
Advancing mm-Wave GaN Technology 
Through Innovative Modeling Approaches

Advisor: Prof. Srabanti Chowdhury
May 15th, 2024

Dept. of Electrical Engineering
Stanford University, Stanford, CA 94305

Ph.D. Dissertation Defense by: 
Rafael Perez Martinez

rafapm@alumni.stanford.edu

mailto:rafapm@Stanford.edu


2

Outline

• Introduction to GaN Technology

• Lending Derivative-Free Optimization to Device Modeling

• A Hybrid Physical ASM-HEMT Model

• Summary of Contributions



3

Devices

P. Fay et al., Springer, 2019.

U. K. Mishra et al., Proc. IEEE, 96(2), 2008.

Al0.23Ga0.77N (22 nm)
GaN Channel

GaN Buffer
SiC Substrate

Circuits

RFin

Output 
Match

RLC MatchImpedance 
Transformation

Bias 
Networks

RFout

VG VD

ZG

Cdiv

Cd

Ld

W. Wang et al., IEEE ISSCC, 2020.

Optimal and Pareto optimal points

set of achievable objective values O = {f0 (x) | x feasible}

I feasible x is optimal if f0 (x) is the minimum value of O

I feasible x is Pareto optimal if f0 (x) is a minimal value of O

O

f0 (x
★)

x¢ is optimal

O

f0(x
po)

xpo
is Pareto optimal

Convex Optimization Boyd and Vandenberghe 4.59

Multicriterion optimization

I multicriterion or multi-objective problem:

minimize f0 (x) = (F1 (x), . . . ,Fq (x))
subject to fi (x)  0, i = 1, . . . ,m, Ax = b

I objective is the vector f0 (x) 2 Rq

I q di�erent objectives F1, . . . ,Fq; roughly speaking we want all Fi’s to be small

I feasible x¢ is optimal if y feasible =) f0 (x¢) � f0 (y)
I this means that x¢ simultaneously minimizes each Fi; the objectives are noncompeting
I not surprisingly, this doesn’t happen very often

Convex Optimization Boyd and Vandenberghe 4.57
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Gallium Nitride: Reshaping Technology and Society
Power Electronics

Wall Chargers Electric Grid

EV Charging

PV Inverters

Radar Technology

Wireless Communications

RF Electronics
(This work)

Electronic Warfare

Optoelectronics

LED Lightning Headlights

μLEDs Lasers

2014 Nobel Prize in Physics



Sub-6 GHz

RF Spectrum: Wireless Applications (Beyond-5G)
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Ka-Band
27 – 40 GHz
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40-75, 75-110 GHz
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K. Sengupta et al., IEEE TSTT, 2015.

Samsung, White Paper, 2020.Keysight, App. Note, 2024.
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mm-Wave
HEMT 

Key Device Metrics for mm-Wave Amplifiers

Gain
PAE

• High gain and output power
• Low Tj and PDC

PAE =
PRF,out − PRF,in

PDC

=

(

1−
1

G

)

PRF,out

PDC

PAE =
PRF,out − PRF,in

PDC

=

(

1−
1

G

)

PRF,out

PDC

Output Power

• Large current / voltage swing

Pout =
VswingIswing

8
=

2(VDD − Vkn)Ikn
8

Pout =
VswingIswing

8
=

2(VDD − Vkn)Ikn
8

Gain

• High electron mobility

G =

PRF,out

PRF,in

Difficult to Optimize 
for all Four 

at mm-Wave

Low Dispersion 
is Required

Linearity

• Flat transconductance (gm)
• Constant Cgs, Cgd

OIP3 = 10 log10

(

2

3

g3m1RL

gm3

)

+ 30

AM-AM / AM-PM Distortion
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$18M

$1.4B
$41M

$1B
$270M

$777M

$98M
$477M

$18M

RF GaN Market Forecast

2022
($1.3B)

2028
($2.7B)

Telecom Infra
Military
Satcom
Others

Yole Intelligence, 2023

• GaN transistors provide high Pout & PAE 
at mm-wave frequencies

GaN Technology Addresses High-Performance Needs

Material Properties Si InP GaAs GaN
Bandgap, Eg (eV) 1.12 1.34 1.42 3.49

Critical Breakdown Field, Ecrit (MV/cm) 0.3 0.5 0.4 3.3
Mobility, µ (cm2 / V⋅s) 1500 5400 8500 2000*

Peak Saturation Velocity, vsat (x107 cm/s) 1 3.3 2.0 2.5

2DEG Density, ns (x1013 cm-2) N/A 0.3 0.2 > 1.5
Thermal Conductivity, k (W/cm⋅K) 1.3 0.7 0.5 2

Dielectric Constant, εs 11.7 12.5 12.9 9.5

Johnson FoM Relative to Si (Ecrit⋅vsat /2π) 1 5.8 2.7 28

Properties of RF Semiconductors

*2DEG Mobility
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State-of-the-art fT / fmax Performance Survey
• Fundamental trade-off in fT / fmax and breakdown voltage: “Johnson Limit”
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Novel AlGaN/GaN Dual-Field-Plate FET  
With High Gain, Increased Linearity and Stability 

 

Yuji Ando, Akio Wakejima, Yasuhiro Okamoto, Tatsuo Nakayama, Kazuki Ota, Katsumi Yamanoguchi,  
Yasuhiro Murase, Kensuke Kasahara, Kohji Matsunaga, Takashi Inoue, Hironobu Miyamoto 
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 Abstract 
 
We have successfully developed a novel AlGaN/GaN FET 
with dual field-modulating-plates (FP’s). The breakdown 
voltage is enhanced from 125 to 250 V by adding the second 
FP to the conventional FP structure. Benefiting from the first 
FP, no current collapse is observed simultaneously. Since the 
second FP effectively reduces feedback capacitance, this 
device provides a 3-dB higher gain along with increased 
linearity and stability. Under a 2.15-GHz W-CDMA 
modulation scheme, a dual-FP-FET with a 24-mm gate 
periphery achieved a-state-of-the-art combination of 160-W 
output power and a 17.5-dB linear gain. 
 

 Introduction 
 

Recently, the power performance of GaN-based FETs has 

been remarkably improved by employing the FP structure 

(1)-(5). A total output power of 280 W (3) and a power 

density exceeding 30 W/mm (4) were reported. The FP 

structure is known to improve a trade-off relation between 

current collapse and breakdown characteristics (1). In this 

structure, however, increased gate-drain capacitance (Cgd) 

leading to reduced gain has been one of the issues. A method 

proved effective in reducing Cgd is introduction of the source-

terminated FP (6), (7). In this work, a dual-FP structure, 

which combines a conventional FP and a source-terminated 

FP, is applied for AlGaN/GaN FETs to improve collapse, 

breakdown, and gain characteristics, simultaneously. 

 

Device Structure & Processing 
 

Figure 1 illustrates a schematic of AlGaN/GaN dual-FP-FET 

structure. The first FP is a part of the gate, which improves 

breakdown characteristics while suppressing the current 

collapse (1). The second FP is formed on a SiN film at the 

gate edge and connected to the source. This functions as a 

shield of the electric field between the first FP and the drain, 

and hence eliminates the drawback of increased Cgd (7). The 

gate length (Lg), the first-FP length (Lfp1), and the gate-drain 

spacing (Lgd) were set to 0.5, 0.5, and 3.5 µm, respectively. 

The second-FP length (Lfp2) was ranged between 1 and 3.5 

µm. For comparison, single-FP-FETs without the second FP 

(Lfp2 =0 µm) were also fabricated on the same wafer.  

The devices were fabricated using an undoped AlGaN/GaN 

heterostructure grown on a semi-insulating SiC substrate. 

Device fabrication started with Ti/Al/Nb/Au ohmic contact 

formation using rapid thermal annealing at 850 °C (8). Next, 

device isolation was accomplished by nitrogen ion 

implantation. After depositing a lower SiN film by plasma-

enhanced chemical vapor deposition, the gate recess was 

formed using BCl3 inductively coupled plasma (ICP) etching, 

and Ni/Au gate was formed simultaneously with the first-FP 

electrode. An upper SiN film was then deposited, and 

Ti/Pt/Au second-FP electrode was formed. Finally, a standard 

Au-plated air-bridge process was used to complete multi-

fingered FETs. 

 

 
 

DC Characteristics 
 

Figure 2 presents I-V characteristics for dual and single FP-

FETs with a gate width (Wg) of 50 µm. These devices 

exhibited similar I-V characteristics. Maximum drain current 

was 1050 mA/mm, the transconductance was 260 mS/mm, 

and no current collapse was observed. Figure 3 shows a gate-

drain breakdown voltage (BVgd) as a function of Lfp2. Dual-

FP-FETs showed a BVgd of as high as 250 V, which hardly 

depends on Lfp2 (=1-3.5 µm). On the other hand, the single-

FP-FET with an identical Lfp1 value (=0.5 µm) showed a 

considerably lower BVgd (∼125 V). The BVgd values for the 

dual-FP devices are comparable to the single-FP device with 

a longer first-FP of 0.75 to 1 µm. This provides the dual-FP-

FET with both of a high BVgd and a reduced Cgd. The BVgd 

improvement is attributed to formation of depletion layer 

under the second-FP electrode, which decreases the electric 

field intensity between the first FP and drain. 

Fig. 1: Schematic of a fabricated dual-FP-FET. 
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TCAD: GaN HEMT Structure Generation
Simulation Model and Meshing

• Realistic GaN HEMT model built 
via process simulation
– Mechanical stresses with Wurtzite symmetry

– Volume charge from polarization divergence

– C or Fe diffusion
– WIP on modeling and calibration

– Al profiles based on SIMS
– WIP on Ga/Al interdiffusion

• Parameterized fabrication process
– Layer structure design, including dielectrics
– Layout, including field plates
– Mole fractions
– C or Fe doping
– …

0% 0.4%0.2%

sll
Non-uniform strain along gate length

Gate edge

Barrier
Cap

Channel

GaN/AlGaN Fe-doped buffer

SiC substrate Nucleation

Channel/Barrier/Cap

Gate

Source FP

S
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e D

rainSiN

Barrier

Channel

Cap

Mesh around gate corner

Name Symbol Description Value [unit]

tch tch Thickness of  GaN channel layer 50 nm

tbar tbar Thickness of  AlGaN barrier layer 20 nm

xbar xbar Barrier layer mole f ract ion 0.3

tcap tcap Thickness of  GaN cap layer 2 nm

lgate Lg Gate length 350 nm

lgd Lgd Gate to drain contact separfat ion 4 mm

lfp LFP Source-t ide f ield-pate length 1 mm

r_crnr rC Radius of  gate corner curvatures 2 nm

Example of fabrication process parameterization N. Braga, Synopsis.

Self-Heating

ID drops due to 
trapping effects

Challenges Hindering GaN's Theoretical Limit

Pout
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Motivation: Addressing Two Major Challenges in GaN
• Improve accuracy and reduce 

extraction time in GaN models
– Takes weeks to months to extract 

a device model
– Some models are unable to capture 

the strong device nonlinearities

• Optimize Pout, PAE, linearity, 
and thermal at mm-wave

– Devices are optimized for high fmax / Pout

– Obtaining a good designs takes
multiple iterations

N f
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200+ model parameters 
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minimize
1

k

k∑

i=1

L(ŷ, y)

subject to θ ∈ Θ
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• Device model parameter extraction involves adjusting the parameters of
a model to align with data from a semiconductor device

• Typical compact / TCAD device models do not have simple formulas
– Given by running a SPICE / TCAD simulation and depends on 10s of parameters

θ = {Is, Rs, n}

IA = Is

(

e
VA−RsIA

nVT − 1

)

The Parameter Extraction Problem in Device Models

Diamond 
Schottky 

Diode

K. Woo,…, S. Chowdhury, Diam. Relat. Mater., 2024.
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Extracting the ASM-HEMT DC Model with 30+ Parameters
• Compact models represent mathematically the electrical behavior 

of semiconductor devices (primarily used for IC design)
• ASM-HEMT: Surface-potential-based physical compact model
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ASM-HEMT Equivalent Circuit ModelGaN Device Cross-Section

Problem: Requires adjusting 30+ model parameters to fit the DC model

200+ model parameters 
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• Typical approach for parameter extraction is extremely time-consuming
– Takes several days or weeks, and does not guarantee a satisfactory fit

• Divide-and-conquer approach to parameter extraction

Manual Fitting: The 30-Year Norm in Parameter Extraction

“SPICE Monkeying,” DALL·E 3, OpenAI.

Divide entire parameter 
set into smaller subsets

Perform several 
iterative manual steps

Further fine-tune to 
improve final fit

“SPICE Monkeying”
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Levenberg-Marquardt Algorithm for Parameter Extraction

minimize
∥

∥

∥

f(θ(k)) +Df(θ(k))(θ − θ(k))
∥

∥

∥

2
+ λ(k)

∥

∥

∥

θ − θ(k)
∥

∥

∥

2

• Combines gradient descent with least squares to optimize parameters
• Gradients are difficult to obtain (require numerical approximations) 

– Requires knowing how a small change in each parameter affects the output

• Becomes inefficient with tens of model parameters
• Can get stuck in local minima of high-dimensional landscapes

Levenberg–Marquardt from three initial points

0 1 2 3 4
0

1

2

3

4

x1

x
2

Introduction to Applied Linear Algebra Boyd & Vandenberghe 18.15

θ(k+1) = θ(k)−
(

Df(θ(k))TDf(θ(k)) + λ(k)I
)

−1
Df(θ(k))Tf(θ(k))

Levenberg-Marquardt Iteration

S. Boyd and L. Vandenberghe, Cambridge Univ. Press, 2018.



16

Prior Works Addressing This Issue Using Deep Learning

F. Chavez et al., IEEE EDL, 2023.

• Recent works have trained a neural network that takes simulated data as 
input and outputs the model parameters

• Challenges: Extensive simulations required, precise parameter range 
knowledge needed, and not resilient to outliers (measurement error)

Q: How can we extract model parameters 
efficiently, without thousands of simulations, yet 

covering a broad range of possible values?

Transfer Characteristics of 120k Monte-Carlo Simulations
(~374 million data points for 10 parameters)

M. -Y. Kao et al., IEEE TED, 2022.
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Proposed Solution: Derivative-Free Optimization
• Methods that approx. minimize a function only using the objective value
• Obtains a nearly optimal fit with fewer simulations than a full-grid search
• Performs well with 10’s of parameters but less effective beyond 100+

Tree-Structured Parzen Estimator
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How Does Derivative-Free Optimization Work?

f(x
)

x

• Explore: Sample broadly to identify promising parameter areas

• Refine: Focus on top 20-30% best-performing parameters

• Adapt: Gradually learn and adapt to distribution of most effective parameters

• Reevaluate: Use past results to test new parameters or optimize known ones
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Proposed Approach for Parameter Extraction
• Addresses the limitations of manual fitting and

deep learning approaches
– Little to no human effort is required for extraction

• Reduces extraction time from weeks / months 
to a few hours (Intel i9-9900 CPU @ 3.1 GHz)
– A “good fit” is obtained within a few thousand trials

“Monkey Using Good ML,” DALL·E 3, OpenAI.

Fine-tune

Set device dimensions

Extract Voff and subthreshold 
slope parameters for the 

low current region

Extract mobility and vertical 
field dependence parameters

for the high current region

Extract DIBL, subthreshold 
degradation parameters for 

the high VD region

Extract vsat, output 
conductance parameters for 
the high ID and VD regions

Fine-tune parameters to 
improve ID-VD fitting

Manual Approach(b)

Set device dimensions

Proposed Approach(a)

Set
Parameters

Evaluate 
Objective

Run Sim.

HPO

Fine-tune

Perform train-test split

Set loss functions and ranges 
for model parameters

No

Re-train using all data

Yes

Is performance 
satisfactory?

Check model extraction 
against test data

Extract the best set 
of model parameters
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Choosing the Right Loss Function for Parameter Extraction
Loss function selection is motivated by three device modeling issues:
1) Ensure consistent model performance across different orders of magnitude

2) Guide the optimization process to prioritize regions of particular interest 

3) Reduce sensitivity to outliers and measurement errors

u =

∣

∣

∣

∣

log

(

1 +
ŷi

εi

)

− log

(

1 +
yi

εi

)
∣

∣

∣

∣

Lclip(ŷ, y) =

{

u2 if |u| ≤ δi

δ2
i

if |u| > δi

minimize
1

k

k∑

i=1

L(ŷ, y)

subject to θ ∈ Θ
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Importance of Relative Error in Device Modeling

L1 = |ŷi − yi|

Llog = | log(ŷi)− log(yi)|

• Want to fit model across a wide range of values (e.g., 10 µA to 100 mA)
• Absolute Error: Large values dominate while small values are ignored
• Relative Error: Uniform assessment across different scales of data

L1 = |ŷi − yi| Llog = | log(ŷi)− log(yi)|
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Prioritizing Key Operational Regions
• Guide optimization process by prioritizing key regions of interest 

while deprioritizing less critical areas (e.g., below noise floor )
• Modify loss function to target model fitting above a certain threshold

Lε =
∣

∣

∣
log

(

1 + ŷi

εi

)

− log
(

1 + yi

εi

)
∣

∣

∣
Llog = | log(ŷi)− log(yi)|



Lclip(ŷ, y) =

{

u2 if |u| ≤ δi

δ2
i

if |u| > δi

23

u = ŷ − y

L2(u) = u
2

Robust Penalty Functions: Resiliency Against Outliers
• Robust penalty function “clips” any |u| > !i (treats them as outliers)
• Reduces overall sensitivity to outliers and measurement errors

S. Lall and S. Boyd, EE104 Slides, Stanford.S. Boyd and L. Vandenberghe, Cambridge Univ. Press, 2018.

Lclip(ŷ, y) =

{

u2 if |u| ≤ δi

δ2
i

if |u| > δi

L2(y, ŷ) = u
2

Clipped Quadratic
Quadratic
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Assessing Model Fit Through Train / Test Split
• Problem: Need to judge model fit when extracting tens of model parameters

– Model should perform reliably across various I / V’s and unseen bias conditions
• Consider a problem with 35 parameters and 35 measurements

– Model shows improved training performance with more trials, but no improvement 
on test data beyond 30 trials

80% Train
20% Test
ϵID = 10-4

δ = 0.15



ϵ = 10-10

δ = 0.15
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• Example of a diamond Schottky diode using the SPICE diode model

• Three parameters: n (ideality factor), Is (saturation current), Rs (series resistance)

– V = 0.48 to 2 V (∆VD = 400 mV): 39 measurements
• An excellent fitting in < 250 trials, resulting in an error of 0.01 (for I > 10-10)

Diamond Schottky Diode Example



V = 0.48 – 2 V
ΔV = 400 mV
50% of Data 
Corrupted
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Diamond Schottky Diode Example: Robust to Outliers

Lclip(ŷ, y) =

{

u2 if |u| ≤ δi

δ2
i

if |u| > δi
L2,ε(ŷ, y) =

∣

∣

∣

∣

log

(

1 +
ŷi

εi

)

− log

(

1 +
yi

εi

)
∣

∣

∣

∣

2

• We intentionally corrupt 50% of the diode’s measurements
• Comparing two loss functions: With and without penalty function

• Proposed loss function accurately fitted the model (0.756 vs. 0.011)
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Modeling a 150 nm GaN High-Electron-Mobility Transistor
• High-performance 150 nm GaN HEMT process on a SiC substrate 

– Primarily targets 5G and mm-wave applications (Ku, Ka, Q-band)

• Modeled Devices: 4x50 µm and 8x50 µm GaN HEMTs (LG = 150 nm)

DC Characteristics & NVNA Data
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R. P. Martinez, M. Iwamoto, and S. Chowdhury, IEEE TMTT, 2024.
Special thanks to J. Xu for helping with NVNA measurements



ϵID = 10-4

ϵgm = 10-3

δ = 0.15
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4x50 µm GaN HEMT Example: Adjusting 35 Parameters
• Simultaneously adjusted 35 model parameters to fit ASM-HEMT DC Model

– VD = 0 to 20 V (∆VD = 0.1 V), VG = -3 to -0.1 V (∆VG = 0.1 V): 6,030 measurements
• Used a scalarizer (multi-obj. → single-obj.):
• Excellent fit achieved in < 6,000 trials, resulting in an ID error of 1.25e-3

VG = -2.9 to -0.1 V 
∆VG = 200 m V

Ltotal = w1LID + w2Lgm

R. P. Martinez, M. Iwamoto, S. Boyd, and S. Chowdhury, IEEE Access, 2024.



ϵID = 10-4

ϵgm = 10-3

δ = 0.15
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• Simultaneously adjusted 35 model parameters to fit ASM-HEMT DC Model
– VD = 0 to 20 V (∆VD = 0.1 V), VG = -3 to -0.1 V (∆VG = 0.1 V): 6,030 measurements

• Excellent fit achieved in < 6,000 trials, resulting in a gm error of 2.17e-3
• < 5% of simulations (6k vs. 120k) required compared to DL approach

VD = 0.1 – 18.1 V 
∆VD = 2 V

4x50 µm GaN HEMT Example: Adjusting 35 Parameters

F. Chavez et al., IEEE EDL, 2023. R. P. Martinez, M. Iwamoto, S. Boyd, and S. Chowdhury, IEEE Access, 2024.



VG = -2.9 to -0.1 V 
∆VG = 200 m V
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GaN HEMT Robust Example: Corrupting 25% of Data
• Repeated same extraction but now corrupted 25% of measurements

– Corrupted data follows a normal (Gaussian) distribution with μ = 0 and σ = 10
• Robust loss function achieved good fit achieved in < 4,000 trials, while 

non-robust loss function resulted in a poor ID fit (0.00127 vs. 0.325)

R. P. Martinez, M. Iwamoto, S. Boyd, and S. Chowdhury, IEEE Access, 2024.
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Robust Pareto Design for GaN HEMT Sizing

Bette
r

Be
tte

r

# Designs: 672
Pareto: 39

Dominated: 489
Infeasible: 144

[Target, Limit, Priority]
Pout,avg: [20, 15, 1]
PAEavg: [15,12,1]

Tj:[110,130,1] 

[Target, Limit, Priority]
Pout,avg: [28, 20, 1]
PAEavg: [16,12,1]

Tj:[110,130,1] 

[Target, Limit, Priority]
Pout,avg: [22, 16, 1]
PAEavg: [14,10,1]

Tj:[90,110,1] 

[Target, Limit, Priority]
Pout,avg: [25, 20, 3]
PAEavg: [15,10,1]

Tj:[110,130,1] 

Optimal Score Optimal Score

Optimal ScoreOptimal Score
N f

Wf

Drain

Source

Gate

GDG

GSG

R. P. Martinez, S. Boyd, and S. Chowdhury, submitted.

Robust Pareto design methodology for sizing GaN HEMTs for 
PA applications, utilizing DFO to identify Pareto optimal designs

Optimal Score Reached in < 4% of 672 DesignsMulti-Objective Optimization
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Outline

• Introduction to GaN Technology

• Lending Derivative-Free Optimization to Device Modeling

• A Hybrid Physical ASM-HEMT Model

• Summary of Contributions
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• Problem: ASM-HEMT fails to capture CV non-linearities of the device
– DFO and manual approaches are unable to fit measured CV curves

• Most results in the literature only show fitting at one VD bias point
– Nonlinear behavior in scaled HEMTs isn’t modeled properly (in most models)

ASM-HEMT Model Limitations for C-V Characteristics

Not possible to fit!

CGD Measured Data Foundry Model SimulationASM-HEMT Model

Accurate modeling of device nonlinearities results in improved 
prediction of S-parameters, AM-PM / IM distortion, ACPR / EVM
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↑ VDSNot possible to fit!

VG = -2 V
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Solution: Enhancing the ASM-HEMT Model Framework
• Two-step approach to enhancing ASM-HEMT model framework:
1) Find limitations where the model fails to capture complex nonlinear behavior

2) Compensate for physical behavior not captured by ASM-HEMT framework

VGS (V) VDS
 (V)

C g
s (

fF
)

VGS (V) VDS
 (V)

C g
d (

fF
)

C d
s (

fF
)

VGS (V) VDS
 (V)

Nonlinear Junction Capacitances of 4x50 μm GaN HEMT

Cgs Cgd Cds



QG = Qgi + Cgso dVGS + Cgdo dVGD +Qfr + Cfgd dVGS

+ Cgs,NN dVGS + Cgd,NN dVGD

QG = Qgi + Cgso dVGS + Cgdo dVGD +Qfr + Cfgd dVGS

+ Cgs,NN dVGS + Cgd,NN dVGD
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Modifying the ASM-HEMT Gate Charge Framework
• Overlap capacitances are treated as constant capacitances
• Cgs/Cgd formulation insufficient to model VDS-dependent non-linearities
• Hybrid: We compensate for unmodeled nonlinear physical behavior by 

incorporating additional model parameters into ASM-HEMT framework

Overlap

“Compensating”
(Uses a Neural Network)

Fringe

Hybrid ASM-HEMT Gate Charge Formulation

Intrinsic

Implemented through Verilog-A



QD = Qdi + Cdso dVDS +Qdep + Cfd dVDS + Cds,NN dVDS
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Modifying the ASM-HEMT Drain Charge Framework
• Overlap capacitances are treated as constant capacitances
• Cds formulation insufficient to model VDS-dependent non-linearities
• Hybrid: We compensate for unmodeled nonlinear physical behavior by 

incorporating additional model parameters into ASM-HEMT framework

Hybrid ASM-HEMT Drain Charge Formulation

“Compensating”Overlap FringeIntrinsic Depletion

(Uses a Neural Network)

Implemented through Verilog-A
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Equivalent Circuit Model for Hybrid ASM-HEMT Model
• Intrinsic, extrinsic, and modified circuit elements in hybrid ASM-HEMT
• Modified circuit elements compensate for unmodeled physical behavior
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Baseline Model Fails to Model Junction Capacitances
• Baseline Model: Unmodified model tailored to fit CV characteristics 

starting at VDS = 0 V
• Unable to fit VDS-dependence for all three CV curves (limited range)
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Improved Capacitance Fitting Using Hybrid Approach
• Hybrid Model: Incorporates “compensating” circuit elements to fit

capacitances through a neural network (6 hidden layers, 12 neurons)
• Fitting of capacitances improved greatly as a function of VG and VD
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Improved Resistance Fitting Using Hybrid Approach
• Hybrid Model: Incorporates “compensating” circuit elements to fit

resistances through a neural network (6 hidden layers, 12 neurons)
• Fitting of resistances improved greatly as a function of VG and VD
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50 GHz Network Analyzer
SMU (DC Bias)

Bias Tees

Wafer

Interface for Prober 
and MeasurementsSemi-Automated Prober

Chuck Temperature Controller

RF Probes

Set-up for S-parameter Modeling and Validation

Courtesy of M. Iwamoto (Keysight Technologies MML)



42

S-parameter Model Validation (100 MHz – 50 GHz)
• Good agreement between measured and simulated S-parameters

– VD = 5 – 25 V (ΔVD = 5 V), VG = -2.2 to -1 V (ΔVG = 0.2 V), ID = 15 – 500 mA/mm
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ID = 15 – 500 mA/mm
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DUT

Bias Tees
50 GHz Network 

Analyzer

Load Tuner

Comb Generators

Chuck Temperature 
Controller

Power Sensor

Power Amplifier

E-Cal

Couplers

SMU (DC Bias)

Manual Prober

RF Probes

PNA-X

DUT
Bias Tee

Coupler Coupler

Synchronized
Bias Supplies

PA 2 – 26.5 GHz
30 dBm

50 GHz Comb Gen.

50 GHz Comb Gen.

Splitter

Rear Panel: 10 MHz Ref  

DUT Plane  

Bias Tee

Load Tuner
8 – 50 GHz

Isolator
8 – 18 GHz

40 V / 0.5 A 100 V / 2 A

Set-up for Non-linear Validation (X-parameters + LP)
• Built 8 – 50 GHz load-pull system from 

scratch (difficult but worth it!)
• Fundamental load-tuner and NVNA 

set measurement frequency range
• Driver amplifier + isolator limit how 

much Pout we can present to the DUT  

Special thanks to C. Gillease, M. Culver, A. Cognata, and M. Iwamoto  
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Large-Signal Non-linear Validation for 4x50 μm HEMT 
• Hybrid model accurately predicted gain compression and PAE
• Baseline model resulted in a poor fit for gain compression 

– Baseline model confined to a narrow VDS range due to existing limitations
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• Dynamic load-lines accurately predicted by hybrid ASM-HEMT model
• Baseline model yields poor results due to poor fitting of capacitances

Measured / Simulated Dynamic Load-Lines
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Assessment of Three Measurement-Based Models
• Previously extracted and validated three measurement-based models 

during two summer internships at Keysight Technologies
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R. P. Martinez, M. Iwamoto, and S. Chowdhury,  IEEE TMTT, 2024.

Circuit-Level Result

f = 20 GHz
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Outline

• Introduction to GaN Technology

• Lending Derivative-Free Optimization to Device Modeling

• A Hybrid Physical ASM-HEMT Model

• Summary of Contributions
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Contributions of this Ph.D. to GaN Device Modeling
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• Improved ASM-HEMT accuracy while greatly reducing extraction time
• Methods are model-agnostic: Applicable to Silicon & III-V technologies

Before this Ph.D.



After this Ph.D.
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Contributions of this Ph.D. to GaN Device Modeling
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Root

• Improved ASM-HEMT accuracy while greatly reducing extraction time
• Methods are model-agnostic: Applicable to Silicon & III-V technologies

Better
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All code developed for this presentation will be made available on GitHub 
under an open-source license to benefit the device modeling community

• Assessed the strengths and limitations of measurement-based models
• Proposed a new parameter extraction method based on derivative-free

optimization along with a loss function 
• Introduced a new hybrid approach in the ASM-HEMT model to improve

fitting of non-linear capacitances and intrinsic resistances
• Improved standard ASM-HEMT model extraction flow by addressing 

its current limitations
• Introduced a robust Pareto design (multi-objective optimization) 

approach for selecting GaN HEMT designs in the context of 5G

Summary of Contributions
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2) Proposed a new parameter extraction method based on derivative-free

optimization along with a loss function 
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