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Advantages of GaN HEMT:

-Good linearity

-High power density

-High gain

-Good thermal conductivity

-Low parasitic capacitances and inter-terminal
capacitances

-High cutoff frequency

Covers a wide range of applications.
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Nonlinear Gate Capacitances in GaN HEMTs
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Nonlinear Gate Capacitances Models 95 s
’ Empirical model Cgs = Cgsp T Cgso(l * tanh(Pgllvgs + Pglo))
- The Cgs and Cgd are independent of Ids. X (1 + tanh(Pgy; Vs + Pgz0))

. . . Coq = Cogn, + Cpqo(1 + tanh(Pyq,Vys + P - P
- Flexible and easy to use. But lack physical meaning. 8%~ &% gaof (PasVas + Pazo) = Pasnn)

X (1 + tanh(Pyz1Vga + Pazo) + 2Pa111)

* Physical Model &) —'(;(13{*
- The Cgs and Cgd are dependent on Ids. Co _L())({?n
- Able to well reflect the physical nature of the device. ) 2‘(".L OL—08 Q5 —Qb,
But not flexible and difficult to tune. G- s s )
Op = ((‘25;3‘_"(1}5]]2((235(21‘.; —{ Q@ *) Qf‘,;)

e ANN based model

- The Cgs and Cgd are built based on artificial neural

networks. Independent of Ids.

- Highly accurate. But difficult to tune (too many

parameters).
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For the nonlinear gate capacitances:

* The abnormal results in extractions
=Qutlier detection method [1].

 The complexity in building up nonlinear capacitance models
=Simplification method at large Vds [2].

* The temperature dependence of nonlinear capacitances
=Improved temperature dependence [3].

* The charge inconsistency of ANN-based gate charge model

=Novel ANN-based consistent gate charge model [1].

Ref:
[1] W. Hu, H. Luo, X. Yan and Y. -X. Guo, "An Accurate Neural Network-Based Consistent Gate Charge Model for GaN HEMTs by Refining

Intrinsic Capacitances,” IEEE Trans. Microw. Theory Techn., vol. 69, no.7, pp. 3208-3218, July 2021.
[2] H. Luo, H. Zhang, W. Hu, and Y. Guo, “A simplification method for capacitance models in AlGaN / GaN high electron mobility

transistors under large drain voltage using channel analysis,” Int. J. RF Microw. Comput-Aid. Eng., vol. 31, no. 1, 2021.
[3] H. Luo, Z. Zhong, W. Hu, and Y. Guo, “Analysis and Modeling of the Temperature Dependent Nonlinearity of Intrinsic Capacitances in

AlGaN/GaN HEMTs”, IEEE Microw. Wirel. Compon. Lett., vol. 31, no. 4, pp. 373-376, April 2021.
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Maury AM 3200 PIV System
(AM3203 Pulse IV Controller)
(AM3211 Gate/Input Probe)
(AM3221 Drain/Output Probe )

Maury Vector Receiver Load-Pull
System (7mm Automated Tuners)

ROHDE & SCHWARZ ZVA 50
R&S ZVAX 24 Extension Unit

BONN Elektronik
Power Amplifier
(BLMA 1018-10D)

Agilent P-Series Single Channel Power
Meter (N1911A)

Agilent wideband power Sensor
(N1922A)

Micromanipulator 4060 High
Performance Manual Probe Station with
Computer Controlled Thermal Chuck

Min. pulse width 200ns from the generator.

DC & Pulsed Voltage
Input 25-25V
Output 0-250V

Frequency Range
0.8 GHz - 18.0 GHz
Frequency Range

Frequency Range

Frequency Output Power
Range PN min / typ
1-18 GHz 10/12W

Power requirement
Frequency Range
0.05 - 40 GHz

X and Y Axis Range

87 X 87 (200mm X 200mm)

Power Capacity

50 W(CW) 0.5 kW (PEP)

DC Current Pulsed Current
03-03A -1-1A
0-5A 0-33A

Insertion Loss
05 dB

10 MHz - 50 GHz

10 MHz - 24 GHz

Gain Harmonics
min / typ 2nd / 3rd
40/43+3dB 15720 dBc
<30W

Dynamic range

-35 - 20 dBm (=0.5 GHz)
-30 - 20 dBm (0.05 - 0.5 GHz)

Temperature

-65 - 400 °C

13
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Problem and Method

* The extracted capacitances data may have abnormal results (outliers), which may
not be conducive to parameter extraction and fitting

Cp = C Coa = Cgap + Cgao(1 + tanh(Pyq1Vys + Paio) — Par11)

wsp T+ Coso(1 + tanh(Pys i Vos + Pyso )

X (1 + tanh(Pyy, Vys + Pyyo)) X (1 + tanh(Paz1Vga + Pazo) + 2Pg111)

* We use the iForest algorithm to detect and remove the outliers [1]
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Figure 2. Outlier detection results of the extracted (a) Cys and (b) Cgs,
including the normal points (circle symbols), outliers (diamond
symbols), and decision boundary (dashed lines).<

* The outliers (red diamonds) can be successfully detected and removed

Ref:
[1] W. Hu, H. Luo, X. Yan and Y. -X. Guo, "An Accurate Neural Network-Based Consistent Gate Charge Model for GaN HEMTs by Refining
Intrinsic Capacitances,” IEEE Trans. Microw. Theory Techn., vol. 69, no.7, pp. 3208-3218, July 2021. 15
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The original Angelov Cgs and Cgd model has 13 parameters to fit at both Vgs and
Vds direction.
Cos = Cospy + Coso(1 + tanh(Pyyi Vos + Pyig)) Coa = Cgap + Cgao(1 + tanh(Pyq1Vys + Paio) — Par11)
X (1 + tanh(Pyy, Vys + Pyyo)) X (1 + tanh(Py21Vga + Pazo) + 2Pa111)

Difficult to fit. Complex expression is also easier to lead to convergence issue.

It is common for GaN HEMT to work at high Vds to provide a high output power.

Solution: We cancel the Vds dependence of Cgs and Cgd at high Vds. Parameter
number is reduced from 13 to 8 [1].

Cgs = Cgsp + Cg\()(l + tan h(Pg]]Vg\ + Pg]())) ng - ngp + ng()(l + tanh(Pd]] Vgs +Pd]0))

Ref:
[1] H. Luo, H. Zhang, W. Hu, and Y. Guo, “A simplification method for capacitance models in AlGaN / GaN high electron mobility
transistors under large drain voltage using channel analysis,” Int. J. RF Microw. Comput-Aid. Eng., vol. 31, no. 1, 2021. 17
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The Vds dependence of Cgs and Cgd can be attributed to the
Vds dependence of channel.

It is formulated and plotted as follows.

AL=AL, + AL, (1)

f 2
Vds"FsalVdstsal‘l) f (Vds"Fandsw.'n'v)
AL, =yIn ( — ] + -] +1
. ( Egry V Equy

Depletion Width (um)
=]
o~

AL;=k-AL (3) % 10 20 30 P 50
. . . - . Vds(v’
The increase of depletion width becomes slow when Vds is high.

The extracted Cgs and Cgd also indicate a slow increase when Vds is high.
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Therefore, we cancel the Vds dependence of Cgs and Cgd for simplification
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With the simplified equations and parameters extracted at 38V
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The original temperature dependence of Cgs and Cgd: linear scaling

Cx= (.‘_\p + arxCxi (1)

* This may not be accurate as the evidence of this relationship in many literatures
came from the single bias Cgs and Cgd.

* Previous extractions on EDL (H.-H. Hu, 08) also showed that the Cgs and Cgd has a
more complex temperature dependence at Vgs direction.

* We analyzed and characterized the previously unconsidered temperature
dependent nonlinearity based on device physics [1]

krx = krxo - (1 + yix1/(Pxx2 + (T — Tp))) (2) Cos = Cywp + 7g:Co0 - (lanh(kg\(\/ T ‘)) " 1)
V\']',\' = V;[',\'() -+ ;'\"\'(T — T()) (3) '(lanh(kgs(vg\- + ng.\)) + Py Vs + l) (4)
Ci =0k F GG (mnh (k ra(Vas + v;‘_,d))+ 1Py
. (l'dnh(kg‘[(vg\'FV‘gd)— P||| Vd\) + 1 + 2[)”[ ) (5)
arx = 1 + arxo(T — Tp) (6)
* A higher accuracy of device model is achieved.

Ref:
[1] H. Luo, Z. Zhong, W. Hu, and Y. Guo, “Analysis and Modeling of the Temperature Dependent Nonlinearity of Intrinsic Capacitances in
AlGaN/GaN HEMTs”, IEEE Microw. Wirel. Compon. Lett., vol. 31, no. 4, pp. 373-376, April 2021. 21
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. . 2 = 0.13 - —.25°C
The extracted Cgs and Cgd are given on the right. 25°C BEo
1.8}—0C e 28°C s
ere i . . . ——25°C 0.1 Ly so°c ii) A
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y ’ % ol 0.09 |+ 100°c ,/"ff:’;
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Gate Voltage (V) Vds =38V Gate Voltage (V)
The horizontal shift (i) is caused by the temperature dependence of threshold voltage (Vth).
The slope flattening (ii) is caused by the temperature dependence of subthreshold swing (SS).
The constant kgs, kgd, Vsgs and Vsgd in the Angelov capacitance model is modified to be
temperature dependent.
Modification
krx = krxo - (1 + yxai /(yxx2 + (T — T))) (2) = In accordance with the temperature dependence of Vth
Virx = Virxo + yvx(T — Tp) (3) = In accordance with the temperature dependence of SS

where X can be either gs or gd
Angelov capacitance model
Cas = Cop + a7 Coo - (tanh (K (Vs + Vi) ) +1)
- (tanh (kg (Ves + Vigs)) + Poa Vs + 1) 4
Cyi = Cods ¥ b7 Clll (tanh (k;d(vd, + v;gd))+1—P..,)
- (tanh(kgq (Ves+ Visga) — PinVas) + 1 4+ 2Pi1)  (5)
arx = 1 + arxo(T — Tp) (6) 22
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‘ Validations
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Comparison of the original Cgs and improved Cgs
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* The ANN capacitance model is not charge-conservative, which may have
convergence issue

* The gate charge can be used to avoid charge-conservation issue, i.e.,
0Cys 0’ Q, _ 0’ Q, _ 0Cy
OVyg  0VadVy  0VoVey 8V

* We construct the gate charge ANN model directly

M

Q}.{(Vgs- Vids T) = by + Z ws; tanh(gpa;) Vs ;
i=l
N V.qd X 2 ‘ . Qy
Vi
Q2 = bai + Z Wi (lelh((/)( ,‘) T .’\\
j=l

7 3 x N weights ) M weights
@1j = bij + w1 Vs +w1j2Vea + 03T Nbiases N XM weights  y piag

M biases

* Then the Cgs and Cgd is naturally charge conservative

M N
2 : 2 2 2
Cg_\ = 11)3,'S€Ch (go_'gf) lI)'_),'jll)]jISeCh ((OU)
j=1

-
—

j
M N
2 s
(s ¥ E w3;sech”(p;) E wo;jwij2sech (¢ )
j=1

Ref:
[1] W. Hu, H. Luo, X. Yan and Y. -X. Guo, "An Accurate Neural Network-Based Consistent Gate Charge Model for GaN HEMTs by Refining
Intrinsic Capacitances,” IEEE Trans. Microw. Theory Techn., vol. 69, no.7, pp. 3208-3218, July 2021. 25
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Extracted and modelled Qg, Cgs and Cgd S-Parameters
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Figure 5. The Extracted results with Vg from -3.5Vto 1V and Vi from0Vito  Fig. 17. Measured (symbols) and simulated (lines) CW S-parameters from
40 V and modeled results with Vs from -4 V to 2 V and Vs from 0 V to 0.5 to 40 GHz at 25 °C with the reference plane at the probe tips. (a) Vi, =
B~ =3 Vand Vg =0V, (b) Viy==2Vand Vg =20 V. (c) Voy =—1 V and

60 Vat 125 C. (a) Q. (b) Cas. (c) Cos.” N g ™ Ve 1 °)%s _
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Fig. 19. Measured (solid lines) and simulated (dashed lines) CW load—pull Fig. 20. Measured (symbols) and simulated (lines) Poy. Gain, and PAE
results at a Class-AB operating point (Vg = —1.68 V, Vyq = 20 V., and g1 3 Class-AB operating point with Viasg = 20V, lyg = 10 mA, and fj =
lasg = 10 mA) with the operating frequency fp = 2.8 GHz, the input power 28 GHz. (a) Zs = 61.03 4 j134 Q and Z; = 50.02 + j0.418 Q. (b) Zs =
Py, = 6.8 dBm, and the source impedance Zg = 56.768 + j129.46 Q. (a) Poww 56,77 + j129.5 Q and Z; = 146 + j110.7 Q (optimum source and load
contours in steps of 0.25 dBm. (b) PAE contours in steps of 4%. impedances).
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This presentation includes:

* A quick review of GaN HEMT and its nonlinear capacitance
modelling methods

* Introduction of our on-wafer measurement facilities

* The latest progress of our group on GaN HEMT nonlinear

capacitance modeling. Including

A method to detect capacitance extraction outliers

A simplification method of nonlinear capacitances

An improvement method of temperature dependence of
nonlinear capacitances

An ANN-based consistent gate charge model





