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A method for electrically detected magnetic resonance (EDMR)
measurement at different ESR frequencies under a constant alter-
nating magnetic field has been established wherein the accurate
relationship between EDMR signal intensity (from a photoexcited
silicon crystal and a silicon diode) and a resonant frequency of 300
to 900 MHz (UHF band) was systematically clarified. EDMR
signal intensity from a photoexcited silicon crystal against a res-
onant frequency fitted the curve of y = a(1 — e™™) well, which
approached a constant value at higher frequencies. The increase in
the EDMR signal intensity from the silicon diode at higher reso-
nant frequencies was smaller than that from the photoexcited
silicon crystal. The difference can be explained by the influence of
the skin effect; i.e., the microwaves do not penetrate deep into a
highly conductive sample at higher frequencies. EDMR signal
intensities of samples vs microwave power were measured at 890
MHz. The EDMR signal intensity from the silicon diode continued
to increase as the microwave power was increased, while the signal
intensity from the photoexcited silicon crystal saturated within the
range. The difference can be similarly explained: due to the skin
effect, the microwaves gradually penetrate into the silicon diode as
the power increases, so that even when saturation has been
reached outside, the microwave field inside the diode does not
reach the saturation level. © 1999 Academic Press

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

1. INTRODUCTION

Electrically detected magnetic resonance (EDMR) is a
method for detecting ESR by observing electrical character
tics, such as changes in conductivity. The technique enhan
sensitivity compared to the standard ESR, and it is particulaﬁ
useful for investigating paramagnetic centers that control t

performance of semiconductor devices.

The first EDMR experiment was performed by Lepine, who
observed a decrease in the photoconductivity of photoexcite

silicon under ESR conditionsl). Later, EDMR was also

observed in diodes where an increase in forward bias curr
was detected?). The change in this electrical property was du
to a change in the recombination rate of conduction electroff
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and holes under ESR conditions. On early EDMR models, |
was thought that the capture of conduction electrons by
recombination center depended on their relative spin orient
tions (). Here the externally applied magnetic field polarizec
the electrons and two electrons in the same spin state could r
occupy the same defect site. According to this model, th
maximum relative change in the electrical property was est
mated to be about 16 under standarX-band ESR conditions
at room temperature, where the electrons and holes were
ways considered to be in thermal equilibrium. However, thi
value was two orders of magnitude smaller than that obtaine
experimentally 8).

Kaplan, Solomon, and Mott proposed a modified mode
(KSM model) in which electrons and holes are assumed t
form triplets and singlets of localized pair4)( The electron—
hole pair can either recombine or dissociate but cannot recor
bine with other electrons and holes. It was assumed that tt
electron—hole pair recombined before spin relaxation coul
occur. Because the pair in a singlet state is allowed to recon
bine and the pair in a triplet state is not, most singlet states wi
quickly recombine, leaving the system in a triplet-rich state
When a microwave is irradiated under ESR conditions, som
triplet pairs are converted into singlet pairs. Thus recombine
tion occurred so efficiently under ESR conditions that the
enhanced change in electrical properties was observed.

L'vov et al. have proposed a quantum theory of spin-depen
dent recombination via the pair state instead of the pair distr
Ibsgtion function used in the KSM modeb); Ronget al. have
é%posed that the electron—hole pair in the KSM model shoul
onsist of a hole and an electron trapped on the same site in
ecited state &). The expressions proposed for the EDMR
signal vs microwave power were shown to be in good agree
ment with the experimental results.
dThe pair model also predicts that the relation between re:
onant frequency and EDMR signal intensity is very different

érrﬁ)[m that of the conventional ESR phenomenon. Solomo

bserved EDMR signals from a photoexcited amorphous sili
Qn film at ESR frequencies of 1.9 and 9.5 GH3. (It was
reported that a relative change in photoconductivity close t
10~° was observed at both frequencies. Vraathl. confirmed
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that the change in current through an irradiated MOSFET diotetween the EDMR signal intensity and the ESR frequency i

area induced by ESR was of the order of 406ver a range of a constant microwave field. To examine the difference ir

7-12 GHz. They also measured the change to be in the saBi#VIR properties between a photoexcited silicon crystal and

order at 440 MHz §). silicon diode, the dependence of EDMR signal intensity on th

Brandtet al. presented a comparison of the EDMR signahicrowave power was measured at 890 MHz.

intensities observed in amorphous hydrogenated silicon (a-

SitH) at 434 MHz and 9 and 34 GHz in a wide range of 2. EXPERIMENTAL METHOD

microwave fields 9). In their report, the error observed was

larger than the changes in conductivity at these frequencie2id. Magnet and Microwave Unit

the same microwave field. On the other hand, Barabahay. . . . -
For the ESR instrument, a commercially available resistivs

measure_d EDMR frqm 2 to_ 10 MHZ0). They reported that magnet (modified RE3X, JEOL, Japan) was used as the mg
EDMR signal intensity against the resonant frequency was a

good fit to the theoretical cunax® + b (5). Thus it is believed magnet._ The magnetic field was §Wept by using a pair of fiel
sgan coils (Yonezawa Electric Wire, Japan). The microwave

that EDMR signal intensity is constant at higher resonah ere generated by an oscillator (6080A, Giga-Tronics, Sa
frequencies and decreases with the resonant frequency in \é\}]e ) .
lower bands. amon; frequency range, 10 kHz to 1056 MHz). The micro

If it were possible to observe EDMR at low frequencieW&We power was amplified by a power amplifier (A1000-1050

(e.g., in the UHF band) without sacrificing sensitivity, a numf:{.& K, Japan; gain, 46 dB; output impedance, 80 band-

ber of advantages would ensue. Because the WavelengthWI th, 200 MHz to 1 GHz; maximum power, 50 W).

microwaves at low frequencies increases, a large resonator C%n?erze?nszfl E[;QA Rszl((i;ns(l)mte?nsg)s/ \;S rﬁzgrlir:;gesq:ﬂ? ’r
be constructed. In this case, a whole device or a semicondudigd e 1 was used. Fower w PPl ' g u
. ; . call through a—3-dB attenuator (SA-51, Sanken, Japan; band
wafer can be placed in the resonator. The influence of wirés ] . L
connected to the sample for detecting changes in electri(\é\ﬁﬁth’ DC to 4 GHz; maximum power, 5 W) and a directional
roperties or encapsulation of a semiconductor device, whi¢ upler (HP778D, Hewleti-Packard, Palo Alto, CA; band:
prop orencap . ' _width, 100 MHz to 2 GHz; coupling coefficient;20 dB). The
would easily disturb the resonant mode in a small resonator . L k
(e.g., a conventionak-band resonator), is reduced. The Skiﬁmgle-turn coil (8 mm in diameter) ’T‘f”‘o.'e of copper wire (1 mn
depth is also greater at lower frequencies: thus a highly dop|qu|ameter) was soldered to a semirigid coaxial cable (3.6 mr

. . L 7 . 'In diameter), which had a characteristic impedance of%0
semiconductor that has high conductivity can be efficient .
measured. he attenuator was used to improve the VSWR output proy

erties of the power amplifier and to protect the amplifier fromr

W . ) . .
f : . . ?he reflected microwaves from the single-turn coil. The direc
requencies§—10. However, no systematic experiments have

been reported in which an accurate relationship between [thoenal coupler was employed so that the forward microwave

. . . L ower could be observed. A power meter (HP437B, Hewlett:
EDMR. signal Intensity and ESR _frequency within the U|_|F|[=J>8ckard; bandwidth, 0.1 to 18 GHz) measured the microway
band is established. In our experiment, EDMR was observe

within the UHF band, where the wavelength is Gollt m in power at the directional coupler's reference port,

. ’ . . A bridged loop—gap resonator (BLGR) was used to measul
vacuum. In this frequency band, a sufficient sample space, is . :
available. the dependence of the EDMR signal on the microwave powe

It is necessary to control the alternating magnetic figld, (12-19. Itis necessary to apply a homogene@ydield to the

accurately at various frequencies to define the characteristics's%%nIOIes for this measurement. In this case, the diameter of t

EDMR signal intensity vs ESR frequency. A single-turn coiz:rglel:usr.neco_ll_lh.nsufgcz(;s.stz\tlssraal tlgesh_Iarr]g.(rarraghztr_]ntheowz?l‘
was used for this purposé&l). When the diameter of a single- pe size. 1hi ! very nigh i 'ating pow

. . . rovide a sufficienB, field for the sample when such a large
turn coil is small relative to the wavelength of the microwaves, S .
e . . . . single-turn coil is used. When a higpresonator such as the
the magnetic field in the coil can be easily estimated

. . . . LGR is used, it is possible to applyB field to the sample
measuring the applied forward microwave power. It Might BE "' ¢ et~ although it is difficult to control the, field
possible to manufacture plural resonators that resonate at gie Y. 19 AR
ferent frequencies. When a high-microwave resonator is i the resonator precisely as noted ahove, it is possible

used, it is possible to irradiate a sample with microwave pOW(écr)mpare the microwave power property of the two sample

efficiently. However, it is difficult to control theB, field ysmgasmgle resonator at.a microwave frequency.B’h@d
. , in the resonator can be estimated from @healue, dimensions

constant when th& values and filling factors are d|fferent.0f the resonator, and applied microwave power. Bhefield

Furthermore, theB, field strength readily fluctuates with a ' PP P '

small change in tuning conditions. strength is given by

In this study, the EDMR of a photoexcited silicon crystal
and a diode was measured at 300 to 900 MHz. The experiment B — Mo, QW [1]
employed a single-turn coil to obtain the precise relationship 1 2q oL’
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FIG. 1. Block diagram of (a) EDMR and (b) LODESR spectrometers.

whereu, is the permittivity of free spacey, the radius of the for lock-in detection by a pair of modulation coils. When the
BLGR; Q,, the loaded) value of the resonatoYy, the applied magnetic field was swept by using the pair of field scan coil
microwave powerw, the angular velocity of the microwaves;at a constant microwave frequency, a differential EDMR spec
andL, the inductance of the loop conductor. The inductancetiusm was obtained.

given by In the measurement of a photoexcited silicon crystal, -
decrease in photoconductivity under ESR conditions was ol

o> tained as the EDMR signal. An (100) oriented slice of &

L~ p+q-—0.02(g%p)’ [2] rectangulan-type silicon crystal (width, 2 mm; length, 15 mm;

thickness, 0.5 mm; resistance, 84cm) was used. Electrodes
wherep is the axial length of the BLGR. The BLGR was avere constructed at both sides of a rectangular plate located
four-gap type, with interior and exterior bridge shields. Than open area (15 mm in length). Chromium was deposited to
center frequency was 890 MHz. The bridged shields wetkickness of 400 A onto the surface of a polished silicon plat
located at the gaps via Teflon spacers that were 0.5 mm thitsk.produce the electrodes with ohmic contact. Gold was de
The radius of the BLGRg, was 22 mm and the axial length,posited onto the chromium layer to a thickness of 2000 A
p, was 10 mm. A magnetic loop coupling was used, where t®pper wires (0.26 mm in diameter) were soldered to th
coupling could be adjusted by moving the loop along the axislectrodes. An electric light bulb (1 W) was used to illuminate
Because the diameter was large relative to the samplestha sample, which was placed at the center of the single-tu
homogeneous magnetic field was applied. The lo&gledlues coil. A schematic setup of the sample and the single-turn co

for both samples were the sam@,(= 510). is shown in Fig. 2a.
Another sample was a diode (1N4007, atptype silicon
2.2. EDMR Setup diode) where an increase in the recombination current und:

A block diagram of the EDMR spectrometer is shown in FigSR conditions was observed as the EDMR signal. Becau
1a. A photoexcited silicon crystal and a silicon diode were usedt&€ diode was forward biased at a constant current, a decres
samples, which were biased at a constant current ofuA0 in voltage was measured in this experiment. The schemat
supplied by a DC current source (constructed in our laboratorggtup of the sample diode is shown in Fig. 2b. The diode we

The change in voltage across the sample was detected kglaced at the center of a single-turn coil. The diode device we
high input impedance preamplifier (constructed in our laborget so that it was perpendicular to tBe field and the elec-
tory; input impedance, X 10" Q and 1 nF in parallel; gain, trodes did not disturb the field penetration. The lead wire
40dB; bandwidth, 2 Hz to 5 kHz) followed by a lock-inattached to the diode were cut. The encapsulation was scrag
amplifier (Model 5210, PARC, Princeton, NJ; bandwidth, 0.® shorten the whole length of the device and reduce th
Hz to 120 kHz). The magnetic field was modulated at 320 Hzectrical coupling between the diode and the single-turn coi
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assumed. When the output impedance of the power amplifi
and the characteristic impedance of the attached coaxial cat
are the same and have no imaginary component, they can
regarded as a voltage source that has an internal impedance
Z,. When a single-turn coil is driven by the signal source a
microwave powen\V, the strength of the magnetic fied,, at
the center of the coil is calculated by

sin~X(d/2 wz,
B, — (l _ ( C])) oy W2y

. : , 3
Si plate ™ AR+ jolL + Z| 3]

ial cabl b i
coax@ cable whereL is the inductance of the coiR, a loss component that

is expressed as the resistance of the apilthe radius of the
coil; andd, the width of the gap that interrupts the circlel).

In accordance with Eq.[3], a constdy field can be applied
by controlling the microwave power at the frequencies givel
above. The equation shows that maximum power must b

. applied at 900 MHz, the highest frequency used in this expe
coaxial cable . .
a iment. The microwave power was sdataW for the EDMR
measurement at 900 MHz. Under this condition, Byefield
strength at the center of the single turn coil was 3912

/— single turn coil

diode 2.4. Confirmation of the BField Control System

Because it is difficult to measure th®, field strength
directly in a single-turn coil, longitudinally detected ESR
(LODESR) (6-18 was employed for this purpose. In
LODESR measurements, the microwaves are pulse-modulat
b under the ESR condition and the longitudinal change in mag

FIG. 2. Schematic representation showing the positions ofasingle—tuﬂ?tlZatlc'n is detected by pICkup coils. When the detectio

coil and a sample for EDMR measurement. The single-turn coil was madefbgquency of LODESR (i.e., the modulation frequency) is
copper wire ¢, 0.5 mm radius). The radius of the cail, was 4 mm. The coil fixed, the sensitivity of a LODESR detector is constant a
was soldered to a semirigid coaxial cable (3.6 mm in outer diameter) that hdfferent resonant frequencies. LODESR signal intensitie
a 50{) characteristic impedance. The width of the gap that interrupts the Cir%ere measured by using the single-turn coil to validateRhe
of the single turn coild, was 1.8 mm. The length, width, m, and thickness, . Id trol t t th i tf .
t, of the silicon crystal plate shown in (a) were 15, 2, and 0.5 mm, respectivef;l/.e contro s_ys _em at theé magnetic resonan requer_]CIeS'
The lead wires of the diode shown in (b) were cut. The encapsulation was” Schematic diagram of the LODESR components is show
scraped to shorten the whole length of the device to reduce the electridal Fig. 1b. A pair of saddle-type pickup coilsl§), each
coupling between the diode and the single-turn coil. The length of the diodspnstructed from 15 turns of copper wire (0_3 mm in diameter)
including electrodesy, was 4 mm. Both samples were soldered to a semirigiﬁ{,ere used. The outer diameter of a coil was 30 mm. These coi
coaxial cable (2 mm in diameter) via copper wires (0.26 mm in diameter).Were glued onto a cylindrical quartz glass tube (39 mm in oute
. . diameter). The signals from the right and left pickup coils,
To determine the resonant frequency characteristics, Mggich were characterized by reverse polarity, were amplifie

surements were made at 300, 400, 500, 600, 700, 800, and 808 rately by two preamplifiers (SA-230F5, NF Electronic

MHz, using the single-turn coil. The microwave power Charl'nstruments, Japan; gain, 46 dB; bandwidth, 1 kHz to 101

acteristics were measured irBa field of 28 to 98uT at 890 \1py;: nojse figure, 0.6 dB). The difference in outputs from the

MHz using the BLGR. Both measurements were performed &t mpjifiers was amplified by a differential amplifier (5305,

room temperature (20°C). The instrumentation was controlleft Ejectronic Instruments: bandwidth. DC to 10 MHz) to
by a personal computer (PC9821Xal3, NEC, Japan); and {B@ce common mode noise. The microwaves were on/o

spectral data were collected via an A/D converter (ADJ9,,qulated using a function generator (AFG320, Sony
Canopus Co. Ltd., Japan), also using a personal CompUter-Techtronix, Japan; maximum frequency, 16 MHz) and a pi

switch (ZYSWA, Mini circuit, New York, NY; bandwidth, DC
to 5 GHz; switching time, 5 ns). The modulation frequency wa:

When the radius of a single-turn coil is small relative to thdetected by a lock-in amplifier (5202, PARC, Princeton, NJ
length of the microwaves, a constant current in the coil can bandwidth, 0.1 to 50 MHz).

2.3. Controlling the B Field at Different Frequencies
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To obtain sufficient signal strength, 90 mg of 1,1-diphenyl-
2-picrylhydrazyl (DPPH) powder was used. The modulation
frequency was 1.35 MHz, with an on/off ratio of 1:1. The
induced voltage in the pickup coils increases in proportion to

the change in the modulation frequency. However, when thé J
. . - 900 MHz
modulation frequency increases close to the order;0fof the J\\ 700 MHz
JL 500 MHz

sample, the signal intensity will decrease. We confirmed that
no saturation effect occurred with this sample at the modula .
tion frequency. The average microwave power for thé 20 % 3 35
LODESR measurements was setz W at 900MHz. Under Magnetio Field/nT
this condition, theB; field strength at the center of the single-

turn coil was 55.4uT for the “on” period of the on/off

modulation.

900 MHz

N
b 700 MHz )
500 MHz .
3. RESULTS AND DISCUSSION 300 MHz \/W
W

LODESR spectra of DPPH at 300, 500, 700, and 900 MI—lv ' 1 ! . L .
10 15 20 25 30 35
are shown in Fig. 3a. The absorption linewidth as well as the Magnetic Field/nT
lineshape did not change at these frequencies. The signal
intensities obtained experimentally at 300 to 900 MHz are
shown in Fig. 4. The signal intensity increased linearly Whe

the resonant frequency increased. The correlation coeff|C|ent 700 Wz 900 Mz
for the linear approximation was 0.991. Theoretically, the \\100 WHz

LODESR signal intensities of an organic free radical are pro- 300 W

portional to the resonant frequency. The difference in unpaired

electron spin humbers at higher and lower levels of Zeeman

splitting is proportional to the splitting width at room temper} 2% 0 s
ature and the resonant frequencies. There was good agreement Magnetic Field/mT
between the theory and the results, so this measuring system )
(.., ield conirl system) was proven (0 be properly deg !> > (@ LOESTspecta IOPPH, ) SR et i oot
signed and constructed. The worst signal-to-noise ratio (SN MHz. The sweep time &2 s and the sweep width, 15 mT. In this figure,
across the LODESR spectrum occurred at 300 MHz: it was 6@. mT around the absorption signal was extracted. The time constants we
The main factor contributing to the errors in this measuring001 and 0.003 s for the LODESR and EDMR measurements, respective
system appeared to be the characteristics of the directioh LODESR spectra were averages of 16 sweeps. EDMR spectra we
coupler. The parameters of the directional coupler under th(%[egr;ggz of 64 sweeps of the photoexcited silicon crystal and 256 sweeps
experimental conditions were calibrated by using a network
analyzer (HP8720B, Hewlett—Packard; bandwidth, 130 MHz to
20 GHz). However, it was difficult to reduce the error due tequation must be very small. However, the valué obtained
the directional coupler below other error factors such as there was fairly large.
SNR over the spectrum because the single-turn coil was anWe introduced a fitting curve; = a(1 — e ™), where the
undesirable load that had a very large VSWR. The maximusignal intensity approaches a constant value at higher freque
error in this measurement was 5%. cies, which is consistent with the experimental results obtaine
EDMR spectra of a photoexcited silicon crystal at 300, 50@t the higher resonant frequencigs-9. The curve also rep-
700, and 900 MHz are shown in Fig. 3b. The lineshapes did mesents our experimental results, in which the signal intensi
change at these frequencies. The signal intensities obtaiaggroaches zero at the lower resonant frequency. The sigr
experimentally at 300 to 900 MHz are shown in Fig. 5. Thimtensities fitted the curve well (Fig. 5, solid line, correlation
EDMR signal intensity increased only sublinearly when theoefficient = 0.996). The resonant frequency at which the
resonant frequency was increased (the increase in EDMR siggnal intensity reaches half value (i.a/2) was 444 MHz for
nal intensity with the increase in ESR frequency was smallthis curve. A study on the physical significance of this fitting is
than that of a linear relationship). The theoretical curvg f now underway, but it was consistent with the general concej
ax> + b (5) did not fit well to our results (Fig. 5, dotted line,that the signal intensity is constant in a high frequency rang
correlation coefficient= 0.972). In our experimerB, > B; and a signal decreases with the ESR frequency over a lo

(whereB, is the static magnetic field) so then the theoretical frequency range.
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FIG. 4. LODESR signal intensities of DPPH from 300 to 900 MHz. Solid  F!G- 6. EDMR signal intensities of a diode from 300 to 900 MHz. Solid

circles show experimental results. Open circles are corrected results. The cul
(solid line) shows the fit of = a(1 — e ™) for the corrected results, where
b = 1.44 x 10°° (correlation coefficient= 0.997).

EDMR spectra of a silicon diode, 1N4007, at 300, 500, 70that the microwaves did not penetrate the sample sufficiently ;

S5 =

80000

70000 |
60000 |

the diode were detected as an increase in conductivity ungégde material. The skin depth of the sample can be expressed

was detected. The lineshape was the same at each frequency.

the diode as the resonant frequency increased was less thantt{m\y of the sample. The averaged conductivity of the photo.
51 mm. This value was large relative to the width or thicknes
the high concentration of the doped carrier. The equivaler

50000 1 diode was measured to be> 1 X 0.3 mm, the average

and 900 MHz are shown in Fig. 3c. Because the signals frdhe higher frequencies because of the high conductivity of th
the ESR condition, the spectra were the reverse of those for the
photoexcited silicon crystal, where a decrease in conductivity 2
opo’ (4]
The signal intensities obtained experimentally at 300 to 900
MHz are shown in Fig. 6. The increase in signal intensity frofyhere . is the permittivity of the sample, and, the conduc-
of the photoexcited silicon. This can be explained by the fagkcited silicon was 0.11 S/m. Its skin depth at 900 MHz, the
maximum frequency in this experiment, was calculated to b
of the sample.
The conductivity of the diode material was very high due tc
series resistance of the diode was determined to be(®f@&m
a current-voltage characteristic. Since the chip size of th
conductivity and the skin depth of the diode substrate at 30
MHz, the minimum frequency in this experiment, were calcu:

Signal Intensity/A.U

» 40000

30000

20000

10000

600 800
Resonant Frequency/MHz

1000

1200

lated to be 7x 10" S/m and 0.1 mm, respectively.

The B, field distribution in the diode is complicated but a
rough estimation can be made by using a transmission lir
model. A semiconductor between and attached to two ele
trodes can be assumed to be a parallel plate transmission li
(see Fig. 7). The microwaves were irradiated from both sides ¢
the transmission line. The magnetic field distribution in the
transmission line can be expressed by

FIG. 5. EDMR signal intensities of a photoexcited silicon crystal from

300 to 900 MHz. Solid circles show experimental results. The curve fits
a(l — ™), whereb = 1.56 X 107°, which is drawn as a solid line

(correlation coefficient= 0.996). The dotted line shows the fit pf= ax® +

b (correlation coefficient= 0.972).

é

By(2) = 1+ei:<_|) {exp(?) + exp(za_l)} . 5]



428 SATO ET AL.

y Fig. 6, also fitted they = a(1 — e ™) curve well, with a
correlation coefficient of 0.997. When the fitting result is
/ z | applied, the resonant frequency at which the signal intensit

J electrode reaches half value (i.ea/?2) is estimated to be 482 MHz for
x . % semiconductor  the corrected signal intensity of the diode. This corresponc
well to the value for the photoexcited silicon crystal (444
MHz). The measured signal intensity from the diode will
decrease at higher frequencies due to a smaller skin depth. It
estimated that the EDMR signal intensity from the diode
which has a small skin depth relative to the physical size of th
sample, will be a maximum at 880 MHz and will fall to half of
that at 80 MHz and 6.5 GHz.

FIG. 7. Parallel plate transmission line model for estimating the magnetic To Conﬂrm the_Skm e.ffeCt’ the microwave power properties
field distribution in the diode chip. The microwaves are irradiated from boif EDMR signal intensities from the two samples were mea
sides of the transmission line. The line length is 1 mm; the distance betwegtared at 890 MHz, using a BLGR. The results are shown il
plates, 0.3 mm; and the width of a plate, 1 mm. Fig. 8. The signal intensity from the diode continued to in-
crease in a higher microwave field, while the signal intensity o
_ o i the photoexcited silicon crystal was saturated within the san
where| is the length of the transmission line all,, the | ange The peak-to-peak widths of the differential EDMR
magnetic field strength on both sides of the transmission ling)e ym of the photoexcited silicon crystal and the diode we
T_h_e microwave phase rotation in the tr_ansmlssmn I|_ne IS e~ and 1.0 mT, respectively, in a 368 microwave field. A
ligible because the length of the line is small relative to thgjgnt jncrease in linewidth with the increase in microwave
wavelength of the microwaves. Because the EDMR signgliy \yas observed only for the diode at higher microwave
intensity for unsaturated microwave power is proportional .4 The increase from 35 to 98T of microwave field was

i, the signal intensity can be corrected by 10%. Because the linewidths of the two samples were clos
- the near saturation levels are expected. The differend®, in

JoBLdz [6] field characteristics for the two samples can be explained &
[bBu(2)%dz the skin effect; i.e., even after tH, field around the diode

exceeds the saturation level, tBe field deep inside the diode
Whenl > 8, K is proportional to 13 in accordance with Eq. is not saturated and the signal intensity still continues t
[6]. The corrected signal intensities from the diode, plotted increase with the microwave power. Although it is possible tc

B
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FIG. 8. EDMR signal intensities from photoexcited silicon and diode between 28 andT98t 890 MHz. For both samples, bias current is /18;
modulation frequency, 320 Hz; scan time, 2 s; and sweep width, 15 mT. The spectra of photoexcited silicon and diode were obtained from an averhge ¢
32 sweeps, respectively.
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explain that the EDMR signals of the photoexcited silicon
crystal and the diode are derived from different species, caus-
ing the properties of the two samples to be different, it is moré-
reasonable to explain the difference by citing the skin effect®
In summary, this work presents a method for EDMR mea®"
surement at different ESR frequencies under a condant
field. An accurate relationship between EDMR signal intensity;
(from a photoexcited silicon crystal and a silicon diode) and @
resonant frequency in the UHF band was elucidated. EDMR
signal intensity plotted against resonant frequency fitted the
curvey = a(1 —e ™) well, approaching a constant value at
the higher frequencies. The increase in the EDMR signal
intensity from a silicon diode at the higher resonant frequencies
was smaller than that from the photoexcited silicon crystal.
This was due to the influence of the skin effect; i.e., theé"
microwaves did not penetrate deeply into the highly Conducti¥
sample. The difference in the microwave power properties of a
photoexcited silicon crystal and the silicon diode supports thig
explanation.

We believe that the findings in the present study strongiy.
support the validity of low-frequency EDMR measurements aB.
a semiconductor, such as a whole body of silicon device in thé

UHF band.
15.
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