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ABSTRACT

Microscale thermoelectric generators are attractive for harvesting waste heat from compact electronics, but their
achievable power density is limited less by bulk material properties than by thermal contact resistance and leg
geometry effects that grow disproportionately important as device size shrinks. We present a coupled
thermal-electrical numerical model of a bismuth telluride microscale thermoelectric leg array, validated against a
fabricated 64-leg test module, and use it to optimize leg aspect ratio (height-to-cross-section) and contact-layer
thickness across 54 device geometries at leg heights from 20 to 300 micrometers. Across this geometry sweep,
output power density varied by a factor of 5.7, from 0.31 to 1.77 W/cm”2, with the maximum occurring at an
intermediate leg height of 80 micrometers rather than at the shortest legs tested, contradicting a naive bulk-limited
expectation that power density should increase monotonically as leg height decreases. Decomposing total thermal
resistance showed that contact resistance accounted for 61% of total thermal resistance at the shortest leg height
(20 micrometers) but fell to 18% at the longest (300 micrometers), while the leg's own bulk thermal resistance
showed the inverse trend, explaining the interior power-density maximum as the point where reducing further leg
height stops yielding a proportional temperature-difference gain because contact resistance increasingly dominates
the total thermal budget. At the optimal 80-micrometer geometry, the device achieved a measured-to-predicted
power agreement within 6.4% (model: 1.77 W/cm”2; fabricated module: 1.66 W/cm”~2) and a device-level figure of
merit ZT_device of 0.58, 34% below the bulk material ZT of 0.88, with the gap attributed almost entirely to parasitic
contact and spreading resistances. A sensitivity analysis varying contact resistivity by a factor of 3 above and below
its measured baseline value shifted the optimal leg height by 35 micrometers and changed peak power density by
28%, identifying contact-layer quality as the single fabrication parameter with the greatest leverage over achievable
device performance. These findings provide quantitative design guidance for microscale thermoelectric leg
geometry and underscore that contact engineering, not bulk material improvement alone, is likely to yield the largest
near-term gains in microscale thermoelectric power density.
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1. INTRODUCTION

Thermoelectric generators convert a temperature
difference directly into electrical power via the Seebeck
effect, and their potential to harvest otherwise-wasted
heat from compact electronics, sensor nodes, and
microprocessors has motivated substantial interest in
scaling thermoelectric devices down to the microscale
[1,2]. Unlike bulk thermoelectric generators, where leg
dimensions of millimeters to centimeters keep parasitic
thermal and electrical contact resistances a
comparatively minor correction, microscale devices with
leg heights of tens to hundreds of micrometers operate in
a regime where these parasitic effects are no longer
negligible [3,4].

The thermoelectric figure of merit ZT, which governs the
maximum conversion efficiency achievable from a given
material, is a bulk material property, and much
thermoelectric materials research has focused on raising
ZT through nanostructuring, alloying, and band-structure
engineering  [5,6,7]. However, the device-level
performance actually delivered by a fabricated
microscale generator depends not only on bulk ZT but on
how leg geometry interacts with thermal contact
resistance at the hot- and cold-side interfaces, an
interaction that is often treated only qualitatively in device
design rather than optimized quantitatively across the full
relevant geometry space [8,9,10].

This gap matters because the intuitive design heuristic of
simply shrinking leg height to increase the temperature
gradient per unit length, and thereby boost power output,
breaks down once contact resistance becomes a
substantial fraction of total thermal resistance, potentially
producing an interior optimum in leg height rather than a
monotonic benefit from further miniaturization [11,12,13].
Without a quantitative model connecting leg geometry,
contact resistance, and achievable power density, device
designers risk optimizing for the wrong regime,
over-miniaturizing legs and sacrificing power density
rather than gaining it.

The present study develops and experimentally validates
a coupled thermal-electrical model of a microscale
bismuth telluride thermoelectric leg array, uses it to map
power density across a systematic sweep of leg height
and contact-layer thickness, decomposes the resulting
thermal-resistance budget to explain the observed
optimum, and tests the sensitivity of device performance
to contact resistivity as the single most directly
controllable fabrication parameter.

2. MATERIALS AND METHODS

We developed a coupled thermal-electrical numerical
model of a microscale bismuth telluride thermoelectric
leg array, validated it against a fabricated 64-leg test
module, and used it to optimize leg height and
contact-layer thickness across 54 device geometries.
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I 2.1 Device architecture and material properties

The modelled device consisted of an array of p- and
n-type bismuth telluride (Bi2Te3) legs of square
cross-section 100 x 100 micrometers, connected
electrically in series and thermally in parallel between a
hot-side substrate at 350 K and a cold-side substrate at
300 K. Bulk material properties (Seebeck coefficient,
electrical resistivity, thermal conductivity) were taken
from measured values on the source material batch used
for fabrication, giving a bulk material ZT of 0.88 at the
mean operating temperature.

I 2.2 Coupled thermal-electrical numerical model

Coupled heat conduction and electrical current-flow
equations were solved simultaneously by finite-element
analysis for each leg geometry, including Joule heating,
Peltier heat at the junctions, and thermal contact
resistance at both hot- and cold-side
metal-semiconductor interfaces, with contact resistivity
set from four-point-probe measurements on witness
samples from the fabrication process.

I 2.3 Geometry sweep

Leg height was swept from 20 to 300 micrometers at
nine levels, and contact-layer thickness was swept at six
levels from 0.5 to 5 micrometers, yielding 54 total device
geometries; for each, output power density at matched
load resistance (equal to internal device resistance) was
computed under the fixed 50 K applied temperature
difference.

I 2.4 Fabrication and experimental validation module

A 64-leg test module was fabricated using standard
microfabrication techniques (sputtered contact metal,
photolithographically defined legs) at the 80-micrometer
leg height identified as optimal by the model, and
characterized on a temperature-controlled test stage
under the same 50 K applied temperature difference
used in the simulations, with output power measured
across a swept external load resistance to locate the
maximum-power operating point.

I 2.5 Thermal-resistance decomposition

Total thermal resistance for each geometry was
decomposed into three additive series components: bulk
leg thermal resistance, hot-side contact resistance, and
cold-side contact resistance, allowing the fractional
contribution of contact resistance to total thermal
resistance to be tracked as a function of leg height.

I 2.6 Device-level figure of merit

A device-level figure of merit ZT_device was computed
from the measured device conversion efficiency at the
optimal geometry and compared directly against the bulk
material ZT to quantify the performance penalty
attributable to parasitic contact and spreading
resistances.
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I 2.7 Sensitivity analysis

A one-way sensitivity analysis varied contact resistivity
by factors of 1/3x and 3x around its measured baseline
value, holding all other parameters fixed, and
recomputed the full leg-height sweep to assess the
resulting shift in optimal leg height and peak power
density.

3. RESULTS

Across the 54 modelled device geometries, output power
density varied by a factor of 5.7, from 0.31 W/cm”2 at the
shortest leg height tested (20 micrometers) to a
maximum of 1.77 W/cm”2 at an intermediate leg height
of 80 micrometers, before declining again at longer leg
heights to 0.94 W/cm”2 at 300 micrometers. This
non-monotonic relationship contradicts the naive
expectation that power density should rise steadily as leg
height, and therefore bulk thermal resistance, decreases.
Table 1 summarises power density and
thermal-resistance decomposition at five representative
leg heights spanning the tested range.

Table 1. Power density and thermal-resistance
decomposition at representative leg heights.

Leg height Power density (;or_wtact I’3ul.k leg
um) (WicmA2) resistance resistance
share (%) share (%)

20 0.31 61 39

50 1.24 34 66

80 (optimum) 1.77 24 76

150 1.38 20 80

300 0.94 18 82

Power density computed at matched-load resistance under a fixed
50 K applied temperature difference; contact and bulk resistance
shares sum to 100% of total series thermal resistance.

The thermal-resistance decomposition explained this
interior optimum directly: contact resistance accounted
for 61% of total thermal resistance at the shortest leg
height (20 micrometers) but fell steadily to 18% at the
longest (300 micrometers), while bulk leg thermal
resistance showed the mirror-image trend, rising from
39% to 82% of the total over the same range. At leg
heights below the 80-micrometer optimum, contact
resistance increasingly dominates the thermal budget,
capping the achievable hot-to-cold temperature
difference across the active thermoelectric material itself
even as geometric leg resistance continues to fall (Figure
1).
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Figure 1. Output power density and the contact-resistance share
of total thermal resistance as a function of leg height across the
54 modelled device geometries, showing the interior
power-density optimum at 80 micrometers where the two effects
Cross over.
At the optimal 80-micrometer geometry identified by the
model, the fabricated 64-leg test module achieved a
measured power density of 1.66 W/cm”2, within 6.4% of
the model-predicted 1.77 W/cm”2, providing direct
experimental validation of the coupled thermal-electrical
model across the maximum-power operating point.
Table 2. Sensitivity of optimal leg height and peak power
density to contact resistivity.

Contact Optimal leg Peak_power Change from

resistivity height (um)  4€NSIY baseline (%)
(W/lcm”2)

1/3x baseline 63 2.04 +15.3

Baseline 80 1.77 0.0

3x baseline 98 1.47 -16.9

The device-level figure of merit ZT_device, computed
from the fabricated module's measured conversion
efficiency at the optimal geometry, was 0.58, 34% below
the bulk material ZT of 0.88 measured on the source
material, with the shortfall attributable almost entirely to
parasitic contact and current-spreading resistances not
captured by the bulk material figure of merit.

4. DISCUSSION

These results reinforce and quantify a point increasingly
recognized in the microscale thermoelectric literature
[8,9,14,15], that device-level power density cannot be
reliably predicted from bulk material ZT alone once leg
dimensions shrink into the
tens-to-hundreds-of-micrometer range where contact
resistance becomes comparable to bulk leg resistance.
The close agreement between the model and the
fabricated test module at the optimal geometry, within
6.4%, supports the model's use as a predictive design
tool for microscale leg-array architectures beyond the
specific device tested here [16,17].

A secondary but practically important finding is that the
shift from contact-dominated to bulk-dominated thermal
resistance as leg height increases produces a genuine
interior optimum rather than a soft plateau, meaning that
device designers who default to the shortest fabricable
leg height in pursuit of maximum temperature gradient
may be operating well below achievable power density, a
finding consistent with related observations in other
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microscale thermoelectric geometries [18,19,20].

The sensitivity-analysis result, that contact resistivity has
substantial leverage over both optimal leg height and
peak power density, points toward contact engineering,
improved metallization processes, diffusion barriers, and
reduced interfacial roughness, as a comparatively
underexploited lever for improving  microscale
thermoelectric performance relative to the heavy ongoing
investment in bulk material ZT improvement through
nanostructuring and band engineering [21,22,23]. Given
that a threefold reduction in contact resistivity shifted
peak power density by 28% in this study, incremental
fabrication-process improvements may offer power gains
comparable to, and considerably cheaper than, new
bulk-material development.

Several limitations should be considered. First, the model
and validation module used a single leg cross-section
(100 x 100 micrometers) and a single applied
temperature difference (50 K); the location and
magnitude of the power-density optimum could shift for
substantially different leg aspect ratios or operating
temperature differences. Second, only one contact
metallization scheme was fabricated and characterized,
so the absolute contact-resistivity values used, while
representative, may not generalize across other
metallization or bonding processes. Third, long-term

reliability effects such as contact degradation,
interdiffusion, or thermal cycling fatigue were not
assessed, and could alter the effective contact
resistance, and therefore the optimal geometry, over a
device's operational lifetime. Fourth, the
thermal-resistance decomposition assumed
one-dimensional heat flow along the leg axis;

current-spreading and lateral heat-loss effects, while
partly captured in the finite-element model, were not
independently decomposed and could contribute
additional unaccounted device-level losses [24,25,26].

5. CONCLUSION

A coupled thermal-electrical model of a microscale
bismuth telluride thermoelectric leg array, validated
against a fabricated 64-leg test module, showed that
output power density varies by a factor of 5.7 across leg
heights from 20 to 300 micrometers and peaks at an
intermediate leg height of 80 micrometers rather than at
the shortest legs tested, because contact resistance
dominates the thermal budget at small leg heights while
bulk leg resistance dominates at large ones. At the
optimal geometry, measured and predicted power
density agreed within 6.4%, and device-level ZT fell 34%
below bulk material ZT due to parasitic contact effects; a
threefold change in contact resistivity shifted peak power
density by 28%. These findings identify contact-layer

engineering as a high-leverage, comparatively
underexploited route to improving  microscale
thermoelectric device performance.
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