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ABSTRACT

We present real-time, nanoscale temperature mapping using a transmission electron microscope and standard phase transitions in metal
islands. Islands are deposited on the reverse side of commercially available silicon nitride membranes, while local thermal gradients are
produced by Joule heating in a thin wire on the front side of the membrane. Change in contrast due to the liquid —solid transition in the
islands allows the mapping of absolute temperature, as above or below the transition temperature, over the entire field-of-view. Experiments
demonstrate nanoscale (<100 nm) resolution and video-rate (>30 thermal-images per second) speed, supported by combined electrical and
thermal modeling. This provides a generic and adaptable platform for nanoscale thermal characterization independent of strong probe coupling

and optical effects.

The progress of semiconductor electronics toward ever- emissivity or characterize it separately. To provide a direct
smaller length scales and associated higher power densitiesneasure of temperature, we demonstrate that nanoscale metal
brings a need for new high-resolution thermal microscopy islands can be used as passive local temperature probes.
techniques:? Traditional thermal microscopy is performed Observing phase transitions in an ensemble of islands gives
by detecting infrared radiation with far-field optics, where a map of the absolute temperature relative to the transition
the resolution is limited by the wavelength of the ligigy point. These transitions can be standardizadd provide a
adopting a serial, local-probe approach, near-field and reliable measure of the local thermodynamic temperature,
scanned-probe microscopies can surpass this limit butpy virtue of being connected to intrinsic equilibrium phase-
sacrifice imaging speetf’> In the same way that electron  phenomena. Furthermore, each island is sampling tempera-
microscopy was invented to overcome the resolution limits tyre simultaneously, allowing a parallel determination of
of light microscopy’® we here demonstrate that an electron temperature over the entire field-of-view. This is in distinc-
microscope can be used to overcome the limits of infrared tjon from serial techniques that require that the probe come
thermal microscopy without compromising imaging speed. g equilibrium at each point separately, making electron
With this technique,_which we call electron thermal micros- thermal microscopy inherently faster than any serial tech-
copy, temperature is spatially resolved by observing the pigue. This measurement platform is applicable to a variety
liquid—solid transition in arrays of nanoscale islands, of materials, is complementary to existing measurement
producing thermal maps in real-time (30 thermal images per gcpniques, and has potential for evaluating thermal manage-
second over a 16m? field-of-view). ment as devices scale down to lengths approaching charac-

A key chall.enge n pushlng the_rmal imaging to smaller teristic scattering distances of thermal carriers, typically
length scales is generating reliable information about the local 10—-100 nm

temperature. For instance, scanning thermal microséopy _ _ - .
infers the sample temperature from interfacial heat transfer, Figure 1 llustrates : the pr|nC|pIe_z un_derlymg electron
which then must be separately characterized due to its :~:trongme”_nal ml_croscop% F|gur_e 1_a depicts |§Iands _Of a low-
dependence on experimental details (e.g., thermal conductivi-meltmg'po'm_ metal (hire, indium) deposned.usmg thermal
ties, probe shape, water meniscus, etc.). Near-field Optica|evaporatlon in 2 107 Torr onto the back side of a 100

technique&similarly must rely on a given surface evanescent "M commercially available silicon nitride membrane win-
dow?! Using a specimen heating holder, the metal islands
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bright-field image of the device is shown in Figure 2a with
tapered electrodes at top and bottom and a 54 nm wide, 870
nm long heater line spanning between them. Figure 2b is a
thermal map derived from a series of thermal images, such
as those in Figure 1c,d, applied to the region in Figure 2a.
The color of each island is determined by the lowest heater
current that causes it to melt; thus, areas of like color in the
thermal image represent isothermal regions of the specimen.
The hottest regions occur in the middle of the heater wire,
as expected for Joule heating in standard Ohmic metal wires.

Figure 2c depicts finite-element analysis (FlexPDE, ver.
4.2) of the same region and using the same colors as Figure
2b. While Figure 2c only displays the area near the device,
the full simulation is performed over the entire membrane
window. In this model, temperature is given by

V-(KVT)+P=0 1)
Figure 1. Imaging liquid/solid-phase transitions in a transmission

electron microscope. (a) A bright-field image of indium islands

deposited on a silicon nitride membrane. (b) A composite diffraction
pattern from indium islands in both liquid and solid phases. The
white circle shows approximately where the objective aperture is
placed for the dark-field images in panels ¢ and d. (c,d) Dark-field
images of same region with indium islands in the solid and liquid ) ) ) ) .
phases, respectively. Thus, each island acts as a local, binaryHere, V is the electric potential, ang is the electrical
temperature probe. Scale bar is 300 nm. conductivity. The temperature dependence @ given by

whereK is the local thermal conductivityl is the temper-
ature, andP is power, which is given by

P= 0|V )

There is also no detectable change in contrast during melting
when the islands are imaged in standard bright-field mode.
However, the composite diffraction pattern shown in Figure
1b for both liquid and solid phases reveals a marked chang
in the diffraction properties of the islands between the two.
Tilting the incident imaging beam so that the objective
aperture is at the position indicated by the white circle in
Figure 1b yields the dark-field images shown in Figure 1,
panels ¢ and d for the solid and liquid phases, respectively.

In this imaging mode, the melting transition of each island  The edge of the silicon nitride membrane is treated as a
is easily detectable as a change in the intensity at the locationfixed-temperature boundary condition at 22, and voltage

of the island. Therefore, it serves as a “binary” thermal- is applied to the electrode at the edge of the membrane. To
imaging technique with each metal dot reporting the local test the model, we leave the thermal conductivity of the
temperature as either above or beldwe.:. The melting silicon nitride as a free parameter. The lowest voltage needed
temperatures of the individual dots are all close to the bulk to initiate melting matches the experimental value when we
melting temperature of indium (156.%C), with a small set the modeled thermal conductivity of the silicon nitride
amount of melting-point suppression (typically less than to be 3.6:8:? W/m:K. (The asymmetric uncertainty stems
10 °C), depending on the size and shape of the isldhds. from melting point suppression, as explained in the Sup-
This suppression is more significant in smaller diameter porting Information.) This value is then used to produce the
islands and is limited in the present study by using only larger thermal map shown in Figure 2c. Our inferred thermal
islands &30 nm in-plane radius) for temperature determi- conductivity agrees with previous measurements on free-
nation. Upon cooling, the dots solidify once again at or below standing amorphous silicon nitride membraffes’

0=0,(1+ aAT) ™ ©)
egwhere gy is the room-temperature value amd is the
temperature coefficient of resistivity. Potential and conduc-
tivity are governed by the steady-state equation

V-(6VV) =0 4)

their initial melting temperature (see Supporting Information).
These phenomena are in agreement with previous refiétts.
The metal is thus robust to thermal cycling and allows
repeated temperature measurements of a given region.

The influence of the probe on the measurement is a
potential concern for any thermal microscopy. For our new
technique, the heating effect of the electron beam is easily
guantified experimentally. Turning on the beam current for

Imaging this transition in many islands over a wide field- imaging typically adds 3.0 pA of current to the heater circuit.
of-view, it is possible to study local temperature changes on By reducing the temperature of the electron source, we can
the nonetched front side of the silicon nitride membrane, as reduce the beam current by more than a factor of 30, so that
is illustrated in Figure 2. To create local temperature this additional current falls below the noise level of our
gradients, metal heater wires were fabricated on the frontinstrumentation (0.1 pA). At this reduced beam intensity,
side of the membranes and biased to create Joule heating. Alark-field imaging is still possible, and the ensemble of
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Figure 2. Demonstration of electron thermal microscopy. (a) A bright-field transmission electron micrograph of a heater wire with tapered
electrodes fabricated on a silicon nitride membrane using electron-beam lithography. Application of bias to the electrodes allows nanoscale
thermal gradients to be produced near the wire due to Joule heating. Indium islands are visible on the back side of the membrane. Scale
bar is 1um. (b) A thermal map of the same region. Each pixel is colored according to the bias current needed to melt the indium island
nearest to that pixel. The map is assembled from 50 separate images, recorded at increments of applied bias. (c) A finite-element thermal

model of the device using a thermal conductivity of 3.6 \AKnfor the silicon nitride and a temperature coefficient of resistivitypf 1.8
x 107%/K for palladium. Here, the colors represent currents that cause the regions to be greater fi@nxeh is the melting temperature
of bulk indium.

1 A AN Sl islands in the field of view is applied to a heater wire such
0.8l i as that in Figure 2. The intensity of each island is then
=it I measured in each video frame. Tyxaxis of Figure 3 gives
< 06 I the average intensity as measured over all islands in the field
§ of view with 0 and 1 representing the intensity of the solid
S 0.4; and liquid phases, respectively. The step size along-thes
o corresponds to the 60 Hz acquisition rate in the video capture
0-2{ Thermal Microscopy system. A fit yields an exponential time constant near 30
Time Response . .
: _ _ - ms for a typical island. A thermal model based on a thermal
. 0 100 200 300 diffusivity of silicon nitride of 0.025-0.25 cnd/s and a field-

Time (msec) of-view of several microns suggests that the thermal response

Figure 3. Time response of individual indium islands to a rapid time of our sample to a step function of input power shoild
temperature change. Tlgeaxis indicates value assigned to contrast be from 1 to 10Qus. Therefore, thermal diffusion is not rate

within a given indium island with 0 and 1 representing solid and determining in our thermal imaging, and the measured time
liquid, respectively. Thex-axis is time witht = O representing response is probably limited by the image acquisition system.
application of a voltage sufficient to melt all islands in field-of- As alluded to previously, this time response is for a given
view. Error bars show standard deviation over 14 different sets of island within the entire field-of-view. Separate islands

images. Fittin ray line) to asymptotic exponential decay yields . . . . . .
a tin%e consta?lt(%$y2 mg’ presﬁm%d to beplimited by theyv?/deo respond this quickly but at spatially distinct points within a

acquisition hardware. rame.
We now discuss the resolution limits of the technique,
indium islands systematically requires 18 0.6 uW which are determined by the spacing of the metal islands

more Joule-heating power to melt than under conventional @nd by the thickness of the dielectric membrane. Both
imaging conditions. This small amount of power is consistent limit the resolution in this practical demonstration to about
with the amount that would be generated by 3.0 pA of 100 nm. However, thinner dielectric membranes are
current from a 300 kV imaging beam, suggesting that a readily available, and smaller and more uniform diameter
majority of the beam-induced heating stems from high- islands can be produced by maintaining higher substrate
momentum, high-loss scattering of the imaging electrons thattemperatures during metal depositf§nAt these smaller
eventually manifests itself as an electrical current in the sizes, melting point suppression would allow a spatial
electrodes. The beam-induced heating corresponds to aesolution of 30 nm together with a temperature pre-
maximum of a few percent of the overall heating power used cision of 10°C, but this is not an absolute limit. Uniform
here, showing that our “probe” (imaging electron beam metal islands with smaller diameters and homogeneous
together with nanoscale metal islands) is quantifiably non- melting temperatures could instead be synthesized and
invasive. deposited by chemical methotfgyushing the spatial resolu-

In the demonstration, we also measure the time resolution.tion down to 10 nm or smaller without sacrificing temper-
Figure 3 shows the time response of an ensemble ofature precision.
approximately 50 islands averaged over 14 repetitions of a In summary, we present an electron-imaging technique that
step-function melting transition as imaged using video produces thermal maps with up to L& fields-of-view,
acquisition. At timet = 0, a bias large enough to melt all video-rate acquisition, and a spatial resolution firmly in the
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nanoscale range. We expect the technique to be useful as a (8) Grabiec, P.; Radojewski, J.; Zaborowski, M.; Domanski, K.; Schenkel,

method for observing heat generation, dissipation, and
transport in a variety of nanoscale systems. While the

demonstration utilizes a transmission electron microscope,

which is only applicable to electron-transparent device
geometries, preliminary results indicate that the technique

can be readily adapted to scanning electron microscopy and
back-scattered electron detection. Such thermal microscopy (10

could be readily incorporated into routine device-character-
ization protocols for a broad range of relevant geometries.

Note Added in Proof: During review, we became aware
of a similar manuscript describing a thermal microscopy
platform based on the irreversible evaporation of gold
nanoparticles®
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