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ELECTRICALLY DETECTED ELECTRON PARAMAGNETIC RESONANCE

S. GREULICH-WEBER
University of Paderborn, FB6, Warburger Str. 100, 33098 Paderborn, Germany

Key words: EDEPR, recombination centres

ABSTRACT. Commercial silicon diodes and bulk silicon were investigated with electrically
detected electron paramagnetic resonance (EDEPR). We observed deep as well as shallow
recombination centres with different defect concentrations. Different ways of EPR detection were
studied such as electrical (EDEPR), photovoltaic EPR (PVEPR) and photoconductive (PCEPR)
detection. EDEPR was found to be more sensitive than EPR by several orders of magnitude.
Furthermore, the EDEPR measurements provided more information about the paramagnetic
defects at low magnetic fields, such as level crossings of paramagnetic sub-levels, not observable
otherwise. The experimental condition for EDEPR observations were investigated such as the
dependence on temperature, microwave power and the saturation of the Zeeman levels as well as
the influence of shallow dopants on the detection of deep recombination centres.

1. INTRODUCTION

Electron paramagnetic resonance (EPR) is a powerful tool for investigating the microscopic and
electronic structures of paramagnetic defects in semiconductors and insulators. In semiconductors
excess carriers often recombine through recombination centres. In the case of paramagnetic
recombination centres, the recombination rate is modified when the EPR transitions of such centres
are induced, resulting in a change of the electrical conductivity of the sample, which is believed to
occur because of a spin-dependent recombination (SDR) of the charge carriers. Previous
investigations showed that the electrical detection of magnetic resonance (EDMR) can be more
sensitive than EPR by orders of magnitude. This makes it a very interesting tool to study defects
which are present only in low concentrations and therefore not detectable with conventional EPR.

Up to now only a few EDMR investigations have been made on defects in semiconductors, for
example on amorphous Si [1-3], pure Si [4-10], plastically deformed Si [11-14], S¥SiO, interfaces
[15-17] and Si diodes [18-23].

Different methods are known for realising an EDMR experiment. One method is the photocon-
ductive EPR (PCEPR) [8]. During illumination with light the change in photoconductivity of the
sample caused by an EPR transition is measured as a change in the resonator quality factor.
Therefore it is possible to detect EDMR without the use of electrical wires on the sample in a
conventional EPR spectrometer.

The direct method to detect an EPR signal is the electrically detected EPR (EDEPR). When
inducing the EPR transitions, the change of the conductivity of the sample is measured as a voltage
change while keeping the induced dc current through the sample constant [S]. There is also the
possibility of photovoltaic detection of EPR signals (PVEPR) for measureing the EDMR of diodes.
The illumination of the diode crystal generates a photovoltage, which produces a photocurrent
through a load. When driving the EPR transitions, the recombination rate of the excess carriers is
enhanced, resulting in a decrease of the photovoltage [25].

Although several models for the spin-dependent recombination process were proposed [5,24,25]
the understanding and the knowledge about the mechanism is quite poor. Especially the role of
participating defects and defect states, the influence of the Fermi level and shallow donors or
acceptors and the defect energy in the band gap are basically not understood. . _

It is the purpose of this paper to report on different ways to measure EDEPR realised recently in
our laboratory and to discuss the present understanding of the mechanisms to detect EDEPR.
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2. EDEPR INVESTIGATIONS ON DEFECTS IN SILICON DIODES

First EDEPR results on Si diodes were published
by Solomon et g [21] on IN4005 s; diodes at
Toom temperature. The EDEPR spectrum observed
by Solomon was a simple isotropic line similar to
that Previously observed by Lépine [6] in pure n-
type bulk Si. From this similarity Solomon con-
cluded that the same defect causes both spectra.

et al [19] on 1N4005 and 1IN4007 Si diodes show
slightly different g-values and line widths depending
on the manufacturer It was assumed that these
lines were dye to transition metal ions in the bulk of
the diode. However, since no hyperfine (hf)
structure was resolved, the origin of these lines is

carried out at room temperature and show 5 single
EDEPR ijpe without any structure.

A typical EDEPR spectrum of a §i
(IN4007, Fagor) is shown in figure 1, measured at
room temperature with 3 Square wave microwave
i 1{a)) and with modulation of the
magnetic field (figure 1(b)) [23]. The EDEPR was
microwave power of 200 mW at
without additiona] illumination and 5
jection current of |

Or magnetic field

the isotropic g-value of 2.006(2) and a line width of
AB= (1.440 2

mT. The structural information
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Fig.1: EDEPR spectra of a IN4007 ‘Sl';( cgggg
measured at 7=300 K in the ° P
(9.36 GHz) with square wave microwave
and field modulation (b).
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Fig.2: EDEPR spectrum of an ’{Nig(}; i;
diode measured at T=30 K in t e X-b

Fig.3: Rotation pattern of the Elgj‘f:f hlj
Spectrum of fig.2 for the rotation o the
magnetic field in a (111) plane T of
diode crystal (0°2(112]). The Wi of
the bar indicates the u"ceﬂ%%p A
determining the position of the Yofa
| lines. The full lines are the resul g
Simulation with the parameters give
the text.
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observed in a Si diode at low l
temperature, caused by a deep (a) (b)

recombination centre (figure 2). = %
This EDEPR spectrum was ob- £ £

served between 100 K and 4.5 K :_E’ =

in IN4007 diodes (Fagor) [23] 3 X %k

and is a superposition of at least = =

six lines with a line width ABy,

for a single line of about 0.7 mT.

The total EDEPR spectrum has 40 ;en?geraturgcﬁ(] 100 ’ rrﬁgrm\?a%e ;ozwoer Eg{{v]zoo

a line width AByj, of about 3 Fig.4: Temperature dependence (a) and microwave power de-
mT and is centered at g~2. The pendence (b) of the EDEFR signal of fig.2. The bars show the
spectrum of figure 2 was meas- unceriainty of determining the experimental signal intensities,
ured after cooling the sample in the full lines are fits yielding a temperature dependence as
: 2. d to the power dependence with the measured signal
the dark. Figure 3 shows the I+ (a) an p P &

rotation pattern of the EDEPR proportional 10 P pu/(110P ). Q1S a fit parameter.

spectrum for a rotation of the magnetic field ina (11 1)-plane of the Si diode crystal. The spectrum
with at most tetragonal symmetry was analysed with an anisotropic g- factor (g=2.002, g, =2.000)
and an anisotropic hf interaction (A=110 MHz, A, =-20 MHz) with a nucleus with I=1/2, 100 %
abundant. On the basis of theoretical calculations of the hf interaction, performed in the general
framework of the local spin density approximation to the spin density functional theory, employing
a Green's function technique, the EDEPR spectrum was interpreted as being due to a P;-Cg; pair
defect [23]. DLTS measurements on diodes which show the low temperature defect yielded three
deep energy levels at Eqg -0.25 €V, Ecg -0.27 eV and Ecp -0.53 eV. Diodes of the same type but
from different manufacturers, showing no low temperature EDEPR, did not show these DLTS lev-
els. It was assumed therefore that the EDEPR is caused by a deep recombination centre having
one of these levels. Neither the EDEPR spectrum at room temperature nor that at low tem-
peratures could be detected with conventional EPR.

The temperature and microwave power dependence of the low temperature EDEPR spectrum
show one basic feature of EDEPR, namely that the size of the spin polarisation of the Zeeman
levels is not decisive. Figure 4 (a) shows the temperature dependence of one_line of the low tem-
perature EDEPR spectrum. The shape of the spectrum does not change with temperature. The
variation of the microwave power shows that even at the maximum microwave power level (200
mW) saturation of the EDEPR signal was not yet achieved (see figure 4 (b)). A good signal could
be observed with as low a microwave power as
| mW. Had a partial saturation with this low 03
power been achieved, then the effect would have
been completely saturated at 200 mW. This was not
observed: around 200 mW the EDEPR effect could
still be increased significantly. Furthermore, the
temperature dependence  does not reflect the
Boltzmann variation of the spin polarisation of the
Zeeman levels for a given microwave transition
rate. Saturation of the EPR seems not important. It
was found previously that the spin-dependent re-
combination does not depend on the magnetic field
[11,24] and thus not on the Boltzmann equilibrium
population of the Zeeman levels. . mografic fied ()

Another way to detect EDEPR without an injec- . _ _
tion current is the PVEPR. When illuminating the Fig. 5: Microwave-induced photovoltaic ef-
diode with above-band-gap light, excess carriers are fect measured in a IN4007 Si diode at T=30

iode with above-band-gap igh, K in the X-band (9.38 GHz) with illumina-

generated and separated in the pn-junction of the & ™ % bt of a hal oD,
diode. The photovoltage then generated can be de- tion with white light of a halogen (amp
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tected as an EPR signal. Both, the room temperature spectrum (figure 1) and the low tﬁmpe::gl;
spectrum (figure 2) can be measured by PVEPR, showing gxaptly the same spectra aIs thos;VEPR
ured by EDEPR, except for the phase of the signal, which is inverted. As an examp ef the PVEBR
spectrum of the low temperature defect is shown in figure 5. The fact that the phase (31' ht ti_ b oo
spectrum is inverted in comparison to the EDEPR spectrum is explam‘ed as follows. edlg o
ates electrons and holes in the conduction and valence bands, respectively, which moved 0“:2 ”
diffusion barrier and cause a photovoltaic effect. Losses of electron§ and holes occur due e
combination effects, which are enhanced by the EPR transitions, resulting therefore in a decre
the photovoltaic effect. )

Inppractice PVEPR is the better choice to measure EDEPR of semiconductor devices, i?ecall;slzrf::

nstant current or voltage source is needed, which might be an additional source.fpr nmsi.ich -
over, the success of detecting EDEPR critically depends on current-voltage condmonsa\; ey
be avoided by measuring PVEPR. In the case of the EDEPR spectra of figures 1 an bservation
served a sharp maximum at [=} HA not depending on the temperature (4-300 K). This o SrementS
is in contrast to Christmann et al. [18] and Solomon [21] who concluded from their meaSltl olage
at 300 K that the EDEPR depends on the temperature dependence of the curren ; g
characteristic of the diode explaining the vanishing EDEPR signal below 300 K. Hown(:binz’ltiOH
dependence upon the diode current is not connected with the. spin-dependent rfco)
process, since EDEPR can be measured with PCEPR without injection current (see below).

3. EDEPR INVESTIGATIONS ON DEFECTS IN BULK SILICON

: te
Inbulk Si two different ways to measure EDEPR are known. In both cases one needs EO %ne::;?re
e€xcess charge carriers by illuminating the sample with above-band-gap light. In order oither can
the change in photoconductivity of the sample when inducing an EPR transition one lia ¢ drop
detect the change in the quality factor of the microwave cavity or directly detect the vo tsgon the
across the sample when passing a constant current through it with electrical contatch o hods
sample. The former method has the advantage that no electrical contacts are needed. Bo o ared Si
reveal more or less the same sensitivity. In order to study the properties of EDEPR we p;_ Eon o
samples with known defects and investigated them with both methods and for compa
with conventional EPR.

d CZ-Si
Figure 6, trace (a) shows the EPR Spectrum of one of those samples, a phosphorus dope ,
Fig.6: The total time Jor the |

- e
measurement, the temperature [ SL1 centrl , '
(T=6K) and vgpp=9. 48 GHz were i o P, 0——+1
the same in all three measure- 0—=- — L

ments. All spectra were measureq 1
under abave-band—gap illuming-
tion and normalised to the same |
signal-to-noise ratio, A-cenle/ \NLB
(a) Conventional EPR spectrum of |

an electron-irradiated p doped Si
crystal for B\|[110] measureqd () 1.4
with  a  microwave power of .

0.02 mW. Further details see Text. |
() EPR spectrum of the crystal in
Jigure 6, trace (a). The concentra- 1

tion of the SL1 centre (10/6cm-3) 1 (© . (""
was reduced by thermal annealing |
to 1013¢cm-3,

(c) EDEPR spectrum of the crystal |
of figure 6, trace (b). The orien- , : % - 0
fation of the sample was )| (110} 300 320 340

+3° and the microwave power was magnetic field [mT)]
200 mw.

|
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crystal (P: 8.5-1014cm3, 3x4x5mm3), which was electron irradiated. The spectrum reveals there-
fore the resonance lines of the A centre, a negatively charged state of the oxygen-vacancy pair with
S=1/2 [27] and lines of the SL1 centre, an excited triplet state of the oxygen-vacancy pair with
S=1 [28]. The latter one is only observed after illumination with transitions labelled by 'SL1' in
figure 6, trace (a), which are centred around g=2 and show transitions between different mg states.
The transitions |-1> <> 0> and [0> > [+1> are inverted in phase, because of an inversion of level
occupation of the SL1 triplet [30). The concentration of the irradiation centres was 1-1016cm™3.
Phosphorus gives rise to two EPR lines with the characteristic hf splitting of 4.2 mT (figure 6,
trace (a)). Besides thermal donors were created with thermal treatment at temperatures of T=450°
C [29], also observed in the EPR spectrum of figure 6, trace (a), labelled ‘NL8'. For the EPR meas-
urements the largest microwave power of 200 mW was attenuated by 40 dB, because then the best
signal-to-noise ratio was achieved. We reduced the concentration of the irradiation defects by
annealing the sample in order to demonstrate that EDEPR can be more sensitive than EPR. After
annealing 30 min. at 350°K we observed the spectrum shown in figure 6, trace (b). Due to anneal-
ing the oxygen centres were partely destroyed resulting in the disappearance of the A-centre lines.
The resonance lines of the SL1 centre are very weak, while those of the NL8 and P remained un-
changed. Besides detecting EDEPR via the change in quality factor of the microwave resonator
we used the direct method to measure the change in photoconductivity, by measuring the voltage
drop across the sample when passing a constant current through it. To this end electrical contacts
were added onto one side of the sample. EDEPR measurements were carried out with 200 mW
microwave power. For EDEPR we generated a dc current of 5 pA through the sample, which
produced a voltage drop of about 0.5 V across the sample. In the dark no EDEPR spectrum was
observed. Under band-gap illumination we observed the EDEPR lines of P, NL8 and SL1 (figure 6,
trace (c)). In the EDEPR spectrum the line intensity ratios of the P lines and thermal donors are
different compared to those observed by EPR. The P signals show the same signal-to-noise ratio in
EPR and EDEPR, whereas for NL8 this ratio is more than three times larger in EDEPR than in
EPR. Moreover, the EDEPR shows intense lines for the SL1 centre, which were hardly detectable
by EPR. The signal-to-noise ratio of EDEPR was large enough to observe a hf structure due 2%Si
of the SL1 centre (29Si, [=1/2, 4.7 % abundance). Due to absorption of above-band-gap light
EDEPR is measured only in a thin surface layer (see below) in constrast to EPR. Therefore the
absolute number of defects detected with EDEPR was less than that detected with EPR by a factor
of 600. We found that the sensitivity for NL8 measured with EDEPR was increased by a factor of
3 in comparison to conventional EPR. In case of the shallow thermal donors EDEPR is therefore
approximately 103 more sensitive than conventional EPR, which is comparable with the sensitivity
of optically detected EPR (ODEPR). However, the sensitivity enhancement is different for different
defects.

In order to study the EDEPR effects seen in
the spectrum of figure 6, trace (c), we pre-
pared several samples containing these de-
fects separately. The bulk Si crystals were
investigated with EDEPR using electrical
contacts and with conventional EPR. One
sample containing P only with a concentra-
tion of 8.5-1014cm=3 shows the known con-
ventional EPR spectrum of the shallow P
donor (see above), but did not show any
EDEPR spectrum. A boron doped (4.5-
1015¢m-3) fz oxygen diffused sample contain- e 328 330 332 3%
ing 3-1015cm3 thermal donors shows under magnetic field [mT]

illumination the EPR spectrum NLS8, which .

. Fig.7: EDEPR spectrum of a boron doped fz
also was observed with EDEPR (see figure o.xggen diffused Si crystal showing  under
7). However, the shallow thermal donors jipmination the resonance of NL8. T<20 K,
(NL8) seem to act as recombination centres p|7700].

d(AUYdB
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or it is the presence of the boron accep- ' L s
tor which enables 2 spin-dependent — level crossing
recombination process (see below).

One basic property of EDEPR is that
the signal intensity i independent of the
magnetic polarisation of the paramag-
netic defects as observed, for example,
by Mima [11] in Plastically deformed
silicon at 9.3 GHz and at 2.4 GHz and
as concluded from the microwave
power and temperature dependence of
the Pi-C; defect in a S; diode (see K
above). In order to test 3 microwave - L L
frequency dependence  for the defects 0 20 40 60 80 100
causing the EDEPR of figure 6, trace magnetic field [mT]

(c), we carried out EDEPR Measure- Fig.8: Low field EDEPR spectrum of a phosphorus
ments at low resonance frequencies

oped crys. ntaini and SI tres
4 doped CZ Si rystal containing NL§ SL1 cen
(VEDEPR=400 MHz). The low-fre-

under above-band-gap illumination. v epEPR=400 MHz,
quency spectrum shown in figure 8 con- T=6 K and B|| [110]+5°

sists of one broad line ang several nar- ven-
row lines. The broad line at about B=40 mT appears in EDEPR, since in contrast to the co{;'ons
tional EPR the spin-dependent recombination enables one to detect non-resonant tran;l lh :
between magnetic sub-levels of 3 Spin system as a change in the conductivity of the sample. Suc .
nlon-resonant transition can be observed in the EDEPR spectrum of the SL1 centre due 'tc:-o-
Zeeman level crossing of the §J | 1> and |0> levels. The line appears without a resonant mic

SL1

'NLS\;E'; __l_|

d(AU)/dB [arb.u.]

; . 0
We studied the Microwave power dependence of the SL1, NL8 and P lmgs at 9.5 GHz betwedef:lti1
mW and 200 mW and estimated that the signal-to-noise ratio of the lines in figure 8 measure

does not depend on the spin polarisation of the

Zeeman levels. —3
A still open question is related to the defect l_—P_I
concentration needed to observe EDEPR. An

d(AU)/dB

therefore conclude that EDEPR is no; limited to
low defect concentrations.

observed by EDEPR. We /

NL38
A lower limit of the absolute number of defects ]
detectable by EDEPR is so far not known. It is 53y 338
believed that EDEPR cap be g least about twe magretic field [mT) )

orders of magnitude more sensitive than EPR. In Fig.9: Part of the EDEFR spectrum of ﬁ;g:;rsg;
order to get a quantitative valye for a lower #race (c). Only a spot of 0.6 mm d'a”ﬁzo K.
limit, we used the same electron-irradiated §; iHluminated with g HeNe LASER.

sample as above (figure 6, trace () with electri- BlI/111].
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cal contacts and illuminated the sample with a HeNe LASER. Because of nearly complete absorp-
tion of light with E>E in the surface region of the silicon sample, photoconductivity is produced
only in a rather small%ayer of approximately 5 um thickness. First we carried out EDEPR meas-
urements on the electron-irradiated silicon crystal, while illuminating only the sample face fitted
with the electrical contacts. Then the measurements were repeated while illuminating the back side
of the sample. We were able to detect the EDEPR spectrum only when illuminating the sample face
fitted with the electrical contacts. Otherwise no EDEPR spectrum appeared. This shows that
EDEPR is only measured in a small surface layer of the sample.

We then illuminated the face of the crystal where the contacts were fitted with a small spot of 0.6
mm diameter with a HeNe LASER (50 mW). In this way we detect an absolute number of P
defects of about 4-108. (The concentration of P was 8.5-101%cm3.) Figure 9 shows a part of the
EDEPR spectrum with P and NL8 centres. The signal-to-noise ratio was 12 and therefore large
enough to detect the EDEPR of about 5-107 defects. The signal-to-noise ratio can be improved by
using a LASER providing more power. The fact that EDEPR can be observed within a small part
of the sample surface illuminated, enables one to investigate the distribution of recombination
centres in a sample surface layer with high sensitivity.

4. DISCUSSION OF SPIN-DEPENDENT RECOMBINATION

The observation of EDEPR is usually explained with a spin-dependent recombination of excess
carriers at the recombination centre. Several models have been proposed. For example, Lépine et
al. [5,6] suggested that there is a spin-dependent electron capture cross section at the recombi-
nation centre, where electrons and holes are supposed to recombine, an effect which was thought
to depend on the spin polarisation of the paramagnetic centre. In order to decrease the conductivity
of the sample the EPR of the recombination centre must be saturated, i.e. a deviation of the
Boltzman occupation of the Zeeman levels must be achieved by the microwave transitions. How-
ever, we showed that the EDEPR effect does not depend on the spin-polarisation, in line with
Kaplan et al [24] and Mima et al. [11}.

In the spin-dependent Shockley Read model proposed recently by Rong et al. [25] the electron is
captured in an excited state of the recombination centre before it relaxes spin-dependently into the
ground state and recombines with a hole. According to this model the EPR of the excited states
should have been observed too. We did not observe such an excited state. We have only observed
the ground state of the paramagnetic defect. On the other hand the spin-dependent recombination
must occur at the recombination centres, since we see their characteristic properties. It must even
be 'sensitive’ to nuclear Zeeman levels since we see the hf structure.

Lanoo et al [31] proposed a model in which the spin-dependent recombination is explained with a
bound exciton associated to a neutral defect. Furthermore spin-dependent and conventional non-
radiative recombination were considered. However, in one of our crystals the Fermi level was
above P and therefore neutral P was observed with conventional EPR without illumination, but the
signals were not detectable with EDEPR. For neutral P the bound exciton (P?X) is known, having
a binding energy of 5 meV [32]. According to the model of Lanoo et al. we should have observed
EDEPR in such a crystal. This was not the case.

With the models published so far to explain the spin-dependent recombination effect observed in
EDEPR we cannot explain our observations satisfactorily.

So far our EDEPR observation in bulk Si may be described within a donor-acceptor recombina-
tion model. NL8 (3-10!5cm-3) in boron doped Si (4.5-1015cm™3) was observed with EPR only un-
der illumination, since the Fermi level was below NL8. Therefore NL8 was observed with EDEPR
due to creation of electrons and holes by above-band-gap light assuming that the unoccupied NL8
captures an electron, which recombines with the hole captured by the boron acceptor. EPR of
acceptors in Si is usually not observed [33]. It is in line with this model that in a sample containing
P only, no EDEPR can be observed, sine the P level is occupied. The Si crystal containing P, NL8
and SL1 (see figure 6) shows EPR only under illumination. However, the observation of EDEPR
assumes the presence of an acceptor, which might be present due to electron irradiation. A more
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complicated or different recombination path in this case cannot be excluded. In order to discover

the EDEPR effects it seems more sensible to investigate known defects than unknown defects in
devices as done before.
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