Monolithically Integrated GaN Power and RF ICs on 150mm Poly-AIN for Envelope
Tracking Power Amplifier Applications

Chong Rong Huang!, Hsien-Chin Chiu!, Chia-Hao Liu', Hsiang-Chun Wang', Hsuan-Ling Kao',
Ming Chin Chen?, Chia Cheng Liu?, Vladimir Odnoblyudov?
'Department of Electronics Engineering, Chang Gung University, Taiwan, R.O.C.
2RF & Power Device Div., Microelectronic Device Center, Unikorn Semiconductor Corporation,
Hsinchu, Taiwan
3Qromis, Inc., Santa Clara, CA 95051, U.S.A.

TEL: +886-3-2118800 # 3645

Email: hcchiu@mail.cgu.edu.tw

Index Terms—Back barrier (B/B) layer, high thermal conductivity, QST substrate.

Abstract

This is the first comprehensive study on
monolithically integrated GaN power and radio frequency
(RF) integrated circuits (ICs) on GaN-on-poly-AIN
(QST™) substrates. GaN power and RF ICs integration
was feasible due to the reduced parasitics, thermally
matched substrate of poly-AIN, high thermal
conductivity, high mechanical strength, as well as the
optimized GaN layer structure designs. The E/D-mode
GaN low-voltage logic device and E-mode power device
were realized to implement the soft-switching buck-
converter. A 0.25-pm gate length T-shaped gate GaN RF
high-electron-mobility transistor was adopted for the
high-output power stage. Monolithically integrated GaN
power and RF ICs on QST substrates results in a feasible
single envelope-tracking power-amplifier chip with high
thermal stability.

1. INTRODUCTION

GaN is widely used in high-frequency and high-power
devices. Sapphire and Si are commonly used as substrate
materials for GaN. However, the low thermal conductivity
those substrate materials limits the heat dissipation in device-
level self-heating and may reduce the reliability and longevity
of a device. Thus, for many applications, replacement
substrates such as SiC or GaN are used to improve device
performance; however, the high cost of these two substrates
remains problematic.

The poly-AIN substrate has been proven to be a
promising technology for GaN power integrated circuits (ICs)
due to its high thermal dissipation efficiency and high
mechanical strength. However, the combination of GaN with
silicon-on-insulator technology for radio frequency (RF)
applications was demonstrated recently, and the combination
is similar to the combination of GaN with Qromis substrate
technology (QST) substrates. The QST substrate consists of a
polycrystalline ceramic core (poly-AIN) that is covered by
several encapsulation layers on top of which is a SiO, bonding
layer and a single crystalline Si layer, which serves as the
nucleation layer for the growth of metal organic chemical

vapor deposition (MOCVD) [1]. By using a back-barrier
design and Fe[2-3] + C[4-5] buffer doping optimization, we
demonstrated that RF GaN on QST for an RF power amplifier
has high thermal stability and the output power efficiency and
linearity are maintained at high-voltage operation. Based on
delay-time analysis, the QST performance at a stable
bandwidth was associated with negligible parasitic channel
delay between the GaN/Si interfaces. Thus, an all-GaN
envelope-tracking power amplifier with buck-converter
seems implementable.

II. EXPERIMENTAL PROCEDURES

The AlGaN/GaN RF high-electron-mobility transistor
(HEMT) structure was grown using MOCVD on QST and Si
substrates. The epitaxial layers were composed of a thin AIN
nucleation layer and an Fe-doped/C-doped GaN buffer layer.
A 50-nm AlposGag.osN back barrier was grown, followed by a
300-nm GaN channel layer. A 0.5-nm-thick AIN spacer layer
and a 20-nm-thick Al 24GaggsN barrier layer were deposited.
Finally, to reduce AlGaN barrier layer surface oxidation and
leakage current, a 2-nm GaN cap layer was deposited through
MOCVD. The HEMTs with high thermal dissipation
efficiency and high mechanical strength were fabricated on a
poly-AlN substrate, as illustrated in Fig. 1.
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Fig. 1.
process cross-sections of the GaN IC on the GaN-on-QST
substrate.

(a) Structure, (b) photograph, and (c) schematic



Fig. 2(a) presents the schematic cross-sections of devices.
Transmission electron microscopy (TEM) image -cross-
sections of GaN on a QST substrate and of the gate RF HEMT
are illustrated in Fig. 2(b) and (c), respectively. The RF
HEMTs had a gate length (L) of 0.25 um, a gate width (Wg)
of 50 pm, a gate-source distance (Lgs) of 0.75 um, and a gate-
drain distance (Lgp) of 2.25 pum.

Fig. 2. TEM images of the (a) device cross-section, (b)
QST substrate contact, and (c) detailed gate module.

III. RESULTS AND DISCUSSION

To study the effect of a poly-AIN substrate on the
performance of the device, we measured the Ins— Vs, Ips—Vps,
and Igs—Vgs characteristics of the devices by using Agilent
4142B, as illustrated in Fig. 3. The drain-to-source current
(Ips) and output transconductance (gn) versus gate-to-source
voltage (Vgs) at Vps was 10 V, with a Vs sweep from —5 to 2
V. The saturation currents of GaN on Si and GaN on QST
were 1067 and 906 mA/mm at Vgs =2 V and Vps =10 V,
respectively. As illustrated in Fig. 3 (b), the Si device also had
the best Ion/losr ratio and subthreshold swing (S.S.), which were
1.2 x 10° and 0.131 V/dec, respectively. The Io/Ios ratio and
S.S. of the QST device were 2.4 x 10* and 0.341 V/dec,
respectively. Fig. 3(c) depicts a comparison of the two
devices’ the on-resistance (Ron) values were 3.14 Q-mm
(Ronisi) and 3.06 Q-mm (RoniQST)~
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Fig. 3. (a) Transfer characteristics (/ps—Vgs) at Vps =10V
with a Vgs sweep from —5 to 2 V. (b) Curve of the drain (log-
scale Ips—Vas) and gate (Igs—Vgs) of the off-state leakage
current. (¢) Ips—Vps output current at a Vgs sweep from —5
to 2 V withastep of 1 V.

To investigate the large-signal linearity performance of
the device under high-frequency operation, we conducted
two-tone intermodulation distortion measurements, as
illustrated in Fig. 4. The operating fundamental frequency

was 3.5 GHz, and the tone spacing was 20 MHz at a Vps of
28 V. The output third-order intercept point (OIP3) of GaN
on QST and GaN on Si was 28.42 dBm and 27.92 dBm,
respectively. A higher OIP3 was registered in the HEMT with
GaN on a QST substrate than the HEMT with GaN on the Si
substrate. However, the transconductance linearity
contributed to the superior two-tone linearity performance of
the HEMT with GaN on a QST substrate [6]. Because of its
high thermal conductivity and high linearity, a GaN on QST
substrate is highly suitable for emerging fifth-generation (5G)
applications.
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Fig. 4. Two-tone intermodulation distortion linearity
measurements with an operating frequency of 3.5 GHz and
tone spacing of 20 MHz at a Vps of 28 V.

Temperature is a crucial consideration for device
reliability. We measured the surface temperature distribution
in both devices. The surface temperature map values in Fig.
5(a) and (b) were obtained from the IR radiation intensity, and
they determined the emissivity calibration that was performed
for the QST and Si substrate devices within 300 s at a current
of 500 mA/mm. As illustrated in Fig. 5(a) and (b), the surface
peak temperatures of the Si device ranged from 34.1 °C to
59.8 °C and those of the QST device were from 34.5 °C to
52.1 °C. The results revealed that the QST substrate was less
affected by self-heating than the Si device was. Because the
thermal conductivity of the GaN on the QST device was
higher than that of the Si device, its heat dissipation
performance was better than that of the GaN on Si device,
with the device operating at an /ps of 500 mA/mm and Vps of
10 V, as illustrated in Fig. 5(c).

To explore the influence of ambient temperature on
device characteristics, we performed variable temperature
measurements on the two devices. Fig. 5(d) shows an /ps—Vps
characteristic measured from 300 K to 375 K with a 25 K step.
The maximum saturation current at 300 K and 375 K of the
Si device was 592 mA/mm and 505 mA/mm, respectively, at
a Vps of 20 V. The current of the device was affected by
external temperature and dropped close to 15%. The current
of the QST device was 441 mA/mm and 391 mA/mm at a Vps
of 20 V and dropped close to 12%. The Ips degradation of
GaN on QST was smaller than of GaN on Si, at 3.1% when
the device was operated in a high-temperature environment



(375 K). The results in Fig. 5 indicate that the QST substrate
can be used at relatively high temperatures due to its superior
thermal conductivity.
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Fig. 5. Analysis of thermal image measurement of (a)
GaN on Si and (b) GaN on QST. (c) Analysis of thermal
behavior at an Ips of 500 mA/mm, and the (d) different /ps—
Vps characteristics at various temperatures.

Fig. 6. presents the small-signal measurements of the
QST and Si devices conducted using an Agilent network
analyzer. The measurement method involved increasing
temperature from room temperature (300 K) to 375 K with a
step of 25 K. Fig. 6 displays the maximum current gain (fr)
and maximum power gain (fmax) of the Si device at 300 K and
375 K (ft/fmax = 26/54 GHz and fr/fmax = 19.2/37.6 GHz,
respectively). The S-parameter changed 1.35/1.43 times
under the influence of temperature, with the frequency of the
device declining by 6.8/16.4 GHz. The QST device had the
following values: fr/fmax = 17.8/39 GHz and f1/fmax = 13.6/29.6
GHz. The S-parameter changed 1.30/1.31 times under the
influence of temperature, and the frequency of the device
declining by 4.2/9.4 GHz.
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Fig. 6. Small-signal characteristics at different

temperatures in GaN on Si and GaN on QST devices. (a)
Frequency (Hz). (b) Temperature (K).

Fig. 7(a) and (b) display the transfer (/ps—Vgs) and output
characteristics (Ips—Vps) of the E-mode p-GaN power HEMT.
As presented in Fig. 7(a), the Vru and the off-state drain
current value were 1.2 V and 4.15E-8 mA/mm, respectively.
The device also obtained an improved Ion/Iosr ratio and lower
S.S., which were 1.1 x 10" and 0.075 V/dec, respectively.
Next, Fig. 7(b) indicates that the maximum output current
density /max Was 451 mA/mm at a gate bias of 6 V, and the
lower on-resistance Ron was 4.6 Q-mm for the E-mode p-GaN
power HEMT. Additionally, the thermal stability was
measured from room temperature (25 °C) to 225 °C, with 50
°C steps, as displayed in Fig. 8(a) and (b). The E-mode p-GaN
power HEMT that was grown on a QST substrate exhibited
good thermal behavior due to the high thermal conductivity
of the QST substrate. Fig. 8(a) displays the transfer
characteristics at different temperatures; the off-state leakage
current and saturation current were less varied. The Vin
performance shift was investigated; as displayed in Fig. 8(b),
the Vru of the device shifted less than 0.03 V even up to a
temperature of 225 °C, which demonstrates this device’s
superior Vry stability.
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Fig. 7. (a) Transfer and (b) output characteristics of the p-

GaN gate power HEMT on the QST substrate. The device
exhibited a low Ron 0f 4.6 Q-mm, a Vi of 1.2 V, a low off-
state leakage of <1077 mA/mm, and a high Ion/Io¢ ratio of 1.1
x 1010,
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Fig. 8. (a) Transfer and (b) V'ru of the p-GaN gate power
HEMT on the QST substrate at different temperatures. The
device exhibited high thermal stability and a low Vry shift
0f 0.03 V at 225 °C.

The off-state breakdown voltage and pulse measurement
were measured and are depicted in Fig. 9(a) and (b). The
device exhibited a high off-state breakdown of 694 V at Vs



= 0 V. To analyze the trapping and detrapping effect, the
dynamic Ro, ratio of the E-mode p-GaN power HEMT was
measured using a pulse width of 2 us and a period of 200 ps.
In this work, establishing the following bias conditions was
necessary: pulse voltage (Vgs, Vps) and quiescent voltage
(Vasq, Vpsq)- The Vpsq for the device was swept from 0 to 650
V with increments of 50 V. Clearly, the device exhibited a
superior dynamic Ro, ratio, which was 1.25 times at Vpgq =
650 V.
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Fig. 9. (a) Off-state breakdown voltage and (b) dynamic
Ron characteristic of the p-GaN gate power HEMT on the
QST substrate. The device exhibited a high off-state
breakdown voltage of 694 V and a low dynamic R, ratio
of 1.25 times at V'psq =600 V.

Fig. 10. presents Vin—Vou transfer characteristics and the
switching waveform of the GaN inverter. The inverter was
measured at a V'pp bias of 5 V and switch from Vo =5 Vto 0
V.
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The inverter had good switching performance when the
Vou and VoL were 4.97 V and 0.33 V, respectively, as
displayed in Fig. 10. Additionally, the inverter measured the
switching waveforms at 100 kHz, 200 kHz, 300 kHz, 400
kHz, and 500 kHz, respectively, as displayed in Fig. 11. The
inverter operated at 100 kHz, which maintained the complete
square wave. However, the inverter also had less distortion at
500 kHz, which clearly demonstrated the functionality of this
circuit.

IV. CONCLUSIONS

The GaN on QST structure can effectively improve the
heat dissipation characteristics of a device and reduce the

influence of the high temperature generated by the device
during operation or in outdoor ambient temperatures. This
study applied the GaN on QST structure to high-frequency,
high-power, and logic device applications. Effective heat
dissipation characteristics make engineered substrates a
promising RF platform for 5G micro- or macro-cell base
stations.
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