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Abstract- Wide-Band-Gap semiconductors have enabled 

considerable miniaturization of power devices, which requires, 

however, new thermal management solutions to handle the 

resulting high heat fluxes. Recently, embedded liquid cooling in 

GaN-on-Si devices was demonstrated as a promising solution by 

flowing a coolant through microchannels etched in the silicon 

substrate. However, its impact on power devices’ electrical 

characteristics, especially at high voltage, is yet to be investigated, 

which is crucial to assess the viability of the technology. Besides, 

previous demonstrations were limited to relatively low-power 

devices, while embedded liquid cooling for high-current and 

high-voltage (650 V) commercial GaN transistors would show the 

full potential of the technology. Here, we integrate embedded 

liquid cooling on 650 V, 50 mΩ GaN-on-Si commercial power 

devices. We demonstrate no negative impact on the device dc or 

switching performance due to the embedded liquid cooling, 

which proves the robustness and validity of the technology. 

Besides, liquid-cooled devices show more than 4× higher current 

capability and much-improved RON × Eoss figure-of-merit in a 

large output current range compared to forced-convection air-

cooling, highlighting their potential for high-current 

applications. Finally, deionized water and a dielectric fluid (3M 

Novec 7200) are compared as coolants, revealing a trade-off 

between thermal performance and reliability during high-voltage 

operation. 
 

Index terms- GaN, HEMTs, Power Devices, Losses Characterization, 

Liquid Cooling, Microchannels 

I.  INTRODUCTION 

 The miniaturization of power devices enabled by wide-

band-gap (WBG) semiconductors [1], [2] has resulted in 

unprecedented heat fluxes [3], which are challenging to handle 

with conventional thermal management techniques, such as 

forced-convection air-cooling [4]. Excessive self-heating of 

the device results in a reduced component lifetime, degraded 

performance, and limited power density. In addition, the 

reduced device current capability due to self-heating requires 
paralleling several transistors for high-current applications, 

which increases the overall system cost and complexity. 

Embedded liquid cooling, where a coolant flows through 

microchannels that are etched directly inside the device 

substrate, is an effective and well-established technique to 

cope with high heat fluxes. Such an approach presents 

important advantages compared to conventional liquid cooling 

as it enables to eliminate the thermal resistance contributions 

linked to the device package and thermal interface material, 

while also significantly increasing the convective heat transfer 

to the coolant [5], [6]. While this technology was first 

proposed for silicon logic circuits [7]–[11] and has been 

studied also for GaN-based RF applications [3], its adoption 
by power devices is usually limited by their vertical 

architecture, which prevents the micro-structuring of the 

substrate. For this reason, the integration of embedded liquid 

cooling in power devices is a rather unexplored field and its 

impact on the electrical performance of power transistors, 

especially at high voltages, is unknown. Yet, GaN-on-Si 

devices present a lateral device structure on a silicon substrate 

that is well-suited for deep etching, making it ideal for the 

integration of this technology. 

 Recently, GaN-on-Si devices with embedded 

microchannels in the silicon substrate were proposed, 

demonstrating excellent thermal performance [12], [13]. 
However, despite the promising potential, a thorough 

characterization of the impact of embedded liquid cooling on 

the device’s electrical performance, especially at a few 

hundreds of volts, is still lacking, which is crucial to validate 

the technology for power applications. In particular, it has 

been shown that the removal of the Si substrate may cause 

increased switching losses [14], [15], potentially outweighing 

the benefits from the improved device cooling. Besides, while 

previous demonstrations were limited to devices operating at 

relatively low currents and voltages, and fabricated in 

university facilities [16], embedded liquid cooling of high-
current and high-voltage (650 V) commercial GaN devices 

would show the full potential of the technology for high-

power-density applications. In addition, the reduced device-to-

device variation of commercial devices enables better 

determining the possible impact of embedded liquid cooling 

on the device’s electrical performance. Finally, it is still 

unclear which type of coolant is the best candidate for 

 
Fig. 1. (a) Top view of the front- and back-side of the 650 V, 50 mΩ 

commercial GaN power device investigated in this study. On the backside, the 

micro-channels etched in the Si substrate for the embedded liquid cooling are 

visible. The device dimensions are 4 mm × 2.4 mm (b) Cross-sectional 

schematics of the liquid-cooled DUTs mounted on the testing PCB.  
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embedded liquid cooling of power devices and whether this 

influences the device’s operation.  

In this work, we investigate the integration of liquid 

cooling on 650 V, 50 mΩ GaN-on-Si commercial power 

devices. We perform a thorough characterization of the device 

dc and switching characteristics and demonstrate no 

degradation as a consequence of the channel etching in the Si 

substrate or the liquid flow. Besides, we show that much 

higher current capabilities and an improved RON × Eoss figure-

of-merit in a large output current range can be achieved by the 
proposed approach, compared to forced-convection air-

cooling. Finally, we present that, while deionized (DI) water 

provides better thermal performance as a coolant, the dielectric 

fluid 3M Novec 7200 results in improved package reliability 

during high-voltage operation. 

II. DEVICE STRUCTURE AND EXPERIMENTAL SETUP 

 The device under test (DUT) is a 650 V, 50 mΩ GaN-on-

Si commercial power transistor with a 4 mm × 2.4 mm wafer-
level chip-scale package (WLCSP), exposed-backside Si 

substrate, and solder bumps. No internal connection is present 

between the source and the substrate, which is floating. 

However, a similar characterization to the one here presented 

was performed on a commercial 100 V GaN-on-Si power 

device with substrate internally grounded, which showed the 

same behaviour as the one here reported. 

 Micro-channels were defined on the DUT’s backside by 

optical lithography followed by deep reactive ion etching 

(DRIE) of the Si substrate (Fig. 1 (a)). This process relies on a 

simple wafer-scale post-processing, which enables the 

substrate microstructuring of several chips in a full wafer at 
the same time, and thus can be very cost-effective. The channel 

width and spacing were both set to 50 μm while their depth 

was 330 μm, leaving about 50 μm of Si between the channels 

and the GaN buffer layers. While the remaining Si layer does 

not impact significantly the overall thermal resistance (RTH) 

[16], it preserves the chip’s mechanical stability and provides 
a common potential to the device substrate. Reference 

transistors with the same design but completely removed Si 

substrate showed early failure during switching operation, 

likely due to an uneven potential distribution in the GaN buffer 

layer as a result of the missing connection to the substrate, and 

thus were not characterized in this work. Two larger (0.5 mm 

× 1.7 mm) openings at the device edges provided the inlet and 

outlet for the coolant (Fig. 1 (a)). Further analyses on the 

microchannels geometry optimization, in particular of the 

optimal width and its impact on the thermal resistance and 

pressure drop [17]–[19], and on the long-term stability under 
different flow conditions [20] can be found in the literature, 

and are not the main focus of this work. 

Following the micro-channel etching, the devices were 

soldered to a PCB for testing (Fig. 1 (b)). The device 

temperature was monitored through a thermistor placed close 

to the DUT, which was first calibrated to the device surface 

temperature using an infrared camera. Devices with no 

microchannels in the Si substrate (Unetched) were used as a 

reference to compare the electrical performance. For the 

thermal characterization, reference devices with no heatsink 

under natural convection (No cooling) and with a heat sink and 

fan with a nominal RTH of 5 K/W (Fan + heat sink,) were 
considered. The performance of DI water (Water cooled) and 

the dielectric fluid Novec 7200 (Novec cooled) were compared 

at the same flow rate of 280 μl/s, which resulted in a pressure 

drop of 500 mbar. While the flow rate has no direct impact on 

the DUT electrical performance and thus it was not varied in 

this work, it affects the device thermal resistance as higher 

flow rates result in a decrease of RTH [5]. Statistical analyses 

were performed on at least 8 devices of each kind. 

 
Fig. 3. (a) Dynamic on-resistance as a function of VD,q for unetched DUTs and 

devices with embedded liquid cooling. (b) EDiss at 100 kHz and vDS of 400 V 

for the DUTs. The bottom inset shows the ST measurement setup. (c) Qoss as a 

function of vDS and corresponding Eoss extracted from the curve integration. (d) 

RON ×  Eoss figure-of-merit as a function of the device drain current. 

 
Fig. 2 (a) VTH (at 1 mA) and peak gm extracted from the device pulsed transfer 

curve. (b) DC output curve for the DUTs. The liquid coolant flow rate was set 

to 280 μl/s. (c) Off-state leakage up to 400 V. The resolution of the current 

measurement is 10 nA. (d) Off-state leakage in case of package failure with DI 

water and Novec 7200 as coolants flowing in the device.  
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III. RESULTS AND DISCUSSION 

Figure 2 (a) shows the threshold voltage (VTH), extracted at 1 

mA, and the peak transconductance (gm) for unetched DUTs  

 (unetched), DUTs with etched microchannels with no fluid 

flowing (Air), with DI water cooling (water), and with Novec 

7200 cooling (Novec). No appreciable variation between the 

different conditions was observed, suggesting that the device 

gate control is unaffected by the embedded liquid cooling.  

However, the DUTs output characteristic highly benefited 

from the more efficient cooling. While the on-resistance (RON) 
at room temperature (RT) was identical for all DUTs in Fig. 2 

(b), which proves no significant strain variation in the structure 

affecting the carrier density, the achievable drain current (ID) 

for uncooled transistors was strongly limited by the device 

self-heating (Fig. 2 (b), blue curve). The use of a heat sink and 

fan alleviated the self-heating degradation but still resulted in 

an early saturation of the maximum ID. On the contrary, DUTs 

with embedded liquid cooling showed a much-reduced RON 

increase due to self-heating with no ID saturation in the 

measured range. This enabled to achieve a drain current more 

than 4 times larger than with conventional cooling techniques 

(Fig. 2 (b)) and offers a promising solution to reduce 
conduction losses in power devices and the need for device 

parallelization in high-current applications.  

The off-state leakage current of the DUTs was measured 

up to the rated device voltage and showed no noticeable 

variation between unetched and liquid-cooled devices (Fig. 2 

(c)). However, a significant difference between devices cooled 

with DI water and Novec 7200 was observed in case of a 

coolant leak from the liquid cooling package (Fig. 2 (d)). A 

water leak was particularly detrimental for the DUT voltage 

blocking capabilities due to the liquid ionization, which led to 

high leakage current and device failure. On the contrary, a 
Novec 7200 leak did not impact at all the device off-state 

leakage (Fig. 2 (d)) because of the coolant large dielectric 

strength, which results in no additional leakage and improved 

reliability in case of a package failure. 

 Previous works have shown an additional dynamic RON 

(RON,Dyn) degradation following the Si substrate removal due 

to the newly created GaN buffer-to-air interface on the device 

backside [14], [15]. Fig. 3 (a) presents the typical RON,Dyn 

degradation measured by pulsed IV for unetched devices, 

which reached about 2 times the dc value for a stress voltage 

VDS,q of 200 V, and then saturated. However, no relevant 

variation was observed as a consequence of the micro-

channels etching or the coolant flow. Indeed, the remaining Si 

layer between the GaN and the microchannels prevents the 

formation of additional trapping sites at the bottom GaN buffer 

interface and any variation in RON,Dyn. 

 To determine the impact of embedded liquid cooling on 

the device soft- and hard-switching losses a Sawyer Tower 

(ST) measurement (inset in Fig. 3 (b)) was performed [21]. 
Fig. 3 (b) shows the energy dissipated at each soft-switching 

cycle (EDiss) which presented a rather small value [21]–[23] for 

all DUTs, regardless of the presence of the microchannels or 

the embedded liquid cooling. This shows that soft-switching 

losses are not affected by embedded liquid cooling and 

indicates that traps in the GaN buffer are the main responsible 

for determining EDiss in these devices [24], [25], which were 

not impacted by introducing microchannels in the substrate. 

By integrating the Qoss versus vDS curve obtained from the 

ST measurement (Fig. 3 (c)), one can extract the energy stored 

(Eoss) in the device output capacitance, which is dissipated at 
each hard-switching cycle and represents an important term in 

hard-switching losses [26]. Since the microchannel etching 

and the liquid flow do not impact the Qoss nor its dependence 

on vDS, a constant Eoss value is measured for all the DUTs (inset 

in Fig. 3 (c)). On the other hand, the important device figure-

of-merit RON × Eoss, which summarizes the contribution of 

conduction and hard-switching losses, is greatly improved 

with the embedded liquid cooling. Thanks to the reduced 

device self-heating, a low RON × Eoss value can be maintained 

for much larger output currents (Fig. 3 (d)), which ensures 

efficient operation for high-current applications and reduces 
the need for device oversizing. Besides, no coupling between 

the electrical signal and the coolant was observed up to a 

frequency of ~ 6 GHz, which was determined by measuring 

the transmission parameter (S21) of a waveguide realized on a 

similar structure with embedded liquid cooling. This shows 

that no significant electrical coupling to the coolant is present 

in the whole frequency domain relevant to power electronics. 

The improvement in RON × Eoss is due to the ability of 

embedded liquid cooling to manage much larger heat fluxes 

with a reduced device temperature rise, as is shown by the 12-

fold reduction in the device thermal resistance compared to the 

fan + heat sink cooling (Fig. 4). It can also be noted that Novec 
7200 results in an RTH which is almost double the one of DI 

water at the same flow rate. Such a difference can be explained 

by the larger specific heat capacity of water (4.2 kJ/kgK) 

compared to Novec 7200 (1.2 kJ/kgK), which directly affects 

the coolant temperature rise. Nevertheless, Novec 7200 leads 

to improved reliability in case of package failure during high-

voltage operation (Fig. 2 (d)), which poses a trade-off between 

thermal performance and reliability.  

IV. CONCLUSION 

In this work, we have demonstrated 650 V, 50 mΩ GaN-

on-Si commercial power devices with embedded liquid 

cooling in the device substrate. The presented devices show no 

degradation of the device dc or switching performance as a 

consequence of the embedded liquid cooling, while they result 

in higher current capability and much-reduced RON × Eoss 

figure-of-merit in a large output current range compared to 

forced-convection air-cooling. 

 
Fig. 4. (a) DUTs temperature increase (∆T) as a function of the dissipated 

power over the device for different cooling techniques. (b) RTH, and maximum 

power and heat flux that can be extracted for a temperature rise of 60 ºC. 
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