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GaN HEMTs
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GS D

Source: Wikipedia.

Advantages of GaN HEMT: 
-Good linearity
-High power density
-High gain
-Good thermal conductivity
-Low parasitic capacitances and inter-terminal 
capacitances
-High cutoff frequency
-…

High Electron Mobility Transistors: 

Heterojunction

GaN High Electron Mobility Transistors: 

Covers a wide range of applications.

For M
OS-A

K20
21

 only 

Red
ist

rib
utio

n not a
llo

wed



GaN HEMTs Modelling
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Nonlinear Gate Capacitances in GaN HEMTs

Vds = 38 V
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Nonlinear Gate Capacitances Models

• Empirical model

• Physical Model

• ANN based model

- The Cgs and Cgd are independent of Ids.

- Flexible and easy to use. But lack physical meaning.

- The Cgs and Cgd are dependent on Ids.

- Able to well reflect the physical nature of the device. 

But not flexible and difficult to tune.  

- 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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Modelling Problems & Our Solutions

• The abnormal results in extractions

⇒Outlier 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.

For the nonlinear gate capacitances:
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DCIV/PIV Measurement Setup
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CW/Pulsed S-Parameters Measurement Setup
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CW/Pulsed Load-Pull Measurement Setup
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Specifications at A Glance
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Problem and Method
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• The extracted capacitances data may have abnormal results (outliers), which may 
not be conducive to parameter extraction and fitting

• We use the iForest algorithm to detect and remove the outliers [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.

• The outliers (red diamonds) can be successfully detected and removed 
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Problem
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• The original Angelov Cgs and Cgd model has 13 parameters to fit at both Vgs and 
Vds direction. 

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

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

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

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.
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Method
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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.

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.

Therefore, we cancel the Vds dependence of Cgs and Cgd for simplification
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Validations
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With the simplified equations and parameters extracted at 38V

S11 S12

S22S21

The RMS error of recovered small signal S-parameters

Load pullPower sweeps

Vdsq = 38 V, Vgsq = -2.1 V, f = 2.7 GHz

(Vdsq = 38 V, Vgsq = -2.1 V, f= 2.7 GHz, Pin = 17 dBm)

(0.4 to 14 GHz)

Vdsq = 38 V, Vgsq = -2.5 V, f = 2.7 GHz

S-Parameters

(0.4 to 14 GHz)

(-2.1 V, 38 V) (-1.7 V, 38 V)

(-2.2 V, 48 V)
(-1.5 V, 28 V)
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Problem
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• The original temperature dependence of Cgs and Cgd: linear scaling 

• 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]

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

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.

• A higher accuracy of device model is achieved.
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Method
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The extracted Cgs and Cgd are given on the right.

In addition to the traditional relationship

The horizontal shift (i) and slope flattening (ii) can 
be observed.

Vds = 38 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. 

Angelov capacitance model

where X can be either gs or gd

Modification

⇒ In accordance with the temperature dependence of Vth 

⇒ In accordance with the temperature dependence of SS 
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Validations
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Comparison of the original Cgs and improved Cgs

Improved Original

Improved Original

S-Parameters

f = 3.4 GHz, Vds = 38 V, 
Vgs = -3.5 to -0.5 V

Vgs = -2.3 V, Vds = 38 V, 
f = 0.2 to 10 GHz

Power sweeps

Comparison of the original Cgd and improved Cgd

Load pulls

Vgsq = -2.1 V, Vdsq = 38 V, f = 3.5 GHz

Vgsq = -2.1 V, Vdsq = 38 V, f = 3.5 GHz
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Problem and Method

25

• The ANN capacitance model is not charge-conservative, which may have 
convergence issue

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.

• We construct the gate charge ANN model directly

• The gate charge can be used to avoid charge-conservation issue, i.e.,

• Then the Cgs and Cgd is naturally charge conservative
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Validations
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Extracted and modelled Qg, Cgs and Cgd S-Parameters

Power sweeps:Load pulls:
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Conclusion
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• 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

This presentation includes:
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