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SUMMARY 

The work described here details the development of electron magnetic resonance facilities and 
measurements for use on U.S. Army projects for the characterisation of electronic devices. An 
operational electrically-detected magnetic resonance (EDMR) spectrometer constructed has been 
installed based on a Bruker (Bmax = 2.1 T) electromagnet. The first spectra from device structures 
have been successfully recorded. A flexible modular spectrometer system has resulted and has 
led to further work to develop the instrumentation. Initial measurements on commercial silicon 
n+p diodes are consistent with previous studies. Evidence that the origin of the EDMR signal is 
due to platinum is assessed with the aid of spectral simulation. Electron paramagnetic resonance 
spectra were simulated by exact diagonalisation of the appropriate spin-Hamiltonians. No 
completely satisfactory correspondence between reported EPR spectra and the measured and 
reported EDMR spectra was found. The long-term aim of the work is to study localisation in 
quantum confined structures and to investigate electrically detected magnetic resonance for 
impurity and defect detection in operational device structures. Further, the possibility that the 
technique will give key insights into spin processes in semiconductors of direct relevance to the 
implementation of quantum computing devices will also be explored. 
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Introduction 
The major drive in electronics technology is the production of ever smaller feature sizes. In 

consequence the necessity to control impurity and native defect concentrations is increasing. 
While the presence of such defects may be inferred from the degradation of device 
characteristics, especially for devices with very reduced dimension, their chemical nature can not 
be determined. Chemical identification requires spectroscopic information that can not be 
supplied by conventional defect sensitive electrical methods (e.g. Deep Level Transient 
Spectroscopy (DLTS) and related techniques). There is a need for a defect-sensitive technique 
that gives spectroscopic information capable of chemical identification of the defect site but 
which can be performed on an operational device. Further, such a technique should have the 
potential for application to devices with dimensions down to the nanometer scale. 

Electrically detected magnetic resonance (EDMR) has demonstrated that it can detect 
defects in operational devices and give spectroscopic information. *>2 The spectra contain 
information similar to those from electron paramagnetic resonance (EPR) in that they exhibit 
anisotropy characteristic of the centre's symmetry, and show hyperfine and superhyperfine 
splittings due to interactions with surrounding magnetic nuclei. The importance of metal ion 
contamination in semiconductor device production has re-emerged as an area of importance. 
EDMR has been shown to be sensitive to metal ions. X'3>4 

The limit on the number of detectable centres imposed by statistical physics on EPR of 
order 10u defects does not apply, since detection is not direct detection of absorbed photons but 
results from spin-dependent recombination processes. Recent experiments on thin-film 
transistors have shown the technique to be capable of detecting as few as 106 defects. 5>6 These 
experiments support the proposal made by the author that the technique should, in principle, be 
capable of defect detection in small-scale device structures. 7 

Recent developments in quantum computing also relate to this work. The desire to have 
devices implemented using semiconductor technology have progressed recently with the 
preparation and transport of specific spin states in and through semiconductor structures. Solid 
state implementation of quantum computing requires devices capable of spin control of carrier 
transport to allow efficient integration into necessary circuitry. EDMR is sensitive both to spin 
dependent recombination and spin dependent transport/scattering processes so holds the prospect 
of giving new insights relevant to quantum computing. 

This report describes the initial phase of a programme to install a multifrequency purpose 
built electrically detected magnetic resonance facility. In addition the issues are raised regarding 
the interpretation of spectral information from EDMR. While, as outlined above, the technique 
provides similar spectral information to Electron Paramagnetic Resonance (EPR) the direct 
correspondence between the spectral information supplied by the two techniques has not been 
clearly established. This can be related to the lack, despite significant advances, of a fully 
consistent theory for the EDMR mechanism. 8 This report also includes a detailed review of EPR 
studies of platinum in silicon with spectral simulations reproducing expected behaviour on 
rotation of the applied magnetic field within the (111) plane. In performing EDMR experiments 
on commercial diode structures it is this plane that can most readily be studied. 



Introduction to EDMR 

This section outlines the development models for the EDMR mechanism up to, and 
including, that of Rong et al. 8 It is not, however, a comprehensive review of the EDMR 
literature, the aim is to give non-experts a background to the central concepts. 

The first observation of spin dependent transport effects in semiconductors was by Honig 9. 
Hoing recognised that carrier transport in a semiconductor doped with, for instance hydrogenic- 
type, neutral impurities would be expected to be dependent on the polarisation of the carriers and 
the electrons of the neutral impurities. The scattering cross section for an electron scattering from 
neutral hydrogen contains both singlet and triplet contributions, conductivity is then a function of 
polarisation. Carrier polarisation, P, resulting from Boltzmann equilibrium is given by 
P = tanh(gßB/kT) where g is the gyromagnetic ratio, yflthe Bohr magnetron and B the applied 
magnetic field. For a moderate applied field, B = 1.2 T, at low temperature, T = 0.4 K, with g » 2 
high values of polarisation can be obtained, P = 0.97, insuring almost complete triplet scattering. 
If carrier spin-lattice relaxation times are long then the polarisation dependence of the 
conductivity can be studied by transient switching of the applied magnetic field from which the 
relaxation time can be measured and information on scattering lengths obtained. 

Hoing also proposed that, with the application of monochomatic microwaves, electron 
paramagnetic resonance could be detected. If the microwave power level is such to induce 
saturation at resonance, increasing the spin temperature, then on sweeping the magnetic field 
through a paramagnetic transition of the neutral impurity the polarisation is reduced due to the 
'spin mixing'. Maxwell and Hoing performed the first Electrical Detected Magnetic Resonance 
(EDMR) experiment on lightly phosphorus doped float-zone silicon and were able to detect the 
phosphorous hyperfine doublet by studying variations in the low temperature photocurrent.10 

Lepine realised that similar arguments could apply to carrier recombination in 
semiconductors, and were valid when this process involved a recombination centre. The spin 
dependent recombination through the paramagnetic state of a localised recombination centre, 
detected by a resonant change in the photocurrent in silicon was reported. n A more detailed 
study showed the recombination centres detected were surface states. 12 A simple model to 
explain the spin dependence of the recombination was outlined and is similar to that outlined by 
Hoing but for the simpler situation of carrier capture rather than scattering. The description of the 
model outlined below follows Solomon. 13 

Because of conservation of angular momentum in an electron-hole collision, it is expected 
that the recombination will be dependent on the spin-state of the carriers. This is illustrated for 
the hypothetical case of direct electron hole recombination in Figure 1. For low energy carriers 
the collision is mostly S-like (L = 0) and the recombination of the triplet state is forbidden since 
the total spin, Stotai = 1, cannot disappear in the electron-hole annihilation when clearly Stotai = 0. 
This argument is unchanged when the more realistic case of a recombination centre is 
considered. In the Shockley-Read model an electron, for example, is first trapped on a deep 
centre. The trapped electron then captures a free hole, completing the recombination. Here, also, 



the trapped electron can only recombine with a hole of opposite spin (Stotai= 0) to conserve total 
angular momentum after recombination. 

In consequence than it is expected that the triplet recombination rate, WT, will be zero, or at 
least much smaller than the singlet recombination, Ws. In zero field, the spin directions of the 
injected carriers are random (spin polarizations zero) and the probabilities of a singlet or triplet 
electron-hole spin state are respectively XA and %, as follows for the distribution of states for a 
system of two spin-1/2 particles. The recombination rate is then 

Wrandom^Wg+fWT 

where clearly WT « Ws. If the spins of the carriers have polarizations Pe and i\ as will be the 
case, for example, in an applied magnetic field, the probabilities of singlet or triplet electron-hole 
spin statistics depart slightly from the values V4 and 3A. They are given, for spin V2, by the average 
values of the projection operators 

where Se and Sh are the spins of the recombining electron and hole. For uncorrelated spins, the 
average values are simply given by 

<Se) = Pe/2,(Sh) = Ph/2 

so that the recombination rate is now 

W=^(l-Pe-Ph)+^(3 + Pe-Ph)+W', 

where a hypothetical spin-independent process W' had been added for the sake of generality. 
The recombination rate can also be expressed as 

W = W0(l-aPe-Ph), 

with W0 = (Ws + 3WT + 4W')/4, and a =       WS + WT 
WS+3WT+4W' 

In this model it should be noted that a < 1, with the maximum value a = 1 being obtained 
when the "leakage" processes WT and W' are zero. 

A change of the spin polarisation of the electron (or hole) will result in a change of the 
recombination rate that can be detected, for example, by a small variation of photoconductivity. 
This is usually accomplished by "saturation" of the electron paramagnetic resonance. 14 In the 



absence of a microwave field, the polarisation relaxes towards its equilibrium value 
P0 = n&/2kT at a rate 1/Ti (Ti is the longitudinal relaxation time and fa» the spin splitting in the 
applied magnetic field). At resonance, the microwave field induces transitions at a rate WRF, thus 
tending to equalise the populations of the spin states and to reduce the spin polarisation. The two 
competing effects result in a steady-state polarisation 

P = Po-^ 
1 + WRFT! 

The quantity WRF is proportional to the microwave power, so, by extrapolation to infinite 
power, one has effectively a way of "nulling" the polarisation of the resonant spins, the other 
experimental parameters remaining unchanged. As pointed out by Solomon, based on this simple 
model provided the recombination is dominated by the spin-dependent process and that the 
resonance line can be saturated with the available power, the EDMR signal is independent of the 
number of spins. 13 

However, Lepine 12 had already showed that the magnitude of the effect measured was 
approximately one order greater that predicted by this simple model and later work confirmed 
the order of the effect could be in the range 10"4. The maximum variation in recombination rate, 
assuming complete saturation, is given by 

w     e   ü 

which for a room temperature experiment performed at 9.5 GHz taking g » 2 (B » 0.33 T) 
predicts AW/W* 10"6. 

The observation of spin dependent photoconductivity in silicon by Lepine stimulated a 
number of related studies. U'12 The spin-dependent recombination at surfaces 15 and 
dislocations 16>17, space charge region of a junction 18 , amorphous materials 19 with a few 
theoretical models to explain the magnitude of the effect 20>21. 

White and Gouyet considered the possibility of the formation of a bound electron-hole pair 
triplet exciton which if initially in the ms = -1 state, and so forbidden to decay to the singlet state 
necessary for recombination, could be excited to the ms = 0 state by magnetic resonance. 21 They 
point out such a process is well known in phosphorescent materials where the radiative triplet-to- 
singlet transition is enhanced by EPR. However, the observation that the decay of the EDMR 
using photocurrent decays much faster than the EPR signal for amorphous silicon meant such a 
triplet could not be involved. Instead they proposed a model in which the photogenerated carriers 
are initially trapped into shallow centres close to the band edges, caused by a local 
rearrangement, from which they can then trap to deeper states with the emission of JVphonons. 
The microwave resonance acts to heat up the local environment so enhancing phonon emission 
and trapping to a deep state. The analysis, based in part on multi-phonon trapping, resulted in an 
approximate expression for the change in recombination rate of 



AW     x  AE    1  fßB^2 

W     Ti h®0 N0 vkT, 

where r was approximated to be the recombination time, Ti the spin-lattice relaxation time, AE 
the energy of the deep state from the appropriate band edge, h&0the phonon energy and N0 the 

number of atoms making up the local environment of the trap. Using Lepine's 12 value for xl Tx 

of 35 and AE//KD0~ 20 an enhancement factor of 120 was obtained. The EDMR in the model is 
assumed to be that of a shallow localised electron. As such it is more extended and therefore 
interacts more with other localised spins decreasing Ti relative to that of the deeply trapped 
more-localised electron. 

A significant advance in developing a theoretical understanding of EDMR was made by 
Kaplan, Solomon and Mott (KSM). 22 As seen above in Lepine's simple model an isotropic 
distribution of spins results in probabilities of singlet and triplet configurations of VA and %, 
respectively. The external magnetic field results in polarisation of the two spin systems and so 
introduces a degree of anisotropy that can be nulled in an EDMR experiment with a resonant 
saturating microwave field. Kaplan, Solomon and Mott introduce an alternative source of 
anisotropy resulting from the formation of an intermediate pair state prior to recombination. This 
intermediate state requires the carrier pair to be in proximity. The pair can either recombine or 
dissociate but can not recombine with other carriers. In highly disordered systems such as 
amorphous semiconductors the concept of a trapped electron with a near neighbour trapped hole 
is likely valid. 

The existence of a carrier pair prior to recombination allows for a spin correlation between 
the partners, even if the total spin population is still random. In an extreme case where no spin 
relaxation occurs in the pair-state then pairs created in singlet configurations will have a shorter 
lifetime and there will be a net surplus of triplet configurations. Resonant absorption by either 
the electron or hole spin population will return it to an isotropic distribution, so enhancing the 
recombination rate. 

To make an explicit calculation all spin configurations between the singlet and triplet 
extremes must be considered. Using the conventional vector representation of each spin quantum 
state a quantum average can be obtained 

where 9 is the angle between electron and hole spin vectors. For such a pair the recombination 
probability per unit time can be written asWR(e)= WS(TCS(8)) where Ws is the recombination 

rate for a pair in a pure singlet configuration and the triplet rate is assumed to be zero. The 
recombination rate then has the form 

10 



WR(6) = WS^. 

If pairs are created with configurations in the range 0to 0±d0 at a rate c(0) and dissociate at a 
rate WD, assumed to be independent of 0, then the steady state density of pairs with angle 0 is 
given by detailed balance: 

N(e)=     c® 
wR(e)+wD 

In general c(0), appearing in the usual rate equation 23, will depend on the hole 
concentration p, electron concentration n and possibly on pair concentration N(0). To progress 
further it is required to make some estimate of the creation rate c(0). A simple calculation can be 
made if it is assumed that the possible pairs sites are weakly populated allowing c{0) to be 
independent of the steady state concentration of the pair density N(0). Since it has been assumed 
that the distribution of carrier spins is isotropic then it is reasonable to assume an isotropic 
distribution for the pair creation rate, which then takes the form 

:(e) = §-sin9 

where C is the total creation rate depending only on the concentrations n, p of excess/injected 
carriers. 

It is now possible to estimate the density of pairs as a function of relative spin orientation, 
N(0). 

N(e)=        2CsinQ 
4WD+Ws(l-cos9) 

This can then be compared to the density of pairs expected with the spin interaction between the 
two carriers 'turned off so the recombination rate reduces to Ws/4. This pair density for random 
spin orientation is given by 

N
RAND(

0
) = 4WD+WS 

The deviation of the pair density for spin correlated pairs against random pairs is can be 
plotted for different ratios of the singlet recombination rate to the pair dissociation rate, A = 
WD/WS. 

11 



N(e)   =    i+4A 

NRAM)(ö)    1 + 4A-C0SG 

The behaviour is as expected, if the dissociation rate is not too fast the distribution is peaked in 
the region of 6= 0 showing an excess of triplet configurations. It is now possible to calculate the 
magnitude of the spin-dependent effect on recombination. The total recombination rate is 
obtained by summing N(0)WR(0) over all 9. 

i? = jjN(e)wR(e)de 

This gives the recombination rate, in terms of X = WD/WS, as 

i? = Cl-2Alog^^ 
LA 

The resonant saturation of either the electron or the hole spin, extrapolated to infinite 
power, restores the spin-pair random distribution and the pairs recombine at a rate given by the 
average of WR(0). If the g-values of the electrons and holes are different, the resonant transitions 
do not conserve the total spin of a pair, thus destroying the correlation between the spin pairs. If 
the g-values are the same, the random distribution of spin states is obtained through resonant 
heating of the spin system by the microwave field. 

wR(e)=ws^f« 

wR=(wR(e))=ws/4 
The recombination rate at resonant saturation then becomes 

R       -    C 

and the relative change in the recombination rate is then 

AR = R-RSAT 

R R 
This can be plotted as a function of X = WDAVS and shows a maximum relative change of order 
10"1 for X = 0.3. 

The actual magnitude of the effect is expected to be less as the analysis does not take 
account of the finite triplet recombination rate, the distribution of lvalues, the spin-relaxation 
processes in the pair state, incomplete resonance and the competing recombination mechanisms 
that do not involve pairs. It was also realised that the exchange interaction between an electron 
and a hole pair had not been treated. If it is large compared to the difference of their Zeeman 
energies, the RF field will not change the angle 0. This implies the overlap between the two 
wavefunctions must be small, but still large enough to allow a finite recombination probability. It 
contended that for carriers trapped in localised states of sufficient depth, pairs having these 
properties can certainly exist. 

12 



The situation is different if one or both of the carriers are in shallow states. In this case the 
Coulomb interaction may play a role, and bound pair (exciton) can exist with large overlap. If 
this is the case and the mean free path is small, the classical analysis of Onsager can be applied 
where thermal energy can separate the carriers from time to time up to a distance e /SRICT without 
dissociation. At this distance the exchange interaction may be weak enough to allow the RF field 
to change 0so altering the recombination. 

One direct conclusion from the KSM theory is that the magnitude of the EDMR should be 
independent of resonant frequency, this was indeed found to be the case for EDMR detected 
using photo-conductivity from silicon through the frequency range 1.9-9.3 GHz.22 The simple 
Lepine model, based on thermal equilibrium spin polarisation, predicts that the EDMR signal 

should increase in magnitude with the square of the magnetic field [PePh « (gßB/kT) ], in stark 
contrast to the observed field independence. This magnetic field independence together with the 
order of magnitude of the effect clearly indicates the spin polarisation of the recombining 
electron hole pair is not in thermal equilibrium. 

The evident success of the KSM theory justifies a summary of the major points. The theory 
requires electrons and holes to form localised pairs, wavefunction overlap must be possible. The 
pairs are created with random spin orientations and those with spin singlet pairs recombine 
before spin relaxation occurs. The allowed pair recombination rate is much faster than the spin 
lattice relaxation rate. If the system does not reach thermal equilibrium then there will be an 
excess of triplet pairs. Application of a resonant microwave field now has the effect of 
converting some triplet pairs to singlets so enhancing recombination. The important differences 
in comparison with Lepine's model are the time scales of the spin pair and of the relaxation, this 
results in a non-thermalised population. These conditions are independent of the magnitude of 
the applied magnetic field required for spin resonance. 

Rong et al re-examined KSM theory and discuss some shortcomings of the original 
formulation. 8 The central feature of a localised electron-hole pair was questioned, localising, 
shallow trapping, of both the hole and the electron in proximity prior to recombination is 
plausible in amorphous semiconductors but is questionable in crystalline materials. Spatially 
correlated deep traps are unlikely unless they form a close donor-acceptor pair type defect. 
However, in this case recombination is usually very efficient and the exchange interaction 
between the spins large, so large in fact as to preclude a spin resonant transition connecting 
singlet to triplet states. In addition evidence existed that recombination through paramagnetic 
trapping centres in semiconductors detectable by EDMR was consistent with the simple 
Shockley-Read (SR) model. Carrier capture from one of the bands by a deep trap is followed by 
capture of a carrier from the other band so the defect centre mediates the recombination. Rong et 
al outlined how such a process could be consistent with a KSM mechanism. 

In a SR mechanism electron or/and hole capture at the deep centre could be spin 
dependent. The SR model assumes that the limitation in the recombination rate is the availability 
of electrons and holes entering the traps. However, another limiting factor was admitted, that of 
the so-called readjustment time of the electron (or hole), the time taken for recombination. The 
approximation was made that this time is zero, however, for EDMR clearly this can not be the 

13 



case. It was proposed that capture first occurs at an excited state of the deep trap, with energy 
close to the appropriate band-edge. The carrier is now able either to dissociate or to form a 
weakly-exchange-coupled pair with a carrier trapped at the deep centre. It as assumed the 
relaxation time of the captured carrier is now much longer than that of a carrier in one of the 
bands. No spin-lattice relaxation is assumed during the pairing time. The pairing time is the 
inverse of the dissociation rate, Pa. 

In general, the spin-Hamiltonian of such a pair is given by 

H = He "^ Hh "^ Hexohange 

where He is the spin-Hamiltonian of the excited-state electron, Hh that for the deep hole and 
Hexchange is the exchange interaction between them. A specific example assuming only Zeeman 
and exchange interactions is given below. 

H = geuBSe+ghuB-Sh+j(Se-Sh) 

where ju is the Bohr magneton, ge and gh the g-values for the excited-state electron and a deep 
hole state, respectively, and J is the exchange interaction between them. The spin-Hamiltonian 
can be solved in terms of eigenfunctions of total spin, | S, M), given by 

*l=|U> 

02 =[(l-Q^0,0> + (l + Q|l,0)]/^(l + Q2)^ 

O3=[-(l + Q|0,0) + (l-Q^l,0)]/[2(l + Q2)]-K 

where 

Q = J/|(ge-gh)uB + |ge-gh)2^2B2+J2f| 

and eigenvalues given by 

Ei=(ge+gh)MB/2 + ^/4 

E2=[(ge-gh)2^B2
+^P/2-^/4 

E4=-(ge+gh)|jB/2 + J/4. 

To calculate the change in electron capture rate to the centre on resonance it can be 
assumed that pair creation probabilities for each of the M spin states are basically equal to 1/M at 
room temperature, and the pair dissociated probabilities per unit time per pair for each spin state 
are equal and basically given by the emission rate of the excited-state electron 

14 



Pd =(anuthNc/M)exp(-ÄE/kT) 

where AE is energy depth of the excited state of the defect centre. The dissociation rate should be 
of order 1010 s"1 with AE/kT » 0 at room temperature for 05, » 1016 cm2 the estimated value for 
neutral recombination centre at Si/Si02 interfaces. As expected, the dissociation rate, Pa, 
decreases as AE/kT increases. 

The rate of final capture and recombination of the excited-state electron depends on the 
excited-state eignstate. The usual rigid spin selection rule can not be applied here as the non- 
radiative transitions have only a limited spin memory. However, the singlet to singlet transition 
rate is still expected to be significantly greater than the triplet to singlet rate so the probabilities, 
per unit time, for the readjustment stage of recombination for the pure triplet state, Pt, compared 
to the pure singlet state, Ps, gives Ps » Pt. The shortest possible time for Ps is given by the 
Heisenberg uncertainty principle from the observed EDMR linewidth of approximately 1 mT to 
be of order lOV1. The readjustment probabilities for each of the allowed spin state energies are 
linear combinations of Ps and Pt. For a given state the probability must be greater than or equal to 
Pt and less than or equal to Ps. For example for the weak exchange case considered above the 
probabilities, Pk, are given by: 

Pl = =pt 

p2 
= Ps/2 + Pt/2 

P3 = Ps/2 + -Pt/2 

p4 = Ps 

From these, by solving the steady state rate equation occupancy numbers for the spin states can 
be determined and hence steady-state spin-dependent carrier capture rates determined. A general 
expression for the change in the capture rate on spin resonance can be obtained. For the specific 
case considered it can be shown that the change in recombination rate, U, on resonance is given 
by 

Au/u*APsPkj/(2Pd)
2*10-4 

with Ps and Pkj of order 10V1 and Pd ~ lO'V. The magnitude of the change is consistent with 
the experiment. The approach is shown to limit the magnitude of the effect predicted by KSM. 
To date, due to the lack of experimental studies the implications and validity of the approach 
have yet to be fully tested. 

EDMR Spectrometer Design 

The primary focus of this investigation was the construction of a electrically-detected 
magnetic resonance spectrometer. A schematic of the basic features of the spectrometer system is 
given in Figure 1. The device under test is placed in the microwave resonant structure. The 
present award allowed an EDMR unit to be constructed and installed on a Bmax = 2.1 T Bruker 
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BE-30 EPR magnet funded by EPSRC joint research equipment grant GR/L26377. This consists 
of magnetic field modulation coils and amplifier compatible with the magnet and microwave 
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Figure 1 - Simple Schematic of EDMR Spectrometer 

resonant structure, a EG&G 5209 lock-in amplifier, a Kiethley source-measure unit and specially 
constructed low-noise dc device driving circuits. 

The construction strategy was altered through the period of the award as a result of our 
being awarded an EPRSC grant: "Defect characterisation of materials for large-area electronics 
using electron paramagnetic resonance" (GR/L89754) which enabled us to install a Bruker 
EMX electron paramagnetic resonance spectrometer system in the laboratory. The complex and 
difficult tasks of microwave bridge construction were delayed and design philosophy altered to 
plan for an integrated multifrequency EPR/EDMR facility utilising the modular design of the 
Bruker spectrometer, see Figure 2. Integration to the Bruker system is not complete at this stage 
but we are able to control both the Bruker and the EDMR unit externally and so have a fully 
operational 9 GHz EDMR spectrometer. 
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Figure 2 - Schematic of Electron Magnetic Resonance Facility 

Calibration of the spectrometer system for magnetic field modulation frequencies from 40 
to 100 kHz was completed. Necessary control software was written and initially testing of the 
EDMR system was successfully completed using several 1N4007 silicon junction diodes. 

EDMR Results 
For test purposes the initial device studied was a commercial 1N4007 rtp silicon diode. A 

spectrum is shown in Figure 3. This shows a metal ion impurity, as inferred from the position (g- 
value) of the resonance. It is confidently predicted that modifications to the spectrometer, which 
are now in hand, will result in a dramatic improvement in the signal-to-noise ratio. The 
dependence of EDMR signal amplitude on forward bias current was measured and found to be 
consistent with previous work, see Figure 4. 18 A series of magnetic field modulation frequencies 
from 40 Hz to 400 Hz were also investigated for several values of forward bias current, see 
Figures 5 and 6. 
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Electron Magnetic Resonance of Platinum in Silicon 
In this section the literature is reviewed on EDMR measurements on silicon junction diodes 

and on platinum containing paramagnetic defects in silicon. The reported spin-Hamiltonian 
parameters for platinum related defect centres in silicon are then used to simulate the EPR 
spectra for the applied magnetic field, B0, rotated in the (111) plane. Spectra for B0 parallel to 
[111] are also simulated. These correspond to the common experimental situations for EDMR 
studies of 1N400X diodes were the device is rotated about its long axis or the field is applied 
along the axis. Simulations were performed using EPRNMR which solves the appropriate spin- 
Hamiltonian by "exact" diagonalisation. 24 The microwave frequency 9.5 GHz was used for all 
simulated spectra. 

The first EDMR experiment on a commercial silicon p-n junction diode (1N4005) was 
carried out by Solomon. 18 The resonance was a single line with a g-value of 2.005(3). A study 
of a gate controlled silicon n+p diode reported a single resonance with a similar g-value, 
2.0063(5). 25 The first EDMR experiments to provide evidence that signals from metallic ions 
could be detected were performed by Rong et cd. 3 Isotropie resonances were found for 1N4007 
and 1N4005 diodes with g-values 1.965 and 1.984. A more detailed room temperature study of 
1N4007 diodes from International Rectifier Inc detected a spectrum with partially resolved 
hyperfine structure. l The field was varied in the (111) plane and it was found the g-value varied 
from 1.999(2) to 2.012(2). The intensity of the two partially resolved lines was found to be 
consistent with 33.8% abundant I = Vz 195Pt. The splitting gave an approximate value for the 
hyperfine coupling constant of 280(80) MHz. From a comparison of the calculated (111) g-maps 
shown above and the observed g-value variation it is concluded that the EDMR Pt-related centre 
is not fully consistent with those known from EPR, however, the discrepancy may lead to further 
important insights in to the EDMR mechanism. 

Christmann et cd studied silicon p-n diode BY448 and were able to study EDMR with the 
applied field parallel to the (111) plane and perpendicular to the plane along <111>. 26 The 
signal was shown to havegp = 1.97(1) andg± = 2.04(1) with respect to the (111) plane. Stich et 
cd reported EDMR measurements on 1N4007 diodes manufactured Fagor, at room temperature a 
single isotropic resonance at g = 2.006(2) was observed. 2 At temperatures below 100 K a 
complex, anisotropic, EDMR spectrum was then observed which was tentatively assigned to the 
Pi-Cs defect. Xiong and Miller have also studied silicon junction diodes. 27 They observed an 
anisotropic resonance from 1N4007 GP875 diodes and reported g-values of g\\ = 2.002(1) and g± 
= 2.007(1) for the magnetic field parallel to a <111> direction and within the (111) plane, 
respectively. It was proposed the resonance was due to silicon divacancies. 

A recent study of lN400x type silicon diodes found one group of devices that showed 
multiple signals. 28 Three dominant signals were found to have g-ellipsoid that is rotationally 
symmetric about the diode axis, presumed to be a <111>. They were all found to have a g\\ ~ 
1.967 within the (111) plane but had g± with values of 2.028, 2.046 and 2.072 normal to the 
plane, parallel to <111>. The spectrum with g± = 2.046 has been observed by other workers. 
Comparison of these values with the reported spin-Hamiltonians for platinum related centres, 
described in this section, confirm they are not consistent. Also recently Kamigaki et al have 
measured specially fabricated silicon p+ - n   - n  junction diodes. 4 Platinum was diffused 
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through the junction region at different temperatures allowing two diodes with Pt concentrations 
differing by approximately a factor two to be studied. A spectrum showing two features was 
obtained and shown to be due to two defect centres. The g-values for the signals for B0 in the 
(111) plane were given as 1.991 and 1.978, these values are close to the value given by 
Christmann et al of 1.97(1). 26 

Platinum is used as a dopant in silicon to achieve fast carrier recombination. It is known to 
be a common dopant in lN400x type silicon diodes. From studies in bulk crystalline silicon it is 
known to commonly incorporate by substitution on a silicon site, Pts. This centre results in three 
levels in the band gap: Pts (-/0) at Ec - 0.243 eV, Pts (0/+) at Ev + 0.330 eV, and Pts (+/++) at Ev 

+ 0.067 eV.29"33 The EPR spectrum attributed to the negative charge state, Pt^", was identified 

by Ludwig & Woodbury.34>35 The orthorhombic C2v symmetry was assumed to be due to a 
<100> distortion of the platinum taking it off centre toward one of the two pairs of silicon atoms. 
Later this simple interpretation was challenged by Henning & Egelmeers who reported results of 
strain-modulated EPR experiments on the spectrum in which a lower Cih symmetry was assumed 
on the basis of the symmetry of the stain coupling tensor. The observed substructure on the 
spectrum was interpreted as due to a further interaction with an interstitial Pt nearest neighbour. 
36 However, experiments on isotopically enriched platinum showed this model to be incorrect.37 

The identification of the Pts (-/0) at Ec - 0.243 eV was made firm by comparison of photo-EPR 
and junction space-charge methods.38 More recently an EPR study at two microwave 
frequencies and using strain, both perpendicular and parallel to the magnetic field direction, has 
been made.39 The spin-Hamiltonian parameters are shown in Table I. The measured strain tensor 
was found to have C2v symmetry and the Pt and Si hyperfine and superhyperfme structure were 
consistent with an isolated substitutional Pt. Two models have been shown to be consistent with 
the observed spin-Hamiltonian, one in which the platinum in a dihedral configuration bound 
predominantly to two Si neighbours, the other the Pt is put into a silicon vacancy and the 
orthorhombic symmetry results from a Jahn Teller distortion. 40>41 

Table I - EPR Parameters for Ptsifrom Anderson et al 39 

Centre symmetry S axis 8 A« 

PtSi orthorhombic Vz z || (100) 2.0789 380.7 MHz 

y || (110) 1.4265 557.6 MHz 

x || (110) 1.3865 443.7 MHz 

Using the principal values shown in Table I the variation in g for the centre in the (111) plane 
was calculated and is shown in Figure 7. The resulting EPR spectra for two orientations of B0 in 
the (111) are shown in Figure 8. The spectrum for B0 parallel to <111> is shown in Figure 11. 

In addition to isolated substitutional Pt, platinum pairs and even a six-platinum cluster have 
been reported. 42_44 The spin-Hamiltonian parameters for these Pt complex centres are given in 
Table II. The Pt-Pt complex first reported by von Bardeleben was further studied by Hone and a 
second pair spectrum identified. 42>44 The original centre, Pt-Pt type I, has been simulated and 
the g-map for the (111) plane is shown in Figure 9. That for the type II centre is shown in Figure 
10. 
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PtSi Centre in Silicon (B0 along [111]) 

Figure 11 - Ptsi EPR Spectrum B0 along [l 11] 

Centre symmetry 

orthorhombic 

S axis s Apt 

Pt-Pt VT. z||[00l] 1.6317 207MHz||[lTl] 
Von   Bardeleben 
(Ref[42]) 

y||[ll0] 

x II [HO] 

2.1869 

1.5181 

156 MHz || [HO] 

256 MHz || [T12] 

Pt-Pt orthorhombic VI z||[00l] 2.1755 t 

typell Höhne (Ref [44]) y||[ll0] 

x II [no] 

2.1107 

2.1631 
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Höhne & Juda 
(Ref [43]) 

y2 z 11 (HI) «1 = 1.917 

«± = 2.117 

X 

T Hyperfine tensor information complex, see Höhne. 44 

* Hyperfine tensor information complex, see Höhne & Juda. 43 
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Two EPR spectra attributed to platinum-oxygen centre has also been reported, see Table 
III. 45 The spectra are monoclinic and were observed from all n- and^-type Czochralski (Cz) and 
float zone (FZ) silicon studied, the concentration approaching that of the isolated platinum centre 
for annealed Cz silicon. The presence of oxygen at the centre was inferred from the observation 
that the concentration was consistently higher in the Cz compared to FZ silicon. The (111) g- 
maps for the two oxygen centres Or-lPt(A) and Or-lPt(B) are shown in Figures 12 and 13, 
respectively. It should also be noted that in the original work of Woodbury and Ludwig a second 
spectrum was observed at higher temperatures. 34 This was very tentatively assigned to a Pt 
oxygen pair defect. The spin-Hamiltonian parameters are shown in Table IV. 

Centre          symmetry S axis s Apt 

Or-lPt(A)     monoclinic l 
? 

z=Z=C||(H0)a 1.1653 36.0 MHz 

y II (no), 
Y Z50° y 

1.2455 95.9 MHz 

x || (001), 

X Z50° x 
2.6226 95.9 MHz 

Or-lPt(B)      monoclinic l 
2 

z=Z=C||(H0)a 

y II (no), 
YZ58°y 
x || (001), 

XZ58°x 

1.7072 

1.8804 

2.4196 

a Defined as parallel to the x-axis for Ptsi from Anderson et cd. 39 

Table IV- EPR Parameters for Pt(II) Woodbury and Ludwig 
Centre    symmetry S axis Z Apt 

Pt(IT)       trigonal Vi z || (111) «11 = 2.021 

«1 = 2.126 

467.7 MHz 

185.9 MHz 

The Pt(H) centre is an example of a spin-Hamilitonian with axial symmetry about the 
<111> type direction. The «-map for the (111) plane has been simulated and is shown in Figure 
14. The spectra for two orientations in the (111) plane are given in Figure 15 and that for the 
field parallel to a <111> direction in Figure 16. 
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Pt(II) Centre in Silicon (B0 along [111]) 
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Platinum related EPR spectra have also been studied for silicon in which hydrogen has 
been incorporated. It has been reported that hydrogen can passivate the electrical activity of the 
deep centre introduced by platinum incorporation. 46>47 Two EPR spectra have been reported for 
platinum-hydrogen complexes, one attributed to Pt-H2 the second labelled Si-NL53. 48>49 The Pt- 
H2 centre was further studied by Uftring et al using infrared spectroscopy and EPR.50 Small 
corrections to the spin-Hamiltonian parameters were reported and a complete study of the 
hydrogen superhyperfine structure made, see Table V. This allowed a more accurate model to be 
proposed. Electrical characterisation of hydrogen related Pt centres has assigned a level at Ec - 
0.50 eV to Pt-H, two levels at Ec - 0.18 eV and Ev - 0.40 eV to Pt-H2, and a level at Ev - 0.30 eV 
to Pt-H3. 

51>52 The level positions for Pt-H2 are in reasonable agreement with those obtained 
from theory and in approximate agreement with those derived from IR and EPR measurements. 
50,53 

The (111) g-map for the Pt-H2 centre described by Uftring et al is shown in Figure 17. The 
associated EPR spectra for B0 along [101] and 30° from this direction are shown in Figure 18 and 
that for Bo along [111] in Figure 19. 
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Table V- EPR parameters for H containing Pt centres in Silicon 
Centre       symmetry S     axis g Apt 

Pt-H2 orthorhombic I 
0 

II [100] 2.1299 172 MHz 

after 
Uftring    et    dl. 
<Ref.[50]) 

II [on] 

II [on] 

2.1683 

1.9563 

238 MHz 

542 MHz 

orthorhombic I II [100] 2.1299 175.7 MHz 

after 
Höhne             et 

II [on] 2.1683 237.3 MHz 

a/.(Ref.[49]) 
ll folil 1.9563 541.2 MHz 

Si-NL53     trigonal g,l = 2.5082    349.4 MHz 

gi = 2.0206    327.3 MHz || [l To] 

432.7 MHz  12.4° 
to[llT]in(lTo) 
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Silicon crystals co-doped with both Pt and carbon were found to exhibit two EPR spectra, 
one associated with one Pt atom (cr-lPt), the other with three Pt atoms (cr-3Pt). The number of 
carbon atoms involved could not be determined. 54 Both centres were found to have electronic 
spin S = 3/2 and a large crystal field splitting giving the characteristic  geff y »2   and 

geff ± w 2Seff ||» see Table V1- The centres were distinguished by the observed hyperfine 

structure and small differences in g-values. 

Table VI - EPR parameters for carbon containing Pt centres in Silicon from Scheerer et at 54 

Centre    symmetry S     axis g Apt  

cr-lPt trigonal 3 
2 

z || (111) geff,H = 2.1111 

gefu = 4-0770 

36.0 MHz 

45.0 MHz 

cr-3Pt trigonal 1 
2 

z || (111) gem = 2.0358 15.0 MHz 

geff>1 = 4.0770 37.5 MHz 
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In addition to complexes with hydrogen, oxygen or carbon, complexes with lithium have also 
been reported, see Table VII. 

Table VII - EPR parameters for Li containing Pt centres in Silicon from Alteheld et at 55 

Centre symmetry 

orthorhombic 

S 

I 

axis s Apt 

Pt-Li z||[00l] 1.769 134 MHz 

y II [no] 
x||[ll0] 

1.746 
2.250 

247 MHz 
118MHz 

Pt-Li3 trigonal 1 
2 

z || (111) «1= 1-898 

gx = 2.165 

696 MHz 

321 MHz 

The simple Pt-Li centre was also simulated. The (111) g-map is shown in Figure 21 and the 
EPR spectra for two field orientations in the plane are given in Figure 22. The spectrum for B0 

along [111 ] is given in Figure 20. 
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Figure 20 - Pt-Li EPR Spectrum B0 along [l 11] 
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Comparison of the known platinum related defect centres in silicon to the spin-Hamiltonian 
parameters reported from EDMR experiments on silicon junction diodes shows that, to-date no 
direct correspondence exists. However, the match is close and, as mentioned previously, the 
discrepancy may lead to further insights in to the mechanism involved. 

Concluding Remarks 
In summary this award has allowed an EDMR unit to be successfully installed, necessary 

control software to be written, and the complete 9 GHz system tested. Preliminary results from 
1N4007 silicon junction diodes have been recorded as a function of forward bias current and 
using magnetic field modulation frequencies in the range 40 to 5 kHz. 

In addition the literature on paramagnetic platinum related defect centres in silicon has 
been reviewed. The reported spin-Hamiltonian parameters were then used to simulate EPR 
spectra for rotation in the (111) plane and for the applied magnetic field along <111> type 
directions. These simulations were used to compare to EDMR results from silicon junction 
diodes were it has been proposed that the signals detected are due to platinum containing defects. 
No exact correlation could be found between the g-values of the simulated spectra and those 
reported from silicon junction diode EDMR spectra. The deviation of these g-values is an 
important area for further work. 

Further Work 

Samples silicon diode structures have been received from Professor S.A. Lyon, Princeton 
University, where preliminary room temperature data has been taken. This work will be extended 
at Dundee to include temperature dependence down to 3.8 K and a more complete study of the 
angular dependence of the observed resonances. The aim is to obtain a füll description of the 
spin-Hamiltonian and to gain further insight into the mechanism of EDMR. The small g-value 
discrepancies highlighted above will be investigated. 

Further, the exciting possibility that the technique will give key insights into spin processes 
in semiconductors of direct relevance to the implementation of quantum computing devices will 
also be explored. 
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