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ABSTRACT This work demonstrates high-performance AlInGaN/AIN/GaN high electron mobility tran-
sistors grown on 150 mm p-type low resistivity (resistivity~ 20-100 €2-cm) silicon substrate with
state-of-the-art Johnson’s figure-of-merit (JFOM). Current gain cut-off frequency (ft) of 83 GHz and
63 GHz and power gain cut-off frequency (fnax) of 95 GHz and 77 GHz with a three-terminal off-state
breakdown voltage of 69 V and 127 V, resulting in a high JFOM of 5.7 THz-V and 8.1 THz-V are achieved
on the devices with a gate length of 0.16 um and gate to drain distance of 2 um and 4 um, respectively.
The fr and J-FOM are comparable or better than the reported values obtained on high resistivity silicon
and SiC substrates for devices with similar gate length. On the other hand, GaN-on-Si HEMT structure
on the LR-Si substrate exhibits lower power gain and power added efficiency due to strong capacitive
coupling effects. TCAD large signal output power simulation indicates significant improvements in output
power by minimizing the defects and free charge carriers in the GaN buffer even in the presence of the
parasitic channel conduction and conductive silicon substrate. We further propose a modified equivalent
circuit model of the parasitic conduction to take into account the conductivity of the GaN and AlGaN
buffer.

INDEX TERMS AlInGaN, GaN-on-Si, HEMT, JFOM.

I. INTRODUCTION

Over the past decade, III-nitride high electron mobility tran-
sistors (HEMTs) have been demonstrating outstanding power
and frequency performance, which outperforms their Si and
GaAs counterparts in the high power switching application
domain. Current gain cut-off frequency (fr) of 300 GHz
and breakdown voltage of over 2,000 V have been demon-
strated [1], [2]. Nevertheless, the overall performances of
[I-nitride HEMTs are still far from their theoretical lim-
its mostly due to the unavailability of a native substrate.
The GaN-based HEMTs are typically grown on SiC, sap-
phire or Si substrate. GaN-on-Si HEMT is recognized as

one of the promising technologies for high power and high-
frequency applications due to the merits of low cost and
large substrate size in comparison with sapphire and SiC sub-
strates. However, challenges, such as higher defect density
and relatively ‘lossy’ silicon substrate at very high-frequency
operation, still hinder their wide deployments in the market.
High resistivity (HR) (> 5 kQ2-cm) silicon substrates are
generally used for RF devices to reduce the parasitic load-
ing effects due to the conductive silicon substrate. However,
the growth on high resistivity Si substrate is much more
difficult than low resistivity substrate because of its lower
mechanical strength, which gives rise to large wafer bow and
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TABLE 1. Summary of GaN HEMTs on different substrates with their JFOM.

Sub. Barrier Lg fr BV JFOM Ref.
(um) (GHz) %) (THZ-V)

HR Si AlGaN 0.15 63 132 8.3 8
SiC AllnN 0.08 114 95 10.8 9
SiC AllnGaN 0.04 230 14 32 10
SiC AllnGaN 0.066 220 20 44 11

LR Si AlGaN 0.3 28 60 1.7 4

LR Si AlGaN 0.3 55 N/A N/A 5

LR Si AllnGaN 0.16 33 69 5.7 This

work

LR SI AllnGaN 0.16 63 127 8.1 This

work

easy wafer breakage, resulting in low production yield. This
issue becomes even severe with increasing substrate size. In
addition, the RF substrate loss is a function of both the oper-
ating frequency and temperature. Chandrasekar et al. recently
quantitatively showed that the HR-Si substrate exhibits
noticeable temperature dependence above 150 °C. Whereas,
LR-Si substrate remains insensitive to temperature even at
200 °C. Furthermore, GaN-on-LR-silicon exhibits similar
substrate loss as HR-Si for frequency < 12 GHz and there-
fore, could be a promising substrate for high power and
high-frequency wireless communication applications in the
S and X bands [3]. The realization of RF-GaN HEMTSs on
the LR-Si substrate has been already reported by several
groups [4], [5]. For example, Eblabla et al. obtained fr
of 55 GHz and fy,x as high as 121 GHz in a 0.3 um
gate AIGaN/GaN HEMTs on LR-Si substrate. However, in
most cases, the resultant Johnson’s figure-of-merit (JFOM)
is either very low or not even reported. The performances of
transistors of different technologies are generally evaluated
by their respective figure-of-merits. The Johnson’s figure-
of-merit is one of them [6]. JFOM evaluates the merits of
a transistor to be used in high power and high-frequency
applications. Therefore, JFOM is an extremely important
parameter of a transistor for real-life applications. Table 1
presents a summary of some of the best reported GaN
HEMTs with their JFOM on different substrates. As can be
seen, AlIGaN/GaN HEMTs exhibiting a JFOM over 8 THz-
V, have been obtained on HR-Si [7], [8]. Whereas, JFOM
over 10 THz-V is also achieved on AlInN/GaN HEMTs [9].
Although AllnGaN/GaN HEMTs are reported to have very
high fr of over 200 GHz and fy,,x of 400 GHz, only a few
reports are showing high JFOMs [10], [11]. Table 1 further
indicates that GaN-on-HR-Si HEMTs have started to show
comparable high- frequency performance with those on SiC
substrate due to the significant improvements in the GaN-
on-Si epitaxy. Nevertheless, similar performance is yet to be
achieved on cost-effective large size LR-Si substrates.

In this work, we report RF device performance of
AllnGaN/GaN HEMT with a high JFOM of over 8§ THz-V
on LR-Si, which is comparable to those of GaN HEMTs
grown on HR-Si and SiC substrates and therefore, it may
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pave the way for cost effective GaN-on-Si HEMTs for RF
applications.

Il. MATERIAL AND DEVICES

A. MATERIAL GROWTH

The AllnGaN/AIN/GaN heterostructure studied in this work
was grown on a 150 mm p-type boron-doped LR silicon
(111) substrate by metal-organic chemical vapor deposi-
tion in an Aixtron closed couple showerhead (CCS) reactor.
The resistivity of the silicon substrate was in the range of
20-100 ©-cm. The growth was started with approximately
250 nm AIN nucleation layer followed by a 1 pum step
graded AlGaN buffer layer with Al composition of 80%,
50% and 20%. A 1.8 um GaN buffer layer was then grown,
followed by a 100 nm GaN channel layer. There was also
a 100 nm GaN transition layer in between the buffer and
the channel for carrier gas switching. Finally, a 1 nm AIN
spacer layer, 8.5 nm AlInGaN barrier layer, and a 2 nm
GaN cap layer were grown successively. The composition
of the AlInGaN barrier layer was determined to be 73% of
Al, 8% of In, and 19% of Ga by x-ray photoelectron spec-
troscopy (XPS) and further confirmed by energy-dispersive
x-ray spectroscopy (EDX) and cross-section high-resolution
transmission electron microscopy (HRTEM), conducted ear-
lier on the calibration samples.

Usually, in case of unintentionally C-doped GaN het-
erostructure, the buffer and the channel are grown with the
same Ga precursor, i.e., trimethylgallium (TMG), at almost
the same growth temperature of 1040 C. In that case, the
carbon incorporation level would be the same in the buffer
and channel. Different carrier gases and a higher V/III ratio
can be used for the growth of GaN channel and buffer lay-
ers to lower the C incorporation in the channel. However,
in a device quality GaN heterostructure, the growth con-
ditions of the buffer and channel layers can not be varied
significantly for lowering C incorporation, as this would oth-
erwise affect the surface morphology, interface roughness,
growth time, and the overall quality. We have therefore used
a different strategy, where the thick GaN buffer layer was
grown with conventional TMG precursor in Hy ambient.
Whereas, triethylgallium (TEG) was used to grow the 100 nm
GaN channel layer in N ambient. A 100 nm GaN transi-
tion layer was grown with TMG in N, ambient in between
the buffer and channel layers. The carbon concentration as
measured by secondary ion mass spectroscopy in the GaN
buffer, the transition layer and the channel are 4x10'7 cm™3,
2x10'7 ¢cm™3 and 6x10'® cm™3, respectively. It means more
than 85% reduction in residual carbon is achieved in the
GaN channel, without affecting the surface morphology,
interface roughness, and the overall quality of the GaN layer.
Hall-effect measurements with van der Pauw configuration
show high electron mobility of 1,920 cm?/V.s with a two-
dimensional electron gas (2DEG) density of 1.2x10"3 cm—2,
resulting in sheet resistance of only 270 /0.
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FIGURE 1. DC Ip-Vpg characteristics of device (a) A and (b) B. Ip-Vg and
transconductance characteristics of device (c) A and (d) B.

B. DEVICE FABRICATION

The device fabrication was started with Ar+ implantation
for mesa isolation. Ti/Al/Ni/Au (25/125/45/55 nm) metal
stack for source/drain ohmic contacts were deposited using
an electron beam for Ti, Al and Ni and thermal evapora-
tion for Au, followed by rapid thermal annealing (RTA)
at 875 °C for 40 sec in N, ambient. A tri-layer pho-
toresist of ZEP/LOR/ZEP was used to define the T-gate
by e-beam lithography, followed by metal deposition of
Ni/Au (30/300 nm) as Schottky gate contact. A 200 nm of
SiNx layer was deposited by using plasma-enhanced chem-
ical vapor deposition. Finally, a metal stack of Ni/Au was
deposited on contact via as pad metal for RF measurements.
The devices feature a 0.16 um gate with gate-source and
gate-drain spacing of 1 um and 2/4 pum, respectively. The
devices with gate to drain distance of 2 um and 4 pum
will be henceforth referred to as device A and device B,
respectively.

IIl. RESULTS AND DISCUSSION

A. DC CHARACTERISTICS

Fig. 1 shows the DC output characteristics of devices A
and B. Both of the devices exhibit similar DC output
characteristics except the three-terminal off-state breakdown
voltage as expected. A drain current (Ipgs) of 893 mA/mm
and 854 mA/mm, peak extrinsic transconductance (gm) of
370 mS/mm and 375 mS/mm, and Ry, of 0.175 m$2-cm?
and 0.259 mQ-cm? are measured on device A and B, respec-
tively. Both of the devices show a threshold voltage of -2.8 V
and well behaved pinch-off characteristics. The off-state gate
leakage current at Vgs= 8 V and Vpg= 5 V is on the order
of 10™* mA/mm, resulting in an Ion/Iogr ratio of 107. The
Ton/Ioff ratio of 107 is comparable to those of GaN HEMTs
grown on HR-Si or SiC substrates [12], [13].

Achieving a high breakdown voltage is crucial to obtain
high JFOM. The three-terminal off-state breakdown charac-
teristics of device A and B are shown in Fig. 2. We define
breakdown when the off-state drain leakage current reaches
ImA/mm. As can be seen from Fig. 2, device A and B exhibit
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FIGURE 2. Three terminal off-state breakdown characteristics of the
device (a) A and (b) B, respectively, at Vgs = —10 V.
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FIGURE 3. RF characteristics of device (a) A and (b) B, respectively.

off-state breakdown at 69 V and 129 V with 2 um and 4 um
gate to drain distance, respectively. The gate leakage current
of devices A and B are still low even at 100 V and 140 V,
respectively. This implies that the observed breakdown is not
due to gate leakage, but the source induced breakdown [14].
Further improvement in breakdown voltage can be obtained
by suppressing the buffer leakage current [15].

B. RF CHARACTERISTICS

On-wafer s-parameter measurements from 0.1 GHz to
50 GHz were performed on devices A and B. Standard
short-open-load-through calibration processes were carried
out before the measurements. Open and short patterns on
the wafers were used to de-embed the parasitic effects, such
as pad capacitance and inductance. The deduced current
gain (h1), Mason’s unilateral gain (U), and maximum stable
gain (MSG)/maximum available gain (MAG) of devices A
and B are shown in Fig. 3. (a) and (b), respectively. The
current gain cut-off frequency (fr) and power gain cut-off
frequency (fnmax) were extracted by extrapolating hy; and
U with —20dB/decade roll-off. The maximum current gain
(hp1) and MSG/MAG were obtained at Vgs = —2.1 V and
—2.2 V and Vps = 5 V for devices A and B, respectively,
i.e., around the bias for maximum extrinsic transconduc-
tance. The current gain cut-off frequency of 83 GHz and
63 GHz and power gain cut-off frequency of 95 GHz and
77 GHz with a high J-FOM of 5.7 THz-V and 8.1 THz-V
are achieved on device A and B, respectively.

The extracted small-signal parameters from cold FET and
hot FET models are summarized in Table 2.

As all the parameters related to Cg in devices A and B are
assumed to be identical, the gate-source capacitance of both
the devices should be the same. However, the extracted Cg
of device B is slightly higher than that of device A. This

VOLUME 9, 2021



SANYAL et al.: ALInGaN/GaN HEMTs WITH HIGH JFOM ON LOW RESISTIVITY SILICON SUBSTRATE

ELECTRON DEVICES SOCIETY

TABLE 2. Small signal parameters of Device A and B.

Extrinsic Cpgs (fF/mm) 27.5/8 R, (Q.mm) 0.5/0.58
parameters Cpas (fF/mm) 223/225 R, (Q.mm) 1.44/1.74
Device A/B Ry (Q.mm) 0.92/1.44

Intrinsic Intrinsic g 403/354 Cgs (fF/mm) 643/213
parameters | (gm;)(mS/mm)

Device A/B C, (fF/mm) 688/831 R; (Q.mm) 1.78/2.06
Cq (fF/mm) 198/117 1/g, (Q.mm) | 29.8/82.4

could be attributed to slightly different L, (gate length) and
Lgs (gate to source distance) in device A and B because of
process variation.

It is worth to note that f;,);x usually increases with gate-to-
drain distance (Lgd) as Cyq should decrease with increasing
Lgd. On deceive A and B, small-signal Cyq indeed decreases
from 198 fF/mm to 117 fF/mm when the Lgq increases from
2 pum the 4 um. However, device B, which has 4 um Lgg,
exhibits a lower fax than device A in this study. The lower
than expected fax on device B could be attributed mainly to
its 24% lower fr than device A (because of lower intrinsic
gm and higher Cg) and partly due to a slight increase in R;
and Rg.

C. EFFECTS OF RESIDUAL CARBON ON Fr

One of the features of our devices in this study is the
TEG grown GaN channel in N> ambient, which shows more
than 85 % reduction in residual carbon concentration in the
GaN channel than the GaN buffer. Substitutional C (Cy) at
N-site with an energy level of 0.9 eV above the valence
band maxima has been identified as one of the common
sources of both DC and RF performance degradation in GaN
HEMTs [16]. Therefore, an improvement in dynamic behav-
ior and RF performance is expected due to the reduction
in the acceptor-like Cy in the vicinity of the heterointer-
face and the channel, as indicated by several reports [17].
Unfortunately, the background carbon cannot be removed
completely, as the organometallic precursors are the source
of this C impurity in MOCVD grown GaN. Therefore, hav-
ing an idea of the lower and upper limits of C concentration
in the GaN channel may be helpful in perfecting GaN
HEMTs. Keeping the above viewpoint in mind, we have
further simulated the effects of

residual C concentration on the current gain cut-off
frequency and obtained a quantitative value of the upper
and lower limits of C impurity in the channel. Silvaco Atlas
2D device simulator is used to simulate the effects of the
acceptor-like C-traps on fr.

Fig. 4 shows fr as a function of trap density (Ngp) in the
GaN channel. As can be seen, fr decreases with increasing
trap density in the channel region. The reduction in current
gain is substantial when the trap density exceeds 1x10'7
cm 3. Whereas, there is an insignificant improvement in fr
for Nirp below 1x10!6 cm—3. This observed dependency of
fr on the defect density in Fig. 4 can be explained by par-
asitic charge modulation as proposed by Nguyen et al. [18]
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FIGURE 4. TCAD simulation showing dependency of current gain cut-off
frequency on the trap density in GaN channel. The inset shows a magnified
portion of fig. 4 for better visuals.

and Foisy et al. [19]. The current gain cut-off frequency can
be expressed as follows, fr = g,,/27 Cg, where, g, = 5‘9‘1/%
and Ips = V.01, Vsar 1s electron saturation velocity and
QOr is the total charge in the channel. The input signal at
the gate modulates the 2DEG in the channel and thus the
drain current. However, in a real HEMT, the total charge
QOr consists of the charge by the channel electrons (Q,) and
parasitic charges, such as those in the interface states and
traps/defects (Qparasiric). These parasitic charges respond to
high-frequency input signal but they do not contribute to the
drain current. Therefore, only a fraction of the total charge
contributes to the drain current. This prompts the modula-
tion efficiencyy, which is defined as gg; and Ips = Vu:.Oy.

Therefore, g, = th% and fr = 27‘%[0 ;’gGTS ) y. The

modulation efficiency represents the ability to produce an
incremental change in drain current by a small change in
the gate voltage. As the trap density in the channel increases
due to the increase in C concentration, the ratio of Q,/Qr
decreases. Hence, the modulation efficiency also decreases.
As a result, fr decreases with the increase in trap density
Apart from gp, the device simulation also indicates (not
shown here) a gradual increase of Cg as Nisp increases and
could be detrimental at high C doping concentration in the
channel. Around 5% increase of Cg is observed when Nypp
increases from 1x10!® ¢cm™3 to 1x10'® ¢cm™3. Therefore, as
indicated by the 2D device simulation, the trap density in
the channel should be in the lower order of 10'®/cm? or
below to avoid the effect of parasitic charge modulation on
current gain cut-off frequency.

IV. LARGE SIGNAL RF POWER PERFORMANCE

A. LARGE SIGNAL POWER PERFORMANCE

The large-signal RF continuous wave power measurements
of the AllnGaN/GaN on LR-Si and HR-Si are shown in
Fig. 5 (a) for direct comparison. As shown in the figure,
AllnGaN/GaN HEMT on LR-Si exhibits operating power
gain of 14.07 dB, power added efficiency (PAE) of 14.22%
and a saturated output power of 22.41 dBm at 10 GHz, result-
ing in an output power density of 1.38 W/mm. Whereas,
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FIGURE 5. (a) RF power performance of AlinGaN/GaN HEMT grown on LR
Si substrate (b) Transmission loss of CPW lines of GaN heterostructures on
LR (<100 2-cm) and HR (>5000 2-cm) silicon substrate.

AllInGaN/GaN HEMT on HR-Si with identical epilayers
exhibits operating power gain of 20.74 dB, power added
efficiency (PAE) of 33.46% and a saturated output power of
23.22 dBm at 10 GHz, resulting in an output power density
of 1.73 W/mm.

The maximum power density obtained in this work is
lower than the best reported GaN-on-HR-Si HEMTs. This
may be due to the unoptimized device design for large
signal power performances. For instance, Dumka et al.
obtained over 65% PAE in a 0.25 um T-gate GaN on HR-
Si HEMTs, having a field plate in the high field source-
drain region [20]. Jardel et al. reported Pout of 6.6 W/mm
with PAE of 51% at 10 GHz in a multi-finger 8 x 0.75 um
GaN on Si HEMTs [21]. Nonetheless, our intension of this
part is to compare RF power performances of GaN HEMT
grown on LR and HR silicon substrates on the same scale.
It is shown that HEMTs with same epistructure on LR-Si do
not exhibit comparable large signal performance with those
on HR-Si, even with excellent DC and small signal perfor-
mances. However, the result shown in Fig. 5. (a) may help to
identify the performance limiting factors and thereby finding
a solution to overcome those limitations.

B. PARASITIC LOADING EFFECTS

The degraded large signal performance of the GaN-HEMT on
the LR-Si substrate is further verified by continuous wave
large-signal RF power measurement. As discussed in the
introduction, the capacitive coupling due to lossy silicon
substrate could be serious at the high operating frequency.
Fig. 5. (b) shows transmission losses extracted from coplanar
waveguide (CPW) transmission lines, fabricated on repre-
sentative samples with the same epitaxial GaN buffer layers,
both on LR and HR silicon substrates for comparison. As
can be seen, the GaN-on-LR-Si exhibits higher transmission
loss as compared to its HR-Si counterpart. This is opposite
to a recent study by Chandrasekar et al. where they have
predicted that the LR-Si substrate may even have lower sub-
strate loss for frequency up to 12 GHz [3]. As indicated in
the figure, a distinct increase in transmission loss is evident
for the measured operating frequency up to 60 GHz. GaN-
on-HR-Si and GaN-on-LR-Si exhibit a transmission loss of
0.35 dB/mm and 0.69 dB/mm at 10 GHz, respectively. The
loss increases up to 0.8 dB/mm at 40 GHz for the GaN-on
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-HR-Si sample, whereas it is as high as 1.19 dB/mm in the
case of GaN-on-LR-Si.

Moreover, as shown in Fig. 5. (a), the power gain and PAE
of the GaN HEMT-on LR-Si are 32% and 57% lower than
that of GaN HEMT-on-HR-Si, respectively. This is consis-
tent with the model proposed by Xiao et al. [22]. They
have proposed a series RC network between the source
and the drain, representing the parasitic loading effects due
to the conductive substrate resistance (Rsub) and capaci-
tance (Csub) at mm-wave frequency. They have explicitly
shown that parasitic loading effects at 12 GHz may degrade
power gain up to 27% and PAE as high as 48% along with
the output power.

It is worth to note that parasitic conduction is present in
GaN HEMT grown on both HR-Si and LR-Si. However, the
effect is more severe in LR-Si as the high conductivity of
the substrate is added on top of the defects already present
in the epilayers.

C. PHYSICAL ORIGIN

The physical origin of this parasitic conduction is still under
debate [23]. For instance, several authors have reported
Ga/Al diffusion into the silicon substrate in the order of
10'® cm™3 to 10" cm™3 with up to 3 um roll-off into the
silicon substrate [24]. The Ga/Al atoms into the Si substrate
act as acceptors and form a p-type conductive layer at the
top surface of the substrate. On the other hand, silicon in
non-polar material whereas, AIN is highly polar. This dif-
ference in polarization charge generates a high density of
electron inversion channel at the AIN/Si interface as high
as 10" ¢cm~2 [25]. Furthermore, the highly defective AIN
nucleation layer is also identified as the source of parasitic
channel conduction in GaN-on-Si devices [26].

D. POSSIBLE SOLUTIONS

It is clear at this point that GaN-HEMTs grown on LR-Si
can achieve comparable DC and small signal performances
as the GaN HEMTs grown on HR-Si. However, the same is
not true in the case of large signal performance due to the
formation of parasitic channel at the buffer/Si interface. In
order to avail all the benefits of LR-Si as discussed in the
introduction section, one possible solution could be to use
standard back-side processing technique where, the silicon
substrate is selectively removed from the region beneath
the active channel [27]. This will effectively eliminate the
electron inversion channel at the AIN/Si interface as well as
the conductive p-type region due to the diffusion of Ga/Al
into the Si-substrate. However, the leaky AIN nucleation
layers will be still there as a source of parasitic channel
and may degrade the power performance to some extent.
We have further performed 2D TCAD device simulations
to investigate the effects of the parasitic channel on the
large signal output power. In order to mimic the parasitic
loading effects, an electron inversion layer at the AIN/Si
interface, acceptor-like trap of 2x10'® cm™ in the silicon
substrate distributed uniformly up to 2 um from the AIN/Si
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FIGURE 6. 2D device simulation of large-signal output power of a typical
GaN HEMT grown on LR-Si including parasitic loading effects. Pout for Ns
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there is no noticeable change in Pout thereafter.
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FIGURE 7. Small signal equivalent circuit model of parasitic loading
effects without (left) and with (right) taking into account the defects and
free charge carriers in the GaN and AlGaN buffer.

interface, and donor-like trap concentration of 1x10'0 to
1x10"7cm™ in the GaN and AlGaN buffer were considered
in the simulation. The substrate resistivity was set to 1 €-cm.
As can be seen in Fig. 6, the large signal simulated Pout at
10 GHz significantly varies with the conductivity of the GaN
buffer, while all other parameters are the same. For instance,
Pout increases from 20 dBm to 26 dBm at an input power
of 15 dBm when the free carrier concentration in the GaN
buffer decreases from 5x10!7 cm™3 to 104 cm™3. However,
there is no noticeable change in Pout thereafter. Further
increase in Pout can be seen when there is no free carrier
in the buffer (denoted as floating buffer). Therefore, the
effects of substrate resistivity and the parasitic channel can
significantly be minimized just by controlling the resistivity
and the quality of the GaN buffer.

Fig. 7 (left) schematically represents the formation of this
parasitic channel along with an equivalent circuit model.
As proposed by Xiao et al., the Rgp and Cgyp in series
between the source and drain (along with source and drain
series resistances) takes into account the parasitic loading
effects [22]. All other components of the equivalent circuit
are not shown in the figure for simplicity. A complete equiv-
alent circuit model of a typical GaN transistor can be found
elsewhere [22]. As shown in Fig. 6, the 2D simulation sug-
gests that a defect-free (and hence insignificant number of
free carriers) GaN buffer acts as a floating layer isolating the
active channel from the most defective AIN/Si interface and
highly conductive silicon substrate. Therefore, we propose
a modified equivalent circuit model of the parasitic loading
effects, where the parasitic channel conduction includes the
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defects and free carriers in the GaN and AlGaN buffers as
shown in Fig. 7 (right). The additional capacitance (Cgan,
Calgan) and the resistance (Rgan, Raigan) in Fig. 7 (right)
represent the bound charges due to the defect charges and
free mobile charges in the respective epitaxial layers. We
argue that the parasitic conduction channel formed at the
very bottom of the epitaxial layers affects the large signal
performance at high drain voltage due to the finite conduc-
tivity of the top AlGaN and GaN layers as well as through
sidewall conduction to some extent.

V. CONCLUSION

AllnGaN/AIN/GaN HEMTs on a low resistivity silicon sub-
strate have been demonstrated with comparable small-signal
performance as those grown on HR-Si and SiC substrates.
fr of 83 GHz and 63 GHz and f},,x of 95 GHz and 77 GHz
with a three-terminal off-state breakdown voltage of 69 V
and 127 V are achieved on the devices with a gate length
of 0.16 um and gate to drain distance of 2 um and 4 um,
respectively. The combination of fr and breakdown voltage
results in a record JFOM of 8.1 THz-V. In-depth analy-
sis suggests that superior electron-transport property and
lower residual carbon impurity in the GaN channel are
the keys to achieve state-of-the-art device performance on
GaN-on-Si HEMTs. However, GaN-on-Si HEMTs on the
LR-Si substrate exhibit higher transmission loss due to strong
capacitive coupling effects making it difficult to obtain com-
parative large-signal power performance as those on the
HR-Si substrate. 2D device simulation indicates significant
improvements in large signal output power by minimizing
the defects and free charge carriers in the GaN buffer even
in the presence of the parasitic channel conduction and
conductive silicon substrate. A modified small signal equiv-
alent circuit model of the parasitic conduction taking into
account the conductivity of both the GaN and AlGaN buffer
is also proposed. It is concluded that a different epitaxial
layer design should be adopted to minimize the large-signal
power loss of GaN HEMTs on LR-Si substrate. Nonetheless,
this report of GaN-on-LR Si HEMTs with record JFOM of
8.1 THz-V shows a promising low-cost alternative for S and
X band applications.
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