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Abstract—In this paper, we report the latest progress of a
GaN-based broad-band power amplifier using AlGaN/GaN
high electron mobility transistors (HEMTs), grown on sapphire
substrates, as the active devices. The devices were flip-chip
integrated onto the aluminum nitride circuit board for thermal
management and electric connection. The circuit topology used
novel -matching networks in a four-way binary-Wilkinson
combiner structure. Using devices with 0.7- m gate length and
4-mm gate width, a small-signal gain of 7 dB was obtained with
3–10-GHz bandwidth. Output power of 8 W (continuous wave)
at 9.5 GHz with about 20% power-added efficiency was achieved
when biased at 24 V, which is the highest output power for a power
amplifier using GaN-HEMTs-on-sapphire.

Index Terms—Broad-band, flip-chip bonding, GaN high electron
mobility transistors (HEMTs), power amplifier.

I. INTRODUCTION

GaN high electron mobility transistors (HEMTs) have
enormous potential for realizing high-power solid-state

amplifiers at microwave frequencies. This is due to their char-
acteristics of wide bandgap materials such as high breakdown
field, high electron saturation velocity, and high operating
temperature. GaN epitaxial layers can be grown on either SiC
or single-crystal sapphire (AlO ) substrates. Sapphire has the
advantage of lower cost and availability in larger wafer size
than SiC, but it is a poor thermal conductor. GaN HEMTs on
SiC have achieved a power density of 6.9–9.2 W/mm [1], [2],
while GaN HEMTs on sapphire have demonstrated 6.6 W/mm
[3]. The difference is believed to be due to the higher thermal
conductivity of SiC ( W/mK) over sapphire (
W/mK). However, by paying close attention to thermal man-
agement, GaN-HEMT-on-sapphire can still have competitive
performance. In particular, adequate thermal management can
be achieved through flip-chip bonding of the device onto a
thermally conductive, electrically insulating substrate, such as
ceramic aluminum nitride (AlN) ( W/mK), which also
hosts the matching networks and combiner networks. Using
this technique, we have achieved record-high single-device
results of 4.4 W output power [continuous wave (CW)] with a
1-mm-wide GaN HEMT on sapphire. In this paper, we present
the results of an ongoing effort at the University of California,
Santa Barbara (UCSB), to implement high-power broad-band
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Fig. 1. RF characteristic of a 100-�m device. (P = 4:6 W/mm, PAE=
40%; f = 8 GHz, biased atV = 24 V, I = 20 mA, class AB mode).

microwave amplifiers using such a flip-chip mounting GaN
large-periphery power device “baseline” process.

II. GaN POWER DEVICE TECHNOLOGY

Recent progress in material quality and device fabrication
technique resulted in much improved GaN/AlGaN HEMTs
on sapphire substrate grown by metal organic chemical vapor
deposition (MOCVD) at UCSB. We are able to achieve up to
4.6 W/mm power density with 40% power-added efficiency
(PAE) at 8 GHz (Fig. 1). However, the gate peripheries cor-
responding to these results are on the order of 100m. The
total amount of produced power is too small to be signifi-
cantly affected by the poor thermal properties of the sapphire
substrate. For GaAs-based large-periphery power devices,
heat removal is typically done through backside heat sink and
wafer thinning. However, for GaN devices, both techniques are
still premature due to the lack of proper etching methods. We
circumvent the problem by developing the flip-chip mounting
technology with AlN substrate as the heat sink as well as
the circuit carrier. As a result, we are able to fabricate GaN
HEMTs on sapphire at much lower cost, having competitive
performance as GaN-grown-on-SiC without a compromise
in thermal management. Also, this technique is scalable to
larger devices (1, 2, and 4 mm have been tested) with proper
design of the multifinger layout pattern. Table I lists the dc and
radio-frequency (RF) performance of the devices with different
sizes. RF measurement for the 1-mm device was performed at
8 GHz and for the 2-mm device at 4 GHz. All the power data
were obtained under CW operation. Due to the limitation of
the load-pull system, the RF performance of the 4-mm device
cannot be obtained.
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TABLE I
DC AND RF PERFORMANCES OF THEFLIP-CHIPPED LARGE

GATE-PERIPHERYDEVICES

Fig. 2. The procedure of flip-chip bonding technique.

Fig. 2 describes the procedure of the flip-chip bonding. First,
we fabricated thick gold bonding bumps on both the GaN chip
and the AlN substrate. Aflip-chip bonder was then used to
align the GaN device to the AlN circuit board with a coplanar
waveguide (CPW) lines structure prefabricated to avoid back-
side grounding. The proper amount of pressure and heat was
then applied to bond them together. Other advantages of the
flip-chip mounting include 1) the reduced parasitic inductance
compared to the conventional wire bonding connection and 2)
more cost-effective use of the GaN material with all the passive
components built on an inexpensive AlN circuit board.

Fig. 3 shows the picture of a 1-mm-wide device before and
after the flip-chip bonding. An interdigital pattern layout was
chosen with gate and drain all connected while source pads
were disconnected. Since it is not trivial to bond all the gold
bumps firmly at the same time, careful design of device layout
was needed such as reasonable bonding chip size, pad size and
shape, pad alignment tolerance, etc., to facilitate the bonding
process. The enlarged source and drain pads were used to re-
duce the thermal resistance of the device; the connection of the
source pads was made on the AlN substrate to avoid the use of
air bridges. The tradeoff is the increased pad parasitic capaci-
tances, which must be taken into account during the circuit de-
sign.

Fig. 4 is the measured power performance of a 1-mm-wide
device using an ATN LP1 loadpull system. With only funda-
mental tuning, total output power of 4.4 W and 35% PAE at
8 GHz has been achieved. However, typically gain compression
was high, ranging from 4 to 7 dB, when the device reached
its highest output power level, which was related to the im-
mature material technology. This limited the large-signal gain
and efficiency of the amplifiers. Nevertheless, in terms of re-
alization of the high power potential of GaN, our “baseline”
GaN-grown-on-sapphire power device process has been ade-
quate for the subsequent design and fabrication of the power
amplifiers.

Fig. 3. Photograph of a 1-mm-wide GaN HEMT: (a) before bonding and (b)
after bonding.

Fig. 4. Power performance of a 1-mm-wide GaN-HEMT-on-sapphire. (L =

0:7 �m,W = 1 mm, f = 8 GHz, biased atV = 27 V, I = 150 mA,
class AB mode.)

The device has characteristics of mA,
mS, V, V, and
– V. The current gain and power gain

cutoff frequencies were about 20 and 40 GHz, respectively.
The optimum load for the maximum output power of this
1-mm-wide 0.7- m-long device was
pF. Since accurate large-signal model is not available, the
load-pull measurement of the optimum load is used for the
design of the amplifier.

III. A MPLIFIER DESIGN AND PERFORMANCE

Fig. 5 shows the small-signal model for a 1-mm-wide
0.7- m-long GaN HEMT used in this work. All model



XU et al.: 3–10-GHz GaN-BASED FLIP-CHIP BROAD-BAND POWER AMPLIFIER 2575

Fig. 5. Small-signal model for a 1-mm-wide, 0.7-�m-long GaN/AlGaN HEMT.

elements were extracted by-parameter fitting. The param-
eters are pF, pF,
pF,

pF,
pF, pF, and S. As can be seen, extra
pad parasitic capacitances were added to the intrinsic elements
(the shaded area) and the normal extrinsic parasitic elements
due to the enlarged source and drain pads. The effective input
capacitance (including , and ) is
about 2.5–3 pF, and effective input resistance (including gate
resistance , channel resistance , and source resistance

) is on the order of several ohms 3–4 . The high input
capacitance poses a challenge for input reactance absorption
over a wide bandwidth. The low input resistance increases the
impedance transformation ratio (about 450 to 3 , since
the amplifier in this work incorporated four 1-mm devices),
which requires complex broad-band matching network design.
At the output, first, resistance-level transformation of 200
to 30 has to be performed, and then effective has to
be absorbed to match each device to its optimum load for
maximum power.

We have previously reported a modified traveling wave power
amplifier (TWPA) [4], [5] for realization of a wideband power
amplifier. This topology can achieve good input matching and
gain flatness since it employs the input artificial transmission
line technique of a conventional TWA to accommodate the large
input capacitance of the GaN HEMTs. Higher efficiency was
achieved as compared with a conventional TWA by replacing
the output artificial drain line with a more efficient corporate
combiner structure, thus eliminating the “backward” wave. Ca-
pacitive division was also used to extend the bandwidth. To ob-
tain equal input drive for each device, the capacitances were
varied to compensate for the loss along the input line. However,
since such a loss is frequency dependent, a perfect compensa-
tion can be realized only at one frequency, which was chosen at
the midband in our design. The uneven input drive will reduce

the efficiency of the circuit, especially at the higher frequency of
the band, since the combiner was designed assuming four output
signals of equal amplitude and phase. Also, the reliability of the
circuit was decreased due to the fact that some devices tend to
be overdriven before all devices reach saturation.

In this study, we circumvent this uneven drive problem of
TWPA by employing a novel -matched broad-band power
amplifier. The circuit schematic is shown in Fig. 6. A multistage
corporate power divider and combiner were employed at the
input and output, respectively, to distribute and collect power
from these devices. The combiner networks used multiple-stage
quarterwave transformers to realize the desired bandwidth and
impedance transformation ratios (the desired impedance levels
are naturally different at input and output). Input and output
match networks were then utilized to reactively compensate for

and and provide additional impedance transformation.
A lossy network (similar to what was reported in [6] for
a single-device amplifier) was used at the input of the device to
achieve the desired gain flatness over the designed bandwidth.

Since the overall efficiency of the amplifier is given by

where and is the combining efficiency of the input cor-
porate power divider and output combiner, respectively,is
the gain of the device, and - is the output power right
at the output of the device. This equation shows that the effi-
ciency is directly proportional to if is large enough to
offset the loss of the input matching networks. We used two
sections of quarterwave transmission lines at the output to re-
alize impedance transformation while keeping the conduction
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Fig. 6. Schematic of the 3–10-GHzLCR-matched GaN power amplifier.

Fig. 7. MultisectionLC matching networks.

Fig. 8. LCR matching network and its frequency response(S ).

loss as low as possible. At the input, four sections of quarter-
wave transmission lines need to be employed to be able to re-
alize the high-ratio impedance transformation. The CPW trans-
mission lines were meandered to reduce the circuit size.

Multisection low-pass networks were used at both the
input and output of the device to absorb the reactance and
provide additional impedance transformation (Fig. 7). We can
extend the bandwidth by transforming resistance step by step,
using virtual as intervals for calculating values of and

of each section. At the input of each device, a lossy
matching network was employed to provide the gain

compensation and thus achieve the gain flatness over the whole
bandwidth. Also, served as a stabilizing resistor. Fig. 8
shows that the matching network was aimed to eliminate
gain peaks at low band and has little effect at high band. Its
frequency response was plotted with parameter values of

nH, pF, and .

The circuit was designed to operate over a 3–11.5-GHz fre-
quency range using HPEssof simulation, with small-signal gain

of 8 dB, input match of 10 dB, and output match
of 6 dB. The GaN HEMTs used in this work were fabricated
using Stepper lithography with a 0.7-m gate length, 75-m
gate finger length, and 50-m gate-to-gate spacing. Due to the
relatively low and high of these devices, it proved
more challenging to achieve the desired low input reflection
throughout the bandwidth with this reactively matched circuit
topology as compared with the earlier TWPA design.

Fig. 9 shows the photo of the finished amplifier. The circuit
dimension was 12 8 mm . Due to difficulties in flip-chip
mounting a large-area HEMT’s device, our design used two sep-
arate chips (each had two adjacent 1-mm devices) for a total of
4 mm of gate periphery. Fabricated on a 10-mil-thick polished
AlN substrate , the circuit components include NiCr
resistors, MIM capacitors using SiN as the insulating layer, air
bridges, and two flipped 2-mm-wide GaN HEMTs chips. All
the device and ceramic circuit processing was carried out at
UCSB. Fig. 10 shows the small-signal performance of the cir-
cuit. The measured was about 7 dB with 3-dB bandwidth of
3–10 GHz. We expect to extend the bandwidth to above 11 GHz
by shrinking the gate length to 0.6m. The measured was
less than 8 dB, and was less than 5 dB over the band,
which was expected, since output is not conjugated matched.
Both were close to the simulation mentioned earlier.

Power measurement over the whole bandwidth is shown
in Fig. 11. The highest power of 8 W (CW) was obtained at
9.5 GHz, and the lowest power of 4.5 W (CW) at 4.5 GHz was
measured. The circuit was biased at 24 V, mA (about
15% of ), in class AB mode. PAE ranged from 5% at 4.5
GHz to about 20% at 9.5 GHz. Although the PAE has been
improved by about 5–10% compared with the previous TWPA,
it was still about half of the expected value. The main reason
was that the large-signal gain was only about 3–4 dB since the
gain compression was almost 4 dB when devices were driven
into saturation, as mentioned earlier, which causes much lower
PAE than the drain efficiency. Nonuniformity of each device
due to the nonuniformity of the wafer, the dc resistive loss in
signal lines, and RF loss at corners of the meandering CPW
lines may also contribute to the lowered PAE.
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Fig. 9. Photograph of the fabricatedLCR-matched amplifier.

Fig. 10. Small-signal performance of the amplifier. (Biased atV = 15 V,
I = 500 mA.)

Fig. 11. Power measurement from 4.5 to 10 GHz. (Biased atV = 24 V,
I = 500 mA.)

IV. CONCLUSION

We have successfully fabricated a second generation of GaN-
based broad-band power amplifiers with advanced power per-
formance. Compared with the first design of TWPA topology,

-matched circuit topology eliminates the problem of un-
even input drive of the devices; the tradeoff is the increased input
return loss and reduced gain flatness. The circuit had about 7 dB
small-signal gain, with 3-dB bandwidth of 3–10 GHz. The input
and output return loss was about 8 and 5 dB, respectively. At
9.5 GHz, -matched PA was able to generate 8 W output

power with about 20% PAE using a total of 4-mm-wide de-
vices resulting in 2-W/mm output power density. To our knowl-
edge, this power level is the highest for a power amplifier using
GaN-HEMTs-on-sapphire. Although lower than 4.4 W/mm re-
sults using 1-mm-wide devices, which is mainly due to the in-
creased complexity in thermal management and matching net-
work as the device size increases, this circuit has superior power
performance in terms of power density than GaAs-based coun-
terparts with the same size devices can achieve.

However, these initial demonstrations of GaN-based power
amplifiers are still at a very early stage. The AlGaN/GaN
HEMTs material system is undergoing intensive investigation
on certain key areas, such as wafer uniformity, trapping effect,
high gain compression, etc., which may contribute to the low
PAE (compared with its GaAs counterpart) and poor reliability
of the fabricated circuits. Rapid progress is expected in the near
future as GaN material and device technology matures.
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