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ABSTRACT: Transistors are the backbone of any electronic and
telecommunication system but all known transistors are intrinsi-
cally nonlinear introducing signal distortion. Here, we demonstrate
a novel transistor with the best linearity achieved to date, attained
by sequential turn-on of multiple channels composed of a planar
top-gate and several trigate Fin field-e ect transistors (FETS),
using AlGaN/GaN structures. A highly linearized transconduc-
tance plateau of >6 V resulted in a record linearity figure of merit
OIP3/Ppc of 159 dB at 5 GHz and a reduced third-order
intermodulation power by 400% in reference to a conventional

planar device. The proposed architecture also features
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exceptional performance at 30 GHz with an OIP3/Pp. of =82 dB and a minimum noise figure of 2.2 dB. The device
demonstrated on a scalable Si substrate paves the way for GaN low noise amplifiers (LNASs) to be utilized in telecommunication

systems, and is also translatable to other material systems.
KEYWORDS: Linear, GaN, mm-wave, low noise amplifier

A wide dynamic range is fundamental to the operation of
any system, particularly for amplifiers in wireless
communication systems. The output current of an amplifier
is fundamentally related to the input voltage signal by a
nonlinear transconductance, g,,,, whose higher order terms lead
to intermodulation products with frequencies close to that of
the fundamental signal, thereby invading the bandwidth of the
amplifier and draining its available power.*” Conventional
transistors have a bell-shaped g,, curve as a function of V that
is attributed to several physical origins including (i) self-
heating e ects,® (i) increase of the dynamic source access
resistance,” (iii) emission of optical phonons,® and (iv) contact
barriers.® Transistors with vertically stacked multiple quantum
well channels were hypothesized to lower g,, nonlinearities,”®
but these were not practically utilized. Innovative material
approaches’ including the use of nitrogen-polar surfaces on
gallium nitride (GaN) and source regrowth advanced the
linearity figure of merit, the ratio of output third-order
intermodulation intercept point (OIP3) to DC power (Ppc),
OIP3/Ppe, to 13.3 dB.*7*% The limited transistor linearity is
often addressed with circuit linearization techniques employing
derivative superposition (DS)**~* and cancellation that can
extend transistor linearity at low frequencies but become
di cult to implement at high frequencies and cannot handle
signals with su ciently large power.?

Linear GaN FETs should be capable of resolving trans-
conductance degradation due to an increase in the source
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resistance (R;) at higher Vg, known as an increase in the
dynamic source access resistance.*?® At higher gate voltages
where carriers transverse the channel with a saturation velocity,
the channel current continues to increase by populating more
carriers at the channel surface but the ungated source region of
the device cannot keep up with required carrier density, and
with the saturated carrier velocity, the source resistance
increases. This compromise between the channel current and
the source resistance has been recently mitigated by
introducing Fin-like channels that decrease the channel current
and delay the impact of the source resistance on g, roll-o

further extending the voltage ranges over which g, is
constant.*>*%2"?8 Notably, Joglekar et al.*® utilized Fins with
di erent widths yet with the same channel width for planar and
for each set of Fin widths in a single high electron mobility
transistor (HEMT) channel for g,,-compensation. However, in
that work, the residual currents for each set of previously
turned on Fins degrade the overall device current at higher
gate voltages and lead to nonlinearities in the current—voltage
characteristics. Additionally, the width of the g,,-plateau cannot
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Figure 1. Device structure and concept of the synthesized GaN MIS-HEMT device consisting of planar and multi-Fin regions, and its electrical
characteristics compared to a conventional planar device. A gate length (Lg) of 90 nm, a gate width (W) of 20 um, a gap between each Fin (W)
of 200 nm, and a drain to source distance (Lps) of 2 um were used for all devices in Figure 1 and Figure 2. (A) Top-view SEM images of the
fabricated device showing a planar region and a Fin region under a single gate electrode. (B) Measured 15—V¢, (C) gn—Ve, and (D) f+—V; for a
planar device. (E) Measured 15—Vg, (F) 9,—Ve, and (G) f+—V; for the synthesized device.

be substantially improved for large-signal operations with Fin-
only architectures (due to limited tunability range for
threshold voltage, V;) and Schottky metal gates (which are
susceptible to gate diode turn-on and large leakages at small
positive Vg).

We synthesized planar HEMTs with multiple narrow Fin-
HEMTSs and incorporated a thin gate insulator to achieve high
linearity, purely by adjusting the device layout using only a
commercial Aly,3Gag77N/GaN-on-Si wafer without any addi-
tional epitaxial layer growth. The detailed fabrication process
of AlGaN/GaN metal—insulator—semiconductor HEMTs
(MIS-HEMTS) is described in the Supporting Information.
Figure 1A shows top-view scanning electron microscopy
(SEM) images of the synthesized device. The synthesized
device consisted of a 10.3 ym wide planar region and 6, 11, 8,
and 8 Fins for 160, 100, 80, and 50 nm Fin widths (Wg,),
respectively, under one gate electrode, in order to operate all
the regions simultaneously and to achieve a highly linear
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transfer characteristic. The gate-to-source (Lgs), the gate-to-
drain (Lgp) distances, and the gate length (Lg) are 0.5, 1.4
pm, and 90 nm, respectively. As can be seen in Figure 1B,C, a
planar reference device fabricated on the same die shows a
nonlinear drain current as Vg increases and the g, roll-o *~°
Additionally, the extracted unity current-gain frequency (f1)
also had a peak and decreased quickly as Vg increased, as
shown in Figure 1D due to the inversely proportional
dependence of f+ on R.* These nonlinearities are resolved
for the synthesized device by the sequential turn-on of multiple
channels that made the overall source resistance constant, as
shown in Figure 1E,F for I,—V¢ and for g,,—V¢ characteristics,
respectively. Figure 1G shows the f—Vg characteristic, which
is nearly constant for Vg > V; for the synthesized device
compared to a strongly peaked shape, congruent with the g,,—
Vg curve, for the planar device.

Synthesis of the linear transistor was informed with the
detailed characteristics of its individual components composed

https://dx.doi.org/10.1021/acs.nanolett.0c00522
Nano Lett. 2020, 20, 2812—2820


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00522/suppl_file/nl0c00522_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shadi+A.+Dayeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1756-1774
mailto:sdayeh@eng.ucsd.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Woojin+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renjie+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3145-6882
http://orcid.org/0000-0002-3145-6882
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cooper+Levy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atsunori+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ren+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Venkatesh+Balasubramanian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+M.+Asbeck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00522?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



https://dx.doi.org/10.1002/j.1538-7305.1967.tb01723.x
https://dx.doi.org/10.1002/j.1538-7305.1967.tb01723.x
https://dx.doi.org/10.1109/82.754864
https://dx.doi.org/10.1109/TED.2002.801430
https://dx.doi.org/10.1109/TED.2002.801430
https://dx.doi.org/10.1109/TED.2002.801430
https://dx.doi.org/10.1109/TED.2005.856180
https://dx.doi.org/10.1109/TED.2005.856180
https://dx.doi.org/10.1109/LED.2012.2187169
https://dx.doi.org/10.1109/LED.2012.2187169
https://dx.doi.org/10.1103/PhysRevApplied.8.034020
https://dx.doi.org/10.1103/PhysRevApplied.8.034020
https://dx.doi.org/10.1109/EDL.1986.26453
https://dx.doi.org/10.1109/EDL.1986.26453
https://dx.doi.org/10.1109/55.20395
https://dx.doi.org/10.1109/55.20395
https://dx.doi.org/10.1109/55.20395
https://dx.doi.org/10.1109/TED.2007.899398
https://dx.doi.org/10.1109/TED.2007.899398
https://dx.doi.org/10.1109/PAWR.2016.7440127
https://dx.doi.org/10.1109/PAWR.2016.7440127
https://dx.doi.org/10.1109/LED.2018.2837886
https://dx.doi.org/10.1109/LED.2018.2837886
https://dx.doi.org/10.1109/LED.2018.2837886
https://dx.doi.org/10.1109/LED.2019.2917285
https://dx.doi.org/10.1109/LED.2019.2917285
https://dx.doi.org/10.1109/LED.2019.2917285
https://dx.doi.org/10.1109/LMWC.2008.2002458
https://dx.doi.org/10.1109/LMWC.2008.2002458
https://dx.doi.org/10.1109/TED.2008.2011849
https://dx.doi.org/10.1109/TED.2008.2011849
https://dx.doi.org/10.1109/LED.2005.843218
https://dx.doi.org/10.1109/LED.2005.843218
https://dx.doi.org/10.1109/IEDM.2017.8268457
https://dx.doi.org/10.1109/IEDM.2017.8268457
https://dx.doi.org/10.1109/IEDM.2017.8268457
https://dx.doi.org/10.1109/CSICS.2017.8240456
https://dx.doi.org/10.1109/CSICS.2017.8240456
https://dx.doi.org/10.1109/LED.2018.2874443
https://dx.doi.org/10.1109/LED.2018.2874443
https://dx.doi.org/10.1109/LED.2018.2874443
https://dx.doi.org/10.1109/LED.2019.2899100
https://dx.doi.org/10.1109/LED.2019.2899100
https://dx.doi.org/10.1109/LED.2019.2899100
https://dx.doi.org/10.1109/LED.2019.2951655
https://dx.doi.org/10.1109/LED.2019.2951655
https://dx.doi.org/10.1109/LED.2019.2951655
https://dx.doi.org/10.1109/LED.2019.2951655
https://dx.doi.org/10.1049/ic:19960703
https://dx.doi.org/10.1049/ic:19960703
https://dx.doi.org/10.1109/TMTT.2004.840635
https://dx.doi.org/10.1109/TMTT.2004.840635
https://dx.doi.org/10.1109/TCSI.2010.2055353
https://dx.doi.org/10.1109/TCSI.2010.2055353
https://dx.doi.org/10.1109/IEDM.2007.4418876
https://dx.doi.org/10.1109/IEDM.2007.4418876
https://dx.doi.org/10.1109/IEDM.2007.4418876
https://dx.doi.org/10.1109/LED.2013.2261913
https://dx.doi.org/10.1109/LED.2013.2261913
https://dx.doi.org/10.1109/LED.2017.2687440
https://dx.doi.org/10.1109/LED.2017.2687440
https://dx.doi.org/10.1109/55.29656
https://dx.doi.org/10.1109/55.29656
https://dx.doi.org/10.1063/1.4983557
https://dx.doi.org/10.1063/1.4983557
https://dx.doi.org/10.1063/1.4983557
https://dx.doi.org/10.1063/1.1309046
https://dx.doi.org/10.1063/1.1309046
https://dx.doi.org/10.1063/1.1309046
https://dx.doi.org/10.1109/MWSYM.2012.6259553
https://dx.doi.org/10.1109/MWSYM.2012.6259553
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



https://dx.doi.org/10.1109/LMWC.2015.2505634
https://dx.doi.org/10.1109/LMWC.2015.2505634
https://dx.doi.org/10.1109/LMWC.2015.2505634
https://dx.doi.org/10.1109/CSICS.2016.7751051
https://dx.doi.org/10.1109/CSICS.2016.7751051
https://dx.doi.org/10.1109/MWSYM.2017.8059048
https://dx.doi.org/10.1109/MWSYM.2017.8059048
https://dx.doi.org/10.1109/MWSYM.2017.8059048
https://dx.doi.org/10.1109/MWSYM.2018.8439132
https://dx.doi.org/10.1109/RFIC.2019.8701831
https://dx.doi.org/10.1109/RFIC.2019.8701831
https://dx.doi.org/10.1109/TMTT.2014.2341218
https://dx.doi.org/10.1109/TMTT.2014.2341218
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c00522?ref=pdf



mailto:sdayeh@eng.ucsd.edu



























































































