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GaN devices for power amplifier design

TERESA M. MARTiN-GUERREROl, DAMIEN DUCATTEAUz, CARLOS CAMACHO-PENALOSA'

AND CHRISTOPHE GAQUIERE”

This paper describes some aspects of the fabrication and modeling of a GaN device to be employed in a power amplifier
covering one WiMAX frequency band. The work has been carried out in the frame of the TARGET’s NoE work package
WISELPAS. Details concerning the AIGaN/GaN device technology and the performed linear and nonlinear measurements
are provided. Since these new devices require specific nonlinear models, a procedure for selecting an appropriate simplified
nonlinear model and for extracting its parameters is discussed and evaluated. The developed nonlinear model has been
experimentally tested under linear and nonlinear conditions. The agreement between experimental and model-predicted
performance suggests that the described model could be useful in a preliminary power amplifier design.
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. INTRODUCTION

The Network of Excellence TARGET (‘Top Amplifier
Research Group in an European Team’) was created with
the aim of demonstrating effective collaboration among
Research Groups in Europe in the frame of cutting-edge
microwave and millimeter wave technologies. The Work
Package named WIiSELPAS (‘From Semiconductors to
Linearised Wireless Power Amplifiers’) pursued the fabrica-
tion of different power amplifiers starting from the device fab-
rication [1].

One of the proposed designs was a power amplifier based
on an innovative AlIGaN/GaN technology. Specific devices
were specially designed and fabricated, and the aim was to
assess the performance of such devices in power amplifier
applications. In this work the first stage of the corresponding
work package, composed of a general description of both the
technology and a dedicated device nonlinear model, is
described. The device was manufactured and characterized
by the Institut d’Electronique, de Microélectronique et de
Nanotechnologie (IEMN) and the simplified nonlinear
model was developed at the Universidad de Malaga (UMA).

The wide-band-gap device technology used and the
measurements involved in the device characterization
procedure are described in Section II. Sections III and IV
are devoted to the linear device model used to develop the
nonlinear one. The dedicated nonlinear model is described
in Section V, and, finally, a comparison between measured
and model-predicted device performance is presented in
Section VI.
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. AVAILABLE AIGaN/GaN DEVICE
TECHNOLOGY

Wide-band-gap devices are very promising candidates for
high-frequency and high-power applications thanks to the
high voltage and current capabilities. Nitride-based HEMT's
have been fabricated since several years at TIGER, a
common laboratory between III-V lab and IEMN. AlGaN/
GaN prototypes for microwave power amplification are
usually fabricated from epitaxial stacks on silicon carbide or
silicon substrate. Single crystal semi-insulating silicon
carbide (4H or 6H) is the most suitable substrate material
due to its lower mismatch with GaN and very good thermal
conductivity (450 W/K-m), but it is still very expensive.

A) Fabrication

The devices were processed on an AlIGaN/GaN epilayer grown
by III/V lab on a SiC substrate. Device fabrication starts with
ohmic contacts formed by rapid thermal annealing of evapor-
ated Ti/Al/Ni/Au. The mesa isolation is obtained from mul-
tiple He+ ions implantations. Then, different gate lengths
are achieved, defined by e-beam lithography based on a
bi-layer resist the lift-off becomes easier. Gate deposition
was performed by e-gun evaporation of a Mo/Au bi-layer.
Finally the passivation step was done using SiN/SiOz2 layers.

B) Characterization

The fabricated samples (8 x 50 X 0.25 pm?*) were measured
under microwave probes (GSG). In order to extract the non-
linear equivalent scheme, pulsed I-V (pulse width 300 ns,
period 10 ws) for several quiescent bias points were performed
[(Vbsos Vigso) = (0, 0), (0, —9), (15, —9) and (20, —9) V].
Then, multi-biased pulsed S-parameters for two quiescent
bias points [(Vpse Viso) = (20, —5), (20, —6) V] were per-
formed up to 20 GHz for the same pulse conditions. A brief
overview of the characteristics of these samples is presented
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Table 1. GaN samples characteristics.

n Vy (V) R, + R; Idss G,, V, (V)
Q) (mA/mm) (mS/mm)

2 1.01 3.9 1135 231 —-7.8

1.93 0.85 4.6 1120 224 —8

Vps (V) Vgs (V) Mod (H21) Ft (GHz) Fmax
at 10 GHz (dB) (GHz)

20 —6 11.2 37 86

in Table 1. Figure 1 shows MAG-MSG measured at different
bias conditions.

Large signal measurements were carried out at 4 GHz using
a Large Signal Network Analyser. These measurements are
useful to check nonlinear model accuracy and also to validate
epitaxy quality and technological steps. At 20 V the maximum
output power density is equal to 4.4 and 6 W/mm with a drain
source voltage of 20 and 30 V, respectively.

. LINEAR CIRCUIT MODEL

The linear circuit model used to simulate the small-signal
behavior of the device is shown in Fig. 2. The topology of
this circuit is based on some preliminary simulation efforts
that suggested which elements were really significant for mod-
eling the small-signal behavior of the device.

In particular, parasitic RC branches were required to prop-
erly simulate the pinched-off measurements under ‘cold’ bias
conditions (Vps = o V). These two branches were introduced
to cope with some isolation problems under dynamic con-
ditions. Both RC branches have the same relaxation time,
ie. 7, = RpCpe = R,4Cpq. It should be mentioned that R,
and L, have not been included in the circuit due to their
small values, obtained when simulating the device under

MAG-MSG (dB)
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Fig. 1. Maximum stable gain and maximum available gain of the device for
several bias conditions (Vps = 20 V, Vg from —9 to o V).
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D

Fig. 2. Linear circuit model for simulating the small-signal behavior of the
device (7, = Rpg - Cpg = Rpa - Cpa).
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‘cold’ bias conditions. Resistors R, and R, are considered
linear elements. Therefore the extrinsic part of this linear
circuit model is composed of only seven elements, namely
Lg, Lg, Cpg Coas Tp» Ry, and Ry The extrinsic element values
were extracted from S-parameters using the standard pro-
cedure based on ‘cold” measurements. First, the values for L,
and L; were consistently extracted from measurements for
high values of Vg; next, the remaining element values were
obtained by fitting the pinched-off S-parameters. The
obtained values for these extrinsic elements are shown in
Table 2.

For the intrinsic part of the device a standard
quasi-static-circuit model with only six elements (Cg,, Cgg
Cis Gm» Gue and 7,) that provides a reasonable fitting to
the measured S-parameters was chosen. The values of these
intrinsic elements are extracted from pulsed S-parameter
measurements by an optimization routine while keeping the
extrinsic element values fixed. An illustrative example of the
fitting provided by this linear circuit model is shown in Fig. 3.

V. BIAS DEPENDENCE OF THE
LINEAR CIRCUIT MODEL

In order to identify the main nonlinearities present in the
device, the bias dependence exhibited by the intrinsic elements
was investigated using the available pulsed S-parameter
measurements for one available quiescent bias point [(Vpso,
Viso = (20, —5) V]. The extracted model element values as
a function of bias results are shown in Fig. 4. The fitting
error is almost uniform and takes reasonable values for all
the points in the used bias grid. This confirms the capabilities
of the proposed linear circuit model.

The bias dependence exhibited by the intrinsic elements
suggests that the main nonlinearities are Cg,, Gy, and Gy,
and therefore that a simplified nonlinear circuit model, valid
for the region in the Ips—Vps plane where the load-line will
be located, could be obtained by keeping Cgs Cys and 7,

Table 2. Extracted values for parasitic elements.

Lg CPg Rg Ld de Rd Tp

105 pH 25 fF 1.3 Q 104 pH 49 fF 0.8 Q) 12.5 pS

Vo =12V, V =3V

Fig. 3. Measured (o) and model-predicted (continuous line) S-parameters
under pulsed bias conditions (Vps = 12V, Vg = —3 V, from quiescent bias
point Vpg, =20V, Vggo = —5 V).
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Fig. 4. Bias dependence of intrinsic small-signal model elements (o V < Vg < 15 V); quiescent bias point Vg, = 20 V, Vg, = —5 V.
bias independent. Their Corresponding values were then Table 4. Final values for C, nonlinear model parameters.
calculated by averaging the extracted values for the Vpg
. s . . .. C1 Ceso Pio P11
window’ used in the subsequent large-signal characterization
(11 V < Vpg < 15 V), and they are shown in Table 3. 299 fF 95 fF 3.937 0.642 V"

V. NONLINEARCIRCUIT MODEL

After the approximations described in the previous section,
the simplified nonlinear circuit model consists of only two
nonlinear elements: the gate-source capacitance (Cg) and
the drain-source current source (Ipg), from which G,, and
G, are derived.

A) Gate-source capacitance nonlinear model

It is clear from Fig. 4 that capacitance Cy, is mainly controlled
by Vs, since the influence of Vg is very mild. This fact is used
to further simplify the nonlinear model. The values for this
capacitance have been calculated by averaging, for each Vg,
the values for different Vg bias.

To model the variation of C, with Vs, the Cy nonlinear
model proposed by Fager et al. [2], and already used for mod-
elling GaN HEMTs [3, 4], was selected. This model is
described by (see [4] for a detailed explanation of model
parameters)

Ces(Vis) = Ci + Cgo(1 + tanh (P10 + P11 - V). (1)

The simulation provided by this model, using the par-
ameter values contained in Table 4, is depicted in Fig. 5.

Table 3. Final values for the ‘linearized’ intrinsic circuit model elements.

ng Cds Tm

206 fF 138 fF 1.0 pS
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B) Drain-source current (Ipg) nonlinear model

The parameter extraction procedure for this element is mainly
based on the proper fitting of the measured small-signal trans-
conductance in the saturation region for a representative Vpg
value. The employed model must be able to simulate the
measured ‘shape’ of the transconductance G, as a function
of Vs (see Fig. 4). This result is consistent with that obtained
by Cabral et al. for a different GaN HEMT (3], who pointed
out the asymmetric behavior of such a variable - ie., a
sudden rise near turn-on followed by a smooth decrease
toward o V. Therefore, and following [3], the nonlinear

550

500

450

400

Cgs (fF)

250

Vs (V)

Fig. 5. Measured (e) and predicted (continuous line) Cy(Vgs) values using
Fager's model for capacitance. Dotted lines indicate 95% confidence
prediction-bounds.
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current model proposed in [4] was adopted. Model equations,
and a detailed description of their parameters, can be found in
[3] and [4]. They are partly reproduced again here for the sake
of completeness:

_ BV
i

1+ (Vi / V1)

with VGS3(V652) =VSTIn(1 + exp (Vis./ VST)),

aV,
Ips(Vgs, Vps) = (1 + AVps) tanh (VTs’f)

GS3

1 2
Ves:(Vas1) = Vos: — 5 (VG51 +V(Vas, — VK)* + A
_JVK + AZ),

Vesi(Vas, Vps) = Vgs — Vr and Vi = Vo + yVps.
(2)

The extraction of the parameter values of this model can be
performed by fitting the measured small-signal transconduc-
tance G,, as a function of Vgg for a certain value of Vpg in
the saturation region. Table 5 presents the obtained model
parameter set for Vpg= 12 V where 8%, a*, and Vr are the
parameters that depend on Vpg Parameters f* and o are
given by Equations (3) and (4) while V is in this case
almost bias independent, i.e. y= o.

o =a- VDS

(3)

B*=B-(1+ AVps). (4)

The fitting of G,,, provided by this model is shown in Fig. 6.
Also shown in this figure are the higher order derivatives

G,
G ( VGS) = (5 )
d VGS Vps=cte
and
*G,
G (Vgs) = (6)
" aVéS Vps=cte

computed from the model. It is clear in this figure that the
simulation of G,, provided by this model is rather good.

In a second step, and in order to investigate the influence of
Vbs, the model parameters not depending on this voltage were
kept fixed, and the other three were extracted for different Vg
values (from 10 to 15 V) by fitting the corresponding
measured small-signal transconductance G,,. The obtained
model parameter set is shown in Table 6.

Although the fitting provided by this model for different
Vps values can be considered good, it slightly deteriorates as

Table 5. Extracted parameter values for current source Ing (Vgs, Vps) for

Vps=12 V.
B Vi Vi Ver Vi o A
160 mA 5.1V 0.69 V 0175 V —7a7V 1.6 5.57 V*

Gm (mS)
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Gm2 (m5/V)

Gm3 (msV %)
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Fig. 6. Measured and modeled () G,,(Vss) and model-predicted G,,, and
Gy for Vpg =12 V as a function of Vgs.

Vps separates from 12 V, the Vg value used to extract the
other parameters.

Parameter values presented in Table 5 provide some inter-
esting information concerning their dependence on Vps. In
particular, Vr is almost constant, which is consistent with
the conclusion obtained by Cabral et al. [3] since they use a
zero value for vy in the model. Therefore, the value obtained
for Vps = 12 V is assigned to this parameter V. The influence
of Vpg on o is not so clear but, following the linear depen-
dence (o = aVpg) proposed in the model, the value o =
0.1396 V' was obtained from data linear regression. The
behavior of B*, as a function of Vpg almost follows the
linear dependency proposed by the model. Again, a linear
regression of the data yields values for B (143.1 mAV ™ ?)
and A (0.0101 V' 1).

VI. EVALUATION OF THE
NONLINEAR CIRCUIT MODEL

Before using the nonlinear model to predict the performance
of the device under nonlinear conditions, a ‘tuning’ of the
model is required. To do that, the nonlinear model must be
used in conjunction with a nonlinear simulation tool.
Microwave Office has been chosen for this purpose [5]. The
‘tuning’ procedure is as follows. Firstly, pulsed I-V curves
are used to optimize Ips model parameters using the par-
ameter values obtained in the previous section as the starting
point. A comparison between measured (pulsed) and simu-
lated I-V curves is shown in Fig. 7.

Secondly, measured pulsed S-parameters corresponding to
the quiescent bias point to be employed for large-signal

Table 6. Extracted parameter values for drain current source Ips (Vgs,
Vps) for different Vpg values.

Vps (V) 10 11 12 13 14 15

= V(V) 7.128 7-448 7-194 7:259 7233 7-186
B*(Vps) 151.7 159.4 160.0 161.1 164.0 164.6
o*(Vps) 1.412 1.028 1.597 1.517 2.416 2.355
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Fig. 7. Measured (pulsed) and model-predicted Ips current source (Vgs = —9
to —1 V).
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Fig. 8. Simplified nonlinear circuit model schematic.

measurements are used to calculate optimum values for the
capacitance’s model and to estimate the value of an added
drain-source RC branch to account for some residual output
conductance low-frequency dispersion.

Finally, two additional elements (diodes) are added to the
gate-source and the source-drain branches to provide the
model with some capability to simulate forward conduction
phenomena. The resulting nonlinear model is depicted in
Fig. 8. Final model parameter values can be found in [6].

This model was evaluated under both linear and nonlinear
conditions. To illustrate its simulation performance under
linear conditions, the measured and model-predicted small-
signal power gains as a function of the frequency are depicted
in Fig. 9. To illustrate its performance in the nonlinear regime,

Small Signal Power Gain

= Gp{dB)
0 Simulation (Vds=20V, Vgs=-5V)
== Gp{dB)

Measurement (Vds=20V, Vgs=-4V/

1 6 11 16 20
Frequency (GHz)

Fig. 9. Small-signal power gain measured (green) and simulated (blue) at f, =
4 GHz for Vpg=20V, Vgg= —5 V.
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Large Signal Power Gain
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Fig. 10. Measured (cyan) and simulated (blue) gain and measured (green) and
simulated (magenta) output power as a function of the source available power
at f, = 4 GHz for Vpg =120V, Vgs= —5 V.

-5 0 5 10

Fig. 11. Measured (*) and model-predicted (continuous line) drain current
(mA) and voltage waveforms at 1 dB compresion point (f, = 4 GHz, Vpg, =
20 V, Vgso = =5 V).

the measured and model-predicted output powers as a func-
tion of the source available power when the device is loaded
with I'y =0.193268° at the fundamental frequency
(4 GHz), and with 50 ) at higher harmonics, are shown in
Fig. 10. In addition, measured and model-predicted output
waveforms for a given input power (1dB compression
point) are depicted in Fig. 11. In all cases the agreement
between experimental and simulated performance is con-
sidered to be reasonably good within the limitations of the
developed model.

The described model has been employed to design a low-
distortion power amplifier which was manufactured and
characterized. Details of this work can be found in [6].

VII. CONCLUSION

The development of a nonlinear model for a given device is
not an easy task, especially if the device is a power device
based on a new technology such as GaN HEMTs. The aim
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of this work wasto describe some aspects of the fabrication
and nonlinear modeling of a GaN HEMT to be used in the
design of a power amplifier. Some particular aspects of the
modeling of such devices have been identified and taken
into consideration when developing a simplified dedicated
nonlinear model. Comparison between experimental and
model-predicted performance, under linear and nonlinear
regimes, indicates that the developed model is good enough
to be employed in a preliminary power amplifier design,
although self-heating phenomena have not been properly
modeled.
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