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Abstract: The development of an AlIGaN/GaN HEMT power MMIC on SI-SiC designed in microstrip technology is pres-

ented. A recessed-gate and a field-plate are used in the device processing to improve the performance of the AlGaN/GaN

HEMTs. S-parameter measurements show that the frequency performance of the AlGaN/GaN HEMTs depends signifi-

cantly on the operating voltage. Higher operating voltage is a key to higher power gain for the AIGaN/GaN HEMTs. The

developed 2-stage power MMIC delivers an output power of more than 10W with over 12dB power gain across the band of
9~11GHz at a drain bias of 30V. Peak output power inside the band reaches 14.7W with a power gain of 13. 7dB and a
PAE of 23% .The MMIC chip size is only 2. 0omm X 1. Imm. This work shows superiority over previously reported X-band

AlGaN/GaN HEMT power MMICs in output power per millimeter gate width and output power per unit chip size.
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1 Introduction

AlGaN/GaN high electron mobility transistors
(HEMTs) are promising for next generation high
power and high frequency applications due to the ex-
cellent transport properties of AlGaN/GaN hetero-
structure grown on SI-SiC substrate. Key features are
that AlGaN/GaN HEMTs can deliver high output
power density, operate at high voltages, and show
high output impedance,which is important for higher
output power level, higher power-added efficiency,
and wide-band matching, respectively. Power mono-
lithic microwave integrated circuits (MMIC) are an
important kind of solid-state microwave power device
due to their smaller size, higher uniformity, higher
power reliability. AlGaN/GaN
HEMT MMICs have received rapidly growing interest

[1~4]

gain, and higher

in the research community
[1.3.4]

. Usually microstrip
technology
technology'®' are used to design power MMICs. Com-
pared with CPW technology, AlGaN/GaN HEMT
MMICs designed in microstrip technology, which is
widely used in the design of GaAs power MMICs,

and coplanar wave guide (CPW)

have much smaller chip size and simpler RF ground-
ing schemes. In this paper, a microstrip two-stage
high-power AlGaN/GaN HEMT MMIC is presented
that operates between 9.0 and 11. 0GHz with more
than a 12dB power gain,and has a 14. 7W peak pulsed
output power inside the band and a chip size of only
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2.2mm?®.

2 Frequency performances of AlGaN/
GaN HEMTs

The MMIC process has been reported previous-
ly'"". The AlGaN/GaN epitaxial layers are grown on
SI-SiC substrate. A recessed-gate and a field-plate are
used in AlGaN/GaN HEMTs processing to improve
device performance. Via-hole grounding is realized
using inductively-coupled plasma (ICP) reactive ion
etching. The gate length is 0. 35;m and the field-plate
is chosen to be 0. 5ym to balance the power and fre-
quency performances. The pinch-off voltage of the
AlGaN/GaN HEMTs is about — 2. 0V.The S-parame-
ter measurement is used to evaluate the frequency
performance of the developed AlGaN/GaN HEMTs
with a gate-width of 0. Zmm. Figures 1 and 2 show the
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Fig.1 Variation of C, with drain voltage at different gate
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variation of C, and C, with drain voltage at differ-
ent gate biases, respectively. As drain voltage increa-
ses, Cy decreases rapidly but C, increases gradually.
The deep extension of the high-field region toward
the drain electrode leads to the deep decrease of
Cu™.

The variations of current gain cut-off frequency
fr and maximum oscillation frequency fyax with drain
voltage at different gate biases are given in Figs.3 and
4,respectively. As drain voltage increases around the
normal gate bias of about — 1.2V, f; decreases while
fumax increases rapidly.

The analysis of the variation of frequency per-
formance with drain voltage suggests that higher op-
erating voltage is a key to higher power gain for
AlGaN/GaN HEMTs.
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Fig.5 Photograph of the developed AlGaN/GaN HEMT pow-
er MMIC

3 Circuit design of the AlGaN/GaN

HEMT power MMIC

The AlGaN/GaN HEMT power MMIC is de-
signed in microstrip technology as a two-stage ampli-
fier based on 4 transistors with 6 X 100pm gate width
as the output stage and one transistor with 8 X 125pm
gate width as the driving stage. Figure 5 shows the
photograph of the developed AlGaN/GaN HEMT
power MMIC. The chip size is only 2. 0Omm X 1. Imm.
The thickness of the chip is 0. 8mm. The MMIC de-
sign is based on S-parameter measurements and load-
pull measurements of the unit cell AlGaN/GaN
HEMTs. The output matching circuit is optimized for
maximum output power in the frequency range from
8.5 to 11. 5GHz. In the gate bias networks, resistors
are used to improve decoupling. Resistors in the
MMIC are realized using an active layer of the epitax-
ial structure.

4 Results and discussion

The developed MMIC chip is attached to a cop-
per carrier for RF performance measurements. The
CW measured S-parameters of the X-band MMIC at a
drain bias of 15V is illustrated in Fig. 6. Power per-
formances of the MMIC are measured in pulsed-
mode. The pulse width and the duty cycle are 100us
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Fig.6 CW measured S-parameters of the X-band MMIC at a
drain bias of 15V
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Fig.7 Pulsed output power as a function of frequency at dif-
ferent input power levels and a drain bias of 30V P, >40dBm
across the band of 9~11GHz

and 10%,, respectively. Figure 7 presents the pulsed
output power as a function of frequency with differ-
ent input power levels under 30V operating voltage.
The X-band MMIC delivers greater than 10W output
power across the band of 9~11GHz when the input
power level is 28dBm. The MMIC demonstrates a
small signal gain of more than 17.2dB at an input
power level of 10dBm inside 9 ~11GHz. Compared
with the result from Fig. 6, the developed MMIC re-
veals higher small signal gain in pulsed-mode opera-
tion. Pulsed output power performance of the X-band
MMIC as a function of input power levels a 10. 4GHz
is illustrated in Fig. 8. The developed MMIC exhibits a
maximum output power of 14.7W and a power gain
of 13.7dB at an input power level of 28dBm and a
drain voltage of 30V.

The output power leads to a power density of
6. 1W/mm at the MMIC level and a power density of
7.6W/mm at the transistor level, which is close to the
results of discrete AlGaN/GaN HEMTs®'. In this
case,the small signal gain is about 18. 5dB,the associ-
ated power-added efficiency (PAE) is 23% , and the
MMIC is at about 5dB gain compression. Considering
the 2. 2mm? chip size, the output power per unit chip
size reaches 6. 68 W/mm®. A comparison of perform-
ances of X-band AIGaN/GaN HEMT MMICs is given
in Table 1. This work shows superiority in output
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Fig.8 Pulsed output power performances of the X-band MMIC
as a function of input power level at 10. 4GHz and a drain volt-
age of 30V P, =41.7dBm (14.7W)

power per millimeter gate width and output power per
unit chip size.

5 Conclusion

An AlGaN/GaN HEMT power MMIC designed
in microstrip technology on SI-SiC substrate is presen-
ted. The chip size is only 2. Omm X 1. Imm. S-parame-
ter measurements show that frequency performances
of the AlGaN/GaN HEMTs depend significantly on
operating voltage. Higher operating voltage is a key to
higher power gain for the AlIGaN/GaN HEMTs. The
developed two-stage MMIC operates across the band
of 9~11GHz and delivers a peak pulsed output power
of 14. 7W with a power gain of 13. 7dB and a PAE of
23% at 10.4GHz and 30V operating voltage. Com-
pared with previously reported results of X-band
AlGaN/GaN HEMT power MMICs, this work shows
superiority in output power per millimeter gate width
and output power per unit chip size.
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Table 1 Comparison of performances of X-band AlGaN/GaN HEMT MMICs
Reference Pout Gp PAE Frequency Drain Chip size P oy density Pou density Measurement
/W /dB /% /GHz bias/V /(mm X mm) /(W/mm) /(W/mm?) condition
[4] 25.4 14.8 21 10 30 3%X4.5 2.23 1.88 508,10%
[1] 20 18 30 9.5 35 3 x4 5.0 1.67 100ps,10%
[3] 20 12 25 10 40 4.5%X3 4.16 1.48 100us,10%
[5] 19 11.75 43 10 23.5 4.75 Pulse-mode
This work 14.7 13.7 23 10.4 30 2x1.1 6.12 6.68 100ps,10%




1030 Fo5 k% R %29 %

GaN HEMTs for 20W and 43% PAE X-band MMIC amplifiers.
IEDM Technical Digest,2006
[6] Chen T S,Wang X L,Jiao G, et al. Recessed-gate AlGaN/GaN
HEMTs with field-modulating plate. Chinese Journal of Semicon-
ductors,2007,28(Suppl) :398(in Chinese) [ F & Ik, T ess, SN,
S IR S 9 AR 254 AlGaN/GaN HEMT. 2 & k22 4} . 2007,
2811 :398]
Chen T S, Zhang B, Jiao G, et al. X-band 11W AlGaN/GaN
HEMT power MMICs. Proceedings of the 2nd European Micro-
wave Integrated Circuits Conference, Munich, Germany, 2007
162
[ 8] Okamoto Y,Ando Y,Nakayama T,et al. High-power recessed-
gate AlGaN-GaN HFET with a field-modulating plate. IEEE
Trans Electron Devices,2001,51(12) 2217

References

[17] Schuh P, Leberer R, Sledzik H,et al. 20W GaN HPAs for next
generation X-band T/R-modules. IEEE MTT-S Digest,2006:726

[ 2] Klockenhoff H,Behtash R, Wuirfl J,et al. A compact 16 watt X-
band GaN-MMIC power amplifier. IEEE MTT-S Digest, 2006 (7]
1846

[ 3] Van Raay F,Quay R,Kiefer R,et al. X-band high-power micros-
trip AIGaN/GaN HEMT amplifier MMICs. IEEE MTT-S Digest,
2006:1368

[ 4] Fanning D M, Witkowki L C,Lee C.et al.25W X-band GaN on Si
MMIC. GaAs MANTECH Conf Proc,2005.:227

[5] MoonlJ S,Wong D, Antcliffe M, et al. High PAE 1mm AlGaN/

14W X ik & AlIGaN/GaN HEMT Ifj % MMIC

BEE Kk B AT B RN HEH K Kk
Rt B P P57 4 S o i S M R T S0 B0 ER 210016)

WE: il TG SIC #1 K AIGaN/GaN HEMT fif 7 45 ¥4 f 3 21 % MMIC, itk B T 20 5% F M4 Al 3 A 45 #4 32 &5 AlGaN/GaN
HEMTSs (115 % T 35 . S 250 it 45 52 2 W0 AIGaN/GaN HEMTs [ 57 28 45 P B 5% 12 0 T/ o B 25 b 5 2. WF ol (0 3% 2 4 oh =%
MMIC £ 9~11GHz # P 30V TAE, i R K F 10W, Dy 14 25 K F 12dB, P (i B T R ik 3 14. 7W, I R 34 25k 13. 7dB,
I Z M E N 23% 1% RN 2. 0mm X 1. Imm. 58 & &1 X # B AlGaN/GaN HEMT I % MMIC B i 25 546 b A0 T
7 LA 22 KA 58 i 18 T SRR GES e Ao TR o B R O TE B A R

K2 X P AlGaN/GaN; &l TITBRHEKE: T MMIC
EEACC: 2560
HESZES: TN325.3 MHKARIRED: A XEHS: 0253-4177(2008)06-1027-04

T {5 /£ # . Email : chentsh@ vip. sina. com
2007-12-14 i 5] ,2008-01-11 % ©2008 [ F2Ea



