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ABSTRACT Thin film thermoelectric coolers are emerging as a viable option for on chip 12 

temperature management of electronic and photonic integrated circuits. In this work we 13 

demonstrate record heat flux handling capability of electrodeposited Bi2Te3 films of 720(± 60) 14 

Wcm-2 at room temperature, achieved by careful control of the contact interfaces to reduce contact 15 

resistance.  The characteristic parameters of a single leg thin-film devices were measured in-situ, 16 

giving a Seebeck coefficient of S = -121(±6) VK-1, thermal conductivity of κ = 17 
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0.85(±0.08) Wm- 1K-1, electrical conductivity of σ = 5.2(±0.32)×104 Sm-1, and electrical contact 18 

resistivity ~10-11 Ωm2. These thermoelectric parameters lead to a material ZT = 0.26(±0.04), 19 

which, for our device structure, allowed a net cooling of ΔTmax = 4.4(±0.12) K.  A response time 20 

of τ = 20 s was measured experimentally. This work shows that with correct treatment of contact 21 

interfaces, electrodeposited thin film thermoelectrics can compete with more complicated and 22 

expensive technologies such as MOCVD multilayers.  23 

Keywords: Thermoelectric Cooler, Electrodeposition, Contact Resistance, CCD – 24 

Thermoreflectance, Heat flux. 25 

 26 

INTRODUCTION 27 

Thermoelectric materials allow the coupling of electric and heat currents, and can be used to 28 

create solid-state heat pumps known as a thermoelectric coolers 1 (TECs). Whilst macroscopic 29 

thermoelectric coolers are relatively inefficient compared to other forms of refrigeration, 30 

microscale thin film TECs offer a number of advantages. Namely, microscale TECs (TECs ) have 31 

a fast response time which scales with their critical dimension, can handle much higher heat flux 32 

2 and they can be fabricated using CMOS compatible processes 3.  Applications  of TECs include 33 

thermal management of optoelectronic devices 4, thermal tuning of electronic, photonic and MEMs 34 

devices, and sensitive detection of light and heat 5,6. The problem of hotspot cooling 7, 8 in 35 

electronic thermal management is becoming ever more relevant as power densities in electronic 36 

circuits rise rapidly. Devices such as processors, light emitting diodes and high frequency GaN 37 

HEMTs are producing heat fluxes >500 Wcm-2.  Industry has called for innovative cooling 38 

technologies to respond to these issues 4. Integrated microfluidics 9 and two phase cooling 10 have 39 
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been proposed as potential solutions, however require a cooling fluid and complicated changes to  40 

current layouts and manufacturing processes. The inherent compatibility and simplicity of a solid 41 

state thin film thermoelectric devices with conventional CMOS makes TECs a promising 42 

alternative.  43 

Recently, there has been renewed interest in thin film thermoelectric partly due to steady 44 

progress in improving thermoelectric material performance. Since the prediction that 45 

nanostructuring of thermoelectric materials could substantially improve power factor 11, a plethora 46 

of techniques have been investigated which can improve thermoelectric performance. The goal of 47 

the materials scientist is to increase the thermoelectric figure of merit (ZT) to maximize 48 

performance: 49 

𝑍𝑇 =
𝑆2𝜎

𝜅
𝑇, 50 

where S [VK-1] is the Seebeck coefficient, σ [Sm-1] is the electrical conductivity, κ [Wm-1K-1] is 51 

the thermal conductivity of the material and T is the local absolute temperature. The inherent 52 

coupling of these parameters makes trying to increase this figure of merit complicated2. Recent 53 

work has focused on multiscale disorder to reduce the phonon contribution to thermal conductivity 54 

while maintaining electrical conductivity 12. Thin film thermoelectrics allow great control over 55 

disorder by using strain, grain boundary control and local doping techniques 13-15. The advantage 56 

of thin film thermoelectrics is that they can handle higher heat fluxes compared to the bulk due to 57 

their lower thermal resistance, but a downside is that a lower temperature difference (ΔT) can be 58 

sustained across them. Ultimately, to improve micro cooler performance one must optimise both 59 

the materials properties and the electrical interfaces with the contacts. In recent years magnetron 60 

sputtering 16, 17, pulsed laser deposition 18, and MOCVD 19, 20 have all been used to produce thin 61 

film thermoelectrics. Ideally the process must be compatible with the current CMOS fabrication 62 
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steps, and as such low temperature synthesis is a requirement. Electrodeposition 21, 22 is a real 63 

contender for this, as it is low cost due to its relatively simple process to fabricate materials at low 64 

temperatures. The problem with this technique, however, is the inferior electrical properties of the 65 

films compared with other solid state deposition techniques, and the relatively high surface 66 

roughness. This leads to large bulk and contact electrical resistance of the thermoelectric leg. The 67 

maximum heat flux that a TEC can dissipate is limited by self-heating due to electrical resistance. 68 

The total resistance can be decreased by making the film thinner, however as contact resistance 69 

doesn’t scale, the maximum heat flux that can be handled by a thin film TEC is therefore limited 70 

by this electrical contact resistance. 71 

In this work we have demonstrated thin film thermoelectric cooling devices with low electrical 72 

contact resistance, fabricated from Bi2Te3 using a low temperature electrodeposition process. 73 

These devices have a reasonable material figure of merit (ZT=0.26(±0.04)), and the low electrical 74 

interface resistance from our process allows us to make these devices function at a smaller 75 

thickness, enabling extreme cooling heat fluxes >700Wcm-2. Low interface electrical resistance c 76 

in the range of 10-11 - 10-12 Ωm-2 was measured, which results in an efficient micro-cooler. We 77 

attribute this to an Ar-ion cleaning step that removes carbon contamination and activating the 78 

surface, and a protective SiN layer which reduces surface oxidisation. We demonstrate that using 79 

Tungsten (W) in the top contact material can significantly improve the device operating lifetime 80 

particularly at elevated temperatures. We attribute this to the Tungsten acting as an effective 81 

diffusion barrier between the Bi2Te3 and the Au top contact.  Finally, we demonstrate that the 82 

microscale thermoelectric pads we developed have an extremely fast time constant ~20 s, which 83 

would enable real time temperature control of electronic and photonic devices, and significantly 84 

reduce temperature control energy requirements at chip scale. 85 
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 86 

   87 

RESULTS 88 

A cross section of the device structure examined is shown in Fig. 1a. The Bi2Te3 thin film is 89 

synthesized using the electroplating technique described in the methods section, and the metal 90 

contacts are deposited using electron beam evaporation. The Bi2Te3 is isolated from the silicon 91 

substrate with an insulating layer of SiO2 as seen in Fig. 1a.  A 300 nm layer of SiN is deposited 92 

immediately after the electrodeposition in order to prevent surface oxidation of the film and to 93 

allow electrical probing of the top contact without damaging the film surface. In the next step an 94 

Figure 1 Device structure and cross section. (a) Schematic cross section of a single device 

structure showing top and bottom contact structures. (b) Optical image of the 80 µm diameter pad 

with 400 µm side. (c) FIB cut SEM cross section of the contact region showing SiN layer transition. 

(d) FIB cut SEM image of the interface of the top contact showing both tungsten and gold layers. 
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in-situ Ar-ion cleaning step is used to prepare the Bi2Te3 surface, and then metallic cylindrical top 95 

contacts are deposited to a total thickness of 500 nm using electron beam evaporation.  The 96 

contacts are lithographically defined with diameters ranging from 22 m to 145 m.  Tungsten is 97 

chosen as the initial top contact metal with an aim of inhibiting the diffusion between the TE 98 

material and top contact which can increase electrical contact resistance 23 . Finally, larger square 99 

contact pads, of side length 400 m, are deposited using a shadow mask aligned with the electrode 100 

array as shown in Fig. 1b. This allows electrical probing of the top contact without obscuring or 101 

damaging the active region, and helps to reduce measurement errors due to heat transfer resulting 102 

from probe contact resistance and thermal bridging.  We found that the ion cleaning step was 103 

critical to achieving low electrical contact resistance, whereas the SiN layer was required in order 104 

to achieve repeatable measurements using direct electrical probing. Samples with tungsten 105 

diffusion barriers showed much better long term stability as compared to those without. 106 

(Supplemental Fig. S1) Cross sectional SEM of the electrodeposited samples Fig. 1c and Fig. 1d 107 

show that there is a surface roughness with RMS 30 nm on the Bi2Te3 layer and ~30% porosity in 108 

the films respectively.  The edge from the contact to the SiN insulated region is shown to transition 109 

gradually over a 1 m length scale. 110 

Electrical conductivity and interface resistance measurements:  111 

The electrical resistivity of the thin Bi2Te3 film and the interface conductivity of the top contact 112 

were both measured using the Cox-Strack method.  This technique works by creating an array of 113 

top contacts with diameter varying on a range similar to the thickness of the film. In our case we 114 

made contacts ranging from 22 m to 145 m in diameter with the optical images of the smallest 115 

and largest contacts shown in Fig. 2a.  The dependence of the total device resistance Rt on contact 116 

diameter is given by 24:  117 
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𝑅𝑡 = (
4𝑅𝑐

𝜋
)

1

𝑑2
+

𝜌

𝜋
arctan (

4

𝑑/𝑡
)
1

𝑑
+ 𝑅0  (1) 118 

Where Rc [Ωm2] is the top contact resistance, d [m] is the contact diameter, ρ [Ωm] is the 119 

resistivity of the Bi2Te3 layer, t [m] is the thickness of the layer and R0 [Ω] is the total back contact 120 

resistance. The first term shows that the contribution of top contact interface resistance decreases 121 

as the inverse of the area of the contact. The second term accounts for the bulk resistivity including 122 

arctan term which accounts for current spreading. R0 takes into account the contribution of the top 123 

gold contact as the distance between the probe and centre of the circular pad was kept consistent 124 

throughout the measurement. The maximum resistance of the gold and tungsten circular pad layers 125 

Figure 2. Electrical conductivity and contact Resistance measurements.  (a) Optical images of test 

pads showing contacts with 145 μm and 22μm diameters. (b) Measured 4-point resistance as a function 

of pad diameter, with fitting of equation 1.  (c) Total resistance vs 1/d2 overlaid with analytical model 

showing effect of contact resistance on total resistance. 
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can be calculated to be 1.5×10-5 Ω for the smallest pad diameters. This is a negligible contribution 126 

to the total device resistance which is around 0.2 Ω for the smallest pads.  Fitting the experimental 127 

data with this equation as shown in Fig. 2b allows us to extract that the Bi2Te3 conductivity at σ = 128 

5.20(±0.32)×104 Sm-1 at room temperature. This is roughly 50% of the value of the bulk 129 

conductivity, but comparable to other n-type thin film electrodeposited Bi2Te3 
25-28. This reduced 130 

electrical conductivity can be attributed both to the low carrier concentration of the Bi2Te3 and the 131 

non-negligible porosity of the electrodeposited films as shown in Fig. 1d. The porosity will 132 

decrease the electrical and thermal conductivities in a similar fashion so does not appreciably 133 

degrade the ZT.  Plotting the data against 1/d2 in Fig. 2c we can clearly see the effect of contact 134 

resistance.  Fitting this data we can put the contact resistance in the range of Rc ~10-11-10-12 Ωm2.  135 

This equates to a contribution of less than 2.6 mΩ (1.3%) of the total device resistance for the 136 

smallest pad which shows that the contact resistance has a negligible effect in this case. The effect 137 

of a typical contact resistance of 10-10 Ωm2 raises the value of total resistance outside of our 138 

experimental data as shown in yellow in Fig. 2c. Our measured contact resistance is at the lower 139 

end of previously reported contact resistance measurements for magnetron spluttered 29 and 140 

chemical vapour deposited 30  Bi2Te3 thin films, which were on the order of 10-10-10-11 Ωm2 . This 141 

low interface resistance is key to achieve high heat flux handling capability. 3D FEM simulations 142 

show that net cooling can only been seen in this device if the contact resistance is less than 10-11 143 

Ωm2 (Supplemental Fig. S2.) 144 

Thermal property measurements: The thermal conductivity, volumetric heat capacity and 145 

thermal interface resistance of the thin Bi2Te3 films were measured using a custom-built frequency 146 

domain thermoreflectance (FDTR) setup described in the methods. Briefly, FDTR uses a 147 

modulated pump laser to provide a periodic heat source, which results in an oscillation of the 148 
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surface temperature.  The surface temperature can be measured using a separate probe laser 149 

through the temperature dependent change in the surface reflectivity. The frequency of the 150 

modulation is scanned from 100 Hz to 50 MHz.  The phase lag of the temperature oscillation are 151 

measured and can be fitted with a transfer matrix model to extract the thermal properties of a 152 

layered thin film structure 31 as shown in Fig. 3a. Tuning the frequency effectively tunes the 153 

thermal penetration depth allowing separation of thermal conductivities and interface 154 

conductance’s in multi-layered structures. This technique is particularly useful as compared to 155 

more standard techniques such as time domain thermoreflectance (TDTR) as there are no moving 156 

Figure 3. Measurement of Thermal properties.  (a) Measurement of the temperature oscillation phase 

lag in degrees from the pump laser from FDTR technique. (b) Extracted thermal conductivity that fits 

from 1000 fittings using Monte Carlo method, κ=0.85±0.08 Wm-1k-1(c) Fitted volumetric heat capacity 

C=3.51± 0.05 MJm-3K-1 (d) Fitted Interfacial thermal conductance between Bi2Te3 and Au G=36±21 

MWm-2K-1  
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parts such as a delay line which introduce additional uncertainty. The local nature of this 157 

measurement allows us to measure the thermal properties on a single device pad. Using this 158 

technique we extract a value for the thermal conductivity of the electrodeposited Bi2Te3 film of 159 

0.85(±0.08) Wm-1k-1 (Fig. 3b), volumetric heat capacity of C=3.51± 0.05 MJm-3K-1 (Fig. 3c), and 160 

interfacial thermal conductance between Bi2Te3 and Au of G=36±21 MWm-2K-1 (Fig. 3d). The 161 

thermal conductivity is the critical parameter for device performance and is in line with measured 162 

values in similar films in the literature which range from 0.7–1.48 Wm-1K-1 32-35. The uncertainty 163 

in this measurement is the largest of the characterisation steps used. As such in the resulting 164 

simulations the extreme edges of this conductivity range will be shown to show the uncertainty in 165 

the simulations. The thermal conductance is relatively high between the Bi2Te3 and contact and 166 

contributed a negligible 0.47% to the total thermal resistance of a typical 22 m diameter device.  167 

Seebeck Coefficient measurements:  168 

An accurate measurement of the Seebeck coefficient is necessary to calculate ZT and predict the 169 

device performance. This requires precise control of the top and bottom contact temperatures while 170 

measuring the open circuit voltage across the device. Due to the thin film nature of the device, 171 

knowing the true temperature drop across it can be difficult and lead to large measurement errors. 172 

In this case, we decided to use a novel technique to measure the Seebeck coefficient by using a 173 

CW (continuous wave) laser to provide a uniform heat flux into the top surface of the device. We 174 

then measured the local temperature rise of the top contact using thermoreflectance imaging while 175 

simultaneously measuring the open circuit voltage.   An aperture is placed conjugate to the image 176 

plane of the microscope objective creating a top-hat intensity profile to create a uniform heat 177 

source.  An optical image of a 22 m diameter pad is shown in Fig. 4a with a temperature map of 178 

the surface taken using CCD based thermoreflectance (CCD-TR) shown in Fig. 4b. CCD-TR is a 179 
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lock in thermography technique which allows sub micro resolution temperature mapping as 180 

described in methods. We cannot directly measure the temperature at the bottom contact and must 181 

infer this from 3D FEM simulations using the thermal conductivity measured previously from the 182 

FDTR results. The error in this measurement is therefore related to how well we know the thermal 183 

conductivity of the device. This is seen in Fig. 4c and Fig. 4d where the red and green lines signify 184 

the extremity of the possible thermal conductivities, between 0.77 and 0.93 Wm-1K-1 respectively. 185 

In Fig 4c we first use CCD-TR to map the surface temperature as a function of incident irradiance. 186 

Figure 4. Seebeck coefficient measurement. (a) Optical image of 22 μm diameter pad. (b) 

Temperature map by CCD-TR resulting from 20 mW 488 nm laser incident on same pad. (c) Average 

top contact surface temperature measured using CCD-TR vs incident laser power. (d) Voltage produced 

from temperature differential as a function of top contact temperature Red/Green lines denote simulated 

results for extremes of thermal conductivity error from 0.77-0.93 Wm-1k-1 respectively. 
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Discrepancies between the model and experimental results in Figure 4c are attributed to the use of 187 

a constant property model as described in the modelling method section. From this temperature 188 

rise, we can measure the open circuit voltage and plot this against top contact temperature as shown 189 

in Fig. 4d.  Using the slope of this graph would underestimate the Seebeck coefficient as we would 190 

be assuming that the bottom contact temperature remains at room temperature under laser 191 

illumination. From our FEM simulations we know this is not the case, one must extract the bottom 192 

contact temperature and calculate the true temperature difference across the device to accurately 193 

calculate Seebeck coefficient. Instead we modelled various Seebeck coefficients to find the best 194 

fit for the voltages produced. Using this technique, a Seebeck coefficient of S= -121 (±6) μVK-1 195 

was consistently measured on a range of different contact pads. This value is consistent with 196 

previous n-type Bi2Te3 materials reported in the literature 36-38. 197 

Device performance under zero heat load: 198 

The performance of the device under zero heat load can be determined by measuring the surface 199 

temperature for a range of input currents.  Figure 5a shows a typical temperature map recorded 200 

with the CCD-TR technique at 100 mA current applied such as to heat the top surface. As the 201 

material is n-type, this is achieved with a negative current terminal at the top surface. The polarity 202 

can be reversed to cool the top surface. Fig. 5b shows a cross sectional temperature map of the 203 

device in cooling mode. It shows that as heat is pumped from the surface to the substrate there is 204 

a reduction in temperature at the surface and a corresponding increase in temperature at the bottom 205 

contact.  206 

These FEM simulations can be used to predict the surface temperatures for particular input current 207 

and compare with the experimentally measured data. These compare well considering the 10% 208 

error in thermal conductivity measurement as shown in Fig. 4c. The slight discrepancy in the 209 
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heating mode is attributed to the temperature dependence of the Seebeck coefficient, thermal and 210 

electrical conductivities which were not taken into account. We see a net cooling of up to 4 K in 211 

our devices which confirms our measured low contact resistance. We attribute this low interface 212 

resistance to the low surface roughness of 20-30nm and ion cleaning steps used in device 213 

fabrication. This in-situ technique ensures removal of any oxide layer or adsorbed water molecules 214 

before deposition of the top contact.   215 

Device time response: 216 

 Fast time response for cooling and heating are important for temperature control in 217 

optoelectronic applications such as laser and diode temperature tuning.  In this work we show that 218 

the time response of these devices is on the order of 20 s or less for the 22 m diameter contacted 219 

devices. This is up to two orders of magnitude faster than the current state of the art devices 39, 40 220 

and a million times faster than a standard macro scale commercial Peltier cooler. This is to be 221 

Figure 5. Device performance under zero heat load (a) Temperature map showing cooling for a 100 

mA applied heating current. (b) Simulation showing the temperature distribution for a cross section of 

the device. (c) Mean temperatures of pad for various heating and cooling currents, red/green lines 

denoted simulation results over the error range of the thermal conductivity measurement. 0.77-0.93 

Wm-1K-1. 
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expected from the small cross-sectional area of the active thermoelectric material. Temperature 222 

profiles are extracted from time dependent FEM simulations and shown at 5 s time steps for 223 

heating (Fig. 6a) and cooling (Fig. 6b) regimes. Fig. 6c shows that heating using a microscale 224 

thermoelectric device can be significantly faster than resistive heating alone. The mean heating 225 

and cooling rates are extracted as 0.34 Ks-1 and 0.44 Ks-1 respectively. These are over 5 times 226 

faster than if the device was purely resistive in nature, with a resistive heat rate of 0.06 M Ks-1. 227 

The response time was measured directly by locking into the changing thermoreflectance signal 228 

as a 50% duty cycle square current source is applied. Whilst the signal was quite noisy, one can 229 

see that the simulated FEM results fit quite well when overlaid onto the data in Fig. 6d. The thermal 230 

response times can be changed by increasing/decreasing the pad diameter. The time constant 231 

Figure 6. Device Time Response. FEM simulations in the time domain showing evolution of temperature 

(a) in heating mode (b) in cooling mode.   (c) Simulated normalised time response of the average top contact 

temperature used to extract mean rates of temperature change. (d) Simulated results directly overlaid 

experimental measurements from thermoreflectance. 
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increases linearly with the diameter of the pads as shown in Supplemental Figure S3, where the 232 

time response was measured using a frequency domain technique. 233 

Cooling Performance under applied heat load: 234 

The cooling performance of this device was studied under an applied heat load by heating the 235 

surface using a laser. The incident laser was chopped to create a periodic heat source. A source 236 

current was triggered, simultaneously and with the same periodicity, such as to actively cool the 237 

top surface. The magnitude of the current was then swept to find a balancing point when the 238 

temperature rise on the pad goes to zero. Fig. 7c shows the temperature rise of the pad under laser 239 

Figure 7 Device performance with heat load. (a) Temperature map with 8 mW incident on 22 μm 

pad pad and 150 mA cooling current applied. (b) The theoretical heat flux away from the top surface 

of the device for the 8 mW sweep (c) Temperature map with 8 mW incident on 22 μm diameter pad 

without cooling. (d) Mean net temperature achieved with 8 mW incident for the various cooling 

currents. 
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illumination without any active cooling. Fig. 7a shows the surface temperature when the cooling 240 

current is matched to produce zero temperature rise on the pad surface. The average pad 241 

temperature is compared to that expected from FEM simulations in Fig. 7c using the high and low 242 

values of thermal conductivity measured. From this we can extract the cooling heat flux as shown 243 

in Fig. 7d. As expected, there is an optimum current (200mA), which produces the highest cooling 244 

heat flux (720 ± 60 Wcm-2).  The coefficient of performance (COP) at this operational point was 245 

determined from the ratio of the cooling heat through the top central circular region to the power 246 

needed to produce this, with a COP of 0.26, which would be put this device as top of its 247 

electrodeposited for this length scale39. We note that the current heat flux performance is limited 248 

by our non-optimised device substrate. Further improvements in maximum heat flux are further 249 

possible by changing the device heat rejection characteristics. For example, using our 250 

experimentally validated numerical model, we predict a maximum heat flux of ~1 kW.cm-2, an 251 

improvement of 32%, by changing the device substrate material to high quality diamond (see Fig. 252 

S6).  253 

DISCUSSION 254 

The performance of thin film thermoelectric materials and devices are difficult to measure 255 

accurately as small temperature differences across thin films must be quantified. In particular the 256 

main performance parameter ZT is sensitive to errors in the measurement of thermal conductivity, 257 

which is particularly difficult to measure accurately in thin films, and varies significantly 258 

depending on local morphology. In this work we have comprehensively measured electrical 259 

conductivity, electrical contact resistance, thermal conductivity, thermal contact resistance, and 260 

Seebeck coefficient locally using techniques with micron scale spatial resolution. This has allowed 261 

us to accurately measure the performance of an in situ micro-scale thermoelectric cooler and 262 
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demonstrate conclusively extreme heat flux handling capabilities surpassing state of the art for 263 

electrodeposited materials.  264 

We have demonstrated devices which can achieve max cooling ΔT of -4.4 K under zero load, 265 

and have a response time of 20 s, which is state of the art for electrodeposited devices in this size 266 

range.  Furthermore, we characterised the performance of these devices under a simulated heat 267 

load by using a laser to heat the top surface. This demonstrated that we can dissipate maximum 268 

heat flux at zero temperature differential of 720 ± 60 Wcm-2   on our non-optimised substrate.  By 269 

carefully designing the top contacts we were able to significantly reduce electrical contact 270 

resistance compared to other electrodeposited devices. This allowed us to make thinner devices 271 

than previously reported and still achieve net cooling increasing our critical heat flux. We 272 

demonstrated that passivation of the device with Si3N4, Ar-ion cleaning of the interface and the 273 

use of Tungsten as a top contact material significantly improves the performance and stability of 274 

the device. 275 

The material ZT was calculated from direct measurements of electrical conductivity, thermal 276 

conductivity and Seebeck coefficient to be ZT=0.26 (±0.04). For a device zT, we can use the total 277 

thermal and electrical conductance’s which include contact and interfacial values. This measured 278 

device zT then varies between 0.14, 0.24 and 0.26 for contact resistances of 10-10/10-11/10-12 Ωm2.   279 

This is a reasonable value of ZT for an n-type Bi2Te3 electrodeposited sample, with ZT’s ranging 280 

from 0.05 39-0.1 33 all the way to 0.45 32 with various lengths, although it should be noted that the 281 

higher value did not include a direct measurement of the thermal conductivity. Due to the difficulty 282 

in measuring the thermal conductivity accurately in thin films many groups forego this 283 

characterisation step, preferring instead to state the power factor of their material. The next highest 284 
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ZT found was 0.16 34 putting our material ahead as the highest directly measured ZT for an 285 

undoped electrodeposited Bi2Te3 sample.  286 

We claim that our measured critical heat flux of 720 ± 60 Wcm-2   is the largest recorded for 287 

electrodeposited thin film thermoelectric and the highest measured at room temperature. Again, 288 

due to the scarcity of thermal conductivity values necessary to model accurately a thin film device, 289 

and the difficulty in experimental procedure, there are not many directly measured examples to 290 

compare this to in the literature. Previous heat fluxes found for thin film thermoelectric devices 291 

range from 6.8 Wcm-2 for an electrodeposited BiTeSe film 39  to a record 1300 Wcm-2 for 292 

multilayer MOCVD devices 41, both of these values are predicted heat fluxes from simulations of 293 

the devices, with the former not using experimentally measured conductivities. The highest 294 

experimentally measured value29 was 258 Wcm-2. The above value of 1300 Wcm-2 was from heat 295 

generated from a resistive heater network which the TEC cooled by 7oC, although this heater kept 296 

the device and substrate at 100oC. Increasing the temperature of the measurement will generally 297 

increase the Seebeck coefficient and hence the max heat flux. If our measurement was taken at 298 

100oC with a small 10% increase in the Seebeck coefficient the heat flux would be expected to 299 

increase to 1400 Wcm-2.  From our simulations we expect that by optimising our geometry and 300 

material base could push the heat flux to > 1000 Wcm-2 at room temperature with a relatively 301 

inexpensive CMOS compatible fabrication process. Preliminary simulations as seen in Figure S5, 302 

show that the replacement of the low thermal conductivity oxide layer with a diamond interface 303 

would push the heat flux capacity to 1000 Wcm-2.  Future work will focus on demonstrating critical 304 

heat flux >1k Wcm-2 and integrating these cooling structures with real electronic and photonic 305 

devices.  306 

 307 
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CONCLUSIONS 308 

In this work we present an electrodeposited TEC capable of pumping a maximum heat flux of 309 

720 Wcm-2 at zero temperature difference. The device can maintain a temperature difference of 310 

4.4 K under minimal heat load. All the relevant thermoelectric parameters were measured such as 311 

the Seebeck coefficient, electrical conductivity, thermal conductivity and heat flux yielding a ZT 312 

of 0.26. The heat flux stems from the thinness of the TEC, the functionality of which is normally 313 

limited by contact resistance. An electrical contact resistance ~10-11 Ωm2 was experimentally 314 

measured. This device also showed fast thermal time responses, with an experimentally measured 315 

τ = 20 s. Future work will focus on advancing the heat flux capabilities of these electrodeposited 316 

devices through modification of the back substrate material. 317 

METHODS: 318 

Electrodeposition.  319 

A Ti (20 nm)/Au (100 nm) layer is sputtered on Si/SiO2 substrate, which acts as a working 320 

electrode for electrodeposition of thin films using a three electrode set-up. A platinized titanium 321 

mesh and Ag/AgCl are used as the counter and the reference electrode, respectively. The 322 

electrolytic bath is prepared by dissolving precursor salts in 1 M HNO3 acid solution. First 15 mM 323 

Te powder (Sigma Aldrich) is dissolved in 1 M HNO3 solution at 40 °C under constant stirring. 324 

After the Te powder is fully dissolved giving a clear solution, 10 mM Bi(NO3)3.5H2O (Sigma 325 

Aldrich) was added to the solution and waited till it gets completely dissolved. The Bi2Te3 thin 326 

film is then deposited at -50 mV at a rate of about 1.0 µm hr-1 to a thickness of about 5.5 μm. 327 

Contact deposition.  328 

The top and bottom metal contact are evaporated using a Temescal FC2000 e-beam evaporation 329 

system. The process chamber is evacuated to < 5×10-7 Torr prior to evaporation. Bi2Te3 thin film 330 
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surface is treated with an Ar-ion etch in the chamber. During the process, the pressure of the 331 

chamber increased to 1×10-4 Torr. After that the ion chamber is evacuated to < 5×10-7 Torr. The 332 

metal is deposited at a rate of 0.3 nm s-1 to a thickness of 100 nm. 333 

Frequency domain thermoreflectance. 334 

Our custom FDTR setup is based on a pump and probe system. Built around two single mode 335 

continuous CW diode lasers with maximum output power of 120 mW. The pump laser wavelength 336 

is 403 nm, a wavelength which maximise absorbed power for Au, and the probe wavelength is 511 337 

nm, which maximise the thermoreflectance signal from Au interface 42. The Au contact pad acts 338 

as a transducer, and a lock-in amplifier is used to modulate the pump laser to provide localised 339 

heating and to record the amplitude and phase response of the reflected probe beam 43. 340 

The uncertainty of our FDTR measurements is determined by a conservative but robust Monte 341 

Carlo method44. We fitted the data over 1000 iterations with varying input parameters to obtain 342 

the unknown variables distribution. The input variation accounted the margin of error for each of 343 

the controlled parameters by using a normal distribution with a defined range in the simulations. 344 

We then fitted each of the unknown variable distribution with lognormal fit and determined the 345 

95% lower and upper confidence bounds. 346 

 347 

CCD based thermoreflectance imaging.  348 

In CCD bases thermoreflectance (CCD-TR) a periodic current source is applied to the device 349 

which in turn generates an oscillating temperature at the surface of the device. By triggering the 350 

CCD camera frame rate to a multiple of the current frequency we can obtain a series of images of 351 

the device when it is hot and cold. Taking the difference of the hot and cold images allows us to 352 

extract the change in reflectivity of the surface. The thermoreflectance coefficient of gold is quite 353 
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small (measured at -2.4×10-4 [K-1]). Therefore, in order to obtain an image with good signal to 354 

noise we must average over a large number of frames. In our case we found that we could get 355 

acceptable temperature resolution of 0.125 K after 40,000 images. With a frame rate of 100 Hz 356 

this meant a single temperature map would take 3 minutes. The performance of the device was 357 

stable over this time, with consistent results being achieved even after 24 hours of continuous 358 

bipolar cycling. This equates to around 350,000 temperature cycles. Supplemental figure S4 shows 359 

how a laser was coupled into the standard CCD-TR setup. The measured time response of the 360 

device assured us that we are measuring the steady state temperature using this technique. 361 

Finite Element method simulations. 362 

Finite element modelling was carried using COMSOL Multiphysics, coupling electrostatic and 363 

thermal modules. This implements coupling between the heat equation and the current density 364 

modified with the thermoelectric equations such that the current density becomes  𝑱 = 𝜎(−∇𝑉 −365 

𝑆∇𝑇) and an additional Peltier contribution, �̇� = 𝑃𝑱, is added to the heat flux on boundaries . No 366 

temperature dependencies of the thermoelectric parameters were introduced, and as such the 367 

Thomson effect wasn’t modelled. Taking the temperature dependence of the Seebeck coefficient 368 

of bulk bismuth telluride and a Δ𝑇 of 4.4 K, the expected contribution of the Thomson effect 369 

relative to the other thermoelectric effects is <1% at a current of 200mA. This relative contribution 370 

will increase with higher temperature gradients at lower currents. This constant property model is 371 

assumed to be the cause of the discrepancy between the model and experimental results at higher 372 

temperatures such as in Figures 1.c, 5.c. However, this effect can be assumed to be negligible for 373 

the measurement of the max cooling heat flux in Figure 7 due to low temperature difference across 374 

the TE material.  The full device structure as shown Fig. 1a was designed in a 2D axisymmetric 375 

model using the material properties outlined in Table S1. Physics controlled mesh densities were 376 
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used such that vertical mesh densities were roughly 1 domain/ 100nm near to the metal layers and 377 

reaching a maximum of 3 domains/m in the centre of the TE material. The total number of 378 

domains was approximately 61,000 with a total of 250,000 DOF. To model the experimental cases 379 

where the laser is used to optically heat the top surface, an equivalent circular uniform boundary 380 

heat source is introduced on the top contact. This heat flux is corrected for losses through the 381 

microscope setup and the measured absorption of 488nm light on the Au circular pads. 382 
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