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Millimeter-Wave GaN HEMT for Power Amplifier Applications
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SUMMARY  Gallium nitride high electron mobility transistors (GaN
HEMTSs) were developed for millimeter-wave high power amplifier appli-
cations. The device with a gate length of 80 nm and an InAIN barrier layer
exhibited high drain current of more than 1.2 A/mm and high breakdown
voltage of 73 V. A cut-off frequency fr of 113 GHz and maximum oscilla-
tion frequency fyax of 230 GHz were achieved. The output power density
reached 1 W/mm with a linear gain of 6.4 dB at load-pull measurements
at 90GHz. And we extracted equivalent circuit model parameters of the
millimeter-wave InAIN/GaN HEMT and showed that the model was useful
in simulating the millimeter-wave power performance. Also, we report a
preliminary constant bias stress test result.
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1. Introduction

With the spread of cellular and smart phones, higher ca-
pacity in mobile backhaul and wireless access networks
would be required despite microwave frequency bands get-
ting highly congested. It is becoming difficult to find avail-
able microwave frequency spectrum. Thus, millimeter-wave
is expected to be an attractive frequency resource where
wide bandwidth can be secured for high speed wireless
communications. For example, the 70/80 GHz frequency
band called E-band has attracted much attention as a multi-
Gigabit capacity transport means in future networks due to
its wide band spectrum of 5 GHz and a low cost of frequency
licensing [1]. Some issues in promoting the millimeter-
wave use are insufficient performance and high cost of the
millimeter-wave devices. Especially, it is difficult to get a
high output power amplifier with broad bandwidth.

GaN HEMT has attracted much attention as a device
of millimeter-wave power amplifiers because of its sev-
eral merits such as high breakdown voltage and high drain
current due to high sheet carrier density of 2 dimensional
electron gas (2DEG) of more than 1x10"%cm™2. And Al-
GaN/GaN HEMTs have been developed and used as mi-
crowave power amplifiers of cellular base stations due to
their high output power and high efficiency performance [2].

Recently, device scaling of GaN HEMTs has been in-
tensively pursued while focusing on their millimeter-wave
operation and the gate electrode is expected to shrink to
sub-0.1 um [3]-[7]. There are, however, some problems in
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shrinking the device. One is a short-channel effect such
as drain induced barrier lowering, low output resistance,
and poor pinched-off characteristics. To suppress the short-
channel effect, the barrier layer between the gate electrode
and an electron transit channel should be thinned for shrink-
ing the gate length. A thinner AlGaN barrier layer, how-
ever, leads to lower 2DEG density and lower output power,
and diminishes the merits of GaN HEMTs [8], [9]. There-
fore, larger band gap materials with lager polarization effect
such as InAIN have been considered for use as the barrier
layer for millimeter-wave operations [10], [11]. InAIN/GaN
HEMT has a twice higher 2DEG density than Al1GaN/GaN
HEMT due to its larger conduction band discontinuity AEc
and stronger spontaneous polarization effect [12], [13].

In a short-channel device, a buffer leakage current
should also be considered to suppress the poor pinched-off
characteristics. Thus, we studied a back barrier layer ef-
fect on InAIN/GaN HEMTs with an AlGaN back barrier
layer and an InGaN back barrier layer [14]-[16] in conjunc-
tion with the charge trapping phenomenon. The polarization
charges at upper and lower heterojunction interfaces of the
InGaN back barrier layer cause high electric field, confining
2DEQG to the channel layer. The InGaN back barrier layer
suppresses the short-channel effect and enhances the output
resistance.

The developed InAIN/GaN HEMT with a gate length
of 80nm exhibited a high drain current and high break-
down voltage of higher than 70 V. A cut-off frequency fr
of 113 GHz and maximum oscillation frequency f.x of
230 GHz were achieved.

In this paper, we describe the device structure and
fabrication process of InAIN/GaN HEMTs and their DC
and high frequency performance. Secondly, we explain
an equivalent circuit model of InAIN/GaN HEMT, where
we employ the Angelov GaN HEMT model. Its model
parameters were extracted from the measured I-V and S-
parameters, and the model simulation results were com-
pared with power measurement results at 90 GHz. Finally,
we report a preliminary constant bias stress test result.

2. InAIN/GaN HEMT Structure and Performance
2.1 Device Structure and Fabrication Process

Figure 1 shows our InAIN/GaN HEMT structure. Epitax-
ial layers of an InAIN barrier layer, an AIN spacer layer,
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Fig.1 InAIN/GaN HEMT structure with Y-shaped gate electrode.

a GaN channel layer, and a buffer layer were grown on a
semi-insulated SiC substrate by the metal-organic chemi-
cal vapor deposition (MOCVD) technique. The Al mole
fraction was 17% so that the lattice constant of the InAIN
matched with GaN. The thickness was as less as 6.6 nm and
the AIN was 1.3 nm. The device fabrication process was as
follows. Firstly, the device isolation region was formed by
ion-implantation. To achieve a millimeter-wave operation,
source and drain ohmic electrodes must have a low contact
resistance. Since a large band gap of InAIN makes it difficult
to get a good ohmic contact, the InAIN layer was partially
removed by dry-etching. Then, the ohmic metal layers were
evaporated and annealed at 600°C. The ohmic contact resis-
tance was around 0.8 Q- mm. A SiN dielectric film was
deposited by plasma-enhanced chemical vapor deposition
(PECVD). The gate footprints were defined by the electron-
beam lithography and the SiN film was dry-etched. Gate
metals of Ni/Au were evaporated and lifted-off. To reduce
the gate resistance, a Y-shaped gate structure was formed us-
ing three photo resist layers. Fabricated GaN HEMTs have a
gate width of 2 X 50 um, a gate-source distance of 0.75 ym,
and a gate-drain distance Lgd of 2 um.

2.2 InGaN Back Barrier

To suppress the short-channel effect, we studied a thin GaN
channel layer of 50 nm on the back barrier layer. Since the
current collapse problem may occur due to electron traps in
the barrier layer and the buffer layer just under the chan-
nel layer, we studied two kinds of barrier layers. One was
an AlGaN barrier layer and the other was an InGaN barrier
layer. Figure 2 shows the curve tracer Ip—Vp characteris-
tics of fabricated InAIN/GaN HEMTSs with an InGaN back
barrier layer (right) and an AlGaN back barrier layer (left).
Drain voltages were applied up to 10V and 20V to check
the current collapse. The gate length was 0.12 ym. The
maximum gate voltage was 2 V by step of 0.5 V. The AlIGaN
back barrier HEMT caused a large current collapse as com-
pared to the InGaN back barrier HEMT. We think that the
electron traps in the AlGaN back layer or interfaces could
have caused this current collapse.
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Fig.2  Curve tracer Ip—Vp characteristics of InAIN/GaN HEMTs with
an InGaN back barrier layer (right) and an AlGaN back barrier layer (left).
Drain voltages were applied up to 10V and 20V to check the current col-
lapse. Gate length is 0.12 ym. GaN channel thickness is 50 nm.
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Fig.3  Breakdown characteristics of 80 nm GaN HEMT.

2.3 DC Performance

The DC and RF performance of the fabricated InAIN/GaN
HEMT was estimated with a semiconductor parameter an-
alyzer and a vector-network analyzer. As shown in Fig. 2
of drain current-voltage characteristics, the maximum drain
current was higher than 1.6 A/mm at Vgg of 2 V. There is a
trade-off relationship between high frequency performance
and breakdown voltage. A larger gate-drain distance Lgd
leads to a higher breakdown voltage although the high fre-
quency gain decreases. We optimized the Lgd to 2 um with
a breakdown voltage of 73 V (Fig. 3).

2.4 High Frequency Performance

The high frequency performance of current gain cutoff fre-
quency fr and maximum oscillation frequency fi,.x was es-
timated by measured S-parameters. Figure 4 shows drain-
source voltage dependence of fr and f,. It was observed
that fr was 113 GHz with f,,x of 230 GHz at a drain volt-
age of 8 V. fi,,x enhanced as drain voltage increased due to a
decrease of output capacitance and an increase of output re-
sistance. At a drain voltage of 10V, f;,,, reached 250 GHz.
An f1 of more than 100 GHz was achieved at this drain volt-
age range and gate voltage of O'V.

We estimated the millimeter-wave power performance
of the fabricated GaN HEMT at 90 GHz with a load-pull
measurement system of Focus Microwave Inc. and wafer
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Fig.6  Load-pull measurement result at 90 GHz. The source tuner was
tuned to give the maximum gain at a drain voltage of 15V and gate voltage
of —0.4 V. The input power was 10 dBm. The contour step was 0.14 dB.

probe heads of GGB Industries Inc. The system used PC-
controlled W-band auto-tuners (CCMT-WR10) as shown in
Fig. 5. The input tuner was tuned to maximize the power
gain. The input power was set to be constant at 10dBm.
The load-pull measurement result is shown in Fig. 6 at a
drain voltage of 15V and a gate voltage of —0.4 V. The opti-
mum load impedance was estimated to be 31 Q+ j 50 Q At
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Fig.7  Pin-Pout characteristics of InAIN/GaN HEMT at 90 GHz and Vpg
of 15V and Vgs of -0.4 V.
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Fig.8 Reported millimeter-wave GaN HEMT power amplifier perfor-
mance (O: output power, @: output power density).

this matching condition, the input and output power perfor-
mance was measured in Fig. 7. The linear gain was 6.8 dB
and the maximum output power was 20.3 dBm where the
input power was limited to 15.9 dBm due to a limitation of
the drive power amplifier in our power measurement Sys-
tem. The fabricated GaN HEMT shows an output power
density of more than 1 W/mm at a drain voltage of 15V
and at 90 GHz. Though the high output power density of 30
W/mm was reported at 4 GHz [18], it is limited to less than
2 W/mm in the W-band frequency range as shown in Fig. 8.

3. Equivalent Circuit Device Modeling

We extracted equivalent device model parameters from the
measured DC Ip—Vyp, S-parameters, and load-pull measure-
ment results of the millimeter-wave GaN HEMT. We em-
ployed the frequently-used Angelov model [19], which was
commonly known as the GaN HEMT model. Figure 9
shows an equivalent circuit of the Angelov GaN HEMT
model [20]. The drain current equations are expressed as
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Fig.9 Equivalent circuit of the Angelov GaN HEMT model [20].

Table 1  Extracted model parameters of 80 nm GaN HEMT with gate
width of 2 x 50 um.
Ipk 47.6mA | A 0.007
Vpks 0.1V Lg 30 pH
P1 1.24 Ld 30 pH
P2 0 Cgspi | 12fF
P3 0.02 Cgso 23 tF
ar 0.001 Rg 5Q
as 0.99 Rd 7Q
140
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=
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Fig.10  Ip—Vp characteristics of measurement (black dots) and model
simulation (red dots), (Vgs=—1.5V to 1.5V by 0.5V step).

follows.

I = I (1 + tanh(‘¥'),)) tanh(a, Vs )(1 + AVyy) (1)
Wy = sinh(P1((Vys — Vi) + Po(Vys — Vpk)2

+P3(Vys = Vii)®)) )
ap = a, + ay(1 + tanh(¥,)) 3)
Pl = gmpk/lpk (4)

where V,; and I correspond to a gate voltage and a drain
current at maximum transconductance g,x . @, and a; are
saturation parameters. The functions of tanh and sinh well
express the drain current and gm profile of GaN HEMTs.
Table 1 shows the extracted model parameters of 80 nm
GaN HEMT with a gate width of 2 x 50 um. Figure 10
shows a comparison of the drain current-voltage character-
istics between measurement and model simulation. A fairly
good coincidence was observed except in the knee voltage
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Fig.11  Measured (red lines) and modeled (blue lines) S-parameters
from 0.1 GHz to 50 GHz at a drain voltage of 0V to 20V and gate volt-
age of OV.

Source Pull Results Load Pull Results

Fig.12 Load-pull simulation results with Angelov GaN model at
90 GHz and at a drain voltage of 15V and gate voltage of —0.4 V.

region where kinks were observed in the measured Ip—Vp
due to the charge trapping effect. As shown in Figure 11,
the model parameters were extracted to fit the model sim-
ulation with the measured S-parameters, especially the re-
flection parameters of S;; and S;, which were important to
design the input and output matching circuits of power am-
plifiers. It is difficult to get a good agreement between the
measured and simulated S-parameters of S»; and S;,. Espe-
cially, there were phase differences in small S|, parameters.

Furthermore, to check the usability of the extracted
Angelov GaN model parameters in millimeter-wave power
amplifier design, load-pull simulation was done at 90 GHz
(Fig. 12). The optimum load impedance was simulated to
be 28 Q + j 50 Q and agreed well with the load-pull mea-
surement of 31 Q + j 50 Q after an adjustment of the few ex-
tracted parameters. The Pin-Pout characteristics at 90 GHz
were compared with the measurement results and Angelov
GaN model simulation in Fig. 13. It can be seen that the
model simulation results (lines) simulate the measurement
results in a fairly good manner. So we assume that the An-
gelov GaN model parameters can be used in the design of
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Fig.13  Modeled power characteristics at 90 GHz and at a drain voltage
of 15V and gate voltage of —0.4 V. The modeled results (lines) simulate the
measurement results (marks) in a fairly good manner.
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Fig.14  Preliminary constant bias stress test result of GaN HEMT at
room temperature. The gate length was 0.12 um with a gate width of 2
% 50 um. The drain voltage was 10 V and a gate voltage of —0.5 V. Sp; was
measured at 1 GHz.

millimeter-wave power amplifiers.

4. Bias Stress Test

The reliability of millimeter-wave GaN HEMTSs has not
been proved well. So we did a preliminary constant bias

stress test as shown in Fig. 14. The gate length was 0.12
pm with a gate width of 2 X 50 um. The drain voltage was
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10V and a gate voltage of —0.5 V. S,; was simultaneously
measured at 1 GHz. Except for the initial time, there was no
steep degradation in the drain current and S;;.

5. Summary

We developed millimeter-wave GaN HEMTs for high power
amplifier applications. The device with a gate length of 80
nm and an InAIN barrier layer exhibited high drain cur-
rent and high breakdown voltage. A cut-off frequency fr
of 113 GHz and maximum oscillation frequency fi.x of
230 GHz were achieved. The output power density reached
1 W/mm with a gain of 6.4dB at load-pull measurements
at 90 GHz. And, we extracted the equivalent circuit model
parameters and showed that the model was useful in simulat-
ing millimeter-wave power performance of the InAIN/GaN
HEMTs.
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