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While there are several two-dimensional thermometry techniques that provide excellent spatial, tem-
poral, and time resolution, there is a lack of three-dimensional (3D) thermometry techniques that work
for a wide range of materials and offer good resolution in time, space, and temperature. We investigate
electron paramagnetic resonance (EPR) of n-type silicon and germanium as a possible means of 3D ther-
mometry. While in germanium the EPR linewidths are too broad for thermometry, EPR linewidths in
silicon are reasonably narrow and exhibit a strong temperature dependence. The temperature dependence
of the spin-lattice relaxation rate (1/T1) of conduction electrons in n-type Si have been extensively stud-
ied for low dopant concentrations and follows a T3 law due to phonon broadening. For heavily doped
Si, which is desirable for good SNR for application in thermometry, impurity scattering is expected to
decrease the temperature dependence of 1/T1. Our results show that, in heavily doped n-type Si, spin-
lattice relaxation induced by impurity scattering does not drastically decrease the temperature dependence
of EPR linewidths. In P-doped Si with donor concentration of 7 × 1018/cm3, the EPR linewidth has a
T5/2 temperature dependence; the temperature dependence decreases to T3/2 when the donor concentra-
tion is 7 × 1019/cm3. While the temperature dependence of linewidth decreases for heavier doping, EPR
linewidth is still a sensitive thermometer. We define a figure of merit for SNR for thermometry from EPR
linewidths of n-type Si and observe that increasing the doping results in a better SNR for thermometry.
Using effective medium theory, we show that EPR linewidth can be a sensitive thermometer for application
in 3D thermometry with systems embedding microparticles of heavily doped n-type Si.

DOI: 10.1103/PhysRevApplied.20.064024

I. INTRODUCTION

While sensitive and spatially well resolved invasive [1]
and noninvasive [2] two-dimensional (2D) thermometry
techniques have been established, there is a general lack
noninvasive three-dimensional (3D) thermometry tech-
niques. This is especially true in systems where there is no
optical access. 3D thermometry in optically opaque sys-
tems is, however, useful in biology [3] and engineering
[4].

Imaging of systems opaque to visible light can be per-
formed using electromagnetic waves of much higher (x
ray) or lower frequencies (radio frequencies or microwave
frequencies) [5]. 3D x-ray imaging is possible in both
absorption [6] and diffraction mode [7]. However, x-ray
absorption is not strongly temperature dependent and x-ray
diffraction requires crystalline materials [4]. Even for crys-
talline materials, XRD requires sufficiently high-energy x
rays for 3D thermometry [4].
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Different NMR processes depend on temperature [3],
and therefore, nuclear magnetic resonance imaging, i.e.,
(N)MRI, can be used to obtain spatially resolved 3D tem-
perature maps. In biological systems, (N)MRI has been
used to obtain temperature maps using spin-density con-
trast [8], spin-lattice relaxation time (T1) contrast [9],
spin-spin relaxation time (T2) contrast [10,11], chemical
shift contrast [12,13], and diffusion contrast [11,14]. While
spin density and the relaxation-time contrasts are rela-
tively less sensitive to temperature, diffusion and chemical
shift contrast suffer from motional artifacts [3]. Addition-
ally, all these techniques depend on the nature of water
for the temperature dependence of the NMR signal [3],
and therefore, cannot be applied in systems not containing
water.

In our previous work, we showed temperature-
dependent diffusion results in temperature-dependent
motional narrowing of NMR lines in the presence of super-
paramagnetic iron-oxide nanoparticles (SPIONs). The sub-
sequent spin-spin relaxation time (T2) is a thermometer
in fluids in the presence of SPIONs [15]. The method,
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however, is restricted to fluids where the timescale of
diffusion is fast enough to even out the field inhomo-
geneities induced by the SPIONs. The field inhomo-
geneities induced by the SPIONs (the magnetization of
the SPIONs) is not strongly temperature dependent. The
method is, therefore, limited to fluids where the tempera-
ture dependence of diffusion is strong.

In general, NMR is limited to systems where the nucleus
of interest has a fast enough diffusion to give an observ-
able NMR spectrum. This makes NMR thermometry not
applicable in most solids.

3D imaging using magnetic resonance, however, is not
limited to nuclear spin resonances. Electron paramagnetic
resonance (EPR) could also be used for 3D imaging of
systems with paramagnetic electrons or free radicals [16].
Temperature-dependent EPR signal has also been sug-
gested for possible thermometry [17]. Therefore, EPR
imaging (EPRI) provides an opportunity for 3D thermom-
etry in systems where x ray or NMR cannot obtain the
temperature information.

In a paper reporting EPR in semiconductors, Kittel
and Brattain [18] noted that the EPR linewidth of con-
duction electrons in n-type silicon is highly sensitive to
temperature at elevated temperatures (>100 K). This was
further confirmed by works by Lancaster [19] and Lepine
[20]. Theories by Elliot [21] and Yafet [22] and further
improved by others [23–25] showed that phonon broaden-
ing results in an approximately T3 temperature dependence
of EPR linewidth in n-type Si. In p-type silicon, however,
the broadening of resonance of the acceptor states by inter-
nal stresses from dislocations is much more significant than
the broadening of resonance of the donor states in n-type
silicon [26], and resonance in p-type Si is not observed
until the sample is subjected to a uniaxial stress [27]. Thus,
thermometry using EPR linewidth in p-type Si might not
be possible. EPR linewidth in n-type Si, on the other hand,
can be a sensitive 3D thermometer.

For heavily doped Si, which is preferred for a higher
SNR in thermometry, impurity scattering is expected to
impact the line broadening of EPR spectrum [28–30].
There is a need for a systematic study on how the impurity
impacts the temperature dependence of EPR linewidths
at higher temperatures. In this paper, we investigate the
temperature dependence of EPR linewidth of n-type Si
at different carrier densities to identify the optimal dop-
ing level for application in thermometry. We also study
the EPR linewidths in n-type Ge to investigate if Ge pro-
vides a better opportunity for 3D thermometry. This work
reports the temperature dependence of EPR linewidth of
highly doped n-type silicon at high temperatures. There-
fore, the work is of potential interest to both thermometry
and spintronics communities.

Finally, we apply effective medium theory to estimate
the penetration depths of microwave at different doping
levels and frequencies.

TABLE I. Resistivities and carrier densities for studied sam-
ples.

Sample no. Type
Resistivity
(m� cm)

Carrier con-
centration,
nc (cm−3)

A P-doped Si 1.01 7 × 1019 [31]
B P-doped Si 8.3 7 × 1018 [32]
C P-doped Si 105 7 × 1016 [31]
D P-doped Si 4300 9 × 1014 [31]
E P-doped Si 528 000 7 × 1012 [32]
F As-doped Ge 25 5 × 1017 [33]
G Sb-doped Ge 7.9 1.5 × 1018 [33]

The study of the sensitivity of the temperature depen-
dence along with the estimation of the penetration depth
required for volumetric imaging using electron paramag-
netic resonance imaging (EPRI) provide an understanding
of the potential of EPRI for 3D thermometry.

II. EXPERIMENTAL DETAILS

P-doped Si with different carrier concentrations were
purchased from Sil’Tronix Silicon Technologies and As-
doped and Sb-doped Ge were purchased from El-Cat Inc.
The room-temperature sheet resistance and resistivity of
the wafers was measured by using a four-point probe using
a constant current source and Keithly 2000 as a dc volt-
meter. Table I summarizes the measured room-temperature
resistivities and corresponding carrier concentrations for
each sample.

Temperature-controlled EPR measurements from 100 to
290 K were carried out on a Bruker EMXPlus spectrom-
eter operating at a frequency of approximately 9.4 GHz
(X band). The magnetic field was swept with a modula-
tion frequency of 100 kHz. For measurements on Si, the
modulation amplitude for most measurements were set at
1 G but was reduced if the EPR linewidths were compa-
rable to or smaller than 1 G. For Ge, the EPR lines were
very broad (approximately 40 G) for all temperatures, and
therefore, a modulation amplitude of 10 G was used to
maximize the signal to noise ratio. To confirm the line
broadening was independent of the field used, additional
measurements were also performed on an ELEXSYS E500
(E580) spectrometer operating at microwave frequencies
of 34 GHz (Q band) and 3.5 GHz (S band).

Samples not ground to powders showed a Dysonian
lineshape [34,35] at the expected g values of conduction
electrons. This is expected for highly conductive sam-
ples where microwave penetration depths are smaller than
the particle size [36]. The effect was more pronounced at
34 GHz as the penetration depth is reduced further. There-
fore, the samples were ball milled using alumina balls and
a jar and inspected with scanning electron microscopy to
ensure the average particle sizes were smaller than the
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FIG. 1. SEM image of P-doped Si (nc = 7 × 1019 cm−3) after
ball milling. The image was taken in a FEI Quanta FEG 450 SEM
with an incident electron energy of 20 keV. The volume average
particle size, determined from ImageJ, is approximately 8 μm.
The standard deviation is approximately 13 μm.

microwave penetration depth (approximately 10 μm for Si
with nc = 7 × 1019 cm−3 at 9.3 GHz). The Dysonian effect
was removed, and the line shape could be fit well with
Lorentzian lineshape using EasySpin tool in MATLAB. The
SEM image after ball milling is presented in Fig. 1. The
average particle size after the ball milling was approxi-
mately 8 μm with a standard deviation of approximately
13 μm. An example fit of the spectra with Lorentzian
lineshape is presented in Appendix A.

Ball milling, however, resulted in an additional feature
in the EPR spectrum, which has been attributed in n-type
semiconductor to a paramagnetic state created due to dan-
gling bonds formed by ball-milling damage [37,38]. In
silicon, it had been suggested that heating the sample in
air at 800 °C anneal the damage to remove the feature [38].
We were able to remove this feature when the powdered
samples were heated in a muffle furnace at 800 °C.

The comparison of lineshapes before ball milling, after
the ball milling, and after heating the ball-milled sample at
800 °C are included in Fig. 2.

Surface states will pin the Fermi energy midgap at
the surface of the particles and create a depletion region
near the surface. The maximum width of the depletion
region is given by Ldepletion =

√
(4εkBTln(nc/nSi))/e2nc

[39]. Here, ε = 11.9 ε0 is the dielectric constant of pure
Si, nSi= 1.45 × 1010 cm−3 is the concentration of free car-
riers in pure Si, kB is the Boltzmann constant, and e is
the charge in an electron. The maximum widths of the
depletion region in the sample with nc = 7 × 1019 cm−3,
nc = 7 × 1018 cm−3, and nc = 7 × 1016 cm−3 are 5, 13, and

120 nm, respectively. In samples with particle size compa-
rable to the depletion length, the shape of the conduction
band can change significantly due to the presence of the
surface states. In our samples, however, the particle size is
approximately 8 μm. Therefore, we do not expect the den-
sity of conduction electrons to be strongly influenced by
surface states.

III. RESULTS

We were able to observe EPR of conduction elec-
trons (g ≈ 1.998 [40]) in P-doped Si with carrier
densities nc = 7 × 1019 cm−3, nc = 7 × 1018 cm−3, and
nc= 7 × 1016 cm−3 in the entire temperature range of our
investigation, i.e., 100–290 K. We also observed EPR of
conduction electrons (g ≈ 1.57 [41,42]) in As-doped Ge
(nc = 5 × 1017 cm−3) from 50 to 170 K. Above 170 K,
the EPR linewidth was too broad for the spectra to be
observable.

For P-doped Si with nc = 7 × 1012 cm−3, we did not
observe any EPR signal for expected values of conduc-
tion electrons (g = 1.998 [40]). Even for the Si with
nc = 9 × 1014 cm−3, the EPR signal was too weak to make
conclusions on the dependence of the linewidth and inte-
grated intensities on temperature. We also did not observe
EPR in conduction electrons in Sb-doped Ge. The lack of
observation in EPR in Sb-doped Ge has been attributed to
strain broadening of the spectra, which causes resonance
to be too broad to be observed during the EPR experiment
[43].

For conduction electrons in n-type semiconductors, the
spin-spin relaxation (1/T2) is suppressed due to motional
narrowing of the conduction electrons, and the observed
linewidth of the EPR spectra is limited by spin-lattice
relaxation (1/T1) [19,21].

The temperature dependence of the spin-lattice relax-
ation rate of conduction electrons in semiconductors was
studied by Elliot predicting the spin-flip probabilities due
to momentum scattering of the electrons with the lat-
tice [21]. Yaffet also included the contribution of the
modulation of spin-orbit coupling due to lattice vibra-
tion [22]. Elliot-Yaffet theory predicts a T5/2 temperature
dependence of the of the spin-lattice relaxation rate due
to electron-phonon scattering for intravalley scattering of
electrons by phonons [22,23]. The formalisms by Cheng
et al. [23] and Park et al. [25] pointed out that at higher
temperature intervalley scattering of electrons by phonons
dominates the spin-lattice relaxation and the spin-lattice
relaxation rate follows a T3 power law.

Figure 3(a) shows the temperature dependence of EPR
linewidths of P-doped Si samples with nc = 7 × 1016/cm3,
nc = 7 × 1018/cm3, and nc = 7 × 1019/cm3 as well as As-
doped Ge with nc = 5 × 1017/cm3. For P-doped Si with
nc = 7 × 1019/cm3, we also performed the comparison of
linewidths between silicon powder in air to silicon powder
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2. Comparison of EPR spectra in P-doped Si (nc = 7 × 1018 cm−3) at 100 K (a)–(c) and P-doped Si (nc = 7 × 1019 cm−3)
at 290 K. (a) Before the sample is ball milled, (b) after ball milling but before heating at 800 °C, and (c) after ball milling and
heating at 800 °C. The recorded spectra is a derivative spectra with a central field sweep of 200 G at a modulation amplitude of 1 G
and a modulation frequency of 100 kHz. The peak-to-peak linewidth (�Bp−p) is 1/

√
3 times the full-width at half-maximum of the

absorption spectra. The spectra were baseline corrected for analysis in EasySpin. (a),(d) show a Dysonian lineshape as the particle size
(300-μm-thick wafer) is larger than the microwave penetration depth (approximately 20 μm for nc = 7 × 1018 cm−3 and approximately
10 μm for nc = 7 × 1019 cm−3 at 9.4 GHz). (b),(e) show the Dysonian effect is removed after ball milling but ball-milling results in
paramagnetic surface states that appear in the EPR spectra. (c),(f) show that annealing the sample at 800 °C removes the paramagnetic
surface states.
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embedded in epoxy. Embedding in epoxy did not change
the linewidth of the resonance or the temperature depen-
dence of integrated intensities. The comparison of the
samples simply in powder form and embedded in epoxy
is included in Appendix C. The linewidths in Ge above
170 K are too broad, and the SNR is too low to make any
conclusions about the temperature dependence.

The linewidths in Si are compared with experimental
data from Lancaster [19] and Lepine [20] as well as the
theory by Cheng et al. [23]. Our data for the sample with
nc = 7 × 1016/cm3 as well as the data from Lancaster and
Lepine for similarly doped samples show that the predic-
tions of the EPR linewidth from Cheng et al. matches
reasonably well for low-doped samples and follows an
approximately T3 trend.

For heavily doped samples, the EPR linewidths are
much broader than the phonon-broadened linewidth pre-
dicted by Cheng. For heavily doped samples, impurity
scattering is expected to affect the spin-lattice relaxation
rate [28–30]. Figure 3(b) includes results from subtracting
the phonon-broadened linewidth. This remnant linewidth,
which can be attributed to impurity scattering follows a
temperature dependence that is only slightly smaller than
T3/2. This is in contrast to the formalism by Song et al.
[30] where the temperature dependence of impurity scat-
tering for heavily doped samples is expected to be

√
T.

Therefore, results on heavily doped n-type Si show that the
theory predicting the effect of impurity scattering on spin
relaxation requires a revision.

For application in thermometry, the high-temperature
dependence of impurity scattering induced spin-lattice
relaxation means that EPR linewidth is a highly sensitive
thermometer for high-doped silicon.

It is useful to define a sensitivity coefficient, ξT
S , which

defines the percentage change in signal S for 1% change in
the absolute temperature T, ξT

S = d ln p/d ln T [44]. For
Si with high density of carriers, the temperature depen-
dence of EPR linewidth is close to T3 and ξT

�ν ≈ 1.5.
For higher carrier densities, i.e., nc ≈ 7 × 1018/cm3 and

nc ≈ 7 × 1019/cm3, the temperature dependence decreases
to approximately T5/2 and approximately T3/2. There-
fore, the respective sensitivities to temperature decrease to
approximately 2.5 and approximately 1.5.

We also investigated whether the integrated intensity of
the EPR spectrum can be used for sensitive thermometry
(using the spin-density contrast). In the nonmetallic Si, the
magnetic susceptibility of conduction electrons follows the
Curie-Weiss law [45]. Therefore, we expect the tempera-
ture dependence of the integrated intensity to follow a T−1

dependence. Figure 4 shows this is in fact the case in our
measurements where at high temperatures, the integrated
intensity of the EPR spectra in Si with nc = 7 × 1016 cm−3

follows a T−1. The sensitivity of the integrated intensity
to temperature in these samples is, therefore, −1, which
is smaller compared to the temperature dependence of the
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FIG. 3. Temperature dependence of peak-to-peak EPR
linewidth, �νp−p. (a) Shows the experimental linewidths
of P-doped Si with carrier densities nc = 7 × 1019 cm−3

(filled black circles), nc = 7 × 1018 cm−3 (open black circles),
nc = 7 × 1016 cm−3 (filled black triangles) and As-doped Ge
with nc = 5 × 1017 cm−3 (filled black diamonds). Experimental
data by Lepine [20] (open red forward triangles) and Lancaster
[19] (filled orange hexagon) and the theoretical linewidth
predicted by Cheng et al. [23] (blue solid line) are included
for comparison. �νp−p of Si with nc = 7 × 1019 cm−3 and
nc = 7 × 1018 cm−3 shows an approximately T3/2 and approxi-
mately T5/2, respectively, near room temperature. (b) shows the
residual linewidth of Si with nc = 7 × 1019 cm−3 (filled black
circles) and nc = 7 × 1018 cm−3 (open black circles) after sub-
tracting the phonon-broadened contribution predicted by Cheng
et al. [23]. The residual linewidths show a temperature depen-
dence slightly smaller than T3/2. The data at 125, 175, and 250 K
for samples with nc = 7 × 1019 cm−3 and nc = 7 × 1018 cm−3 and
at 250 K for the sample with nc = 7 × 1016 cm−3 are taken with
sample weight approximately 1 mg. All other measurements are
taken with sample weight approximately 4 mg.
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FIG. 4. Temperature dependence of integrated EPR inten-
sities for P-doped Si samples with carrier concentration
nc = 7 × 1019 cm−3 (filled circles), nc = 7 × 1018 cm−3 (open cir-
cles), and nc = 7 × 1016 cm−3 (filled triangles). The presented
data for each sample is normalized with Q value of the resonance
cavity at each temperature. The data for As-doped Ge is not
included as the EPR intensity was too low to run EasySpin sim-
ulation and estimate the integrated intensity. P-doped Si samples
with carrier densities nc = 7 × 1018 cm−3 and nc = 7 × 1016 cm−3

show a T−1 dependence of the integrated intensity while the
sample with nc = 7 × 1019 cm−3 does not show a significant
temperature dependence.

linewidth. Even for the Si with nc = 7 × 1018 cm−3, the
integrated intensity follows a T−1 relationship.

In degenerately doped Si, we expect Pauli paramag-
netism, where the susceptibility is independent of tem-
perature. Our measurement on the silicon sample with
nc = 7 × 1019 cm−3, shows no temperature dependence of
the integrated intensity.

The difference of the temperature dependence of inte-
grated intensity of extremely metallic and nonmetallic Si
also enables spin-density contrast to decouple the contri-
bution from concentration and temperature in systems with
different doping levels.

Finally, we also investigated the temperature depen-
dence of the linewidth and the integrated intensity of the
states formed by ball milling on different silicon and ger-
manium samples. For all Si samples, these surface states
gave a resonance at g ≈ 2.005 [37]. For Ge samples, the
resonance of the surface state was at g ≈ 2.004 [37]. The
integrated intensity of the surface states increased with the
extent of milling and decreased with doping—we observed
that small pieces of uncrushed wafers did not give any
surface-state resonance, while low-doped Si showed res-
onance of surface states after crushing in mortar and
pestle and heavily doped Si (nc = 7 × 1018 cm−3 and
nc = 7 × 1019 cm−3) showed a surface-state resonance only

TABLE II. Figure of merit, f, for EPR thermometry for sili-
con with nc = 7 × 1016 cm−3, 7 × 1018 cm−3, and 7 × 1019 cm−3.
Carrier densities are normalized to nc = 7 × 1016 cm−3 in the
table.

Sample

Normalized
carrier

density (nc)

Peak-peak
linewidth
(�ν) at
290 K

(Gauss)

Sensitivity
of linewidth
to tempera-
ture: SΔν

T =
d ln Δν/

d ln T SΔν
T nc/Δν

C 1 8 3 0.38
B 100 15 2.5 16.67
A 1000 30 1.5 50

after ball milling. The surface states did not show any sig-
nificant change in linewidth as a function of temperature
while the integrated intensity followed an approximately
T−1 trend. The results of the linewidth and intensity mea-
surements of surface states are included in Appendix B.

Since the surface states do not offer any advantage in
terms of thermometry, removing the surface states so that
it does not affect the EPR image yields the best results for
thermometry using semiconductors.

IV. DISCUSSION AND CONCLUSIONS

We have systematically investigated the temperature
dependence of linewidth and intensities of EPR of con-
duction electrons in Si at different doping levels and
compared it to EPR of conduction electron in Ge. Our
results show that while EPR in Ge and lightly doped Si
(nc ≤ 1 × 1016/cm3) are not appropriate for thermometry
near room temperature, heavily doped Si shows a strong
temperature dependence of linewidth, which could be used
for 3D thermometry.

Since higher carrier densities and higher-temperature
sensitivity results in an increased SNR while broader
linewidths mean reduced resonance lifetimes, we can
define a figure of merit, f, for thermometry as the prod-
uct of the carrier density nc and temperature sensitivity S�ν

T
divided by the EPR linewidth �ν. Table II shows the figure
of merit for Si with nc = 7 × 1019 cm−3, 7 × 1018 cm−3,
and 7 × 1016 cm−3. It can be seen from Table II that
increasing doping results in a better thermometer. There-
fore, for thermometry applications where Si is embedded
in a matrix, n-type Si with highest possible doping is
optimal.

A general problem for EPR imaging on heavily doped
semiconductors is the reduced microwave penetration
depth due to conductivity of the sample. Even for a
microwave of frequency 1 GHz, the penetration depth for
Si with resistivity 1 m� cm is only approximately 50 μm
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[19]. For imaging of devices with thick Si (e.g., 3D inte-
grated circuits), application of EPR for 3D thermometry is
challenging.

To evaluate the possibility of embedding Si as a con-
trast agent in dielectric samples, we use effective medium
theory to calculate the microwave penetration depth in
the Si-dielectric composite. We have applied Bruggeman’s
effective medium theory [46] to evaluate the dielectric
response of a medium with water (resembling most tissues)
and low-volume fractions of Si at microwave frequencies
of 1 and 10 GHz.

The details of the effective-medium theory and the val-
ues of the optical constants of Si and water are included
in Appendix D. The simulation is performed for infinites-
imal particles of silicon homogenously distributed in pure
water. We use water as a reference to resemble the poten-
tial application in biological tissues, which mostly contain
water. If the water contains ionic impurities, both the
frequency-dependent and the static parts of the dielectric
constant of the water will be modified. We point the read-
ers to the work by Hasted [47] for a description of the effect
of ionic impurities on the dielectric constant of water and
the work by Nortemann et al. [48] when the ionic impurity
is sodium chloride.

Figure 5 shows the microwave penetration depth of
water-Si composite at 298 K for volume fraction of Si
between 0–0.1 the volume of water at 1 and 10 GHz
for Si with carrier concentrations nc = 7 × 1019 cm−3,
7 × 1018 cm−3, and 7 × 1016 cm−3. Effective-medium

Fraction of Si

FIG. 5. Calculated microwave penetration depth in a water–Si
composite at 1 GHz (dotted lines) and 10 GHZ (red and orange
solid lines and blue dashed line). The results are calculated using
Bruggeman’s symmetric effective medium theory for Si volume
fractions from 0 to 0.1 times the volume of water and for Si car-
rier densities nc = 7 × 1019 cm−3 (blue), 7 × 1018 cm−3 (orange),
and 7 × 1016 cm−3 (red).

theory shows that, for very low volume fractions of Si in
a host material, the microwave penetration depth is pri-
marily determined by the microwave properties of the host
material.

At 10 GHz (at 298 K), the penetration depth of
microwave in water is less approximately 1 mm. There-
fore, application of 3D thermometry in water using EPR
is challenging. At 1 GHz, however, the penetration depth
is approximately 10 cm, and 3D EPR imaging of systems
with large volumes is possible. At 298 K, the imaginary
part of the dielectric function peaks near 10 GHz, and
therefore the penetration depth, is significantly reduced.
We point the readers to the work by Andryieuski et al. [49]
for estimating the dielectric function of pure water at dif-
ferent frequencies. At frequencies where the dielectric loss
is not significant, our results show, embedding low-volume
fraction of heavily doped Si in biological fluids can provide
a means of sensitive 3D thermometry.

Imaging at low microwave frequency and low-volume
fractions, however, results in reduced signal-to-noise ratio.
Future studies should include the quantification of the
signal-to-noise ratio when small voxel sizes are imaged
and lower frequencies are applied.
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FIG. 6. Lorentzian fit (blue line) to experimental EPR data
(red line) for P-doped Si with (nc = 7 × 1019 cm−3) after ball
milling and annealing at 800 °C. The fit is performed for the data
at 125 K using EasySpin toolbox in MATLAB with a Lorentzian
function. For comparison, the spectra of uncrushed wafer is also
included (green dashed line). The intensity of the uncrused wafter
is increased by a factor of 3 for comparison with the ball-milled
sample. The uncrushed wafer showed a Dysonian lineshape and
was not appropriate to fit with a Lorentzian function.
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FIG. 7. Temperature dependence of (a) EPR linewidths and
(b) integrated intensities of the surface states formed after ball
milling. Results included are for Si with nc = 7 × 1019 cm−3

(filled circles), nc = 7 × 1018 cm−3 (open circles), and
nc = 7 × 1016 cm−3 (filled triangles), As-doped Ge with
nc = 5 × 1017 cm−3 (filled diamonds) and Sb doped Ge with
nc = 1.5 × 1018 cm−3 (open diamonds). EPR from surface states
in P-doped Si were observable for the entire range of acquisition
(100 K–290 K) and did not show much temperature dependence
of linewidths. Surface states in both Sn-doped and As-doped Ge
were broad and linewidth measurements could not be performed
over 170 K. The intensities in Ge is not presented as the
signal-to-noise ratio was too small for meaningful comparison.

APPENDIX A: EXAMPLE FIT OF EPR SPECTRA
IN BALL-MILLED SILICON WITH LORENTZIAN

LINESHAPE USING EasySpin

An example of Lorentzian fit to the EPR data using
EasySpin is shown in Fig. 6 for P-doped Si with nc =
7 × 1019/cm3 at 125 K after the sample is ball-milled and
annealed at 800 ◦C. For comparison, the Dysonian line-
shape displayed by the uncrushed wafer at 125 K is also
shown.

APPENDIX B: EPR LINEWIDTHS AND
INTENSITIES OF THE SURFACE STATES

The temperature dependence of the EPR linewidth of
the surface states formed after ball-milling is shown in
Fig. 7(a). The temperature dependence of the integrated

∆
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FIG. 8. Comparison of (a) EPR linewidth and (b) integrated
intensities in P-doped Si with nc = 7 × 1019 cm−3 in ball-milled
Si powder (open circles), ball-milled Si embedded in epoxy
(open diamonds) and 2 cm × 3 mm × 300 μm, uncrushed Si
wafer (open triangle). The integrated intensity in Si wafer is not
presented as a Lorentzian fit could not be performed on the Dyso-
nian lines. The mass of Si in powder form is approximately 1 mg
while the mass of Si embedded in epoxy is approximately 0.1 mg.
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TABLE III. Dielectric constants of investigated Si samples at 1 and 10 GHz.

Sample

Carrier con-
centration,
nc (cm−3)

Average
collision
time, τ (s)

Plasma
frequency,
ωp (Hz) ε (1 GHz) ε (10 GHz)

A 7 × 1019 7.6 × 10−15 8.3 × 1014 −38 + i (1.0 × 106) −38 + i (1.0 × 105)
B 7 × 1018 1.6 × 10−14 2.9 × 1014 −11 + i (2.2 × 105) −11 + i (2.2 × 104)
C 7 × 1016 1.2 × 10−13 2.9 × 1013 −0.57 + i (1.6 × 104) −0.57 + i (1.6 × 103)

intensities of the surface states in P-doped Si is shown in
Fig. 7(b).

APPENDIX C: COMPARISION OF EPR
LINEWIDTHS AND INTENSITIES IN Si WAFER

AND BALL-MILLED n-TYPE Si IN POWDER
FORM AND EMBEDDED IN EPOXY

The comparison of EPR linewidths in Si wafers, ball-
milled Si in powder form and ball-milled Si embedded in
epoxy are included in Fig. 8(a). The temperature depen-
dence of integrated intensities in ball-milled powder and
the ball-milled Si embedded in epoxy are included in
Fig. 8(b).

APPENDIX D: EFFECTIVE-MEDIUM THEORY
CALCULATIONS FOR SILICON-WATER

COMPOSITE

We use the Drude model to estimate the dielectric
constants of Si at different carrier concentrations and dif-
ferent frequencies. For the carrier concentrations used in
our experiment, the dielectric properties predicted by the
Drude model match well with experimental observation
[50]. In SI units, the relative dielectric constant is given
by [51]

ε(ω) = ε∞ + ω2
p

ω(ω + i
)
.

Here, ω is the probing frequency and ε∞= 11.7 [52] is the
contribution due to bound electrons. ωp =

√
nce2/ε0m is

the plasma frequency for a material with carrier density nc
and effective mass of the carrier m. e is the charge of an
electron and ε0 is the permittivity of free space. 
 = 1/τ

is the electron damping rate for an average collision time
τ .

The real and imaginary components of the relative
dielectric constant are given by

εreal(ω) = ε∞ + ω2
p

(ω2 + 
2)
,

εimaginary(ω) = ω2
p

ω
(1 + (ω/
))
.

For Si with nc = 7 × 1019 cm−3, τ is taken from data by
Slaoui et al. [53]. For Si with nc = 7 × 1018 cm−3 and

nc = 7 × 1016 cm−3, τ is calculated from the mobility (µ)
data [54] using μ = eτ/m [51] with m ≈ 0.26 me [55],
me = 9.1 × 10−31 kg. For nc = 7 × 1019 cm−3, m ≈ 0.29 me
[55] has been used to calculate the plasma frequency.

Table III summarizes the relative dielectric constant
for Si at different frequencies and carrier concentration.
As it can be seen from the table, the real part of the
dielectric constant is predominantly determined by the
collision frequency at the frequency limit of our measure-
ments. Therefore, there is no significant change in the real
part of the dielectric constants at ω = 2π × 1 GHz and
ω = 2π × 10 GHz. The imaginary part scales with 1/ω.

The dielectric constants of water are ε = 80 + 3i at
1 GHz and 65 + 35i at 10 GHz [49].

For a Si-water composite with the complex dielec-
tric constants of Si and water εSi and εw, respectively,
the dielectric constant, ε, of the composite with Si vol-
ume fraction f is calculated using Bruggeman’s mixing
formula [56]:

ε − εw

ε + 2εw
= f (εSi − εw)

εSi + 2εw
.

The solution to the formula involves two complex roots.
Enforcing the solution to be symmetric for water as a host
and Si as an embedded grain in the composite and vice
versa, the solution to Bruggeman’s formula is

ε = b +
√

8εwεSi + b2

4
; b = (f − 1)εSi + (2 − 3f )εw.

The complex refractive index is given by n + iκ = √
ε

and the penetration depth in the composite is calculated
using l = λ0/4πκ for a free-space wavelength λ0 = c/f ;
c = 3 × 108 m/s and f = 1 GHz or 10 GHz.

Results for low-volume fraction of Si in water at 10 and
1 GHz are included in the main text.
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