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Abstract: Thermal dissipation is an important issue for power devices. In this work, the impact of
thermal effects on the performance of Cu electroplated GaN-based high-electron-mobility transistors
(HEMTs) are considered. Electrical, thermometry and micro-Raman characterization techniques were
used to correlate the effects of improved heat dissipation on device performance for GaN HEMTs with
different thicknesses of Si substrate (50, 100, 150 um), with and without an additional electroplated
Cu layer. GaN HEMTs on electroplated Cu on Si (<50 um) demonstrate an enhanced on/off current
ratio compared to bare Si substrate by a factor of ~400 (from 9.61 x 10° to 4.03 x 10%). Of particular
importance, surface temperature measurements reveal a much lower channel temperature for thinner

HEMT devices with electroplated Cu samples compared to those without.

Keywords: GaN; HEMT; copper electroplating; Raman thermometry

1. Introduction

Gallium nitride (GaN) is a wide-bandgap semiconductor material and is currently
being explored for state-of-the-art high-power, high-frequency and optoelectronic device
applications. This is due in part to its large electric breakdown field and the presence of a
bandgap discontinuity between GaN and AlGaN. Moreover, the existing polarization field
creates a large two-dimensional (2-D) electron gas concentration [1-4]. Following reports
of AlGaN/GaN heterostructure-based transistors on Si substrate, which hold greater po-
tential for scale-up at lower cost, rapid growth in GaN-based devices has been reported [5].
Moreover, GaN-based HEMTs with greater efficiency, higher power handling capacity and
higher density are under exploration to meet the demands of next-generation computers
and connecting networks [6]. GaN-based HEMTs also show potential for high-power
sub-millimeter wave RF and microwave applications in satellite communications includ-
ing 5G/6G technologies [7]. AlGaN/GaN heterostructure-based high-electron-mobility
transistors (HEMTs) have been widely studied for high-power and high-frequency appli-
cations due to their high electron density, high thermal stability, high drift velocity and
large electric breakdown field [8-14]. Furthermore, other high-power systems, such as
high-concentration III-V multijunction solar cells, also require efficient heat dissipation
solutions [15-17].

Unfortunately, AlGaN/GaN-based devices possess self-heating effects degrading
drain current saturation as well as transconductance, lowering overall device performance.
Reports suggest self-heating and elevated channel temperatures are linked to the transfer of
energy from electron to lattice [18-20]. Consequently, a reduction in electron mobility and
saturation velocity is expected as a result of phonon scattering [21,22]. Various methods
have been reported to aid heat dissipation by employing highly thermally conductive
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materials such as SiC and diamond. The presence of metallic impurities such as Al and
N in the case of SiC and N impurity in the case of diamond yields a rapid decrease in
thermal conductivity at higher temperatures linked to phonon scattering [23]. Another
key problem is that these substrates are not currently cost-effective and scalable; moreover,
in the case of diamond, direct deposition on GaN remains challenging. Alternatively,
composite substrates and flip chip bonding techniques with an epoxy under-fill have been
employed to reduce thermal impedance for entire wafers [24,25]. However, the existence of
hot spots in the channel region remains. In previous studies, a reduction in self-heating
via substrate transfer was reported [26,27], and heat dissipation by employing diamond
nanostructures on the device surface with moderate improvements was reported [28,29].

In most studies, local removal of the Si substrate to improve heat dissipation has been
the usual approach, but self-heating effects persist. Similar behavior has been reported
by P. Srivastva et al. [30,31]. Pvlidis et al. reported thermal measurements of HEMTs;
here, AIN was deposited on the backside of trench-etched AlGaN layers followed by Cu
(2 pm) deposition. In this case, inferior thermal performance was reported compared to
Si substrate-based devices without trenches [32]. This may be associated with increased
thermal resistance as a result of AIN deposition after Si removal. Further, highly thermally
conductive metals such as Cu were employed to fill trench structures on Si to enhance heat
dissipation and improve device performance [33,34]. Hsueh et al. reported an AlGaN/GaN
metal-insulator-semiconductor HEMT using a through-substrate via and backside metal
with low leakage current for Vg in the 0 to —10 V range [35]. However, trench filling with
Cu was not discussed. A simulation study by Hwang et al. suggested a new approach to
improve heat dissipation and reduce junction temperature of AlGaN/GaN HEMTs using
a Cu-filled via-hole under the active area of the device on Si substrate [36]. Simulations
by Jang et al. consider the performance optimization of AlGaN/GaN HEMT devices
through Cu-filled trench structures [37]. Recently, in another study [38-42], a GaN/Si
HEMT with improvements in drain current saturation and transconductance with a sta-
ble threshold voltage using Cu-filled trenches (Si substrate) or nanocrystalline diamond
capping layers was reported. Although thin epilayers of AlGaN/GaN HEMTs on Cu have
been reported [43,44], the transfer of a 3 um thick GaN layer grown on silicon can yield
high-stress gradients arising from a large lattice and thermal mismatch and thus eventual
cracking. One potential solution to improve fabrication yield is to leave a partial Si layer on
the epilayer itself. However, the effect of Si substrate thickness with an electroplated Cu
layer on HEMT performance was not studied.

This work discusses the utilization of an AlIGaN/GaN HEMT device with an electro-
plated thick Cu layer instead of a locally removed Si substrate. Table 1 shows the thermal
conductivity and thermal expansion coefficients of Si and Cu. However, the influence of the
remaining Si substrate thickness or complete substrate removal on device characteristics
was not studied. In this study, the GaN/AlGaN HEMT devices with different Si substrate
thicknesses before and after Cu electroplating were investigated.

Table 1. Thermal conductivity and thermal expansion coefficients of Si and Cu.

Material Si Cu
Thermal conductivity coefficient (W/m.K) 135 386
Thermal expansion coefficient (1/K) x 106 2.6 16.7

2. Experimental Details
2.1. HEMT Device Fabrication

GaN/AlGaN HEMT epilayers were grown on 6-inch Si (111) substrate by metal organic
chemical vapor deposition (MOCVD). The device structure consists of GaN (1-3 nm),
AlGaN (25-28 nm) and a buffer layer with a combined thickness of 5.5 um, shown in
Figure 1a. After epitaxial growth, the mobility, channel density and sheet resistivity were
1550 cm?2/V.s, 9 x 1012/cm? and 550 O/ obtained by Hall effect measurement. This first
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step was performed by mesa etching using an inductively coupled plasma reactive ion
etching (ICP-RIE) system, as shown in Figure 1b. The etching parameters were ICP power
350 W and RF power 40 W using Ar, Cl and SiCly with flow rates of 25 sccm, 8 scem and
7 sccm, respectively. The source (S) and drain (D) electrodes were fabricated by depositing
a Ti/Al/Ni/Au metal stack of 30/180/40/100 nm thickness using E-beam evaporation, as
shown in Figure 1c. Thereafter, rapid thermal annealing (RTA) was performed at 850 °C
for 60 s in a nitrogen atmosphere to obtain Ohmic characteristics for the source/GaN cap
layer/drain. In subsequent steps shown in Figure 1d, a 20 nm thin Al,O3 gate oxide layer
was deposited by atomic layer deposition at 250 °C using trimethylaluminum and H,O.
A pattern was then developed to open the source and drain contact. Then, ICP-RIE was
used for Al,O3 etching. For the gate electrode, a Ni/ Au stack of 25/1150 nm thickness was
deposited by an E-beam evaporation system. SiNy was then deposited as a passivation
layer, and a contact pad pattern was developed. ICP-RIE was used to etch SiNy for S,
D and G metal contacts, shown in Figure le. Finally, the contact metals for S, D and G
were deposited; an optical microscope image of the fabricated HEMT device is shown in
Figure 1f. The optimized Ohmic contact parameters have been studied in detail by machine
learning [45].

(b) () [ s

Cap GaN

GaN
Buffer layer

GaN

Buffer layer Buffer layer

Cap GaN Cap GaN

GaN GaN

Figure 1. Flowchart of fabrication of heterostructure HEMT device: (a) device structure, (b) mesa
etching using ICPRIE, (c) deposition source (S) and drain (D) electrodes, (d) Al,O3 gate oxide layer
deposition, (e) deposition of gate electrode, then SiNy as a passivation layer and open S, D, G
electrodes, and (f) optical microscope image of the fabricated HEMT device.

2.2. Electroplating of Cu on Backside of HEMT Device

The complete backside process is shown in Figure 2. The fabricated device on the Si
substrate was first bonded to sapphire using a template adhesive layer from the device
side, as shown in Figure 2b. Then, the Si substrate was reduced to 150 pm by grinding
to reduce the etching time. To obtain precise control of Si thickness, thinning of the Si
substrate was realized by wet chemical treatment, as shown in Figure 2c. The chemical
etchant contained hydrochloric acid (HCI), nitric acid (HNO3) and acetic acid (CH;COOH).
Four different samples of Si substrate thickness of 150, 100, 50 pm and 0 pm (Si completely
removed) were prepared at an etching rate of 5 pm/min. The thicknesses of Si substrates
were confirmed by cross-sectional measurements using an optical microscope. As the Si
substrate was completely removed, the sample color changed from grey to transparent.
Prior to Cu electroplating, a seed layer of Cr/Au of 60/100 nm thickness was deposited
by thermal evaporation, as shown in Figure 2d. The Cu permanent substrate with 50 pm
thickness was deposited by electroplating at a rate of 15um/h as shown in Figure 2e. After
electroplating, samples were immersed in an anti-fogging solution for 15 s to prevent
copper oxidization. The carrier substrate (sapphire) was then removed, and the samples
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were immersed in acetone to dissolve the adhesive layer, as shown in Figure 2f. Finally,
the samples were cleaned, rinsed and dried using a standard process to remove chemical
residue. Note that there was no damage observed from the adhesion layer between the
device and the sapphire substrate. Figure 2g,h show optical microscope images of the front
and back sides of the HEMT device after Cu electroplating, respectively.

Grinding + Etching

o 111

(b)

o g = R
Sapphire carrier Sapphire carrier

(d)

CIIAU

Temporary bonding Grind and etch Si
onto sapphire carrier substrate to different
with adhesion layer thickness

(e) Cr/Au ) Cr/Au

Deposit Cr/Au
as seed layer

Buffer layer

layer .
Sapphire carrier

Buffer layer

Buffer layer ‘

Sapphire carrier spe';:_:nc aay?,—
rri
Electroplate Cu on Remove the carrier il
top of seed layer and adhesion layer

Figure 2. Process flowchart of backside heat dissipation structure: (a) device facing down, (b) device
side bonded to sapphire using a template adhesive layer, (c) reducing Si substrate to 150 um by
grinding and chemical etching, (d) seed layer using Cr/Au deposition, (e) electroplating the Cu
permanent substrate, (f) removing the carrier substrate (sapphire), (g) face-up view of the final device
and (h) face-down view of the final substrate.

After processing, electrical characterization was performed using an Agilent B1505A
power device analyzer at room temperature. The transmission length method was uti-
lized to extract parameters related to material resistance and Ohmic contacts. Infrared
thermal imaging was used to measure the device’s surface temperature. The stress of GaN
HEMTs with different thicknesses before and after electroplating was measured by Raman
spectroscopy (LABRAM HR 800 UV, Horiba/Jobin-Yvon, Longjumeau, France) at room
temperature. The excitation wavelength was 488 nm (argon laser). In order to avoid the
effect of epilayer quality, samples were prepared using the same epi-wafer for comparison
before and after backside processing.

3. Results
3.1. Electrical Characteristics of HEMT Devices with and without Electroplated Cu

The detailed DC characteristics of fabricated GaN/AlGaN HEMT devices before and
after the backside process were studied by measuring Ips and |Igs| as a function of Vgs.
Here, the Ips and |Igg | were normalized for a gate width of 80 um, and device dimensions
are shown in Figure 1f. Figure 3a,b illustrate the Ipg-Vgs measurements at Vpg = 4 for
samples with only a 50 pm thick Cu substrate and for those on 50 pm thick Si substrate
before and after the backside process (BSP), i.e., in comparison with electroplated Cu
layers. For samples where the Si substrate was completely etched away, leakage current
dropped to ~10~°> mA/mm, as shown in Figure 3a. The authors note that HEMT transfer
characteristics shown in Figure 3a prior to the backside process cannot be measured owing
to the remaining GaN HEMT epilayer being <6 um (it was too thin to measure). A two-
order drop in leakage current from 10~% mA/mm to <107® mA/mm and an increment
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in the switching ratio from 9.61 x 10° to 4.03 x 10% can be observed in Figure 3b for
samples with a 50 pm thick Si substrate before and after Cu plating, respectively. Here,
Ips values are affected not only by self-heating, but also by HEMT epilayer stress. The
epilayers were designed to have compressive stress during growth and are counterbalanced
by Si substrate stress during post-growth cooldown. As the Si substrate is removed, the
GaN HEMT epilayer can return to a compressive stress state. Although the epilayer was
electroplated with Cu, the tensile stress of the GaN epilayer should be smaller than that of
GaN on a Si substrate with a Cu film. Consequently, the Ipg (shown in Figure 3a) of the
GaN HEMT solely with Cu metal was smaller than that (shown in Figure 3b,c) of a GaN
HEMT with combined Si and Cu metal substrates. For samples with 100 um and 150 pm
of Si substrate before and after Cu plating, leakage current did not decrease significantly;
moreover, current switching was maintained at around 107, as shown in Figure 3¢,d. In
terms of |Igs |, these values ranged from 107 to 1078 mA/mm as Vg was less than 0 V
for all samples. Even for a positive applied Vs, measured values were <10~° mA /mm for
all samples.

10°F ' ‘ ‘ 107 ' '
40' | (2) Cu substrate 10" 1(b) Si 50 ym + Cu
0 10° F—=—1_, (before process)
E 100 ’é‘ 10" p—=—1_, (after process)
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Figure 3. Ipg and |Igg | as functions of Vg of HEMT device before and after Cu plating substrates (a)
after complete removal of Si substrate and with (b) 50 pm, (¢) 100 um and (d) 150 um of Si substrate.

For comparison, the Ipg—Vgs measurements for all four samples with electroplated Cu
on different Si substrate thicknesses are shown in Figure 4. The lowest leakage current was
observed for Cu electroplated on a 50 um Si substrate. Furthermore, the device threshold
voltage (Vy,) after removal of the Si substrate was on the right side compared to devices
with different Si substrate thicknesses on Cu substrates. For devices on 650 um thick Si
substrate (before BSP), Vy, was approximately —3 V. After thinning and electroplating with
Cu, Vg, was —8, —7 and —6 V for HEMTs with Si thicknesses of 150 um, 100 pum and 50 pum,
respectively. Moreover, Vy, recovered to —5 V for the HEMT with only a Cu substrate.
Threshold voltage increased from —8 V to —6 V with Si substrate thinning and recovered
to —5V after Si substrate removal. This may be attributable to residual stress variations
and will be discussed in the Raman measurement section.
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Figure 4. Ips—V g device characteristics with Cu plating on different Si substrate thicknesses as
compared with those of original sample.

Figure 5 shows the Ip-Vpg characteristics of fabricated devices with different Si sub-
strate thicknesses before and after BSP where Vg varies from —5 V to 1 V in intervals of
1 V. After substrate etching and Cu electroplating, all samples with different Si thicknesses
and Cu substrates demonstrate an increasing trend in drain current as compared with
those without electroplated Cu. As in HEMT devices, current amplitude is impacted by
temperature variation. In this case, as channel temperature rises upon increasing voltage,
electron mobility reduces and thus current levels decrease. However, owing to enhanced
heat dissipation, drain current density is increased compared to devices without said pro-
cess. A fairly significant difference in current can be seen in Figure 5. At Vgg =1V and
Vps =9V, an increased current from 100 mA /mm to 130 mA /mm is recorded for a 50 um
Si and Cu substrate, shown in Figure 5b, representing a 30% increase in measured drain
current. For the corresponding HEMT, the Ry, value before and after Cu electroplating
was 685 () and 687 (), respectively. Likewise, for the HEMT on 100 um thick Si with
and without Cu, a current increase to 140 mA/mm from 120 mA/mm is seen, shown
in Figure 5c¢, representing a 17% increase in measured drain current. The corresponding
HEMT Ry, for a 100 um thick Si before and after Cu electroplating was 572 () and 570 (),
respectively. Furthermore, a current increase to 140 mA /mm from 130 mA /mm, shown in
Figure 5d, represents a 7% increase in measured drain current for the HEMT sample on
150 pm thick Si. The corresponding Ry, of a HEMT with 150 um thick Si before and after Cu
electroplating was 535 () and 548 (), respectively. This approach suggests Cu electroplating
can improve heat dissipation and enhance device current capability. Nevertheless, it was
found that Ron of HEMTs with different Si substrate thicknesses after Cu electroplating
can increase somewhat. It was observed that thinner Si substrates can lead to higher Ry
HEMT values, which could be attributable to stress variations impacting 2DEG density.
This point will be discussed later.
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Figure 5. Ip—Vpg characteristics before and after BSP: (a) complete removal of silicon substrate;
(b) 50 um, (c) 100 pm and (d) 150 pm thick silicon substrate with electroplating of 50um thick copper
in each case.

Clearly, thinner Si substrates can permit greater heat (resulting from device self-
heating) transfer to the more thermally conductive Cu substrate, assuming negligible
thermal boundary resistance. It is this scenario that is believed to contribute to Ipg increas-
ing after substrate thinning and Cu electroplating. It is also worth stating that individual
Ips HEMT values were different prior to electroplating due to differing Si substrate thick-
nesses impacting device self-heating and eventual heat transfer. Concerning the Ipg values,
one must consider self-heating effects and HEMT epilayer stress. As is well known, the
epilayers were designed to have compressive stress during growth, later to be balanced
by Si substrate stress during post-growth temperature cooldown. As the Si substrate was
totally removed, the GaN HEMT epilayer could return to a compressive stress condition.
Although Cu was electroplated on the epilayer, the tensile stress of the GaN epilayer is
likely smaller than that of GaN with a combined Si and Cu plated substrate. As a conse-
quence, the Ipg (shown in Figure 5a) of a GaN HEMT/Cu was smaller than that (shown in
Figure 5b,c) of a GaN HEMT/ Si/Cu configuration. The obtained result is consistent with
the observed Ry, behavior.

3.2. Impact of BSP on Thermal Dissipation in HEMT Devices

To study the effect of BSP on HEMT heat dissipation, temperature measurements for
the above samples were performed at Vpg from 0 to 210 V at Vg 0 V. The temperature as a
function of input power is shown in Figure 6. The surface temperature was observed to
increase owing to channel self-heating with increasing applied power for all devices. The
device on 150 um thick Si substrate without Cu presented the highest surface temperature.
In this case, the surface temperature increased to 105.1 °C at 1300 mW. Correspondingly,
the thin film HEMT with a Cu substrate presented the lowest surface temperature as Cu has
a high thermal conductivity (Table 1). Here, the surface temperature only reached (approx.)
55 °C. This indicates an obvious improvement in heat dissipation after Cu electroplating.
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In addition, when comparing the four electroplated samples with different Si thicknesses, it
was observed that under the same input power, the surface temperature gradually decreases
as the Si substrate becomes thinner, until the surface temperature reaches a minimum after
substrate removal. Moreover, the slopes of the temperature-power relation for devices on
Si substrate with 100 um and 150 pm thickness plated with 50 pm thick Cu were similar.
One possibility is that heat dissipation was impeded by Si being too thick, even though
the device temperature on 150 pm Si was higher than that on 100 um substrate material as
power increased to >1100 mW. This suggests that substrate thinning can also improve heat
dissipation efficiency. In any case, since Cu is an excellent thermal conductor, electroplating
Cu on the device backside aids homogeneous heat distribution, thereby reducing overall
device temperature.

120 v 1 v T v T v ) v T v )

| —=— 150 um without Cu
—=— 0 pm with Cu

" —a— 50 um with Cu

- —v— 100 um with Cu

80 L 150 um with Cu

100

60

Temperature(°C)

10 F

20 1 L L L L 1
0 200 400 600 800 1000 1200

Power (mW)

Figure 6. Temperature as a function of power for HEMT devices with different Si substrate thicknesses.

3.3. Raman Spectra of HEMT Devices with and without Electroplated Cu

It was expected that Cu electroplating would not induce stress on the fabricated de-
vices as processing occurred at room temperature. We performed Raman spectroscopy
measurements to observe the degree of change in stress caused by electroplating and its
effect on device characteristics. As shown in Figure 7, after the complete removal of the Si
substrate and electroplating, the peak position shifts to 566.25 cm !, suggesting the GaN
lattice is under tensile stress as compared with the E; peak (567 cm™!) of free-standing
GaN [46,47]. In addition, we observed the same peak position and almost the same E,
peak with and without Cu electroplating in the case of devices on 100 um and 150 pm
thick Si substrate. This indicates that the GaN/AlGaN epilayer stress was balanced by
the Si substrate with electroplated Cu metal. Additionally, for devices on 50 um thick
Si substrate, as well as for devices after complete removal of Si substrate and Cu elec-
troplating, matching peaks were observed. These results suggest that the stress mainly
derives from the thick Si substrate. It is well known that it is necessary to control stress
for GaN/AlGaN growth on Si substrate. As the Si substrate was reduced, GaN/AlGaN
stress could return to its original type, i.e., compressive stress. After electroplating with
Cu, GaN stretching becomes more pronounced. Moreover, the existence of the 2DEG in
GaN/AlGaN originates from spontaneous and piezoelectric polarization effects. When the
Si substrate is gradually thinned, epitaxial stress is gradually controlled by the electroplated
Cu. Although electroplating was processed at room temperature, there could exist stress
induced by the plating parameters. Tensile stress induced from the electroplated Cu could
increase piezoelectric polarization and Ipg. The Ipg results (Figure 5a) of the epilayer/Cu
configuration depict the smallest values of this study, suggesting there may exist some
further issues influencing Ipg that shall be clarified through further study. Finally, if Cu
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References

plating parameters can be optimized, the stress between GaN and Cu can be controlled in
much the same way as GaN and Si; such an approach is currently under investigation to
further improve device characteristics.

567cm
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3000 —
566 25cm- : : —— 150um without Cu
: ! —— Qum with Cu
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Figure 7. Raman spectra of GaN E, peak.

4. Conclusions

We have established a new process flow apart from conventional local substrate
removal methods for HEMT thermal treatment. Besides substrate removal, Cu was elec-
troplated on the sample backside to improve heat dissipation. For devices on 50 um thick
Si substrate with electroplated Cu, significant improvements in leakage current were ob-
served; the Ion /I ratio increased from 9.61 x 10° to 4.03 x 108. When the Si substrate was
<50 pm including the use of Cu, the surface temperature was reduced to 55 °C at a device
operating power of 1300 mW. It was also observed that substrate thinning contributes
to stress relief while stress from Cu may still affect device performance. These results
suggest that substrate thinning and Cu electroplating can be an efficient way to improve
heat dissipation and enhance the performance of AlIGaN/GaN—based devices.
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