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Demonstration of GaN-Based HEMTs Using Extremely Thin
h-BN Passivation Layer and Air Spacer for the RF

Performance Improvement
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GaN-based high electron mobility transistors (HEMTs) is demonstrated using
an extremely thin (=~ 5 nm) h-BN passivation layer and air spacer, for the first
time. The h-BN passivation layer is grown by metal-organic chemical vapor
deposition on top of the AlGaN barrier, followed by GaN-based HEMTs
fabrication. To prohibit the loss and/or damage of the thin h-BN passivation
layer, the SiN is deposited as a protection layer during the device fabrication.
When the device fabrication is finalized, the SiN protection layer is removed
by buffered oxide etchant, introducing the air spacer under the head of the
T-gate electrode. The electrical properties of the GaN-based HEMTs applying
h-BN passivation layer and air spacer are measured and compared to the
h-BN/SiN passivated and conventional SiN passivated GaN-based HEMTs.
The difference of the DC characteristics corresponding to the passivation layer
in GaN-based HEMTs is negligible. However, compared to the conventional
SiN passivated GaN-based HEMTs, the RF performance, such as current gain
cut-off frequency and maximum oscillation frequency is improved by 50.3%
and 68.5%, respectively, since the parasitic capacitances is reduced by the air
spacer formation in GaN-based HEMTs using a thin h-BN passivation layer.
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1. Introduction

GaN-based high electron mobility tran-
sistors (HEMTs) have been intensively
studied and developed for the high-
power microwave application due to
the superior material properties such as
wide band-gap, high breakdown field,
and high carrier density and mobility
at the hetero-interface.'*l However,
there are many dangling bonds at the
barrier layer surface which cause the
leakage current increasement, drain
current (I,) reduction, current collapse
enhancement, and frequency perfor-
mance degradation.*®! Therefore, in
GaN-based HEMTs, the passivation layer
deposited on top of the barrier layer,
which was required excellent interface
quality is essential. In this perspective,
various dielectric layers and structures
have been investigated as the passivation
layer in GaN-based HEMTs.[*39-16]

In GaN-based HEMTs, the current
gain cut-off frequency (f7) and maximum
oscillation frequency (£, ,,) are the key

indicators which reflect the RF performance. The f; and f, ,, are
determined by the several components of the small-signal equiv-

alent circuit as follows:[17:18]
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where g, is the transconductance, and the other parameters
are described in the small-signal equivalent circuits as shown in
Figure 1. The RF performance is affected by the parasitic capaci-
tances, including the gate-source capacitance (C) and gate-drain
capacitance (Cyy) even though, the impact of the other parame-
ters cannot be neglected. As a result, the parasitic capacitances
should be minimized for the RF performance improvement.[**]
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Figure 1. Small-signal equivalent circuit model of GaN-based HEMTs.

When the GaN-based HEMTs were compared to the other
competitive technologies, such as GaAs- and InP-based HEMTs,
the GaN-based HEMTs exhibit higher output power. However,
the RF performance in terms of the f; and f_, is lower than
that of the other technologies. In order to overcome this issue,
many approaches have been researched, such as the T-gate elec-
trode structure optimization, surface passivation, thin barrier
epitaxial structure, n*-regrown source-drain contact, and graded
channel.[20-32]

Among the various approaches, the T-gate electrode has been
commonly applied to improve the RF performance through the
reduction of gate resistance (R,). With increasing the wideness of
the T-gate head, the R, is reduced. However, the parasitic gate ca-
pacitances increased as the area under the head of the T-gate elec-
trode widened. Therefore, for the improvement of the RF perfor-
mance in GaN-based HEMTS, the parasitic capacitances should
be reduced while the increase of the R, is minimized.

In this paper, we demonstrated the T-gate electrode incor-
porating the extremely thin (=5 nm) h-BN passivation layer
and air spacer to enhance the RF performance in GaN-based
HEMTs. The thin h-BN passivation layer was grown by metal
organic chemical vapor deposition (MOCVD) on top of the Al-
GaN barrier. The MOCVD-grown h-BN layer provided a Van der
Waals heterostructure with an AlGaN/GaN epitaxial layer.[3334
To protect the loss and/or damage of the h-BN passivation layer
from the device fabrication, the 75 nm-thick SiN protection layer
was deposited by a plasma-enhanced chemical vapor deposition
(PECVD). After the T-gate electrode formation, the SiN protec-
tion layer was removed by the buffered oxide etch (BOE). The
h-BN passivation layer was not removed since, the h-BN showed
strong resistance to BOE. Thereby, the thin h-BN only passivation
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Source

layer and air spacer located under the head of the T-gate electrode
were simultaneously achieved. The dielectric constant of the air
was smaller than the dielectric constant of SiN. As a result, the
parasitic capacitances were reduced and the f and f,_, were im-
proved by 50.3% and 68.5%, respectively, which compared to the
conventional SiN passivated GaN-based HEMTs.

2. Device Fabrication

We have fabricated the GaN-based HEMTs applied extremely
thin passivation layer and an air spacer. The AlGaN/GaN het-
erostructure was grown by MOCVD on a 2-inch SiC substrate.
The grown epitaxial structure was composed of a 2 pm-thick
Fe-doped GaN buffer, 100 nm-thick GaN channel, and 25 nm-
thick Al,;Ga, ;5N barrier. The thin h-BN passivation layer was
grown on the AlGaN barrier using MOCVD in Prof. J. Kim’s lab-
oratory at POSTECH. The detailed h-BN growth was described
elsewhere.l33341 A 50 nm-thick SiN protection layer was deposited
by the PECVD on the h-BN passivation layer. For the source and
drain ohmic metal deposition, the source and drain electrode ar-
eas were patterned using the i-line stepper. The 50 nm-thick SiN
and thin h-BN layers were etched by a reactive ion etching (RIE)
system, and Ti/Al/Ni/Au was deposited using an e-beam evap-
orator. In order to avoid the diffusion of the alloying metal into
the SiN protection layer for the followed RTA process, the 50 nm-
thick SiN protection layer was removed by BOE. For the source
and drain ohmic contact formation, the RTA was performed at
880 °C for 30 s. The 50 nm-thick SiN protection layer was de-
posited, again. The phosphorus was implanted outside of the
device active area for the device isolation. The 50 nm-thick SiN
layer was removed since, the SiN protection layer was damaged
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2-inch AlGaN/GaN-on-SiC Substrate (Starting material)
Extremely thin h-BN passivation layer growth (MOCVD)
50 nm-thick SiN layer deposition (PECVD)

Source and drain electrode patterning (i-line stepper)
Patterned 50 nm-thick SiN and h-BN layer etching (RIE)
Ohmic metal deposition (E-beam evaporator)

50 nm-thick SiN layer removing (BOE)

Ohmic contact formation (RTA)

50 nm-thick SiN layer deposition (PECVD)

Device isolation (Ion implantation) —
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50 nm-thick SiN layer removing (BOE)

75 nm-thick SiN layer deposition (PECVD)

Contact pad patterning (i-line stepper)

Patterned 75 nm-thick SiN etching (RIE)

Contact pad metal deposition (E-beam evaporation)
Gate foot patterning (E-beam lithography)
Patterned 75 nm-thick SiN etching (RIE)

T-gate head patterning (E-beam lithography)

Gate metal deposition (E-beam evaporator)

75 nm-thick SiN removing (BOE)

Figure 2. Summarized GaN-based HEMTs process flow applied in this work.

during the phosphorous implantation. The 75 nm-thick SiN pro-
tection layer was deposited one more time. The source and drain
contact pads were defined and opened using the i-line stepper
and RIE, respectively. Ti/Au was deposited for the contact pad
formation. The gate foot (i.e., gate length) was patterned by the
e-beam lithography. The 75 nm-thick SiN and thin h-BN layers
were etched to open the gate foot region using an inductively
coupled plasma. Then, the e-beam lithography was used for the
T-gate head patterning. To form the T-gate electrode, Ni/Au was
deposited by the e-beam evaporator. Finally, the processed wafer
was dipped into the BOE to remove the 75 nm-thick SiN protec-
tion layer, remaining only the thin h-BN passivation layer and
forming the air spacer under the T-gate head. In Figure 2, the
GaN-based HEMTs process flow which was applied in this work
was summarized.

Three BOE etching processes were carried out during the GaN-
based HEMTS fabrication. To verify that the BOE etching pro-
cess did not impact device performance, measurements were per-
formed using TLM and process control monitoring patterns fol-
lowing the completion of each process step. However, we could
not observe any evidences of device performance degradation at-
tributable to BOE etching.

(a) (b)

The gate length (L), unit gate width (W), and number of fin-
gers (Ng) of the processed devices were 0.15, 100, and 2 pm, re-
spectively. While the distance between source and gate (L) was
fixed as 1 pm, the distance between gate and drain (L) were
prepared for 1.85 and 2.85 pm. Therefore, the two different di-
mensional devices were processed. The distance between source
and drain (Lgp) were 3 and 4 um corresponding to the L. The
h-BN/SiN and conventional SiN passivated GaN-based HEMTs
were simultaneously prepared for the comparison of the device
characteristics. The h-BN, h-BN/SiN, and SiN passivated GaN-
based HEMTs were designated as the Sample A, Sample B, and
Sample C, respectively. Figure 3 showed the cross-sectional view
of the GaN-based HEMTs for the three different samples.

3. Results and Discussion

In Figure 4, we have presented a detailed microstructural analysis
of the MOCVD-grown h-BN passivation layer on the AlIGaN/GaN
heterostructure. Figure 4a showed a high-resolution transmis-
sion electron microscopy (HR-TEM) image of the as-grown h-
BN on the AlGaN/GaN HEMT epi-structure, revealing a uniform
h-BN layer with a thickness of &5 nm. The corresponding fast

(c)

SiN
Contact
Contact RN Contact Contact Contact Contact
aBN Pad Pad Pad Pad Pad
Pad
Source Drain Source Drain Source Drain
GaN Channel Layer GaN Channel Layer GaN Channel Layer
Buffer Layer Buffer Layer Buffer Layer
SiC Substrate SiC Substrate SiC Substrate

Figure 3. Schematic cross-sectional view of the fabricated GaN-based HEMTs in this paper. a) thin h-BN.(Sample A), b) h-BN/SiN (Sample B), and c)

SiN (Sample C) passivated GaN-based HEMTs.
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(d)
Sample B

Figure 4. a) Cross-sectional TEM image of MOCVD-grown h-BN on AlGaN/GaN HEMT epi-structure and b) the corresponding fast Fourier transform
image. False-colored Low-magnification TEM micrographs obtained from c¢) Sample A and d) Sample B, respectively, where yellow, green, and red
represented gate, SiN and h-BN, respectively. Cross-sectional HAADF-STEM images with schematic structure diagrams and EDS elemental mapping
analysis for e) Sample A and f) Sample B at locations indicated in (c) and (d), respectively. Scale bars, 10 nm.

Fourier transform (FFT) pattern in Figure 4b exhibited distinct
(0002) diffraction spots characteristic of h-BN, which confirmed
the epitaxial growth of crystalline h-BN on the AlGaN/GaN het-
erostructure.

Low-magnification cross-sectional TEM micrographs of Sam-
ple A and Sample B were presented in Figure 4c,d, respectively,
showing the distinct configurations of the passivation layers. To
further investigate the elemental distribution and interface qual-
ity, high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) coupled with energy dispersive X-
ray spectroscopy (EDS) mapping was performed at specific re-
gions indicated in Figure 3c,d. The HAADF-STEM images com-
bined with EDS elemental mapping analyses (Figure 3e,f) clearly
demonstrated that the AlIGaN/GaN heterostructure remained in-
tact after the h-BN growth process, which reflected that the high-

Adv. Electron. Mater. 2025, 11, €00638 €00638 (4 of 10)

temperature MOCVD-grown h-BN did not deteriorate the under-
lying device structure.

Notably, the EDS analysis revealed a significant difference be-
tween Sample A and Sample B. In Sample A, the area above
the h-BN layer appeared vacant, consistent with the success-
ful removal of the SiN protection layer and formation of the
air spacer. In contrast, Sample B exhibited the uniform SiN
passivation layer ~75 nm thick deposited on top of the h-BN
film, as evidenced by the strong Si signal in the EDS map-
ping. This microstructural evidence confirmed the successful im-
plementation of our fabrication strategy, particularly the selec-
tive removal of the SiN protection layer in Sample A while pre-
serving the thin h-BN passivation layer, which was critical for
the formation of the air spacer under the head of the T-gate
electrode.
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Figure 5. DC characteristics of GaN-based HEMTs for various passivation layers. a) Drain current in linear scale, b) drain current in log scale, and
¢) transconductance as a function of Vg at Vp = 10.0 V, Drain current vs drain bias at (d) Vgs = —1.0 Vand (e) Vg5 = —6.0 V.
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Figure 6. Extracted device parameter comparison corresponding to the passivation layers. a) Threshold voltage, b) maximum transconductance,
¢) drain current (at Vgg = —0.5 V), and d) drain leakage current (at Vg = —5.5 V) for various passivation layers.

We have measured the DC characteristics in GaN-based
HEMTs for the various passivation layers. As shown in
Figure 5a, the fabricated GaN-based HEMTs exhibited excellent
pinch-off characteristics at low gate bias (Vqg <—4.0 V). With
increasing gate bias, the drain current (I) increased and ex-
ceeded 750 mA/mm at Vg = —0.5 V. In Figure 5b, the I, curves
were overlapped in the subthreshold regime. The leakage current
was lower at Vg < —4.5 V in Sample A and Sample B, which
was compared with in Sample C. In other words, we have re-
duced the leakage current by employing the h-BN passivation
layer. The typical bell-shaped transconductance (g, ) behavior was
observed (Figure 5c). The output characteristics were investi-
gated in Figure 5d. In Sample B and Sample C, the I;, was sat-
urated at Vg 2.5 V due to the self-heating effects.**’] How-
ever, in Sample A, the I, was slightly but consistently increased
in a range of 2.5 V < V¢ <10.0 V since, the self-heating ef-
fects were diminished by removing the 90 nm-thick SiN pro-
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tection. We have measured the breakdown voltage (V;), which
was determined as V at Vog = =6 Vand I, = 1 mA mm™! as
shown in Figure 5e. V; were extracted as 117, 113, and 89 V for
Sample A, Sample B, and Sample C with Ly, = 3 um, respec-
tively. When the h-BN passivation layer was employed the V; was
increased.

Note that the contact resistances extracted from the TLM
method were 0.334, 0.327, and 0.337 Q@ mm for Sample A, Sample
B, and Sample C, respectively. The passivation system did not af-
fect to the contact resistance of the processed GaN-based HEMTs.
Also, the contact resistance difference corresponding to the pas-
sivation layer was negligible.

For the precise comparison of the device properties with re-
spect to the passivation system, various device parameters in
terms of the threshold voltage (Viy), maximum transconduc-
tance (g, ma)> Ip (at Vgg = —0.5 V), and drain leakage current
(Ipiea) at (Vgs = —5.5 V) were extracted in Figure 6. V; was
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Figure 7. RF performance investigation in GaN-based HEMTs with respect to the various passivation layers. Gain vs frequency for a) current gain cut-
off frequency and b) maximum oscillation frequency. c) Extracted the current gain cut-off frequency and maximum oscillation frequency in GaN-based

HEMTs for the three different passivation layers.

extracted by plotting 1/I,, versus V¢ and extrapolating the curve
to zero drain current.*® The g ... and I, were slightly lower in
Sample C than in Sample A and Sample B. However, the differ-
ence was small, which was negligible. The device properties in
terms of g .. and I}, at V55 = —0.5 V, were enlarged in GaN-
based HEMTS for Ly, = 3.0 um compared to the device for Lgp,
= 4.0 um. When the L, was shrunk, the overall device resis-
tance was reduced and the DC properties were improved. Unlike
the other device parameters, the I, was lower when the h-BN
was applied as the passivation layer, reflecting that the superior
AlGaN/h-BN interface.

In Figure 7, the RF characteristics were measured and com-
pared in GaN-based HEMTs for various passivation layers. To
extract the f; and f, , the S-parameters were measured by the
network analyzer. The measured S-parameters were converted to
the H-parameters for the f;. extraction. We have fitted a linear line

Adv. Electron. Mater. 2025, 11, €00638 €00638 (7 of 10)

with a —20 dB slope on the H,, curve. The extrapolated point of
the linear line to the 0 dB was defined as the f;. For the f,_ ex
traction, the measured S-parameters were converted to the max-
imum stable gain (MSG)/maximum available gain (MAG). Like
for the f extraction, a linear line with —20 dB slope was fitted
at the stability factor K = 1. The f, ,, was determined by a point,
which was the extrapolated point of the linear line to the 0 dB.

When the Ly, was reduced, the g, was enlarged as shown
in Figures 5c and 6b. Indeed, the parasitic capacitances such as
Cg and C,y were reduced, which will be shown in Figure 8a,b.
For these reasons, GaN-based HEMTs for Ly, = 3.0 um exhibited
higher ;. and f, ,, when we compared in GaN-based HEMTs for
L, = 4.0 um.

When we compared the Sample B and Sample C, the RF per-
formance was slightly improved in Sample B. The f; and f,_,,
were improved by 9.4% and 2.9%, respectively. By contrast, we
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Figure 8. Extraction of the parasitic capacitances linked to the passivation layer and gate structure in GaN-based HEMTs for various passivation layers.
a) Gate-source capacitance, b) gate-drain capacitance, and c) source-drain capacitance as a function of frequency.

have achieved a huge RF performance improvement in Sample
A. Compared to the Sample C, the f; and f, , were improved by
50.3% and 68.5%, respectively in Sample A.
As shown in Figure 8, we have extracted the parasitic capaci-
tances which were affected by the passivation layer and gate struc-
ture to figure out the reason of the RF performance improve-
ment in Sample A. The device capacitances were extracted us-
ing equation (1)—(6) from the ref. [ The S-parameters of the de-
vice were measured under Cold FET conditions and subsequently
converted into Y-parameters for the capacitance extraction. The
parasitic capacitances arising from the external structure and in-
terconnections were identical for the three devices, since their
layouts are the same. Therefore, the differences in capacitances
shown in Figure 8 represented the variations in the intrinsic ca-
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pacitance in terms of Cyy, C,,, and Cy,, which were caused by
differences in the passivation structures.

In Sample B, the parasitic capacitances were slightly reduced
compared in Sample C since, the dielectric constant of the h-BN
was smaller than that of the SiN. In Sample A, the SiN layer was
substituted for an air spacer. And, the dielectric constant of the
air spacer was much smaller than that of SiN. As a result, the
huge RF improvement was achieved in Sample A.

We have summarized the DC and RF performance achieved
from Sample A in this work and compared with other work in
Table 1. Note that the other works compared with Sample A
featured a gate length of ~0.15 um and utilized a GaN-based
HEMTs fabrication process comparable to those used in our
study.
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Sample A Ref. [39] Ref. [40] Ref. [41] Ref.[42]
[in this
work]
Maximum transconductance 315 410 450 470 403
(mS/mm)
Saturation drain current (A) 715 950 - 1200 999
Breakdown voltage (V) 117 >100 120 84
Current gain cut-off 56 36 45 40 36
frequency (GHz)
Maximum oscillation 134 115 80 - 158

frequency (GHz)

4, Conclusion

This study has demonstrated the feasibility of utilizing the h-
BN as a passivation layer in GaN-based HEMTs. An extremely
thin h-BN passivation layer and air spacer were successfully em-
ployed for the GaN-based HEMTSs fabrication. The h-BN passi-
vation layer was grown by MOCVD before the device fabrication
due to its very high growth temperature. For the device process-
ing, the SiN protection layer covered the thin h-BN passivation
layer. After the T-gate electrode formation, the SiN protection
layer was removed by dipping the processed device into the BOE,
naturally formed the air spacer under the head of the T-gate elec-
trode. The DC characteristics of the h-BN passivated GaN-based
HEMTs were almost identical to the conventional SiN passivated
GaN-based HEMTs. On the other hand, the huge improved RF
performance in terms of the {7 and f, was obtained in GaN-
based HEMTS for the thin h-BN passivation layer and air spacer
since, the parasitic capacitances were reduced by the small dielec-
tric constant of the air. As a result, the reduction of the parasitic
capacitances, which were related to the passivation layer and T-
gate structure was efficient for the improvement of the RF per-
formance in GaN-based HEMTs. However, the device processing
should be further optimized to achieve a larger device process
margin since, the h-BN was too thin and weak for the conven-
tional GaN-based HEMTS processing.
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