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Abstract: The majority of research into few layer graphene (FLG) thermal interface materials (TIM)
concerns the direct quantification of innate composite properties with much less direct analysis
of these materials in realistic applications. In this study, equilibrium temperatures of engineered
device substitutes fixed to passive heat sink solutions with varying FLG concentration TIMs are
experimentally measured at varying heat dissipation rates. A custom, precisely-controlled heat
source’s temperature is continually measured to determine equilibrium temperature at a particular
heat dissipation. It is found that altering the used FLG TIM concentrations from 0 vol.% to as little as
7.3 vol.% resulted in a decrease of combined TIM and passively-cooled heat sink thermal resistance
from 4.23 ◦C/W to 2.93 ◦C/W, amounting to a reduction in operating temperature of ≈108 ◦C down
to ≈85 ◦C at a heat dissipation rate of 20 W. The results confirm FLG TIMs’ promising use in the
application of device heat dissipation in a novel, controllable experimental technique.

Keywords: graphene; thermal interface materials; temperature; passive cooling; power density; heat
sink; VLSI cooling; thermal resistance

1. Introduction

The continual progress of semiconductor electronics technology very often comes at
the cost of increased power consumption levels to be dissipated as waste heat [1]. The
progressive densification of very large-scale integration circuits and advent of “5G” telecom-
munications technologies have rendered thermal management to be an ever greater device
design consideration due to unintended device behavior changes and reduction in reliabil-
ity at higher temperatures [2–7]. Of increasing importance to society with the adoption of
renewable energy sources, photovoltaic cells suffer reduced efficiency at elevated operating
temperatures [8,9]. The most common strategy to address device waste heat, due to its
relative ease compared to improving device efficiency, is to manage the operating tempera-
ture of electronic devices by dissipating generated thermal energy into the environment as
easily as possible. The most common method to increase heat dissipation to ambient from
small devices is to fix a heat sink into contact in order to increase the exchange rate with the
environment. However, between any two solid surfaces in contact, such as a device and
heat sink, there is a substantial portion of the total contacting surfaces air-gapped from one
another due to unavoidable mating surface imperfections. Industry mitigates the problem
of extremely thermally insulating air gaps with the introduction of a thermal interface
material (TIM) in the junction to take the space of air [10]. Alternatively, curing polymers
are often used to encapsulate heat-producing chips to protect them from environmental
contaminants, resulting in an unintentional thermal insulation. Polymers used in these two
applications—particularly the former—are often filled with conductive particles such as
silver, copper, Al2O3, AlN, boron nitride, ZnO, diamond, graphite, carbon nanotubes, and
randomly oriented few-layer graphene (FLG) [11–24]. Though these polymer materials
remain substantially superior in thermal conduction than the air that they replace, there
exists substantial room for improvement in these materials considering they have typically
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two orders of magnitude lower thermal conductivity than the semiconductors and metals
on either side of the thermal junction.

The initial FLG TIM research effort was inspired by the extraordinary thermal con-
ductivity of graphene ranging from 2000 to 5300 W/m◦C [25–33]. Early works on FLG
TIMs reported impressive thermal conductivities up to 5 W/m◦C at room temperature
with as low as 10 vol.% of FLG [34,35]. Recent research has produced randomly oriented
FLG TIMs with thermal conductivities of ≈12 W/m◦C and ≈7 W/m◦C for curing and
non-curing composites, respectively [36–39]. Such high composite thermal conductivities
were achieved with high FLG load levels of over 20 vol.%, resulting in a high composite
electrical conductivity as a result of FLG’s intrinsic properties. When a composite is loaded
with a critical concentration of discrete electrically conductive particles then the compos-
ite is said to have reached the electrical percolation threshold and its overall composite
electrical conductivity rises precipitously [40–45]. Using multiple filler materials has long
been an active area of research due to synergistic enhancements in composite thermal
conductivity [13,46–53]. The advent of composite electrical conductivity resultant from
electrical percolation is problematic for electronic devices that would employ such materials
because it can cause unintentional electrical shorting phenomena. A recent work in hybrid
composites showed at least 11 orders of magnitude of composite electrical conductivity
by varying the constituent and total load fraction of FLG and hexagonal boron nitride in
cured polymer composites [54].

The ultimate goal of every TIM is to achieve as low of a device operating temperature
as possible with a given device’s power consumption and heat sink’s dissipation rate to
ambient environment. The flow of heat from electronic device source to ambient envi-
ronment can be and often is thought of with an analogy to an electronic circuit, where a
TIM is a comparatively large resistor in the circuit impeding the flow of heat from high
to low potential. Lowering the resistance of this component affords a lower operating
temperature for any given device heat dissipation, allowing for the use of increasingly
powerful electronics within a similar operating temperature window.

It is very common in TIM research to characterize material properties with techniques
such as Laser Flash Analysis, Transient Plane Source, and ASTM D5470 and then determine
their performance in a thermal junction from those measured values [10,35,55–68]. These
measured values can often end up as parameters in a finite element simulation to predict a
device’s operating temperature. Studies to directly experimentally determine the operating
temperatures of CPU devices with the application of a particular TIM of interest are cer-
tainly worthy of consideration but are unfortunately beholden to the dynamic, somewhat
uncontrollable power outputs of such complex systems [69–72]. Additionally, it is typical
in these studies to use integrated CPU thermistors to measure operating temperatures.
This practice is particularly problematic as a result of localized hot spots on the chip leav-
ing unclear which of the numerous local thermistors to consider representative. In this
work, a direct comparison of electronic device operating temperatures, by way of a highly
controllable experiment quite challenging when using a live CPU, is analyzed with TIMs
of different FLG concentrations as a translation between the substantial research in these
composites and real world applications.

2. Materials and Methods
2.1. Sample Preparation

In place of a more complicated central processing unit with an at least somewhat
variable heat output running Prime95 software, a custom coiled wire heater was used,
shown in Figure 1a. This heating element employed a Nickel and Chromium alloy wire
often used in electronics heating applications sandwiched between two pieces of Kapton
tape. The wire used had a diameter of 72 (±2.5) µm, as measured by micrometer. Electrical
current was driven through the coil by a programmable power supply (Chroma 62000P,
Foothill Ranch, CA, USA) to produce Joule heating. The wire was hand-coiled by pinning
a pre-cut length of wire down with tape onto a hard surface and carefully curling each
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end around the pinned central point until a roughly uniform coil was achieved. As small
of a length of resistor wire extending out of the edge of the coil as possible was sought—
typically around 1 cm—to reduce the fraction of heat that is generated outside of the coil.
After, the tape with the coil stuck to its bottom side were carefully peeled from the hard
surface and joined by another similar piece of tape to produce a completed heating element
sandwich.

Figure 1. (a) Close-up picture of a representative custom heating coil used for experimentation.
(b) A top-down picture of a CPU heat sink, with thermal interface mating surface face down, with
imperfections from previous use. (c) A schematic of the sample fabrication process with relevant
dimensions marked.

The heat sink was a stock unit sold in tandem with LGA-1155 socket processors, shown
in Figure 1b, sourced directly from industry (Intel Corp. E97379-001, Santa Clara, CA,
USA). To reduce experimental complexity and improve repeatability, the attached fan was
removed. The heat sink was attached to TIM and heating coil in a passive cooling arrange-
ment, resulting in increased thermal resistance, generating higher device temperatures
than in an actively cooled setup, as intended by the product designers.

The polymer matrix used in the composite samples is a Diglycidyl ether of Bisphenol
A (DGEBA) resin with a Triethylenetetramine hardening agent (Allied High Tech Products
Inc., Rancho Dominguez, CA, USA) [73]. A curing polymer was chosen as a matrix
for experimental ease and because a singular test would be conducted on each sample,
rendering reliability concerns of a cured TIM negligible [74,75]. The FLG used in the
composites has a vendor-specified lateral dimension of 25 µm (XG Sciences, Lansing, MI,
USA). First, an amount of resin is dispensed into a cup and subjected to a rough vacuum to
draw out air bubbles and is then weighed on a scale. This weight is then used to calculate
the amount of hardening agent to be used—12% of the weight of resin—and the FLG for a
particular targeted filler level. Next, the FLG is added to the resin and the two are mixed in
a bladeless, two axis planetary mixer (Flacktek Inc., Landrum, SC, USA) between 1500 and
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2000 rpm, depending on difficulty mixing resultant from FLG load level, for 90 s. Then
the hardening agent is added and mixed once more with the FLG-polymer mixture under
similar conditions. Different TIM samples of DGEBA with FLG filler levels of 0 vol.%,
3.6 vol.%, 7.3 vol.%, 25.5 vol.%, and 43.6 vol.% were prepared. The composites of FLG
filler concentrations above 7.3 vol.% were not further evaluated for experimentation, aside
from SEM analysis, because of an inability to control their TIM bond line thickness as a
result of the apparent increase in viscosity with increasing filler level, as quantitatively
reported previously [76]. Work on similar composites has shown electrical conductivity of
composites with total FLG-specific loading at around 7.3 vol.% should be on the order of
magnitude of 10−8 S/cm [54,77].

The mixed but still un-cured polymer composite is then placed on top of a heating
coil that is pinned on two sides at the edge by spacers—copper metal sheets of 400 µm
thickness—that are themselves pinned by clamps, as shown in Figure 1c. The heat sink
is then lowered onto the composite and heating coil and clamped down to compress the
TIM and guarantee the eventual TIM thickness is defined by the spacers. It is this step in
the process that closely mimics real-world industrial applications of TIMs that rendered
the high load level FLG TIMs unusable in the present study. If the TIM apparent viscosity
is low enough, excess composite material spills out the remaining two directions that are
not occluded by the spacers. Special care was taken to ensure that there would be excess
material so complete heater coverage is ensured. The clamped stack is then left to cure
over night. After this, the spacers are carefully removed by pulling directly away from the
cured TIM. The small resistance wire leads are soldered to a larger, less resistive wire with
a length long enough to clear the overhang of the heat sink assembly, and finally that is
alligator clipped to test cables connected to the power supply.

2.2. Experimental Procedure

The heating coil, cured TIM, and heat sink assembly test vehicle is placed on top of a
thermally insulating teflon plate with the coil side down in ambient atmosphere, shown in
Figure 2. Between the teflon plate and the heating coil is a Type-J thermocouple (OMEGA
Engineering, Inc., Norwalk, CT, USA) that probes the temperature of the heating coil itself,
getting a direct measurement of coil temperature which is analogous to measuring the
direct temperature of an electronic device. This entire vertical stack is lightly compressed in
a clamp just enough to ensure the light thermocouple remains in place and in good contact.
The clamp is imperfectly thermally isolated from the top of the heat sink with a small
silicone pad insulation. The thermocouple was read with a voltmeter (Keithley 2182A,
Solon, OH, USA). A computer running a python script retrieved temperature measurements
from the voltmeter by passing standard commands for programmable instruments (SCPI)
to it. In a similar fashion, the computer changed the coil heat dissipation rate via SCPI
commands to the programmable power supply.

The experimental goal was to determine the equilibrium temperature of the heating
coil at every investigated heat dissipation rate. This was done by applying a current
through the heater, continually measuring the thermocouple temperature, and waiting for
the time derivative of temperature to approach zero, accounting for measurement noise.
Equilibrium was determined by comparing the most recent thermocouple temperature
reading (φ(0)), with previous recordings (φ(x)), for likeness; the specific logical conditions
are shown in Table 1. Additionally, a check to see if any of the previous four recordings
were higher than the most recent—which could not occur without noise—was done to see
if signal noise was a considerable factor in the most recent measurements so as to co-opt
this unavoidable artifact as an indication of proximity to thermal equilibrium.
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Figure 2. Schematic of the experimental procedure. The heating coil that is bonded to the heat sink
by the TIM is placed on top of a thermocouple and teflon insulator. The computer continually reads
thermocouple and changes the power supply’s current to the heating coil when certain conditions
are met.

Table 1. The set of conditions that define equilibrium temperature at a given heat dissipation level,
where φ(x) is the temperature recording x iterations back from the most recent measurement, φ(0).

Measurement Position Condition

1-4 previous φ(4) > φ(0), or φ(3) > φ(0), or φ(2) > φ(0), or φ(1) > φ(0)
5 previous 0.996 × φ(0) ≤ φ(5) ≤ 1.004 × φ(0)
10 previous 0.99 × φ(0) ≤ φ(10) ≤ 1.01 × φ(0)
20 previous 0.99 × φ(0) ≤ φ(20) ≤ 1.01 × φ(0)
30 previous 0.98 × φ(0) ≤ φ(30) ≤ 1.02 × φ(0)

The heat at each step was calculated by the product of the pre-measured heating coil
resistance and the square of the applied voltage. In this fashion, the power supply’s output
current readings aren’t depended on for the determination of power output and is valid
for invariant electrical loads. The heating coil’s resistance change is negligible because of
Nickel-Chromium alloy wire’s very low resistivity dependence on the considered temper-
ature range [78,79]. The areal heat density equivalent is trivially calculated by the heat
power divided by the internal heating coil surface area, approximated as a true circle,
disregarding Kapton tape borders that extend beyond the confines of the internal planar
coil diameter. All prepared test vehicles’ coil circumferences were smaller than that of the
heat sink mating surface.

Scanning Electron Microscopy (Carl Zeiss AG, Oberkochen, BW, DE, Gemini SEM)
with an accelerating voltage of 2 kV, a working distance of 5 mm, and a secondary electron
detector is conducted upon a composite’s post-cure, fractured surface. Raman experiments
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(Renishaw plc, Wotton-under-Edge, England, UK, InVia Raman) were conducted with an
excitation wavelength of 633 in a backscattering configuration [80].

3. Results

TIMs with high and low FLG concentration regimes were prepared. However, the high
load level composites—25.5 and 43.6 vol.%—did not have a reliable TIM bond line thickness
as a result of difficulty in compressing the composite to the spacer’s own thickness due to a
vast apparent increase in composite viscosity. To apply enough pressure to clear excess high
FLG concentration material inevitably removed the spacers from position. The 43.6 vol.%
composite material was removed from the experimental vehicle to act as a representative
SEM sample, albeit at a higher load level than the composites analyzed further. Figure 3a
shows a SEM of this sample at high magnification in which either individual graphene
sheets or stacks of FLG sheets thin enough to not be resolved by SEM are apparent in
the middle of the micrograph, pointed to with an arrow. It is suggested from previous
research that popular composite mixing processes could serve to further exfoliate FLG
materials to smaller thicknesses [81]. Supplementary Figure S1 shows a SEM micrograph
and Supplementary Figure S2 shows Raman results of a previous, identically prepared
composite with a comparable FLG filling level of 5.4 vol.%.

Figure 3b contains the raw thermocouple readings over time of an experiment on
the 7.3 vol.% FLG TIM. One can see in the data a continual, repeating process of rising
temperature, then stabilizing temperature, followed by another period of quickly rising
temperature. The power supply provides an electrical current and holds at that amount.
The thermocouple continually reports its temperature and when the conditions set in
Table 1 are met, the power supply increments to a higher current, repeating the process.
One can particularly see from the inset plot in Figure 3b that the temperature does not fully
reach equilibrium by the time the power level is increased once more. A polynomial fit of
the readings prior to the next ramping cycle is extrapolated forward to give a qualitative
idea how minor the under-estimation of equilibrium temperature and how much time
is saved compared to getting to true equilibrium temperature. However, due to the
predominately relative conditions the thermal equilibrium definition algorithm uses, this
underestimation does increase at higher power levels. Put another way, φ(500) − (0.99 ×
φ(500)) < φ(0) − (0.99 × φ(0)), meaning that the condition will modestly loosen as the
scale of temperature increases, as later recordings will. Supplementary Figure S3 shows
differential scanning calorimetry results of pure DGEBA epoxy over typical electronic
devices’ operating temperatures.

All temperature measurement techniques have a sensor time constant (τ), which is
the time that must elapse for the sensor to read 63.2% of a step temperature change [82,83].
Typical sensor time constants for similar fine thermocouples of the vendor is ≈5 s in flowing
water. Given that the thermocouple is pressed into a highly mechanically compliant, and
thus great surface contact, polyimide film, τ in this application should be somewhat greater.
The thermocouple reads 99.3% of a step change temperature at 5τ, giving a minimum time
to read true temperature of ≈25 s. As a result, the raw data shown in Figure 3b is actually
the temperature of the heating coil over time convoluted by the response characteristic
of the thermocouple. Given the time scales between successive current ramping events
(≈8 min average), it is clear that the majority of the observed behavior in Figure 3b is in
fact a delayed temperature response of the heating coil itself and not purely the sensor
heating up.
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Figure 3. (a) Pseudo-colored SEM of a representative FLG composite with an arrow pointing to a
definite FLG flake. (b) Thermocouple temperature readings over time in the course of an experiment.

Recording the equilibrium temperature for the experimental vehicles with TIMs
of DGEBA with FLG filler levels of 0 vol.%, 3.6 vol.%, and 7.3 vol.% showed that for
comparable heating coil power levels increasing concentrations of FLG resulted in lower
operating temperatures for the heating coil, as seen in Figure 4. At a total heat dissipation
rate of 20 W, the operating temperatures were ≈108 ◦C , ≈91 ◦C, and ≈85 ◦C for the 0 vol.%,
3.6 vol.%, and 7.3 vol.% samples, respectively. These operating temperatures correspond to
a reduction in the increase of operating temperatures of 20% for the 3.6 vol.% TIM and 29%
for the 7.3 vol.% TIM versus pure DGEBA. The modest non-linear behavior at the high
power dissipation in the 7.3 vol.% data is attributed to the loosening of the conditions that
define thermal equilibrium at higher temperatures, as discussed previously.
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Figure 4. Measured thermal equilibria for each experimental vehicle with different TIM FLG concen-
trations at different heating coil power levels.

Most large logic chips will throttle down to a lower power state if their operating
temperature reaches ≈100 ◦C to prevent damage and unintended behavior. The passively-
cooled test vehicles were able to dissipate ≈4.5 W, ≈5.7 W, and ≈6.4 W for 0 vol.%, 3.6 vol.%,
and 7.3 vol.% TIMs, respectively, at typical throttling temperature. Table 2 shows the full
least squares fits of equilibrium temperature (Φ) with respect to heat dissipation (q) as well
as coefficient of determination for each TIM sample with intercepts fixed at the ambient
room temperature at the time of each experiment.

Table 2. Linear dependence of equilibrium temperature (Φ) on heat dissipation (q) with a fixed
intercept at the ambient room temperature at the time of experiment for each TIM loading level

TIM Load Level Least Squares Fit r2

0 vol.% Φ(q) = 4.23q + 23.6 0.9996
3.6 vol.% Φ(q) = 3.37q + 22.4 0.9998
7.3 vol.% Φ(q) = 2.93q + 25.5 0.9995

The slopes of the least squares fitted lines corresponds to the combined thermal
resistances of the TIM composites and passively cooled heat sinks. Increasing the FLG
concentration from 0 vol.% to 7.3 vol.% decreased the thermal resistance from 4.23 ◦C/W
to 2.93 ◦C/W. Alternatively, switching from 400 µm of pure DGEBA to 7.3 vol.% of FLG in
series with the heat sink decreased the thermal resistance by 1.3 ◦C/W.

4. Discussion

The vast majority of research into TIMs consider the composite material properties
which then provide the ability to calculate the junction thermal resistance [10]. In contrast,
this work directly experimentally determines device equilibrium temperatures for different
TIM materials inside of identical heat sink conditions at different device heat dissipation
rates. Previous works have analyzed equilibrium temperatures of CPUs with different
applied TIMs at similar computational loads [69–72]. However, this method has a few
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largely unaddressed limitations. CPU systems are complex, dynamic, and are difficult
to simplify without a proprietary knowledge of design. A particular processor’s power
consumption can vary even under identical computational loads due to gained efficiencies
doing identical tasks in succession [84–87]. In addition, different architectures can compute
tasks substantially differently leading to diminished repeatability among similar processors
of different generations. Although a very minor factor, higher performance random access
memory can lead to less processor idle time and more work done over time as a result.
Moreover, heat generation takes place in predominately localized places that too also alter
substantially over the course of architectural improvements, leaving which integrated CPU
thermistor to trust as representative as overall processor temperature ambiguous [88]. This
technique does indeed provide rough comparisons between different TIMs to determine
relative performance, but no two seemingly identical CPU loads are in fact precisely so.

The results obtained are consistent with previous studies of both TIM material
characterizations and comparative TIM CPU operating temperature studies in that in-
creased FLG content, at least below a certain loading level at which point, improves TIM
performance [31,34,37,39,54,69,70,72,89,90]. The present increase of TIM performance with
additional FLG filler materials is a result of increasing the effective medium thermal con-
ductivity at low filler levels. The FLG acts as discrete pathways for heat to flow through
to a greater degree than it would through pure polymer. When the load level increases
beyond a particular amount—termed the percolation threshold—the composite thermal
conductivity increases precipitously as a result of developed direct pathways through the
composite from filler to filler [91–95]. It should be noted that the percolation threshold
was found in similar composites at higher load levels–above 20 vol.%–than in composites
analyzed in the present study [37]. Recently, research has been conducted into thermal con-
ductivity alterations over power cycles, very similar to the test conducted at present [96].
An increase in composite thermal conductivity—with accompanying reduction in thermal
resistance—less than 5% could be expected in this composite as a result of the experiments.

These results provide the operating temperature of each test vehicle at a given, trust-
worthy heat dissipation level, made possible by the novel experimental technique. By
removing the dependence on such a dynamic and complicated heating element as a CPU,
greater control of output power is achieved. Real CPUs and similar graphics processing
units vary in power output over an order of magnitude. Because of this, the ability to
determine what an operating temperature should be anywhere in that heat dissipation
range is useful for CPU designers and consumer electronics overall.

This study’s experimental design was focused on maximal control of variables. Using
a TIM of a bond line thickness of 400 µm is larger than those typically found in industry.
This large bondline thickness makes the composite thermal conductivity of ever increasing
importance and can minimize the contributions to thermal resistance of TIM-junction
surface contact resistance. Recently, the trade-offs of TIM thickness and load level with
subsequent composite thermal conductivity alterations was investigated in great detail
using very similar composites finding lower thermal junction resistances in higher FLG
concentration composites of the same thickness [97]. A thick bond line thickness was
chosen in this study to render negligible on a relative basis any thickness measurement
error. Additionally, CPU device heat dissipation solutions come with a fan to circulate
air through the heat sink fins. To minimize complexity of reverse engineering multiple
industrial CPU vendor fan angular velocities and conclude upon a representative fan speed
versus operating temperature curve, a passive heat sink cooling set-up was used. Future
research along a similar vein should focus on both smaller bond line thicknesses, <150 µm,
adding an active cooling fan with a realistic speed versus operating temperature behavior,
and varying conditions of the mating surfaces.

5. Conclusions

This study provides a more direct, concrete understanding of the benefits that FLG
TIMs provide to electronics products by way of a more streamlined and controllable
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experimental method than those often used in this vein of research. The results obtained
were consistent with previous studies using different experimental methods. Increasing
the FLG concentration from 0 vol.% to 7.3 vol.% decreased the TIM and passively-cooled
heat sink thermal resistance from 4.23 ◦C/W to 2.93 ◦C/W. At a heat dissipation rate of
20 W, this reduced thermal resistance results in a reduction of operating temperature from
≈108 ◦C down to ≈85 ◦C. These results provide important context between research of
FLG composite properties and industrial application.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.3390/
c7030053/s1, Figure S1: 5.4 vol.% SEM micrograph, Figure S2: 5.4 vol.% Raman spectra, Figure S3:
Pure DGEBA Differential Scanning Calorimetry results.
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Abbreviations
The following abbreviations are used in this manuscript:

TIM Thermal interface material
FLG few layer graphene
DGEBA Diglycidyl ether of Bisphenol A
SCPI standard commands for programmable instruments
τ Sensor time constant
φ(x) The experimental temperature recording x iterations previous to the most recent
Φ Least squares fit of equilibrium temperature as a function of applied heat
q Applied heat
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