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Resistive thermal probes used in scanning thermal microscopy provide high spatial resolution of mea-
surement accompanied with high sensitivity to temperature changes. At the same time their sensitivity
to variations of thermal conductivity of a sample is relatively low. In typical dc operation mode the
static resistance of the thermal probe is measured. It is shown both analytically and experimentally
that the sensitivity of measurement can be improved by a factor of three by measuring the dynamic
resistance of a dc biased probe superimposed with small ac current. The dynamic resistance can be
treated as a complex value. Its amplitude represents the slope of the static voltage-current U-I charac-
teristic for a given I while its phase describes the delay between the measured ac voltage and applied
ac current component in the probe. The phase signal also reveals dependence on the sample thermal
conductivity. Signal changes are relatively small but very repeatable. In contrast, the difference be-
tween dynamic and static resistance has higher sensitivity (the same maximum value as that of the 2nd
and 3rd harmonics), and also much higher amplitude than higher harmonics. The proposed dc + ac
excitation scheme combines the benefits of dc excitation (mechanical stability of probe-sample con-
tact, average temperature control) with those of ac excitation (base-line stability, rejection of ambient
temperature influence, high sensitivity, lock-in signal processing), when the experimental conditions

prohibit large ac excitation. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819738]

I. INTRODUCTION

Scanning thermal microscopy (SThM) developed by
Williams and Wickramasinghe'-? is a variant of atomic force
microscopy (AFM) in which temperature sensitive probes are
used. It allows obtaining topographic and thermal images of
a sample simultaneously. Two types of thermal images can
be recorded. In passive mode the thermal probe (TP) mea-
sures local temperature at the surface of a sample. Such mea-
surement allows for mapping temperature distribution of self-
heated structures®** and devices.>® In active mode the TP
heats the sample and the probe temperature is measured. This
temperature depends on heating power and heat losses which
include heat flux from the TP to the sample. Among other
things, the heat flux depends on the thermal conductivity « of
the sample, therefore the TP temperature carries information
about k of the sample in the vicinity of probe-sample contact.
In active mode spatial distribution of « at the sample surface
can be obtained.”

Despite the fact that SThM has been in development
for more than 25 years there are still problems without sat-
isfactory solutions. One of them is quantitative k measure-
ment by commercial SThM equipment. In the majority of
papers published on this topic measurement with Wollaston
wire resistive probe was considered. The theoretical model
of the probe-sample system, based on the transient fin equa-
tion including a source term due to the Joule dissipation, is
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well-established.?~!0 Its counterpart for nanofabricated TP has
been also proposed.!! The nanofabricated TP is a thin dielec-
tric cantilever with bent, triangular end forming the probe tip.
A thin film metallic resistor, playing a role of resistive ther-
mometer and heater, is deposited near the tip apex. There
are a few types of experiments in which TPs are used for
quantitative measurement. The simplest one is based on dc
measurement.'> '3 Although details of particular experiments
can differ, the basic idea is the same. The probe-sample con-
tact opens an additional channel for heat abstraction from
the TP. In constant current mode, it lowers probe tempera-
ture and resistance. In constant temperature mode, the heat-
ing power must be increased to compensate for the heat loss.
This technique was used for thermal conductivity measure-
ments on several examples, e.g., meso-porous silicon thin
films,'* Bi,Te; and Bi,Ses thin films," and pure titanium.'6
The dc experiments are simple but sensitive to noise. To im-
prove signal to noise ratio ac measurements with lock-in de-
tection are chosen. The basic idea of this group of meth-
ods is similar to the one of the 3w method.'” Nonlinearity
of the TP causes generation of higher harmonics of voltage
when the ac current flows through it. However, proper in-
terpretation of measured signals is different than in the case
of “classical” 3w measurement.” Two regions can be distin-
guished in the spectral characterization of the signal.'® At low
frequencies, the isothermal region, signal amplitude depends
on x of the sample. At high frequencies, the adiabatic re-
gion, signal amplitude is considerably lower and does not de-
pend on sample properties. Weak dependence of signal phase
on the sample « is observed in the transition region. The

© 2013 AIP Publishing LLC
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capability of this measuring technique was proved in inves-
tigation of silicon nanowires embedded in a silica matrix'!
and NiTi samples.'% 2"

As it was mentioned above, when TPs are used in exper-
iments with 3w detection they must operate in the isothermal
region to have sensitivity to the thermal properties of a sam-
ple. This does not present problems in the case of relatively
massive Wollaston wire TPs. However, in the case of nanofab-
ricated TPs probe heating is accompanied with probe bending
caused by thermal stresses. When the probe is heated by ac
current at frequency o the bending occurs at frequency 2w,
the frequency of the heat source. According to the probes’
specifications the resonance frequency of nanofabricated TPs
is of about 50 kHz. It means that in the isothermal region,
with upper limit of about 10 kHz (the frequency of the ac cur-
rent), the probe bending keeps up periodic changes of dissi-
pated power. The probe bending makes measurement difficult.
There are problems with approaching the sample, keeping
probe-sample contact, and assuring constant pressing force of
the probe. It may cause loss of contact during measurement
and even probe damage. In addition, the lock-in amplifier
needs considerably longer time constants to measure higher
harmonics than for the 1st harmonic. This is detrimental to 3w
detection in thermal imaging — the thermal image is shifted
in relation to topographic image. These facts motivated us
to propose a new way of performing experiments, which
combines merits of both dc and ac excitation schemes. In
Secs. I[I-1V we show that such an approach allows for avoid-
ing the problems mentioned above with preservation of the
benefits of dc and ac excitations.

Il. UNDERLYING PRINCIPLE

The operation of resistive TPs is based on the dependence
of the electrical resistivity p of metals on the temperature 7.
If considered temperature range is not very wide, this depen-
dence is approximately linear:

p(T)=po[l +a(T —To)], (1)

where pg is the electrical resistivity at the temperature 7 and
«a is its temperature coefficient. When the TP is driven by
electric current, the Joule heating causes probe temperature
rise and leads to nonlinearity of voltage-current dependence
U(I). Exemplary U(I) dependencies measured for nanofabri-
cated TP in air and the TP touching SiC surface are shown in
Fig. 1. The solid straight line corresponds to the dependence
calculated for a fixed 462 2 resistor. Experimental data were
fitted with cubic curves (dashed lines) resulting from Eq. (1)
and given by

U= Rol +AI®, (2)

where [ is the probe current, R is the probe resistance at am-
bient temperature (Ry = 462 Q2 in analyzed case), and A is
the nonlinearity coefficient, A = 8.56 £ 0.05 mA~2 and
A =542 4 0.14 Q mA~2 for the probe in air and the probe
touching SiC sample, respectively. Such form of U(J) depen-
dence for the probe is justified by the fact that in Eq. (1) the
difference (T — Ty) is proportional to the power dissipated in
the probe by the current, which is proportional to . Obtained
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FIG. 1. Voltage-current characteristics measured for nanofabricated TP in air
(0J) and for the probe touching SiC (O).Dotted lines are fits with Eq. (2) to
experimental data. The solid straight line is the characteristic calculated for a
fixed 462 Q resistor.

A values show that the nonlinearity of U-I characteristic de-
pends on the effectiveness of heat abstraction form the probe
and it diminishes with growing heat exchange rate.

Quantitative measurements require selection of parame-
ter or parameters of the measuring system and establishing
their relation with the parameters of the sample. In SThM
with resistive TPs measured signal is typically correlated with
the probe resistance. Using the approximation of Eq. (2), the
static resistance of the probe is

U
R=7=R0+A12. 3)

Based on the data features above and with I = 2.0 mA, the
resistance change (relative to the TP in air) due to contact with
SiC sample is AR = 12.6 2, which is 2.7% of Ry. Taking into
account that SiC is a good thermal conductor, it can be stated
that the sensitivity of the probe to « of the sample is rather
low.

Alternatively, the dynamic resistance Ry for each point
can be defined as

dUu
=—. 4
a=—7 4)
Using the same approximation of Eq. (2), one gets
Ry = R0+3A12 )

Thus, the dynamic resistance is 3 times more sensitive to the
system nonlinearity than the static one. Ry can be determined
experimentally by driving the examined element (e.g., the TP)
with a sum of dc current and small ac current superimposed
on 1t:

I = Igc + Ic cos (wt), (6)

and measuring the corresponding amplitude U,. of the ac
component of probe voltage at frequency w. If the condition
I < Iy is fulfilled, Ry of the element at the current Iy is
Uac
IZIC ’

R, ~ (7

The above consideration presents the general idea of en-
hancing « sensitivity of SThM by combining dc bias with ad-
vantages of modulated experiments. More detailed analysis
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can be done in a frame of the model proposed by Dames and
Chen.?!

lll. THEORY

The problem of using a resistive element simultaneously
as heater and thermometer in experiments aiming at determi-
nation of thermal conductivity was considered in Ref. 21. If
the electric current I flows through the resistance R it causes
heat dissipation. The power of the heat source is

Q = RI? ~ Ryl (t)*. (8)

The last approximation is justified due to small relative
change of the probe resistance caused by heating (of about
a few percent, see Sec. II).

In the considered case the electric current consists of dc
and ac components (Eq. (6)) and then from Eq. (2) the voltage
across the probe has a dc component and 3 harmonics:

3
U=Usg+ Y Un(@)cos(not + ¢,). ©)

n=1

The lw, 2w, and 3w voltage components in frequency do-
main, determined experimentally by the use of lock-in am-
plifier, are described by the equation,’!

Una),rms = ZaR(%I:C’rmSZn (T), a)) P (10)

where Z,(n,w) is the complex transfer function for the nth
harmonic and n = I4./I,.. Exact form of Z, depends on the
thermal transfer function of the analyzed system Zy. This
function describes a relation between the heating power and
the temperature of the resistive element. In the frequency
domain

0,=T,— Ty = Qthh- (11)

General relations between Z,(n,w) and Zy can be found in
Ref. 21.

Let us restrict further considerations to TPs used in
SThM. The Wollaston TPs were successfully modeled by the
lumped approximation of suspended wire.'%!® In this approx-
imation,

Rin
Zp=—"—, (12)
1+ jot
(a) I -— - - -
10" 4
3 TN
1011 dc’ ~0,ms|
g ] = Ul Uy s
E:- [ttt 28 === U,
£ 33 S 2 “o,ms
o — Seo
S S et L2
Y =
D .5 ] iy =, =
10° 4 2134 4 ~. Ty
E ~.
o 7124 4 eenay
10'71; S 4] 1 \‘\.\.
3 00 1010
] o1

10® 10% 10" 10° 10' 10° 10°
T
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where T = Ry, Cyy, Ry, 18 an effective thermal resistance to heat
transfer from the TP to surroundings, Cy, is an effective heat
capacity of the probe-sample system, and j = /—1. There
is a small discrepancy between this model and experimen-
tal results observed for nanofabricated TPs below the cut-off
frequency,!! nevertheless it can be used as the first approxi-
mation in this case, too.

Based on the general formulas from Ref. 20 we obtained
equations for all components of the probe voltage:

aPyg R 1 1
Udcz\/inUO,rms [1 +% (772+—+ >:|,

2 14+ o?1?

(13)
aPog Ry (, 1 2n?

U rms — U rms 1 —_— = P

1, 0, s|:+ 7’]2 (77 +2+1+]a)_’:
+ ! (14)

41 +2jor)) ]’
U2,m5 — _jaP(),chthO,rms 2 + 1 : ’

2n 14+ jor  14+2jot

(15)
P CR U rms

Us ms = &10.de Kb &0, rms (16)

421+ 2jot)

where Up yms = Rolyc/ /2 is the root-mean square (rms) value
of ac voltage related to the current / flowing through the con-
stant resistor Ry, and Py 4. = R()IdzC is the power dissipated by
the dc component of this current in the same resistor.
Calculated dependencies of Uy, rms amplitudes and
phases of all harmonics on wt product are shown in Fig. 2.
Uqc and U, s were normalized to Uy ms. Calculations were
carried out for aPg 4.Rm = 0.1 (estimated from experimental
data shown in Fig. 1) and = 20. A few basic conclusions can
be drawn from analysis of Fig. 2. The amplitude of harmonics
drops by about two orders of magnitude for each consecutive
one. Uy is practically frequency independent, U s shows
small drop near wt = 1 (inset graph in Fig. 2(a)), while Uj i
and Usms exhibit dependencies typical for low-pass filters.
The phase of the 1st harmonic exhibits weak frequency de-
pendence near wt = 1. A closer look reveals a minimum (in-
set graph in Fig. 2(b)). Phases of the 2nd and the 3rd harmon-
ics show frequency dependence typical for low-pass filters.

) W= _
1204 [—o e

60

—~~ o s

(0]
° 0+
~

s .60
-120 - e Tt i
< ol Ao 10" 10' 10°

-180

10° 10 10" 10° 10' 10° 10°
T

FIG. 2. Normalized amplitudes and phases of probe voltage components calculated for «Py 4R, = 0.1 and 1 = 20. In the case of harmonics it was assumed
that the complex signal can be presented through its amplitude and phase, i.e., U, rms = Unexp(jon).
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FIG. 3. Normalized sensitivities to Ry, of dc component (Sqc —a) and of the amplitudes of ac signal components (S1,amp — b, $2,amp — €, S3,amp — d) as functions
of dimensionless parameters wt and «Po gcRin (containing the effect of the sample), for n = 20.

To prove the usefulness of the proposed measuring proce-
dure in SThM experiments a sensitivity of measured signal to
changes of the effective thermal resistance has to be analyzed.
This sensitivity can be defined as a normalized derivative of
measured signal on Ry,. For the dc signal and harmonics’ am-
plitudes the normalized sensitivity was calculated based on
the formula:

R d(|Ugc/n
Stc/mamp = Gt (D = (49,
wrlglo |Udc/n,amp| dRy,
while the phase sensitivity was defined as
d(atan(lm n, rms]/Re n, rms]))
Sn,phase = Ru . (18)
dRy

Results obtained for the dc component and for the amplitudes
of all harmonics are shown in Fig. 3.

It can be seen that dc and 1st harmonic “amplitude” sensi-
tivities increase with increasing oPg 4. R The dc component
sensitivity Sy is practically insensitive to wt, detailed analy-
sis exhibits small sensitivity drop of about 0.4% near wt & 1.
The sensitivity of 1w component Sy ayp is approximately three
times higher than S4. at low frequencies (wt < 1) and drops
to the value of Sy at higher frequencies (wt >> 1). The sensi-
tivities of 2w and 3w components are practically equal to one
at low frequencies, drop to zero above wt = 1 and they are
much higher than Sy. and S 4p. Such result can be expected
as generation of higher harmonics is proportional to Ry, (see
Egs. (15) and (16)). The practical problem is that accuracy
of the amplitude determination of low signals is also low. In
our case, U} ms/Usms = 133 and U yms/Us s = 16000 at
wt K 1. Therefore experiments based on determination of
2nd and 3rd harmonics could be difficult to perform with
small ac excitation.

The analysis of phase sensitivities shows that the highest
phase sensitivity can be expected in a vicinity of wt = 1.0
and that it is negative — the phase decreases with increasing
Ry, (Fig. 4). The phase sensitivity of the 1st harmonic is rela-
tively low and Py 4Ry, dependent. It is also interesting that
this sensitivity changes its sign for w7 >> 1 and becomes pos-
itive. The phase sensitivities of the 2nd and the 3rd harmonics
are the highest in the vicinity of wt = 1.0, and the maxi-
mum sensitivity of the 2nd harmonic is observed at lower fre-
quencies than the one of the 3rd harmonic. It should be also
noticed that the phase sensitivities of higher harmonics are
10 times higher than the phase sensitivity of the fundamental
one. Phase sensitivity peaks are rather sharp, therefore these
sensitivities are strongly frequency dependent. From the prac-
tical point of view phase measurements for higher harmonics
could be difficult because of their low amplitudes, as men-
tioned above.

Based on Eqgs. (13) and (14) we can find formulas for the
static and the dynamic resistances, which can be determined
experimentally:

Uae aPoacRn (5 1 1
Ry = =Ryl 4+ —— - —,
N Tuc 0 |: + 772 (77 + ) + 1+ ot

(19
2U1 rms PyacR 1 2n?
Rdzfl"zRo 1+05 0.dcfth [ 9 — 4 71.
Iy n? 2 1+ jot
+ ! (20)
4(1 +2jwt) /|’

At low frequencies (wt < 1), the exact sensitivity en-
hancement for n = 20 is thus (Rg — Ro)/(Rs — Ry) = 2.99
instead of 3.00 as estimated in Sec. II.
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FIG. 4. Sensitivities to Ry, of the phase of ac signal components (S1ph — @, S2,ph — b, S3,pn — ¢) as functions of dimensionless parameters wt and oPogcRin

(containing the effect of the sample), for n = 20.

Since the highest sensitivities are found in the isothermal
mode at low frequencies (wt < 1), this condition represents a
useful special case for Egs. (13)—(16). The resulting equations
are equivalent to the ones derived in Ref. 10. Moreover, if
the dc component is much larger than the ac one (n > 1),
Egs. (13)—(16) reduce to

Ug =1+ aPygcRn, 2D

U]n = 1 + 30[P0,chth, (22)
n ) 3

U, =—j Zapo,chtha (23)
n_ ! 24

Uj = _Wapo,chtb 24)

Here Uy and Uy,; are the voltage components of
Eqs. (13)—(16) normalized to Rolge and Rolu/+/2,
respectively. Under the same conditions and from Eqgs. (1),
(11), and (12) aPy acRm ~ AR/Ry. This expression shows
the direct link between the parameter of interest R, and the
relative variation of probe resistance AR/Ry which generates
the voltage components of Egs. (21)—(24). An alternate set of
equations can be obtained by replacing the latter quantity in
Egs. (21)-(24).

IV. EXPERIMENTAL RESULTS

A diagram of the experimental setup is shown in Fig. 5.
The voltage divider consisting of the TP and balance resis-

tor R, (Rp > Ry) was connected to the output of an Arbitrary
Waveform Generator (Hewlett-Packard 33120 A). The dc cur-
rent through the divider was measured by a digital multimeter
(Agilent 34405 A). The probe voltage was passed to the input
of a lock-in amplifier (SR 830 DSP, Stanford Research), con-
nected in parallel with its analog-to-digital converter input. It
allowed measurement of dc and selected ac components of
the probe voltage. The TP was mounted in a probe holder of
the atomic force microscope (XE-70, Park Inc.). Output sig-
nals from the lock-in could be used as external signal for the
microscope for thermal imaging. The whole setup was con-
trolled by PC with LabVIEW platform installed. Measuring
procedure written in LabVIEW allowed measurement of Uy,
amplitudes and phases of Uj tms, Uzsms, and Usms as func-
tions of Iy and f = w/2m. All experiments were performed
for n = 20.

Ammeter R,

Arbitrary A

Waveform TP Lock-in
Generator ADC

FIG. 5. Block diagram of the experimental setup. The current through the
TP, connected in series with balance resistor Ry, was controlled by the signal
from arbitrary waveform generator. The dc component of the current was
measured by the ammeter. Lock-in amplifier measured dc and ac components
of the TP voltage.
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FIG. 6. Normalized amplitudes and phases of dc, 1st and 2nd voltage components of the Wollaston probe driven by 75 mA dc current with superimposed ac
current of 3.7 mA amplitude (a) and (b) and the nanofabricated TP driven by 1.80 mA dc current with superimposed ac current of 0.09 mA amplitude (c) and
(d). Behavior of the 1st harmonic near the cut-off frequency is depicted in inset graphs.

Experiments described in this paper were carried out us-
ing Wollaston wire probe and KNT-SThM- 1an thermal probes
(Kelvin Nanotechnology). The Wollaston wire probe was
used for checking correctness of the theoretical model of mea-
surement. Nanofabricated TPs were used in experiments the
aim of which was to show the potentiality of proposed tech-
nique for qualitative and quantitative measurements.

The dc probe voltage and amplitudes and phases of the
1st and 2nd harmonics from the dc + ac biased Wollaston and
nanothermal probes are shown in Fig. 6. The voltage signals
were normalized to the 1st harmonic measured on unbiased
probe (/3. = 0). The 3rd harmonic signal was very low and its
amplitude and phase could not be measured with satisfying
accuracy. The behavior of all shown signals is very similar to
the one predicted theoretically (Fig. 2). The cut-off frequency
of the Wollaston probe is estimated to be of about 600 Hz,
while the one of the nanofabricated probe is of about 10 kHz.
The amplitude of Uj iy is more than 2 orders of magnitude
lower than the one of Uj ;. A characteristic minimum in the
phase of the 1st harmonic can be seen near the cut-off fre-
quency. Presented results allow concluding that the lumped
approximation of suspended wire describes well the Wollas-
ton probe driven by combined dc + ac bias current. In the
case of the nanofabricated TP some discrepancies between
this model and the experimental data can be noticed at fre-
quencies preceding the cut-off frequency. Nevertheless quali-
tative agreement between the model and experimental results
seems to be still acceptable.

The main goal of this work was to demonstrate the advan-
tages of using dc biased ac driven TPs in quantitative thermal
measurements. We know from experience that there are a few

factors accomplishing the quantitative thermal measurements
with SThM. The main one is that the probe-sample heat flux
constitutes only a small part of the heat flux from the sample
to surroundings. Therefore the method should be very sensi-
tive to small changes of Ry,. However, there are also practical
aspects that must be taken into account when designing ex-
periment. The formulas for signals which can be determined
experimentally (Eqgs. (13)—(16)) contain Up ;s and Py 4c, both
depending on Ry which is affected by ambient temperature
drift. It would be preferable to have a reference signal allow-
ing proper signal correction. The simplest solution is to mea-
sure the signal for the TP in contact with the sample and in
air. From Egs. (19) and (20), the difference between Ry and
R, in each case is

o Py ac Ro

) th
n

Ri— Ry =

[ ! 25)
X - .
1+ jor  4(0+2jwt) 1+w?t?
At low frequencies (wt « 1) the ratio of these differences

obtained “in contact” and “out of contact” is equal to the ratio
of the effective thermal resistances in both cases,

(Rd - Rs)in _ Rth|in
(Rd - Rs)out th'out.
The overall thermal resistance seen by the probe reflects
two main channels of heat exchange between the probe and
its surroundings: the first one is connected with convective
cooling by air, the second channel is a heat flux through
the probe-sample contact. The latter depends on a thermal
resistance of the probe and constriction thermal resistance of

(26)
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the sample. It leads to the following expression for Ry,:>

—1
Ry'=h+ (Rmp + i) , (27
where & is the effective heat transfer coefficient describing
convective cooling, Ryp is the probe thermal resistance to the
heat flux from the heat source to the probe sample contact,
is the thermal conductivity of the sample, and r is the radius
of the probe-sample contact.

Measurements were carried out for 5 samples with well-
defined thermal conductivity in a range from 1.0 W m~!' K~!
(BK7 glass) to 490 W m~! K~! (SiC single crystal). The
KNT-SThM-1an thermal probe was used. The probe current
was the sum of 1.50 mA dc component and the ac compo-
nent at 320 Hz with amplitude of 0.075 mA. The Uy, and
U\ ms were measured for the probe being in contact with the
sample and the probe lifted 2.0 mm above the sample sur-
face. Each measurement was repeated 20 times and then the
mean value and its standard deviation were calculated. Finally
R; and Ry were determined. The phase shift between the ac
probe voltage and the ac component of driving current was
also recorded.

Results of measurements are shown in Fig. 7. As ex-
pected Ry of the probe is larger than R;. Changes of both
resistances caused by different samples are very small. A de-
crease of Ry with increasing « of the sample can be noticed,
however in some cases this effect is masked by instability of
ambient temperature. For Ry any reasonable dependence is not
observed. Only the phase is well correlated with the thermal
conductivity of samples.

The influence of sample thermal conductivity is much
better pronounced for the ratio of Ry — R differences cal-
culated for the probe in contact and out of contact with the
sample (Fig. 8). The correlation between this quantity and «
is clearly seen. Also the respective signal phase difference ex-
hibits clear dependence on k of sample. The improvement ob-
served in Fig. 8 compared to Fig. 7 can be understood in terms
of sensitivity of signal amplitude to Ry, which is 0.05 for Ry,
0.15 for Ry, and 1.00 for R4y — R;. The latter value is due to
the fact that the difference Ry — Ry is directly proportional
to Ry (see Eq. (25)). On the other hand, direct comparison

330 -4.660
BK7 YAG Si %N sic
4 B i) | |
S 3204 * 5
~ | | Rd % a
O
n:h {| @ Phase - -4.665 ﬁ
X 3104 S
L & ® e o}
- (8 NA—— T ;
1 10 100
(W m' K"

FIG. 7. Static R and dynamic Ry resistances of the KNT-SThM-1an probe
measured for the probe being in contact with different reference samples.
The phase ¢ of the 1st harmonic of probe voltage is also shown. Detailed
description of the experiment is in the text.
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FIG. 8. Ratio defined by Eq. (27) as the function of sample thermal con-
ductivity. The phase difference between the signals measured in and out of
contact is also shown.

between amplitude and phase sensitivity is not meaningful.
Amplitude sensitivity is dimensionless while phase sensitivity
has dimension of degrees. The former has a baseline (origin
at zero) while the latter represents a variation of phase angle
and it has no baseline (no origin).

The proposed method of thermal measurement by the
use of resistive thermal probe was also applied for thermal
imaging. As in the previous case the nanofabricated TP was
used. The experiment was carried out for a sample with ma-
terial structures fabricated by through-silicon via (TSV) tech-
nology. In this technology vertical electrical connections be-
tween stacked integrated circuits are created through the body
of chips. The examined sample was a test sample contain-
ing TSV structures in silicon. The electrical connections were
4 pm diameter cylinders made of Cu based conductive paste.
An atomic force microscopy image of such a connection is
shown in Fig. 9.

Detailed description of TSV fabrication process and its
structure can be found in Refs. 23 and 24.

It can be expected that the conductive area has higher
thermal conductivity than silicon. Results of scanning ther-
mal imaging of the same area are shown in Fig. 10. The imag-
ing was carried out by two modes: the 3w method at 500 Hz
(left column), and the proposed dc + ac method at 500 Hz
and 10 kHz (central and right columns, respectively). In the
first case the current amplitude was 1.8 mA, while in the dc
+ ac method the probe was driven by 1.7 mA dc current
with 5% ac modulation. All thermal images were recorded at

-33.3nm

—-60.0

-80.0

—100.0

-120.0

4 pm

-140.4

FIG. 9. Topography of silicon wafer containing TSV structure.
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dc+ac @10 kHz
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FIG. 10. Amplitude and phase images of TSV structure in silicon obtained by the 3w method at 500 Hz, and the ac + dc driven probe at 500 Hz (isothermal
mode) and at 10 kHz (adiabatic mode). Note the larger dynamic range of both, amplitude and phase, in the isothermal mode.

0.2 Hz scan rate and with 10 ms time constant of the lock-in
amplifier.

In amplitude images obtained by both mentioned meth-
ods at 500 Hz (the isothermal region) the conductive area is
clearly visible; however, signal changes are higher for the dc
+ ac method. This area is also well pronounced in the dc
+ ac phase image, while a contrast between silicon and con-
ductive regions in the 3w phase image is rather low. The im-
ages obtained by the dc + ac method at 10 kHz (intermediate
region) show only the boundary between regions with differ-
ent thermal conductivities.

As it was mentioned earlier the lock-in amplifier needs
longer time constant when higher harmonics are measured. It
can cause signal averaging in the case of scanning measure-
ments. More detailed analysis of amplitude images in left and
central columns in Fig. 10 can lead to a conclusion that the
image obtained by the dc 4 ac method is sharper. To confirm
this observation signal profiles along the TSV diameter were
extracted and compared (Fig. 11).

It can be seen that the dc + ac profile exhibits sharper
structures, especially in the vicinity of the TSV boundary. It

Amplitude (a.u.)

FIG. 11. Profiles of the signal amplitude measured along the TSV region
diameter by the 3w (dotted line) and the dc + ac (solid line) methods. The
3w profile was inverted and both profiles were rescaled for comparison.

confirms the conclusion that the spatial resolution of thermal
images obtained by the dc 4+ ac method is better than the one
of the 3w method I the same experimental conditions.

V. CONCLUSIONS

The analysis carried out in this work showed that simul-
taneous measurements of static (R;) and dynamic (Ryq) TP
resistances in SThM experiments can be useful for further
data analysis. Ry is approximately 3 times more sensitive to
the changes of effective heat abstraction form the TP than
R,. Additionally, taking advantage of lock-in acquisition of
ac signals, higher sensitivity and signal-to-noise ratio can be
achieved. Measuring R4 on the 1st harmonic requires shorter
averaging time for the lock-in output filter (lower time con-
stant) than higher harmonics need. Therefore using signal pro-
cessing based on Ry rather than on R, is a good choice in
all SThM experiments. However, the greatest benefit of us-
ing both resistances is in quantitative thermal measurements.
Calculating the Ry — R; difference increases the sensitivity
to the thermal resistance Ry, to maximum value of 1. The
2nd and the 3rd harmonics have the same sensitivity to Ry,
but their amplitudes are much lower, therefore uncertainties
of measurement are higher. The ratio Ry — Ry values for the
TP being in contact with the sample and in air, measured at
low frequency limit, is equal to the ratio of effective thermal
resistances to the heat flux from the probe to surroundings in
these cases. This ratio is clearly correlated with the thermal
conductivity of the sample. Experimental determination of Ry
requires the TP to be driven with the sum of dc current and
small ac current superimposed on it. The ac component (1)
of the probe voltage at the ac current frequency is measured.
Its amplitude is proportional to Ry. Simultaneously the phase
of this component can be also determined. It was shown that
this phase is also sensitive to the sample thermal conductivity.

It is also shown that the proposed method can be used
for thermal imaging. When compared to the thermal imaging
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based on the 3w method, it assures better spatial resolution
and better sensitivity to the thermal conductivity of the
sample. The best quality images can be obtained in the
isothermal region.

Supplemental benefit of proposed method is that the TP is
heated mostly by dc current and periodic thermoelastic bend-
ing of the probe is reduced. This simplifies approaching the
sample and keeping stable probe-sample contact.
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