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NOVEL COMPOSITE-CHANNEL Al , Ga, , N/

Al, ,s Ga, ,s N/GaN HEMT MMIC VCO
WITH LOW PHASE NOISE

CHENG Zhi-Qun', CAI Yong?, LIU Jie*, ZHOU Yu-Gang®, LIU Zhi-Mei*, CHEN Jing’
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\

Abstract: A novel structure composite-channel Al ;Ga, ; N/ Al ¢sGa, osN/GaN HEMT ( CC-HEMT) microwave monolithic
integrated circuit voltage-controlled oscillator (VCO) was designed, fabricated and characterized. The CC-HEMT has 1pm
x 100pm gate. The inter-digitated metal-semiconductor-metal (MSM) varactor is used to tune the frequency of VCO. The
polyimide dielectric layer is inserted between the major metal traces and GaN buffer to improve Q factor of spiral inductors.
The VCO exhibits frequency range between 7.04 ~ 7.29GHz with varactor voltage from 5.5V to 8.5V and average output
power of 10dBm and average efficiency of 10.4% at bias gate of -3V and bias drain of 6V. The measured phase noise is -
86.25dBc/Hz and -108dBc/Hz at offset frequency of 100 kHz and 1 MHz at varactor voltage ( Vtune) of 6. 7V. This is al-
most average phase noise in the range of tuning frequency. To our knowledge, this is the best reported phase noise for GaN
monolithic GaN HEMT VCO. '
Key words: Al ,Ga, , N/Al, os Ga, s N/GaN HEMT; microwave monolithic integrated circuit( MMIC) ; voltage-controlled
oscillator( VCO) ; phase noise
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been driven by the applications of communication, the

Introduction ;
radar and high rapid data transfer. In addition, cost
The requirement of low phase noise in VCO has concerns require that the chip area should be as small
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Fig. 1 Schematic of GaN MMIC VCO
B 1 GaN MMIC VCO REHE

Fig.2 Fabrication picture of GaN MMIC VCO
B2 GaN MMIC VCO EE¥RR A .

as possible. In order to achieve smaller chip area and
improve the reliability of circuits. Microwave monolith-
ic integrated circuits are developed rapidly. Current
MMIC VCOs mainly use GaAs-based, InP-based and
SiGe-based  high
(HEMTs) . Recently, AlGaN/ GaN HEMTs show

excellent microwave power performance 2™
[5~12]

electron  mobility  transistors
and mi-
crowave noise performance . The high power and
low phase noise oscillators have been reported'™ """
Monolithic GaN HEMT VCO was only reported by

Valery S. Kaper et“al. """}, This work reports a mono-

lithic integrated VCO with novel structure Al ,Ga, ,N/

Al os Gag os N/GaN HEMT employed in a 1pum-gate-
length technology. The phase noise of the VCO is im-
proved with a comparison as paper'"”!. The VCO dem-
onstrates low phase noise of - 86. 25dBc/Hz and
- 108Bc/Hz at offsets of 100 kHz and 1 MHz. It is the
best result for reported monolithic GaN HEMT VCO’s.

1 Circuit design and simulation

The circuit was simulated by using Agilent ad-
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Fig. 3  Minimum noise figure N, vs. freguency f for GaN
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Fig.4 High frequency characteristics of on-chip spiral induc-
tor. L is inductance.
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vanced design system ( ADS) software. The schematic
circuit and the fabrication picture of VCO are showed
in Fig. 1and Fig. 2 respectively. The VCO occupies an
area of 1.2 x1.05mm’. As we know, low noise active
device and high Q inductors and varactors are impor-
tant factors to achieve low phase noise VCO. A novel
structure Al , Ga, , N/Al, s Ga, o N/GaN HEMT was
designed as active device of VCO in our design. The
epitaxial layer structure grown by MOCVD on (0001)
sapphi.re substrate is different from the conventional Al-
GaN/GaN HEMT, a thin layer (6nm) of AlGaN with
5% Al composition was incorporated between the Al ,
Ga, ;N barrier and the GaN buffer, aiming at reducing
the alloy scattering at the barrier interface. This novel
structure Alj ,Ga, ,N/Al, ,.Ga, osN/GaN HEMT exhib-
its excellent noise figure which is less than 3dB at fre-
quency of C-band; as shown in fig. 3. A maximum
drain current density of 910mA/mm and DC extrinsic

transconductance ( Gm) of 175ms/mm were obtained.
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The details for its DC performances can be found in"'.
In the design of inductor, a polyimide dielectric layer
(5um thick) was inserted between major metal traces
(tranysmission lines and inductor metal) and the buffer
GaN grown on sapphire substrate. A maximum Q-factor
of 14 was achieved at frequency of C-band. Self-reso-
nance frequency of the inductor is over 20GHz, as
shown in Fig. 4. The MSM planar inter-digitated va-

118 " which showed improved Q-factor compared

ractors
to conventional metal-insulator-semiconductor varac-
tors, were also fabricated on the HEMT structure. A
small signal S parameter of common-source GaN HEMT
was used in the design of VCO. The lossless compo-
nents are usually considered to form the positive feed-
back for the most instable HEMT. When microstrip
transmission line was used to connect the source of
HEMT and the ground, simulated result showed that a
long microstrip transmission line was required to push
HEMT into the most instable. It is bad to get small
chips. When an inductor was considered instead of mi-
crostrip transmission line, simulated result showed that
an inductor did not satisfy the requirement of oscillator
with positive feedback. When a capacitor was consid-
ered instead of microstrip transmission line, simulated
result showed that a capacitor could form positive feed-
back to satisfy requirement of oscillator. In order to
_provide direct current access, an inductor (L,) was
paralleled with feedback capacitor (C,). Afier simula-
tion, a spiral inductor (L, =4.3nH) and MIM capaci-
tor (C, =2. 5pF) were selected to be connected be-
tween the HEMT source and the ground. Next, a re-
sonator circuit was designed and connected to the gate
of GaN HEMT. The resonator circuit includes the spi-
ral inductor (L, =4ni{) , MIM capacitor (C, =1pF),
transmission line (7, and T,) , and interdigitated MSM
varactor ( Cy,z). The MIM capacitor C; was to decou-
ple the bias gate voltage of HEMT’ s and the varactor
tuning control voltage. By designing proper value of
passive components of resonator, large negative resist-
ance that is necessary for oscillation was emerging on
drain port of HEMT. Then output matching network
connected between drain port of GaN HEMT and 50()
load was designed according to the oscillation condi-

tions as follows:

Interdigitated Active GaN MIM  Spiral inductor or
MSM HEMT Air blndge capacitor transmission lines

[ 1 0 1

GaN
Sapphire substrate

Ground AJGaN Metal Metal2 SiN Polyimide Metal
metal 3-electroplat
ed Au

Fig.5 Cross section of GaN-based HEMT MMIC process
B 5 GaN # HEMT MMIC T2 # %

X(f) = —imag(Zo(F) (1)
R(fy) =+ real(Zu ()1 (2)

where real(Z , (f,) ) is the real part of negative resist-
ance at the output of HEMT and imag(Z_,(f;)) is the
imaginary part of that at resonation. R, (f;) and X,
(fy) are the real and imaginary part of the impedence
looking into the load network with S0Q) load. f, is the

resonation frequency.
2 Circuit fabrication

The sample used in this paper was grown by met-
al-organic chemical vapor deposition ( MOCVD ) on
(0001) sapphire substrate. The epitaxial layer struc-
ture contains a 2. Spm undoped GaN buffer layer, a
6nm undoped Al s Ga, s N layer. The barrier layer
consists of a 3nm undoped spacer, a21nm doped (2 x
10" ¢m ™) carrier supplier layer, and a 2nm undoped
cap layer. )

The fabrication steps of the integrated circuit in-
clude mesa isolation, source/drain ohmic contacts and
gate contact formations, silicon nitride deposition and
etching, polyimide gelatinization and developing, air-
bridge and electroplating. The fabrication of passive
components was incorporated, including microstrip
transmission line,

MIM capacitors, inter-digitated

MSM varactors and spiral inductors. Fig.5 shows cross
section of the GaN-based HEMT MMIC process.

3 Measured results

Measurements were performed on PCB with SMA
connector for RF output and off-chip bias lines for the
drains, gates and varactor tuning. VCOs chips were

mounted on ground metal of PCB by silver paste and its
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Fig.6 Measured output spectrum at V,, =6V, V,_ = -3V and
Ve =6.7V
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Fig.7 Measured phase noise at offset frequency from 100Hz to
10MHz at a bias of ¥V, =6V, V,= -3Vand V_ =6.7V
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RF output and DC bias were connected to PCB with
gold wire by West Bond machine. The power and
phase noise of VCO were measured by using an Agilent
F4440A spectrum analyzer. Fig. 6 and Fig. 7 are out-
put spectrum and phase noise of VCO at center fre-
quency of 7.207GHz. The data was taken with the an-
alyzer set to I0MHz span and a resolution bandwidth of
91kHz. The circuit is biased at V,, = -3V, V, = 6V
and tuning voltage of varactor is 6. 7V. The DC biases
are experimentally found to be optimal for both phase
noise and the tuning frequency range. The phase noise
is around - 86.25dBc/Hz and 108dBc/Hz at the off-
set frequency of 100 kHz and 1MHz respectively. At a-
bove gate and drain bias, VCO exhibits 250MHz
bandwidth with center frequency of 7. 136GHz, the
phase noise fluctuation is 17. 8 dB and 11dB at offset
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Fig. 8 The oscillator frequency f and phase noise N, versus va-
ractor tuning voltage V,,, at a bias of V,, =6V, V,_ = -3V
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Fig.9 Oscillator frequency f, output power P and efficiency 7
versus varactor tuning voltage V, , at a bias of V,, =6V, V_ = -
3V
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frequency of 100kHz and 1MHz respectively, while
tuning voltage (V,,..) of varactor changes from 5.5V
to 8. 5V as shown in Fig. 8. The efficiency changes
from 14. 7% to 6. 5% and power changes from
11.5dBm to 7. 9dBm with tuning frequencies as
shown in Fig. 9.

4 Conclusion

A monolithic integrated C-band GaN VCO was de-
signed, fabricated and characterized. The phase noise
of VCO is improved by using novel structure Al, ,Ga, ,
N/Al, 4sGay osN/GaN HEMT with low noise figure and
high Q spiral inductors and inter-digitated MSM varac-
tor. The VCO exhibits phase noise of —86.25dBc/Hz
and - 108dBc/Hz at offsets of 100kHz and 1MHz.
The phase noise i1s the best reported results of MMIC
GaN HEMT VCO’s,
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