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This paper reports a technique for independent observation of nanometer-scale Joule heating and
thermoelectric effects, using atomic force microscopy (AFM) based measurements of nanometer-
scale temperature fields. When electrical current flows through nanoscale devices and contacts the
temperature distribution is governed by both Joule and thermoelectric effects. When the device is
driven by an electrical current that is both periodic and bipolar, the temperature rise due to the Joule
effect is at a different harmonic than the temperature rise due to the Peltier effect. An AFM tip
scanning over the device can simultaneously measure all of the relevant harmonic responses, such
that the Joule effect and the Peltier effect can be independently measured. Here we demonstrate the
efficacy of the technique by measuring Joule and Peltier effects in phase change memory devices.
By comparing the observed temperature responses of these working devices, we measure the device
thermopower, which is in the range of 30 £ 3 to 250 & 10 'V K~!. This technique could facil-
itate improved measurements of thermoelectric phenomena and properties at the nanometer-scale.
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I. INTRODUCTION

Nanometer-scale Joule and thermoelectric effects dom-
inate the temperature rise and energy consumption of elec-
tronic devices.! Optical thermometry techniques are com-
monly used to investigate Joule and thermoelectric effects
in electronic materials, %> but these techniques are diffrac-
tion limited to micrometer-scale resolution. Scanning probe
microscopy (SPM) based techniques can achieve nanometer-
scale resolution, but few studies have used SPM techniques
to investigate Joule and thermoelectric effects in electronic
devices. Recent work has used SPM based thermometry tech-
niques to measure the local thermopower of graphene* and
across GaAs p-n junctions® and has investigated Joule heat-
ing in Pt nanowires® and plasmonic devices.” However, these
studies did not measure both Joule and thermoelectric effects
in these devices at the nanometer-scale.

A few publications have reported the use of scan-
ning Joule expansion microscopy (SJEM)® to investigate
nanometer-scale Joule and thermoelectric effects.”~!! STEM
is a frequency-domain thermometry technique that uses an
atomic force microscopy (AFM) cantilever to measure the
local thermo-mechanical expansions of a sample. STEM op-
erates by supplying a periodic voltage waveform to drive
a device while the AFM measures the resulting thermo-
mechanical expansions of the surface!® ! '3 and is capable of
high spatial resolution (sub-50 nm) and temperature resolu-
tion (~200 mK).>!! Previous work has used the high spatial
resolution of SJEM to study Joule and Peltier effects in carbon
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nanotubes (CNTs),!! graphene,” and phase change memory
(PCM) devices.'? However, the coupled observation of Joule
and Peltier effects yielded measurements with low sensitivity
for observing nanometer-scale thermoelectric effects.

In this study, we developed the SJEM technique for in-
dependent observation of nanometer-scale Joule heating and
thermoelectric effects, which increases the measurement sen-
sitivity for observing thermoelectric effects at the nanometer-
scale. Heating a device with a periodic and bipolar bias
separates the temperature rise of the device due to Joule and
thermoelectric effects at different harmonics. The separate ob-
servation of Joule and thermoelectric effects increases the
sensitivity, throughput, and capabilities of the SJEM tech-
nique for observing thermoelectric effects at the nanometer-
scale.

Il. JOULE HEATING AND PELTIER EFFECTS

Figure 1(a) shows a two-terminal electronic device,
where the device material has a thermopower S > 0. As
current flows through the device, the temperature field near
the contact interface is governed by both Joule heating (JH)
and Peltier effects (PE). Figures 1(b) and 1(c) show the pre-
dicted temperature rise of the device due to PE and JH, and
the supplementary material describes the finite element anal-
ysis (FEA) model used to predict the device temperature
rise."?

Figure 1(b) shows the device temperature rise due to
Peltier heating and cooling. For a positive thermopower ma-
terial the Peltier effect locally heats (cools) the junction as
carriers flow into (from) the metal contact.” %14 Equation (1)
describes heat generation due to PE as current flows from
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FIG. 1. Predicted device temperature rise 7 due to Joule heating (JH) and
Peltier effects (PE). (a) Schematic of a Ge,Sb,Tes (GST) device with two
electrodes. The left and right electrodes are biased at V, ¢ and 0 V. GST has a
positive thermopower (S, > 0) and the electrodes have a low thermopower
(S = 0). (b) Device temperature rise due to PE. The horizontal dashed line
shows 7'= 0 K. (c) Device temperature rise due to JH.

material A to B.
gpg =0T (Sg —SHVV, (1)

where the material conductivity, absolute temperature, ther-
mopower, and voltage are given by o, T, S, and V.

Figure 1(c) shows the device temperature rise due to
Joule heating. Joule heating is uniform and symmetric across
the channel for a device with constant conductivity or re-
sistivity. Joule heating also occurs at the contacts due to fi-
nite contact resistance between the channel and its contacts.’
Equation (2) describes heat generation in a device due
to JH.

gy =0(VV) 2)

The device temperature rise is a combination of Joule and
Peltier effects, and a key observation is that Peltier effects
scale with voltage and Joule heating scales with the voltage
squared.

As periodic current flows through the device, the tem-
perature field near the contact interface is governed by har-
monic Joule and Peltier heating. Equation (3) describes the
sinusoidal voltage waveform applied to the device.

Vps = Voo, + Vi cOSQmwt), 3)

where Vi, o, t, V,,, and V,, are the device bias, fre-
quency, time, zero harmonic (DC) voltage, and first harmonic
voltage amplitude (a complex number). We define a bipolar
waveform as a bias with no DC component (V,,, = 0 V)
and a unipolar waveform as a bias with a single polar-
ity (|Vp,| =1V,,). Applying a unipolar bias to a device
is the current state-of-the-art for observing nanometer-scale
Joule and Peltier effects.”!® Equations (4) and (5) describe
Peltier and Joule heating of a device driven by a sinusoidal
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TABLE I. Voltage scaling of the temperature rise AT at the zero, first, and
second harmonics (Ow, 1w, and 2w) due to JH and PE effects.

Unipolar bias Bipolar bias
AT JH PE JH PE
0w (Vo> + 0.5V, ) Voo 0.5V, 0
lo 2V, % V., o 0 Vie
20 0.5(V,,)? 0 0.5(V, ) 0

bias.

qpg =0T (S — SPIVV,y, +VV,, cosQrwt)], “

4y = 0l(VVy,)* +0.5(VV, ) +2VV,,VV,, cosQrwt)
+0.5(VV,,)* cos(2m2wt)]. )

Equations (4) and (5) were derived by substituting the device
bias from Eq. (3) for the voltage V of Egs. (1) and (2). Equa-
tions (4) and (5) describe heat generation in a device due to
Joule and Peltier effects at the zero, first, and second harmon-
ics (Ow, 1w, and 2w). A similar relation can be derived from
Eq. (S5) of the supplementary material.'?

Table I shows the voltage scaling of Joule and Peltier ef-
fects at the zero, first, and second harmonics due to bipolar
and unipolar biases. Applying a unipolar bias causes JH to
occur at all three harmonics and PE to occur at the zero and
first harmonics. Unipolar heating causes JH to be present at
the same harmonics as PE. Applying a bipolar bias causes
JH to occur at the zero and second harmonics and PE to oc-
cur only at the first harmonic. Applying a bipolar bias allows
for independent observation of Joule and Peltier effects as the
temperature rise due to Joule heating is at a different harmonic
than the temperature rise due to Peltier effects.

Figure 2 shows the predicted device temperature rise at
each harmonic due to unipolar and bipolar biases for different
values of device thermopower. The zero, first, and second har-
monic temperature rises are given by AT, , AT, and AT,
and the phase of the first harmonic temperature rise is given
by ©,,. SJEM cannot measure the non-periodic A7,,. Also,
the maximum voltage applied by the unipolar and bipolar bi-
ases is equal, such that the temperature rise of the device due
to unipolar and bipolar biases was equal. Therefore, V,,, and
V., under unipolar bias were simulated as one-half of V|
under bipolar bias.

Figures 2(a) and 2(b) show the predicted AT, due to
unipolar and bipolar biases. Joule heating is evident for both
unipolar and bipolar biases as the large and symmetric tem-
perature rise across the channel. Figure 2(a) shows that AT,
changes at the contacts with carrier flow direction, indicat-
ing local Peltier heating and cooling.”'®'* Also, the simu-
lated V,, is larger under bipolar bias than unipolar bias which
causes a larger predicted AT, for the bipolar bias than the
unipolar bias.

Figures 2(c)-2(f) show the predicted peak-to-peak first
harmonic temperature rise AT, and phase ®,, due to unipo-
lar and bipolar biases. Figure 2(c) shows Joule heating, as
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FIG. 2. Predicted harmonic temperature rise due to unipolar and bipolar bi-
ases for different values of S¢;. (a) and (b) The temperature rise at the zero
harmonic AT, . (c) and (d) The peak-to-peak temperature rise at the first har-
monic AT, . Arrows show the direction of increasing S¢;- (€) and (f) The
phase of the temperature rise at the first harmonic ©, . (g) and (h) The peak-
to-peak temperature rise at the second harmonic AT, . The solid red and
dashed blue lines show AT due to carrier flow to the right and left. The large
symmetric AT of the channel is due to JH and the change in AT with carrier
flow at the contacts is due to PE. Vertical dashed lines show the channel edge.

the large temperature rise across the channel, and Peltier ef-
fects, as the change in temperature at the contacts with carrier
flow direction. Applying a unipolar bias causes both Joule and
Peltier effects to be observed in AT . Figure 2(d) shows two
positive spikes in AT at the contacts, which is due to Peltier
heating and cooling of the contacts. The predicted AT, is
positive for both Peltier heating and cooling as AT, shows
only the magnitude of the first harmonic temperature rise.
Figure 2(f) shows the predicted ®,, changes 180° between
the contacts indicating the contacts oppositely experience
heating and cooling. The 180° shiftin ©,, is further evidence
of Peltier heating and cooling of the contacts.”!%!* The com-
bination of the observed spikes in AT, and 180 ° shifts in
©®,, indicate a bipolar heated device is experiencing Peltier
effects. Figs. 2(d) and 2(f) show only the Peltier effect is ob-
served in the first harmonic temperature rise when applying
a bipolar bias.'? Figure 2(c) shows that increasing the device
thermopower increases the change in temperature at the con-
tacts with carrier flow direction, and Fig. 2(d) shows that in-
creasing the device thermopower increases the magnitude of
the spikes at the contacts. The changes in Figs. 2(c) and 2(d)
at the contacts with increasing thermopower are due to in-
creasing Peltier effects, and fitting FEA predictions to SJTEM
measurements at the contacts can predict both Peltier effects
in the device and the device thermopower.” %12

Figures 2(g) and 2(h) show the predicted peak-to-peak
second harmonic temperature rise AT, due to unipolar and
bipolar biases. Joule heating is evident for both unipolar and
bipolar biases as the large and symmetric temperature rise
across the channel. The simulated V,, is larger under bipolar
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bias than unipolar bias which causes a larger predicted AT,
for the bipolar bias than the unipolar bias. Figs. 2(g) and 2(h)
show a slight change in AT, with thermopower which is due
to the Seebeck effect. The Seebeck effect is described in the
supplementary material.'* Figure 2 shows the predicted har-
monic temperature rise of a device due to Joule and Peltier
effects and shows that a bipolar bias separates the tempera-
ture rise of the device due to Joule and Peltier effects at two
different harmonics.

lll. APPLICATION TO PHASE CHANGE
MEMORY DEVICES

We now show how fitting FEA predictions to SJEM
measurements can predict the thermopower of PCM devices,
where both Joule and Peltier effects are important.'> STEM
measurements using both unipolar and bipolar bias investi-
gated JH and PE in lateral Ge,Sb,Tes (GST) devices. We
demonstrate that applying a bipolar bias enables independent
observation of Joule and Peltier effects in PCM devices and
improves the precision of predicting device thermopower.

Figure 3(a) shows a schematic of the lateral GST devices
and the SJEM technique. The devices are similar to the model
shown in Fig. 1(a), and the geometry and properties of the
FEA model were adjusted to match the measured device.'?
Lateral GST devices consisted of 60—-110 nm of PMMA,
60 nm of Au, 10 nm TiW, 22 nm GST, and 300 nm SiO,
on a Si substrate. The device shown in Fig. 3 was annealed at
150°C for 10 min and has a channel length of 3.6 um. The
measurements shown in Fig. 3 are an average of 32 line scans,
and the GST properties were found by fitting the FEA model
to each line scan. The first and second harmonic peak-to-
peak surface expansions A#h,,, and Ah,, were measured using
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FIG. 3. (a) Schematic of lateral GST devices and scanning Joule expansion
microscopy (SJEM) measurements.'3 (b)—(e) Measured and predicted Ah;
and Ah,, due to unipolar and bipolar biases. Symbols and solid lines show
measurements and predictions. The solid red line and red circles and the
dashed blue line and blue triangles show A/ with carrier flow to the right and
left. (f) The coefficient of determination R? for FEA fitting of SJEM mea-
surements to predict S, The bipolar measurement provides significantly
improved estimate for S,
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SJEM and are proportional to AT, and AT, . The supple-
mentary material further describes the STEM measurement. '3

Figures 3(b) and 3(c) show the measured and predicted
first harmonic surface expansion due to unipolar and bipolar
biases. Figure 3(b) shows PE cause ~18 pm change in Ah,,
at the contacts with change in bias polarity. The PE is diffi-
cult to observe because the Ah,,, due to JH is relatively large.
Figure 3(c) shows ~18 pm tall spikes in Ah,,, at the contacts
due to PE. The magnitude of the observed PE is the same in
Figs. 3(b) and 3(c). However, the V, , under unipolar bias was
equal to one-half of V|, under bipolar bias, and Peltier effects
at 1w scale with V, , as shown in Table I. The PE is resolved
with two measurements using unipolar heating, while only a
single measurement is required using bipolar heating. Since
each unipolar heating measurement observes half the PE, the
combination of two unipolar measurements yields the same
result as a single bipolar measurement.

Figures 3(d) and 3(e) show the measured and predicted
second harmonic surface expansion due to unipolar and bipo-
lar biases. Fitting measurements and predictions for A#h,
yields the GST resistivity p;gr = 2.6 x 107 Qm and GST-
TiW contact resistivity p. = 2 x 107 Qm. The device was
biased at V)¢ = 2.5, 3.6, and 4.3 V and all bias conditions
were used to fit measurements and predictions. The measure-
ments and predictions are similar for all biases, and only V)¢
= 4.3 V is shown in Figs. 3(b)-3(e) for clarity.

Applying a bipolar bias significantly improves the preci-
sion of device thermopower measurements compared to mea-
surements using a unipolar bias. Figure 3(f) shows the er-
ror for fitting FEA predictions to SJEM measurements to
predict the GST thermopower S, for unipolar and bipo-
lar based measurements. The coefficient of determination R?
is the error between predictions and measurements for pre-
dicting pger, 0> and Sggp. Figure 3(b) shows the Peltier
effect causes a difference in Ah,, with carrier flow direc-
tion. Fitting FEA predictions to SJEM measurements of the
difference in Ah,,, with carrier flow direction predicts Sgq
= 240 £ 26 uV K~'.>10 Fitting the measured and pre-
dicted Ah,,, using the bipolar technique predicts S;¢; = 250
+ 10 uV K='. The S, predicted using a bipolar bias has
a smaller deviation than the S, predicted using a unipolar
bias. The average measured uncertainty of Ah;, for mea-
surements using unipolar and bipolar biases are ~8 and
~?2 pm. The measurement uncertainty of the unipolar mea-
surements is larger than that of the bipolar measurements for
observing Peltier effects, which increases the predicted uncer-
tainty of thermopower measurements when using a unipolar
bias. The supplementary material describes the measurement
uncertainty.'3

Measurements using a bipolar bias to independently ob-
serve JH and PE have several advantages over measurements
using a unipolar bias. Measurements using a bipolar bias have
lower measured uncertainty for observing PE than measure-
ments using a unipolar bias,'? which increases the precision
of thermopower measurements and allows for observation of
thermoelectric effects in low thermopower devices. Bipolar
heating also enables lateral mapping of devices with hetero-
geneous Joule and thermoelectric effects,'? since the thermo-
electric effects can be resolved with a single measurement;
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FIG. 4. Measured and predicted Ah,, from a bipolar bias for three GST
devices with predicted S, = 250 £ 10 (a), 110 & 5 (b), and 30 + 3 (c¢).
(d) The error of the predicted S, from FEA fitting to SJEM measurements
for the three devices. Fitting FEA predictions to SJEM measurements for
bipolar heating enables precise prediction of material thermopower from 30
to 250 £V K. The additional measured Ah, , peaks shown in the channel
of 4(b) and 4(c) are due to PE between GST phases.12

unipolar measurements require two precisely aligned mea-
surements to resolve nanometer-scale thermoelectric effects.
Finally, measurements using a bipolar bias can be performed
twice as fast as a unipolar measurement.

We now investigate the measurement sensitivity of the
bipolar bias technique by observing thermoelectric effects in
devices with lower thermopowers. Figures 4(a)—4(c) show the
measured and predicted A#h,,, for three GST devices with dif-
ferent properties. Figure 4(a) shows the measured and pre-
dicted Ah,,, from the device shown in Fig. 3. Figures 4(b)
and 4(c) show devices with channel lengths of 4.2 and 2.9
um which were annealed at temperatures of 200 and 250 °C
for 10 min. Figure 4(d) shows the error for fitting FEA pre-
dictions to SJEM measurements to predict S, for the three
devices. Figure 4(d) shows that measurements using a bipolar
bias enable precise prediction of material thermopower from
30 £ 3 to 250 &+ 10 uV K~!. The supplementary material
describes the predicted uncertainty of S;¢ between the three
devices.!? Figure 4(c) shows good agreement between mea-
surements and predictions and indicates that measurements
using a bipolar bias enable accurate prediction of the material
thermopower down to ~30 1V K=, the lowest thermopower
device available for this study.

IV. CONCLUSION

In conclusion, we developed a technique for independent
observation of nanometer-scale Joule and thermoelectric ef-
fects, using AFM based measurements of nanometer-scale
temperature fields. The temperature rise of a device is gov-
erned by both Joule and thermoelectric effects, and heating a
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device with a periodic and bipolar bias separates the temper-
ature rise due to Joule and thermoelectric effects at different
harmonics. An AFM based thermometry technique known as
SJEM can simultaneously observe both the Joule and Peltier
harmonic temperature rise of the device, such that Joule and
Peltier effects can be independently observed. The indepen-
dent observation of nanometer-scale Joule and thermoelectric
effects improves the sensitivity and precision of nanometer-
scale thermoelectric measurements. We couple predictions
and measurements of the temperature rise of PCM devices
for precise prediction of device thermopower from 30 £ 3
to 250 £+ 10 'V K~!. Furthermore, the derived harmonic
relations for Joule and thermoelectric effects are applicable
to other thermometry techniques; facilitating new studies of
nanometer-scale Joule and thermoelectric heating, vital to the
design of efficient electronics.
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