectra. The photoluminescence properties of silicon at low temperature are reviewed and 
discussed in this study. In this paper, silicon bulk PL spectra are shown in multiple peak 
positions at low temperature. They correspond with various impurities such as In, Al, and 
Be, phonon interactions, for example, acoustical phonons and optical phonons, different 
exciton binding energies for boron and phosphorus, dislocation related PL emission peak 
lines, and oxygen related thermal donor PL emissions.
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I. Introduction

The crystalline quality and purification of silicon 

crystals are important considerations to improve silicon 

devices such as high/low power VLSI devices. The 

photoluminescence (PL) technique can be successfully 

applied to the characterization of crystalline silicon as 

a powerful means to analyze impurities and defects.

For good PL output, the majority of the recombination 

process should be radiative transitions. There are, 

however, several effects such as phonon interaction, free 

exciton (FE), bound excitons (BE), and defects that are 

related to recombination during the transitions in 

silicon. For examples, boron (B) and phosphorus (p) 

ionization energies are 0.04439 eV and 0.04588 eV, 

respectively, and exciton energies are 1.15454 for PL 

emission and 0.0143 for exciton binding energy [1].

In 1976, Drozdov et al. [26] showed for the first time 

that four lines are related to dislocations, which they 

labeled D1 (0.812 eV), D2 (9.875 eV), D3 (0.934 eV), and 

D4 (1.000 eV). The four D lines were not only observed 

in plastically deformed silicon but were also reported to 

appear in ion implanted cw laser annealed silicon by 

Uebbing et al. [2].

In the following we introduce the general properties of 

phonons, FE, BE, multi-bound excitons (MBEs), thermal 

donors (TD), and dislocations related photoluminescence 

in silicon.
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Figure 1. Comparison of various radiation probes used
in studies of the dynamical properties of 
solids. The figure shows the dispersion 
curves of photons, electrons, neutrons, He 
atoms, and externally produced ultrasound 
with a sound velocity of 3×103 m/s [3].

II. Phonons

1. General remarks

The properties of a phonon system in equilibrium and in 

isolation from the rest of the universe must be carefully 

analyzed. Such an analysis can reveal the nature of 

phonons, such as dispersion curves, lifetimes, dielectric 

properties due to phonons, etc. The investigation can be 

done by means of suitable particles that interact with the 

system. Suitable particles include neutrons, photons, 

electrons, helium atoms, and other phonons.

The energy dispersion relation of these particles is 

given by the following expressions

Phonons: )(qE jPhon ωh= (1.1)

Photons: ckEPhot h= (1.2)

Neutrons, Electrons, Atoms: ckEPhot h= (1.3)

Here q is the wave vector and j the branch of the 

phonon; k denotes the magnitude of the wave vector k, 

c is the velocity of light, and m is the mass of the particle 

in question. The dispersion relation given by (1.3) refers 

to free particles, e.g. a beam of free electrons interacting 

with the system. From externally produced ultrasonic 

waves and for acoustic phonons described by the Debye 

model, the dispersion is given by qE υh= , where v is the 

velocity of sound. In Fig. 1 a log-log plot of the 

dispersion of these particles is presented. The phonon 

regime is illustrated by the two dotted lines marked by 

"optical phonons" and "acoustical phonons"; these lines 

indicate the dispersion of the optical branch of a diamond 

and the dispersion of a very low-energy acoustic branch 

such as the TA-branch of β-AgI along Δ, respectively. 

The figure also contains the regions in E-k space that 

are relevant to different experimental techniques, namely 

inelastic neutron scattering (INS), far-infrared spect-

roscopy (FIR), infrared spectroscopy (IR), Raman 

spectroscopy (R), Brillouin spectroscopy (B), diffuse 

X-ray scattering (X-RAYS), ultrasonic methods 

(ULTRASOUND), electron energy loss spectroscopy 

(EELS), and inelastic molecular beam scattering (IMBS). 

Due to the small penetration depths of electrons and 

low-energy atoms or molecules, the two latter techniques 

probe surface phonons, whereas the other methods yield 

information on bulk phonons. Note that interactions of 

particles with phonons are also possible in regions of E-k 

space where no crossing of the phonons and particle 

dispersion curves occurs; examples include Raman, 

Brillouin, and diffuse X-ray scattering as well as EELS.

The 99% ranges in Fig. 1 present the energy and wave 

vector ranges required by the probe in order to study 99% 

of the phonons in a typical crystal. The essential feature 

of INS and IMBS is that these methods lie precisely in the 

region of overlap between these two 99% ranges. This is 

why INS is the most important method to study bulk 

phonons. Although most of the other methods indicated 

in Fig. 1 yield mainly information about phonons with 

small wave vectors q, they are not unimportant. On the 
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Figure 2. Dispersion curve in first Brillouin zone [4].

contrary, they often yield valuable and complementary 

information that is not available by INS. From FIR and IR 

experiments, for example, it is possible to obtain unique 

information about the dielectric properties of insulators 

and semiconductors. [3]

2. Acoustical phonons

Although semi-classical treatment employs classical 

mechanics it requires the use of one additional postulate 

taken from quantum mechanics, namely, that the energy 

of lattice vibrations is quantized. The classical motions 

of any atom are determined by Newton's law of 

mechanics: force=mass × acceleration. Formally, if r(t) 

is the position of an atom at time t, then 

),(1)(
2

2

tr
mt

tr ψ∇−=
∂
∂

(1.4)

where m is the atomic mass and is the instantaneous 

potential energy of the atom. This potential energy 

arises from the interaction of the atom with all the other 

atoms in the crystal. 

For mathematical convenience, the discussion of the 

semi-classical treatment is limited here by the harmonic 

approximation. In this case, the representation of 

potential energy φ(r,t) in the Taylor series is truncated 

at the quadratic term. In other words, we assume that 

the force affecting the atom is linearly proportional to 

the displacement of the atom from its equilibrium 

position (Hooke's law). 

Let's consider a linear chain of identical atoms of 

mass M spaced at a distance, the lattice constant, 

connected by invisible Hooke's law springs. For 

simplicity, we will consider longitudinal deformations  - 

that is, displacements of atoms that are parallel to the 

chain.

Let Un =displacement of atom n from its equilibrium 

position

Un-1=displacement of atom n-1 from its equilibrium 

position

Un+1=displacement of atom n+1 from its equilibrium 

position

The force on atom n will be given by its displacement 

and the displacement of its nearest neighbors: 

)2( 11 −+ +−= nnnn UUUF β (1.5)

The equation of motion is:
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where β is a spring constant. 

The above equation is not obviously a wave equation, 

but let us assume a traveling wave solution, namely,

)](exp[ tknaiUU non ω±= (1.7)

Let Uno = Uo since if it is a wave, it must have a 

definite amplitude. If we substitute its wave solution into 

the equation of motion we find a phonon's dispersion 

relation for a linear monatomic chain as follows:

2
sin4 ka

M
βω ±= (1.8)

The dispersion curve is shown in Fig. 2.

One important feature of the dispersion curve is the 

periodicity of the function. For unit cell α length, the 

repeat period is 2π/α, which is equal to the unit cell 

length in the reciprocal lattice. Therefore, useful 
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Figure 3. Transverse acoustical standing wave [4].

Figure 4. Longitudinal wavelength acoustical vibrations
[4]. Figure 5. Dispersion curve in first Brillouin zone [4].

information is contained in the waves with wave vectors 

lying between the limits -π/α＜k＜π/α

This range of wave vectors is called the first Brillouin 

zone. At the Brillouin zone boundaries the nearest atoms 

of the chain vibrate in the opposite directions and the 

wave becomes a standing wave, as shown in Fig. 3. 

As k approaches zero (the long-wavelength limit) 

sin(x) → x and we have

kka
M oν
βω ==

2
4

(1.9)

where vo is the phase velocity, which is equivalent to the 

velocity of sound in the crystal. Phonons with frequency 

that goes to zero in the limit of small k are known as 

acoustical phonons, as shown in Fig. 4. 

3. Optical phonons

Consider a lattice with two kinds of atoms - that is, 

a lattice with a basis of two atoms in the primitive cell. 

Now we have to write two solutions for the displacement 

corresponding to the two masses m and M. The equations 

of motion are:
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and it assumes the solutions:
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where A and B are the amplitudes of vibration of atom 

m and M, respectively 

The diatomic case has two solutions of the dispersion 

relation: 

Mm
ka

MmMm

2
22 sin4)11(()11( −+±+= ββω (1.12)

These solutions are plotted in fig. 5.

The allowed frequencies of the propagation wave are 

split into an upper branch known as the optical branch 

and a lower branch called the acoustical branch. There 

is a band of frequencies between the two branches that 

cannot propagate. The width of this forbidden band 

depends on the difference of the masses. If the two 

masses are equal, the two branches join (become 

degenerate) at π/2α. Note that the first Brillouin zone 

goes from k=-π/αo to k=π/αo just as in the 

monatomic case if we use the lattice constant instead of 

the interatomic spacing. The acoustical branch is 

qualitatively similar to the dispersion relation for a 

monatomic lattice, but the optical branch represents a 

completely different form of wave motion. 
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Table 2. Some of the phonon frequencies with polarization type [3].

Reduced Wavevector 

Coordinates

Acoustic (THz) Optical (THz)

T L T L

0.0 0.0 0.0 N/A 15.53

0.2 0.0 0.0 2.00 3.20 15.40 15.55

0.4 0.0 0.0 3.45 6.10 14.65 15.15

0.6 0.0 0.0 4.27 8.50 14.18 14.60

0.8 0.0 0.0 4.46 10.60 13.95 13.60

1.0 0.0 0.0 4.49 12.36 13.90 12.32

0.1 0.1 0.1 1.53 3.00 15.40 15.45

0.2 0.2 0.2 2.62 5.60 15.10 14.78

0.3 0.3 0.3 3.22 8.03 14.83 14.13

0.4 0.4 0.4 3.41 10.12 13.78 13.30

0.5 0.5 0.5 3.43 11.35 14.68 12.60

0.0 0.0 0.2 2.91 4.55 15.10

0.0 0.4 0.4 5.11 7.60 14.80 13.87

0.0 0.5 0.5 6.06 8.60 14.55 12.83

0.0 0.75 0.75 6.56 10.85 14.40 11.15

0.0 0.82 0.85 5.60 11.70 14.20 11.70

Table 3. A comparison of the phonon frequencies ob-
tained at high symmetry points in the Brillouin
zone by neutron-scattering, Raman spectro-
scopy and infrared spectroscopy [3].

Critical points Phonon Frequencies

Mode Infrared Raman Neutron

Gamma 15.50 15.56 15.53

X TO 13.46 13.79 13.91

TA 4.65 4.53 4.50

L TO 14.78 14.69 14.69

TA 3.39 3.39 3.42

W TO 14.33 14.09 14.42

Table 1. Phonon frequencies from inelastic neutron 
scattering at T=296K [5].

Types Frequencies (THz)

vLTO(Γ25') 15.23

vTA(X3) 4.49

vLAO(X1) 12.32

vTO(X4) 13.90

vTO(L3) 3.43

vLA(L2') 11.35

vLO(L1) 12.60

vTO(L3') 14.68

The difference physically between the acoustical and 

optical branches is that for the optical branch (in the 

long wavelength limit) the two atoms in the unit cell 

move oppositely to each other and the light mass 

amplitude is greater. For the acoustical branch (in the 

long wavelength limit) the displacement of both atoms 

has the same amplitude, direction, and phase. [4]

4. Phonon properties of silicon

III. Radiative Isoelectronic Impurities 

in Silicon

1. Isoelectronic Impurity Atoms and Complexes

An isoelectronic impurity is, in its simplest 

substitutional from, isovalent with the host crystal. 

Examples of substitutional isoelectronic atoms for a 
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group IV material such as Si would be any other element 

in the column. C, Ge, and Sn may each substitute for Si 

without influencing the number of valence electrons. 

They are electrically inactive in the sense that they do 

not influence the carrier density in the conduction or 

valence bands and therefore have a weak influence on 

the conductivity. Such impurities perturb the crystal in 

two ways:

1) The core charge distribution is different from that 

of the host, resulting in a strong, short-range potential 

difference between the impurity and host.

2) Any size difference between the impurity and the 

host produces a relaxation of atoms in the surrounding 

lattice sites.

Both of these effects are short range, and the defect 

(within the context of the effective mass approximation) 

has the character of a three-dimensional potential well 

or barrier. A charge carrier (such as an electron in the 

conduction band) will therefore experience scattering 

and/or trapping, depending on the magnitude and sign of 

the potential.

The concept of an isoelectronic impurity as a 

three-dimensional potential well can, despite its 

simplicity, be instructive. For instance, while a one-or 

two-dimensional well always exhibits a bound state, a 

three-dimensional well does not. In Si, for example, the 

point defect substitutional impurities C, Ge, and Sn do 

not produce bound states.

An isoelectronic impurity need not, however, be a 

simple substitution. A multiple-atom complex, if it is in 

a configuration with no dangling bonds, may be 

isoelectronic. In practice, a defect is considered 

isoelectronic if the threshold for ionization is comparable 

to the band gap energy. Thus, at most temperatures of 

interest, the isoelectronic impurity adds no free carriers 

to the host. The total number of free carriers may be 

reduced, however, through confinement in the short 

range potential. In this way, an isoelectronic impurity 

may appear to compensate a lightly-doped semiconductor 

over a limited temperature range, but will not, in 

general, increase its electrical conductivity. [1]

2. Excitons

An exciton is an electron-hole pair in a state that is 

hydrogen-like about the center of mass of the pair. An 

exciton may either exist as a free quasiparticle, in which 

the pair moves freely about the crystal, or as a localized 

pair in which one or both of the particles is trapped at 

a defect. In indirect gap materials such as Si and Ge, the 

free exciton obeys optical selection rules similar to that 

of the free, band-to-band selection rules, including the 

requirement that the electron and hole possess the same 

crystal momentum [6]. However, if one or both particles 

are bound to an impurity, the selection rules relax with 

increased spatial confinement of the particles.

The historical significance of isoelectronic impurities 

(with regard to the optical properties of indirect gap 

semiconductor) lies in the discovery in 1963 of their 

ability to bind excitons, resulting in efficient radiative 

recombination of electrons and holes. Most models 

assume the primary binding mechanism for exciton 

formation to be the Coulomb attraction between the 

electron and hole, and for excitons with weak binding 

energies (these are cases for which the effective mass 

approximation is valid for one of the particles) this 

argument appears to be valid. There may be cases 

(isoelectronic donor-acceptor pairs, for example) in 

which both electrons and holes exist in tightly bound 

states of close proximity and the exciton binding is not 

simply described by the electron-hole Coulomb 

interaction.

Ordinary donor and acceptor impurities may bind 

excitons. A neutral donor may bind a hole, which 

subsequently traps an electron. Likewise, a neutral 

acceptor can trap an electron, which subsequently binds a 

hole. Such complexes are known to exhibit very rapid 

nonradiative Auger processes, in which the energy from 

the recombination of two particles is imparted to the third 

carrier in the form of kinetic energy. To avoid the Auger 
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Figure 6. Energy levels of a bound exciton complex. 
Each single particle bound state will, in prin-
ciple, split into several exciton states. Eloc 
denotes the spectroscopic localization en-
ergy while Ed indicates the dissociation en-
ergy [1].

Figure 7. Photoluminescence and EL spectrum of 
quenched Si:In at sample temperature T=14 
K. The strong PL no-phonon line is termed 
the P line [1].

process, the ionization energy of the particle must exceed 

the recombination energy. Since the recombination energy 

is generally a significant percentage of the band gap, the 

neutral impurity must be isoelectronic in nature [7].

A bound exciton may dissociate either by ionization, 

or by escape, in which the exciton leaves the impurity 

site while maintaining a bound pair. One must, 

therefore, prudently distinguish between the spectro-

scopic localization energy (the energy difference between 

the band edge and the optical transition) and the binding 

energy (minimum energy for bound exciton disassocia-

tion). Fig. 6 illustrates the various energy levels 

associated with a bound exciton complex.

3. Photoluminescence from Si:In, Si:Al, and Si:Be

Fig. 7 shows the PL spectrum of a Si:In sample formed 

by implantation of In+ at a dose of 1013 ions/cm2 and an 

implantation energy of 200 keV. Samples were typically 

annealed at T=1,200oC under various atmospheres in 

sealed quartz ampoules. The spectrum shows the 

no-phonon P-line, near the wavelength λ=1.11 μm 

attributed to the radiative decay of an exciton bound to 

an isoelectronic impurity complex. While the isoelec-

tronic bound exciton (IBE) emission is detectable under 

moderate cooling, a short heat treatment and rapid 

quench is known to increase the luminescence intensity 

by as much as a factor of 10,000. Radiative IBEs can also 

be excited electrically. Fig. 7 shows the corresponding 

electroluminescence (EL) obtained from Si:In.

Early measurements of the lifetime and temperature 

dependence of the lines indicated that the major 

transition originated from the same excited state, and 

ended in any of several low-energy states of the defect. 

These were evidently not states of different total angular 

momentum, as the lifetimes of all three major lines were 

very similar (about 200 μs at T=20 K). Photoluminescence 

excitation (PLE) spectra identified the strongest lines of 

the system as a no-phonon transition (the P-line) and its 

Stokes sideband, the latter transition ending in an excited 

vibrational mode of the bare impurity ground state. 

Excited states that had not been observed in PL spectra 

were observed in PLE experiments. These states bore a 

resemblance to the states of a particle bound in a 

three-dimensional square-well potential, a result 

consistent with the short-range nature of an isoelectronic 

defect [8].

The precise identification of the constituents has 

remained an unsolved problem. Apart from the obvious 

connection with indium, suggestions have included 
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Figure 8. Photoluminescence from c-Si co-implanted
with aluminum and nitrogen, and then an-
nealed for 120h at T=450oC [1].

Figure 9. Photoluminescence spectrum showing the 
primary ("A") transition in Si:Be.

oxygen, carbon, hydrogen, iron, and phosphorous. In 

each of these cases, investigators claimed enhancement 

of the luminescence signal by intentional doping with the 

given element, but very few of these findings were 

corroborated [9].

Fig. 8 shows a PL signature similar to that first 

reported by Weber et al. (1981) who first assigned it to an 

unknown isoelectronic complex. The center shows the 

usual characteristics of IBE emission: a sharp, no-phonon 

line at low temperatures having a radiative lifetime in the 

microsecond to millisecond range. High resolution, low 

temperature spectroscopy showed the no-phonon 

transition to be a doublet with a dipole-forbidden 

transition at the lowest-energy excited state [9].

Modavis and Hall (1990) carried out a series of 

experiments that demonstrated the incorporation of 

nitrogen in the aluminum center and emphasized the 

difficulty of activating such centers [10]. Samples 

implanted with Al or N or both Al and N were annealed 

for 120 h at 450oC following the implantation. A weak 

IBE signature was obtained with the single-species Al 

implantation, but a dramatically increased IBE emission 

was observed in the co-implanted samples, with strong 

growth continuing for anneals as long as 250 h.

Henry et al. (1981) proposed and confirmed that a 

small double-acceptor such as beryllium could form 

substitutional-interstitial pairs in such a way as to 

allow both atoms to occupy the same site and form an 

isoelectronic molecule [11]. The pair concentrations were 

sufficient to enable the first absorption measurements at 

isoelectronic impurity centers in Si. Using the 

absorption data and associated lifetime measurements it 

was established that the density of optical centers 

introduced by diffusion exceeded 1016cm-3 and that the 

oscillator strength of the major transition was 1.5×10-3. 

Zeeman splitting, uniaxial stress measurements, and 

hydrostatic pressure measurements showed the center to 

be axially symmetric along the (100) direction and 

clarified other features of the impurity complex.

Fig. 9 shows the low-temperature PL spectrum for 

Si:Be. The "A" line is the lowest energy dipole-allowed 

no-phonon line. Beryllium can be introduced by diffusion, 

ion implantion, or during epitaxial growth. Successful 

incorporation by diffusion requires the formation of a 

eutectic Beryllium (1,300oC) on the surface. This can be 

followed by a sandwich diffusion (T=1,100oC) in which two 

eutectic surfaces are held in contact during the diffusion.

No further annealing is required for Be-Be pair 

formation-upon cooling to a few tens of degrees Kelvin; 

a very strong PL signal is observed near the wavelength 
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Figure 10. (a) Maximum donor concentration versus 
oxygen concentration after annealing at 
450oC. (b) Initial rate of donor formation 
versus the oxygen concentration after an-
nealing at 450oC [14].

of 1.129 μm. The external efficiency is found to be 

approximately 1%, which is an unusually intense 

emission line for c-Si. Crouch et al. (1972) described 

resistivity and Hall measurements on samples prepared 

in this manner [27]. Noticeably less electrical activity 

was observed in Si:Be than that expected from 

concentration measurements, and it was suggested that 

as much as 90% of the available beryllium in such 

samples existed in electrically inactive complexes.

IV. Photoluminescence Properties of 

Oxygen in Silicon

1. Thermal donor

Oxygen in its usual interstitial configuration in silicon 

is electrically inactive. For this reason, oxygen 

concentrations of 1018 cm-3 in Czochralski-grown (Cz) 

silicon can be used for the production of integrated 

circuits without influencing the electrical performance of 

the devices. Fuller et al. (1954) discovered that upon 

heat treatment in a temperature range of 300-500oC, 

electrically active centers were formed in oxygen-rich 

silicon ([Oi] ≈1018 cm-3). These centers are donors, and 

because of their generation under thermal treatment, 

they were called thermal donors (TDs) [12].

Thermal donors have been extensively studied during 

the past 30 years. The interest in understanding the 

formation mechanism and resolving the structure was 

fueled by the use of Czochralski-grown boules in silicon 

integrated circuit technology and the increasing 

requirements of dopant uniformity and process control 

with integration density. In addition, internal gettering 

(IG), with the formation of an oxygen denuded zone and 

bulk oxygen precipitates, requires a detailed knowledge 

of the early stages of precipitate nucleation. Much of the 

TD process research has focused on defining the role of 

thermal donors as embryos of precipitates.

Because of the strong interest in thermal donors the 

most sophisticated techniques for defects studies have 

been used. However, even after 30 years of intensive 

research, surprising new results, such as bistability of 

TDs and an enhanced TD formation rate upon hydrogen 

plasma treatment, continue to be reported [13].

Thermal donors are formed upon heat treatment of 

oxygen-rich silicon at temperatures near 450oC. Early 
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Figure 11. Thermal donor concentration as a function 
of inverse annealing temperature for vari-
ous heat treatment times [15].

Figure 12. PL Spectra at 4.2K from CZ wafers (B-dop-
ed, r∼1.5 Ωcm): (a) as-received, (b) an-
nealed at 450oC for 64 hrs [20].

experiments involving isothermal annealing showed that 

the formation rate and the maximum concentration of 

TDs are dependent on the fourth and third powers of the 

oxygen concentration, respectively. Fig. 10 shows the 

experimental evidence for these dependencies. These 

results established the involvement of oxygen in the 

formation process of TDs. The data, however, do not 

address the role of oxygen as an electrical active center 

in silicon.

The important factors that control the formation of 

TDs are the annealing temperature and annealing time. 

Measurements of the added electron concentration by TDs 

showed that at temperatures below 450oC the formation 

rate is decreased and the saturation concentration TDs is 

less than that in the case of 450oC thermal treatment. 

Above 450oC the saturation concentration of TDs 

decreases with increasing temperature. Detailed studies 

show that the TD concentration and the annealing 

temperature at which the maximum concentration is 

reached depend on the duration of the thermal treatment. 

Fig. 11 shows the dependency of the TD concentration on 

annealing temperature and annealing time.

These studies are representative of the early 

experiments, which used resistivity measurements to 

determine the TD concentration by calculation of the 

added electron concentration. It was assumed that TDs 

were one specific defect center. The formation kinetics 

yielded a conclusion that the TD is a [SiO4] donor complex, 

containing a central silicon and four oxygen atoms [14].

2. Photoluminescence spectrum

Tajima et al. reported the first observations of 

photoluminescence (PL) lines that could be correlated to 

thermal donors. After a 450oC annealing step, three new 

lines at 1.143, 1.124, and 1.085 eV were assigned to TDs. 
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Figure 13. PL spectra from two annealed Si samples: 
Cz Si (top), annealed for 32 hrs at 500oC, 
and FZ Si (bottom), annealed for 72 hrs at 
480oC [17].

The 1.1143 eV line was identified as a zero-phonon line, 

and the other two lines as phonon replicas. Control 

measurements were done with low oxygen content ([Oi] 

＜1016 cm-3), float-zoned (FZ) wafers, and with and 

without additional oxygen ion implantation. The 

unimplanted FZ samples showed no new PL lines, while 

the oxygen implanted FZ samples exhibited the same P: 

spectrum as observed in Cz material (Fig. 12) [16].

Steele and Thewalt studied these PL lines at high 

resolution and found at least separate transitions for the 

1.143 eV PL line in a sample in which nine TD species 

had been identified by IR spectroscopy. Fig. 13 shows 

their high-resolution PL spectrum. According to the 

authors, the emission lines represent an electron-hole 

pair added to a neutral TD. Two transitions for each TD 

result from the fact that the effective mass wavefunction 

for the TDs is constructed from a single pair of 

conduction band minima. These doubly degenerate 

electron states are separated by valley-orbit splitting in 

the ground-state manifold. An exciton that is localized 

at a neutral TD requires the occupation of both 

valley-orbit states, since there are three electrons in the 

ground state. Recombination of an electron in either 

state with a hole will give two separate PL lines for a 

single bound exciton [17].

A second group of PL lines, called O and O' lines, was 

assigned to TDs by Weber and Queisser. These lines are 

observable only after extended heat treatment at 

450-500oC (＞20 hrs maximum intensity at 100 hrs). The 

energetic position of these lines coincides with the 

ionization energies of TDs. Because of the observed 

asymmetric line shape, Weber and Queisser concluded 

that the O lines are due to free-to-bound (FB) 

transitions involving neutral TDs and free holes. 

Problems with this interpretation are that FB transitions 

are very unlikely at T=4 K, and they are much broader 

than observed for the O lines. In addition, the variation 

in lifetime among the different O lines of four orders of 

magnitude makes this interpretation very unlikely [18].

A second interpretation of these lines is based on time 

resolved and excitation density dependence studies by 

Dornen and Hangleiter [19]. They found a close analogy 

between these PL lines and the properties of 

donor-acceptor pair spectra. It was concluded that the O 

lines are due to the recombination of TD neutral acceptor 

pairs. Their model was able to explain the different 

lifetimes, but the correlation with the transition energies 

of the TDs was lost [19].

Thewalt et al. [20] used emission transient 

spectroscopy, excitation spectroscopy, and temperature- 

and excitation density-dependent measurements to 

study the O lines. Their lifetime measurements revealed 

that within the O lines there are two different species 

with a lifetime variation of four orders of magnitude. 

Their interpretation explains the main O lines as an 

isoelectronic bound exciton transition and the faster 

transition as bound multiexciton complexes associated 

with the same bounding center. Taking into account the 

annealing behavior of the O lines, with correlates with 

the population decrease of the TDs rather than with the 

TD formation, Steele and Thewalt concluded that these 

isoelectronic centers are remnant cores of the TDs after 

they lose their electrical activity [20].
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Figure 14. Photoluminescence spectra from samples 
deformed at 650oC along [213] to various 
dislocation densities, as indicated [2].

Figure 15. (a) Broad background spectrum replacing 
the D lines in highly dislocated silicon (Fig.
14). Sharp high-energy peaks are also typ-
ically observed; they are neither familiar 
extrinsic or intrinsic near band edge fea-
tures but may be due to point defects in-
troduced along with the dislocations. (b) D
line spectrum after 850oC annealing for 
about half an hour.

V. Dislocation-Related 

Photoluminescence in Silicon

The D1 through D4 lines depend on the existence of 

dislocations. Whereas these measured spatially resolved 

photoluminescence from heterogeneously dislocated 

silicon, the spectra are recorded from samples containing 

homogeneous but different dislocation densities (Fig. 14). 

The D1 and D2 lines are relatively sharp and exhibit two 

components split apart by about 5 meV (without external 

stress) and which do not thermalize. The D3 line is much 

broader, showing two unresolved peaks, and the 

halfwidth of D4 lies between those of D1/D2 and D3. Also 

visible are phonon-assisted emission lines from free 

excitons (FE and electron-hole drops (EHD). The fine 

structure of D1 and D2 has also been reported by Drozdov 

et al. but was not observed by Suezawa et al. In the 

Saucer et al. study [21], the D1 and D2 lines are 

sometimes split, but often appear as single lines, which 

in this case are generally broader. It is difficult to find 

a correlation between the appearance of the fine 

structure and the sample doping and preparation. In a 

similar unexplained manner, the relative intensities of 

the D lines vary even under nominally identical 

deformation conditions and appear to be sensitive to 

details of the preparation procedure. However, the lines 

D1/D2 and D3/D4 show the same trends whenever 

spectral changes are observed; they are evidently 

correlated in pairs, in accord with previous observations. 

When the dislocation density is increased, the D line 

intensities grow, clearly supporting the correlation of 

the lines with the dislocation (Fig. 14). Simultaneously, 

the near band gap luminescence (FE, EHD) is effectively 

quenched. A broad background band also develops. When 
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Figure 16. D line spectra after production of dis-
locations in different ways: (a) Tl and Mg 
diffusion into silicon at 1000oC, (b) oxygen
diffusion at 1200oC for 30 h, (c) growth of 
silicon rods by LCVD from SiH4.

high dislocation densities are reached (N＞109 cm-2), 

where this band dominates the spectrum, lines D1-D4 

are only indicated by small humps (Fig. 14). This band is 

unstable under annealing at 850oC for about 30 min and 

is replaced by the D lines (Fig. 15). With respect to the 

annealing temperature, the band behaves similar to 

stress-induced paramagnetic pointlike defects observed 

in EPR and may therefore be associated with such EPR 

centers. The D line spectrum that develops after 

annealing (Fig. 15) exhibits remarkably different 

intensities of pairs D1/D2 and D3/D4 in comparison to 

the spectra of the unannealed samples of low dislocation 

densities (Fig. 14) [2].

Similar spectra as those from samples that are 

deformed in a well-defined manner are observed in 

silicon specimens where dislocations were introduced 

under various less defined conditions. Some examples 

are shown in Fig. 16. The main difference is the broader 

halfwidths of all D lines, which are particularly striking 

for D1/D2, and strongly changing background bands 

extending from about 1.2 to 1.7 μm. In these examples, 

D1/D2 clearly dominate over D3/D4. In Fig. 16, the 

topmost spectrum (a) stems from an initially 

dislocation-free Tl diffused silicon crystal after Mg 

diffusion from the gas phase at 1,000oC. The formation 

of the optically active dislocation states is likely due to 

the diffusion of Mg into the crystals, since the primary 

Tl diffusion alone does not generate this luminescence. 

The intermediate spectrum (b) in Fig. 16 is observed in 

a float-zone silicon sample after diffusion of oxygen 

(18O) at 1,200oC to an approximate concentration of 

5×1017 cm-3. Spectrum (c) in Fig. 16 is measured in some 

tiny cylindrical rods of silicon produced by Ar ion laser 

induced chemical vapor deposition (LVCD) of Si from 

SiH4. Finally, the D line spectrum superimposed on a 

dominant broad background band is also detected in 

liquid-phase epitaxial (LPE) silicon layers of 5-10 μm 

thickness grown from a Bi-rich melt at 950oC. The D line 

spectrum appears in amorphodized and laser-annealed 

silicon as well as in twisted silicon. Summarizing these 

observations, the following conclusions are drawn: 1) the 

four D lines are related to the presence of dislocations; 

2) their relative intensities can vary to a large extent 

but D1/D2 and D3/D4 appear to emerge as related pairs; 

3) the broad background accompanying the D lines at 

high dislocation densities has a varying shape depending 

on the generation procedure of the dislocations; and 4) 

the four D lines form in the cleanest manner, exhibiting 

the smallest halfwidths when dislocations are introduced 

by compression along a high-indexed axis.

The D line spectrum is sensitive to the penetration 

depth of the excitation light (Fig. 17). Above-band gap 

excitation with Ar+- or Kr+-ion lasers slightly 

phosphorus doped silicon deformed at 900oC to a 

dislocation density of 3.5×107 cm-2 yields spectra 

exhibiting preferentially D1 and D2 at comparable 

intensities and much weaker D3 and D4 lines that are 

also comparable in intensity. 

When the luminescence is excited with a Nd-YAG 
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Figure 17. D line spectra with above gap excitation
(hv=1.915 eV, Kr+ laser) and with below gap
excitation (hv=1.165 eV, Nd-YAG laser). 
Laser power is 400 mW in both cases, fo-
cused to similar spot sizes on the sample
(≈2 mm).

laser, D3 and D4 remain practically unchanged except 

that they show weak fluctuations of their shapes; on the 

other hand, D1 is significantly reduced and D2 is entirely 

absent from the spectra. Since the exciting photons in 

the latter case have photon energy hv=1.165 eV and Eg 

(4.2 K)=1.1695 eV, the excitation is below the band edge 

Eg, and light absorption is likely due to a density of 

states near the band edges induced by the dislocations. 

The laser penetration depth is on the order of 1 cm and 

most of the light is transmitted by the crystal. In the 

opposite case of Kr laser excitation, the penetration 

depth is a few microns [α(T＜77 K)≈103 cm-1]. A 

possible simple explanation of these data is to assume 

that D1 and D2 are emitted by dislocation-induced states 

close to the crystal surface, and D3 and D4 are emitted 

by dislocation-induced states in the bulk presupposing 

that the capture efficiency of the photoexcited carriers 

or the initially formed free excitons is large. 

In the absence of substantiated values of capture 

probabilities we may assume efficient trapping of the 

carriers, as the optical centers represent deep electronic 

states. Large capture rates may also be predicted from 

the drastic quenching of the near band edge 

luminescence (FE, EHD, and also bound excitons BE), as 

is obvious from Fig. 14, even at relatively low 

dislocations densities. The sensitivity of the D1/D2 lines 

to the excitation wavelength is consistent with the 

equivalent observation by Suezawa and Sumino [23] 

when they illuminate their samples with an Ar laser or, 

alternatively, by 1 μm light from a halogen lamp. The 

present authors, however, excluded the above 

explanation for several reasons. Neither the argument of 

Suezawa et al. nor that of Sauer et al., however, is 

conclusive enough for an unambiguous interpretation of 

the observed wavelength dependence. Systematic sample 

thinning with large total material removal should be 

performed to obtain experimental clues to this open 

question [2].

These results may be discussed in conjunction with P: 

spectra measured for hydrogenated samples. Two 

specimens from different starting materials exhibited 

similar spectra after plastic deformation. Both samples 

were then bombarded by an rf-plasma beam in a quartz 

tube at constant H2-gas pressure of 600 Pa containing at 

least 50% atomic hydrogen. During the total H loading 

time, the temperature was decreased from 370 to 300oC 

in steps of 30 min. After this procedure, the D line 

spectra showed essentially no alteration except for about 

20% changes in the relative intensities. This result is 

equivalent to the observation of Gwinner [24] that in 

twisted silicon the same procedure as outlined above 

leaves the D1 line unchanged in intensity while D2 is 

enhanced. A third specimen was hydrogen loaded for 7 h 

with the temperature varied from 400 to 200oC and led 

to a marked enhancement of the D1 line agreement with 

the very recent finding of Gwinner and Kveder [25]. On 

the other hand, it has been concluded that the depth of 
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the hydrogenated layer extends to approximately 10-100 

μm, and that the hydrogenation passivates electrically 

active defects associated with dislocations, in particular 

dangling bond states. Combining the hydrogenation 

effects and our tentative interpretation of the excitation 

wavelength effects on the D line spectra, Sauer et al. 

obtained the results that (a) the D1/D2 lines may be due 

to recombination centers concentrated in a layer 

approximately 10 μm beneath the crystal surface and (b) 

they appear not to be related to dangling bonds or other 

electrically active defects.

VI. Summary

As reported previously, there are several methods for 

measuring phonons, i.e. Raman, Brillouin, etc, and 

acoustical phonons and optical phonons influence 

photoluminescence spectra in silicon. In addition, the 

photoluminescence spectra related to isoelectronic 

impurities, C, Ge, and Sn, are discussed. Thermal donor 

properties related to oxygen are shown as well as four 

different silicon dislocation types on photoluminescence 

peaks.
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