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Abstract—In this paper, a physics-based compact model is
reported that captures the Kink-effect observed in Ss2 for Al-
GaN/GaN HEMTs. The presence of this kink in the Smith-plot
of Sa2 severely affects the design of the output matching network
for amplifiers based on these devices which calls for a precise
consideration of this effect. The kink-effect originates due to the
ambivalent nature of the output impedance of the intrinsic device,
wherein it changes its nature from a low frequency series-RC
network to a high frequency parallel-RC network, giving rise
to a kink at the frequency where the contours corresponding
to low and high frequency approximations intersect each other.
The output impedance is a complicated function of the various
intrinsic elements of the device small signal model, and all the
device intrinsic characteristics in our model arise from a physics-
based framework, therefore, making multi-bias validation of the
kink-behaviour with measured data possible with sufficient ease.

Keywords—GaN HEMTs; Sa»; kink-effect; modeling

I. INTRODUCTION

Gallium Nitride (GaN) High Electron Mobility Transistors
(HEMTs) are being thoroughly investigated for RF and mi-
crowave applications due to the phenomenal material proper-
ties of GaN such as wide bandgap, high electron saturation
velocity etc. [1], [2]. It has been observed that there exists
a kink in the Smith-plot of the scattering parameter (So2)
for microwave transistors. Previous studies carried out on this
phenomenon have thoroughly investigated the reason for this
anomalous behaviour [3-5]. The following points summarize
the extract of their analysis regarding the kink-effect:

1) The kink originates due to the anomalous nature
of the output impedance (Z,,;), which manifests
itself as a series-RC network at low-frequency and a
paralle]-RC network at high-frequency. The low and
high frequency approximations of Z,,; follow con-
stant resistance (r + w%) and constant conductance
(g+jwC) contours respectively, leading to emergence
of a kink at a frequency which represents the point
of intersection of the two contours.

2)  The effect is purely due to the intrinsic device and the
extrinsic parasitic elements of the device only affect
the shape of kink [6].

3) The intrinsic elements of the device small signal
model determine the value of Z,,;. S22, being a
strong function of Z,,,;, therefore gets influenced by
variation in the intrinsic device characteristics such
as the transconductance (g,,,), capacitances (Cys, Cyq
and Cy,) etc.

4)  Increasing g, and Cyq cause the kink to become
more pronounced whereas an increase in Cy, shifts
the kink towards the open ciruit load on the Smith-
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chart. However, the kink-effect diminishes upon in-
creasing Cys.

Crupi et al. proposed a technique to quantify the strength
and thereby get a deeper insight of the kink-effect. Moreover,
they demonstrated a model that reproduces this kink behaviour
in Soo [5]. However, their core calculations i.e. the drain
current, intrinsic charges etc. were based on a look-up table
(LUT) model [7]. The limitation that a LUT based model is
faced with is that it is strongly dependent on interpolation
functions to compute values for operating conditions for which
the data is missing. Furthermore, LUT based models are
limited in usage when it comes to scalability.

Since GaN based HEMTSs, in general, inherently exhibit
superior g,, as against transistors from GaAs and Si based
technologies, they tend to show prominence of the kink-effect
in Sgo. As a consequence, the design of broadband output
matching networks for RF power amplifiers based on GaN
HEMTs tends to get complicated. A compact model that
very well captures this feature as well as how this behaviour
changes with different operating bias conditions, different
device geometries etc. is highly desirable if we are to use such
a device in the large signal operation at microwave frequencies.
In this paper, we present a physics-based model that accurately
captures the kink-effect in Soo observed in GaN devices.

II. ASM-HEMT MODEL

The Advanced SPICE Model for GaN High Electron
Mobility Transistors (ASM-HEMT) is a physics-based model
in which closed form expressions for drain current (I;) and
intrinsic charges (@4 s,q) are derived in terms of surface-
potential (1)) [8—12]. Realistic device effects such as self-
heating, trapping effects, access region resistances etc. are
incorporated into the model to realise a more realistic device
[11]. The bias dependence of the device performance is han-
dled by the model by a bias dependent value of ) which in turn
is an analytical function of the Quasi-Fermi level (Er) [8].
The ASM-HEMT Model is a potential candidate for getting
standardized by the Compact Model Coalition (CMC) [13].

III. DC CHARACTERISTICS AND SMALL SIGNAL MODEL

Fig. 1 shows the DC-IV fits for a 10x90um device. The
model accurately reproduces the impact of various realistic be-
havioural nuances within the device. Apart from giving precise
fits for I4-Vy and I4-V, the model is accurate enough in pre-
dicting the corresponding derivatives g,, and g4s respectively,
which are instrumental in determining the aforementioned kink
in 822.
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Fig. 1: Comparison between experimental and modeled data. (a), (c) I4s — Vgs and gg4s
gm — Vg for 12 different values of V4 between 0.5V and 22.5V.

Rq | I Ly d

Yas
C

g Ly

xdp

—i

|
I
ASM-HEMT . !

4

Drain Current (A)

s — Vi respectively for Vs = —3.2V to 1V in steps of 0.2V and (b), (d) T4 —

2 A

Gate Voltage (V)
(b)
0.5
o Measurement
—— Model
04f

< 03
g

o 0.2

0.1

Gate Voltage (V)
(@)

gs and

II
!
C Ry

Ccls

]

(b)

Fig. 2: (a) Small Signal Equivalent Circuit (SSE) Model of the device. The dashed region represents the intrinsic device as described by the ASM-HEMT model. The capacitances and
the transconductance are calculated self-consistently from the surface potential [11]. Bias independent extrinsic elements are also shown. (b) SSE of the transformed intrinsic device

with R, absorbed as shown. g/, g/;., C

The small signal equivalent circuit (SSE) representation of
the device is shown in Fig. 2(a). Cygp, Crap, Rags Reds Rass
Lyg, Lyq and L, represent the bias-independent extrinsic par-
asitic elements that are introduced due to the device packaging,
pads and contacts. In the SSE of the intrinsic device based
on our model, Cy,, Cyq and Cgys represent bias-dependent
intrinsic capacitances, g, denotes the device transconductance
whereas R, and R, denote access region resistances in the
intrinsic device model [11]. All the intrinsic components are
evaluated in terms of . In Fig. 2(b), the SSE of intrinsic device
is shown wherein I, is absorbed and each one of Cgg, Cys,
Gds and Y gets d1V1ded by a factor of 1+ ¢g,, Rs and updated
to Cgs, C.» 94 and g, respectively. Both the input and the
output ports are terminated with characteristic impedance (Zp).
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’ ’
gs and C;_ are the intrinsic values divided by 1 + g.,, Rs.

The intrinsic output impedance (Z,.,; ;) evaluated for this SSE
is given by (2), shown in the beginning of the next page, where
R, is the gate resistance. This expression reduces to (3) and
(4) under low and high frequency approximations, in which
the effects of various elements are ignored depending upon the
frequency. A careful examination of these approximate expres-
sions reveals that they attain the form Zout i 100w = r—i—ju%c and

Yout.i nigh = (Zout,i,nigh) = (g+jwC) respectively leading
to the formation of the kink [3]. Soo can now be calculated in
terms of Zyy¢ i as

Zout,i - ZO

20) = i ¥ 2

ey
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Fig. 3: Broadband Smith-Plots of Sa2 for a frequency range of 500 MHz to 50 GHz for a GaN device with gate periphery 10x90um. Results are shown for four different V;; values
(a) 5V (b) 10V (c) 15V (d) 20V, each with ten V; values (Outer contours: 10 mA/mm, Inner Contours: 100 mA/mm). The kink-effect is more pronounced as V/, increases, which
is due to higher g, for higher V, as long as self heating does not happen. With increasing V4, the kink loses prominence due to a corresponding decrease in Cygq with drain bias.
The measured and modeled results are in excellent agreement. Insets are added for better clarity of the region of interest.
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IV. RESULTS AND DISCUSSION

We have implemented the model formulations in Verilog-A
and performed simulations in Keysight’s ADS circuit simula-
tor. S-parameter measurements for a Qorvo GaN device with a
gate periphery 10x90um and gate length L = 125nm are used
for model validation. Measurement, carried out with a source
excitation level of —13 dBm, in the form of .s2p file format are
loaded into the ADS simulator. In the S-parameter simulation
setup, .s2p components are appended at the gate and drain
terminals of the device which correspond to error coefficients
due to Thru Reflect Line (TRL) mode of calibration.

The S-parameters are simulated from 500 MHz to 50
GHz. Standard practice of small-signal parameter extraction
is followed as proposed by Dambrine et al.. Fig. 3 shows an
extensive comparison of the measured and modeled results for
Soo of the 10x90um device for 40 different bias conditions -
4 different values of drain voltage V; (5V to 20V) with 10
different values of gate voltage V, (I4s = 10 to 100 mA/mm)
for each value of V.

In each of the sub-plots, the kink-effect gains prominence
as V, is increased. This is primarily due to an increased
values of gy, for higher V,,. Moreover, the Z, , on the Smith-
chart corresponding to the kink frequency shifts towards the
short circuit load as V; increases which is due to a strong
increase in the drain conductance (gqs) with increasing V.
As V; is increased and keeping V, fixed, the kink starts
to diminish since the gate-drain capacitance Cyq follows a
decreasing trend. The accurate modeling of the kink-effect
with various bias conditions emphasizes the accuracy of bias
dependence of the modeled device characteristics such as
the transconductance and the intrinsic capacitances that are
instrumental in determining the Z,,,; and therefore the kink in
Soo as well.

V. MODELING OF KINK-FREQUENCY

Fig. 4 gives the measured and modeled values of the kink-
frequency (fx), as obtained from the smith plots, as a function
of operating current (/;) . An interesting observation to be
made is that f5 increases as I, is increased. This characteristic
is of interest particularly to RF Power Amplifier designers,
since the model predicts suitable bias conditions to operate
at such that the kink can be avoided. This property can be
exploited to design output matching networks without the
complexity which would otherwise be present due to the kink.

VI. CONCLUSION

We presented a physics-based model capable of predicting
the kink observed in the Sgo Smith-plot of GaN HEMTs.
A thorough validation in a multi-bias setup was extensively
performed with measured data for a GaN devices with gate
periphery 10x90xm and an excellent agreement between mea-
sured and modeled results was obtained. Our results for the
changing behaviour of the kink with respect to changing bias
conditions advocate the strong accuracy in the modeling of the
intrinsic device characteristics that play an important role in
determining the kink in Sas.
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Fig. 4: Measured and modeled values of frx as a function of V for V3 = 5V. The
values are obtained directly from the Smith plots. fx increases as I is increased.

ACKNOWLEDGMENT

This work was funded by Ramanujan fellowship research
grant, Science and Engineering Research Board and Indian
Space Research Organization.

REFERENCES

[1] U. K. Mishra, et al., “GaN-Based RF Power Devices and Amplifiers,”
Proc. IEEE, vol. 96, no. 2, pp. 287-305, Feb. 2008.

[2] R.S. Pengelly, et al., “A Review of GaN on SiC High Electron-Mobility
Power Transistors and MMICs,” IEEE Trans. Microw. Theory Tech., vol.
60, no. 6, pp. 1764-1783, Jun 2012.

[3] S.-S. Lu, et al., “The Origin of the Kink Phenomenon of Transistor
Scattering Parameter S92, IEEE Trans. Microw. Theory Tech., vol. 49,
no. 2, pp. 333-340, Feb 2001.

[4] H-Y. Tu, et al., “An analysis of the anomalous dip in scattering pa-
rameter So2 of InGaP-GaAs heterojunction bipolar transistors (HBTs),”
IEEE Trans. Electron Devices, vol. 49, no. 10, pp. 1831-1833, Oct 2002.

[5S]1 G. Crupi, et al., “An Extensive Experimental Analysis of the Kink
Effects in Sa2 and hajfor a GaN HEMT,” IEEE Trans. Microw. Theory
Tech., vol. 62, no. 3, pp. 513-520, Mar. 2014.

[6] G. Crupi, et al., “Kink Effect in Soo for GaN and GaAs HEMTs,” IEEE
Microw. Wireless Comp. Lett., vol. 25, no. 5, pp. 301-303, May 2015.

[71 A. Raffo, er al., “Nonlinear dispersive modeling of electron devices
oriented to GaN power amplifier design,” IEEE Trans. Microw. Theory
Tech., vol. 58, no. 4, pp. 710-718, Apr. 2010.

[8] S. Khandelwal, Y. S. Chauhan, and T. A. Fjeldly, “Analytical Modeling
of Surface-Potential and Intrinsic Charges in AIGaN/GaN HEMT De-
vices,” IEEE Trans. Electron Devices, vol. 59, no. 10, pp. 2856-2860,
Oct. 2012.

[9] S. Khandelwal, et al., “Surface-Potential-Based RF Large Signal Model
for Gallium Nitride HEMTS,” Proc. IEEE Compound Semiconductor
Integrated Circuit Symp. (CSICS), pp. 1-4, 2015.

[10] S. Khandelwal, “Compact Modeling Solutions for Advanced Semi-
conductor Devices,” Ph.D. thesis, Dept. of Electron. Telecommun.,
Norwegian Univ. Sci. Technol., Trondheim, Norway, 2013.

[11] S. Khandelwal, ef al., “Robust Surface-Potential-Based Compact Model
for GaN HEMT IC Design,” IEEE Trans. Electron Devices, vol. 60, no.
10, pp. 3216-3222, Oct. 2013.

[12] S. A. Ahsan, et al., “Capacitance Modeling in Dual Field-Plate Power
GaN HEMT for Accurate Switching Behavior,” IEEE Trans. Electron
Devices, vol. 63, no. 2, pp. 565-572, Feb. 2016.

[13] S. D. Mertens, “Status of the GaN HEMT Standardization Effort at
the Compact Model Coalition,” Proc. IEEE Compound Semiconductor
Integrated Circuit Symp. (CSICS), pp. 1-4, 2014.

[14] G. Dambrine, et al., “A New Method for Determining the FET Small-
Signal Equivalent Circuit,” IEEE Trans. Microw. Theory Tech., vol. 36,
no. 7, pp. 1151-1159, Jul 1988.

2016 IEEE International Conference on Electron Devices and Solid-State Circuits (EDSSC) 429




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


