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ABSTRACT

The thermal design and fabrication of a manifold microchannel structure for liquid cooling embedded in gallium nitride high electron mobility
transistor radio frequency devices were investigated. Three microchannel designs with widths of 50, 100, and 200 ;zm were assessed, and compu-
tational analysis was performed to evaluate their thermal performance and optimize the silicon carbide (SiC) substrate thickness. Consequently,
the feasibility of the embedded microchannel structure was validated through an inductively coupled plasma-etching-based fabrication on a SiC
substrate. The results showed that at maximum pumping power (Ppymp), @ smaller channel width exhibited better thermal performance, with a
temperature difference of 28.3 °C. Subsequently, thickness optimization was conducted for the configuration with the best thermal performance
structure of microchannel width (50 ym) and fin width (50 gm). The results indicated that at a low Pp,;,,,, a thicker channel tended to exhibit
better thermal performance. However, at high Py, where thermal performance was improved, the optimal point was attained at a thinner
structure with a thickness of 75 ym. Furthermore, optimization of the etching process successfully eliminated micropillars formed when a large

amount of SiC was etched, resulting in a smooth pillar-free microchannel structure.
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1. Introduction

Advancements in wireless communication technologies and the
development of long-range detection radar systems have significantly
expanded the radio frequency (RF) market. Among the critical com-
ponents driving this growth, high-power amplifiers (HPAs) play a vi-
tal role in enabling long-range transmission. Gallium nitride (GaN)
has emerged as a highly suitable material for RF HPAs owing to its
exceptional material properties, including high breakdown field, high
carrier concentration, and excellent electron mobility. These charac-
teristics make GaN-based devices ideal for satisfying the stringent de-
mands of high-power RF applications [1-3]. Consequently, substan-
tial research has been devoted to the development and optimization of
GaN-based power amplifiers [4-8]. Their ability to operate efficiently
at high frequencies and high-power levels is promising for modern RF
system designs. However, the high-power operation of these devices
inevitably causes significant thermal challenges [9,10]. The dissipa-
tion of excess heat generated during operation limits its optimal per-
formance and reliability [11]. Consequently, improving the thermal
management of GaN-based power amplifiers has become an area of
interest in both academic and industrial research.

Traditional cooling methods for RF devices often rely on indirect
approaches, such as cold plates or forced air cooling to manage thermal
loads [12-14]. Building on Tuckerman and Pease’s pioneering work on
microchannels, researchers have explored direct cooling strategies to
minimize the conduction thermal resistance by embedding microchan-
nels directly into device substrates [15-19]. Recent studies focused
on manifold microchannel designs to achieve uniform heat dissipa-
tion and reduce pressure drops by optimizing fluid flow paths [20-
22]. However, these high-performance thermal management struc-
tures have been applied to automotive power converters and data-
center computing systems, with limited adaptation to RF devices. The
compact size of the RF power amplifiers necessitates new design prin-
ciples for implementing direct cooling systems. Additionally, the dis-
tinct geometry of the heat-generating areas in RF power amplifiers,
compared with other power semiconductors, requires thermal man-
agement solutions tailored to their unique characteristics.

In this study, computational simulations were conducted to eval-
uate thermal performance improvements in manifold microchannels
specifically designed for RF power amplifiers. An RF GaN high elec-
tron mobility transistor (HEMT) power amplifier was used as a model
to analyze the thermal and hydraulic performances across the three
embedded microchannel designs with various channel configurations.

@ 0ee

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://crea-
tivecommons.org/licenses/by-nc-nd/4.0/) which permits non-commercial use, distribution and reproduction in any medium without al-
teration, provided that the original work is properly cited.


https://doi.org/10.5757/ASCT.2025.34.1.16
https://crossmark.crossref.org/dialog/?doi=10.5757/ASCT.2025.34.1.16&domain=pdf&date_stamp=2025-01-30
https://orcid.org/0000-0003-4719-3076
https://orcid.org/0000-0001-5770-6387
https://orcid.org/0009-0001-4301-466x
https://orcid.org/0000-0002-5566-3050
https://orcid.org/0000-0003-3937-8257
https://orcid.org/0000-0001-5961-6393
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Applied Science and Convergence Technology

http://www.e-asct.org

(a)

Fluid out

é/;’-’

P
”7%

(b) Kean = 140 W/mK

Fluig in
ks =270 WIMK  ~

Fluid out
/

Fluid in

Figure 1. (a) The detailed device structure used for computational fluid dynamics
simulation. (b) Overall view of the computational fluid dynamics structure and
material properties.

In addition, a GaN HEMT power amplifier with an integrated mi-
crochannel structure is fabricated to assess the practical manufactura-
bility and performance of different channel configurations, providing
valuable insights into the feasibility of implementing such designs in
RF devices.

2. Method

2.1. Thermal hydraulic modeling

Computational fluid dynamics simulations were performed using
ANSYS Fluent v19.2. Figure 1 shows a schematic of the simulation
setup. The RF GaN HEMT power amplifier was modeled with a total
gate width of 4.8 mm, comprising 40 gates, each with a unit gate width
of 120 pm, based on a single transistor bar. Heat generation was as-
sumed to occur in the depletion region between the gate and source,
with a gate length of 0.5 um, as referenced in [23,24]. The die size
was set to 4.5 mm x 3.0 mm to account for the bonding area required
for practical fabrication. Two analyses were conducted to optimize the
thermal performance: one examined the effect of channel width (W ,)
variations on the thermal performance, and the other focused on opti-
mizing the performance with respect to the silicon carbide (SiC) sub-
strate thickness (fgc). The channel width was varied from 50 to 200
pm, while all other parameters were held constant. The fg;c was ini-
tially set to 100 xm and the thermal performance of various channel
designs was compared. Based on the W, = 100 pzm channel struc-
ture, substrate thickness optimization was performed. The detailed
geometrical parameters are summarized in the Table I. Here, the fin
width (Wyg,,), the microchannel height (H,), and the microchannel
length (L,) are represented. Additionally, the GaN thickness (tgan)»
the manifold width of the package (W ,,,;), and the manifold height
(H pani) are also represented.

Table I. Geometrical parameters of the manifold microchannel structure in gm.
Wen Win  Ha Ley tsic fGan Winani Huani
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Figure 2. Etching process of SiC microchannel.

A mass-flow inlet boundary condition was applied to the inlet, de-
fined by a volumetric flow rate (Q) ranging from 10 to 50 ml/min, and
the pressure P outlet was set to 0 kPa. A constant heat flux (¢”) of 25.6
kW/cm? was applied to the active area (1.56 mm x 0.12 mm). The
turbulence model was selected based on prior studies, with the k-¢
model and enhanced wall treatment employed, as it is well-suited for
manifold microchannel structures [25,26].

The analysis results were evaluated based on the maximum chip
temperature and pumping power, with the pumping power (Ppymp)
calculated as the product of the volumetric flow rate and pressure dif-
ference.

Ppump = O X AP (1)

2.2. Fabrication of embedded channel on SiC sub-
strate

Based on a computational study, a GaN HEMT device with an em-
bedded microchannel structure was fabricated. The fabrication pro-
cess is illustrated in Fig. 2. First, the device was mounted on a car-
rier wafer using wax to ensure protection, and the SiC substrate was
ground to a thickness of 200 pm. Thereafter, the residual particles
were cleaned sequentially with acetone, isopropyl alcohol, and deion-
ized (DI) water, followed by additional cleaning via ashing and DI
water cleaning. For electroplating, a base metal layer of Ti/Au (3/8
nm) was deposited via e-beam evaporation. The microchannel was
patterned using photolithography, followed by nickel electroplating.
The photoresist was removed in the following sequence: Acetone, iso-
propyl alcohol, DI water, ashing, and DI water. The SiC was etched
using inductively coupled plasma dry etching with sulfur hexafluoride
(SEg) gas. The etch steps were varied as follows: 100 pm (1 step), 10
pm (10 steps), and 5 pm (20 steps). After etching, Ni was removed
using a nitric acid:DI water solution (1:2 ratio), Au was removed us-
ing an Au etchant, and Ti was removed using a buffer oxide etchant:DI
water solution (6:1 ratio). Finally, the etching residues were removed
through ultrasonic cleaning in a hydrochloric acid:DI water solution
(1:2 ratio), and the carrier wafer was detached using a hot plate.
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Figure 3. Thermal performance analysis results based on W, variation.

3. Results and discussion

330

Pourp 6.0 MW
310 Poump 19.1 MW
o = Py, 42.7 MW
2. 200 m= P, 80.7mW
O Q
-
2 |
£ °
2 20 o
£ 8. @] e @ o
2 o * o
2 230 o] o
=
O 210}
190
0 25 50 75 100 125 150 175

SiC thickness [pm]

Figure 5. Analysis of optimal substrate thickness based on thermal performance.

Figure 4 shows the fluid velocity contour for the case with W, =

50 and 200 pm at Py, of 80.7 - 90.4 mW. The contour indicates

that the fluid directly impinges below the heat-generating region of

3.1. Result of thermal performance with various flowrate the RF power amplifier, which features a narrow and elongated heat-

Figure 3 shows the results of the thermal performance analysis of
the manifold microchannel-embedded RF device based on W, and
Poump- Using this manifold microchannel cooling structure, the oper-
ating temperature could be maintained below 225 °C under high-heat-
generation conditions. Atlower Py, levels, the thermal performance
improved significantly; however, as Py, increased to higher levels,
the improvement in thermal performance became negligible, despite
a substantial increase in the flowrate. For the same Py, smaller
W, values indicated better performance. This is because a smaller
channel width increases the heat exchange surface area, thereby im-
proving efficiency. Moreover, a smaller channel width causes an in-
crease in flow velocity, which enhances the impingement effect on the
heat-generated region. Ata Ppyp, of 80 -~ 90 mW, where thermal per-
formance has saturated, the device shows a temperature difference of
28.3 °C between W, of 50 and 200 pm.
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Figure 4. Hot spot impingement effect based on channel width. Fluid velocity
contour of (a) W, =50 gm and (b) Wy, =200 pm.

dissipation area that enhances thermal performance. At the maximum
velocity in the microchannel, where impingement was induced by the
manifold wall increased from 12.4 to 13.8 m/s, the device temperature
dropped from 247.7 to 219.4 °C, owing to increased Py, contributes
to the variation in thermal performance.

Figure 5 shows the thermal performance optimization results for a
microchannel with W, = 50 pm and Wy, = 50 pm as a function of
the SiC substrate thickness. The analysis was conducted with substrate
thicknesses ranging from 25 to 150 im, and the Py, was varied from
6.0 to 80.7 mW. For a lower Py, which corresponds to a lower ther-
mal performance, optimal thermal performance was achieved with a
thicker substrate. However, for higher Py, which corresponds to

Figure 6. (a) SEM image of micropipe and micro pillar. (b) SEM image for EDS
analysis and (c) EDS result.
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Etch step : 5 pm

Figure 7. Microchannel optical image of (a) etch step = 100 um, (b) 10 um, and
(c)5 pm.

better thermal performance, optimal performance was observed with
a thinner substrate (f5;c = 100 pm). The temperature reduction ow-
ing to an increase in fgic had a significant impact at a low Py, of
0.8 mW. At Py, levels above 6 mW, when £ exceeds 100 pm, the
temperature difference was observed to be less than 1 °C.

3.2. Fabrication of embedded microchannel GaN
HEMT transistor

Figure 6 shows the micropillars formed during fabrication. Fig-
ure 6(a) shows that the etching by-products accumulated in the mi-
cropipes, forming micropillars. During the etching process, the SFgq
gas used for etching becomes concentrated in the micropipes, causing
the temperature to increase further in these regions. This causes an
increase in the etching rate. Excessive byproducts generated at higher
etch rates accumulate in the micropipes, forming structures resem-
bling micropillars. The detailed mechanism of micropillar formation
is explained in the study by Okamoto et al. [27]. Figure 6(b) displays
a scanning electron microscope (SEM) image of micropillar and Fig.
6(c) shows the results of energy-dispersive X-ray spectroscopy (EDS)
analysis performed to identify the composition of the micropillars.
The EDS analysis revealed that the micropillars were composed of Si,
C, and F, indicating that they were impurities formed by the reaction of
SiC and F during the etching of SiC, which is consistent with the find-
ings of Okamoto’s research. The number of etching steps was increased
to suppress the formation of micropillars. Between steps, the Descum
process was conducted to clean the excessively generated byproducts,
and sufficient time was allowed for the device to cool.

Figure 7(a) presents optical microscopy images of the GaN HEMT
device depending on the etching step. The sample was fabricated un-

Figure 8. (a) Measurement of channel width and fin width using top-view SEM
image. (b) Measurement of SiC substrate height and channel height using side-
view SEM image.

der the original etching conditions, resulting in the formation of mi-
cropillars. Figure 7(b) shows an image etched in steps of 10 ym, while
Fig. 7(c) shows an image etched in steps of 5 um. By increasing the
etching step and frequently performing the descending process, the
formation of micropillars was effectively suppressed. Figure 8 shows
the SEM images of the final GaN-on-SiC HEMT device with a mi-
crochannel structure. In particular, Fig. 8(a) shows that the fabricated
microchannel achieved a W, of 97 - 99 um and a Wy, of 50 - 52
pm, while Fig. 8(b) confirms an H, of 91 - 92 ym and a tg;c of 101 -
103 pm. These results demonstrate that the microchannels were fab-
ricated with the desired dimensions, ensuring effective integration of
the microchannel structure into the GaN HEMT device.

4. Conclusions

In this study, a thermal performance analysis and manufactura-
bility validation were conducted to develop a manifold microchannel
structure on a GaN-on-SiC device. Thermal-hydraulic optimization
focuses on variations in the channel width and substrate thickness.
The analysis revealed that smaller W, values enhanced the thermal
performance of the same Py, owing to the increased heat exchange
area between the fluid and device. Manufacturability was evaluated
for the embedded manifold microchannel structures in GaN HEMT
RF amplifiers. During fabrication, larger etching steps were found to
cause etching byproducts to accumulate in the micropipes, resulting
in micropillar formation. Pillar-free microchannels were successfully
fabricated by optimizing etching steps. The fabricated device con-
firmed that the design parameters derived from the analysis were im-
plemented accurately, validating the proposed design and fabrication
methodology.
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