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Abstract: A new gallium nitride (GaN) high electron mobile transistor (HEMT) small-signal model
is proposed considering source via effects. In general, GaN HEMTs adopt a source via structure to
reduce device degradation due to self-heating. In this paper, the modified drain-source capacitance
(Cus) circuit considering the source via structure is proposed. GaN HEMTs fabricated using a com-
mercial 0.15 um GaN HEMT process are measured with a 67 GHz vector network analyzer (VNA).
The fabricated device is an individual source via (ISV) type. As a result, it is difficult to predict the
measured S12 in the conventional small-signal model equivalent circuit. This causes errors in max-
imum stable gain/maximum available gain (MSG/MAG) and stability factor (K), which are im-
portant for circuit design. This paper proposes a small-signal equivalent circuit that adds the drain-
source inductance to the drain-source capacitance considering the source via structure. The pro-
posed equivalent circuit better reproduces the measured 512 without compromising the accuracy of
other S-parameters up to 67 GHz and improves the accuracy of MSG/MAG and K. It is expected
that the proposed model can be utilized in a large-signal model for 5G millimeter-wave GaN HEMT
power amplifier design in the future.
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1. Introduction

Gallium nitride (GaN) semiconductors have a high breakdown voltage due to inher-
ent wide-bandgap and high current density, which is advantageous for use as power sem-
iconductors [1,2]. In addition, since the high electron mobility transistor (HEMT) structure
has high electron mobility due to the generation of its unique 2-D electron gas (2-DEG),
GaN HEMTs have been widely studied and utilized in high-frequency power amplifiers
[3-7]. Since GaN HEMTs exhibit high power density but have a self-heating effect, a
source via structure that can dissipate heat well to substrates is widely used in transistor
layouts. As a result, accurate large-signal modeling reflecting the self-heating effect is es-
sential [8-11]. Recently, with the commercialization of 5G communication, research on
millimeter-wave power amplifiers using GaN HEMTs is being actively conducted [12-
15]. Therefore, GaN HEMT large-signal modeling that reflects self-heating effects up to
the millimeter-wave band is required. On the other hand, for accurate large-signal mod-
eling, an accurate small-signal model should be prioritized. In particular, as the operating
frequency increases, a small-signal equivalent circuit that reflects the S-parameter accord-
ing to the frequency well is required. Until now, many studies on GaN HEMT modeling
have been successfully published [16-25]. Recently, some papers dealing with GaN
HEMT small-signal modeling up to 110 GHz have reported on millimeter-wave mono-
lithic microwave integrated circuit (MMIC) design [22-25]. However, depending on the
process, there was no consideration of the coupling effect that may appear with the source
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via process. This suggests that it may be necessary to modify the traditional HEMT small-
signal equivalent circuit that has been used for millimeter-wave GaN HEMT small-signal
modeling. In this paper, we propose a new GaN HEMT small-signal equivalent circuit
considering the source via structure, usable at frequencies up to 67 GHz including 5G
communication frequencies. The structure of this paper is as follows: In Section 2, we pro-
pose a small-signal equivalent circuit reflecting the source via effect from the GaN HEMT
structure to which an individual source via (ISV) is applied. Then, an extraction method
and procedure of the proposed small-signal model are mentioned. Section 3 introduces
the 67 GHz S-parameter measurement setup conducted in this work and verifies the va-
lidity of the proposed model by comparing the conventional small-signal model and the
proposed one with the measurement results. Finally, the conclusion follows.

2. Materials and Methods
2.1. 0.15 um GaN HEMT ISV Structure and Source via Effect

Due to high output power of several watts generated from a GaN HEMT device with
a size of hundreds of micrometers, heat is inevitably generated from the device itself. The
self-heating effect is a phenomenon in which device characteristics deteriorate due to tem-
perature rise caused by power consumption in the device. In order to minimize this deg-
radation, it is important to have a device layout that can dissipate heat well. An ISV struc-
ture in which heat is dissipated through multiple grounds by placing a backside ground
via per source finger is widely used [26]. Figure 1 shows the ISV layout structure of a
commercial GaN HEMT having a gate length of 0.15 um and a gate width of 4 x 50 um.
As shown in Figure 1b, the heat generated by the device is dissipated to the ground
through the backside vias connected to each source.

Backside ground

(b)

Figure 1. (a) Test pattern layout; (b) 3D view of 0.15 x 4 x 50 um GaN HEMT ISV.

The size of the backside via used in this process is about 60 x 90 um, and the height
is about 100 um. Due to this source via structure, the conventional small-signal equivalent
circuit also needs to be modified. In particular, parasitics related to the source via struc-
ture, which have not been considered in the past, may have a non-negligible effect at the
frequencies of the millimeter-wave band above 30 GHz. In this work, the parasitic effect
due to the coupling between drain and source feeding lines surrounding the source via
structure is mainly investigated. Figure 2 shows an enlarged GaN HEMT layout around
the source via structure and an equivalent circuit representing it. Parasitic components
that are actually generated are more complex but are simplified for convenience. It is true
that additional proof is needed to clarify the exact physical phenomenon of the proposed
equivalent circuit, but the possible physical structure is inferred from the more accurate
equivalent circuit found empirically. At high frequencies, parasitic inductance and via re-
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sistance and inductance may be generated for a long path among multiple paths gener-
ated, while signals are coupled and passed in various directions of the source via from the
drain feeding line. As shown in Figure 2, these are modeled by Cus1, Las, Rs, and Ls. Some
paths may be short and there may be coupling signals that drop directly to ground. This
is modeled by Cas2. More detailed verification of this will be carried out in a follow-up
study.

Figure 2. Enlarged source via structure of a GaN HEMT with its equivalent circuit.

To confirm this, 2.5 dimensional electromagnetic (EM) simulation is performed on
the drain-source layout of the GaN HEMT device using ADS momentum software. Figure
3a,b shows the EM layout and simulation results of the simplified one-port drain-source
via structure. In particular, EM analysis is performed up to 120 GHz to confirm the in-
ductance effect. The layout shown in Figure 3a is mostly composed of metal layers, so the
resistance of the metal itself is very small. Since the GaN HEMT substrate has a semi-
insulated structure similar to that of GaAs, the substrate loss is also small. Therefore, the
EM simulation result shows almost no loss.

1 GHz

S11

L
&/

freq (1.000GHz to 120.0GHz)
(a) (b)

Figure 3. (a) EM layout and (b) simulation result of the simplified one-port drain-source via struc-
ture.

The change in phase from -180° to +180° also occurs when a capacitive component
changes to an inductive component. When looking at the Smith chart, the point going
from the lower semicircle to the upper semicircle is the instantaneous transition point.
From the simulation result shown on the Smith chart in Figure 3b, it can be confirmed that
parasitic inductance exists in the coupling components between the drain and source feed-
ing lines.
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Figure 4 shows the comparison of the S11 EM data obtained above with the simula-
tion according to the equivalent circuit. Up to 30 GHz, there is no significant difference
even when modeling the coupling phenomenon of the drain and source feeding lines as a
shunt parasitic capacitor alone, but at 30 GHz or more, there is a difference, and it can be
seen that the equivalent circuit, including a parasitic inductor, reproduces the EM data
more accurately.
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// ~ 150 | oocococo EM data M
aoooccoo  EM data 1 Shunt LC
Shunt LC 1009 | Shunt C
--------- Shunt C ]
\ = 507
1 GHz 2 ]
= | ©
(%] H E 1™
o -50
-1004
-150
. __ L0 e Ly O S R L B
Do 0 10 20 30 40 50 60 70 &80 90 100 110 120
freq (1.000GHz to 120.0GHz) Frequency (GHz)
(a) (b)

Figure 4. Comparison of S11 (a) on the Smith chart and (b) on the phase between EM data and
equivalent circuits.

2.2. New GaN HEMT Small-Signal Equivalent Circuit Considering Source via Effects

The well-known small-signal equivalent circuit of III-V-based HEMTs including GaN
HEMTs is shown in Figure 5a. For better understanding, the port numbers are also indi-
cated when measuring S-parameters. The source port is usually connected to ground. It
consists of a pad model composed of pad parasitic capacitances (Cpg, Cpa) and pad para-
sitic inductances (Lpg, Lpd), an extrinsic part depending on the layout structure, and an
intrinsic part whose value changes according to the channel variation of the transistor by
applied biases [27-29]. Usually, the Cas is classified as an intrinsic model parameter, but
empirically, the difference in values extracted according to biases is not large, so in some
cases it is set as a constant [27-29]. In this work, it is assumed that both the extrinsic part
and the intrinsic part of Cas exist.

Pad Extrinsic part Pad

Intrinsic part

Port1Gate LpgiLg Rg! Cgd Rgd Rdgs | Rd Ld Lpd Drain Port2
o, T m'rm—“nvg —Wy : ~O

[T Cgs Gme ; L=
| regs Gmel L |cas | oI
I ¥ S CEE R B
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Figure 5. (a) Conventional and (b) proposed small-signal equivalent circuit of a GaN HEMT.

Figure 5b shows the modified small-signal equivalent circuit including the source via
effect discussed in the previous section. As shown in Figure 5b, the “Cas” part is modified
to reflect the coupling effect between the drain and source via feeding lines. For conven-
ience, we divide the Cas into Cast and Cas2, one including the source via inductance indi-
cating that the coupling signal path is long and the other part directly falling to the
ground, and the intrinsic Cas will be included in the latter.

2.3. Small-Signal Extraction Procedure Partially Assisted by EM Simulation

In order to extract the model parameters of the modified small-signal equivalent cir-
cuit proposed in the previous section, the conventional extraction method is used along
with the EM-based extraction method.

The first step is to extract the model parameters of the conventional small-signal
equivalent circuit [28,29]. First, pad model parameters can be extracted through measur-
ing the pad test pattern. After de-embedding the pad model, extrinsic model parameters
can be extracted through S-parameters measured in the cold bias region where the drain-
source voltage (Vas) is 0 V. Figure 6 shows the small-signal equivalent circuit in the cold
bias region.

Drain Port 2

Port1 Gate L€ Rg

_

ARch

1

= GND

Figure 6. Schematic of GaN HEMT small-signal equivalent circuit in the cold bias region.
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From the equivalent circuit of Figure 6, the Z parameters can be expressed as follows:

Rch 1 .
Zy1 = Rg + Rg + — + Ryqj// —— + joo(Ls + Lg) (1)
3 ]mCde
Ren .
Zy; =72y =Rg + 2c + jwLg ()
ZZZ = Rs + Rd + Rch + ]w(Ls + Ld) (3)

where Rs, Rg, Ren, and Rq are the source, gate, channel, and drain resistance, respectively,
Ls, Lg, and Lq are the extrinsic source, gate, and drain inductance, respectively. Rs¢j and Csq;
are the Schottky diode resistance and capacitance, respectively, and w is the angular fre-
quency. Charges in the depletion region vary according to the gate bias, and as the charge
increases, the channel resistance decreases. Using this relation, Rs+Rd can be extracted
through the equation for the amount of charge and the real part of Zz2 according to the
gate biases. Then, using the Rs+ Ra value obtained earlier, Rch at a specific bias can be found
from the real part of Z» of Equation (3), and Rs can be extracted from the real part of Z1 of
Equation (2). When Rs is found, R4 can also be extracted from the Rst+R4 value. Ls and Ld
can be extracted using the imaginary parts of Zi2 and Z2 in a similar manner. However,
Rg and Lg cannot be extracted as simply as above due to Rsqj and Csqj. By applying the
method used in [29] as it is, Lg and Rg can be extracted by approximating Zn using the fact

that —

™ becomes very small compared to Rsdj at high frequencies above 35 GHz.
sdj
In Figure 5a, the Y-parameters of intrinsic parts that change according to the bias can

be expressed by the following Equations (4)—(7).

w?R;Cgs” w?RggCaq” , Ces Cga
2p2c 2 + 2p2 2 TIo 2p2- 2 + 2n2 2 4)
1+ w?R%C 1+ w?R%Ceq 1+ w?R%C 1+ w?R%Ceq

Vi1 =
ivgs 1+gs

®?R,4C,sC C
gd“gs“gd . gd
Yi2 = — ooz 7 —Jw 202 2 )
1+ w2R%Cyq 1+ w2R%Cyq
g e_j“” (A)ZR dC C d . C d
Y12 = T R Ty ¢ 29 PRI (6)
JoORilgs 14+ w Rgdcgd l1+w Rgdcgd
1 (1)2R dC d2 C d
Y22=R— %+'w %"‘Cds (7)
as 1+ w?R%Cyq 1+ w?R%Cyq

where Ri, Rgd, and Ras are the input, gate-drain, and output resistance, respectively, and
Cgs, Cga, and Gm are the gate-source, gate-drain capacitance, and transconductance, respec-
tively. Intrinsic model parameters can be extracted for each bias using the above equations
from the Y-parameters obtained by de-embedding the pad model and extrinsic part from
the measured S-parameters.

The second step is to replace the existing Cqs obtained in the first step with the “mod-
ified Cas” shown in Figure 5b. It can be obtained by deriving an analytic equation, but in
this work, EM simulation is used in an intuitive way without using complex equations.
Since the “modified Cas” reflecting the source via effect is due to the layout structure, pa-
rameter extraction is possible with EM simulation and does not depend on the bias. Figure
7 shows the top view of full EM simulation of a GaN HEMT using ADS Momentum soft-
ware. To obtain more realistic results, the measured GaN HEMT layout is brought directly
into the EM simulation setup. In the layout shown in Figure 7, the gate layer is visible, but
in ADS momentum, there is a function that does not activate this layer in the EM simula-
tion setup. Therefore, the effect of the gate layer can be easily excluded, and the simulation
is performed so that only the drain-source layout effect is shown. Finally, the modified Cas
can be extracted from the EM simulation result between the drain and source terminals.



Appl. Sci. 2021, 11, 9120

7 of 14

i ok
Ay 1 Not included in EM setup L0

Port 1 (T2 ‘ ) Port 2

Figure 7. Top view of full EM simulation of a GaN HEMT using ADS momentum.

Cas1, Cas2, and Ldas composing the “modified Cas” are extracted through fitting or opti-
mization by comparing S22 obtained through EM simulation with the modeled S-param-
eter of the drain-source part extracted previously. The fitted Cas2 does not yet contain an
intrinsic part. Therefore, the intrinsic part can be added through the final comparison with
the measured S-parameter, and the final small-signal model is completed through fine-
tuning of each model parameter. Figure 8 is a block diagram showing the small-signal
modeling procedure proposed in this work.

S-parameter measurement
(cold and hot bias region)

Pad de-embedding
!

Extrinsic parameter extraction

l

Intrinsic parameter extraction

(

[ )
[ )
:

[ Drain-source EM simulation ]
[ }
[ )
[

v
Cas1 Casar Lgs fitting

!

Model parameter fine-tuning

!

GaN HEMT small-signal model}

Figure 8. Block diagram of the proposed GaN small-signal modeling procedure.

3. Measurement Setup and Results
3.1. 67 GHz S-Parameter Measurement Set-Up

A 67 GHz S-parameter measurement setup was implemented to verify the new GaN
HEMT small-signal model considering the source via effect proposed in Section 2. Figure
9 shows the block diagram of a 67 GHz S-parameter measurement setup. Two-port RF
signals come from a 67 GHz vector network analyzer, and through on-wafer probing, the
RF signals are input and output to a GaN HEMT device under test with dc biases through
a dc source generator and two bias tees. This setup is connected to a PC through general
purpose interface bus (GPIB) cables and automatically measures S-parameters according
to biases and frequencies through IC-CAP software. In particular, since GaN HEMT de-
vices have high operating voltage and high output power, it is necessary to carefully check
the maximum input voltage and RF power allowed by the equipment and accessories.
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Figure 9. Block diagram of a 67 GHz S-parameter measurement setup.

3.2. Measurement results

The proposed small-signal modeling was performed on an ISV-type 4 x 50 um GaN
HEMT fabricated using a commercial 0.15 pum GaN HEMT process. First, the pad equiva-
lent model parameters are extracted through the S-parameter measurement of the pad test
pattern. The extracted values of Cpg and Cpa are both 18 fF, and those of Lpg and Lpa are
both 30 pH. Next, S-parameters are measured from 0.2 to 67 GHz in the cold and hot bias
regions. The pinch-off voltage of the device is about —2.8 V, and the measurement bias
region is a drain-source voltage of 0 to 28 V and a gate-source voltage (Vgs) of 2.8 to -0.8
V. Table 1 shows the initial extrinsic and intrinsic parameters extracted using the conven-
tional small-signal model parameter extraction method.

Table 1. Initially extracted extrinsic and intrinsic parameters of an ISV-type 4 x 50 pm GaN
HEMT.

Extrinsic/Intrinsic Model Parameters Extracted Value
Re 0.67 Q
Rs 1.85Q
Extrinsic part Ra 01Q
Lg 124.6 pH
Ls 6.42 pH
Ld 88.6 pH
Ces 479 fF
Ri 0.33Q
Cd 18.8 fF
Intrinsic part Iégd 33495;1 %
(Vas=28V, Vgs=-1.6V) m .
T 1.63 pS
Ras 900.9 Q
Cas 138 fF

Next, to replace the Cas obtained above with the “modified Cas” shown in Figure 5b,
EM simulation is used as shown in Figure 7. Based on the EM simulation result, the values
of Cas1, Las, and Cus2 extracted by iterative fitting are 40 fF, 40 pH, and 50 fF, respectively.
Figure 10 shows the comparison of the S-parameter of the extracted “modified Cas” circuit
with the EM simulated one. The “modified Cuas” circuit agrees better with the EM result
than the conventional Cas.
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Figure 10. Comparison of the S-parameter of the extracted “modified Cas” circuit with the EM sim-
ulated one through (a) Smith chart and (b) phase.
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Finally, the intrinsic part of Cas, which is about 25 fF, can be added through the final
comparison with the measured S-parameter, and the complete small-signal model is op-
timized through fine-tuning of each model parameter.

To verify the validity of the small-signal model completed through the above proce-
dure, the S-parameters of small-signal models and the measured S-parameters are com-
pared from 0.2 to 67 GHz with respect to several biases around the load line, which is
important for power amplifier design. In addition, the stability factor (K) and MSG/MAG
that can be calculated from the S-parameter results are also compared. The formulas can
be expressed as follows [30]:

‘o (1—|S11|2 — |S22|% + |S11 - 522 — S12 - S21|?)

(21512 - 521 ®
MAG = :?1: (K—VKZ—1) (K > 1) (9a)
MsG = 521! (K<1) (9b)

[S12]

Figures 11-13 show the comparison of S-parameters, MSG/MAG, and K under some
biases according to the load line.

freq (200.0MHz to 67 00GHz) freq (200.0MHz to 67 .00GHz)

(a) (b)
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Figure 11. Comparison of (a) S11, (b) S22, (c) S12, (d) S22, (e) MSG/MAG, and (f) stability factor
among the measurement (blue circle), the conventional model (pink dashed line), and the proposed

model (red line) from 0.2 to 67 GHz under Vas=28 V, Vg=-1.6 V.
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Figure 12. Comparison of (a) S11, (b) S22, (c) S12, (d) S22, (e) MSG/MAG, and (f) stability factor
among the measurement (blue circle), the conventional model (pink dashed line), and the proposed
model (red line) from 0.2 to 67 GHz under Vas=20V, Vg=-1.2 V.
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Figure 13. Comparison of (a) S11, (b) 522, (c) S12, (d) S22, (e) MSG/MAG, and (f) stability factor
among the measurement (blue circle), the conventional model (pink dashed line), and the proposed
model (red line) from 0.2 to 67 GHz under Vas= 16V, Vgs=-1.0 V.

As shown in Figures 11-13, the proposed model improves the 512 accuracy due to
the modified Cas circuit considering the source via effect. The improved S12 accuracy com-
pared to the previous model allows the proposed small-signal model to predict more sim-
ilar MSG/MAG and stability factor to measurements at frequencies above 20 GHz. Alt-
hough there is still room for some improvement depending on the bias, it can be seen that
the trend is more similar to the measurement than before. It is worth noting that the pro-
posed small-signal model tends to precisely match the measurements, especially near the
operating bias of the power amplifier.

4. Conclusions

A new 0.15 um GaN HEMT small-signal model for 5G millimeter-wave power am-
plifier design is proposed considering the source via effect. The proposed model improves
the accuracy of 512 by including the parasitic inductance due to coupling between the
drain and source via structures at frequencies above millimeter-wave. This improvement
contributes to more accurate MSG/MAG and stability factor up to millimeter-wave fre-
quencies. The proposed small-signal model can be applied to GaN HEMTs with other
similar source via structures such as an outside source via (OSV) type. In addition, it is
expected to contribute to more accurate performance prediction when designing a 5G mil-
limeter-wave power amplifier by applying it to a large-signal GaN HEMT model.
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