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We experimentally evaluated the interface state density of GaN MIS-HEMTs during time-dependent dielectric break-
down (TDDB). Under a high forward gate bias stress, newly increased traps generate both at the SiN,/AlGaN interface and
the SiNy bulk, resulting in the voltage shift and the increase of the voltage hysteresis. When prolonging the stress dura-
tion, the defects density generated in the SiN, dielectric becomes dominating, which drastically increases the gate leakage
current and causes the catastrophic failure. After recovery by UV light illumination, the negative shift in threshold voltage
(compared with the fresh one) confirms the accumulation of positive charge at the SiN,/AlGaN interface and/or in SiN,
bulk, which is possibly ascribed to the broken bonds after long-term stress. These results experimentally confirm the role

of defects in the TDDB of GaN-based MIS-HEMTs.
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1. Introduction

GaN-based transistors on Si substrate emerged as
promising candidates for high voltage, high frequency, and
high power applications.!!l Especially, GaN-based metal—
insulator—semiconductor (MIS) high electron mobility transis-
tors (MIS-HEMTSs) have attracting wide attention owing to the
low gate leakage and large gate swing.>*! Nevertheless, the
reliability issue of MIS-HEMTSs caused by the introduction of
gate insulator layer is still a major challenge before its com-
mercialization.

One of the most critical gate reliability issues of MIS-
HEMTs is the time-dependent dielectric breakdown (TDDB).
To concentrate the electric-field in the gate stack, forward con-
stant voltage stress (CVS) TDDB experiments have been con-
ducted to evaluate the gate robustness of MIS-HEMTs.>]
Besides, Simon et al. investigated the dependence of the di-
electric breakdown by forward biased constant current stress
(CCS) TDDB measurements.!!?! Until now, most of the pre-
vious literatures focus on using the catastrophic failure time
to evaluate the lifetime of different gate structures, such as
the thickness of the dielectric and AlGaN barrier,[©! the area

(10

scaling,!”! and the gate electrode.!'") Generally, it is accepted
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that newly increased traps will occur randomly in the gate
stack by prolonging the high-voltage or current gate stress and
eventually result in a catastrophic failure. However, there is
rarely experimental evaluation to confirm this possible mech-
In particular, the GaN-based MIS-HEMTSs contain

multiple layers and several interfaces, which complicates the
[11-13]

anism.

physical origin of the time-dependent gate degradation.
Thus, in order to improve the gate reliability of GaN-based
MIS-HEMTs effectively, a comprehensive gate degradation
analysis of MIS-gate structure is very necessary.

In this paper, forward constant gate bias stress
was conducted in low-pressure chemical vapor deposition
(LPCVD) SiN,/AlGaN/GaN MIS-HEMTs to analyze the
time-dependent interface state variation. Moreover, the un-
derstanding of gate degradation can provide reference for
normally-off MISFETs with dielectric and thin AlGaN bar-
rier layer.!!* The first section of this paper analyzed the gate
leakage mechanism under forward bias through temperature-
dependent gate current characteristics. Then, the gate degra-
dation during the electric-field-accelerated TDDB experiment
was discussed to determine the stress voltage and duration. Fi-

nally, a series of stress-time-dependent experiments were de-
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veloped to understand the interface state variation, including
current—voltage (/-V) and capacitance—voltage (C—V) charac-
terizations.

2. Device structure and fabrication process

The devices were fabricated on 6-inch (1 inch = 2.54 cm)
Si substrate by an industry standard complementary metal—
oxide—semiconductor (CMOS) process. The cross-sectional
schematic diagram of LPCVD-SiN,/AlGaN/GaN MIS-HEMT
is shown in Fig. 1(a). The epitaxial structure was grown by
the metal organic chemical vapor deposition on Si (111) sub-
strate, which consists of a 4-um GaN buffer layer, a 300-
nm GaN channel layer, a 0.7-nm AIN space layer, a 25-nm
Alp»5Gag 75N barrier layer, and a 2-nm GaN cap layer. The
device fabrication started with the mesa etching, then, a 35-
nm-thick SiN, layer was deposited by LPCVD both as the
surface passivation layer and the gate insulator. Afterwards,
a 500-nm SiO; passivation layer was deposited by plasma-
enhanced chemical vapor deposition. Source/drain ohmic con-
tacts were formed with Ti/AI/Ti/TiN metal stack after recess-
ing the SiO; passivation layer, the SiN, gate insulator, and 20-
nm AlGaN barrier layer consecutively. Then, the gate window
was defined by a combination of SF¢ low-power ICP etch-
ing (down to a thickness of 50 nm) and BHF wet etching.
The wet etching automatically stopped at the Si3N4 surface
due to the extremely high selectivity between SiO; and SiN,.
TiN/Ti/Al was deposited as gate metal. After the deposition of
thick metal and last passivation layer which consists of SiO;
and SiN,, the device with multi-finger was formed as shown
in Fig. 1(b), featuring a dimension of Lgp/Lgs/La/We =
10 um/5 pm/1.5 pm/25 mm.

510, ¢

SiN (35 nm)
AlGaN barrier (25 nm)

GaN channel (300 nm)

GaN buffer (4 pm)

Fig. 1. Schematic structure (a) and optical image (b) of the multi-finger
GaN-based MIS-HEMT using LPCVD-SiN, as gate dielectric.

3. Results and discussion

3.1. The gate leakage mechanism and TDDB measure-
ments

Figure 2 shows the typical transfer and output character-
istics of the LPCVD-SiN,/AlGaN/GaN MIS-HEMTs. The de-
vice exhibits a high on/off current ratio of 10° and a small sub-
threshold swing of 87 mV/decade, implying the excellent gate
control ability. The threshold voltage (Vi) is approximately
—10 V at drain current of 10 pA/mm and drain voltage (Vps)
of 1 V. The hysteresis of V4, is approximately 0.9 V at the max-
imum sweep gate voltage (Vgs) of 10 V. On-resistance was
calculated to be 15 Q-mm and the maximum output current is
375 mA/mm at Vpg of 10 V and Vs of 4 V. The relatively
higher on-resistance can be further optimized by reducing the
Lgs. Under a Vpg of 0V, the forward gate breakdown voltage
(Vgs_max) was measured to be 45 V owing to the high quality
of LPCVD-SiN; layer (not shown). The corresponding break-
down electric-field strength in LPCVD-SiN, was estimated to
be approximately 11.4 MV/cm.
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Fig. 2. Transfer (a) and output (b) characteristics of the LPCVD-

SiN,/AlGaN/ GaN MIS-HEMTs.

The temperature-dependent gate leakage current (Ig—Vgs)
curves measured on the AlIGaN/GaN MIS-HEMTs are shown
in Fig. 3(a). Under relatively high forward gate bias, the gate
leakage current increases obviously with temperature and gate
bias. The energy band diagram of LPCVD-SiN,/AlGaN/GaN
MIS-gate structure was simulated under different forward gate
biases (Fig. 4). As the gate voltage increases, the potential
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drop mainly occurs in the dielectric and decreases the bar-
rier height continuously, resulting in a triangular barrier at the
LPCVD-SiN,/AlGaN interface. When Vg is higher than 5V,
the conduction band of AlGaN is pulled down below the Fermi
level at the LPCVD-SiN,/AlGaN interface. This means that
the two-dimensional electron gas (2DEG) will spill over the
2DEG channel and accumulate at the LPCVD-SiN,/AlGaN
interface. Then, with the assistance of relatively high forward
electric-field and temperature, the electrons at the LPCVD-
SiN,/AlGaN interface can transfer to the gate electrode and
increase the leakage current.[!3]
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Fig. 3. Temperature-dependent Ig—Vgs characteristics (a) and the corre-
sponding Poole—Frenkel plots (b) of the LPCVD-SiN,/AlGaN/GaN MIS-
HEMT.

There are several gate leakage mechanisms for GaN-
based MIS-gate structure. For example, thermionic emis-
sion, Poole-Frenkel (PF) emission, Fowler—Nordheim tunnel-
ing, and trap-assisted tunneling. According to our test results,
when Vgg is higher than 15 V, the gate leakage current de-
pends on both gate bias and temperature, suggesting that the
PF emission may be the dominating mechanism under rela-
tively high gate bias. The PF emission can be expressed as the

following formula!'6!

Q((Pt_\/qux/ﬂgs)) 7 1)

Jpr = qnoEox eXp (— T

where E,y is the electric-field strength in LPCVD-SiN, dielec-
tric, ¢y is the barrier height for the electron emission from the

trap state, & is the dielectric constant, i and ng are the elec-
tron drift mobility and the carrier density, respectively. Equa-
tion (1) can be rearranged as

In (]J;’F) — AVEox +B, 2)
9 [4
A= L
kT \| ey’ )
_ 9%
B =" +In(gnop). @)

The plots of In(Jpp/Eox ) versus +/Eox yield straight lines
as shown in Fig. 3(b). The dielectric constant & and trap en-
ergy are calculated to be 6.7 and 0.75 eV according to Eqgs. (3)
and (4), respectively. Those values are comparable with the

[16-191 indicating that the PF emission mech-

previous reports,
anism (a traps-assistant emission process) dominates the di-

electric leakage under relatively high forward gate bias.
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Fig. 4. The simulated energy band diagram of the LPCVD-

SiN,/AlGaN/GaN MIS-structure under different forward gate biases.

Finally, an effective method to evaluate the gate reliability
is the TDDB test. Herein, the forward gate bias TDDB mea-
surements on LPCVD-SiN,/AlGaN/GaN MIS-HEMTs were
conducted at room temperature with three different gate bi-
ases of 30V, 32V, and 34 V (around 70%-80% of VGs_max, ten
devices per group), while source and drain were grounded, re-
spectively. The gate leakage current was monitored during the
stress experiment as shown in Fig. 5(a). It was found that the
leakage decreases firstly because the accumulated electrons
under the gate can suppress the gate leakage current. Then, the
leakage current increases and fluctuates before catastrophic
failure, which is attributed to the newly increased traps and
the gradual formation of the percolation path in the gate stack
after a certain stress time.®! These results indicate that the gate
degradation is a time-accumulated process, which is consistent
with previous reports.[629 After the percolation path formed,
the gate leakage current shows a sudden increasing, and the
time-to-breakdown (#gp) is defined when gate leakage current
is higher than 0.1 mA/mm. Figure 5(b) plots the Weibull dis-
tribution of the tgp with a Weibull slope of B = 4, suggesting
an excellent device uniformity.
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Fig. 5. (a) The gate leakage current monitored with three different gate
voltages during TDDB measurements. (b) The Weibull distribution of
the tgp.

3.2. Effect of time-dependent gate stress on the device
characteristics

In order to deeply understand the effect of forward gate
bias stress on the interface state density, a time-dependent
stress experiment was used based on the TDDB results. The
test process is shown in the inset of Fig. 6, where a constant
gate bias of 30 V was applied while the source and drain were
grounded. The stress was interrupted after different stress
times to monitor the gate degradation, including /-V and C-
V characteristics. Figure 6 plots the gate leakage variation
during the whole stress experiment. The stable output char-
acteristics suggest that the degradation mainly occurs in the
LPCVD-SiN, dielectric, instead of in the A1GaN/GaN hetero-
junction [Fig. 7(a)]. The V4 in transfer curves shows large
initial positive shift followed by a small negative shift (from 1
to 2 to 3) as shown in Fig. 7(b). The positive shift has been
reported by other authors,>!2? which is caused by the filling
of pre-existing traps both at SiN,/AlGaN interface and in SiN,
bulk layer.

Frequency conductance method (with frequency from
1 kHz to 100 kHz) was performed to estimate the traps den-
sity at LPCVD-SiN,/AlGaN interface (Dj;) during the gate
stress.[?3! The G,/ ®-w curves for the samples before and af-
ter 5000-s forward gate bias stress were recorded at selected
bias in the deep accumulation region calculated from the sec-

ond increase step of C-V curves (not shown). It can be ob-
served that the G,/ ® peak shifts to the higher frequency side
along with an increasing amplitudes, indicating the increase of
Dy after gate stress. Figure 8(a) plots the variation of Dj; ver-
sus Ec — E1 during the time-dependent degradation. It is found
that the Dj; increases obviously with the increasing stress time,
especially at the relatively smaller Ec — ET region. The Dy in-
tegrated from Ec —0.34 eV to Ec — 0.4 eV increased by two
times as shown in Fig. 8(b).
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Fig. 6. The gate leakage variation during the whole stress experiment.
Inset: the test process of the typical stress experiment, including stress
interruption and device characterization.
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Fig. 8. The evolution of Dy versus Ec—Et (a) at different stress time
and the corresponding Dy integrated from Ec—0.34 eV to Ec—0.4 eV (b)
during the gate degradation.

Double sweep C—V measurements were also conducted at
each test point to evaluate the variation of trap density during
gate gradation. In order to avoid C—V curves clutter, only three
double sweep C-V curves at test points of t =0's, 10's, 5500 s
are shown in Fig. 9(a). The first increase step in C-V curve
represents the formation of 2DEG at AlGaN/GaN interface.
With the gate voltage further increases to turn on voltage (Vop),
the 2DEG will spill over the 2DEG channel and accumulate at
the LPCVD-SiN,/AlGaN interface, leading to the second in-
crease step in C-V curve. This result is consistent with the
conduction bands diagram of AlGaN at LPCVD-SiN,/AlGaN
interface under forward gate bias as shown in Fig. 4. Consider-
ing the initial large positive shift in Vjy, the gate sweep voltage
of C-V curves ranged from —15 V to 10 V for the fresh sample
while changed into —9 V to 16 V during stress.

The hysteresis of Vg, is attributed to both LPCVD-
SiN,/AlGaN interface states and LPCVD-SiN, dielectric bulk
traps (Dpt), owing to the large maximum gate voltage in dou-
ble sweep C-V measurements.!?* The traps density and incre-
ment of traps density can be respectively estimated according
to

_ Cox Vhysteresis
q

D , ()

o CoxAVhysteresis

q
where D represents the density of interface states or/and bulk
traps in LPCVD-SiN, layer, Cox is capacitance of LPCVD-
SiN; layer (Cox = 250 nF/cm?), Vhysteresis 1 Von hysteresis, AD
and AVhyerisis are the increment of traps density and Vo, hys-

; 6)

teresis. Figure 9(b) plots the AD versus stress time, as esti-
mated by frequency conductance method and the V,, hystere-
sis in double sweep C-V curves, respectively. At the initial
stage of gate degradation, the increment of Dj; + Dy calcu-
lated from V,, hysteresis in C—V curves [Eq. (6)] is smaller
than that of Dj; estimated by frequency conductance method.
The possible reason is that the measured V,, hysteresis in dc-
mode strongly depends on the sweep rate, thus, the density of
interface traps and bulk traps could be underestimated. After
stress for a long time, the increment of Dj; + Dy is significantly
larger than that of Dy, indicating that the dielectric bulk traps
generation dominate the gate degradation.

250

200

150

100

C/(nF/cm?)

50

D;i+ Dy,

by Vhysteresis of ‘/;m

by frequency conduction
" " " 1l " "

0 ....I‘ PR R S R Y
102 10° 10%

tstress/s
Fig. 9. (a) Double sweep C-V curves at test point f = 0's, 10 s, 5500 s.
Panel (b) is the increment of traps density estimated by frequency con-
ductance method and the voltage hysteresis of double C-V curves, sep-
arately.

Besides, it worth noting that a slowly negative shift of V,
and Vo, in C-V curves is observed after the firstly positive shift
caused by electron trapping, which is consistent with Fig. 7(b).
As analyzed above, the newly generated traps are mainly in
the gate stack. Therefore, a possible reason for the negative
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shift of Vi, and V;,, may be ascribed to the broken bonds at the
LPCVD-SiN,/AlGaN interface and/or in LPCVD-SIiN, layer,
which will cause the accumulation of positive charge.!*!

To further investigate the effect of newly increased traps
on the gate leakage current, the Ig—Vgs curves were also ex-
tracted during the gate degradation as shown in Fig. 10. The
gate leakage current does not show significantly increase be-
fore eventually breakdown. Especially, for relatively high for-
ward gate bias, the gate leakage increase more obviously than
other gate voltage region, which is consistent with gate leak-
age mechanism.

@
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£ (b) [ |
C [ |
C |
~ 1077L ;
g E ]
E QVgg=15V
o "
g L
SO -
¥
=~ 10-8L /
n
10*9 Ll | s Ll PR
10° 10! 10? 10® 10*
tstress/s

Fig. 10. (a) The gate leakage characteristics measured during gate
degradation. (b) The evolution of gate leakage current at Vgs = 15 V
was extracted from Ig—Vgs curves during the degradation.

Finally, by introducing UV light illumination experiments
(wavelength = 365 nm), the generation of positive charge
at the LPCVD-SiN,/AlGaN interface and/or in LPCVD-SiN,
layer was verified. Before the forward gate bias stress, the
device was illuminated with UV light for ten minutes. There
is no obvious difference in Vi, and V,, before and after UV
light illumination, which is owing to the high interface qual-
ity of LPCVD-SiN,/AIGN. Then, the constant gate bias stress
with Vgs = 30 V was applied to accelerate the gate degrada-
tion. The transfer characteristics and C—V curves were moni-
tored during the stress, and the test process is same with that

shown in the inset of Fig. 6. Before catastrophic failure (after
3300-s stress time), the device was grounded and illuminated
with UV light for one hour and the recovery phenomenon was
characterized. The test results of C-V curves are shown in
Fig. 11. Obviously positive shift in V4, and V;, followed by a
slow negative shift can also be observed (from 1 to 2 to 3). In
particular, after one hour UV light illumination, there is an ad-
ditional negative shift in Vi, and V,, (from 3 to 4), which could
be attributed to the accumulation of positive charge in the gate
stack.

250 (a)

after UV illumination
200

150

t : 0~ 3300 s

stress*

100

C/(nF/cm?)

50

e

‘/shift/v

—92 Lol Lol PR | PRI |
10° 10t 102 103 104

t/s

Fig. 11. (a) Monitored C-V characteristics during the gate degradation and
after UV light illumination, (b) the shift of Vi, and Vg, versus stress time.

4. Conclusions

In summary, we have experimentally investigated the
physical origin of the time-dependent gate degradation in
LPCVD-SiN,/AlGaN/GaN MIS-HEMTs under forward gate
bias stress. Through the temperature-dependent gate current
characteristics, the dominant mechanism of gate leakage cur-
rent was identified to be PF emission which is a traps-assistant
emission process under relatively high forward bias. During
the forward gate bias stress, the stable output characteristics
suggest that the degradation is concentrated in the gate dielec-
tric region, instead of the AlIGaN/GaN heterojunction. Com-
bining with the frequency conductance method and double
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sweep C-V curves, the newly increased traps were observed
not only in the LPCVD-SiN, layer but also at the LPCVD-
SiN,/AlGaN interface, resulting in the voltage shift and the in-
crease of the voltage hysteresis. Particularly, we found that the
traps generated in the LPCVD-SiN, layer dominated the later
stage of time-dependent gate degradation. Finally, the addi-
tional negative shift of Vi, and V,,, after UV light illumination
confirmed the accumulation of positive charge at the LPCVD-
SiN,/AlGaN interface and/or in LPCVD-SiN, layer, which is
consistent with the generation of newly increased traps.
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