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APPLICATION OF OPTICALLY DETECTED MAGNETIC
RESONANCE TO THE CHARACTERIZATION
OF POINT DEFECTS IN SEMICONDUCTORS
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University of Paderborn, Fachbereich Physik
Warburger Str. 100A, 4790 Paderborn, F.R.G.

ABSTRACT

The observation of optically detected electron spin resonance (ODESR)
via donor-acceptor recombination luminescence and via optical absorption
is briefly reviewed. Both methods are illustrated with respect to the
study of point defects in semiconductors. The present status of the
optical detection of electron nuclear double resonance (ODENDOR) is
discussed and compared with conventional ENDOR. Possibilities are
indicated how ODESR and ODENDOR can be correlated to energy levels and
optical properties of defects.

1. INTRODUCTION

Magnetic resonance spectroscopy has proved to be a powerful tool to deter-
mine the microscopic structure of paramagnetic point defects. The structure
determination is based on the observation of the magnetic interaction between
the unpaired electron(s) (or hole(s)) and the magnetic moments of the nuclei in
the lattice. If the interaction is observed with the nucleus of a paramagnetic
impurity, it is usually called 'hyperfine' (hf) interaction, if it is observed
with the nuclear moments of the surrounding lattice nuclei, it is called 'super-
hyperfine' (shf) or 'Ligand hyperfine’ (1hf) interaction /!1/. In general the
hf interaction is resolved in ESR, which therefore is a useful tool for the
chemical identification of impurity defects. The shf interactions are resolved
only in few favourable cases. They can usually be resolved by a double reso-
nance technique, in which the nuclear magnetic resonance transitions of nuclei
coupled to the unpaired electrons (or holes) are indirectly detected via a
change of a partially saturated ESR signal, In this electron nuclear double
resonance (ENDOR) technique both hf and shf interactions are measured with a
high resolution which is several orders of magnitude higher than in ESR 12,3/.
A reliable determination of the microscopic defect structure normally requires
ENDOR investigations.

Both ESR and ENDOR can be observed with optical detection. In general,
this has definite advantages over the conventional detection: higher sensiti-
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Optically detected ESR of the donor and
acceptor resonances.

\ vity, high selectivity and the possibility to
correlate structural information as contained
in the ESR/ENDOR spectra with other defect pro-
perties like energy level positions and optical

b 0+ - absorption and emission bands. These features

have made the optical detection particularly )
aljym useful in materials research and defect classi-
fication. In semiconductors optical detection

c t //7\, //)\—ﬁ-a was so far observed mainly via microwave-iq—

% 9s duced changes in the donor-acceptor recombina-
tion emission /4-7/, Only recently it was
also observed via the microwave-induced chan-
ges in the magnetic circular dichroism (MCD)
of the absorption /8,9/. The latter method was
originally developed in color center research
in the alkali halides /10-12/,

2. OPTICALLY DETECTED ELECTRON SPIN RESONANCE (ODESR)

2,1, ODESR via donor-acceptor recombination emission
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final state.
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The generally accepted mechanism for the observation of ODESR via donor-
acceptor recombination is indicated in Fig. Ib, left side, for distant electron
hole pair recombination.

The spin exchange interaction between the donor and acceptor is neglected,
the hole state is taken as spin only with neglegible contribution from angular
momentum. Fig. Ib shows the Zeeman splitting in a static magnetic field. The
only selection rule expected to hold is spin conservation ('spin dependent
ODESR'). The excitation process occurs via band states and assuming no spin
memory in the excitation, all four excited levels are populated with equal
rates. The final state after recombination (D*, A”) is a spin singlet and due
to the selection rule the singlet-singlet recombination has shorter recombi-
nation lifetime than the triplet-singlet recombination. In equilibrium the
difference in recombination lifetimes will cause an excess of population to
build up on the triplet sublevels (spin lattice relaxation time T] > recombina-
tion lifetime 7). When resonant microwaves are applied the excess population
is transferred from the triplet states to the strongly emitting singlet states
causing an increase in luminescence intensity. Resonant ODESR signals are ob-
served occurring at magnetic field positions determined by the g-values of the
electron and hole centers (see Fig. Ic).

In II-VI semiconductors this technique has been applied with great success,
for a review see e.g. /4/. A special problem to be noted is the difficulty to
observe the shallow acceptor spectra. From effective mass theory the wave-
functions can be approximated by products of hydrogenic envelope functions and
the Bloch functions of the valence band. The top of the valence band is four-
fold degenerated and due to a dynamical Jahn Teller interaction each of the
four components is mixed with other components by lattice distortiem /13/. By
applying uniaxial stress the effective strength of the Jahn Teller interaction
is reduced and the ESR of the acceptor can be observed.

The spectrometer needed for optical detection via D-A luminescence is com-
paratively simple, even less complicated than that for conventional ESR. No
microwave bridge is needed. The microwave cavity design must allow optical
excitation of the sample (often done with lasers) and must contain openings to
collect the emitted light. The use of light pipes is advantageous. Conventio-
nal ESR spectrometers can be used for ODESR when an 'optical' cavity is used
instead of the usual closed cavity. The increase in luminescence intensity is
detected at the reference frequency of the chopped microwave using lock-in

techniques.

The ODESR observation via emission is the most sensitive way to observe ESR.
An estimate of the sensitivity by Geschwind /14/ yielded for the minimum number
n, of spins to be observed
3)

T
n, = R/uan

with TR the radiative lifetime of the emitting level, a the fractional change

in the fluorescence signal induced by the microwave transitions, E the quantum
yield of the photon detector and n a geometry factor which contains the detailsg
of the setup to collect the emitted light. Taking a = 0.2, n = I0'3, E = 107
and tg = 3-1073s as an example, onme obtains n, = 3+10% spins, independent of the
line width. This is to be compared to the sensitivity of conventional ESR,
which is n = 101! spins per Gauss line width. The ODESR is certainly several
orders of magnitude more semsitive. A fraction of impurities in a surface

layer can be observed, which is quite impossible with conventional ESR.

However, the resolution of hf and shf interactions is much worse. The
reason is the exchange interaction J between the donor-acceptor pairs. Its
influence is indicated schematically on the right side of Fig. 1. If the
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exchange interaction becomes finite

w LT 1L the states are mixed and the dege-

neracy is removed, Different pair
(a) PM L L Sepathions result in a range of
hf L exchange interactions and thus in
bt — a broadening of the magnetic reso-
0 200 (ms) nance line. The only information
A one gets is that of an averaged
b i D g~factor from which alone'only
J little structure information can be
gained. A hf resolution can be
obtained either from donor-accep-
tor pairs with a fixed distance
S S s e . O N S like in a donor-acceptor complex
. Jn ‘ or by time resolved ODESR. The
30 32 B kG latter was demonstrated convinc-
ingly for shallow In-donors in Zn0
/15/. 1In the ordinary ODESR spec-
Fig. 2. Time resolved ODESR spectrum of trum with stationary band-band
11510 donors in Zno:Li together with the excitation they could not be
modulation scheme (UV=laser, hf=microwaves, detected duye to the broadening by
PM-photomultiplier) lines marked A and D exchange interaction. By using
correspond to lithium and gallium resonan- pulsed band~band excitation and
ces, respectively, (from Ref. /7/). by observing the microwave-induced

change of emission intensity after

a delay of 10-2 ~ 107 !g after cut-
ting off the excitation, only distant donor-acceptor pairs were measured. For

those the exchange interaction is smaller and correspondingly the radiative
lifetime is longer. Fig. 2 shows the result together with the modulation scheme.
The 10 line hf structure of H151n donors could now be resolved.

The technique of time resolved ODESR allows a better structure determina-—
tion, but its disadvantage is the loss in emission intensity. As the resonance
effect is only of the order of <1Z of the luminescence intensity very often
lasers are used to excite the emission, often at excitation energies well above
the band gap energy. This is no necessarily advantageous, since due to the high
absorption constant only a thin layer of the crystal is excited.

If the photon energy of the excitation light can be changed the lumines-
cence intensity and the ODESR effect can be used to determ
position of donors (Ep) and acceptor (Ep).
experiment is that of two phosphorous antisi

ine the energy level
A recent example for such a type of
te defects Pgy in p-type GaP:Zn )
or PGa to shallow acceptor Zn lumi-

the level position of Pg, relative

to the top of the valence band, if the energy level of the acceptor is known.

2.2. ODESR via magnetic circular dichroism of the absorption ('MCD'-method)

The microwave~induced change of the magnetic circular dichroism of both
the absorption (MCD) and emission (MCPE) of a defect can be used to measure the'
ESR of ground and excited states, This was first applied to F-centers in alkali
halides /10-12, 17/ but later also to impurity centers like atomic hydrogen
in alkali halideg /18/ and transition metals in A1,03 /19/, Only recently the
MCD technique was applied to III-V semiconductors and shown to be particularly
useful /8/. TFig. 3a shows schematically for an atomic s-p-transition (alkali
atom) the left (¢~) and right circular (¢%) polarised optical tramsitions in a
longitudinal magnetic field (Faraday configuration). The MCD signal measured is
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_ MCD = d/4 (17 - IT) (4)
j=312 a7
where d is the sample thickness. I* and
Ao a I~ the intensities for left and right cir-
j=112 r cular polarised light. Circular polarised
light is produced by a combination of a
ht interaction linear polariser and stress modulator
ol o 1=3/2 working at 27 kHz /20/.
'] r; /‘1:::[:?:3 In the simple scheme of Fig., 3 the MCD
112 . 12 is a derivative structure of a assumed
\ki:_____3/2 Gaussian phonon broadened absorption band
Mg ESR (3b). Its explanation in the so called
— 'rigid shift' approximation is that the
Ry nLAJ/KZ———uqlz centers of gravity of the ot and ¢~ pola-
112 rised absorption (Fig. 3b) bands shift
\<:i%;I:3/2 rigidly in energy by the applied magnetic
NMR field without influencing the line shape.
b For such an MCD its extrema are given by
Lo, 5, 20/
%0 o fﬂ\f\\ 1n2 cLm,ax‘d
Fa 1 (N} \
[ ,“ v 1/2
EleV do0 N
,, Elev gu,B
ODESR I 4. B o
LYY AE = X-tanh —m- (6)
. n, -~ n.
Fig. 3. AE o A A (7)
n, +n_

a) Simple atomic model to explain
the magnetic circular dichroism
(MCD) of the absorption and its
microwave-induced change to detect
ESR and NMR transitions.

where o,y is the absorption constant at
the peak maximum of the absorption band,
Wi/ its halfwidth, d sample thickness,

) the spin orbit constant in the excited

b) Rigid shift model for the cir- state, the other symbols have their usual
cular polarised absorptions meaning /21/. The spin orbit splitting
(0%, ¢~) and the resulting MCD (As.o.) in the excited state is assumed to
line shape (o*-07). be of the same order (or less) than the

half width of the phonon broadened ab-

sorption band. The MCDexer, is proporti-
onal to B and 1/T, so the favoured experimental conditions are high magnetic
fields (1-2 Tesla) and low temperatures (1.4 - 4.2 K). It is given by the occu-
pation difference of the two Zeeman levels (equ. 7). The so called diamagnetic
term is omitted in equ. (5) and (6) /20/. The detection of the ESR of the
ground state proceeds as follows: by inducing microwave transitions between
the Zeeman levels their occupation difference (n, - n.) is diminished. This
diminuation reduces the value of MCDextr., according to equ. (5), which is moni-
tored. Thus, the ESR is measured as a decrease in MCDextr.

The first measurement with this technique in semiconductors was that of
the anion antisite (Asca) defect in semi-insulating GaAs /8/. Although the
Asg, contribution to the infrared absorption could not directly be inferred
from the absorption spectrum (it is very weak) its paramagnetic MCD of approxi-
mately 10-3 at 1.5 K and 1 T was clearly observed. The microwave-induced
change of that MCD showed the well known "finger—-print' pattern due to T5As hf
structure of the Asga defect. The ODESR effect was surprisingly large about
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20% in each of the four ESR lines, the
GaAs:V Zn ODESR lines have the same halfwidth as
those measured with conventional ESR in
'as-grown' semi-insulating GaAs. The
ang signal to noise ratio was about 2 or-
ders of magnitude higher,

06 In the case of the As@y defect the
shape of the MCD was interpreted as a
superposition of two derivative-like
az2; . Structures due to two intracenter tran~
sitions. It must be said, however, that
the interpretation of the shape of the
02 MCD constitutes a severe problem espe-
cially in semiconductors. Most of the
investipations on thig problem were
made on point defects in alkali hali-
01 des, where often a detailed knowledge
about the atomic ground and excited
states is present (transition probabi-
lities, phonon coupling, spin orbit
constants),

Opt. Absorption

GaAs:v b

MCD in %

'9 . . -
0 1 13 In semiconductors among intracenter

Energy/ev transitions also the photo-ionisation
transitions may contribute to the MCD,
the strength of phonon coupling and the

Fig. 4. Franck-Condon shift is often unknown.
a) Optical absorption spectrum of Therefore, equs. (5-7) should not be
V3+ in vanadium doped p-type taken as a valid description of the
GaAs:Zn (T = 1.6 K). effect and the McD method, except that
b) MCD spectrum in vanadiug doped Fhe MCD %s a'function ?f the spin orbit
semi-insulating GaAs (T = 1.6 K, Interaction in the excited state and of
He=2T), the ground state §pin population.

is often not really necessary unless one wants to use MCD as a quantitative
method to measure absolute defect concentrations (see below), Fig. &4 shows as
an example optical absorption and MCD for v3+ in GaAs. The absorption spectrum
(Fig. 4a) shows the Ay » TI(F) triple peaked absorption band at 1.1 eV of V3*
in p-type GaAs:Zn /22/. 1In this material the v3* McD is superimposed by the
more than one order of magnitude larger Zn-MCD and no correlation is possible.
d the Asg, MCD is superimposed, which
can, however, persistently be bleached (see Fig, 4b after bleaching). The MCD
maximum at 1.1 eV shows similar structure as the absorption, the ODESR spectrum
measured at this energy is the same as that measured with conventional ESR and
shows the ESR spectrum of v3*, Additional MCD signals around 0.85 eV and 1.0 eV
(the zero phonon line of vt s at 1.008 eV) indicate contributions of photo-

ionisation transitions of v3+ or possibly transitions originating from V2*
charge state.

defect concentration as can be done in conventional ESR. However, one can
estimate the kind of sensitivity one can achieve by using the Smakula formula
for the intracenter transitions, including the Lorentz field corrections and
assuming a Gaussian absorption band /21/.
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16 -3 n
Nf = 8.7 - 10 cm — a W (8)
(h2+2) max 1/2
n is the refractive index, N the defect concentration and f the oscillator
strength. Inserting equ. (8) and (7) into equ. (5) one obtains
gu, B
_ 16 B o
MCDEXtI‘ = 1 10 d-N.f-x.tanh -2_kT_ (9)
The detection limit for M.CDextr is approximately 1 - 10-5 for a signal to

noise ratio of 2:1.

Typical experimental data are: T = 1.4 K, B = 2T,d=0.3cmn Taking as
an example the Asp, antisite defects in GaAs ome has: n = 3.4, A = 0.3 eV,
Wyjp = 0.2 eV, g =2. This gives N-f = 10!1len=3, the minimum concentration of
the defects to be detected is N = 1013¢cm—3, independent of the ESR linewidth. In
conventional ESR one needs about 1016cm=3, because of the hf splitting and the
large line widths. Thus, the MCD technique is nften more sensitive than con-
ventional ESR, the factor being mainly dependent on f and the spin orbit con-
stant in the excited state. As to semsitivity, the ODESR detection via emis-
sion is by far superior.

The ODESR of the ground state can be observed in each absorption band
which originates from this ground state. This almost trivial statement can be
used for a kind of excitation spectroscopy of the ODESR. When monitoring the
signal intensity of one particular ODESR line while sweeping the optical wave-
length, one obtains only an ODESR signal where an optical transition of the
defect is present. Thus, the MCD is 'tagged' by an ESR line, only the MCD
belonging to this defect is measured /23/. This is important when the optical
absorptions of several defects are superimposed and one needs to determine all
optical transitions of one specific defect, as in the case of V3* in semi-insu-
lating GaAs. Fig. 5 shows the 'MCD-tagged by ESR' for the anion antisite
defect PGz in GaP, where several optical transitions into states resonant with
the conduction band were discovered in this way 124/,

Fig. 5.

MCD spectrum 'tagged by
ESR' of the phospho-
rous antisite defect
Pg, in GaP. Optical
transitions into exci-
ted states resonant
with the conduction
band are indicated
(from ref. /25/).

tagged MCO » 107

| To-state (distorted) || T2 - state (distorted |

-3 + + }
1.0 15 20 25
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Of particular importance is the correlation of the ODESR spectra with t?e
energy levels in the gap. This can be achieved in an analogous way as described
in section 2.1, by performing photo~MCD and photo-ODESR using a double beam
technique. When using p-type material, the energy levels of the deep level
defects are not occupied, They can be filled by photo-excitating electrons from
the valence band (pumping light) into them and with a second beam (measuring
light), then the MCD and the microwave-induced change of the MCD (ODESR) can be
measured. The level position is determined by the onset of the MCD signal
upon variation of the photon energy of the exciting light, 1In this way recently
the energy levels of the two charge states of Asga, Asgy / and As(;ao/+ in GaAs
could be determined and with the use of optically detected ENDOR the microscopic
structure of a paramagnetic defect can be correlated with its energy levels.

3. OPTICALLY DETECTED ELECTRON NUCLEAR DOUBLE RESONANCE (ODENDOR)

Only very few experiments were reported in semiconductors, where ODENDOR
was observed via donor-acceptor recombination emission, There are observations
in amorphous silicon /25,26/ and in ZnSe and CdSe /27/. The ENDOR lines were
observed as an emission increase upon inducing NMR transitions by a radio fre-
quency applied in a small loop attached to the sample. 1In ZnSe, for example,
2 lines due to 67Zn and 77se were seen centered at the frequencies of the free
nuclei. The emission enhancement effect was of the order of 1%, The ENDOR
lines were broad, about an order of magnitude broader than in conventional
ENDOR. The explanation given is that several nuclei contribute to the ENDOR
linewidth with different shf interactions, which are not resolved, No angular
dependence is reported /27/. Using time resolved techniques, as described in
section 2,1., the ENDOR of !151, in ZnO could be observed /15/.

A better way to observe ODENDOR seems to be via the MCD technique. In the
level scheme of Fig. 3 the mechanism is qualitatively indicated. In the pre=
sence of hf or shf splittings the ESR transitions must obey the selection rule
Amp = 0, Amg = t1, Thus, when measuring the ESR in one of the 4 lines of the
I = 3/2 system, then atmost 1/4 of all spin packets can be involved, only 1/4
of the MCD can be decreased when saturating the transition. However, if each
of the 4 lines is Lnhomogeneously broadened by further shf interactions, then
only a fraction of the decrease should occur, since AmIy = 0 must be obeyed for
the ligands I,. Thus, upon inducing NMR transitions between the nuclear Zeeman
levels one can include more my, substrates into the ESR pumping cycle and thus
increase the effect of decreasing the MCD. Therefore, the ENDOR transitions
are detected as a further increase of the ODESR, The first successful experi-
ments of this kind in semiconductors were performed on Asg, defects in GaAs /9/.
ENDOR lines of approx. 0.5 MHz width and narrower were observed. They are some-
what broader than usually found in conventional ENDOR. 1In Fig. 6a part of the
conventionally measured ENDOR spectrum of V3* centers in GaAs is shown /28/,
in Fig, 6b a section of the ODENDOR spectrum of thege defects,

Hamiltonian. In this an ODENDOR investi

found in conventional ENDOR /29,30/. However, the ODENDOR effect was found to
be much larger than the conventional ENDOR effect, The latter is of the order
of 17 of the ESR effect for typical solid state defect problems. For the Asg,
the ODENDOR effect turned out to be of the same order as the ODESR effect, for
Pga defects in GaP about 102 of the ODESR effect, If, however, as in the case

of V3* in GaAs the magnetic circular dichroism is small (of the order of 10~%)
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ratio using long integration times. The conventional ESR/ENDOR technique,
which only monitors the ground state spin polarisation is here favoured
(see Fig. 6b).

The experimental setup for the MCD technique is more complicated compared
to the emission technique. A cylindrical cavity (mode TEgy)) is open 360° about
the optical axis. For ENDOR & rods are introduced close to the sample. They
act as 2 rf loops in a Helmholtz arrangement. The sample can be rotated about
a vertical axis. The temperature is conveniently held at 1.4 or 1.5 K,below
the A-point of liquid He in order to avoid perturbances of boiling He. It is
advantageous to control the temperature accurately, since the MCD effect is
proportional to 1/T and microwave and rf powers of about 0.5 W at the sample
tend .to increase the temperature. The light sources must be very stable to
achieve the high MCD sensitivity of 10~-3. Therefore, the use of lasers, which
have an amplitude ripple of V1%, is problematic. For the measurement of
ODENDOR at many angles a control of the spectrometer and the data storage by a
computer proved to be very useful. Apart from the higher sensitivity compared
to conventional ENDOR, the ODENDOR method has the additional advantage of
allowing the correlation to optical bands and emergy levels in analogy to the
experiments described above for the ODESR. Thus, one can measure 'MCD-tagged
by ENDOR' as well as photo-ODENDOR, which is a quadrupole resonance experiment.
In this way very fine structural details can be correlated with optical proper-
ties and energy levels. The power of these possibilities were not yet fully
exploited.
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