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A method for electrically detected magnetic resonance (EDMR)
easurement at different ESR frequencies under a constant alter-

ating magnetic field has been established wherein the accurate
elationship between EDMR signal intensity (from a photoexcited
ilicon crystal and a silicon diode) and a resonant frequency of 300
o 900 MHz (UHF band) was systematically clarified. EDMR
ignal intensity from a photoexcited silicon crystal against a res-
nant frequency fitted the curve of y 5 a(1 2 e2bx) well, which
pproached a constant value at higher frequencies. The increase in
he EDMR signal intensity from the silicon diode at higher reso-
ant frequencies was smaller than that from the photoexcited
ilicon crystal. The difference can be explained by the influence of
he skin effect; i.e., the microwaves do not penetrate deep into a
ighly conductive sample at higher frequencies. EDMR signal

ntensities of samples vs microwave power were measured at 890
Hz. The EDMR signal intensity from the silicon diode continued

o increase as the microwave power was increased, while the signal
ntensity from the photoexcited silicon crystal saturated within the
ange. The difference can be similarly explained: due to the skin
ffect, the microwaves gradually penetrate into the silicon diode as
he power increases, so that even when saturation has been
eached outside, the microwave field inside the diode does not
each the saturation level. © 1999 Academic Press

Key Words: EDMR; ESR; single-turn coil; UHF; resonant
requency.

1. INTRODUCTION

Electrically detected magnetic resonance (EDMR) i
ethod for detecting ESR by observing electrical charact

ics, such as changes in conductivity. The technique enh
ensitivity compared to the standard ESR, and it is particu
seful for investigating paramagnetic centers that contro
erformance of semiconductor devices.
The first EDMR experiment was performed by Lepine, w

bserved a decrease in the photoconductivity of photoex
ilicon under ESR conditions (1). Later, EDMR was als
bserved in diodes where an increase in forward bias cu
as detected (2). The change in this electrical property was

o a change in the recombination rate of conduction elec
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nd holes under ESR conditions. On early EDMR mode
as thought that the capture of conduction electrons

ecombination center depended on their relative spin ori
ions (1). Here the externally applied magnetic field polari
he electrons and two electrons in the same spin state cou
ccupy the same defect site. According to this model,
aximum relative change in the electrical property was
ated to be about 1026 under standardX-band ESR condition
t room temperature, where the electrons and holes we
ays considered to be in thermal equilibrium. However,
alue was two orders of magnitude smaller than that obta
xperimentally (3).
Kaplan, Solomon, and Mott proposed a modified mo

KSM model) in which electrons and holes are assume
orm triplets and singlets of localized pairs (4). The electron–
ole pair can either recombine or dissociate but cannot re
ine with other electrons and holes. It was assumed tha
lectron–hole pair recombined before spin relaxation c
ccur. Because the pair in a singlet state is allowed to re
ine and the pair in a triplet state is not, most singlet states
uickly recombine, leaving the system in a triplet-rich st
hen a microwave is irradiated under ESR conditions, s

riplet pairs are converted into singlet pairs. Thus recomb
ion occurred so efficiently under ESR conditions that
nhanced change in electrical properties was observed.
L’vov et al.have proposed a quantum theory of spin-de

ent recombination via the pair state instead of the pair d
ution function used in the KSM model (5). Ronget al. have
roposed that the electron–hole pair in the KSM model sh
onsist of a hole and an electron trapped on the same site
xcited state (6). The expressions proposed for the EDM
ignal vs microwave power were shown to be in good ag
ent with the experimental results.
The pair model also predicts that the relation between

nant frequency and EDMR signal intensity is very differ
rom that of the conventional ESR phenomenon. Solo
bserved EDMR signals from a photoexcited amorphous
on film at ESR frequencies of 1.9 and 9.5 GHz (7). It was
eported that a relative change in photoconductivity clos
023 was observed at both frequencies. Vranchet al.confirmed
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423EDMR MEASUREMENT AGAINST RESONANT FREQUENCIES
hat the change in current through an irradiated MOSFET d
rea induced by ESR was of the order of 1024 over a range o
–12 GHz. They also measured the change to be in the
rder at 440 MHz (8).
Brandt et al. presented a comparison of the EDMR sig

ntensities observed in amorphous hydrogenated silico
i:H) at 434 MHz and 9 and 34 GHz in a wide range
icrowave fields (9). In their report, the error observed w

arger than the changes in conductivity at these frequenc
he same microwave field. On the other hand, Barabanovet al.
easured EDMR from 2 to 10 MHz (10). They reported tha
DMR signal intensity against the resonant frequency w
ood fit to the theoretical curveax2 1 b (5). Thus it is believed

hat EDMR signal intensity is constant at higher reso
requencies and decreases with the resonant frequency
ower bands.

If it were possible to observe EDMR at low frequenc
e.g., in the UHF band) without sacrificing sensitivity, a nu
er of advantages would ensue. Because the waveleng
icrowaves at low frequencies increases, a large resonat
e constructed. In this case, a whole device or a semicond
afer can be placed in the resonator. The influence of w
onnected to the sample for detecting changes in elec
roperties or encapsulation of a semiconductor device, w
ould easily disturb the resonant mode in a small reson

e.g., a conventionalX-band resonator), is reduced. The s
epth is also greater at lower frequencies: thus a highly d
emiconductor that has high conductivity can be efficie
easured.
Experiments have been conducted to observe EDMR a

requencies (8–10). However, no systematic experiments h
een reported in which an accurate relationship betwee
DMR signal intensity and ESR frequency within the U
and is established. In our experiment, EDMR was obse
ithin the UHF band, where the wavelength is 0.1 to 1 m in
acuum. In this frequency band, a sufficient sample spa
vailable.
It is necessary to control the alternating magnetic field,B1,

ccurately at various frequencies to define the characterist
DMR signal intensity vs ESR frequency. A single-turn c
as used for this purpose (11). When the diameter of a singl

urn coil is small relative to the wavelength of the microwav
he magnetic field in the coil can be easily estimated
easuring the applied forward microwave power. It migh
ossible to manufacture plural resonators that resonate a

erent frequencies. When a high-Q microwave resonator
sed, it is possible to irradiate a sample with microwave po
fficiently. However, it is difficult to control theB1 field
onstant when theQ values and filling factors are differen
urthermore, theB1 field strength readily fluctuates with
mall change in tuning conditions.
In this study, the EDMR of a photoexcited silicon crys

nd a diode was measured at 300 to 900 MHz. The exper
mployed a single-turn coil to obtain the precise relation
e
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etween the EDMR signal intensity and the ESR frequen
constant microwave field. To examine the difference

DMR properties between a photoexcited silicon crystal a
ilicon diode, the dependence of EDMR signal intensity on
icrowave power was measured at 890 MHz.

2. EXPERIMENTAL METHOD

.1. Magnet and Microwave Unit

For the ESR instrument, a commercially available resis
agnet (modified RE3X, JEOL, Japan) was used as the
agnet. The magnetic field was swept by using a pair of

can coils (Yonezawa Electric Wire, Japan). The microw
ere generated by an oscillator (6080A, Giga-Tronics,
amon; frequency range, 10 kHz to 1056 MHz). The mi
ave power was amplified by a power amplifier (A1000-10
& K, Japan; gain, 46 dB; output impedance, 50V; band-

idth, 200 MHz to 1 GHz; maximum power, 50 W).
To measure EDMR signal intensity vs resonant frequen

ingle-turn coil was used. Power was applied to the single
oil through a23-dB attenuator (SA-51, Sanken, Japan; ba
idth, DC to 4 GHz; maximum power, 5 W) and a directio
oupler (HP778D, Hewlett–Packard, Palo Alto, CA; ba
idth, 100 MHz to 2 GHz; coupling coefficient,220 dB). The
ingle-turn coil (8 mm in diameter) made of copper wire (1
n diameter) was soldered to a semirigid coaxial cable (3.6
n diameter), which had a characteristic impedance of 5V.
he attenuator was used to improve the VSWR output p
rties of the power amplifier and to protect the amplifier f

he reflected microwaves from the single-turn coil. The di
ional coupler was employed so that the forward microw
ower could be observed. A power meter (HP437B, Hew
ackard; bandwidth, 0.1 to 18 GHz) measured the microw
ower at the directional coupler’s reference port.
A bridged loop–gap resonator (BLGR) was used to mea

he dependence of the EDMR signal on the microwave p
12–15). It is necessary to apply a homogeneousB1 field to the
amples for this measurement. In this case, the diameter
ingle-turn coil must be several times larger than the w
ample size. This necessitates a very high irradiating pow
rovide a sufficientB1 field for the sample when such a lar
ingle-turn coil is used. When a high-Q resonator such as t
LGR is used, it is possible to apply aB1 field to the sampl
ore efficiently. Although it is difficult to control theB1 field

n the resonator precisely as noted above, it is possib
ompare the microwave power property of the two sam
sing a single resonator at a microwave frequency. TheB1 field

n the resonator can be estimated from theQ value, dimension
f the resonator, and applied microwave power. TheB1 field
trength is given by

B1 5
m0

2q
z ÎQLW

vL
, [1]
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424 SATO ET AL.
herem0 is the permittivity of free space;q, the radius of th
LGR; QL, the loadedQ value of the resonator;W, the applied
icrowave power;v, the angular velocity of the microwave
ndL, the inductance of the loop conductor. The inductan
iven by

L <
m0pq2

p 1 q 2 0.02~q2/p!
, [2]

herep is the axial length of the BLGR. The BLGR was
our-gap type, with interior and exterior bridge shields.
enter frequency was 890 MHz. The bridged shields w
ocated at the gaps via Teflon spacers that were 0.5 mm
he radius of the BLGR,q, was 22 mm and the axial leng
, was 10 mm. A magnetic loop coupling was used, where
oupling could be adjusted by moving the loop along the a
ecause the diameter was large relative to the sampl
omogeneous magnetic field was applied. The loadedQ values

or both samples were the same (QL 5 510).

.2. EDMR Setup

A block diagram of the EDMR spectrometer is shown in
a. A photoexcited silicon crystal and a silicon diode were us
amples, which were biased at a constant current of 10mA
upplied by a DC current source (constructed in our laborat
The change in voltage across the sample was detected

igh input impedance preamplifier (constructed in our lab
ory; input impedance, 93 1011 V and 1 nF in parallel; gain
0dB; bandwidth, 2 Hz to 5 kHz) followed by a lock-
mplifier (Model 5210, PARC, Princeton, NJ; bandwidth,
z to 120 kHz). The magnetic field was modulated at 320

FIG. 1. Block diagram of (a) E
is

re
k.

e
s.
, a

.
as

).
y a
-

z

or lock-in detection by a pair of modulation coils. When
agnetic field was swept by using the pair of field scan c
t a constant microwave frequency, a differential EDMR s

rum was obtained.
In the measurement of a photoexcited silicon crysta

ecrease in photoconductivity under ESR conditions was
ained as the EDMR signal. An (100) oriented slice o
ectangularn-type silicon crystal (width, 2 mm; length, 15 m
hickness, 0.5 mm; resistance, 5 kV-cm) was used. Electrod
ere constructed at both sides of a rectangular plate loca
n open area (15 mm in length). Chromium was deposited

hickness of 400 Å onto the surface of a polished silicon p
o produce the electrodes with ohmic contact. Gold was
osited onto the chromium layer to a thickness of 2000
opper wires (0.26 mm in diameter) were soldered to
lectrodes. An electric light bulb (1 W) was used to illumin

he sample, which was placed at the center of the single
oil. A schematic setup of the sample and the single-turn
s shown in Fig. 2a.

Another sample was a diode (1N4007, a pn1 type silicon
iode) where an increase in the recombination current u
SR conditions was observed as the EDMR signal. Bec

he diode was forward biased at a constant current, a dec
n voltage was measured in this experiment. The schem
etup of the sample diode is shown in Fig. 2b. The diode
laced at the center of a single-turn coil. The diode device
et so that it was perpendicular to theB1 field and the elec
rodes did not disturb the field penetration. The lead w
ttached to the diode were cut. The encapsulation was sc

o shorten the whole length of the device and reduce
lectrical coupling between the diode and the single-turn

R and (b) LODESR spectrometers.
DM
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425EDMR MEASUREMENT AGAINST RESONANT FREQUENCIES
To determine the resonant frequency characteristics,
urements were made at 300, 400, 500, 600, 700, 800, an
Hz, using the single-turn coil. The microwave power ch
cteristics were measured in aB1 field of 28 to 98mT at 890
Hz using the BLGR. Both measurements were performe

oom temperature (20°C). The instrumentation was contr
y a personal computer (PC9821Xa13, NEC, Japan); an
pectral data were collected via an A/D converter (AD
anopus Co. Ltd., Japan), also using a personal comput

.3. Controlling the B1 Field at Different Frequencies

When the radius of a single-turn coil is small relative to
ength of the microwaves, a constant current in the coil ca

FIG. 2. Schematic representation showing the positions of a single
oil and a sample for EDMR measurement. The single-turn coil was ma
opper wire (r , 0.5 mm radius). The radius of the coil,q, was 4 mm. The co
as soldered to a semirigid coaxial cable (3.6 mm in outer diameter) tha
50-V characteristic impedance. The width of the gap that interrupts the
f the single turn coil,d, was 1.8 mm. The length,l , width, m, and thickness
, of the silicon crystal plate shown in (a) were 15, 2, and 0.5 mm, respect
he lead wires of the diode shown in (b) were cut. The encapsulation
craped to shorten the whole length of the device to reduce the ele
oupling between the diode and the single-turn coil. The length of the d
ncluding electrodes,g, was 4 mm. Both samples were soldered to a semi
oaxial cable (2 mm in diameter) via copper wires (0.26 mm in diamete
a-
00

-

at
d
he
,

e

ssumed. When the output impedance of the power amp
nd the characteristic impedance of the attached coaxial
re the same and have no imaginary component, they c
egarded as a voltage source that has an internal impeda

0. When a single-turn coil is driven by the signal sourc
icrowave power,W, the strength of the magnetic field,B1, at

he center of the coil is calculated by

B1 5 S1 2
sin21~d/ 2q!

p D z
m0ÎWZ0

quR 1 jvL 1 Z0u
, [3]

hereL is the inductance of the coil;R, a loss component th
s expressed as the resistance of the coil;q, the radius of th
oil; andd, the width of the gap that interrupts the circle (11).
In accordance with Eq.[3], a constantB1 field can be applie

y controlling the microwave power at the frequencies g
bove. The equation shows that maximum power mus
pplied at 900 MHz, the highest frequency used in this ex

ment. The microwave power was set at 2 W for the EDMR
easurement at 900 MHz. Under this condition, theB1 field

trength at the center of the single turn coil was 39.2mT.

.4. Confirmation of the B1 Field Control System

Because it is difficult to measure theB1 field strength
irectly in a single-turn coil, longitudinally detected E
LODESR) (16–18) was employed for this purpose.
ODESR measurements, the microwaves are pulse-modu
nder the ESR condition and the longitudinal change in m
etization is detected by pickup coils. When the detec

requency of LODESR (i.e., the modulation frequency
xed, the sensitivity of a LODESR detector is constan
ifferent resonant frequencies. LODESR signal intens
ere measured by using the single-turn coil to validate thB1

eld control system at the magnetic resonant frequencies
A schematic diagram of the LODESR components is sh

n Fig. 1b. A pair of saddle-type pickup coils (18), each
onstructed from 15 turns of copper wire (0.3 mm in diame
ere used. The outer diameter of a coil was 30 mm. These
ere glued onto a cylindrical quartz glass tube (39 mm in o
iameter). The signals from the right and left pickup co
hich were characterized by reverse polarity, were ampl
eparately by two preamplifiers (SA-230F5, NF Electro
nstruments, Japan; gain, 46 dB; bandwidth, 1 kHz to
Hz; noise figure, 0.6 dB). The difference in outputs from
reamplifiers was amplified by a differential amplifier (53
F Electronic Instruments; bandwidth, DC to 10 MHz)

educe common mode noise. The microwaves were o
odulated, using a function generator (AFG320, So
echtronix, Japan; maximum frequency, 16 MHz) and a
witch (ZYSWA, Mini circuit, New York, NY; bandwidth, DC
o 5 GHz; switching time, 5 ns). The modulation frequency
etected by a lock-in amplifier (5202, PARC, Princeton,
andwidth, 0.1 to 50 MHz).
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To obtain sufficient signal strength, 90 mg of 1,1-diphe
-picrylhydrazyl (DPPH) powder was used. The modula

requency was 1.35 MHz, with an on/off ratio of 1:1. T
nduced voltage in the pickup coils increases in proportio
he change in the modulation frequency. However, when
odulation frequency increases close to the order of T1

21 of the
ample, the signal intensity will decrease. We confirmed
o saturation effect occurred with this sample at the mod

ion frequency. The average microwave power for
ODESR measurements was set to 2 W at 900MHz. Under

his condition, theB1 field strength at the center of the sing
urn coil was 55.4mT for the “on” period of the on/of
odulation.

3. RESULTS AND DISCUSSION

LODESR spectra of DPPH at 300, 500, 700, and 900 M
re shown in Fig. 3a. The absorption linewidth as well as

ineshape did not change at these frequencies. The s
ntensities obtained experimentally at 300 to 900 MHz
hown in Fig. 4. The signal intensity increased linearly w
he resonant frequency increased. The correlation coeffi
or the linear approximation was 0.991. Theoretically,
ODESR signal intensities of an organic free radical are
ortional to the resonant frequency. The difference in unpa
lectron spin numbers at higher and lower levels of Zee
plitting is proportional to the splitting width at room temp
ture and the resonant frequencies. There was good agre
etween the theory and the results, so this measuring s
i.e., B1 field control system) was proven to be properly
igned and constructed. The worst signal-to-noise ratio (S
cross the LODESR spectrum occurred at 300 MHz: it wa
The main factor contributing to the errors in this measu

ystem appeared to be the characteristics of the direc
oupler. The parameters of the directional coupler under
xperimental conditions were calibrated by using a netw
nalyzer (HP8720B, Hewlett–Packard; bandwidth, 130 MH
0 GHz). However, it was difficult to reduce the error due

he directional coupler below other error factors such as
NR over the spectrum because the single-turn coil wa
ndesirable load that had a very large VSWR. The maxim
rror in this measurement was 5%.
EDMR spectra of a photoexcited silicon crystal at 300, 5

00, and 900 MHz are shown in Fig. 3b. The lineshapes di
hange at these frequencies. The signal intensities obt
xperimentally at 300 to 900 MHz are shown in Fig. 5.
DMR signal intensity increased only sublinearly when

esonant frequency was increased (the increase in EDMR
al intensity with the increase in ESR frequency was sm

han that of a linear relationship). The theoretical curve ofy 5
x2 1 b (5) did not fit well to our results (Fig. 5, dotted lin
orrelation coefficient5 0.972). In our experimentB0 @ B1

whereB is the static magnetic field) so theb in the theoretica
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quation must be very small. However, the value ofb obtained
ere was fairly large.
We introduced a fitting curve,y 5 a(1 2 e2bx), where the

ignal intensity approaches a constant value at higher fre
ies, which is consistent with the experimental results obta
t the higher resonant frequencies (7–9). The curve also rep
esents our experimental results, in which the signal inte
pproaches zero at the lower resonant frequency. The

ntensities fitted the curve well (Fig. 5, solid line, correlat
oefficient 5 0.996). The resonant frequency at which
ignal intensity reaches half value (i.e.,a/ 2) was 444 MHz fo
his curve. A study on the physical significance of this fittin
ow underway, but it was consistent with the general con

hat the signal intensity is constant in a high frequency ra
nd a signal decreases with the ESR frequency over a

requency range.

FIG. 3. (a) LODESR spectra of DPPH, (b) EDMR spectra of photoexc
ilicon crystal, and (c) EDMR spectra of a silicon diode at 300, 500, 700
00 MHz. The sweep time was 2 s and the sweep width, 15 mT. In this figu
0 mT around the absorption signal was extracted. The time constant
.001 and 0.003 s for the LODESR and EDMR measurements, respec
he LODESR spectra were averages of 16 sweeps. EDMR spectra
verages of 64 sweeps of the photoexcited silicon crystal and 256 swe

he diode.
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EDMR spectra of a silicon diode, 1N4007, at 300, 500, 7
nd 900 MHz are shown in Fig. 3c. Because the signals

he diode were detected as an increase in conductivity u
he ESR condition, the spectra were the reverse of those f
hotoexcited silicon crystal, where a decrease in conduc
as detected. The lineshape was the same at each freq
he signal intensities obtained experimentally at 300 to
Hz are shown in Fig. 6. The increase in signal intensity f

he diode as the resonant frequency increased was less th
f the photoexcited silicon. This can be explained by the

FIG. 4. LODESR signal intensities of DPPH from 300 to 900 MHz. S
ircles show experimental results. The solid line shows the fit ofy 5 ax
correlation coefficient5 0.991).

FIG. 5. EDMR signal intensities of a photoexcited silicon crystal fr
00 to 900 MHz. Solid circles show experimental results. The curve fitsy 5
(1 2 e2bx), where b 5 1.56 3 1029, which is drawn as a solid lin
correlation coefficient5 0.996). The dotted line shows the fit ofy 5 ax2 1

(correlation coefficient5 0.972).
,
m
er
he
ty
cy.
0

that
ct

hat the microwaves did not penetrate the sample sufficien
he higher frequencies because of the high conductivity o
iode material. The skin depth of the sample can be expres

d 5 Î 2

vms
, [4]

herem is the permittivity of the sample, ands, the conduc
ivity of the sample. The averaged conductivity of the ph
xcited silicon was 0.11 S/m. Its skin depth at 900 MHz,
aximum frequency in this experiment, was calculated t
1 mm. This value was large relative to the width or thickn
f the sample.
The conductivity of the diode material was very high du

he high concentration of the doped carrier. The equiva
eries resistance of the diode was determined to be 0.05V from

current–voltage characteristic. Since the chip size o
iode was measured to be 13 1 3 0.3 mm, the averag
onductivity and the skin depth of the diode substrate at
Hz, the minimum frequency in this experiment, were ca

ated to be 73 104 S/m and 0.1 mm, respectively.
The B1 field distribution in the diode is complicated bu

ough estimation can be made by using a transmission
odel. A semiconductor between and attached to two

rodes can be assumed to be a parallel plate transmissio
see Fig. 7). The microwaves were irradiated from both sid
he transmission line. The magnetic field distribution in
ransmission line can be expressed by

B1~ z! 5
B1i

1 1 expS2l

d D HexpS2z

d D 1 expSz 2 l

d DJ , [5]

FIG. 6. EDMR signal intensities of a diode from 300 to 900 MHz. So
ircles show experimental results. Open circles are corrected results. The
solid line) shows the fit ofy 5 a(1 2 e2bx) for the corrected results, whe

5 1.44 3 1029 (correlation coefficient5 0.997).
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here l is the length of the transmission line andB1i , the
agnetic field strength on both sides of the transmission
he microwave phase rotation in the transmission line is

igible because the length of the line is small relative to
avelength of the microwaves. Because the EDMR si

ntensity for unsaturated microwave power is proportiona
1
2, the signal intensity can be corrected by

Scorrected5 S z K 5 S z
* 0

l B1i
2 dz

* 0
l B1~ z! 2dz

. [6]

hen l @ d, K is proportional to 1/d in accordance with Eq
6]. The corrected signal intensities from the diode, plotte

FIG. 7. Parallel plate transmission line model for estimating the mag
eld distribution in the diode chip. The microwaves are irradiated from
ides of the transmission line. The line length is 1 mm; the distance be
lates, 0.3 mm; and the width of a plate, 1 mm.

FIG. 8. EDMR signal intensities from photoexcited silicon and diod
odulation frequency, 320 Hz; scan time, 2 s; and sweep width, 15 mT.
2 sweeps, respectively.
e.
g-
e
al
o

n

ig. 6, also fitted they 5 a(1 2 e2bx) curve well, with a
orrelation coefficient of 0.997. When the fitting result
pplied, the resonant frequency at which the signal inte
eaches half value (i.e.,a/ 2) is estimated to be 482 MHz f
he corrected signal intensity of the diode. This corresp
ell to the value for the photoexcited silicon crystal (4
Hz). The measured signal intensity from the diode
ecrease at higher frequencies due to a smaller skin depth
stimated that the EDMR signal intensity from the dio
hich has a small skin depth relative to the physical size o
ample, will be a maximum at 880 MHz and will fall to half
hat at 80 MHz and 6.5 GHz.

To confirm the skin effect, the microwave power proper
f EDMR signal intensities from the two samples were m
ured at 890 MHz, using a BLGR. The results are show
ig. 8. The signal intensity from the diode continued to
rease in a higher microwave field, while the signal intensi
he photoexcited silicon crystal was saturated within the s
ange. The peak-to-peak widths of the differential ED
pectrum of the photoexcited silicon crystal and the diode
.1 and 1.0 mT, respectively, in a 35-mT microwave field. A
light increase in linewidth with the increase in microw
eld was observed only for the diode at higher microw
eld. The increase from 35 to 98mT of microwave field wa
0%. Because the linewidths of the two samples were c

he near saturation levels are expected. The differenceB1

eld characteristics for the two samples can be explaine
he skin effect; i.e., even after theB1 field around the diod
xceeds the saturation level, theB1 field deep inside the diod

s not saturated and the signal intensity still continue
ncrease with the microwave power. Although it is possibl

ic
h
en

between 28 and 98mT at 890 MHz. For both samples, bias current is 10mA;
spectra of photoexcited silicon and diode were obtained from an averad
e
The
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xplain that the EDMR signals of the photoexcited sili
rystal and the diode are derived from different species, c
ng the properties of the two samples to be different, it is m
easonable to explain the difference by citing the skin eff

In summary, this work presents a method for EDMR m
urement at different ESR frequencies under a constanB1

eld. An accurate relationship between EDMR signal inten
from a photoexcited silicon crystal and a silicon diode) an
esonant frequency in the UHF band was elucidated. ED
ignal intensity plotted against resonant frequency fitted
urvey 5 a(1 2e2bx) well, approaching a constant value
he higher frequencies. The increase in the EDMR si
ntensity from a silicon diode at the higher resonant frequen
as smaller than that from the photoexcited silicon cry
his was due to the influence of the skin effect; i.e.,
icrowaves did not penetrate deeply into the highly condu

ample. The difference in the microwave power properties
hotoexcited silicon crystal and the silicon diode supports
xplanation.
We believe that the findings in the present study stro

upport the validity of low-frequency EDMR measurement
semiconductor, such as a whole body of silicon device i
HF band.
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