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Abstract
Anew in situ treatmentmethod is proposed to reduce the gate leakage in normally-onAlGaN/GaN
HEMTs. It consists ofO2-Ar ion bombardment before the gatemetalization. Ion treatment is found to
improve the quality of gatemetal and semiconductor interfaces. This process reduces the gate leakage
current by around 25 times. The process is validated forwafer level uniformity and temperature
dependency against the traditionalNH4OH treatment. Ion treatedHEMTdevices are found to possess
two orders ofmagnitude smaller standard deviations in gate leakage distribution across thewafer. The
gate leakage is found to be less dependent on temperature comparatively. The trap energy level of the
HEMTs treated using the proposedmethod is found to be higher than the traditional ones as extracted
fromPoole-Frenkel electron emission analysis. The newmethod results in a 0.13 dB improvement in
theminimumnoisefigure of theHEMTon average fromDC—16 GHz.

1. Introduction

Themicrowave community prefers designing transmitter, receiver, and transceiver circuits usingGallium
Nitride (GaN) technology. GaNhigh electronmobility transistor (HEMT) emerged as a promising candidate for
space, defense, and commercial applications [1–5]. Important attributes associatedwithGaNHEMTs are
superior power density, high efficiency, promising thermal conductivity, enhanced saturated carrier velocity,
and high electrical breakdown [6–8]. These benefits have led to rich research and literature onGaN-based power
amplifiers. GaNHEMT technology offers lownoise amplifiers that are faster, stronger, andmore durable than
their GaAs counterparts, negating the need for a limiter after the receiver antenna in the front-end assembly
[9–12]. SiliconCarbide (SiC) is a preferred choice as a substrate for power performance due to its high thermal
conductivity [13, 14].

One of the important factors to influence the device performance is the gate leakage current. Despite the
advantages of AlGaN/GaNHEMTs and surpassing other III-V counterparts to achieve the required Johnson
figure ofmerit [15], these devices are limited by gate leakage current [16–23]. The gate leakage also leads to the
current collapse phenomenon related to surface state trapping in AlGaN/GaNHEMTs [24]. High gate leakage
current results in the degradation of noise performance and breakdown voltage reduction [25].

Low leakage current is essential for applications that require lownoise levels. Severalmethods are developed
for leakage current reduction inGaNHEMTs. Thesemethods aremainly related to in situ/ex-situ treatment
before passivation layer [26], passivation layer schemes [27], treatment before gatemetal deposition [28], gate
metal stack variation [29], and adding an insulator to haveMIS-HEMT structure [30]. Themainmotivation of
thesemethods is to improve surface passivation at the access region, to improvemetal/semiconductor interface

OPEN ACCESS

RECEIVED

19May 2024

REVISED

3 September 2024

ACCEPTED FOR PUBLICATION

11 September 2024

PUBLISHED

23 September 2024

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2024TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2631-8695/ad79bd
https://orcid.org/0000-0002-8387-9000
https://orcid.org/0000-0002-8387-9000
https://orcid.org/0009-0007-4283-1119
https://orcid.org/0009-0007-4283-1119
https://orcid.org/0000-0002-5212-9602
https://orcid.org/0000-0002-5212-9602
https://orcid.org/0000-0002-0190-7945
https://orcid.org/0000-0002-0190-7945
mailto:imran.nawaz@bilkent.edu.tr
https://crossmark.crossref.org/dialog/?doi=10.1088/2631-8695/ad79bd&domain=pdf&date_stamp=2024-09-23
https://crossmark.crossref.org/dialog/?doi=10.1088/2631-8695/ad79bd&domain=pdf&date_stamp=2024-09-23
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


quality, or to put an additional barrier under the gate tominimize the injection of electrons from the gate to two-
dimensional electron gas (2DEG).

This paper demonstrates the effect ofO2-Ar ion process treatment before gatemetal deposition. It effectively
reduces the gate leakage current by 25 timeswith highwafer level uniformity without degrading theDC andRF
performance of the device. TheHEMT fabrication process, alongwith the details of novel treatment before gate
metal deposition, is discussed in section II. Section III explains wafer level performancewith andwithout the
newly introduced ion treatment step and gate leakage current dynamics. DC andRFperformance of the device is
summarized in section IV, while a conclusion is provided in sectionV.

2.HEMT fabrication

SiC is themost suitable substrate for theGaNHEMT fabrication because of a better latticematchwithGaN and
higher thermal conductivity compared to that of Silicon (Si). A heterostructure is formed by anAlGaN layer on
top of the channel GaN layer to create themismatch to utilize piezoelectric polarization, which forms a 2DEG
consisting of free electronswith highmobility. The devices investigated in this submission are fabricated using
NANOTAM’s 0.15 μmGaN-on-SiCHEMT technology. An epi-layer containing 20 nmAlGaN and a 3 nmGaN
cap layer is grown on a 3-inchGaN-on-SiCwafer withmetal organic chemical vapor deposition. The purpose of

Figure 1. (a)Process flow and illustration (b) SEM Image ofGaNHEMT.
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the thinGaN cap layer is to eliminate the oxidation of Al in the AlGaN layer, resulting in lower surface defects
and higher reliability [31]. Themeasured 2DEG lowfieldmobility and 2DEG concentration are 1960 cm2/Vs
and 1.20x1013 cm−2, respectively. The process flow and simplified device geometry are shown infigure 1(a). The
device has a 150 nmgate length (Lg), a 3μmdrain-source distance and a gate in themiddle of drain-source
contacts. For power amplifiers, gate is put near to source (away fromdrain) to increase breakdown voltage [32].
For LNAs, this asymmetric gate configuration is not required. The gate-source distance (Lgs) is 1.425μm.The
developed treatmentmethod is comparedwithwell-knownNH4OH treatment regardingDC andRF
performance.

The fabrication steps are ohmic contact formation,mesa isolation, deposition of the first passivation layer,
T-gate formation, creation of the firstmetal layer, deposition of second passivation, and the secondmetal layer.
Ohmic contacts are formed by rapid thermal annealing of Ti/Al/Ni/Aumetal stack. The contact resistance and
sheet resistance from transfer lengthmethodmeasurements is 0.4Ω/mmand 280Ω/,, respectively. Thefirst
SiliconNitride (SiN) passivation is deposited by plasma-enhanced chemical vapor deposition to passivate the
dangling bonds at the semiconductor surface. To have a T-shaped gate contact, the first passivation layer is
etched by F-based (CHF3, CF4, and SF6) reactive ion etchingwith a low power to avoid damage to theGaN
surface. The T-shaped gate contact is formedwith e-beam lithography (EBL) and e-beam evaporator systems.
Thefirstmetal layer is created by lift-off techniquewith 1.1 μmTi/Aumetal stack. The second passivation and
the secondmetal layers are formed using themethods employed for their corresponding first layers. If the
passivation processes can suppress surface leakage currents,metal-semiconductor junctions dominate gate
leakage. Therefore, the treatment before gatemetal deposition turns out to be crucial.

We introduce theO2-Ar ion process before gatemetal deposition as a novel crucial step shown infigure 1(a)
with afilled circle. Initially, O2 ions are sent to the sample’s surface to remove organic residues fromEBL resist.
After that, Ar ions are used to remove the oxidized layer from the surface physically. In thatway, carbon
contamination and poor quality thin oxidized surfaces are successfully removed. This in situ treatment
effectively increases the Schottky junction quality. Figure 1(b) shows the SEM image of 4× 75 μmHEMTafter

Figure 2. (a)Band diagram and (b)CVcurve ofHEMTs.

Figure 3.Wafer level gate leakage current uniformity fromprocess controlmonitorHEMTs.
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successful fabrication. The band diagram infigure 2(a) is showing the 2DEG formation betweenAlGaN and
GaNbuffer. CV curve shown infigure 2(b) explains the existence of 2DEG and also depletion of 2DEGwith
negative gate bias. FromCV characteristics, pinch-off voltage of the ion treated andNH4OH treated device are
-4.2 V and -3.5 V, respectively. It is to bementioned that theO2-Ar ion treatment is commonly used to remove
organic contamination coming fromphotoresist residue [33–36]. This is the first time, to the best of the authors’
knowledge, thatO2-Ar ion treatment is introduced in the literature before gatemetal deposition. It reduces gate
leakage current without significant degradation in the device performance and increases the uniformity of the
leakage current throughout thewafer.

3.Wafer level performance and gate leakage dynamics

Generally, the leakage current of singleHEMTs is studied in the literature, but the leakage currentmay vary
depending on the chip’s positionwithin thewafer. Thus, assessing the leakage current distribution across the
wafer helps to examine themethod’s suitability for wafer production. Figure 3 shows the gate leakage current of
multiple devices throughwhich the distribution of the leakage currents across the entire wafer is studied.

Table 1 indicates that the ion treatment suppresses the gate leakage currentmore than one order of
magnitude, and it has two orders ofmagnitude smaller standard deviation. Figure 4 compares the absolute value
of the gate leakage between an ion treated andNH4OH treated device. In both treatmentmethods, the gate
leakage current is larger than the drain leakage current at the drain voltages between 0 V and 40 Vunder -8 V
gate bias. This shows that the leakage current between drain-source contacts due to high drain bias ismuch less
than that of between reverse bias gate-source Schottky junction.

Figure 4.Normalized gate and drain leakage current for 4 × 75 μmHEMTs.

Figure 5. Forward and reverse characteristics of gate contacts.
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It can be seen infigure 5 that there is a significant reduction in the gate leakage current above the threshold
voltage (Vt). The drain and source are grounded to eliminate drain bias dependency of leakage current. To clarify
the gate leakage dynamics for these two treatmentmethods, gate leakagemeasurements are taken at several
temperatures ranging from25 °C to 150 °C. Figure 6 shows the temperature dependence of the gate leakage at
different gate reverse bias levels for ion andNH4OH treated device. As temperature rises, the gate leakage current
of theNH4OH treated device initially increases for the gate bias aboveVt. However, it is observed that elevating
the temperature at gate voltage higher than theVt results in a slight reduction in the leakage current. In the case
of an ion treated device, theminimum leakage current occurs at a gate voltage aboveVt, specifically when the
temperature is around 75 °C.This behavior is related to deep acceptor trap initiated impact ionization [20]. The
gate leakage current consistently increases with rising temperature for temperatures exceeding 75 °C and gate
voltages belowVt. It is noticeable that leakage in ion treatment is less dependent on temperature as it has lower
variation as a function of temperature.

Figure 6.Temperature dependence of gate leakage at several gate biases: (a)NH4OH treatment and (b) Ion treatment.

Table 1.Gate leakage current statistics of 4 × 75 μmHEMTs at 25° C.

Method Vd = 10 V Vd = 25 V

Maximum Minimum Standard Maximum Minimum Standard

(A/mm) (A/mm) deviation (A/mm) (A/mm) deviation

NH4OH 85e-06 19e-06 22e-6 200e-06 48e-06 47e-6

Ion 3.3e-06 1.9e-06 0.7e-06 5.3e-06 3.5e-06 0.7e-6
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The reverse bias gate current inGaNHEMTs is separated into four distinct elements: thermionic emission,
trap-assisted tunneling, Poole-Frenkel (PF) emission, and Fowler-Nordheim tunneling [37]. Since the gate
length of the device is as small as 150 nm, therewill be a considerable uneven distribution of leakage current

Figure 7.PF emission fromNH4OH treated device and ion treated device.

Figure 8.The plot of c(T) versus q/kT.

Figure 9.Cin andCout comparison of 4 × 75 μmHEMTs.
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Figure 10.Rds comparison of 4 × 75 μmHEMTs.

Figure 11. ft and fmax ofNH4OH treated 4 × 75 μmHEMT.

Figure 12. ft and fmax of ion treated 4 × 75 μmHEMT.
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density under the gate [38]. Therefore, only PF emission analysis will be provided, and themethod used is similar
to that in [39]. As a difference in [39], the electric field is obtained from simulations in SilvacoATLASTCAD.
The relationship between leakage current density (Jleak) and electric field (E) is given by [39]

⎡
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⎢

⎤

⎦
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where C is a constant,ft is the barrier height for electron emission from the trap state, and òs is the permittivity of
the semiconductor at high frequency. After rearranging equation (1)
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Figure 7 shows the plot of equation (2), valid for gate voltage above theVt. The barrier height for electron
emission from the trap state is extracted as 0.27 eV and 0.46 eV forNH4OH treated and ion treated devices,
respectively. Figure 8 shows that the ion treated device has a higher barrier for electron emission.

4.DC andRF characterizations ofHEMTs

HEMTperiphery and topology both have significance in the design of amonolithicmicrowave integrated circuit
(MMIC) amplifiers. Small periphery devices are suitable for lownoise, high gain, and high frequency
applications, while large periphery devices are favorable for high power and low frequency applications.
Therefore, an optimumperiphery is always chosen for particular amplifier design requirements. In this writing,
DC and small signal performance of a 4× 75 μmsmall peripheryHEMT is analyzed focussing lownoise
amplifier design involvingNH4OHand ion treatment fabrications.

DCmeasurements of 4× 75 μmHEMTprovides technology figures-of-merit. Themaximumdrain current
(I Dmax) of 1.11 A/mmatVgs= 1 V andmaximum transconductance (gm,max) of 326 mS/mmare found for
NH4OHprocess while for ion treatment, these values are 1.14 A/mmand 329mS/mm.The breakdown voltage

Figure 13.NF min comparison of 4 × 75 μmHEMTs.

Table 2. 4 × 75 μmHEMTs parameters from small signal and noisemeasurements.

Method MAG NF min Cin Cout Rds ft f max

(dB) (dB) (fF) (fF) (Ω) (GHz) (GHz)

NH4OH 13.4 0.66 386 198 496 54.9 63.3

Ion 12.8 0.52 376 198 244 51.8 64.2
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at Ig=1 mA/mm is 40 V, the same for both fabrications. This shows thatHEMTs have similar DCperformance
fromboth processes.

Small signalmeasurements ofHEMTs fromNH4OHand ion treatments are performed on
Rohde & Schwarz ZVAPNAup to 40 GHz using external bias tees on-wafer. Themeasurements are performed
under bias conditions of 10 V and 150 mA/mm.The 10 V is the external voltage, and 150 mA/mmis 13%of
IDmax. Data for the 4× 75 μmHEMTs are recorded, andHEMT’s performance parameters are extracted using
PathWaveAdvancedDesign System (ADS) fromKeysight Technologies. These parameters includeHEMT’s
input capacitance (Cin), output capacitance (Cout), and drain-source resistance (Rds). Input reflection coefficient
(IRL) ofHEMTprovides Cin, output reflection coefficient (ORL) gives Cout andRds. The other parameters
includemaximumavailable gain (MAG), maximum stable gain (MSG), cut-off frequency (ft), andmaximum
oscillation frequency (fmax).

Figure 9 showsCin andCout of theHEMTs fromNH4OH treatment and ion treatment. Input impedance has
capacitive behavior up to 30 GHz and becomes inductive after that. The capacitance values are almost the same,
up to 15 GHz for both processes and after that, ion treatment capacitance starts to increase. Figure 10 shows Rds

of theHEMTs fromNH4OH treatment and ion treatment. NH4OH treatment has comparatively higher
resistance than ion treatment. Lower Rds results in the reduction of gain.

The technology figures-of-merit ft and fmax of the 4× 75 μmHEMTs are characterized using small signal
measurement data by extrapolating the current gain andMAGcurves. It can be seen from linearfitting in
figures 11 and 12 that ft and fmax values forNH4OH treatment are 55 GHz and 63 GHz, respectively, while
corresponding values for ion treatment are 52 GHz and 64 GHz. Although it appears from figures 11 and 12 that
ft and fmax values are slightly higher for ion treatment, it is justified to conclude that both treatment have almost
same values of ft and fmax.

Gate leakage current is in direct relevancewith the noise performance of theHEMT [25].Minimumnoise
figure (NFmin) of bothNH4OH treated and ion treatedHEMTs ismeasured as shown infigure 13.Owing to the
lower gate leakage current, the noise performance of the device fabricated using the novel ion treatmentmethod
is far better thanNH4OH treatment. Therefore, it is justified to claim that the devices fabricated using the
proposedmethod are promising forGaN-based lownoise amplifiers.

Table 2 summarizes the small signal parameters ofHEMTs fabricated using bothNH4OHand ion treatment
techniques. All parameter values are shown at 10 GHz except ft and fmax. It is observed that ion treatment results
in a decrease ofMAG,Cin, Rds and ft. fmax andNFmin are improved. Cout is almost unchanged. The change inCin

valuewill only shift the optimum source impedance (ΓSopt)without affectingHEMT’sNFmin value. Similarly,
the change inCout andRds values will result in the shift of optimum load impedance (ΓLopt)without affecting its
maximumoutput power.

5. Conclusion

This paper discusses a novel approach to suppress gate leakage inAlGaN/GaNHEMTs. To the best of the
authors’ knowledge, ion treatment is applied before the gatemetal deposition for the first time. DC andRF
performance of theHEMTswith traditionalNH4OH treatment and proposedO2-Ar ion treatment is observed,
and there is no significant degradation. There is a shift in input and output capacitances of theHEMTwith the
ion treatmentmethod, which only shifts optimum source and load impedances without affecting optimum
noise and output power performance. However, gate leakage is reduced significantly. The noise performance of
GaNHEMT is highly dependent on the gate leakage. Therefore, the proposed approach benefits GaNHEMTs
for lownoise applications.
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