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The construction of a state-of-the-art electron paramagnetic resonance spectrometer for
application to the studies of defects in semiconductors is described. The spectrometer is of
superheterodyne type with low-frequency modulation of the magnetic field and working in
dispersion. The use of a microwave synthesizer and a low-noise GaAs field-effect transistor
amplifier results in ultrahigh sensitivity of the spectrometer which is experimentally shown to be
3% 10® centerscm~3 with the test measurement being performed at 4.2 K for the easily
saturable typical shallow donor center phosphorus in silicon. It is shown that this high
sensitivity can be attributed to the use of the microwave synthesizer. The sensitivity of the
spectrometer is improved by a factor 30 when a microwave synthesizer is used as microwave

source instead of a quartz crystal stabilized klystron.

I. INTRODUCTION

Electron paramagnetic resonance (EPR) is one of the
more prominent spectroscopic techniques applied in solid-
state research. The detection methods of the phenomenon,
discovered by Zavoisky in the year 1944, have gradually
been improved benefiting greatly from the development of
the radio- and microwave-frequency techniques in the late
forties and early fifties. As a result, the frequency range
used in the EPR experiments shifted from about 50 MHz
in first experiments to 9 GHz (X band) and higher. This
allowed for significant increases of both sensitivity and res-
olution.

Although the main activity field of the EPR spectros-
copy is in inorganic chemistry the method has also been
successfully utilized in solid-state physics, including the
study of defects in semiconductors. When applicable, i.e.,
for paramagnetic centers, it has yielded detailed structural
information of microscopic character. It should be noted
here that the data obtained by EPR and EPR-based double
resonance techniques [electron nuclear double resonance
(ENDOR), optical detection of magnetic resonance
(ODMR)] are in general not accessible by any other ex-
perimental method. The power of magnetic resonance
spectroscopy is well illustrated by the fact that a micro-
scopic model of the vacancy in silicon, which constitutes a
basic building stone for many more complex defects, was
developed fully on its basis. Other examples of successful
application of EPR in semiconductors are the studies of
transition metals in silicon and III-V compounds, as well
as the investigations of the most important defect com-
plexes such as EL2 in GaAs and thermal donors in silicon.

A more important disadvantage of magnetic resonance
is its relatively low sensitivity compared to some of the
other methods. A better sensitivity can be obtained by op-
tical detection of the magnetic resonance (ODMR ), how-
ever, this is applicable to optically active paramagnetic cen-
ters only. This hampers the potential applications of this
powerful technique in the studies of high-purity materials
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and low-dimensional structures. It is therefore of utmost
importance to optimize the parameters of the EPR spec-
trometer for the particular requirements as posed by the
paramagnetic centers in semiconductors. These require-
ments are generally very different from those for which
standard commercial EPR spectrometers are designed.

Il. PRELIMINARIES
A. Sensitivity

Commercial EPR spectrometers are designed to meet
the requirements of the market where one of the biggest
fields of application is in inorganic chemistry. In this case
the sensitivity of the spectrometer is not a major problem,
because of the nature of the measurement. Often the spec-
imen under investigation has a high concentration of para-
magnetic centers and saturation of the EPR signal occurs
seldom. In such a case the measurements are performed in
the absorption mode and high microwave power levels may
be used, thus automatically increasing sensitivity.

For EPR measurements in semiconductors, especially
for silicon, sensitivity is much more limited by the spin
system under investigation. Typical concentrations of in-
vestigated centers are in the range of 10'°-10"° cm™3. At
these low concentrations no spin-spin interaction occurs,
and so the main deexcitation path is provided by the spin—
lattice relaxation. At the same time, in order to avoid im-
purity conductivity and also to increase the signal by a
higher Boltzmann factor, the investigations are mostly per-
formed with the sample temperature close to the liquid-
helium boiling point, in the 1-40-K range. However, at
such a low temperature the spin-lattice relaxation time is
drastically increased and saturation of the signal occurs at
relatively small microwave power levels. Under these con-
ditions measuring the dispersion part of the signal is essen-
tial to obtain maximum sensitivity, since in the dispersion
mode saturation occurs at much higher microwave powers
compared to the absorption.
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A very much similar reasoning may be employed for
choosing the optimal frequency for magnetic field modula-
tion. One should bear in mind that the requirements are
contradictory. To obtain a maximum signal the modula-
tion frequency must be equal to the reciprocal of the spin
relaxation time. Since, as was mentioned before, in the
liquid-helium temperature range the relaxation time is
long, the most appropriate modulation frequencies are in
the audio-frequency range. On the other hand, however,
the detection noise for such low frequencies is prohibitively
high. In order to minimize this type of noise commercial
spectrometers designed for nonsaturating materials employ
modulation frequencies about three orders of magnitude
higher, i.e., =100 kHz. The noise considerations will be
discussed in more detail in Sec. II B. An EPR spectrometer
working in the dispersion mode is more complex than one
operating in absorption mode. However, using modern
technology, the more stringent requirements to the spec-
trometer can be met without highly complex schemes
which often are difficult to use and suffer from long-term
instabilities. Long-term instabilities can be prohibitive
when the spectrometer is to be used also for ENDOR
where stability over days is required.

B. Noise

In general the total noise in an EPR spectrometer orig-
inates from three independent sources. These are (a) ther-
mal noise at load and detection noise, (b) noise of micro-
wave source, and (c) cavity noise. In what follows these
three contributions will be discussed separately.

1. Thermal noise at load and detection noise

This kind of noise is independent of whether measure-
ments are performed in absorption or dispersion mode.
Ignoring for the moment other possible noise sources, the
signal-to-noise (S/N) ratio is determined at the point
where the microwave power reflected from the cavity :;
detected. If the later stages of the detection system are
properly designed, then the minimal amount of noise is the
thermal noise at the microwave bridge. The most simple
way of detecting microwaves is by microwave diodes,
which rectify the microwave power to a dc voltage. How-
ever, microwave diodes exhibit an extreme 1/f noise, pre-
venting the detection of small signals. The usual procedure
to overcome 1/f noise is the use of phase-sensitive detec-
tion (lock-in technique). This method is very suitable and
for modulation frequencies near, or exceeding, 100 kHz it
diminishes the 1/f noise of the diode below the level of its
thermal white noise. The 100-kHz modulation is indeed
used in most commercially available spectrometers. How-
ever, for the particular applications of EPR as considered
here, the use of low-frequency modulation is essential and
the 1/f noise has to be eliminated in a different way. An
obvious solution is amplification of the signal prior to de-
modulation to audio frequencies. This can be accomplished
by heterodyne detection of the signal, by direct amplifica-
tion of the microwave power, or by a combination of both
methods.

5743 Rev. Sci. Instrum., Vol. 63, No. 12, December 1992

In case of heterodyne detection the microwave power
reflected from the cavity is converted to a signal at an
intermediate frequency (i.f.), by mixing with local oscilla-
tor power. Normally the i.f. is of the order of 10 MHz
which is substantially higher than 100 kHz and yet low
enough to be easily amplified. For the heterodyne spec-
trometer the detection contribution to the spectrometer
noise ::an be calculated on the basis of the formula of de
Vries:

Fig—1
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where F=(S/N),./(S/N);,, with both signal (S) and
noise (/N) in power units. The noise figure normally is
given as NF(dB)=10log F. The parameter Fy,. is the
overall noise figure of the spectrometer and F;; and Fg4.
are the noise figures of the i.f. amplifier and the diode,
respectively. Fy ... is the noise generated by the micro-
wave source, which is the subject of the next section. G,,, is
the power attenuation of the signal between cavity and
mixer, and G is the power amplification of the i.f. ampli-
fier.

With Gj,,~1, Eq. (1) shows that if the amplification
G; ¢ exceeds the noise figure of the diode the overall noise
figure F,.. is determined by F,,.. and F;;. Instead of
heterodyne detection, the same result can be obtained us-
ing direct amplification of the microwave power, which is
practicable at present and can be performed with low-noise
GaAs field-effect transistor (FET) ampliﬁers.2 The best
noise figure obtainable with a diode is 6 dB against 3 dB
(both at 300 K) for the amplifier, where the extra factor 2
is caused by the fact that also the sum frequency is pro-
duced in the mixing process or in case of final detection the
rectification of the microwave power. Furthermore, the
GaAs-FET amplifier can often be cooled to nitrogen tem-
perature, which further reduces its noise figure to 1 dB and
makes the application of a microwave amplifier even more
advantageous. At this point one should, however, note that
although the detection system hardly adds noise, in the
case when the GaAs-FET amplifier is operated at liquid-
nitrogen temperature, the thermal noise at the circulator,
which stays at room temperature, becomes the limiting
factor. With the noise figure of an amplifier of 3 dB and
high enough amplification, the noise figure of the spec-
trometer is also 3 dB (F,,.=2), provided that F,. can
be neglected. In order to achieve sufficient amplification a
second-stage amplification might be necessary and this sec-
ond stage can be either a second GaAs-FET amplifier or
heterodyne detection.

(1)

2. Noise of microwave source

The noise of the microwave source consists of ampli-
tude as well as phase/frequency fluctuations. The ampli-
tude noise of the generator seldom is a problem since it can
be successfully overcome by choosing an appropriate de-
tection method. The application of a reference arm, a crit-
ically coupled cavity, and balanced mixers cancels this
noise for the largest part. The frequency noise of the gen-
erator is far more important and becomes a major problem
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when the spectrometer is tuned to detect the dispersion
part of the signal. In this case the spectrometer is sensitive
to frequency shifts of the cavity and consequently will re-
spond also to frequency shifts of the generator. The prob-
lem is illustrated by the formula giving the reflected power
from the cavity when tuned to dispersion (with sample in
resonance):3

2

2Av
P=P, Q,(m('+7) . 2)

In this expression P, is the incident microwave power on
the cavity, Q, is its loaded Q factor, and 7 is the filling
factor (the fraction of the stored microwave power in the
cavity that interacts with the sample). The dispersion part
of the magnetic susceptibility is given by y’ which has the
same phase as the fractional frequency deviation Av/v, in
which v is the eigenfrequency of the cavity. Without these
frequency deviations the minimum detectable signal is de-
termined by the thermal noise as described in Sec. II Bl.
Therefore the noise generated by random frequency devi-
ations of the generator should be less than the thermal
noise component. To make an estimate of the required
frequency stability of the generator it is convenient to use
Av /v of the generator. Normally Av, is expressed in
Hz per \/PE bandwidth and here the short term stability
(bandwidth of detection) is needed. This Av,,/v is sub-
stituted in Eq. (2) to obtain an estimate of the noise gen-
erated by random frequency fluctuations. But it should be
noticed that Eq. (2) is only valid for a steady-state situa-
tion, so for a stationary frequency deviation Av,> and not
for (very) short-term deviations since, in this case, the role
of the Q factor is not taken into account properly. Al-
though the use of Eq. (2) represents a rather crude ap-
proximation and a detailed calculation cannot be made, the
results obtained with it are reasonable and can be used to
obtain limiting values of the absolute noise level. On the
other hand, the resulting frequency noise is expected to
scale with the short-term stability of the microwave gener-
ator and relative noise levels should be predicted to a
higher accuracy. The thermal noise power is given by (for
first-stage amplifier with NF=3 dB) 2kTAf, where Af is
the detection bandwidth and the noise generated by fre-
quency deviations should not exceed this value. For a
bandwidth of 1 Hz this leads to

2Av\? 21
PO(QIT) <8X107 % W. (3)

Since this kind of noise depends on the microwave power it
is not possible to give an absolute frequency stability re-
quirement. However, the experimental values Py=200 uW
and Q;=5000 can be given as a typical limit where satu-
ration of the dispersion signal starts to occur. Substitution
of these values shows that Av/v should be less than 10~ 2
(for a bandwidth of 1 Hz).

In the practice of EPR spectrometers two kinds of
microwave sources are used: klystrons and Gunn diodes.

The advantage of the Gunn diode is the high micro-
wave power and the low voltage power supplies required.
However, the phase noise of these generators is a factor of
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10 worse than for reflex klystrons, which makes them less
applicable for use as the microwave source in a dispersion
spectrometer. In the following part the noise of a reflex
klystron will be discussed, with most of the conclusions
applicable also to Gunn diodes. Some information about
the spectral purity of the klystrons is considered in various
papers on this subject*’ with typical numbers for Av/v
given as 1073-10719 (bandwidth 1 Hz). Such a relatively
high stability is only accomplished when the klystron is
externally stabilized. The stabilization is mostly obtained
by locking its frequency on the measuring cavity. Such a
method can be applied only for absorption measurements
since, in this case, the frequency deviations are corrected.
It implies that also the dispersion part of the signal is
effectively eliminated. For dispersion measurements the
klystron has to be stabilized on an external stable reference
oscillator. This can be a quartz crystal and the klystron is
then phase locked on a high harmonic of the quartz oscil-
lator. In this case the frequency stability is determined by
that of the quartz crystal. Alternatively, a reference cavity
can be used to externally stabilize the frequency. The best
results can in this case be achieved with a reference cavity
whose noise is subtracted from the noise from the measur-
ing cavity, resulting in cancellation of the frequency noise
of the generator. In order to achieve that goal the two
cavities have to be identical, and more important, have to
remain identical during the measurement. Such a condition
is very difficult to realize in practice. An improvement can
be made when a dual-mode cavity is used, which comprises
both the measuring and the reference cavity. The results
reported* are good, but such a dual-mode cavity is difficult
to operate and lacks the accessibility of the cylindrical cav-
ity. Another successful method of eliminating the phase
noise in dispersion measurements is the use of a loop-gap
resonator.® In this case the combination of a low Q factor
and high microwave magnetic field at the location of the
sample result in an excellent signal-to-noise ratio. How-
ever, it should be noted that for the spectroscopy of defects
in semiconductors, operation at liquid-helium temperature
is essential, which puts a number of constraints on the
construction of the microwave cavity and until now, no
report has been given of successful application of one of the
mentioned alternative cavity designs operating in the low-
temperature region.

A modern alternative for the externally stabilized re-
flex klystron is a microwave synthesizer, in which the mi-
crowave power is generated directly from an ultrastable
quartz crystal. Reduction of the phase noise of the micro-
wave generator allows for improvement of spectrometer
performance and still using the existing, often specialized,
cavities. Although these synthesizers are commercially
available for some time their application in magnetic reso-
nance has been scarce™® and was never considered for a
standard continuous wave spectrometer. The big advan-
tage of this solution is that no external stabilization is re-
quired; this makes the spectrometer and its operation
much less complicated and, at the same time, the resulting
short-term stability is far better (Av/v=~1Xx10""? for a
bandwidth of 1 Hz). In the further sections of this article
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FIG. 1. Block diagram of spectrometer as described in text. All important active and passive components are given. Spectrometer is working in the

8.5-9.5-GHz range (X band).

a direct experimental comparison will be made between the
actual performance of an EPR spectrometer as equipped
with a klystron stabilized on a quartz crystal and a micro-
wave synthesizer.

3. Cavity noise

The effect of cavity noise is closely related to the fre-
quency noise of the generator, since there is no difference
as to whether the source or the cavity has frequency fluc-
tuations. The origin of cavity frequency deviations is be-
lieved to be mainly of mechanical nature. These may be
due to the imperfections of the cavity, such as the defor-
mations, imperfect contacts between individual parts, and
machining tolerances. Also, cooling of the cavity usually
introduces strains in the cavity leading to characteristic
“cracking” during the experiment. Yet another source of
the frequency noise in the cavity is the sample which can
mechanically move (vibrate). The same applies also to any
kind of (micro) dirt which might be present in the cavity,
vibrations in the coupling device, fluctuations in the pres-
sure of the contact gas or vacuum, etc.

For the above-mentioned reasons it is obvious that the
noise of cavities of bigger dimensions should be smaller
than that of the small ones. This, in part, is responsible for
the fact that EPR spectrometers operated at higher fre-
quencies, contrary to expectations, are usually not more
sensitive than those tuned for lower frequencies, provided,
of course, that detection and frequency noise are mini-
mized.
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ill. EXPERIMENTAL
A. Description of spectrometer

Following the theoretical considerations outlined in
the preceding section an EPR spectrometer was con-
structed. A schematic drawing of the spectrometer in its
final configuration is given in Fig. 1. The spectrometer is
operating between 8.5 and 9.5 GHz (X band). A configu-
ration with a reference arm has been chosen to obtain max-
imum sensitivity,! and to permit the spectrometer to be
operated always with critically coupled cavity, which is
essential when the reflected microwave power is to be am-
plified. The reference arm also allows for easy tuning to
dispersion or absorption by adjusting the phase of the ref-
erence microwave power. As discussed before, the detec-
tion noise is reduced to a minimum by using a combination
of a GaAs FET low-noise amplifier and heterodyne detec-
tion at an intermediate frequency of 30 MHz, and therefore
this combination has actually been chosen. The GaAs-FET
amplifier is from Berkshire Technologies, model x-9.1-
30ww, the microwave double-balanced mixers from Trian-
gle Microwave, model PF-80A, and the 30-MHz double-
balanced mixer from Hewlett Packard, model 10534A. In
first instance a high quality (Varian, type VA 217) reflex
klystron stabilized on a quartz crystal was used as a mi-
crowave source. As will be shown the sensitivity of the
spectrometer in that earlier case was fully limited by the
frequency noise of the klystron. Consequently the klystron
was replaced by a microwave synthesizer (Hewlett Pack-
ard, type 8671A). A comparison of performance of the
spectrometer for the two microwave sources will be given.
As a local oscillator for the heterodyne detection a reflex
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klystron, stabilized on the 30-MHz reference signal, is
used. In forthcoming improvements it will be replaced by a
second microwave synthesizer. Although this will not im-
prove sensitivity, the reliability and ease of operation (no
high voltage power supplies and stabilization circuits) will
be upgraded. An alternative for a separate local oscillator
is the technique described by Hall and Schumacher,’ where
the local oscillator power is derived from the source. But
this technique makes operation of a spectrometer more
complicated and should only be used in cases where the
cost of a generator is prohibitively high (e.g., in higher
frequency bands). The microwave bridge is a high perfor-
mance circulator (isolation =40 dB), which was preferred
over a magic 7T, since in this latter case half of the power
reflected from the cavity is lost in the matched load of this
microwave bridge and therefore the sensitivity is reduced
by a factor \/E The spectrometer is equipped with a
(home-built) silver-plated cylindrical cavity operating in
the TE,;; mode. An often used alternative is the rectangu-
lar cavity, which has the attractivity of a relatively small
size. However, a cylindrical cavity offers several important
advantages, the more prominent ones being its high Q fac-
tor and the fact that the sample is easily accessible for light
or uniaxial pressure. It is also very beneficial that the mag-
netic field component of the microwaves is always perpen-
dicular to the static magnetic field. This permits an angular
dependence of the EPR signal to be taken by rotating the
magnetic field instead of rotating the sample, as is the case
for a rectangular cavity. A disadvantage of a cylindrical
cavity is its size (diameter~length~4.4 cm at the X
band). In order to fit this cavity between the magnetic pole
caps and cool down to liquid-helium temperature a special
stainless-steel cryostat, based on thermal conductance, was
developed. For an EPR set-up a major advantage of the
rigid stainless-steel cryostat over a conventional glass
dewar system is its high mechanical stability, which re-
duces sensitivity to vibrations and ensures stable sample
position, even during filling of helium. The magnetic field
is modulated at low audio frequencies, generated by a lock-
in detector, using external modulation coils. The actual
value of static magnetic field, in the range of 0-1 T, is
measured to a high accuracy (1 uT) using a proton NMR
probe (Bruker, type ER 035M) which is read by a 80286
(AT)PC, which controls the steering current of the mag-
net. A special algorithm'® is used to control the magnetic
field, also during scanning, within the accuracy of the
NMR probe. This is in contrast to commercial spectrom-
eters which actually use Hall probes to measure magnetic
field and do not offer active stabilization. It should further
be mentioned that the quoted accuracy of the field stabili-
zation applies to short- as well as long-term stability. The
latter one is of importance for extension of the spectrom-
eter to ENDOR measurements. The signal is detected us-
ing a conventional lock-in detector, the data are sent to a
recorder and are read by the PC. Additional digital filter-
ing can be applied to the data; such a procedure is pre-
ferred over longer RC times of the lock-in detector.
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TABLE I. Specifications of amplifiers and mixers used in spectrometer.

Temperature Gain NF

Device (K) (dB)  (dB)
GaAs-FET amplifier 300 27 3
GaAs-FET amplifier 77 30 1
Microwave mixer + i.f. amplifier 300 23 8
30-MHz mixer 300 —6 28
B. Noise

In the present spectrometer a combination of a GaAs-
FET amplifier and heterodyne detection is used. Specifica-
tions of amplifiers and mixers incorporated in the set-up
are given in Table I. During construction of the spectrom-
eter in a preliminary phase only the GaAs-FET amplifier
was used. Although several high quality microwave diodes
were tried, the noise figure of these diodes (at low audio
frequencies) was as high as F=1x10*. This resulted in a
final noise figure of the spectrometer Fp..~20, which is far
from the theoretical goal of Fy,..=2 as discussed in Sec. II:
Preliminaries. Therefore an additional amplification was
necessary and here heterodyne detection was preferred
over a second GaAs-FET amplifier. The advantage of the
heterodyne detection is that for the demodulation of the
30-MHz signal the 1/f noise of these diodes is much less,
F =600, which makes the additional noise of the last mixer
fully negligible. This is illustrated by the noise measure-
ments (all with detection bandwidth of 1 Hz and lock-in
frequency of 83.3 Hz) of which the results are given in
Table II. When the circulator was connected, the spec-
trometer was tuned to absorption and the incident power
on the cavity was very low to ensure that only detection
noise was measured. These measurements unambiguously
prove that indeed the detection noise is limited to thermal
noise of the GaAs-FET amplifier plus the thermal noise at
its input. Upon cooling by liquid nitrogen the thermal
noise power should be 300/77 times less and taking into
account the extra factor 2 in amplification of the GaAs-
FET amplifier at 77 K the thermal noise power should be
about twice as low. The detected noise voltage should then
be lowered by =~ \/5, which indeed is observed. Further-
more, the total amplification is 50 dB (GaAs-FET ampli-
fier at 300 K), the conversion loss in the last balanced
mixer is 6 dB and the total thermal noise at the input of the
GaAs-FET amplifier is — 171 dBm. This results in a noise
power of —127 dBm (2X 10~ W) across 50 Q giving a
calculated noise voltage of 0.1 uV. The impedance of the
last balanced mixer (50 ) and the input impedance of

TABLE II. Measurement of detection noise.

Temperature amplifier Noise
Input GaAs-FET amplifier (K) (uVv)
amplifier off 300 0.02
circulator 300 0.2
50-Q2 resistor 300 0.2
50-Q resistor 77 0.12
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TABLE III. Specifications of (stabilized) klystron and synthesizer. The
last column gives the theoretical power [based on Eq. (2)] at which the
frequency noise equals the thermal noise.

Maximum Frequency stability Limit

power power

Source (dBm) Long term Short term (dBm)
Klystron 17 5% 1073(/h) 1X10°(/s) —78
synthesizer 10 5%1071%(/day) 2X107'%(/s) —24

lock-in amplifier (10 MQ) are not matched resulting in the
measured value being two times higher than the calculated
one.

C. Experimental comparison of externally stabilized
klystron and synthesizer

In order to establish the importance of the microwave
source stability, the noise level of the spectrometer for both
microwave sources was compared. The mentioned combi-
nation of GaAs-FET amplifier and heterodyne detection,
which gives a minimum of detection noise, was used in
both cases. The klystron frequency was stabilized using a
commercially available stabilization unit (Microwave As-
sociates, model PLS). The specifications of the (stabilized)
klystron and the synthesizer are given in Table III, in
which also the theoretical maximum power is given, based
on Eq. (2), where the frequency noise exceeds the thermal
noise.

The noise measurements were performed at room tem-
perature. A cylindrical cavity with Q;=12 000 was used.
The results are presented in Fig. 2. As can be seen in the
case of the klystron at a power of —46 dBm the frequency
noise equals the thermal noise and therefore for higher
microwave powers no improvement of S/N ratio is ob-
tained. In the case of the microwave synthesizer such a
situation is reached only at a power of —16 dBm. This
results in an improvement in S/N ratio (in voltage, which
is the square root of S/N ratio in power units) of 32. It
must be concluded that the estimated required stability by
Eq. (2) is too stringent, since comparing the short-term
stabilities of the quartz-stabilized klystron and the synthe-
sizer, the expected improvement in S/N ratio should be
500. This is a clear indication that, in the case of the syn-
thesizer, the remaining noise is not caused by frequency
fluctuations of the source but by frequency deviations of
the cavity. This is in contrast to the case when the klystron
is used, the biggest part of the noise, at microwave powers
above —46 dBm, is frequency noise of the source itself.
This conclusion is further confirmed by the following mea-
surements. At room temperature, with the klystron as mi-
crowave source, there was no difference in maximum S/N
ratio when the cylindrical cavity (Q;=12000) was re-
placed by a rectangular cavity (Q;=3000). In this case, at
higher microwave powers, both the signal and the noise for
the cylindrical cavity were four times bigger. This result is
to be compared with noise measurements made with the
cylindrical cavity at room and liquid-helium temperature.
The loaded Q factor at helium temperature is 44 000 com-
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noise (uV)

microwave power (dBm)

FIG. 2. Comparison of noise of spectrometer in case of klystron (O) and
microwave synthesizer ({)). The absolute noise levels are given as a func-
tion of microwave power. The lower horizontal line indicates the thermal
noise level, the second line indicates the noise level where the cavity/
frequency noise equals the thermal noise.

pared to the 12 000 at room temperature; therefore it is
expected that the noise at helium temperature, at relatively
high microwave powers, should be nearly four times higher
than the noise at room temperature. Figure 3 gives the
noise as a function of the incident microwave power from
the synthesizer source at a constant lock-in frequency of
12.3 Hz. Although at helium temperature the noise at
higher power levels is slightly bigger, the difference is
much smaller (factor 1.5) than the expected value. These
measurements confirm the assumption that the remainder
of the noise is generated by the cavity.

The level of noise was also measured for different lock-
in frequencies (cavity at liquid-helium temperature).
These results are presented in Fig. 4, which shows that the
noise increases with higher lock-in frequencies. This is an
argument for the use of low audio frequencies for magnetic
field modulation.

From the above described test measurements it is evi-
dent that in this particular experimental configuration a
microwave synthesizer should be chosen as a source. In
this case not only reliability and ease of operation are im-
proved, but also a clear advantage in S/N ratio is obtained.
One could also add that, on a long term, a microwave
synthesizer proves itself to be a very cost-effective solution.

D. Sensitivity
In order to determine the absolute sensitivity of the
spectrometer a sample with a well defined number of spins
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FIG. 3. Comparison of noise at 4.2 K (O) and at room temperature ({))
as a function of microwave power for the microwave synthesizer.

was chosen. The sample was a little piece (2X2X2 mm?)
of commercially available zone-refined silicon (Wacker)
doped with phosphorus. The resistivity of the material was
100 Q cm which, for uncompensated material, corresponds
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FIG. 4. Noise of spectrometer as a function of detection frequency. Only
the detection noise ({)) measured at a very low microwave power ( —60
dBm) and total (cavity/frequency) noise (O) at a relative high micro-
wave power (—16 dBm).
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FIG. 5. Example of a spectrum obtained with the spectrometer tuned to
dispersion for a Si:P sample. The value for the noise used to determine the
S/N ratio is its rms value, which equals about one fourth of the width of
the noise band. Microwave power is —21 dBm at 9.224 368 GHz. A
relatively small offset signal can be seen, which almost always is present in
dispersion measurements.

to a phosphorus concentration of 5%x10" cm™3. A
phosphorus-doped sample was selected since substitutional
phosphorus in silicon is representative for defect centers in
semiconductors and as such is typical for the application
for which the spectrometer is designed. The measurement
was performed at 4.2 K with the spectrometer tuned to
dispersion. The modulation frequency was 12.3 Hz and the
integration time of the lock-in amplifier was 300 ms. A
spectrum obtained for microwave power level correspond-
ing to a maximum S/N ratio is given in Fig. 5. The S/N
ratio as a function of microwave power is given in Fig. 6.
The solid line in the figure illustrates the S/N ratio without
saturation, where the signal at higher power levels is ex-
trapolated from the signal actually measured at low pow-
ers. The maximum S/N ratio is 55 and 110, with and
without saturation, respectively. Using the same data and
applying digital filtering (running mean) comparable to a
RC time of =3 s these numbers can be increased to 160
and 320, respectively. Since the sample contains 4% 10'!
phosphorus centers, and the signal is split into two com-
ponents (m;= +1/2), each line corresponds to 2x 10"
centers. Since the linewidth is 3 G the minimum number of
detectable spins with linewidth of 1 G, when no saturation
occurs and with an integration time of 3 s, is therefore
2x10%. For a “normal” sized sample of 2X2X 30 mm?®
this gives a minimum concentration of 2 10° cm 3. For a
bigger sample of 5% 530 mm®, which still easily fits in
the cavity without lowering its Q factor, the detectable
concentration is 3 10® cm 3.
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FIG. 6. S/N ratio obtained with the phosphorus-doped silicon sample as
a function of the microwave power. The points (O) are the measured
S/N ratios and the drawn line is the S/N ratio in the absence of satura-
tion.
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When extrapolated to room temperature such sensitiv-
ity appears comparable to the highest ones as reported for
X-band spectrometers equipped with a loop-gap resona-
tor.! For the particular application to the low-temperature
studies of defects in semiconductors the sensitivity ob-
tained here is about 50 times higher than the last published
one of 10" spins/G® and therefore presents a very consid-
erable improvement.
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