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In this paper, Al,0O3 ultrathin film used as the surface passivation layer for AlIGaN/GaN high electron mobility
transistor (HEMT) is deposited by thermal atomic layer deposition (ALD), thereby avoiding plasma-induced damage and
erosion to the surface. A comparison is made between the surface passivation in this paper and the conventional plasma
enhanced chemical vapor deposition (PECVD) SiN passivation. A remarkable reduction of the gate leakage current and a
significant increase in small signal radio frequency (RF) performance are achieved after applying Al,O3+BCB passivation.
For the Al,O3+BCB passivated device with a 0.7 um gate, the value of finax reaches up to 100 GHz, but it decreases
to 40 GHz for SiN HEMT. The fmax/fi ratio (> 4) is also improved after Al;O3+BCB passivation. The capacitance—
voltage (C-V) measurement demonstrates that Al,O3+BCB HEMT shows quite less density of trap states (on the order of
magnitude of 10'° cm~2) than that obtained at commonly studied SiN HEMT.
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1. Introduction

Many issues still exist in wide applications of Al-
GaN/GaN HEMT. One major problem is the electron trap-
ping, which restricts the microwave output power and lin-
earity. The traps are located mainly at the semiconductor
surfaces/interfaces and in the GaN buffer layer. Deposition
of a passivation layer mitigates the contribution from surface
traps. PECVD SiN thin films are commonly used for surface
passivation,!?! thus improving the performance of the device.
However, the SiN passivation technique has faced some seri-
ous problems including: i) possible plasma-induced damages
to the surface when PECVD is used to deposit SiN3! films; ii)
the contradiction between the current collapse suppression and
higher leakage current; iii) the mismatch with GaN makes
lots of traps in the SiN, further leading to pinholes. SiN passi-
vation may result in undesired device characteristics, such as
higher gate leakage and lower cutoff frequency.

In recent years, some new methods to deal with the sur-
face conditions and new passivation layer, such as Scz03,[5'6]
Si0,,71 MgO,81 AIN,[101 and Al,03'" have been used
more frequently. In contrast to the conventional SiN passiva-

12] guch as

tion, Al, O3 thin film has more additional benefits,
a large band-gap (~8.9 eV), thermal stability (amorphous up
to at least 1000 °C), a high breakdown field (5-10 MV/cm),
and chemical stability against GaN, and thus it is a compelling

candidate for AlIGaN/GaN HEMT passivation.!”-'3 For ther-
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mal ALD, water vapor is used as an oxidant and no plasma
treatment is needed. Al,Os deposited by thermal ALD has
been demonstrated to have a low defect density, high unifor-
mity, and nanometer scalability. In this paper, a 20-nm Al,O3
passivation layer is deposited on the AlGaN surface, and then
heat cured benzo cyclo butane (BCB), which offers good ther-
mal stability and chemical stability, is used to protect Al,O3
from being damaged and polluted.

2. Experiment

Figure 1 shows the cross section of AIGaN/GaN HEMT.
The epitaxial layers were grown on SiC substrate by metal
organic chemical vapor deposition (MOCVD) and the het-
erostructure consists of a 1.5-nm GaN cap layer, 17.6-nm
Alp5GaN, 2-nm AIN, and GaN buffer layer. For the start-
ing material considered here, the sheet resistance (qu) values
as high as 272.4 Q/sq and a Hall mobility of 2361 cm?/V~*
are demonstrated at room temperature (300 K). The source-
drain and gate length are 2.4 um and 0.7 pum, respectively.
The process for the GaN HEMT device follows the conven-
tional steps: mesa isolation with N molecules, ohmic metal-
lization with Ti/AI/Ni/Au (=200/1800/550/450+100 A), an-
nealing at 870 °C for 50 s by using rapid thermal anneal-
ing in nitrogen atmosphere, and it has a contact resistance
as low as p. = 1.787 x 107 Q-cm?. The gate metallization
Ni/Au (100/3000 A) is confirmed with electron beam lithog-
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raphy. To investigate the influence of Al,O3+BCB passiva-
tion on HEMT, the substrate is split into two pieces which are
passivated respectively with 200-nm SiN and 20-nm Al;Os3.
Then 2.7-pm BCB is deposited on the Al,O3 layer. Refer-
ence [13] gave the interface characteristics between Al,O3 and
AlGaN/GaN in detail. In the present paper, we ultimately se-
lect a thickness of 20 nm, considering the vertical structure of
the device and the practical coverage of Al,Os.

(a) gate
source

drain
Al,0;+BCB
AlGaN
AIN
GaN
SiC

Fig. 1. (color online) (a) Cross section of AlIGaN/GaN HEMT; (b) mi-
crograph of T-gate.

3. Results and discussion
3.1. DC characteristics

We measure DC characteristics for the small gate width
of the 50-um periphery device by using an HP4155A semi-
conductor parameter analyzer. Figure 2(a) shows the transfer
characteristics of the two devices before and after passivation
at Vgs = +6 V. The peak transconductance (Gy,) of an unpas-
sivated device is 250 mS/mm and increases to 307 mS/mm
after SiN passivation, and it increases to 301 mS/mm after
Al,O3+BCB passivation. Figure 2(b) shows the IV character-
istics. The maximum drain current density is 0.82 A/mm for
the unpassivated device, it increases to 0.97 A/mm after SiN
passivation, and it increases to 1.1 A/mm after Al,O3+BCB
passivation. DC characteristics of devices increase signifi-
cantly after passivation. In addition, it can be seen that the G,
in a wide range, keeps a constant, indicating that the device
with Al,O3+BCB passivation shows an outstanding linearity.

Another important parameter is the gate leakage current.
In this case, the drain contact is biased at zero voltage and the
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Fig. 2. (color online) (a) Transfer characteristics of transistors, (b) I-V
characteristics of transistors, and (c) the gate leakage current of transis-
tors.

gate is swept from 2 V to —20 V. Two samples after passi-
vation present a significant difference as shown in Fig. 2(c).
Negligible increase of the leakage current is found after de-
vice passivation with Al,O3+BCB, while the leakage current
increases about one order of magnitude after SiN passivation.
Besides, compared with the SiN passivation HEMT, the turn-
on voltage of the Al,O3+BCB passivation HEMT increases
slightly. The bigger the turn-on voltage is, the higher the re-
liability of the device is. It is considered that the suppression
of the gate leakage current seems to come from the reaction of
the AlGaN surface with oxygen from Al;O3.1"* The surface
reaction removes the donor-like traps on the surface and makes
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the current flow only through the 2DEG channel.!'>! Here, the
ideal factor of the Schottky contact n is also extracted. For
Al,O3+BCB passivation and SiN passivation, n = 1.87 and
2.1, respectively. The smaller # is related to the low leakage

current and the better surface quality.

3.2. RF characteristics

The S parameters of the two devices after passivation with
a 50-um gate width are measured as a function of frequency
and bias by using an Agilent HP8510C Vector Network Ana-
lyzer. The corresponding current gain and maximum available
gain (MAG) are shown in Figs. 3 and 4. The values of current
gain cutoff frequency (f;) are similar (about 20 GHz) for both
devices. However, the maximum oscillation frequency (finax)
for the Al,O3+BCB passivation device is found to be much
higher than that of the SiN passivation device. The fax/ f; ra-
tio (>4) changes significantly after Al;O3+BCB passivation.
From these results, it is clear that an enhancement of small
signal radio frequency (RF) performance can be achieved af-
ter Al,O3+BCB device passivation. We consider that the den-
sity of interface or surface states might be relevant to the RF
performance of AlGaN/GaN HEMT and the improved RF per-
formance indicates that Al;O3+BCB passivation contributes

to reducing the surface states and is an excellent passivation

technology.
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Fig. 3. (color online) Small-signal characteristics of Al;O3+BCB passiva-
tion HEMT. (a) Vgs =6V, Vg = —1.5 V; (b) Vs =28 V, Vg = —1.5 V.
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Fig. 4. (color online) Small-signal characteristics of SiN passivation

HEMT. (a) Vi = 6 V, Vgs = —1.5 V; (b) Vg =28 V, Vg = —1.5 V.

Table 1. Small-signal characteristics of the two devices.

Vas/V  fi/GHz fmax/GHz Gainjogu,/dB Knee freq/GHz

SiN 6 17.0 37.6 11.107 14.0
passivation 28 22.1 41.6 12.511 8.6
AlLO3+BCB 6 19.1 84.2 12.49 35.1
passivation 28 20.5 100.5 15.151 31.5

To further investigate the RF characteristics of the two
devices, small-signal parameters are extracted using a 22-
element equivalent circuit model as shown in Fig. 5. It can
be found that the simulated data are in good agreement with
the measured results, demonstrating the effectiveness of the
parameter extraction. Obviously, there are little differences
among the values of Gy, Cys, and Cyq of the two devices, while
there exists a significant difference between the two output re-
sistance R4g values. In general, R4y depends on the current
flowing through the buffer layer and indicates the quality of
the buffer layer. In this paper, the only difference between
the two devices is the passivation layer, and R4s could be used
to represent the surface and barrier layer, reasonably, imply-
ing that the low density of trapping (avoiding plasma-induced
damage) causes the current flowing through barrier layer to de-
crease, and then the Ry, for Al,O3+BCB HEMT to increase.
From the following equations:

8m

= Gt ) v
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Jr

Ry + R + R, 12’
2 ((g+1+5> +2ﬂfTngRg>
Rds

2

fmax =

it follows that the f; values of the two devices are substan-
tially the same; and there is a 58.6% improvement in fpax
for Al03+BCB HEMT. The finax/f; ratio for Al;O3+BCB
HEMT increases about twice, compared with that for the SiN
HEMT. Namely, it could enhance the power and gain char-
acteristics by making the Al,O3+BCB passivation for Al-
GaN/GaN HEMT work at a higher frequency, but unneces-
sarily by reducing the gate length. Furthermore, we believe
that the different resistances Roqr and Rgsr,!'®) related to the
resistances of the gate-to-source and gate-to-drain diodes, are
necessary to describe the gate leakage current conduction un-
der the negative gate bias condition,!!”] which is meaningful
for AlIGaN/GaN HEMT. The larger resistance indicates few
surface traps and a better Schottky characteristic.

3.3. C-V measurement

In insulator/semiconductor systems, the electrical char-
acteristics are greatly affected by some charges at the sur-
face or within bulk materials, resulting from native or process-

Al,O3+BCB passivation

SiN passivation

device, Ly = 0.7 um, Wy = 50 pm

measured f; = 20.5
measured fimax = 100.5
simulated f; = 18.4
simulated fi.x = 108.9

measured f; = 22.1
measured fpax =41.6
simulated f; = 21.5
simulated fi,x=47.9

intrinsic parameters

Cas = 127 F
Coa =55 1F
Gm =15.5mS
R =1432Q
Rys = 14262 Q
Rygi = 24.0 MQ

Rygr = 31.228 KQ

Cys = 98 fF
Coa =T721F
G = 14.6mS
R =12.89Q
Rys =904.5 Q
Rygr = 2.08 MQ

Rygr = 28.746 KQ

introduced defects. These charges can be determined by C-V
measurement.

Surface trapped charges can usually be obtained from
hysteresis C-V measurement by assuming that all other
charges remain unchanged during device operation. The hys-
teresis C-V curves of the two devices shown in Fig. 6, demon-
strate a flat band voltage shift (AVgg) in the SIN HEMT and a
negligible hysteresis in Al;O3+BCB HEMT. The shaded area
represents the trapped charge quality, and the density (V) is
calculated by using the following formula:

2V ACdV

V >Vpinch—off
N, = %’ 3)
q

where g is the electronic charge, Vyinch—off is the pinch-off volt-
age, and C is the capacitance per unit area. Among the studied
devices, SiN HEMT demonstrates a larger trapped charge
density of about 1.93 x 10! cm™2, and Al,O3+BCB passi-
vation HEMT possesses better hysteretic characteristics with
a trapped charge density of 2.1 x 10'° cm~2. Additionally,
so many charges can cause a serious reverse leakage current,
featured by a decrease in reverse capacitance. From the curves
in the inset of Fig. 6, Al,O3+BCB passivation exhibits good

S(2,1

freq (100.0 MHz to 40.00 GHz)
Vs =28 V, Vas= -1V

Fig. 5. (color online) Intrinsic parameters from determined S parameters.
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Fig. 6. (color online) (a) C-V characteristics of AlO3+BCB passivation HEMT, and the reverse capacitance shown in the inset. (b) C-V
characteristics of SiN passivation HEMT.
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ability to block leakage current. The influence of surface trap-
ping on the gate capacitance has been investigated by numer-
ical simulation.!'8! Briefly, the channel carrier under the gate
is depleted in the off-state and only the fringe capacitance re-
mains there. If there are many traps on the surface close to
the gate, they serve as part of the gate and deplete the carriers
under the surface, and thus reduce the capacitance. (191

4. Conclusions

This paper elucidated the influence of Al,O3; deposited
by thermal ALD on the AIGaN/GaN HEMT performance. An
improvement in the gate leakage current characteristic and
RF performance was obtained after device passivation with
Al,O3+BCB as compared with the conventional PECVD SiN
passivation. The C-V measurement indicates the promis-
ing application of Al,O3+BCB surface passivation material
for GaN-based electronic devices. Especially, the increased
fmax/ ft ratio indicates that the Al,O3+BCB passivation is an
excellent potential for HEMT in high-frequency and high-
power microwave applications.
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