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Introduction to Defect States
Here we are concerned with a particular 

class of localised energy states, induced in 
the bandgap of a semiconductor. The host 
states can be represented by undamped 
electron wavefunctions. Localised states 
produce strongly damped wavefunctions 
characteristic of stationary states located at 
the point at which the exact translational 
symmetry of the perfect crystal is broken 
by the presence of a defect. We may con
sider a point defect, such as a missing or 
interstitial host atom or an impurity, or an 
extended defect, for example a dislocation 
or a stacking fault. Real crystals usually 
contain both classes of defects. Point 
defects are often deliberately introduced to 
provide some desired electrical characteris
tic of the semiconductor, typically from 
electron donating or accepting substitu
tional impurities. Other defects, again 
usually impurities, may be introduced to 
provide desirable optical characteristics, for 
example luminescence of a particular col
our or decay time. The properties provided 
by these defects depend upon their elec
tronic properties, determined by the way in 
which their characteristic electronic states 
Interact with those of the host semicon
ductor. In general, this is an extremely 
complex matter, involving a multi-electron 
problem even if the system can be describ
ed by a central force at a single atomic site 
in the crystal lattice.

However, in certain circumstances this 
complexity becomes resolved In an elegant 
and simple manner. This is so for those 
very impurities of the greatest practical 
significance for the control of electrical pro

perties. The binding energies, they ex
hibit for excess electronic particles must be 
sufficiently small to permit nearly complete 
ionisation at typical device operating tem
peratures, ≥ 300 K. The characteristic 
kinetic energy kT is then ≥ 25 meV, and 
the condition for strong thermal ionisation 
means that Et must be ≤ 0.1 eV. The 
theoretical understanding of such shallow 
centres Is rather straightforward and com
plete.

General Properties of Deep States
Truly deep states are the antithesis of the 

shallow states. They include donor and ac
ceptor states in which the short range po
tential has surpassed useful treatment by 
perturbation theory. This occurs when Et 
> 0.1 Eg , where £ Is the bandgap of the 
semiconductor. We must also consider 
neutral centres, such as the so-called 
isoelectronic traps like Np in GaP. Then, the 
entire binding is due to the short range dif
ference in the screened potential of the two 
atoms since the Impurity central cell is 
neutral before the electron is bound. Such 
neutral traps differ very fundamentally from 
charged donor or acceptor states. Their 
binding energies are usually small, perhaps 
a consequence of local atomic relaxation 
effects, and may be comparable with the 
donors or acceptors. However, binding to 
a short range potential V0 requires a critical 
value of the product Voac² as a pre-requisite 
for the appearance of even a single bound 
state. Such centres do not possess the in
finite series of shallow excited states 
characteristic of the long-range screened 
Coulomb potential of a charged centre.

When the wavefunction of the deep 
state is expanded in terms of the eigen
functions of the perfect crystal, it is no 
longer the case that contributions come 
from a very restricted region of the Brillouin 
zone in the vicinity of the energetically 
nearest band edge, as for the shallow cen
tre. In fact, the energy level for a deep state 
is determined by a relatively delicate 
balance between conflicting contributions 
from different regions of the host band 
structure. This means that properties such 
as the deformation potentials which 
characterise the response to elastic strains 
are quite different from those for shallow 
states, even when the actual binding 
energies are not significantly different. The 
symmetry properties of the deep state in 
this case govern the matrix elements 
describing contributions from host states 
of different symmetries as well as the selec
tion rules for optical transitions to these 
states.

Experimental Techniques for Deep 
Levels

The experimental study of deep levels 
received considerable impetus through a 
growing recognition during the 1970s of 
their practical importance. For example 
deep levels conspire to shorten the lifetime 
of injection lasers and, on a more positive 
aspect are important in controlling the 
Fermi level in semi-insulating semiconduc
tors. Shallow levels were mainly studied by, 
electrical methods in the early days of 
semiconductor physics, but optical techni
ques soon proved superior for the fine 
resolutions required to discriminate bet
ween nearly effective mass-like states. Op
tical techniques have also yielded a great 
deal of Information on some deep states, 
particularly those where lattice relaxation is 
sufficiently modest to provide structured 
absorption and luminescence spectra, with
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good luminescence efficiency. Electrical 
techniques particularly suited to measure 
deep levels, especially those near the active 
region of typical semiconductor devices, 
involve various forms of junction space 
charge spectroscopy. The level is detected 
through its contribution to the junction 
capacitance or current associated with a 
change of charge state induced either ther
mally (deep level transient spectroscopy) or 
optically (photo-capacitance or photo
current). These techniques have the advan
tage that they provide direct access to 
many parameters of interest, carrier cap
ture cross-sections as well as photo
ionisation cross-sections, concentrations 
and of course binding energy. Measure
ments of the dependence of capture cross- 
section on temperature and carrier concen
tration give information on the mechanism 
of energy loss, radiative, multiphonon or 
Auger. Variations in defect annealing rates 
with minority carrier injection level have 
provided vital evidence of recombination 
induced defect reaction and diffusion pro
cesses. Such processes are of particular 
significance for the primary intrinsic 
defects produced by radiation damage. 
The identification of the particular defect 
associated with each energy level has prov
ed to be an exacting task, however.

Accuracy Required from Deep Level 
Theories

Experimental discrimination between 
deep states and their practical influence 
depends upon their exact energy depth to 
an accuracy of a few tenths of an eV or 
less. The scale of atomic energy levels is 
very much larger, ~ tens of eV. Thus, the 
factors responsible for the reduction in 
energy scale which accounts for the appea
rance of energy levels from many impurities 
and defects within the 1 -2 eV bandgap of a 
typical semiconductor must be estimated 
with precision. This means that the 
strength and form of Vo must be well- 
represented at short range, a difficult task. 
The central cell problem Is usually simpli
fied by the use of a pseudopotential, 
smoothed in the core region to represent 
the potential difference between an impuri
ty ion and the host atom it replaces. Small 
changes in the localisation of the electron 
charge in the central cell region have a very 
large influence on the level depth. Only a 
small proportion of the total charge is 
usually localised in this critical region. For 
example, electron spin resonance suggests 
that only -  25% of the single electron 
bound to the very deep PGa antisite donor 
in GaP resides in the central cell.

Effects of Lattice Relaxation
Substantial changes in valence electron 

wavefunction are likely near a centre with a 
strong local pseudopotential. The valence 
electron relaxation thus produced generally 
alters the lattice stability around the defect,

producing new equilibrium lattice co-ordi
nates. These co-ordinates depend on the 
charge state of the defect. The charge 
state changes in many methods of detec
tion of deep states, for example in a photo 
or thermal ionisation event. The lattice 
relaxation associated with the change of 
charge can be very strong. It may be totally 
symmetric, or contain a symmetry-break
ing term as is normally the case when one 
of the basic electronic states is orbitally 
degenerate. Then, the Jahn-Teller theorem 
predicts that this degeneracy will be lifted 
through a lattice distortion which splits the 
energy state, leaving the centroid of the 
substrates unshifted.

Difficulties of Deep Level Theory
All these effects make theoretical treat

ments of the properties of deep states very 
difficult. Often, only one characteristic of 
the state may be known experimentally, 
usually the energy depth. Even this may be 
difficult to derive accurately from experi
ment in the presence of large lattice relaxa
tion. It is not possible to make an entirely 
first principles calculation of the energy of a 
truly deep state to the accuracy really re
quired to distinguish between various 
levels which may be observed experimen
tally. Thus, centres are not generally iden
tified through an appeal to pure theoretical 
treatments. The best that can be obtained 
is an accuracy of a few tenths on an eV, 
similar to the accuracy of the determination 
of host energy states, for example using 
large scale Green's Function techniques. 
However, this may be sufficient to distin
guish between conflicting models. For 
example, the ground state symmetry of a 
defect may be established experimentally, 
and the theoretical energy separation bet
ween states of different symmetry, such as 
the singlet and triplet energy states formed 
from combinations of the dangling bonds 
at a vacancy in a tetrahedrally bonded 
semiconductor, may be much larger than 
the uncertainty of either state, as for VGa in 
GaP. When ESR appeared to find an orbital 
singlet state in the energy gap, the only 
tenable conclusion was that the centre 
could not be VGa. However, more detailed 
experiments showed that this state was in
deed orbitally degenerate, but perhaps with 
a rapid re-orientation rate between equiva
lent spontaneous distortions (dynamic 
Jahn-Teller effect). The experimental re
sults are thus consistent with theoretical 
expectation for the VGa attribution.

Deep Level Theoretical Techniques
We cannot do justice in this short review 

to the complex theoretical techniques used 
to calculate deep state properties. The 
pseudopotential Slater-Koster Green's 
function technique works best with a 
defect of high symmetry and uses a for
malism which exploits the basic transla
tional symmetry of the host semiconduc

tor. The changes in properties on introduc
tion of a deep state are emphasised, for ex
ample changes in the energy dependence 
of the density of electron states. Impurity 
complexes and reconstructed (strongly dis
torted) centres introduce complications 
which make the cluster approach more at
tractive. There, a small part of the crystal 
surrounding the defect is treated as a 
"defect molecule". The defect molecule 
treatment of Hjalmarson et al is an extreme 
variant of this approach. It is particularly 
useful for the insight provided into the 
character of the resonant and gap states, 
but is mainly of a qualitative nature. The 
properties of the cluster are usually handled 
within a molecular orbital framework. The 
difficulty with this approach is the deter
mination and treatment of an optimum in
terface between the cluster and the rest of 
the crystal. The cluster must not be too 
large so that the molecular orbital calcula
tions remain tractable, yet large enough so 
that the results are not too sensitive to the 
properties of the interface and its treat
ment, for example saturation of the surface 
orbitals by monovalent atoms. Both techni
ques involve extensive numerical computa
tions for quantitatively reliable results. 
Both predict for a very deep donor, a 
hyper-deep impurity-like state, resonant 
with the valence band, and a host-like state 
of similar symmetry within the semicon
ductor bandgap.

Results of Deep Level Calculations
Many calculations have been done, for 

example on the properties of in Si. Im
portant and interesting properties, such as 
the negative U behaviour in which the 
single donor level lies below the second 
donor level due to Jahn-Teller distortion 
within the single donor state, are well 
represented by the Green's function theory. 
The electronic and vibronic properties of 
the deep 0p donor in GaP also appear to be 
well represented by a theory which 
assumes the usual, strong hybridisation 
between the p electrons of 0 and the 
valence electrons of the host lattice. This 
classical model for a donor in a covalent 
semiconductor accords well with experi
ment. However, controversy remains with 
a quite different description in which this 
valence hybridisation does not occur. The 
atomic description is familiar in the proper
ties of transition and particularly rare earth 
series impurities in solids. The atomic 3d 
and 4f energy states are more or less 
strongly perturbed by the relevant local 
crystal field at the impurity ion, but other
wise uninfluenced qualitatively but only af
fected quantitatively through the magni
tudes of the level splittings. This descrip
tion works well except for the nearly filled 
shell species such as Cu.

Recent theoretical studies of Vogl using 
an extension of the defect molecule ap
proach give a remarkably good account of
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Fig. 1 — Experimental results on the energies of the single acceptor state 
of the indicated cation substitutional transition metal ions in three III-V 
compound semiconductors. Relative to the conduction band minima, 
these levels indicate the threshold electronic energies Ee required for the 
reaction X2+ + Ee — X3+ + eCB. The energy Ee may be estimated from 
thermal or optical excitation processes. The number of 3d electrons in the 
X2+ charge states of the different transition metals is indicated at the bot
tom. Some individual results are still tentative; for example the level for 
V2+ in GaAs may be only ~ 0.23 eV below the conduction band, not ap
proximately mid-gap as drawn. The large step between Mn2+ and Fe2+ 
reflects the stability due to spin stabilisation in the half filled 3d5 shell for 
Mn2+ and is an important experimental effect. (Courtesy M S Skolnick)

the experimental ground state energies for 
substitutional transition metals in III-V 
semiconductors, including those shown in 
Fig. 1. There is some current debate over 
the absolute accuracy of these calculations 
and the derived conclusion that the excited 
t2 states usually described by the crystal 
field splitting are almost entirely host-like, 
in contrast to the ground states which are 
of predominantly d character. However,

Fig. 2 — Experimental properties of the on- 
electron state of the deep Op donor and the ZnGa 
- Op "molecular" isoelectronic trap in GaP. A 
relatively unusual feature for deep levels in 
semiconductors is the cross-check provided 
from intercomparison of energies from the 
several different types of optical spectra indica
ted. PL represents photoluminescence, PLE-PL 
excitation, BE -bound exciton, IR capt-infra red 
radiative (electron) capture.

the major chemical trends certainly seem to 
be well represented by this theory.

A transition between an open and closed 
shell behaviour may be observed across a 
series of semiconductors such as the Zn 
chalcogens as a function of the differential 
electron affinity between the Cu impurity 
and host semiconductor. Green's function 
and cluster calculations both suggest that 
even transition metal impurities like Co and 
particularly Ni exhibit gap states in Si and 
GaAs which are essentially dangling bond
like, with d-like states of similar symmetry 
deep within the valence band. However, 
this conclusion may be controversial. The 
electronic properties of some similar sys
tems appear to exhibit strong d-character, 
for example from the form of phonon cou
pling which appears characteristic of intra- 
d state transitions. It has been suggested 
recently that the s-d interaction between 
host and transition metal may have been 
substantially over-emphasised, perhaps 
through neglect of stabilisation against 
covalent mixing by the strong interactions 
between d electrons. Neglect of many elec
tron effects is a generally recognised 
weakness of the current status of deep 
level theory. Much more work needs to be 
done on the magnitudes of such effects, 
but this remains a daunting task.
Summary

The amount of accurate experimental 
data on many deep level systems has 
grown rapidly in the past decade. We are 
still far from a thorough theoretical account 
of the complete set of properties for any

one system, however. Current indications 
are that each system may require particu
lar, special treatments. Excited states are 
hard to calculate on the self consistent 
basis used for ground states. However, 
useful generic trends have emerged within 
series of closely related defects or for a 
given defect in different binary hosts, or as 
a function of ternary alloy composition. An 
important joint outcome of the theoretical 
and experimental work is the recent reco
gnition of the importance of antisite 
defects in the electronic properties of 
semiconductors.
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