
Thermochimica Acta 423 (2004) 89–97

The principle of micro thermal analysis using
atomic force microscope

Chunhai Wang∗

Veeco Instruments, 112 Robin Hill Road, Santa Barbara, CA 93117, USA

Received 10 July 2003; received in revised form 10 February 2004; accepted 19 April 2004
Available online 19 June 2004

Abstract

A mathematical model for micro thermal analysis is developed based on heat conduction equation. It interprets the principle of micro
thermal analysis by relating its signals directly to established parameters of materials, such as thermal conductivity, specific heat etc. Based
on the theory, a new instrument is designed employing three components of electrical current to drive a thermal probe. A high frequency
component is used to measure probe temperature; a low frequency and a dc component are used for temperature control. Thermal properties
of materials are measured by monitoring ac temperature response to a known ac driving power and monitoring dc power consumption for a
known dc temperature input. With the new design, thermal information of a sample can be separated from the artifact caused by a measuring
probe. Glass transitions of polymers can be easily identified from both dc and ac signals.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Atomic force microscope (AFM) is a powerful tool for
imaging micro world down to the size of individual atoms. Its
imaging capability includes topography, capacitance, static
charge, magnetic and other force modes. Thermal analysis
focuses on the measurement of thermal properties, such as
temperature, thermal conductivity, heat capacity and phase
transition point. AFM had not been used for thermal analy-
sis until 1993 when Majumdar et al.[1] integrated a thermo-
couple at the tip of an AFM cantilever. The thermocouple
was used to measure temperature while normal AFM force
feedback maintained the contact between the tip and the
sample. In this way, both topography and temperature were
mapped. To expand the capability of AFM for thermal anal-
ysis, Dinwiddie et al.[2] introduced a technique for mea-
suring thermal conductivity, in which a resistive probe was
used as both a heating source and thermometer. The probe
was kept at constant temperature. Thermal conductivity was
mapped by monitoring power consumption. A further mile-
stone improvement was Hammiche et al.’s introduction of
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temperature ramping to micro thermal analysis[3]. Ham-
miche et al’s design employeded two probes: a measuring
probe and a reference probe. Dc and ac current were applied
simultaneously to both probes. Voltage difference between
two probes served as the output. This design made it pos-
sible to measure phase transitions. Commercial instruments
had not been available until 1998. After that, research activ-
ities have greatly increased (such as[4–32]). Micro thermal
analysis is finding more and more applications in polymer,
pharmaceutical and semiconductor science.

Despite of a decade of research, it is still early to say that
the technology of micro thermal analysis is mature. In the-
oretical aspect, researchers are not clear what constitutes ac
signals. Ac signals were first interpreted as related to thermal
diffusivity. The idea was later dropped. In instrumentation,
a more reliable technique for temperature measurement and
control is needed in order to improve the sensitivity of ther-
mal analysis. Since the size of a thermal tip is very small, it
is very difficult to integrate both a heater and a thermometer
on it. A resistive tip is usually used instead, which serves
as both a heater and a thermometer. Wheatstone bridge is
used accordingly for temperature control. A disadvantage of
this technique is that the current for raising the temperature
of a probe is not constant. As a result, the voltage drop
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over the probe does not represent the resistance of ther-
mal probe or temperature. Although probe resistance can be
measured theoretically by dividing its voltage over its cur-
rent, available analog divider is too noisy for this applica-
tion and digital one is usually too slow to follow the fast
changing ac temperature. The reality limits the functional-
ity of micro thermal analysis only to the mode of measuring
power for known temperature modulation. It is very diffi-
cult to implement measuring temperature for known power
modulation, although power modulation can be done more
accurately as power modulation does not involve thermal
dynamics of a probe. 3-ωMethod was considered as a pos-
sible alternative for measuring ac temperature[32]. How-
ever the low sensitivity in measuring the third harmon-
ics offsets the advantage of power modulation, limiting its
application.

This paper presents a theory that explains micro thermal
analysis by relating its signals to established parameters of
materials, a modulation technique that measures temperature
of a probe independent of heating current, and a method that
separates sample information from the artifact caused by a
measuring probe.

2. Mathematical model

Fig. 1 shows a typical resistive probe used for micro
thermal analysis. The probe contains three major parts:
conducting wires, a tip and a mirror. Electrical current is
passed through the tip to generate required temperature or
driving power. The tip possesses much larger resistance
than the conducting wire so that heating is concentrated
at the tip. The mirror functions as a laser target detecting
the deflection of the probe as required by normal AFM
functioning.

In analogy to electronic circuit, a probe–sample combi-
nation is modeled using thermal circuit as shown inFig. 2,
where the probe is represented by a thermal resistanceRp
and capacitanceCp, and the sample is modeled as an ef-
fective thermal resistanceRs and capacitanceCs, T is the
temperature difference between the tip and ambient tem-
perature andp is the heating power generated at the tip
of the probe. The relationship between these parameters
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Fig. 1. Thermal probe.
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Fig. 2. Modeling of probe–sample combination.

follows

p = T

(
1

Rp
+ iωCp + 1

Rs
+ iωCs

)
(1)

wherei = √−1, ω is the angular frequency of ac thermal
waves. In absence of ac modulation,Eq. (1)is simplified as

p = T

(
1

Rp
+ 1

Rs

)
(2)

If only the sample is considered, the model becomes

ps = T

(
1

Rs
+ iωCs

)
(3)

Since the probe contacts only a small area of a sample, the
physical meanings ofRs and Cs are completely different
from that of bulk material. This forms the difference in the-
ory between micro and bulk thermal analysis. Interpretation
of the two parameters will be focused in the following chap-
ters. All theories are based on well-accepted heat conduction
equation,

∂T

∂t
= κ∇2T (4)

where κ is thermal diffusivity, the definition of which is
known as

κ = λ

ρS
(5)

whereλ is thermal conductivity,ρ the density andS the spe-
cific heat. Heat conduction equation takes different forms
in different coordinate system. One and three-dimensional
models will be discussed assuming that the sample is ho-
mogenous and isotropic.

2.1. One-dimensional model

One-dimensional model assumes that heat transfer inside
a sample is limited inz (vertical) direction only. Diffusion
in other directions is negligible. Such a model may apply to
very thin film where the size of probe is relatively bigger
comparing with the thickness of thin film. One-dimensional
model is shown inFig. 3, which can be described mathe-
matically as

∂T(z, t)

∂t
= κ

∂2T(z, t)

∂z2
0< z < d, t > 0 (6)

T(0, t) = TAeiωt (7)
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Fig. 3. One-dimensional model.

T(d, t) = 0 (8)

whered is the thickness of the sample,T(z, t) denotes the
temperature of sample at depthz and timet, TA the amplitude
of ac temperature at the probe andω the angular frequency
of thermal waves.Eq. (6) is actually the heat conduction
equation written in one-dimensional coordinate,Eqs. (7) and
(8) are boundary conditions that define the temperature at
the probe, and that on other side of the sample which is equal
to ambient temperature. A general solution forEq. (6) is

T(z, t)=
(
A1 exp

(
−z(1 + i)

√
ω

2κ

)

+A2 exp

(
z(1 + i)

√
ω

2κ

))
exp(iωt) (9)

whereA1 and A2 are coefficients determined by boundary
conditions. Denoting

η = (1 + i)

√
ω

2κ
(10)

and applying boundary conditions,Eq. (9)becomes

T(z, t) = TA exp(iωt)
exp(−zη)− exp((−2d + z)η)

1 − exp(−2dη)
(11)

The power flow to the sample, according to Fourier’s Law
of Conduction, is

p(0, t) = − λA
dT

dz

∣∣∣∣
z=0

= λATA exp(iωt) coth(dη)η (12)

whereA is the contacting area between the probe and sample,
λ is the thermal conductivity at measured sample point, and
coth denotes hyperbolic cotangent function.Eqs. (11) and
(12)are somewhat complicated. Simplification is possible if
a sample falls into specified thick or thin sample model in
the following.

Table 1

Material λ (W/m K) S (J/kg K) ρ (kg/m3) κ (m2/s) � (m) @ 200 Hz

Polystyrene (PS) 0.12 1200 1050 9.5E-8 8.7E-6
Polyethylene terephthalate (PET) 0.14 1300 1300 8.3E-8 8.1E-6
Polypropylene (PP) 0.15 1800 900 9.3E-8 8.6E-6
Polymethyl methacrylate (PMMA) 0.18 1450 1190 1.0E-7 9.1E-6
Polyvinyl chloride (PVC) 0.16 1046 1400 1.1E-7 9.3E-6
Polyethlene (PEHD) 0.48 1900 950 2.7E-7 1.5E-5
Platinum 71.6 133 21450 2.5E-5 1.4E-4

2.1.1. Thick sample model
Thick sample assumes that a sample is thick enough that

majority of heat is absorbed by the sample, rather than pass-
ing through it. Thick sample is described mathematically as

2d

√
ω

2κ
� 1 i.e. d �

√
κ

2ω
(13)

Using approximations

exp(−2dη) ≈ 0 and coth(dη) ≈ 1 (14)

Eq. (11)is simplified as

T(z, t) = TA exp

(
−z
√
ω

2κ

)
exp

(
i

(
ωt − z

√
ω

2κ

))
(15)

andEq. (12)as

p(0, t) = AT(0, t)

√
ωλρS

2
(1 + i) (16)

FromEq. (15), It is clear that the amplitude of temperature
inside a sample decreases as exponential function ofz. A
special depth at

τ =
√

2κ

ω
(17)

designates where the amplitude of temperature attenuates to
1/e of the probe temperature.τ is referred to as penetration
constant in this paper. It is a function of both diffusivity and
frequency.Table 1lists typical values of penetration constant
for a number of materials.

We also find, fromEq. (16), that the phase signal of power
is 45◦, which cannot be used to measure thermal properties.
ComparingEq. (16)to (3), we obtain

1

Rs
= A

√
ωλρS

2
(18)

Cs = A

√
λρS

2ω
(19)

whereRs andCs are the effective thermal resistance and
capacitance of sample as seen by the probe. 1/Rs will be
referred to as thermal conductance.

2.1.2. Thin sample model
Contrary to thick model, thin sample model assumes that

a sample is so thin that the majority of heat passes though the
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sample rather than being absorbed. Thin sample is defined
mathematically as

2d

√
ω

2κ

 1 i.e. d 


√
κ

2ω
(20)

Using approximations

exp(−2dη) ≈ 1 − 2dη, exp(−2zη) ≈ 1 − 2zη and

coth(dη) = 1

dη
+ dη

3
(21)

Eq. (11)becomes

T(z, t) = TA exp(iωt)
(
1 − z

d

)
(22)

andEq. (12)becomes

p(0, t) = λAT(0, t)

(
1

d
+ i

dω

3κ

)
(23)

It is understandable that temperature distribution, according
to Eq. (22), is linear inside a thin sample, and power signal,
according toEq. (23), leads the temperature by a phase that
is related to diffusivity. ComparingEq. (23)to (3), effective
thermal conductance and capacity are obtained,

1

Rs
= Aλ

d
(24)

Cs = Aλd

3κ
= AdρS

3
(25)

Obviously, both thick and thin sample models take simpler
mathematical forms than the general solution inEqs. (11)
and (12). This simplifies math for analysis. Which model to
use, thick or thin, depends on not only the physical thickness
of a sample, but also the frequency of modulation. This
characteristic makes it possible to fit a sample to either thick
or thin model by merely changing modulation frequency
other than the physical thickness of a sample. A same sample
may fit to thick sample model if the modulation frequency
is high enough, or thin sample model if the frequency is low
enough.

2.2. Three-dimensional model

Three-dimensional model assumes that heat transfer in-
side a sample is compatible in all directions. This happens
when the size of a probe is significantly smaller than a sam-
ple in all directions. Spherical coordinates will be used for
the modeling, as shown inFig. 4. For simplicity in math,
the geometry of the tip of a thermal probe is simplified as
a hemisphere with a radius ofrp. We definer to be the dis-
tance (radius) between interested point and the center of the
tip andθ to be polar angle from the vertical axis of the hemi-
sphere restricted to 0≤ θ < π/2. Azimuthal angle is not
defined since the geometry of the sample and probe has no
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Fig. 4. Three-dimensional model.

dependence on this coordinate. Rewriting heat conduction
Eq. (4) in the spherical coordinate, we have

∂T

∂t
= κ

(
∂2T

∂r2
+ 2∂T

r∂r
+ cosθ

r2 sinθ

∂T

∂θ
+ ∂2T

r2∂θ2

)
(26)

where

T |r=rp = TA exp(iωt) (0 ≤ θ < π/2) (27)

T |r=rs = 0 (0 ≤ θ < π/2) (28)

∂T

∂θ
|θ=π/2 = 0 (29)

T denotes the temperature of interested point at radiusr,
polar angleθ and timet, rs is the outside radius of the sample,
TA is the amplitude of ac temperature at the probe, andω

the angular frequency of thermal wave.Eqs. (27)–(29)are
boundary conditions, defining that the temperature at the
probe is sinusoidal, the temperature at outside radius of the
sampler = rs is zero and that the gradient of temperature
at the upper surface of the sample is zero to assert that the
sample is thermally isolated from its surroundings aside from
the probe tip. Using a conventional technique for solving
partial differential equations, we assume

T(r, θ, t) = R(r)F(θ)U(t) (30)

The general solution ofF(θ) can be expressed in Legendre
polynomials

F(θ) =
∞∑
n=0

cnPn(cos(θ)) (31)

wherecn is the Legendre coefficients, andPn is thenth Leg-
endre polynomials. Since the temperatureT is defined only
over the hemisphere, and the even-ordered Legendre poly-
nomials form a complete orthonormal set on that domain,
we restrictn to be even in (31); this restriction also satis-
fies (29). Furthermore, since (27) and (28) have no angular
dependence, only then = 0 term from (31) is non-zero.
Therefore

cn = 0 (n = 1,2, 3 . . . ) (32)

and

F(θ) = c0P0(cos(θ))= c0 (33)
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Obviously T has no dependence onθ in the range (0,�/2).
Differential Eq. (26)is further rewritten as

∂T

∂t
= κ

(
∂2T

∂r2
+ 2∂T

r∂r

)
0 ≤ θ < π/2 (34)

A solution forEq. (34)is

T =
(
A1

1

r
exp(−rη)+ A2

1

r
exp(rη)

)
exp(iωt) (35)

whereη is defined inEq. (10),A1 andA2 are constants de-
termined by boundary conditions. Applying boundary con-
ditions (27) and (28), we have

A1 = −rpTAexp(2rsη)

exp(rpµ)− exp((2rs − rp)η)
(36)

A2 = rpTA

exp(rpη)− exp((2rs − rp)η)
(37)

SubstitutingA1 andA2 in (35), we have

T = rpTAexp(iωt)

r

×−exp((2rs − rp − r)η)+ exp((r − rp)η)

1 − exp(2(rs − rp)η)
(38)

The power flow into the sample, according to Fourier’s Law
of Conduction, is

p(0, t)= − λ2πr2p
dT

dr

∣∣∣∣
r=rp

= TA exp(iωt)λ2πr2p
1 − exp(2(rs − rp)η)

×
[
−
(

1

rp
+ η

)
exp(2(rs − rp)η)+

(
1

rp
− η

)]
(39)

Eqs. (38) and (39)are general solutions for spherical model.
Simpler form will be derived for thick and thin sphere mod-
els in the following.

2.2.1. Thick spherical model
Similar to one-dimensional case, thick spherical model

assumes a sample is much thicker than penetration constant,
i.e.

rs − rp �
√

2κ

ω
(40)

In this case,Eq. (38)is simplified as

T(r, t)= TA
rp

r
exp

(
−(r − rp)

√
ω

2κ

)

× exp

(
i

(
ωt − (r − rp)

√
ω

2κ

))
(41)

Obviously two parts contribute to the attenuation of temper-
ature amplitudes inside the sample: an exponential part sim-
ilar to one-dimensional model and an additional reciprocal

part of r. The latter makes the attenuation much faster than
one-dimensional model. Heat flowEq. (39)is simplified as

p(rp, t) = 2πr2pλT(rp, t)

[
1

rp
+ (1 + i)

√
ω

2κ

]
(42)

ComparingEq. (42)to (3), the effective thermal conductance
and capacity as seen by the probe are obtained,

1

Rs
= 2πr2pλ

(
1

rp
+
√
ω

2κ

)
= 2πr2p

(
λ

rp
+
√
ωλρS

2

)
(43)

Cs = 2πr2pλ√
2ωκ

= 2πr2p

√
λρS

2ω
(44)

2.2.2. Thin spherical model
Thin spherical model applies when the thickness of a sam-

ple meets the criteria,

rs − rp 

√

2κ

ω
(45)

In this case, (38) and (39) are simplified as

T = rp(rs − r)

r(rs − rp)
TA exp(iωt) (46)

and

p = 2πr2pλTA exp(iωt)

(
1

rs − rp
+ 1

rp
+ i(rs − rp)

ω

3κ

)
(47)

respectively. ComparingEq. (47) to (3), effective thermal
conductance and capacity as seen by the probe are obtained,

1

Rs
= 2πr2pλ

(
1

rs − rp
+ 1

rp

)
(48)

Cs = 2πr2p(rs − rp)
ρS

3
(49)

Similar to one-dimensional model, thick and thin sphere
models possess much simpler mathematical form than
the general solution. A sample can easily fit to either
thick or thin sample model by changing the frequency of
modulation.

It should be noted that, although above equations are de-
rived primarily for ac modulation, thin sample models also
apply to dc measurements if lettingω = 0 and interpreting
the temperatureT as the temperature difference between in-
terested point and ambient temperature.

2.3. Removing artifact caused by thermal probes

Experiments show that the power consumed by a typical
polymer sample is usually a fraction of what is consumed
by a probe. As a result, a typical thermal signal, such as
temperature response to ac power modulation, usually con-
tains more artifact from the probe than the real informa-
tion from the sample. To make meaningful measurements
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the artifact must be removed. Two methods are available
for this purpose: (1) differential measurement using two
probes with one as measuring probe and the other as refer-
ence probe, and (2) two-cycle measurement using a single
probe with the first cycle performed with the probe not in
contact with the sample and the second in normal contact
with the sample. Differential method usually provides bet-
ter cancellation for long haul measurement where ambient
conditions may change significantly. Its disadvantage is that
it requires two well-balanced reference probes. Two-cycle
measurement does not require a reference probe, but intro-
duces noise caused by changes in ambient conditions. It is
suitable for measurements that can be done within a short
period and/or in a stable environment. Considering the dif-
ficulty to manufacture two identical thermal probes and the
short time (usually 1–2 min) needed to make a measurement
for micro thermal analysis, two-cycle method is preferred.
Both cycles can run either same temperature program or
same power program. In case of same temperature program,
simple subtraction of power signals recorded from two cy-
cles, according toEq. (1) and (2), is capable of removing
probe artifact,

p(k)− p′(k) = T(k)

[
1

Rs(k)
+ iωCs(k)

]
(50)

wherek is the serious number of measuring points,p(k) and
p′(k) are complex powers measured in loaded and no-load
cycles respectively.T(k) is the temperature of thekth mea-
suring point which is same in both cycles. Dividing both
sides ofEq. (50)by T(k) gives

1

Rs(k)
+ iωCs(k) = p(k)− p′(k)

T(k)
(51)

In case same power program is run, the artifacts of a probe
is removed by the following algorithm,

1

T(k)
− 1

T ′(k)
= 1/Rs(k)+ iωCs(k)

p(k)
(52)

whereT(k) andT′(k) are the complex temperature measured
in loaded and no-load cycles respectively.p(k) is the power
applied to thekth point which is same for both cycles. Mul-
tiplying both sides ofEq. (52)by p(k) we have

1

Rs(k)
+ iωCs(k) = p(k)

T(k)
− p(k)

T ′(k)
(53)

As mentioned earlier, a practical probe may consumes ten
times more power than a polymer sample. The difference
of temperature responses between loaded and no-load mea-
surements for same power input is actually very small. In
this case, we have

1

T(k)
− 1

T ′(k)
= T ′(k)− T(k)

T ′(k)T(k)
≈ T ′(k)− T(k)

T 2(k)
(54)

Accordingly,Eq. (52)becomes

T ′(k)− T(k) ≈
[

1

Rs(k)
+ iωCs(k)

]
T 2(k)

p(k)
(55)

Obviously, the difference of temperature responses also pro-
vides the needed cancellation of probe artifact as long as the
power consumed by the probe is much bigger than the sam-
ple.For the convenience of description, 1/Rs+ iωCs will be
referred to as complex conductance, 1/Rs andωCs as the
real and imaginary conductance respectively.

3. Instrumentation

Based on previous analysis, a scanning thermal micro-
scope can either measure power for a known temperature
input or measure temperature response for a known power
input. In both modes, the artifact caused by a probe can
be removed. Power input mode is technically easier to re-
alize, as it does not involve any thermal dynamics of either
the probe or the sample. Temperature input mode is eas-
ier for user to specify the temperature range, more straight
forwards. But it has to take into account thermal dynamics,
which make the controller more complicated and less accu-
rate when controlling fast changing ac temperature. To take
advantage of both modes, new design adopts temperature
input mode for dc measurements, offering the convenience
to specify temperature, and power input mode for ac mod-
ulation to achieve more accurate control.

Fig. 5shows the schematic for thermal control. There are
three input signals on the left side. The high frequency sig-
nal is for temperature measurement. The signal generates
constant amplitude of high frequency current in the probe
through voltage-to-current converter V/I.The amplitude of
voltage drop across the probe at this frequency is measured
using Lock-in Amplifier 1. Since the current is constant in
amplitude, the output from Lock-in Amplifier 1,T, is pro-
portional to probe resistance, or temperature. The dc signal
on the left ofFig. 1 is temperature input command. A com-
parator compares the temperature command to measured dc
temperatureTdc, obtained after passing temperature signalT
through a low pass filter LPF. The error signal generated by
the comparator is then transmitted to a controller, which in
turn generates a voltage signal that will ultimately be applied
to the probe as a current, according to the value and sign
of the error signal, to cause the dc temperature of the probe
to follow the command temperature. The power consump-
tion of probeP is measured by multiplying the voltage drop
across the probe by its current. DC power,Pdc, correspond-
ing to dc temperature command is obtained by passing power
signal P through low-pass filter LPF1. The low frequency
signal on the left is the ac power modulation input. The sig-
nal is first combined with the output from the controller, then
transmitted to a square root electronic, and finally generates
a current in the probe through voltage-to-current converter
V/I,

I =
√
G(Vc + V1 cosωt) (56)

whereVc is the output voltage from the controller, the value
of which depends on dc power required to maintain or raise
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Fig. 5. Schematic of measuring electronics.

the DC temperature,V1 cosωt is the low frequency input for
power modulation andG is the gain of voltage to current
converterV/I. The power generated in the probe is

p = I2Rp = G(Vc + V1 cosωt)Rp (57)

whereRp is the resistance of thermal probe. Since the am-
plitude of power modulation is usually very small (typically
a few degrees), the variation ofRp within an ac modula-
tion cycle is negligible. The variation of resistance resulted
from dc heating is a slow process, the impact of which is
compensated by software. Ac temperature response is mea-
sured by lock-in amplifier 2, which generates two outputs:
the real and imaginary parts of ac temperature. The physical
meaning of real part is the component of temperature hav-
ing same phase as ac power input, and the imaginary part
having a phase leading ac power by 90◦. Real and imagi-
nary components of temperature form a complex number,
which is referred to as the complex ac temperature and cited
in equations from (52) to (55).

4. Experiments

Practical measurements of some polymers were con-
ducted using Veeco “Explorer” AFM. Wollaston wire probe
is used as the measuring probe. High frequency current for
temperature measurement is operated at 100 kHz. Typical
amplitude for ac power modulation ranges from 0.05 to
0.5 mW, generating amplitude of 1–10◦C in temperature
for typical polymer samples. Dc temperature ramping rate
is typically from 60 to 1500◦C per minute. Frequency
for ac modulation ranges from 50 Hz to 1 kHz. The lower
frequency boundary is limited by the fast ramping rate
of dc temperature since ac signals have to achieve equi-
librium before any significant change in dc temperature
occurs. The higher boundary is limited by the bandwidth
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of Wollaston wire probe, which is estimated to be about
0.5–1 kHz. Two-cycle measurements with a single probe
are used to remove the artifact caused by the probe.Figs. 6
to 8 show measured results for polyethylene terephthalate
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(PET), polystyrene and polyvinyl chloride (PVC), respec-
tively. Ac signals are displayed as temperature difference
of no load and loaded measurements. In addition to ac
signals, dc power andz-sensor signal are also displayed
for comparison purpose. In either figure the glass transition
can be easily identified from ac signals. Ac signals usually
exhibit sharper change at glass transition than dc signals. It
is also found that glass transitions measured from ac signals
are usually a few degrees lower than sensor signal. Since
mechanical signal is the response of thermal excitation, the
temperature difference is not surprising for fast temperature
ramping.

5. Discussion

A theory for micro thermal analysis is briefly introduced.
It is based on well-accepted heat conduction equation. One
and three-dimensional models are discussed with simplified
results for thin and thick sample models. In all models the
sample is described using complex conductance, which is
in turn related to established parameters of materials, such
as thermal conductivity, specific heat and density. Complex
conductance is related to not only physical parameters of
a sample, but also the modulation frequency. By changing
modulation frequency, a sample can usually match either
thin or thick sample models.

The introduction of high frequency modulation makes it
possible to measure probe temperature independent of heat-
ing current. This method measures the first harmonic of
temperature instead of the third. It possesses much higher
sensitivity than 3-ωmethod. One benefit of the technique
is that we are able to measure ac temperature directly for
a known ac power modulation. As power modulation can
be done more accurately than temperature modulation, this
mode greatly improves the sensitivity of ac measurements.
Another benefit is that sample information can be separated
from the artifact of the probe for power modulation mode,
making it easier to identify phase transitions of polymers
through ac signals.
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