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This paper investigates the impact of electrical degradation and current collapse on different thickness SiN, pas-

sivated AlGaN/GaN high electron mobility transistors. It finds that higher thickness SiN, passivation can significantly

improve the high-electric-field reliability of a device. The degradation mechanism of the SiN, passivation layer under

ON-state stress has also been discussed in detail. Under the ON-state stress, the strong electric-field led to degradation

of SiN; passivation located in the gate-drain region. As the thickness of SiN; passivation increases, the density of the

surface state will be increased to some extent. Meanwhile, it is found that the high NH3 flow in the plasma enhanced

chemical vapour deposition process could reduce the surface state and suppress the current collapse.
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1. Introduction

GaN high electron mobility transistors (HEMT)
have demonstrated outstanding performance in ra-
dio frequency (RF) power and high voltage switch-
ing applications.!"»? Although the reliability of GaN

3] these devices still suf-

S'[479]

HEMTSs has been improving,
fer from a variety of degradation mechanism
One of the most deleterious effects of electrical degra-
dation is an increase in carrier trapping and subse-
quent current collapse.[*6=11 Consequently, charge
carrier can reach very high energies, and trigger
hot-carrier degradation phenomena, such as charge
trapping, defects, and/or deep-level trap generation.
Moreover, high drain-source voltage Vpg values may
lead to RF power dissipation and thermal mismatch or
strain due to piezoelectric effects.'? As is well known,
the effect that most severely limits the RF power per-
formance of AlGaN/GaN HEMTs is the so-called RF
current collapse or RF power slump, which originates
from trapping effects at the device surface and/or
in the buffer.'3 It has been suggested that these

traps act as a “surface-charge-control” layer, which

reduces the effect of surface polarization charge.4

Although the SiN, passivation layer can improve the
high-electric-field reliability and current collapse, few
physicists have studied the relationship among the
SiN, growth conditions, the reliability and the cur-
rent collapse of devices.

In this work, we have investigated the impact of
electrical degradation and current collapse on passi-
vated AlGaN/GaN HEMT with different SiN,, thick-
ness and recipes in the plasma enhanced chemical
vapour deposition (PECVD) process, with the follow-
ing specific aims: 1) analysis of the degradation mech-
anism of the SiN, passivation layer under ON-state
stress, 2) thick SiN, passivation can significantly im-
prove the high-electric-field reliability of device, 3) as
the NH3 flow in PECVD process increases, the density
of the surface state will decrease.

2. Device and experiments

The Al,Ga;_,N/GaN HEMT shown in this work

was grown on (0001) sapphire substrate using metalor-
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ganic chemical vapour deposition. The HEMT het-
erostructure comprised a semi-insulating GaN buffer
and an AlGaN barrier. Cly/BCl; plasma was used for
the mesa isolation. The Ohmic contacts were obtained
by deposition of a Ti/Al/Ni/Au multilayer, followed
by rapid-thermal annealing at 850 °C for 30 s in an
N5 ambience. Devices were fabricated using L-shape
gate technology with a centred 0.4-um gate length and
0.7 pm field plate. The drain-source spacing was 3 pm.

gate
source SIN SIN drain
AlGaN
N 2DEG |

Fig. 1. Schematic diagram of the AlGaN/GaN HEMT
structure.

The 40-nm and 80-nm thickness SiN, passiva-
tion was deposited by silane/NHjz-based PECVD. The
SiN,, film was etched by CF4/O5 plasma at room tem-
perature. Two different recipes were employed: (i) 2-
sccm NHj flow SiN,. deposited at 250 °C (device A and
device B), (ii) 2.5-sccm NHj flow SiN,, also deposited
at 250 °C (device C). For comparison, three different
kinds of AlGaN/GaN HEMTSs were fabricated on sap-
phire substrates—40-nm (device A) and 80-nm (device
B and device C) SiN, passivation. Figure 1 shows a

schematic diagram of the device structure.
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3. Results and discussion

The SiN, passivated HEMT was stressed under
the ON-state situation. Direct current (DC) charac-
teristics were measured at several time intervals af-
ter the stress started. Pulse I-V characteristics have
been measured by using gate and drain pulsing, and
the quiescent bias point was (Vg =0V, Vpg = 15 V).
The pulse duration was 500 ns with a 1-ms period.
Twenty minute intervals between the measurements
avoided memory effects related to trapping. A high-
electric-field stress campaign was carried out on the
devices in order to evaluate their stability. Under the
ON-state electric-stress conditions, both thermally in-
duced and hot-electron-related degradation can occur.
For ON-state stress, Vpg and Vg were set to 20 V and
0 V respectively. All the tested devices exhibited the
degradation effects described in the following.

The SiN, passivation layer with different thick-
ness played a different role in the surface state density
and concentration of the two-dimensional electron gas
(2DEG), leading to differences in both Ipg and Gy,
for devices A and B. As can be noted in Figs. 2(a)
and 3(a), the Ipg drop induced by the stress is maxi-
mum at high Vs and Vpg (i.e., under the saturation
region) and low Vpg (i.e., in the linear region of the
I-V curves). This kind of behaviour is generally at-
tributed to the increase in the drain access resistance
Rp, resulting from electron trapping in the SiN, pas-
sivation or in the gate-drain channel access region, at
the device surface and/or in the layers underneath the
channel.'® The degradation of device A in the linear
region was significant (Fig. 2(a)), while device B was
almost unchanged in this region. A similar situation
happened in the saturation region (Fig. 3(a)).
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Fig. 2. Source-drain output curves and transfer curves of the 40-nm thickness SiN; passivated
AlGaN/GaN HEMTs (device A) before and after 50000 s ON-state stress.
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Fig. 3. Source-drain output curves and transfer curves of the 80-nm thickness SiN; passivated
AlGaN/GaN HEMTs (device B) before and after 50000 s ON-state stress.

The devices A and B have the same epitaxial structure and process, and the main difference is the passivation
layer thickness. Then, the reasons for the degradation of Ipg were interface charge between the SiN, and AlGaN,
and the electron traps in the SiN, passivation.

A drastic decrease in Iy, and Gnax were observed in device A as a result of stress, in contrast, the
electrical properties of device B had a very small degradation (Fig. 4(a)). Figure 4(b) shows Ig versus Vpg
curves measured before and after the ON-state stress (50000 s). Two phenomena can contribute to this Ig drop,
namely 1) a decrease in the surface conductance between gate and drain and 2) a reduction of the gate-drain
electric field lowering the electron injection from the gate. Both 1) and 2) are consistent with the hypothesis
of damaged gate-drain surface invoked to explain all other degradation modes. The first effect actually derived
from the generation of deeper acceptor-like traps, compensating the preexisting relatively shallow donor and,
thus, lowering the surface free electron density between the gate and drain contacts. The second one can be
induced by reduced positive ionized charge. That can increase the gate barrier thickness, resulting in gate-
leakage reduction. The latter mechanism is, in many respects, similar to the so-called “breakdown walkout”,
a well-known effect of hot-electron stress observed in GaAs-based field effect transistors and attributed to
the increase in the surface-trap density.'®) The same effects could also be induced by electron trapping and
accumulation into preexisting deep levels at the device surface. Figure 4(b) indicated that the device B surface
had more electron traps than that of device A. Therefore, the surface electron filling effect of device B was more
obvious than that of device A.
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Fig. 4. (a) The DC characteristics (Imax, Gm) as a function of high electric-field stress time, (b) static
I versus Vpg characteristics measured before (solid) and after (dashed) 50000 s of ON-state stress.

The capacitance and conductance measurements in the frequency were used to characterize the trapping
effects in the prepared device A and device B. Assuming a continuum of trap levels, we can express the equivalent

parallel capacitance C,, and conductance Gy, as functions of frequency, as!17]

gDt

Cp=Cyt — LT
P bt wrr tan(wrT)’
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and
@ _ 4Dr

w  2wTr (1 + (wrr)®),
where D is the trap density, 7 is the trap state time constant, Cy, is the barrier capacitance, and w is the
radial frequency. The Dy and 71 quantities can be extracted by fitting the experimental Cp,(w) or G (w) data.
Typical G, /w versus w curves for the AlGaN/GaN, measured at selected biases near the threshold voltage, are
shown in Fig. 5(a). From the fitting resulting parameters of device A, D) = 2.38 x 10'2 cm=2.eV~!. On
the other hand, fitting of G},/w data for device B yielded D) = 1.17 x 10'3 em=2.eV~!. The density of the
electron traps in device B is nearly one order of magnitude higher than that in device A. The electron trap
density contributed to the surface states. In Fig. 5(b), although device B had a thicker SiN, passivation layer,
the current collapse of device B is more serious than that of device A, about 29% and 56% of drain current
collapse for devices A and B, respectively. This showed that the thick passivation layer will increase the surface
density of states which was caused by tensive and compressive stress between the SiN, and AlGaN, exacerbating
the current collapse. The content of Fig. 5(b) further confirmed the results of Fig. 5(a).
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Fig. 5. (a) Gate-drain conductance as a function of frequency for AlGaN HEMTs (full lines are fitting
curves). (b) Experimental In—Vpg characteristics obtained in DC and in the gate turn-on mode. The
pulse width is 500 ns with a 1-ms period.

Figure 6 schematically indicates how the surface state charge causes the current collapse. This surface state
charge trapped the electrons changing into the negative charge, and the surface potential is made negative,
depleting the channel of electrons and leading to extension of the gate depletion region. Therefore, the source-
drain current is controlled by the gate voltage and the total amount of trapped charge in the gate drain access
region. As a result of the high surface state density in device B, there are more electrons filling into the surface
states. Therefore, the current collapse of device B is more serious than that of device A.
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Fig. 6. Band diagram of the AlGaN/GaN heterostructure showing that the surface trapped charge
reduces the effective donor density and thus leads to a current collapse.
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Why did device B with a larger density of sur-
face state have less degradation after 50000 s ON-state
stress? This is because the electrical property degra-
dation of devices relates not only to the surface states,
but also to the electron trap formation in SiN, passi-
vation between the gate and drain access region under
As a result of the
thin SiN, passivation of device A, the internal electric

the condition of ON-state stress.

field of SiN, passivation was larger and it was prone
to generating electron traps. In Fig. 7, the leakage
of SiN, passivation for device A occurred in a signifi-
cant increase under electric field. This indicated that
the thin SiN, passivation easily formed the conductive
channels—electron traps.
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Fig. 7. Leakage characteristics for SiN, passivation with
different thickness.

We simulated the electric field profiles in SiN,
passivation along the 2DEG channel direction. The
results show that the peak electric field in thin SiN,
|
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passivation is much larger than that of the thick one in
Fig. 8. The larger peak electric field inevitably leads
to degradation of SiN, passivation, and the electron
traps simultaneously form. Therefore, the degrada-
tion of SiN, passivation between gate and drain is the
main reason for the device degradation under the ON-
state stress.
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Fig. 8. The simulated electric field profiles in SiN, pas-
sivation between source and drain.

With an increase of NH3 flow in the PECVD
process, device C kept a good electrical reliability
(in Fig. 9(a)).
rent collapse is reduced from 56% (device B) to
41% (device C) in Fig. 9(b).
sulting parameters of device C, the trap density is
reduced from 1.17x10'® ecm~2.eV~! (device B) to
7.42x10'2 em~2-eV~1! (device C). This indicated that
the high NHj3 flow in the PECVD process could reduce
the surface state and suppress the current collapse.

At the same time, the drain cur-
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Fig. 9. (a) Source-drain output curves of the 80-nm thickness SiN, passivated AlGaN/GaN HEMTs
(device C). (b) Experimental Ip—Vpg characteristics obtained in DC and in the gate turn-on mode.

4. Conclusion

We analysed the electric-field reliability and current collapse of passivated devices, and we found that
their influencing factors were different. Under the ON-state stress, the strong electric field leads to electron
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trap formation in SiN, passivation between gate and drain. These electron traps are a main factor for device

reliability. Increasing the thickness of passivation can significantly reduce the peak electric-field strength in

SiN, passivation, thereby enhancing the reliability of devices. The high NH3 flow in the PECVD process is

useful for suppressing the current collapse and reducing the surface state. This paper demonstrates that the

surface state density has a close relationship with the NH3 flow in the PECVD process. Only by effectively

reducing the density of surface state can we fundamentally suppress the current collapse.
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