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ABSTRACT
We present a four-probe setup for measuring temperature of Joule-heated silicon in two independent ways from the same voltage measure-
ment: a method using the thermal dependence of resistivity and a method based on the measured sheet power density. The two methods
are compared to optical temperature measurements made by fitting a gray-body model onto data from a commercial spectrometer. The two
four-probe temperature measurements are conducted from 890 K to 1540 K, and they converge at temperatures above 1400 K indicating a
high degree of self-consistency.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033465

I. INTRODUCTION
Measuring the temperature of semiconductors such as sili-

con during high temperature experiments is challenging. Yet it is
important, for instance, for vapor phase epitaxy or chemical vapor
deposition using microfabricated silicon heaters.1–3 Depending on
measurement circumstances, temperature can be measured using a
thermocouple drilled directly into a silicon sample,4,5 infrared spec-
troscopy,6,7 Raman spectroscopy,8 or a thermistor.2 In this paper,
we present an alternative approach, where we explore two meth-
ods for obtaining the temperature of silicon from a single set of
voltage measurements. Method A uses the silicon sample as a ther-
mistor. Method B extracts the temperature from a sheet power den-
sity estimation of the sample. While the relation between tempera-
ture and resistivity in silicon has received extensive attention,4,5,9–12

only few attemps have been made to make a viable experimental
method out of estimating temperature from a sheet power density
measurement,13,14 and none of these have been applied to silicon.

The extracted temperature is compared with a set of optical
measurements. A spectrometer is used to record a broad radiation
spectrum alongside the electrical measurements. The temperature
is obtained by a curve fitting of Planck’s law to the spectrum as
described in other studies.15,16

II. THEORY
When a current I is passed from one end to the other of

a rectangular slab as shown in Fig. 1, the sample temperature
increases due to Joule heating. Using four-probe sensing, we mea-
sure the voltage drop between two contacts along opposite edges
(V1 and V2 in Fig. 1) of the slap. Two independent voltage mea-
surements of the same segment serves to confirm reproducibil-
ity, and the temperature is now assessed in two separate ways.
We shall assume the current density, and sample temperature T is
uniform.

A. Method A—T(ρ)
The sample resistivity ρ is calculated from the measured voltage

difference V and sample dimensions,

ρ =
V
I

wd
L

, (1)

where L is the distance between the voltage contacts, w is the width
of the sample, and d is the wafer thickness. The resistivity is related
to the temperature by applying an experimentally fitted function. For
intrinsic silicon, the relation between resistivity and temperature can
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FIG. 1. Illustration of Joule heating of a slab with independent voltage measure-
ments.

be approximated by4,12

T =
β

log(ρ) − α
, (2)

T =
β

log(V
I

wd
L ) − α

, (3)

with α = −4.2953 and β = 2947.8. The model has been extracted
from data with a 1.8% error on the value of ρ and an esti-
mated 2 K error on the temperature measurements.4 We assume
that there is no significant temperature variations along the wafer
thickness, but note that we do measure an average of the bulk
temperature.

B. Method B—Radiative approximation
The power dissipated as heat between the voltage probes is the

product of the current and voltage. This heat must leave the segment
by thermal conduction, convection, and radiation. At high temper-
atures, the heat lost through radiation greatly surpasses the heat lost
through conduction (thermal convection is minimized by using a
vacuum chamber). From the Stefan–Boltzmann law, the heat Q radi-
ated from a gray body depends on the temperature to the fourth
power,

Q = ASεσ(T4
− T4

0), (4)

where AS is the surface area, σ is the Stefan–Boltzmann constant,
T0 is the ambient temperature, and ε is the emissivity of silicon (we
used ε = 0.6517). Expressing the heat as the product of the current
and voltage over the active area, the temperature becomes

T = 4

√

IV
2wLεσ

+ T4
0 . (5)

We assume that the heat is radiated from the surface of the sil-
icon sample, and thus, we measure the surface temperature with
method B.

C. Spectroscopy
Radiation from heated silicon forms a spectrum. The intensity

from a single spectral line is dependent on its wavelength, λ, and the
temperature in accordance with Planck’s law,18

Irad(λ, T) =
P1

λ5
1

e
hc

λkβT
− 1

. (6)

Here, h is Planck’s constant, kβ is Boltzmann’s constant, and c is
the speed of light. The temperature is found by fitting Eq. (6) to the
measured intensity with variables T and P1.

III. EXPERIMENTAL
Experiments have been conducted using 800 μm thick float-

zone silicon samples of sizes between 10 × 40 mm2 and 15 × 50 mm2.
The silicon used for the experiments was doped with phosphor
and had a resistivity of 0.307 Ω cm–0.313 Ω cm at room tempera-
ture. To minimize contamination, oxidation, and convection cool-
ing, samples were placed in a nitrogen-purged rough vacuum at
1.4 × 10−2 Torr. Each sample was heated by passing a direct current
(DC) from one end to the other along the length of the sample using
molybdenum contacts. An Ocean Optics USB4000 spectrometer was
used to record the intensity of the emitted spectrum from the cen-
ter of the hot sample in the 200 nm–1100 nm range. Besides current
leads on both ends, four molybdenum clamps were attached to the
sample (see Fig. 2) allowing for pairwise independent measurements
of the electrical potential between the probes at set currents using
multimeters. Separate to the above-mentioned experiments, one test
was carried out with an N-type thermocouple tightly pressed to—but
not drilled into—the center of a silicon sample.

IV. RESULTS
The highest temperature recorded with the thermocouple was

1174 K at which point the sample melted. Thus, the thermocouple
measurement resulted in a gross underestimation at high tempera-
tures and was not used in subsequent experiments.

Three experiments were conducted with the combination of
four-probe voltage measurements and spectroscopy data. We here
present the result of one representative experiment. The voltage as
a function of current is shown in Fig. 3. The acquired data from V1
closely resemble the data from V2, and the discrepancy is related
to the distance between the voltage electrodes. This shows that the
results are reproducible, and we can take the mean temperature
evaluation of the two measurements to reduce the uncertainty.

The temperature of the silicon evaluated by methods A and B
and spectroscopy is shown in Fig. 4. Method A was chosen as the ref-
erence because it showed a high consistency with both of the other
methods over a large range. The temperature evaluated with method
A and spectroscopy is in agreement between 890 K and 1340 K, while
method B is consistently higher in this temperature range. At tem-
peratures above 1400 K, methods A and B agree within the measure-
ment uncertainty, while the spectroscopy deviates before completely
failing. Fitting the spectroscopic data to the model proved ineffective
above 1340 K as an unexpected signal appeared with a wavelength of
1 μm. With a different spectrometer of broader range calibrated to a
blackbody, this issue can be avoided.
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FIG. 2. (a) A silicon sample between two current leads mounted with four molyb-
denum clamps for voltage measurements, (b) the molybdenum clamp design, and
(c) side view of the setup.

V. DISCUSSION
The requirements to the sample and the temperature range for

which the methods can be assumed effective are not identical. This
is true for the four-probes methods even though both originate from
the same voltage measurement. Method A relies on an experimental

FIG. 3. Voltage measured as a function of DC current.

fit of the resistivity as a function of temperature for intrinsic sili-
con. Intrinsic silicon is challenging to heat with Joule heating as it is
very resistive at room temperature. Low-doped silicon will however
approach the behavior of intrinsic silicon at higher temperatures as
the intrinsic carrier concentration surpasses the doping concentra-
tion (see Fig. 5), and the relative significance of impurity scattering
on the resistivity with respect to lattice scattering diminishes. Only
then can Eq. (2) be applied to the data.

The room temperature carrier concentration was 2 × 1016 cm−3

for the silicon used in this study (calculation based on Ref. 20). At
around 800 K, the silicon behavior is qualitatively intrinsic with car-
rier concentration increasing with temperature; however, the intrin-
sic carriers only make up 58% of the total carriers at this point.
This increases to more than 92% at 1000 K and from 1200 K, more
than 99% of the total carrier concentration stem from the intrinsic
concentration.

Method B does not make requirements of the doping level of
the sample. The calculated power equals the heat dissipated between
the clamps at thermal equilibrium. However, the method relies on
the assumption that the heat is dissipated through radiation from
the surface and can only be expected to be accurate if all other forms
of heat transfer are negligible in comparison. The most prominent

FIG. 4. Temperature as calculated by method B and the spectroscopic curve fit
as functions of the temperature as calculated by method A. Error bars represent
the standard error of the mean for the electrical measurements and mark a 95%
confidence interval on the spectroscopic curve fit. The red dashed line denotes a
1:1 relation, i.e., perfect correlation.
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FIG. 5. A theoretical model for carrier concentration as a function of temperature
(modeled from Ref. 19).

obstacle to achieve this is thermal conduction. As pointed out in
other studies estimating temperature with the radiative approxima-
tion,13,14 the heat lost through thermal conduction cannot be deter-
mined generally. The amount of heat leaving the region between the
clamps by conduction depends heavily on the specific setup, on the
sample dimensions, and on how well the system is isolated. A rough
model of the heat flux due to radiation and conduction is shown in
Fig. 6. The model has been constructed in Matlab. It approximates
the setup used in the experiment assuming a 300 K cold reservoir
fixed at the ends of the 10 cm Mo wires constituting the leads to the
sample. The center temperature of the sample is set at fixed temper-
atures up to 1681 K. At each temperature, the conduction heat is cal-
culated using the appropriate thermal conductivity for each material
taking into account the temperature dependence of heat conductiv-
ity in silicon.21 This is put together with the calculated radiation heat
from the silicon to give a good approximation of their relative sizes.
Thermal radiation accounts for more than 99% of the heat loss at
1290 K, and we take this as the lower bound for method B. An exact
analytical solution to the problem is beyond the scope of this paper.

FIG. 6. Comparison of the heat flux due to radiation and heat flux due to conduc-
tion. 5%, 2%, and 1% relative heat flux by conduction lies at 733 K, 1015 K, and
1290 K, respectively.

Commonly, both methods rely on the assumption that any
thermoelectric effects are negligible. This is reasonable as the ther-
moelectric voltage is expected to be on the order of a few millivolt,4
while the measurements between the voltage electrodes are in the
order of a few volt. It is also assumed that the sample is heated uni-
formly between the voltage probes. If the temperature varies along
this length, method A will be based on an average resistivity, which
cannot be related directly to an average temperature because the fit-
ting function shows an inverse relation between log(ρ) and T. The
same issue is not exhibited by method B.

The spectroscopic reading will depend on the amount of emit-
ted light from the surface and generally requires the sample tem-
perature to be at least a few hundred kelvin higher than room
temperature to register a signal.

A. Sensitivities
The error on the actual electrical measurements used for both

methods A and B is negligible in comparison to the error arising
from uncertainties in the effective sample dimensions, i.e., the sam-
ple volume situated between the voltage probes. While the wafer
producer provides specifications on the wafer thickness, the width
and length of the area are measured with a caliper. Of these two
measurements, the largest error originates from the uncertainty
in the positioning of the voltage probes. This arises because the
probe–sample contact area is of considerable size compared to the
length of the area between the probes, thereby posing a resolution
issue. We define the sensitivity with respect to the probe–probe
distance, L, as

S =
∂T/T
∂L/L

=
∂T
∂L

L
T

. (7)

This results in

SA =
T
β

. (8)

For method A, at T = 1200 K, SA ≈ 0.4. The sensitivity of method B
is

SB = −
1
4

(9)

with the condition T ≫ T0. Notice the sign change and similar
magnitude. This means that an overestimation of L will lead to an
increase in temperature as calculated by method A but a decrease as
calculated by method B, and thus, a sanity check to the methods can
be performed.

VI. CONCLUSION
We have demonstrated how four-probe sensing can be useful

for determining the temperature of Joule-heated silicon at tempera-
tures between 890 K and 1540 K. Temperature measurements based
on the thermal dependence of resistivity, method A, and based on a
sheet power density estimate, method B, converge at temperatures
higher than 1400 K. This is important as they rely on distinct phys-
ical principles. The fact that they point to the same results in the
highest of temperatures, where the degree of overestimation is mini-
mal, demonstrates credibility. Their use as potential reference meth-
ods for optical temperature measurements has been shown by com-
paring electrically obtained temperature readings to analyze optical
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spectra from a commercial spectrometer. Albeit the electrical tem-
perature measurements consistently surpass the spectroscopy esti-
mates a little, there is a reasonable correlation between the two up to
1370 K, and in fact, method A seems to be a more robust method for
temperature estimation than the spectrometer in this study. As an
added benefit to the electrical temperature assessment, the sensitivity
of methods A and B shows reversed dependence on the probe-to-
probe distance making it possible to conduct a sanity check of the
setup near the melting point.
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