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An imaging technique of electrically detected magnetic resonance
(EDMR) was newly developed. Because the EDMR signal is ob-
tained from paramagnetic recombination centers, one may expect
the image to represent the distribution of defect and/or impurity
sites in the sample. We successfully obtained EDMR images of
a light-illuminated silicon plate 8 mm in width and 15 mm in
length, which was cut from a silicon wafer (n-type, 100 £2 cm), under
ESR irradiation at a frequency of 890 MHz (wavelength, 340 mm).
The reproducibility of the EDMR image obtained from a sample
was amply satisfactory. When the oxidized surface of the silicon
was removed, the EDMR signal disappeared. Although the EDMR
signal reappeared when the surface of the sample became reoxi-
dized, the EDMR image obtained was slightly different from the
earlier one. This finding shows that the EDMR image obtained
from the sample shows the distribution of defects at the Si/SiO,
interface. © 2001 Academic Press
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INTRODUCTION

pairs are converted into singlet pairs. Recombination occurs s
efficiently under ESR conditions that the enhanced change i
electrical properties can be observed.

The pair model also predicts that the relationship betweer
EMDR signal intensity and the static magnetic field strength is
not linear. It has been reported that the EDMR sensitivity is con:
stant at a high field¥100 mT) and decreases at a lower field
(<4 mT) (7-9). Recently, we have clarified this relationship for
magnetic fields of 10 to 32 mT, which experimentally bridge
the gap between the high- and low-field regioh6)( Further,
we have derived theoretical expressions from a quantum me
chanical treatment of the electron—hole pair modé).(It was
shown that the experimental results support the thednt D).
Atlonger microwave lengths, a larger sample space is available
and the skin effect caused by high conductivity of the sample i
decreased. Based on the experimental results and simulatior
we concluded that around 30 mT was the optimum EDMR field.
We have built and evaluated an EDMR instrument operating ir
the field range (i.e., in the UHF band), where a 44-mm diamete
resonator was availabléZ).

Electrically detected magnetic resonance (EDMR) spec-Nondestructive observation of the distribution of recombina-

troscopy (, 2), also cited as a spin-dependent recombinatidien centers in semicqnductors would be very useful, but it is no
(SDR), is a method for observing magnetic resonance by d@ssible with conventional EDMR or other methods. When the
tecting the change in electric characteristics, which in most iFPMR signal is observed in a gradient field, spatial informa-
stances is conductivity. With this method, it is possible to detelé@n on the position of the paramagnetic recombination cente
paramagnetic recombination centers formed by lattice defetisthe sample can be obtained. It is therefore possible to ob
or impurities in semiconductor devices with a high sensitifain an EDMR image by employing a field gradient technique,
ity and selectivity. The technique has been applied to invesi/Ch as zeugmatographyg. In the present study, an EDMR
gate not only semiconductor devices but also other materifR29ing system for visualizing the distribution of paramagnetic
3, 4. recombination centers was developed.

The enhancement of EDMR sensitivity has been explained by
an electron—hole pair model, where an electron or a hole form
a localized pair with a recombination center in a triplet (both
spins in the same direction) and a singlet (opposite directionsThe distributions of EDMR signal intensity for a rectangu-
of spin) in a static magnetic field( 6). The pair in the singlet lar silicon plate under uniform light illumination are shown in
state is allowed to recombine but the pair in the triplet state fdgs. 1a—1e. A silicon wafer, used for the sample material, wa
forbidden, so most singlet states will quickly recombine, leavirgt into a rectangular plate and electrodes were formed on bot
the systemin a triplet rich-state. When recombination centers &tées as shown in Fig. 1f. When the magnetic field was swer
irradiated with a microwave under ESR conditions, some triplefider irradiation at a constant microwave frequency, the photo

conductivity decreased under ESR conditions. While field mod:

1To whom correspondence should be addressed. Fax: +81—23—647—31l4@tiqn was gpplied for lock-in detection tO. improve SenSiFiViIYa
E-mail: yokohide@fmu.ac.jp. the differential EDMR spectrum was obtained as a function of
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The directions of current were opposite in Figs. 1a and 1b
and in Figs. 1c and 1d. The polarity applied to the sample i
indicated ast and— in the figure. The sample was placed in
opposite directions in Figs. 1a and 1c, and in Figs. 1b and 1c
Because the patterns were rotated°1@@en the direction of
a sample was changed, it was proven that uniform illuminatior
of light and an alternative magnetic fiel;, were applied. The
similarity of the EDMR images obtained from the sample also
shows that this experiment was highly reproducible. Further, th
patterns were the same even when the direction of the curre
was reversed.

The photo-excited electrons and holes are the dominant cart
ers in this sample because the concentration of doped impurit
is very low in this sample (volume resistane&00<2 cm). The
holes move in the same direction as the applied electric fielc
and the electrons move in the opposite direction. Although th
electrons and holes are generated uniformly in the sample und
the uniform light illumination, different gradients of concentra-
tion between the holes and electrons can be seen in the samp
Different EDMR images might be expected when the polarity
is reversed because the density distributions of the conductic
electron—recombination center pair or hole—recombination cer
ter pair based on the Shockley-Read moé¢ldould be altered
with different electron or hole density distributions. However,
2mm 15mm 2mm such a change was not observed in the present study. Under t
experimental conditions described here (with an electrical fielc

8mm  Ofalmost1V/cm),itis presumed that the diffusion of conduction
electrons and holes within the sample overwhelm such distribu
tion gradients, so that no differences in EDMR images woulc
Electrodes be observed for different polarities.
f The current flow could be disturbed by local band bending a

the surface of the wafer or a local concentration of recombina
FIG. 1. EDMR images of a silicon rectangular plate (a—e) and its dimery-on centers. However, those influences in this gxpenment ar
sions (f). EDMR images were obtained before etching (a—d). In the pair of @?t'mated to pe S_ma” because most of the carriers go t.hrOUQ
and (b), or (c) and (d), the currents were in opposite directions. In the pair of thie bulk area in this sample. The bulk area has enough thickne

and (c), or (b) and (d) the sample positions were reversed. The EDMR imagg@f5 mm) and the carriers are considered to be diffusing uni
the same sample after the oxidized surface was etched and naturally reoxid'ﬁﬁqimy in the area.

is shown in (e). The direction of the sample and the currentin (e) and (a) are the\Nhen the oxidized surface of silicon was removed bv etchin
same. The silicon rectangular plate, 8 mm in width and 19 mm in length, w. y g

s ) X )
cut from the silicon wafer, and the electrodes were attached to both sides ofﬂqg EDMR signal dlsappeared., hOVYe.VQ‘r' it reapp(-;-ared when tt
plate leaving 15 mm free (f). surface of the sample was again oxidized after sitting at the roor

temperature for some time. This result shows that the EDMF

signal was derived from the oxidized surface of silicon. The

pattern of the EDMR image from the reoxidized sample, a:
the magnetic field. Thg value and peak-to-peak linewidth wereshown in Fig. 1e, was slightly different from that obtained before
measured to be.@05+ 0.003 and 0.28 mT, respectively. An an-etching. The direction of the sample and the current were th
gular dependence of the sample was not observed. An EDMBme as those in Fig. 1a. These findings show that the EDM
image was reconstructed from the spectra where spatial infornmaages obtained from the sample indicate the distribution o
tion was convolved by employing a gradient field. The 2-D diglefects at the Si/Siginterface.
tribution of the EDMR signal intensity was reconstructed from In conclusion, a successful EDMR imaging method has bee
18 1-D projections. The full-width at half-maximum (FWHM)designed, and the 2-D distribution of EDMR signal intensity
of the deconvoluted spectrum that was obtained under a unifoftmm a light-illuminated silicon plate has been observed for the
field was measured. The FWHM-to-gradient ratio was used fast time. This method now enables nondestructive observe
an index for the spatial resolutioft4), which in this study was tions of the distribution of paramagnetic recombination center:
1.9 mm. in semiconductor materials.
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EXPERIMENTAL deconvolution of the signals observed in the magnetic field gra
dient, based on the EDMR spectrum in a uniform fielé)(
Instrument The deconvolution was performed by a fast Fourier transform

A block diagram of an EDMR imaging instrument is showr] h€ 2-D distribution of the EDMR signal intensity was recon-
in Fig. 2. A commercially available resistive magnet (modistructed in 256 colors f_romtho_se 1-D projections. Signals lowe;
fied RE3X, JEOL, Japan) was used as the main magnet. -ﬁHen 25% of the maximum signal intensity were regarded a:
static magnetic fieldBo, was set at 31 mT. The magnetic field"©!S€- . _ _
was scanned by controlling the current in a pair of field scan” Synthesized signal generator (MG3633A, Anritsu, Japan
coils (Helmholtz type coil, Yonezawa Electric Wire, Japan). THEeAuency range, 10 kHz—-2700 MHz) was used as a microwav
sweep time was 1.9 s. Pairs of field gradient coils (AndersopRUrce. The microwave power was amplifiedd T W by a
type coil for they-gradient and anti-Helmholtz-type coil forPOWer amplifier (A1000-1050, R&K, Japan; gain, 46 dB; out-
the z gradient, Yonezawa Electric Wire) were used to provide!timpedance, 50; bandwidth, 200 MHz to 1 GHz; maximum
a linear field gradient at 2 mT/cm in a range from the ceROWer, 50 W). The microwave power was below the saturatior
ter to 20 mm along the andz axes (5). The magnetic field '€vel (12). A bridged shield loop-gap resonator (BLGR) was
was modulated at 362 Hz by a pair of modulation coils fd#S€d SO thaB; was applied to the sample efficiently and uni-
lock-in detection. To improve the signal-to-noise ratio, 81 tim@'mly. The BLGR is known for its large filling factor and homo-
field sweeps were averaged to obtain one spectrum. The figf€ity of theB, field (17, 18) The BLGR, afour-gap type, with
gradient was applied in the-y plane, which was rotated by Interior and exterior bridge shields, had a resonant frequenc
10° after each acquisition of an averaged spectrum. Here #890 MHz and aQ value of 510. The bridged shields were
z and x axes are coincident tBy and By, respectively. The Iocatepl at the gaps via Teflon spacers 'Fhat Were_0.5 mm thicl
sweep width was set at 15 mT. Under a 2-mT/cm field gradie diameter of the BLGR, 44 mm with an axial length of
ent, data for the 75-mm={(15 mT) line in they and z direc- 10 mm, was sufflc_:lently short _compared to the wavelength
tions were assigned to 150 data points, i.e., 1 point per 0.5 g0 Mm). Magnetic loop coupling was used so that the cou
Among the 150x 150 data points, 108 100 points (50x 50 pling could be adjusted by moving .the loop along thg axis.
mm) of the central fractions were used for the picture. Eadi'® BLGR was covered with a shield case so that it pre-

1-D distribution of the EDMR signal intensity was obtained b%{emEd radiation from microwave energy and noise penetra
ion.

A DC current source (constructed in our laboratory) and &
high input-impedance preamplifier (constructed in our labora:
Modulatian tory; input impedance, % 10 Q and 1 nF in parallel; gain,
source | Fower 40 dB; bandwidth, 2 Hz to 5 kHz) were used to amplify the
@q—é— change in resistance of a sampl®)( They were mounted in
Microwave Power a same shield case to reduce the extraneous noise. The sa
source  amp. ple was biased at 1QA of the constant current. The lock-in
@—E— amplifier (5210, PARC, Princeton, NJ; frequency range, 0.5 Hz
Main  Field to 120 kHz) was used to detect the EDMR signal at the mod
magnet  scan coil ulation frequency. The modulation coils were driven by an in-
Y v----]. 1. ] |Shield case ternal oscillator in the lock-in amplifier and a power amplifier
K : ; F B (4020, NF, Japan; gain, 46 dB). The currents in the scan an
i ser [ gradient coils (for they and z axes) were from power sup-
: plies (NB40-15CS, Stabilizer Co. Ltd., Japan; GP0110-10R an
; GP060-10R, Takasago Ltd., Japan). The power supplies wel
; it controlled by a personal computer (PC9821Xal3, NEC, Japar
I via a D/A converter (DAJ98, Canopus Co. Ltd., Japan) and the
oA spectral data were collected viaan A/D converter (ADJ98, Cano
3 conv. pus), also using the personal computer. A halogen incandesce
. Infrared [ 1] lamp was used to illuminate the sample. Infrared was inhib-
cut filter ited with a glass filter (KG-1; Edmund Optics, Japan; cutoff,
Modiaation auoms| 700 nm).

Incandescent lamp |

DC current
source Hi-Z

Field gradient
coils

Sample

An (100) oriented slice of am-type 3.5-in. silicon wafer
FIG. 2. Block diagram of an EDMR imaging instrument. (thickness, 0.5 mm; volume resistaned002cm), used as
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Teflon Teflon holder, held the pair of wires and the semirigid coaxial
Wiridow for nolder Styrofoam spacer  cable in place. This spacer was also used to keep the Teflc
illumination Sample Quartz glass b hOIders at right angles to the axial direction of the quartz glas
= tube. The inner and outer diameters of the quartz glass tube we
—— Semifigid o 33.5 and 38 mm, respectively. The glass tube was located at t
center of the BLGR.
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