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ABSTRACT AlGaN/GaN metal insulator semiconductor heterostructure field effect transis-
tors (MISHFETSs) with different thickness of in-sifu silicon carbon nitride (SiCN) cap layer were
investigated. It was found that in-situ SiCN layer not only increases the two dimensional electron gas
(2DEG) density, but also effectively passivates the surface of the AlGaN/GaN MISHFET. The fabricated
device with 2 nm-thick SiCN cap layer exhibits superior device performances, such as larger maximum
transconductance (gp,) and higher on/off drain-current ratio (Ion/Iopr) compared to those of the device
without SiCN cap layer.

INDEX TERMS AlGaN/GaN, metal insulator semiconductor heterostructure field effect
transistors (MISHFETSs), in-situ silicon carbon nitride (SiCN), cap layer, 2DEG density, surface

leakage current.

I. INTRODUCTION

AlGaN/GaN-based heterostructure field effect transis-
tors (HFETSs) are very promising power electronic and high
frequency device applications [1], [2]. Even though the epi-
taxial growth and device fabrication of AlIGaN/GaN HFETs
have been matured, it is still necessary to reduce the surface
traps, which leads to degrade the device performances and
deteriorate the device reliability. The origin of the surface
traps in AIGaN/GaN heterostructures is believed to be mainly
due to the formation of unstable native GaOy on the surface
of AlGaN barrier [3]. It leads to large leakage current and
occasionally severe current collapse when the HFET oper-
ates under high power and high frequency conditions. The
epitaxial GaN cap layer was usually grown on AlGaN layer
to protect the AlGaN surface, but the removal of GaOy has
been turned out to be difficult [4]. The ex-sifu deposition of
dielectrics like SiNy, SiO;, and Al,O3 has been applied to
passivate the surface [5]-[7], but the results are not satis-
factory to completely eliminate the formation of the GaOyx

at the AlGaN surface due to the finite surface exposure to
ambience or undesirable chemical reaction at the surface.
The in-situ growth of SiNx layer has been investigated
not only to prevent the AlGaN surface from being exposed
to air ambient, but also to provide an effective surface pas-
sivation for the AlGaN/GaN HFETs [8]-[11]. Recently, we
also proposed a similar method for passivating the surface of
an AlGaN/GaN Schottky barrier diode (SBD), which utilizes
very thin in-situ silicon carbon nitride (SiCN) cap layer with
thickness of a few nm [12]. The thickness of the SiCN cap
layer is comparable to the thickness of the GaN cap layer.
Therefore, the thin in-situ SiCN cap layer on the AlGaN
layer would replace the GaN cap layer, without significantly
changing the threshold voltage of the device, because it is
not necessary to be etched away for the fabrication of the
AlGaN/GaN HFET. Instead, the existence of the thin in-situ
SiCN cap layer effectively passivates the AlIGaN surface
to reduce the leakage current of the device even without
depositing an additional thicker surface passivation layer.
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Furthermore, the thin in-situ SiICN cap layer would increase
the 2DEG sheet carrier concentration and electron mobility
to improve the on-current of the device.

In this work, the AlGaN/GaN metal-insulator-
semiconductor heterostructure field effect
transistors (MISHFETs) with the different in-situ SiCN
thickness were fabricated and the thickness of the in-situ
SiCN cap layer was optimized with analyzing the device
performances along with Hall effect and atomic force
microscopy (AFM) measurement.

Il. EXPERIMENTS

AlGaN/GaN heterostructure deposited the in-situ SiCN
cap layer was grown on 4-inch (0001) c-plane sapphire
substrates utilizing metal-organic chemical vapor depo-
sition (MOCVD) [10], [13]. Trimethylgallium (TMGa),
trimetahylaluminum (TMALI), carbontetrabromide (CBry),
ditertiarybutylsilane (DTBSi), and ammonia (NH3) were
used for the precursors for Ga, Al, C, Si, and N, respectively.
The detailed layer structure proposed in this work consists
of 30 nm-thick GaN initial nucleation layer grown at low
temperature, 3 pwm-thick highly-resistive GaN buffer layer,
and 25 nm-thick AlGaN barrier layer. Finally, the SiCN cap
layer was grown at 1100 °C with varying its thickness from
2 to 10 nm. The AlGaN/GaN heterostructure without the
SiCN cap layer was also grown as a reference sample. The
Al content in the AlGaN barrier is 27%, which is determined
by high-resolution X-ray diffraction (XRD).

For the device fabrication, the active region of the device
was defined by inductively coupled plasma reactive ion etch-
ing (ICP-RIE) using a BCI3/Cl, gas mixture. The SiCN cap
layer in source and drain region was removed using same
ICP-RIE machine. Ohmic metal layer with Ti/Al/Ni/Au was
then deposited and followed by rapid thermal annealing at
850 °C for 30 sec in N, ambient. Finally, Ni/Au gate metal
was deposited on the SiCN cap layer. The gate length, the
gate width, and the gate-to-drain distance of devices were
3, 50, and 10 um, respectively. A schematic cross-sectional
view of the fabricated MISHFETS is shown in Fig. 1. The
SiCN cap layer with thickness of 2 nm is shown from the
transmission electron microscope (TEM) image in the inset
of the figure.

1Il. RESULTS AND DISCUSSION

Fig. 2 shows the Hall measurement of samples with differ-
ent SiCN cap-layer thickness from O to 10 nm according
to growth time. The sample grown without SiCN cap
layer exhibited sheet resistance (Rgy) of 488 /0, 2DEG
sheet carrier density of 7.5 x 10'2 cm™2, and mobility of
1650 cm?/V-s. All samples with SiCN cap layers exhibited
decreased Ry, from 420 to 384 /0, increased sheet carrier
density from 8.4 to 10.4 x 10'2 ¢cm™2, and decreased mobil-
ity from 1530 to 1250 cm?/V-s compared to that of sample
without SiCN cap layer. Especially, the product of (mobil-
ity) x (sheet carrier density) is highest when thickness of
SiCN is 2 nm. The values of the sheet carrier density for
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FIGURE 1. Schematic cross-sectional view of the fabricated MISHFETs.
Inset shows the TEM image for the AIGaN/GaN heterostructure with
2 nm-thick SiCN-cap layer.
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FIGURE 2. Hall measurement data for samples with different SiCN-cap
layer thickness: (a) mobility and concentration, (b) sheet resistance and
the product of mobility x sheet carrier density (ns).

the samples with SiCN cap layer were higher than that
of the reference sample without cap layer, which can be
expected because the existence of SiT ions in the in-situ
SiCN film induces more electrons in the 2DEG channel.
Onojima et al. [14] reported that the Si atoms located at the
SiN/AlGaN interface act as positively ionized donor, which
can partially neutralize the negative polarization charge of
the AlGaN surface and hence increase the 2DEG density.
The degradation in mobility for the samples with cap layer
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FIGURE 3. AFM images (2 pm x 2 um) of surface morphology according
to the SiCN cap- layer thickness with (a) 0 nm, (b) 2 nm, (c) 5 nm,
and (d) 10 nm.
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FIGURE 4. 1-V characteristics of the AlIGaN/GaN MISHFETs according to the
SiCN cap layer thickness.

is probably due to the increased strain-induced interface
roughness scattering at the AIGaN/GaN interface [15]-[17].

Fig. 3 shows atomic force microscopy (AFM) surface
images for the as-grown AlIGaN/GaN heterostructures with
and without SiCN cap layer. The root-mean-square (rms)
roughness of the structure without SiCN cap-layer is 0.8 nm.
The surface morphology of the structure with 2 and 5 nm-
thick SiCN cap layer becomes improved with corresponding
rms roughness of 0.3 and 0.5 nm, respectively. This is
because the rough AlGaN surface becomes smooth during
the slow growth of the SiCN cap layer with growth rate
(5 nm/hour). However, the surface morphology of the struc-
ture with 10 nm-thick SiCN cap layer becomes poor with rms
roughness of 1.0 nm, which is believed to be due to the etch-
ing process of the AlGaN surface under DTBSi/NH3/CBr4
gas conditions for longer growth time at high temperatures
of 1100 °C [18]-[23]. The etching of the AlGaN surface
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FIGURE 5. C-V characteristics of the SiCN/AlGaN MIS capacitors measured
at 100 kHz according to SiCN thickness.

and its effect on the device performance will be further
discussed later.

Fig. 4 shows the static current-voltage (I-V) characteristics
of the AlGaN/GaN MISHFETs with different SiCN cap-
layer thickness of 0 to 10 nm. The threshold voltages of the
devices were shifted from —4.5 to —12 V as the thickness
of the SiCN cap layer increased. The threshold voltage shift
of the MISHFET, as compared to the control HFET, is given
as [24]

Vi = Vg =gy — g — %AECJiCN/AlGaN
— Vsicn ey

where (pg’ﬂs and (pfF ET represent the Schottky potential bar-

rier of Ni/SiCN/AlIGaN and Ni/AlGaN, respectively [10].
AEc_sicn/aican 18 the SICN/AlGaN conduction band offset.
Vsicn is the electric potential drops in the SiCN layer. By
solving Gauss formula at each interface, the expression of
Vsicn can be derived [25]

e(oir — op — oaIGaN)

)

Vsien =
Csicn

where oy is the effective fixed charge density at
SiCN/AlGaN interface, op is background electron concen-
tration in GaN buffer, 04,6,y is polarization charges of
AlGaN. Note that the capacitance of the SiCN dielectric
(Csicn) is determined through capacitance-voltage (C-V)
characterization of the Ni/SiCN/AlGaN/GaN MIS diodes as
shown in Fig. 5. The capacitance at accumulation, measured
at 100 kHz, was 4.73 x 1077, 3.27 x 1077, 2.57 x 1077,
and 2.20 x 10~/ F/cm? for the sample with SiCN cap layer
thickness of 0, 2, 5, and 10 nm, respectively. When assuming
SiCN/AlGaN conduction band offset is ~2.29 eV [26]-[28]
from the Equations (1) and (2), the effective fixed charge
density at SiCN/AlGaN interface is roughly determined to
be 1.7 x 10'3, 1.9 x 10'3, and 2.3 x 10'3/cm? for SiCN
cap-layer thickness of 2, 5, and 10 nm, respectively.

It is noticed from Fig. 6(a) that the MISHFET with
2 nm-thick SiCN cap layer exhibits the highest maximum
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transconductance (gp), almost two times higher than that
of the HFET without SiCN cap layer. The reason for the
gm enhancement of the MISHFET with 2 nm-thick SiCN
cap layer is due to the decrease in series resistance caused
by higher 2DEG density, as shown in Fig. 2(b) [29], [30].
As the thickness of the SiCN cap layer increases, however,
the gy for the MISHFET gradually decreases due to the
increased gate leakage current as shown in Fig. 6(c), which
will be discussed below.

Fig. 6(b) and 6(c) show the logarithmic Ip — Vg curves
and the gate leakage currents, respectively. The MISHFET
with 2 nm-thick SiCN cap layer exhibits better subthreshold
characteristics with subthreshold swing (SS) of 90 mV/dec,
higher on/off drain-current ratio (Ion/Iorr), and much lower
gate leakage current compared to the MISHFET without
SiCN cap layer. This indicates that 2 nm-thick SiCN cap
layer gate leakage current compared to the MISHFET with-
out SiCN cap layer. This indicates that 2 nm-thick SiCN cap
layer effectively passivates the AlGaN surface. However, the
MISHFET with 5 nm-thick SiCN cap layer shows slightly
degraded SS and increased gate leakage current. However,
the performances of the MISHFET with 10 nm-thick SiCN
layer become severely degraded. This unexpected result can
be explained by considering the AFM images in Fig. 3. Prior
to the SiCN growth, many V-shaped pits were evolved on
the AlGaN surface as shown in Fig. 3 (a), which is believed
to be due to the threading dislocation [31]. After the growth
of the SiCN layer with thickness up to 5 nm, the surface
becomes smooth and most V-shaped pits were covered with
deposition of the SiCN layer. Conversely, few V-shaped pits
becomes enlarged and deeper as shown in Fig. 3(d), after
growing 10 nm-thick SiCN layer. This is because the etch-
ing process of the AlGaN layer near relatively large-sized
V-shaped pits can be favorable than the growth of SiCN
layer under the growth ambient (DTBSi/NH3/CBry4) at high
temperature (1100 °C) for long time. The schematic etching
process is illustrated in Fig. 7. The measured depth of the
pit was increased to from 3.98 nm for the sample without
cap layer to 6.18 nm after growing 10 nm-thick SiCN layer.

The V-shaped pits on the AlGaN surface severely increase
the trap-assisted tunneling leakage current through the
Schottky contact. However, the leakage current can be effec-
tively reduced with growing a 2 nm-thick SiCN cap layer
on the AlGaN layer. This thin SiCN cap layer not only
passivates the AlGaN surface, but also covers the V-shaped
pits to block the leakage path (Fig. 7 (b)), which greatly
reduces the gate leakage current as shown in Fig. 6 (c). As
the thickness increases to 5 nm, however, the leakage current
slightly increases. This is because the size of the V-shaped
pits becomes large due to the incidental etching process
described above [18]-[23], even though the evidence is not
shown in AFM image in Fig. 3. When the growth time is very
long, the etching of AlGaN layer is rather favorable than the
growth of the SiCN layer to make the V-shaped pits deeper
and would expose the AlGaN layer to ambient. Therefore,
in the case of the device with 10 nm-thick SiCN cap layer
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FIGURE 6. 1-V characteristics of the AlIGaN/GaN MISHFETs according to the
SIiCN cap layer thickness; (a) Gm characteristics, (b) log-scale drain
currents and (c) gate leakage current.

(Fig. 7 (c)), the gate metal deposits not only on the SiCN
cap layer, but also directly on the exposed AlGaN layer near
V-shaped pits, which results in huge gate leakage current due
to tunneling process though the thinned AlGaN barrier to
the GaN channel layer [32]. In addition, the a surface etch-
ing process is also likely to introduce large amount of the
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FIGURE 7. Schematic views of V-shaped pits enlarged by DTBSi/NH3/CBry
etching effect at high temperature during the long growth time with (a) no
SiCN layer, (b) 2 nm-SiCN layer, and (c) 10 nm-SiCN layer.
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FIGURE 8. Off-state breakdown characteristics of the AIGaN/GaN
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nitrogen vacancies on the exposed surface of AlGaN layer to
further increase the tunneling leakage current [33]. Further
investigation is still required to more clearly understand the
etching effect in in-situ growth of the SiCN layer.

Fig. 8 shows the off-state breakdown characteristics of
the AlIGaN/GaN MISHFETs with different SiCN layer thick-
ness. Due to effective surface passivation of SiCN cap layer,
the breakdown voltage of the MISHFET with 2 and 5 nm-
thick SiCN cap layer were increased to 686 and 915 V,
respectively, compared to the value of ~590 V for the
MISHFET without SiCN cap layer. However, the device
with 10 nm-thick SiCN cap layer, the breakdown voltage
was extremely low due to large leakage current caused by
issues described above.

Fig. 9 shows the pulsed I-V characteristics of AlIGaN/GaN
MISHFETs with and without 2 nm-thick SiCN cap layer to
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FIGURE 9. Pulsed I-V characteristics of MISHFETs without (a) and
with (b) 2nm-thick SiCN cap layer.

evaluate the current dispersion related to the trapping effects.
The bias voltages for measuring the gate- and the drain-lag
were set at Vps = 0 V, Vgs = —6 V and Vpg = 10 V,
Vgs = —6 V, respectively [34]. The pulse width of 0.5 ms
and the pulse period of 0.5 ms were set. The device with
SiCN cap layer exhibited almost negligible current disper-
sion, while the device without SiCN cap layer poor current
dispersion with increased on-resistance and large current
collapse. This result suggests that the thin SiCN cap layer
effectively passivates the surface of the device and suppresses
the current dispersion in AlIGaN/GaN HFETs [35].

IV. CONCLUSION

Improved electrical characteristics of the AlGaN/GaN
MISHFET with the in-situ SiCN cap-layer grown at high
temperature have been demonstrated. The fabricated device
with 2 nm-thick SiCN cap layer exhibits maximum transcon-
ductance of almost two times higher and on/off drain-current
ratio of two orders higher than those of the device without
SiCN cap layer. The enhanced device performances for the
device with 2 nm-thick SiCN cap layer are because the
in-situ SiICN cap layer not only increases the 2DEG density,
but also effectively passivates the surface of the device.
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